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ABSTRACT
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predicts the motion of a magnetically accelerated
Resultg obtained with the solution agree closely with experi-

This work was supported by the United States Atomic
Energy Commission. Contract Number AT-(28-1).789,

3/4



ACKNOWLEDGMENT

The authors wish to thank K, D. Marx, Analytical Division 8341, for
his assistance in the theoretical portion of this report, W. B. Vandermolen,
Experimental Mechanics Division and R. E. Johnson, Simulation Division
8343, who conducted the flyer experiments,

5/6



CONTENTS

Introduction

Theory

Application of Theory to Flat Flyer Geometry

Numerical Solution of the Differential Equations
Computer Pfedictions and Experimental Results
Conclusion _

REFERENCES

APPENDIX -~ PROGRAM

ILLUSTRATIONS
Figure
1. Schematic Representation of Flyer Plate and
Capacitor Bank
2. Actual Flat Flyer Fixture
3. Flyer Inductance as a Function of Distance
4, Flyer Velocity Versus Displacement
5. Flyer Velocity Versus Displacement
6. Flyer Displacement and Total Current Against

a Common Time Axis

23/24
25/26

10
13
15
19
20

21

7/8



NUMERICAL PREDICTIONS OF THE MOTION OF
MAGNETICALLY ACCELERATED FLYER PLATES

Introduction

Capacitor banks have been successfully used to accelerate flyer plates
for impulse testing, The predictions of the motion of the flyer plate should
be of considerable assistance in the design of capacitor banks and flyer
plates, :

In this report, the motion of the flyer plate is studied with the aid of
a circuit equation and an equation of motion. These two equations are
derived in general, applied to a flat flyer geometry, and then solved
numerically using a Runge-Kutta technique. A series of experimental
tests was conducted with a capacitor bank at Sandia Laboratories, Livermore;
the results of these tests were in very good agreement with the numerical
predictions.

Theory

The model used to obtain the circuit equation for the flyer-bank
system is shown in Figure 1, The flyer and its return path are represented
by an inductance LF’ which is a function of the separation of the flyer and
its return path X, and a constant resistance RF. If the total inductance is
L. and the total resistance is R, LB and RB can be defined such that

L}

L

B - Lix) - LF(X) (1)

g - B- Ry (2)

n

R

Y

where LB and RB can be considered to be the total remaining inductance

and resistance.
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FLYER EQUIVALENT CIRCUIT

Figure 1, -Schematic Representation of Flyer Plate
and Capacitor Bank

The circuit equation can be written directly as follows
—*(LI)+RI+-/.~—d1:= e

where V _ is the initial voltage on the capacitor C', I is the current flowing
in the circuit, and t is time. Since the switch is closed att = 0,

I(0) =0 . (4}

By differentiation,

2 .

d dl 1 : :
La_ + RS + = = -

3 (LI) R at C 0 _ _ (5)
dt

where

4 =v (6)
dt t=0 0

The equation of motion can be solved from virtual energy considera-
tions. Considering the inputs to the flyer plate section of the equivalent
circuit, energy conservation requires that ' :

10



2 1 2
v = 8 + &= +
Flét | RFI t (2 LFI') féx {7)

where
VF = voltage across flyer equivalent circuit.
f = force acting on the flyer
VFI &t = tot;a.l energy into the flyer equivalent‘ C-ircuit
RFIZ &t = energy lost by resistive heating

rS(-l L 12 ) = change in energy stored in the magnetic field

L}

foéx mechanical work done in moving the flyer plate

From circuit considerations,
V_, = — + R.1T ' (8)

where ¢, the magnetic flux, = LFI. Equation (8) may be expressed in =

virtual form as

V.ot = 6(LFI) + R 16t (9)

Using this result Equation (7) can be rewritten as
[6(1_, I) +R Iﬁt}l = R_I%6t + 5(
AR F F

1 2
= + _
L L ) g6,  (10)

thereby obtaining

1.2
fox = 21 6LF
or
;4L . |
R S | | (11)



d2

Knowing f = m -—% , where m * flyer mass, we obtain
dt
d2x : 127 dLF _ 12)
2 2m dx °

dt

Since the initial displacement is x_ and the initial velocity is zero,

0
x(0Q) = XO {13)
dx )
dt |t=0 =0 . (14)

The inductance of the flyer can be expressed as

dL

‘II‘F(X) - jj (dxF>dX * LF(XO) (15)
o 0 !

where LF(XO) is the inductance of the flyer at its initial distance Xy

Thus, Equation (1)} becomes

. b 'dLF ' .
VLB +j}; —=Jax +LF(XO) o (18)

0

: X dLF
Lix) = LB+£ (dx dx

L{x)

or

At this point, Equations (5), (12), and (18) are sufficient to predict

flyer plate characteristics, These equations can be applied to any one
dL
dx

dimensional geometry if can be calculated or measured.

Jomt
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Application of Theory to Flat Flyer Geometry

Since much of the flyer testing at Sandia Laboratories, Livermore
has been done with a flat-flyer geometry, the remainder of this report
will deal with that geometry. The analysis to be discussed can easily be
extended to other geometries.

dL

dx
the magnetic flux density between the flyer plate and the return plate. Using
Ampere's Law, it can be determined that

The value of for the flat flyer can be calculated by first obtaining

B = 4L - | (17)
W .

where w is the width of the plates and 4 is the permeability of free space.

FLYER PLATE
—MYLAR INSULATION

TO CAPACITOR BANK

= GROUND PLATE

Figure 2. Actual Flat Flyer Fixture
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The flyer inductance is then given by

x .l
f f Bdxdy
- _0_ -0 . plx
F I W

where £ is the length of the plates. Differentiating this expression gives

dL
F _ uf

which ié independent of x.

dL

Since this simple analysis neglects fringing and skin effects, g

was measured experimentally by mounting the flyer in its holder and using
an inductance bridge to measure the inductance as a function of displacement.
In this procedure, the flyer was manually moved away from the return

plate, and LF was meastured at each new position, To include an estimate

of the inductive gkin effect, the bridge frequency was set at the ring
frequency of the bank. ' :

The results of these measurements are shown in Figure 3. In this

dL..
particular case, a straight line fit yields rral 5,121 h/m, while
| dL'F _ |
Equation {18) gives = - 6.40 uh/m. Equation (16} then becomes
L(x) = Ly *Kx (19)

where K is a constant and can be determined from Equation (18) or Figure 3.
dL
dx

By eliminating L in Equation {5) and in Eguation (12), two

differential eqguations are left:

14



INDUCTANCE - MICROHENRIES

.02 -

.01 -

.03 +

dL
® L. CALCULATED (d—F: 6.40 ,uh/m>
X

dL
e L. MEASURED (d_f: 5.12 uh/m )
X

(NORMALIZED TO FIRST
CALCULATED POINT)

STRAIGHT
LINE FIT

0

| { | | .i
0.1 0.2 0.3 0.4 0.5

FLYER PLATE SPACING - CENTIMETERS

Figure 3. Flyer Inductance as a Function of Distance
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d [ ] dl I
—— + + R~— + = =
: (LB x)i| + R =0 (20)
at
2 2
4. L« . (21)
d M
subject to the boundary conditions
i [(L + KX)I} =V . (22)
dt B O - 0
t=0
{0y = 0 (23)
d .
atﬁ 7 = 0 (24)
t=0 '
and
x(0) = X (25)

Numerical Solution of the Differential Equations'

The two linked, second-order differential equations (20 and 21) can
now be solved numerically., These two second-order equations were
- reduced to four first-order equations with the independent variables I, x,

"j"i‘ , and dd_t . A program was then written for the CDC 6600 computer fo
numerically solve these four equatidns. The heart of the program was a
modified Runge-Kutta method which is described by Gill in Reference 1.

The program, given in the Appendix, was designed to run a given
flyer plate and bank at four different initial voltages. The resulting _
currents, displacements, and velocities were calculated as a function of &/
time and compared with experimental values,

15



o Computer Predictions and Experimental Results

- To check the accuracy of the program, the capacitor bank at Sandia
Laboratories, Livermore, was fired at four different voltages using four,
identical, flat, aluminum flyer plates. The parameters of the system

were:
R = 7.4 mQ Total resistance
C = 108.5 uf Tatal capacitance
LB + KX = 101.5 nh Total initial inductance
VO =5, 9, 12, 16 Kv Ihitial bank voltages
P = 2,71 grams/ce Flyer density
L = 15.0 cﬁl Flyer length
w = 2.94 cm Fiyer width
) th = ,0313 cm Flyer thickness
X, = ,0254 cm Initial displacement of flyer

A record of flyer displacement versus time was determined with the
aid of a streaking camera. The velocity of the flyer was determined from
the slope of these records, and the current information was determined
from photographs of oscilloscope traces. For more information concerning
the experimental procedure, see Reference 2, '

The computer program was inputted with the above values in mks
units. The prograim also requires Tmax(the maximurm time calculated),

dL _
Xlim (the maximum displacement plotted), and g These parameters
were input as:
: ] s
T = 5,0x 10 = seconds
) max
X, = 3,0x 10'_3 meters
lim _
{ 3 dLF = x = -6 .
v = - K=5.12x10 henries/meter -

BT



dL
dx

was obtained experimentally, The computer program

di .,

was then rerun with - - 6.40 x 10m6 henries/meter, which was cal-

culated from Equation (18).

This value of

The results of these two computer runs are shown in Figures 4, 5,
and 6. The results from the four experimental shots are included in these
plots as data points. The displacement shown in these graphs was measured
from the initial position of the flyer, Xq-

Figure 4 shows a plot of flyer velocity versus displacement for four
dL )

dx
values of velocity are within ten percent of the predicted values. Since the
accuracy of experimental measurements was estimated to be only ten per-
cent, these results are considered satisfactory.

The experimental

voltages based upon the experimentally determined

dL
Figure 5 is similar to Figure 4, with the exception that the 3 Ves

used in the computer run. Calculated velocities were all higher than those
obtained experimentally, the worst result being high by 15 percent. This
dL,

dx

is the natural result of using too high a value of (see Equation 11).

The last graph shows a theoretical plot of the current and displacement
dL

dx
spond to the same initial voltage are also plotted on this graph and show close
agreement. . The unevenness of the experimental plots gives an indication
of the error in the data reduction process.

curves based on the measured The experimental points which corre-
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Conelusion

The numerical results obtained using the mathematical model of the
flat fiyver described in this report correlate well with experimental data.
These results show that for the most accurate predictions, the value of
dLL

dx
made using the calculated value. It is suspected that for greater width-to-
spacing ratios, as would exist with larger flyers, the calculated value of

dL
P would correspond more closely to the measured value,

should be measured, although fair predictions of flyer motion can be

This program has been used to investigate the effects of varying flyer
plate and bank parameters. The results of these studies (Reference 3) are
useful in flyer plate and bank design. ' '

/,.u:h\
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