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1. INTRODUCTION

Kaman Nuclear (KN) is currently engaged in a substantial
program to propel, instrument, and understand two~-dimensional,
magnetically driven flyer sheets (MDFS). This effort has
been sponsored by the Strategic Systems Projects Office of
the Navy, and it has evolved as a natural extension of our
work on one-dimensional flyer plates. Since the problems of
the two—dimensional flyer are clearly far greater than those
incurred in flat flyer research, a strong theoretical approach
is necessary to aid in choosing the proper design for any
particular experiment. For example, if a cosine-uniform
_impulse loading on a nose cone is an objective, the selection
of the best set of conditions (capacitor bank voltage,
backstrap~to-flyer initial separation distances, backstrap
shape, etc.) cannot be wisely made without ratheg sophisticated
analytical modeling. This report is a complete ﬁeview of the
theoretical effort at KN for this modeling; it is also
concerned with the presentation of a new related computer
code, MULTIFL,

MULTIFL is a finite difference code which endeavors to
predict the motion and electric magnetic state of MDFS., It
is the result of a ""second generation” effort at KN since it
follows the one~dimensional code MAGFL(l) and since the
modeling includes many more corrections and options. MULTIFL
can monitor a flyer sheet of arbitrary initial shape from its
original position to times after impact allowing for non-
simultaneity of contact and nonuniformity of the driving
forces, The egquations of motion are nonlinear in that they



contain resistors and inductors which change values during

the problem and in that some skin-depth corrections are made.

The subject of two-dimensional magnetic flyer simulations
and the code MULTIFL are bresented in this report by first
outlining the derivation of the basic electromagnetic equations
of motion in Section 2, These equations can be solved by the
methods discussed in Section 3. Section 4 illustrates the
current agreement between this "theory and KN experiments.
Finally several appendices are necessary to aid in the pre-

sentation of the complex subject matter,



2, BASIC THEORY

- The physical phenomena associated with MDFS are very
diverse. First there are intense electromagnetic fields and
high current densities to understand. Second the flyers can
heat to the point of melting, and thus thermal effects must
be considered. Finally the flyers are structural elements
with highly nonuniform body forces that can conceivably
buckle or mechanically deform. All three effects are closely

coupled and an understanding of each is necessary.

The logical starting point of studying MDFS is with

the description of the main circuit.

2.1 Circuit Description

A schematic diagram of the basic circuit is shown

in Figure 1.
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The driving component of the circuit is, of course, the
capacitor bank which will be represented in MULTIFL as a
linear element (charge stored is proportional to instantaneous
voltage). It is not completely clear that this assumption is
adequate. Many of the modern banks {(i.e., our 50 kilojoule
Maxwell) were designed to discharge as quickly as possible.
Some significant inductance and resistance may be in series
with the parallel capacitive parts. If this is the case,

the bank should be represented by something resembling a
transmission line, rather than a simple element. Currently
standardization experiments are being performed at KN to
ascertain if the need exists to evaluate the appropriate
transmission line parameters.

The line resistance in Figure 1 represents a composite

of the intermnal resistance of the bank, the backstrap resistance,

-and any other resistance which may be consistently present in

the hardware. This resistance is characterized in MULTIFL

by two constants, R and G, which are the room temperature

ob b
resistance and the proportionality constant between additional

resistance and the energy deposited by Joule heating.

+ Gy o By (L

The line inductance (Lb) is also a composite except
that it is assumed to be constant throughout the problem and

it does not include a contribution from the backstrap.

The backstrap and the flyer sheet form a complicated

inductor whose value depends on the spacial distribution of



the current density, the position and shape of the sheet
relative to the backstrap, and the relative velocity of

the sheet. In addition, the MDFS have a skin depth sensitive
resistance which must be considered. Most of the analysis

in this report is related to the study of this inductive
element. Fufther details are presented in Section 2 and the

appendices.

Sequentially the bank begins to discharge with a
current that is dependent upon the impedance of the complete
circuit. In reaction to the current the resistors and the
MDFS begin to heat, and the flyer begins to feel Lorentz
type magnetic forces., This heating creates more resistance,
and the forces produce flyer motion which in turn changes
the inductance of the backstrap, flyer element. Clearly
the circuit is nonlinear; nonetheless, it can be represented

by the Kirchhoff equation
ae +L, L iR s =0 (2)
b dt b
where ¢ is the voltage across the variable inductor

q = charge on the capacitor

joR

a4 _

i= T " main circuit current
C = capacitance of the bank

Since Rb is a function of the Joule heat Eb this quantity

must be monitored. At any time t

E, = " 12_ R, dt - (3)

o]
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All that is now required to solve differential equation (2)
is the functional form of e¢. Sections 2.2, 3.1 are aimed

at deducing this function,

2.2 General Element Equations

The calculation of the voltage drop across the variable
inductor is in most practical cases very difficult. The
energy absorbed by the element is dependent upon its total
current, its physical dimensions, its material pProperties
and the relative velocities of any of its parts. The more
complex the geometry, the more difficult the calculation

becomes .,

A general procedure for approaching the problem is

the following:

e - energy added to the element _ gﬂ/i (4)
charge transferred through dt
w = stored energy
=Wy + Wg g, + Wy (5)
WB = magnetostatic field energy
WKUET kinetic energy of MDFS
WH = Joule heat
Joule heating effects are relatively easy to handle.
Z_gﬂ:izR | 6



where the evaluation of R is somewhat complicated by cases
that consider nonuniform current densities. In the simplest
example, uniform d.c. current flowing in a rectangular sheet,

the resistance is
R = (resistivity) (length)/(cross-sectional area)

As current densities are perturbed by frequency and edge
effects, the need for more complicated analysis arises and a
review of some of the KN effort in this direction is presented
in Appendix B. Temperature changes are introduced in the cal -

culations by allowing the resistivity to vary with heating.

The rate of change of magnetic field energy and
kinetic energy is known in terms of the inductance (L) by
~Faraday's Law

Wy |, ¥y g,

I
dt  dt dat

(Li) M

where L must be defined from the following electromagnetic
theory. The magnetostatic field energy (WB) can be written

- in two equivalent forms

Wy = (1/2) Li% - (1/2)J’-3 = A dr (8)
T
with
T . 2
J = current density vector (amps/m")
T = volume of space containing current
- L =
A = vector potential = — J dr
. 47 r

T



Ly = magnetic permeability of free space

r = distance from current source point to the field
point

Equations (8) and (9) imply that if the current density for

all space is known, the field energy is known;and since the

current is related to the current density by

_i=J"3-dS (10)
a

2]
I

surface vector

L can be found by performing the indicated integrations.

If 3 is not known, it must be deduced. In Appendices A,B and C
inductance calculations are made for three geometries, two
which have postulated current densities and one which uses

a derived J. Once L has been evaluated as a function of the
possible positions of the flyer sheet, the ¢ voltage is
determined by Equation (4).

The position of the flyer can be predicted by
considering the mechanical equations of motion and structural
response of the flyer sheet. Finding the magnetic body forces
is the first step. From Equation (7) and the time derifative
of (8)

aw '
K.E. _ .2, dL
at = (17/2) 3% (11)



If the flyer is translating as a rigid body with a velocity
of vy, the inductance is a function of its three position

coordinates and the chain rule implies that

dL _ . |
it vL v (12)
vL = gradient of L
dWK B N )
From basic mechanics ag—imé = F ° v and therefore the

magnetic force on the flyer is
2 |
F = (i/2) - vL (13)

For motions more complicated than translation the forces
and coordinates become generalized in the classical mechanics
sense and the resulting motion becomes very complex. A

study of these constrained cases will not be attempted here.
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3. MULTIFL

3.1 Model Assumptions

Correct calculations of resistance and inductance for
any curved flyer sheet are almost impossible at the present
time. For example equations (8) and (9) imply the 6 inte-
grations must be performed for every conceivable flyer position
and current density. Similarly the mechanieal response of
the flyer cannot be readily discussed even in the realm of
"thin" shell theory. Therefore, approximations are necessary,
For MULTIFL the procedure used is the following:

1. The flyer and its backstrap are divided into
subelements. Each subelement consists of a
flat, rectangular flyer sheet and é corresponding
backstrap area.

2. ZEach subelement is assumed to be mechanically
uncoupled. Initially they may have different
backstrap, flyer separations and in time they

may have different velocities and accelerations,

3. Each subelement is assumed to have a self
inductance and a resistance., Mutual inductances

are ignored.

4. The subelements are Joined together by their
positions in the current flow. For example,
the curved flyer may be divided into 10 sub-

divisions in series to simulate a nonuniform
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loading of a ring. 1In loading a nose cone,
however, it may also be necessary to vary
initial separation distances in the direction
transverse to the current flow. Here elements
are assumed to be in series and in parallel.
To illustrate the model the circuit diagram

of MULTIFL is represented in Figure 2,
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FIGURE 2
MULTIFL CIRCUIT DIAGRAM
EACH SQUARE IS A PARALLEL SHEET INDUCTOR AND RESISTOR
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The errors introduced by these hypotheses are not
entirely understood. An error from dividing the flyer into
Zones should be made smaller by increasing the number of
subelements., Assuming rigid body translation for each
subelement ignores the bending resistance and membrane
forces of the flyer. But since the material is very soft
aluminum and the magnetic pressure is usually an order of
magnitude higher than the yield point, the assumption is
workable for the present level of the theory. The lack
of mutual inductances is a small error when the subelements
have large dimensions ag compared with backstrap-flyer

separation distances.

The MULTIFL circuit shown in Figure 2 contains 202
resistors and inductors attached in series and parallel.
In order to deduce the transient response of these elements
when the capacitor is discharged, the circﬁit equations
must be derivéd. First resistances and inductances in
series add., Therefore, the circuit Figure 2 can be replaced

by an equivalent circuit in Figure 3.
R L
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FIGURE 3
SIMPLIFIED CIRCUIT DIAGRAM



e
E .

- 13 -

Next the current (i) coming out of the line inductor éplits

into 10 separate currents (im)o The junction equations are

5 =§ i | Toae

m=1
. di
d
T T (15)
m=1

Voltage equations are found from summing voltages

around closed loops,.

ai a@ i)

. . _— =0

/¢ + i Ry + L 3¢ + 1;Ry + T3¢ (16)
(@ i) _ a@,_ i )

iR o+ MWy f o, —milmil’ (17)

mom dt m+1 “m+l dt

If the resistances and inductances were constants in time

and known, equations (14), (16), and (17) would describe 11

]

differential equations in 12 unknowns (i,q,i;,i5,---11¢)-

The necessary extra equation comes from a simple differentiation

joR

i = -% - (18)

In MULTIFL the resistors and inductors have known intital
values, but they change in time. Thus, more equations must
be coupled into the set above. The resistances change by
heating

ﬁm = (19)

nF“1S

~
foud
+
3
e
H

=

L



: The 10 equations of (19) contain 200 time independent constants.

) ero is the initial d.c. resistance of the r,m element. er
is a resistance per energy deposited coefficient. Erm is the
total internal energy in r,m, and it is time dependent., The
constants are found by assuming that for the r,m element
length (&rm) and width (brm) are known. Also it is assumed
that all of the flyers are the same thickness (d) and have

the same temperature sensitive resistivity (p)

P = P, (1 + a AT)Y
o = coefficient of resistivity

AT = temperature change
= Erm/(c L. b d)

vV rm rm

CV = gpecific heat
ero - (poirm/brmd) (20)
qrm = (a/cv{'rmbrmd) (21)

With these assumptions the resistances er are known as a
function of Erm and the Erm are determined by the Joule-

heating integral eguations. Thus

t .2

R.. =R, (1+ BrmJ’ 1 R dt) (22)
Q.



- 15 -

In (22) 100 new equations are added to the circuit equations
and 100 new time dependent variables (er) are added to the
list of unknowns.

The inductances change in time by the motion of the
MDFS.
element flyer translates perpendicular to the flyer imply

Equation (13) and the approximation that each sub-

that the acceleration (Arm) of the r,m flyer is

A =3 %, o (23)
rm Tm aD rm
rm
with
Drm = separation distance of r,m element
Mrm = mass of r,m flyer

Integrations of (23) yield the velocities (Vrm) and positions

-t ,
Vem = Arm dt {24)
o
~t
Drm = Vrm dt + Drmo (25)
T o

Changing values of Drm lead to new values of the inductances,

3.2 Numerical Procedure

The equations outlined in the last section are large
in number and nonlinear in difficulty. Some carefully

considered steps must be taken in any finite difference
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scheme to insure that the results are stable., For MULTIFL

the procedure is given below.

1.

Assume that the circuit equations are only
slightly nonlinear. Solve the circuit
equations as if they were linear, and then
specify that "small" corrections in resistances

and inductances can be made after each time

step. The initial circuit resonant fregquency
is used for specifying the magnitude of the

time step.

The currents are updated in each circuit
loop simultaneously or on the same time
step. Equations (16) and (17) must be

treated such that the current derivatives

are the only unknowns. When these egquations

are solved for these unknowns, the results

are

10

T : (a/C + iRy + imﬁm)/f:m (26)

A/ +y aky

m=1

b) % - (a/C + in + imﬁm)/fm (27)
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Equation {(26) can be finite differenced by
replacing di by

dt
di _ . o
dt — (lnew 101d)/At (28)
and thus i ig known in terms of the old

new

circuit parameters. The right side of (26)
can be substituted into (27) and similarly
dim

Jr can be differenced. Thus all new

currents are determined.

The new accelerations, velocities, and positions
are then found from (23), (24) and (25). New
resistances and inductances are deduced from
(22) and the inductance model discussed in
Appendix E. '

Stored energies are calculated and an energy
balance is periodically recorded to insure
that the time step has been acceptable.
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4. PRELIMINARY EXPERIMENTAL VERIFICATION

The final proof of MULTIFL must be made by assessing
its ability to predict experimental measurements. At this
time, considerable correlation has been made with the compu-
tational simulation and fléf flyer experiments. Since MULTIFL
must not contradict one-dimensional results, this is a logical
first step. The next step will be correlation with curved
flyer plate tests. When the two-dimensional data become

available, the final checking can be completed.

The two basic types of experiments that have been
accomplished are (1) fixed flyer circuit measurements, and
(2) flyer sheet velocity determinations. Experiment (1) is
useful in evaluating the bank characteristics and the change
in inductance of the flyer with position. Experiment (2) is
the important proof test. It utilizes a high speed framing
camera to watch the flyer progress and flyer-target collision.
Approximately 10 to 15 frames can usually be exposed in the
critical time region. From these pictures fairly repeatable
impact velocities can be deduced. Figure 4 shows a specific
comparison between a group of these experimental velocities
(for various capacitor voltages) and the values that MULTIFL
predicts, The graph is restricted to experiments on our 20
kilojoule bank with a .012" x 2,040" x 11.0’ flyer and a
constant flyer to target distance of .238".

The characteristics of this capacitor bank as
determined by type (1) experiments are

C = 1.66 x 107° farads

1.036 x 10"‘2 ohms

fee}
I
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G 6. x 1078 ohms/joule

b

I

L

]

b 2.21 x 10“7 henry,

and the input properties of the flyer as determined by
standard handbooks are

¢ = 3.9 x 1073/

¢, =2.59 x 10° joule/(°C . m3

)
3

I

p = 2,71 x 10° kg/m3.

The agreement between the derived and measured data
is remarkable. "Apparently the one-dimensional flyer is
predictable by MULTIFL.




- 20 -

(QYS) NOSINVLINOD LNIAWIHAIXI/AHOIHL— 1AL TN WYNO0ud

(SLTIOAOTIM) IOV.LTIOA MNVE

0s 3% oY cg 0f
i | | | Ql.l 0
.60
~0°1
W4 8VIIONN ©

ONIDYY JdYHLSMOVE —~ HIA TS ﬂr@ - 61
-0z
L g2
-0 '€

Vivdad “IYLNIWINILXT SILONIA O

“T2AOW FDNVLONGN! Lid 2I€nND S3ILON3IAd @
e'¢

-

(DES /WD , 01 *) ALIDOTIA LOVdWI




s

- 2] -

5. SUMMARY

MULTIFL is a computer program which is designed to
study the motion and condition of two~dimensional, magnetically
driven flyer plates. This document has outlined the basic
capacitor bank circuit, the components in the circuit, and
the response mechanisms of each component., Most of the
analysis reported in the appendices is related to the response
of various types of parallel surface inductor sheets, which
are very important in determining the course of the current

flow and the final impact velocities.

MULTIFL considers a wide variety of nonlinear effects,
For example, the resistors change value during any problem
via Joule heating and skin~depth changes., The inductors
change value via position and velocity changes in the parallel
plates and skin-depth variations. Nonetheless, MULTIFL has
a reasonable central processing time and is convenient to
determine its inputs. It should be a very useful tool for

aiding in designing magnetic flyer experiments.

_ The utilization of MULTIFL for two-dimensional experi-
ments is in its initial stages. However, a sample problem
is presented in Appendix F which shows a possible backstrap-
flyer configuration to simulate cosine loading on a ring.
There is no experimental data to compare the results, but

the numbers intuitively appear to be reasonable,
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APPEN

Thin, Infinite

DIX A

Sheet Inductor

A pair of parallel current sheets may be modeled in the

simplest manner by assuming that the sheets are very long

and very wide in comparison wi

to-sheet separation distance.

th sheet thickness and sheet-

In this case edge effects

and skin-depth effects are ignored. The model assumes a

uniform current density vector at each point on either sheet.
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J =] ix on the upper sheet and 3 = =3 ix on the lowey. The
electromagnetic vector potential (K) defined in Equation (9)
can be evaluated by a series of integrations, Due to symmetry
the field guantities cannot depend upon their x, y coordinates;

thus the integrations in cylindrical form are +

R . +d/2 271 o .

It

-d/2 0
[ '
2 2
- 1)17# + (z + D/2) }RdR dg d=z (A1)
K(z) = (u3d/2) 1 (Jz +D/2 | - |z - D/2 |) (A2)

—
By definition the magnetic induction vector (B) is the curl

—
of A. Therefore

- . - 7
B=vzxA (uojd) 1y between the sheets

(A3)
=0 otherwise

Equation (8) can be used to determine the inductance of the

element. First the cartesian coordinate integrations are

=
i

[2D] dx dy d=z

+d/2 b/2 L, /2
B (1/2) (uojd/Z)J .f

-d/2 -b/2 ~-1,/2

]

(1/2) uojzdz b ¢ D  (a4)



A-3

+d/2, +h/2

Second the definition i =J~ J Jj dx dy
-d/24 -b/2
allows i = j b d
and thus‘from (A4)
2

Wy = (1/2) (ueb/b) i

Equation (8) compares with (AB) if L = uOLD/b

(A5)

(A6)

(A7)

Finally the force on either sheet can be found when (A7) is

combined with (13)

F = (12/2) (hy2/b)

(A8)



APPENDIX B

Skin-Depth Corrections

In Appendix A the current density is treated as a
constant throughout the volume of the conductor. For
some MDFS this is not a good approximation, since time
varying currents tend to interact with a free surface to
produce "skin'" effects., The exact analysis of this phenomena
for the transient, nonlinear problem at hand is very difficult,
and it will not be attempted. However, a simple model is
presented in the hope that it will improve the calculations
in MULTIFL.

The most elementary skin-depth calculation assumes
that a semi-infinite (one surfaée) conductor is exdited with
an electric field which is éinusoidal in time. This model
leads to the conclusion that the current density has an
exponential distribution; maximum current is at the surface
(z=0)

n.-h_ . _2/5 e,
J =j.e 1X“ | (B1)

The skin depth is defined to be & and

on
I

(Zp/p,ow)l/2 (B2)

=
I

angular frequency



Smythe(z) discusses this model in detail. He derives that
the semi-infinite conductor has a total resistance egqual to
that of a d.c. resistor if the thickness is assumed as one

skin~depth,

In MULTIFL there is no single w and p is temperature
dependent. The simplé model is not easy to apply. Good
conductors, however, damp out perturbations very quickly.
This leads one to evaluate a '"local time” w and p and then

assume the current density of (B1).

The effect of (Bl) on the inductance of two parallel
conductors must be considered. It is assumed that the
mutual interference effebts of one conductor on the other
will not change the current density of (Bl). This approxi-
mation is probably the most severe of any that have
been presented in this appendix, but a more sophisticated
model is not currently available. Figure Bl shows the
geometry and coordinate system for the inductance calculation,

The current density vectors are

- - -
? = —jue (z D/2)/6u 1.X in upper region .(BS)

e(Z+D/2)/6%. ch

in 1 i 4
. « in lower region (B4)

‘} -
J =3

4, u = subscripts for lower and upper



Figure Bl

From Equation (10) the total current flowing in the circuit is

o -(z-D/2) /%,
i= bjuJ I:e dz = bj & (B5)
D/2

If

bj%ﬁ& (B6)

Appropriate substitution and integration into Equation (9)
vields the vector potential

. (D/2-2z) /5
N - [D-8, -6, +28e Yz > D/2
A(z) = (u i/2b) 1. | 4 .

Z (D/2+z)/6&
+D +6u.+@& - 2Q&e 7z < =D/2



Equation (8) then leads to the inductance

L = (ugt/b) (D + [b, + 5,1/2) (B7)

The interpretation of (B7) is very simple: the effective
separation distance of the two current flows is D plus the

average skin depth.



APPENDIX C

Finite Width Inductor

The next logical step in the inductance calculations
is to improve the models in Appendices A and B by forbing
a finite width to the current sheets. This begins the
study of edge effects which should be important when the
flyer-backstrap separation distance is about equal to or
greater than the width. The mathematical procedures are
very similar to the earlier examples, but the integrations
are considerably harder,and the current density function

is not intuitively obvious.

Figure Cl shows the basic geometry.
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In order to evaluate the vector potential the form of the

current density can be assumed as

T, =AW 1 (c1)
3, = -3 1 (€2)

This implies that all current is "downstream' and not
changing with x. j{(y) is, as yet, unknown., The upper and

lower distances from source point to field point are

r. =qb/(X—X)2 + (Y—y)2 + (Z—D/2)2

r% ='\/(X—x)2 + (Y—y)2 + (Z+D/2)2

and dr = d{dx) (dy)
+b/2
i=4d jly) dy (C3)
~-b/2
Therefore
Y - +b/2 +2 /2 9 9 2
8(X,Y,2) = (Mod/4v)1XJ- j(y)J' 117V -0 %+(r-9) 2+ (z-D/2)
-b/2 £ /2
- l/i/(X—x)2+(Y~y)2+(Z+D/2)2] dx dy (c4)
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The integration in the x-direction can be simplified by

allowing £ to become very large, i.e.

+£/2 0
as 4 - mJ— S - S - log (1/c)
~2/2 x-x)° +C?
N +b/2 9 0
A~ AY,Z) = (ud/4m 1, §(y) log | =" + (ZiD/2)7) o
~b/2 Y-y + (z-p/2)2
(C4)
Equation (8) again defines the inductance
b/2 b/2 o
J(Y)_r J(y) log [(Y n* 1 ] dy d¥
(Ly272m) =b/2 (x-y)° (5

+b/2 2
[:J. Jjy d%]

-b/2

j(y) can be determined by application of an appropriate
condition. One condition cbuld be that the magnetostatic
force on any current element in the y-direction must be
zero and therefore Bz=0 on shéets. This condition could
be imposed by summing all contributions to BZ in terms of
j(y). The result is a messy singluar integral with ily)
as the unknown. Another approach is to determine i(y) by
minimizing the field energy or minimizing L in (C5). This
second method appears to have computational advantages and

to be equivalent to the force formulation.



The mechanics of minimizing I are the following:

1. change to dimensionless variables by substituting
y'= y/b, ¥'= Y/b, D'=D/b, into (C5)

2. drop primes

3. assume a Taylor expansion for i(by)

[n.e]

i (by) =§: gy (C6)

n=0
4. 1integrate the integral in the denominator of (C5)

+1/2 2 = S O {1—(—1jm+lj [1-(-1)2*+
A =[]~ J(by)d%] ==§: E: .3

m+n+2
-1/2 : m=0 1n=0 (m+1) (n+1)(2)

(€c7)

5. substitute (C6) into numerator of (C5) and interchange
the order of integration and summation

L = (uoz/zwa)Ej Zj .9, [an(D) - F . (0)] (C8)
=0 n=0
where
+1/2 +1/2 .
Fon (D) =J- Ym'[ y" log [(¥v-y)2 + DZ]dy dy (C9)
~1/2 ~1/2 : :



pr_y

After considerable algebraic manipulation, the an(D) functions
can be integrated in closed form. This is an essential feature
of the minimization plan due to the fact that numerical inte-
gration of either (C9) or (CB3) is very difficult; there is
integrable singularity at Y=y and and D=0. A review of the
hecessary algebra for evaluation of (C9) will be deferred to
Appendix D.

Equation (C8) may be thought of as the definition of L
as a function of the vector (Jl, Jg «o+). Mathematically
this vector must be chosen to minimize L. In order to perform
this operation a small computer code FININD is also presented
in Appendix D. FININD evaluates the an(D) functions and
performs the minimization by a numerical "eradient" method,
If the current density is forced to be a constant, no minimi-

zation is required and L has a closed form solution

L =(M0{/2ﬂ) Bl—Dz) log (1+D2) +D2 log D2 + 4D tan_l(l/Dﬂ
' (C10)

Equation (C1l0) asymtotically approaches equation (A7) as

D-0 and the inductance of two parallel wires as D-». Table
Cl compares the zeroth approximation [i(y) = Jo] with the
second order approximation [j(y) = J, + J2y2] and the fourth
order approximation. Conclusions of this comparison are (1)
there are significant edge effects when D/b > .1, (2) the
inductance is not extremely sensitive to the current density
distribution, (3) the differences between the second order
and fourth order approximations are small enough to ignore

higher orders.



. N

Comparison of Model Inductances

Table C1

L/1 x 10° (h/m)

Infinite Zeroth
: Sheet Order Second Fourth
D/b Appendix A Model Order Order
.02 . 252 .243 243 .243
.04 . 504 .474 472 .471
.06 . 736 .694 . 690 .687
.08 1.01 .905 .897 893
.10 1.26 1.11 1.10 1.09
.20 2.52 2.02 1.98
.40 5.04 3.48 3.37 3.33
.60 7.56 4,62 4.44 4.40
.80 1c.1 5.53 5.32 5.27
1.00 12.6 6.30 6.06 6.00
2,00 25.2 8.88 8.57 8.51
4,00 50.4 11.6 11.3 11.2
6.00 75.6 13.1 12.9 12.8
8.00 101, 14 .4 14.0 14.0
10.0 126, 15,3 14.9 14.9
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The shapes of the current distributions are plotted in
Figures C3~C6. When D/b = .0l the distribution is nearly
uniform. At D/b = 1, there is a strongly nonuniform current
which does not differ very much from the distribution at
D/b = 10, The actual forms of these curves are important,
because the uneven currents lead to uneven magnetic forces
and nonplanar flyers. As an example when D/b = 1., the
current density is 3.7 times stronger at the edge than at
the center. Since the force is proportional to 12, the ratio
of the corresponding forces is 13.7. The practical limit
for D/b due to the warping effects of nonuniform forces has
not yet been determined, but the input body forces can be

calculated with the model described in this section.
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APPENDIX D

Program FININD

This appendix discusses the evaluation of the functions
an(D) of (C9) and the evaluation of the appropriate value
of L for any D. PFirst an(D) can be broken up and integrated
by the following recipe.

+1/2 m
F (D) =I Y' F, (Y,D) dY (D1)
-1/2
where
+1/2
F.(Y,D) =], " log [(v-y)% + D] ay (b2)
' Y =1/2

The integral in Equation (D2) can be divided up into two
integrals by integrating from -1/2 to Y and Y to +1/2.
After substitutions of y = Y-p in the fifst integral and
y = Y+p in the second, Fn(Y,D) becomes

H

’ n
Fo(Y,D) = G (Y,D) + (D™ a_(-¥,D) (D3)

where

1/2 + Y
¢, (¥,D) =j (t-p)® 1og (p2+D?) ap (D4)
. |



P

Combination of (D3) and (Dl) lead to

+1/2
_ -+
F_ (D) = [1 + (-1)" 3J' ¥ 6_(7,D) dy (D5)

-1/2

Equation (D5) is an improvement over (D1) only in that the
G, (Y,D) function is easier to obtain than the F.(Y,D).
Equation (D5) must be modified again; let q = 1/2 +Y

1
F_(D) = [1 + (-1)n+m3j (@ - /2" ¢, (fa - 1/21,0) da
0 (06)

Let the binomial coefficients be denoted by

LU O ' - 11,1
(k) nt/( (n-k) !k!)

and expand (g - 1/2)™ in (D6) and (q - p - 1/2) in
G, ([q - 1/2],D). Then (D6) becomes

m+tk |
n m+k o =

Fon(® = (1 + (-1)“*‘“]i(k)(—p“‘kz ( ; ) 12" E

' R=0 3 j=0 '
(D7)

where

= L i[9 nx 2 2

MJ-’H__k =J- q [ p log [p™ + D] (D8)



The next task is to integrate the set of functions_ﬁg n°

b

In order to perform these operations a series of definitions

and recursion r

Definitions
q
N, (q) =J.
' O
d
M, (q) EJ-
[ 8]
q
2, () =j )
ﬁn = N (1)
Mn = M, (1)
Q, = e, (1
_ 1
|
mﬁ,n J

0

elations must be introduced.

(p%/(p% + 0%)7] dp

2 2
p" log (p” + D7) dp

-1
p tan (p/D) dp

q™ N (q) dg

g™ M, (q) dq

(D9)

(D10)
(D11)

(b12)
(D13)
<D14)

(D15)

(D18)



Actual Tntegrations

I

Ng(a)

Nl(q) =

Ir

N
m, o

(1/D) tan~ 1

(q/D).
(1/2) log (1 + 42/D%)

(1/p) @

Recursion Relations (by parts integration)

N, (@)

N =
n

=]
i

m, 1

=
=i
=

=
I

m,n

The sequence

1. all

and

" Y/(n-1) - D°N__, (a)

nzz
2_
1/(n-1) - D Nn_2

[tan™t(1/D) - D N_,y1/(1+n)
(1/2) M_ - log D/ (m+1)

[1/(n-1) (@sm)] 0% §, |

[log (1+D2) - 2ﬁn+21/(n+1)

g1 2 m,n+2]/(n+l)

of calculations is the following:

n=2

n=0

(D17)

(D18)

(D19)

(D20)

(b21)

(D22)

(D23)

(D24)

(D25)

ﬁn are determined by combination of (D17), (D18)

(D20)



2, all Mn are then found from (D24)

3. allQ are evaluated from (D21)

n

4, all ﬁm , follow from (D19), (D22), and (D23)

b

5. Equation (25) then calculates ﬁm n

b

The program FININD finds an(D) for any D and all m<10, n<l10,.
Then the inductance is produced via Equation (C8) and an
assumed current density function. A FININD subroutine MINMD
minimizes the inductance by properly choosing the current

function.

Listed below is a FORTRAN glossary and the program
statements.

FORTRAN VARIABLE DEFINITION

D prlate separation distance
DE D increment

ANJ, NJ order of current density
PL@T, IPLGT | - flag

DS | dummy D

BN@, BN(I) | I\r'n

BM@, BM(I) ﬁn



QBg, QB(I)

DDN@@, DDNX@(I), DDN@X(I), DDN(I,dJ)
DDM@@, DDMX@(I), DDM@X(I), DDM(I,J)
F(N) |

C(N,M)

FB@Y, FBX@(I), FBEX(I), FB(I,J)
CJ(I)

RATI®

&

n

N
m,n

=1

m,n

N

(ﬁ).binomial coefficients

an(D)

Jl’l

ratio of inductance to
infinite sheet inductance



e

e N Ne]

DO O OO JSIOO0O0

OGO W

40

D=7

PROGRAM FININD (INPUTOUTPUT).

COMMON FROCFBOX{10)+FBXO(10)9FB(109s10) oNJ

DIMENSTON CJ(20)+BN(33)+RM(31)+QR(20) +DDNOX(12) yDDN(20412) »DDONXO(2
12)4yDDMOX (1) s DDMXO(20) 4DDM(20910) sF (20} sC(20920) +FDX0O(10) sFDOX(10)
2.FD(10.in)oTITl(S)-TITE(S);APR(EO)gAPD(ZOJ.API(?O)-DELTﬂtln)
EXTERNAL aTnDUCT

DATA(TTTI (1) =8HINDUCTAN) 4 (TITL1(2)=BHCE VS D/) s (TIT1(3)=8HB )
DATA(TIT®(1)=8BHRATIO OF) f(TIT2(2)=8H L/L OF )+ (TIT2(3)=8HINFINITE)
1 o (TIT2(4)=8H SHEET ),(TIT2(5)=8H VS D/B )

INPUT ANJ MUST BE LESS THAN 11
REAN 1npn«DsDEsANJSPLOT
IPLOT=pP|.NT .
IFIL.NnT=n C¢ORRESPONDS TG NO PLOTS
NJ=ANJ
KZ=0
CJdo=1,
DS=N
D=} ,E=10 - b NNP=(
IK=1

NBAR CALCULATIONS 1I,E. BN(N) =

BNO=ATAN (14,0} /D
BN(1)SALOG(1a+1,/D##2) /2,
BN (2) =1, = (N##2) #BNO

DO 10 M=3,33

AN=N ~
BNINY =1, 2 {AN=L,)=(D##2) #BN (N=2})
CONTINUFE

MRAR cal.CULATIONS

BMO=ALOG (1.+D%#2) =2 #BN(2)
DO 2n nM=1,31

AN=N
BM(N) = (ALOG{lesDuH2)ap #BNIN+2) )/ {AN+1,)
CONTINUIE :

QRAR CALCULATIONS

QRO=ATAN{14/D)=D#BN(1)
DO 39 N=1+70

AN=N
QB (N) = (ATAN(1e/D)=N#BN(N+1))/ (AN+1,)
CONTINUE

NDOURLFRAR CALCULATIONS

DDNOO=nRN/N
DO 40 N=z=1+20
DDONXO (Ny=QR3 (N) /D
CONTINUE '



DDNOX(1)=%M0/2.-ALOG€D)
DO S0 mM=1420

ANz=N

DDN:N.15=q~(N)/?.-ALOG;D)/(AN+1.)
51 CONTINIIF

DO 7n m=2,1p

AN=N

IFINGEN,2) DUM=DDNOO

IF(MNFL 23 DUM=DDNOX (Nw?)
DDNOX(m):(}./((AN-1.)*AN))-(D§*2)#DUM

DO AN mMz],.720

AM=11 $ TFINGFQe2) DUM=DDNXO (M)
IFINGNF,2) DUM=DDN (MyN=2)

OONIMoly =1 o/ ((AN=1,) % (AN+AM) ) = (D##2) #DUM

iy CONTINiIF

T CONTINIIF

o .

~

€ MDOURLFRAR CALCULATIONS

DDMOQ:HH;1)-2.*DDNOX(2)
NO Ra r=1.1p

AN=N
DDMOXrw)=(ﬂM(N+1)-?n*DDNOX(N+2))/(AN+15)
el CONTINYF

DO 90 M:{.?O
Domxn(M)zaMfM+1)~2.*DDN(M02)
i) CONTINUFE
N0 99 rM=7,10
AN=N
NO 95 m=1,20
DDM(M,M):(HM(M+N+1)-2-*DDN(M9N+2))/(AN+1-}
95 CONT THIE
Q3 CONTINLIE
PRINT 2n173.D
PRINT 2009,KZs(TyI=1410)
TPRINT ?DﬂO-KZsDDMOO-(DDMOX(M)’M=1;10)
PRIMT ?ﬂnﬂa(MvﬂDMKU(M).(DDM(M!N);N:];IG)-M:l,?ﬂ)

C
C
C BIMNOMIAL COEFFICIENTS
o

Ftiy=1,

DO In0 MN=2.20

AN=N

FINY=AN#F (N=1)
1490 CONTTMNUE
NO 110 M=1.20
DO 145 M=1aN
IF(N,Ea, M) GO Ta 153
C(N!M):F(T\T)/(F(N—M)#F(M))
GO Tn 7ns5 o
103 C{NsM)=1,
105 CONTINIF
119 CONTINUE
C00=}.
ClO=1.



OO0

205

210

260

270
2890

290
300

FB (M4 CALCULATIONS

FBOO=2,4#npM0O0O

DO 210 Ms1.10

FBXO (My=(,=##M)#DDMO0D

DO 208 |=14¢M

IF([\AQEQO\J) nUM=1¢

IF (M NF . ) bUM=¢, Sy us (M=)
FBXO(M)-FQYO(M)+C(MyJ)*DUM*((‘l.)**d)*DDMXO(J}
CONTINUF

- FBXO(M)=FBXO(M)# (1 4 (=],)#8M)

CONTINLIE

DO 250 N=1.10

FBOX {NY=nOMOX (N}

DO 240 K=1+N

IF(K.Eo N) DUM=DDMOD

IF (K NF.N) DUM=DDMOX (N=K)
FBOX(N)-PRﬁx(N)+C(N-K)*( S**K)*DUM
DO 230 U=14+K

IF(K,En,.)) DUMl=1,
IF(K.NF.J) DUMI=(.5%% (K=d))
IF(K.EQ.N) DUM2=DDMXO(J)
IF(x, NE N) DUM2= =DDOM(JsN=K)

FBOX(N)—FROX(N)+C€N1KJ*C(K9J)*DUM1*((-1 ) #e ) #DUM2Z

CONTINUF
CONTINLIF
FBOX(N):FROX(NJ*(1.+{-1-)**N)
CONTINUE

DO 3n0 mM=1,10

DO 290 N=1,10
FB(MoN)=(,54%M) #DDMOX (N)

DO 260 J=1!M

IF (M,En,.)) DUM=1,

IF(M_NE,J) DUM=(,54% (MaJ))
FBIMN)=FR{MeN)+ C(MeJ)#DUMR{ (=] led st JY#DDM{JoN)
CONTINUFE

DO 280 K=1aN

MK=M4K .

IF(N,Ea,k) DUM=DDMOO

IF (NJNEL.k) DUM=DDMOX (N=K}
FB(MyNY=FB{MyN} 4C(Ns K)*(.%#*(MK))”DUM
DO 270 J=1eMK

IF(MK.FQ,J) DUM=1.

IF(MK.NE.J} DUM= (o Sit# (MK=J} )
IF(NEQ.K) DUMZ2=DDMXO0(J)

IF (N NF,K) DUMZ2=DDM{JsN=K)

FB(M, N)aFH{MON)¢C(N KY#C (MK o) #DUM#S ( (m] o) #a ) #DUM2

CONTINUE

CONTINUE

FB(MyN)=FR (MsN)# (1, *(m) o) (M*N))
CONTINUE '
CONTINUE

PRINT 202040



303

304

ide
305

319
311

.312

313
3le

320
325

50

D-10

PRINT 29994KZe(1sI=1s10)
PRINT 20n0+sKZ9FRO0s {(FBOX (M) +sMZ1410)
PRINT 3000« (MyFBXO(M) 9 (FB(MsN) sN=1410) yM=1410)
IFtIK.FR,2Y GO TQ 310
FDOO=FRON

DO 3n3 M=z1.10
FDXO (M) =FRX0 (M)

DO 3n4 N=1+10

FDOX (N)=F30X {N)

DO 305 M=1410

DO 3n6 N=1410
FD(MeN)y=FR{MeN)

CONTINUIFE

CONTINNDFE

IK=p

D=DS

GO To &

DO 311 M=1.10

FRXO (M) =FRX0{M)=FDXO (M)
DO 312 N=14+10

FBOX EN) =F30X (N) =FDOX (N)
DO 314 M=1410

DO 313 N=1410
FBIMyN)=FB(MeN)=~FD (MgN}
CONTINUF

CONTINUF

CJiIy=n,

AI=ATNDUCTI(CJ)
RATIO=AT/((126E=6)#4D)
PRINT 20304 (CJ(T}eI=1910)
PRINT 2n4an+AI RATIND
AIQ=AT _
TEST=AT/(1.E*10)

00 370 I:]nNJ
DELTA{(T)Y=41

CALL MIN MPR{NJy1+DELTALCUSAINDUCT+TEST)
PRINT 2030+(CJ(T)sl=1s10)
AT=AINNUCTICJ)
RATIO=ATI/((1426E=~6)#8D)
PRINT 2n4n+AI+RATIO

IF (ARS((AI=AIO) /A1) 4LT.e00001}) GO TO 330
AlO=AT

DO 326 I=1-NJ
DELTA(T)=(+1)*DELTA(I)

GO Tn 1328

IF{IPLOT,EG.0) STOP
NNP=NNP 4

APT (NNP)=AT

APR(NNP) =RATIO

APD (NNP)Y =D

D=n+nE

IF(NNP,FN,?20) GO TO 350
G0 To =

CALL PLOT CT1(APDYAPIONNP 10498, 91H49TIT]143)

CALL PLOT CTI(APDIAPRvNNPoIO-'BfalH*!TIT2|5)



1000
2010
2020
2030

2040

2000
2999

5ToP

FORMAT (RF1n,.3)

FORMAT (#1 THE M DOURLEBAR ARRAY FOR D=#4E10.3//)

FORMAT (s//s% THE F ARRAY . FOR D = #,E10.3//)

FORMAT (# THE CURRENT DENSITY HAS THE FORM J0=1., AND J(1)

LTHRU J(1n) =%/410E12.3/7)

FORMAT (/# INDUCTANCE =#,E12.3,% HFENRYS AND THE RATIO OF THIS IND

IUCTANCF T0O THE INFINITE SHEET VALUF IS#sE12.3)
FORMAT(3X+I242Xs11E11.3 )

FORMAT (2X,11111/)

END



20

1n
15
2n

25

35

40

b1
bE

D-12

SURRAUTTNE MIN MDINVsKKsDLTsXsFOXyTEST)
DIMENSTION ﬂLT(i).XNEwtao).XNow(Rn).X(l)'DEL(?o)

XNFEW 4y =xNOw{4) =X {a)
TST=TF<T

NX=hy

NK=KK

NO 5 I=1,NX

XNOW (Ty=x Ty

XNEw (Ty=¥ (1)

DEL(TY=nL T}

FRNOw=Fny (XNOW)

FOLD=FnOw

NO 30 T=7140%

A=xNEW(T)
ANEW(I) =y NOW(T)+DEL(T)
FMNEM=F X (XNEW)
IF(FNEM.GE.FNow) GO T0 25
FNQe=FNFW

A=XNFW(T)

ANEWA(I)=xNEW(I wpa#DEL ()
FNEW=FAYX (XNEW)
IF{FNEN.GE.FNON) GO TO 3n
FNOW:FNFN

A=XNEW (1)

XNEW (Ty=n
IF(FNOW,3T.FOLDY GO TO 35
IF((FOLN=FNOW) aGT«TST} GO TO 50
D0 40 T=74NX :
DEL{I)=nFi_(I}/10.

NKZNK -1

IF(NKeGT,n) GO TO 2o

NO a5 7=7.NX

X(Iy=XNnuw(T)

RETURN

DD 55 T=71.AX%

T = XNow()

XNOW Ty = XNEW(T)
XNEW(Tyan uXNEW(I)=T
FNEW=Fnx (XNEW)
IF(FNEw,rE.FNOW) GO TO 6n
IF ({FNOWFNEW) oL T.TSTY 80 TO 60
FNOW=FNF '
GO Tn =n

DO &5 T=7 ¢NX
XNEW (1) =xnNOW (1)

GO Tn 18

END

MIN
MIn

MIN
MIM
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN

CMIN

MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MInN
MEN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN
MIN

20

30

40

50

60

70

B0

30
100
110
120
130
140
150
160
170
180
199
200
210
220
230
240
250
260
270
280
290
3oo
310
320
330
340
350
360
370
380
350
400
410
420
430
440
45=



iz2

13
4

D-13
FUNCTINN ATNDUCT(C)
COMMNN FROODSFBOX(10)+FRXO(10) *FR(10910) ¢ NJ
DIMENSTAON CJ(1)
DATA { Amilz] ¢26E=6)
SUM=FRoo & DEL=1,.
NG 1n M:;.NJ
AM=M
DEL=0EL¢CJ(M)*(l.*(-l-)“*(M+1))/{(AM*I.)*(E.**(M*ll))
SUM:SUM+CJ(M)“FHXO{M)
DO 12 N=1a.NJ
ANz
DEL=DEL+CJ(N)*(1."(-1.)**(N*1))/((AN+1.)*(2.“*(N+1)))
SUM=gUM4r (N #FBOX (N)
DO 14 M=) oAU
DO 173 N=7 WNJ
AN=N gy AM=t
DEL=DEL+CJ(M)*CJ(N)*(I.-(~1.)**(M+1))*(1.-(~1-)**(N*1))/

LOGAME] (y s (AN®]1 o) #2488 (MeN+2) )

SUM=SUMFR (M N) sCJ (M) #CJ (N)
CONTINIIF

COMTIMIIF

AINDUCT=AM#SUM/ (DEL#2,#3,14159)
RETURNM

END



APPENDIX E

Experimental Verification of MULTIFL Inductance Model

Perhaps the best inductance model that can be used in
MULTIFL is a hybrid of the two models'presented in Appendices
B and C. One model corrects for frequency effects and the
other for edge effects. However, to correct for both

- simultaneously it would be necessary to perform more com-
plicated integrations than those in Equation (C5). This
cannot be done at the present time; another approximation
must be made. The approximation is the following:

N 1. assume the d.c, inductance is given by the fourth
order calculations of Table C1,

2. fit the data of 1. to a polynominal function

]

L/4 = 1.257 x 10°° (D/b) - 1.910 x 10~° (D/b)2
for 0 = D/b = .1

1.069 x 1077 + 8,779 x 1077 (D/b-.1) - 3.021 x 10-7 (D/b-.1)2

i

for .1 < D/b

1A

1.

5.794 x 1077 + 1,722 x 1077 (D/b-1.)2 - 9.819 x 102 (D/b-1,)2

I

for 1. < D/b

A}

10.




3. correct the formula of 2, for frequency effects
by changing the true D/b to the "effective'" separation
distance of D/b + (6u + 5£)/2b

The accuracy of this procedure cannot be completely ascertained.
The fourth order inducténces are probably accurate to within

1%. The fit of (2) has only 3 independent parameters; the

first coefficient is Ko, and the curve and its derivative

are continuous at the two transition points. Using 3 coefficients
to fit a function over a range 4 orders of magnitude is a
difficult problem and the result quoted in (2) is not better

than 3%. The validity of the correction of (3) is hard to

assess. There isn't a true frequency or a steady state in
MULTIFL. 1In practice a "local time" frequency is defined by

w S\ L/q0)]

and transient effects are ignored,

The best check on this inductance model should rest with
experiments. Sandia Laboratories (3) have used an inductance
bridge to measure the change in inductance due to a change in
separdtion distance on a particular element, They converted
these relative inductances to absolute values by using the
infinite sheet formula (Equation (A7)) on a very small D/b.
They did not consider skin-depth effects explicitly, but
they did measure the inductances at a frequency of about

50 Kc¢ which is the resonant frequency of their capacitor bank

facility. Their data (read off a graph) is recorded in columns
(1) and (3) of Table El.
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In order to compare these experimental numbers with
the MULTIFL model several modifications have to be made.
Columns (2) and (4) are simple normalizations to compare
with the more generalized forms. Column (5) is the result
of applying a skin-depth correction to column (4). These
are the inductances that would have been measured if formula
(B7) had been used to peg the absolute inductance rather
than (A7). In detail, aluminum at 50 Kc has a skin-depth
of .0377 cm. The thickness of the flyer is ,0313 cm,
Therefore the average skin depth in the flyer and backstrap
is about .0345 cm and at D=0 the inductance should be

L/y = b, (.0345 cm/b) = 14.8 nh/m

rather than 0. Columﬂ (6) is the true separation distance
plus the average skin depth and column (7) is the final
MULTIFL model prediction. The comparison of columns (5)
and (7) are the comparison between theory and experiment
in the limited range 0 < D/b < .15, Agreement is better

than should be expected.

The discussion presented above verifies the inductance
theory for a single, isolated, finite-width element. MULTIFL
can operate on such an element or it can treat several such
elements in series and in parallel. For the more complicated
case it is not clear how edge effects should be treated,

It may be that elements which are completely surrounded by
other elements should be treated by the infinite sheet
approximation (B7). Final judgments on this point have not
been made, but several possibilities have been acknowledged

by allowing model options in MULTIFL,



APPENDIX F

Program MULTIFIL

Input to Program MULTIFL is in the form of 10 or more
data cards per problem. By stacking their data decks
sequentially, several problems may be solved in one computer

run, A blank card read as the first card of a data deck

will terminate execution of the program. All data cards are

read in a (10X, 7E10.3) format; all matrices are input by

rows. A label describing the contents of a particular card

may be punched in columns 1-10. Definitions of input variables
will be found in the Glossary of FORTRAN variables on Page F-25.
For a given problem, data cards and input variables must be

read in the following order:
l. One card containing: VC, C, RB, GB, ALB
2. One card containing: TP, DTC
3. One card containing: ANI, ANJ, ANPL
4. At least one card containing: D@ (I,J)
5. At least one card containing: DMAX (I,J)

6. At least ome card containing: B (I,J)

7. At least one card containing: ALENG (I,J)



P
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N

8. At least one card containing: AM@DL (I,J)

9. One to six cards, each containing: AIP, AJP

10.  Once card containing: RESV, ARES, CV, RH@, TH, RESB,
ADEL

Should the Polynominal Fit inductance model be used for any
flyer segment, two additional data cards are required. They

are;

11. One card containing: C11, C12, Cl13, D@Bl, €21, C22, C23

12, One card containing: D@B2, C31, C32, C33.

Test Problem

The test problem presented here is intended primarily
to illustrate the form of the standard input and output for
a multi-segemented flyer. Physically, it represents a flyer
configuration which will approximate a cosine impulse load

on a circular sample. One means of obtaining a load of the

form
T T
Impulse ~ I _ cos (8), 5 < 0 <5 (F1)
is to observe that
Current density o« width
and
Force = (Current)2 (F2)

In the test problem, the input values of B(1l,J) produce the
load defined in Equation (F1). The input data deck appears
on page F-3, followed by the MULTIFL printed output.
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AINDUCT

ADEL,
IDEL

AIJN(CT)
ATIB(F)
AIN
AI1Q
AIP

AJP

ALB
ALENG(T, )
ALEQ
ALL(J)

AMASS(I,J)

AM@DL.(T, J),

M@ZDEL (I, J)

Glossary of FORTRAN Variables

Function subprogram which computes the time-
dependent inductance of the (I,J) element

Skin depth effect flag

New current in J'th line
0ld current in J'th line
New current in main line
0ld current in main line
Row index of clogely monitored element (input)

Column index of closely monitored element
{(input)

Bank inductance

Length of (I,J) element
FEquivalent inductance of circuit
Total inductance of J'th line
Mass of (I,J) element

Inductance model associated with (I, J) element
= 1 for infinite sheet model :

2 for closed form model

3 for polynominal fit model

o



e,
4

AMU

ANCPP,
NCPP

ANT, NI
ANJ, NJ
ANPL, NPL
ARES
B(I,J)

C

CHK

Ccv

C1l1
c12
C13
C21
c22
C23
C31
C32

C33

- Number of time cycles per edit

- Maximum number of rows in flyer model

- Maximum number of columns in flyer model

Number of elements to be monitored closely
- Thermal coefficient of resistance

- Width of (I,J) element

~ Capacitance

- Minimum initial (D/b), for use with closed
form inductance model

— Specific heat of flyer material, (joules/oc-ms)

Coefficients used in polynominal fit inductance
model



DELB
DELF
DELTA
BIDT
DIJDT

DLDD

DMAX (I, J)

DN(I,J)

DG(T,J)

D@B1

D@B2

DPL@T (JJ, M)
DT
DTC

DTRAN

Skin depth in backstrap

Skin depth in flyer

Average skin depth

Time derivative of bank current

Time derivative of J'th line current

3L
oD

Maximum allowable separation distance of (I,J)
element

Updated separation distance of (I,J) element

Old separation distance of (I,J) element, read
in as initial separation distance

(D/b) at first change-over point in polynominal
fit inductance model

(D/b) at second change-over point in polynominal
fit inductance model

Stores separation distances for plotting
Time dincrement
Zoning parameter

Translated separation distance due to skin
depth effect



'
P
L\\ .

E(I,J)
EBAL (M)
EK

EL@ST

EGTH

EQR(J)

FQRFV

ERB
ET

F@RCE

GB

GQR

IP(JT)

J

JP(JI)

F-28

Energy deposited in (I,J) element (joules)
Stores energy balance for plotting
Total kinetic energy of flyer

Kinetic energy removed from problem as flyer
segments impact the sample

Total energy in bank

Equivalent resistance, in J'th line, due to
flyer velocity

Function subprogram which returns the equivalent
resistance due to flyer velocity of the (I,J)
element

Energy deposited in bank resistor
Total energy of flyer

Function subprogram which computes the force
on the (I,J) element

Resistance increase per unit increase in
deposited energy for bank

ARES/CV or a/C,

Row index

Stores row indices of closely monitored elements
Column index

Stores column indices of closely monitored
elements : '



L(I,J)

M

NY
AMEGA
BVERL
PE (M)
PI

PPL@ (M)
QN

Q@

Q0
R(I,J)

RB

RB@
RESB
RESV

RHY

F-29

Inductance of (I,J) element

Plot storage index

Time increment index

Print index

Bank frequency

sum of reciprocal inductances

Ratio of total kinetic energy to initial inergy
-

DPlot storage

Updated charge.on capacitor

0ld value of charge on capacitor
Initial charge on capacitor

Initial reéistance of (I,J) element

Resistance of capacitor bank and transmission
line

0ld value of bank resistance
Resistivity of backstrap
Resistivity of flyer

Mass density of flyer



RJI(I)
RA(I, J)
RT

SIPLOT (JJ, M),

TH
TIT
TIT1
TIT2
TIT3
TIT4
TIT5
TP

TT (M)
vC
VN(I, )

Va(1, J)

Total resistance of J'th line
0ld value of resistance of (I,J) element

1w

Stores, for plotting, impulse of closely
monitored elements

Time

Thickness

Plot title storage

Problem running time

Stores time coordinates for plotting
Initial capacitor voltage

Updated velocity of (I,J) element

0ld value of velocity of (I,J) element



V@LT (M)

VPLGT (JJ, M)

wo

- Stores values of voltages on capacitor for
plotting

- Stores, for plotting, velocity of closely
monitored elements

~ Initial bank frequency (used in time step
calculation only) '




PROGRAM MULTIFL
F@RTRAN SOURCE DECK LISTING
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PRAGRAM MULTIFL (INPHUT,UTPUT)

COMMUN TP (6) 9 UP(B) s ATJO(10) yATINILIN) v ALL (1A sRU(10) yEQR(10) « TT (101
LY sWoLT(101)ePE (101 yEBAL(I0T) »ATPL(101) sPPIO(LINT) 9N0(1N+10) ¢aN(L10,
C10) B (10s10) s ALENG (10910} sE110,10) sVO (105 10) pUN(10510) 4R (104100
JROC1N910) s AMASS(10s17) 2L {10410) +NPLOTLA2101) s VPLOT (451010 9SIPLNT(6
G91N01)YeM1AX (10410

DIMENSTON TIT(Q)4TTT1(9)sTITE(0),TITI(9),TTT4(0),TITR(9)

DATA (TIT(1)=RHCAPACITO)»(TTT(3)=8KHR VALTAR) s (TIT(3)=RHF VS TIM),
L (TIT(4)=8KF (1SECY)

VATA (TIT1(1)=RHCARACTITO) o (TITT (2) =RHR CURREN) 4 (TIT1(3)=8HT (aMPS)
1Yo (TITI(4)Y=8H y§ TITME)

DATA (TIT2(1) =aHEFFICIEN) s (TIT2(2)=BH0Y VS TI} 42 {TIT2(3)=RHME
i)

DATA (TTIT3(1)=9HSELARATT) + (TIT3(P) =RHON DISTA) 4 (TIT3(3) =BHNCE (MIL
1) (TIT3(4)=RHS) OF T4)s(TITA(5)=RHJ ELEMEN) ¢ {TIT3(6) =8BHT VS TIM),
2 (TIT3(7)=r4E (USEr)) : : ]

JATA (TTT4(1)=AHIMPHLSE )4y {TITa(2)=8H(TAPS) 0) 4 (TIT4(3)=RHF 1, EL
I o (TITa(4)=3HEMENMT VS) o (TTT4(S5)=8H TIMF (U) s (TIT4({A)=RHSFEC) )

DATA (TITS(1)=24VE) OCITY) y (TITE(2)}=BH (nAM/USE), (TITS(3)=BHC) VS TI
1) s (TITS (4) =AHME (USEC) o (TITS (S) =AH) )

REAf .

COUMMON /FCTN/ £1190129C13,D0B14C214C2240234N0R2+0311C324C33 9 AMU
1CO T e DELTAS To e HORFL{1N410)

DIMENSTION A4ODI (106,10}

EQUIVALENCE (AMODL , MODEL)

DATA AMUSCHKsPT/1 7AE=bB4] FuDe3,141592653580703/

INPHT SECTION

READN 1000,VCsC4RR,BR,ALR

IF (VC.LE-Q.) ST‘:]D]Q

REAn In00,TReDTH

READ 10004ANT eANIyANEL

MI=ANT $ HNJzaANJ g NP BAMD.

READ 1000, ((nn (TeJYod=laN 1} sT=19NT)
REAN 1000'((DMAX(10J)1J=19NJ}II=]9NI)
READ 1000, (IR(Ted) sd=1eNd) 12T 4NT)

RELY 1600, {TALENG(TadY 9d=14NJy o I=1eNTY
REAN 1000 ((AMODL (Ted)s J=TeN. 1) e T=14NT)

NP MUST NOT Enuabl 0

DO 1 JJ=1.4

IF{ JJ=NPLY 242,4

READ 10004aTRP,4A D

IPtJJ)=alP FJR (Jh=adP

GO TO 1

IP(Jdy=0 FJR (S =0

CONTINUE . A -
READ 1000s RESVyARESsCVeRHO,TH,RESRADEL
INEL=ADEL

COMP=1NHND

IF (IDELMF,D) CONP=10HYES

DO 32 T=lent

B0 32 Jd=148)

MONEL (IsJ)aTFIx (AMADL{T4J))



3z

K=MODEL (I ¢ J)

GO TO (21422+s23)y X
VN{TsJ)=10HINF, SHEET

GO TO 24

VN(I+ ) =10HCLOSE FNRM

GO TO 24

VN(TsJ)=10HCURTC FIT

IF (MODEL(T+J) NFe?) GO TO 132 ,
IF (DO(Ys ) /R(TsJ) oBTCHK) nO TO 37
PRINT 31s TyJpHK

SToee

CONTINUE

“IPF=0

DO 33 I=1,nT

DO 33 Jz=1l,.N.J \ .

IF (MODEL(TsJ).NEe3) 6O TO 33 _

READ 1000y €114C124C139sN0R14C214C22+C23
READ 1000, NOR?,C31,032,C33

Ipp=)

GO TO 34

CONTINUE

INITTIALIZATION

CON1=0.5%AMU/PT
CON3=SART (P2 #RESR/AMU)
COM4=SQRT(2.*RESV/AMU)
DELF=TH

DEI.TA=0.

ANP=99, ‘

T=n. $ ERR=0, $ M=l $  Ne=0
Q0=~-CHyC « ATO=0, § N=0

RBQ=RB

NY=g0

Q0=Q0

OVERL=f0.

GGR:O .

IF (CVaGT-O-) GOR=ARES/CV

GO R U=leMN

RJ(J) =0, $ all{)=0.

EQR(J) =0,

ATun{d)y=0,

DO 5 I=l,NtT

E(TeJd)s0,

VO(I!J)=00 . -
RO(I-J)=RESV*ALENG£Iad)/(TH»B(T;J))
RJI(JI)I=RJI(I) +RO(T s ) _ .
AMASS (I J) =RHOBTHHR (T4 J)PALENG (T J)
R{T+J)=RO(IyJ}

LYo J)aAINDUCT (ALENG(T o) oDO(TI ) 9B (Tsd))

ALL G =ALL (D) +L (10 )
CONTINUE
OVERL=0OVERL+1,/aLL ()
CONTINUE
ALEQ=1+/0VERL+ALB



an
40

o e e |

DOOD

[ e I

o0

120

41

OVERL=0OVERL +14/4LB
TIME STEP CALCULATION

Wiz (ALEQ#C) #3 (=,5)
OT=nNTC/WO

DT = 0,8%#DT

IAR=0 B
IF(NT=1.0) 40+50¢5n
I1aP=TIAP+]
DTﬂDT”onD

GO TO 30

CONT INUE

IN=NT

DT=ID

DT=NT#1 0044 (=1AP)
ANC=TP/DT

ANCPP=ANC /ANP
NCPP=ANCPP

IF (NCPP4LTL10) NZoPP=10

INTTIAL PRINTING

PRINT 10204VCsCoPRLGR4ALRB
PRINT 1030+TPyNTCHNT
PRINT 10404RESV.ARFSyCVIRHO,TH RESP
PRTINT 1050 ' _
PRINT 1060y ({ToJoR{IsJ)sALFNG(T o) sDN(ToJ) +DMAX(T4.) sVNI{Tad)s
1 J=leidYe T=lenNT)
IF (IPF,NE,0) PRINT 10629 C11eC129C139D0B14C214C229C234N0B2,4C31
1C372.C33 ‘
PRTNT 1063s CON2

BEGINNING OF TIME fYCLF

ELOST=0.
ATN=0s % FT=n, % EK=0,

UPDATING OF POSITIONS VE| OCITIES,CURRENTS,ENERGIES,VOLTAGES
AND CHARGES

DIDT=0,
DO 120 J=1,NJ
DINT=DTNTw(R0/A+ATO#RBO+ATIO(J) # (RJ(J)+EQR (J) )}/ (ALL (J) #OVERL#ALB)
CONTINUE
ATN=ALO+DIDT#NT
IF (IDELJER.D) GO TO 41
OMEGA=SQRT (ABS (DIDT/Q0) )

RT=1+/SQRT (CMEGA) -

DELR=CON3#RT
DELFaCON4#RT |
IF (DELF¢GT+TH) DELF=TH

DELTA=0,5# (NELR+DELF)

DO 200 Jml,NJ
DIJDT:-DIDT#ALB/ALL(J)-(Q0/r+ATO*RRO*AIJO(J’*(RJ(J)+=GR(J)l)/

LALL (D) .



o

OO0

225

250

D OD

MO OO
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ATUN(J)=ATJO(U)Y +DTENTIDT

DO 150 I=1,NT

VN{T o) =VO(TsJ) +DTHFORCE(ALENG 1T 5J) 9B {T9J) AMASS(1,J)4ATJO(J)
1 Dntlsd))

DN(Ied)=DO(Ted) +DTHVO(IsJ)

IF(ON{TIsJ) sLT«DMAX(Tsd)) GO TO 130

ELOST=ELOST +«S#AMASS (T ) # (UN(T4J) ##2)

VN(I9J)"00 ,

E{ToJ)=E(Tsd) «(ATJOLI##2)8RO(T+J)#DT

ET=2ET +E(TsJ) +,5#8MASS{I ) #VA(T o) #82 s, S8l (ToJ)#ATIO(J) 822
EK=FK +.S*AMASS(I¢J)*VO(I Jywes

CONT INUE

CONTINUE

ERR=ERB+ (ATO##2) #RRO*DT

UN=QQ +DT#ATO oo

EOTH=S ERRB + 54 (Q0##2)/C + ,S%*(at0o##2)#alB

UPDATING (F RESISTANCES aND INDUCTORS AND OLD TO MEW CHANGES

RBO=RB+GR#FRA

OVrRL=Oo .

DO 250 J=14NJ

RAU) =0, $ ALL{.D=0n.

EQR(J)=0.

ATJO(JY =ATIN (DY

D0 225 I=14NI

RO(Is N =R(T eI #(1e+GORYE(TLs N/ (RITs D) #*DELF#ALENG(Ts ) })
RICIY=RJI(JY+RO (T 9 J) .
L{TsJ)=8INDUCT(ALENG(IsJ) oDN{I,JYsR(T19J))

ALL (Y =all{ D) +«L(Ts) _

VO(TsJ)=VNITed) $ NO(TsS)=DN(TsJ)

EQR{J) =EQR({.J) +FARFV (ALENG (I, J);VN(T-J),RtI-J)-nN(I;J))
CONTINUE :
OVFRL=0VERL +1./ALL (.}}

COMTINUE

OVERL=OVERI+1./ALB

QA0=QN

VLO=VLN

ATO=AIN

CHECK FOR PRIMTING

IF({T«GEL.TRP}Y GO TO 500 ,
IF( MOD(NJNCPP) ,EQ,0}) 60 TO S00
T=T+0OT

Nansl

G0 TO 100

TT(M)ST#(1n,4%(+6))

VOLT (M) ==aQN/C ,

PE (M) =C#28 (EK+ELOST) /(Qo%w2)
EBAL (M) 2{ET+EOTH+ELOST) #24C/(Qnhu2)
B0 510 JJaleNPL

IPP=IP(JJ) '

JER=aJR (UJ)
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DPLOT(JJaM)= DN(IPPyJPP)#(17.%85) /2,54
VPLOT(JJsM) s UN(IPPy JPP) ¥ (10, %s (=4))
STIPLOT (JJyM) = AMASS (TPP, JPP) #VN (TPP, UPP) / (R(IPP, JPP) #ALFNG (TPP, JPP
1)Y#(10a)
510 CONTINUE
AIPL (M) =AIN
IF(MON(Ms5B) JNE,1) RO TO S50
MN=12+NI#NJ
MM=g0=NY
IF (MM LToMN) GO TO 512
PRINT 2001«TT(M) sVOLT (M) 9 ATPL (M) 4N
GO TO 513 )
512 PRINT 2000, TT{M) s VOLTI{M) s ATDL (M) 4N
NY=(
513 PRINT 2005
PRINT 20104 (ATUN(J) s d=1sNJ) -
PRINT 2020 -
NY=NY+12
D0 520 I=14NI
NO 515 J=1.NJ
NYzNY+1 § IF (MOD (NYs60) ,ENn, 0y PRINT 2021
NY=M0D (MY 9 40) '
PLONSDN(Ts Uy # (10,0%45) /2,54
PLYNSVN(T50)%(10,08%(=4)) o
PLE =E(I9J)/(AMASS(TsJ) %4,186%(1na0%™3})
PLIMP =AMASS(Ty ) *YN(Ts ) #(1047)/(R{I+JI*ALENG(Tsd))
FFﬁFORCE(ALENGtIsdi-H(IoJ)sEMASS(IoJ)9AIJN(J)sDN(IaJ))
PLPAR= (FF#TH#RHO) # (100" (=8) )
PRINT 2030;tgJ.DLDM,PLVMoPLF’pLIMPgpLPR;RO(IOJ)9L(10J)
15 CONTINUE
0 CONTINUE
IF (IDELeNELO) PRINT 2110 OMEBAWDFLF+nNELB

50 T=T«DT
Mazpwl
NaNa+]

GO TQ 100

600 PRTNT 2040
M=M=
IF(NPL.NE.1) 60 TO 620
PRINT 2050,TP (1) 9JP (1) 9IP (1) 9JP (1)
DO A10 K=14M .
PRINT 20604 TT(K) sVOLT(K) s ATOL (K) s ERAL(K) sPE(K) ¢ NPLOT (14K) $SIPLOT (]
1eK) :
IF(KuNFE.50) GO TO 610
PRINT 2040 .
PRINT 20504IP(1)sJP(1)s1P(1)9dB(1)
A1 CONTINUE
620 IF(NPL.LT.2) GO TO &3¢
PRINT 2070+ IP{1) sJP (1) s TP(1Y2JP 1) o TP{2) s JP(2) 4 TP (2) 4y UP(2)
PRINT 20605 TT (K) 2 VOLT (K} 9y ATBL(K) s ERAL (K) o PF (K) yDPLOT (14K) 9SIPLOT(]
1K) #DPLOT(24K) s STPLOT(24K) : : S



-

H25
4390

640
660

665

a65

6HAT

670

1000

1020

1130

1040

1n50

1060
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IF(KsNEL50) GO Tn 425

PRINT 2040

PRINT 20704TP (1) e dR{1) e TP (1Y) 2R (1) IR (2) 5 JP(2) yIP(2) s JP (2]}
CONTINUE

IF(NPL.LE,2) GO TO 660

PRINT 208¢ '

PRINT 20904 TP (3} 9P (3} 9TP(3)9JP(3)sIP(4) s P (4) yIP(4) ¢ JP(4) s 1P (S}
LJP(S) s TP (B) s JP (S) 9 TR {6) e JP(K) s TR (&) 9 JP (B)

DO 840 K=z]eM

IF(NPL,EQs3) PRINT 2060sTT(K)snPLOT(3sK) sSTPLOT(39K)

IF(NPLoEQe4) PRINT 20605 TT (k) snPLOT(34K) sSTPLOT(39K) »DPI.OT (4sK)
1 SIPLOT (4 4K) '

IF (NPL.EQsS) PRINT 20808 TTIK) snPLOT{3sK) e STPLOT (33K) +NPLOT (44K o
L STPLOT(4eK) 9sNPLOT(SyK) 9SToLOT(S.K)

IF(NPLLEQ,A) PRINT 2060, TT(K)snPLOT(3,K) sSTPLOT (34K) «DPLOT (4,4K),
1 SIRPLOT(4sK) sNPLOT(5+K) #SIBLOT(54K) sDPLOT (64K) +SIPLOT (A9 K)
IF(KsNEL50) G0Q TO 440

PRINT 7080n

PRINT 20905 1P (3)sJP(3) TP (3)9JP(3)aTP(4) s JP{4)+IP(4) 4 JP(4) s TP (5))
TJP(S) e IP(S) ¢ JP(S) s TP (6) s JP (A} 9 TP(6) s JP (K)

CONTINUE

CALIL. PLOT CT1(TTaVOLT eM, 10..8..1H#gTIT.a)

CALL PLOT CTL(TTsAIPLIMol0wsBaalH#sTIT1s4)

CaLl PLOT CT1(TT, ngMQIOUQBuelH*iTITEQ31

DO A70 JJHl,NpL

DO 865 K=1,M

PPLO(K) =DPLOT (.)JsK)

CAt.L PLOT CTl(TT!ppLOQMs10.08-,1H*!TIT3!7)

PRYNT 210051P (JJ) ¢ JP{JJ)Y

DO 666 K*IQM

PPLOIK) =SYPLOT (JUJyK)

CALL PLOT PTI(TT ppLO My 10|18011H*,TIT¢96)

PRINT 21009TP(JJ)9JP(JJ)

DO ABT K=1eM

PPLLO (K} =VPLOT (JJaK) , _

CALL PLOT CT1{(TTsPPLOIMs10ssBes H*sTITSe5)

PRINT 21009ID(JJ)9JP(JJ)

CONTINUE

G TO 6AD

FORMAT (#0ERROR SToP. INITTIAL (N/R) OF#,213,#% FLEMENT MUST RE GRE
1ATER THAN®#3£10,3)

FORMAT (10Xs7E1n,3) ‘

FOPMAT(//#1CAPACITQP VOLTAGE=#4FE10.3+%(VOLTS) CAPACTITANCER®#,E1n.3
Lo # (FARADS)#/% INE RESISTANQE=#,FE10.39%# (OHMS) AND LINE G=%eF10.39
2% (OHMS/JOULF) # /4 LINE INDUCTANGE=#,E10,3s% (HENRYS y#///)

FORMAT (#* PRORLEM RUNNING TIMES®# 4 Flne3e#{SER) DTC=#-E10 3% CAlLC
LULATED TIME STEP=#4£10.39#(QECY®//)

FORMAT (# FLYER CHARACTERISTICSa 4 RESTISTIVITYz#,E10e394 (OHMS-METER
1)  COEFFICIENT OF RESISTIVITY=# F10.3s%(/C)%/#% SPECIFIC HEAT=#,£10
2e3¢# (JOULES /C=METERS3) NENSITY=#4E10,3¢# (KG/METER3) # /9 THICKNESS
3=45E10e39# (METERS) #/%9RACKSTRAD CHARACTERISTICS=*/* RESTSTIVITY=%,
4E1n0.39% (OHMS=METER) #//)

FORMAT (% INITIAL VALUES OF MATRIX ELEMENTS==#%,/4 ROW, COLUMN, WIDT
1Hs LENGTH, SEPARATION DISTANCE, MAXIMUM SEPARATION DISTANCEo AND 1
2NDUCTANCE MODEL*/)

FORMAT {1X92I5,4E13,3,5%s417)



1162

1763
2000

2001

- 2005

2010
7020

2030

2nzl

2040

2050
2060
2070
2NR0

2090
2190

2110

F-39

FORMAT (#0COEFFICIFNTS FOR CUBIC FITi#/% C11 =#4F134345Xs%C12 =%
1E134355Xy#C13 =#9E13,3s5Xe%(D/R) AT FTIRST GHANGE =#,E13,3/% C2] =%
2rE13e355X9#022 =4#4F13,3,5Xs#C23 =#,E13,395Xs#(N/B) AT SECOND CHANG
3E =#sE12.3/% C31 =ﬁgE13.395X!*E3?_ =#IF13,3+5X98#C33 =#,E13,3)

FORMAT (#aSKIN NEPTH EFFECTT #,A10)

FORMAT (//#1 TIME=%,E10,39#(USEC)  CAPACITOR VOLTAGE=#sF10.3+%(VOL
17S)  LINE CURRENT=#,E10a3,%(AMPS) CYCLE NO,=#,15,/)

FORAAT (//%  TIMES*4E10.39#(USER)  CAPACITOR VOLTAGE=#+F1043,4 (VOL
1TSy  LINE CURRFNT=#4E10s398 (AMPS) CYCLE NO,=#415y/)

FORMAT (# PARALLEL CURREMTS TN AMPS FROM J=7 TO JzN.J#)

FORMAT (10X 10E1242)

FORMAT ( / /% RO COLIIMN SEPARATION VELOCITY
15PECIFTIC TMPUL SF MAGNETTC RESISTANCE InDUCTANC
PEN % T J NISTANCE {CM/USFC) ENERG
3y (TAPS) PRESSURE (NHMS) (HENRYS) #/,28X

G® (MILS) #4228 (CAL/GRAM) 89 79X, 4 (KR) #/)

FOPMAT(I?aI1ns1anEQ.2,5X;E9.2.5x-EQ.;;&X.FQ-Z»AX;EQ.2-7X.Eq.2,5X;_
1£9.2) ;

FORMAT (/ /%1 ROW COLUMN SEPARATION VELOCITY
1SPECIFIC TMPU|SE MAGNETIO RESISTANCE INDUCTANC
PEW /8 1 J DISTANCE {CM/USEC) ENFRG
3Y (TaPs) PRESSURE (OHMS) (HENRYS) #/, 28X
GoR (MILS)#422X 94 (CAL/GRAM) $#979X# (KR} # /) _

FORMAT (#1#411X,%TIMF CAPACITOR RANK ENERGY
1EFFICIEMCY SEPARATTON IMPULSE SEPARATION IMPULSE /411X
2 #(USEQ) VOILLTAGE CURRENT BALANCF#419X e (MILS)

3 (TAPS) {MILS) - {TaPS) ™)

FORMAT (36X o # (AMPS) 4331 Xe# Izt 1048 Jutty 244X odIzty]Re % |a2¥e2/)

FORMAT (5X,9E13,2)

FORMAT (36X ot (AMPS) #4931 X4 (#T=#,T29#% J=#,12,4X) /) '

FORMAT (#14510X,%TIME#,6X s #SFPARATION IMPULSE SEPARATION

1 IMPULSE SEPARATTION IMPULSE . SEPARATION IMPULSE®/ 411X
21“(USECJ*96X!4(*(MILSI“QSX’?(TEPS)*Oéxi ) :

FORMAT (21X 8(#Tz®yTD,% J3H e T2e4X) /Y

FORMAT (/#*  PLOT REPRESENTS FLEMENT IN ROW=#,13, # AND COLUMN=S#,
1I3)

FORMAT (#0RANK FREQUENCY s#,E10,3s# RADIANS/SEC,#¢SXs#FLYER SKIN D
1EPTH =#4E1ne3s% METERS#,5Xy#BACKSTRAP SKIN DEPTH =#,F1n.31% METERS
Ry ' '

ENN
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FUNCTION FORCE (FL4FB34FMsFI,FNy -
COMMO®T /FCTN/ C1190129C139DNB1,C219C229C234N0R?,C31 90324033 AMU.
1CONT«DELTATsJsMODELt10410)

C
KeMaOE {1,010
GO TO (10420930)y
14 FORCES AMUSFL# (FI#%2) / (Pe#FQ#FM)
HE TN
n
2 DTRAN=FN+NELTA
DRAR=DTRAM/FR
DRARZ=IIRARENRAR
Az, +0RARD
Bz=1 . =DRAR?
C=2,#1RAR
OLDD=(CONTHFL/FR)# (Co (1, +(Bu24) /A«ALUG (DBARZ/A) ) +4 ,#ATAN (1,/DBAR))
FORCE=(n5/FM} #F I#FI#DLDD
RETURN
n
34 DTRAN=FD+DELTA
RR=1:/FR
FACT1=DTRAN/FS
FACT2=FACT1-DOR _
IF (FACT2) 40s&0eBN
41 DLND=(RB#(C12+2 ,#FaCT1#C13) ) #FL
GO TU &p
5 FACT3=FACT1=D0R2
IF {(FACT3) &04a0470 B
A9 DLPAN=(RE# (02242  4FACT24#023) ) #F)
GO TO 80 _
7 DLON=(RR# (13242 ,#FACTI#C33) ) #F|
R FORME=(DeB/FMYFI#FI#DLDD
RE TUHRIM :
r
Exm
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FUNCTTON AINDUCT(FLFDsFR)
COMMON /FCTN/ C119€12+C134DnB14C214C22+C234N0B25C3116324C334aMU,
1CONT9DELTA, T4 JoMODEL (10410)

DTRAN=FD+DELTA
K=MODEL (Ty.0)
GO TO (104209300, K

AINDUCT=AMU%F| #NTRAN/FR
RETURNM

DBAR=NTRAN/FS

RiRAR=1,/DRAR

DBARZ=NBAR#NB AR

A=1.+08AR?

Bx1,~DBARD _
ATHNAUCT=CONT#FL 4 (R8ALOG (A) +DBARP2#ALOG (NRARD) +4  #NBAR#AT AN (KNDRAR) )
RETURN

FACT1=DTRAMN/FR

FACTZ2=FACT1=N0A1

IF (FACT2) 40440450
AINDUCT-(CII+FACT1«(C12+FACT1*F13))“FL
RETURN

FACT3=FACT1-D0R2

IF (FACT3) g0440s7N _ ‘
AINDUCT=(C21+FACT24(C22+FACT2%023) ) #F)
RETURI )
AINDUCT=(C314FACTI® (C32+FACTI#C33) ) #FL
RETURN

END
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FUNCTION FQRFY (FLFV4FRBFD)
COMMON /FCTN/ €119612+C135D0B1,C21+¢C224C234D0BP¢C319C32+C339aMUy
1CON1sDFLTAy ToJaMODEL(10,10)

KsMODEL (T 4.4
GO TO (1l0+20e30)s ¥

1~ EQRFV=AMUBE | #FY /FR
RETiRN

2n DTRANSFD+DELTA

DRAR=NTRAN/FR

DHARZ=DRAR®NBAR

A=1,+DBaR?

B=1,=DHAR2

C=p,#NDRAR

DLQD*(CONI%fL/FB)*(P*(I +(Ba?a) /A+ALOG{DBARZ/AY ) +4 ,#ATAN(1./DRARY))
EQRFV=DLDN#FV

BFETURN

3 DTRANSFD+NELTA
RR=1+/FB
FACT1I=DTRAN/FR
FACT2=FACT1=DORY
IF (FACT2) 40440459 .
4n DLnD=(RB¥* (C12+2 ,#FACT1#C13) ) ¥F|_
G0 TO 80
&0 FACT3=FACT1=-D0OR2
IF (FACT3) 60460977
a0 DLDON= (REB#{CP2+2  #FaCT2#C23) ) #F|_
GO TO &H A
7 OLDN={RBH(CR2+2,#FACTIHC33) ) *F L
3N EQRFV=OLNN*FY
RETURN

Enin



- SURRUUTINE PLOT CTY (XeYINX o XLNsYLN9ISYMaTTTLE ¢NT)
DIMENSTON X (1) oY (1) s TITLE(IY2IDLT(121) +XAXTS(1T) PLOT 10
: UDAYA {I5P0=1H )4 (IPER=1He) » (1P S=1H+) PLOT 2y
- [MTEBER YAXTS FLOT 30
~ PLOT  4n
- N i M PLOT 50 -
. NS 2S04+ PLOT a9
D aNS e ] SLOT 70
Mm [ YIN®S L) S b, PLOT Hn
Y Ry + ] PLOT 490
ZhNesiy ‘ PLOT 180
ChiL SCALFE (e NY e XLNg XMN 4 XSCALE) PLOT 110
CALL STALE (YN, ZN, YMN,YSCALE) PLOT 120
r PLOT 13n
; FUTLE THE oL0T | PLOT 140
b : PLOT 18n
FF(HTL5Ta0) GO TO 30 PLOT 14D
PRINT 1030 PLOT 170
G0 45 ' PLOT 1ag-
T FRTUT Ja304 tTITLF(T) e I=1eNT) : . TPLOT 199
4 PRTGY 1040 PLOT 200
> PLOT 210
o PRINT THE PLOT ONF ROW AT A TIME PLOT 220
, o ' PLOT 230
G250 T=1eNY 20T 240
B0 100 J=2NS%) PLOT 250
160 iPLT(J) = YSPQ FLOT 2AnN
- IPLTU1) = T1PER PLOT 270
- IR TtNS1) = IPFR ) PLOT 2r0
YAXTS = IsPe ' PLOT 290
Cods(T=1) /4 PLOT 300
4 TEt%a MNE, T=1) GO TO 150 PLOT 310
IPLT (1) = TPLT(NS1) = IPLS _ PLOT 320
PFITuNF 1 ANNDGTLNELNYY GO To 120 PLOT 33¢
0TI0 L=)anS o LLOY 340
PorTHLY = 1BER PLOT 350
L= S 0R]10.FRel =1} TRET(L)=TPLS : PLOT 3/0
IO T INUE PLCT 37n
120 &L= (NeJ)#YSCALE +YMN _ PLOT 3R
EHCODF (9910009 YAXISY AL PLOT 390
e ' PLOT 400
. TALUILATE THE P T PoSITTONS ' - PLAOT a1n
- _ BLOT 4zn
TR 10 wm ], N ' PLOT 4130
TR INTe (Y OK) =YY /YSCALE PLOT 440
I¥ayPOIMNTsa, + & i BILOT 450
TymNY =Ty ‘ PYOT 48Q
- IFTIYLHEeIY G0 Ty 180 PLOT 470
. FA = (K(K)=XMN)/XSCALE#10,+1.5 : PLOT 480
: IF(IXeGTeNST) TX=NS} : _ PLOT 49n
Py LPLTUIXY = 18Yw PLOT 5ng
189 CONTINUE _ PLOT ®10
‘ BPRTHT 1030 VAXISe {TRLT () sJ=l9NS]) : PLLOT B2n
200 GONTINUE ' PLOT 530
! IFACT=ALOGIO {10, XSCALE « XMN) S : ' “PLOT 540
4y 00 250 I=14nN52 : : PLOT 550

7 B=7=-1 : PLOT 540



250
™ 1000
1(‘-1:‘!
- Tnegn
- 103";
Loan
1oy
r
i 4
-
<

XAXTS{T)=(REXSCALE+XMN) /(10 #¥TFACT)
PRYAT 10204 (XAXIS(J) s J=19NS3)
IF(TFACTANEL0) BRINT 1050, 1FACT

HF THIRN

F-aT (9.0

Fopaaft A 42,4 121A)

FORAT /Y 13RI L4)

BY  1a @« T3

PLOT
PLOT
eLoT
PLoT
PL.OT
PLOT
PLOT
PLOT
PILOT
PLOT
PLOT

570
SAn
5an
00
AL0
20
&30
q4q
A5
HA1)

LT~
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SURROUT INE SCALF (XgNXsSyXMInyDY)Y SCAL
SCAL
THIS SURROUTINE FTINDS MAXTMUM AND MINTMUM VALUE TN THF SCAL
ARRAY Xo [T THEM ADIUSTS THFSE TO OPTIMIZE THF PILOT WHILE SCAL
MATNTAINING RrASONABLE VALUES FOR AXIS ANNOTATION, Scat
SCAL
ARGUEMENT SCAL
X - ARRAY T0 BRE SCALFD FOR PLOTTINA. SCAL
H - NUMARER OF PAINTS 1IN ARRAY X SCAL
g ~ LENGTH OF THE aX1S OVFR WHICH THESE NUMRERS ARE SCAL
TO RE APPLTED. scaL
XHIN -« MINMIMUM VALIE oF X ' SCAL
X ~ INCREMENT Of VARIARLE FOR ONE INCH TICK ALONG AXISSCal
SCAL
DIBENSTON X1« DXX(7) SCAL
BATE (DRAZ1.52.92 =,4..q.;10.yo0.) ' ScAL
‘ DETERMINE MAXTMUM AND MINTMUM VALUFES oF X SCAL
. = X SCAL
XS = X SCAL
BN 10 T=l,.N¥ SCAL
EF (XLoLTeX (1)) XL=X(I) SCAL
IF(XSeGToaX (1)) XS=X () SCAL
CONTINUE SCAL
DS= {XL~XS5) /5 SCAL
IF(NS.GT-0a) GO TO 20 SCAL
PRYNT 1008, (X(T)41214NX) SCAL
STop sCal
. DETERMINE VYARTARLE INCREMENT, SCAL
I':{‘j
wn:—l ggﬁt
IF(NS,LT.1.) NN=1 sCal
LF(NS,6Ee1448NN,DS,.1 Talns) A0 T0 49 SCAL
CERDER] 0 BeNn SEQL
G0 OTO 30 ;&At
L= cra
el soal
yxﬁwxX(L} sSCal
FiNS.BTenX) 60 TO ®Bo S5CAlL
NXmiyX /) §atun . SCAL
’x =4S /NX SCAL
LFAM5LTe0e 2 ANDe XSeNFLIX#AX) IX = IX-q SoAL
X0y : SCAL
HeSenY LT XL®,99995) a0 T0 S0 5L
[ Al
FOPAAT (1M1 #ERRNK TN INPUT ARRAY ToO SCALE#/(1H F18e103) EEAE

EMNn

10
- 20
35
4l
51
&0
70
a6
a0
100
110
120
130
140
150
160
170
180
1549
200
210
220
23n
240
2590
25l
270
230
294
200
310
326
220
340
3280
2R
376
T
3ash
LG
G0
420
& 30N
Loy

asl



