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ABSTRACT

The term magnetically driven flyers generally refers
to conductive, nonwmagﬂetic metals which are driven by the
fprce created when a current flows in:the presence of a -
_;magnetic.fieid‘(moﬁor principle); In practical usage, these
‘flyer'materials are of the order of 10'mils.thick;"The flyer
material is spaced away from the specimen a distance such that
the current flow through the flyer material has essentially
just reached zero (i.e., the flyer_is free of the forcing
" function). Any excessive spacing is avoided to minimize
flyef unstability such that'flyér simultaneity can be closely
controlled. 1In the case of metallic test_specimeﬁs, high voltage
arcing problems can also be a consideration in determining the

proper spacing.
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_'The electrical énergy-source for a magnetic flyer faéility'
is typically a high energy capacitor bank. The circuit resis-
tance is minimized such that an underdamped L-C circuit is
formed. The forcing_function.driving_the flyer is then a
series of pulses. corresponding to the sinusoidally varying
current. - By crowbarring the load, the forcing function may
be converted to a single smooth pulse althqugh.this is generally

"Qifficult to accomplish. The ratio of load inductance change
to residual inductance should be as high as possible_for.optimum
efficiency. ' | | - |

.'By utilizing proper design techniques, the magnetic flyers
are applicable for one, two or three dimensional geometries.

‘ Load variations, such as a cosine load distribution, are also

possible.
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The theoretical limitation on the maximum flyer velocity

is imposed by 1°R heating of the flyer and/or the "magnetic

saw'" effect (i.e., localized cracking in the material due to
- the pressure of the high magnetic fields). Typical velocities
:obtained to date are of the order of 1 mm/psec. Since the

;effect of 1

2R heatlng is. 1nf1uenced by materlal parameters

(resistivity, heat capa01ty, etc. ) the theoretical maximum
flyer velocity is a function of the material being used for

the flyer.

Ignoring instrumentation and manpower cests,-the economics
of magnetic flyer plate testing is determined by the complexity
of the flyer platé fixtures. In general, system maintenance

costs are low and electrical energy is typically obtained for

approxinately one cent/megajoule. In the case of one dimen-
sional testing (typically 1 to ~ 6 in?), the permanent and

'reusable'portion of the fixture is available for something

on the order of $100 and per shot costs should total less than

$10 for flyers, At the other extreme, machining and material

costs for complex loading, three dimensional tests could easily

cost in the thousands of dollars range.

The magnetic flyer testing method is advantageous from

the v1ewp01nt of predlctablllty and repeatability. Simul-

. taneity is reported to be in the tens of shakes region for

a simple geometry and it is reasonable to expect this number

to-decrease with increasing technology.

- ii -
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INTRODUCTION

This report presents a brief description of'the'theory and
application of magnetically driven flyer plates. Included in

the application discussion is a comparison of other 51m11ar test

_techniques which -are also being used to generate short duration

1mpulsive loads.

I. MAGNETICALLY DRIVEN FLYER PIATE THEGCRY

Magnetic Pressure

“In the case of an infinite parallel plate geometry,

the magnetic field generated by currents flowing in opposite

directions is contained between the plates as shown in Figure 1.

.ﬁéCURRENT IN

§/;URRENT'OUT

_ Figure 1
Current - Magnetic Field Relatignéhip
With Infinite Plate Geometry '

Combining the basic force equation.

F=31x8B : : (1)

1

with. Haxwells equation governlng the relationship between current'

" and magnetic field H

ieyxH-= ﬁf 7 x B @)
we have the following expression for the force per unit vo1ume
_ _ . : _ : _
F=L °By
Co2p -3y

J R <O
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where )
' ' F = force per unit volume
| 3 2  current density
E = flux denéity
“H =.fmaghet§ﬁ®£i?ejfgrce
o= rpermeaﬁilitﬁ

Then, integrating through the thickness of the chductof,

we obtain the force per unit area (pressure)-

&= (4)

I
ol
I
ke
£
v
0
ol

Therefore, the pressure exerted on eitﬁer 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, we see that

2

1 -
v o= g BE = om

B2 | ' (5)

'_Thérefore, we have the interesting relationship that the
"magnetic pressure” is numerically equal to the energy density

_contained in the magnetic field. This situation is exactly
analogous to the case of a contained gas. This analogy is
'extreméiy useful in'enfiSioning the forces created in a current

- carrying system.
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It is also useful to obtaln the forcing function in

terms of the circuit parameters as follows.

The energy stored 1n the magnetic field of an inductor

is given by

W, =

l;‘r 2 o | . - L
L e
 where
W = . energy.
L = inductance
I = current

Théh,'the force (f) created (neglecting the vector notation

for simplicity) is

A7)

H
1
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I-= coﬁstant

The expression fpr the inductanCe of a closely spaced parallel
plate geometry is '

T . . . . .

L‘ f. KLY b . . - . ) B (8)._
" where _

y =  spacing between plates

4 = Jlength of the plates.

‘b’ = width of the plates
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Then, in the case where current is constant, the total force

is given by

_1 oo 3L _ 1 n 4 -

t=g P35y =5 by . | (9)
or in terms of pressure

p = B g2 - : . (10)

2b°

Equation (10) gives some insight into the behavior of magnetic

Ppressure since the only dimension involved is the width (b)

of the magnetically driven flyer plate prov1ded that the plates

are closely spaced and that a given current flow exists.

‘Electric Efficiency

Efficiency may be studied either from energetics or circuit

1

concepts . For the purpose of this discussion, we shall use

. ¢ircuit analysis.

Considef the following cirbuit:

E@ - swWiITCH

1. Edited by Kolm, H., Lax, 'B., Bitter, F. and NMills, R.,

High Magnetic Flelds, MIT Press and John Wiley & SOns,
1962, Chapter 22 ”Pulsed Magnets" by H. P. Furth
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where a current is flowing through R(t) and L(t) which

represent the time varying resistance and inductance of the

-magnetic flyer.

For a single turn coil, we have

ad

g = S - o an

c dt
where & 1s the total flux of the coil and
S | f
L T . : _ . (12)

The energy stored in the resistance (heating) is
t - .
Wy, = [12Rat | a3
0 . R " . - " .

The energy input to the time varying inductance is given

by
v f ”d(LI) '
J E,L dt = J I —g¢ 4t
B+ ' (o)
t £
- 2 dL 1 dl® .

[ Facrg o ao
(o) 0 '
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Integrating the second-tefm on the right by pérts and combining
the integrals, we have )

t L+ AL

- ' 1 t, - 1 © : S .
’ . N . 2 — 2 .
| B at = 3w + 3 [ 1% dL o as
o _ _ o . L _
_ ‘o
= W ot My o . ooae)
where
W, = energy stored in the magnetic field
WM W = kinetic energy of the flyer
W, = energy disSipatedIin the form of heat

If we ignore, for the moment, the W term and re-examine

R
Equation (14), we can develop an intuitive feeling for the

efficiency. of the system. -

Assuming the inductance changes from Lo to L0 + AL in

time t .and that the current 1 is'indepeﬁdegt pf inductance,

we have
W, = TCLO_ + ALYy 12 c an
and S | |
Moo o= 1% AL | . as)
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Then, efficiency

' s ' AL N . : :
_ WS:+ WM.W._. 24AL + L0 .

- Then, el -~ 50% as L - 0. (In an actual c1rcu1t Lo_should be-

con51dered to be the total 1nductance of the c1rcu1t )

If we now conduct the experlment in such a way that the

éurrent is brought to a peak value before the flyer -has moved

_apprec1ably and. then short circuit the 1nductor (close the sw1tch)

the current will contlnue to flow in the inductor and & then

;becomes a constant 3 is a constant since the flux lines are_
7trapped inside of the closed circuit as is shown by settlng
E. =0 1n Equatlon (11)] U81ng Equation (12), Equatlon (15)

4bec0mes'
| . @2 t, @2 Lo + AL . :
U = . dL
0 =57 . + 5 j = (20)
1 LQ
2 _ 2 _ , - ' '
=%"|:L 1+ AT 'il—] -4 T 1+'AL: '1%“.] (21)
o o _ 0
2
.« B _ 1 32 1 AL
o -""'""LI 2 = + ) (22)
2LO 2 o q 2 [LO + AL LO(L0 + AL)
= W_ 4+ W
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Then, the efficieﬁcy.beCOmes
_ W

M. W AL e
e = Z 2 < e (23)
2 WM;W, ¥ Ws : Lo + AL -

~  Then, e, -~ 100% as L0 - 0.
As mentioned previously, the efficiency expressions

€, and~eé assume no JY®R losses in the circuit.
The efficiency expressions €, and e, demonstrate the
value of a low inductance system for efficieﬁt_operation of

-2 magnetically driven.flyer facility.,

In practice, short clrcultlng the load (commonly called
crowbarrlng) to increase efflclency is difficult to acc0mpllsh
with the high current flows (105-— 106 amperes) normally
associated~with magnetically driven fljersq The difficulty
arises due to the fact that any switching network inherently
_has impedance. For instance, if we assume a 1 nanoheniy_switch
(which is very low for a practical_system) and assume that we -
want to switch a current of 106 amperes in.lo nanoseconds, then.

 the voltage devél0péd_is

el
I
[
o
[
o

= 10° volts o - (24)

ﬁ‘

This high vdltage'is especially discouraging when it
is 'realized that zero voltage exists across the load at the
time the current is maximum'(assuming a pure L-C discharge

~circuit). On the more optimistic side, crowbarring has been
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successfully employed on capacitor banks with'relatiVely

slow disdharge frequencies and the_possibility does exist

" that crowbarring may be employed on magnetically driven

flyer plate facilities by making compromises in the switching

- time and the current amplitude at. the time of switching.

With'bresenﬁ day technology; efficiences in the 1% to-

30% range may be accomplished,

Flyer Heating

_ Since the prlnc1pa1 limitation Whlch ex1sts in obtalnlng
hlgh velocity magnetically driven flyers is the heatlng of the_
flyer due to IR losses, the ratio of kinetic energy/potential
ehergy of the leer'is of primary importahce ' An estimate of

“the ve1001ty limitation due to heating of the flyer may be

obtalned by. the following 51mp11f1ed ana1v51s.

. From kinematics:

- A = 2 | '
v=24 [pat Zmbzfxdt | @)
where ' o : _ | . s
A = area
‘m = mass
b = width
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From low temperature thermodynamics for a solid

t t
] 12r at We = ps | I°r (1 + ar)dt
"o e
=m AH = (H + 87)
: : o L s r ol
N - Tewe o m/s'/"/-f-’«ﬂ oo v
r, = initial resiStivity
.L. =  flyer length
T == .temperature
pH = -enthalpy change/unit mass
a = flyer thickness
p A AE dr o ~ o dr
*PTEr dt T ba DTl tam) =ms g
L T’e | t bt
.o omeibsf - dr = f[+2
rox,f_(l + aT) _/I d‘t_

. -1'1 B (&)

jCOmbiﬁing Equations (25) and (28) we have

' T
. 2
v = H8a_ - '
v or a V[Ln(l + om).:lT

1.

':(28)'

27)

-~ (29)
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-The significance of Equatidn (29) is that the velocity
is expressea in terms of temperature and flyer. thlckness but
that it is 1ndependent of the current waveform. It should
be noted that this expression was developed on the basis of
uniform heating of the foil (i.e., skin depth and'diffusion
effects are neglected). Inclusion of the'skin depfh and
diffusion effects would cause a non- llnear heat dlstrlbutlon

with the inner surface being the hottest. Equation (29) may

- be used to predict velocities of approximately 1.5 mm/usec

w%th .010ﬁ thick flyers of either copper or aluminum prior

to start of melt.

II. MAGNETICALLY DRIVEN FLYER PLATE APPLICATION

Magnetically driven flyers are applicable for the

~ecreation of relatively short duration impulsive loads on

one, two or three dimensional test bbjects. This test
technique offers the advantages of (1) repeatable test
conditions, (2) predictability and (3) controlled and well
defined pressure pulses — provided the equation of state
and thermodynamic COnQitions-of the flyer material are

known. These advantages stem from the well defined behavior

of linear electrical 01rcu1ts. Therefore, one_ of the chlef

problems associated with magnetlcally driven flyer plate

testing is technologlcal, i.e., to maintain a high energy

system capable of discharging in a consistent manner. .

" One Dimensional Testing _'

In the case of one dimensional eQuation of state and

‘material damage studies, Sandia-Livermore has demonstrated

the usefulness of the magnetically driven flyer testing

techpique} 'MeaSured test parameters and material responses’
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.are showing repeatable results. SCLL is quoting a nonnplanarity

4] - .
of 0.2 in the one dimensional flyers. Therefore, the non-

pianarity of one dimensional magnetically driven flyers falls

g_between the_excellenf'planarity obtainable in gas guns and the

relatively poor planarity of exploding foil driven flyer plates.

- Since the mag flyers" are limited to conductlve flyer plate

matefials, it forms an excellent counterpart to the exploding

“foil driven flyers which are non-conductive. Although‘explodlng
. foil driven flyer plates are capable of higher velocities than
"mag' flyers, the normal dlfference in impedance hetween organlc
" non-conductive flyers and metalllc flyer materials tend to .

‘equate the two test technlques ‘in terms of pressure generation_

in a_given.targef material.. Although neither of these two

"types of flyer plate facilities can, with present technology

rival the gas gun for precisely controlled test condltlons,

they are, in general, faster and cheaper to operate.

A comparative summary of these three common test techhiques

is shown in Table I. With present day technology, all three of

,'these,techniques have a useful and complementary position in

a well rounded one dimensional materials testing program. The
gas gun is a refined instrument which is rather slow and coetly-

to operate but. is capable of producing acourate‘and repeatable

results. The exploding foil facility has proven itself capable

of produ01ng reliable damage threshold results with fast and
1nexpen51ve.tests ~although several tests are generally required
due-to shot-to-shot non-repeatability. The_magnetlcally driven
flyer plate type of facility offers fast and economical tests
together-with flexibility and sophistication approaching that

.of the gas gun. The "mag flyer"™ concept is also attractive in
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that the same energy source may be used for exploding7foi1

driven flyers; hence, one energy source can .provide the means

'to test with both conductive and dielectric flyer materials

- with a minimum expenditure.

Two and Three Dimensional Testing

Two and three diménsional magnetically driven flyer plate

- . testing is now beiﬁg conducted at EG&G, under the sponsorship

of Sandia-Livermore. These eXperiments are being conducted on

energy sourceg as large as 100-KJ.'

No theoretical limitation is in sight as to the maximum

- size of a two or three dimensional magnetically driven‘flyer

"piaté. 'The'thickness of the'flyers is determihéd by the.

desired pulse shape during impact, temperature of the flyer

and stability considerations.

. The geometry of two and three dimensional magneticaliyl
driven flyers is similar to the one dimensional fixture except .
that the flyer is curved to conform to the shape of the test |
specimen. = Since the flyer plate must now move in at least
two dimensions to conform to the test specimen, hoop stresses
exist in the flyer prior to'impact. Thus, the experiment

designer must be careful to ihsure that impact occurs before

. -the internal stresses in. the flyer cause flyer instability.
"Similarly, there is an implication that the analysis of test

r6801tslmay.need to consider the presence of stresses in the

'-flyer.
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Spatial load variations, e.g., cosine loadings, are

. .possible with magnetically driven flyers by appropriately

shaping the current'distribution'in the flyer. 1In gemneral,

 lower efficiency is the penalty incurred to obtain spatially

Varylng loads

An accurate comparison of magnetically driven flyer

E rlate testing with the various thin sheet explosive loads.
"is somewhat difficult due to the lack of definitive, and
well diagnosed, data for the various test methods. The

best estimate of relative characteristiés of ﬁhe_different_

methods is shown in Table II.

~In the case of the two dimensional type of testing,
fhe magnetic flyer facility offers a desirable combination

of impulsé and pulse duration. In its pfesent day state,

the 51mu1tane1ty appears adequate for most types of
structural testing and is expected to improve with addltlonal

development efforts.
It is difficult to c0mpare operating costs for the

various types of two and three dimensicnal types of testing
The 1n1t1al cost of a- capacitor bank assembly is rather high

‘ (20 cents to $1/Joule), although ‘the facility can generally
'bg_lqcated Wlthln ex;stlng 1aborator1¢s, Capacitor bank

‘operation. is éonsidered to be safer than handling explosivés-and

they do not preSent a problem in being in accordance with

- city and county ordnances. Explosives sites generally require



*AUSWATBIUOD o:.vmd.mHOPmﬂnmpud.on {(Buiddraas onv.mamm:m pPIIOS mmssmmﬁ**.

KN-770-68-2 (R).

*ST4E] JY] UT PIPNIOUT 30U a8ie ‘L1T1o0TTdWIS JO 3S8JI9QUT oyl Ut f4ng 1SIXS Op SUOTIBOTFIITEND
pue suotidooxy .:Omﬁmmmsoo,vmuﬂﬂdhmnmm ® juasedad 0} ST 2[d¥} SIU} JO UOTIUDIUT m:ﬁ*

i

. . . : . K : sejerd J0414
Y3TH « aoT . ITed . oesT T > ~ o go* «~ G0 ~ FOTXE = 20T ~ uaATIq A{reor)sudel
1 . . .
©w (oesTi/uu 2 ~ ) . R
~ Jo £3100ToA . S8ATSOTAXY AJuplooesg
_A UWNIPoK ~ MOT : poos ) UQT3eUol}aq) oash T < . sde)y ﬂOH < ™~ ﬂmoq.mnﬂ:=:M**
. : . soaTsoTdxyg AXBUTIAF
UNEPBN « MO C ITeqd . oast g > ~ 298T1. ¢ « T ~ sdej woﬂ - NOH ~ . , paj3eriTul unuﬂq**
‘SIATHOTAXY
) . : : AIBpuooay peleTITU]
URTPo « Mo Iood : . gast 1 > ~ **ommi C ~- Gg' ~ sde)j F0T < ~ o 1104 Burpoidxq
$150D0 i UOT}BIUBWNIG SUT A TouEanUWIE uoTiwing aguey . ) E adAjg,
Butzeasadn Jo osey . . asIng : osTndwy
saYrERT9Y o . : : . .
*wnomBME qum¢oq.m>quDmEH.q¢m:Bobm9m 40 NOSIYVIROD
IT &9Vl
- {7
.\ - -




R

- 17 - | KN-770-68~2 (R)

a semi-remote type of operation which may regquire special’
building and site prepafation° Magnetically driven flyers
'present a wide range of day to day costs dependlng on the

experiment. This range probably goes from the cheapest to

the most expensive when comparing with the other types of
testing. ‘ '
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