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ABSTRACT

N A facility has been established at the M.I.T. Francis Bitter
National Magnet Labcratory for studying various electromagnetic

- means for accelerating vehicles and projectiles to very high velo-
city, and for training a generation of scientists and engineers in
the technologies involved. The facility has been staffed by about
fourteen undergraduate and graduate students, technicians, faculty
and research staff.
——> During the first six months (phase one) the group #as con-
structed a 65 kJ, 6 kV fast discharge capacitor bank, a 134 kJ,
900 V slow discharge bank, and a 245 kJ, 350 V mobile bank for field
launching was started. Also completed was an accelerator test
bench and a protected control and observation room instrumented
with digital data processing equipment. Studies have been initi-
ated on three acceleration mechanisms, and on the theoretical li-
mitations in general, )

(>A "helical railgun" (brush-commutated helical accelerator)
M»b‘é;ﬁ bench-tested to 500 gee acceleration and 30 m/s velocity
achieved over a 12 inch section. A 20 foot, twin helix launcher
and optimized cargo or reconnaissance glider ha:—cble;n designed,
for construction during phase two. 3

J(!ass driver (discrete-coil, synchronous accelerator) coils
ngcl:n tested to destruction over a range of pulse conditions
to ga;n an understanding of failure modes and develop improved
designs for different ranges of operation.

“>A "momentum transformer" has been constructed for transferring
momentum from a pneumatically driven sabot to a smaller projectile.

Theoretical studies indicate that the smallest vehicle capable
of surviving a ground-based launch to earth escape velocity at

reasonable atmospheric losses of mass and energy is a 25 kg,

F“ 6 cm caliber cylinder, and that a promising mechanism for accel-
‘..‘..

L} 'J_' erating it to escape ocity is a self-energized superconducting
l\.! . . ) . . .

i"-.:. mass driver in which the \launch energy is stored inductively :n
ig: a 1 km length of supercondhcting drive coils of 35 cm caliber.
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INTRODUCTION

Tne MIT National Magnet Laboratory was built in 1960-1963 with
funding by the Air Force Office of Scientific Rasearch (AFOSR) to serve
a3 a canter of axpertise in the generation of very intense magnetic fields,
and their application to 30lid state and plasma research. It was named in
honor of Francis 8itter, who built thae first high field research facility
at MIT in 1936. Support of the laboratory has since been taken over by
ths National Science Moundation, with substantial contribution from the
Department of Energy to the Alcator fusion research project. The core
powerplant is capable of generating up to 32 MW of highly ragulated dc
power, and has been supplemented with a pulsed power capability of 225 MW
dadicated to the Alcator machine. The laboratory provides high fields to
visiting researcherr from government, university and industry, and also
maintains in-house research in solid state, plasma and superconductivity
physics. The laboratory also serves the DoE ar designer and contracting
officer for large MHD magnets.

Work in propulsion began in 1970, when Henry Kolm and Richard
Thornton developed the MIT Magneplane, a high-speed maglev transportation
system based on a linear synchronous motor (1,2,3). In 1975 Gerard K.
O'Neill of Princeton University recognized the applicability of this
mechanisa to launchers, and there followed the development of Mass Drivers
for lawmihing lunar raw materials to space construction sites. The colla-
boration was supported by NASA in two NASA-AMES susmer studies in 1976 and
1977 (4,5) and in joint grants to MIT and Princeton (6].

In 1978 Dr. Harry Pair, Chief of the Propulsion Branch of ARRADCCM,
sponsored a preliminary survey of all practical electromagnetic accelera-
ting mechanisms and their applicability to DoD requirements. The conclu-
sions vere presented at the JANNAF meeting ir. March 1979 (7] and elsevhere
(3,9,10). Menry Kolm also assisted in establishing a Technical Advisory
Panel on Llectromagnetic Guns and Launchers to bring all available resour-
ces and expertise to bear on planning a coordinated r&éd program.

Tia work reported here represents the Zirst six-month phase of MIT's
contribution to such a program.
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OBJECTIVES

It is the main purpose of this project to establish a facility for
studying all electromagnetic accelerating mechanisms of interest, without
prejudice toward existing capability or equipment, and to train a first
generation of experts in the basic science and engineering of this art.

To this end, we draw on the entire MIT student body, graduate and under-
graduate, without departmental barriers. Our group operates at a high
level of involvement and enthusiasm.

Pour tasks have been selected as deserving first-priority attention,
considering the fact that the very important railgun-homopolar launcher
technology is already being pursued at Westinghouse and University of Texas,
Austin.

The helical railgun, or brush-commutated helical accelerator, con-
sists of a short coil sliding inside or outside a helical barrel. The
sliding coil and adjacent segments of the barrel are energized by rings
of brushes surrounding the helical barrel. The device seems well suited
for accelerating heavy vehicles to relatively moderate velocities, but the
efficiency and performance limits were completely unknown. It is our
cbjective to construct and bench-test a short segment of helical accelerator,
and on the hasis of the knowledge thus gained to design a half-scale field
launcher and glider vehicle, to be constructed during phase two. The
full-scale launcher is intended to launch SO pound gliders for reconnaiss-
ance purposes, or for transporting cargo over inaccessible terrain.

The launcher is intended to operate at 100 gee acceleration, 100 m/s
{224 mph) velocity, with a range of several miles. A larger version to
be designed in the future would accelerate a 3CO pound stretcher vehicle
at S gee for medical evacuation purposes.

The accelerators intended for launching purposes will have external
slide coils. This configuration provides easy access to the brushes and
helical barrel surfaces for studying the commutation processes, arcing
damage, etc. On the basis 0! tests with the extermal sliders we hope %o
establish the performance limits of helical acceierators for internal
use in artillery applications.

The study will also generate trade-off curves for launched glider
design.
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Mass drivers, or discrete-coil synchronous accelerators in general,
are limited in perforriance by failure of the vehicle coil or of the drive
coils. Failure of the vehicle coil is governed by a relatively straight-
forward thermal limit, but failure of the drive coils is a complex problem
which has not been studied for large-caliber, thin-build pulse coils.
Depending on the operating regime, failure may be thermal, static or
dynamic. We wish to correlate the observed failure of simple coils with
computer models to determine the performance limit of mass driver type
accelerators, and means to design drive coil structures for maximum per-
formance.

Momentum transfer flux compressors, Or momentum transformers, are
devices in whicli a metal sabot provided with a radial slot is accelerated
chemically (or pneumatically, in our tests) into a region of strong mag-
netic field confined by a copper barrel. The magnetic flux, which
cannot penetrate the sabot in the available time, is thareby concentrated
into the inner bore of the slotted sabot, so that the field intensity is
increased by about the ratio of outside to inside cross section. A conducting
projectile located inside the sabot is thereby expelled by induced eddy
currents, carrying with it a hopefully large fraction of the sabot's
momentum at a correspondingly higher velocity. We plan to study the
mechanism by inductance simulation, using alternating currents and a dummy

sabot, and by pneumatically driving a one inch caliber sabot into a field
coil.

Thers are certain theorstical limits on the performance of the

basic acceleration processes, imposed by materials, energy transfer rates,
losses, etc. We are interested in defining the performance limits of
the helical accelerator in terms of thrust, efficiency (heating), projectile

"size, and speed, insofar as these limits can be derived from experimental

data, for extrapolation to the larger launchers for tactical use.

We are nlso interested in deriving the theoretical melting limit for
multiple impulse inductors, that is accelerators which drive short-~circuited,
passive coils or washers by synchronized pulse coils of the mass driver type.

Finally, we intend to determine the feasibility of launching space
vehicles electromagnetically, the minimum vehicle size for survival, the
mass and energy losses in traversing the atmosphere, and the suitability of
various energy storage and accelerating mechanisms.
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The group has one additional mission, funded by NASA-LEWIS rather
than ARRADCOM-DARPA, which we include ir the present report because of
its relevance to DoD applications: design and construction of the
superconducting bucket and associated cryogenic service station for
Mass Driver Two, The station serves to cool the bucket to liquid
helium temperature, induce a persistent current in its two coils, and
injent it into the mass driver being built at Princeton University. We
will then collaborate with Princeton in testing the overall system, and
obtain experimental data on the performance limit of superconducting
bucket coils under the field transients involved in mass driver type
accelerators.

This work fills a gap in the present DoD program, which does not
as yet include a cryogenic/superconducting system. We believe that such
systems will be of importance in two contexts: linear inertial energy
storage in Pulsar type devices, such as those develcped by Cowan at
Sandia (11), and inductive energy storage for space launchers and
possibly also tactical and strategic launchers. Relatively lictle is
known about the behavior of hard superconductors undar fast transients,
and other groups at the National Magnet Laboratuory are beginning to
investigate this area.
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PERSONNEL

The following persons contributed to the Phase One work, in the
manner indicated.

Henry Kolm, Senior Scientist (Nat!. Magnet Lab), 'ecturer (Aero.Astro Dept.)
co-principal investigator, electromagnetics

Rene Miller, Professor, Asronautics and Astronautics Department
co-principal investigator, asrodynamics

Peter Mongeau, B8S, Physics, Doctoral Candidate, Physics
crew chief, supervises all projects, makes job assignments, concentrates

on theoretical analysis and instrumentation; conceptual planning;

Fred Williams, 8S, Mechanical Engineering; vetsran of magneplane and pulsed
metal forming projects; chief designer and constructor, with special
responsibility for capacitor switching and safety; idea generation;
procurement of surplus equipment; improvisation and adaptation;

Peter Graneau, Ph.D., Elect. Engr., specialist in cryo-cables, circuit breakers,
physics of metal vapor arcs, electromagnetic theory; 203 time consultant;
special responsibility for quench-gun analysis and arc-commutation;
fundamental analysis;

Whitney Hamnett, Electro-Mechanical Project Techniclian; 8S in art;
shop manager, responsible for documentation and illustration, detail

designing, special responsibility for cryogenic systems and tests.

Al Djiauw, Electro-Mechanical Project Techniclian; pulsed field experience;
special responsibility fcr design and construction of capacitor banks
and switching circuitry, fabrication of helical launcher booms, test
bench facilities;

Ken McKinney, third year student, candidate for 8S in Physics and Mech Engr.
has worked on undergrad. thesis and later as student employee; special
responsibility for data processing, computer-modelling of coil dynamics,
and management of the Digital POP-11 system and interfacs.

Osa Fitch, third year student, candidate for 8S in Asronautical Engr.;
working on undergrad. thesis project (UROP, '‘Undargrad. Research Opp-
ortunity" project) for academic credit; responsible for coil dynamics
project experimentation, planning to do &S thesis for project later;

Robert Sharp, third year student, candidate for 8S in Physics;
u'o'FElng on UROP project for credit, coil dynamics experiments.

Michas! Poluszek, B8S, Asrornautical Engr.,
art time; did glider trajectory trade-off analysis and basic design;

Mark Zeitlin 8S, Asronaut. Engr., Candidate for MS;
Responsible for structural design and construction of glider vehicle,
radio control, instrumsntation, and asronautical testing;

e
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Lika Levi, third year student at Bryn Mawr College, Candidate for BS in Physics;
Joined project for one-week externship during spring vacation; may
return as student employee later |f needed.

Roger Durst, fourth year student, candidate for BS in Aeronautical Engineering;
Working as student employee on construction of launcher booms and
capacitor banks; may join project as graduate student for MS;

Revin Maguire, high school student; part-time employes;
will work as summer student employee, special case community service;

The following additional persons are associated with the Mass Driver
group at Princeton:

Gerard K. O'Neill, Professor of Physics, Princeton University
author of '"The High Frontiet' and leading advocate of space colonization.

William Snow , MS, Asronautical Engineering,
Tormer graduate student at MIT and veteran of the Mass Driver One group,
responsible for design and construction of the main part of Mass
Oriver Two.
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FACILITIES

SPACE AND SERVICES

The group now occupies about 3,000 square feet of office and
laboratory space, with room for expansion as required. There is an
adjacent garage area vhere the trailer-mounted twin-helix lamnmcher can
be assesijled, and a little-used railroad siding where initial launching
tests can be made. Available in the same building are heavy shop facili-
ties, including lathes large enough to fabricats modules of helical
barrcls up to eight feet long.

The area has access to the =z2in powerplant which can furnish wp
to 32 MM of continuous 4c power (160 kA at 200 V), and Bitter solencids
with fields up to 220 kG (22 Tesla), oriented horizontally or vertically.
The laboratory also owns various capacitor banks which are available
for occasional use.

The central re-
search area, 30 x 40
fost, is surrounded
by a wire cage. A
sassive wood test
bench 40 ft long wes
constructed along
one wall of this cage,
and a plywood cb~-
servation and control

Fig. 1. Overall view of central research ares
data storage equip- completed in January 1980.Test bench at left,
ment. control room in far right cormer. Fred Villiass

and Peter Mongsau in background.
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DEDICATED ENERGY STCRAGE

THE FAST DISCHARGE BANK

Thirty-six 6 XV, 100 mf pyranol
capacitors cbtained as governmant surplus
from the Princeton Synchrontron were
assembled into a fast-discharge, 65 KJ
bank.

The bank is divided into six mo-
‘dules of six cans, each housed in a com-
mercial polyethylene tank with 0.25 inch
walls on a caster dolly, as shown at
right.

Cans are connected individuallly
to XG 217 type coaxial cables in the
sanner showm, one side of the capaci-
tors being grounded to the cans. The
tanks are thus needed for fault pro-
tection as well as for PC3 oontaimment.

A linear spark gap triggered
by four automacbile spark plugs was
oconstructed. It is capable of Adis-
charging one 6-can module and oper-
ates reliably at 1,000 as well as
6,000 volts. A larger version capable
of acoepting the 36 co-axial leads T
from all six modules has been designed. :MMJ

The six modules will fit into
six neighboring bays underneath the
test bench; two are visible in rig.

 ELECTrROOS

Filg. 2 The 6 kv, 65 KJ fast dis-
charge capacitor bank, connections,
and spark gap switch.

e e o one e e
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THE SLOW DISCHARGE BANKS

We have two slow-discharge capacitor

banks made of beer can elecicolytics obtained 300V
as surplus from the dismantled Princeton
Synchrotron. A crowbarred laboratory bank
has been completed, and a field bank for
use with the trailer-mounted launcher is
being assembled.

Zhe laboratory bank uses 960 beer canms,
each 3100 mf at 300 V storing 140 J, with a

total storage capacity of 134.4 kJ at 900 V.
The bank consists of 40 modules
containing 24 cans wired 8 in parallel and

3 in series as shown at right. Each module Fig. 3. Clrcuit of 2k-can
has its own SCR for initiating its discharge module of laboratory bank

.
.,
'
d

and for reverse fault current protection, as
well as a crowbar diode
to sustain the discharge
current and prevent back-
swing when feeding a low-
resistance load.

The modules weigh
SO pounds each and are
1 made of 2x8 hemlock

v wam -
,&&’A:x “

~
L.

AR
LS L .'_a'?

- ‘

Y
ES: ' planking, with mating

:f:: top and bottom adges to

ol permit stacking, as shown

_'g in Pig. 4. The aluminum

2 current bus connections

::‘ protrude from the front

;f:' panel and are protected

o by the protruding side-

( ; walls. Stacked modules

4 can thus be connected

(X easily by vertical alumi- Fig. 4. Enclosure of 24-can, 50-pound stacking
'E BUR strage. modules of laboratory bank.
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SCR TRIGGER CIRCUIT
Fig. 5. Discharge controls for the laboratory bank

A standard pulse-forming and SCR trigger circuit shown in Fig. S
was built, battery operated and transformer coupled to permit complete
isolation from the line and prevent premature triggering. This triggered
up to three modules. A direct cascade method was later developed to trigger
all of the modules.

In practical terms, the whole bank can deliver about 200 KA at 900 V
for 0.75 ms. It can thus be thought of as a 180 MN power supply, with a
0.75 ms duty cycle, delivering 134.4 XJ altogether. The bare capacitors
have a power density of 70 joule/pound (2 pounds/can).

The mobile bank now being assembled consists of 1600 beer can units,
each 2500 mf at 350 V storing 153 J, with a total storage capacity of
245 XJ. It will be parallel-connected for 350 V operation, which matches
the helical launcher's impedance plus back-voltage. The cans are being
mounted in 4 steel shelving units, the total weight of the bank being
3,200 pounds. The cans will be individually SCR-fired, but without
crowbarring diodes. Staggered triggering will ensure quasi-constant
current during the launch cycle. The actual, bare-can energy storage
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density, referred to the bare capacitor cans, is 76.5 joule/pound.
For comparison, we note that launching the 12.5 pound (5.67 kg)

glider to 224 mph (100 m/s) at 80 percent efficiency requires only

36 KJ , or 465 pounds of capacitors. The portable bank thus suffices

for testing the launcher éo 6.8 times the mass of the model, or 2.6

times the design velocity.

Two charging supplies are available: a 50 KV, 0.2 A unit for
the 6 XV bank, and a 2 KV 4 A unit for the 900 V bank. Both were
reconditioned from dead storage.

A mobile charging supply for field use to charge the 300 V
launching bank will be constructed to be operable on line power or on
a gasoline-driven 2.5 KW generator. All of the control and instrumen-
tation for the field launcher will be cerated from the 12 V truck
battery through a 60 Hz inverter in order to make it independent of

the generxator.

INSTRUMENTATION

The backbone of our instrumsentation system is a Nicolet Explorer
digital oscilloscope, which is capable of storing 4,000 data points at
time intervals of 50 nancsecond to 20 second per point. All points can
be used to store a single variable during a transient event, or they can
be used to store up to four variables simulataneously by cycling the
points. Once stored on the floppy disk, the data can be displayegd,
scanned, expanded in the x and y directions, and processed directly by
an available Digital PDP-11 computer. A micro-computer will be added to
permit on-line computation while experiments are being made.

A set of four optical position sensors has been construc =d to
provide a mesasured position reference.
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THE HELICAL ACCELERATOR

FIRST, INTERNAL HELICAL ACCELERATOR

A crude, two~foot section of internal helical railgun was first
constructed in about two working days, to obtain a feeling for the problems
involved. It was made by winding cotton-insulated, one eighth inch square
copper wire on a phenolic tube, potting the helix in epoxy, vremoving the
winding mandrel, and honing the inside surface down to bare copper with
an expandable cylinder hone. The sabot was a simple, push-only bucket
with two carbon brushes, supplied with current through a tether cable
from a 12 V lead-acid battery.

The slider reached 5 u/s on battery power, and 15 m/s when energized
with electrolytic capacitors, at which point it failed because the acceler-
ating force stripped the coil from the phenolic tube which carried the brushes.
easily from the outside. External barrels are limited in length by the
stiffness of their intarnal support tube because they can only rest at
the breech, or the breech and muzzle if the 3lider is captive. They are
more accessible for research purposes.

SECOND, EXTERNAL HELICAL ACCELERATOR

The second model was made of rectangular, 0.125 x 0.100 inch copper
wire wound on the outside of a four inch o.d. phenolic cloth reinforced tube
32 inches long. Spacing between tums was governed by the cotton insulation.
The winding was epoxy-impraognated and then machined to a cylinder with a
tolerance of about 0.002 inch overall taper.

The external slider is shown full-scale in Fig. 6 on the following
page. in section, and an iscmetric sketch appears in Fig. 7. Current will
ultimately be supplied through external feed brushes, but the bench model

was supplied through a tether cable for simplicity and ease of instrumen-
tation. The electrical specifications are summarized in Fig. 8, and some

photographs of the bench model accelerator appear in Fiq.9.
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The principle of the brush-commutated helical accelerator is best
illustrated by Fig. 6, an axial section through the slider. A helical
barrel coil (not shown) is surrounded by a short sliding coil which is
supplied with current through two sliding brushes. The sliding coil
also carries two sets of commutating brushes at each end which serve
to energize adjacent sections of the barrel helix in opposite directions
so that the sliding coil is pulled from the front and pushed from behind.
Each commutating brush set consists of a2 ring of fingers which surrounds
the entire circumference of the helical barrel, made by slotting a bronze
tube as shown in Fig. 7. The inboard brush set is supported by a
re-entrant tube to place the brushes as close to the sliding coil as
possible.

It is an essential feature of this design that the current flowing
to the brush sets exe.ts repulsive forces between the three nesting
coaxial tubes which support the brushes. Brush pressure will therefore
increase with increasing current, providing the outermost tube can

'S
bi
e
..

withstand the cumulative force.

The factors vwhich determine the performance limit of a helical
accelerator are the effective system resistance, the inductance ooupling
cosfficient between sliding coil and excited sections of the barrel, and
the brush current density achievable at an acceptable service life. The
! mass of the slider is a trade-off variable.

; System resistance (and maximum permissible drive current) can of
course be improved by simply using more copper in both the helical barrel
and the sliding coil, but this will place the two interacting currents
farther apart, thus lowering the coupling constant, and also increase the
slider mass, thus lowering the acceleration for a given thrust.

To explore performance limitations in the short bench model, the
slider was provided with only two inboard and two outboard brush fingers
in the pull-mode commutator (pull-only operation), and its coil only had
four layers. It is shown in the photograph of Fig. 9A.

The bench tests were made by energizing the accelerator only momen-
tarily wvith one module stack of the electrolytic capacitor bank containing
0.165 farad at variable charging voltages up to about 600 volts. The
exact dimensions of sliding coil and energized helicai coils are showm
in Fig. 8, along with the electrical parameters.
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h.25"

bucket
coll

2.5"
h.lll
) drive coll
Vv

bucket muss : 2.3 kg

winding material : bucket coll : copper
drive col! copper

bucket coll resistence : .022 ohms

drive coll resistance : .008 ohms

accalerator length : 0.8 meters

Fig. 8 Electrical specifications uf bench mode!

helical accelerator; helical barre! has
single layer winding, bucket coll has
four layer winding.
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Fig. SA Bench mode! helical accslerator with only two brush
fingers In trailing and leading commutator and only
four coll layers.

Fig. 9 Two modules of electrolytic capacitor bank used to
drive bench aodel helical accelerstor.
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Test results are summarized graphically in the next four figures.
Fig. 10 is a plot of the peak current as a function of capacitor voltage,
and its slope defines the "effective system resistance" as 0.057 ohm.
This corresponds to the slider with oniy four coil layers and four brush
fingers operating in the pull-only mode.

Fig. 11 is a plot of the slider momentum versus current impulse
mesasured with only the innermost of the four coil layers energized.
The slope of this curve, namely the proportionality constant between the
product of slider current and helix current (which are the same) and the
propulsion force, is the effective mutual inductance gradient, or dM/ax,
between the sliding coil and the anergized section of helix. It turns
out to be 1.10 x 10°° henry/meter. The slider mass was assumed to be
2.3 kg, wvhich includes half the mass of the tether (umb:lical) cable
attached to the slider.

rig. 12 is a plot of final velocity as a function to the current
inpulse (ampere®-seconds) with all four layers of the slider coil active.
The mutual inductance gradient has now decreased to 0.84 x 107° h/m,
reflecting the fact that the additional three layers of slider ocoil
are farther removed from the helix and therefore contribute less to the
effective mutual inductance gradient. This illustrates dramatically
the importance of designing for maximum dAM/dx. Adding three layers to
the initial single layer coil has decreased the coupling, and thus the
thrust cbtained for a given current, to only 768 of its initial value.

It is encouraging to note that with only 108 of its brush area and
about 200 of its coil windings, the slider reached X m/s in an effectiwve
acceleration length of only about one foot, and from a standing start.
The acbjective of the ¢glider launcher is to reach 100 m's in a length of
about 16 ft, and with a 5.7 kg gross weight glider model shared between
two sliders. In other words, we intend to accelerate about twice the
mass to three times the welocity in 16 times the distance, per slider.
This ispi.ae 18 times the launch Inergy in 16 times the launch distance.
¥We are able to use ten times the brush area and five times the number
of slider coil turns. To be sure, the added turns will contribute less
coupling, but this will be compensated somewhat by the fact that we cas
enexgize a section of helix behind the slider to achieve push as well as
pull action.
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H'“""u: v v Y rerrrrrrrEETPREETRPYY : I: B ¢
BENCH MODEL MELICAL ACCELERATOR
VELOCITY VERSUS CURRENT IMPULSE e
3 I R 3
: H:ﬂ: E # =u= P Lanassiss oo
s #
= : 3 & 34 I3 ‘ March 14
Py
S : @ erer 13
o R s
1% ?ﬂ.- il =E¥“:: el
S e
::;::: - gverage slops corresponds to
'"_ 3 ety mutual Inductance gradient of
B e0.80x10¢ wa
8 i 2 3 ’ s 6 x10°

CURRENT 1uLsE 12 ¢ (mn’-m)

Fig. 12 Velocity versus current impulse, bench mode! hélical accelerator,
four coll layers energized, 2-finger pull brushes only, slider
anss Is 2.3 kg including half of umbillical cord mess.
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Fig. 13 is a plot of the electro-mechanical energy conversion
efficiency as extrapolated from measurements with the bench model.
The equations relating efficiency to the performance parameters are
also shown in Fig. 13. The "coupling constant” C is a "normalized"
coefficient, namely the mutual inductance gradient dM/dx multiplied
by the number of active turns N in the bucket (slider) b, and in the
drive coil (helix) d. This notation is derived from the mass driver
literature.

It is a fundamental property of most accelerators, including
dc railguns, that efficiency increases drastically with velocity at
first, and asymptotically approaches 100% eventually. This property
derives from the simple fact that both thrust and resistive loss are
proportional to the current squared. Thus, if the current is kept
constant during acceleration, the thrust and resistive loss will both
remain constant as well, but the mechanical power delivered to the
slider will increase with velocity.

It will probably prove expedient to inject the slider iﬂto the
active helical barrel with some initial velocity derived from a spring,
compressed air piston, or induction accelerator (pulsed coil). This
will eliminate the low-efficiency start, and even more importantly the
high local heat input to the helix at 2ero velocity. The only place
any significant pitting was observed in the bench test model helix was
at the starting position of the commutating brushes.

The twin-boom glider launcher should achieve somewhat better
efficiency than is suggested by Fig. 13 because using about ten times
more commutating brush area will reduce the system resistance R
significantly.

It is worth noting that helical accelerators operating in the

3 km/s velocity range should achieve efficiencies approaching 90 percent.
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electrical to mechanical (percent)

EFFICIENCY

v 26
R = system resistance
force = 12 C = coupling constant,
2 =N N gﬂ
efficiency = C21 z 3 cv b "d dx
CIv+ I°R CV + R I = current in slider and
helix
V= slider velocity

1003 7 T T T T
80%
60%
Log
20%

)

: | | n
0 200 400 600 800 1000
VELOCITY (meters/second)
Fig. 13 Efficiency vs velocity, extrapolated
from measurements on bench model helical
railgun
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THE GLIDER LAUNCHER

CENERAL CONFIGURATION

The launcher will consist of two twenty-foot external helical
barrels supported side by side by their ends from Y-brackets attached
to the ends of an aluminum I-beam. The glider will be accelerated
between these twin booms by twin sliders up to the 16 foot point; the
sliders will then be stopped in the remaining four feet and returned
to the breech end. The full-scale system will launch 50 pound gliders
and a truck-mounted version is shown in Fig. 14 on the following page.

There are three comparable options for energy storage: an
engine-driven homopolar generator followed by an energy transfer in-
ductor, all oparating at room temperature. A set of lead-acid batteries
charged by an engine-driven generator and discharged over a period of
at most 15 seconds into an energy transfer inductor cooled to liquid nitro-
gen temperature, which then discharges into the launcher. The third alter-
native is the use of electrolytic capacitors charged by an engine-driven
generator and discharged directly in staggered banks into the launcher.

A homopolar generator would probably be used in an actual system.

We have chosen the third alternative, partly becuase we acgquired
about 1600 beer can type electrolytic capacitors as government surplus.
These cans are 3" diameter, 55/8" long, weigh 2 pounds =ach, and are
rated at 3100 microfarad, 300 V, or 140 joule sach. Thi; corrasponds to
70 pounds/joule. Their raw volume (not allowing for rackaging) amounts
to 165 ft3/MJ. A one megajoule electrolytic bank at 10C% packing density
would therefore occupy a cube 5.5 ft on a side.

Launching a 23 kg (50 lb) glider to 88 m/s (200 mph) requires J.1 MJ
of kinetic energy. Assuming 50V efficiency, the task would require an
electrolytic bank only about the size of the full-length zocl-box on a
utility truck (8°'x3'xl1l.5').
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MECHANICAL DESIGN

The helical barrels will be fabricated in five foot sections
using four inch i.d. transite water pipe, a readily available material
of high stiffness, good thermal resistance, and low cost. The transite
sections will be wrapped with epoxy and fiberglass cloth and terminated
in hrass connecting ferrules, then turned to an accurate o.d. Square
copper wire, 0.1 x 0.135 inch, cotton insulated, will be wound edge-
wise around the cylindrical fiberglass surface and then turned to within
+ .002" of a cylindrical surface slightly more than 5" o.d.

Pour helical sections will then be placed over a stainless steel
tube with their connecting ferrules meshed, and compressed by means of
jacking flanges so as to place the stainless steel core tube in tension.
The fourth helical section will be only 48 inches long, the first three
making up the remaining 16 feet. The last section will be wound in the
opposite sense so as to generate a decelerating force.

The two booms will be supported at their ends, side by side, by
Y-shaped brackets riveted to an aluminum I-beam located below the helical
booms. The I-beam will also support the two current feed rails from which
the two sliders will derive their current.

The cost of each five foot helical section tube made of transite
with a fiberglass coating is about $40, as compared to $800 if a fiberglass
composite tube such as G-10 were used instead. It is likely that a similar
structure will prove the moet sxpedient in production launchers as well.

ELECTRICAL DESIGN

The sliders will differ from those shown in Figs. 6 and 7 in that
they will have two coil sections with two brush sections betwean them
instead of the other way around. The helical barrel will thus have only
one active section at the center of the slider, instead of two active
sections. A detailed optimization analysis shows this configuration to
be more expedient.. The two active bucket coils will be connected 1n
parallel; it would have been difficult to connect the helical sections
in parallel.
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The nominal performance parameters are as follows:

acceleration 100 gee peak power 1 MW
mass 10 kg kinetic energy 50 kJ
force 9.8 kN launch duration 0.1 sec
velocity 100 m/s

length 5.1m= 16.7 ft

The electrical-to-mectanical energy conversion efficiency is
governed by the effective mutual inductance gradient dM/dx, and by the
choice of conductor cross zection, two related parameters. Once the
conductor cross section has been chosen, the number of turns only affects
the impedance match.

Having decided to derive the launch energy from electrolytic capacitors
rated at 300 V, we design for a maximum back-voltage (kinetic emf, not
including resistance drop) of 200 volts. This establishes the required
peak current as 5 kA, allowing for 100 volts of resistive drop at peak
velocity.

TeTe Ros SIS ST T T & AT EEEERTIE el ST RN N N T VR . . S LS A

Thrust is given by: F= Nb Nd -:x—!-‘- I2 = b Iz. vwhere:

N represents the number of active bucket and drive coil turns,
] dM/édx is the mutual inductance gradient in henries/meter
I is the series bucket and drive coil current, and

b defines a performance coefficient having the dimensions
of henry/meter.

)
: The energy conversion e’ ficiency is now given by
b

bv

Dvew ¢ Vhem

R is the total system resistance,
: v is the instantaneous velocity, and
b is the coefficient defined above.
The efficiency clearly increasas with velocity, asymptutically agroaching
unity. This is a general property of any dc-operated accslerator.
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To achieve reasonable efficiency, the total system resistance
must be kept below 20 milli-ohm. This is hot a trivial accomplishment
if the number of active tumns is to be kept reasonably high with good

inductive coupling. 1.5 active Iength—"

On the basis of experience 15 active turns

gained with the 40 inch test

——

section, we select the confi-

— e AN
transite ./ ‘ts epoxy
r

. lass
helix is made by edge-winding 1" x 135" copper~/ 9

. —
£
guration shown at right: the ‘-

cotton-insulated rectangular
copper wire, 0.1 x 0.135 inch,

Nd = 15 turns active
around an epoxy-fiberglass

Rd = 9.66 milli-ohm
coated, 4 inch i.d. transite

(asbestos) tube.

transite pipe

b i d.

The helix has 15 active
turns in an active length of Fig. 15
1.5 inch.
This active helix sec-
tion will be connected in
series with two bucket coil 1

sections in parallel flanking left right
boom boom

the active helical section. 20 R 0rQ
'ZD ° = 3

The circuit is shown in Figqg. ® L b

16 at right,

If we used one bucket coil R.=10m

[¢ 9

flanked by two active drive ccil \ |
Sections, as in the tost helix, L—,—"
the irive coil sections would °
have 0 be in Paralle!l for toe
pological reasens, Using two
bucket c2ils flanking a single drive coil section Permiis Settar :zu;ling
since the average coil-toe-coil distance is smaller, in 1w S8 mhe race

that “he bucke: :1ils have more build than the Singli-iayer Lolivl o

i3 ac cenalzy ln Teilstance, and the added advantage that snlc o siiile
brush set 1. recuired instead of two. It therefore emergus .: in in.v:-
table decision to use a single active section of the helix, flanked by two

bucket coils with their turns located to optimige the Butual inductance gradient.
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For optimum efficiency, the bucket coil resistance should be
about equal to the drive coil resistance. On the basis of experience
with the test helix, we select 22 turns of 0.1 inch square copper wire,
co-wound in two parallel starts (i.e., doublé wire winding of 22 turms,
the two wires in parallel). The resistance is 10.18 milli-ohm. The
total winding mass of the bucket is 887 grams. This includes two win-
dings of 22 turns each with an i.d. of 4.4 inch, and the resistance
corresponds to both windings in parallel. The circuit diagram of Fig.
16 shows the two buckets for the two side-by-side booms, each with two
parallel windings.

Current density is 40 kA/cmz, temperature rise is 25°C during launch.

To determine the optimum distribution of bucket windings and
predict the effectiveness of additional windings we have generated a map
of the value of the mutual inductance gradient dM/dx in the vicinity
of the active drive helix turns (on one side of the mid-plane), in
0.1 inch grid points. This map is shown on the next two pages, which can
be joined at the arrows as indicated. The numbers on this grid are in
units of micro-henry per meter, and are directly proportional to the thrust
generated by a unit current filament at the locations cf the grid, resul-
ting from interaction of this current filament with the entire distributed
current in the active drive helix turns. The numbers thus represent the
priority of locating turns of the bucket coils which will flank the
active drive helix section. The maximum thrust is generated at the ends
of the drive helix (at the brush locations) (3.93), and the thrust falls
off at about equal rates in the axial and radial directions from this
maximum. It falls to one half in a distance of about half an inch. 1It
is obviously important to locate the two bucket coils as close to the
commutating brushes as possible, and to operate at the highest current
density possible, subject to tolerable heating conditions. The performance
(efficiency) of helical launchers will therefore be highly sensitive to
the required repetition rate and to the use of coouling methods.

The final page of this section presents the result of a computer

simulation in 0.005 second time increments of the launcher performance.
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et leunch
Eadit,

run

Helicsl Rail Gumn Launcher Simulatiorn
this progranm rerforms a ster by ster iteration

395

give the recuested rarameters to start execution

system resistance
? .01
system courling

? Be-4

sroJectile mass

? 10

storsge caracitor
?3

system inductance
? 004

launcher lensth
?S

time increment

? .00%

initial voltase
? 350

time 3
0.009 0.00
0.010 0.00
0.019 0.00
0.020 0.01
0.023 0.03
0.030 0.09
0.033 0.10
0.040 0.16
0.045 0.24
0.050 0.39
0.0SS 0.49
0.060 0.67
0.063 0.88
0.070 1.14
0.073 1.44
0.080 1.78
0.089 2.16
0.090 2.58
0.09% 3.04
0.100 3.54
0.105 4.07
0.110 4,464
0.115 $.23

Edit.

VCAP = capacitor voltage
VBEMF = back-emf generated by moving bucket
units are MKS

vel
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(2

31.7
47.0

3¢CC

15.3
60.4
133.9
233.8
357.7
502.4
663.5
8335.4
1011.2
1183.0
1342.3
1480.3
1589.4
16463.9
1700.4
1698.6
1661.3
1593.4
1501.8
1393.7
1276.5
1156.3
1038.2

current

437

849
1294
1709
21135
2506
2880
3231
335353
3844
40946
4302
4437
4561
46190
4408
45357
4443
4333
4174
3994
3802
3602

vecar

3350
349
347
344
341
337
333
328
322
316
309
302
295
287
280
272
264
257
250
242
236

229 .

223

vbeat

104

148
202
236
267
294
316
333
344
350
351
347
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THE GLIDER

GENERAL UBJECTIVES

The glider is intended to reach maximum altitude ballistically,
say 2,000 ft with a launch velocity of 200 mph, and then execute a
controlled glide to a guided landing with a vange of several miles. It
is to serve for the delivery of cargo over inacce 'sible terxcin, and as an
expendable reconnaissance vehicle. It should be launchable from a truck
at a repetition rate of several seconds. The cargo container and attach-
able airfoil assembly should be capable of compact, nested storage and
instantaneous interconnection. The parts should be inexpensive and require
no critical dimensions or adjustments, the flight being controlled instead
by a reasonably smart on-board eslectronic controller responsive to ground
commands from the launch site and from the landing site. A reasonable
choice of size was considercd to be 50 pounds gross weight.

It vas originally intended to build a half-size, one-eighth weight
model. However, the launcher does not scale down readily for electrical
reasons, and energy was no problem. It was therefore decided to build a
model of about half-weight and 79 percent size, or perhaps even full size.
1f pexformance expectations materialize, it should be possible to upgrade
a launcher of same size to twice the launch mass.

The design of the glider vehicle is very important because usefulness
of the entire electromagnetic launcher concept depends on it, and because
it represents a design task which, to our knowledge, has never been tackled
previously.

This part of the project was directed by Professor Rene Millc¢s, and
performed by two persons: Michael Paluszek, a recent MS graduaze of =he
Depertment of Aeronautics and Astronautics did a trajectory analysis, and
Marc 2eitlin, a graduate student in the Department, designed and i=ar=z4
constructing cthe actual glider.

Both of their reports are included in their entirety. T=i-z  -:3-
wishing to examine the problem will find all of the devails we- 207 0.
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The !ECTORY ANALYSI: (MICHMAEL PALUSZEK)

1. Introduction

The purpose of this phase of the program was to determine
the vehicle and launch configuration that would produce the
maximum range for a given initial velocity at the exit.of the
electromagnetic accelerator. The glider characteristics avail-
able for modification were the wing aspect ratio (AR) and the
wing loading. Given the launch velocity, the only launch
parameter that could be varied was the launch angle, although
the glider angle of attack was assumed to be controllable (if
degsired) during £light. .

The limits for allowable aspect ratios and wing'loadingl
were calculated by the glider design group, as were all the
other vehicle parameters. Maximum launch weight and velocity
were given by the accelerator group. Table 1.1 summarizes

the relevant informatior.

Parameter Value (or range)
.03

Cc

Op

» 23kg

C 2n

4,
.95

s 2m! - .65m?

AR 6 to 13

\ /1 88m/sec

Table 1.1 Glider Data
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The basic procedure was to numerically integrate the equa-
tions of motion to obtain the flight path, and maximum range,
varying AR, yi and m/s in a heuristic fashion until the maxi-
mum range was achieved. No attempt was made to formally opti-
mize the glider.

Since the philosophy was to design as simple a glider as
possible the emphasis was on simple vehicle controls, unless a
large gain in range, commensurate with the increase in complex-
ity, could be obtained. The cases studied were the fixed angle
of attack case and the ballistic launch case, where the wing
produces lift only once the trajectory peak is reached.

This report is divided into three parts detailing the
equation of motion, the numerical techniques and the results

respectively. Copies of the computer code are included as an

ot

appendix.
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The Bguations of Motion
Tne equations of the motion were written in the flight

path axis, as illustrated in Figure 2.1, by the balancing of

iorces. The equations are:

m du _ - - s
gt < »=mg 31n ¥y
(2.1)
mv Q% = L -mg cos ¥y

where y is the angle to the horizontal, m is the glider mass,

v its velocity, g the acceleration of gravity, D the total
drag and L the total lift. |
The drag is defined by the eguation
D=1 pviac
g b D (2.2)

-y

where p is the air density, Cp the drag coefficient and
kB is the drag reference area. The lift is similarly defined

es

= l 12 &
L=3pvisc (2.3)

where S is the lifting surface area and CL is the 1lift

coefficient.
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Flight Path Axis
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The drag coefficient is composed of two elements, one

is the lift independent drag and the other the drag induced

due to lift.

2
cL

D by * Tear (2.4)

The lift coefficient is derived from thin airfoil theory4

and is
c, = 1—CL"
L + CLY a
TER | . (2.3)
CLa= 27 .

.

The air density is assumed to be an exponential function
of altitude and is given by

o = 1.2 e~h/6341 =

' (2.6)
with p in kg/m?

o T ————
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3. Numerical Methods

A fourth order Runge-Kutta method was used to integrate
the equations numerically. The four equations of motion are
arranged as follows

du -D/m -g sin vy

dt
dy , L -9/, cos vy
dt mv
(3.1)
g% = Vv CcOos Y
dv

gt = Vvsiny

The right hand sides are functions of V, y and y.
The algorithm used is an extension of the two first order

2 The error is on the

equation case as given in Hildebrandt.
order of (At)‘. For the trajectory analysis At = 1 sec and
the algorithm was implemented on a PDP 11/:0 using single

precision arithmetic.

4. Results and Conclusions

4.1 Introduction

In order to establish a baseline vehicle a wide variety of

vehicle configurations were simulated on the computer. The
cases can be grouped into three general types; ballistic, fixed
angle of attack and variable angle of attack. Maximum ranges
and optimum launch angles were calculated for all the cases and
the results used to choose a configuration for actual éonstruc-

tion.
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4.2 The Ballistic Vehicles

The simplest case was the ballistic projectile with no

n

lifting surfaces. With a drag coefficient of CD .03 and

P
a launch angle of 45° the range was 644m. With CD = ,001
this range increased to 804 m. Essentially, this is an artillery
shell with no controls and the simplest structure, due to the
absence of wings.
4.3 The Con-tant Angle of Attack

The constant angle of attack configuration was the next
simplest design with the wing preset at a given angle of attack
and no active controls. The improvement in range over the
ball: . tic case (with equal < ) was 113 m for an aspecé ratio
of ( and 192.4 m for an aspecg ratio of 13. The reason for
this relatively poor performance is the need to maintain stable
flight over a wide velocity range and duri;g the very steep
climb. Unless the angle of attack at launch is kept well below

the angle for optimum L/D the glider will loop. Besides the

short range, this configuration has very high landing velocities

unless provisions are made for a flare at landing.

T T T T T T
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4.4 The Variable Angle of Attack

Since it is difficult to obtain good range in a vehicle
designed for a high velocity boost and for gliding, the ob-
vious step was to separate the two flight conditions and opti-
mize for each with some simple control system providing the
transition. The result was a combination of the previous two
cases with a ballistic launch and lifting glide. The wings
are deployed on launch but are set to provide no lift. At the
peak of the trajectory an actuator sets the wings at the angle

of attack for maximum L/D as determined by the relationship.

Onax L/p = ,4 "SR Cp (4.4.1)
2
Cla
If the air density does not vary significantly this will

produce the maximum glide distance. The glide distance for

the constant angle of attack 183 '
c v, %-v?
L i °f

P (4.4.2)

where h is the altitude and v the velocity. Since p varies

less than 5% in all the analyzed trajectories, this relation-

ship is good for the cases of interest.
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The free parameters for this analysis were taken to be

Ay the launch angle, AR and s, the wing surface area. Vi
determines the peak height of the trajectory and the cross-
range during the ballistic flight while the latter two, along
with the trajectory peak, determine the gliding range.

The procedure was to find an optimum combination of yi
and s for every given AR, then to compare the optimums at
each AR with each other.

Figures 4.1 and 4.2 give maximum ranges vs. wingloading
for AR = 6 and 13, respectively. Each maximﬁm is achieved at
a given optimum launch angle which is given in figures 4.3 and
4.4. For each AR there is a wingloading that gives maximum
total crossrange. The peak range is achieved with wingloadings
on the order of 9.5 to 10 lbs/ft?. The roll off in range
after the peak is due to the increase in drag during ballistic
flight which reduces the trajectory peak and the ballistic
crossrange.

Figure 4.5 gives the maximum ranges versus AR for AR rang-
ing from 6 to 20. The variation with AR is nearly linear.

Theory predicts that for gliding flight at optimum L/D the

range should vary as o AR. This proves to be the case when
the ballistic crossrange is subtracted from the total range

and the increase in peak trajectory height is accounted for.
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4.6 Conclusions

Table 4.1 gives a summary of the data for all the cases
examined. Figure 4.6 shows representative trajectories for
the ballistic, constant angle of attack and variable angle
of attack cases.

The best configuration is the variable angle of attack
design with as large as aspect ratio as possible. The only
limit to aspect ratio would be due to structural considerations.
The wing loading should lie between 9.5 and 10 lbs/ft! and
launch angles will be in excess of 70°, Any limits due to
diminishing returns on AR will only occur for very large AR
when the AR law begins to reassert itself as \f reaches a
limit. A further limit may be that the high angles of attack
needed for optimum L/D at large AR may be difficult to realize.

S B B e e e s o R R aa AL e e e s e e
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Table 4.1 Summary of Results

Case Y S o max range
Deg m? Deg m
ballistic (CD = ,001) 45 0 0 808
ballistic (Cy = .03) 45 ] 0 644
fixed a
AR = 6 0 .2 8.9 757
AR 13 0 .3 5 836

variable o, ballistic launch

AR = 6 . 65 .50 8.9 3744
10 70 .45 10.5 4940
13 70 .45  11.4 5715
16 70 .50 12.3 6362

20 70 .50 13.4 7155
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APPENDIX: The Computer Program

LT N,

TYFE DLOSTRJ.FOR
THIS FROGRAM USES THE RUNGE KUTTA INTEGRATION
TECHNIQUE TO SOLVE THE LONGITUDINAL EQUATIONS
OF MOTION FOR AN ELECTROMAGNETICALLY LAUNCHED
GLINER
REAL LvMsLOVERD
COHMUN/AEROFR/CDFvCLALPHvSvARvaAerALFHQIAUNDEE
10 FORMAT C40H INFUT CDFsCLALPHA»AR,E»M FOR THE GLIDER)
11 FORMAT (A0H CDF IS THE LIFT INDEPENDENT DRAG COEFF.
1/2¢6H CLALFH IS THE LIFT COEFF.
2/22H § IS THE SURFACE AREA
3/28H AR 18 THE WING ASFECT RATIO
4/19H E 18 THE AERO. EFF
5/14H M IS THE MASS
6/22H A 18 THE FRONTAL AREA)
TYFE 11
TYFE 10
PI=3,14159
g 16 FORMAT (5F12,4)
! 15 FORMAT(4F12,4)
i REAN(S»15) CDPyCLALFH2ARYErM

P o o e
LElirlta
oo oo

ge s SR TD -

CLALPH=CLALPH/ (1 .+CLALFH/(FIXAR))
! 20 FORMAT(26H INFUT DT IN SECS,YO0rX0»VO)
Ji TYFE 20
N REAI(S915) DT»YIeXIWVI
151 FORMAT (23H INFUT DEFLOYMENT GAMMA)
TYFE 151
REAN(S»118) GAMMAD
GO TO 150
147 FORMAT (29H INFUT ANGLE OF ATTACK IN DEG)
150 TYFE 147
REAI(S»118) ALFHIN
ALFHIN=ALPHINX3.14159/180.,
IF(ALFHIN .GE., 0.) GO TO 167
ALFHIM=SQRT (FIYEXARXCDF/CLALFHX%2,)
IF CALFHIN .GT. «2792) ALFHIN=,2792
118 FORMAT(F12
15% FORHAT(I?H ANbLE oF ATTACKerB 3»5H DEG.)
TYFE 1559 ALFHINX180./F1
160 FORMAT(6F12.4)
157 FORMAT(S52H INFUT LIMITS»SI»SF)»DELTAS»GAMMAI
1+GAMMAF yDELTA GAMMA)
167 TYFE 157
READ(%9160) SIvSFyDELS»GIsGF»DELG
GI=FIXG1/180.
GF=FI%GF/18C.

B8 WA Ty T MR DY K 7 O W e T T T R0y
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TELG=PIXDELG/180.

§=8I-DELS

S=8+DELS

A=S .

GAMI=GI-DELG

IF(S .GT. SF+DELS/2.) GO TO 1000
FORMAT(15H WING LOADING =,F8.3,8H LBS/FT2)
TYPE 170+,M/SX.2044

GAMI=GAMI+DELG

IF(GAMI .GT. GF+DELG/2.) GO TO 175
X=XI

Y=YI

Vv=yI

GAM=GAMI

1A=0

C THESE ARE THE RUNGE KUTTA SUBROUTINE CALLS
C X IS THE HORIZONTAL DISTANCE:, Y THE ALTITUDE
(C AND GAM IS GAMMA THE FLIGHT PATH ANGLE

200
210

953

ALFPHA=ANGLE (Y »GAMsALFHIN» IA»GAMMAD)

VO=DTRF1(Y»VeGAM)

GAMO=DTXRF2(Y»VrGAM)

X0=DTRFI(Y ., VrGAM)

YO=DTXFA(Y»V,GAM)
Vi=DTRFL1(Y+.SKYOrV+.5%V0, GAM+ . SXGAMO)
GAM1=DTXF2(Y+.5%XY0»V+.5%V0CGAM+ . SRGAMO)
X1=DTHFIC(Y+ . IXY0»U+,3%V0» GAMT . SXGAMO)
Y1aDTRFA(Y+.SXY0rV+,5%V0 »GAME . SXGAMO)

V2=DTRFL(Y4+.5KY1oV+,.5%V1 » GAM+ . SRGAML)

CAM2=DTAF2(Y+.3%Y1V+.5%V1,GAM+ . SKGAML)
2uDTRFI(Y+.5KY19V+.5%V1 »GAME « SXGAMYL)
Y2zDTRFACY+.S%kY19V+.5%VL »GAM+ . SXGAMY)
VI=DTRFLC(Y+Y2,VHV2» GAM+GAM2)
GAM3I=DTXF2(Y+Y2,V+V2,GAM+GAM2)
XI=DTRFI(Y+Y2, VU2 GAM+GAM2)
Y3aDTRFA(Y+Y22V4VU2yGAM+GAM2)

VU411, /76 X (VO+2 ., XV 1 $2.%V24V3)

GAM=GAM+1 . /6  X(GAMO+2 . XGAM1+2 . XGAM2+GANMI)
X2X4+1 676 X(X0+2 kX142, XX2+X3)

YaY4+1./76  R(YO+2.%XY1+2.%XY24Y3)

IFCY +GT, 941 +AND. V GT, 1,) GO TO 200
LOVERD=WLIFT(Y»VsS)CLALPHsALFHA)/
1DRAG(Y»V,CDP»CLALPHsA7ALFHAIARYE10.)

_TYPE 555,GAMIX180./FI+S»X»LOVERD»VsVESIN(GAM)
FORMAT(15SH GAMMA INITIAL=/F4.0,11H WING AREA
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1=9F6.293H X=rFb.199H L/0=yF6.2+y3H V=3Fb6.1y4H VY=9F6.,1)
GO TO 18% '

1000 ENID

C THESE ARE THE RIGHT SIDES OF THE DN/DX=

. FOR N: UsyGAMs Xy Y
FUNCTION F1(Y»VsGAM)
REAL M
COMMON/AEROFR/CDFyCLALFH»SyARYErAyMyALFHA» AUNDER
(3=9.8
D=0RAG(Y»yVyCOFyCLALLFHYyAYyALFHAYARE »y AUNDER)
Fl==D/M=-0XSIN(GAM)
RETURN
END
FUNCTION F2CY»VyGAM)
RiZAL Myl
COMMON/AEROPR/CIFyCLALFHYSYARYEryAr My ALPHA » AUNDER
G=%.8
L=WLIFT(Y»yVsyS»CLALFHsALFHA)
F2=L/M/VU=G/UXCOS (GAM)
RETURN
END
FUNCTION F3(Y»VyGAM)
Fi=VkCOS (GAM)
RETURN
END
FUNCTION Fa(Y»VyGAM)
FA=UxSTN(GAM)
RETURN

| ENU

l C THIS FUNCTION COMPUTES THE DRAG
FURCTION DRAGCY Uy COFyCLLALFHYAsALFHA?AREy AUNDER)
RHO=DEHG(Y)
ChO=CIN 1 CLCALFHA Y CLALFH YV YIXX2/3.14159/E/7AR
DRAG= « GXRHOXUX %2  KAXCD
RETURN
END

C THIS FUNCTION COHFUTES THE LIFT
FUBRCTLION WLIFT(Y»VsSyCLALFHYALPHA)
RHO=NENSCY)
WL EFT = HERHORVX2 , KSKCL (ALFHAYCLALFHV»Y)
RETURN
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FUNCTION DENS(ALT)

DENS=1,2XEXP(~-ALT/4341,)

IF(ALT LT+ .01) DENS=1.2

RETURN

END

FUNCTION COMFUTES THE LIFT COEFFICENT
FUNCTION CLC(ALPHA»CLALFHsVyY)

REAL MACH

RHO=DENS(Y)

A=291,102XSQRT (RHO)

MACH=V/A

IF(MACH .LT. .98 .AND. MACH .GE., 0.) GO TO 20
TYPE 135:VrAsMACH

FORMAT(3H VU=yF12.4»3H A=yF12.4¢6H MACH=,F12.4)
STOP

COEFF=1./SQRT (1 ~-MACHX%2)
CL=CLALFH¥ALFHAXCOEFF

RETURN

END

+TYFE DLOSANGOFA.FOR

20

FUNCTION ANGLE(Y»GAM»ANGIN»IA»GAMMAD)
IF(IA +EQ. 1) GO TO 20

IF(GAM LE. GAMMADX3.141359/180.) GO TO 20
IA=0 .

ANGLE=0,

RETURN

ANGLE=ANGIN

In=1

RETURN

END

-
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INITIAL DESIGN  (MARC ZEITLIN)

1. Introduction

The purpose of the initial phase of the design process
was to arrive at a design for a glider that will be launched
from an electromagnetic launcher. The full scale glider will
have a gross weight of 22.7 kg. (50 1b.), and to have the
same aerodynamic characteristics, the half-scale model will
have a gross weight of 5.7 kg. (12.5 1b.). The glider should
be as light as possible to allow a large payload and should
have the maximum possible range. It should be very stroéong
to withstand the launching forces, which will be a 100g
(980 m/sec?) acceleration to a maximum velocity of 88 m/sec
(200 'm.p.h.). Knowing that the glider will need to be
repaired after mishaps, an easily repairable model is also a
necessity.

Since this is the first model to be launched by this ..o
method, an emphasis was placed on getting the concept to work,
however well or poorly, and refining the capabilities in
later models. In this light, tradebdbffs were made in the
payload and range capabilities to ensure strength, durability,
repairability, and simplicity.

This report is devided into three parts, showing the
Design Process, the Resultant Glider Design, and the Project
Status.

11__The De Proce
The first step in the design process (arbitrarily chosen

as first) was to determine the aerodynamic characteristics

of a glider with assumed structural characteristics. The
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nzjor cnaractericstic examined was the glide ratio, a direct
determinant of the range, as a function of wing geometry,
specifically wing loading and wing aspect ratio., A graph ‘of
this is shown in figure 1.

The second step was to design a structure to fit the
aerodymamic characteristics chosen while trying to minimize
weight, and using a safety factor of two in the strength
analysis. Mary structural possibilities were examined and
compared to obtain the required simplicity, strength, durability,
and repairability.

Since the second step produces a structure different
from the assumed one in part one, it is seen that steps one
and two must be iterated through many times to obtain consis-
tant aerodynamic and structural characteristics.

The third step involved examining the stability of the
design. The ctability was analyzed using methods found in
reference 1. The stability criterion were; stable in both
short period and phugoid longitudinal occillations, and stable
in rolling, dutch roll, and spiral lateral occillations.

Te obtain a2 glider consistant with all the stability
criteria, steps one and two must be repeated, and then all
three steps iteratéd many times to achieve consistant struct-
ural, aerodynamic, and stadility characteristics.

The results of these iterations, the half-scale model

glider design, will be presented in the next section.
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III. The Resultant Design
A) Overviews

A sketch of the half-scale model glider is shown in .’
figure two, and the physical characteristics are given in
Appendix A. This model is a high-mid-wing,.pod and twin-boom,
twin rudder configuration. This is a very modular design
and allows for easy construction and repair, as the model
seperates easily into thrég main sections; wing, fuselage pod,
a£d tail and booms.

The large, high aspect ratio wingg provide a respectable
glide ratio of 20 when coupled with the low drag of the .
streamlined fuselage and tail. The model has a payload of
over 50% of gross weight. The strength of the craft has not
been jeopardized by obtaining these pefformance figures,
and it is projected that better performance will be obtained
in later models.

B) Structure:

The wing is a styrafoam core covered with two layers

of epoxy impregnated graphite cloth. This imparts a very

high strength- high stiffness quality to the wing while

retaining very low weight. Since the limiting factor for the
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wving skin was the torsional stiffness, graphite was chosen
over either fiberglass or Kevlar, for its stiffness-to-weight
ratio.

The fuselage pod is a standard spruce stringer plywood
bulkhead and skin construction. This was chosen for ease of
construction and repair. The control system mounts in the
front of the pod while the payload sits beneath the wing.

The wing and booms screw into the two rear bulkheads.

The booms are thin wall aluminum tubing, chosen for
availability and price, along with ease of construction and
repair. The stiffness of the booms is important, and the
aluminum provides this while still being lightweight.

The tail is balsa sheet, chosen for lightness.

C) Controls:

The stability analysis has indicated that a two control
surface system, consisting of elevator and rudder, is sufficient,
and that is what is provided for in the half-scale model.
The control surfaces are to be actuated by a standard model
airplane radio control system manufactured by Kraft and

consisting of a transmitter, receiver, battery pack, and

two servos. All but the transmitter (human operated) are
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carried in the glider.

The trajectory analysis, carried out in Michagl Paluczek's
report, shows a trajectory consisting of a ballistic launch
followed by a controlled glide at a constant glide speed.

The glider will be trimmed (using the control system) for

zero 1ift for the ballistic portion of the flight, and at the
apex of the trajectory, when the vehicle has slowed to
gliding speed, the controls will trim the aircraft for maximum
glide ratio flight.

The human operatdér is included in the first model design
to cope with any unforseen control protlens.

D) Stability:

The glider as shown is stable in all occillatory modes’
mentioned ét both launch velocity and glide velocity, along
with all the velocities in between. The glider has natural
frequencies and time constants for all occillations that
quickly return the glider to normal gliding flight.

The stability derivatives and occillation modes are

given in Appendix B,

IV, Project Status (6/3/60)

At this point in the project, parts and assembly




8t - 64

crawings have been drawn for each part. All parts have been
procured except the styrafoam, graphite, and epoxy. The
foam will be bought from Sterling Ind. in Waltham, the graphite
cloth from I'iberite, and the epoxy from the Magnet Labs.

Two gliders are under construction, and two sets of
tail surfaces are completed. Two sets of tail booms are 75%
complete, and two fuselage pods are 50% complete. After I
return from vacation in August, approximately two weeks will
be necessary to completely finish both gliders. Projected

first flight will be during the last week of August, with an

electromagnetic launch occurring sometime in September.
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. Appendix A
Gros. Weight 5.7 kg.
Empty Weight ~2.8 kg.
Wing Loading 240 newtons/meter2
Wing Area 0.232 meter2
Aspect Ratio 10
Span 1.52 meters
Chord 0.15 meters

' Thickness/Chord 0.18

Airfoil NACA 653-b18
Length . 1.1 meters
Fuselage Diameter 0.125 meters
Vertical Tail Area 320 cm.2
Horizontal Tail Area 250 cm. 2

Dihedral Angle 104 degrees
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Appendix B
Stability Derivatives:
Longitudinal: Lateral:
E Cx = 0.384 Ch = 0.12 + 0.0075 C1
\
i Cz = -5,48 Cy = -0.2?15
I‘ Cl = 5.“8 Cl = "0-1288 - 0003 Cl
C = -1,64 , C =0
} L ‘ yp
[ C. = -0.04 C, = -0.375
! Xy - lp
| - =
Cz = -0-0035 Cn - 0.0136 - 0.1 Cl
u P
C = 0 C = 002853
mu Yr
C_ = -20.75 c_ = -0.157% - 0,01 ¢Z
m n 1
. Q r
Cz = -00788
Cm = -u015

a = 5.24
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@ 25 m/sec
Short Mode:
Period: 0.665 sec

Halving Time: 0.18 sec

Cycles to Halve: 0.271 cycles

Phugoid Mode:
Period:
Halving Time:

Cycles to Halve:

Spiral Mode:
Halving Time

Rollifig ‘Modeir =

Halving Time:

Dutch Roll Mode:
Period:
Halving Time:

Cycles to Halve:

11.4 sec

55.3 sec

4.85 cycles

116.4 sec

0.092 sec

1.04 sec
2,286 sec

2,2 cycles

@ 100 m/sec

0.166 sec
0.045 sec

0.271 cycles

0 sec

0.026 sec

0.293 sec

0.239 sec

0.8 cycles
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PULSED COIL DYNAMICS

There is a category of accelerators based on the use of a line
of adjacent, coaxial pulsed drive coils, each drive coil being supplied
with a current pulse synchronized with the passing bucket. 1In the case
of mass drivers, the bucket coils carry a persistent superconducting
current, and the drive coils are energized by SCR switches triggered on
the basis of position sensors. Acceleration in this case is limited by
the current or energy handling capability of available SCRs. It is
possible to achieve higher performance however by switching the pulsed
current by means of a spark or arc triggered by the vehicle itself.

Such arc-commutated synchronous impulse accelerators can operate with
energized bucket coils (superconducting or brush-fed), or bucket coils
which are simply shorte-circuited and are energized by induction, like a
brass washer being repelled by a pulsed field coil. The melting limit

in such accelerators is very high, and performance is limited.in practice
by failure of the pulsed drive coils.

Massive helical and spiral pulsed field coils, such as are used for
metal forming and solid state research, have been studied on a number of
occasions, but the kind of thin coils which must be used in syncaronous
accelerators, i.e., coils whose build is small compared to their diameter,
have never been studied. The performance limit of such coils is completely
unknown, and there exists no data base suggesting how their performance
limit can be maximized. For example, is it better to surround a drive
coil with lead or with pre-stressed glass dr boron filaments?

Considered statically, a thin coil is subjected simply to radial
expansion forces (hoop stress). If it has any appreciable length, it is
also subjected to axial compression which may be the dominant failure mode.
A coil will tend to become spherical, just as if it were containing a
compressed gas between imaginary end plates. Static stress analysis is
applicable in the slow pulse regime, say in the range of one to tens of
milliseconds. Containment in this range is most easily accomplished by
using a pre-stressed hoop or reinforced conductor, or both.



d . Under faster pulse conditions, say from several microseconds to a

o millisecond, stress containment is predominantly dynamic. In addition,

| the situation is complicated by other effects. Current and magnetic field
no longer penetrate the entire conductor, being limited by skin depth
effects. Percussive forces overcome the friction which keeps steady state

coils from simply unwinding. 1In the absence of friction the turns of a

o el Salrs T

coil no longer behave independently but act mechanically in series, each
turn adding its force to that of the preceding turn like members of a

tug-of-war team pulling on a single rope. Cumulative forces are now

AT

applied to the insulation between layers. In addition, inductive effects
make high voltages appear between coil layers and at terminal connections.
Coil wires are also subjected to image forces generated by eddy currents
induced in nearby metal structures, including the bucket being accelerated.
The situation is too complicated for failure modes to be predicted, and

it is therefore necessary to develop an understanding of the problems by

s AA S 2. S PEEETE LT A

a combined program of experimentation and analysis.
For this purpose we have

- >

constructed a test jig shown
at right, in which thin pulsed
coils can be tested to failure,

: either without proximity of RELcT 04
i metal, or near an aluminum -~ #edre
; reaction plate which simu- /
| lates axial repulsive forces ¢
: due to a neighboring drive 1
coil or due to the bucket JJ_:: e
coil being accelerated. (o.:" B J
The jig is contained in ; —
a plywood strongbox. Defor- i‘lﬁﬂ
mation was measured by NS L
unwinding the coil wire and
noting its change in length, r Basc ﬁ‘

but provisions have been
made for strain gages.
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o Tests were done with copper wire, aluminum wire, and a readily
available reinforced copper wire in the form of niocbium-titanium super-
conductor made of niobium-titanium filaments having very high tensile
strength embedded in about three time their cross section of copper matrix.
Energy was obtained from modules of the electrolytic capacitor bank.

Pulse durations thus far have been in the range where coil failure is
either thermal, or governed by purely static considerations. The fast
capacitor bank will eventually be used to operate in the range where
containment is dynamic. In the dynamic range an impulse, the time-integral
of a force which is proportional to current squared, is delivered to the

J
D

-1

L] .‘

&
»
'“1\.

conductor in a time too short for any motion to occur. After the impulse,

v 3
.

the conductor is left with momentum locally equal to the force integral,
which is equivalent to a kinetic energy distribution. This kinetic
energy is then dissipated against restoring forces either within the

¥} 75

s

'f elastic limit, or else under plastic flow conditions if the elastic limit
f*g is exceeded. 1Ii is in this range that local mass concentrations coupled
to the conductor may be more effective for force containment than high-
:f‘_ strength reinforcement.
'}i The coil dynamics project was conducted by Osa Fitch as an experimental

- e

project for academic credit, with supervision by W. Markey and A. Shaw.
Several other undergraduate students also participated in the work, notably

R
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Ken McKinney, who assisted with computer programming. More details of this
study are contained in Osa Fitch‘s report, which is attached as Appendir A.
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THE MOMENTUM TRANSFORMER

BASIC PRINCIPLE ] tjj

Conventional kinetic energy pene-
trators are typically 35 mm caliber
tungsten darts which are accelerated in
a 105 mm barrel by means of a sabot which Sazor
breaks away when leaving the muszzie.
The kinetic energy of the sabot is lost.

It is possible in principle to
transfer some of the sabot's energy to

Fig. 18. Conventionai sabot
and armor penetrator.

Corl- G,
the penetrator, transferring momentum -

7 AN o
from a massive, slowly moving assembly /
to a lighter, faster moving part of it. ‘—

The penetrator could thus be made to m
emerge at a significantly higher velocity Frox 500y Coerant

than can be achieved in a chemical gun.
The process is based on the prin-
ciple of the flux concentrator, a de-
vice developed at MIT in 1960 and used
to achieve strong pulsed fields for
research and for metal forming applica- §
tions. When a funnelled metal cylinder /
with a radial slot is surrounded by a -
pulsed field coil as shown in Pig. 19,
eddy currents induced in the metal as M
indicated cause all the magnetic flux
which would have filled the entire coil
to be compressed into the interior of
the funnelled cylinder. Plux is thus
compressed by a ratio approaching the
cross section area ratio of the funnel.
By accelerating a sabot shaped like the flux concentrator into a magnetic
field it is possible to eject the penetrator by means of the compressed flux
at the expense of kinetic energy of the sabot.

Fig. 19. The flux concentrator

Fig. 30. The momentum transformer.
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EXPERIMENTAL APPARATUS

Apparatus has been constructed for exploring this effect by using
compressed gas to inject a flux concentrating sabot containing a projec-
tile into a magnetic field located at the end of a 3 meter barrel. A
caliber of one inch proved expedient because it results in the maximum
velocity obtainable with commercially available solenocid valves. A
photogiaph of the installation is shown in Pig. 20, and an elevation
drawing in Fig. 21 on the following page.

Fig. 21 Pneumatic in-
Jector for momentum
transformer experi-
ment; also shown

is bench mode! of
helical accelera-
tor and two modules
of 6 kv, fast capa-
citor bank, under
bench.

A ballast tank, contained in plywood box, is pressurized to a maximum
of 1,500 psi from a compressed gas tank. The projectile is placed into the
br ach block, vhich is then sealed with a pipe plug. The breech is pressur-
ized by means of a solencid valve. Volume of the ballast tank is 3.3 times
the barrel volume. Aluminummbots of 55 gm mass can be accelerated to
about 280 m/s if helium is used as propellant gas.

The coil for generating the magnetic field, comprising 200 turns, is
wound around a copper muzzle extension secured to the test bench, as shown
in Pig. 21. The total length of the apparatus is 12 feet.

Two single-flash strobes are used to make a Polaroid photograph of

the sabot and projectile emerging from the muzzle, and the event is also
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recorded electrically with the Nicolet digital oscilloscope. Added
information is obtained by recovering the sabot and projectile intact
from a target box filled with polyurethane foam and sand.

PRELIMINARY RESULTS

A number of difficulties have been encountered, and results are still
ambiguous. The projectile usually separates from the sabot, but this could
be due to deceleration of the sabot without any significant acceleration
of the projectile. The basic problem is the fact that electromegnetic
flight cannot be scaled in the manner of aerodynamic flight, where perfor-
mance can be explored by simple wind tunnel experiments.

The scaling problem is related to the fact that the skin depth, or
the depth at which a penetrating magnetic field is attenuated to l/e, is
inversely proportional to the square root of effective frequency, or to
the square root of the rise time or duration of a pulse. Skin depth is
also proportional to the square root of resistivity.

The full size system ve ars m0delling has a caliber of 105 ma (4 inches)
and oparates at a velocity of say 1100 m/s. Our model iz one Quarter scale
(1 i~ caliber), and operates at one quarter velocity (260 m/s). The
effe:"ive pulse duration, or the time required for the sabot to pass through
the muzzle coil, is therefore the same in our model as in the full size
system, which means that the skin depth is also the same, i.e., four times
the scaled size. To reduce the skin depth to proper size, one would have
to increaste the velocity or tha conductivity by a factor of sixteen.

The fact that skin depth is four times proper size makes the Intire
process mushy. Magnetic flux is pushed intc the copper muzzle tube as
the sabot enters, and magnetic pressure between the wabot and the projec-
tile is decreased because flux penetrates into both.

The copper muzzle pipe needs to be four times thicker than ian the
full size device, and this prevents the pulsed field from penetrating to
the interior. We attempted to generate a quasi-continuous muzzle field
by using six lead-acid batteries, but this field was too weak to cause
even separation of the projectile. One test was made by moving the
pneumatic injector to a 190 kilogauss continuous Bitter solenoid magnet,
but the extended field generates enough drag to decelerate both the sabot

- Y

S B S man nen o



and the projectile, masking whatcver momentum transfer might have taken
place between then.

It was also noted in the one test with the Bitter solenoid that the
sabot is deflected violently in the direction opposite the slot, with
enough force to mash it against the copper barrel so as to cause visible
friction wear opposite the slot.

It may be necessary to evolve a more sophisticated design, such as
for example a second flux concentrator surrounding the barrel, energized
with a considerably faster pulse from our fast bank. Cooling the sabot
and projectile to liquid nitrogen temperature would also help, but only by
decreasing the skin depth by a factor of about \6 = 2.45.

If all else fails, the experiment will have to be done at full

scale and full velocity, using an explosive gun rather than the pneuma-
tic injector.



MASS DRIVER TWO CRYOGENIC SYSTEM

Mass Driver Two is a four inch caliber, synchronous accelerator
with SCR-switched copper drive coils and a superconducting bucket,
operating in an evacuated tube. Design acceleratiocn is S00 gee. The
drive coil structure and associated power supply is being built at
Princeton University by a group headed by Prof. G.X.0'Neill and William
Snow. The superconducting bucket and associated cooling station is
being designed and built by the MIT group, both operations being
supported by a NASA grant administered by Lewis Research Center.

The driver was to be housed in standard pyrex flanged piping
sourrounded by the drive coils, but it proved impossible to prevent
the pyrex from shattering due to dynamic deflection of the structure
supporting the drive coils. The 2.5 meter accelerating-decelerating
section was rebuilt using a vacuum grade of lexan plastiz. It also
proved impossible to contact-cool and induction-charge the bucket
coils in a pyrex tube without radiation shielding, and therefore the
cooling station was re~designed to operate in a stainless steal tunnel
surrounded by liquid helium. The tunnel tube contains a set of copper
contact blocks against which the bucket is forced by a set of cams,
and the tube is surrounded by two superconducting coils which serve to
induce a persistent current into the bucket coils. The procedure is
to energize the induction coils, cool the bucket to below its transition
temperature, and then de-energize the induction coils, leaving the bucket
coils with the persistent current required to maintain the induced flux.

The two bucket coils are imbedded in woods-metal, the matcrial
wvhich has the highest specific heat at helium temperature except for
helium itself and water ice. There is enough thermal inertia to keep
the bucket coils superconducting as they are ejected from the cooling

station by a set of two pulsed copper ejection coils along teflon gquides.

vetailed design calculations have been reported in sarlier NASA
progress reports. Drawings and photographs of the re-designed station
appear on the following pages.




81

superconducting
induction coils

tunnel tube -,
heat transfer shoes ~ /

’

i copper braid pads .

E\\[:>%i] /k heat transffr shoeﬁ'j;
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//,-bucket
p coils
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cams - N " pillow Cor
blocks pressure cams

cam actuating tube

Fig. 23 Mass Driver Two bucket in cooling station tunnel tube:
the turnel tube is surrounded by liquid helium

The tunnel tube and associated parts were constructed first. The
tube was welded shut at one end, and provided with a flanged top at the
other end in order to permit operational testing before construction of
the remainder of the dewar. The tunnel tube is shown in the photograph
of Fig. 25 prior to immersion in an available helium dewar for testing.
longitudinal and cross section views are shown in Fig. 23, and Fig. 24
shows the bucket in front of a section of ctunnel tube with the copper
heat transfer shoes visible. Fig. 26 is a simplified sectional assembly
view of the entire dewar.

With the radiation heating eliminated, the bucket can be cooled

down rapidly to about 13°K, the cool-down rate depending crucially on
contact pressure applied by the cams. Introduction of helium transfer
gas increased the cool-down rate tremendously. Cool-down from 25°K
following a quench to 4.2°K required about one minute, with transfer gas.




< Fig. 24 Mass Driver Two bucket in
W front of section of tunnel tube,
showing heat transfer shoes with
copper braid pads
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Fig. 25. Tunnel tube, with ends closed
for testing in helium dewar in
Bitter magnet. Only a short
center section of the tunne! tube
will be used in the final dewar
vessel
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RESULTS OF TEST IN BITTER SOLENOID MAGNET

The tunnel tube was immersed in liquid helium using an available
dewar, and placed inside the bore of a ten inch caliber Bitter solenoid
magict. Ten resistance thermometers were used to monitor heat flow, and
pick-up coils served to observe the persistent superconducting current

in the bucket. The results are summarized as follows:

THERMAL BEHAVIOR
With a thermal vacuum in the tunnel tube, contact cooling resulted
in a bucket temperature of 13°K in several minutes, but at that
temperature the contact transfer just balanced radiation input from
the top flange, which was at room temperature. No further cool-down
could be achieved. The minimum temperature varied with the force
applied to the contact pressure cams, confirming that it was the
contact transfer which limited cool-down. The contact pressure
was limited in essence by deformation of the 0.064 wall tunnel tube.
The pressure mechanism is being re-designed to achieve greater total
contact force distributed over a larger area. Heat transfer is known
to be proportional to total force.

wWith several millimeters of helium gas in the transfer tube, cool-
down to 4.2°K took place within seconds. The time required to cool
the bucket from 25°K (following a quench) to 4.2°K , with transfer
gas, was about one minute.

ELECTRICAL BEHAVIOR
Stable operation was achieved to a background field in the Eitter
Solenoid of 14 kilogauss, i.e., the bucket did not quench to that
field intensity, and the persistent current which remained after the
solenoid magnet was turned off showed no measurable decay in a
periof of ten minutes. The bucket was found to quench at 18.1 kG,
which provides ample safety margin.
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The current density corresponding to a persistent current capable

of sustaining a central field of 14 kilogauss is:
31.7 kA/cmz, referred to the entire bucket coil structure,
45.3 kA/cmz, referred to the superconducting cable with copper,
136 k.lx/cm2 referred to the superconducting filaments of NbTi.

The design value of current density is 25 kl\/cm:Z referred to the cable.
The bucket is thus able to carry nearly twice the design current
density, which implies that it will achieve twice the anticipated
acceleration. However, in actual operation the bucket coils will

be subjected to a certain amount of transient background field as

the bucket enters the first drive coil, although wmost of this
trangient will be shielded by the massive copper ring which

surrounds each bucket coil. Some degradatiem of critical current

must be expected.

CONCLUSIONS

Electrical operation of the bucket exceeds design expectations by
a factor of two in terms of stable current demsity im the absence of
background field transients, even with the first bucket duilt!

The contact cooling system is able to transfer only ome watt across
the coppe-to-copper surfaces, which is in approximate agreement with heat
transfer rates reported in the literature at the total force achieved.

However, it is known that heat tramsfer rates are better by a
factur of twenty if the surfaces are gold-to-gold, due to quantum-
mechanical effects involving phonon transfer matching conditions at the
metal-to-metal interface without the interposition of an oxide. Detailed
results are reported in Guy XK. White, "Experimental Techniques in Low
Temperature Physice”, Oxford University Press 1979, page 149. Evidently
the field of contact heat transfer has received considerable attention
recently.

A twenty-fold increase in heat transfer rate will eliminate the
need for using a transfer gas. It therefore seems that after gold-plating
the heat transfer contact, comstruction of the remainder of the cooling
station can procsed without further problems or delay.
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EARTH-BASED SPACE LAUNCHERS

RATIONALE FOR CATAPULTS

The typical payload ratio of present launch vehicles is 137 (the
European Ariadne); i.e., 136 pounds of fuel and expensive engines accom-
pany each pound of payload. Launch velocities range from about 7 km/s
for low orbit, to 1l km/s for earth escape, and chemical guns are unable
to achieve these, although attempts made in the sixties by welding two
naval gun barrels together came close.

Electromagnetic catapults are able in principle to achieve required
launch velocities, certainly for first stage purposes, and have been written
about by science fiction authors for several decades. They have never been
taken seriously, however, because it was assumed that launch vehicles would
have to be unrealistically large to survive passage through the atmosphere
at a reasonable loss of ablation mass and energy.

The first serious study of ablation and energy losses, to our knowledge,
was made during the 1977 NASA-AMES Summer Study on Space Industrialization
by Chul Park and Stuart Bowen. Their work has only recently been completed
(December 1979), and is to appear in Journal of Energy, uner the title:
Ablation and Deceleration of Mass Driver Launched Projectiles for Space
Disposal of Nuclear Wastes. Preprints are available from Dr.Chul Park,
Nasa-Ames Research Center, Moffett Field, CA 9403S.

Prom the formulation of Park and Bowen we have derived the beta
factor for launch to escape velocity (11.2 km/s), plotted in Fig. 27, and
used this curve to calculate the launch energy as a function of vehicle
mass for vehicles of radius 3cm, Scm, lOcm and 1l5cm, plottad in Fig. 28 to
31 respectively. Each curve shows a distinct minimum mass, below which
the launch energy increases drastically. For a vehcle radius of 2 cm,
the minimum mass is only 25 kg!

These losses seem surprisingly low, considering the well publicized
difficulty in enterirj the atmosphere from above. There are two direct
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reasons for the low losses. Traversing the atmosphere vertically at escape

. velocity results in a two-second flight, as compared to the many minutes
&1.' required for atmospheric braking at a deceleration level survivable by
:‘-‘;: : astronauts. A second, less ocbvious advantage derives from the fact that
':}’- ablation products (carbon vapor) are sufficiently opaque at high atmospheric

pressure to shield the nose cone from heat generated at the shock front

}: and transferred mainly by radiation.
‘5'-:}: It is thus clearly possible to launch vehicles of reasonable size
:}_: electromagnetically, at payload ratios approaching unity, and at a cost
' approaching the cost of the launch energy, which is only 65 cents/pound,
..::' excluding amortization of equipment.
Y
.:5
N
.,
b, THE TELEPHONE POLE LAUNCHER
2
‘:‘4 For the purose of exploring earth-based launchers, we consider

a reasonable reference design. We select a vehicle having the shape and

X 3

size of a telephone pole and a mass of 1,000 kg, a useful cargo package

:-}_ which is large enough to make energy losses acceptable, and small enough
'-.. to keep energy storage requirements low. We seslect a launcher length
;:_:. equal to the deepest well holes customarily drilled in order to permit
E} a near-vertical trajectory. The design parameters are as follows:
§§' Vehicle: telephone pole shaped, mass 1,000 kg
-.';: launch velocity: 12.3 kn/s
j velocity at top of
}_ atmosphere: 11 km/s, earth escape velocity
":: kinetic energy o
::: at launch 76 x 10° joule
- ablation loss,
" carbon shield 3 percent of mass
':; energy loss 20 percent
acceleration 1,000 gee (10,000 n/sz)
. launcher length: 7.8 km
i launch duratin.. 1.26 second
:-:‘ average power 60 x 106 kilowatts
2 average force 9.8 x 10°newton = 2.2 x 10% pound-force
:2 charging time, from
‘; 1,000 M4 power plant 1.5 minute




The cost of the required mass driver, in terms of copper, steel
and concrete is only of the order of 22 M$. However, the capacitors
for storing 7¢ Gigajoules of energy would cost about 1l BS.

It is somewhat less discouraging to consider the energy requirement
in terms of power: the proposed launch would require storing the output
of a 1,000 M4 power plant for 1.5 minutes, and releasing it in 1.5 seconds,
a 60-fold power compression.

Reducing the acceleration would result in a longer launcher which,
up to several more miles, would have to be installed on a mount.: .side
at a launch angle of perhaps 45 degrees. This is not out of the question,
since the increased atmospheric loss might be offset by the reduced cost
of storage. With a sufficiently small vehicle and a sufficiently long
launcher it might even be possible to opsarate at a level of power which
can be derived from an existing power plant, or several connected plants,
perhaps during off-peak hours, without the need for any storage system.

Another alternative approach might be to use slectromagnetic
launching only to replace the first stage vehicle, representing a
launch velocity of only about half the escape velocity assumed above,
or a launch energy of 25 percent.

Another alternative worth considsaring is the use of inductiw
energy storage in superconducting coils, a method which has been con-
sidered for a variety of applications, including even the peak-shaving of
electric power demand.

Inductive energy storaga is very expedient for slectromagnetic
launching purposes because an inductor represents a constant current
source.
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THE SCLF-ENERGIZED SUPERCONDUCTING MASS DRIVER

A very attractive possibility is that of using the drive coil structure
of a mass driver for inductive energy storage. Peter Graneau of our group
has studied this possibility in detail, and his analysis is contained as
Appendix 2. We summarize the results on the following page, in Fig. 32,
which gives the design parameters of this reference design. The bottom
line is that a 35 cm caliber mass driver, 1 km long with suparconducting
drive coils can store enough energy inductively (at a very conservative
current density) to accelerate a 20 kg bucket to 10.5 km/s.

This mass driver would be a pull-only device, operated by pre-charging
all drive coils and then breaking the circuit of each coil at the instant
the bucket reaches the plane of symmetry. It is interesting to note that
the drive coil current ctn ba made to have an arbitrarily low value at the
instant the circuit is broken by suitable choice of the bucket coil
parameters, because flux conservation will tend to cause current sharing
between drive coil and bucket coil. Clearly the remaining energy would
have to be dissipated in external resistors rather than in the sryostat
system, by quenching. Very challenging engineering problems remain to
be solved, but the project clearly merits seriocus study. The carrot
ahead of us is the possibility of launching cargo into space at a cost of
65 centa/pound. Even if an electromagnetic catapult were to replace only
the first stage of a space launch, it would still represent more than a
ten-£f0ld savings in energy and cost!

]
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i . APPENDIX A

THE DYNAMIC DEFORMATION OF PULSED CURRENT COILS
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L2 Yuaide ocformation oo Pulsed Current Coils

Abstract

.'I‘h.i.n coils riade fron elwidlmn aid copper vire uere pulsed vivh laige
aplitude currents, and the resuliing plastic sirains wcle mcasurcd, o
Yicories rcre vesited o, inw' lhe experinental resulis, and it wns found thiat
one of tue theories, tiie iipwlse iodel of coil defor:ation, predicted incoi-
rect sirain valucs, uaile tie other theory, ulie sicady-s.ate-to.yiclding ouel
o4 co:l d.ioraation, predicted emiruci, bub inaccurate valucs Lor the siroii,
tue steady=state twiccuy vas fowad vo be higuly dependent on tie yielil s.ress
os bLuc meverial, e could ol be .wasvred accwately. In tie course of
e rperi ent tarce ol.cy modes of coil failuic uere ovserved taab .cae nov
dependent oa wire coil's ucioriation: paicing oi tae insulation on ihc windings,

arcing between tue windings, and llowing of tae coil leads ai.aye
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I. Introcucticn

A. The need Jor | umierstaniirLthel dynamic behavior of thin coils.

Tuds project was conducted with the Hlectro-ma-nctic Accelerator _roup

at the National Nagnet Labe Its purpose was to jain a theoretical wnlerstanding
of the deformation of thin coils when pulsed with lar,e currents. In this
purpose I have becn successful,

Thin coils (i.e. coils whose dianeters are much ,reater than their winding
thicknesscs) were wnier test in this experinent because they are the most suitable
for use in electro-iwgnetic accelorators, In order to optiidze the Jdesign of
these accelerators, the factors wihich contribute to coil failure and tiie relation-
ships between theii must be determined. To do this, a theory windci adecuately
predicts the dynasdc deformation of tie coil in cuestion is neccssary. The coils
in the accelorator are then optinmized by designin; them such that at th. maximum

accclerati.n of the accelerator, the coils are stressed just belo. failurce

B. The origin of forces operating on thin coils

Th? forces operating on thin coils are a conse-uence of the fact lhat
current flowing in the windin:s of a coil creates a majnetic field. iais
then acts on tiae current .luch ori_inally crcated it, prouucin, a Jorce tend.n,
to nakie the coil :pand radially (i.c. such tini tue Jianetir of tae coil
increas.s). (Sce Fi_ure 1). 7his force is oprosed at least partizlly by
tihe hoop-silress n t.e coil, or Ly tue inurtia of tie coil ~s it is 2cecl-
crated radially. A second fora of defmiaat an lichh sflects lon., solenoidal

type coils is tuc bucxling oi tie coil uindins, #nl tiieir s Lscoacat collapse

axlally Loward tihe center of uhe coil, Tids is czuzcd by tac jw_nctic e

AR
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Fig.1: MAGNETIC FIELD OF A CUFRENT LOOP

AND THE RESULTING FOKCE THE CoOIL
EXPERIENCES
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traction buiween the coil vindings (sce figure 2), In _eneral this form
of coil failure doesn't occur unless enou_h rzdial deformation is also prese
ent to give the windings room to collapse.

Three other types of coil failure were also observed in the course of
these experiments: Arcing between tiac coil windings; baking of the winding
insulation; and failure of the co 1 leads at tieir attaciment points. In
none of these cascs wos it necessary for the coil to deforn signifi_antly

for the co'l to fail.

Ce Ovcrview of the theory used in the prediction of tie nechanical behavior

of coils stressed to yicldin; and failure

For the theoretical prediction of coil behavior 1 asswied that the
naterial of the coil :indings behaved in a linezr-elastic/ purely-plastic
nanner as illustrated in Fizure 3. Widle none of the winding materials used
in this experiment deforn in exactly this fasaion, it is a good first approxe-
ination to their beiwvior,

Using this model, :wo theories of dmardc co.l deforiation uere tested
a,ainst é:qvem\exlt. The [irst :odel tested wa.. tue i.zmulse model, in chich
it nas asswwed that che len_ti of tiic curruint pulse ceat uiwou i the coil
uas ruch shorter than the tlie nceded for tnc co.l to .csaoad Lo uw.e puise.
Because the co.l would ot wave suificient tliae W ei.aid . ad tac.cly .en=
crale tic hoop-cticssis nceded vo orpose tiae radial wa_setic dore:, e cu-l
would be accelerated radiadly. dhis u uld place tinctic ener_y wibd
vindba_s of thie cotl widc would taea aave Lo ve storcd clastically or dis-

sipated lasticali,. (e result is uaat tie co.l sufl<rc so.ie linal .last.ic
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deformavion, widich could then be neasurcd enpirically,
The second iwdel tested was the steady-state-to-y.elding model, in which

v was assumed that the length of the current pulse sent throush the coil
was :uca longer than tie time needed for the coil to rzspond to tie pulse.
The coil .ould expand slowly (compared with what i was capable of doinz)

and oppose iie outtiard-radial meguetic force wit.. the hoop-stress in the

coil windia'se. s stric of euilivriwa would contiwe uniil the hoop-stiess
reached the yield siress ol the material, At this point the difference be-
tween use outvard-radial awznetic force and tae opposing hoop-stiress force
would aceeierate the co.l, When the outiarde-radial marnetic force fell below
the value of the opposin; hoop-siress force, the difference would decelerate
the coil until it cae to rest. This acceleration from rast lfollowed Ly we=
celeration 2 _ain to risi occurs in che plastic strain re_inne. It lcads to
some final plastic delfonmaation of .he coil, wiich is witot was iicasured in
the experi.ent,

Finally, for all of tue tests with lon,, solenoidal co.ls, I approximated
the najnetic field inside as bein: tie same as that for :;1 infiniLe solenoid.
For the tests witn siwit cols, I asproxi.nated the ma netic field at Lhe
center a: Lein; ilic saac as thav for a sin_le-1aop coil, :At.. an anpro.riate
current ilowing in ite viie culitat lor tae sinjlc=looy apnroxination - as
taken as tiie nuber ol turus maliing uy the saort coll times tae curreat 'n
the Jhort codls The .zoncuec ficld near tue windings oy iae shor. codl i.as

takea : s tuize Laal av Lhe center of Lie coll.
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Do The limitations of tui: stwdly

uvue to the lack of time, I was not able to do any tests with coils taat
had veen cxternally reinforced aid I wzs avble to do very few tests with coils
vhos. windings iind been potied in epoxy. The experinents were performed |
srinarily usiug totally unreinforced coils made from 0,10 inch round alwdnum
wire, 0.10 inch scuare copper wire, and 2,025 incit round copper uirce In
aoditiun, t.o tests vuerc done us.ng 0,025 inch round copper/ niobiuistitaniw.i
co.posite wire, nor:ally used as a super-conductor, but in tais instence

uscd only for its hi_h tensile strea,th,

N T R T R > @ m c@ e be @ @ & e Py
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II. Thcorecical asalysis of the -ulscd=coil systen

4. T[he s/sten as an HLC elcetrical circuit

Firure L siuows a scheaatic diarran of tue Lust circuit. Initialiy,
the capacitor bank is charged to an initial voltage V,, widch it jolds until

the sui (cilicon controlled rectificr) is fired by the tri__cr circu.t.

The dasaed Lo & L. .cob eoil, wadch is teken to contoin i ideal inductor
2 an idcal resistor. Tiic (iode across the test coil ¥crowbars® the circuit
to nrevent tile capaciior voli: ye fro.. swincing more n.zative tnan =Ue0 VOlLS.
The entire resistance in tiie circuit, ii, is taken to bec the DC resistance

of .ae co.l, 1A: cnt... an uctance in tne circuit, L, is taken to be the ir-
ductance of t.ie c¢.il and :ic :ntire capacitancc in the circuit,C, is taken
to be the capacitanc. of tiie capacitor benk. Usin: tiis model (and assudng
the diode is switcuud ofl), tiie cruaiion uldca joverns tiw cwrrent, 1, .n

the circuit is

d3r
de T % < =°.

rais e uation hic Luve solubions, lcpcndiin_ 04 ..tier tis ssslen i lisitly

daped, hc.avil,/ Gaped, or erivie:dly da pude  For Ui cipda,
v ~(f)t

I=thamgr e snik@)t

whice bes j.t... Sl 2 vales oT

o = )y T;"' -—‘-ém—]
For ..eav" caping, (2)
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4
Theorc.ically, c._vicel uarpin, oceurs abt only one 10int, i.c. nien (i/2L) =1/LC= Oe

In praciic., it is convenient to use the critically daiped formulae uienever
2

{¢/2L) =1/LC = 0, since usin; either the lightly dirped or heavily damped

equavions uould result in a loss of accuracy. Horaally however, eitiier tue

lijnuly daped or the hezvily damped equ-tions arc uscd.

Be ractors relat d to coil peoictry

The nognel.c field, b, produced by a coil depends oa the geometry of
tie coil and is proportional to the current flowing in the coil windings,

For a coil long enouzh to be treatcd as an infinite solcnoid, the field is
B u. N I
-~ Oy e—
R )
wherc il is tiie total number of turns in the coil, ] is tac total len,th of

the coil, and Me= YITxd™  |KS units. This formla becins to be a ;ood

Oy approxlistion of the nagnetic field generated by the coil wiien tae co.l len ta,
Aoy

_"” 3 Q » becois larger t.on .ce inside diameter of the coil.

RO

NN

For coils wiioce length is less tian about one third of their diancter,

Sy
%

a betier formmla for :he ma-netic field is,

&

[ ]
A Nau, I
&:ﬁ Bcuh.r - 2Re )
bav,
o where § ccuals one ..alf of the diziwher of the coile ULalile long, snlenoidal
- coils, the ma;netic field of short coils near the .indinj;c is not appro:d:ately
I.‘ -*
DARA
s:':',: equal to the ficld at .h centcyr of the coile For thic rencralizcd short
‘.
Y
g,}. coil czgy, I lave Lohen the £ield nery tue windings Lo be tiice that ol the
>
o field in t..c centeor,
F-"’.

A For ci:°1s .ibh rmltisle layers of wind .n_s 1 uced Lae principle ol super-
E}i positions ror uic iuacy layer of uiadin c© oll ol Uic abave for.aulas hold.
oF
NG To find the aa netic field on tiic inner surfucc of tic next lasjers, ih. samc
A
LY . .

-$~; forrmlas :ay Le usud wxeood thab iamct ke realaccd by the totel nwiver of
N

N
NN
oz

-

"
IS

N
!
1
'
’
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turns minus the number of turns contained i. all lower laye.s, and Ro nay
. have to be changed to talke into account the finite thiclmess of the lowers,
The magnetic pressure that a single-layer coil mst withstand is,

83
P= &, |

and which must be applied separatecly to each layer of a mlti-layer coil.
Yhen this is done, an average pressure, P, can be defined as

- ke = KRS P = ke [k=(5E120)]
where P is Lhe pressure just inside tiie innermost la-er of the coil. This
expression is valid for all multi-layer coils with n lgyers where the thick-
ness of the windings is small compared to R, so that it can be neglected,

In order to decide whether the impulse theory or the steady-state tueory
is a morc valid description of the coil's behavior, tie coil's response tine,
vhich corresponds to tiie ringing pcriod, rust be deteriined, By using a
radial force balancc and ap lyin_ ile.ton's lau, tlie equation uhdch deseribes

a co.ils deformation is,

" 3 e KeP
€~ 5 ST PMHA

provided that the deforiation of tie coil remains in the elastic .an e, and
where € is strain, & is foun;'s ilodulus, JO is density, A is the crogs-sco-
tional aica of tie :ir: used to wind the coil, and d is tie disneter of a
sinjle winding nmeasurcd alons tiie axis of tue coill, For a freely ringing

coil P-.'O’ and

w= 5 giving,

~=arR 2

To determdne vhie nose valid taeory then, coipare ﬁ,.. to /4 : If togais

lon: cory.arcd to /q , bien tie pulse .s lon_ enoujih so thi the coil ern respamd
according to the sicody state ticoy; if &,,, i3 siort copired to 77 4 s wacn

the coil cranot 1tspond fast enon it to keep up wici toe pulszs, anu e ..pulse

theoss shold be ascd.
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Ce Tie lincar-clastic/ vurely-nlastic model of naterisl behavior

1. 7Tac steady-stabe-lo-yiclding nodel of co'l deforation.

If ﬁ* is long commared to Vq , Lhen the steady-state rmodel should be used

to describe coil deformation. In all of .the experiments that I conducted,
this was the case, For the clasiic region tiien, the strain is changin: retisr
slovlyr, such thev € T0 . This lecads to

el.aur - J.Ro k P

In jencral,
- (S Rk B2
eham T \2EAAH, )
waich is valid for all co 1s under the steady-state theory, having ne_lectable
winain: vaicknesses.
'ne lincar surain rclation is valid until the yield stress of Liie na-

terial is reccicd, The maxiiawi oressurc that the coil can withstand wit.ont

deforain;; plastic-lly is
P - ay[e'J A
me= TR

Any pressurc above tuis level ::ill cesus. plastic deformation in the neierial,
widch will 1lc:d to a non-neglechable € . Boczuse thorc 4s no longer an

clastic tuin, due to perfeect plasticity,

X Ov.etd K
Conpne t Pvﬁ" = P( A w.dca lecones
- (P P \l) k

€ plagtce = P
This ecuation c¢rn bo inte_ rt.od t:dicc, but oily if tuie limits of inte ration

sre k0. e LU in ¢ ocired Lo dnbe ande Lromothie mooeny Laat bac aresius
excueds P .., since U.ds is wheia bouu L accelersiia.: wwd tie nlostic uefore
wation be_in, LW Ui so.wanb waen e'auo.'c. is nuel nero, since tais is .en

the plustic u foi wbt.on awige i seitin, tue picssmiv counl to P..m.x’ to'h“_‘ 5

the tine ai widch plavtic defornaticn Leyins, con be fowid.
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"“ht = d‘g. < -
If the coil is a lon; solenoid,

- MpN

8= Sk

x. - A z’v.“k"
'lﬁs'*h'c N JA.d-eok .

If the coil is short,
- Na,T
B“Q-J.'Ao- —T.—— md

- -L 20, X A
I'pmh'c‘ N Y, (g )k o

For lizht or heavy dam>ing define

. L / '
\V' Ve ’ (%)1. “‘:‘l r",hd.'c. .
For light darping solve munmerically
"‘&) to'mf.-‘ o (Y
e siaft-(&) to’l.,‘f.-g, = ('V

to find to'h s‘h.‘ ,

)

For heav; darping solve
() , 1)
(e .'w"t)s“‘“ (&) e t‘,hs'hz."’ “V; TR t‘phs*-'ﬁ—.
For critical daping define
Y=gz (k)

Vel R s
and salve. muierically

-t

( ﬁ)f.“,,.ce st o Y | to find  te 4

Once to,. . 25 boun Jound, € at a _cioral joint in tinme is found
by integratin; € fron t'.'mm_ to £ . ihe msuliing ecuation is then
set o.ual %o zcro an ~ nowriecl Colution fur ) 1S fownde .inadly,

the ,encral e uwation for € i3 iate 1wted fron t.',““ to t&j 0 Live

tie inal r.altia: plastic ceforiation,

15.
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€e e Zopulse nnadil of eoll deformation. If ¢, i5 silort compared

to '2, s then the imulsc modcl should be used t describe coil deformation.
Since the pulse is assuiied to be over before the coil has deformed signifi-

gantly the ecuation describing the 1 .near strain is

rx

Px
6‘:'4\!&" : Pz '/J;A R

To find wiec final plastic strain, calculate the linetic enercy which the
impuise imparts to the coll and set ii equal to ihe encrzy storcd clastically
and dissipaied plastically. The impulse imparted to the coil is

f R\ AP
So Pdt = (3)5L
uhdch allows an initial strain=velocit;, €,, to be found,

dik ¢}

0o (&)AP So Po‘f.

The liinetic ancr_y associated with this velocity is
p Sikt (T

g - o Ap [ [S P”’*]

vhich we then sot emuzl to the suir of tie final stored clectic-strain energy

e

and the dissipated plastic-strain encrgy. So,

2
£ ReAlEell o) ARy €

widch leads to the final c:mre....ion for tic plastic dafoimation of the coil,

ephs*-c = %[S PJ ] .ed

valid for tiie iipulse models :ac T ia thc uwer liidt of the irmmuls. inte_ral

i5 evaluated as e I e Sysbo. is eiticr hicuvily ox eritically dauycu,
and it is ovalucted as Lhe first zero of tuc li_ntly diped curieat e uation,

whis is found Ly tare sauce el ol of aoluidioen ©s é.,'mh.‘ was foww for tue

1i0bly doipcd stecly=stote cose tit . e cucenvion vat ¥ iz aut Lo rero.
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IIT. ZZoerinental procedurcs

The .ethod I used to test the deformation of coils was extre.ely simple.
I did not receive the sirain-jaujes that were snall enough to mount upon
Uel0 inch diaieter wire in tinc to do cny testin_ .ita tiem, so I used a
cruder method of neasuring plastic strain, Before windir{ a coil, I made
two ..arlts a icasuved di.tance apart on the wire., Aafter pulsing the coil I
unwound it and sacasured tue new distance beutcen the marke., ‘The difference
between tlie new and old distances ..as takea and divided by the old distance.
Tids jave tiie measurcd nlastic strain sufivred by tiie coil due to tie pulse.

Usin, t.iiis method I was unable to easurc strains simaller taan about
04200 accurately. iecause I did not iant to naste the test coil I lud
prepared for measureient by nulsing it at a voltage whici would produce strains
that I could not ncasure, I usad Lwo co'ls for iy test siots. vue coils
were vowk: as identically as jossible, so tiat all ol tieir paraeters would
be vhe saiwe. Tie rirst coil :: s pulsed rcpeateuly ot iejwlaris 1uereasing
initial voltayes wntil it was seen to yield. ‘Ine sccond coil was tuca pulsed
at a slii.tly Loucr wdtial volitco e (since it wowwd vc cooler aiid the.clfors
conduct iorc current), and afteriard wwownd, and tic ttrain measurcas

Tue curront trace uas ovscrved tur all ciiots usin_ a ..colct digiteld
oscilloscooe conuccted across a calibrated siunt. [n tids oy the oodrun
airrent ia tee circuii could Le rwasura diivetly, 2id vac S.u29¢C 0. Ll current

vs. tWine faucy.on could be corplivd uita ticosctical p.calctions,
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Ae Initiel testin'.: Coils weund {roi 0,10 inch round alurdiwn wire

the initial tests of my experinment used coils wound from 0,10 inch dia-
meter round aluninun wiie. Jucy were hiand wound as tijiily and as uniforaly
as possible arownd sections of i:oodcn dowel 3 inches in diamcter, ‘he leads
were securcd by passing the wire through a hole drilled along a chord of tae
cylinder, looping it back around and through the hiole a second and final tine.
They were all sinzle layer coils witih no external reintorcement oxr epoxy.

The first tcst ol an alwaiiimm coil used a col with 34 turns and a lengtn
of Ueb cne Alter scveral pulses at low: voltajes (approximately 25 volts)
to insure tlint all oi Lie circuitry was working propeily, tne initial voltage
on tiic capacitor benl wes raised to 1300 volts., The coil, which was ingside
a tldck i:lyvood box for satety, was pulsed at this veltuge and failed throush
radial dcformation, axizl buckling of the windings, and arcing through the
insulation on the windin:;s. .nie radial detformation was tae primary aod. of
failure, and the other .ou.s caie about as a result of it., The coil actually
ruptured (prinarily due to neltin; 'of tie vindings couscd Ly the necked-doim
alwdnun bein; unable to b ndle the curient flowia; tiroush it) in five
scparate placcs, Lut of iiic pieccs wi. ¢ ucrc inbact, tue plastic strain wes
approximately 103, (ivn 20 ~30. ancertainty)e  (See Table 1).

The cccond 4 84 of an alwiinu . €oil uscd & coid dbtiy Ll turmz and =
len bit of LleZ ot Pwo  aris on tic niddle 20 twmms of the coil initially
sepasabd 112 rters of ire. .Jirct, a siidler coil of 50 twms s pulscd
at inercaning, wolis;cc unlil it wrs observed to sicld at an initial voltege

of uf 37, voltss 4ic Ll twm co.l was pulsed initially =t 20 volts for an

Fa"
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equipnent and comiection checly, and .ien it was pulscd ot 325 volts. A4S ex-
pectcd it siclded, ivin; a plastic strain of $.6 x l\’)- t 2x 10- , or about
1. straine (Scc table 1). In tlis test tie mcasurca maccimm current was

3708 amps, wicreas tiheorr predicted a maxirum current of only 2U57 anps,

for an initial capacitor Lank voliage of 325 volts, I do not knou what caused
this discicpancy, but in order to give the rest of v.c thcorctical analysis

as rucia chance at accuracy as possible, I decided to usc tie orpirical current
valuc, ifue tlacorctical initial volic; e correspondin; to tiis value of naxi-

mn curment was 429 volts, whici was whet I used,

é“ Be Tests of copuer coils

:$ T{he first conuer coil test was uith a coil :wde of (.10 incii scuaiv copper
i' wire, uownd in two layers of 5 turns each. Its total longta wes 1.5 om, wna
ana it was not cpoxied or otherwise extermally reintorced. Like the rlwdnun
: Ccoils, t..e cooper coils wcre also wound around a wooden dowal 3 inches in
dianeter. ror tids coil under west lue leads were comnecied to 2 torrinal

:’13 block wiajca wis rowiteu to tue woode. ‘the terminal blocl: sexrved to hold tne

E::( lcads of the coil iu ploce and also as °n actataraent point for tae lecds

N

coiaing {1001 tuc capacivors. Tae tirst coil wes sulsw at successively

(X

E;l increased initial volta cc watil at o voitare of 200 volts sonc sliphiv detorie
|‘.\

lj'_: ation w3 dc.ected, In oxder to obta.n more deforastion tae initicl voltaie
A

) . .

-'-"i was incivasco to 3u0 volts, aml wien tae copaciior wenlt i tri: erdd lac

:: leaus iro.1 tiic canacivor ban's to t.c teisdnal bloc!: L1t : orfe Ly insuran tant
'.‘}

e the leaus o tue sccomd euil oot on v.y tasatly, us were abde to fir a

o

M 20 Vvolt saot, aua _¢. a plastic strain of l.u X ld-.“' T x 10-3

] ’ ~c- 3P TR e mem s - o« or clijally
r

2

L

<

-

b
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A
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. more then L. strain. (uee table 1). In this snot tuc rieasurce maxirun current
was 11640 amps, with o tneorctical prediction ot 15643 armps ror an initial
voltage of 260 volts.

Four otaer copper coil shots were done, none of tuenm givin; useable results.
Thoge rcsults are listed in Table 1. The first of these tcsts was of a coil
wound fro:: 0.0¢5 inch round cop.er wire, having 2 layers of 10 twmns each.

It wes not epoxied or externally reinforced, and its leads wer:. sccurcd to
tuo scparcted Leiminal blocits, to which tiue capacitor lcads were also secured.
when this coil wes pulsed, it was so heavily damjed taat tiie current laryely
hcated tie coil instead of deforming it radially, For an initial voltzge of
110 valis uie coil becalk 0 d0b tiay wie f.uulatizn fadlsl Uy bading and
charring,

for uic other taree tcsts, a difierunt ccpacitor tank as used, one
videh uac espable of storing i aer volteses and .adch hed 2 sialler copaci-
tance taan tiie first bank, ‘“he smaller czpacitonce lec to ~uch lighteyr daiping,
and in fact nade Lie systea: £.r tie next tinve tesu. lisitly dapeds Jids

tlso give tie systen a much foster pulse, bul not so f£rst tiat tae stuady-

state nouel could not Lo used,

s

Jho noxt test urs o coil Ldeaticel to .he previou: ouw, cxecept Laiab
13 windin s wcre poticd in opoxye It wes pulscd at »JJ velts, 1000 volis,
and 1oo0 volin nitis no visible defor nitioine  «iten iU wrs pulscd ov Lo J)
volic, a c.ciion o iiwcs wiidin_ s bl oub ~nd riclbed i Lice Ll vailhl

taat, I could not delecl iy 0. desr alloie I belowve L, v sanrda

)
N
3
R
ﬁ
|
A
"
)l
‘A
)

t.ds coil i35 vule wo vilaslonu pulsing at cuch dd_a val.z_¢: is Taat Loe

-
.

cpoxs luwa fie tladinza toeuier, ~nd theiufore narcveacid taes Yoo beelding,

AT L

and uiat tioc chels _luet the wiadin s to L C wood, Sprosddn . Jorvs ovelr

a 'uch lar,er arta uncil otuer ise would have be.a posiiiil.e

LTI o s

¥
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Tiie last two tects used coils that were identical to the first two except
uitat tiiey vere wound from 0,025 inch super~conductor wirc, uideh consists

of filarents of niobium-titaniun potied in U.025 inch thick copper wire,

For iy puiposes I did not use tids .ire as o super-conductor, but as a come
iﬂ posive naving a teusile stren_tis _reater thaa that of coprer alones (ne of

X
> these coils uas soticd in epoxy, the othier was no. Both failed at z2d0) volts

5
-
g

by arcin, tixougir ¢:cir iusul: vione Agzain, I could not dctect uny radial

deformatiol,

Ce Tield stress mecasurerents

2 W7

,é‘{ In order to check the values I used for sicld stress, I ncasurcd tae

-‘§ viceld stross Jor tuo of 1.e neterials, alwdnwi and copper, which I used in

I - vxperiounb,  Using a dial sderonetesr, I ncccured the duilections »I necosured
gé picces ol :ire in tae testing :wachine as & fwiction of tue farce applicd

2 to the wiree I definci Tnad as bein, that itress at wideh tie stress-strain

auve fisst diver_cd fyo: linearit;e lor Lie alwd.ui, of tae ‘c.h.};ec- d.:;..f.-:‘erent

valid mc&.glm:;mnts 42t 1 mede, tue yield siresse. were 1.0L x 10 ii/n‘,

col2 x 1:-‘ ;./:.12, L 3602 X 10‘ ;:/.'1‘. sor Lue copper, &S ::c;nur..g using, .
‘

biie Cold uich 5o uare wiie, M ickd SLOeSICr LuTC el X 10 /a, helh x 1D W/,

vell x ].‘)7 ::/:1‘, Gl feug X 10‘ ../n‘. vy attaipis to iwkasure tue sield stress

I
. o
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Ve Discussion of results

fhe rost important characteristic of the theory'is its exlrere scnsitivity
to yield stress. (See Figure 5). For predictions in tie s.all strain region,
an error on the order of 1,, in the accuracy of the yleld stress can couse
double %uiie predicted plastic strain, with the larje scele uncertaintics
as to whal tie correct sield stress in our material is, and jiven tie muierous
factors, such 25 te:perature end strain asardening, that can affect t..e value
of tie yiold ..tress, accurate prediction of tiic cnount of plastic struin
becones impossible with a 1odel tids simplified, The fact thet tue .odel is
conceptually correct iwoever, is sioun by ti.e bracketin_ of the ¢ pirical
value for strain by the vari us nredicted values using .2 dillercny sicld
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APPENDIX B

THE SELF-ENERGIZED, SUPERCONDUCTING MASS DRIVER

AS A MEANS FOR LAUNCHING SPACE VEHICLES FROM EARTH

1.0 INTRODUCTION

Rocket propulsion has become the established way of launching objects into deep
space and into orbits around the earth. A possible alternative to this method of
propulsion are electromagnetic accelerators. A major advantage of electromagnetic
traction should be the more efficient use of energy because no fuel has to be hoisted
into space. The penalty for this is the high velocity with which the projectile has
to travel through the densest layers of the atmosphere.

At present it is by no means clear how trade-offs of this nature would influence
the economics of space flight. Different concepts of electromagnetic acce1erator§
may be envisaged, but this investigation deals only with one particular version. This
is the coaxial superconducting mass driver in which the traction solenoid and the
armature (bucket) coil carry persistent supercurrents. The analysis does not go
beyond establishing electrodynamic f€E1b11ity.

A primary objective of the design is to use a long superconducting solenoid,
at one and the same time, as fast access energy store and drive coil. Other electro-
magnetic earth launchers have been proposed. They require specially provided energy
storage devices dedicated to the launch facility and existing in addition to the drive
coils. a?iz.cgsthe energy has to be made available in the short time span of a few
secondqg—ﬁaf-i1l conventional methods of energy storage are suitable for earth launchers.

The most attention has been given to electrostatic capacitors and flywheels in homo-

2 1 - r3 s =
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polar generators. Storage devices of thisﬁijijlare 1ikely to be the most costly
itemsof an electromagnetic accelerator. They would be eliminated if it should prove
possible to convert most of the magnetic energy stored by a long solenoid into kinetic
energy of the projectile.

The following analysis aims at establishing concept feasibility without attemt-
ing design optimization. It should therefore be easy to improve the performance and

economics of the all-superconducting mass driver by further design studies.

2.0 ENERGY CONVERSION PROCESS

2.1 Energy Storage

The electromagnetic accelerator configuration to be examined is shown in fig.1.

It employs a 1000 m long vertical solenoid of 5 cm thickness and 30 c¢m bore. It is
assumed that the solenoid and most of the acceleratcr components would be set up in
a vertical mine shaft. The traction solenoid consists of 20,000 identical square-
section coils of 5 x 5 cm winding cross-section. Each coil is wound with 2500 turns
of 1 x 1 mm conductor cross-section.

For analytical purposes, each drive coil will be treated as a circular filament
coinciding with the center turn of the coil and carrying a current equal to the ampere-
turns of the coil. A single 5 x 5 cm section coil serves for acceleration of the
payload. No clearances are shown on fig.l between drive and armature coils, but they
may easily be introduced by assuming the winding cross-sections to be reduced to, say,
4 x 4 cm with a corresponding increase in current density. This preserves the location
of 311 central filament rings by which the coils are represented in the mutua' inductance
analysis.

A1l inductance calculations have been carried out in compliance with the formulas

provided by Grover, "Inductance Calculations". The selfinductance of the traction

solenoid shown in fig.1 comes to

Ls = 2.75x10% H = 2.75x10'* em ..., (1)
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With an overall current density in the solenoid of 10,000 A/cm?, the current in

each turn of each individual drive coil is

ig = 100 A . oo (2)
This results in a2 maximum magnetic field strength at the center of the solenoid of
Brax =637 .. (3)

The total magnetic energy stored by the solenoid is
Eg = (1/2)Lgig2 = 13560 ... (8)
Assuming that 80 percent of the stored energy will be converted to kinetic energy,
the remainder being dissipated by induced drag currents, mechanical friction and
arc heating, this leaves 1.1 GJ for mass acceleration.
Let the total projectile mass be 20 kg, then the final velocity of the payload
would be
ve /TBEy/m =105km/s ... (5)
where m is the accelerated mass. Hence a one kilometer long coaxial superconducting
mass driver has the potential of accelerating useful payloads to earth escape velocity,
which exceeds 10 km/s by an amount depending on the aerodynamics of the projectile.
Much more magnetic energy may be stored in longer solenoids of greater diameter.
The dimensions of the accelerator of fig.l were chosen to obtain some idea of just
how small a useful electromagnetic earth launcher could be.
For the projectile to reach the final velocity of 10.5 km/s over the length of
1 km, the average acceleration must be
a = v/r= 55,125 m/s2 = 5619 = ..... (6)
where g is the acceleration due to gravity. The average force required to satisfy
(6) is
F = m = 112,385 kg veeee(?)
The axial stress on the solenoid and armature coil resulting from the acceieration
force is
ag = F/(x/4)(402-302) = 204 kg/cm? = 2907 psi  ..... (8)
= F/(v/4)(302-202) = 286 kg/cm? = 4068 psi ceeea(9)

%
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The magnitude of these stresses seem acceptable for superconducting windings. The
weakest metal component of the superconductor would be the backing material. High
purity aluminum can operate safely at 5000 psi at anbient temperature and 10,000 psi
at helium temperatures. The electrical insulation of the 1 x 1 mm superconductor
wires will be compressed by the axial stresses. Not many dielectric materials are
capable of withstanding the high compressive stresses which will arise, particularly,
in the solenoid. Designers of all kinds of superconducting magnets face the same
difficulty. Most reliance is being placed on fiberglass reinforced epoxy (G10) in

sheet or spacer form, and the alumina coating of anodized aluminum.

2.2 Current Transfer to the Armature Coil

A long superconducting solenoid utilizing its stored energy can accelerate the
armature coil only by attraction and not by repulsion. Attraction is in any case more
desirable for lateral stability of the projectile in the confined space of the solenoid
bore. For the attraction force to be reasonably constant over the full length of
the projectile flight through the solenoid, the portion of the solenoid behind the
projectile has to be de-energized or quenched as the armature coil progresses. The
most promising method of quenching the persistent current in the drive coil through
which the armature passes appears to be current interruption by a vacuum circuit
breaker.

The operation of any one of a battery of circuit breakers 2rranged alongside the
traction solenoid has to be carefully timed to coincide with the passage of the arma-
ture coil. A possible switching arrangement is illustrated in fig.2. The vacuum
circuit breakers make and break persistent current contacts between a superconducting
return conductor and taps on the traction solenoid. For the armature position indi-
cated in fig.2, contacts (a) have to close before contacts (b) are opened.

The procass of current interruption will induce emf's in the neighboring part
of the traction solenoid and in the armature coil. The armature emf helps to maintain
the armature current and this is an essential feature of the superconducting accele-

rator concept. But additional current in the solenoid would be undesirable as this
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would bring the current closer to the critical level.

Initially an arrangement was studied in which each drive coil was closed upon
itself and isolated from all others. In this type of accelerator, it was found,
current would pile up ahead of the armature coil, because of the switching operations,
and 1t gave rise to strongly non-uniform acceleration of the projectile. As will
be shown presently, the current pile-up problem is completely avoided by series~
connection of all traction coils and the use of a return conductor.

To analysize the current transfer from the de-energized drive coil to the arma-
ture coil we make use of the fact that a perfect conductor (of zero resistivity)
cannot sustain an internal electric field. Therefore, if e is the induced emf in
a closed filament of the perfect conductor,

e= -d¢/dt = 0 eeesa(10)
and the flux ¢ linked by the filament, or coil, has to remain costant. We may refer
to this fact as flux conseryation.

Flux conservation will make it, in general, impossible to maintain a positive
(in the same direction as the solenoid current)c n the armature coil when the latter
is charged a long way away from the drive solenoid. This is the result of the disparity
of the selfinductances and magnetic field strengths of a long and a short coil.

Hence the armature coil has to be charged in position at the inlet of the traction
solenoid, as shown in fig.3(a). Assuming that the solenoid is charged first, armature
and projectile have to be held back by a mechanical interlock while the armature
current is being raised by an external voltage source, to the desired level. During
the charging process, the armature circuit includes resistance and the flux through

it may change continuously. At the end of their rospective charging cycles, both

the solenoid and the armature have to be closed upon themselves by superconducting
contacty to freeze in persistent currents. Breaking the mechanical interlock after
charging of the armature will start the the flight of the projectile.

Let the initial solenoid current be ig = i, |. As a first step, before releasing
the armature, we will assume that the bottom coil of the solenoid (n=1) is inter-
rupted just after n=2 has been connected to the return conductor. The current in
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the solenoid should then increase from 1n.1 to 16’1 and the current in the armature
from 1m.1 to iﬁ,l' The following inductances are required for computing the variations
in solenoid and armature currents:

L - selfinductance of armature coil

m

Ly.x = selfinductance of solenoid after opening the first x coils

My, - mutual inductance between armature coil and energized portion of the solenoid
just before the armature enters this energized portion (see fig.3)

M; - mutual inductance between armature coil and energized portion of the solenoid

just after the current in the coil ahead of the armature has been interrupted

(see fig.3)
Equating flux linkages in the solenoid and armature before and after interruption

of the current in the drive coil n=1 gives
natm * A M = T gbp * T (11)
nyabne1 * tm = ngabn * o™ e (
Solving (11) and (12) for the adjusted currents iﬁ.l and 15.1 results in
in,1 ™ (MMi-Lpbno 1)/{0M])2-Lpkna1 i 1+ (LpMi=Lpa M)/ AN 2Lk i Hp p oeeel(13)

Tn,1 = UMM/ EMD2-Loly (Hip g ¢ (NME-LaL)/AMD) 2L Ly My g e (14)

For the next step we consider the change in the currents from ié 1 to 1m.2 and
| ]

16.1 to 1n.2 as the armature coil moves up to the energized portion of the solenoid,
as indicated in fig.3(c). Flux conservation then demands
‘m,sz +ig,M = 'ﬁ.le + iﬁ.l"i .....
‘n.ZLn-l + 1m'2H2 s 15.1Ln_1 + 16.1Mi ..... (16)

Solving (15) and (16) for the adjusted currents 1m 2 and 1n 2 produced by the for-

ward motion of the armature by 5 cm gives

Tmy2 = (MMa-Lybn )/ (M3-LeLo (0 )+ Lo (MM 7L 040 e (17)
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in,2 = Lp(MyMy)/(M3-L L )ip gt (MZM'I-Lan,1)/(M;-Lan_1)1""1 ,,,,, (18)

A=l
This procedure can be repeated step-by-step until i:coils of the solenoid have been

opened and the armature has moved right up to the portion of the solenoid stiil carry-

ing current, as in fig.3(d), when the armature and solenoid currents will be

1'm,x o (M;-1Mx'Lan-x+1)/(Mi'Lan-x+1)1$,x-1 + Ln-x+1(Mx'M§-I)I(Mﬁ'Lan-x+1)"n.x-l

1n,x * Lm(Mx'Mi-l)/(Mi'Lan-x+1)iﬁ.x-l * (MxNQ-I'Lan-x+1)/(M;'LnFn-x+1)1ﬁ.x-l

And after interruption of the current in the next drive coil, the two currents become

1é,x '(Mxni'Lan-x)/{(";)Z'Lan-x}im,x * (Ln-x+1M;'Ln-x"x)/{(M;)z'Lan-x}in.x

Tnox ™ Em(MeM) /UML) 2Ll Mg o * (nxn;(-n_an_m),{(M;)z_,_an_an’x

In order to evaluate equations (19) to (22) it is necessary to compute the numerical
values of the eight dimensionless inductance coefficients of these equations. The
only constant in those coefficients is the armature selfinductance. Its value is

Ly = 287 cm ceeee(23)
Grover formulas have been used for (23) and the calculation and the variable self-
inductance L, of the energized portion of the solenoid. The results are plotted on
fig.4.

Grover also provides a formula for the mutual inductance M between a long sole-

noid and a coaxial circular filament in the end-plane of the solenoid. For the

20,000 coils of the traction solenoid, this value of M must be equal to

" 20,000 1000M (26)
'{M Ma.n ’{‘.1 e

The Grover formula also shows t-st for the dimensions of the solenoid of fig.l,
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coils 1001 to 20,000 make virtually no cont;lézlhon to M, which justifies . the
approximation in (24). Hence the mutual inductance is very nearly coaz%zfi’until
the projectile has traversed 95 percent of the accelerator. Over this)distance
MX'M- Mm.l .....
where Mm.l is the mutual inductance between the armature coil and a drive cofl di-
rectly surrounding the armature. Also
My=MeMpyoMo (26)
where Mm'z is the mutual inductance between the armature and the drive coil just
ahead of it. Using Grover formulas, the mutual inductances of '25) and (26) were
found to be
M, = 392 cm e ees(27)
H; =22em (28)
While the projectile travels through the last 1000 coils of the solenoid, both
M, and M. decrease from the values given in (27) and (28).
We are now able to compute the numerical value of the first inductance coeffi-
cient in (19) for 0 < x < 19,001.
(Mye My-Lpbnoxe1)/ (Mi-Lpbn_yo1) = (212 x 392 - 287 Lp_,41)/(392 - 287 Lp_y4y)
s ] eeees(29)
pex+] < 19,000 we have L > 0.25 x 10°. Hence for the first

950 m of the solenoid the inductance coefficient of (29) is very nearly equal to one.

For all values of L aex+1
The second inductance coetficient of (19) is
Ln-x*l("x'";-1)/(";'L.Ln-x¢1) ® Lpoyxey (392 - 212)/(392% - 287 Ln-x*l)

= -0.627 .e...(30)
The remaining inductance coefficients of equations (20) to (22) are
Lg(My=My 1)/ (M2-Lolo oy) = 287(392%- 212)/(392 - 287 Lp_ o)

0 (31)
(MM 1~ Labnexe 1)/ (M3 -Lal 0q) =(392 x 212 - 287 Lp,_,,1)/(392% - 287 L, ..¢)
sy il (32)
(M-t /UMD -L L ) = (392 x 212 - 287 L )/(212% - 287 L)
: 2 (33)
!
:’-—_ﬂgﬂ e e i G - e e e e ———— s
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(Lpoxe1 Mol MM, ) = (212 Lnjifiz; 392 L, )/(2122 - 287 L)
= +0.627 eonoa (38)
L(Me-M )/ (M) 2-Lol, ) » 287(2122- 392)/(212 - 287 L.,
a0 veese(35)
(M MyeLkn o)/ LML) 2Lkn o} = (392 x 212 - 287 L _ 1)/ (212 - 287 Ly ,)
=1 ceees(36)
Substituting approximations (29) to (36) into (19) to (22) gives the currents as
Tmx ® Tmxep - 0:627 13 o L)
Tn oy ® fpxel veeee(38)
fnx ® Tmx * 0.627 1n 4 ceenn(39)
1. Yo veens(40)

Equations (38) and (40) prove that the solenoid current remains constant until
the projectile reaches the last 50 m of the traction solenoid. The stability of
in 1s the result of the large selfinductance of the solenoid compared to that of
the armature coil.

Equation (39) expresses the increase in armature current due to the extinction
of the current in the drive coil just ahead of the armature. This is the current
transfer equation. According to (37), the transferred current is lost again when the
srmature moves up to the energized portion of the solenoid. Hence for the first 950 m
of its travel into the solenoid the armature current varies in saw-tooth fashion
between 1.'1. the current to which the armature was originally charged, and this
current plus 62.7 percent of the solenoid current. Each circuit breaker therefore
pumps a certain amount of current (ampere-turns) from the solenoid to the armature,
and this is expended in acceleration before the next pumping stroke occurs. In the
last 50 m of the solenoid, the average armature current decreases and the drive
current increases, keeping the acceleration approximately constant right up to the
exit of the projectile from the accelerator.

The current fluctuations in the armature coil will be smoothed out to & consi-
derable extent by the gradual arc quench in the vacuum interrupter. The saw-tooth

waveform of the arsature current arises from the assumption that the current is

§ PRt AR
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exftinguished instantaneously. In practice this is impossible, a fact which will
help to keep the armature current more constant. But it seems unavoidable that
the armature current contains as significant ac component which increases in frequency
as the projectile acc2lerates, reaching several hundred kilo-hertz at the end of the
accelerator. This will give rise to ac losces in the armature circuit which, together
with heat inleak and friction and-bmsmgenereted=trext, will have to be absorbed by
the coolant and the cold metal. Fortunately the process of acceleration through the
whole length of the solenoid takes only 0.2 s.

It will be seen from (34) that the amount of current pumped into the armature
by each circuit breaker is determined by (M;-Mx)/Lm. The numerator of this fraction
depends on the number of circuit breakers installed along the solenoid. The larger
this number, the smaller will be the current pumped with each stroke. The number of
circuit breakers that can be usefully employed is ultimately determined by their speed
of operation. A larger selfinductance of the armature coil will also reduce the
amount of current pumped per stroke. This would be best achieved by lengthening the
armature cof).

In the present example in which a solenoid current of 100 A has been assumed,
the initial armature current 1m.1 should not be larger than 37.3 A to prevent the

current density in the armature coil from exceeding that in the solenoid.

3.0 PERSISTENT CURRENT MAINTENANCE AND INTERRUPTJON

The maintenance of persistent currents through mechanical contacts and the arc
interruption of these currents is an uncharted area of technology. The contacts
would operate in hard vacuum and therefore could be kept very clean, except for a
mon@layer of gas. By using adequate pressure, it is hoped that superconducting con-
tact can be made reliably between niobium electrodes. The contacts would have to be
internally cooled with helium or by conduction to a helium pool.

A very larga number of solenoid turns has been chosen in the present example
to keep the current small and therefore interruptible. Even with vacuum circuit
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breakers it is difficult to interrupt dc'cJL;Lﬁis of 1000 A or more. The voltage
drop across the arc is of the order of 20-100 V, depending on the ionization potential
of the metal vapor atoms. This is a very small voltage compared with the selfin-
duced emf's which will normally try to maintain the current constant. However, the
proximity of the short-circuited armature coil of zero resistance experiences similar
emf's which result in ¢ke current transfer and by this action reduce the selfinduced
emf in the drive coil circuit which is being opened. This sequence of events should
greatly help with the extinction of the drive coil current.

Furthergg:iz a 100 A arc generates relatively little heat and this will starve
the arc ofiions and make it unstable. With this small amount of current the gap
plasma may have more the nature of a glow discharge than an arc. Glow discharges
are capable of opposing much larger induced voltages than arcs. Another technique
used for dc vacuum arc extinction is the application of a crossed magnetic field to
divert electrons into the vacuum background.

Of the twin problems of the maintenance of persistent currents through mechanical
contacts and dc arc interruption, the former is expected to be the more difficult one
to solve. An essential step in establishing the feasibility of the superconducting
earth launcher has to be some experimental evidence of the working of the make and
break action of the vacuum switches. Arc interruption could be explored with normal
conductors at liquid nitrogen temperature, but persistent current contact experiments

require liquid helium cooling.

4.0 SOLENOID FORCES

Another critical issue are the maximum mechanical stresses that may arise in
the traction solenoid from the combination of axial magnetic pressure, acceleration
force and weight. According to formulas and tables provided by Grover, the force
of attraction between the two halves of the solenoid comes to

F=309,000%kg ... (41)
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The winding contact area between the two halves is
A= (n/4)(40% - 302) =850 em* ... (42)

Hence the compressive stress across the midplane of the solenoid is

F/A = 562 kg/cm® = 8000 psi ... (43)
The weight of half the column of the solenoid adds to the stress of (43). . For an
aluminum/niobium ratio of 3:1, the average density of the superconductor would be
4.17 g/cm®. The total weight of the solenoid column therefore is

Wap = 4-17 x 107%A 2 = 230,000kg ..., (44)
The compressive stress due to this weight at the bottom of the column is

wA1/A = 417 kg/em?® = €500 psi ..., (45)
Half this stress added to the axial compression makes the midplane stress 11,000 psi.
The maximum stress would actually occur below the midplane and it may be too high
for pure aluminum. With a copper-backed superconductor the compressive stresses in
the solenoid would be even higher because of the greater specific gravity of copper,
but pure copper would tolerate 20,000 psi. The difficulty with copper is that its
oxides are inadequate electrical insulation and G10 sheets may have to be inserted

between pancake coils.

5.0 SPACE DISPOSAL OF HAZARDOUS WASTE

A small launch facility,as the nne studied in this investigation may find
application in the space disposal of hazardous waste. Radioactive substances from
various nuclear programs are obvious candidate materials. Small-packet launching
would greatly reduce the risks associated with aborted space shots. Rocket launching
of payloads of the order of 20 kg is completely out of the question on account of the
amount of fuel required per shot.

Assuming an 80 percent charging efficiency, eaci shot of the superconducting

earth launcher would consume under 5000 kWh of electricity at a cost of less than
$ 500.




