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Abstract

The repulsion~coil techanique for energy

‘conversion offers a powerful, new tool in the field

of accéleration testing. Using this technique; a
prototype magnetic shock device was developed that
uses -electrical energy stored in a capacitor ‘bank
to produce high-g, mechanical accelerationm pulses.

A disc projectile is vacuum-held agalnst the
core of an electromagnet coil and a crystal accel-
erometer is attached to the projectile to monitor
the pulse. The capacitor bank is charged to a
specific voltage between one and 20 kv, then dis-
charged into the coil. The resultant magnatic field
around the coil effects a repulsion of the projec~
tile, which is mechanically free to move away from
the coil. By varying the capacitor voltage, the
magnitiude of the pulse can be predicted and
controlled. -

This investigation is intended to demonstrate

- the application of electrical-energy conversion in

the production of a controllable acceleration pulse,
toward development of a magnetic shock device for
component. testing and instrument calibration.

Introduction
This report describes an investigation into the
properties and use of stored electrical emergy and
its conversion to mechanical enmergy. The investi-
gation stems from a need at Sandia Corporation,
Livermore Laboratory, for a mechanical shock-test
facility capable of contxolled acceleratiom

" magnitude and duration, covering the range of

100;000~g acceleration with a 100 microsecond
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‘which creates a time-varying magnetic field.

“material,
- magnetic field is short enough,

duration, to a 20,000-g pulse with a one-millisecond
duration (assuming a one-pound test package).

This report provides the theory, desecription,
and test results.of a prototype shock device, based
on a theory of electromagnetic repulsion, using
electrical energy stored in a capacitor bank.

Primary requirements for a sophisticated test
device were determined to be:

1. Variable-acceleration pulse amplitude and
width ’ ’

2. Repeatable acceleratlon SLgnature
3. Freedom from mechan1ca1 noise

Forces attainable from high-magnitude, tran-
sient, magnetic fields have been used in a variety
of ways, most notably in plasme "pinch" experiments.
Industry uses transient magnetic fields in many
metal-forming applications requiring high force,

It was determined that these same forces could be
used to produce high~g, mechanical acceleration
pulses.

Theory

Primary elements of the magnetic shock device
(Figure 1} include electrical energy stored in
capacitor banks and the repulsion ceil mounted in
the test enclosure. Basic principles involve the
conversion of the energy stored in the capacitors
into mechanical kinetic energy. Energy is converted
by discharging the capacitor bank through the coil,
The
field reacts against a conductor (projedtile)

located close to the coil windings causing the

projectile to accelerate away from the coil.

To determine. the force of acceleration on the
moving projectile, three basic theoretical ap-
proaches are available: circuit theory, field
energy theory, and field analysis theory. These
three theories are developed in detail in Appendixes
4, B, and C respectively. However, a brief dis-
cussion of the theory of electromagnetlc repu151on
is included below.

Electromagnetic Repulsion

In general, if a conducting materizl is placed
in the presence of a time-varying magnetic field, a
current flow will be induced in the conducting
If the peried, or pulse time, of the
all the induced
current will be concentrated on or near the surface
of the conducting material. 'The reaction between
the surface current and the magnetic field creates
a force of repulsion that causes the conductor to
accelerate away from the wmagnetic field. If the
geometry of the system ensures. that the magnetic
field is present on only one side of the conductor,
then a net accelerating force is developed and the
conductor, if free to wmove, becomes a projectile.



Figure 1.

Prototype Mag'ﬁetic Shock Device

The force developed on the conductor may be
expressed in several ways. In terms of the mag-
" netic field density existing at the surface of the
conductor, the force per unit area, Or magnetic
pressure, is expressed in Gaussian units, as

2

P (1)

it

where P is the magnetic pressure and B is the
magnetic flux density. If the system is considered
a4 mutually coupled inductive circuit, the force is
expressed in MKS units, as

SR ]
Beiid, % (2

where F is the accelerating force, i, is the curremt
in the primary, 12 is the current in the secondary,

) and 3% is the vate of change of mutual inductance
with respect te distance.

Description

‘The pretotype unit was designed primarily to
demonstrate the feasibility of using the ensrgy
available from high-magnitude, transient, magnetic
fields,

Energy-Storage Component -- The energy storage
component was a 24,000-joule, 120-farad capacitor
bank, complete with power supply and operating con-
“trols. The power supply was a modified 5-KVA
distribution transformer fed by a 208-volt, single-
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)

Figure 2. Typical Pancake C oil
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Figure 3. Simplified Diagram.of Test Setup

phase source. The transformer output was fed
through a voltage doubler tg a peak rectifying
cireuit. Elsctrical eénergy. was stoved.in eight
l&4.5~farad capacitors ratcd at 20 KV each, of the
standard chlerinated diphenyl energy storage type,
The capacitor bank was switched through standard
size D ignitrons. It was complaetely enclosed as a .
unit and was mounted on casters,

Magnets -- Two types of flat, circular magnets
were used to produce the time-varying magnetig
fields. The first type was a flat spiral (pancake)
coil consisting of 30 turns of 0.5-inch by 0.03-inch
copper strip separated by glass tape. The entire
winding was encapsulated in a dielectric compound
so that the edge of the copper winding was from
0.03 inch te 0.12 inch from the face of the coil
assembly, depending on the actual thickness of the
compound. The inner diameter of the winding was
about 1-3/8 inches, and the outer diameter was

These coils had self-

40 to 65 microhénries,
The entire magnet assembly
(Figure 2 shows a_typical
In addition to the pancake magnats

from & to 4-1/2 inches.
inductances ranging from
depending on the coil.
was about 1 inch thick.
pancake coil.)

Micars: Bloe
e

Test Setup

Moo N
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~.parallel

“switch is closed to charge the capacitors.

described above, coils fabricated from round wire
were used, Ihese coils had approximately the same
volume of winding space but consisted of 100 turns
of '#10 wire, 200 turns of #12 wire, and 300 turns
of #14 wire. Standard Formvar magnet wire was used,
with mylar strip insulation between layers. As
will be seen later, the main purpose of these coilsa
was to increase the acceleration pulse time by
ralslng the coil inductance.

Projectiles - Disc-shaped projectiles of
various sizes were used; diameters varied between
1 and 4-1/2 inches and thicknesses varied between '
1 and.3 inches. The larger diameter projectiles
received a greater accelerating force, but were

T more easily excited into an undesirable resonant

condition., Most of the projectiles used were
fabricated from aluminum, although beryllium was
used in some instances. (Although beryllium is
less susceptible to resonant excitation because of
its greater stiffness, it is much more expemsive
and difficult to machine.)

Accelerometers -- Piezoelectric cfystal
accelerometers were mounted directly to the pro--
jeetile in such ‘a manner that no mechanical
filtering was present. Projectile acceleration

was monitored in the center of the disc, away from

the coil (see Figure 3). The projectile was held
against the disc by a vacuum through the center of
the coil.  The accelerometer cable hung from the
projectile, and the accelerometer output was fed
through a cathode follower to an oscilloscope with
a Polaroid camera attachment. The high frequency
response of the transducer and recording system
prevented any electronic filtering.

Test Unit Configuration -- The magnet was
placed in a micarta block and bolted to the under-
side of the enclosure top. (see Figure 4). The
2-inch thick plywood enclosure was filled with
sawdust to within 18-24 inches of the disc. The
capacitor bank was connected in parallel to the
magnet through four shielded RG-8 cables.

Application

Figure 5 shows a cross-section represaentation
of the current and field relationship of the magnet
and the projectile. When the projectile is close
te the winding, the flux lines are essentially
to the projectile surface. However, the
flux lines bend away from the projectile surface
near the center of the projectile, resulting in'a

decreasing pressure in that area.

Operation

The projectile 'is vacuum-held against the
magnet. After the projectile is in place, a vacuum
The
capacitor voltage is then monitored through a
metering circuit that causes the vacuum switch to
open when the desired capacitor voltage has been
reached (see Figure 6). Since at this point the
ignitrons are in 2 nonconducting state, voltage is
locked on the capaciters. When the selected volt-
age is reached, the capacitors are discharged
through the coil by converting Ignitron 1 to a
conducting sfare. This is accomplished by sending
an "ignite" pulse simultaneously to the ignitron
and to a time-delay pulse generator. The currant
in the magnet rises sinusoidally until the quarter-

Current {out of paper)

Current {into paper]

Magnet.

Nz
Prajectlle /
Induced Current l

{lnto paper)

Copper
Conduttor

\!ndL:ed Curreat

(out of paper)

* v 0 .o-

+4+t bt

Direction of .
Acceleration

Accelerometer

Figure 3. Cross-Section Showing Current and
Field Relationship of Magnet and Projectile

cycle peak.is reached, then the preset time-delay
pulse genérator ignites Ignitron 2. ‘The magnet is
thaen short-circuited {crowbarred) through

Ignitron 2 and R The short-citeuiting operation
maintains the direction of the current flow, which
then attenuates expomentially as described by the
L/R , time constant of the shorted cireuit. The

field generated by the magnet repels the projectile.
Efficiency

The energy contained in z magnetic field is
given by:

) 2
Energy =_% LI, (3)

and the total flux contained is:
$ = LI )

where L is the inductance of the field producing
coil, I is the current flowing in the coil.-and P
is the total flux produced by the coil. From an
electrical system energy viewpoint, H. P. Furth

(Reference 1) has shown that the maximum ‘energy

efficiency, up to the time of peak.curreat, that
may be realized is:

€< 5
T+ 24 (3
<]
If the current is brqught very rapidly to its
maximum value and the coil is short-c1rcu1ted
the energy efficiency becomes:
AL
€< . -{b
L +4& (6
o —_— e — ———
[ N
Switeh #1 Limiting . ek R —
- Resistar temiiron T N i
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E Firlag Metering
Contrals
Qo 1E0ui N =
= Time '
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- eeleration pulse and L

-easily obtained,

‘where AL is the inductance change during the ac-

is the inductance of the
magnet {with the proje@tile in place) before the
test. In either case greater efficiency is realized
when L is lowered. In Equation 5 a maximum of
nearly 50 percent efficiency occurs as L approaches
2exo. Also efficiency is lowered by the®1%R energy
losses occurring in both rhe primary circuit and the
projectile. In Reference 2, it is shown that the
power loss cccurring in a plane conductor is given
by the expression: '

W = % R ]:le (7

where J, is the surface current density expressed
in ampefes/meter width and

-

Therefore, since the power loss is inversely
proportional to the square root of the conductivity,
a projectile of higher conductivity will consume

~less power with a given magnetic field,

If the operating conditions are such that
1) the time duration of the acceleration pulse is
constant and 2) the magnetic field density B, is
proportional to the curvent flow in the magnet,
the force, energy and efficiency expressions are
With reference to Equation 1,
the peak force, or acceleration, is proportional
to the square of the magnetic field density. When
magnetic field-density B is proportional to the
current flow in the magnet, which in turn is pro-
portional to the capacitor bank voltage, the
magnetic field density B is proportionmal to the
capacitor bank voltage. With the above-stated
conditions, the accelerating force may be expressad
as proportional to the square of the capacitor bank -
voltage as follows:

F= KF Vz (9)

where F is the accelerating force, ‘i3 a constant
and V is the capacitor .bank voltage.” From kine-
matics, for a constant time duration, the kinetic
energy is proportional to the square of the
accelerating force. Therefora

RE = k' (£)2 - Kep vt (10)

where KE is the kinetic energy of the projectile

and K' and are constants.  The potential energy
stored on the capacitor bank is proportional to the
square of the voltage and is given by

2

L 2 _
PE = 3 CV (11)

where C is the total capacitance of the.bank. By

- defining the efficiency, £, as the ratio of kinetice

énergy to potential energy, the efficiency is then

proportional to the square of the capacitor bank

voltage,

(12)
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The maximum kinetic energy of the system is limited
by the analysis of H. P. Furth as expressed in
Equations 5 and 6. In practice, the conditions
stated to develop the fourth power relationship
between kinetie energy and capacitor bank voltage
will be realized when the inductance change,
created by projectile displacement, is small
compared to the initial inductance of the systen
when the projectile is in place, Equations 5 and
6 show that the small inductance change will yield
a low efficiency. )

Instrumentation

As mentioned previously, the signal from the
accelerometers is recorded directly and is not
filtered. Input to the magnet is monitored by
measuring the current flow in the magnet, Magnet
output is determined by measuring the field
strength. Current flow is measured with a current-
viewing resistor in series with the magnet. Field
strength is measured by integrating the output of
a pickup coll placed in the center of the magnet
(Reference 3). Field strength against the projec--
tile is a function of the volume beiween the magnet
and the projectile and is not the same as the field
strength in the center of the coil. Equation 4
shows that if the inductance remains constant, the
current and field strength would have the same
-signature. Therefore, if both the current and
field strength are monitored, the difference in
waveforms will reflect the time-varying inductance
change. Thie is shown in Figure 7. The flux o]
represents an integrated pickup coil in the center
of the magnet. Both the current and the accelerat-
ing force peak at nearly the same time .and before
the flux peaks, :

As stated earliér, the accelerdtion fores is
monitored by a crystal accelerometer. It is sig-
nificant that the projectile serves as a magnetic
shield for the accelerometer, preventing an enormous
signal (because of the field) from reaching the
accelerometer. The effect of induced noise was

Time —={50 psec/cm)
Top Trace - Magunetic
Flux ¢

Middie Trace - Force

Bottom Trace - Magnet
Current

Figure 7. Field-Current-Force Relaﬁbnship



Accele ration

_are tabulated in Table 1.

Magnct - 30-Turn Pancake Coll

Prajectile - 2-inch diamecter x I-inch thick
Aluminum Disc

Accelerometer Sensitivity - 1890 gfvolt

1.98 kv

0.5 volt/em

50 psac/em
=

" Capacitor Bank Voltzge
Osclllescope Sensitivity

5.98 kv
5 voltfem
50 pscefem

Capacitor Bank Veltage
Csacilloscope Sensitivity

e

Capacitor Bank Vollage Capacitor Bank Voltage

= 4.05 kv = 8.00 kv
Oscilloscope Scnsitivity = 2 volt/cm Oscilloscape Sensitivity = 10 voltfem
-~ 50 psec/em = 50 pguc

Time

Figure 8, Unfiltered A’ccele_ration Pulses al Various Capacitor

Bank Voltages Using 30-Turn Coil

TABLE 17

bata Tabulated Lyom Figure B
Calibration - lg+u grwolt

Projectile and Accelerameter weight = .31 pounas
: : Capagiter

Cazacicar Pruzectile Bank - Energy
Bank Puak Peak  Final Rinecac Potential E1Tacaenry
Test Yolrays Accederstion Force Veloclty Enetay Encrgy kerpy,
So. {hv) (3) {13} {fps} {re-1b) {at-4b) (%)
] 1,98 2.3y Tou 7.us w. 25 131 uv.i7
* R0 4,159 e 28,3 a5 2 G.56
3 5.98 IS U ] Bl 5 la.% 33w 117
- aul [T [§ JRAvi] luw.s 514 T Zbdu L.al
TABLE 2
Daca Tabulated from Figure Ll
Calibration + &L g/velt
Projectile and Accelecameter weight - L 96 pounds Stored
. Projectile  Capacitor Faevgy
Capacirer Accelerometer Beak Peak yeJocity Mumetic . Potential Ettizicauy
Test  Volrage QuEtput Acceleration Force  Final - Energy Energy KE/PE
Ko. (kv) Lvoles) '} {lbs {rps) ffe-ib) (Ec-Llb) 143}
L 1 z.7 1,760 5w 4lb U.oh W77 .36
2z o L 7,270 pUBITH ) 1b.o tw. s i L.5
3 L] 5 16, 500 12,600 2] 4.4 1,590 J.al
4 ] ag 29,00y $1,000 EO Lod 1,430 5.

.checked by duplicating the entire.accelarometer
data acquisition system, except that the accelex-
ometer was suspended about 1/8 inch below an
aluminum disc 2 inches in diameter and 1 inch thick,
which was mounted against the coil. The 1/8-inch
"distance was chosen to allow the magnetic field
"{resulting from the capacitor bank discharge) to
pass its peak value before the prejectile struck
the accelerometer. The induced noise was about

i percent of the accelerometer output which would
be expected had the accelerometer been mounted
directly to the projectile.

Test Results and Conclusions

Oscilloscope readings obtainmed using a 30-turn
pancake coil and an aluminum projectile 2 inches in
diameter and @ inch thick are shown in Figure 8.
The high frequency component accompanying the pri-
mary acceleration pulse is attributed to mechanical
noise in the projectile., The data from Figure 8
For this particular
series the capacitor bank voltage was limited to a
4-to-1 increase (from 2 kv to 8 kv) so that the
‘maximum- percentage of inductance change created by
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" system,

projectile displacement would be of the order of -
1 ox 2 percent of the initial inductance of the
system. Since the inductance change is low, it is
expected that Equations 9, 10, and 12 would be
valid, The evaluation of the constants of Equations
9, 10, and 12 yield the following results:

Force = 183 (Vc)z (133
Kinetic Energy = .015 (VC)A (14)
Efficiency = .035 (vc)2 (15)

where (Vc) represents the capacitor bank voltage in
kilovolts. The constants of both Equations 13 and
15 are within * 8 percent and thé constant .of
Equation 14 is within * 15 percent, The tolerances
quoted are within the experimental error of the

The plots of the acceleration, kinetic
energy, and efficiency tabulated in Table 1 are

-shown graphically in Figure 9.

The repeatability of the electromagnetic shock
facility is demonstrated by the oscilloscope re-
cordings in Figure 10. These data were obtained by
repeated tests at the same capaecitor barnk voltage.
The amplitude of these: three pulses was essentially
the same and was well within the accuracy of the
capacitor bank voltage.

The oscilloscope readings of Figure 11 were
obtained with a magnet similar to the magnet used
for Figure 8. However, the data shown in Figure 11
and tabulated in Table 2 were obtained using an
aluminum disc 3-1/2 inches in diameter and 2 inches
thick. The peak accelerometer output was estimated
and refers to the amplitude of the primary pulse
rather than the mechanical noise accompanying the
pulse,

A larger diameter projectile will effect a
larger inductance change for a given projectilg
displacement, Therefore, it would be expected that

10
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1 16 -300
Capacliozr Back Voltage (KV)
. Plgure 4. .
Acceleration, Kinetic Ensrgy and Efficlency ve. Capacitor Bank Yoltage
{Data from Table 1) ’



-bank voltage is increased.

Equation 13 is K, = 890 lb?V

the larger diameter projectile would be more ef-
ficient. A .comparison between Tables 1 and 2 of
the efficiency values shows this to be trua, The
penalty of the higher efficiency is that the ac-
celeration pulse changes shape as the input energy

is increased. Although the time duration of the
acceleration pulse is approximately constant, the
peak acceleration occurs sooner as the capacitor
The decrease of the
time until peak acceleration occurs is due to the
greater projectile .displacement, for a given amount
of time, during the higher efficiency test.
greater distance the influence of the magnetic field
will be decredsed; therefore, the acceleration peak
will occur earlier.

From the data of Table Z, the constant of
1OTCe uithin + 3 per-

c
cent. As expected, the force constant KF increases
as the projectile diameter increases, The

At the

* 3 percent obtained from the data of Table 2
suggests that the squared relationship between the
force and voltage is less critical than would be
expected., This may be attributed to the fzct that
a practical system tends to be self-compensating,
i.e., as the projectile moves away the pulse time
tends to decrease, but the inductance increases
and this increases the duration of the magnetic
field which in turn tends to inecrease the pulse
time,

& comparison of the wave forms of Figure 8
and Figure 11 shows that the signal-to-noise ratio
remained constant on the data of Figure 8 but
decreased on the recordings of Figure 11, The
decrease in signal-to-noise ratio is attributed to
the mechanical resonant system being more sensitive’
te the sharper rise time of the higher energy
pulses, :

Figure 12 shows oscilloscope recordings made

Magnet - 30 Turn Pancake Coll

Magnet - 30 turn pancake coit

Magnet - 30 Turn Pancake Coil

Projectile - 2-inch diameter x 1-inch thick
Aluminum Dise

Projectile = 3-1/2-inch diameter x 2-inch
thick Aluminum. Dise .
Acrcelerometer Sensitivity - 660 g/volt

Projectile - 2-inch diafmeter x l-inch thick
Aliminum Dise

Accelerometer Sensitivity » 1880 g/volt

Accelerometer Sensitivity - 2540 g/velt

Capacitor Bank Voltage

2 Ry éapacltor Bank Voltage .04 ko
o itfvity = 0.
Scope Sensitivity 2 voltfem seilloscope Sensittvity 501::(1:’,'[:;?
30 psecfom i

Peak Acceleration = 2670 g

‘Capecitor Bank Voltage = 1.98 kv
Oscilloscope Sensitivity =

0.5 velt/em
Q. pseefem

Scape Sensitivity

Capacitor Bank Voltages 4 v

= 8 voltfem’
-30 psec fom

T.00 kv

Capacitor Bank Voltage
Oscillogcopk Sensitivity = 3 velt/em
50 psecfem
33,800 g -

Peak Acceleration

FoT

5
3 - & .
E g
€ 7]
i ] N o
= s < Tt < :
Capacitor Bank Voltage = 1.98 kv . Capacitor Bank Voltages 5 kv Capacitor Bank Veltage = 11.8 kv,
Oscilloscope Sensitivity = 0.5 volt{em i . Oscilloscepe Sensitivity = 10 volt/em
. 50 pseefem Seope Sensitivity -, = 10 volt/em . . 50 ysectem

50 usec/em

Peak Acceleration

= 82,600 g

Capacitor Bank Voltage

= 1 98 kv Capacitor Bank Voltage= 8 kv Capacitor Bank Voltage = 15.0 kv
N - I itivity = 20 volt
Oscillescope Sensitivity géi:zltf,’:;n Scope Sensitivity = 20 voltfem Qscilloscope Sensitivity i :geéf,::;:\"
c g =
L 50 psec fom Peak Acceleration = 130,000 g (exceeded
accelerometer
gpecifieation)

Time ~eTime Time

Figure 10. Unfiltered Acceleration Pulses at:
.Same Capaecitor Bank Voltages )

Capacitor Sank Voltages

Figure 1i. Unfiltered Acceleration Pulses at Various
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Figure 1Z. Unfiltered Acceleration Pulses Over Wide
Range of Capacitor Bank Voltages. .
Using 30-Turn Coll




§0-Turn Pancake Cofl

2" Diameter x 1" Aluminoum Dise

Acceleration (g)

=
&

10

* Capacitor Bank Yoltage (KV)

Figure 13.
Acceleration va, Capacitor Bank Voltage
{Data from Figure 12}

with a wide range of capacitor bank voltages. A
30-turn pancake coil and an aluminum disc 2 inches
in diameter and 1 inch thick were used for this
test. The acceleration versus capacitor bank
voltage is plotted in Figure 13. The capacitor '
bank voltage was varied between 2 kv and 16 kv
which increases the potential energy by 64. - The
indicated acceleration was betwsen 2670 g and
130,000 g. (The accelerometer was rated te 100,000
g; however, basic sensitivity before and after the
test was the same.) With the 2-inch diameter pro-
jectile the acceleration signature remained
reasonably constant throughout the test series.
Also, the accgleration versus voliage curve is
smooth, although nonlinear, on the log-log graph.

Figures 14, 15, and 16 show data obtained with
100-turn, 200-turn, and 300-turn coils, respective-

.ly. These recordings show both the field .strength,

#, which is the top trace, and the acceleration
pulse, which is the bottom txace. The field
strength ¢ was recorded to demonstrate the smooth
forcing function provided by the magnetic field.
In each case, an aluminum disc prdjectile 3-1/2
inches in diameter and 1 inch thick was used.

"Since the higher inductance coils decrease the-

frequency of the capacitor bank discharge, longer
acceleration pulse times are obtained. A longer.
pulse time cerresponds to an amplitude decrease,

as would be expected. For instance,. at I0Q kv, the
100-turn coil produces a 22,000-g acceleration
pulse with approximately a 0.5-millisecond time
duration, while the 300~turn coil produces a 7740-g
pulse with approximately a l-millisecond tiime
duration. Also, for the higher inductance coils,
the higher the input energy, the shorter the ac-
celeration pulse rise-time and pulse duvation. This
decrease in pulse rise time is attributed to the
decrease in magnetic field intensity at the greatex
distances, as explained earlier. In addition, the
acceleration pulse goes below zero on the low lewvel
tests with the 200- and 300-turn coils., At the time

of this writing, the negative undershoot is: believed

T — g g

to be due to the RC time constant of input circuit
to the cathode follower.  As the pulse times grow
shorter, the low RC time constant has less effect.

Figure 17 shows the plots of the acceleraticn
versus capacitor bank voltage for the data of - |
Figures 14, 15, and 16. From the graph it can be
seen that the higher the number of turns, which
corresponds to higher inductance, the more nonlinear
the acceleration ampiitude appears on the log-log
plot. The roll-off of the 300-turn coil accelera-
tion plot indicates that the magnetic field
attenuation versus distance was greater than that
of the lower inductance coils.

Limitations

- Force Amplitude

There is virtually no limit on the mawimum or
minimum force available from transient magnetic
fields. Controlled experiments have been conducted
where magnetic pressures, in limited volumes, of
well over 100,000 psi have been genmerated (Refer-

Magnet ~ 106-Turn Flat Clireular Coil

Projectile - 3-1/2-inch diameter x 1-Inch thick
’ Aluminum Disc

Accelerometer Sensitivity - 2000g/volt

Capacitor Bank Voltage = 2.05 kv

Oscilloscope Sensitivity

Field Strength § = 0.2 volt/fem

Acceleration = 0.5 voltfem
200 psecf/em

Peak Accelerztion = 1320 g

Capacitor Bank Voltage = 5,00 kv

Oscilloscape Seasitivity

Fleld Strength § = €,5 voltfem

b Acceleration < 2 voltfem

i = 200 psecfem
% : . Peak Acceleration = 6830 ¢

- - P .

Capaclfor Bank Voltage = 7.00 kv

Osgcilloscope Sensitlvity

- Fleld Strength ¢ = 0,5 volt/em

Accelaration = 5 yoltfom
. 200y sec.fc_:m

Peak Acceleration = 11,800 g

Capacitor Bank Voltage = £0.0 kv
QOscilleseope Sensitivity

Field Strength ¢ = 0.5 voltfem
. Acceleration = 5 voltfem
. 20¢ psec/em
Peak Acceleration

'='22,200 g

Accelération
l Time

Figure 1§, Unfiltered Acceleration Pulses and Field Strength at Vartous Capacitor Bank Voltages
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ence 1), The primary limitation
ability of the magnet to survive
mechanical forces and electrical
high field density in the magnet
radial compressive stress on the windings at the
same time as the magnet receives the axially com-
pressive load (Reference 3). The mechanical strain
promotes a turn-to-turn electrical breakdown that
constitutes a coil failure., In general, the ability
of the magnet to withatand failure depends on the
“type of magnet used, The 30-turn magnets cutrently
being used at Sandia Corporation have operated with
field strengths in excess of 100,000 gauss {which
corresponds to 5600 psi) in the center of the coil
without failure. In some cases it could be practi-
‘cal to design coils for one-shot opexation,

Although the magnet may fail, the inertial effects
will aid in holding the magnet together during the -
actual time of the acceleration pulse.

of a system is the
the combination of
breakdown, fThe

core exerts a high

'Force Width

Before crowbar occurs, the discharge ecircuit
is merely an underdamped R-L-C circuit, Therefore,
the rise time of the acceleration pulse can be .

Magnet - 260-Turn Flat Circular Coil ’ '
Projectile - 3-1/2-inch diameter x l-inch thick

Aluminum Dise
Accelerometer Sensitivity - 1720 glvolt

Capacitor Bank Voltage = 2,01 kv
. Oascilloscope Sensitivity
Field Strength ¢ = 0.2 voltfem

Acceleration = 0.2 voltfem
. 200 psecfem
Pezk Acceleration = 1140 g

Capdcitor Bunk Voltage = 4.95 kv
Oscilloscope Senaitivity
Field Streagth ¢ = 0,6 volt/em

Acceleration = T voit/fem |
. 200 gsecfcm

Peak Acceleration = 5800 g

Capacitor Bank Voltage = 7.00 kv

Oscilloscope Sensitivity
Field Stresngth ¢ - 8.5 valtfem

Acceleration = 5 voltfem

Peak Acceleration =9800¢

Capacitor Bank Voltage = 9,98 kv

Oscilloscops Sensitivity
Field Strength 4 a 1.0 valt/em

Acceleration =5 vol;!cm
200 usecfem
Peak Acceleration = 16,340 g
T

Acceleration
] . Time

RN Figure i5. Unfiltered Acceleration Pulses and Fleld Strerﬁgh at Varlous Capaciter Bank

Vollages Using 200-Turn Coll

200 psecfem

Figure 15,
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changed by varying the inductance or capacitance

of the circuit. As demonstrated im this report,
the pulse time can readily be varied by a factor

of 10. The pulse time could be increased still
further with a corresponding reduction in amplitude,
With the existing equipment at Sandia Corporation,
it is believed that pulse times of greater than

10 milliseconds, with corresponding reductions in
amplitude, could be obtained. A minimum pulse time
of approximately 10 microseconds can be obtained
with standard components by using less capacitance
and/or lower inductance magnets. The trailing edge
of the acceleration pulse may be determined by the
L/R time constant of the ‘crowbarred circuit. This
may be varied, over a limited range, by merely
changing the time constant.

Cost

The initial investment for a capacitor bank is
relatively high. A complete system could be fabri-
cated for approximately 30 cents/joule, depending
on size, using standard components., The high
initial cost is offset by the negiigible operating
costs. '

Magnet - 300-Turn Flat Clrcular Coil
Projectile - 3-1/2-Inch diameter x 1-inch thick

Aluminum DHse
Accelerometer Sensitivity - 1720 g/volt ..

Capacitor Bank Voltage = 2,00 kv

Field Strength ¢ = 0.1 velt/em

= 0.2 voitfem
500 psecfem

Acceleration

Peak Acceleration = 688 g

Capacitor Bank Voltage = 5,00 kv

Field Strength § = 0.2 volt/fem

= 1.0 volt/em
500 usecfom

Acceleration

Peak Acceleration = 3050 g

Capacitor Bank Voltage = 7.02 kv

Field Strength ¢ = 3.5 voltfom

Acceleration = 2_00 voltfcm

" 500 psec/em

Peak Acceleration * 4000 g

Capacitor Bank Voltage = 10,0 kv

_Field Strength ¢ = 8.5 voltfem

" .. AcceleraHon = 2.00 voltfem
. 508 pseclem
Peak Acceleration = 7740 g
Acceleration ’
Time

Wsing 300-Turn Coll

QOscilloscope Sensitivity

Oscilloscope Sensitivity

Oscilloscope Sensitivity

Oscilloscope Sensitivity

Unfllterwd Acceleratton Pulses and Field Strength at Various Capacitor Bank Voltages



3-1/2" Dlameter x 1" Aluminum Disc

240-Turn Coil

I ” 10
Capacltor Bank Voltage (KV)

. Figure 17, .
Acceleration of Various Coils va; Capacitor Bank Voltsge
{Data from Figures 14, 15, and 16)

Summary

Transient magnetic fields are readily capable
.of producing high-energy acceleration pulses,
These .acceleration pulses are controllable, re-
peatable, predictable, and free from mechanical
I moise in the high-g range.- Although the technique
could be applied throughout the range of 10 micro-
seconds to 10 milliseconds, it is particularly
competitive throughout the microsecond range. The
' ease of operation and negligible operating costs
“offset the high initial cost.of a capacitive energy
storage facility.

Appendix A

_ Field Analysis

Referring to Figure Al, consider a sheet of
oscillating current flowing into the paper in the
- vicinity of a conductor. Let the current sheet and
.the conductor be very wide so that the edge effects
may be neglected. This current sheet gives rise to
a magnetic field around itself. 1In the air gap

e Wido Sheet
— - - ol current into
H > y paper 1)
v .
- f__+' + + + + + + + +$
i -y * T i,
L g Fooo
L
¥ ] .
I Wide Sheol
I " of {nduced
t

curren! out

Cun "urtar

Basic Current«Fﬁeldenducedr
Current Relationship

Figure Al.

af paper 0.,

between the coil and the conductor, the magnetic
field is represented by the magnetic intensity
vector H The time varying magnetic field will
induce a current flow in the conductor at the
frequency of the magnetic field, The magnitude of
the current decreases exponentially versus the
depth of penetration inte the conductor.

. Ampere's Circuital Law is applied (Reference 4)
around path 1-2-3-4 to analyze the magnetic field
intensity existing within the conductor. The total
current enclosed may be expressed as the average
current density times the conductor area enclosed
by path 1-2-3-4. This is expressed as follows:

f‘ﬁ.d‘ﬁ;=1=(}: ).(Krea)
2avg e
1-2-3-4

In Equation 1A, K is the magnetic intensity vector
in amperes/meter, £ is the length in meters, I is
the total current enclosed by the path, iZav is
the avErage current density expressed in ampgres/
meters®, and Are is the encleosed conductor area,
Since all field contributions are parallel to the
conductor surface, field contributions along paths
2-3 and 4-1 are zero, and Equation 1A is evaluated
as follows: :

| Kﬂl-z) @1-2)* .\“3-4)’3 34 = .ki2avg>(é‘reac>

(14)

(24}
Therefore:
!.—H + H )Af; { i Area
1 Z \, 2avg c
Ho-w _ !iZav ?FAreac)
1 2 A4
= "iZavg x) (34).

In Equation 34, % is the length of the path, normal
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to the surface, contazined in the conductor and
measured in meters. Equation 3A is a generalized
expression for the attenuation of field intensity
through the conductor in terms of the current dis-
tribution in the conductor. There are no restric-
tions on the location of the path ardund which the
integration is to be performed. Therefore, if path
length 1-2 is allowed to be outside.&he'conduccgr,
as shown in Figure Al, the value of H., becomes Y ,
which is the magnetic intensity vectof existing in
the air gap.

Now, consider the effect of allowing path
lengths 2-3 and 4-1 to shrimk to an infinitely
small length so that the entire path is contained
within the conductor. The average current density
then becomes the value of the current density,
Thus from Equation 4, the following egquation results:

Hy - By = 8= =i, (44)
Expressed in differential form, this becomes:
- o

2



- threugh the conductor.

For simplicity, the vector natation has been dropped
during the evaluation of Equation lA.. However, the

~direction of current flow may be determined by the

right hand rule. Therefore, at any poiut within
the conductor, the current density is equal to the
negative rate of change of field intensity with
respect to distance into the plate.

Magnetic Field Force

To determine the force exerted ot the conduc-
tor, the force relationship existing between a
current flow and a magnetic field is applied. In
terms of current density, the force expression
(Reference 5) per unit volume is given by:

(64).

=1x3B

g =g

where V is the volume in the conductor.,

The magnetic flux density vector E, expressed

in webers/meter” is given by:
B o= uil ' (74)

.Cowbining Equations 54, 6A, and 7A, the force per
‘unit volume is given by: :

. 2 i
6F _~ = 1 dp° -~
v - L x B = E; x 2 . (8a)

where a is a unit vecter normal to the conductor
surface and diretted into the conductor.

Since ‘the magnetic flux density is constant
throughout any plane parallel to the conductor
surface, Equation 84 may be expressed as a force
per unit area, which is called the magnetic

pressure p.

Therefore:

%)

3 : (94)
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? =

Equation 9A is the expression, in rationalized mks
units, for the "magnetic pressure", expressed in
newtons/meter 2, exerted on a conductor in the
presencg of a time-varying magnetic field. The
vecter B is the magnetic flux density-existing at
the surface of the conductor. The validity of this
equation rests-om the fact that the current induced
in-the conductor prevents the field from leaking
] It can ‘be shown that if the
skin depth of the current is comparable to the
conductor thickness so that the field appears on
the opposite side, the current is decreased,
resulting in less pressure on the conductor. This
reaches a limit when the field on both sides is
equal, resulting in no induced current and zero
force.

Several sets of units are available and are
in use to describe electromagnetics. Up to this
point only rationalized mks units have been used
in this report to remain consistent with most tests
on this subject. 1In practice, however; Gaussian
or unrationalized c¢gs units are used more exten-

. sively.. Equation 94 would rhus be modified to

BZ
Fog @ _ (104)
vhere
- ) o 2 N
P = magnetic pressure in dynes/em J
B = magnetic flux in gauss

Several feeent'publications are helpful in

understanding theory and uses of magnetic pressure.

Refer

ence & presents a rigorous and thorough .

approach to the theory of magnetic forces and

energ

ies and the analogy between a magnetic field

and a gas.

Appendix B -- Cixcuit Theory

Figure Bl represents a circuit consisting of

an underdampened series RLC primary and a secondary

consi
coupl
initi

Cis cl

flow

sting of a series RL circuit inductively

ed to the primary. The capacitor, G, is

ally charged to a voltage, V. When the switch
osed, primary current, il, induces a current

in the secondary, i The secondary then

2

receives an acceleration force away from the

primary.

If the secondary circuit (the projectile)

is unrestrained, the resulting displacement forms a

changing mutual inductance.

al ci

By applying .convention-
reuit theory and the conservation of energy, it

can be showm (Reference_?) that the accelerating

foxrce

where

separ
volta

_flow.

field

is given by;
M
= -i_ i 13
£=-4) 1) 5 (1)
il = instantaneous primary current in
amperes
i2 = instantaneous secondary current in
amperes
M = instantanecus mutual! inductance in
henrys ’
®¥ = displacement in meters
f = force in newtons
e .
The force of acceleration will always. tend to

ate the two circuits regardless of the initial
ge polarity or direction of primary current

Appendix € -- Field Energy Theory

The energy density contained in a magnetic
i5 expressed (Reference 8) by:

2
= 1 B '
Yi1a T 7 W (1
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_ magnet flux density, B.
~expressed as the rate of change of emergy with re-

= energy density in Joules/meter2

where Vg
B = flux density in WEbarsimeterz
M = permeability in rationalized mks

units,
The total energy in a given field is then obtained

by integrating Equation 1C over the desired volume
as follows:

: 2
1B
e1a '“"fu; dve

) The force available from the field may be
expressed as the rate of change of energy with

(2¢)

. respect to distance when the flux is held constant,

Consider an incremental yolume, dv, as shown in
Figure Cl, consisting of an incremental cross
sectional area dA and a depth of dX such that

dv = dA dx (3c)

Let the incremental velume contain a uniform
In gemeral, a force may be’

spect to distance. Therefore, the force, expressed
in terms of magnetic flux density, is given as:

au

e .

g=constant
é.-g-—f.]_'.gf.dv
dx f, 2 p

1f dy is unity, then

(4c)

¢ =BA=3dy dg = B dx, (5C)

Equation 4C is then evaluated as follows:

” ,
4 1 ¢
’FQIE}G (dx)2 dA dx (6C)

F .
d = gonstant

= ._é.___dAx_.......é.___A
A@(dx) 23 (&)
__18%a.
o

where 4 is the total flux enclosed in the volume.
The negative sign indicates that the force is a
function of decreasing field energy.

dA

~ Figure C1
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