SPECIAL 2025 - Volume 72,

ouma[ of the Alr FOI"CQ
Hlstoncal Foundation

know the past



ng
5]
o
S =
==
-

DeWITT S. COPP

A FEW GREAT CAPTAINS

It was known as the Army Air Corps from 1926-41, and it was
in many ways a golden age. The technology of flight was advancing
in great leaps, and it was glamorous, Aces of the World War, such
as Eddie Rickenbacker and Frank Luke, were heroes still, and then
there were the new faces—Charles Lindbergh, Jimmy Doolittle,
Horace Hickam and the like. Also, in the Air Corps were energetic
and farsighted young officers who envisioned a new type of war that
would be dependent on airpower. This vision was in direct con-
tradiction to that of the ground officers who actually ran the army.
Sparks flew.

Pete Copp tells this story with unusual verve and insight. His
research was prodigious, and he speaks eloquently of the times—
dominated by the bang of the Roaring Twenties and giving way to
the kaboom of the Great Depression. It was a feast and famine en-
vironment for most of America, but for the Air Corps it was mostly
famine. Technology nonetheless moved ahead as rickety biplanes
of wood and fabric gave way to sleek monoplanes of metal. Speed
went from the Wright brothers blistering 7 mph over the windy
beach at Kitty Hawk to over 400 mph three decades later. Aircraft
would dominate the world war soon to erupt.

As for people, Billy Mitchell cast a long shadow over the ear-
ly years of this story, and his disciples carried on with those ideas
afterwards: Hap Arnold, Carl Spaatz, Ira Eaker, Frank Andrews and
even Ben Foulois—who was no friend of Mitchell’s but who shared
the same hopes for the air weapon. It is all here in this wonderful
classic.
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In a joint program with the Air University Press, AFHF is proud to offer the
newly published update of Pete Copp’s air power classic (now expanded), A Few
Great Captains: The Men and the Events that Shaped the Development of U.S.
Air Power. The free digital version will be available soon from the Air University
bookstore.

A Few Great Captains is a terrific book, suitable for airmen of any rank. Pete
Copp wrote a masterpiece that takes the Air Corps and its leaders, both senior
and junior, through the tumultuous period of the 1920s and 30s. Ground-
oriented Army leaders felt threatened by the new weapon of the airplane and
therefore labored to control it and those who flew it. For their part, the airmen
refused to be bridled by the ground zealots and instead foresaw a future where
the airplane would dominate war. The visions of the airmen were not com-
pletely accurate, but they were far more so than those who saw the airplane as
just another weapon to support ground operations.

This publication marks the Foundation’s return to publishing and dissemi-
nating important, relevant, and readable history to all.
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Last May, the Air Force Historical Foundation presented one of its Journal Article Awards to David
K. Stumpf for “Old School” Technical Research. This Special Medal highlighted David’s outstanding
work on the evolution of the USAF Missile Program.

David K. Stumpf, Ph.D., is a retired plant biochemist living with his wife, Susan, in Tucson, Ari-
zona. He has written three nuclear weapon histories: Regulus the Forgotten Weapon, a history of the
Navy’s Regulus I and II cruise missiles; Titan II: A History of a Cold War Missile System and Minute-
man: a technical history—The Missile that defined American Nuclear Warfare, published February
2021. Dr. Stumpf volunteered at the Titan Missile Museum, Sahuarita, Arizona, as an historian and
as a tour guide for 15 years. He was instrumental in the effort to gain National Historic Landmark
status for the museum.

David has written many articles we have published in the Journal. All are excellent, are techni-
cally based, and are superior examples of technical research and writing that once formed the foun-
dation of technical histories that documented the complex world of USAF missile systems. His research
has been used by current missile projects as a measure of its efficacy. We here enclose six of them.

This “Special Stumpf Edition” began as a practice Journal project for our newly selected incoming
editor, Paul “Abbie” Hoffman. I challenged the current editor, Richard Wolf, and Abbie to use David’s
collected works—including technical diagrams, detailed article notes, and outstanding photos—as an
edition of collected works that the Foundation could digitally publish for use by those with specific in-
terests in the evolution of the missile program.

This special edition is a tribute to David and his work, but it is more than that. David’s research
and writing represent the history of a technical subject that few today can document in an under-
standable and readable way.

Publications such as this one are an important part of AFHF’s charter—to educate and promote
the preservation and appreciation of the history and heritage of the U.S. Air Force, the U.S. Space
Force, and the organizations and people that have come before. Our continued focus is on producing
quality research and educational programs for our Airmen, Guardians, and the families of the U.S.
Air Force and U.S. Space Force.

We hope that you appreciate the efforts of the author and the editors in creating this Special Edition
for you. If you are so inclined, please make a small donation at the following link to cover the incidental
costs of this groundbreaking edition of the JAFHF. https:/afhistory.org/support/donate/#Donate

Features

Reentry Vehicle Development Leading to the Minuteman Avco 3
Did We Hit the Target?:

A Brief History of Missile Impact Location Systems 1959-2020 27
Ballistic Missile Shock Isolation Systems 43
Some Technical Aspects of the Evolution of the Titan Weapon System 55
A Question of Vulnerability 81
Operation Button Up: Security at Minuteman Launch Facilities 95

FRONT COVER: A time exposure of eight Peacekeeper (LGM-118A) intercontinental ballistic missile reen-
try vehicles passing through clouds during a flight test. (U.S. Air Force photo)

BACK COVER: A Minuteman Upper Silo Simulation launch took place to test the capabilities of the Peace-
keeper silo ejection process. (U.S. Air Force photo)
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Reentry Vehicle Uevelopment Leading
to the Minuteman Avco Mark 5 and 11

Closeup of Avcoite nose cap on an unflown Mark 5 reentry vehicle. d B St
Avcoite a ceramic material contained in a magnesium honeycomb 2

matrix was used on the Avco Mark 4 and Mark 5 reentry vehicle
L3eap. (Photo courtesy of National Atomic Museum.)

second generation ICBMs, Minuteman represented the ultimate solution to the concept of land-based offensive

strategic weapons. The solid propellant propulsion system provided for a nearly instantaneous response while
reducing maintenance efforts and costs significantly below those of the first generation cryogenic oxidizer Atlas and
Titan I. Even the second generation Titan II with its storable liquid propellants and comparable response time was
cumbersome in comparison.

Development of the business end of all the ICBMs, the reentry vehicles, likewise went from the first generation
heatsink thermal protection system to the second generation ablative reentry vehicles enabling larger payloads (the
reentry vehicle was lighter) to be carried as well as improving accuracy. This article discusses the evolution of reentry
vehicle design and fabrication leading up to and including the Minuteman Mark 5 and Mark 11 reentry vehicles.
Detailing the earliest efforts of the Army, Navy and Air Force reentry vehicle approaches puts the development of
the Minuteman Mark 5 and Mark 11 reentry vehicles into the proper historical perspective. The discussion of the
Army’s effort covers only the Jupiter IRBM program and its pioneering work on ablation. The Navy’s contribution
was a much different approach to the heatsink concept with the discussion ending with the Polaris A-1 and A-2 as
the follow-on programs closely resembled the later Air Force approach. Due to classification issues caused by current
world events, the third generation Air Force reentry vehicle designs are not discussed in this article though they
have been described in great detail in an earlier article by Lin.!

The Minuteman Intercontinental Ballistic Missile (ICBM) has been deployed for over fifty years. As one of two

Early Research

While bombardment rockets have been used for centuries, it was not until the creation of the German V-2 (also
known as the A-4) that the warhead needed thermal protection due to reentry into the Earth’s atmosphere.? Since
the entire V-2 impacted the target, there was no true separable reentry vehicle.? The original design called for the
use of a lightweight alloy of magnesium and aluminum but wind tunnel tests indicated that from an altitude of 43
nautical miles, the operational maximum altitude, reentry into the lower atmosphere at 3,345 miles per hour would
result in a warhead compartment skin temperature of 1,250 degrees Fahrenheit. Therefore the decision was made
to use 1/4 inch sheet steel resulting in the need to decrease the explosive payload to hold the total warhead weight
to 2,200 pounds (the steel casing weighing 550 pounds). The explosive chosen for the warhead was Amatol, a mixture
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Figure 1: Atmosphere Entry Simulator Schlieren photographs illustrating the detached bow shock wave generate by a blunt reentry body compared to

e

the attached shock wave with a pointed reentry body. The detached bow wave dissipates heat well away from reentry body (D. D. Baals and W.R.

Corliss, Wind Tunnels of NASA,(Washington, D.C., 1981), SP-440, 76).

of sixty percent TNT and forty percent ammonium ni-
trate, which was insensitive to heat and shock. There
was no warhead compartment insulation.*

Arming a guided missile derived from the V-2 with
an atomic warhead was an obvious next step in strategic
warfare since it was only a matter of time for atomic
bomb design to catch up with guided missile delivery ca-
pability. Concerned with the vulnerability of the eastern
United States to long range missiles from the Soviet
Union, in 1945 the National Advisory Committee for
Aeronautics (NACA) realized an urgent need to begin
studying the problems of hypersonic flight (defined as
greater than five times the speed of sound which is the
speed at which aerodynamic heating begins to be signif-
icant). By the late 1940s, two major NACA facilities,
Ames Aeronautical Laboratory (Ames), Moffett Field,
California, and Langley Aeronautical Laboratory (Lan-
gley), Hampton, Virginia, responded by expanding their
aeronautical work to study aerodynamic issues involved
in ballistic missile flight.?

Theoretical research into the problem of aerody-
namic heating of ballistic missiles upon reentry into the

David K. Stumpf;, Ph.D., is retired plant biochemist liv-
ing with his wife, Susan, in Tucson, Arizona. He has
written two nuclear weapon histories, Regulus the For-
gotten Weapon, a history of the Navy’s Regulus I and II
cruise missiles and Titan II: A History of a Cold War
Missile System, as well as contributing to the Air Force
Missileers history. He is currently working on a compre-
hensive history of the Minuteman ICBM program en-
dorsed by the Office of the Secretary of the Air Force. He
volunteered at the Titan Missile Museum, Sahuarita,
Arizona, as museum historian and as a tour guide for
15 years. He was instrumental in the effort to gain Na-
tional Historic Landmark status for the museum.

4

atmosphere at high speeds was first published in 1949
by Carl Wagner.® The first comprehensive theoretical
work was begun in 1951 by H. Julian Allen and A.J. Eg-
gers, Jr., engineers at Ames. They studied the problem
of reentry heating for ballistic, glide and skip-entry tra-
jectories. Their investigation of the three types of trajec-
tories was driven by the need to find a flight path that
could best utilize the thermal protection materials then
available. Allen and Eggers dismissed the pointed nose
shape, a carry over from rifle bullet design, at the start,
instead focusing their calculations on a blunt, hemi-
spherical shape, recommending that “not only should
pointed bodies be avoided, but that the rounded nose
should have the largest radius possible.” (Figure 1)

It is important to note that these calculations were
made with “light” and “heavy” missile options and no
mention was made of a reentry vehicle as such. The
“light” missile optimum nose shape from a heat transfer
standpoint was a blunt shape; for the “heavy” missile a
more slender shape was optimum. Their calculations
showed that the high drag caused a detached shock
wave thus the majority of the heat generated was dissi-
pated back into the atmosphere leaving only radiated
heat to contend with, unlike a sharply pointed body
where the shock wave was attached to the tip, causing
heat transfer and destruction of the body. Additionally
the heat reaching the blunt body would be more evenly
distributed, preventing hot spots more prone to burn
through.

Allen and Eggers demonstrated that the maximum
deceleration encountered by a reentry vehicle was a
function of the angle of reentry as well as velocity and
independent of the shape, size and mass or drag coeffi-
cient. The importance of shape was the amount of heat
that was absorbed by the reentry vehicle. A team of
Ames researchers led by Eggers and including Fred
Hansen and Bernard Cunningham published a method
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Figure 2: Short, Medium and Long Range Ballistic Missile Trajectories
(adapted from Figure 1-1, Ordinance Engineering Design Handbook, Bal-
listic Missile Series: Trajectories, 1967. Drawing by Mitch Cannon).

for predicting heat transfer to blunt bodies in 1958
though the work was done and in use much earlier but
not published for six years due to classification issues.”

In order to reach targets 4,000 to 6,000 nautical
miles away, ballistic missiles would need to be acceler-
ated to speeds of up to approximately Mach 20 (15,223
miles per hour, just short of orbital velocity), 10 times
the speed of a high-powered rifle bullet.® Reentry into
the atmosphere at these speeds would generate a shock
wave in which the atmosphere is heated to many thou-
sands of degrees, even approaching 12,000 F, which ex-
ceeded the melting point of tungsten, the metallic
element with the highest known melting point, 6,116 de-
grees Fahrenheit.® At this temperature the air plasma
is also highly chemically reactive. There is a transport
of heat by mass conduction from the air plasma to the
vehicle surface which is dependent on both the temper-
ature and density of the air in the plasma. At high alti-
tudes where the air density is low, the mass transport of
heat is low, in spite of the very high shock wave temper-
ature. Conversely, at lower altitudes, the higher density
plasma results in a higher heat flux for equal reentry
vehicle velocities(Figure 2).1°

Before discussing individual test and operational
reentry vehicles, a brief discussion of testing methods,
both for ground and flight is necessary.

Reentry Research Tools
Hypersonic Wind Tunnels

While the history of the military use of ballistic mis-
siles rightly starts with the development of the A-4 (V-
2) missile, perhaps just as important was the discovery
by Allied troops of two highly advanced wind tunnel fa-
cilities at Peenemiinde in the summer of 1945. One had
apparently been in operation, a small diameter (1.2 foot)

JOURNAL OF THE AFHF / SPECIAL 2025

super-supersonic wind tunnel for intermittent use up to
Mach 5 and a larger diameter (3.3 foot) continuous flow
super-supersonic wind tunnel designed for speeds up to
Mach 10.

In 1945 the first hypersonic wind tunnel in the
United States was proposed by John Becker at Langley.
Design difficulties and a perceived lack of urgency by
NACA and Langley administrators delayed the con-
struction for over a year but on November 26, 1947, the
first tests were successfully run at Mach 6.9.1! Eggers at
Ames, proposed a continuous flow hypersonic tunnel and
it was completed in 1950. Between these two facilities,
hypersonic research began in earnest, mainly focusing
on aerodynamic issues directed towards supersonic air-
craft research.

By 1955, the three major ballistic missile programs,
the Air Force Thor (IRBM) and Atlas (ICBM) and the
Army Jupiter (IRBM), made reentry vehicle research a
high national priority. Two flight regimes required de-
tailed study. The 1,500 nautical-mile IRBM Thor and
Jupiter warhead reentry speed would be nearly 15,000
feet per second while the 5,000 nautical mile range
ICBM would be nearly 25,000 feet per second.!? Basic
ballistic shapes, along the lines suggested by Allen and
Eggers were tested up to the Mach 7-10 capabilities of
the early hypersonic wind tunnels, confirming their the-
oretical results. However, the limitations in run times
and temperatures, as well as atmospheric densities, soon
illustrated the need for additional testing facilities.

Shock Tubes

The first shock tube was built in France in 1899 by
Vielle to study flame fronts and propagation speeds re-
sulting from explosions.'® The concept languished until
1946 when Payman and Shepard in Britain published a
thorough description of the design and use of shock
tubes in studying explosions in mines.!4

There are many variations of shock tube design but
all share a basic two chamber concept. The first chamber
is separated from the second with a burst diaphragm
calculated to burst when the gas in the first chamber is
compressed to a predetermined value. Since 1949, shock
tubes have been used to augment aerodynamic studies
using hypersonic wind tunnels, in particular the use by
the mid-1950’s was focused on reentry vehicle design
and material selection since speeds greater than Mach
10 could easily be achieved, as well as much higher tem-
peratures. The major drawback was the limited duration
of test conditions.!® Both Ames and Langley’s Wallops Is-
land Flight Test Range utilized shock tubes for reentry
vehicle research.!®

Avco Corporation learned of the shock tube work of
Arthur Kantrowitz at Cornell University’s School of Aero-
nautical Engineering funded by the Naval Ordnance Lab-
oratory. Kantrowitz ran test models of the Mark 4 reentry
vehicle that Avco was developing as a back-up for the Gen-
eral Electric Mark 3 for Atlas and for use as the primary
reentry vehicle for the Titan I. In 1956 he left Cornell to
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(d) Launch Cycle End with Projectile Launch and Piston
Deformation into Transition Section.

Figure 3: Light Gas Gun Schematic (H.F. Swift, Light- Gas Gun Technol-
ogy: A Historical Perspective, in “High-Pressure Compression of Solids
VIll,” with permission from the publisher.)

head up the Avco Everett Research Laboratory where he
led development of the ablative materials for the final
Mark 4 design as well as for the Minuteman Mark 5 and
Mark 11 reentry vehicles.!”

Light-Gas Gun

The two stage light-gas gun was invented in 1948 by
E.J. Workman at the New Mexico Institute of Mining as
a method to dramatically increase projectile velocity. De-
spite the impressive German and Russian developments
in artillery during World War II, perhaps the most fa-
mous of which was the German Tiger Tank 88 mm gun,
projectile velocities remained at an upper limit of 9,000
feet/second.

The basic concept of the light-gas gun was to replace
the gaseous byproducts of conventional gun powders
which propelled the projectile, with a column of hydro-
gen or helium. A standard gunpowder cartridge was
used to fire a plug down a barrel filled with helium or
hydrogen (hence the term light-gas) which would com-
press to the bursting point a diaphragm immediately be-
hind the actual test projectile. When the diaphragm
burst, compressed light gas would propel the projectile
down a second barreling allowing far greater velocities
to be achieved since the molecular weight of the propel-
lant gas would now be approximately 1/8th of that of the
water, carbon dioxide and nitrogen byproducts of gun-
powder combustion (4 g/mole for helium versus approx-
imately 30 g/mole) (Figure 3).

Workman’s research group received funding from
the Army Ballistic Research Laboratory (BRL) and
proved the concept, reaching a velocity of 9,800 feet per
second and quickly extending it to nearly 14,000 feet per
second. The results caught the attention of the BRL
managers, the device declared classified and removed,

6

with all of the associated equipment, to the BRL facili-
ties. Work did not continue at BRL for reasons that are
not clear.

With the need for a relatively inexpensive method
to “flight” test small models of proposed Atlas and Thor
reentry vehicles, in the mid-1950’s the light-gas gun con-
cept was given new life via contractors and universities
as well as researchers at both Langley and Ames. Ve-
locities were soon extended beyond 25,000 feet per sec-
ond.!®

Atmospheric Entry Simulator

In early 1955, Eggers at Ames pondered the idea of
simulating reentry through the varying densities of the
upper and lower atmosphere. Could a method be found
for launching a test article at reentry speeds into a test
chamber that could simulate the gradual increase in at-
mospheric density which was the most problematic for
the thermal stress of reentry? A light-gas gun could be
used for launching the test article as their development
had progressed to provide reentry velocities but how to
simulate the atmosphere at 100,000 feet where most of
the aerodynamic heating takes place? The necessary
100-fold variation in atmospheric density in this part of
the reentry envelope might be achieved using compo-
nents of a supersonic wind tunnel, the settling chamber
and the exit portion of a Mach 5 supersonic nozzle. Eg-
gers reasoned that the light-gas gun could be used to fire
a small scale reentry vehicle model into the Mach 5 su-
personic nozzle and then caught for detailed examina-
tion. The result was a small prototype Atmospheric
Entry Simulator (AES) which was built in 1956, and suc-
cessfully tested in 1957, evolving into a larger version in
1957.1 This large AES was used successfully in ex-
ploratory work on blunt body copper heatsink designs
meant for use on the shorter range and substantially
lower heat regime IRBM missiles with reentry speeds of
15,000 feet per second.?®

Arc Jet

Major drawbacks to the methods already addressed
was still the relatively short duration of velocities, tem-
peratures and inability to reach the higher tempera-
tures of reentry in a continuous flow wind tunnel. After
investigating several possibilities, the solution appeared
to be the use of an arc-jet heater. Research at Ames
began in 1956 and resulted, six years later, in the Gas
Dynamics Laboratory devoted to further arc-jet devel-
opment for use in stand-alone testing of ablation mate-
rials. While arc-jet wind tunnels are used to study
reentry phenomena in a step-wise manner, they are un-
able to simulate conditions of a constantly descending
reentry vehicle.?! Several different types of arc-jet
heaters, including subsonic air arc jet heaters and arc-
jet radiant heaters are also used outside of a wind tun-
nel to study the ablative properties of materials. The
arc-jet, with its more easily managed test conditions as

JOURNAL OF THE AFHF'/ SPECIAL 2025



well as longer test duration times, along with the fact
that the test model was held in place, eventually re-
placed the AES for study of ablative materials at Ames.

Avco Corporation’s Everett Research Laboratory
and General Electric’s Missile and Space Vehicle Divi-
sion, amongst other labs, also employed variations of the
arc-jet in their research and development of ablative ma-
terials for use on reentry vehicles. In 1958 James Fay,
from the Massachusetts Institute of Technology and
Avco’s Frederick Riddell published a theory that allowed
calculation of boundary layer conditions in high speed
flight: 22

The boundary-layer equations are developed in general
for the case of very high speed flight where the external
flow I in a dissociated state. In particular the effects of
diffusion and of atom recombination in the boundary
layer are included. It is shown that at the stagnation
point the equations can be reduced exactly to a set of non-
linear ordinary differential equations even when the
chemical reactions proceed so slowly that the boundary
layer is not in thermochemical equilibrium.

P.H. Rose and W. I. Stark at Avco published a paper at
the same time comparing the theory against shock tube
experimental results: 23

Simulation of flight stagnation conditions at velocities
up to satellite velocity of 26,000 feet per second is shown
to be possible in shock tubes and data has been obtained
over a large altitude range at these velocities.

These two papers extended that of Lester Lees pub-
lished in 1956 which had been found to underestimate
by as much as 30 percent heat transfer rates at the reen-
try vehicle tip.2* Now reentry vehicle researchers had
both experimental and theoretical methods for evaluat-
ing ICBM reentry vehicle materials and possible de-
signs.

Rocket Motor Exhaust

Development of the Jupiter IRBM reentry vehicle
took place at the Army Ballistic Missile Agency (ABMA)
facilities at the Redstone Arsenal, Huntsville, Alabama.
Researchers there used the exhaust from a number of
different liquid rocket engines to test candidate jet vane
materials to replace the troublesome graphite vanes
used in the V-2.%

Solutions to the “Reentry Problem”

Theodore von Karman, perhaps the leading aerody-
namics expert of his time, described what he called “the
reentry problem” at a symposium in Berkeley, Califor-
nia, June 1956. Reentering the atmosphere at speeds of
Mach 12-20 was “perhaps one of the most difficult prob-
lems one can imagine. . . a challenge to the best brains
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working in these domains of modern astrophysics.” 26
While the workers at Ames, Langley and other facilities
had partially met the challenge via theoretical calcula-
tions about vehicle shape which led to the design of test-
ing facilities, what was the solution to the remaining
aspect, taming the thermal load encountered at these
high speeds?

Four categories of cooling were considered: a) radi-
ant cooling via emittance from the vehicle surface, b)
solid heatsinks which would have sufficient mass to ab-
sorb the heat and protect the payload, c) transpiration
and film cooling which would cause heat removal by ma-
terial phase change, d) ablation which would allow heat
dissipation via the many protective processes associated
with surface removal.

Each of the four options had specific environments
where they were most effective. Radiant cooling was best
for long duration reentry environments where heat load
was relatively low and constant and in practice worked
best at temperatures below 2,000 F. Solid heatsinks
could accommodate higher temperatures as long as the
heating rate was not so rapid as to melt the material.
Additional large structural mass was necessary to store
the heat and protect the payload. Transpiration and film
cooling would be able to work over a wide thermal envi-
ronment but were mechanically complicated which
might reveal hidden reliability issues. Ablation worked
well for short duration, high temperature environments,
the question was one of which materials to select and
how to test them.?” Only two of these concepts, heatsink
and ablation, were used in research and operational
reentry vehicles.

A key description of a reentry vehicle is its ballistic
coefficient, beta (B). is defined as W/(Cq x A), where W
is the weight of the reentry vehicle, C is the coefficient
of drag and A is the cross-sectional area. With reentry
vehicle weight being held constant, reentry vehicles with
alow B (high coefficient of drag and cross-sectional area,
and thus high air resistance) decelerate at a relatively
high altitude, where the density of the atmosphere is low
and heat fluxes are lower but reentry times are longer,
facilitating radar detection while simultaneously result-
ing in decreased accuracy. Medium B vehicles decelerate
at a medium altitude with higher heat fluxes but shorter
detection times and increased accuracy. High B vehicles
decelerate at much lower altitudes, encountering much
denser air and hence higher heat fluxes but for a shorter
time, allowing less time for radar detection and also
greatest accuracy. Obviously these considerations were
critical to mission requirements but were constrained by
both the materials and testing facilities available at the
time.

The First Generation - Heatsink

The work of Allen and Eggers had clearly shown the
importance of selecting a relatively blunt nose shape for
ballistic missile reentry vehicles to minimize aerody-
namic heating. There was still an enormous amount of
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Table 1. Air Force Reentry Vehicle Designators
Through Minuteman II.

Mark 1 Atlas D, Thor General Electric
(development, not flown)

Mark 2 Atlas D, Thor General Electric

Mark 3 Atlas D General Electric

Mark 4 Atlas E, F, Titan I | Avco

Mark 5 Minuteman IA Avco

Mark 6 Titan IT General Electric

Mark 7 Skybolt General Electric (cancelled)

Mark 8, 9, 10 not assigned

Mark 11, 11A, Minuteman IB, Aveo

11B, 11C Minuteman II

Miller, B., Studies of Penetration Aids Broadens, 20 January 1964,
Aviation Week and Space Technology, 79.

heat to be dealt with and this meant selecting the best
temperature-resistant and high strength materials.
Allen and Eggers research showed that most of the aero-
dynamic heating would be outside the boundary layer
and not in direct contact with the reentry vehicle pro-
vided the boundary layer remained laminar. A consider-
able amount of radiative heat still had to be dissipated.
Since radiation varies as the fourth power of the tem-
perature, it was likely that the reentry vehicle would not
be an efficient radiator with the result that surface tem-
perature would rise beyond either the structural stabil-
ity of then currently available materials or the tolerance
level of the enclosed equipment, i.e., fusing and actual
warhead. Heavily influenced by Allen and Eggers semi-
nal work in conjunction with the paucity of high temper-
ature stable materials, the first choice for reentry vehicle
heat control was the heatsink concept. Both the Navy
and Air Force elected to use the heatsink concept for
their first generation reentry vehicles. The Air Force pro-
gram is known in greater detail but both are discussed
next because the Navy had a novel approach to reentry
vehicle design (Table 1).

Navy
Mark 1

As with Thor and Atlas, the reentry vehicle (the
Navy used the term reentry body but reentry vehicle is
used here for consistency) needs for Jupiter-S (progeni-
tor to Polaris) coincided with the viability of the heatsink
concept since ablative material research was still rela-
tively new in 1955 had not progressed far enough.(Fig-
ure 4).

The Navy quickly moved from the Jupiter-S pro-
gram to Polaris. Due to weight constraints imposed by
the Polaris missile solid engine performance, the reentry
vehicle/warhead combination had to be much lighter
than the Jupiter payload with a goal of a nearly seventy
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Figure 4: Early Reentry Vehicle Design for Jupiter-S missile. (U.S. Navy
Photograph, author’s collection.)

percent reduction to 1,000 pounds, at most. Conse-
quently, the Navy was focusing, unlike the Air Force and
Army reentry vehicle designs, on a reentry vehicle that
did not encase the warhead. Instead, the warhead would
ideally be an integral part of the design.?®

Figure 5: Evaluation of Flat-Faced Blunt Nose Reentry Vehicle Shapes
(National Advisory Committee for Aeronautics, “Heat Transfer and Pres-
sure Distribution on Six Blunt Noses at a Mach Number of 2,” H.S.
Carter and W.E. Bressette, NACA Research Memorandum L57C18, (18
April 1957), 10.
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Figure 6: Free Flight Flat-Faced Blunt Nose Reentry Vehicle Sub-scale
Model (J.A. Shortal, A New Dimension, Wallops Island Fight Test Range:
The First Fifteen Years,), 518.

On December 21, 1956, the Navy Bureau of Ord-
nance asked the NACA to study reentry body shapes for
use in the new Polaris IRBM program. Just one day ear-
lier a flight test at Wallops Island had shown that using
a flat-faced cylinder sub-scale model made of copper, the
design could survive reentry speeds of Mach 13.9. Addi-
tionally the superiority of copper over Inconel-X was also
proven.?’ Earlier work in 1956 with five flat-face and one
hemispherical shape at Mach 2 illustrated the potential
for blunt nose shapes with the flat-face shapes showing
substantially reduced heat transfer (Figure 5).3° In mid-
1958, a feasibility study was published by James R. Hall
and Benjamin J. Garland of Wallops Island Pilotless Air-
craft Research Division. Two possible flat-faced cylindri-
cal shapes with flared ends were evaluated. Their
calculations showed that a flat-faced cylindrical shape
with a flared afterbody was possible and if made of
beryllium (the cylindrical part was assume to be the
outer casing of the warhead) the resultant vehicle would
be 134 pounds lighter than if composed of copper (Fig-
ure 6). Soon backed up by additional ground and flight
testing, the Polaris reentry vehicle shape was close at
hand.?!

The Navy used flight test systems at Cape
Canaveral and Wallops Island. At Cape Canaveral a
modified Air Force X-17 rocket was used in a four flight
FTV-3 series to evaluate reentry vehicle shapes and ma-
terials. These flights took place from July 17, 1957 to Oc-
tober 1, 1957 and all were successful. Three flight test
programs were conducted at Wallops Island in support
of the Polaris reentry vehicle development, with fifteen
flights between March 1958 and August 1959.32

The addition of a hydrodynamic faring which cov-
ered the flat nose shape and was ejected once the missile
began flight was all that was left to complete the shape
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POLARIS A-1 RE-ENTRY SYSTEM
WITH W-47 WARHEAD

W-47 warhead

(with spin rockets and
arming and fuzing system)

Figure 7: Polaris A-1 reentry vehicle major components (U.S. Navy pho-
tograph,).

of the Mark 1. At the September 26, 1957 meeting of the
Special Projects Office Steering Task Group, evaluation
of heatsink materials had narrowed down the W47 nose
cap material to beryllium or copper. Knemeyer at China
Lake had read a RAND study on reentry heat shield ma-
terials and noticed that beryllium was an excellent can-
didate from a heat shield standpoint as well as the fact
that the warhead casing was also made of beryllium.%
The decision to use beryllium, at the time not a com-
monly used metal or readily available in the United
States and which had only been used in alloy with cop-
per, was somewhat controversial. The controversy
stemmed from the issue that the Atomic Energy Com-
mission (AEC) was being told by the Navy which mate-
rial should be used for the casing of the warhead. The
AEC resisted the suggestion at first but armed with the
results of the Hall and Garland study, the Navy per-
sisted and prevailed. (Figure 7).34

Air Force

On January 24, 1955, the Air Force and Lockheed
Aircraft Corporation (Lockheed) signed a letter of intent
authorizing Lockheed to develop and conduct a program
into the design of reentry vehicles. At this time none of
the currently available aerodynamic research facilities
in the country could simulate the high thermal and ve-
locity conditions of long range ballistic missiles. New
techniques were becoming available but the conclusions
reached from them needed to be confirmed with actual
flight test data.

The result was the X-17, designed to achieve a reen-
try speed of Mach 15 and achieve a Reynolds number of
24 million (the Reynolds number is an indication of vis-
cosity with a high value indicating viscosity is negligi-
ble) while measuring boundary layer conditions and the
transition from laminar (desired) to turbulent (unde-
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Figure 8: X-17 Full Scale Configuration (adapted from R.W.Roy and R.A
Foster, “Final Report: Re-Entry Test Vehicle X-17, 10 May 1957”, History
Air Force Missile Test Center 1 July - 31 December 1957, Vol IV Support-
ing Documents Appendix F, AFHRA and (R.Smelt, “Lockheed X-17
Rocket Test Vehicle and Its Applications,” American Rocket Society Vol
29, No. 8, (1959), 565-567. (Drawing by Mitch Cannon.)

sired) flow around the reentry vehicle. The Air Force rea-
soned that the X-17 would be able to provide the re-
quired data without waiting years for full-scale Atlas or
Titan missiles to be ready while also being much less ex-
pensive. Sub-scale reentry vehicle shapes and material
could be screened quickly and appropriate conversion of
the data to full-scale models could be made.?

On February 17, 1955, representatives from the
Western Development Division, Ramo-Wooldrigde and
Lockheed visited the Langley facilities at Wallops Island
where a few months earlier the first Mach 10 flight of
the Langley Pilotless Aircraft Research Division (PARD)
had taken place using a four stage solid propellant ve-
hicle. Unlike the proposed X-17 flight profile which fo-
cused on high speed reentry, the PARD program Mach
10 speed had been reached at 86,000 feet with a coast
up to 219 statute miles and a down range distance of 400
nautical miles. The X-17 program was described with
the hope that the PARD program could be expanded to
include the X-17 program. The Air Force schedule of a
dozen flights at Mach 15 within a year was incompatible
with the existing PARD programs but the Air Force de-
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cide to support the ongoing PARD programs by transfer-
ring some of the Sergeant rocket motors assigned to the
X-17 program to Langley for use at Wallops Island.3®

The X-17 was a three stage solid propellant missile
designed to expose sub-scale re-entry shapes and mate-
rials to conditions of Mach 15 and a Reynolds number of
24 million. The program had four phases, using quarter-
and half-scale rockets for development purposes and
full-scale airframes for the research phase. For the full-
scale rocket, 40.5 feet in length and weighing 12,000
pounds (8,500 pounds of propellant), the first stage was
a single 31 inch diameter Sergeant motor, the second
stage was a cluster of three Recruit motors 18.4 inches
in diameter and, and the third stage a single Recruit
motor, 9.72 inches in diameter.?” The X-17 flight program
began on May 23, 1955 using quarter-scale models, mov-
ing to half-scale on June 23, 1955 and the full-scale
rocket on August 26, 1955, ending with the seventh full-
scale flight on June 26, 1956. The fourth phase began on
July 17, 1956 and ended on March 21, 1957 with only
two failures out of thirty-six test flights. The two failures
were caused by airframe problems and not propellant or
staging issues, thus demonstrating the reliability, of
multistage a solid propellant system.38

The flight profile emphasized the type of reentry
conditions foreseen for ICBM reentry vehicles. The first
stage propelled the airframe to 90,000 feet at burnout
(Figure 8,9). The missile then coasted to an altitude of
300,000 to 517,000 feet depending on the launch angle
and vehicle weight. As the missile fell back to earth, the
four fins on the first stage assured that the missile ori-
entation was nose down. At an altitude of 90,000 to
70,000 feet, depending on the test objectives, a pressure
probe initiated stage separation and ignition of the sec-
ond stage along with activating a delayed signal for
third stage ignition. At third stage burnout, speeds of
Mach 11.2 to 14.5 were reached at 55,000 feet, again de-
pending on launch angle. No effort was made to recover
the reentry vehicle models, they lasted only long enough
for telemetry on heating rates to be transmitted and
often completely consumed. Of the 24 research phase
flights, 18 were completely successful, one partial suc-
cessful and five were failures. Blunt, hemisphere and
cubic paraboloid reentry vehicle nose shapes were flown
with six flights each for the General Electric and Avco
blunt heatsink shapes being developed for the Atlas and
Thor programs.*®

Mark 2

The smaller the radius of the nose cone, the higher
the temperature generated by atmospheric friction. By
1955, the scientists at the Army Ballistic Missile Agency
(ABMA) had demonstrated to their satisfaction that the
ablation method was the obvious direction to pursue, but
the Air Force had opted for the more conservative ap-
proach of the heatsink method. If an ICBM was to be de-
veloped in a timely manner, to the Air Force way of
thinking there was no other option but to go to a large
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Figure 9: Typical X-17 Trajectory (R.W.Roy and R.A Foster, “Final Report:
Re-Entry Test Vehicle X-17, 10 May 1957", History Air Force Missile Test
Center 1 July - 31 December 1957, Vol IV Supporting Documents Appen-
dix F;, AFHRA.

radius, low B reentry vehicle, the heatsink approach.

Much earlier work by Convair, the Atlas prime con-
tractor, had pointed towards transpiration cooling for
the reentry vehicle. The resultant weight, approximately
7,000 to 8,000 pounds, necessitated the original five en-
gine design. Convair wanted to use a ceramic reentry ve-
hicle, possibly due to the Army’s work on Jupiter but at
the time fabrication techniques for this large a vehicle
were not available. When Ramo-Wooldridge (R-W) be-
came the systems engineering contractor for the West-
ern Development Division in 1954, they took a systems
approach to reentry vehicle development. A blunt
heatsink reentry vehicle design was well within the lab-
oratory investigation abilities at that time. On Decem-
ber 22, 1954, R-W, Sandia Corporation and the Atomic
Energy Commission agreed that the proposed Convair
reentry vehicle weight could be cut in half and still pro-
vide space for the one megaton yield warhead the Air
Force required. The decrease in reentry vehicle weight,
combined with a new 2,000 pound warhead, meant that
the overall weight of the missile could decrease from
460,000 pounds to 260,000 pounds and the propulsion
unit reduced from five to three engines.*

JOURNAL OF THE AFHF / SPECIAL 2025

General Electric (primary contractor) and Avco
(backup contractor) were awarded an Air Force contract
in 1955, to design, develop and manufacture a heatsink
reentry vehicle for use on the Atlas ICBM. In this de-
sign, the heat of reentry was conducted from the surface
to a mass of high heat capacity material rapidly enough
to keep the surface temperature below the melting point
of the shield material. Additionally, the mass of the
heatsink absorbed the heat and prevented the payload
from suffering thermal stress. The Air Force’s scientific
advisors concurred with the heatsink decision and the
General Electric “froze” the design in terms of the war-
head dimensions and heatsink method on 5 September
1956.4 When the Air Force was assigned the Thor IRBM
program, the Atlas reentry vehicle design was shifted to
accommodate both missiles, saving development costs
since an reentry vehicle designed for ICBM conditions
would easily withstand the less strenuous conditions of
IRBM reentry.*?

Work by Jackson Stadler at Ames in 1957, evaluated
copper, Inconel-X, graphite and beryllium for use in
heatsink reentry vehicles. Copper represented an exam-
ple of an easily machined material with high thermal
conductivity but relatively low melting point, 1,984 F.
Inconel-X was an example of refractory metal (resistant
to heat and wear), but had low thermal conductivity and
a 1,200 F melting point as well as being difficult to ma-
chine. Beryllium was an example of a lightweight metal
with high strength, excellent thermal conductivity, a
melting point of 2,348 F, but was difficult to machine as
well as being hard to supply in quantity at the time. Ad-
ditionally the dust generated by machining was highly
toxic. Graphite was an example of a semi-metal with
high thermal conductivity and highest melting point,
6,442 F, and high sublimation temperature. Stadler’s
evaluation included: a) thickness of material to prevent
melting or sublimation at the surface, b) weight of ma-
terial thick enough to meet (a), and c) determining ther-
mal stress due to temperature gradients in the material.

Stadler concluded copper was a likely candidate due
to the mass of material being resistant to thermal shock
(weight was a drawback) and protection from oxidation
would be needed. Inconel-X was “completely unsatisfac-
tory” due to the low thermal conductivity causing melt-
ing to occur early in reentry and little heat was
transferred to the interior. Graphite was superior to cop-
per from the standpoint of weight, requiring 1/24 the
weight of copper for equivalent protection. Unfortu-
nately it would require to be coated which would inhibit
exploitation of the high sublimation temperature. Beryl-
lium was attractive due to a higher melting point then
copper and being much lighter, 1/6th the equivalent
weight of copper, but it was brittle and difficult to form
in large pieces at that time.*?

For the General Electric Mark 2 design copper was
selected due to its ease of machining, high heat capacity
and high thermal conductivity which meant the heat
generated would be rapidly absorbed into the mass of
copper and not cause melting at the surface. Avco scien-
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Figure 10: General arrangement of the General Electric Mark 2 heatsink
reentry vehicle (M.Morton, Progress in Reentry Recovery Vehicle Devel-
opment, Philadelphia, PA: General Electric, Missile and Space Vehicle
Division, 1961, 6.)

tists pursued the use of beryllium and were successful
in creating a Mark 2 reentry vehicle but it was too late
as ablation took over as the method of choice. The tech-
niques developed were used to fabricate early research
and development beryllium heat shields for Project Mer-
cury.*

Work by Katherine C. Speegle at Wallops Island’s
preflight jet test facility in 1957, investigated the best
shape for the nose and the compartment that would con-
tain the warhead. Six blunt nose shapes with identical
afterbodies were tested at Mach 2.0 velocities. The re-
sults showed that the selected truncated cone afterbody
was completely surrounded by the separated flow re-
gion, meaning heating would be acceptable.*® The final
design was known as a blunt conic sphere. The Mark 2
had a maximum diameter of 63.6 inches and was 60
inches in length, weighing nearly 2,000 pounds (Figure
10).6 The blunt conic-sphere was inherently unstable
and prone to oscillations causing turbulent flow to de-
velop on the nose of the vehicle so a trajectory control
system was incorporated to provide rate damping of the
oscillations as well as impart spin to increase accuracy.
A Mark 1 reentry vehicle was initially developed as a
flight article but due to changes in missile flight sched-
ules was not flown and instead used for development fit
testing and as a flight reserve article.*” The surface of
the Mark 2 was coated with a thin layer of nickel to de-
crease radiative heating and was highly polished to pre-
vent localized hot spots.4®

The X-17 program had demonstrated that an ionized
air layer surrounding the vehicle during the highest tem-
perature period of reentry caused a telemetry black-out.
For full-scale flight testing of the Mark 2, General Electric
engineers developed a buoyant data capsule. The capsules
were 18-inch spheres made from two hollow hemispheres
of polyurethane foam which housed a tape recorder, radio

12

beacon, battery pack, dye pack and SOFAR (sound fixing
and ranging) device for locating the capsule. The bottom
half of the capsule was coated with shark repellent after
a test capsule was recovered with a shark bite mark. The
capsule was attached to a small rocket to boost it free of
the reentry vehicle. The urethane sphere was encapsu-
lated in an ablative shell which shattered on impact
(40,000 g’s), releasing the buoyant capsule. Contact with
salt water triggered the release of dye, the SOFAR device
and the radio beacon.*’

The Atlas Mark 2 flight test program began on July
19, 1958 and ended on December 19, 1959, a total of sev-
enteen flights; seven Atlas B, four Atlas C and six Atlas D,
nine were successful flights. The Thor Mark 2 flight test
program began on November 5, 1958 and ended on De-
cember 17, 1959, a total of twenty-eight flights, with
twenty-four successful. Details on Mark 2 reentry vehicle
performance on these flights remains classified. The Mark
2 Mod 4 operational warhead weighed 3,500 pounds of
which 1,600 pounds was warhead weight and was only de-
ployed on Atlas D gantry sites at Vandenberg AFB from
1959 to 1964 and on Thor missiles in England from 1959
to 1963.%° (Figure 11).

The Second Generation - Ablative

The first to actually describe ablation was Dr. Robert
H. Goddard in 1920: %!

In the case of meteors, which enter the atmosphere with
speeds as high as 30 miles per second, the interior of the
meteors remains cold, and the erosion is due, to a large
extent, to chipping or cracking of the suddenly heated
surface. For this reason, if the outer surface of the appa-
ratus were to consist of layers of a very infusible hard
substance with layers of a poor heat conductor between,
the surface would not be eroded to any considerable ex-
tent, especially as the velocity of the apparatus would not
be nearly so great as that of the average meteor.

The process of ablation during reentry is described
as follows: 52

As heating progresses, the outer layer of polymer may be-
come viscous and then begins to degrade, producing a
foaming carbonaceous mass and ultimately a porous car-
bon char. The char is a thermal insulation; the interior
is cooled by volatile material percolating through it from
the decomposing polymer. During the percolation process,
the volatile materials are heated to very high tempera-
tures with decomposition to low molecular weight
species, which are injected into the boundary layer of air.
This mass injection creates a blocking action, which re-
duces the heat transfer in the material. Thus, a char-
forming resin acts as a self-regulating ablation radiator,
providing thermal protection through transpirational
cooling and insulation. The efficiency, in terms of heat
absorbed per weight of material lost, is about 40 times
that of the earlier copper heatsink design.
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Figure 11: Mark 2 reentry vehicle (shown upside down) being inspected prior to loading on a Thor missile in England. (Courtesy of Jim Causby.)

Army
Jupiter

Ablation provided thermal protection for the
Jupiter reentry vehicle. Earlier work had shown the
transpirational cooling approach, while it worked, re-
quired complicated plumbing that would likely be hard
to support in the field. The heatsink concept would
work but was determined to be too heavy. The ablative
approach came from a fortuitous result of research
begun in 1953, investigating materials to replace
graphite for jet vane application during the develop-
ment of the Redstone missile (jet vanes were used for
directional control instead of gimbaling the engine).
The trouble was one of quality control because while a
source of the right grade of material was found, the
manufacturer’s poor quality control meant that only
twenty-five percent of the jet vanes were acceptable. In
an attempt to find a replacement, researchers tested
several materials including a jet vane made of commer-
cial grade fiberglass-reinforced melamine. Exposure to
the Redstone rocket motor exhaust eroded the vane as
expected but much to the surprise of the researchers,
one-quarter inch beneath the surface the material was
not only undisturbed but the embedded thermocouples
revealed no heating had taken place. While the tested
material was not used as a jet vane, the ABMA re-
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searchers skipped past the heatsink concept and went
straight to ablative reentry vehicle materials.?® Ce-
ramic material was also carefully evaluated and found
to be too sensitive to thermal shock at that time though
sufficient work was done with a method of ceramic
manufacture called slip forming to successfully fabri-
cate the necessary shape.

Scientists at ABMA estimated the weight of five can-
didate materials: Refrasil-phenolic, fiberglgass-
melamine, unfired ceramic, beryllium and copper to
provide thermal protection for a proposed heat shield de-
sign. Refrasil, fiberglass-melamine and ceramic were
found to be the materials of choice. An expedient
method for evaluating candidate materials was to ex-
pose flat plates of the material to rocket exhaust at a
heat flux of 100 BTU/ft?-sec and a velocity of 6,700 feet
per second. The plates were four inches square and tilted
at a 45 degree angle in the exhaust stream. Further re-
search in resin based ablative materials revealed that
asbestos reinforced phenolic resin would be the best
overall material for the Jupiter reentry vehicle environ-
ment. After initial evaluation of the plate material, reen-
try vehicle shapes were tested both with the rocket
exhaust technique and via shock tube studies by Arthur
Kantrowitz at Cornell University.?* Using a variety of
rocket motors, researchers were able to simulate heating
rates up to 2,500 BTU/ft?-sec. Transonic wind tunnel
tests of a half-scale model Jupiter reentry vehicle were
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Figure 12: Jupiter-C sub-scale reentry vehicle attached to the spinning
“tub.” This vehicle was an early fiberglass-melamine ablative material
flown on 15 May 1957. While not recovered, the telemetry showed that
the ablative concept worked well on an IRBM trajectory. (NASA photo-
graph courtesy of Joel Powell.)

conducted at the Air Force’s Arnold Engineering Devel-
opment Center, Arnold Air Force Base in June 1957 and
at the hypersonic test facilities of the Naval Ordnance
Laboratory, White Oak, Maryland in September 1957,
confirming the full-scale nose cone design.?

For flight testing of the one-third scale Jupiter reen-
try vehicle designs, the Army’s Redstone tactical ballistic
missile was modified into a three stage booster. The first
stage had an elongated fuel tank and used a more pow-
erful fuel called Hydne (unsymmetrical dimethyl hy-
drazine). The forward section of the first stage was
strengthened to support the new upper stages. The sec-
ond stage was made up of a cluster of eleven scaled-
down Sergeant solid propellant missiles, six inches in
diameter, housed in a cylindrical fairing called the “tub.”
The third stage was located in the center of the second
stage and made up of three additional scaled down Ser-
geant missiles. Atop the third stage was a 300-pound,
1/3rd-scale ablative ( 1/10th surface area) reentry vehi-
cle composed of a welded steel shell supporting the heat
shield. While fabrication techniques were being per-
fected for the resin-asbestos material, a heat shield
made of layered disks of melamine, a commercially
available laminated fiberglass-resin was flown first. The
tub was spun up by electric motors at launch to provide
ballistic stability. The resulting vehicle was called
Jupiter-C (Jupiter Composite) and now had a range of
over 1,500 nautical miles with an apogee of over 175
nautical miles.?® (Figure 12)

Only three of a scheduled of thirteen flights were
necessary for the Jupiter-C program. The first launch
was on September 20, 1956, Jupiter C Missile RS-27,
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with the missile reaching 600 nautical miles in altitude
and a speed of Mach 18. This was a test of the modified
propulsion and staging system and was successful. The
second flight, Jupiter C Missile RS-34, was launched on
May 15, 1957. The missile pitched up at 134 seconds into
flight so while the planned range was not reached and
the reentry vehicle was not recovered, telemetry indi-
cated that the fiberglass melamine ablative material
had functioned as expected. The first sub-scale opera-
tional Jupiter reentry using a phenolic resin asbestos
ablative material was flown on Jupiter C Missile RS-40,
August 8, 1957. The booster and high-speed upper stages
worked well. Failure of the reentry vehicle to separate
from the third stage changed the reentry trajectory, re-
ducing the angle of attack at the point of maximum
heating. Nonetheless, the reentry vehicle traveled 1,168
nautical miles, achieving a velocity of 13,000 feet per
second and withstanding a temperature of over 2,000
degrees F, conditions similar to those expected for an
IRBM reentry vehicle. While the reentry vehicle did not
separate as planned, the heat of reentry melted the mag-
nesium ring of the separation system and the recovery
system deployed successfully. Analysis of the ablative
covering showed only a one and a half percent loss (the
reentry vehicle was displayed in President Eisenhower’s
office and is in storage at the National Air and Space
Museum in Washington, D.C.) Ablation technology had
been proven with the ultimate test, full IRBM range and
velocity.?”

Full-scale Jupiter reentry vehicles were successfully
recovered on three flights; Jupiter Missile AM-5,
launched on May 18, 1958, the first recovery of an IRBM
reentry vehicle; Jupiter Missile AM-6, July 17, 1958,
which also carried a lightweight high explosive warhead,;
and Jupiter Missile AM-18, May 28, 1959, which carried
two monkeys, Able and Baker, which survived un-
harmed. While the reentry vehicle flown on AM-5
showed an ablation depth of three-eighths inch at the
greatest point of loss, the remaining flights showed con-
siderably less, validating the ablative concepts of the
sub-scale model flown and recovered earlier (Figure
12).58

The deployed reentry vehicle, built by Goodyear Air-
craft Corporation, was an hermetically sealed conical
aluminum shell with a twelve and a half-inch radius
spherical tip attached to a cone frustrum with a base 65
inches in diameter and an overall length of nine feet.
The molded nose cap was composed of thirty percent, by
weight, phenolic resin with seventy percent Type E
glass; the frustrum material was a layer of a mixture of
forty-five percent phenolic resin and fifty-five percent
Chrysotile asbestos.?® A key design feature, also found
in other reentry vehicle designs, was a convex dish
shaped aft cover which conferred the ability to recover
from any attitude to the correct reentry alignment. The
ablative material was much thinner than the sub-scale
fiberglass melamine heatshield. (Figure 13). The com-
plete reentry vehicle with warhead, weighed 2,617
pounds, the W49 weapon weighed 1,600 pounds.®°
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Figure 13: Operational Jupiter reentry vehicle dimensions (adapted from
National Aeronautics and Space Administration, NASA History Office,
“Facing the Heat Barrier: A History of Hypersonics,” by T.A. Heppen-
heimer, NASA History Series, SP-2007-4232 (2007), 46. Drawing by Mitch
Cannon).

Air Force
Atlas and Titan I

The Air Force was not new to the concept of ablation.
Indeed the two contractors selected in 1955, to develop
the Atlas reentry vehicle, General Electric and Avco Cor-
poration, were directed to look at all methods for solving
the reentry problem. Wright-Patterson’s Air Research
and Development Command were also evaluating abla-
tion materials as was Langley Aeronautical Laboratory
and Ames Research Center. The decision to work with
the heatsink concept had stemmed from recommenda-
tions of a number of scientific advisory committees and
panels. On June 16, 1953, the Department of Defense
Study Group on Guided Missiles, better known as the
Teapot Committee, had been created to evaluate the sta-
tus of guided missile development by the Air Force. On
February 16, 1954, the committee submitted its report.
It recommended that the reentry problem be reinvesti-
gated as Convair’s approach (transpirational cooling)
was insufficiently broad.5!

On August 31, 1957, in the 21st Monthly Report on
Progress of ICBM and IRBM Programs, a shift in reen-
try vehicle design was noted. While the heatsink design
for Atlas and Thor was sufficient, developments in ma-
terials and testing capability indicated that ablation
reentry vehicles could have ballistic coefficients five to
eight times greater than the Mark 2 heatsink which
would lead to greater accuracy and decreased vulnera-
bility. Dispersion caused by wind would also be greatly
decreased, the error due to wind was calculated to be ap-
proximately 500 feet in CEP (circular error probable, a
circle within which fifty percent of the reentry vehicles
impacted) at a 5,500 nautical mile range.®?
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On August 28, 1958, after only two Atlas B flights
with the Mark 2 and just before the start of the Thor
Mark 2 flight testing, almost exactly one year after the
highly successful conclusion of the Army’s Jupiter-C
reentry test vehicle program, Brigadier General O.J. Rit-
land, Vice Commander of the Ballistic Missile Division,
notified the Air Research and Development Command
of the decision to reorient the ICBM reentry vehicle pro-
gram from heatsink to ablative technology. The decision
was based “recent developments aimed toward improv-
ing the solution to the ICBM reentry problem.” The
Mark 2 heatsink reentry vehicles would be supplied for
all WS-315A (Thor) and early operational WS-107A-1
Atlas missiles at the two operational sites at Cooke Air
Force Base (Cooke had not been renamed Vandenberg
yet). All Avco work on heatsink development was to be
discontinued. General Electric was now assigned devel-
opment responsibility for a light weight second genera-
tion reentry vehicle capable of carrying a 1,600 pound
warhead, and to be flight tested on the Series D Atlas
missiles with deployment starting at Warren Air Force
Base. This was the Mark 3. Avco was assigned responsi-
bility for a heavy weight second generation reentry ve-
hicle capable of carrying a 3,000 pound warhead to be
flight tested on lot J Titan I missiles. This was the Mark
4‘63

As early as 1956, plastics had been examined for use
in the high temperature environment of ramjet engines.
Researchers at the Marquardt Aircraft Company ex-
posed model ramjet inlet cones made from three fiber-
glass reinforced plastics, Conolon 505 (phenolic), DC
2106 (silicone) and Vibrin 135 (polyester) for twenty
minutes at temperatures up to 500 to 600 F at a speed
of Mach 2. They found that all three materials showed
little or no detrimental effects, concluding that reinforce
plastics might have a role in missile development.%*

Researchers at General Electric’s Missile and Ord-
nance Systems Division in Philadelphia expanded on the
Marquardt work by estimating a candidate ablative ma-
terial’s ability to absorb heat up to 8000 F under equi-
librium conditions. The results showed that plastic
materials had the highest theoretical heat absorbing ca-
pacities, more than twice that of beryllium. The more gas
a material generated upon heating, again under equilib-
rium conditions, the better the material. Heat capacity
and gas generation values were useful indicators but
could not be used as guides in selection of materials be-
cause of the non-equilibrium conditions of the opera-
tional environment. When the material melted, the
liquid would be swept away in the air stream, upsetting
the thermal equilibrium. The higher the melting point
and the more viscous the resulting liquid, the more op-
timal the thermal effect. Phenolic resin plastics were
found to decompose slowly at high temperature and did
not liquefy, instead forming gaseous byproducts and a
char layer that protected to the base material. Exposure
of phenolic-glass cloth with sixty-five percent resin to
12,000 F in a high temperature arc showed only 1.4 per-
cent erosion; phenolic-Refrasil (Refrasil is the trade
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Figure 14: Shock tube development sample of Avcoite. Avcoite was a
ceramic material contained in a magnesium honeycomb matrix and was
used on the Avco Mark 4 and Mark 5 reentry vehicle nose cap (author’s
collection).

name for a high silica content glass) with forty-one per-
cent resin only 2.1 percent erosion and phenolic-nylon
cloth with fifty-seven percent resin only 1.0 percent. The
organic reinforcement’s lower erosion rate was due the
organic fiber’s lower thermal conductivity. Key variables
were type of resin, orientation of the fibers, type of fiber
and ratio of resin to fiber. Phenolic resins gave a higher
yield of carbon char. Large variations in performance
were found amongst the various suppliers. Orientation
of the fibers had a significant effect on performance with
random orientation giving the best results. At tempera-
tures above 5,000 F amorphous silica fibers were supe-
rior to ordinary glass and organic fibers were found
superior to glass fibers. Resin to fiber ratio optimization
had somewhat counter intuitive results. Higher glass
fiber content gave better mechanical properties but was
slightly detrimental to thermal erosion above 5,000 F.
At plasma jet temperatures, 12,000 F, higher resin con-
tent gave greatly improved performance. Clearly abla-
tive materials had come of age for use in ICBM reentry
vehicle heat shields.®® The result was the General Elec-
tric’s Mark 3 reentry vehicle deployed on Atlas D.

Avco Corporation began defense contract work in
1955, with the creation of the Avco Everett Research
Laboratory. Victor Emanuel, president of Avco Corpora-
tion, knew of the work of Dr. Arthur Kantrowitz, a physi-
cist working at Cornell University with shock tube
experiments in the study of the hypersonic flight.
Emanuel approached Kantrowitz with a proposal to
come work at Avco and apply his theories towards the
solution of the “reentry problem.” Enticed by the
prospect of a new, modern facility to be built for him,
Kantrowitz agreed and the Avco Everett Research Lab-
oratory was built. At the same time and undoubtedly
due to Kantrowitz’s presence, the lab’s Research and Ad-
vanced Development Division won the backup contract
for the Mark 2 heatsink reentry vehicle and was the pri-
mary contractor for a similar design for Titan I. Like
General Electric, Avco was also studying and developing
ablative as well as heatsink material. Unlike the engi-
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neers at General Electric who had studied ceramics and
dismissed them as too difficult to work with compared
to reinforced plastic resins, Avco engineers decided to
pursue the use of ceramics for the nose section of the
reentry vehicle where the heating was the most severe.

Expanding on the ceramics research by Georgia In-
stitute of Technology and Battelle Memorial Institute for
the Jupiter program, Avco researchers focused on solv-
ing the brittle fracture problem which was preventing
the fabrication of the large and complicated reentry ve-
hicle shapes light enough to be practical. The weight
issue was the result of the amount of material needed to
be structurally sound and not one of thermal protection
efficacy. The decision was made not to search for new
materials but rather to focus on new fabrication tech-
niques. One solution investigated was the use of small
ceramic tiles. This was rejected due to the thinness of
the tiles and difficulty in assembling them on the curved
nose section. The eventual solution was to use a metal
honeycomb structure to hold small “pencils” of ceramic
which did not easily fracture. By orienting the pieces in
honeycomb cells at ninety degrees to the surface, opti-
mum thermal protection and structural strength was ob-
tained. In 1959, Avco’s Research and Advanced
Development Division announced the development of
Avcoite, a magnesium honeycomb reinforced ceramic for
use on the nose of the Mark 4 reentry vehicle originally
destined for Titan I but which was also deployed on
Atlas E and F (Figure 14).5

Flight Testing

Once the feasibility of ablative material had been ex-
perimentally determined, flight testing of sub-scale
reentry vehicles began. The primary research and devel-
opment flight testing for evaluating the early Air Force
sub-scale and full-scale ablative ICBM reentry vehicles
were the Thor-Able 0 and II, Atlas D and Titan I Lot J
programs.

Thor-Able

The first in a series of ballistic missiles used for Air
Force reentry vehicle development was the Thor-Able
launch vehicle. Use of research and development flights
of the Atlas ICBM was considered and rejected at this
point as integration of reentry vehicle testing would in-
terfere with the early development objectives. In October
1957, the Ballistic Missile Division and Space Technolo-
gies Laboratory began the design of the Advanced Reen-
try Test Vehicle (ARTV) that could be ready for use
within six to eight months using existing hardware. The
critical capability of the ARTV would be to reach ICBM
reentry speeds of approximately 24,000 feet per second
carrying a one-half scale reentry vehicle. A variety of
possible test vehicle combinations were examined but
only one that met the requirements of availability and
performance; a Thor first stage and Vanguard second
stage modified with eight spin rockets was configured
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Figure 15: Thor-Able 0 RTV. Courtesy Northrup Grumman.

by STL with autopilot and cutoff controls assembled
from available Thor and Atlas components.5”

Able RTV

The Thor-Able 0 program flight tested three General
Electric reentry vehicle development models, designated
Able RTV’s. The RTV’s were biconic-spheres 34 inches
long and a base 38 inches in diameter, weighing 620
pounds and (Figure 15) fabricated with ablative mate-
rial and flown from Cape Canaveral from April 23, 1958
to July 23, 1958. There was one failure due to booster
malfunction and two partial successes. All three flights
carried biomedical experiments with mice and while the
two successes clearly demonstrated the efficacy of abla-
tion at ICBM ranges and speeds, the reentry vehicles
were not recovered as planned. The data provided by
these tests helped determine how much the heat shield
weight could be decreased and still be effective as well
as verifying the superior performance of ablative mate-
rials compared to the heatsink materials. A description
of the RTV series vehicle’s ablative materials has proven
elusive.®®

Able RVX-1

For the Thor-Able II program, a modified Thor
booster was used with its guidance package removed
and the radio-inertial guidance system for the Titan I
ICBM installed in the RVX-1 reentry vehicle. These six
flights were designated as Precisely Guided Reentry
Test Vehicle launches with two goals; evaluating the new
guidance system which would also indicate the exact
point of impact as well as continue to evaluate new ab-
lative materials.%

Instead of using the recovery system from the
Jupiter reentry vehicle test program which had been
proven unsuccessful with the Thor-Able 0 flights, Gen-
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Figure 16: General arrangement of the RVX — 1 experimental reentry ve-
hicles. The maximum diameter was 28 inches at the base of the flare,
length was 68 inches. ( M.Morton, Progress in Reentry Recovery Vehicle
Development, Philadelphia, PA: General Electric, Missile and Space Ve-
hicle Division, 1961, 6. Measurements courtesy of Craig Brunetti, Na-
tional Air and Space Museum).

eral Electric developed a more robust system to handle
the much heavier RVX-1 vehicles. Additionally, the data
capsule concept used in the Mark 2 program was used
to record the telemetry during the flight and reentry
phase when ionization phenomena prevented telemetry
transmission.

General Electric provided the RVX-1 internal frame
used to test both the General Electric and Avco Corpo-
ration ablative materials. The RVX-1 was a conic sphere
flared-cylinder configuration (Figure 16), sixty-seven
inches long with a cylinder diameter of fifteen inches
and a flare diameter of twenty inches, and weighed 645
pounds. The flights began on January 23, 1959, starting
with the RVX-1 carrying General Electric materials and
alternating flights with Avco materials, and ended on
June 11, 1959 with one failure, three partial successes
and two complete successes. The General Electric RVX-
1 tested three types of phenolic nylon ablative materials
(phenolic nylon, phenolic glass and phenolic Refrasil) in
sixty degree segments repeating every 180 degrees on
the cylinder and flare. The nose was made of a thick
layer of molded phenolic resin with one- inch squares of
nylon cloth.”

The Avco RVX-1 vehicles (sixty-eight inches in
length with a nose cap of eleven inches, a cylinder diam-
eter of seventeen inches, cylinder length of thirty-nine
inches, a flare length of eighteen inches and a flare base
diameter of twenty-eight inches) had Avcoite on the nose
and phenolic Refrasil tape covering the mid-section and
flare.” On the April 8, 1959, the Avco RVX-1-5 was suc-
cessfully flown 5,000 nautical miles down range with a
maximum altitude of 764 miles and a reentry speed of
15,000 miles per hour (Figure 17). The nose cap easily
withstood the heat of reentry as had the Refrasil mate-
rial coating the cylinder and flare sections. The Avcoite
ceramic had melted and flowed back asymmetrically a
short distance down the cylindrical body as expected.
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Figure 17: The Avco RVX - 1, launched on 8 April 1959 on Thor missile
133, was the first recovered reentry vehicle flown on an ICBM trajectory.
Before being put on display to the press the original nose cap was re-
moved and replaced with a mockup for security reasons. This artifact
was given to the Smithsonian Institute and is in storage at the National
Air and Space Museum(photograph courtesy of Phil Fote).

Telemetry results indicated no effect on aerodynamic
stability. Soon after recovery the nose cap was removed
for further inspection and replaced with a mock-up due
to security concerns. The RTV-1-5 is now in storage
along with the removed nose cone at the National Air
and Space Museum’s Garber facility.

On May 21, 1959, the second General Electric RVX-
1 flown was also successfully recovered, looking much
the same as the Avco vehicle except that the reinforced
phenolic-chopped nylon nose cap simply ablated and did
not flow back along the cylinder.”

The RVX-1 flight program, even with the failures
due to not recovering all of the vehicles (complete
telemetry was obtained via the data capsules), further
confirmed the maturity of ablative materials for use in
high speed reentry as the RVX-1 vehicles were exposed
to temperatures exceeding 12,000 F. The RVX-1 test ve-
hicles were the direct progenitors of the General Electric
Mark 3 (Atlas D) and Avco Mark 4 (Atlas E, F and Titan
D reentry vehicles.”

RVX-2 Series

By mid-1960 Atlas D missiles were available for use
in the final phase of ablative material testing, flights of
full-scale reentry vehicles at operational ranges and
reentry speeds. The RVX-2 series involved tests of newer
plastic ablative materials. Ranges flown varied from
4,400 nautical miles to the Ascension Island impact area
to 6,400 nautical miles off the coast of Capetown, South
Africa and further yet, 7,900 nautical miles to the South-
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Figure 18: General arrangement of the RVX — 2 and RVX - 2A experimen-
tal reentry vehicles. The RVX -2 had maximum diameter of 5 feet and
was approximately 12 feet long. (M.Morton, Progress in Reentry Recov-
ery Vehicle Development, Philadelphia, PA: General Electric, Missile and
Space Vehicle Division, 1961, 8).

ern Atlantic off of the Prince Edward Islands. The reen-
try evaluation portion of the program commenced on
March 8, 1960, and ended on January 23, 1961.7

RVX-2

Three General Electric RVX-2 reentry vehicles were
flown to test a new type of ablative material, unrein-
forced phenolic resin, General Electric Series 100, for the
proposed Titan II Mark 6 reentry vehicle.”” The RVX-2
was a conic-sphere configuration, twelve feet tall and
five feet in diameter, weighing over 2,000 pounds, the
largest reentry vehicle yet flown with what appears to a
phenolic resin-chopped nylon nose cap and unreinforced
phenolic resin side frustrum panels. The first two flights
suffered guidance and booster failures; March 17, 1959
and March 18, 1959 respectively, but the last flight, on
July 21, 1959, was successful and the reentry vehicle
was recovered intact after a flight of 5,000 nautical
miles.(Figure 18). Photographs of the recovered vehicle
show a close resemblance to the General Electric Titan
II Mark 6 reentry vehicle which also used these materi-
als."®

RVX-2A

The RVX-2A program had three flights during the
Atlas D test flight program, August 12, 1960, September
16, 1960 and October 13, 1960. The RVX-2A vehicle had
the same dimensions as the RVX-2 and weighed slightly
more than 2,700 pounds. The main difference between
the two was the instrumentation, the RVX-2A was used
for extensive scientific experiments beyond reentry. The
eighteen experiments included black and white and
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Figure 19: General Electric RVX-2 reentry vehicle being prepared for

transport after successful recovery on 21 July, 1959 (photograph cour-
tesy of Donald Schmidf).

color photography, live mice, radiation phenomena, reen-
try physics including transpirational cooling, electro-
magnetic propagation and fuel cell prototypes. A
recovery system similar to that of the RVX-1 program
was used on all of the flights with successful recovery on
only the final flight.”

The General Electric portion of the RVX-2A program
were the first and third flights, testing the General Sci-
ence Century Series of unreinforced phenolic resin for
use on the conic frustrum part of the conic sphere design
for the Titan II Mark 6 reentry vehicle. Four formula-
tions, GE Type 123,124 and 135 as well as GE Type 525
were used. General Electric researchers had discovered
a radical departure from previous ablation research.
Under laboratory test conditions simulating reentry, un-
reinforced phenolic resin formed several porous char lay-
ers one to two millimeters thick were formed in
sequence. The first one quickly plugged up, was sloughed
off by aerodynamic forces and was replaced instantly by
the formation of a new char layer. Large amounts of py-
rolysis gases that formed as the material degraded
served to inhibit heat transfer from the very hot bound-
ary layer to the ablating surface, greatly reducing the
actual heating at the vehicle surface. These results
greatly simplified the design of the large Mark 6 reentry
vehicle and saved considerable weight.” The maximum
internal temperatures reached in the two flights were
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Figure 20: Comparison of Mark 3 Mod I, Mark 3 Mod IIB, and Mark 4 Mod
| (adapted from Flight Summary Report Series D Atlas Missiles, (San
Diego, CA: General Dynamics/Astronautics, DTIC AD0833337, 21 June
1961), 8-6, 8-7 and 8-33. Drawings courtesy of Mitch Cannon).

90 and 100 F, well below the 350 F expected. Nose cap
ablation was greater than expected. Degradation of the
Series100 phenolic resin was comparable to that of nylon
reinforced phenolic resin and was in agreement with
computer modeling(Figure 19). ™

Avco flew one RVX-2A flight on September 16. The
nose cap was RaD 58D followed by a twenty-six-inch
frustrum section of RaD 58B and 100 inches of tape
wound Refrasil. Test plugs of Avocoat x3007 and RaD
58E were inserted at alternating ninety-degree intervals
in the forward portion of the tape wound Refrasil sec-
tion. The RaD 58E was a candidate material for the Min-
uteman missile reentry vehicle and the Avocoat was a
proposed low temperature ablation for the boost phase
of the Minuteman trajectory. Telemetry problems pre-
vented transmission of thermal and ablation data.®

Mark 3

The Mark 3 reentry vehicle was designed for the
Atlas F missile, as mentioned earlier, but deployed only
on Atlas D. The Mark 3 was a direct descendant of the
General Electric RVX-1 program. Measuring 114.8
inches in overall length, there were two Mark 3 shapes
(see Figure 20 ). Both had the sphere-conical nose
shape, 29.22 inches in length and a cylindrical mid-sec-
tion 20.7 inches in diameter and 40.6 inches in length.
The Mark 3 Mods I, IX and IA had a single biconic frus-
trum flare, 35.9 inches in diameter, that blended
smoothly with the reentry vehicle adapter spacer atop
the missile. The Mark 3 (Mods IB and IIB) had a biconic-
2 shape with an second, wider flare at the base, 42.8
inches in diameter, resulting in a characteristic “skirt”
conical ring slightly outwards above the spacer which
was not modified to affect a more streamline appear-
ance. The second flare aided in reentry stability by mov-
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Figure 21: Mark 5 (left) and Mark 4 (right) operational reentry vehicles on factory floor at Avco facility. (Photograph courtesy of Phil Fote.)

ing the aerodynamic center of pressure toward the rear
of the vehicle.(Figure 20). Available photographic evi-
dence indicates that the biconic-2 modification was the
deployed version. The nose section was thermally pro-
tected by molded phenolic nylon, the mid-section and
flare by tape wrapped phenolic nylon.®!

Eleven full scale Mark 3 reentry vehicles were flight
tested as part of the Atlas D research and development
program from March 8, 1960 to January 23, 1961, with
ten successful and one failure due to booster failure prior
to launch.®? The Mark 3 was deployed on Atlas D mis-
siles from 1960-1965.8 Mark 3 Mod 3 operational RV
weighed 2,200 pounds of which 1,600 was the warhead.3*

Mark 4

Unlike the General Electric Mark 3, the Avco Mark
4 design required additional experimental flights desig-
nated RVX-3, a 0.72 scale model and the 0.94 scale
model RVX-4 due to modified Air Force requirements.
The RVX-3 was flight tested on 5 Titan I C missile
flights from December 12, 1959 to April 28, 1960. The
RVX-4 was to have been the full-scale model but the di-
ameter of the warhead was changed slightly, leading to
the actual full-scale Mark 4. The RVX-4 was flight tested
on one Atlas D and seven Titan I Lot G missiles.®

The Mark 4 was a sphere-cone-cylinder-biconic flare
shape, 126.7 inches long, 33 inches in diameter at the
cylindrical mid-section and 48 inches in diameter at the
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base of the flare. The Mark 4 flare varied from 7 to 22
degrees with two very small spin fins at the base of the
flare. The nose cap was made of Avocite varying from
1.32 to 0.82 inches thick, the cylindrical body and flare
protected by oblique tape wound Refrasil at 0.61 to 0.32
and 0.44 to 0.66 inches respectively; and the afterbody
was protected with fiberglass. The Mark 4 with warhead
weighed 3,800 pounds.®® A second reference gives the op-
erational Mark 4 as weighing 4,100 pounds of which
3,100 pounds was the warhead.®"

The Mark 4 was flight tested on one Atlas D, seven
Atlas E, seven Atlas F and twenty-eight Titan I Lot J and
M missiles from October 11, 1960 to May 1, 1963. The
Mark 4 was deployed on Atlas E and F and Titan I from
1962 to 196.%8 One Mark 4 was flown on Titan II during
the Titan II research and development program.%®

Mark 5

On January 13, 1958, in discussions within the Nose
Cone Division of Space Systems, Ballistic Missile Divi-
sion, a decision was made that initial design responsi-
bility for the advance reentry vehicle for Minuteman
would be Avco Corporation due to the heavy technical
load already assigned to General Electric. On February
5, 1958, a letter was issued to Avco confirming the re-
quest for an advanced reentry vehicle design study
which included design specifications. This was not a sole
source contract for the reentry vehicle production, as
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Figure 22 The effect of reentry on the Avcoite nose cap material of a
Mark 5 reentry vehicle, left and right, before and after respectively. The
modified Avcoite ceramic material did not melt and flow as much as on
the Mark 4 (photographs by author of artifacts at the National Atomic
Museum).

with other reentry vehicles the contract would be a com-
petitive one.%

With contractor bid proposals to be evaluated in late
June, on May 28, 1958, the Nose Cone Division clarified
the desire, previously discussed in the proposed prelim-
inary operational concept of Minuteman dated April 8,
1958, for two reentry vehicle designs and two war-
heads.®! One vehicle would have a weight of 790 pounds,
including a 600 pound warhead for a range of 5,500 nau-
tical miles; the second vehicle would have a weight of
550 pounds including a 350 pound warhead for a range
of 6,500 nautical miles. The two designs would permit
the preliminary operational plan target coverage from
bases located in the southwest portion of the United
States. The designs would be optimized for maximum
range target coverage permitting each missile to fly to
the maximum range estimated for the payload, negating
the need for lesser range targeting for a given missile.
Phase I and Phase II warhead feasibility studies had al-
ready been completed, permitting reentry vehicle dimen-
sions to be established. Requests for proposals were
issued to ten contractors for the reentry vehicle studies
covering either or both of the reentry vehicles.

The Nose Cone Division explained the need for two reen-
try vehicles: 92

There are several reasons which in our opinion make it
imperative that we continue with development of both ve-
hicles. These relate primarily to the warhead develop-
ment itself. At the present time this country is considering
a moratorium on testing, the duration of this being some-
what indeterminate. For this reason, AEC laboratories
are endeavoring to carry out during Hardtack all tests
which appear to them of importance in development of
weapons for which requirements have been stated. At the
same time the AEC is attempting to get acceptance by
DOD of the concept of multi-use warheads. Under this
concept which has been favorable reception a weapon sys-
tem requiring a warhead of a particular weight will be
forced to use an already available or planned weapon
which in some instances will have been developed for
quite different requirements. In our case for example the
smaller warhead will be that now under development for
Nike-Zeus. Provided that the Minuteman requirements
are incorporated in the weapon design initially which

JOURNAL OF THE AFHF / SPECIAL 2025

can be done if we establish our need for this weapon,
there will be no difficulty in obtaining maximum per-
formance of the system (the same is not true for the 600
pound Polaris warhead which must be modified to a con-
siderable degree to meet Minuteman requirements.) If on
the other hand we do not today establish a firm require-
ment for a second, lighter warhead, it will be designed
on the basis of Nike-Zeus requirements and will be com-
pletely incompatible with the Minuteman system in the
event that we choose to use the second reentry vehicle at
some later date.

We feel emphatically that development must continue on
both warheads and hence both reentry vehicles since a
requirement for one can not be established without the
other.

On July 20, 1958, AFBMD announced that Avco Cor-
poration had been selected from a group of seven pro-
posals ( Aerophysics Allison, Avco Corporation, Ford
Aeroneutronics, General Electrical, McDonnell, Republic
Aviation and Douglas/Goodyear) to develop the two Min-
uteman reentry vehicles. Avco’s role as the Mark 2 al-
ternate source, as well as its research and development
expertise with the new ablative materials gained from
their work on alternatives to the Mark 2 were a key in
their selection. The contract required development of a
light and heavy reentry vehicle to accommodate two pos-
sible warheads designs weighing 350 and 600 pounds re-
spectively, with warhead dimensions to be forthcoming.*
The contract was formally awarded to Avco on Septem-
ber 19, 1958.94

The light version was cancelled December 4, 1958 to
reduce costs (Avco was directed to continue studying the
light version on a lower priority basis). The decision was
based on the lower yield available for the light vehicle
warhead as well as complications introduced into the
missile test program by multiple combinations of reen-
try vehicles and the missile airframe. The result was a
790 pound reentry vehicle of which 600 pounds was due
to the warhead. The larger reentry vehicle could also
more easily accommodate changes in warhead dimen-
sions.?

After nearly a year of indecision on the Minuteman
warhead design on September 1, 1959, the Minuteman
warhead was finally authorized. Avco’s reentry vehicle
sphere-cone-cylinder-flare design was based on the
Mark 4 shape but was considerably smaller due to
weight constraints. ( Figure 21) Development work
commenced on what was now called the Mark 5 reentry
vehicle. Extensive wind tunnel and light gas gun evalu-
ation of ablative material composition and thickness as
well as studies of attitude control and structural design
to withstand deceleration forces of twenty to fifty G’s
were undertaken. Flight test vehicles (Mark 5 Mod I)
were in production by the end of 1960. Like the Mark 4,
the Mark 5 had a nose cap of Avcoite, in this case Av-
coite-1, bonded to the top of the cylindrical and flare sec-

21



tions which were machined out of a block of RaD-58B
phenolic resin-Refrasil material. Reformulation of the
ceramic material reduce the melting and flowing which
occurred with the Mark 4 (Figure 22). The aft closure
was configured to stabilize the RV during early reentry
and was coated with Avcoat . The Mark 5 did not have
an active attitude control system. It and the Mark 4
tumbled and upon entering the atmosphere small fins
induced a stabilizing spin before the fins ablated early
in reentry.%

The full-scale research and development flight test
program began on February 1, 1961, with the successful
launch and flight of FTM-401, a fully configured Min-
uteman IA, from the Launch Complex 31A pad, Cape
Canaveral Air Force Station, Florida. Two more pad
launches took place, March 19, 1961 (failed) and July 27,
1961 (successful). Silo research and development
launches at Cape Canaveral began on August 30, 1960
with a spectacular failure and ended on February 20,
1963 with six failures out of twenty-one launches. Mark
5 flight tests also utilized Atlas D (1), E (4) and F(3) mis-
siles with one failure. The Atlas flight tests commenced
on May 13, 1961 with a Mark 5 Mod I flown on an Atlas
E and ended on July 31, 1963 with a successful Atlas D
flight (Figure 23).°” The Mark 5 Mod 5B weighed 300
pounds including SOFAR bomb. The Mark 5 was de-
ployed on 150 Minuteman IA missiles beginning in 1962
and ending in 1969.%98

Mark 11, 11A, 11B and 11C

In October 1960, the Department of Defense and the
Atomic Energy Commission authorized development of
an advanced version of the XW-56X1 warhead. In De-
cember 1960, the Air Force requested development of a
lighter and higher yield warhead, designated the XW-59.
One month later it was decided to have Avco develop a
new reentry vehicle, the Mark 11, able to carry either of
the new warhead designs and to be deployed starting
with the second Minuteman wing, equipped with Min-
uteman 1B at Ellsworth Air Force Base. The Mark 11 se-
ries reentry vehicle had an operational requirement for
a reduced radar cross section during the exoatmospheric
portion of its trajectory.”® ( Figure 24)

The Mark 11series, 11, 11A, B and C, had a some-
what similar size and shape to the Mark 5 but was
slightly longer. Avcoite was not used in the nose section.
RaD 58B was high silica content phenolic resin which
was pressed into a block, machined to shape and then
bonded to the reentry vehicle forecone. For the Mark 11,
the body of the vehicle was made of RaD 60, a molded
silica phenolic using chopped silica fibers which was ma-
chined to fit over an airframe made of fifty magnesium
ribs that were covered with a spin formed magnesium
skin for both the cylindrical and flare section (formed
separately). The two assemblies were bonded with epoxy,
the final machining completed, a radar cross section re-
ducing mesh applied and final layer of Avcoat 2 applied.
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Figure 23: Mark 5 reentry vehicle on handling dolly. Note the small spin
fins located at the top and bottom of the flare (photography courtesy of
the National Atomic Museum).

The pointed tip, a distinguishing feature of the Mark 11
series was made of glass fiber resin impregnated cloth
molded on a mandrel and epoxied to the nose. It is was
used to provide protection to the nose section radar cross
section material from boost-phase heating. Once the
Mark 11 entered the atmosphere, the nose and base fair-
ing as well as the radar cross section reducing mesh
were removed by ablation. At this point in reentry the
vehicle was producing a highly ionized and readily de-
tectable wake which was unavoidable. Unlike the Mark
4 and 5, the Mark 11 had small spin rockets to confer
spin stabilization prior to reentry.

The Mark 11A, B and C had a different fabrication
process from the Mark 11. The new aluminum frame
was heavier than the Mark 11 magnesium frame but
was stronger, a feature required for the nuclear harden-
ing of the vehicle, a new operational requirement due to
advances in the Soviet AntiBallistic Missile (ABM) sys-
tem in the process of development. The flare, cylindrical
body and nose cap frames were bolted together and then
the heatshield applied using Oblique Tape Wound Re-
frasil by a unique process developed by Avco. Afer cur-
ing, the heatshield was machined to tolerance, the radar
cross section reducing material applied and covered with
a final layer of Avcoat 2. The aft fairing was specifically
designed to reduce the radar cross section.!?

While the Mark 4 and 5 tumbled at first during
reentry and thus provided a large radar return, the
Mark 11 was spin stabilized so as to present a reduced
radar return for as long as possible. The Mark 11 de-
ployed from the third stage with only a slight increase
in velocity so the third stage served almost like a radar
beacon for Soviet ABM systems.

Virtually indistinguishable in outer appearance, the
Mark 11 series were approximately 100 inches in height,
with cylindrical section nineteen inches in diameter, a
base diameter of thirty-two inches and all used the same
ablative material. The Mark 11 was deployed on Min-
uteman IB. All four variants were deployed on Minute-
man II. For the Mark 11A and 11B, Avco developed a
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Figure 24: Mark 11C on top of chaff dispenser (author’s collection).

retro rocket spacer that had ten small thrusters which
fired in pairs to provide a random velocity to the third
stage. Before firing the retro rocket thrusters, a tumbler
motor fired perpendicular to the centerline of the third
stage to impart a rotation rate. This combination ran-
domized the third stage position relative to the reentry
vehicle and thus reduced the problem of the third stage
serving as a radar beacon.!!

For the Mark 11C the retrorocket spacer was re-
placed with a chaff spacer which carried a number of
Mark 1A chaff dispensers, each equipped with different
level impulse thrusters. This was in response to the low
frequency Soviet ABM radars. The chaff dispenser was
connected to the Mark 11C via a lightweight spacer
made of beryllium rather than aluminum as this config-
uration was up against a weight limit due to the chaff
system and beryllium was thirty percent lighter than
aluminum. After Mark 11C release, the chaff dispensers
were fired up and down the range insensitive axis to
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Figure 25. Mark 5 on Minuteman FTM IB 423A in LC31B, 7 January 1963
(left) and Mark 11 on Minuteman FTM IB 425 in LC-31B, 14 March 1963,
Patrick Air Force Base (courtesy of Air Force Space Museum, Cape
Canaveral Air Force Station.) The triangular fin protrusions were teleme-
try antennas and not flown on the operational vehicles.

generate a train of chaff clouds spaced far enough apart
that the defensive systems would have to target each
cloud.?

The Mark 11 research and development program in-
cluded six flights on Atlas D missiles beginning on Au-
gust 28, 1963 and ending February 12, 1964 with one
successful flight, the failures were due to booster mal-
functions. Minuteman IB flight tests began on December
7, 1962 and ended on December 8, 1967 after forty-one
flights with six failures. The Mark 11C penetration aids
capability was tested on the final six flights which began
on April 28, 1967.19 (Figure 25).

The weight of the Mark 11 was 200-250 pounds. The
Mark 11A, B and C were twenty-five percent heavier
than the Mark 11.1% The Mark 11 series reentry vehicles
were deployed on Minuteman IB and Minuteman II
from 1963 to 1973 (Minuteman IB) and 1995 (Minute-
man II).105

Summary

There were three key technologies that needed to be
developed for the Minuteman program to succeed: large
diameter solid propellant motors, lightweight inertial
guidance systems and lightweight reentry vehicles. The
evolution of reentry vehicle design began with the need
to quickly design and field a reentry vehicle system for
a relatively large warhead using readily available ma-
terials. The result was the first generation heatsink con-
cept used with the Air Force Thor and Navy Polaris A-1
and A-2 IRBMs.

The second generation reentry vehicle system, abla-
tion, was demonstrated first by the Army in its develop-
ment of the reentry vehicle for the Jupiter IRBM. The
Air Force quickly saw the advantage of ablation technol-
ogy which permitted the design of lighter, more stream-
lined and hence more accurate, reentry vehicles. The
Mark 5 and Mark 11 reentry vehicles represented the
culmination of the pyrolytic or charring method of abla-
tion with their small size and greater accuracy com-
pared to heatsink reentry vehicle systems. |
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long with the 1947 decision to locate the first U. S. long-range ballistic missile test range at Cape Canaveral,
Florida, came the need to accurately determine reentry vehicle impact location in the open ocean. Tracking stations

were to be located along the British West Indies Islands chain to monitor the boosted phase of missile flight for
both performance and safety reasons.! They were, however, inadequate for determination of guidance system accuracy in
the broad ocean area (BOA) targets. A similar problem arose with the decision in November 1956 to conduct the opera-
tional training and testing of IRBMs and ICBMs at Cooke Air Force Base, California. The IRBM target was a BOA 300
to 1500 nautical miles off the coast of Cooke AFB. Several of the ICBM targets were also BOAs, near Wake and Midway
Islands, while others were near or within the lagoons at Eniwetok and Kwajalein Atolls (approximately 400 and 700
square statute miles respectfully).?

Fortunately, a solution was well into development. In 1941, a physicist at Woods Hole Oceanographic Institute, Mas-
sachusetts, Maurice Ewing, postulated the existence of what he called the deep sound channel. The confirmation of the
existence of the channel in 1944 and the detailed evaluation of its properties led to the concept of the sound fixing and
ranging system (SOFAR). SOFAR became a key part of the missile impact location system (MILS) for both the Eastern
and Western Test Ranges. This article describes the SOFAR system and its application for the location of reentry vehicle

impacts, recovery of data return capsules and locating Mercury spacecraft splashdowns. Photographic and radar systems
are also briefly discussed.

The Deep Sound Channel

The long-range transmission of underwater sound was first suggested in 1934 by Karl Dyk and O. W. Swainson as a
result of seismic experiments conducted by the U. S. Coast and Geodetic Survey off the coast of Southern California in
1933. Signals from the explosion of 0.5-pound charges of TNT were received at a distance of 50 nautical miles. The authors
indicated that much greater ranges might be obtained.? The deep sound channel aspect of their research was not pursued
further until 1941 when researchers Maurice Ewing, Columbus Iselin, Allyn Vine, Alfred Woodcock, and Lamar Worzel
at Woods Hole Oceanographic Institute published “Sound Transmission in Seawater,” a report sponsored by the National
Defense Research Committee. Ewing postulated the existence of the deep sound channel, a layer of seawater approxi-

mately 4,000 feet deep in the Atlantic and similarly in the Pacific, though at a different depth, through which sound could
travel remarkable distances.*
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Figure 1. Left: speed of sound in seawater versus depth; Right: some of
the many possible SOFAR ray paths simplified and exaggerated vertically.
Counterintuitively, the longer ray paths arrive sooner at the receiver due
to the higher speed of sound in the region they are traveling. ( Long-Range
Sound Transmission Interim Report 1)

In deep ocean water the temperature normally de-
creases gradually with increasing depth, reaching a mini-
mum slightly above zero at approximately 700 fathoms
(4,200 feet), in the Atlantic, after which the temperature
gradually rises until reaching the ocean floor. The sound
speed follows a similar pattern, reaching a minimum at a
depth of 4,200 feet, then increasing near the ocean floor to
a greater speed than at the surface. The increase in velocity
is due to a pressure effect. If an omnidirectional signal
source is placed at the depth of minimal velocity, the axis
of the sound channel, signals that start at an angle of 12
degrees above or 15 degrees below the axis of the channel
are repeatedly reflected downward or upward, respectively,
within the channel until absorbed or blocked by an obstruc-
tion (Figure 1).

Ewing and coworkers noted that signals in the deep sound
channel had these qualities:

1. Extremely long-range transmission (probably 10,000
miles).

2. Signal was positively identifiable.

3. Abrupt termination of the signal allows the arrival time
to be read with an accuracy better than 1/20th of a second.
This permits location of the source to better than a mile, if
the signal is received at three suitably located stations.

4. The signal duration is related in such a way to the dis-
tance that the distance may be estimated to 3 nautical
miles in 1,000 from reception at a single station.

David K. Stumpf, Ph.D., is a retired plant biochemist liv-
ing with his wife, Susan, in Tucson Arizona. He has writ-
ten three nuclear weapon histories, Regulus the
Forgotten Weapon, a history of the Navy’s Regulus I and
11 cruise missiles; Titan II: A History of a Cold War Mis-
sile System and Minuteman: a Technical History of the
Missile that defined American Nuclear Warfare, pub-
lished February 2021. Dr. Stumpf volunteered at the
Titan Missile Museum, Sahuarita, Arizona, as an histo-
rian and as a tour guide for 15 years. He was instrumen-
tal in the effort to gain National Historic Landmark
status for the museum.
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The limitations were:

1. It is required that the great circle path which the
sound follows between source and receiver be entirely deep
water (probably at least 1,000 fathoms).

2. Sound travels in water at a speed of roughly 1 mile per
second so that the interval between the origin of the signal
and its reception become sufficiently great to be a handicap
for some uses.®

In July 1943, Ewing filed a report with the Navy Bu-
reau of Ships describing the use of the deep sound channel
for coded transmissions to submarines. Somewhat to his
surprise, his report was met with little enthusiasm.® Un-
deterred, from March 1944 to January 1945, Ewing and
coworkers undertook to more fully characterize the deep
sound channel. The results clearly showed that three or
more stations equipped with hydrophones located in the
deep sound channel could be used to triangulate a signal
from a downed aircraft, life raft or ships in distress to
within 1 nautical mile. Since all of the receiving stations
in the experiment had been hydrophones suspended from
ships, a station with one hydrophone located on the ocean
floor in the deep sound channel was established on
Eleuthera Island to complete the investigation. Signals
were detected out to 450 nautical miles, after which the hy-
drophone cable broke.”

To the casual observer, it would seem difficult to isolate
the signal generated by a relatively small explosion from
the background noise in the ocean, but this proved not to
be the case. The received signal consists of a series of im-
pulses corresponding to the possible propagation paths.
Paths within the deep sound channel are the slowest and
also most numerous. The first sound to arrive is weak.
Though coming over the longest path, i.e., reflections from
the surface and ocean floor, it arrives first by virtue of the
higher velocities encountered along this path. The last,
strongest, signal to arrive comes via the shortest path,
along the axis of the deep sound channel, which is the path
of minimum velocity. Sound from a source located on the
axis will follow paths which are refracted toward the axis.
Therefore, a large portion of the signal will be confined
more or less to the plane of the velocity minimum and not
encounter reflection off the surface and bottom. As a result,
losses are relatively low and very long ranges are possible.®

The longer the distance from the source, the greater
the time differential between the first and last arrivals
(Figure 2).° The abrupt cutoff represented the signal

¥4

Sound
Level
(db)

Time
3. OFF-AXIS ENERGY ARRIVAL
4. POINT OF MEASUREMENT (ON-AXIS ENERGY ARRIVAL)

1. BACKGROUND NOISE LEVEL
2. START OF RECEPTION

Figure 2. Typical SOFAR signal trace. Normally the SOFAR channel signal was
this clearly indicated. (AF Western Test Range Instrumentation Handbook)
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Figure 3. Example of a triangulation plot. Large cross indicates where the
isodistance lines from Eleuthera, USCG Valor and USRV Atlantis coin-
cided. (Long-Range Sound Transmission Report Number Three)

transmitted by the deep sound channel. This characteristic
pattern made signals that originated at or near the axis of
the sound channel easily recognized. The maximum signal
range during the cruise was 900 nautical miles due to the
limitations imposed by the Navy on the use of the USS
Buckley (DE-51). Work completed after the cruise resulted
in reception of a signal from detonation of a 6-pound TNT
charge at a range of 3,100 nautical miles.*

In 1959, Ewing and coworkers proposed that SOFAR
be used to “connect the geodetic networks of all continents
and islands into a single unit.” The major obstacle to es-
tablishing the many international ties required for a global
geodetic system was the difficulty of making geodetic
measurements at sea. Such a survey would be coupled with
a gravimetric survey to determine the shape of the earth.
They proposed methods for the establishment of bench-
marks in the ocean, measuring the distances using the
SOFAR technique with an accuracy of one part in 200,000.
This work would facilitate the accurate navigation of
spacecraft and targeting of ballistic missiles.!

SOFAR Begets MILS

Regardless of the skepticism of the Navy for the use of
the deep sound channel for submarine communications,
work progressed at Woods Hole on the design and produc-
tion of explosive charges called SOFAR bombs. The Navy
did see the potential of the SOFAR bomb concept for ex-
perimental use as air-sea rescue aids. The bombs varied
in design from simple demolition blocks with detonators to
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cast charges of TNT, in pressure proof cases, fired by a pre-
set pressure sensitive mechanism. Since the depth of the
deep sound channel was variable, the charges had to have
easily adjustable detonators for both experimental work
and as rescue aids.!?

In the summer of 1945, after seven months of testing
the bomb design, a two-week cruise involving three ships,
several aircraft and the repaired shore station at
Eleuthera, successfully evaluated SOFAR triangulation
techniques using bombs ranging from 1 to 48.5 pounds and
one 300-pound Mark 6 depth charge (Figure 3). Crucial to
the SOFAR concept was the use of the correct axial sound
speed value. The average value for the northern Atlantic
was 4,888 feet/second. In the Pacific, the value was 4,845
feet/second off California and 4,852 feet/second off Hawaii.
Calculations using the appropriate average value for each
ocean proved sufficiently accurate to delineate a relatively
small air-sea rescue search area.®

The utility of the SOFAR concept was demonstrated in
1953 during a month-long experiment using two hy-
drophones separated by 16 miles off the southeast coast of
Bermuda. The USS San Pablo (ADP-30) fired 234 0.5-pound
TNT shots at a depth of 50 feet in an arc between 34- and
221-degrees true bearing, 120 nautical miles off of Bermuda:

The SOFAR signals received by the Bermuda instruments
do not have the characteristic sharp cut off nor are the sig-
nals identical on both instruments. This is caused by the lo-
cation in different depths of water, both being shallower
than the sound channel. It is also caused by their location
on dissimilar morphological features along the southeast
Bermuda island slope. In general, their SOFAR signals
start with staccato bursts and end with a confused rever-
beration. Relative timing between signals at both instru-
ments is done by comparing their overall signal envelope.

The results indicated that bearing accuracies of 1.5 degrees
were possible. The fact that the signals were not as clear
as those found in similar experiments on the West Coast
demonstrated the efficacy of the system under less-than-
ideal conditions.!*

While tracking radar could be used for visual display
of booster or reentry vehicle impact prediction for range
safety issues, it was insufficient at the time for determina-
tion of impact locations in the BOA targets of the Air Force
Eastern Test Range (AFETR).> SOFAR was the solution
in the form of stations with groups of hydrophones around
the periphery of the North and Mid-Atlantic. These were
not part of the sound surveillance system (SOSUS), which
operated at a different frequency and utilized a much
larger number of hydrophones. Reentry vehicles, data cap-
sules and spacecraft would release SOFAR bombs as loca-
tion aids. The system was named the Missile Impact
Locating System.

Sound Channel Axis Velocity Experiments

The Polaris flight test program presented the problem
of accurately locating the reentry body (the Navy term for
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Figure 4. Portion of the Atlantic covered by the Sound Channel Axis Ve-
locity Experiments. Signals were detected by SOFAR and MILS stations at
Ascension, Barbados, Bermuda, Canary Islands, Eleuthera, Fernando de
Noronha. (Time Variations of Sound Speed over Long Paths in the Ocean)

reentry vehicle) SOFAR detonation in the mid-Atlantic.
Sound-Channel Axis Velocity Experiments (SCAVE) were
conducted from 1961 to 1964 to evaluate solutions to the
problem. SCAVE was a series of precisely located and
timed SOFAR charges detonated off the island of Antigua
and detected by the MILS and SOFAR stations at Ascen-
sion, Barbados, Bermuda, Eleuthera, Fernando de
Noronha, with additional hydrophones installed at the Ca-
nary Islands to balance the unknown bias from the exist-
ing hydrophones to the south and west (Figure 4). The
seasonal and short-term variability of the axial sound
speed of the deep sound channel were evaluated as possible
sources of error.

The first year’s experiments, utilizing two hydrophones
at Bermuda and three at Eleuthera, demonstrated sound
channel axial speed was not constant, although there were
times when it remained steady for a month or two. The re-
sults after two and half'years of experiments demonstrated
it was not feasible to try to predict the axis sound speed
due to time of year.

The solution was to calibrate shortly before the pre-
dicted impact and again afterwards. An eight-day test re-
vealed that while the axial sound speed did vary, the
change was small in this short a period of time. The method
adopted was calibration before and after the flight test by
firing 10 SOFAR charges in the vicinity of the proposed
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Figure 5. Approximate location of hydrophones at Ascension Island for
target array and broad ocean area signal detection. (Sonobuoy MILS)

reentry body impact area over bottom transponders that
had been geodetically located.'”

Acoustic-Based Missile Impact Locating Systems

Initially, there were two acoustic-based systems used
for impact location determination, the missile impact lo-
cating system (MILS) and the sonobuoy missile impact lo-
cation system (SMILS). MILS was subdivided into the
target array, also known as the splash detection system,
and BOA array.'®

Missile Impact Locating System
Target Array (Splash Detection System)

A target array consisted of six hydrophones, five of
which were placed on the ocean floor in a regular pentagon
configuration, 5-24 nautical miles across depending on sea
floor topography, with the sixth located in the middle (Fig-
ure 5). The pentagonal shape was used so that at least four
hydrophones were at a range less than the refraction limit,
thereby enabling them to pick up the sound of impact by a
direct transmission path instead of bottom and surface re-
flection paths. Accuracy with this design was +30 feet when
impact was within the confines of an array at least 10 nau-
tical miles across.'

BOA Array

A BOA array was used when flight test requirements
dictated impact locations away from established target ar-
rays as was necessary for the later Polaris flight test pro-
gram. Shore stations were connected to individual
hydrophones or groups of hydrophones. The stations were
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Figure 6. Typical broad ocean area hydrophone installation. It was critical to
have them positioned accurately in the sound channel. (Air Force Western
Test Range Instrumentation Handbook)

separated by several hundred to 1,000 nautical miles or
more. Where the installation was a group of hydrophones,
they were placed in a plane-hyperbolic array, located as
close as possible to the deep sound channel axis (Figure
6). With at least three stations receiving the SOFAR bomb
signal, the impact location was determined by triangula-
tion. The calibration of the BOA array hydrophones con-
sisted of a ship releasing several SOFAR bombs at the
same time the ship’s position was being accurately deter-
mined by the Acoustic Ship Positioning System via geodet-
ically surveyed bottom transponders in the impact area.?®

Sonobuoy Missile Impact Locating System

By the late 1960s, the capability of the MILS system,
deployed in 1958-1960, was no longer sufficient. Accurately
monitoring the impact of the 6 to 14 reentry bodies carried
by the Poseidon SLBM was not feasible. Installation of ad-
ditional stations was expensive and, in many cases, politi-
cally difficult. SMILS developed by adapting already
existing antisubmarine warfare sonobuoy detection system
equipment.

The SMILS concept was evaluated by monitoring the
water impact of finned Martlet rounds fired from 5-inch,
7-inch and 16-inch smooth-bore cannon during the High-
Altitude Research Project (HARP,1962-1967).%' For SMILS,
projectiles were launched from Barbados, West Indies, to
altitudes approaching 300,000 to 400,000 feet, splashing
down in the nearby ocean at a speed sufficient to mimic
reentry vehicle impacts. The projectiles were spin-stab-
lished by canting the fins 3 degrees, resulting in an impact
dispersion of less than one mile.?

SMILS was deployed by aircraft just prior to the flight
test. There were four basic components:

1. The Acoustic Ship Positioning System (ASPS) deep
ocean transponders on the ocean floor. These were geodet-
ically surveyed using the Navy’s Transit satellites and
served as reference points for the sonobuoys. The batteries
for the transponders lasted between 2 to 3 years and re-
placement units could be located with accuracies approach-
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ing 50 feet in the 1969 timeframe. The transponders were
energized by a 16 kHz interrogator signal and each re-
sponded on a different frequency at 0.5 kHz intervals from
7.5 to 12 kHz.%

2. Specially equipped Navy P-3 Orion Lockheed Electra
antisubmarine warfare aircraft modified to receive and
record up to 32 sonobuoy signals. A precision timing system
was also installed as well as the ability to monitor and pro-
vide a quick-look recording capability.

3. The standard Navy aircraft-deployed AN/SSQ-41
sonobuoy was modified, extending the battery life and pro-
viding the ability to receive the ASPS transponders inter-
rogation and reply signals.

4. Unlike the MILS system, SMILS used the well-mixed
surface isothermal layer. Projectile splash signals from the
HARP experiments had been received up to 20 nautical
miles distance. A bathythermograph sonobuoy dropped by
the aircraft was used to determine the presence and depth
of the surface mixed layer prior to the flight test. Without
this layer the splash signal propagation paths were by
ocean bottom bounce rather than the surface duct, degrad-
ing the SMILS performance.? This information, combined
with the expected reentry vehicle impact footprint, was
used to configure the sonobuoy pattern for the particular
test. The typical pattern for a single reentry vehicle impact
footprint consisted of four sonobuoy rings approximately
three nautical miles apart with a total outside diameter of
20 nautical miles. This involved as many as 30 sonobuoys
including the interrogator sonobuoy.?

The transponders were energized by the interrogator
sonobuoy and served to locate the pinger sonobuoys rela-
tive to the transponder. The signals from these pinger
sonobuoys propagated through the surface duct and were
received by the circular array sonobuoys. The splash po-
sition relative to these sonobuoys and the time at which
the splash occurred could then be determined.? The esti-
mated accuracy for the system was 0.1 nautical mile as
originally deployed, but early improvements brought the
accuracy down to 0.05 nautical miles (Figure 7, following
page).?”

Portable Impact Locating System 1

The Portable Impact Locating System (PILS) repre-
sented an example of the ultimate evolution of the acousti-
cal-based impact detection system. The Navy began
development in 1994, expanding on the research conducted
for the Air Force in 1983-84 before cancellation in 1986.%8
The deep ocean transponders of the SMILS were replaced
with sonobuoys equipped with NAVSTAR Global Position-
ing System receivers. This eliminated the costly positioning
and upkeep of deep ocean transducers and made flight test
targeting much more flexible.

Operationally, the system was a simplified version of
SMILS, utilizing two concentric rings, 10 and 14 nautical
miles in diameter, each with six sonobuoys. The ring di-
mensions were chosen to allow for sonobuoy drift during
possible launch holds. The sonobuoys were deployed from
the P-3 Orion aircraft approximately 90 minutes prior to
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Interrogator buoys (3)

Figure 7. Overview of the DOT/SMILS. Each sonobuoy is equipped with
an acoustic transmitter and receiver. The acoustic information picked up
by the sonobuoys is transmitted to the aircraft via a VHF radio link. The
fixed deep ocean transponder (DOT) array, previously placed on the ocean
bottom, is used to determine the position of sonobuoys. The velocimeter
buoy measures the velocity of sound in the water, while the bathythermo-
graph buoy measures the temperature of the water as a function of depth.
Interrogator buoys are equipped with sonic transmitters that send com-
mands to the DOT, the DOTs respond to the interrogations by generating
an acoustic signal, different for each transducer. The pinger buoys prop-
agate the signal through the surface duct which are received by the circu-
lar array buoys. (Copyright 1984 John Hopkins University applied Physics
Laboratory, LLC. All Rights Reserved)

programmed flight test vehicle launch. Typical impact po-
sition accuracies were 15 feet, with impact time accuracies
approaching 3 milliseconds. The system was declared fully
operational in October 1996.%

Portable Impact Locating System 2

The current PILS 2 differs from PILS 1 in three re-
spects: the sonobuoys are deployed from a ship carrying
the Navy Mobile Information System (NMIS); they are de-
signed to maintain position after deployment and only nine
sonobuoys are used, eight in a six nautical mile diameter
circle with the ninth in the center (Figure 8).2° The date
of deployment has proven elusive.

Over-the-Horizon Buoy

Trident II flight test safety rules can require that the
NMIS ship be over-the-horizon from the deployed PILS 2
sonobuoys. An over-the-horizon (OTH) buoy system was
developed for the Navy by Johns Hopkins University Ap-
plied Physics Laboratory and the University of Texas,
Austin, Applied Research Laboratory, to provide satellite
communications capability between the ship and the
buoys. The test operator onboard the ship programs the
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Figure 8. PILS 2 self-propelled sonobuoy. (Adapted from United States
Patent 6,854,406B2)

buoys with telemetry recording start and stop times. The
multiple reentry body impact timing must be at least 12
seconds apart, permitting 10 seconds of data recording and
two seconds to change the settings for the next reentry
body impact. When the test is complete, the buoys are re-
covered and the data extracted. The OTH buoys are modi-
fied PILS 2 buoys.?!

Air Force Eastern Test Range
Missile Impact Locating System
Target Arrays (Splash Detection System)
Target arrays were located at Antigua, Ascension and
Grand Turk. The dimensions of the three target arrays, as
of 1976, are listed in Table 1. Polaris A-1 and A-2 reentry

body impacts in the Antigua and Grand Turk target arrays
could be located within 0.05 nautical miles.??

Table 1. AFETR Target Array Location and Description.

Location Description Distance from Cape Canaveral

150 nm northeast, at a depth of 3 miles, 5 | 1230 nm

nm across

Antigua

35 nm west-northwest, at a depth of 2 4370 nm

miles, 12 nm across

Ascension Island

Grand Turk Island | 75 nm north , at a depth of 3 miles, 24 nm | 660 nm
across

AFETR Range I ion Handbook, September 1971
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Figure 9. Location of unclassified MILS components of the AFETR, July
1, 1976. There was at least one additional MILS station in the eastern At-
lantic. The Canary Island SCAVE installation was temporary. (AFETR
Range Instrumentation Handbook)

BOA Arrays

BOA arrays and receiving stations unclassified loca-
tions, as of 1976, were: Antigua, Ascension, Barbados,
Bermuda, Cape Hatteras, Grand Turk, Eleuthera, Fer-
nando de Noronha and Puerto Rico (Figure 9).

In May 1958, the Thor IRBM research and develop-
ment program began at Cape Canaveral with the Series
III flight tests to determine the performance of the Mark 2
reentry vehicle and continue evaluation of all the missile
subsystems. Earlier work with the X—17 reentry vehicle re-
search rocket had demonstrated that telemetry transmis-
sion through the ionized air flow around the reentry
vehicle during reentry was intermittent at best. General
Electric, manufacturer of the Mark 2 reentry vehicle, de-
veloped a recoverable data capsule that housed a tape
recorder for recording telemetry, power supply, radio an-
tenna, dye pack and SOFAR bomb.

The capsule was an 18-inch-diameter sphere made of
polyurethane foam and fabricated as two hollow hemi-
spheres. The bottom half contained a data tape recorder,
battery pack, dye packs and SOFAR bomb. The top half
contained the radio beacon and antennas. There was an
opening for the ejection of the SOFAR bomb as well as to
detect contact with saltwater, activating the radio beacon,
releasing the dye packs and ejecting the SOFAR bomb. The
two hemispheres were cemented together and enclosed in
an ablative outer shell that shattered on impact with the
water surface. The capsule was ejected from the reentry
vehicle by a small rocket motor (Figure 10).33 The first suc-
cessful recovery of a data capsule took place on 13 June
1958 after the flight of Thor FTM 122.3¢
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Figure 10. Top: General Electric recoverable data capsule system. The
technician is assembling the two hemispheres of the recoverable capsule.
The hemisphere on the left contains two dye packs and the data recorder
as well as the SOFAR bomb, the large cylindrical object in the center In
the background is the fully assembled system including the separation
rocket. (USAF); Bottom: Mark 2 development reentry vehicle general lay-
out. (General Electric)
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Figure 11. Minuteman Mark 5 development reentry vehicle. Telemetry was
transmitted therefore there was no need for a recoverable data capsule.
The SOFAR bomb is located on the left side of the illustration. (USAF)

Details of the developmental flight testing of Atlas,
Titan I and II reentry vehicles are scarce. The Mark 3 and
4 series reentry vehicles (Atlas E, Atlas F and Titan I re-
spectively) could be equipped with SOFAR bombs and data
capsules, but not all flights carried the systems.®

The Minuteman ICBM flight test program at the
AFETR began in 1961. The program consisted of mini-
mum-range flights of 3,000 nautical miles and to the target
array and BOA target located at 4,300 nautical miles near
Ascension Island. Both the Minuteman IA Mark 5 and
Minuteman IB Mark 11 reentry vehicles could be equipped
with SOFAR bombs that would explode at the pre-set
depth regardless of whether they were ejected from the
reentry vehicle (Figure 11).

Manned Spacecraft

The Mercury Program included SOFAR bombs as part
of the recovery package on several of the developmental
flights, beginning with a suborbital heatshield test in Sep-
tember 1959. Only two of the manned flights, MA-6 and
MA-8, carried SOFAR recovery aids.?® The Gemini and
Apollo spacecraft did not carry SOFAR bombs.
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Figure 12. Wake Island MILS hydrophone installations. The target array
north of the island was installed first followed several years later with the
six-hydrophone broad ocean array west and south of the island.(USAF)

Sonobuoy Missile Impact Locating System

The system was used exclusively by the Navy with the
Polaris A-1, A-2 and A-3 SLBM flight test programs.?”
Portable Impact Locating System

The system was used exclusively by the Navy for the
Poseidon and Trident I and II flight test programs.?®

Pacific Missile Range/Air Force Western Test Range

Like the AFETR, the Navy’s Pacific Missile Range was
faced with the dilemma of accurately scoring reentry vehi-
cle impacts in the open ocean (the name was changed to
Air Force Western Test Range, AFWTR, on May 15, 1964).%°
The solution over the years was the evolution of the
SOFAR/MILS techniques.

Missile Impact Locating System
Target Arrays (Splash Detection System)
One target array was approximately 60 miles north-

west of Wake Island (Figure 12). Initially the use of the
Eniwetok and Kwajalein lagoons as targets obviated the
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Figure 13. Northeast Pacific SOFAR network coverage 1948. The system
was incorporated into the Pacific Missile Range MILS in the 1958-1960
timeframe. (USN)

need for target arrays near those islands. On September 9,
1959, the Wake Island array successfully detected and
scored the impact of the Mark 2 reentry vehicle carried by
first Atlas ICBM (12D) launched from Vandenberg Air
Force Base.*

BOA Arrays

In late 1945, the Navy Department decided to install
a SOFAR network in the eastern North Pacific for air-
sea rescue purposes. The network consisted of three sta-
tions: Kaneohe, Oahu in Hawaii and two stations on
California’s central coast separated by 180 nautical
miles—the U.S. Coast Guard Station, Point Sur and the
U.S. Coast Guard Lifeboat Station, Point Arena. The sys-
tem became operational for evaluation in September
1948 (Figure 13).

Accuracy varied from 10 to 20 nautical miles in the
southeasterly portion of the network to 20 to 100 nautical
miles in the northeasterly section. Between the West Coast
and the Hawaiian Islands, the accuracy was much better,
on the order of 3 nautical miles. Due to the more compli-
cated topography of the Pacific Ocean bottom, the signals
were not as clear as those found in the Atlantic. Nonethe-
less, in the spring of 1951, signals from SOFAR charges
dropped off the coast of Japan were easily detected 4,340
nautical miles away at the California stations. While the
concept worked well, by 1956 budget constraints resulted
in the stations being closed, but the hydrophones and
equipment were left in place.** Reactivated in the 1958—
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1960-time frame, the Northeast Pacific SOFAR stations be-
came part of the Pacific Missile Range MILS.*2

The Pacific Missile Range BOA array locations started
with the IRBM sector between Vandenberg and Hawaii,
extending 300 to 1500 nautical miles off the California
coast.*® The IRBM range became active in October 1958
with the completion of the signal receiver building at the
Marine Corps Air Station, Kaneohe Bay, Oahu, Hawaii.
The first use of the range took place on December 16, 1958
with the first launch of a Thor IRBM (DM-18A, 58-2262,
Tune Up ) from Vandenberg.4

Plans to extend the Pacific Missile Range MILS to sup-
port ICBM operations were finalized in December 1958
with expansion to include Eniwetok, Midway and Wake (in
addition to the target array at Wake). The MILS system
had two additional hydrophones installed between Wake
Island and Eniwetok. The installation was completed in
March 1961(Figure 14).°

Sonobuoy Missile Impact Locating System

Until the early 1980s, there had been no need for the
SMILS capability as part of the Western Test Range. This
changed with the flight test programs for the Peacekeeper
(MX) ICBM and Trident SLBM scheduled to begin in 1982-
1983. The range safety instantaneous impact prediction
system in use at the time for the Kwajalein terminal area
precluded Peacekeeper or Trident flights to the Kwajalein
lagoon. Additionally, many of the flights needed to be con-
ducted at distances beyond Kwajalein at ranges of 6,000 to
7,400 nautical miles depending on the number of reentry
vehicles carried.*s The solution was to develop BOA targets
in the vicinity of Guam and north of the Mariana Islands
for the long-distance flights and north and east of Kwa-
jalein for the shorter-range tests. This involved positioning
and maintaining deep ocean transponders at the new
sites.*” Already existing facilities at Wake, Phoenix and
Oeno Islands were also available.

Initial SMILS support utilized Navy P-3C assets op-
erating from the Pacific Missile Test Center, Point Mugu,
California. The 4950th Test Wing, Wright-Patterson AFB,
assumed management of the program in 1986. To econo-
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Figure 15. Miniature Impact Scoring System configuration. (USAF)

mize, SMILS capability was added to the EC-18 Advanced
Range Instrumentation Aircraft (ARIA). Now a single air-
craft could both track the reentry vehicles and record
telemetry as well as deploy sonobuoys and determine the
impact locations. One of the original requirements had
been that Global Positioning Satellite capability be added
to the sonobuoys and eliminate the need for the placement
of deep ocean transponders. Research proved this to be fea-
sible but in late 1986, the Office of the Secretary of Defense
canceled the requirement due to budgetary restraints.
After flying 13 ARIA missions as backup, the 4950 TW as-
sumed the primary scoring mission in 1993.4

Portable Impact Locating System

The Pacific Ocean extended-range flight test program
for Navy’s Trident II SLBM utilizes PILS 2. The system
was successfully tested on 21 November 2006 during the
FCET dual launch exercise of the USS Maryland (SSBN-
738). The NMIS ship was not located over the horizon but
the capabilities of the new buoys to record the data was
verified.®

Miniature Impact Scoring System

The miniature impact scoring system (MISS) was a
special case of the BOA array installation. Four pairs of hy-
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Figure 16. All Weather Impact Location System (AWILS), Eniwetok Lagoon.
(USAF)

drophones were arranged in a crossed-dipole pattern, sep-
arated by 30 to 60 nautical miles. Two pairs of hydrophones
were suspended from seamounts at depths of 450 to 520
fathoms. Two pairs were bottom mounted on the insular
slope of the atoll. The first MISS array was completed at
Eniwetok in March 1961, off Japtan Island, followed by an
installation at Midway and eventually at Kwajalein form-
ing a MILS corridor (the hydrophone arrangement was dif-
ferent at Kwajalein and referred to as the KMISS, see
below).?® Most signals originating from the North Pacific
Ocean could be detected at the Eniwetok installation. Im-
pact in the open ocean area 20 nautical miles northeast of
Eniwetok was also monitored by the MISS installation.

Sand Island, part of the Midway Atoll, was the termi-
nation point for 10 hydrophones. Four pairs of hydrophones
were installed north of the island in the MISS configura-
tion (Figure 15). There was excellent coverage over an
angle of 120 degrees on both sides of true North and indef-
inite coverage in other directions. The exceptions were sig-
nals blocked by the Hawaiian Archipelago. To the
southeast, signals were often blocked by various island
groups, and in the southwest, signals were blocked by the
Eniwetok Atoll.?!

All Weather Impact Location System

On February 1, 1965, the Air Force accepted opera-
tional control of the Pacific Missile Range facilities from
the Navy. At that time there was only one reentry vehicle
impact scoring system at Eniwetok Atoll for scoring im-
pacts in the lagoon target area—the optical-photographic
system which could only be used during daytime and in
good weather to score surface or air burst options. The Air
Force rectified this situation with completion of the instal-
lation of the all-weather impact location system (AWILS)
and the splash detection radar scoring system (see below).

The Navy had studied the concept of the AWILS in
1963 and determined it was feasible. AWILS was a modi-
fication of the MILS target array. Instead of undersea cable
connections to the receiving station, the seven bottom
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Figure 17. Reentry vehicle splash signal. The target arrays and AWILS hy-
drophones picked up a distinctly different signal than that detected by the
broad ocean area hydrophones. The first peak was a direct signal from the
impact of the reentry vehicle with the water. No SOFAR bomb was neces-
sary.(USAF)

mounted hydrophones, distributed in a hexagonal config-
uration with one hydrophone in the middle, were connected
to surface buoys that housed a battery supply and trans-
mitter (Figures 16, 17). The reentry vehicle splash signal
from the hydrophones was transmitted via radio to the
MILS building at Site David on Japtan Island. The proto-
type system was installed in April 1964. Initial operation
was unsatisfactory so the diameter of the 7-hydrophone
array was decreased from 10 to 6 nautical miles. The first
test of the system took place on 30 July 1964 with the suc-
cessful scoring of the impact of a Mark 6 reentry vehicle
launched from Vandenberg on Titan II B-28.52

The Air Force upgraded the system in April 1965 and
the system was calibrated with a series of explosions in the
impact area on April 10, 1965. The system was successfully
used on 14 April 1965, Eniwetok time, to score the impact of
two Minuteman IB Mark 11 reentry vehicles—Sea Point at
2109:57.856 and Yellow Light at 2124:51.6—“ripple” laun-
ched from Vandenberg Air Force Base on April 13, 1965.%
The final flight report scored the two reentry vehicle impacts
using the optical-photographic system, but the AWILS was
in close agreement.’ The accuracy of the optical photo-
graphic system was + 100 feet and, with AWILS, +150 feet.®

Bottom Mounted Impact Location System

In 1968, the bottom mounted impact location system
(BMILS) replaced the AWILS buoys with hardwired, bot-
tom-mounted hydrophones in the same hexagonal config-
uration. In 1969, the BMILS system at Eniwetok was
dismantled due to the decision to fly to Kwajalein (see
below).%

Kwajalein Missile Impact Scoring System

Kwajalein did not have a MILS-type scoring system
installation until the addition of the overlapping hexago-
nal, 10-hydrophone Kwajalein Missile Impact Scoring Sys-
tem (KMISS) in 1996 off Gagan Island (Figure 18).
Upgraded in 2014, as presently deployed the refurbished
KMISS covers 39.5 square nautical miles (approximately
1/8 the area of metropolitan Tucson, Arizona) providing an
accuracy of +18 feet within the boundary of the array. The
relatively small target area exemplifies the accuracy of the
Minuteman III guidance system.?”
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Figure 18. Original Kwajalein Missile Impact Scoring System (KMISS) con-
figuration east of Gagan Island. The 49 mi.? system was installed in 1996
and upgraded in 2014. (USN)

Minuteman III reentry vehicles are now targeted to ei-
ther the KMISS or Illeginni Islet impact zones. If targeting
the KMISS, the reentry vehicles land at least 3 nautical
miles to the east of Gagan Islet where the ocean waters are
between 6,900 to 12,000 feet deep. Those targeting the
ocean area off of Illeginni Islet impact about 0.4 nautical
miles southwest of the island in water about 1,000 feet
deep. Typically, one reentry vehicle each year is used for
conducting an airburst test above either zone though the
majority of the tests are done southwest of Illeginni Islet.?®

Flights on October 30,2017 (FE-1) and March 20, 2020
(FE-2), tests of the Navy’s Intermediate Range Glide Body
(IRGB) concept for the Conventional Prompt Strike system
used both the KMISS and a deep-water ocean area approx-
imately 18 nautical miles southwest of Illeginni Islet as
target options (Figure 19, following page).”®

Hydroacoustic Impact Timing System

The splash detection radar system (see below) could
only determine reentry vehicle impact timing to within 1.5
seconds. Because Minuteman II and III development re-
quired accuracy to within 100 milliseconds or better, three
hydrophones were installed in the Kwajalein lagoon to im-
prove timing accuracy to within 10 to 20 milliseconds. The
system is no longer operative.®

Livermore Independent Diagnostic Scoring System
The SMILS concept has evolved into the Livermore In-

dependent Diagnostic Scoring System (LIDSS) developed
at Lawrence Livermore National Laboratory. Similar to the
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Figure 19. Target options for the Navy’s Intermediate Range Glide Body
concept test for the proposed Conventional Prompt Strike system. (USN)

PILS 2 concept and developed in the same timeframe,
LIDSS rafts are equipped with high-speed, streak, and
high-definition video cameras as well as neutron detectors,
hydrophones and microphones. On-board telemetry equip-
ment records data for air burst or ocean impact missions.
The rafts maintain their position in the water using GPS-
based controls and trolling motors. Within two hours of
reentry vehicle impact, “quick look” data can be supplied
concerning reentry vehicle-warhead performance. Detailed
analysis takes place back at Lawrence Livermore Labora-
tory. As many as 17 of these rafts can be deployed in the
deep water off Illeginni Island (for example the FE-1 and
2 tests) or in BOASs such as targets near Guam or Saipan
as is necessary (Figure 20).5!

Other Scoring Systems
Optical
Manned Optical and Photographic Systems

In 1961, impact location in the Eniwetok lagoon, or im-
pacts sufficiently close but outside to the east, were deter-
mined by triangulation using angular data from manned
optical instruments and camera equipment platforms on
three towers positioned along the eastern periphery of the
atoll. Runit Island (Site Yvonne) had a 196 ft2 cab on a
tower approximately 85 feet above the lagoon. Site Yvonne
was chosen because it was nearly directly underneath the
reentry vehicle trajectory to the lagoon. Parry Island (Site
Elmer) was the central location, with a 270 ft2 cab atop a
300-foot tower (Figures 21 & 22). Eniwetok Island (Site

38

oo el — =4

Figure 20. Livermore Independent Diagnostic Scoring System (LIDSS) in-
strument raft. (Courtesy Lawrence Livermore National Laboratory)

Fred) had a 273 ft2 cab built on top of the 50-foot water
tower. Each of the tower cabs were equipped with sur-
veyor’s transits, motion picture cameras and aircraft re-
connaissance cameras.®?

LA-24 Tracking Telescopes/Askania Cinetheodolites

The original Kwajalein tracking equipment was de-
signed to track launches of missiles associated with devel-
opment of the Nike-Zeus antiballistic missile system. There
were two LA-24 Tracking Telescopes, one each on Enny-
labegan and Kwajalein Islands.

In 1963, three Askania Cinetheodolites, along with
three Mobile Optical Tracking Units, were added to the
system, one each on Gugeegue, Ennylabegan and Kwa-
jalein Islands, forming a triangle with a nine-mile base for
point-of-impact triangulation.5?

Recording Automatic Digital Optical Tracker (RADOT)

In the late 1960s, Kwajalein was the test site for Spar-
tan and Sprint anti-ballistic missile developmental launches
against incoming reentry vehicles from Vandenberg.
RADOT cine-sextants were deployed to provide maximum
coverage of the Sprint and Spartan launches from Meck Is-
land and Spartan launches from Kwajalein Island. By De-
cember 1969, a total of eight RADOTSs were deployed on
Kwajalein, Gugeegue, Ennylabegan, Legan and Gellinam.®

Optical Scoring System

The system was established in 1966 to facilitate optical
coverage of impacting reentry vehicles in the Kwajalein la-
goon. Composed of stations on Legan, Gellinam and Eni-
wetak which were equidistant from the established target
area, the result was a triangle 11 nautical miles across.
Daylight optical determination of impact location was pro-
vided with an accuracy of + 50 feet.
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Figure 21. 300-foot instrumentation tower, Parry Island (Site EImer) 1961.
(USAF)

Ballistic Impact Locating System

The ballistic impact locating system consisted of four
mobile ballistic cameras with a wide field of view. There
were seven surveyed camera locations on Kwajalein Atoll.
The system could be used for both air burst and surface
impact missions.®

Radar
Splash Detection Radar

On April 1, 1965, Bendix engineers began installing
the first splash detection radar system at Eniwetok. This
system provided all-weather reentry vehicle splash detec-
tion, day or night. The SPN-8A radar was modified to pro-
vide a system pulse repetition frequency of 4,000 pulses
per second versus the standard 2,200 pulses per second.
While the SPN-8A range was reduced to 20 nautical miles,
the increased pulse rate greatly enhanced the splash de-
tection capability. The antennas were mounted on 100-foot
towers and could detect a splash of 27 feet minimum height
and three second minimum duration at ranges up to 20
nautical miles. The accuracy was +10 feet with a detection
probability of at least 95 percent.5¢

The system was successfully evaluated against optical
scoring with a series of sand-ballasted oil drums dropped
from a C-54 aircraft flying a base leg from the Elmer Is-
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Figure 22. Optical and photographic instrumentation room, Runit Island
(Site Yvonne) 1961. (USAF)

land tower to the Mack Island tower. The system success-
fully detected the two impacts of Minuteman IB Mark 11
reentry vehicles “ripple” launched from Vandenberg AFB
on April 13, 1965 (see above). To further enhance system
accuracy, five radar reflectors were placed at various loca-
tions in the target area to serve as calibration points.” The
SDR system at Eniwetok was removed in 1969.

At Kwajalein, one SPN-8A splash detection radar was
installed on Eniwetak Island in May 1966. The system
could detect a splash of 30 feet or higher but also needed
the splash to be a minimum of two seconds in duration.®®
A month later, the system was successful in determining
the lagoon impact point of a Mark 11A reentry vehicle de-
livered by a Minuteman II, Fox Trap, launched on 24 June
1966 at 2310 hrs.®® A second unit was installed on Gagan
Island in Fiscal Year 1969. The system covered not only the
lagoon but also BOA targets 20 nautical miles to the east
and west of the atoll.” By late 1989 the system had ex-
ceeded its life expectancy with no source of major repair
parts.™

The Phoenix Islands Terminal Complex Area of the
Western Test Range was formed as part of the Minuteman
III flight test and operational test program. Splash detec-
tion radars were deployed on Canton, Endenbury and Hull
Islands in 1971.7

Broad Ocean Scoring System

The broad ocean scoring system (BOSS) was used to
detect and locate impacts of reentry vehicles at remote is-
land sites or in the open ocean, thereby augmenting the re-
sults of the MILS. The system was similar to that of the
splash detection radar but was mounted on the Range In-
strumentation Ship USNS Huntsville (T-AGM-7). The sys-
tem operated in one of two modes: reflector or navigation.
In the reflector mode, the ship and the reentry vehicle im-
pact had to be within 20 nautical miles of an island on
which there were two geodetically surveyed radar reflec-
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tors. In the navigation mode, the ship’s navigation system,
such as a Ships Inertial Navigation System or Acoustical
Ships Positioning System, provided the geodetic refer-
ence.”

Targets

The most complete information on targets is from the
Minuteman I program. Between 1962-1969, the majority
of the flights were to Eniwetok Target Options 18 (in the
lagoon) and 19 (20 nautical miles northeast, Figure 23).
Option 18 made use of the cine-theodolites, the most accu-
rate (+ 100 feet) scoring system which was limited to day-
light. Option 19 made use of the MISS equipment (+ 360
feet). The small percentage of flights against the Kwajalein
anti-ballistic missile radars utilized Target Option 24,
which was 68 nautical miles northeast of the lagoon and
was scored by the BOA MILS network (Figure 24).™

Summary

MILS was the first-generation reentry vehicle impact
detection technology. As is often the case with first-gener-
ation technology, more famous examples of its use, such as
SOSUS for detection and tracking of Soviet and Chinese
submarines, overshadowed details of other applications of
the deep sound channel phenomenon.

The MILS BOA techniques were developed for the
AFETR IRBM and ICBM test programs and further re-
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Figure 24, Minuteman | target locations, Kwajalein Atoll, 1965-1971.

fined for use in the IRBM and ICBM operational test pro-
grams at the PMR/AFWTR.

They were used in the Atlantic Ocean until 1992, pre-
sumably similarly for the Pacific Ocean.” The equipment
was not completely abandoned and is now used for a vari-
ety of civilian marine-life and geophysical investigations.

Technology and cost savings forced the demise of the
AWILS and its variant, BMILS, at the end of 1969. While
the modification to the BMILS had proven highly success-
ful, the system was expensive to maintain and impact mis-
sions were now being flown to Kwajalein or to a new target,
the Phoenix Islands. The SDR equipment was removed for
transfer to the Phoenix Islands group for use with Minute-
man III flight testing. If scoring capability was needed at
Eniwetok, a BOSS-equipped ship would be brought into
the lagoon on a temporary basis. If land impact was de-
sired, an acoustic array could be constructed specifically
for land impact missions.”

In 1968, the MILS stations at Midway, Wake, Kanoehe,
Hawaii and Eniwetok provided crucial data used to locate
the position of the sunken Soviet submarine K-129. Com-
bined with the data from the SOSUS stations at Adak,
Alaska; Point Sur, Centerville Beach, California; Coos
Head, Oregon and Pacific Beach, Washington, the Navy
was able to locate the site of the accident within two nau-
tical miles of 40.1 North Latitude and 179.9 degrees East
Longitude.”™

The PILS, KMISS and LIDSS technology represent
the ultimate evolution of acoustic-based reentry vehicle im-
pact detection. [ |
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against nuclear weapon blast effects while maximizing reaction time and rapid force expenditure without excessive
exposure time. First and foremost, however, was the need for the earliest operational capability.
The resulting designs progressed from: (1) the three Atlas D gantry launch facilities (no protection) at Vandenberg
Air Force Base; (2) the above ground coffin system used with Atlas D (2 psi overpressure); (3) the buried coffin system
used with Atlas E (25 psi); (4), in-silo storage combined with above-ground launch, as deployed with Atlas F and Titan I
(100 psi); and ultimately in-silo storage and launch with Titan II (300 psi), Minuteman ( 300 psi, launch facility as-built)
and Peacekeeper (1000 psi, launch facility).!
The Atlas F and Titan I launch facilities did not utilize missile suspension systems per se, as the missiles were stored on
their rigid launch platform within the silo crib structure and the entire structure shock isolated. This article describes the de-
sign evolution of ballistic missile shock isolation systems used with Atlas F, Titan I, Titan II, Minuteman, and Peacekeeper .

l n late 1950s, designers of intercontinental ballistic missile launch facilities had to juggle hardening the facilities

Decisions, Decisions

On April 30, 1958, the Office of the Secretary of Defense requested the Air Force to report on the operational, logistical,
engineering, construction, and cost factors anticipated for protecting ballistic missiles by hardening and dispersal of the
launch facilities. After two months of study, the Ballistic Missile Hardening Committee Report concluded:

1. Hardening is required in combination with dispersal, low exposure time, fast reaction, and rapid force expenditure.
2. Methods of hardening with quick response are known and are feasible.

a. Now — to 25 psi above ground

b. Now — to 100 psi underground

c. After R&D — to higher psi underground

d. After R&D — to survive direct hits with slow response (superhard)

3. Hardening to 200 psi. appears feasible and attractive.
4. The construction costs of hardening can be estimated with reasonable accuracy.

The committee recommended that the Atlas E program be continued at the 25-psi level to obtain operational capability
at an early date. Atlas F and Titan I could be hardened to 100 psi and studied for hardening beyond 100 psi. As Soviet ac-
curacy improved, resistance to blast effects above 25 psi overpressure meant the missile sites needed to be located under-
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ground. Ground shock and ground motion studies from the
nuclear weapons tests at the National Test Site indicated
the design of the underground facilities was relatively
straightforward.?

A follow-up report, the Air Force’s Missile Site Separa-
tion study of 1959, took two approaches to determine the
required level of hardening. The basis was a general Soviet
threat with: (1) a warhead yield of 5 to 30 Mt; (2) a CEP of
1 to 2 nautical miles; (3) 80 percent reliability; and (4) an
enemy-to-US missile ratio of from 1 to 10.

The first approach was if the attack was completed be-
fore missiles were launched, i.e., still protected in their
silos. Site separation distance in this case was a matter of
cratering and crater ejecta dispersal; cratering resulting in
physical disruption of the silo and ejecta dispersal prevent-
ing the opening of the silo closure door.

The second approach concerned exposure time, defined
as “that time during a missile’s launch sequence and initial
flight trajectory that is soft, herein considered to be vul-
nerable to 2 psi over pressure.” An additional consideration
in determining vulnerability during the exposure period
was the sensitivity of the guidance system to thermal en-
ergy. The study found that exposure time for 2 psi over-
pressure or a thermal pulse of 100 calories/per centimeter?
was about the same. This became more of an issue in the
case of Atlas F and Titan I during elevation to the surface

David K. Stumpf, Ph.D., is a retired plant biochemist
living with his wife, Susan, in Tucson Arizona. He has
written three nuclear weapon histories, Regulus the
Forgotten Weapon, a history of the Navy’s Regulus I
and II cruise missiles; Titan II: A History of a Cold
War Missile System and Minuteman: a Technical His-
tory of the Missile that defined American Nuclear
Warfare, published February 2021. Dr. Stumpf volun-
teered at the Titan Missile Museum, Sahuarita, Ari-
zona, as an historian and as a tour guide for 15 years.
He was instrumental in the effort to gain National
Historic Landmark status for the museum.
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Table I. Characteristics of Basing Sys With R Separation Di
System Site Hardness | Missiles/Site | Sites/Squadron | Exposure Time Separation Distance
(psi) (minutes) (nautical miles)
Atlas-Titan 100 1 9 S5to7 141018
Silo Lift
Titan-In Silo™ 100 1 9 2103 Tt 10
Minuteman® 100 1 50-100 05w 1.3
tober 1959," (Air Farce Materic] Center History Office, Wright-Patserson AFB, Ohio) page v
ction was 10 300 psi hardening

and the subsequent pause until launch. Titan II and Min-
uteman would be only briefly exposed when the silo closure
door was open prior to liftoff. In any case, once launched,
missiles were still vulnerable during the early part of their
trajectory (Table I).

The report concluded the survival potential of a hard-
ened missile system was independent of site separation
distance, if that separation distance was at least 4 to 5 nau-
tical miles, as long as no limitations were placed on force
expenditure time.? Implicit within the report was that un-
derground basing offered the best and most cost-effective
protection against air blast and ground shock. Silo-lift, sur-
face launch, was the interim solution for Atlas F and Titan
I, since neither airframe had been designed to withstand
the severe acoustical energy environment of in-silo launch.
Was in-silo launch even feasible?

In May 1956, a preliminary study by Aerojet General
Corporation engineers determined that underground bas-
ing combined with in-silo launch was theoretically possible,
but further investigation was dropped due to costs. Parallel
research as part of the Blue Streak IRBM program in
Great Britain confirmed, in a September 1958 report, the

W*a&:.,.u,

Constructlon of the 1/6th scale Titan Il in-silo launch test facllltles at Aero-
jet, Azusa, California. The facility was built and the testing completed in a
60 day period. Aerojet opted for a W-shaped deflector with cascade vanes
to direct exhaust away from the silo opening, preventing entrainment of
exhaust products. (Courtesy of Rollo Pickford)
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British in-silo launch test facility, circa 1958, which validated the feasibility
of basing the Royal Air Force Blue Streak intermediate range ballistic mis-
sile in underground silos. The British opted for a J-shaped deflector. Blue
Streak was not deployed. (British National Archives)

validity of Aerojet’s theory. Both the British scientists and
the Aerojet engineers used 1/6th scale models to demon-
strate the feasibility of in-silo launch. Work resumed on the
Aerojet study with the first test firing conducted on June
6, 1959. Thirty-six tests later, on March 7, 1961, a modified
Titan I missile, VS-1, strengthened to withstand the acou-
stical energy environment of in-silo launch, completed a
fully successful captive fire test at Vandenberg Air Force
Base. The same missile, VS-1, flew successfully on May 3,
1961, verifying the in-silo launch concept.*

Ballistic Missile Shock Isolation Systems

While the Atlas F and Titan I shock isolation systems
did not directly support the missile airframe, the lessons
learned in the silo-lift design contributed to the true missile
shock isolation systems used with Titan II, Minuteman,
and Peacekeeper.

Silo-Lift: Atlas F (1962-1965)

The Atlas F silo, measuring 52 feet in diameter and
173.5 feet deep, housed an octagonal steel structure called
the crib, which measured 150 feet tall, 49 feet point-to-
point, with eight floor levels. The crib housed the missile
lift system, the liquid oxygen plant, propellant storage
tanks, environmental control systems, guidance alignment,
generators, and hydraulic systems. The crib also stored
missile test, checkout, countdown, and launch equipment.
The missile itself rested vertically on the silo launcher plat-
form housed in the 21-foot square missile enclosure.

The shock isolation system protected the entire crib
structure, which weighed approximately 900 tons.5 Shock
isolation of individual pieces of equipment was considered
but discarded because of the large amount of rattle space
required between the pieces of equipment. Isolating the en-
tire crib structure facilitated use of standard equipment.
Developing new equipment that could be hard mounted
and withstand the anticipated shock was deemed too costly
and time-consuming.

The crib was supported, and shock isolated, by four
pairs of pendulous, 64-foot-long springs, known as shock
isolation struts, equally spaced on the periphery of the oc-
tagonal crib.® The lower end of each strut was attached to
the crib at Level 6, a few feet below the crib’s center of grav-
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Atlas F silo cross-section. The shock isolation system was installed upon

completion of fabrication of Level 6 structural steel. (Historical American
Engineering Record)

ity. The upper end was attached to the silo wall at Level 2,
approximately 15 feet below the silo roof. Each strut spring
element was composed of seven decks of springs, three sets
of springs per deck, mounted in series around a common
compression rod. The outer spring, approximately 2 feet in
diameter, was made from 3 %2 inch diameter chrome molyb-
denum spring steel stock.

The spring element provided vertical shock attenua-
tion of approximately 6 inches in response to a peak verti-
cal acceleration of 0.4g, as dictated by the missile structure.
Horizontal attenuation of a peak horizontal acceleration of
0.4g was provided by the pendulum action of the shock
struts. Vertical dampers were located on each strut near
the top coil spring, and horizontal dampers were located
between the silo crib and silo wall at the lower point of at-
tachment for the shock struts. Although the RP-1 fuel was
stored on board the missile, a horizontal rattle space of 18
inches allowed for the anticipated pitch motion and shift
of the center of gravity when loading the oxidizer. Hy-
draulically operated positioning and locking mechanisms
enabled alignment of the crib prior to elevating the missile
to the surface for launch.

This design made it difficult to increase the system
weight or shift the center of gravity, because the load ca-
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(Above) Atlas F: Upper wall bracket for crib shock isolation system. The
point of attachment was at Level 2. The bracket was over 6 feet tall (At/as-
missilesilo.com) (Below) Atlas F: Lower crib shock isolation system
bracket attachment to crib structure at Level 6. Note the workers on the
beam below the leftmost spring set. (Defense Visual Information Distribu-
tion Service)

pacity of the springs was fully utilized. Seemingly minor
changes, such as a lighter weight alloy for fuel storage
tanks, necessitated the addition of ballast to maintain the
crib’s center-of-gravity position. Spring failures occurred in
some of the first installations due to poor quality control
during manufacture.”

Silo-Lift: Titan I (1962-1965)

The Titan I silo was 161 feet deep, including a 6-foot-
thick foundation, with an interior diameter of 40 feet. Like
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Isometric illustration of a Titan | silo. Unlike Atlas F, the shock isolation
system was located in the lower half of the silo and connected to the base
of the crib structure. The illustration is somewhat misleading, the brackets
(A) are also attached to the silo wall. (Courtesy of Lee O’Connor)

Atlas F, the silo housed a crib structure, 132 feet tall and
21 feet wide, weighing 490 tons including the missile on
the elevator launch platform. Like Atlas F, the crib struc-
ture housed the support equipment for the missile and the
silo. Engineers evaluated several shock isolation systems
for the crib, such as base- or side-mounted spring assem-
blies for improved pitch stability. Both systems had the
drawback of requiring a re-leveling system to compensate
for any permanent tilt of the silo following a ground shock.

A pendulous spring system was again used. It consisted
of eight 16-foot springs (four 49-inch-long, 22-inch-diameter
subassemblies) attached at the corners of the crib base and
to a silo wall bracket 32 feet off the silo floor. The vertical
center of gravity was above the spring attachment level on
the crib but well below the missile center of gravity because
of the elevator weight. When the vertical center of gravity
of the missile and crib structure is higher than the shock
isolation system’s point of attachment on the crib, pitch sta-
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Shock isolation springs attached to the base of Titan 1 crib structure. The
rest of the platform has been salvaged. (Courtesy of Groundskeeper Pete
at www.chromehooves.net)

bility is more often difficult to attain. Initial studies indi-
cated it would be necessary to cross-couple the vertical
springs to manage pitch stability. When the ground shock
criteria were reduced, the spring elements were made
stiffer which eliminated the need for a coupling mechanism.
Coil spring elements were chosen over pneumatic springs
because of their high reliability. Hydraulically operated crib
locking mechanisms at the top of the crib securely posi-
tioned the crib prior to raising the missile to the surface.®

In-Silo Launch: Titan II (1963-1987)

The Titan II launch concept differed significantly from
Atlas F and Titan I in that the missile was launched from
inside the silo. This eliminated the need for the silo crib and
its shock isolation system. The silo, 55 feet in diameter and
145 feet deep, housed the equipment area between the silo
wall and the launch duct, which was a cylinder 26.5 feet in
diameter. The missile rested inside the launch duct on the
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Titan Il shock isolation system components: 1) attachment to the launch
duct wall at silo Level 4, 4 places; 2) spring suspension strut assembly, 4
places; 3) thrust mount, 4) missile support arm and attachment point, 4
places; 5) thrust mount suspension arm, 4 places; 6) horizontal damper
assembly, 4 places; 7) vertical damper assembly, 4 places. (Courtesy of
Titan Missile Museum)

11.5-ton thrust mount which was shock isolated using four
35-foot pendulous springs. Each spring assembly consisted
of four coil springs, 20 inches in diameter, mounted in series.
The top of the spring assemblies attached to the launch duct
wall at the midpoint of the Stage I airframe and, at the bot-
tom, to the thrust mount.

The fully fueled missile’s center of gravity was 10 feet
above the shock isolation system’s point of attachment to
the launch duct wall.® Use of the horizontal dampers at the
thrust mount eliminated the potential for pitch instability.
Vertical and horizontal dampers were attached to the
launch duct wall and the thrust mount, respectively, and
also locked the thrust mount into the launch position.

The peak acceleration limits were 0.8 g vertically and
0.1 g horizontally. Predicted vertical motion was 12 inches
maximum and 4 inches horizontally. Oscillations due to a
nearby blast were damped within 60 seconds to allow for
thrust mount lockup and launch. The shock isolation sys-
tem design was such that the missile was returned to
within plus or minus 0.25 inch of vertical neutral position,
plus or minus 0.4 inch of neutral horizontal position, and
0.25 degree of verticality for the missile axis.’® Require-
ments of the optical azimuth alignment system for aligning
the missile guidance inertial platform necessitated those
exacting specifications.

The Titan II first stage engine took approximately one
second to reach 77 percent thrust at which time two 1.8-
second timers started. When they timed out, four explosive
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hold-down bolts fired, and the missile lifted off of the thrust
mount. Aerojet engineers knew from extensive testing that
if the first stage engines reached 77 percent thrust, they
would go on to reach full thrust. To provide a stable plat-
form for launch, the shock isolation system was locked
prior to engine ignition. In the locked condition it was con-
sidered “soft” because it no longer provided protection
against nearby blast.

One of the more interesting tests involving a complete
Titan II airframe was the “twang” test conducted on Feb-
ruary 11, 1963 at Launch Complex 395-D, Vandenberg Air
Force Base. Airframe N-3 (60-6810) had been installed in
the silo on November 29, 1962. After completion of full-
scale propellant transfer system design verification tests,
which lasted from December 12 to December 27, 1962, the
missile propellant tanks were purged and filled with water.
On February 11, a series of tests, nicknamed “twang” tests,
began evaluating the missile shock isolation system under
dynamic conditions. The missile shock isolation system
thrust mount, with the water-filled missile in place as if
ready to launch, was pulled down or to the side of the silo
with chains held by explosive bolts. The bolts were fired,
quickly releasing the missile, simulating ground shock con-
ditions from a nearby explosion being mitigated by the mis-
sile shock isolation system.

Elmer Dunn, the Martin Marietta Company engineer
in charge of the “twang” tests, found that while the tests
verified the ability of the missile shock isolation system to
dampen thrust mount movement and then lock up for
launch, a mechanical means of spring centering was
needed. In addition, the spreader jack for unlocking the
dampers—the mechanisms that locked the thrust mount
into a rigid configuration to support actual launch—proved
to be structurally insufficient. Dunn reported that adjust-
ments to permit load equalization were difficult and that
refurbishment after launch, at the Vandenberg sites, would
be time consuming and costly unless components were bet-
ter protected from the effects of the engine exhaust.

The “twang” testing resulted in major system changes
to all sites, including spring centering devices and new
spreader jacks for unlocking the dampers. Engineers de-
signed ratchet-type positive shuttle lock mechanisms to
prevent the dampers from unlocking due to vibration dur-
ing the time between engine ignition and lift-off. A special
lubricant was found to facilitate damper unlocking and in-
hibit corrosion. Since the original protective devices for the
thrust mount shock suppression system springs were in-
adequate, Dunn’s team built reusable fiberglass cocoons
that proved to require little maintenance. These cocoons
were only used at the three Vandenberg sites.!!

In-Silo Launch: Minuteman IA 1961-1969

Minuteman IA was only deployed the at Malmstrom
Air Force Base, Montana. The Minuteman IA suspension
system (MSS, also referred to as Figure A 1204) used the
pendulum system but in a significantly different design.
The original design had 50-inch-long pendulum rods with
the launch tube wall attachment point below the missile’s
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Comparison of the general features of the three Minuteman MSS. (Cour-
tesy of Boeing Corporation)

center of gravity. Tests showed coupling of horizontal and
vertical movement, which was largely negated by moving
the point of attachment nearer to the missile center of grav-
ity. Three 100-inch-long pendulum rods connected the mis-
sile support ring to three rocker arms. The other ends of the
rocker arms were connected by tension rods to three verti-
cal coil springs housed in cans anchored to the launch duct
wall 300 inches below the rocker arms. The three pendulous
rods had universal joints at each end and were spaced at
120-degree intervals around the missile.

Unlike Titan II, the Minuteman IA MSS did not have
horizontal or vertical dampers nor hold down bolts. Vertical
oscillations were damped out in approximately six seconds
while lateral oscillations took considerably longer, but
within the five-minute limit requirement, limiting the abil-
ity to launch immediately after an attack. Hold down bolts
were not needed because the missile literally leapt off the
support ring at 0.34 seconds after ignition due to the much
more rapid acceleration found in solid propellant motors
compared to liquid propellant engines.!?

The peak acceleration limits were 0.8g vertically and
0.1g horizontally, with a vertical displacement limited to
4.3 inches below the rocker arm and snubber block assem-
bly. Horizontal motion was limited to 6 inches by the rat-
tlespace. Snubbers were added to prevent the base support
ring lofting after missile liftoff and contacting the first
stage motor nozzles.

The MSS was designed to return the missile, after a
ground shock, to within a 15-minute angle from the verti-
cal—within 0.5 inches of the launch tube centerline in the
plane of the missile base—and the missile elevation was
to be maintained within plus or minus 0.25 inches. As with
Titan II, these impressive specifications were required to
keep the light beam from the optical azimuth alignment
system, located in the Launcher Equipment Room Level 1,
centered on the alignment window in the missile guidance
system section.

In-Silo Launch: Minuteman IB, IT and III (1963-1975)

The original hardening specification of October 1959
for the Minuteman launch facility was 100 psi. In April

AJOURNAL OF THE AFHF / SPECIAL 2025



Overhead view of Wing II-VI and 564th Strategic Missile Squadron MSS.
Note the crisscrossing torsion bars. (Library of Congress)

1960, the Air Force changed the hardening specification to
300 psi. The launcher closure thickness was increased from
24 to 40 inches and a shock mounted floor added in part of
Level 1 of the Launcher Equipment Room while still main-
taining the deployment schedule for Wing I but the MSS
was not modified. Evaluation of the geological formations
in the Malmstrom area indicated the original MSS was
sufficient, but the design for the remaining wings was mod-
ified and identified as Figure A 1322.14

A cable and pulley system, while retaining the same
vertical dimension, replaced the pendulous rods, rocker
arms, and snubbers (see left and above). The vertical
spring stiffness was reduced to 4,500 pounds per inch to
meet the new hardness specifications. Torsion bars were
added between the vertical compression spring cans to in-
crease pitch stability. The bars were mounted on the sus-
pension spring cans and joined to tie-rod connecting
assemblies in such a way that the bars furnished no resist-
ance to vertical motion if the three suspension cans were
moving in unison. Ground movement, which would tilt the
base ring and thus the missile, would also exert a twisting
moment on the torsion bars (above right). The bars resis-
ted that force, providing pitch stiffness and stability.

The vertical displacement was limited to 12.5 inches
and the horizontal rattle space was limited to 6 inches. The
change in the vertical spring stiffness also required addi-
tion of three tether cables and springs to prevent lofting of
the base support ring at launch.*®

Although the dynamic responses of the MSS had been
determined mathematically, physical verification was
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The torsion bars and spring cans for the Wing Il MSS. The airman is serv-
icing the Azimuth Alignment Drive motor. The spring cans were 2 feet in
diameter and 12.5 feet tall. The crisscrossing torsion bars were 3.86 inches
in diameter. (Library of Congress)

needed. From June to August 1967, the development of
equipment for the tests took place using a Wing VI Figure
A 1322 MSS, minimally modified to fit in the confines of
the Boeing Engineering Development Laboratory in Seat-
tle. Three 12-inch-bore hydraulic actuators were used at
the base of the simulated launch tube to generate vertical
ground shock motion. Horizontal side shock was similarly
applied at the top of the launch tube. Once the techniques
were worked out, testing moved to the full-scale launch
tube facilities at the Seattle Test Program III test building,
where testing was completed, and performance verified in
May 1968.1¢

To accommodate the longer Minuteman III missiles
(LGM30G) using the launchers built for the earlier and
shorter Minuteman IA, IB and II airframes, the MSS had
to be lowered from its original position. Rather than use
new, longer suspension cables and shorter tether cables, a
forged steel link was used to either extend suspension
cable length for Minuteman III installations or extend the
tether cable for Minuteman II (LGM30F) emplacement. 1

In-Silo Launch: Minuteman II, ITI Upgrade Silo
Program (1973-Present)

On April 21, 1967, the Minuteman program reached
its 1,000-missile force level when the 564th Strategic Mis-
sile Squadron achieved combat readiness. Six months later,
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(Above) Dynamic response equipment arrangement for testing the Wing
Il MSS in 1968. (Courtesy of Boeing Corp.) (Below) The simple solution
for accommodating Minuteman Il and Minuteman Il in the Wing Il MSS.
The use of the link meant that only the tether cable had to be exchanged
to accommodate either missile. (Courtesy of Boeing Corp.)
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on October 4, Secretary of Defense Robert McNamara, con-
cerned with the threat posed by the new Soviet SS-9
ICBM, directed the Air Force to explore development of a
Hard Rock Silo system for Minuteman III. On October 30,
the Hard Rock Silo development program was approved.®

The Air Force wanted a launch facility that could with-
stand a 3,000-psi ground shock as well as protect against
higher levels of radiation and electromagnetic interference.
The new facilities would be designed to accommodate both
Minuteman III and its eventual replacement, initially des-
ignated as WS-120A. In June 1970, after three years of de-
bate within both the Pentagon and Congress, the Hard
Rock Silo concept, which had reached the subscale and full-
scale test stage with favorable results, was abandoned due
to escalating costs and resulting delays. Instead, the Up-
grade Silo program would improve the hardness of the ex-
isting “soil silo” facilities.'®

Boeing, Strategic Air Command, and other Air Force
records from that period conflict on the actual genesis of
the current MSS. On June 22, 1971, Boeing was notified of
its selection to provide the new MSS as part of Upgrade
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Details of Wing Il missile suspension system and Minuteman Il Stage I: 1)
base heat deflector, 2) lower umbilical connection, 3) forged cable adapter
links, 4) torsion bar, 5) grounding cable, 6) work cage control cable. The
presence of the forged steel links in the tether cable visible on the left and
right indicates that this is a Minuteman Il installation. (Library of Congress)

Silo.2 Whether the design was from the Hard Rock Silo ex-
periments is unclear because Boeing had been given a con-
tract for the Hard Rock Silo MSS a year earlier.

The new system, commonly referred to as the Com-
mand Data Buffer (CDB) MSS and still in use today, has
the missile installed in the Missile Support suspended in
the launch facility. The Missile Support consists of five
major components:

1. Three attachment bracket assemblies suspend the iso-
lator and missile support structure’s assemblies from
the launch tube wall.

2. Three isolator assemblies support the missile support
structure assembly and provide attenuation during at-
tack induced ground shock environment.

3. The missile support structure assembly supports the
missile assembly at the missile skirt through the
Adapter Ring, Missile Support (ARMS)[also known as
the missile base adapter ring], and with lateral re-
straint devices at the forward “Y” joint of the Stage I
motor.

4. The lateral restraint devices are released prior to launch
using explosive devices and position the missile for fly
out. Missile support structure assembly to launch tube
restraints are provided to attenuate the horizontal
ground shock environment.

5. A tether assembly is attached between the launch tube
floor and the bottom of the missile support structure
assembly to prevent interference of the missile support
with the missile fly out.

The MSS, a steel cage structure, weighs approximately
40,000 pounds, supports a load of between 74,000 to 79,600
pounds, and measures 8 feet in diameter and 38 feet in
length, exclusive of the suspension and tether cables.?
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CDB MSS: 1) NCU lower umbilical snubber, 2) launch tube heater conduit,
3) MSS attachment points to launch tube wall, 4) upper lateral restraints,
six places. (Library of Congress)

Three vertical legs spaced 120 degrees apart are con-
nected at the top and middle by ring elements. The legs are
bolted at the bottom to the base support assembly, which
retained the receiver ring and azimuth alignment drive
from earlier MSS designs. At the top of each vertical leg,
the suspension cable slides through a cable guide. The
upper end of the 1.5-inch-diameter steel cable attaches to
the launch tube wall at the level of the lower Launcher
Equipment Room floor. The lower end of the cable attaches
to a shock isolator consisting of an actuator connected to a
mechanical spring in series with a liquid spring. The isola-
tors are attached to the base of the cage.

Under nuclear attack or seismic disturbance condi-
tions, the liquid spring responds much more quickly to
downward ground motion than the mechanical spring.
When the system experiences a vertical downward shock,
such as the vertical air induced shock from a nuclear blast,
the suspension cables tend to become slack. The liquid
spring exerts immediate downward force on the suspen-
sion cable to prevent any slack from developing. The me-
chanical spring recovers and again places its force on the
suspension cable.?2 Tether cables are also attached to the
base of the cage to prevent lofting of the MSS and uses a
crushable honeycomb material to reduce shock as the
tether cables come under tension during missile launch.

The missile is emplaced within the steel cage struc-
ture, resting on the ARMS, like the base support ring used
in the earlier system.?® Six polyurethane foam blocks at-
tach circumferentially to the outside of the structure at the
upper and lower ring levels to control lateral movement of
the MSS during ground shock response and missile launch.
These blocks do not fit tightly; a nominal launch tube clear-
ance of 1.5 inches exists between the outer face of the upper
blocks and the launch tube wall, and 2.25 inches between
the lower blocks and the wall. The outer surface of the
block have a Teflon face to reduce friction upon contact
with the launch tube wall.

Hinged at the top of the cage structure are six articu-
lating arms, also known as the lateral restraint system. In
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(Top) Upper lateral restraint pads and articulating arm mechanism. The
upper lateral restraint pads would only be in this position if a missile was
emplaced. (Courtesy of Harold Klingensmith) (Above) Detail of articulating
arm mode of action. (Courtesy Harold Klingensmith)

the non-deployed position, the polyurethane foam blocks
on the inner side of the articulating arms provide lateral
restraint to the missile within the cage. The arms are de-
ployed just prior to a missile launch to reposition the MSS
in the center of the launch tube. In the deployed position,
the articulating arms also provide lateral restraint to the
MSS during launch.

The frustum below the base support ring reduces pres-
sure in the base region of the missile during launch.?

Dynamic testing of the full-scale CDB MSS began at
the Boeing Developmental Center in Seattle in 1971, with
completion in 1972. The 62.5-feet-tall test structure
weighed 1.8 million pounds. A 2-million-pound concrete
slab on top of 45 pilings supported it. The structure in-
cluded three drive rings: the top ring located at the height
of the MSS support cable attachment point in the launch
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1, GROUND TEST LGM-30G MISSIE
2. STEEL TEST TOWER
3. SIMULATED LAUNCH TUBE WALL WITH
MISSILE SUSPENSION CABLE ATTACHMENT
4. HORIZONTAL ACTUATOR
(PRIME MOVER - ONE OF DIGHT)
5. SUSPENSION CABLES
6,
7.
8
3,

. INSTRUMENTATION ROOM

. BOTTOM OF MSS CAGE WITH
SHOCK ISOLATORS

. TOP OF MSS CAGE

. ACTUATOR ADJUSTABLE TO VERTICAL OR
45—DEGREE ANGLES (ONE OF TWO)

(Top) Upper lateral restraint in deployed position against launch tube wall
after a successful launch. The pads are replaced after each launch. (Boeing
Corporation) (Above) Wing V MSS Dynamic Response Facility. Extensive
testing was done prior to the first launch from the new MSS in January
1973. (Courtesy of Boeing Corporation)

tube wall; the middle ring at the point of the top of the ar-
ticulating arms which restrain the missile at the forward
“Y” joint of the Stage I motor; and the lower ring at the
point of the lower restraint blocks. The upper ring had two
hydraulic actuators that could be set at 0, 45, or 90 degrees
to the horizontal. The middle and lower rings each had one
actuator. Acceleration at the top ring could be as high as
160 Gs and a velocity as high as 450 in/sec. Shock pulses
could be positive or negative or cyclic.??

Prior to ignition, the missile is supported by the MSS.
The missile is held to the MSS by gravitational forces (ver-
tical) only, and lateral relative motion is inhibited by skirt
index pins (effectively about 2.67 inches long). Clearance
is about 2.25 inches between the lower foam blocks and the
launch tube (LT) wall.

At ignition, the missile starts to rise as thrust builds.
The first and consequent motion are essentially vertical.
Missile exhaust gases are turned by the LT bottom and
flow back up alongside the missile, generating lateral
forces and tilt moments on the missile mount. An upward
gas flow is also applied to the mount. The thrust buildup
transient causes a pressure wave that is reflected by the
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LT bottom and continues up the LT. The frustum was
added to the MSS to prevent a large pressure transient at
the nozzle exit plane (thereby preventing catastrophic
asymmetric flow separation in the nozzle).

As thrust continues to develop, the missile in the MSS
continues to gain vertical velocity. At about 0.34 seconds
after ignition, the missile skirt lifts off the mount, but the
vertical separation rate is quite small (and lateral motion
is inhibited by the pins) until about 0.43 seconds after ig-
nition (vertical travel 23.5 inches) when the tether system
comes into play. The tether system imparts an essentially
vertical (downward) impulse to the MSS, causing its veloc-
ity to decrease rapidly. The nozzles exit the base support
ring at about 0.57 seconds after ignition. The effective dwell
time, from the time the skirt lifts off the pins until the noz-
zles exit the ring, is about 0.12 seconds.

The missile continues to accelerate upward while the
MSS is held at a nearly constant elevation by the tether
system. Gas dynamic forces and moments, plus the struc-
tural forces arising when the lower foam blocks impact the
LT wall and/or when the upper centering arms contact the
LT wall, cause significant lateral motions of the MSS. After
the nozzles exit the MSS, the missile continues to acceler-
ate upward. The nozzles will rise above all LT hardware at
about 1.85 seconds after ignition.?

In-Silo Launch: Peacekeeper (1985-2005)

Peacekeeper missile development began in 1971 as the
MX follow-on missile to replace Minuteman III. Concerns
about the vulnerability of Minuteman launch facilities to
increasingly accurate Soviet ICBMs led to investigation of
a multitude of basing options during MX development. On
November 22, 1982, the Reagan administration announced
selection of the “dense pack” deployment mode and formal
naming of the program as Peacekeeper. The administration
asked for deployment of 100 missiles. Facing strong con-
gressional resistance, President Reagan formed the Presi-
dent’s Commission on Strategic Forces, known as the
Scowcroft Commission, to review the US strategic modern-
ization program. Focusing on possible alternatives for the
future of ICBM forces, the commission published its find-
ings on April 6. 1983. It recommended basing 100 Peace-
keepers in modified Minuteman launch facilities at F. E.
Warren Air Force Base, Wyoming. Warren AFB was se-
lected for two reasons: (1) the soil structure was the best of
all the wings and (2) the launch tubes at Warren were 10
feet deeper than at Wings I-IV, as was the case at Grand
Forks (Wing VI) and the 564th Strategic Missile Squadron
at Malmstrom AFB, and able to accommodate the longer
missile. Congress, still unsatisfied about the need for
Peacekeeper, authorized deployment of just 50 missiles at
F. E. Warren AFB.?

The Peacekeeper missile measured 70.9 feet long, 92
inches in diameter, and weighed 196,000 pounds. Given the
Minuteman launch tube diameter of 144 inches, that left
an annulus of 26 inches, compared to 39 inches with Min-
uteman, which was insufficient for hot launch. The solution
was a technique called cold launch, where the missile was
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Cutaway view of a Peacekeeper Launch Facility at F. E. Warren Air Force
Base, Wyoming. (Courtesy Westinghouse Electric Corporation)

gjected from a steel canister suspended in the launch tube
and ignited approximately 100 feet above the ground. The
canister system supported the missile in the launcher, pro-
vided environmental protection, lateral and vertical shock
protection, provided a means of launching the missile,
guided it during launch, and enabled lowering or raising
the missile for maintenance. The canister had an outer di-
ameter of 108 inches and length of 68.2 feet.

The vertical shock isolation system design for Peace-
keeper was on the surface quite similar to the current Min-
uteman III MSS with the canister replacing the cage
structure. However, in the decade since the design of the lat-
est Minuteman III MSS, Soviet advances in accuracy and
throw-weight meant a more severe ground shock environ-
ment coupled with probable multiple attacks. The ground
shock that the system is protected against consists of two
components, the vertical air induced (AI) component and a
horizontal ground induced (DI) seismic component. For close
detonations, the AI will arrive first, for distant detonations
the DI will outrun Al The Al is the most severe of the two.
The heavy steel canister and much heavier missile (196,000
pounds versus the 79,000 pound Minuteman III) coupled
with the constraint of installing this system in the existing
Minuteman launch tube further complicated the issue.?

The early studies showed that optimizing MSS re-
sponse around a single set of ground motion parameters,
as in past practice, would provide insufficient protection.
The current state-of-the-art liquid spring/damper systems
were not designed for multiple ground shock protection.
What was needed was a liquid spring/damper that could
produce a constant damping force, regardless of ground
shock velocity, above the selected velocity threshold. For-
tunately, engineers at Boeing were able to develop a liquid
spring passive load control damper and full-scale drop load
testing verified the design.?®

Unlike the complex crib structure used with Atlas F and
Titan I, the MSS for Peacekeeper was simply the canister
and its vertical shock isolation system (VSIS). The MSS was
not a pendulous system. The VSIS had two external compo-
nents, one vertical and the other lateral. The vertical com-
ponent protected both the canister and missile from vertical
shock. The canister was supported inside the modified Min-
uteman launch tube at the base of the lower level of the
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Details of the liquid spring actuators at the external base of the canister.
(Author’s Collection.)

Launcher Equipment Room (LER) by six 1 7/8th-inch-diam-
eter suspension cables (the upper launch tube was removed
as part of the modifications). These cables, mounted in pairs
at 120° intervals, were secured through the launch tube wall
at the lower-level LER floor. Cable guides on the outside of
the canister routed the cable pairs to three lever arms lo-
cated at the base of the canister, two cables per lever arm.
These lever arms were hinged at a center plate at the base
of the canister and rested beneath three liquid spring isola-
tors for vertical shock isolation of the canister. Prior to
launch, a bleed down initiator triggered by squibs opened a
valve in the liquid springs, lowering the canister to the
launch tube floor to provide a massive base to support lofting
the 196,000 pound missile during launch.

The second external system, the lateral shock isolation
system, consisted of five levels of concentric ring’s s of elas-
tomeric foam blocks, six blocks per level. These isolators also
stabilized the canister during missile launch ejection. A low-
friction surface was affixed to the blocks at the launch tube
wall interface to minimize resistance to sliding.

The Peacekeeper missile was further shock isolated
within the canister by a longitudinal support assembly
(LSA) and a lateral support group (LSG). The LSA sup-
ported and held the missile at the required axial position
relative to the canister tube center line. Consisting of two
mechanical structures—an axial load structure containing
a gimbaled-torsion subassembly—the LSA provided lateral
translation of the missile in any radial direction relative to
the canister. The axial load structure was the load path for
tension and compression loads during axial shock loading.
The gimbaled-torsion subassembly provided torsion stabil-
ity of the LSA.%

The second internal shock isolation system, the lateral
support group (LSG), consisted of nine rows of 12 pads per
row on the first (5) and second stage (4) and nine pads in a
single row on the deployment module. The pads served as
shock isolation devices to prevent missile contact with the
canister wall but were used primarily to stabilize the mis-
sile during launch as well as guides during the assembly
of the missile at the launch facility. Cable assemblies se-
cured the pads in position as the missile was assembled in
the canister and served to keep the pads in place during

53



ground shock. The LSG cable assemblies were fitted with
two delayed-release mechanisms to automatically release
the pad rows in a predetermined sequence after the missile
emerged from the launcher and before first stage ignition.?!

Summary

The urgent need for initial operational capacity led to
the highly vulnerable above-ground options for ICBM bas-

ing. Next best was underground storage and surface
launch, but the missile exposure time for loading the liquid
oxygen on the surface caused concern. The ultimate solu-
tion was underground storage and silo launch.

Missile suspension system design came full circle,
starting with the massive spring sets supporting the crib
structure and missile launch platform for Atlas F and
Titan I, to a high-tech version of the crib structure with the
Peacekeeper canister system. |
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a mathematician at the RAND Corporation. Augenstein pointed out that the reliability of liquid propellant rocket
engine ignition at high-altitude had increased sufficiently that a two-stage design was now feasible. In the early
1950s, reliably starting liquid propellant engines at a high altitude and achieving smooth combustion was still an unknown.!
On July 21, 1954, the Atlas Scientific Advisory Committee recommended a second propulsion contractor for the nas-
cent Atlas ICBM project. On October 25, 1954, Brigadier General Bernard A. Schriever, Commander, Western Development
Division, responsible for the development of the ICBM program, went further and recommended development of an al-
ternative configuration to the Convair design for Atlas. Schriever wanted to introduce an element of competition as well
as possibly provide a substantially superior design. On January 4, 1955, the ICBM Scientific Advisory Committee agreed
with Schriever and recommended development of an alternative to Atlas as a backup.?

On May 2, 1955, the Air Force authorized the Air Research and Development Command to issue a request for pro-
posals from Bell Aircraft, Douglas Aircraft Company, General Electric, Lockheed Aircraft and Glenn L. Martin Company
(the Martin Company) for the alternate design ICBM. On October 27, 1955, a letter contract, AF 04(645)-56, was issued
to Martin Company to build a two-stage alternate ICBM, Titan, using the same propellant combination as Atlas.?

Encouraged by advances in the development of hypergolic storable propellants, on January 15, 1958, the Air Force
Ballistic Missile Committee, recommended the conversion of Titan I to storable propellants. On December 1, 1959, the
Air Force announced the Titan II program. On 1 April 1961, Titan I and Titan II became separate programs.*

The short life of the Titan I ICBM program obscures its importance in the development of the Titan II ICBM program.
This article describes several key aspects of the Titan I program and evolution into the highly successful Titan II program.

T he Titan Weapon System origin reaches back to February 8, 1954 with the publication of a report by B. W. Augenstein,

From Atlas to Titan I
Atlas

The precursor to Atlas was the Convair MX-774. The MX-774 pioneered the concept of gimbal engines, replacing
the jet vanes that had been used with the V-2. In an effort to minimize airframe weight, the MX—774 design replaced the
traditional airframe fuel tanks, which used skin/stringer construction, with a pure monocoque design. Due to funding

difficulties, only three flight test missiles were built before the program was canceled in July, 1947. The three flight tests
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Figure 1: Atlas Series A Missile-1957. An expanded view showing the
unique barrel hoop construction technique. The propellant tanks, when
empty, had to be inflated with helium, or in a stretched configuration, to
keep the airframe from collapsing. Courtesy R.E. Martin.

validated the gimbaled engine concept as well as the fea-
sibility of the monocoque propellant tanks. All three flights
suffered engine failures subsequent to launch. For the next
four years Convair engineers worked on various aspects of
the MX~774 program. In January, 1951, the Air Force Re-
search and Development Command awarded Convair a
new contract designated Project MX—1593, Atlas.’

Due to concerns with the MX—774 engine operation at
altitude, the decision was made to design Atlas as a stage-
and-one-half missile. The two booster engines and one sus-
tainer engine were ignited at sea level. At 250,000 feet
altitude the booster engines would drop away and the sus-
tainer, the one-half stage, continue powered flight. The sus-
tainer engine exhaust nozzle expansion ratio, the ratio of

David K. Stumpf, Ph.D., is a retired plant biochemist liv-
ing with his wife, Susan, in Tucson Arizona. He has writ-
ten three nuclear weapon histories, Regulus the
Forgotten Weapon, a history of the Navy’s Regulus I and
II cruise missiles; Titan II: A History of a Cold War Mis-
sile System and Minuteman: a Technical History of the
Missile that defined American Nuclear Warfare. His lat-
est book, The Last 30 Seconds, a book about the evolution
of hit-to-kill technology, will be available in September
2024. He is hard at work on what will be his last book,
Peacekeeper: A Technical History of LGM-118. Dr.
Stumpf volunteered at the Titan Missile Museum, as an
historian and as a tour guide for 15 years.
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Table 1. Comparison of Airframe Design: V-2, Atlas, and Titan
Missile' | PMF Launch® PMF Staging | Airframe(ibs)® | Propellant (Ibs)' | %aAdrframe/Propellant®
V-2 0.78 ERIE 19,640
Aflas F 093 18,900 254,856
Sustainer [E+] 1101 63,663
Titan 1 095 14,000 208,000 15
Stage 11 o R219 0,500 45
Titan 11 09 22758 501,000 1
Stage 11 - [T &l

the area of the nozzle throat to the exit diameter, was built
for operation at altitude and was therefore inefficient at
sea level. The aluminum monocoque propellant tanks used
in MX-774 were replaced with stainless-steel “balloon”
tanks that were unique to the Atlas missile family (Figure
1). While this saved airframe weight, the need for continu-
ous pressurization of the tanks introduced additional com-
plexity to missile operations. As is shown in Table 1, at
liftoff, Atlas F had a propellant mass fraction (PMF') of 0.93,
a significant improvement over the V-2 at 0.78. At booster
engine cut off (BECO), the PMF was now 0.82. A PMF of
0.94 means that 6 percent of the mass is airframe and en-
gine. Atlas at liftoff had a value of 7 percent and at BECO,
18 percent. The higher value at BECO was the weight
penalty due to the partially empty propellant tank which
could not be discarded during the sustainer phase of flight
(18 percent of the propellant remained after BECO).% Com-
parison of percent airframe/propellant where the ratio of
the weight of the structural elements of the airframe to the
weight of propellant gives a value of 33 percent with V-2
and 2.2 percent for Atlas. While this is a significant
achievement for the boost phase of Atlas F flight, at BECO,
the sustainer ratio is 13 a nearly sixfold decrease, reflecting
carrying the entire tankage during sustainer flight.

Titan I

Martin Company engineers realized that the solution
for a lightweight but self-supporting airframe was to in-
clude the structural members in the missile skin propel-
lant tank walls. This idea had been dismissed by the
Convair engineers in their desire to eliminate extraneous
weight. Semi-monocoque construction uses lightweight
stringers to carry the airframe load. The result was that
Titan I had a PMF of 0.95 at liftoff, essentially the same as
Atlas but without the complication of keeping the propel-
lant tanks inflated. At staging, the Stage I tankage and en-
gine was discarded, leaving Stage II with a PMF propellant
mass fraction of 0.89, or a 11 percent airframe/propellant
ratio but in this case there was a full load of propellant.
When the percent airframe/propellant ratio is examined,
Titan I at liftoff was quite close to Atlas and at staging was
considerably more efficient 4.5 percent versus 13 percent.
The Titan I airframe design achieved the weight perform-
ance of Atlas at boost phase, improved by a factor of nearly
3 the sustainer phase while eliminating the operational
complexity of the stainless-steel “balloon.””
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Table 2. Titan I Specifications (Lot M)-

Fully Assembled Airframe (feet) Length Maximum Diameter
Stage 1 (including stage transition) 36.6 10
Stage Il 25.5 8
Reentry Vehicle Adapter 4.62 8
Mark 4 Mod | Reentry Vehicle 10.79 2,75

Nominal Missile Weight (1bs) Stage I Stage II
Airframe Empty (including engine) 7.741 4,484
Oxidizer 118,044 28,468
Fuel 51,682 12,441
Mark 4 reentry vehicle and warhead 4,100
Total Weight (including reentry vehicle) 222,860

Engine Thrust (Ibs)
Stage | LR87-AJ-3 (sea level) 300,000
Stage I LR91-AJ-3 (vacuum) 80,000
Range (nautical miles)
Mark 4 reentry vehicle and warhead 5, 500
Circular Error Probable (nautical miles) 0.65"
1. “Structural Description, SM-68,” February 1961, Martin Company.
2, “Gieneral Arrangement, Lot M, Sheet 327-1000501" 18 July 1960,
3. Inventing Accuracy: A Historical Sociology of Nuclear Missile Guidance.
Airframe

The Titan I airframe was fabricated from 2014-T6 alu-
minum, a high-strength alloy with a high copper content
(3.9 to 5 percent) and smaller quantities of iron, magne-
sium, manganese, silicon, titanium, and zinc. Because these
materials were known to be difficult to work with, the Bal-
timore Division of Martin Company had developed a tung-
sten inert gas welding process for use with the 2014 alloy.®

Manufacture of the Titan I airframe began with the
chemical milling of the aluminum tank panels. Chemical
milling permitted the propellant tanks to be fabricated for
maximum strength yet minimum weight by the removal
of aluminum in a complex pattern in specified areas. The
process required that each component be masked with
chemically resistant, asphalt-like material in the desired
pattern. Immersed in a sodium hydroxide bath, aluminum
was removed at a rate of approximately 0.003-inches thick-
ness per minute of exposure. Those areas that had to be
etched the most had no masking at the start of the process;
those that were to be etched the least were masked until
the last exposure process. Typically, three or four thick-
nesses had to be etched on each tank panel.

Once the flat panels had been etched and rinsed, they
were moved to the horizontal weld fixture. The Stage I tank
barrels consisted of 12 panels that were welded to form the
tank cylinder, first into quarter panels, then the four quar-
ter panels were welded to form the cylinder or barrel. The
weld was made using a machine welding process, and was
performed by the weld torch traveling longitudinally over
the weld joint. The tank barrels had to be supported by
rings in the horizontal position until the domes were placed
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7. TAIL SKIRT AND TAIL ASSEMBLY
(STAGE | ENGINE COMPARTMENT)

8. STAGE | ENGINE

9. AIR SCOOP (2 PLACES)

10. MAIN LONGERON (4 PLACES)

11. STAGE | FUEL TANK

12. STAGE | BETWEEN TANKS STRUCTURE

13. STAGE | LIQUID OXYGEN TANK

14, STAGE | STAGE Il TRANSITION
COMPARTMENT

15. STAGE Il AFT SKIRT ASSEMBLY

16. STAGE Il BETWEEN TANKS STRUCTURE

17. FORWARD SUPPORT STRUCTURE

Figure 2: Titan | Missile Configuration. Courtesy Titan Missile Museum
Archive.

and welded. Each weld was x-rayed and hydro-tested (the
tanks were pressurized with water). Weld repairs were
usually small and done manually. No Titan I or Titan II
missile was lost during flight due to tank weld failure
(Table 2).°

A feature unique to the Titan missile family airframes
was a slight discoloring of the exterior skin surface. This was
the result of the application of Iridite, a chromium chemical
conversion coating which was applied to the surface to pre-
vent corrosion. The distinct coloring on the different panels
was due to how that particular batch of 2014-T6 aluminum
reacted with the Iridite process (Figure 2).

Guidance

In April 1955, the ARMA Bosch Corporation received
the contract to develop the inertial guidance system for
Titan as well as Atlas. However, delays developed due to
reliability and weight issues. Rather than delay the Titan
program any further, on October 18, 1955, Bell Laborato-
ries received the contract for a radio-inertial guidance sys-
tem for Titan. On May 26, 1958, a contract change was
made to transfer the ARMA inertial guidance system from
Titan I to Atlas.!°

Engines

Engines for Titan I were fabricated by Aerojet-General
Corporation (Aerogjet), Folsom, California. On January 14,
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Figure 3: Titan | Engines. Upper: Titan | Stage | Engine. Lower: Titan |
Stage Il Engine. Courtesy Titan Missile Museum Archive.

1955, Aerojet had begun research and development work on
rocket engines for an as yet unnamed two stage missile.
Stage I would be powered by two identical engines while the
second stage would be powered by a single engine of similar
design, optimized for vacuum start. Aerojet’s design and de-
velopment of these engines would serve as a backup to the
North American Aviation team working on the Atlas engines,
with the possible result of a better engine for use in Atlas.
Both the Stage I and Stage II engines had two design
configurations, the LR87-AJ-1 and LR87-AJ-3 (300,000
pounds thrust at sea level) and the LR91-AJ-1 and LR91-
AJ-3 (80,000 pounds thrust, vacuum). Design changes from
the -1 to -3 configurations included reduction in weight and
reducing the total number of parts. While the LR87 engine
used regenerative cooling for the thrust chamber, the LR91
engine thrust chamber required a larger expansion ratio
due to ignition taking place at an altitude of 250,000 feet.
The increased expansion ratio required a larger thrust
chamber bell which was difficult to effectively regenera-
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tively cool using fuel as in Stage I. Replacing part of the
cooled chamber jacket with an asbestos-based ablative
skirt greatly simplified engine operation, as well as saved
weight. Constant turbine speed, and thus constant propel-
lant flow, was accomplished by metering main engine pro-
pellants to the gas generator which powered the propellant
turbopumps. Stage I used a gaseous nitrogen turbopump
start that was then taken over by the propellant-supplied
gas generator. Gaseous helium was used for the Stage II
engine turbopump start (Figure 3).1!

Propellants

Titan I used RP-1 and liquid oxygen as fuel and oxi-
dizer respectively. As with Atlas, the fuel was stored on-
board the missile, while the cryogenic liquid oxygen had to
be stored on site and quickly loaded during the countdown
but before raising the missile to the surface. This was a
problem with the first-generation ICBMs and was a major
component of the approximately 14-minute response time
for Titan I between launch key turn and missile away (see
Response Time).

Staging

Staging with Titan I took place upon depletion of Stage
I propellants which triggered a sensor that cut off propel-
lant flow to the Stage I engines. A short delay allowed for
thrust tail-off, then explosive nuts were triggered and two
small solid propellant separation rockets moved Stage II,
along short guide rails, clear of Stage I. At the same time,
the acceleration forced the propellants to the Stage II en-
gine inlet to assure engine start once clear of Stage I. Stage
II roll control was provided by four vernier thrusters.

Reentry Vehicle

The Mark 4 was a sphere-cone-cylinder-biconic flare
shape, 126.7 inches long, 33 inches in diameter at the cylin-
drical mid-section and 48 inches in diameter at the base of
the flare. The Mark 4 flare varied from 7 to 22 degrees with
two very small spin fins at the base of the flare. The nose
cap was made of Avcoite, a ceramic material contained in
a magnesium honeycomb matrix, varying from 0.82 to
2.332 inches thick; the cylindrical body and flare were pro-
tected by oblique tape-wound Refrasil at thicknesses of
0.32t0 0.61 and 0.44 to 0.86 inches, respectively. The after-
body was protected with fiberglass. The Mark 4 with war-
head weighed 3,800 pounds. A second reference gives the
operational Mark 4 as weighing 4,100 pounds of which
3,100 pounds was the warhead. The Mark 4 was deployed
on Atlas E and F and Titan I from 1962 to 1965. The Mark
4 was flown once on Titan II during the Titan II research
and development program (Figure 4).12

Launch Facilities

Titan I was deployed in the HGM-25A configuration
(H = silo stored, surface launched; G = ground attack; M =
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Figure 4: Mark 4 Reentry Vehicle. Upper: location of ablative materials
on the Mark 4 reentry vehicle. Lower: inboard profile of the Mark 4 Mod
1-11 reentry vehicle. Courtesy Titan Missile Museum Archive.

guided missile; 25 = twenty-fifth major design; A = model).
At least eighteen nautical miles separated Titan I launch
complexes of three missiles per launch control center, three
launch control centers per squadron, hardened to with-
stand 100 psi overpressure.'®

Silo/Crib

The Titan I silo was 161 feet deep, including a 6-foot-
thick foundation, with an interior diameter of 40 feet. The
Titan I silo door was a bi-parting, hinged design: each half
weighed 102 tons, was 12-feet wide, 19-feet long and 4-feet
thick. It took approximately one minute for both doors to
fully open. The doors were designed to withstand 100 psi
overpressure.'*

The silo housed a crib structure,132 feet tall and 21
feet wide, weighing 490 tons, including the missile. The crib
structure housed the support equipment for the missile
and the silo as well as the launch platform elevator. Engi-
neers evaluated several shock isolation systems for the
crib, such as base- or side-mounted spring assemblies for
improved pitch stability. Both systems had the drawback
of requiring a re-leveling system to compensate for any per-
manent tilt of the silo following a ground shock.

Titan I used a pendulous spring system which con-
sisted of four pairs of 16-foot springs (four 48-inch-long, 22-
inch-diameter subassemblies) attached at the corners of
the crib base and to a silo wall bracket 32 feet off the silo
floor. The vertical center of gravity was above the spring
attachment level on the crib but well below the missile cen-
ter of gravity because of the elevator weight. When the ver-
tical center of gravity of the missile and crib structure is
higher than the shock isolation systems point of attach-
ment on the crib, pitch stability is often difficult to attain.
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Figure 5: Titan | Silo Crib Detail. (A) The silo closure doors weighed 115
tons each. Structural isolation of the door foundation minimized trans-
mission of surface shock to the missile silo. (B) Four pairs of springs
were attached at the corners of crib platform for shock isolation. (C)
There were five levels of maintenance platforms on the crib which pro-
vided a continuous walkway and working area completely encircling the
missile except on the fifth level. (D) Silo closure door mechanism detail.
It took 50 seconds to open both doors. Author’s Collection.

Initial studies indicated it would be necessary to cross-cou-
ple the vertical springs to manage pitch stability. When the
ground shock criteria were revised, the spring elements
were made stiffer which eliminated the need for a coupling
mechanism. Coil spring elements were chosen over pneu-
matic springs because of their higher reliability. Hydrauli-
cally operated crib locking mechanisms at the top of the
crib securely positioned the crib prior to raising the missile
to the surface (Figure 5).1°

Response Time

The Titan I countdown took 14.2 minutes from the
start of loading liquid oxygen, T-850 seconds, to lift off at
T+4 seconds. The shelter (silo) doors began opening at T-
235 seconds and were fully open at T-185 seconds. This
meant the silo was exposed to the environment, or “soft,”
for nearly 4 minutes (239 seconds from door opening to
launch). The launch platform began elevating at T-185 sec-
onds and was up and locked on the surface at T-55 seconds
(2.25 minutes). Once the missile reached the surface, the
countdown continued for another 55 seconds (Figure 6).16
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Figure 6: Titan | Ready for Launch. Titan | (60-3704) in launch position
during a training exercise at Silo 3, Site-C Royal City, 568 SMS, Larson
AFB, Washington. The service tower, (1), provided power, guidance and
liquid oxygen to top off the oxidizer tanks. The “closure” doors (2) each
weighed 115 tons. The flame bucket (3) deployed an extension to cover
the gap between the launch platform and the silo wall. Note the con-
struction worker (4). Courtesy Titan Missile Museum Archive.

Research and Development Flight Test
A total of 163 missiles were fabricated in eight lots of

which 62 were research and development (R&D) airframes
(Table 3). There were 67 launches in the program; 47 R&D

Table 3. Titan I Missile Fabrication Lots'
Designator Lot Description
XSM-68 A6, 4y Simplified first stage; dummy second stage, limited range.

B(7.2) Complete first and second stages with reduced second stage
engine duration; open closed-loop radio guidance.

C(6,4) Complete first and second stages with reduced second stage
duration; radio guidance; separable scale model reentry vehicle.

D.E,F Eliminated from test program.

G0, 7y Complete two-stage missile; closed-loop radio guidance,
separable reentry vehicle; range up to 4,000 nautical miles.

H,1 Eliminated from the test program,

J(22,22) Complete missile capable of flights up to 5,000 nautical miles;
later missiles to carry operable reentry vehicle and warhead
without reactive material.

K LS T Eliminated from the test program.

V3.3 Same as Lot J exception of instrumentation range safety
equipment to be used as part of operational system testing at
Vandenberg AFB and the Pacific Missile Test Range.

VS (1, 1) Same as Lot V except for an inert second stage; to be used in
conjunction with the in-silo launch test facility at Vandenberg
AFB,

XSM-68A M(7.T) Same as Lot ] except equipped with inertial guid system to
serve as test bed for SM-68B (Titan I1) guidance system.
SM-68A 101 Operational missiles
Total 163
1. Titan Master Schedule, 31 July 1963, AFHRA, Maxwell Am. AL.
2. number built, number launched
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Figure 7: Titan | Ascension Island Splash Net Impact Points. Target ac-
curacy as of June 1961. Ten missiles had been flown to Ascension Is-
land with accuracy as an objective. Eight landed within one nautical mile
of the target. Author’s Collection.

at Cape Canaveral, Florida (four failures and nine partial
successes); and 20 conducted at Vandenberg AFB (VAFB),
California (one failure and seven partial successes) includ-
ing five operational launches.!”

Lot A missiles had a dummy second stage and were
flown to demonstrate Stage I operation. Lot B demon-
strated Stage II operation with a range of 2,020 nautical
miles. Lot G tests demonstrated both Stage I and II per-
formance to a range of 3,200 nautical miles. Lot J was the
operational prototype and demonstrated range perform-
ance and reproducible accuracy at ranges from 4,385 to
5,337 nautical miles (Figure 7). Lot M missiles enabled
early evaluation of the prototype Titan II inertial guidance
system with seven launches and six successful flights. One
Lot VS missile was used to successfully establish the fea-
sibility of in-silo launch. There were 48 fully successful
flights out of 67 launches, including the operational missile
test program, for an overall flight reliability of 72 percent
(Tables 4 and 5).1

Titan I was deployed in six strategic missile squadrons.
Titan I was first placed on alert at the 724th Strategic Missile
Squadron, 451st Strategic Missile Wing, Lowry Air Force
Base, Colorado on April 20, 1962. Titan I (and Atlas) quickly
became obsolete because of much faster response time with
Titan II and Minuteman. On May 24, 1963, less than one
year after deployment, the Air Force announced the phaseout
of the Atlas and Titan 1 programs starting in 1965, to be com-
pleted by 1968. On May 16, 1964, Secretary of Defense
Robert McNamara directed that all Titan I missile squadrons
be deactivated by the end of 1965.° The last Titan I was re-
moved from alert at the 569th Strategic Missile Squadron,
Mountain Home Air Force Base, Idaho on April 1, 1965.%°

Titan II

Unlike the Atlas program where major program
changes were implemented as they became available, the
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Table 4. Patrick AFB Titan I R&D Flight Record'

Lot A - booster flight, dummy second stage

Lot B - two-stage sepasation, second stage ignition
Lot € - two-stage performance over limited rnge
Lot G - two stage performance over extended range
Lot J - operational prototype - Titan |

Lot M - test bed for Titan 11 inertial guidance system
Lot V - assembled for OSTF/SLTF

Lot SM - operational configuration - Titan |

Date Pad
2/6/5% 15 Successful

Outcome  Remarks
Stage | operation only, the second stage was filled with water and not equipped with an
engine. All objectives wene met, structural integrity was demonsaraved ard Tian 1
hecame the first missile program to have a successful flight on its first launch,

2. A5 2725/59 15 Successful Dhamamy Stage I

3. A 44739 153 Successfal Dusmamy Stage 1

4 A SM4/59 15 Successful  Stage | separation test w pleted filly with a water-filled second stage
without an engine.

5 B-5 R/14/59 19 Failure Premature lift off, nutomatic destruct

6. c3 1211459 16 Failure Accidentally destroyed on pad by destruct system

T B-TA 260 19 Successful First attempt a1 complete staging 31 high altitude was successfal. Guidance system was

Fully operational on this medium range fight.

&, c4 2860 16 Pamial Success Nose cone fakring fell away due 1o structural failure 50 seconds inmo Might.

9 G4 22460 15 Successful First attempt 1o separate the Mark [V nose cone was successful, This was the first long
range Might. reaching nearly 5,000 sautical miles.

10. 1 JR60 16 Partial Success Stage 1l ignition filure

1 G-5 32260 15 Successful Capsule recovered

12 C35 ARG 16 Panial Success Stage 11 premature shutdown

13 Gty 421160 15 Successful Capsule recovered

14 C-6 A2%60 16 Successful Final limited range shot

15 G-7 360 15 Successful Capsule recovered

16. G 52760 16  Saoccessful Capsule not recovered due to high seas

17 Gel0 624060 13 Successful Capsule recovered

18 12 Ted 20 Failure Lost hydraulic power in Swage 1. destroyed 11 seconds into flight
19. 14 728460 20 Partial Success Stage | premature shutdown

20. -7 RA0G0 19 Successful Capsule not recovered, 5,000 nautical mile flight
21 IE 830060 20 Successful  Capsule not recovered, 5,000 nautical mile flight
22 15 W28%60 19 Seccessful Capsule recovered

23 G-8 WIRG0 15 Successful Flew 6,000 nautical miles

24 33 107760 20 Successfal Capsule recovered

pid 16 1024760 19 Successful Capsube recovered, Mew 6,100 nautical miles

26. 15 12720060 20 Partial Success No ignition Stage 11

27 k10 12061 1% Partial Success No ignition Stage 1

p -1 2961 20 Sucesssfal 5,000 navtical mile Might

29. 313 299061 19 Successful 5,000 mautical mile flight

30, iz el 20 Panial Suceess  Premature shutdown Stage Il

3 k14 3728461 19 Successful 5,000 nawtical mile flight

32 115 33161 20 Partial Success Premature shusdown Stage 1l

13 ks 0 Successiul 5,000 nautical miles

34 M-1 19 Partial Success  Prematune shutdown Stage I, inertial guidance systetm worked well
35 118 20 Sueccessful 5,000 nautical mile Might

36. M2 19 Successful 5,000 nautical mile flight

37. 319 20 Succesaful 5,000 nautical mile Might

38 317 20 Successful 4,100 navtical mile Mlight, data capsule recovered
39. M-3 19 Successful 4,500 navtical mile flight

40, -0 20 Successful 4500 nautical mile Might

41 M4 19 Successful 5,000 nawtical mile flight

42 - 20 Successful 6,100 nautical mile Might

43 22 20 Successful 6,000 navtical mile flight

4 M-5 19 Successful 5,000 nawtical mile flight

43 123 20 Successful 5,000 navtical mile Might

6. M6 19 Soccessful 5,000 nautical mile flight

47 M-7 19 Successful 5,000 mautical mile Might

1. “Titan | Airframe Disposition.™

Table 5. Vandenberg AFB Titan I R&D Flight Record:

No. Missile Date

Outcome Remarks®

48, SM-2  923/61 Successful 5,300 nautical mile flight, launched from VAFB, 395A-1

49, SM-4 1720062 Partial success No Stage Il ignition, launched from VAFB, 385A-3

50. M-7 12962 Successful 5,000 nautical mile Mlight

51. SM-18 223/62  Partial success No Stage Il ignition, launched from VAFB, 395A-1

52. SM-34 54162 SBuccessful Guidance tape ermor

53, SM-35 107662 Suceessful “Pickle-Barrel” launched from VAFB, 393A-1

54. SM-11 Successful| Launched from VAFB, 395A-1

55, SM-§ Successful” “Pickle-Barrel” launched from VAFE 395A-1

56, SM-3 Suceessful “Pickle-Barrel™ launched from VAFB 395A.2, SAC-DASO
57, V-1 Successful “Pickel-Barrel” launched from VAFE 395A-1

58. SM-1 Successful “Pickel-Barrel” launched from VAFE 395A-3, SAC-DASO
59, V-4 Failure 5 seconds of flight, launched from VAFB, 395A-1

0. SM-24 Partial success No Stage Il ignition, launched from VAFB, 395A-2

61, SM-7 815/63  Suceessful “Pickle-Barrel”, launched from VAFB, 395A-1

62, SM-36  BA0G3  Partial success gas generator shutdown, launched from VAFB, 395A-3

63, SM-83 91763 Successiul “Pickel-Barrel™, launched from VAFEB, 393A-2, SAC

64, SM-68 Successful “Pickel-Barrel”, launched from VAFB, 395A-1, SAC

65, SM-E5 Partial success Premature shutdown Stage 1, launched from VAFB, 395A-1, SAC
[ SM-33 Partial success Mo Stage Il ignition, launched from VAFB, 395A-3, SAC
67. 53;80 3/5/65 Partial success Pmﬁ]hm chIL‘IiML launched from VAFB. 395A-2. SAC

1. “Titan Ballistic Missle Development Plan, 30 April 1960,
2. Pickle-Barrel refers to the launch being used in determining the impact accuracy of the reentry vehicle.

Titan program combined all the technical developments
into one advanced model, Titan II. Titan II PMF's and per-
cent airframe/propellant values were nearly identical to
Titan I (Table 6). Among the major design advances found
in Titan II were: increase in second stage diameter; inertial
guidance; storable propellants; propellant tank pressuriza-
tion; the staging concept; advanced reentry vehicle; and in-
silo launch (Figure 8).2!

Airframe Design Changes
There were three major changes made with the Titan

IT airframe design. The first and most obvious was the sec-
ond stage diameter was increased to ten feet to provide
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Table 6. Titan I ICBM Specifications'
Fully Assembled Airframe (feet) Length
Stage [ including interstage structure, Stage [ engines 70.17
Stage 11 19.54
Reentry Vehicle Adapter 3.74
Mark 6 Reentry Vehicle 10.17
Diameter (excluding conduits, air scoops) 10
Tatal 103.4
Nominal Missile Weight (1bs) Stage 1 Stage 11
Airframe, empty (ncludes engine) 9,583 5979
Oxidizer 160,637 37,206
Fuel 83,232 20,696
Total 317,333
Engine Thrust (Ibs)
Stage | LR87-AJ-5 (sea level) 430,000
Stage Il LR91-AJ-5 (vacuum) 100,000
Range (nautical miles)
Mark 6 Reentry Vehicle 5,800
Circular Error Probable (nautical miles) 0.78
1. * Detailed Design Specifications for Model SM-688 Missile (Including Addendum for XSM-688),
2. Titan Ii: A History of a Cold War Missile Program,

greater range and payload capability. The second difference
was the overall missile length was increased from 98 to
103.4 feet (including reentry vehicle), mostly in the Stage
I tankage. Some structural modifications, mainly increas-
ing skin thickness and adding ring frames, were necessary
due to the in-silo launch environment as well as the in-
creased density of the propellants. One source of problems
in the Titan I airframe had been the Stage I fuel tank
longeron structures. The longerons served as the point of
attachment of the missile to the launch mount. These were
bolted onto the Stage I fuel tank skin and then sealed.
Leakage had been a recurring problem in this area in the
Titan I program. With Titan II, the longeron panel was

sy |
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Figure 8: Titan Il Stage | and Il Inboard Profile Conceptual Drawing 6
June 1960. Note the inclusion of the Mark IV reentry vehicle profile. The
total airframe length, including the Mark 6 reentry vehicle, was 101.91
feet. The as-built length of the missile was 103.39 feet. The difference is
in the length of the reentry vehicle adaptor section. Courtesy of Lock-
heed Martin Astronautics, Denver.
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Figure 9: Titan Il Airframe Configuration. The semi-monocoque airframe
made the airframe self-standing without propellant load. The thickness
of the metal skin ranged from approximately 0.050 inches to 0.170 inch
depending on location. For comparison a U.S. dime is 0.053 inch thick,
while a quarter is 0.068 inch. Courtesy of the Titan Missile Museum
Archive.

welded directly to each quarter panel. After the quarter
panels were welded together to form the fuel tank, a ma-
chined fitting was then riveted to the longeron panel, elim-
inating tank skin penetration (Figure 9).22 The third major
difference was the “fire-in-the-hole” staging technique
which is discussed below under Staging.

Guidance

The original contract for the Titan II guidance system
was awarded to AC Spark Plug on April 14, 1959.2 AC
Spark Plug contracted with IBM for the design, develop-
ment, fabrication and production of a rotating drum mem-
ory digital computer that interfaced with the inertial
measurement unit (IMU). AC Spark Plug designers
worked with Davidson Corporation and Perkin-Elmer Cor-
poration in the development of the ground optical align-
ment system used to provide a precision pre-launch
azimuth alignment reference. AC Spark Plug also de-
signed, tested and produced the associated aerospace
ground equipment and operating ground equipment that
was required to test, operate and maintain the airborne
components. The inertial measurement unit used three
2FBG-2C floated beryllium stabilization gyroscopes and a
25 PIGA (pendulous integrating gyroscopic accelerometer)
accelerometer. The IMU was nicknamed the “Gold Ball”
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due to the coat of a gold-colored resin-based paint for pro-
tection from oxidizer leaks. The IMU weighed 184 pounds,
Missile Guidance Computer weighed 100 pounds. Over the
next 16 years this first guidance system required only eight
modifications, all of which were completed by May 15,
1965.24

In the mid-1970s, the Air Force faced a dilemma with
the original guidance system for the Titan II program.
Nearly two decades after the design of the original guid-
ance system, advances in the electronics industry made the
system difficult to support. Major suppliers were not inter-
ested in maintaining the capability of building obsolete
equipment in small lot sizes. In some cases, the older com-
ponents simply did not exist as suppliers had phased them
out of their product line. Headquarters Strategic Air Com-
mand realized that at predicted failure rates, critical parts
would no longer be procurable by December 1977.25

Fortunately, an existing state-of-the-art replacement
was available: a modified Delco Electronics Carousel iner-
tial guidance system called the Universal Space Guidance
System (USGS). The USGS had been in use with the Titan
IIIC program on 13 December 1973; six launches with one
failure in the guidance system at the time of the decision
to modify it for use with Titan II. The Carousel IV inertial
navigation system was standard equipment for the Boeing
747 and had been retrofitted into the Boeing 707 and Mc-
Donnell-Douglas DC-8.

The USGS hardware was composed of the Carousel IV
IMU and the Magic 352 computer: each weighed 80 pounds
(the commercial aircraft computer was the Magic III se-
ries). Modification of the basic Carousel IV inertial refer-
ence unit for space applications had been relatively simple,
repackaging the instrumentation for the thermal environ-
ment as well as vibrational stresses of a missile launch.
The Titan II autopilot was used with minor modifications,
as was most of the airborne wiring. The umbilicals to the
missile did not need to be replaced (Figure 10).2

While the missile silo environment, as well as the mis-
sile flight profile, were obviously significantly different
than that seen by the commercial aircraft Carousel IV and
Magic III systems, the missile installation had a major ad-
vantage: the guidance system would be turned on after in-
stallation, advanced to the “READY” mode and, except for
maintenance or repair requirements, remain in this
steady-state operating environment for months or even
years. In the aircraft installation, the Carousel IV system
was turned on and off several times a day depending on
aircraft operations. This caused degradation in system ac-
curacy and reliability due to the short-term operating
times and the effect of heating and cooling. Once up and
running, the USGS system self-calibration procedures con-
tinually fine-tuned the system and was most stable if sim-
ply left on.

Between October 15, 1975 and June 27, 1976, Delco
engineers and technicians were able to modify two sets of
flight systems from the already flight-proven USGS of
Titan III. Included within this eight-month time frame was
the design and fabrication of a new telemetry system for
use during the qualifying flight(s) since the original teleme-
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\ TITAM 11/USGS GUIDANCE COMPARTMENT

Figure 10: USGS. Upper: Location of the USGS inertial measurement
unit and missile guidance computer between the Stage Il propellant
tanks. Lower: The cover is off the new IMU, revealing a much more com-
pact inertial measurement unit. Courtesy of Titan Missile Museum
Archive.

try system sets had been used up during the previous flight
test program.?”

The fourteenth launch operation for the 308 SMW, and
the last launch in the Titan II ICBM program was given
the name Project “Rivet Hawk.” At 0213 (Z), June 28, 1976,
the missile combat crew composed of: Capt. Roger B.
Graves, MCCC; 1st Lt. Gregory M. Gillum, DMCCC; Staff
Sergeant David W. Boehm, BMAT; and Staff Sergeant Ken-
neth R. Savage, MFT, began the launch procedure. Key-
turn took place at 0214 (Z) and within seconds a
GUIDANCE HOLD occurred due to an INERTIAL GUID-
ANCE SYSTEM NO-GO signal. The shock produced dur-
ing pre-valve opening had been sensed by the inertial
measurement unit, triggering the hold. The new software
had retained both MEMORY and BLAST DETECT modes
so the launch team returned the guidance system to the
READY mode, the countdown recycled and after down-
range checks, the countdown resumed 18 minutes later.
Since the pre-valves were now already open, the second
launch attempt, at 0240 (Z), encountered no problems. Lift-
off occurred at 0240:53 (Z). The flight to target was success-
ful but the reentry vehicle impacted approximately 1.46
nautical miles long and 0.36 nautical miles cross range.?®
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As one might imagine, this was more than a little dis-
concerting. Review of the telemetry from the guidance sys-
tem, as well as extensive computer modeling, revealed an
error in the software. The unique feature of the USGS in-
ertial measurement unit was the rotating X-Y platform.
This feature mitigated a source of error in the X-Y plane
that had to be accounted for in a non-rotating system. The
newer computer in the system allowed the continuously
changing X-Y instrument outputs to be monitored for up-
dating the platform alignment. In the USGS equipment
used on Titan III, the platform rotated at one revolution
per minute. For deployment in the operational Titan II
fleet, the decision was made to slow the platform down to
one-quarter revolution-per-minute due to a failure rate
with the one-revolution-per-minute system that was unac-
ceptable for the Titan II program. With Titan III the guid-
ance system was on for perhaps 24-48 hours before launch.
With Titan II, the guidance system would be on for weeks
and months, perhaps years between required mainte-
nance.

It seems that Titan II USGS programmers failed to
provide a program path for the updating of the instrument
coefficients after one minute; rather, it was after one revo-
lution or four minutes. The resulting uncompensated in-
strument errors actually grew exponentially and after four
minutes were unacceptably large. This was not known at
the time but, by a quirk of fate, the instrument error com-
pensation values at the time of launch were four minutes
old, causing the resulting impact error. Post-launch review
of the guidance software clearly revealed the cause of the
error. The fix, which did not require another launch, was
to refresh the instrument compensation factors after 90 de-
grees of rotation, or with a one-quarter revolution per
minute system, once a minute as before. With only four
spare Titan II missiles remaining in the inventory, includ-
ing one each at the three operational Titan II wings, and
Pacific Missile Range support equipment unavailable in
time for a second launch before the USGS purchase deci-
sion date of October 1, 1976, the decision was made to pro-
ceed with the USGS modification.?

Engines

Titan II engine development began in January 1960.
Valves, pumps and cooling jackets for the thrust chamber
were not seen as major hurdles. Workhorse steel injector
patterns were fabricated, in sub-scale first and then full
scale, to see how the propellants interacted in order to
achieve maximum performance. These were hot-fire tested
for limited duration using uncooled steel thrust chambers
to determine design parameters such as combustion sta-
bility and chamber wall thermal loads, flow rate combina-
tions, mixture ratios and propellant temperatures. With
determination of mixture ratios complete and initial injec-
tor plate patterns finalized, the timing of propellant move-
ment through the engine cavities could be evaluated.
Subsystems were being worked on simultaneously; e.g., the
turbopump team was designing the turbines, gearboxes
and impellers to move the propellants that the thrust
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Figure 11: Titan Il Engines. Upper: Titan Il Stage | Engine; Lower: Titan ||
Stage Il Engine. At first glance, the Titan Il Stage | looks identical to the
Titan | Stage | engine. The most obvious difference was a shorter tur-
bopump exhaust stack. For Stage Il, the vernier nozzles were replaced
by one nozzle which used the exhaust from the Stage Il gas generator
for roll control. The Titan Il vernier final velocity adjustment was pro-
vided by two solid propellant motors located in the Stage Il engine com-
partment. Courtesy Titan Missile Museum Archive.

chamber team needed for optimum operation; likewise, the
gas generator team was developing the cavitating venturis
concept; the autogenous pressurization team was working
on the sonic nozzles, etc. Finally, the systems were placed
together and system integration began.?® Preliminary test-
ing using Titan I engine hardware began in May 1960. The
first Titan II engine prototypes were available for testing
in September 1960. After approximately 80 engine tests,
the engine configuration was frozen in December 1960. De-
livery of the Stage I research and development engines
began in January 1961. Hundreds of tests were run around
the clock to get the correct hydraulic balance or mass flow
rate for the most efficient operation. In March 1961 the
first full duration firing of a Stage I engine was successfully
accomplished and in July 1961 the first production Stage
I engines were accepted by the Air Force.?! Because of the
experience gained in developing the Titan I engines, the
task of developing Titan II engines took little more than
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two years from design inception to first flight in February
1962 (Figure 11).%2

Along with the change to storable propellants came the
opportunity to greatly simplify the engine control system.
Titan I engines had 125 active control components, this
was reduced to 30 for Titan I1.3® These changes were re-
flected in a similar decrease in power control operations,
107 to 21 respectively. Examples of the important changes:
(1) elimination of the ignition system since Titan II propel-
lants were hypergolic; (2) an autogenous pressurization
system that used cooled gases from turbine exhaust to
maintain propellant tank pressure; (3) use of solid propel-
lant start cartridges instead of stored pressurized gas to
start turbopump operation; (4) use of the Stage II turbop-
ump exhaust stream as the power source for the Stage II
roll nozzle, eliminating the need for an auxiliary power
drive assembly for the vernier rockets, greatly increasing
reliability; (5) use of cavitating venturis and sonic nozzles
to provide passive control to the gas generator and auto-
genous pressurization system; and, (6) propellant supply
lines from pump to thrust chamber designed to have the
ability to articulate, allowing motion of the thrust chamber
for thrust vector control, eliminating rotary seals that were
possible leak paths.3*

Two key manufacturing differences were also impor-
tant. In Titan I, the thrust chamber injector assemblies
were milled from solid forgings, a time consuming and
costly process. With Titan II, the injector was formed from
plates that were welded together. Titan I used both a fuel
and oxidizer manifold whereas Titan II used a fuel mani-
fold and an oxidizer dome feed system.3

Stage II Combustion Instability

The Titan II Stage II engine development was another
matter. While reliable rocket engine ignition at high alti-
tude had been successfully demonstrated with Titan I, such
was not to be the case with Stage II engine development
for Titan II. Roy Jones, a development engineer for Stage
II, recalled the first time he witnessed a Stage II ignition
combustion instability. He was watching the television
monitor of a Stage II engine test, when much to his sur-
prise, he saw the thrust chamber drop away from the in-
jector dome as if someone had taken a sharp knife and
sliced it off. After several engines failed in this manner, re-
view of the test data indicated that a combustion instabil-
ity with a period of 25,000 cycles per second had swept
around the injector face, cutting through the combustion
chamber wall like an ultrasonic saw 1.5 inches below the
attachment point. Thrust chamber pressure was cycling
through + 200 pounds per square inch at 25,000 cycles per
second.®® This was unexpected since it had not happened
with Titan I Stage II engines. This did not happen each
time an engine was tested and was in fact statistically al-
most insignificant for use in the ICBM program, occurring
in just two percent of the ground tests. However, since
Titan IT had been selected by NASA as the Gemini Manned
Spacecraft Program launch vehicle, even two percent was
too much of a risk and a solution had to be found.?”
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In September 1963, Aerojet General began work on the
Gemini Stability Improvement Program, also known as
GEMSIP, to resolve the Stage II combustion instability. The
direct cause of the problem was known. In Stage I, the pro-
pellants flowed into the engine cavities against sea level
air pressure and engine bleed-in timing could be monitored
and adjusted for. At the high-altitude present for Stage II
bleed-in prior to engine start, this process was very differ-
ent from that at sea level since there was no air pressure
to act as a barrier. The first real resistance encountered by
the fuel or oxidizer was the injector plate itself. This resist-
ance was due to the small orifices that the fuel and oxidizer
had to flow through to develop the spray pattern needed
for efficient combustion. The physical shock was not a prob-
lem. The engine was robust enough, as was the airframe
mounting, to take the impact. The problem was the result-
ant combustion instability at the injector plate face.

Aerojet went through 20-30 Stage II thrust chambers
trying to resolve the problem. The simple test of high-alti-
tude bleed-in theory was to fill the thrust chamber wall
tubes of the regenerative cooling system with water. When
tested at 70,000 feet equivalent air pressure at the Aerojet
facilities, the water provided enough hydraulic resistance
to mimic that of the sea level condition. Combustion stabi-
lized significantly as the hydraulic shock was reduced to
that found at sea level. However, the use of water was not
an operational fix for an engine sitting in a launch duct for
years, nor was it truly feasible for the Gemini Program.
The water-filled thrust chamber tubes did, however, allow
for continued engine system integration. The primary so-
lution, and the only one truly considered by both Aerojet
and the Air Force, was a stable injector and a dry thrust
chamber jacket start. Baffles were a logical control mech-
anism to break up the instability long enough for initiation
of smooth combustion. The design evolved into a baffle that
had oxidizer injection for thin film cooling. The final design
was altitude tested in the Air Force Arnold Research Cen-
ter Facilities at Tullahoma, Tennessee, and proved sound.
The GEMSIP program took 18 months to complete and
cost $13 million. The changes were incorporated into the
ICBM program engines. Ironically, none of the R&D missile
failures were attributable to a Stage II hard start, and per-
haps even more ironic, NASA launched the first six Gemini
flights with the old-style injector plate (Figure 12).38

Stage II Gas Generator

A second problem, and one that proved more trouble-
some, was that of Stage II gas generator failures in flight
during high altitude start-up. The gas generators utilized
fuel and oxidizer to generate high pressure gas for power-
ing the turbopumps during flight. Solid-propellant start
cartridges provided the initial high-pressure gas for spin-
ning the turbines and then the gas generators took over.
The problem first occurred in the flight of N-1, the second
launch of a Titan II. Telemetry indicated that the Stage II
engine had reached only fifty percent thrust immediately
after ignition and the vehicle was destroyed by the range
safety officer. Unfortunately, the limited flight telemetry
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Figure 12: Titan Il Stage Il Injector Plate. The center baffle prevented for-
mation of the combustion instability shockwave. The injector was 17.5
inches in diameter. Courtesy Titan Missile Museum Archive.

data provided insufficient information to the Stage II de-
sign team to solve this critical problem. The flight program
continued with two partial failures in the next seven
flights. Review of the accumulated telemetry data indi-
cated that the small orifices at the injector plate for the gas
generator were being partially plugged by particles on all
the flights.

Careful review of the flight data indicated that back-
pressure was being developed due to the clogged orifices,
decreasing propellant flow to the gas generator with sub-
sequent loss of power. After trying to super-clean the gas
generator components in a clean room prior to assembly,
transporting the assembly to Cape Canaveral separately
from the engine and conducting a preflight nitrogen blow-
down before each flight to verify the flight item cleanliness,
the actual solution to the problem was found to be very
simple and cost effective.?®

At sea level the air trapped in the gas generator inte-
rior served as a cushion, preventing combustion gases and
solid fuel particles produced by start cartridge ignition
from reaching the injector plate of the gas generator on the
Stage I engine. Due to the problems of vacuum testing
large liquid-fueled rocket engines, the Aerojet facilities
could only reach the equivalent of 70,000-foot altitude. This
was assumed to be close enough to the Stage II start alti-
tude vacuum at 250,000 feet and the Stage II system was
tested successfully.* However, even at 70,000 feet altitude,
sufficient air was present to provide a barrier to the start
cartridge combustion product particles. At 250,000 feet, the
higher vacuum meant no such barrier existed and particles
were being blown into the gas generator, clogging the oxi-
dizer orifices. On many of the flights the result was not of
sufficient magnitude to cause a problem, but on three of
the first 20 flights it was significant. The solution to this
problem was simple. A rupture disc was placed on the roll
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Stage Il oxidizer tank in the between tanks area of Titan Il B-23. Missiles
returned during Operation Wrap Up were segregated in a separate fac-
tory area where work was conducted around the clock to get the missile
tanks and valve joints repaired and the missiles returned to the opera-
tional bases. Courtesy Lockheed Martin Astronautics, Denver.

nozzle, the endpoint of the Stage II gas generator exhaust,
entrapping the sea level atmosphere (i.e., pressure) until
start cartridge ignition took place. The cushion of air was
retained at altitude, preventing combustion products from
reaching and plugging the orifices.

Storable Propellants

The use of storable propellants was an attractive op-
tion to eliminate the long response time. At the beginning
of 1951, the Navy’s Rocket Branch of the Bureau of Aero-
nautics contracted with the Metallectro Company and
Aerojet to synthesize hydrazine derivatives and investigate
their usefulness as rocket propellants. If used as the fuel
half of a hypergolic propellant pair in tactical rockets, the
hydrazine or mixtures of hydrazine derivatives had to have
a freezing point no higher than -65°F. By 1955, researchers
at Aerojet had selected a 50:50 mixture of unsymmetrical
dimethylhydrazine and hydrazine (Aerozine 50) which met
that specification. The freezing point specification was of
no consequence for Titan II as the missile was located in a
launch duct held at a temperature of 60+2°F. Nitrogen
tetroxide was selected as the oxidizer. Both of the propel-
lants were highly toxic and special protective suits were
necessary when propellant transfer operations took place.*

Oxidizer Tank Leaks

Contract AF04(647)-213, May 15, 1962, stated “. . . it
shall be a design requirement that the allowable pressure
decay with the propellant tanks loaded at flight pressures,
shall be less than 2.0 psi in 30 days, except for Stage 11 fuel
tank, which shall be less than 3.0 psi in 30 days. There shall
be no visible leakage... ™2 However, by mid-1963, early in
the deployment of Titan II missiles in operational silos,
leaks began to appear in the oxidizer tanks. Nitrogen
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CAVITATION BUBBLES MOVE UP OR DOWN WALL
AS DOWNSTREAM PRESSURES VARY,
BUT VENA CONTRACTA REMAINS CONSTANT

CONSTANT DIAMETER VENA
CONTRACTA FORMED BY
CAVITATION BUBBLES

Figure 14: Cavitating Venturi. The cavitating venturi is a device used to
assure a constant weight flow in liquid systems. It has no moving parts
and combines the venturi principle with the fact that liquids boil when
their static pressure is equal to their vapor pressure. Author’s Collec-
tion.

tetroxide, leaking through holes too small to be detected by
the original quality control methods, was mixing with water
vapor in the humid environment of the launch duct. The re-
sult was the formation of highly corrosive nitric acid, caus-
ing small leaks to turn into larger and more problematic
leaks. The problem had not been detected earlier because
none of the N-series flight test operations had necessitated
the prolonged storage of propellants. Tank pressurization
decays in excess of these requirements were observed, oxi-
dizer vapor leaks sufficient to trigger the vapor detection
system occurred and finally, visible leaks were noted. Sev-
enteen missiles of the 60 missiles deployed or awaiting de-
ployment were recalled to Denver for inspection and
rewelding. This recall program was given the name Opera-
tion Wrap Up. Originally the tanks were checked via x-ray
of the weld, hydrostatic and nitrogen pressure tests. Now
the quality control methods were to retake the weld x-rays,
fix defective welds, pressurize the tank with helium and
then check each weld with a helium sniffer that was ex-
tremely sensitive. This new test equipment increased the
leak detection sensitivity 10,000-fold. After hydrostatic test-
ing, the tanks were baked to dry out all the water in the
system, the welds painted with sodium silicate and then
pressure-checked again prior to return to the field. A total
of 15 fabrication changes were made during Operation
Wrap Up. Only three missiles built after October 1963 had
to be returned to Denver for rewelding (Figure 13).43

Propellant Tank Pressurization

Titan I utilized pressurized helium gas to pressurize
the propellant tanks. The pressure regulators and valves
were a source of unreliability. Titan IT used what is called
an autogenous pressurization system. The oxidizer tank
was pressurized with vaporized oxidizer which was bled
from the main oxidizer feed line. The liquid oxidizer was
vaporized in a heat exchanger that was supplied by ex-
haust from the turbopump gas generator. The innovation
was the use of cavitating venturis to control the gas pres-
sure. Cavitating venturis are passive devices which limit
the maximum flow of fluids regardless of downstream
pressure (Figure 14).4
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Figure 15: (Above) Titan Il Stage Il Exhaust Vents. The system of vents
facilitated “fire-in-the-hole” staging by quickly venting the Stage Il en-

gine exhaust. Author’s Collection.

Figure 16: (Below)Titan Il Staging. A frame from an external camera
showing the fragmentation of the interstage splice at Stage Il ignition.
Cameras on the flight of N-33, 23 March 1964, confirmed the integrity of
the redesigned interstage structure. Author’s Collection.

The fuel tank pressurization system utilized gas from
the main engine turbine gas generator exhaust which was
cooled in a heat exchanger similar to that of the oxidizer
system. Stage I and II fuel tank pressurization was essen-
tially the same, while the Stage II oxidizer tank relied on
the tank pressure present at launch.*> Reliability was in-
creased tremendously with the elimination of valves and
pressure regulators used in Titan I.

Staging

The third major difference was a change in the staging
sequence. Nicknamed “fire-in-the-hole,” Stage II was ig-
nited during Stage I thrust tail-off while still attached to
Stage I. The decaying thrust of the Stage I engines main-
tained sufficient acceleration to keep the Stage II propel-
lants at the turbopump inlets prior to Stage II ignition. The
forward dome of the Stage I oxidizer tank was protected
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from the Stage I engine exhaust by a layer of ablative ma-
terial. Explosive nuts fired at Stage II thrust buildup, re-
leasing Stage II. This eliminated the guide rails and the
separation rockets used in Titan I. A swiveling secondary
nozzle redirected the exhaust from the Stage II turbopump
for roll control, eliminating the vernier thrusters.*6 Stage
II engine exhaust was vented through large openings in
the forward skirt of Stage I. Ground-based tracking cam-
eras revealed that the “fire in the hole” was causing
breakup of the Stage I interstage structure with the possi-
bility of damage to Stage II from the debris. Camera data
from most of the flights showed that the point of failure
was the interstage-oxidizer tank junction. Film from the
flight of N-33 verified that interstage had been successfully
reinforced and the fix was applied to operational missile
fabrication (Figures 15, 16). 47

Reentry Vehicles

Detailed design documents for the Titan II ICBM list
both the Mark 4 and Mark 6 reentry vehicles as possible
payloads.*® The reason for listing the Mark 4 may have
been as a fallback if the development of the Mark 6 was
unsuccessful. Interestingly enough, a single and successful
launch of a Titan II carrying a Mark 4 did take place on
December 6, 1962 from Cape Canaveral; however, the flight
was not successful (Figure 17). 4

Figure 17: The Mark 4 reentry vehicle was only flown once on a Titan Il.
On 6 December 1962, N-11 was successfully launched from Cape
Canaveral Pad-16. Carrying a Mark 4 Mod 2A reentry vehicle, the flight
was normal until oscillations in Stage | were severe enough to cause a
thrust chamber pressure switch in Stage Il to shut down the engine with
subsequent impact short of target. Author’s Collection.
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Figure 18: (Above) Outboard Profile of the Mark 6 Reentry Vehicle and
Decoy Spacer. The Mark 6 carried the W-53 warhead which was an adap-
tation of the B-53 gravity bomb and had a yield of 8.9 Mt, the largest
warhead used in the ICBM program. The Mark 6 reentry vehicle was 10.2
feet tall with a base diameter of 7.4 feet. Author’s Collection.

Figure 19: Mark 6 Heatshield Detail. Cross-section of conical frustrum of
the Mark 6 reentry vehicle heatshield. (A) The outer layer was Century
Series 124A plastic, 0.295-inch thick; (B) neoprene, 0.094-inch thick; (C)
aluminum alloy honeycomb, 1-inch thick. The nose cap was composed
of chopped phenolic nylon, 2.33-inches thick tapering down 0.385 inch.
Author’s Collection.

: \ I R s ST N _—.-.-i-v-',‘ :

The General Electric Mark 6 reentry vehicle deployed
on Titan II utilized ablative materials for both the nose cap
and heatshield. The nose cap was composed of phenolic
nylon (66-Nylon cloth impregnated with phenolic resin),
chopped into 0.5-inch squares and pressure molded to the
nose cap shape. The main body of the heatshield was com-
posed of the General Electric Century Series 124A plastic.
The basic ingredients for the plastic were: Dow Epoxy—No-
volac 438; methylnadic anhydride, a curing agent;
polypropylene glycol to increase flexibility to make fabrica-
tion easier and N-(n-butyl) phosphoric acid as a charring
agent.”® The Series 124A plastic was easily fabricated by
casting the liquid epoxy into molds having the conical frus-
trum shape of the heatshield and hardening in an oven
without pressure. The complete heatshield was assembled
from three pieces; the nose cap and two conical sections of
the main body. The only machining required was to square
off the top and bottom edges to the final length dimension.
The Mark 6 heatshield, 0.295 inches thick, was bonded to a
0.094-inch-thick layer of neoprene rubber which was in turn
bonded to a 1-inch-thick aluminum honeycomb aluminum
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Okay Table 7. Developmental Mark 6 Reentry Vehicle
Designations.

Mod 1: Modified Mod 2 vehicle with GE/RSD lightweight dummy payload ballasted to duplicate Mod 3
weight, 7,400 pounds.

Mod 1B: Medified Mod 2 vehicle with GE/RSD lightweight dummy payload, 7,200 pounds,

Mod 2: Fully instrumented R&D vehicle with Sandia payload; weight in excess of Mod 3,

Mod 2A: Meodified Mod 4 vehicle with Sandia payload, 7,800 pounds.

Mod 2B: Modified Mod 4 with FTU and certain other instrumentation added, 8,000 pounds.

Mod 2C: Maodified Mod 4 with FTU and certain other instrumentation added, 7,900 pounds.

Mod 3: Operational vehicle configuration; the prime vehicle to carry an FTU or scoring kit.
Mod 4: Partially instrumented R&D vehicle with GE/RSD dummy payload ballasted 1o duplicate Mod 3
weight,

Mod 4A: Mod 4 vehicle modified to carry special experiments in support of the ARPA-sponsored vehicle

instrumentation program,

Mod 4B: Modified Mod 4 vehicle, using lightweight dummy payload, 7,000 pounds.

Block 0: Initial RV design with dome-shaped aft cover, a questionable tension cone to support the payload,
a plane spacer assembly (i.e., not designed for decoy installation) and, in general, a one half-
ampere no-fire squib requirement.

Block 1: Block 0 design with flat aft cover, decoy spacer.

Block 2: Operational vehicle configuration; Block 1 design with tension straps for payload support, and

inmmmunk- EmEIIunI ucmElibiIilz n.ﬁuin:ml.'nl:i.

1.*WS 107C Titan Il Weapon System Final Report, January 1965."

layer attached to the reentry vehicle airframe. The coeffi-
cient of expansion of the plastic was much higher than that
of the aluminum airframe and the rubber served both as an
insulator and as an elastic interface which could stretch to
accommodate heatshield expansion. The nose cap had a
maximum thickness of 2.33 inches (Figures 18, 19). %!

While these dimensions seem small when the material
is to be exposed to reentry temperatures of several thou-
sand degrees, in the short time of exposure, several porous
char layers 1-2 millimeters thick are formed in sequence.
The first one plugged up and was sloughed off by aerody-
namic forces. A new char layer formed as the process re-
peated itself. Large amounts of pyrolysis gases that formed
as the material degraded served to inhibit heat transfer
from the hot boundary layer to the ablating surface, greatly
reducing the actual heating at the vehicle surface.??

Unlike the missiles launched at the WTR which were
below ground and out of the sun, the missiles at Cape
Canaveral had prolonged exposure to the sun and so the
reentry vehicles were painted white to reflect the sun and
help cool the reentry vehicle.?

Developmental Mark 6 Reentry Vehicles

Table 7 lists the developmental Mark 6 reentry vehicle
designations and characteristics. The initial Mark 6 reen-
try vehicles were designated as Mod 2 and Mod 4. The Mod
2 vehicle was fully instrumented with sensors embedded
in the heatshield for ablation measurements; motion sen-
sors and telemetry equipment to monitor reentry vehicle
functions. A Sandia National Laboratory Flight Test Unit
(FTU) was installed as well as telemetry link equipment.
The result was that the Mark 6 (Mod 2) weighed approxi-
mately 8,100 pounds. Mark 6 (Mod 4) had fewer instru-
ments and weighed 7,400 pounds.

Several reports from the Operational Test and Follow-
On Test Programs shed some light on details of operational
Mark 6 specifications.? The Mark 6, including decoys, reen-
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Figure 21: (Above) Construction of the Silo Model. The launch duct and
exhaust ducts were installed in one piece. Courtesy R. Pickford.

Figure 22: (Below) Schematic Drawing of the In-Silo Launch Model. The

general configuration of the launch duct, flame deflectors and exhaust

ducts. Previous work in Britain had used a J-shaped deflector. The W-

shaped deflector demonstrated superior stability in airflow past the mis-

sile since it was symmetrical. Launch duct and exhaust duct acoustical

lining position and thickness was also tested with this model. Courtesy
MISSILE STATION 247 — -

Figure 20: Mark 6 Attitude Control System. The attitude control system
positions the reentry vehicle at the required entry attitude angle . De-
pending on the target, the reentry angle was between 19.9 and 24.98 de-
grees. Stage Il had translation rockets which moved Stage Il away from
the reentry vehicle as a decoy. The flight test program developed the tim-
ing for initiating the translation procedure without affecting the reentry
vehicle trajectory. Author’s Collection.

try vehicle adaptor and W-53 warhead weighed 8,380
pounds. The W-53 warhead weighed 6,200 pounds and was
the largest yield warhead used in the U.S. strategic missile
forces, with a yield of 8.9 MT. When launched from VAFB,
the Mark 6 carried either a denuclearized W-53 warhead
that still contained the Grade II high explosive components
for air burst tests, or a scoring kit utilized for surface im-
pact flight profiles. The Mark 6 Mod 3 reentry vehicle
adapter/spacer could carry up to eight terminal decoys (Op-
tically Enhanced, Model 1037J) and six mid-course decoys
(Operational, Model 1026BP).

Re-orientation of the reentry vehicle immediately fol-
lowing separation to that required for low angle of attack
was performed by an attitude control system consisting of
two pitch, two de-pitch and two spin rockets. The original
design of the Mark 6 included a rounded aft cover to facil-
itate reorientation of the reentry vehicle in the event of an
initial backward reentry followed by the failure of the at-
titude control system. The results of the flight test program
indicated a flat aft cover design permitted better attitude
control and was used in all operational Mark 6 reentry ve-
hicles (Figure 20). %

Launch facilities
Titan II was deployed in LGM-25C configuration (L =
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silo stored and launched; G = ground attack; M = guided
missile; 25 = twenty-fifth major design; C = model number).
Testing of the in-silo launch concept began in April 1959.
The Air Force contracted with Aerojet General at the
Azusa, California facilities, to build and test a 1/6th scale
model of a proposed Titan II silo.® The development of this
ducted launcher, as it was then called, was a crash program
that required only 60 days to build both the scale model
silo and scale model Titan II airframe fitted with Nike-Ajax
engines (Figure 21, 22).
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Figure 23: Titan Il Silo. A sectional view of a Titan Il silo. The silo was
composed of two concentric cylinders; an inner cylinder called the
launch duct with an inner diameter of 26 feet which housed the missile;
and an outer cylinder with an inside diameter of 55 feet. The space be-
tween the two was called the silo equipment area. There were retractable
work platforms on six levels in the launch duct. The upper outer wall of
the silo was eight feet thick from the surface to a depth of 30 feet and
then tapered to four feet thickness. The 700-ton silo closure door was
supported by four massive box girders, 19 feet in height, four feet in
width and 51 feet in length, filled with concrete. Courtesy of Titan Mis-
sile Museum Archive.

The scale model silo was constructed completely above
ground for easy access through hatches built in the silo and
launch duct wall. The ground plane was simulated by a 35-
foot diameter circular platform placed at the top of the silo.
The entire silo, launch duct and exhaust tubes were built
by a steel fabricator in San Pedro, California and trucked
40 miles to the Azusa facilities. The over-size nature of the
load required careful plotting of the route to avoid under-
passes. As it was, telephone and power company crews still
had to proceed ahead of the truck to disconnect or raise in-
terfering wires.”’

The first test firing took place on June 6, 1959. By the
time of the successful launch of Titan I VS-1, modified for
in-silo launch from the Silo Launch Test Facility (SLTF) at
VAFB on 3 May 1961, a total of 36 firings within the special
silo test stand had been conducted. The first 23 were con-
ducted using Aerojet Nike-Ajax production line engines.
Originally designed for 2,500 pounds of thrust, two engines
were modified to produce 4,200 pounds of thrust each.?
These tests generated data on the general acoustic, aero-
dynamic and thermal environments in a 1/6th scale-model
W-tube type launcher. The feasibility of the concept was
shown, but in late 1959 it was clear that the Titan I air-
frame would have to be modified to withstand the in-silo

70

launch environment. From February to September 1960,
the test program concentrated on the specific design of the
SLTF, developing and evaluating techniques for reducing
potential damage to the missile systems.>

The last phase of the test program continued where
the second phase had left off in September 1960 and was
completed by February 1961. The final 13 tests were con-
ducted using the same engine and a propellant supply
package used in the first two phases, but modified for use
with the Titan II propellants at a thrust of 6,000 pounds.
Since engine start pressure pulse and exhaust products for
the modified system were unknown, the acoustic, thermal
and aerodynamic environments were again thoroughly
evaluated.®* Combining the results of these tests provided
a set of pressure pulse, temperature differentials and
acoustical energy profiles that permitted a launch duct
acoustical liner concept to be developed.! The critical prob-
lem that had been addressed, modeled and solved was that
of sound-induced vibrations. A sound energy of 148-deci-
bels on the skin of the missile as it emerged from the silo
had been predicted and an actual value of 158-decibels was
measured.5?

The scale model provided insight on the design of the
exhaust ducts. By positioning the scale model missile se-
quentially higher and higher in the launch duct, engineers
discovered that by the time the guidance compartment of
the missile emerged from the silo, an unacceptable 163-
decibel acoustical energy level was present. This was a re-
sult of not only the acoustical energy in the launch duct
itself but also the sound energy coming from the twin ex-
haust ducts. The solution was to line the exhaust ducts
with acoustical panels, reducing the resultant decibel level
and providing an adequate safety margin when combined
with other design features. The pressure pulse generated
by ignition of the engines was also a major design con-
straint. The scale model again proved invaluable as a water
deluge system was developed which directed high-pressure
water into the engine exhaust plumes. This reduced the
magnitude of the pulse to an acceptable level. The water
deluge also reduced the exhaust plume temperature sig-
nificantly (Figure 23).63

Shock Isolation System

The Titan II launch concept differed significantly from
Atlas F and Titan I in that the missile was launched from
inside the silo. The storable propellants eliminated the
need for time-consuming propellant transfer during the
countdown. The silo crib and shock isolation system where
no longer needed. The silo, 55 feet in diameter and 145 feet
deep, housed the equipment area between the silo wall and
the launch duct, which was a cylinder 26.5 feet in diameter.
The missile rested inside the launch duct on the 11.5-ton
thrust mount which was shock isolated using four 35-foot
pendulous springs. Each spring assembly consisted of four
coil springs, 20 inches in diameter, mounted in series. The
top of the spring assemblies attached to the launch duct
wall at the midpoint of the Stage I airframe and, at the bot-
tom, to the thrust mount (Figures 24, 25).
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Figure 24: The Shock Isolation System. The missile was held on a thrust
mount which was suspended by four 35-foot shock isolation spring as-
semblies attached to the launch duct wall. Lateral and vertical dampers
quickly re-centered the thrust mount after a nearby blast. Prior to
launch, the dampers locked the thrust mount in place to provide a stable
launch platform. Courtesy Titan Missile Museum Archive.

The fully fueled missiles center of gravity was 10 feet
above the shock isolation systems point of attachment to
the launch duct wall. Use of the horizontal dampers at the
thrust mount eliminated the potential for pitch instability
with this design. Vertical and horizontal dampers were at-
tached to the launch duct wall and the thrust mount, re-
spectively, and also locked the thrust mount into the launch
position.

The peak acceleration limits were 0.8 g vertically and
0.1 g horizontally. Predicted vertical motion was 12 inches
maximum and 4 inches horizontally. Oscillations due to a
nearby blast were damped within 60 seconds to allow for
thrust mount lockup and launch. The shock isolation sys-
tem design was such that the missile was returned to
within plus or minus 0.25 inch of vertical neutral position;
0.4 inch of neutral horizontal position; and 0.25 degree of
verticality for the missile axis. Requirements of the optical
azimuth alignment system for aligning the missile guid-
ance inertial platform necessitated these exacting specifi-
cations. To provide a stable platform for launch, the shock
isolation system was locked prior to engine ignition. In the
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Figure 25: Vertical Spring Suspension Assembly. One of four vertical
spring suspension assemblies which provided shock isolation for the
missile. Each assembly weighed approximately 1000 pounds, was 14
inches in diameter and 56 inches free height. The spring load rate for
each isolation system had to be matched within 1 percent. In the early
60s, they were the largest such assemblies in the Free World. Author’s
Collection.

locked condition, it was considered soft because it no
longer provided protection against nearby blast.

The Titan II Stage I engine took approximately one
second to reach 77 percent thrust at which time three 1.8-
second timers started. Aerojet engineers knew from exten-
sive testing that if the Stage I engines reached 77 percent
thrust, they would go on to reach full thrust. When they
timed out, four explosive hold-down nuts fired, and the
missile lifted off of the thrust mount.®

One of the more interesting tests involving a complete
Titan II airframe was the twang test conducted on Feb-
ruary 11,1963 at Launch Complex 395-D, VAFB. Airframe
N-3 (60-6810) had been installed in the silo on November
29, 1962. After completion of full-scale propellant transfer
system design verification tests, which lasted from Decem-
ber 12 to December 27, 1962, the missile propellant tanks
were purged and filled with water. On February 11, a series
of tests, nicknamed twang tests, began evaluating the
missile shock isolation system under dynamic conditions.
The missile shock isolation system thrust mount, with the
water-filled missile in place as if ready to launch, was
pulled down or to the side of the silo with chains held by
explosive bolts. The bolts were fired, quickly releasing the
missile, simulating ground shock conditions from a nearby
explosion being mitigated by the missile shock isolation
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Figure 26: Silo Closure Door Detail. Upper: Diagram illustrating the
“eggcrate” construction of the massive 700-ton silo closure door. The
top and bottom plating was 3.5-inch battleship armor. The interior web-
bing supports varied from 1.375 inches to 2.5 inches in thickness.
Lower: The silo closure door was prefabricated in sections and assem-
bled on site. The pedestals will be removed and the door lowered onto
temporary rails for movement onto the silo. Courtesy Titan Missile Mu-
seum Archive.

system. The test got its name from the sound the airframe
made as it absorbed the displacement movement.

The twang testing resulted in major system changes
to all sites, including spring centering devices and new
spreader jacks for unlocking the dampers. Engineers de-
signed ratchet-type positive shuttle lock mechanisms to
prevent the dampers from unlocking due to vibration dur-
ing the time between engine ignition and lift-off. A special
lubricant was found to facilitate damper unlocking and in-
hibit corrosion.5¢

Silo Closure Door

The Titan II silo closure door had to cover not only the
launch duct but also the two exhaust ducts. Therefore, the
Titan I design was not applicable. The door was designed
to withstand 300 psi overpressure:

Criteria for design of the Titan II silo closure door to resist
nuclear weapons effects include ground shock, blast over-
pressure, thermal effects, nuclear radiation effects, and elec-
tromagnetic pulse effects. In addition, the door was
designed to open/close in a matter of seconds. It was also
required that the door be capable of operating, within the
timescale allowed, against 6 inches of debris covering the
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door and 6 inches of debris in the path of its movement.5"

Like the rest of the ICBM facilities which were built
with the concurrency strategy, i.e., the launch facilities
were under construction during the flight testing of the
missile, the first full-scale silo closure door was built next
to Launch Facility 395-B. The silo closure door originally
weighed 700 tons and was 64 feet wide, 42.5 feet long with
a maximum height of 5 feet.% The interior of the door was
built with an egg crate design and the center cells were
partially filled with concrete. The top and bottom surfaces
were 3.5” battleship steel armor. The door opened and
closed by rolling on double railroad-rail steel tracks using
four double sets of railway wheel trucks.

Modifications to the original door design before testing
included:

Addition of plows directly in front of the two leading wheel
trucks. It was found that the wheels would otherwise
ride over the debris on the rails causing the door to
stall.

The drive drums were re-reeved from 3-1/2 wraps to 2-1/2
wraps to prevent the cable from wrapping around it-
self.

Pretension the drive cables with a tension of 20,000 to
25,000 pounds was found to be required to prevent
slippage of the cable on the drive drums.

A wheel stop was added to the rails at each of the rear
bridges.°
Testing began in April 1962 and ended in June 1962.

One hundred sixty-nine maintenance runs included oper-

ating the door with 3 inches debris (an additional 26 tons

of soil), without impulse actuator four operational runs

with 3-inches of debris and three operational runs of 6-

inches of debris (52 tons) were conducted.” The door trav-

eled approximately 3 feet before uncovering the launch
duct, permitting soil debris to drop onto the concrete rather
than down into the launch duct and potentially damaging

the reentry vehicle (Figure 26, 27).

~ y -_.:Iu' I Ky - "
Figure 27: Silo Closure Door at Launch Facility 395-B, Vandenberg Air
Force Base. The silo closure door was assembled as close to the launch
duct as feasible. Here the door is being moved to Site 395-B. Author’s
Collection.
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Table 8. Categories of Titan I1 R&D Flight Test Programs’

Category 1 Subsystems Development, Test, and Evaluation

ETR N-1, N-2, N-4, N-5, N-6, N-9, N-11, N-12, N-13, N-14
WTR N-7. N-8, N-19, N-22, N-26, N-27, N-30

Category Il Weapon System Development, Test and Evaluation

ETR N-15, N-16, N-17, N-18, N-20, N-21, N-24, N-25, N-29, N-31, N-32, N-33, N-3A
WTR N-23, N-28, B-15

Demonstration and Shakedown Operations

WTR B-28, B-9, B-7. B-1, B-32

1. Fimal Repart.

Response Time

The response time from key-turn to liftoff for Titan II
was 58 seconds. The silo closure door started opening at
approximately T-35 seconds and was completely open at
approximately T-14 seconds. Exposure time was therefore
approximately 35 seconds compared to 235 seconds for
Titan L.

Research and Development Flight Test

The lessons learned with the Titan I flight test pro-
gram translated into all Titan II flight test vehicles being
flown with operable engines on both stages, operationally
configured inertial guidance systems, and reentry vehicles.
Thirty-three Titan II Lot N research and development air-
frames were built, with 32 launched. The remaining air-
frame, N-10, was used as a trainer at Sheppard Air Force
Base, Texas and eventually donated to the Titan Missile
Museum, Sahuarita, Arizona. This small sample size was
insufficient to determine the variance of individual param-
eters. The Lot N missiles were grouped into two categories
flown at the ETR and three at the WTR. Category I testing
was focused on subsystem development, test and evalua-
tion, providing for redesign at an early point in system de-
velopment. Category II was focused on weapon system
development test and evaluation. Category III utilized op-
erational missiles and VAFB Launch Facilities 395-B, C
and D (Table 8).™

Table 9 lists the specific modifications that occurred
during the Lot N Titan II research and development flight
test program. Several were minor modifications for instal-
lation of instrumentation. Many were changes made as the
longitudinal oscillation “Pogo” problem was resolved. The
only visual change took place on airframes N-1 through N-
9 with the installation of exterior reinforcing bands re-
ferred to as “belly bands.””?

Range safety requirements drove the planning of the
flight test program. The instantaneous impact point (IIP)
would be moving downrange at 150 nautical miles per sec-
ond at Stage II engine cut-off. The flight path from the ETR
launch facilities at Patrick Air Force Base did not overfly
inhabited islands. The WTR had a requirement to protect
the land areas of Kwajalein Atoll which meant the IIP
could not cross an inhabited island. This requirement lim-
ited acceptable targets in the Kwajalein area during the
research and development flights, preventing impact in the
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Figure 28: Missile Impact Location System. Approximate location of hy-
drophones at Ascension Island and Wake Island, for target array and
broad ocean area signal detection. At Wake Island, the target array north
of the island was installed first followed several years later with the six-
hydrophone broad ocean array west and south of the island. Author’s
Collection.
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‘Table 9. Titan IT Lot N Structural Changes

Change A I O |
_|:z_3_4_5_a:7:

. Belly Bands

. Beefed Up Waffle & Skins
. One Piece Conduit Stage |
. Built-Up Conduit Stage 1

8| 9 101112 13 141516 1718 1920 21222324 25|26 27 28 2930 31 3233 3A

IN-Series Number|

A

B

. Built-Up Cone Fuel Tank Stage 1
. One Piece Cone Fuel Tank Stage 1

. Oxidizer Dome Support Stage 1 Forward
. Weld Land Area Increase

Interstage Riveting

. RV Adapter Martin (Mk-4)

08 =1 B LN e b

=2
="

1. R/V Adapter G.E. (Mk-6)

12. Translation Rockets

13. Spectroradiometer

14. Scientific Passenger Pod

15. Malfunction Detection System
16. 40-foot Staging Cable

17. Air Duct Stage | Engine Compartment
18. External Camera Pod

19. Steel Feed Line (Suction)

20. Aluminum Feed Line (Suction)
21. Beefed Up Transport Section
22. Internal Camera Pod

N
T

'_I'_|_'_If|f|f__' TR
I

LRl

M-10 was used as a trainer and is now at the Titan Missile Museum

Note A: belly bands Stage [ oxidizer tanks only

(Note B: Stage 1 fuel, Stage 11 fuel and oxidizer tanks |
[MNote C: suction line modified to Gemini Launch Vehicle specifications

Kwajalein Lagoon. Later operational test flights of Min-
uteman and Titan II did utilize the Kwajalein Lagoon as a
target. The Eniwetok Lagoon was a target as well as the
Wake Island Splash Net and broad ocean areas near Kwa-
jalein (Figure 28).7

Cape Kennedy, Air Force Eastern Test Range

Titan II operations at the ETR utilized much of the in-
frastructure from the Titan I program. All of the above-
ground launch complexes, P-15, P-16, P-19, and P-20 were
modified for the storable propellants and aligning the new
inertial guidance system.

The east coast of Florida was ideal for tracking-camera
locations for covering the early aspects of missile flight
from Cape Canaveral. The staging process caused a
telemetry blackout near the launch point. Tracking sta-
tions at Vero and Melbourne Beach provided excellent op-
tical coverage of the staging process while the tracking
station at Grand Bahama Island had a better angle for re-
ceiving telemetry during the staging event.

The evaluation of range and payload capability at the
ETR was somewhat hampered by the relatively short
range to the Ascension Island Splash Net. A key data point
for the program was determination of propellant mixture
ratios. The short range meant that a significant amount of
residual propellant was left at powered flight termination,
covering the low propellant sensors. The solution was spe-
cial trajectory shaping in the later portion of the program
to increase propellant usage and powered flight without
materially affecting the ballistic portion.

The Caribbean Island chain provided excellent loca-
tions for a variety of tracking systems, including Azusa, GE
Mod III, and MISTRAM (Missile Trajectory Measurement)
systems. The Ascension Island Splash Net hydrophone sys-
tem was used to determine impact points. Radar tracking
with various FPS-16 installations on the island chain pro-
vided additional data.
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The evaluation of system accuracy involved monitoring
engine cut off, reentry vehicle separation, reentry vehicle
attitude control, and Stage II translation. The instrumen-
tation required for this included: (1) airborne telemetry of
guidance functions, post-cut off velocity, and separation ve-
locity over the missile-frame link, (2) telemetry of post-sep-
aration velocity errors over the reentry vehicle link, (3)
external tracking data to provide trajectory reconstruction,
and (4) accurate impact data.™

Many non-weapon system projects were also carried
out during the Titan II R&D program at the ETR. One of
the primary ancillary investigations was resolution of the
POGO Stage I longitudinal oscillation problem. Titan II
had been selected as the launch vehicle for the Gemini pro-
gram. While the POGO effect was a minor obstacle for de-
velopment of the weapon system, it needed to be resolved
in order for the Gemini program to make progress.

There were two particularly dramatic flight tests at
the ETR, N-4 and N-20. The first attempted launch of N-4
on June 28, 1962 was aborted when a combustion instabil-
ity in the Stage I Subassembly 2 thrust chamber caused
the thrust chamber to be cut off at the fuel manifold and
blown out the flame deflector several hundred feet. The au-
tomatic sequencer instrumentation sensed that the Stage
I engines had not come to full power and shut down the
engines, saving the missile. Combustion instability had
been a problem with the Stage II engine but not Stage I.
Subsequent investigation found that the most probable ex-
planation was residual alcohol left from cleaning the en-
gine after an acceptance test firing. The “tangential
combustion instability” high frequency oscillations had
acted as an ultrasonic saw which cut through the thrust
chamber wall. The engine was replaced and N-4 was suc-
cessfully launched on July 25, 1962 (Figures 29, 30).

N-20 was successfully launched on May 29, 1963. Im-
mediately after launch, stress corrosion of the Stage I
caused a leak in the thrust chamber fuel valve which ig-
nited and damaged the flight controls. The missile pitched
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Figure 29: Titan Il Ground Abort. (A) Titan Il N-4 (60-6811) on Pad 16, 28
June 1962, shortly after the first and only ground abort in the Titan Il
ICBM research and development program. A combustion instability at
the Stage | subassembly 2 injector cut the thrust chamber off. It came to
rest several hundred feet from the flame deflector. (B) Stage | engine set
on N-4 after the ground abort. The combustion instability worked like an
ultrasonic cutoff saw, cleanly cutting off the thrust chamber bell which
was expelled from the flame deflector by the exhaust gases. The air-
frame suffered no damage. (C) The injector face of Stage | engine sub-
assembly 2. The thrust chamber cooling tubes can be seen at the edge
of the injector plate, cleanly sheared off by the combustion instability.
The engine was replaced and N-4 was successfully launched on 25 July
1962. Courtesy R. Stahl.

Figure 30: Belly Bands. Titan Il N-2 is ready for launch on March 3, 1962
from Cape Canaveral Launch Complex 16. The arrow indicates one of
six “belly band” structural reinforcements. The belly band modification
was necessary for Missiles N-1 through N-9 after which it was incorpo-
rated into the airframe at the factory. Author’s Collection.

JOURNAL OF THE AFHF / SPECIAL 2025

Figure 31: Titan Il N-20 In-Flight Failure. N-20 was launched from Cape
Canaveral on 29 May 1963. Stress corrosion in the Stage | thrust cham-
ber fuel valve caused an engine compartment fire with resultant loss of
engine control. Clockwise from upper left: rapid missile pitch over and
interstage collapse prior to breakup; major airframe failure and Stage |
premature separation destruct triggered; complete breakup of Stage |
and separation of Stage Il; command destruct of Stage Il. Courtesy D.
Kemper.

over and broke up 52 seconds into flight. Replacing the
7075T6 aluminum alloy with 7073T6 solved the problem
and the modification was installed all the operational mis-
siles and Gemini-Titan launch vehicles (Figure 31).7

Twenty-three Titan II Lot N missiles were launched
between March 16, 1962 and April 9, 1964. 15 of the flight
tests were successful (80 percent of test objectives
achieved); six were partially successful (20 to 80 percent of
test objectives achieved); and two were failures (less than
20 percent objectives achieved). Twenty-two missiles car-
ried variations of the Mark 6 reentry vehicle. N-11 carried
the Mark 4 reentry vehicle in a test to demonstrate the ca-
pability and interchangeability between the Mark 4 and
the Titan II airframe. Successful RV separation occurred
on 20 flights, 14 using the primary release circuitry with
reentry vehicle impact in the target area. The remaining
six were released using the backup system which allowed
reentry data to be collected when full range was not
achieved.™

Overall objectives of the Titan II R&D test program at
ETR were fully achieved. Range capability of the Titan II
missile was demonstrated to be in excess of 5,800 nautical
miles with a Mark 6 reentry vehicle; a CEP of 0.99 nautical
miles was better than the specified CEP requirements and
in-flight reliability, as demonstrated by flight tests, ex-
ceeded the weapon system design goals (Table 10).”

Vandenberg Air Force Base, Air Force Western Test
Range

The Titan II launch facilities at VAFB were prototype
facilities for the three operational Titan II wings. The three
launch facilities that made up Titan II Test Facility (TF-2)
were 395B, 395C and 395D. They differed from the opera-
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Table 10. Patrick AFB Titan II R&D Flight Record'
Category 1
Fi.#  Date Alrframe & Launch Site Deseription
1962
I 16 Mar  60-6809 Pad 16 The successful first Titan 11 launch operation \k.ﬁ\‘(\"d\l\l\‘d on 16 March 1962,
28 months after the first storable propellant feasi studies had begun, N-2
oasted the payload o the full 5,000 mautical mile range and the RV impacted in
the target aren. Mark 6 Mod 4
2 Tlun  GO-6808 Pad 15 N-1 partial success, Saage [I gas generator restricted, failed 1o develop full thrust
Mark 6 Mod 4
3 1 Jul 612729 Pad 15 N-6, Might test objectives achieved, Mark 6 Mod 2
4 250l 606811 Pad 16 N-4, lounch attempt #1 (27 Jun) aborted by combustion instability in Stage |
engine, launch attermpt #2 successful, Mlight was a panial success, Stage 11 fuel
purmp leak, Mark 6 Mod 4
5 12Sep 606812 Pad 15 N-5, first successful launch of a Titan 1] ICBM with decoys took place at Cape
Canaveral. Mark & Mod 4
b 120t 61-2732 Pad 16 N-9, flight test objectives achieved. Mark & Mod 2
7 w60t 612735 Pad [5  N-12, flight test objectives achieved, Mark 6 Mod 4
8 6Dec  61-2734 Pad 16 N-11, failure, Stage 11 bootstrap line severe vibration, threst chamber pressure
switch shut down. Mark 6 Mod 2A
9 19Dec  61-2736 Pad 15 N-13, flight test objectives achieved Mark 6 Mod 1.
Category 11
1963
1 10 Jan  61-2738 Pad 16 N-15, pantial success, Stage 11 gas generator restriction. Mark & Mod 1
n 6Feb 612739 Pad 15 N-16, flight test objec eved, first attempted launch of a Titan 1l by a SAC
crew was successful on & iry 1963 wt Cape Canaveral, The missile traveled
5,800 miles and the reentry \chhlc impacted in the target area. Mark & Mo |
13 21 Mar  61-2741 Pad 15 N-18, flight test objectives achieved. Mark 6 Mod |
14 19 Aps  61-2744 Pad 15 N-21, partial success, Stage 11 bootstrap, premature engine shutdown. Mark 6
Mod 24
1] 9 May  61-2737 Pad |6 N-14, partial success, Stage 11 oxidizer leak, premature shutdown. Mark 6 Mod
1
1% 24 Moy 61-2740 Pad 15 N-17, swccessful, Mlight test objectives achieved, Mark 6 Mod 24
19 29 May 61-2743 Pad 16 N-20, failure, thrust chamber fuel valve failure, leak and fire in Stage | engine
companment. Mark & Mod 2A
21 21 Aug  61-2747 Pad 15 N-24, successful, Might test Uhj{‘cm\'s achieved. Mark & Mod 2A
23 I Mov  61-2748 Pad 15 N-25, ssfial, flight test obj hieved. Mark 6 Mod 4A
25 12 Dec  61-2752 Pad 15 N-29, successful, Might test uh]u.!uc.‘m.hn.\u! Mark 6 Mod 24
Category 111
1964
27 15Jan  61-2754 Pad 15 N-31, suce "-\sslul Migh test objectives achieved. Mark 6 Mod 1
n 26 Feb 621867 - Might test objectives achieved, Mark 6 Mod 2C
v 23 Mar  62-1868 Pad 15 \ 33 successhul, Mlight test objectives achieved. Mark 6 Mod 4A
13 GApr  GO-BR10 Pad 15 N-3A, successful, ﬂ\blsl st objectives achieved, last Titan 11 ICBM launch from
T e~ g bt (e ki 4-14, % ity b b wail ad s ol e ks shaeu i e i —
Lisunch Vil age b .3
. g 1 ol tank orwar e 4t o ar operaaonul o e it RAED coaliueen, sts we
eperatioal configaration. The medibed st 2

tional bases in lacking the inter-complex radio communi-
cation system equipment. Launch facilities 395-C and 395-
D also had the extensive range safety and support
equipment for the flight testing. Upon completion of the
Category I and II flight tests, 395-C and 395-D were refur-
bished to duplicate the instrumentation system used at
395-B during the Functional Demonstration Launch
(Table 11).

Category I testing at TF-2 consisted of four separate
groups of test operations: verify conformance of individual
subsystems with basic design specifications; demonstrate
performance of specified functions under normal operating
conditions. Principal subsystems development testing in-
volved the propellant transfer system; silo closure door;
missile thrust mount shock isolation and the CMG-4 sim-
ulation control chassis.

Category II included testing and evaluation of inte-
grated subsystems through the mating process that
evolved into a complete system. The program was accom-
plished in a realistic operational environment beginning
with missile receipt and continuing to preparation, inspec-
tion and maintenance for several days before launch. The
Category II series included an exercise designated as Func-
tional Demonstration Launch.

The Category I and II test objectives at VAFB were de-
signed to complete developmental testing of the Titan II
Weapon System in an operational environment. In addition
to verify demonstrate the capability of the Titan II weapon
system to meet established operational requirements. One
LG-25C (operational series) and the nine Lot-N missiles
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n T T
Table 11. Vandenberg AFB Titan II R&D Flight Record
Category 1
Fli.#  Date Alrframe # Launch Site Description
1963
12 16Feb 61-2730 Complex 395-C N-7, first Titan 11 silo launch successful. Stage 11 umbilicals failed to
disconneet properly, missile self-destructed a1 18,800 feet,
Successful in that missile cleared silo intact. Mark 6 Mod 24
15 27 Apr  61-2731 Complex 395-C  N-8, flight test objectives met. Mark 6 Mod 2A
17 13 May 61-2742 Complex 395-10  N-19, successful, flight test objectives achieved . Mark 6 Mod 2A
0 20Jun  61-2745 Complex 395:C  N-22, partial success, Stage 1l gas generator failure, Mark 6 Mod 4B
24 9MNov  61-2750 Complex 395-C  N-27, successful, flight test objectives achieved. Mark 6 Mod 2B
1964
28 23Jan  61-2749 Complex 395.0  N.26, successful flight test objectives achieved. Mark 6 Mod 2B
il 13 Mar  61-2753 Complex 395-C  N-30, successful, flight test objectives achieved, last flight of M-
series missiles from VAFB
Category 11
1963
22 238ep 612746 Complex 395-D  N-23, successiul, light test objectives achieved. Mark 6 Mod 1B
26 16 Dec  61-2751 Complex 395-D  N-28, successful, flight test objectives achieved. Mark 6 Mod 1B
Category 111
1964
29 17Feb  61-2769 Complex 395-B  B-13, successful, Might 1est objectives achieved, first technical data
launch, first launch of operationally configured missile. Mark 6 Mod
3.
1. Final Report

were allocated to the VAFB flight test series. Seven Cate-
gory I and three Category II flight tests were programmed
for TF-2.

Category I Flight Tests

The first launch of a Titan II ICBM from a silo envi-
ronment was scheduled to take place on 15 February 1963.
About midnight, two days before the launch, Don Kundich,
a Martin Marietta Company engineer who was the “missile
mother,” the engineer responsible for expediting and en-
suring that all changes to the missile were completed,
George Teft, Martin Marietta Company engineer and John
Adamoli, the Martin Marietta Company Flight Test Con-
ductor, along with several other engineers, were finishing
the preflight inspection of N-7 (61-2730). The group walked
around the missile at all six levels where there were work
platforms. This inspection was the last chance to look for
the unusual connection or situation that might have
passed the earlier walk-throughs.

The group looked at the way the umbilical lanyards
were attached to the launch duct wall. These umbilicals
were “flyaway” in that they were pulled free of the missile
as it rose off the thrust mount, rather than being mechan-
ically ejected. The umbilical lanyards were stainless steel
cables attached to the wall at one end and to the umbilical
connector at the other. When the missile lifted off the
thrust mount, the lanyards were pulled taut, activating the
connector release and then pulling the connector and cable
free of the missile. The lanyard attachment points on the
launch duct wall were just D-rings of metal on galvanized
pipe, mounted directly on the wall. Kundich and Adamoli
recall that the entire group commented that they just did
not look strong enough. The only other silo launch, that of
Titan I VS-1, May 3, 1961, had a completely different um-
bilical release mechanism. The Titan II launches at Cape
Canaveral used booms to support the umbilicals and were
not a valid comparison. They decided to re-analyze the rise
rates of the vehicle to see if the lanyard would tighten and
snap the D ring. The concern was that the lanyard had to
pull tight to activate the plug release mechanism, fingers
of metal that pulled up and allowed the connector to be
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Figure 33: Detail of N-7 Launch. (A) N-7 has just cleared the launch duct,
note the location of the U.S. Air Force lettering. (B) N-7 is now approxi-
mately 100 feet above the launch duct, rotating to the left, as can be
seen by the shift to the left of the U.S. Air Force lettering. (C) Arrows
point to the dangling umbilical connectors. Author’s Collection.

pulled free. A phone call to Denver the next day resulted
in a recalculation and reassurance that the installation
was strong enough.

At 2144 (Z), February 16, 1963, the first in-silo launch
took place (Figure 32, on first page). Robert Popp, an engi-
neer at Delco Electronics, the supplier of the inertial guid-
ance system, had driven to the official viewing area to
watch this inaugural Titan II launch. He had remained in
his car, filming the launch through the long sloping wind-
shield of his Buick. As the missile emerged from the silo,
he noticed an unusual spinning motion. As the missile
cleared the silo, the programmed roll and pitch maneuver
did not take place. Popp panned up until the roof blocked
his view. He started to get out of the car with his camera
and then thought better of it when he realized a lot of top
Air Force brass was nearby and might not like the idea of
his amateur cinematography. Nearly simultaneous with
this decision on his part was the breakup of N-7 at 18,000
feet. Popp dove back into the car realizing that while he
was a good two miles from the launch site, debris was start-
ing to spread from the explosion of Stage 1.7

Kundich and Adamoli were among the Martin Mari-
etta Company employees watching the launch from the en-
gineering compound. They noticed that the missile was
spinning as it left the silo and immediately knew some-
thing was very wrong. Both Kundich and Adamoli clearly
recalled seeing the Stage II electrical umbilical connectors,

JOURNAL OF THE AFHF / SPECIAL 2025

Figure 34: Umbilical 2B1E. The (A) airborne; (B) release mechanism, (C)
ground umbilical connectors prior failure analysis. (D) missile skin.
Courtesy of FC. Radaz .

normally flush to the surface of the missile, dangling out
at the end of about three feet of wiring (Figure 33).

At 18,000 feet the missile leaned over and the stages
separated due to the weight of Stage II. Stage I’s inadver-
tent separation activated the destruct system and de-
stroyed Stage I. The range safety officer had tried to
destroy the missile but the system did not work since the
missile logic still sensed it was on ground power due to the
electrical umbilical connector problem. Stage II fell into the
water more or less intact and the expanding cloud of pro-
pellant vapor was luckily blown out to sea. The primary
objective of the test had been accomplished, that of a Titan
II successfully clearing the silo environment intact, but all
involved were hardly celebrating.™

Later that night, Kundich and Adamoli returned to the
silo to find that the Stage I electrical umbilicals had pulled
properly but that electrical umbilicals 2B1E, 2B2E and
3B1E of Stage II had not. The airborne half of the connector
and a piece of the missile skin was dangling from each um-
bilical. The missile had been spinning, or more correctly,
rolling, because with the umbilicals not physically discon-
nected, the logic circuitry had sensed that the missile had
not lifted off, returned the missile to ground power and left
the range safety system disarmed. The missile had left the
silo without any airborne electrical power or guidance. The
force of the umbilicals not releasing properly had started
the spinning motion and without electrical power to the
missile components, the guidance system could not stop
the spin. This spin was fortunate, in a sense, because it im-
parted some stability to the missile and might have helped
it clear the silo intact (Figure 34).

Further investigation showed that the lanyards be-
came taut too quickly and snapped before they could acti-
vate the release mechanism in the umbilical connectors.
The interim fix was a spring mechanism that cushioned
the shock of the umbilical becoming taut. The final fix was
to make the D-ring fixture into a J-bar shape that gave
enough by bending to absorb the shock and permit the lan-
yard to pull tight and release the umbilical properly (Fig-
ure 35).%0

Damage to the launch duct equipment and compo-
nents was extensive, including: air conditioning; commu-
nication and camera cables; propellant transfer fill and
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Figure 35: New Umbilical Release System. The solution to the lanyard failure was to replace the rigid D-ring attachment point on the launch dock wall
with a flexible, J-shaped bar. The J-shape allowed it to flex slightly when the release lanyard pulled taut, permitting the mechanism to release. The um-

bilical pull problem did not reoccur. Courtesy of F.C. Radaz.

drain lines and valves; vapor detection system components;
and umbilicals. While the thrust mount received only su-
perficial damage, the flame deflector was damaged, and 55
acoustic modules in the launch duct and a further 209 in
the exhaust ducts needed replacement or repair.®!

On March 31, 1963, the first Titan II ICBM was placed
on alert that Launch Complex 570-2, 570th Strategic Mis-
sile Squadron, 390th Strategic Missile Wing, Davis-Mon-
than AFB, Arizona. After 24 years, one month and 6 days
of strategic alert, on May 6, 1987, the last Titan II ICBM

was taken off alert at Launch Complex 373-8, 373rd
Strategic Missile Squadron, 308th Strategic Missile Wing
SMW, Little Rock Air Force Base, Arkansas.®?

Operational test and evaluation launches took place
from 1964 to 1976 with 51 launch attempts, 48 launched
with 40 successful flights for a launch reliability of 94 per-
cent and 83 percent successful flights. While the accuracy
of the Titan IT Mark 6 has not been officially released, cal-
culation of available test data gives a circular error proba-
ble of 0.78 nautical miles (Figure 36) .%
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Figure 36: Titan Il Operational Test Impact Points. The Titan Il Operational Test Program was successfully completed on 20 April 1966. Nineteen mis-
siles were launched, of these, 14 successfully impacted in the designated target area and five experienced in-flight failures. The result in-flight suc-
cess ratio was 74 percent. Four of the missions were airburst missions ranging in altitude between 13,000 and 14,000 feet. Courtesy of Titan Missile

Museum Archive.
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Summary

The short operational life of the Titan I ICBM program has
tended to obscure the relationship between the Titan I and
Titan II programs. This brief comparison of aspects of the
two programs reveals that the lessons learned with Titan

I, both in the missile itself and the deployment mode, led
to the highly successful Titan I ICBM program. The Titan
II design became the basis for the equally successful Titan
family of space launch vehicles, Titan IIIA-E, Titan IIIM,
Titan 34D and Titan IV. All because of the decision to pro-
vide a backup for Atlas! |

NOTES

1. B.W. Augenstein, A Revised Development Program for Bal-
listic Missiles of Intercontinental Range, 8 February 1954, Spe-
cial Memorandum Number 21, U.S. Air Force Project RAND; C.
Walker and J. Powell, Atlas: The Ultimate Weapon by Those Who
Built It, (Apogee Books Publication, 1971), pages 24-25.

2.. Warren Greene, The Development of SM 68 Titan, AFSC His-
torical Publication Series 62-23-1, 1962, page 11. The Western De-
velopment Division (WDD) was headquartered in Inglewood,
California. WDD was a development management group whose
sole responsibility was to oversee the research and development,
testing, and production leading to creation of a successful ICBM.
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n September 24, 1963, the United States Senate ratified the Limited Test Ban Treaty which prohibited nuclear
0 weapons testing in the atmosphere, space or underwater. President Kennedy signed the treaty on October 7, 1963
and the treaty went into effect on October 10, 1963, the Russians having ratified the treaty in August 1963.

The treaty presented a quandary to the Air Force and the other military services. In the case of the Air Force, design
of the Atlas, Titan and Minuteman launch and launch control facilities had relied, in part, on the results of experiments
during the 1957 Operation Plumbbob nuclear weapon test series. The signing of the Limited Test Ban Treaty meant that
a new method for verifying the design of missile base facilities was needed.

This article describes the two major techniques that used conventional explosives to simulate the air-blast and sur-
faceblast shock environments from a nuclear weapon detonation.

High-Explosive Simulation Technique (HEST) was used to evaluate as-built Minuteman launch facility and launch
control center vulnerability to air-blast induced ground motion.

The Direct-Induced High-Explosive Simulation Technique (DIHEST) simulated the ground motion from a surface
burst, and in combination with HEST, was used to evaluate the feasibility of the Hard Rock Silo (HRS) basing concept.
HRS was the proposed rebasing mode for a portion of the Minuteman fleet, as well as the WS 120A Advanced ICBM,
both of which would serve to counter the deployment of the highly accurate Soviet SS-9 ICBM.

HEST was also used to evaluate the M-X/Peacekeeper basing options in conjunction with Giant Reusable Airblast
Simulator on Vertical Shelter (GOVS), Compact Reusable Airblast Simulator (CRABS), and Dynamic Airblast Simulator
(DABS). These are described in less detail.

Developing Alternative Testing Methods

Five months after the treaty went into effect the Air Force Weapons Laboratory began a three-phased project to sim-
ulate, with conventional explosives, the air-blast-induced ground motion associated with an air-burst attack. Phase I in-
volved small-scale experimental method development; Phase II consisted of a large-scale field experiment to validate the
Phase I method development and Phase III was a proof test at an operational hardened facility. Several simulation tech-
niques were evaluated and discarded before the selection of two techniques for further development, detonable gas and
Primacord.!
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Figure 1. HEST Phase | Primacord Experiment, August 1964. Upper: Pri-
macord with water overburden explosion; Lower: Design of the test bed.
(Unless otherwise noted, photo credit is the United States Air Force.)

Detonable Gas

The detonable gas technique was first investigated by
the Stanford Research Institute. The near stoichiometric
mixtures of hydrogen and oxygen used resulted in detona-
tion velocities that were too high. The Air Force Weapons
Laboratory investigators varied the hydrogen and oxygen
ratio and were able to produce overpressures from between
300 to 1,200 psi.

The next step in development of this technique was to
predict the effect of the motion of the overburden. The over-
burden was necessary to contain and maintain the over-
pressure for the desired duration. This involved varying
the size of the flexible container of the gas mixture, the
weight of the overburden, and the distance from ignition.
The test apparatus to verify the calculations was a 20 x 40-
feet pit lined with concrete, 1-foot thick at the top and 7.5-

David K. Stumpf, Ph.D., is a retired plant biochemist liv-
ing with his wife, Susan, in Tucson Arizona. He has writ-
ten three nuclear weapon histories, Regulus the
Forgotten Weapon, a history of the Navy’s Regulus I and
II cruise missiles; Titan II: A History of a Cold War Mis-
sile System and Minuteman: a Technical History of the
Missile that defined American Nuclear Warfare. His lat-
est book, The Last 30 Seconds, a book about the evolution
of hit-to-kill technology, will be available in September
2024. Dr. Stumpf volunteered at the Titan Missile Mu-
seum, as an historian and as a tour guide for 15 years.
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feet thick the base. The 12-feet-deep pit held a flexible con-
tainer for the low-pressure gas mixture. A waterproof cover
was placed over the bag and then the calculated amount
of water overburden was added to the pit. The bag was in-
flated with the gas mixture at 0.12 atm and detonated at
one end. The combustion products from the explosion acted
like a piston by loading the cylinder of air in front of the
detonation, which then formed a shock wave closely simu-
lating the passage of the shock wave from a nuclear deto-
nation. As the overburden moved upward as a result of the
detonation, the cavity volume was increased and caused a
corresponding decrease in pressure, as would be seen with
a nuclear detonation blast wave passing over a launch fa-
cility (Figure 1).

Three tests were run which successfully demonstrated
the required shock front. The overburden served to gener-
ate a greater duration of the pressure pulse. The gas mix-
ture was ignited on one edge to form a pressure wave
which moved through the container and over the ground.
Finding a suitable container for the higher-pressure sys-
tem, 2 atm, proved elusive. Development of the proper con-
tainer was abandoned due to the success of the
simultaneous Primacord experiments.?

Primacord

The initial Primacord technique used a steel and
wooden structure to support layers of Primacord 2-3 feet
above the soil. The Primacord racks were covered with ply-
wood, forming a platform for the soil or water overburden.
The wrap angle of the Primacord determined the rate at
which the combustion products were formed along the
length of the cavity. This was necessary because the deto-
nation velocity for Primacord was higher than needed for
the desired shock front simulation (Figure 2).

High-Explosive Simulation Technique

Both the detonatable gas and Primacord techniques
produced a reasonable simulation of the air-blast-induced
ground motion from a large nuclear weapon. The detonable

Figure 2. One-fourth scale model of a Minuteman launch facility used in
the HEST Phase Il experiment.
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Figure 3. HEST Phase Il. Upper: Seconds after detonation on December
15, 1964. This was the first large HEST structure test, 151 x 97 feet.
Lower: Test bed details.

gas method required a flexible container that could hold a
2-atmosphere mixture while supporting the overburden
weight. Additionally, it required a much larger facility than
the Primacord technique. The Primacord technique was
much safer and was more flexible as a wider range of peak
overpressures could be produced. The General American
Research Division of General American Transportation
Corporation won the contract to further develop the Pri-
macord technique in conjunction with AFWL.*

On December 15, 1964, the first large HEST structure,
HEST Phase II, 151 x 97 feet, was used to expose a one-
fourth scale structural model of a Minuteman launch fa-
cility to a 300-psi peak overpressure from a simulated 1
MT air-burst explosion. This overpressure would occur at
a ground range of 2250 feet from the point of detonation.
The test bed was a grid of Primacord assemblies attached
to 5-by-7-feet wooden frames of 2-by-4-inch lumber. A con-
tinuous strand of Primacord was laced to each frame,
thereby approximating the properties of a solid sheet ex-
plosive. The experiment produced a peak overpressure of
312 psi. The overburden reached a height of 125 feet at the
firing end. There was mention of a structural displacement
of the scale-model silo but further details were not given
(Figure 3).

The system was further refined through six additional
tests which focused on studying the parameters controlling
the air-pressure time histories. The grid sizes varied from
1,024 to 7,748 square feet. At the end of the development
program, the HEST system was able to simulate overpres-
sures up to 3,000 psi for approximately the first 200 mil-
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liseconds of air blast. This meant that simulations up to 10
MT were now possible:®

It should be recognized that at the present time this simu-
lation technique will not reproduce the exact pressure-time
history with more than a 400-millisecond duration. The sys-
tem is best suited for testing shallow buried and surface
flush structures since their principal failure mode was di-
rectly related to overpressure loading. Since the peak over-
pressure was uniform over the entire test area, structures
with large surface areas could now be more realistically
tested.

Minuteman Operational Base Testing

The Air Force now had a tool to investigate the as-built
hardness of the Minuteman operational facilities. A Space
and Missile Systems Organization (SAMSO) hardness re-
view panel, which had been organized in 1963, had identi-
fied 40 problem areas in Minuteman Wings I-V. Twenty-
seven items such as blast valve mechanisms, missing con-
duit attachment points and similar items did not meet de-
sign specifications. Launch facility and launch control
center construction was basically sound but when all fac-
tors were considered, the launch facility, designed for 300
psi overpressure protection was now rated at approxi-
mately 70 psi. The launch control center, designed to sur-
vive 1,000 psi overpressure, was now estimated to have
only 125 psi protection.”

Immediately after this announcement, SAMSO Plan
1 was developed to restore a satisfactory degree of protec-
tion, 500 psi for launch control centers and 125 psi for
launch facilities, by fixing the most serious problems as
quickly as possible. The $30 million cost would be spread
across seven years with the goal of completing the program
simultaneously with completion of the Force Moderniza-
tion program. Force Modernization was designed to bring
Wings I-V to the standard of Wing VI (Grand Forks AFB)
and the 564th Strategic Missile Squadron (Malmstrom
AFB).8 Secretary of Defense Robert McNamara accelerated
the program, saying “It is absolutely essential to correct
hardness deficiencies as soon as possible and the Air Force
should spend whatever funds are required.” McNamara
added $28.6 million in Fiscal Year 1966 and $4.8 million
for Fiscal Year 1967 for the hardness test program using
the HEST system. By the end of the Minuteman and Hard
Rock Silo (see below) programs in 1970, $56.4 million had
been spent on 16 experiments during the HEST program
(Table 1, following page).®

QH 1 (HESTI)

On August 2, 1965, the Air Force authorized Boeing,
serving as a subcontractor to the Air Force Weapons Lab-
oratory, to proceed with planning for the first HEST hard-
ness evaluation of a Minuteman launch facility.
Codenamed Gas Bag Hardness Test (Quick HEST, QH-1,
later renamed HEST 1), the test was conducted at the 90th
Strategic Missile Wing (90 SMW) F. E. Warren AFB.
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Table 1. HEST Test Summary 1964-1968°
Pit Size
Date Test Location (ft) Purpose
Feb-Aug 64 HEST Phase | Kirtland AFB 20x40 e\raluale gas mixture/water overburden and
g cord with sand overburd
15 Dec-64  HEST Phase Il Kirtland AFB 96x150 d!termm! pressure area and instrument requirements
for a full-scale Minutermnan facility, using 1/4 scale
model
5 Feb-65 (HEST-2) Kirtland AFB 3236 study p lling the HEST air-p
time histories
10 Mar-65 {HEST-3) Kirtland AFB 40x48 Double P , change h
and improve instruments, using same test structures.
as for Phase Il
6 May-65 HEST Phase IIA  Kirkland AFB 8Bx100 Double P . change h
and improve instruments, using same test bed
structures as Phase |1,
30 Oct-65 (HEST-1) Kirtland AFB 32x36  Study ing the HEST air-pressu
time histories
1Dec-65 HEST | F.E. Warren AFB  302x304 OPERATIONAL TEST: Test at an operational Minuteman
(Quick Test) Wing v launch facility and a ground test missile on simulated
alert
15 Mar-66 [HEST-8) MeCormick's Study free field ground mation
Ranch,
Albuguerque
May-66 HIP-1 Kirtland AFB 40«60  Improve HEST environment
Jun-66 HIP-1a Kirtland AFB 40x60  Improve HEST environment
22 Jul-66 HEST 1l F.E. Warren AFB 304x352 OPERATIONAL TEST: test at an operational Minuteman
Wing V launch control center
14 Sep-66 HEST Il Grand Forks AFB  304x302 OPERATIONAL TEST: test the hardness at a Minuteman
Wing VI I launch facility
29 Jul-67 Backfill MeCormick's 56x72  Study free field ground mation
[HEST-4) Ranch,
Albuguergue
Oct-67 [HEST-5) Grand Forks AFB  B4xB3 i SOR envi ; evaluate
demonstration Wing VI surcharge disposal; evaluate gauge placement
techniques; provide planning bases for HEST Test V.
Used smaller pit
5 Sep-68 HEST ¥ Grand Forks AFE  300x300 OPERATIONAL TEST: determine structural survivability
Wing VI and functional capability of launch-essential
equipment; obtain data useful for force hardness
assessment
21 Nov-68  ROCKTEST | Estancia Valley, 180x204 Evaluate design for increased overpressure for use with
L the HEST-DIHEST series of tests
a) Designing Facilities to Resist Nuclear Weapons Effects Hardness Verification; Simulation of Airblast-Induced
Ground Motion Phase 114

Launch Facility Q-04 was selected for the test and electron-
ically isolated from the remainder of the squadron. A
ground test missile was emplaced and preparations for the
test commenced. The test took place on December 1, 1965,
generating an estimated 300 psi over the 91,000 square
feet structure with no serious damage to the launch facility
or the ground test missile. The refurbished site was re-
turned to the Strategic Air Command on November 10,
1966 (Figures 4, 5, 6) .1°

HEST II

With the success of HEST I, the overpressure goal for

e
i
Eg
28
NORTH
4 office T
5 7 Shop Trailers County Grovel Road
=
é 300 x 300°
- Overpressure
@ Facility
=
Earth
Revetment
5 Deep
Sand Surcharge

31 miles 10

Cheyenne

—
—
——

Imlmmulllliun

BOEING BTS-158
Instrumentation Van

BOEING §

i =
=L Hi
Test & Control Van ” Cibi
SAC Termination Trailer LF Q4 isolated from Squadron
| ot Splice Case #8

i

Figure 4. Layout of the QH-1 (HEST I) test facility at LF Q-04, 90th Strate-
gic Missile Wing, F. E. Warren AFB. (Courtesy of Boeing Company.)
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Figure 5. Minuteman IA Launch Facility.

HEST II, testing the hardness of a launch control center,
was increased from 600 to 1000 psi. The 90 SMW Launch
Control Center D-01 was isolated from the rest of the
squadron on February 15, 1966, aboveground structures
removed, and the test structure (107,000 square feet) in-
stalled with 80,000 pounds of Primacord. The test took
place on July 22, 1966 and was again successful, as the
launch control center and launch control equipment build-
ing continued to function despite damage from the blast.

—
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Figure 6. HEST-I. Upper: The Primacord had to be laid at a specific
angle, 8.6 degrees, to achieve the wavefront needed for the experiment.
Lower: propagation of the combustion gases took place in the air gap.
This illustration does not show the movement of the overburden.
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Figure 7. HEST-I. Workers are laying out the floor before installing the
frames with Primacord. (Courtesy of Boeing Company.)

Figure 8. Typical 90 SMW Launch Control Facility. All the aboveground
structures had to be dismantled. The structures highlighted with gray in-
dicate what needed to be repaired after the test.

lifted as high as 180 feet depending on the amount of Primacord used.
One complication was the need to remove all the overburden from the
surface to investigate the damage, if any, to the test structures. (Cour-
tesy of Boeing Company.)

The launch control equipment building had to be rebuilt
along with the tunnel junction and access elevator shaft
(Figure 7, 8,10, 11).1
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Figure 10. HEST II. Detail showing the layers of Primacord laced on 2x4
frames. (Courtesy of Boeing Company.)

LAUNCHER
EQUIPMENT
ROOM

LATERAL
HYDRAULIC
POSITIONING
JACKS (TYP)
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| DEFLECTION
CONTROL

| PANEL

e = i - . 'POWER UNITS

Figure 12. During construction at Grand Forks AFB two of the launcher

equipment rooms settled beyond specifications. The structures were ex-
cavated and repositioned using massive hydraulic jacks. A similar tech-
nique was used to repair LF-28. (Courtesy of Boeing Company.)

HEST III

Though the 321 SMW, Grand Forks AFB, North
Dakota, was not fully activated, the Air Force moved the
HEST program to Grand Forks to investigate the hardness
of the newly completed Minuteman II operational facilities.
On September 22, 1966, HEST III took place at Launch Fa-
cility M-28 with a test facility of 91,000 square feet. (Figures
12, 13) The explosion generated the expected 1000 psi over-
pressure. While the launch facility remained operational for
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Figure 13. Upper: HEST Il one second before detonation; Middle: one
second after detonation; Lower: 15 seconds after detonation. (Courtesy
of Boeing Company.)

72 minutes following the blast, it suffered significant dam-
age. There was flooding in the lower level of the launcher
equipment room as well as in the launch tube. The launch
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tube flooding would normally have been taking care of by a
sump pump but the movement of the lower level of the
launcher equipment room had been sufficiently violent to
break the emergency power line, preventing the pumps
from operating. The blast also forced mud into the air-con-
ditioning system and covered the emergency power batter-
ies as well. That the facility remained operational for
slightly more than an hour after the blast was encouraging.
The amount of damage validated the value of the test in re-
vealing problems in the hardness of Minuteman II at Grand
Forks as well as the 564 SMS at Malmstrom AFB.!?

Repairs to Launch Facility M-28 involved not only
cleaning and repairing the interior of the launcher equip-
ment room and launcher equipment building, both had to
be repositioned. Fortunately, during initial construction at
Grand Forks, two launcher equipment rooms had settled
beyond acceptable limits and a technique for repositioning
the 3-million-pound structure had been developed. Twenty-
five 100-ton hydraulic jacks were used to raise the
launcher equipment room to the required elevation for
placement of the lateral movement system. The next step
was to place 12 lateral movement assemblies under the
launcher equipment room footing and wedge them firmly
in place. The structure was then lowered onto the lateral
movement assemblies and four sets of horizontal jacks
were used to move it into position. After an optical survey
to assure the building was in the proper location, steel
wedges were positioned between the bearing surfaces, lock-
ing further movement. The wedges were welded in position
and the bearing assemblies left permanently in place. The
lateral position jacks were removed and the space filled
with concrete to within 4 inches of the foundation. The re-
maining space was filled with non-shrinking pressure
grout. The 1-million-pound launcher equipment building
also had to be repositioned using a similar technique. Re-
pairs to Launch Facility M-28 were completed on Novem-
ber 30, 1967.13

HESTV

Results from the first three tests generated hardening
improvements throughout the six Minuteman wings.
While the Air Force Systems Command recommended
abandoning the program after the third test, Gen. John P.
McConnell directed that it should continue. HEST IV was
deferred, and later canceled. In October 1967, the Air Force
conducted a scale model test to correct a flaw in the simu-
lation technique. The problem was a secondary shockwave
caused by the collapse of the earth overburden onto the test
site once the explosive gases had escaped. The revised de-
sign caused the overburden to scatter, reducing the second-
ary jolt without interfering with the desired rolling
shockwave.

HESTV, simulating a 10 MT blast with 300 psi over-
pressure, took place on September 5, 1968, at 321 SMW
Launch Facility L-16. This time the air conditioning con-
tinued to function, there was no flooding and a simulated
launch was successfully conducted almost 6 hours after the
blast.™
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FOAM HEST

The HARDPAN Event 3, December 1975, was the last
large-scale test employing the original HEST design. A
more cost-effective design known as FOAM HEST replaced
the expensive and complicated steel and wood platform
with planks of beaded polystyrene in direct contact with
the soil .??

Hard Rock Silo

In the Fall of 1963, the Soviets began flight testing the
Soviet R-36 ICBM (NATO designation SS-9 Scarp). De-
ployment started in 1966. The SS-9 was similar to the
Titan II, using both hypergolic propellants and an inertial
guidance system. The SS-9’s improved accuracy and large
payload, 10 to 25 MT, represented a direct threat to the
Minuteman force. As far back as 1961, the Air Force had
known that once the Soviet missiles had sufficient accu-
racy to target the 100 launch control centers, the hardness
protection evaluation needed to include direct crater-in-
duced ground motion from a surface burst. With the SS-9,
relatively few missiles would be necessary to eliminate
Minuteman in a first strike on the launch control centers
compared to targeting all 1000 launch facilities.'®

There were three possible solutions to this new prob-
lem: (1) Reinforce the existing Minuteman launch facilities
and launch control centers as Minuteman IIT had been de-
signed to be launched from the existing facilities; (2) build
dual-capable launch facilities that at first could house Min-
uteman III but which would be replaced in the not-too-dis-
tant future with the proposed Advanced ICBM (AICBM);
(3) build new facilities designed specifically for the AICBM.
The Force Modernization Program addressed hardening
improvements for the Minuteman launch facilities and
launch control centers. Force Modernization did not involve
substantial construction.!’

On November 1, 1966, the Advanced Research Project
Agency contracted with the Institute for Defense Analysis
(IDA), DAHC 1-15-67-CV-0011, Task Order T-56, to evalu-
ate alternative basing concepts for the WS 120A.18

Research by the Department of Defense and industry
teams, including Boeing, indicated that an increased hard-
ness Minuteman launch facility for Minuteman III would
provide an effective solution to counter the new threat of
the SS-9. The dual-capable launch facility concept was to
build a new launch facility (hardened to 3000 psi) adjacent
to existing Minuteman launch facilities size to accommo-
date a 100-inch diameter, 7000-pound payload missile at
some future date. In the interim, the facility would house
Minuteman III.%

The IDA alternative basing report, known as STRAT-
X, was released in August 1967. The report was:?°

a technological study to characterize US alternatives to
counter the possible Soviet ABM deployment and so the So-
viet potential for reducing US assured-destruction-force ef-
fectiveness during the 1970’s. It is desired that the US
alternatives be considered upon a uniform cost-effectiveness
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well as from solution sensitivity to Soviet alternative ac-
tions. Particular attention to US technology and production
limitation versus time during the mid-1970’s is desired. The
studies should consider further proliferation of our current
forces and/or protection of these forces as well as new sys-
tem concepts, both land-based and sea-based.

The STRAT-X report reviewed one hundred twenty-
five basing concepts and recommended only eight for fur-
ther consideration. The land-based alternatives studied
included: hard rock silo (HRS), soft silo, rock tunnel, soft
tunnel, canal-based and land mobile. The HRS basing con-
cept was selected for further study.?!

On October 4, 1967, McNamara denied the Air Force
the start of development of the WS-120A missile. He di-
rected the Air Force to look instead at the development of
HRS for Minuteman II1.22 On May 1, 1968, Headquarters
USAF issued a System Management Directive to initiate
the Hard Rock Silo (HRS) Development Program for Min-
uteman III. The goal of the program was to develop and
test a new, significantly harder basing system that would
be dual-compatible with a future advanced ICBM.

There were six major components to the Hard Rock
Silo program:

Demonstrate the capability to survive a nuclear attack of
significantly higher magnitude than the current Min-
uteman system.

Accommodate the Minuteman III missile with its associ-
ated command control system modified to provide in-
creased communication survivability.

Accommodate the future installation of the AICBM and its
related systems.

Minimize lead time to the IOC date.

Preserve the Minuteman relocation/proliferation option as
long as possible.

Demonstrate high confidence for achieving technical objec-
tives at low development program costs.??

Experimental facilities would have to be designed to
demonstrate the efficacy of using a hard rock environment.
This required construction of subscale to full-scale facilities
and testing these facilities to demonstrate the required
hardness could be achieved.*

Direct-Induced High-Explosive Simulation Tech-
nique

The deployment of the SS-9 and its greatly improved
guidance system meant that surface bursts and subse-
quent cratering would likely be the mode of attack. In 1967,
AFWL researchers began development of a modified HEST
system named DIHEST. DIHEST was designed to simu-
late the crater-induced horizontal ground shock motions
that occur as result of a surface-burst nuclear weapon det-
onation. DIHEST used buried vertical arrays of explosives
to produce a blast wave characteristic of a surface detona-
tion. Coupled with the HEST system modified to generate
higher overpressures, the HEST-DIHEST combination pro-
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Figure 14. DATEX II. Upper: Plan view showing displacement of the four
test structures. Structure S4, within 20 feet of Structures S2 and S3, was
only slightly damaged. Lower: elevation view of the displacement for S3.

vided simultaneous simulation of both air-burst and crater-
induced ground motion.

PLANEWAVE and DATEX

The PLANEWAVE and DATEX test series developed
and refined the DIHEST concept. The fourth DIHEST ex-
periment, DATEX II, fired on July 17, 1969, served as a
proof test for a more effective explosive, DBA-X2M slurry
aluminum ammonium nitrate. Four silo models were used:
Structures 1, 2 and 4 were unlined, smooth walled, 6-feet
in diameter and 15-feet deep. Structure 3 was also 6-feet
in diameter with a steel culvert liner backfilled with 9
inches of nonreinforced concrete. Structures 1, 2 suffered
relative displacements of approximately 2 feet along hori-
zontal joints. Structure 4, only 20 feet away from Struc-
tures 1 and 2, suffered little damage. Structure 3 suffered
a severe relative displacement with the top 5 feet of the
structure displaced 13 feet relative to the bottom section.
(Figures 14, 15) Other nearby structures showed minor
damage. These results pointed out the inability to predict
block motion prior to the explosion.?

HANDEC

The HANDEC (HEST And DIHEST Combined) test
series developed the parameters of combining the two tech-
niques to: (1) produce an overpressure and air-blast in-
duced ground motion environment; (2) simulate a ground
shockwave similar to that produced by the cratering from

a nuclear explosion as specified by AFWL in rock media;
(3) test the time phasing of HEST and DIHEST; (4) test an

88

Figure 15. DATEX Il. Close up of the top of Structure S3. S3 was 6 feet in

diameter and 15 feet deep with a liner consisting of a 6-foot diameter
section of steel culvert backfilled to the rock walls with approximately 9
inches of non-reinforced concrete. The top 5 feet was sheared off the
silo and moved 13 feet laterally. The lower portion of the silo also moved
approximately 6 inches laterally.

instrumentation system in protective piping; (5) test in-
strumentation anchored to the rock versus cable and
trench excavation.

The HANDEC I and II tests were fired with a 54 and
42.5 millisecond delay, respectively, between the HEST
and DIHEST explosions. This allowed the two shock-
waves to be induced into the rock with timing similar to
that of a specific yield nuclear explosion. The DIHEST
component of HANDEC I consisted of 11 holes, 9 inches
in diameter, 10 feet on center, 13 feet below the test bed
floor, in a line parallel to and located 25 feet from the in-
side face of the test facility concrete wall. The total ex-
plosive force was 4400 pounds of aluminum ammonium
nitrate. HANDEC II had explosives in 29 holes 12 inches
in diameter and spaced 7 feet 2 inches on center. The
holes formed a 200-foot line parallel to and located 96
feet from the inside face of the test facility wall and ex-
tended approximately 70 feet below test bed elevation.
Approximately 92,440 pounds of aluminum ammonium
nitrate slurry explosive was used. To reduce rock ejecta,
an earth berm was constructed 60 feet wide by 290 feet
long directly over the 29 holes. The berm height was ap-
proximately 50 feet.

Nine test structures were built for HANDEC II. Struc-
ture S11, a concrete lined silo model 6-feet in diameter and
20-feet deep, suffered major structural damage below a
depth of 10 feet due to a relatively minor horizontal dis-
placement of 0.3 feet. Structure S12, also a silo model of
similar dimensions, located 45 feet to the northwest
showed no appreciable damage.?

ROCKTEST I
Validation of the increased overpressure component of
the HEST-DIHEST system took place on November 21,
1968 at Estancia Valley, New Mexico. ROCKTEST I gen-
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Figure 16. ROCKTEST I. The upper full-scale closure liner for the 30-foot-
deep Stub Silo S01. The liner was 7.5 feet tall with an interior diameter of
17 feet and was fabricated from 2-inch-thick steel. The walls of S01 were
5-feet thick. The closure doors were cast in place.

erated the expected 3,000 psi peak overpressure using a
3,300 square feet test array which covered 13 experiments
(there was no DIHEST component in this test).?” In the
center was a 17-feet interior diameter, 27-feet exterior di-
ameter, 30-feet-deep stub silo and closure door. A one-quar-
ter scale model silo closure, four 6-feet diameter and two
3-feet diameter experimental silo closures were also part
of the experiment. Intersite cable samples were exposed to
the blast, as well as antenna housings. Damage to the
structures was slight.(Figures 16, 17) 2

ROCKTEST II

The first full-scale HEST-DIHEST experiment, ROCK-
TEST II, took place on March 26, 1970, on the eastern slope
of the Three Peaks Mountain Range, west of Cedar City,
Utah. The primary goals were: 1) to test a full-scale half
depth, heavily reinforced conceptual missile silo, S01, and
2) to demonstrate the ability to simulate a combined nu-
clear air-blast overpressure and subsequent ground motion
followed by the direct-induced pulse on a large-scale.

Structure 01 was composed of six vertical cylindrical
openings cast in a 56-feet diameter reinforced concrete cap;

Figure 17. ROCKTEST | test facility under construction. The large diame-
ter circle is the top of 30-foot-deep stub silo wall. The full-scale closure
liner has not been installed. The smaller diameter circle is an access
tube for post-test inspection of the closure.
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a 19-feet diameter launch tube, an 18-feet diameter equip-
ment tube, two 2.5-feet diameter air entrainment shaft, a
17-feet diameter personnel access shaft and a 6.75-feet di-
ameter closure column, all 75 feet in depth. The thinnest
exterior wall section, located at the launch tube, was 4 feet
thick.?

A total of 10 experiments included: S01, the conceptual
silo; site-by-side silo models S02 and S04, half scale, 35-feet
deep; S03A, 12-feet diameter, 10-feet deep; S05, S06, S07,
6-feet diameter, 40-feet deep. SO05 was lined with a rein-
forced concrete liner; S06 was unlined and S07 was lined
with a reinforced concrete liner surrounded by a foam back
packing. Additionally, antenna elements, samples of hard-
ened intersite cable and samples of silo closures of various
diameters were tested. The test bed covered 100,000
square feet.

The DIHEST explosion displaced a 140x150-foot block
causing a horizontal displacement of approximately 10-12
inches encompassing the top portions of S03A, S06 and
S07. The S03A closure was upturned by the movement of
the block. The top of SO7 was displaced 6.5 inches horizon-
tally and 2 inches vertically. The further damage details
remain classified.?

Evaluation and Termination of Hard Rock Silo Pro-
gram

Nine DIHEST/HEST-DIHEST experiments in rock
were conducted between October 1967 and November 1970
as part of the HRS test program (Table 2).5! Five of the nine
experiments produced significant block motions which dis-
rupted the model structures:

The lack of ability to predict exact block motion loca-
tions in advance of an experiment where the location and
properties of the dynamic loading are known, present dif-
ficult design and analysis problems. It is vital that these
uncertainties be incorporated into any design philosophy
for hardened structures in rock.

Based on a very limited amount of data generated by
the DIHEST series, it would appear that a “sure safe” zone
from a cratering burst in rock might begin beyond three
crater radii from the burst point. The accuracies of today’s
weapons delivery systems however make the utilization of
such a “sure safe” zone impractical, so that the system de-
signer is left several options, all of which require extensive

Table 2. DIHEST and HEST-DIHEST Test Summary 1967-1970°
HEST Bed  HEST Design DIHEST Array
Dimen. Overpressure lengthxdepth  weight
Experiment Type Date Location L] (psi) (ft) (L]
PLANEWAVEI DIHEST Det-67  Estancia Valley, NM na na 20020 EOO
PLANEWAVE II*  DIHEST Mar-68  Estancia Valley, NM na na A5:20 4200
DATEX | DIHEST Apr-69 Cedar City, UT na na 100x38 4400
DATEX II* DIHEST Jul-69 Cedar City, UT na na 200x36 B2000
HANDECI  HEST-DIHEST May-69 Cedar City, UT A0x60 6000 100x38 4400
HANDECNI® HEST-DIHEST Aug-69 Cedar City, UT B0x90 1000 200w40 92000
PRESTARMET Il DIMEST lan-69 Pedernal Hilis, NM na na S0x38 2400
ROCKTEST I1* HEST-DIHEST Mar-70 Cedar City, UT 250x400 classified S00x40 234000
STARMET® DIHEST HNov-70  Pedernal Hills, NM na na 100x38 4360
a) Blowin *indicates significant block motion

89



PERSONNEL ACCESS

2

AIR V7
ENTRAINMENT

PORTS

CLOSURE

COLUMN
CLOSURE

7 ; ]_B_

SILO CLOSURE

DEBRIS

CONCRETE
COLLAR

- MISSILE CONTAINER

S
‘?.3\\,\‘

ca el

- —
A
st

% UNLINED
siLo

LAUNCH | EQUIPMENT |
TUBE TUBE

CLOSURE

ACTUATOR

DEBRIS
e

PROTOTYPE SILO UNLINED SILO

T

Figure 18 (Above). Side view of an early conceptual design of a HRS
configuration. Note that the closure door is flush to the ground plane
and there does not appear to be any consideration for debris capture.
Minimum thickness of exterior walls of the prototype silo, S01, was 4
feet.

Figure 19 (Right). One of the early conceptual designs of a HRS closure.
Lower: the lid is completely flush with the ground surface. Middle: on
command, the missile container and actuator shaft would be pushed up-
ward through the debris. Top: the lid then rotated to clear the silo open-
ing. While this matches the conceptual design of Figure 18, it was rated
as not feasible due to the bending loads of the cantilevered closure as
well as having no provision for clearing the debris from the top of the
closure prior to rotation. (Courtesy of the Boeing Company.)

( MISSILE CONTAINER
AND CLOSURE IN
RAISED POSITION

additional analysis and proof testing. (Figures 18, 19)

These actions are the following:

1. Make near-surface components non-critical to system DEBRIS LEVEL
performance. In other words, the designer would “write
off” near-surface portions of the system in the event of
attack (this, of course, leaves the definition of near-sur-
face to future research).

2. Use redundant and dispersed critical near-surface com-
ponents; i.e., make the attacker use an unacceptable
number of weapons to assure a hit on the system.

GROUND LEVEL

3. Design critical system components to absorb anticipated MISSILE
relative displacements. This might be accomplished by CONTAINER
the inclusion of soft back-packing, rattle space, etc. This AND CLOSURE
option depends on the development of a prediction AT REST
technique for both near-surface and deeply buried dis-
placement magnitudes.

4. Mitigate both the occurrence and magnitude of relative
displacements by using rock reinforcement, such as bolts
and grouting. Other schemes, e.g., dewatering or aeration
might be effective in saturated rock were dynamic for
pressure buildups would lower effective stresses. 5. Employ combinations of options 1-4.32
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On April 30, 1970, Gen. O. J. Glasser testified before
the House of Representatives Subcommittee on Appropri-
ations that $51.2 million had been spent on the Hard Rock
Silo program through Fiscal Year 1970. “As a result of the
information gained from these and other tests, we are con-
fident we can construct silos to survive the hard rock silo
environment, but we are learning that they will be quite
expensive.”® On August 21, 1970, Headquarters USAF an-
nounced the termination of the HRS program for Minute-
man.?

M-X Enters the Picture

The Nixon administration revived the idea of the ad-
vanced ICBM. On November 19, 1971, Headquarters
Strategic Air Command issued a Required Operational Ca-
pability for an advanced ICBM. Four months later, on April
4,1972, the resurrected AICBM was designated as Missile-
X (M-X) .?* Concomitant with the need for a new missile
was the need for a new basing concept.

The STRAT-X report basing modes were re-investi-
gated over the next seven years, encountering strenuous
political and environmental opposition as well as funding
delays. A summary of the major basing options studies
listed 30 possibilities. The selection was narrowed down to
land-based concepts and eight reached various levels of de-
velopment: Midgetman, HRS, covered trench, hybrid
trench, Minuteman multiple protective shelter and M-X
multiple protective shelter.?

On June 12, 1979, Pres. Carter approved M-X full-scale
engineering development but did not choose a basing op-
tion. Congress moved swiftly and on June 27, 1979 passed
a supplemental spending bill funding the development of
M-X as well as advocating the choice of Multiple Protective
Structure (MPS). This concept involved concealing the ac-
tual location of the missiles among a large number of hard-
ened launch points under the assumption that an enemy
would not want to expend the large number of missiles nec-
essary to cover all of the possible location. On September
7, 1979, Pres. Carter announced his decision to use the
MPS basing mode.?’

The Reagan administration reviewed the M-X pro-
gram and on October 1, 1981, Pres. Reagan abandoned
MPS in favor of deployment in the existing Minuteman III
launch facilities. This MPS costs had risen dramatically
and political opposition was even more strenuous. Uncer-
tainty with the overpressure environment in the trench
and the detectability of the missile during normal opera-
tions promised increased costs:

In the dry deep alluvial valleys under consideration for
basing, the surface/vertical shelter design would reduce the
effective peak blast loading by as much as a factor of eight
and, as a result, the hardness and cost required to survive
a given threat. The primary advantage of the horizontal
concept was the ability to rapidly move the missile (termed
a “dash” capability) between shelters since the trench con-
cept had on-site garages for the various transportation ve-
hicles. With the vertical concept, the transfer vehicle had
to pick up the missile at one shelter and unload it at an-
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other. As the M-X system evolved, the requirement for a
“dash” capability was reevaluated and dropped. With this
change in requirements the vertical shelter became the
preferred basing mode.3®

On November 22, 1982, Pres. Reagan officially desig-
nated M-X missile as the “Peacekeeper” and announced his
decision to deploy the missile in the Closely Spaced Basing
(CSB or Dense Pack) which gave rise to the concept of the
Superhard Silo. The rationale behind CSB was that the
missiles were super hardened in the single Soviet missile
could not destroy all of them but would instead cause frat-
ricide of other incoming Soviet reentry vehicles. This as-
sumed one warhead per missile which again meant an
inordinate number of missiles would be necessary to de-
stroy the CSB.

With the advent of multiple independently targetable
reentry vehicles the argument for CSB was no longer
valid.* Pres. Reagan, meeting continued opposition to the
need for M-X or its deployment in the CSB mode, formed
the President’s Commission on Strategic Forces on Janu-
ary 3, 1983. Named after its chairman, Brent Scowcroft ,
the Scowcraft commission was tasked with the review of
the strategic weapons modernization programs with par-
ticular attention to the future of the ICBM forces and to
recommend basing alternatives.

The Scowcroft Commission report was released on
April 6,1983. It endorsed Pres. Reagan’s decision to deploy
up to 100 M-X missiles in the current Minuteman III
launch facilities as an interim measure while the final bas-
ing method was determined. The commission members
noted that new developments in hardening the Minute-
man facilities meant that launch facilities and launch con-
trol centers could be hardened to levels much greater than
that which had been available just a few years earlier. The
commission report also called for specific program or pro-
grams to resolve the uncertainties regarding silo or shelter
hardness.*

Members of Congress were skeptical of his decisions,
both the need for M-X and need for such vast deployment
areas. Legislation passed in 1985 required a firm basing
decision that had to be approved by Congress if there was
to be any hope of more than 100 Peacekeeper missiles de-
ployed.*

Basing System Concepts

By the time of the Scowcroft Commission, five basing
concepts had reached physical modeling stage: continu-
ously hardened buried trench; hardened aim point buried
trench; horizontal shelter; vertical shelter; and verifiable
horizontal shelter. Each of these had to be evaluated
against thermal issues, radiation issues, depth of the ejecta
from craters due to surface or subsurface bursts as well as
electromagnetic pulse. The horizontal shelter and buried
trench concepts were designed to be hardened against 400
to 600 psi overpressure; the vertical shelter silos were de-
signed to withstand 1,000 to 1,500 psi overpressure. Test-
ing was completed by the end of 1981.42
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Figure 20. GRABS On Vertical Shelter (GOVS) program evaluated the re-
sponse of vertical shelter models to vertical airblast and airblast-in-
duced surface-blast loadings.

M-X Basing Modes Hardness Evaluation

Airblast and surfaceblast simulation for the evaluation
of M-X basing modes utilized HEST as well as the Giant
Reusable Airblast Simulator (GRABS) and Dynamic Air-
blast Simulator (DBS) as well as the Compact Reusable
Airblast Simulator (CRABS).

GRABS

The GRABS facility was located at Kirtland AFB, New
Mexico. It consisted of an 18-foot diameter, 50-foot-deep re-
inforced concrete cylinder emplaced in a massive limestone
formation with 1.75-foot-thick walls and base. The cylinder
interior was lined with 0.25-inch steel plate.* The GRABS
On Vertical Shelters (GOVS) test series used the HEST sys-
tem to achieve a peak overpressure of 12,000 psi, simulat-
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Figure 21. Phase lll Vertical Shelter Test (HEST) 1/3 Scale. Three similar
models were tested, two designed to respond without significant dam-
age (B and C) and one (A) designed to have major longitudinal compres-
sion damage in the launch tube wall. The test was extremely successful
and proved not only the value of the mathematical model but also the
value of subscale testing.
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ing a 3 MT blast within the GRABS test cell. The three 1/6
scale vertical shelter models, one model of configuration A
and two models of configuration B reinforced canisters with
a removable closure, were evaluated (Figure 20). There
were two major findings from this experiment: (1) a vertical
shelter should not be placed directly on bedrock and (2) that
the headwork structure transition to the launch tube was
susceptible to increase flexure. (Figure 21)*

Dynamic Airblast Simulator

The purpose of the DABS was to simulate the airblast
loading that would be developed by a nuclear device at a
given range. A typical installation consisted of a tunnel or
trench with an arched concrete roof covered with overbur-
den. The high explosive charge was placed at the closed end
of the tunnel and as the blast wave traveled down the tun-
nel subscale vertical shelter closures were exposed to the
blast wave (Figure 22.)%

Compact Reusable Airblast Simulator

1/30 and1/6 scale vertical shelter experiments were
carried out in the CRABS facility at the Stanford Research
Institute. It was geometrically similar to the GRABS device
but on a much smaller scale.*

A comparison of the responses of the 1/30 and 1/6 test
showed that the direct loading wave, reflections from the
base of the closure, the base and the closure fixture, inter-
face fiction, and soil resistance to punch down while accu-
rately reproduced at 1/30 scale. Concrete surface change
measured in the 1/30 scale test in the reinforcing steel
strains measured in the 1/6 scale test showed excellent
agreement.*

HAVE HOST

On April 28, 1977, the first of 12 HAVE HOST vulner-
ability tests were conducted at Luke AFB, Arizona. Over
the next four years, high explosive simulation tests were
conducted at Luke AFB, Arizona as well as Kirtland AFB
and White Sands Missile Range, New Mexico. These tests
included the HEST as well as GRABS, GOVS and DABS.

B! Experiment
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Figure 22. DABS Phase Il S3 Event Test Layout.
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Extensive modeling, from small-scale 1/100 to 1/40 up to
1/2 to 3/4 models of complete structural systems for the
buried trench, horizontal and vertical shelter concepts help
further define the designs. These early experiments re-
sulted in increased cost estimates for the various trench
concepts. By the early 1980s, the horizontal shelter and
buried trench designs were abandoned in favor vertical
shelter systems. One year later, the concepts came full cir-
cle as the vertical shelter designs had arms limitation com-
plications. Work resumed on a more austere horizontal
shelter concept (Figure 23).48

On May 23, 1985, the Senate approved the Nunn—
Warner Amendment to the Department of Defense Author-
ization Act of 1986, limiting Peacekeeper deployment to 50
Minuteman IIT LFs. Four months later, on September 18,
1985, the Senate and House Conference Committee ap-
proved the amendment.* Peacekeeper LF conversion began
on January 3, 1986 at the 400 SMS’s LF Quebec-02 at F. E.
Warren AFB. Peacekeeper became fully operational on De-
cember 30, 1988 with final installation at LF Quebec-10.5°

Superhard Silos

On May 29, 1969, the Air Force awarded Bechtel Cor-
poration $41.8 million for construction and testing of a su-
perhard underground missile platform built in solid rock.?*
Superhard silos were intended to survive the detonation
of a large yield nuclear weapon surface burst within a foot-
ball length of the launch control center or the launch facil-
ity. An improved understanding of nuclear weapons effects
indicated that such an idea was conceivable. A superhard-
ened silo would be in the shape of a thermos bottle with
exceptionally heavy steel reinforcement coupled with high-
strength concrete. The missile-canister shock isolation sys-
tem of Peacekeeper coupled with an external shock
mitigation system of energy absorbing material surround-
ing the outer walls of the silo completed the design.?

A key component was a new form of concrete, slurry-
infiltrated fiber concrete (SIFCON), developed by David
Lankard at the Lankard Materials Laboratory, Columbus,
Ohio. SIFCON has both high-strength as well as ductility
not found in typical concrete applications.

Limited funding and time precluded building a HEST
or DIHEST environment for testing a full-scale structure.
The Air Force Weapons Laboratory utilized the already
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Figure 23. Basing Concept and Test Chronology.

scheduled Intercontinental Ballistic Missile Silo Super-
hardening Technology Test Program, Fall 1983, at Yuma,
Arizona, to evaluate this new concept. The results demon-
strated the potential of SIFCON as a key ingredient for
hardened structures.?

Summary

Concern over the as-built hardness of the Minuteman
launch facilities and launch control centers led to the de-
velopment of the HEST system. Now the Air Force had the
ability to simulate the air-blast and the induced ground
motion effects of nuclear weapons. In the case of the HEST
and DIHEST systems, entire operational facilities could be
evaluated. The HEST program revealed substantial defi-
ciencies in the Minuteman facilities, especially at Grand
Forks AFB. It was not so much they were built incorrectly;
it was more a matter of local geology. The problems were
mitigated, to a large extent, by the system-wide Force Mod-
ernization program.

The DIHEST program clearly demonstrated that
while the hard rock silo concept was “feasible,” it would be
extremely expensive to implement. Hindsight says this
was a reasonably obvious conclusion which has not
changed with the passing of half a century. However, at the
time, the question of the vulnerability of our land-based
strategic forces opened a debate that continued through
the deployment of the Peacekeeper system. |
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sonnel Access System (PAS). The liquid propellant Atlas, Titan I and II systems required complicated propellant

transfer equipment at the launch facilities, requiring adjacent launch control centers manned by launch crews.
The solid propellant Minuteman obviated this requirement, greatly simplifying the launch facility design and allowing
it to be unmanned.

Minuteman launch facilities are situated on 1.8 to 2 acres of land surrounded by a 7°6” security fence The original
launch facility security system was divided into outer and inner zones. The outer zone included a radio frequency system
that detected surface activity within the boundary of the fence. The inner zone included switches at the launcher closure,
PAS hatch (primary door) and security pit which allowed access to opening and closing the primary door.

Operation Button Up began in June 1962.! The implementation was complicated by the need to modify a large number
of partially or nearly completed launch facilities at the same time as the Army Corps of Engineers was completing their
construction work or the Site Activation Task Force was installing the launch facility equipment. This article describes
the genesis of Operation Button Up and major modifications made to the PAS.

D peration Button Up was the program to correct deficiencies in the design of the Minuteman launch facility Per-

Background

On April 1, 1960, Pres. Eisenhower approved deployment of 150 Minuteman IA missiles at the 341st Strategic Missile
Wing (Wing I), Malmstrom Air Force Base, Montana.? Launch facilities were grouped 10 per flight with one launch control
center per flight with the launch facilities approximately nine nautical miles from the parent launch control facility. Con-
struction at Malmstrom began on 16 March 1961.

Col. Edward Hall’s original concept for Minuteman was to have the ability to launch a squadron of 50 missiles at a
time. An inadvertent or rogue launch of 50 missiles worried many inside and outside of the Pentagon. Two months earlier
on February 12, 1960, Pres. Eisenhower’s science advisor, Dr. George B. Kistiakowsky summarized his concerns about
the Minuteman program command-and-control but no mention was made about security against unauthorized entry into
the launcher.

On April 3, 1960, Lt. Gen. Bernard A. Schriever, Cmdr., Air Research and Development Command, requested an in-
dependent review of the technical and operational aspects of the entire ICBM program. The committee’s report, sent to
Schriever on May 31, 1960, listed the developmental problems with Minuteman but did not make recommendations on
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extended by the motion of the B-plug. (Minuteman lllustrated Technical
Requirements)

command-and-control nor reference to the physical secu-
rity of the launch facilities.

A year earlier, in September 1959, the Joint Chiefs of
Staff requested a study, by the Weapon System Evaluation
Group (WSEGQG), of the strategic bombers, air-to-surface
missiles, ICBM’s, FBM’s and IRBM’s, with a recommen-
dation for the number of each weapon system to be de-
ployed. The preliminary findings of the WSEG Report 50:
Evaluation of Strategic Offensive Weapons Systems, were
released on September 15, 1960. Severe deficiencies in the
command-and-control of the Minuteman force were dis-
cussed.

The Lauritsen Committee was reconvened in April
1961 to conduct a follow-on review of the Minuteman pro-
gram in light of the WSEG Report 50 findings. The com-
mittee’s report, released on June 15, 1961, concurred with
the WSEG findings but again no mention was made of de-
ficiencies of physical security of the launch facilities.

On July 6, 1961, the Air Force forwarded a report writ-
ten by Brig. Gen. Phillips, director of the Minuteman pro-
gram and Col. R. T. Hemsley, chief, Minuteman
development branch, to Dr. Herbert York, director of the
Directorate of Research and Engineering in the Defense
Department. The report addressed the Lauritsen commit-
tee findings including budget estimates for their imple-
mentation. This triggered another round of review by
outside experts as the Defense Department was in com-
plete disagreement with the Air Force findings.

David K. Stumpf, Ph.D., is a retired plant biochemist
living with his wife, Susan, in Tucson Arizona. He has
written three nuclear weapon histories, Regulus the
Forgotten Weapon, a history of the Navy’s Regulus I
and II cruise missiles; Titan II: A History of a Cold
War Missile System and Minuteman: a Technical His-
tory of the Missile that defined American Nuclear
Warfare, published February 2021. Dr. Stumpf volun-
teered at the Titan Missile Museum, Sahuarita, Ari-
zona, as an historian and as a tour guide for 15 years.
He was instrumental in the effort to gain National
Historic Landmark status for the museum.
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1 vault door
2 weather cover

3 portable ladder

4 primary door

5 access shaft

6 linear actuator cylinders (two places)
7 upper equipment room control station
8 alarm control box

9 upper equipment room

10 lower equipment room

11 lower equrprnem room ladder
12 elect ical linear

13 secondary door

14 telescoping ladder

15 primary door locking shaft

16 security pit

17 lock ring

Installed PAS components circa 1962-1963. The most time consuming
and difficult modification was the installation of the lock ring assembly
due to the confined space of the access shaft. (Minuteman Familiariza-
tion)

On July 30, 1961, the Fletcher Committee, chaired by
James Fletcher and formally known as the Minuteman
Flexibility and Safety Group was formed by Secretary of
the Air Force Eugene Zuckert at the request of Secretary
of Defense Robert McNamara. The committee focused
solely on the question of Minuteman weapon system safety
against accidental launch and the feasibility of increased
target flexibility.

The first mention of the vulnerability of the Minute-
man launch facility to unauthorized penetration occurred
in the Fletcher Committee report released on September
15, 1961.While the major focus of the report was on com-
mand-and-control issues, the report recommended modifi-
cation of the PAS.? This was in response to the results of
tests run by the Nuclear Weapon Safety Group in August
1961 which had succeeded in defeating the operational
PAS security system currently being installed at Malm-
strom and Ellsworth.*

The response to the Fletcher Committee’s recommen-
dations was immediate. Boeing, the Minuteman assembly
and checkout contractor, issued Contract Change Notice
(CCN) 299 on October 24, 1961. CCN 299, also known as
Block Change 1, implemented the command-and-control
changes which involved substantial modifications to the
majority of the existing command-and-control equipment.
In April 1961, CCN 299 was amended to include modifica-
tions to the PAS. All of the modifications had to be accom-
plished without impacting the deployment date of October
1962 for Wing 1.5

JOURNAL OF THE AFHF'/ SPECIAL 2025



Left: Senior Airman Charles W. P. Michaels ascends PAS ladder, December 11, 1962. 1) original 22-inch autocollimator sight tube has been reduced in
diameter to prevent unauthorized access. 2) the hydraulic system for opening and closing the door were originally inside the access shaft. Right: the
sight tube was abandoned in place and the hydraulic system replaced with an exterior manual system during the Force Modernization program. 3, 4, 5)
are the portable, fixed and extension ladder sections respectively. (Library of Congress )

Operation Button Up

Original Personnel Access System

The original PAS security system consisted of the se-
curity pit weather cover, and the 166-pound security vault
door. The security pit housed a combination lock, controls
to raise or lower the 10,000-pound PAS shaft hatch and the
hand-driven linear actuator which locked or unlocked the
PAS shaft hatch. The original hatch door hydraulic actua-
tors were in the upper part of the interior of the access
shaft, protected by the hatch door.®

Records for the launch facility penetration tests con-
ducted in August 1961 remain classified. Presumably they
showed that well-prepared intruders could pick the com-
bination lock on the security pit vault door and raise the
PAS hatch door before a security team arrived.

Installation

Wing I

The R. M. Parsons Company won the contract for the
Operation Button Up engineering design and hardware
procurement for Wing I Flights A and B cook. Boeing re-
ceived the contract for hardware installation and checkout.
A preliminary installation was made at Launch Facility 06
at Vandenberg Air Force Base and the design was deter-
mined to be operationally feasible. On June 20, 1962, at the
45th meeting of the Designated Systems Management
Group, Operation Button Up was approved and operational
base implementation was begun at a cost of $70 million.”

Now the problem was how to get the system incorpo-
rated at this late period in construction at Wing I while
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working with an evolving design for the Button Up hard-
ware. The Army Corps of Engineers phase of launch control
center and launch facility construction at Wing I was com-
pleted on September 21, 1962. Scheduling the retrofit work
around the Site Activation Task Force installation of oper-
ating equipment made a difficult situation even worse. In-
stallation at Wing II began in March 1963. The remaining
wings had the installation as part of the original construc-
tion.

Installation took place in two phases. Phase I was the
retrofit construction phase carried out by the Army Corps
of Engineers. It involved modifying Launcher Equipment
Room Level 1 floor framing and connections to the access
shaft, adding the cutout for the locking ring in the access
shaft, cutting out the steel floor at the bottom of the access
shaft to accommodate the secondary door (see below) and
its operating mechanism, rerouting hydraulic and electric
lines, modifying the auto-collimator sight tube diameter,
modifying the ladder in the access shaft, adding a ceiling
mounted monorail for equipment handling as well as pro-
viding a new seal for the primary door (see below). Phase
II, carried out by Boeing, was assembly, installation and
checkout of the new equipment.?

The Facilities Engineering staff at Malmstrom worked
closely with Parsons and Boeing as the design and instal-
lation was fine tuned to accommodate inevitable variation
between launch facilities. Over 90 new drawings were pre-
pared during this process, many of which were incorpo-
rated in the final design package. The Operation Button
Up Phase I work at Flight A was completed by 13 July
1962, and Flight B followed a month later. Phase II was
completed at both flights by early October.’
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Secondary door fully retracted, Launcher Equipment Room Level 2: 1) 4-
inch diameter locking bolts; 2) linear actuator; 3) manual override drive
for linear actuator. (Library of Congress)

Operation Button Up PAS Modifications

Vault Door
There were no modifications to the vault door (also re-
ferred to as the A-plug).

Security Pit

The security pit was modified with additional controls
for lowering and raising the new secondary door (also re-
ferred to as the B-plug).

Secondary Door
The Parsons solution was elegantly simple as well as
massive. The 42-inch inside diameter, 21-foot-deep access

Top view of secondary door in the lowered position. 1) secondary door
guide rails guide rails; 2) secondary door locks and cover, 3) emergency
override port; 4) lock pin actuator gear shaft access. (Author’s Collection)

shaft was now blocked with a movable 14,000 pound, 41-
inch diameter, 45-5/16 thick, the secondary door. The sec-
ondary door was built with four layers: copper to absorb
heat from a torch, hardened steel to resist drilling, Mylar
composites to resist impact, and dust creating devices to
impair the vision of intruders.!® The original be-plug was
raised or lowered hydraulically a rate of 9.5 inches per
minute. A time delay device provided added security to the
system by delaying the time between withdrawal of the Be-
plug locking bolts and the time the linear actuator began
operation. The duration of the delay depended on the se-
curity team response time from the parent Launch Control
Facility.

The top of the secondary door had a large covered re-
cess containing two combination lock dials and a lock re-
lease handle. Unlocking either of the combination locks
permitted withdrawal of the locking bolts from the locking
ring by means of a hand crank installed on the locking
bolts actuator shaft. One smaller covered recess house the
locking bolt actuator shaft and the other a mechanical
override access adapter which was part of the manual B-
plug lowering system.!?

Table 1. Corps of Engineers Ballistic Missile Construction Office Start and Completion Dates
Wing Start Completion Days
341 SMW Malmstrom AFB 16 Mar 61 21 Sep 62 585
44 SMW Ellsworth AFB 21 Aug 61 22 Apr 63 609
455 SMW Minot AFB 18 Jan 62 11 Jul 63 539
351 SMW Whiteman AFB 2 Apr 62 7 Nov 63 584
90 SMW F.E. Warren AFB 25 Oct 62 19 Jun 64 603
321 SMW Grand Forks AFB 12 Mar 64 10 Dec 65 638
Squadron 20 Malmstrom AFB 8 Mar 65 26 Oct 66 597
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Primary Door Security Pit: 1) primary door security pit vault which
houses the linear actuator unlocking mechanism for the primary access
door as well as the hydraulic controls for raising and lowering the door;
2) 166 Ib. vault door; 3) vault weather cover, the white packet is desic-
cant. (Author’ Collection)

Linear Actuator

The linear actuator consists of a hydraulically operated
ball screw jack 51.3 inches long when retracted and 198.9
inches long when extended.'® If the hydraulic system fails,
a three-piece, 20- foot shaft can be lowered through the sec-
ondary door to a receiver in the linear actuator permitting
manual operation from the top of the secondary door.*

Access Ladder
The base of a telescoping ladder was attached to the

were installed between ground surface and the top of the
telescoping ladder.

Lock Ring

A lock ring was embedded in the wall of the access
shaft to receive eight 4-inch diameter secondary door lock
bolts when the door is in the raised position. The lock ring
supports the secondary door during ground shock or pen-
etration attempts and maintains electrical continuity with
the facility.’®

Autocollimator Sight Tube

With the V-plug in the normal raised position, the orig-
inal 22-inch inside diameter autocollimator alignment
sight tube was now a potential entry point for an intruder.
A 9-inch diameter tube was welded inside the larger tube
and the remaining space filled with grout.'

Launcher Equipment Room Level 1 Platform

The top of the retracted Be-plug is flush to the floor of
Launcher Equipment Room Level 1. The linear actuator is
located on the floor of Launcher Equipment Room Level 2.

Summary

At first glance the original Minuteman launch facility and
anti-penetration security design seems woefully insuffi-
cient and was readily proven so well after construction had
begun on the first two Minuteman wings. Installation of
the new system was part of the original construction for
Wings III-VI and Squadron 20 at Malmstrom. $70 million
Operation Button Up retrofit program solved the problem
and has had a number of updates made over the 60 years

top of the secondary door. A short removable section of lad- of Minuteman deployment. |
der and short fixed section of ladder mounted on the wall
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The last Minuteman Upper Silo Simulation launch took place on April 10, 1986. As was the case in all the previous MUSS and CALTP launches, the test
missile landed in a pit approximately 100 feet from the launch tower. (Official U.S. Air Force Photograph, National Archive and Records Administration)
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