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ABSTRACT

The basic theory governing the behavior of magnetically
driven flyer plates is derived and discussed. Analytical
tools capable of predicting the nonlinear response of
flyer plate systems are described, and one such tool is
utilized to predict the behavior of a typical capacitor
bank-magnetically driven flyer plate facility. Practical
applications and achievements, including instrumentation
and bank diagnostics, of operating systems are described.
Consideration is given to uncertainties arising from a
lack of definition of (1) the cushioning (air or magnetic)
between the sample and flyer, (2) the thermodynamic con-
dition of the flyer at impact, and (3) the degree of buck-
ling of a curved flyer at impact with a curved test spec-
imen. Particular attention is given to the high impulse
capability of magnetically driven flyer plates. Theoret-
ical predictions of the temperature rise in various ma-
terials due to I°R heating are presented along with hydro-
dynamic calculations of the pressure-time history resulting
from magnetically driven flyer plate impacts on tape wound
nylon phenolic. rIncluded in the summary is a discussion
of the need for magnetically driven flyer plate loadings
of structural items. )
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1.0 INTRODUCTION

The ﬁast'few years have witnessed a rapid growth in
the capabilities, in terms of both quantity and complex-
ity, of'magnetically driven flyer plate testing. At least
eight agencies are actively using these flyers to create
front surface impulsive loads. Test items range from 1"
square material samples to full-size reentry vehicles.
This report attempts to bring into perspective the tech-
niques and capabilities, both current and long—-range, of

~this type of testing.

Information was gathered for this report by personal
contact with several agencies and from published literature.
The agencies visited are listed in Appendix A. The bibli-
ography refers to every report known to the authors which
is directed at magnetically driven flyer plate testing.

It is sufprising that so few reports were located,

Section 2 of this report presents basic theoretical
considerations concerning magnetically driven flyer plates,
Section 3 extends the concepts of the former section by
presenting brief descriptions of computer codes presently
being used to predict flyer behavior and presents some typ-
ical predictions by one of.these codes. These two theo-
retical sections were written more extensively than orig-
inally planned in an attempt to establish a proper founda-
tion for the material which follows. |

Section 4 is a brief sumﬁéry of typical applications
and achievements of magnetically driven flyer plates. Sec—
tion 5 summarizes the instrumentation and diagnostics cur-
rently being used in support of magnetically driven flyer
plates,



Section 6 contains discussions of items which are
pertinent to understanding the detailed physics of the
flyer-sample interaction.

Considerations of the high impulse, high pressure
capabilities are presented in Section 7. Results of theo-
retical calculations are presented to substantiate the

discussion.

Conclusions and recommendations are contained in Sec-—
tion 8,

The opinions in this report are those of thé authors
and do not necessarily correspond to the views of the in-
dividuals visited. Indeed, in some cases, different indi-
viduals had completely opposite viewpoints on a given sub-
ject. These disagreements invariably stem from a lack.of
documented data, An excellent example of this type of
controversy is the debate as to the need for a coplanar
flyer impact vs. the running load surface explosive. In
our opinion, this debate has persisted due to the lack of
a2 well-documented test series which directly compares the
two methods. It is our hope that our own opinions (if
they are considered controversial) will stimulate addi-
tional documentation. )

Finally, we wish to take this opportunity to thank
the many individuals contacted in conjunction with this
survey for their time and cooperation. Without their
help, this report could hardly be possible.



2.0 MAGNETICALLY DRIVEN FLYER PLATE BACKGROUND AND THEORY

" The phrase "magnetically driven flyer plate" refers
to an electrically conductive material which is propelled
by the Lorentz force generated between two current carry-
ing members located in an appropriate geometry. Figure 1
is a schematic diagram illustrating the basic parts of a
magnetically driven flyer plate fixture, The flyer and
backstrap combination form a parallel plate transmission
line system carrying a series current. The Lorentz force
(magnetic pressure) created between the current carrying
members and their self-generated magnetic fields is a re-
pulsive forée. Thus, if the backstrap is massive compared
to the flyer, the flyer is repelled away from the backstrap.

‘ The energy sources for magnefically driven plates are
usually high-voltage, low-inductance capacitor banks. These
capacitof banks (when connected to typical magnetically
driven flyer plate loads) have discharge frequencies in the
neighborhood of 100 khz, Thus, the flyer plates obtain
most of their kinetic energy in the range of a few to a few
tens of microseconds, These capacitor banks normally pro-
vide peak currents between 10° and 10° amperes to a magnet-
ically driven flyer plate. Multimegampere discharges can
readily produce magnetic pressures of 10* to 10° psi on the
flyer and backstrap. '

The detailed understanding df a capacitor bank-magnet- )
ically driven flyer plate facility must consider the entire
time dependent response of the system, However, consider-
_able insight into the flyer plate behavior may be obtained
by considering the magnetic pressure which exists in an
idealized infinite~sheet, parallél—plate transmission line.
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In an infinite width geometry (Figﬁre 2), the magnetic
field B does not exist on the outside of the plates.

Combining the basic force equation
f=1xB (1)

with Maxwell's equation governing the relatlonshlp be-
tween current and magnetic field H

i=vxH==VxB | (2)

T:!i-l

we have the following expression for the force per unit
volume within the conductors

2 _ =138 = - 1 3B, =

f=5-=—=£ 1, = = <~ B 2 1
where

f = force per unit volume,

i = current density,

B = B,1, = flux density,

H = magnetomotive force, and

u = permeability.

The force per unit area (pressure) is then obtained by
integrating the body force through the conductor thick=-

ness,

B = 4+ B T, (4)



AULINO3D F1LVTid NIHL 3LINIANI NY Nl
JIHSNOILY13d 30304 NV Q134 LN3Y¥dND Dlsvd

¢ JdNDLA

17— 1no LNFMUND \

17 NI LN3¥NND

g ALISNAG
a13id
OLLANDYIN




Therefore, the pressure exerted on either conductor is pro-
portional to the square of the field strength and tends to
force the conductors apart,

Utilizing the basic expression for the energy density
(w) contained in a magnetic field, one sees that (in sca-
lar notation) '

1 1 _ _
v =g BH‘ B _ (5)

Thérefore, the "magnetic pressure'" is numerically equal to
the energy density contained in the magnetic field. This
situation, which is exactly analogous to the case of a con-
tained gas, is extremely,useful in envisioning the forces
created in a current carrying system. '

It is also useful to obtain the forcing function by
considéring the energy flow within the circuit. The elec-
trical energy input must be accounted for by changes in
the stored mechanical and magnetic energy, as well as re-
sistive losses, This energy balance is expressed in Equa-
tion (6).

d'Welec = dwloss + dWmech + deield

(6)
W = total energy
The magnetically driven flyer plate load may be rep-

resented by a resistor and variable inductor in series as
shown in Figure 3.



LOAD

LOAD

FIGURE 3
MAGNETICALLY DRIVEN FLYER PLATE EQUIVALENT CIRCUIT

The electrical energy input to the load is expressed as

aw = ei dt | | (7)

elec
where
e = voltage
i = current;

Since the voltage e may be expressed as

s d(Li) :
e—lR-!-—'aT— , | 7. (8)

Equation (7) may .be rewritten as

= 32 .2 . -
dwelec i®Rdt + i%dL + Li di . : (9)

Since the energy stored in the magnetic field of an in-
ductor is expressed as '



Weield g % Li® (10)
then

W, 1q = Lidi + 3 1%aL . | (11)
Finally, the resistance losses are expressed as

AW, es = i*Rdt . } | (12)

The combination of Equations (6), (9), (11), and (12)
yields '

aw - Fdy = 3 i%dL . | (13)

Hence, the total mechanical force exerted on the sysiem is

given by

_ 1, 4L ~ | -
F =3 1. iy - | 7 (14)

The expression for the inductance of a closely spaced

parallel plate geometry is

v X |
L=uy 3 - (15)
where

y = spacing between'plates,

£ = 1length of the plates, and

b = width of the plates.



Thus,'the total force is given by

143 1 | |
F =5 ¥ 553 ey (16)

or, in terms of pressure,

where J is the current/unit width.

Even though Equation (17) is derived on the basis
of a one-dimensional set of transmission lines, it fur-
nishes considerable insight into magnetically driven
flyer plate behdvior. 'For instance, it is significant
that for a given current vs. time waveform, both the in-
stantaneous magnetic pressure and the flyer plate momen-—
tum density (i.e., the time integral of the magnetic pres-—
sure) are only dependent on the width of the flyer plate.
Hence, this simplified analysis predicts that flyer plate
density and thickness can only modify the momentum density
of the flyer plate to the extent that they can modify the
current waveforn. |

Assuming a one-~dimensional flyer plate, the total
momentum contained in a flyer plate may be obtained by
multiplying the pressure by the flyer area and integrating
with respect to time. Therefore, the total momentum, I,

is expressed as

1 =842 at ~(18)

b

Ot—2 ct

The kinetic energy of the flyer is from kinematics

10



I ' T 7=
‘ _ 12 _ a.‘ta I'g : '
K.E. c1ver = 2m %EEE~ 01 dt . (19)

Therefore, in a linear circuit where [i®dt is independent

of the flyer mass, a massive flyer tends to be inefficient
in terms of energy conversion, even though the momentum of
the flyer tends to be independent of the flyer mass.

The effects of various circuit'parameiers may be dis-—
cussed with the aid of a schematic drawing of a typical
capacitor bank-magnetically driven flyer plate facility as
shown in Figure 4.

e

INT INT

LCAD

LOAD

FIGURE 4
SIMPLIFIED CAPACITOR BANK-MAGNETICALLY

DRIVEN FLYER PLATE SCHEMATIC

The internal (int) values of resistance and induc-
tance are to be found in the capacitor bank, switches,. and
transmission lines, '

Since most typical capacitor bank driven flyer plate

facilities are underdamped, the current discharge is ap-—
proximated by an exponentially-decaying sine wave; hence,

11



the eﬁergy oscillates between the capécitor (1/2 Cce®
electrostatic energy) and the load inductances (1/2 Li?
magnetostatic energy). Energy is dissipated in the form
of heat (i®R 1osses),and is extracted from the electrical
circuit:by 1/2 mv® kinetic energy of the accelerated
flyer. Since i®R losses remove energy from the circuit,
resistance should be minimized for maximum efficiency.

The time derivative of Equation (13)

daw

__.ﬂ_l_e_cll.___%,-_e%;%izv% (20)

dt
where v = velocity

is useful in determining the effects of the circuit pa~-
rameters on the flyer performance. Since %% is a constant
for a true parallel plate geometry, the current flow and
the flyer veldcity determine the rate of energy transfer-
red to the flyer. Hence, minimization of the circuit '
impedances (high current) and flyer mass (high velocity)
will both tend to maximize the power flow to the flyer,
Additional examinations of the effects of circuit induc-
tance on energy conversion efficiency appear in Referen-

ces 1 and 2.

Another critical factor in considering the perform-—
ance of magnetically driven flyer plates is the amount of
heating of the flyer -due to i®R losses. An estimate of
the velocity limitation due to heating may be obtained
from the following simplified'analysis.1

From kinematics:

12



t t
= .é.. I == A I 32 . :

v - P dt Eﬁ%g i dt (21)

o o
where

v = velocity,

A = cross-sectional area = ba,

m = mass, and

t = time.

If a uniform current density is assumed, the joule
heating within the flyer is related to the flyer tempera-
ture as follows:

t t , _

J;_iBRdi; - & l i2r_ (l+ar)dt = m(H+Cpr) (22)
where

o = temperature coefficient of resistivity,

ry = initial resistivity,

L =  flyer length,

a = flyexr thickness,

T = temberature change,

H0 = enthalpy/unit mass, and

Cp = gpecific heat,

By separating the variables of Equation (22) and com-
bining with Equation (21), one sees that

13



v = ho) dr -

(23)

Thus, the velocity is related to the flyer temperature

change as follows:

ancC T2 o
v = -2—"-2 iLn [1-5-0(,1‘] (24)
r o .
O Ti )

Caution should be used in applying Equation (24) to
a practical system since edge effects and high frequency
skin depth effects are not accounted for. If the flyer
is thinner than the skin depth, Equation (24) is probably
a reasonable approximation. If the skin depth is less
than the flyer, the thickness constant (a) should be re-
placed with the skin depth to predict the temperature rise
within the depth from the surface where current flows.
It is interesting to note that Equation (24) predicts a
unique value of temperature vs. velocity independent of
the current waveform.

14



3.0 PREDICTION OF MAGNETICALLY DRIVEN FLYER PLATE
BEHAVIOR : : ‘

In practice, an efficient and practical magnetically
driven flyer plate facility consists of a highly nonlinear
circuit. A typical flyer plate load inductance may change
from a rather small percentage of the initial circuit in-
ductance to a value an order of magnitude greéter than the
initial total inductance. In addition, resistance values
may change significantly due fo joule heating. As a result
of these nonlinearities, the equations developed in Section
2 of this report are primarily used for preliminary design
and thinking tools but not for detailed design. Detailed
experimental design is,dften conducted with computer codes-—--
either digital or analog~-to obtain a more accurate predic-—

tion.

published data exist on the analog simulation of either
capacitor bénk3 or explosive generator? systems, The ref-
ereﬁcéd analog prediction of capacitor bank systems assumes
a fixed value of circuit resistance and a variable induec-
tance. The explosive generator predictions are accomplished
with variable inductances at both the generator and load as
well as a variable resistance within the flyer.

A digital code which predicts the behavior of a capac-
itor bank-magnetically driven flyer plate is described in
Reference 5. This code assumes constant resistance values
and 2 viriable load inductance based on a linear inductance
model.  This report also presents experimental data showing
measured deviation away from the theoretical value of paral-
1e1=p;§¢e.inductance. The. magnetically driven flyer plate
behavior is then calculated on the basis of a straight line
.'gpproiimatiqn to the inductance measurements.

15



‘A finite difference code called MAGFL® is also ap-
plicable to‘capaéitor bank driven flyer plates. This
code contains the capability to account for variable
bank and transmission line resistance values as functions
of deposited energy. It also includes a non-linear var—
jable inductance model of the flyer and an L-R series
crowbar circuit which may be switched in at any given

time..

An outgrowth of MAGFL is a computer code called
MULTIFL? . This code can model a flyer of arbitrarily
ipitial shape with an arbitrary spatial variation in mag-
netic pressure, MULTIFL options include the ability fto
stop portions of the flyer after a predetermined flight
distance. The schematic for MULTIFL is shown in Figure 5.
 As seen in Figure 5, MULTIFL allows the flyer to be mod-
eled into a 10x10 matrix of mechanically uncoupled, time
varying elements. Each matrix element consisis of a re-—
sistor, which varies as a function-of deposited energy,
and an inductor which varies with-flyer position. The
nmatrix resistance elements are those calculated by steady
state skin depth formulas based on the frequency at that
particular time step., The inductance model can be either
linear or nonlinear where the nonlinear model is based

upon a theoretical two-dimensional inductance calculation.

MULTIFL was used to predict the curves shown on Fié—
ures 6 through 13. These curves indicate the behavior of
"magnetically driven flyer plates under various conditions
with a rather modest capacitor bank operating through the
range of 3 to 70 kilojoules. Figures 6 and 7 illustrate
the time varying stimulus and response of two flyer plates
of different widths. These curves indicate the appreci- |
able magnetic pressure (kilobars) that may be achieved to

16
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drive magnetically driven flyer plates. These two sets

of curves also provide an excellént example of the need
for a nonlinear computer code to accomplish proper ex-
perimental design. For instance, it is not obvious that
a fast flyer will reach a final velocity in a shorter
distance than a slow flyer., The reason for the apparent
anomaly of the faster flyer reaching a uniform velocity
in a shorter distance than a slower flyer is the more
efficient rate of energy conversion of the narrower flyer.
Also note that the wide flyer has only achieved 2/3 of
its momentum after a travel of 0.1 cm. Hence, if a test
sample was placed at a spacing of 0.1 cm, the sample
would receive approximately 2/3 of its final momen tum
(depending on the acoustic impedances) from the flyer
impact and the remainder from a late time current flow,
Considerations of the effect of'flyer plate width may be
found in Reference 8.

The predicted velocity variation as a function of
flyer plate width appears in Figure 8.

The effecté of éircuit resistance on the performance
of typical flyer plates is shown in Figures 9,'10, and 11.
It is perhaps surprising that the flyer velocity is quite
dependent on the resistance even though conventional R-L-C
 ecircuit calculations would show that these circuits are
a2ll well underdamped. Similar results have heen previous-
ly predicted.® '

Figure 12 illustrates that nominal circuit impedance
values will influence the rate of energy transfer to the
fiyer (as predicted by Equation (20)), but have very
little effect on the final velocity.

20



FINAL VELOCITY (CM/USEC)
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FINAL. VELOCITY (CM/USEC)
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7 FIGURE 11
PREDICTED FINAL FLYER VELOCITY VS BANK RESISTANCE
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Pl

Figure 13 shows predictions for the velocity variation
as a function of capacitor bank voltage. As would be ex-
pectéd, the flyer velocity is strohgly dependent on the ca-
pacitor bank voltage, Indeed, it may be shown that for a
totally linear circuit, the kinetic energy could be expected
to vary as the fourth power of voltage.®

It is significant to note that the capacitor bank-mag-
netically driven filyer codes all model the energy source as
a lumped capacitance; however, Maxwell Laboratories, Inc.
has furnished several capacitdr banks to users of magnetical-
ly driven flyer plates in which the capacitors act as dis-
tributed capacitance systems in a transmission liné'type of
system, Hence, the existing coﬁputer codes do not correctly
model these banks. No data have been published to date
which delineate the error involved in approximating these
distributed capacitance systems with a lumped capacitor;

. however, the nonlinearities of these systems hint that a
lumped capacitance model is insufficient,. Although there
are no known codes which can make pre-shot predictions for
these nonlinear systems, a method has been developed® which
allows a prediction of the flyer velocity at impact provided
an uncalibrated current vs. time trace and the flyer arrival

time are known,

26
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PREDICTED FLYER VELOCITY Vs CAPACITOR BANK VOLTAGE
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4.0 APPLICATION

Magnetically driven flyer plates are used_tb provide
impulsive loads on the surface of one-dimensional material
samples, as well as on two~- and three~dimensional structural
test itéms, by a number of different agencies. These exper-
iments include both uniform and spatially varying impulsive
loads. ' '

High-energy, low-inductance capacitor banks are normally
used as the energy source to drive magnetically drivean flyer
plates. These banks normally héve peak operating voltages
in the range of 20 to 60 kilovolts. Close~-coupled, parallel-
plate transmission lines are used to minimize inductance.

The total impedance of bank, transmission line, and switch
is normally a few milliohms (resistive) and 3 to 20 nanohen-
ries (inductive). Totai energy storage of these capacitor
banks is typically between 20 and 400 kilojoules, although
multimegajoule banks are in operation for other purposes.
Explosive amplification systems'’ have been developed which
amplify-the electrical energy by more-than an order of mag-
nitude. These electroexplosive devices produce multimegam-
pere currents with an inductive internal impedahce. |

The one~dimensional experiments are normally designed
to investigate one-dimensional strain level failures®?s12:1%
or to determihe wave propagation characteristics in material
samples. The actual experimental details vary among labora- 7
tories, but the flat flyers normally have a length/width -
ratio of 2 to 10 to minimize end effects due to both magnet-
ic and mechanical perturbations. Also,.the current density
tends to be highest near the outer edges of the flyer’ so

that they have a tendency to curl upwards. Although edge
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t*°, most flat
flyers are designed wider than the test sample by 10 to

effects can be controlled a certain amoun
50 percent to enhance the impact planarity.

Twoédimensional'flyer experiments include impulsive
loading on rings and cylinders., Typically, these surface
loads are applied over an area of the test specimen which
is included within an arc of 160° to 180° around the lon~
gitudinal axis of the test specimen. The loading is com-
monly given a cosine variation of velocity around the center
line (8 = 0°). 1In order to effect a spatial velocity var-
iation, it is necessary to control the spatial current den-
8ity. For instance, the linear agproximation in Equation
(17) indicates that J = J, (cos 8)
a cos B pressure distribution. The method of obtaihing a

is necessary to obtain

variation in magnetic pressure depends on the desired
geometry of the current direction relative to the test
specimen. As shown in Figure 14, the density of a circum—
ferential (relative to the test specimen coordinates) cur-

- rent flow may be varied by changing the width of the flyer.
With reference to Figure 15, the density of an axial current
-may be varied by changing the flyer to backstrap spacing
such that the flux density is varied across the'flyer plate
width,

Three—dimensiénal shapes; such as re—-entry vehicles,
conical frusta, and nose tips, have also been impulsively
loaded with spatially varying loads by extending and/or
combining the above techniques of varying the current den-

sity.

The actual capabilities and accomplishments of various
laboratories vary due to different energy sources, experi-
mental goals, test techniques, and opinions. A listing of
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"typical" capabilities obtained with capacitor bank driven
flyers appears in Table 1. The purpose of this tabular
listing is to provide the reader with a feeling for typical
experimental capabilities as opposed to precise definitions.

At least two facilities are currently conducting one=-
dimensional experiments in vacuum on a routine basis such
that air-cushioning problems are eliminated. However, the
authors are not aware of any facility currently conducting
two~ and three-dimensional-experiments in vacuum. Evalua-
tion of the effects of air cushioning is discussed in Sec-
tion 6 of this report.

Flyer free runs prior to impact with the sample vary
considerably depending on experimental goals and undefstand—
ing., In general, a shorter free run produces a more planar
impact, while the longer free run offers the advantages of
reduced flyer voltage and magnetic pressure aé well as a
larger data acquisition time to monitor flyer behavior. In-
deed, if the net momentum transferred to the sample is an
important experimentél criterion, the magnetic pressure-time
integral occurring after impact of a short free run may
cause an appreciable error in the transferred momentum as
was previously discussed in Section 3. Another limiting
factor in the case of excessive free runs is the mechanical
response of the flyer. 1In the case of one-dimensional
flyers, the mechanical end restraints tend to cause nonplan-—

~arity. During two— and three-dimensional experiments, the

compressive hoop stresses generated when the flyer is driven
radially inward tend to-induce buckling instabilities within
the flyer. The actual buckling vs. time for a given flyer
plate has not been experimentally verified, although it does
not appear to be a serious problem.
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The degree of impact planafity and simultaneity of
impact are nearly impossible to generalize. For instance,
the total closure time of the flyef with the sample surface
is expected to be proportional to the flyer free run and in-
versely ﬁroportiOnal to the flyer velocity. These varia-
tions in spacing and velocity can cause changes in excess of -
an order of magnitude in the total closing time. Most prac-
tical one-~dimensional flyer tests produce closure time vary-
ing between 0.1 and 1.0 usec®**, while most two- and three-
dimensional tests will produce closures between 0.5 and 10
usec'® depending on velocity, spacing, geometrical éomplex~

ities, etc.

The repeatability of magnetically driven flyer plate
facilities appears to depend on the type of switching used
and the criteria by which it is measured. Spark gap switches

12212 4f 10 percent

have produced velocity repeatabilities
with a readout system error estimated at 5 to 10 percent.

The same readout system indicated a 20 percent spread in
velocity*?® with properly functioning dielectric switches.

Pin switches measuring flyer time of arrival of a dielectiric
switch system indicated repeatability of approximately 10 per-
cent. Hence, magnetically driven flyer facilities appear to

produce a repeatability of approximately 10 percent.

In addition to the conventionél flyér plate development,
some limited testing'’ has been conducted on a "pusher" geo-
metry in which the "flyer” is placed directly on an insula-
ting layer which is in intimate contact with the specimen.
Hence, the magnetic pressure generated on the flyer as the
capacitor bank discharges is transmitted directly to the
specimen. This technique provides a method of imparting
momentum to the specimen with essentially perfect simultane-
ity and a low stress level. If a single pulse is required,
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it then becomes necessary to switch a short circuit
(crowbar) across the load after a half cycle.
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5.0 TEST SPECIMEN INSTRUMENTATION AND CAPACITOR BANK
DIAGNOSTICS

Virtually every form of instrumentation common to shock

wave physics and structural response has been accomplished

on specimens impacted with magnetically driven flyer plates.

These diagnostic techniques have been successful as the re-
sult of extensive experimentation with careful attention to
the details of RF and electrostatic shielding, isolation of

ground loops, floating screen rooms, and other details. Al-

though these techniques are hardly able to completely elim-
inate induced noise, they have been able to reduce noise to
short enough times and/or low enocugh amplitude to obtain

adequate signal-to-noise ratios. Documentation exists for

the shielding techniques and data acquisition for early time

strain and acceleration'® measurements, as well as both

quartz'?* and manganin®®:+1° measurements. Late time displace-

ment®® measurements have also been accomplished in conjunc-
tion with ballistic pendulum measurements of momentum im-

parted to the test sample.

Optical data acquisition in the form of streak and
framing camera records have been successfully obtained on
capacitor bank experiménts for a number of years. Also,
_1aser interferometry®® has been successfully used to record

an early time, prompt shock pulse in conjunction with an ex-

ploding foil driven flyer plate,.

Capacitor bank diagnostics utilize conventional methods

of %%'pickup loops and voltage probes.

Optical and electrical methods have been utilized to
measure both flyer velocity and flyer planarity. Streak
photography has been employed to measure both velocity and
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planarity?‘4 as have capacitor discharge shorting pins'®,
PZT pins, and pins monitoring flyer voltage'®., Framing
cameras have also been used to monitor flyer velocity*?,'2.
The measurement of flyer velocity is not as trivial as it
might appear to be, Care must be taken with pins to in-

sure that erroneous readings do not occur due to

(a) high voltage on the flyer and/or the
insulation necessary to prevent arcing;

(b) perturbation of the flyer geometry due
to a prior pin impact; or,

(¢) inherent nomplanarities in the flyer
due to edge curling, edge effects, etec.

In general, optical methods are also sensitive to flyer
non-planarities. In addition, any measuring-technique'must
recognize the rapid variation in velocity which may be
occurring as the flyer is in free flight as illustrated in

Figures 8 and 9.
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6.0 UNDERSTANDING OF THE PHYSICS OF MAGNETICALLY DRIVEN
FLYER PLATE IMPACTS

In many experiments involving impulsive loads, it is
desirable (if not necessary) to have a detailed knowledge
of the physics of interaction between the sample and flyer.
Hence, it is advisable to consider the equationof-state,
as well as the mechanical condition, of the flyer. Addition-
:al consideration must be given to adverse effects which may
arise from: a) the air column between the flyer and sample;
b) magnetic impulse which the electrical circuit may deliver
to the flyer after impact; or c) magnetic cushioning effects

due to the compression of stray magnetic fields.

The thermodynamic condition of a magnetically driven
flyer plate is a function of the joule heating associated
with the large time-varying current. The oscillatory nature
of the current vs. time waveform causes most of the current
to flow'on the side of the flyer closest to the backstrap.
Thus, since thermal diffusion effects are small on a micro-
second time scale, a rather steep temperature gradient may
exist through the material. These effects may be large
enough to cause surface melting. To the extent that the
equation-of-state of the flyer is temperature dependent, the
impact pressure-time history is temperature dependent. The
ramifications of a temperature dependent equation-of-state
may vary depending on the experimental design. If the test
specimen responds only to the total delivered momentum and
the flyer has a higher shock wave impedance than the speci-
men, the experiment should be insensitive to the details of
the flyer equation-of-state, At the other extreme, if the
flyer has a lower shock wave impedance than the sample (such
that the flyer rebounds) and the details of the pressure
pulse within the sample are important, then changes in the
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equation-of-state due to temperature should be known. At
the present time, these data are virtually nonexistent for

most materials.

Perfineﬁt to understanding the physics of flyers im-
pacting a specimen is the mechanical configuration of the
flyer. In particular, a curved flyer being driven radially
inward has a tendency to buckle as the material is compres-
sed due to the ever-decreasing radius. At the present time,
the theory of buckling of a magnetically driven flyer plate
is not understood and is rather poorly defined experimen-
tally. Most experimentalists feel that buckling is not a
serious problem. For the most part, these feelings are
based on the lack of evidence of buckling problems rather
than as a result of documented test programs aimed at de-
fining the degree of buckling. Although the experimental
evidence does not clearly indicate serious buckling, the
resolution of the examinations is questionable. |

The uncertainty surrounding the degree of flyer buck-
ling is somewhat compounded by the fact that no data seem
to exist on the effect that a buckled vs. a nonbuckled
flyer has on a given test specimen. Hence, it does not
seem feasible to determine the degree of buckling by a
post—-moriem examination of the test sample.

The details of the flyer—-sample interaction may also
be affected by cushioning and the late time conversion of
electrical energy to kinetic energy of the flyer. Cushion-
ing between the flyer and the sample may be due to trapped
air or possibly the compression of magnetic field lines
between the sample and flyer. Preliminary studies have
been conducted to determine the effects of an air column,
These studiesa°_were conducted using free runs in the range
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of 1/4" to 1/2" and consisted of a 2" wide flyer impacting

a 1-1/2" square target at atmospheric pressure and at a hard
vacuum., These tests demonstrated that air cushioning would
cause the flyer to rebound away from an acoustically matched
target, ‘The increase of transferred momentum appears to be
approximately 30 to 40 percent due to the air with the longer
free run causing the larger momentum amplification. The one-
dimensional spall level of ATJS graphite has also been demon-
strated to be a function of the air pressure if the free-
flight flyer velocity is the damage criterion!?®.

Apparently, the effects of magnetic cushioning between
the sample and flyer have not been observed and/or identified.
However, it is conceivable that magnetic field lines could be
trapped between the flyer and a conductive sample. As the
flyer approaches contact with the sample, these lines would
then be compressed between the two conductive materials
giving rise to a magnetic pressure which in turn would pro-
duce a magnetic cushioning effect.

The effect of late time magnetic pressure causing addi-

tional momentum transfer to the sample can be a serious
problem and was discussed in Section 3.
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7.0 HIGH LEVEL CAPABILITIES OF MAGNETICALLY DRIVEN FLYER
PLATES ' ‘

Capacitor bank-magnetically driven flyer plate facili-
ties in the United States are as large as 400 kilojoules.
Electroexplosive generators'with a total energy storage capa-
bility in excess of 10 megajoules have been successfully
used to drive flyer plates. Neither of these energy sources
represents a limit of technology. In fact, such things as
energy storage, transmission lines, switches, etc., do not
present a visible upper bound on the ultima%e capabilities
of magnetically driven flyer plates.

A éommon technological concern as to the limitation of
magnetically driven flyer plates appears to be the condition
- of the flyer at impact. These interrelated conditions are:

(a) Thermodynamic state of the flyer,

(b) Magnetic pressure on, and momentum to be
delivered to, the flyer plate.

To obtain an estimate of the thermal limitations due to
joule heating, Equation (24) was utilized to predict the
velocity vs. temperature plot of several materials. The
thickness of the flyer material was arbitrarily chosen to be
0.064 cm.  The material constants were chosen from handbooks
and are taken to be independent of temperature. The plots
of the predicted veiocity vs. temperature appear in Figure
16. 1In each case, the plot terminates (and the momentum is
listed) at the meiting point of the material. Since most
practical electrical skin depths are smaller than 0,064 cm,
melting on the inner surface would be expected to occur ear-
lier than the predictions shown in Figure 16. Even so,
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these curves predict that the mélting point on a reason-
able flyer thickness is hardly a restraint in terms of
peak momentum, It should, perhaps, be noted that the
theory of Equation (24) predicts that the momentum to
melt variésAas the square of the thickness. Hence, a
0.13 cm thick copper flyer could be expected to produce
approximately 10° taps prior to completely melting. It
has been stated'® that a 0.16 cm flyer has been subjected
to approximately 200 Ktaps (100 Ktaps in free flight and
100 Ktaps after impact) with only minor surface damage.
It should also be noted that the melting point is an ar-
bitrary limitation, and valid impulsive load tests could
probably be conducted with a partially, or even completely,
melted flyer.

The pressure-time profiles of two commdn flyer mater-
ials (aluminum and copper) impacting tape wound nylon
phenolic (TWNP) are predicted as shown in Figures 17 and
18. The predictions were made with the elastic-plastic
wave propagation computer code PUFF V°®, The TWNP was
represented by the following equation-of-state:

Pressure (Mb) = 0,097y + 0.1323y% + 0,1820u°
4 0.792(1+u)E. (25)
Where
= {-£ -
SR
E = energy (megabars-cc/cc)

. The curves on Figures 17 and 18 provide some insight
into the flexibility-aﬁailable with magnetically driven
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flyer plates, The changing of the material at constant
tap level changes the pressure by a factor of 3 to 4.
Since various thiéknesses of various flyer materials are
available, magnetically driven flyer plates cover a large
portion df the pressure-impulse plane that is of current
interest within the defense community. Certainly it ap-
pears that common flyer materials and thicknesses can be
used to effect pressures in excess of 100 Kb and momentums

in excess of 100 Ktaps.

Since most experimental designs call for a free flight
flyer, the late time current flow after impact should be
minimized. This may be accomplished by a load that is
properly matched to the capacitor bank energy (Figure 6)
or by such things as exploding foils, nonlinear resistors,
or crowbar switches to remove or damp out late time cur-
rent flow through the load. Development of these tech-
niques is currently in progress®”:°%*, and late time cur-
rent flow does not appear to be a serious problem,

Thus, from a purely technological viewpoint, magnet-
ically driven flyer plates appear to have the capability
to-produce pressures in excess of 100 Kb and momentums of
above 10° taps with reasonably good contirol of the desired
impact pressure signature. ~In addition, magnetically
driven flyers have proven their ability to produce spatial-
ly-varying loads with a reasonable degree of simuitaneitly.
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8.0 CONCLUSIONS AND.RECOMMENDATIONS

The current technology level of magnetically driven
flyer plétes is sufficient to produce impact pressures in
excess of 100 kilobars and delivered momentums in excess
of 100 kilotaps. The lower limit of both pressure and
momentum is essentially zero., The width of the pressure
pulsé is controlled by the thickness of the flyexr plate
and the relative acoustic impedance of the sample and flyer.
Typical pulse widths vary between 0.1 and 1.0 pysec and may
be extended. The total flyer plate momentum is primarily
controlled by the energy source and the geometrical arrange-
ment of the load.

Spatial variations such as a cosine load distribution
have been achieved. The total closure time of a flyer im-
pacting a specimen is inversely proportional to the veloc-
ity. A flyer velocity of 0.1 cm/usec could be expected to
produce a closure time of approximately 1 usec over a test
item of several square feet. Repeatability appears to be
10 percent or less. Shielding and isolation schemes have
been developed-which allow successful data acquisition of
strain, pressure, etc.

Considerable effort has been satisfactorily expended
on the predictions of magnetically driven flyer plate be-
havior. The physics of magnetic pressure are understood
to the point of providing reliable flyer plate predictions
if the entire system is correctly modeled. Computer codes
in existence today correctly model lumped capacitance and |
electro-explosive sources, but not distributed capacitance
systems., Typical system behavior is sufficiently nonlinear
so that it defies the applicability of scaling laws over a
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wide range of flyer plate loads. Hence, adequate model-
ing is required for pre-shot prediction. Since the major-
ity of the capacitor banks in the country today utilize
capacitors which appear as a distributed constant type of
system analogous to a transmission line, a correct energy

source modeling is probably warranted.

Very little information exists on the actual physics
" of the flyer plate-test sample impact. Air cushioning can
substantially modify the momentum transfer between the
flyer and sample and requires further definition. The
phenomena of a temperature dependent equation-of-state and
flyer buckling are not understood and have received very
little experimental attention., Neither of these two un-
knowns generates much concern at the present time. In
particular, the temperature rise of most practical flyers
does not become significant until very high tap levels, at
which the details of the flyer equation-of-state are prob-
ably of secondary importance.

The flyer buckling qguestion is at best uncertain.
The amount of buckling with a given experiméntal geometry
is largely undefined and has not been specifically inves-
tigated experimentally. The experimental observations of
buckling are mostly by-products of.other observations; and,
therefore, the ability to discern buckling is marginal.
However, most of these observations purport not to observe
buckling. Theoretical definition of the effects of buck-
ling on a specimen is also lacking, The lack of both a
theoretical and an experimental definition of buckling and
buckling effects has created an apathy which may be unwar-
ranted.

50



Magnetically driven flyer plates appear to be capable
of delivering high-level, short-duration, pressure pulses to
much larger areas than are now beihg tested. These flyers
offer control of the pressure pulse signature and a high de-
gree of impact simultaneity which are not available with the
current method of obtaining high-level, large-area pulses;
i.e., the less expensive ruhning‘loads'applied with sheet
explosives (SELT). Thus, the justification of additional
spending to obtain large magnetically driven flyer plates
hinges on the need for simultaneous loads and/or control of
the pressure pulse signature. The need must be determined
by

(a) the desire to simulate front surface loads
in the laboratory which are available with
magnetic flyers but not with SELT; and

(b) the decision that the response and/or fail-
ure of the structure is sensitive to the
difference in loading techniques.

At the present time, sufficient data do not exist to examine
these differences since no documented evidence exists which
compares the response of a structure impacted with a coplanar
magnetically driven flyer plate with that of one loaded with
SELT. We believe that sufficient doubt and uncertainties
exist concerning the reéponse and failure modes of structures
subjected to high impulses from the two different stimuli
that experimentation is required to determine the difference,.
Hence, if the desire exists to understand the differences

due to stimuli from magnetically driven flyers and SELT, an
experimental program needs to be initiated. The test items
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would need to be carefully selected so that they represent
structural designs of interest (laminar structures, hard
points, etc.) and scaled to be compatible in terms of area
and impulse currently available with magnetically driven
flyer plétes. Perhaps two or three structural items could
be designed to provide a reasonable spectrum of structural
designs of‘interest, and these should probably be tested
at three levels each. Thus, 10 to 20 total tesfs would
probably be required to detail the differences in failure
modes and testing techniques. It is not obvious that in-

strumentation is required..

Electroexplosive systems appear capable of producing
large sources of eleciromagnetic energy for modest costs
of expendable items. I1f high-level, large flyers are re-
quired, this technique should be seriously considered.

In summary, the following recommendations are made:

(a) Air-cushioning effects between the sample
and flyer should be defined for those
tests which are conducted in the air.

(b) Additional analytical modeling should be

“undertaken to allow accurate predictions

of capacitor banks not represented by a
single lumped capacitance.

(¢) The degree of flyer buckling should be de-
fined for curved flyer experiments,

{(d) Additional experimentation is needed to
define the difference in response of struc-
tures subjected to high-impulse loads
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created by magnetically driven flyer
plates and by SELT. Approximately 10
to 20 tests would be required.
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808-70~48(APR), E.H. Daugs, et al, February 1970 (SRD).
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Private Communication, Alexander Florence, SRI.
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The agencies listed below were visited in conjunction

with this project.

The listed contacts represent an indi-

vidual from each of the major areas visited within the agen-
cies; however, several additional people within those areas
The asterisk (*) indicates those

made major contributions.

companies that are actively participating in magnetically

driven flyer plates.

AGENCY

Sandia Laboratories*
Livermore

Stanford Research
Institutex*

Effects Technology,
Inc. '

McDonnell-Douglas
Astronautics Co.

Maxwell Laboratories,
Inc.

Air Force Weapons
Laboratory*

Sandia Laboratories*
Albuquerque

Ion Physics Corpor—
ation*

EG&G*

AVCO

DASA Headquarters

LOCATION

Livermore, Cal-
ifornia

Stanford, Cali~-
fornia

' Santa Barbara,

California

Santa Monica,
California

San Diego, Cali-
fornia

Albuquerque,
New Mexico

Albuguerque,
New Mexico

Bedford, Massa-

achusetts

Bedford, Mass,

Wilmington, Mass.

Arlington, Va.
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CONTACT

S. Cain

W. Zinke

H. Lindberg

D, Keller

H. Berkowitz

J. Peck

R. O'Rourke

R. Fitch

LT R. Schapaugh
McClosky
Alzheimer
Mathews
Farber-

J. Chapman

J. Olson

MAJ D. Shover



DISTRIBUTION LIST

DEPARTMENT OF DEFENSE

Director

Advanced Research Projects Agency
" Washington, D.C. 20301

Attn: J.P. Wade

Assistant to the Secretary of Defense
‘(Atomic Energy)

Washington, D.C. 20301

Attn: Document Control

Director

Defense Atomic Support Agency

Washington, D.C. 20305

Attn: DDST

Attn: SPAS

Attn: STSP

Attn: APTL (Technlcal Library) (2 coples)

Administrator

Defense Documentation Center
Cameron Station, Building 5
Alexandria, Virginia 22314

Attn: Document Control (20 copies)

Director

Defense Intelligence Agency
Washington, D.C. 20301
Attn: DIAST-3

Attn: DIAST-2C

Director of Defense Research and Engineering
Washington, D.C. 20301
Attn: Assistant Director (Nuclear Programs)
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DISTRIBUTION LIST (Cont'd)

Commander

Field Command

Defense Atomic Support Agency
Sandia Base

Albuquerque, New Mexico 87115
Attn: FCDV-1

Attn: Technical Library FCTG-5

Chief

Livermore Division, Field Command DASA
Lawrence Radiation Laboratory

P.0O. Box 808

Livermore, California 94550

Attn: FCDV-3

Commander

Test Command

Defense Atomic Support Agency
Sandia Base

Albuquerque, New Mexico 87115
Attn: Document Control

Director

Weapons Systems Evaluation Group
Washington, D.C. 20305

Attn:; VADM Masterson.

DEPARTMENT OF THE ARMY

Director ,
Advanced Ballistic Missile Defense Agency
Commonwealth Building

1320 Wilson Boulevard

Arlington, Virginia 22209

Attn: LTC James Sloane, CRDABM~NE

Commanding General

Army Materiel Command
Washington, D.C. 20315
Attn: AMCRD-B, Mr. Corrigan
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DISTRIBUTION LIST (Cont'd)

Commanding General

Army Missile Command

Redstone Arsenal, Alabama 35809
Attn: AMSI, Chief Scientist

Director

Ballistic Research Laboratories - _
Aberdeen Proving Ground, Maryland 21005
Attn: AMXRD-BVL, W. Schuman

Department of the Army
Harry Diamond Laboratories
Washington, D.C. 20438
Attn: AMXDO-RBH

Commanding General
Picatinny Arsenal

Dover, New Jersey 07801
Attn: D. Miller

Commanding General
Safeguard System Command
P.0. Box 1500

Huntsville, Alabama 35807
Attn: G. Buxbaum :

Safeguard System Manager
Safeguard System Office
1320 Wilson Boulevard
Arlington, Virginia 22209
Attn: John Shea

Director

U.S. Army Advanced Ballistic- MlSSlle Defense Agency
Huntsville Office _

P.0. Box 1500

Huntsville, Alabama 35807

Attn: CRDABH-S, William S. Loomis

63



DISTRIBUTION LIST (Cont'd)

DEPARTMENT OF THE NAVY

Commander

Naval Ordnance Laboratory

Silver Springs, Maryland 20910
Attn: V. Dawson '

Director

Naval Research Laboratory
Washington, D.C. 203920
Attn: Laverne Birks

Director

Strategic Systems Project Office
Department of the Navy
Washington, D.C. 20360

Attn: NSP-272

DEPARTMENT OF THE AIR FORCE

AF Materials Laborétory, AFSC

Wright-Patterson AFB, Ohio 45433

Attn: MANE, George Schmidt

AF Office of Scientific Research, OAR

1400 Wilson Boulevard 7
Arlington, Virginia 22209
Attn: Technical Library -

AF Weapons Laboratory, AFSC
Kirtland AFB, New Mexico 87117
Attn: WLR ‘
Attn: WLRX
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DISTRIBUTION LIST (Cont'd)

Headgquarters

Air Force Systems Command

Andrews Air Force Base

Washington, D.C, 20331

Attn: SCTSW (Weapons & Weapons Effects Division)
Attn: SCS-22

Foreign Technology Division, AFSC
Wright-Patterson AFB, Ohio 45433
Attn; TDFBD, J.D. Pumphrey

Headquarters, USAF

Washington, D.C. 20330 _ :

Attn: AFRDQSN (Strategic and Defense Forces,
Nuclear Ordnance Division)

Space and Missile Systems Organizations, AFSC
AF Unit Post Office

Los Angeles, Califormnia 90045

Attn: BSMTS

Space and Missile Systems Organizations, AFSC
Norton AFB, California 92409
Attn: SMYSE

ATOMIC ENERGY COMMISSION

Los Alamos Scientific Laboratory

P.0. Box 1663

Los Alamos, New Mexico 87544

Attn: Document Control for Dr. W. Lyons

Sandia Laboratories

I.ivermore Laboratory

P.0. Box 969

Livermore, California 94550

Attn: Document Control for Dr. T. Gold

65



DISTRIBUTION LIST (Cont'd)

Sandia Laboratories

P.0., Box 5800 _

Albugquergque, New Mexico 87115

Attn: Document Control for Dr. D. McCloskey

Asst. General Manager for Military Applicatlons
U.S. Atomic Energy Commission

Washington, D.C. 20545

Attn: Document Control for LTC D. McNutt

University of California
Lawrence Radiation Laboratory
Technical Information Division
P.0. Box 808

Livermore, California 94550
Attn: Dr., R, Wagner

DEPARTMENT OF DEFENSE CONTRACTORS

Aerospace Corporation
P.0O. Box 5866 o
San Bernardino, California 92408
Attn: Dr. R.G. Allen
Attn: Director, Hardened Reentry Systems
(R.B. Mortensen)
Attn: Weapons Effects Department (Dr. Arlan Field)

AVCO -

Government Products ‘Group

201 Lowell Street ‘
Wilmington, Massachusetts 01887
Attn: J, Stevens

Bell Telephone Laboratories, Inc.
Whippany Road

Whippany, New Jersey 07981
Attn: C. Lapaddla
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DISTRIBUTION LIST (Cont'd)

General Electric Company:
Tempo-Center for Advanced Studies
816 State Street _
Santa Barbara, California 93102

‘Attn: DASA Information and Analysis Center

General Electric Company

Space Division

Valley Forge Space Cemter

P.0. Box 8555 _
Philadelphia, Pennsylvania 19101
Attn: Thomas Bechtel

General Motors Corporation
Manufacturing Development
Manufacturing Staff

12 Mile and Mound Roads
Warren, Michigan 48090
Attn: Mr, William Isbell

Kaman Avidyne Division

Kaman Sciences Corporation

83 2nd Avenue

Northwest Industr1a1 Park _
Burlington, Massachusetts 01803
Attn: N.P. Hobbs

Lockheed Missiles and Space Company

A Division of Lockheed Aircraft Corporation
P.0. Box 504 '

Sunnyvale, Callfornla 94088

Attn: K. Foresberg (5220)

Martin Company

Division of Martin-Marietta Corporation
Orlando Division

P.0. Box 5837

Orlande, Florida 32805

Attn: Mr. James Potts
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DISTRIBUTION LIST (Cont'd)

MeDonnell-Douglas Corporation
3000 Ocean Park Boulevard

Santa Monica, California 90406
Attn: J. Garabotti

Southwest Research Institute
8500 Culebra Road

San Antonio, Texas 78206
Attn; W. Baker _

Stanford Research Institute
333 Ravenswood Avenue

Menlc Park, California 94025
Attn: H.E. Lindberg

The Rand Corporation

1700 Main Street

Santa Monica, California 90406
Attn: Mr. Wm. B. Wright, Jr.

TRW Systems Group

One Space. Park

Redondo Beach, California 90278
Attn: Dr. John I. Slaughter
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