Multiple-Stage Solid-Propellant Sounding Rockets

for Space Research

by

William H. Hansen and Frederick F. Fisehbach
Department of Aeronautical and Astronauwtical Engineering
The University of Michigan

M.S.
Pages 18

Figs. 1
Tables 3



Multiple-Stage Solid-Propellant Sounding Rockets

for Space Research

by

William H. Hansen and Frederick F. Fischbach
High Altitude Engineering Laboratory
The University of Michigan
912 N. Main Street
Ann Arbor, Michigan, U.S.A.

For presentation at the Small Rocket Symposium
XIth International Astronautical Congress
Stockholm, Sweden

August 15-20, 1960



Abstract

Aerodynamically stabilized sounding rockets with per-
formance useful for space research can be constructed from
exlsting solid-propellant motors. An appreciable portion of
current high-altitude research ils carried out with such vehl-
cles. Three such systems, onhe capable of carrying 23 kg of
payload to 160 km altitude, a second capable of sending 36 kg
to 480 km, and a third which has sent 9 kg to 1770 km alti=-
tude, have been developed at The University of Michigan, and
are described. All these systems have been characterized by
low cost and high reliability. Design conslderations, such
as aerodynamic stability, interstage coupling, protection
against aerodynamic heating, and launchers, are discussed,
Also pointed out are future capabllitles based on increasing
avallabllity of military solid-propellant rockets with con-

siderably improved specific impulses and mass ratios.



Introduction

Small solid-propellant rockets were first used for upper-
air research by Van Allen [1] in 1952 with the launching of
the Deacon rocket from a balloon in the well-known "Rockoon'
combination. The advantages of simplicity, reliability, -and
low cost which may be achieved with solids were effectively
demonstrated, and efforts to realize these advantages in an
all-rocket system resulted shortly in the Nike-Deacon [2] and
later in the Nike-Cajun [2,3,4], Terrapin [2], Nike-Asp [2],
Exos [5], Strongarm [6], and others. In many cases the solid
units had been developed for military purposes and were avail-
able at moderate costs due to high production. This is a key
factor in the ultimate low cost of the sounding vehicle com-
binations described below. Fortunately, many of the units
may be obtained commercially.

In 1955 the High Altitude Engineering Laboratory of The
University of Michigan, with the wvaluable ald of the Pilot-
less Aircraft Research Division of the National Advisory
Committee for Aeronautics, began its rocket vehicle work with
the Nike-Deacon two-stage combination. The Deacon was short-

ly superseded by the Cajun. The Nike-CaJjun was developed for



the purpose of carrying the falling-sphere experiment [7,8]
for upper-air density. The Nike-Cajun carries 23 kg to 160
km, Since the sphere instrumentation was simple, small, and
inexpensive, a rocket vehicle having the same qualities would
permit the combination to be used frequently and independently
of the support of a major missile base—two features required
for synoptic work. Another important factor in achieving the
low-cost objectives of the Nike-Cajun was that the scientific
research group itself could, and did, assemble and fire the
rocket. In the continuing work with staged solid rockets,
which has led to a 480-km vehicle and a 1900-km vehicle, the
capability of firing by university research personnel has
been largely maintained. Thus even in the case of the 1900-
km Strongarm, which is physically not a small rocket, assem-
bling and launching the rocket are largely within the capabil-
ities of a university group.

During the IGY about half the rockets fired in the U. S.
program at Ft, Churchill, Canada, were Nike-Cajuns, and this
type of medium-performance, two-stage rocket currently carries
a significant portion of high-altitude payloads. The Nike-

Cajun and Nike-Asp have been used to measure the pressure,



density, temperature, composition, and winds to 100 km as
well as to investigate cosmic rays, charge density, solar
ultra-violet and X-rays, micrometeorites, auroral particles,

magnetic field, and airglow.

The Nike-CaJjun

The first stage of the Nike-Cajun (Fig. 1) is the booster
from the Nike-Ajax anti-aircraft missile system and the second
stage is the Thiokol Chemical Co. Cajun, a 15.2-cm-diameter,
24h-cm-long motor which burns with a thrust of %650 kg for
2,75 seconds. Both stages are fin-stabilized. The second
stage simply sits on a cast coupling and separates by differ-
ential drag on burnout of the first stage. Ignition of both
stages is accomplished on.the launcher with anl8-second-delay
squib allowing a suitable coast period following separation
before the second stage begins to thrust. The simplicity of
the Nike-Cajun is illustrated by the fact that in 1956 a group
of five men from The University of Michigan took the vehicle
and the falling-sphere experiment aboard the U.S.S5. Rushmore
(ISD-14) and fired five rockets at various latitudes between

39°N and 65°N. The group did virtually all the work of as-
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sembly and launching as well as servicing the instrumentation
and manning the data receivers.

Most of the more than 100 Nike-Cajuns flown have been
successful. In a few instances where the compatibility of the
instrumented nose cone to the vehicle received insufficient
study, the flights were spectacular if not successful. Some
payloads were long, heavy, and somewhat flexible. In others
the nose cone had a 50% increase in diameter over the diameter
of the second stage. The failures generally resulted from
aerodynamic and/or structural divergence [9] with consequent
break-up near the end of the first-stage burning. The light
payloads (20 to 23 kg) reached altitudes of just over 160 km.
The heaviest payload flown (54 kg) reached an altitude of 116
km., Figure 2 is a plot of altitude and velocity versus time
for a typical Nike-Cajun with a 23-kg payload launched at T75°
elevation angle. DNote that the peak velocity at second-stage
burnout is about 1830 meters per second. The peak axial ac-
celeration is about 70 times gravity. It was first thought
that the problems of designing and constructing instrumenta-
tion that would operate under this acceleration would be very

difficult. It has been demonstrated that, with thought and



some ingenuity, these problems can be overcome. Transistorized
circuits have helped greatly in solving the problems associated
with high acceleration as well as the problems of making the
instrumentation smaller. Most of the Nike-Cajuns have been
launched from a modified Nike-Ajax system launcher. This is

a rail-type launcher which provides about 3 meters of guidance,
and has been used mainly because of its avallability at numer-
ous launching sites. The Nike-Cajun can be flown equally well
from a zero-length launcher although the dispersion may be a
bit larger. Only a modest amount of ground support equipment
is required. A mobile crane, fork 1lift truck, or adjustable
dolly is essential for loading the 5Ll-kg first stage. The
second stage with payload can be man-handled. The Nike-Cajun
vehicle in general poses few problems from aerodynamic heat-
ing. With light payloads, say 23 kg, the fins (which are

made from 14S-T4 aluminum alloy extrusion and are only 2.5 mm
thick at the tip) are protected by adding a .78-mm Inconel—

a nickel alloy with high melting temperature-—leading edge
cuff. This cuff is 5 cm wide and is riveted to the fin over

a layer of Fiberglas cloth. An improved Cajun rocket called

the Apache has recently been flight-tested. This rocket has



virtually the same metal parts but with higher total impulse
and longer burning time. The Apache has demonstrated in a
single test flight its ability to take as a single stage a
16-kg payload to an altitude of 61 km. The Apache represents
an increase in total impulse of 24% over the Cajun. Develop-
ment work is continuing toward greater impulse and longer
burning times in the same general size and configuration. In
conjunction with the Nike booster, the Apache is predicted to

carry 27 kg to 275 kmn.

Exos

A second sounding vehicle developed by the Michigan group
is Exos. This design resulted from a requirement to take an
18-kg payload to an altitude of from 320 to 480 km., A three-
stage combination was selected, starting with the Honest John,
a ground-to-ground artillery rocket yielding very high thrust
for over four seconds. It is presently being produced in quan-
tity and hence its cost is relatively low. The standard Hon-
est John fins are used in the Exos. The second stage is again
a Nike booster with cruciform fins having an area of .23 square

meter per fin as in the Nike-Cajun. The third stage was orig-
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inally a Thiokol Recruit rocket of high impulse and short du-
ration. The instrumentation at time of Recrult burnout expe-
rienced an axial acceleration of nearly 175 times gravity.

By the time the third Exos vehicle was fired, a new version
of the Recruit, called the Yardbird, was substituted and the
acceleration was reduced to approximately 80 times gravity.
Figure 3 shows the Exos on a rail type launcher. The vehicle
takes off with 14-1/2 times gravitational acceleration and is
suitable for zero length launching. The flight parameters
are shown in Table I. The values given were calculated for

a 90° leunch angle. Table II gives the peak altitude reduc-
tion factor for various launch angles between 75° and 90°.
The vehicle is fairly insensitive to changes 1in payload
weight. Peak altitude loss for added weight is about .73 km
per kg. Exos, with a burnout velocity in excess of 3000 me-
ters per second at 19.2 km altitude, does present some aero-
dynamic heating problems. Figure L4 shows calculated skin tem-
peratures versus time at two places on the third stage. The
upper curve shows temperatures of the 1.27-mm Inconel nose
cone at station 15 Just aft of the solid nickel nose tip, and

the lower curve shows temperatures on the case magnesium flared
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skirt. 1In this instrumentation we used a heat sink approach
to the nose-cone-heating problem. The tip itself was a 3.6-
kg nickel casting separated from the nose cone by a porcelain
insulator. The tip then was one side of a dipole telemeter
antenna. The cone itself was a 1.4-mm Inconel sheet rolled,
welded, and spun. A light-weight, bright-surface, aluminum
reflective shield was placed around the instrumentation. The
skirt serves the dual purpose of providing aerodynamic sta-
bility and acts as part of the coupling to the second stage.
Figure 5 shows the construction of the blast diaphragm type

of coupling. The flared skirt on the forward stage and the
coupling casting bolted to the aft stage are both threaded on
the outside of the blast diaphragm. When the forward stage

is ignited, the pressure of the exiting gas bows the diaphragm
so that the threads become disengaged from the flared skirt,
and a clean, rapid separation occurs. This system is gen-
erally used between stages vwhich are fired in succession
without a coast period. The large diameter of the skirt and
the burned out preceding stage would cause large drag losses
during a coast period. The flight tests in two of three cases

have demonstrated that the vehicle more than meets the design
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specifications. The first shot launched at 75° elevation
angle carried a nose-cone weight of 36 kg to 386 km, while
the second carried the same weight to 476 km., The latter was
launched at 80° and exceeded the prediction by about 13 km.
The third test was a failure due to some malfunction during
third-stage burning. It is believed that either the nozzle
came off or that the case burned through at the aft end. The
second-stage hardware has proved to be very reliable through
more than 100 firings as Recruits. The longer-burning Yard-
bird propellant caused nozzle failure in static firings.
Corrective measures were taken and successful static firings
and a single flight test were accomplished prior to the fail-
ure.

The Exos perhaps does not fall into the category of a
small rocket; yet it can be handled, assembled, and flown by
a crew of modest size. The launcher shown in Fig., 3 is omne
of the first experimental Honest John launchers. Originally
elevation of the loaded launch rail was accomplished with a
crane. When the desired elevation angle was reached, the A-
frame strut was pinned to rails attached to the concrete

launch pad. The launcher was modified by shortening the

-12-



launch rail to a guided travel length of 3.6 meters and add-
ing a motor-driven pump and hydraulic rams to elevate the
launching rail. The launcher is not trainable in azimuth,

which is a disadvantage at some firing ranges.

Strongarm

A third sounding rocket, Strongarm, has been developed
and assembled by our group. Insofar as possible, this too
uses high-production, military rocket engines as a means of
keeping the cost down. Strongarm was designed to take a 9-
kg payload to an altitude of over 1600 km. Figure 6 shows
Strongarm on the launcher. Like Exos, its first stage is the
Honest John and its second stage 1s the Nike booster. The
third stage is also a Nike booster with .185 square meter fins.
The fourth stage is the Yardbird and the fifth is Jet Propul-
sion Laboratories' Scale Sergeant. The last stage is the same
engine, with minor hardware modification, as that used in the
Explorer series of satellites. Table III shows selected flight
parameters. The burnout of the final stage occurs at 35 sec-
onds at an altitude of 5% km and velocity of approximately 5300

meters per second. Because we depend entirely on aerodynamic
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forces for stability the powered portion of the flight must
take place at altitudes where sufficient dynamic pressure can
be obtained. With velocities well over 3000 meters per sec-
ond, this means that the heat-input rates will be considerable.
In the case of Strongarm, not only did the nose cone have to
be considered and protected, but the fifth-stage motor as well.
The wall thickness of this motor is only .58 mm and the pro-
pellant grain is cast in after the inner surface has been coated
with a bonding thermoplastic liner. Because the case would be
subjected to extensive heating for 30 seconds prior to ignition
of the motor, it was feared that the liner would become liquid
and the grain would be loose, thus causing burning over too
much of the grain surface with subsequent over-pressure and
rupture. The maximum allowable temperature prior to ignition
was 120°C. The problem was solved by using an ablative coat-
ing. Sheet Teflon (E.I. Dupont's Tetrafluoro Ethylene) 1.27
mm thick was glued to the entire exposed surface. The Teflon
ablates at approximately 600°C and provides heat protection

in three ways. First, Teflon is a moderately good insulator
and delays the heat transfer by conduction., Secondly, consid-

erable heat is dissipated in the ablation process, thirdly,
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the gas product of ablation increases the boundary-layer thick-
ness.

The instrumentation flown in Strongarm for the measure-
ment of ion density requires two fairly large loop antennas.
The antennas were mounted within the nose-cone shell so the
nose cone had to be made of a material which would be trans-
parent to the radiofrequency transmission. Molded Fiberglas
has this property and is structurally more than adequate. How-
ever, Fiberglas will char if subjected to sufficient heat and
the charred surface is opaque to the frequencies used. Teflon
sheet 1.78 mm thick was applied over the Fiberglas to prevent
charring. The effectiveness of this approach was demonstrated
in the first test when signals were received throughout the
entire 25-minute flight. Figure 7 shows the calculated and
measured temperature versus time at station 28 on the nose cone.
The second- and third-stage fins had Inconel leading-edge cuffs
for heat protection and the fifth-stage flared skirt was cast
from s rare-earth magnesium alloy which exhibits better high-
temperature properties than the common alloys.

Strongarm requires the same launching and handling equip-
ment as Exos. All its flight tests to date have been made

from the versatile zero-length boom-type launcher shown in
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Figure 6. 1In fact, this single launcher is easily adapted to
all vehicles discussed in this paper.

A fourth vehicle is now being designed which will take
payloads of 34 to 57 kg to the 220- to 320-km altitude range.
It 1s a two-stage vehicle called the Nike-Yardbird and is ex-
pected to have all the simplicity and ease of handling of the Nike-

Cajun system., The first test flight will be made this fall.

Conclusion

The University of Michigan program of staging solid-pro-
pellant units in sounding rocket combinations for use in our
upper-atmosphere program has been an interesting and useful
exercise. We hope that our experience will encourage univer-
sity groups in other countries to undertake high-altitude
research.
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TABLE IT

PEAK ALTITUDE REDUCTION FACTORS

Launch Peak Altitude
Angle, ° Reduction Factor
90 1.000

87.5 +995

85 .981

82.5 . 957

80 .918

7.5 .883

75 .83L
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FIGURE CAPTIONS

Figure 1. Nike-Cajun on launcher.

Figure 2. Trajectory of Nike-Cajun launched at 75° elevation
angle,

Figure 3, Exos on launcher.

Figure 4. Skin temperature as a function of time.

Figure 5. Blast diaphragm coupling.

Figure 6., Strongarm on launcher.

Figure 7. Calculated and measured temperature versus time,



Pigure 1. Nike-Cajun on launcher.
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