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ABSTRACT

Documentation is presented for two new computer codes modeling the
behavior of compressed magnetic field current generators. Code output
regsults for typical generator configurations are presented and compared

to experimental results.
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I.. INTRODUCTION

The generation of large surge currents by explosively driving conduc-
tive armatures into magnetic fields hag been the subject of several investi-
gations.l’2 Basic features of a typical compressed magnetic field (CMF)
device utilized in these studies are illustrated in Fig. 1. Briefly, the
device is composed of a thin, c¢cylindrical, metal armature explosively ex-
panded into a magnetic field proiuced by current flowing in a coaxial,
hélical coil, If it is assumed that the conductivity of both armature and
coil remained sufficiently higi during expansion that losses from flux dif-
fusion and by ohmic heating maé'be neglected then flux conservation

considerations result in a pred, cted current of

: IL ,
(8) =gy (1)

where T _, I(t), and Ls L(t) areiinitial and instantaneous values of current
and inductance, respectively, Since, as will be discussed in a following

section, L(t) would be eipected ﬁo decrease during device operation, a gain
in I(t) would result. It should ;1so be noted that the magnetic energy (Em)

of the system is given by Em(t) =§ﬂ(t)1(t)2 and thus from Eq. (1)

2 IO

. 2
Em(t) ; (i)w (2)

and the conve?sion of chemical to nagnetic field energy is also proportional
to the current gain,

Although Eq. (1) is deceptivesisimple, its application to systems of
practical interest has proved to'bjaifficult. Two basic types of problems
are encountered in system modeling The first is that of expanding Eq. (1)

to include realistic system losses Included are IER heating losses in the
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conductors (where, because of skin effect, the actual effective conductor
cross section is time varying) and flux loss by diffusion into and

through conductors; i.e., fiux trapping. In this report only I2R losses
will be treated in detail, Logses resulting from flux trapping and skin
effect resistance phenomena must, at present, be approximated. A second
major problem in the application of Eq. (1) to CMF devices of engineering
importance is the'specification of the time dependent inductance function,
L(t), for relatively complex geometries. Previous CMF device models have
utilized long solenoid inductance functions which provided poor estimates
of inductance at late times when the coil has been reduced to only a few
turns. It is our intent, in this report, to describe a more general speci-
fication of inductance which is valid throughout the operating range of CMF
devices and which is sufficiently generalized to be applicable to a wide

range of devices and configurations.

In the following section, Eq. (1) will be extended to include re-
sistive losses, and a general lumped circuit model of the CMF device will be
developed., Following this, the time dependent functions describing induc-
tance and resistance based upon a finite element description of the device
geometry are presented. Output results from computer codes SWL (Appendix
1) and BWL (Appendix 2) evaluating the equations developed in Sections II

through IV are presented in Section V and compared to experimental results.
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ITI. GENERAL CMF DEVICE CIRCUIT MODEL

A lumped element electrical representation of a typicel CMF system is
shown schematically in Fig. 2., 'As indicated, Lc and Rc are the time depen-
dent CMF device inductance and resistance. Ld and Rd are gsimilar para-
meters describing exterior components and Rf is a time\varying load resis-
tance. In operatioﬁ, switch S1 is closed, injecting an initial current Io
of a few hundred to a few thousand amperes into the loop acdf. Subsequently,
afmature expansion closes the "crowbar'" switch S2 and decreases L, and R,
by reducing the volume between the coil and armature, and by shorting coil
turns. The circuit equation for the device loop bede following closure of
switch 82 is

L [T, + L)I(E)] + [R (8) + Ry + R (E)TI(t) =0 . (3)

For conciseness, let L(t) = Lc(t) + Ly and R(t) = Rc(t) + Ry + Rf(t)u Eq.

(3) then may be rewritten as

i%ﬁg-l+[§%+ﬂ%%§l]x(t)=o (4)

which upon integration yields the basic CMF device equation

%
R(t
- d_-t
L, eJ L§t§

I('t) = Io m‘y (5)

where IO and LO are initial values of current and inductance, respectively.
It shbuld be noted that only one loss mechanism is explicitly included in
Eq. (5), that associated with the circuit resistance. As has been pre-
viously noted additional losses are present as a result of flux diffusion
and trapping. Although these losses are not as yet well defined it was

shown in Ref. 1 that they may be approximated by simply doubling R(t).
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Codes SWL and BWL include the option to use this aspproximation for diffusion
losses if desired. ©Equation (5) may be used to predict the behavior of
any CMF system provided that the time dependent resistance R(t) and induc-
tance L(t) functions can be defined, It should be pointed out, however, the
equation is extremely sensitive to smell variations of these functions at
late times in the operating cycle when both L(t) and R(t) have decreased by
several orders of megnitude, Consequently, a method particularly suited to
describe this critical region, the finite element representation of the CMF
device, has been developed and is described in the following two sections

of this report.
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III, L(t)-CMF DEVICE INDUCTANCE

A. Unbranched Winding (Code SWL)

The parameters required for the specification of the inductance of a

single winding CMF device are illustrated in Fig. 3. As suggested in the

figure, both coil and armature are represented as a connected system of sim-

ple, coaxial, single turn (loop) elements with no pitch. Utilizing this
3

representation, the inductance of the coil alone may be expressed as

n n
}: Lo+ 2 2 M, 5 143 (6)
coil & | id
where Li = gelf-inductance of the ith loop,
Mij = mutual inductance between the ith and the jth loop,
Lcoil = total inductance of the coil,
and n = total number of turns in the coil.

Simjilarly, if it is assumed that the current distribution in the armature
exactly mirrors that in the coil, the armature-to-coil coupling may be

represented as

n
L sy = E: z: N. . . (7)
(armature to coil) i
where, as before, the Nﬁj are the mutual coupling terms between armeture and
coil loops. Combining Eqs. (6) and (7) yields the finite-element specifi-
cation of CMF device inductance, LCMF’
n n
2L+22M 'ZENij (8)
i=1l j=1 i=l j=
itj

jar]

where the Nij are subtractive to account for the necessarily opposite sense

of the induced armature current, Prior to evaluation of Eq. (8), it should be

13






pointed out that the assumption of a spatially-discrete armature current is
probably a good approximation only at close armature-to-coil spacings. By
comparison to experimental iesults, it has been found desirable to account
for current redistribution by écaling the Nij terms by the ratio of instan-

taneous armature to coil radius, This scale factor is included in both

codes SWL and BWL,

Reference 3 lists a number of alternative formulae for the computation

of loop inductances. The functions utilized in the codes developed here are,

8A '
_ i Kirchoff's
Ly = uﬂAi [zn Py 1'75] Formula (9)

where A; and p, are the ith element radius and conductor diameter, respec-

tively and for both mutual terms (Mij and Nij)
_ 2 2 Maxwell's
Nyg = b A3 [(Kij K13 ) F K, E] Formula (10)

where

\/(A. + B.)2 + D2,
1 J iJ

K, .
14

Ai’ Bj’ and Dij are element radii and element axial separation respectively,
and E and F are the complete elliptical integrals of the first and second
kind of modulus K, o Note that for the computation of the mutual inductences,
Mij, that BJ. = A,. All terms in Egs. (9) and (10) are evaluated for

éach turn at each time iteration in both the SWL and BWL codes.

15
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B. Branched Coil Inductence (Code BWL)

To reduce ohmic heating in the coils of large CMF devices, it is often
necessary to increase the cross éection of the output turns by splitting of
a single winding into two parallel ﬁindings and thus doubling the conductor
area, A typical configuration of such a branched system is illustrated in
Fig. 4. Although mechanically more complex, the finite element representa-
tion of such a configuration is straightforward. By inspection of the fig-
ure, it can'be seen that the previous analysis of single winding CMF devices
is directly applicable if elemental loop parameters are identified by both
winding and turn number. By inspection of computer code BWL (Appendix 2),
it can be seen that all parameters are so doubly subscripted., Several new
problems associated with the more complex geometry are apparent, however,
First, from Fig.'h, it can be seen that the majority of windings include
fractional turns. In code BWL, fractional turns are computed as a complete
loop and then linearly scaled as the turn fraction, Secondly, as a result
of branching, inductance terms must be scaled to correct for the current
splitting into parallel windings. To compensate for current partitioning,
all inductances in code BWL are scaled inversely as the number of parallel

branches (subroutine SPLIT).

C. CMF Device Inductance Dependence Upon Armature Expansion

By inspection of Fig. 1 and from Egs. (9) and (10), it can be seen
that the time variation of inductance of CMF devices is produced by two
different mechanisms, First, prior to armature-coil impact the increase in
the armature radii, Bi’ results in an increase in the coupling of the imaged
armature current, i.,e., the -g g Ni‘ term of Eq. (9), with a consequent re-
i
duction in the system inductance LCMF’ Secondly, following armature impact,

coil turns are progressively short circuited and are thus actually removed
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from the system., As indicated in Fig. 3, armature motion is defined as a
function of two velocities, the gxial velocity VX (typically the explosive
detonation velocity) and & radial vglocity VY which in the codes discussed
here is assumed constanf and is determined empiricelly. Codes SWL and BWL
then assume that each armature radius Bj is equal to its initial value until
the detonation reaches its axial location after which it expands at & con-
stant velocity of VY uhtil impact with the coil. Typically V'Y/VX = 0,25
and thus the armsture expansion angle g = 14°. It should be noted, however,
that the armature closure rate of CMF devices is often increased by inclu-
ding an initial armature taper of roughly 6/2 starting at the armature mid-
point. Both codes SWL and BWL provide for initial tapers as inputs.
Finaelly, it should be noted that the finite element representation of
CMF devices results in a step discontinuity of inductance during turn re-
movel. To provide & better approximation of turnAelimination in a helix,
codes SWL and BWL linearly reduce the inductance of the turn being removed

to zero in a time corresponding to one turn spacing.



IV. CMF DEVICE RESISTANCE

A. Single Winding Device (Code SWL)

Neglecting nonuniform current distribution effects (skin and proximity

effects) the resistance Rc of a single winding CMF device coil is given by

4(t
Rc<r’t) = (Wirepgggsg iection) (11)

where p(r) is the wire resistivity (a function of temperature T") and £(t)

is the time dependent wire length., Prior to the first armature-coil impact,
2(t) is constant and is simply the product of the coil circumference, cor-
rected for pitch, and the total turns, n, thus

211'A1n

eosd (12)

f,(t)"—' s tstl

where 8 = pay~1 Bitch

AanAl ’
and it is assumed that the coil is of constant radius Al and that the first
turn closure time t, = (A1 - Bl)/VY. For times greater than t,, 2(t)

should decrease linearly with time and thus

2 t -t )V '
mln[ ( 1)X] >t . (13)

cose | - (coil length)

1(8) =

The time dependent resistivity function p(T') is available for a num-
ber of metals as a function of the specific action input, i.e,, the time

integral of the square of the current density.l‘L Tabulated values of this

19
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function for copper are incorporated in codes SWL and BWL to update the
' *
coil resistivity after each time step.

B. Branched Coil Resistance (Code BWL)

The required modifications of Egs. (11) - (13) to include coil branch-
ing are perhaps best illustrated in Fig. 5, a schematic representation of
the resistances of windings 1 through 7 of the example coil shown in Fig. 4,
By inspection, the coil resistance can be seen to be & series-parallel
combination of the winding resistances. For example, Fig., 5 results in a

total coil resistance of

R R R ,
(R +_)+_5..._(R +_6_Rl__
2 R, +R 3 R, +R
R _ . L 5 6 7 . . (1k)
,TOTAL'Rl R, R / R/R
R2+§L+5'R_ * R3+§‘6T7—>
L 5 : 6 R7

Equation (14) can, of course, be extended to include any number of wind-
ings; code BWL will accommodate up to 31 windings. Individual winding

resistances may be computed as before from Egs, (11), (12) and (13).

Similar resistivity vs specific action date obtained in a study of the
behavior of exploding foil slepper detonators is contained in subroutine
FOIL and is utilized to predict the behavior of CMF devices firing ex-
ploding foil loads. The generation and utilization of such data is
descrjbed in detail in a number of reports and will not be discussed
here. Similarly to the computation of coil resistance, subroutine FOIL
provides an updated resistivity for each program time step with its
associated action deposition into the foil, In addition, as shown in
the following section, subroutine FOIIL provides an output listing of the
major exploding conductor electrical parameters. It should be noted
that exploding foil behavior appears to be somevwhat dependent upon cur-
rent density and upon foil size,” It is hoped that these dependencies
mey soon be better defined, however, at present they must be approxi-
mated, As indicated in reference 5 large foils typically exhibit lower
resistivities and larger specific actions than tha} of small foils. TFor
foils greater in cross-section than about 500 mils“ & better fit to ex-
perimental results hes been obtained by dividing the small foil resis-
tivity data of reference 5 by 1.5 and multiplying the associated specific
action values by the same factor.



FIGURE 5.

Branched Coil Winding Resistance,
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V., OUTPUT RESULTS FROM CODES SWL AND BWL

Output results from code SWL, simulating & typical single winding CMF
device, are shown in Table 1 and grephically in Fig. 6. It should be noted
that although agreement between the computed and experimentally measured
current is generally good throughout most of the device operating cycle,
the predicted currént at the end of device operation for most generator-
load configurations exceeds that observed. It is probable that this excess
is a result of improperly epproximeting the flux diffusion losses; however,
it has been proposed that mechanisms such as internal turn-to-turn or turn-
to-armature spark breakdown in the experimental device may be responsible.z'
Such internal voltages are extremely difficult to measure experimentally;
however, as discussed in Appendix 3, they may be computed using codes SWL
and BWL, Preliminary modeling of some device configurations suggests that
high internal voltages are developed in regions of the operating cycle. It
is to be hoped that the SWL and BWL computer modelg coupled with addi-
tional experimental studies will soon provide a more complete understanding
of the internal voltage distribution in CMF devices. If voltage breakdown
is found to be occurring in present CMF devices this new information could
lead to designs removing this limitation on performance.

Similer output results for the branched coil CMF device, modeled by
code BWL, are shown in Table 2 and Fig. 7. In the example illustrated, the
CMF device was modeled with two parallel 0,05 mm (0.002-inch) thick by 9.525 mm
(0.375-inch) square exploding-foil loads; foil behavior results are shown in
Tﬁble 3. It should be noted that foil behavior was scaled to large foil beha-
vior by a 1.5 scale factor., Similar to the results obtained with code SWL, late-

time current exceeded that observed experimentally., Through the time of

23
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foil burst, however, & good estimate of device operation was generated; a
comparison of predicted and observed foil burst parameters is tabulated in

Table 4,
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6.1000 95 7 S1,3654% 4213 T 2919.0 " 5.9819E-01 + 88497 20

64 2000 505 50.7811 «39349 2585 .0 6+2295E-01 «88356 i8

5. 3000 S0% ST Y0Y 2 3685 ZZ218.5 TBRBISE-DL T \B8Z222 )

6. 4000 5037 49,9018 « 3421 18664 6.7371E-01 «88197 15
“5¢50 00 T TSI T T 9,.58207 «315T7 ° T IS4 .0 6.9958E-6G)Y .87981 13

6. 6000 511 43,3568 «2893 992.3 7.2565E~01 «87873 i1

T "Bl TUUD ’ TTOBIZ T T 49,2268 T «2629 6607 7.5186E-01" 87775 9
608000 513 49,0808 «2365 67T .1 T.7816z-01 .8768¢ 7

6¢ 9000 13 L %8.I358 - . . . E=01~ T UB7TBRUE T T T B
7.0000 515 48,7929 «1837 710 .6 8.3108E-01 «8753% 3
T.1000 517 43,5439 «1573 T277 B.5771E-01 «B74T4 i

7. 2000 518 - 48,5049 «1309 T65.1 8.8447c-01 87422 g
73000 - TS1B T T TLB8,5000° «13070 " 254 '9,1128E-01 «B87375 0

Te 4000 517 - 48,5000 21300 «0 9.38062-01 .87328 0
~7.50700 517 48,5000 <1300 U G Be8Iz-01 L 144 Y 1
7.6000 517 48.5000 «1300 «d 9.9154E-01 87235 0

- TP T800 - 517 7" T8 S5000 0 0 41300 Y | ‘T.0182E¥¢00 +B87198 [
T.800) 16 . h8.5030 «1300 o0 1.,04649E¢00 «B71041 0

RSy 45 15+ ' At 8 - S 3. 11 R 21300 DS 1,0715E¥%00 " «8703% 0
8., 0000 516 48,5020 «1300 o0 1.0982E+00 «87048 0
81000 515 58,5000 <1300 o0 1. T2RTEFTT TTT.BTUUIT T R
8.20090 515 48,5320 +13080 ] 1,1513c¢00 +«86955 [}
8.3000 - -2 S- ek 1. 751 1 1 ) A $.7 1 M el T TJXTTBEFOD +86908 0

8. 4000 515 48.5000 «1300 o0 1.20432+03 «86861 0
T " BeB5000 T 7T 514" "7 %¥8L.5070° T <1300 T -0 1:2308E+0T" 36815 1]
8.6000 514 48,5030 «1300 .0 1,2572E+00 +86768 0

— 8, 7000 51% %8.5000 SI3U0 U I2836E+#0T Y- 1-Y 4+ 2N ‘0

8, 8000 €14 48,5000 «1300 o0 1,3100£+G0 «86675 ]
‘89000 - - 1Y 0 T uw8.5030° N <1300 - Y T 1.336%2300 +86629 y)

9, 00 €0 513 48.5000 «1300 o0 1.3627c+400 «86583 0
9,1800 513 T 48.5030 21300 o0 1.3890E+40d +«86536 0
9.2000 £12 48,5000 «13G3 ) 1.4153€+¢00 « 86430 s
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Table 1 (Continued)

$. 3000 < 13 ¥4 T 48.50J0

SI30T oJ TILRRISEROU T T T JBbAG
S, 4000 €12 - 485000 «1300 .0 L.L677E400 +86397
"""""" A T%-1 ' A -5 V- ¥. 7512 A A & 1 ') S BRSNS X T k{3 | .86351
9. 6000 511 48,5030 «1300 «0 1.5201E+00 «86304
"""""" B "4 21 B> & S 3. 7531 71 AR 1 ' &' I WD LVSYB2ERT G +86258
9, 8000 511 48,5000 «1300 .0 1.5723E+00 «86212
R LLL S1T 48,5000 S 1300 <0 T.5984E+DU - +861I5E
10,0000 511 48,5000 «1300 «0 1.,6244E¢00 «8612C
THE NUMBER OF SC 4020 FRAMES IN FILc 3 IS 6
THE NUMBER OF 60~8BIT WORDS TRANSMITYID 70 FILE 9 IS 302%
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Table 2, BWL Code Output Results

INJ CUP ~ 2300.0° - COTIL ID 22,3870 -~ ~ARM DIST  1,71CT° ~ TOAD L <TI0 " AXTAL VEL 8,3000 RUN TIME

WIRE DIA 22.5700 ARPM 0D 13450 ARM ANGLE 7,.00C LOAD R +3150 RADIAL VEL 2.2000 A }NC 1.3033

FLUX LOSS MOLTIPLIER  '1.GJTT : a T Tttt T
TTWNDT T TURNS L7000 TP 36 U0 WNDT 2 TURNS  B.500 TPT 13,000 WNO ~ ~3 TURNS "8,UTC TPI 'I8.000
CUNND B TURNS 250 T TPT - 9,000~ WND "5 TURNS 4,000 "TPT "9000 "~ WND ~ & 'TURNS %.250 TPI 9.0C0
TTWMDT T TURNS TR 0C0 T TPTT 95030 T WND "8 "TURNS ~"2.125 " TPT " G&.500 " "WND 9 - TURNS™ Z.000 TPI &4.50¢C
WWWW_ZWWMZS TTPT %S0T
"ﬂNﬂ'"lﬂ'“TﬁRNS’“Z}OOﬂ'”T;I“'W;SOB '":”ﬁNﬁ'"It'"TURﬂﬁ““ZZI?S”'TPI"'W.?D? """" WHO 15" "TURNS 2.000 TPI 4.500
CTNND T IS T TURNSTTTLG4TS TTTPITT 20250 T MNDT T17 UTURNS T1.344 T TPTT 20250 0 C WND U IBT TURNS 1,406 TPT  2.2%50
“‘1ﬂﬁr—19*—TUQNS—“tTSVT“_TPT_'2T13ﬁ—;"“1ﬂﬁ"1ﬂ"“1ﬂRﬂS_‘T7WV8—_TPT“;Z:Eﬂr___’ﬂﬂﬂ—_zt“‘ﬂmvﬂf‘1;3??“1PT"ZT?SU
TTHND 22 TURNS T 1ia08 T TPIT - 2,250 7 T NND” ‘23"'TURNS""';3'5'4"‘TPT‘ 232507 7 7 WRD "Z2& T TURNS 1.%06 TPI 2.250
TTNNDT 29T TURNS CTY3NG T TPT T 24250 T WND " 26 "TURNS 1,406 "TPT ~2.250 WND 277 TURNS © 1:344 TPI 2.25G
TWND 28 TURNS I.WCb TPT 2250 WRU 29 TURNS 1L.3%% TPT 2Z2.250 MW"‘WT" Z2.25T0 °
TUAND T 31 CTURNS T SAG T TPT T 2.25C TTWRD ot ottt oot oo T o T -

© 90 0000000000000 0000000000 ERIRIEN 000 8000000000000 00000000000 0000000000 0000000000000 00000000°0CS0O0O0RGCERDRRGGEES

TIME CURRENT INDUCTANCE RESISTANCE ouTPUT ACTION ATTEN WINDING
USEC TNPS OREYRY 'L L VOCTS RZ-SEC T ot
""" ' 141/ MR- 1| + SRR . £ ) o B -4 - % S PO 1.00000 hi
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T 0000 Z9L% 307240 <330% V7 2 4T23E¥0T Y X -4 ¢~ | N
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"""" BeV000 """ T T TS24T T 16,2563 T T TTU3329 TOTTT TTY5,00 T B5.5938E401 +B87978 0
7.0000 11€56 7T.0081 «1600 238.9 1.3764E+02 «B8L24L8 1
o 8300000 oo 248X - e 3,188 - T JOBTT W IB Y T S5.0610E+02 «80618 3
9., 0000 5228¢ 1. 4305 «0328 1062.0 2.1735E+03 «TTL37 7

9. 1000 55906 1. 3315 <032% 12007 Z.RbESEFUT XA YAL S A
9, 2000 59263 1.2499 0314 122447 2.7984E+03 «763% 7
"""" 93000 77 B3T11L 1. IBTT +0303 1331.8 3.1731E+03 «7T6005 7
9. 4000 67969 1,0785 «0293 1535.0 3.60335+403 «75603 7
""""" 9:5000 " T T2E35 IR Y 111113 40282 7 1533 .1 7 %,0966C¢03° '« 75187 7
9. 6000 77240 «93385 «0271¢ 1639,1 Le6573E+03 « 74760 7
9, 7000 BIBLT 8595 U250 1917.9 5.3I0TIEFU S T UTTUTWIZU O T 7
9,8000 103852 +65896 «0224 3558.7 641978E4+03 «7 3855 7
""" 9:9000 """ YICTL®I T T T U UBR3IT $022Y 7 TTUTUTTTTIGNL1 LB TTJ3115E4D3 .73371 7
10,0000 111414 «6342 .0218 2093 .7 8.5067E+03 «72876 7
101090 T 116865 - + 5005 0213 T 229%.8 "9,8099E+403 «72370 7
1 0. 2000 120517 «5781 .0212 2175.0 1.1219€E+04 «7185C 15
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Table 2 (Continued)
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Table 2 (Continued)

T TTAXTAL T T T T CRISORE T T T T T T U T ARMATURE T T T T WINDTIRG T TURN
DIST TIMZ ) RADIUS
A 1 A OSES Tt Tt |4, R Tttt
0.0000 60152 1.6795 1 1
« 0706 5. 095% T.679% T Z -
o1bk11 ' 641755 1.,6795 1 3
I & S 62557 T T TTTTTITLGBY9S T T T T T ) S b
2822 643359 1.6795 1 5
o T3S 28 T BaWIBL T T 1.6795 " R S 6
4233 Bek952 1.6795 1 7
(ki) B. 378% T.679% T T )
«56 Ut 666336 1.6795 1 9
IR - 1 21 M R PO .17 . R 4] 4 | 2 1 10
«70%86 8159 1.67935 1 11
T Y & 4 -} ShEEEE A 1 £ T4 S o 136735 I 12
BUET 6.9773 - 1.6795 1 13
s 9172 T<0575 I.579% T T -
. «9878 7.1377 1.6795 1 15
"""""" 1.TSAY "~ T T, 21T T T TTTTTLL6TIS T 1 is6
1.1239 7.2380 1.6795 1 17
I ¢ €4, 2R -4 1. R B 374" 1 o 1 18
END 1.1994 END 7.3782 END 1.,6735% END END END
1.199% T 3782 I.67935 z I
1036406 7.5385 1.6795 2 2
- 1.64817 T T T 7.6989° 0 7 T 146795 2 3
1.6223 7.8592 1.6795 2 4
RS Py 4 71" I P 5 & |- T 1.€67935 2 5
1.9050 ) 3.,1800 1.6735 2 6
Ze UG L LI LYK ] 16795 Z T T
2.1872 . 8.5027 1.6795 2 8
-3 14 AR P2 -1-3 § ' R T3 -7 4" [ 2 2 9
END 243983 END 847412 END 1.6795 END ENO END
. T S T%4 4'>: R £ 3.1 TR 03 - 4 | I S S 1
telet il 7.6187 1.6795 3 2
1. 5522 TeT73Y 16795 - 3T 3T
' 1.6933 79334 1.6735 3 [
S T R i PR L 3. 2 o T 146795 © 3 5
1.9756 8,26301 1.6795 3 6
IR % & §.Y b P Y- 5 2 1.6795 3 7
2.2578 . 3,35818 1.6795 3 8
22,2578 3. 5878 - 1.6795 3 e -
END 243989 E£ND B.7412 END 1.6795 END ENO END
2.39%9 B.7412 1.6795 4 1
2, €811 9,051 9 1.6795 G 2
T 249633 T T 9.3826 N 146795 [ 3
3.2456 I,7033 1.6795 4 4
35278 TU. 0240 1.6795 13 - S
END 3.5983 END 10,1042 END 1.6795 END END END
’ CUTTTTTT OZW BT T T T 8, 821 T TLSeT9S T R -1 1
247517 9e1421 . 1.6795 5 2
T 3.0339 9, 4628 B 1.679% 5 3
3. 3161 3.7835 ' 1.6795 5 “
33151 B I 4-2- - I T 1.6795 1 2 T
ENO 3.59483 END 11,1042 END 1.6795 END END END
T T T T 24,3989 T 8,712 1.6795 b 1
2, 6811 9.0619 1.6795 6 2
249633 T 9.382% © 1.6795 ] 3
3.2456 9.7033 1.6795 6 4
“3:5278 TI3TeRT T 1.,6795 % -
END 3.5933 END 10,1042 END 1.6735 END END END
T T T 2.669% D 72 14 4 1.679% 7 1
2. 7517 9.1421 1.6795 7 2
TUTTTT T %, 0339 T T 9.4628 1.6795% 7 3
3.3161 9.7335 1.6795 7 L
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Table 2 (Continued)

1.6795 END

ENOD 3459433 ENOD 10,1042 END END END
3.5953 10,1042 1.0795 8 1
Le1623 10. 7456 1.6795 8 <
64,7272 11.1728 {.7268 8 3
END 4, 7978 END 11.2136 END 1.7353 ENO ENO END
T - 3. 66789 10,1844 T 1,879 /9 T
462333 10.8258 16795 9 2
642333 "713,8238 ° ° 1.8735 ) 9 3
END 4.7978 ENN 11.2136 END 1.7353 ENO ENO END
T3.B9A3 T T T T 10,13k T 1.6735 ‘16 1
41623 10,7456 1.6795 10 2
— 4. 7272 I1.172% 1.72566 it I A
END 4,7978 END 11,2436 END 1,7353 END ENO END
’ R 1 -1-7: 1 B 10,1844 {.6796 = 11 1
4.2333 10,8258 1.67935 11 4
TRe233II T T 17.%258 1.6735 i1 3
ENOD 44,7978 END 11,2136 END 1.7353 END END END
3. 5993 IT.ITHZ 1,6735 Iz~ 71
LHe1628 . 137456 1.6796 12 2
e T -4 AR & P ¥ 42 S 11,7266 7 12 3
END 447978 END 11.2136 END 1.7353 END END END
AR 14 131 IS ¥ P 11"/ e 8 Y 4 L ’ I . 1
442333 10,8258 1.6735 13 2
. 2333 10,3258 1.679% 13 -3
END 4%¢7978 END 11,2136 END 1.7353 ENO END END
T B -2 £ Snii e 8 P 111 Y- T S -7 4 1 2 T4 1
4.1624 1347456 1.6795 14 2
I T 48 -2 b S ¥ 244 R T 17266 14 3
END 4,7978 END 11,2136 END 17353 END ENO END
—3.5689 T0.I8GG 1.679% 15 i
42333 13,8258 1.6795 15 2
T TTTTTRGZIIY T T 10,8258 T {38795 7 15° 3
END 4e7978 END 11.2136 END 1.,7353 END END END
ToTTThTTTTTTTITEI T A TR A N4 2 T1.2136 S % 4 1-7 SRR § - 1
5.9267 11,9665 1.8739 16 2
END 5. 3853 ELRD TZ. 1317 END — — 1.930Z ERD  END~  ENOD ~ ~ "
4.8683 11.2544 176439 17 1
""""""""""" L 75 ) r- it & T 1 i & S 1.,882% - 17 2
END 603853 END 12,1317 END 1.9302 END END END
R TX 4 4. B 1102136 17353 """ 7 1w 1
5.9267 11.8665 1.8739 18 2
—END Be 3853 ENT TZ.I317 END T.9302 END END™ ERD
4.8683 11.2544 1.7439 19 1
""""""""""" BT L NSRS & €31 § ¢ RS €3 -1 7 T 19 2
END 6.3853 END 12.1317 END 1.9302 END END END
e T 4- B ¢ S B % %4 & 1 TS Ty 4 £ S | B 1
5.9267 11.8665 1.8739 29 2
TEWD Be 3853 END TZ, 137 ERU ~  1.9302 ERDC_ ENO EROD
. 48683 - 11,2564 17439 _ 21 1
""""""""""" Ge99rZ " b Yy | F 4 ankiniS V3 £ -7 Ja 5 S AN
END 6503853 ENO 12,1317 END * 1.9302 END END END
""""""""""" K 724 74 It ¢ €34 ¥ 1 Tk Y 4 1 S+~ S S
5.9267 11.8665 1.8739 22 2
TEND T T SUSITEND YL IS T  END 1,93 U2 END END R0
be 8683 11.2544 17439 23 1
""""""""""" -5 | J¢-Sarhiiaitay # £ 1 | & St % 1. 4 e 5. S 2
END 643853 END 12,1317 END 1.9302 END END END
""""""""""" & 7978 b ¢ PY4 ¥ 1 REbAhAEEEREERAES 1Y £ 1 7 S ‘S G
509267 11.8665 1.8739 26 2
N 8. SUSY ENDT T I3TT END TeISU END N EwNO—
4. 08683 11.2560 1.7439 25 1
""" IGSERGIASt TS ) 4 £ St nhiatiiit @ £ 3 [ & Jnbiabb i 73174 Sttt Sl St
(4] 6. 3853 END 12,1317 END 1.9302 END END END
R 4T978 Tre21IG LoTIBYy s 26T T
5.,9267 11,8665 1.8739 26 2



Table 2 (Continued)

END 643853 END 12,1317 END 1.9332 END END ENOD
4.8683 11,2564 1.7439 27 1
““““““““““““““ BT ) 24k ¢ £5- | ¥ & I T3 2. 7.4 4 A 2
END 643853 END 12.1317 END 1.9302 END END END
""""""""""""" L T4 24- 2 & -4 & 2 - B S 4~ 2 S . B 1
5.9267 11.8665 1.8739 28 2
END B. 3853 ENT T, 1317 R0 1.93UZ END — ENU  ERD
4,8683 11.2544 17439 29 1
"""""""""""""" TR L R ¢ ¢4 |1 ¥ & i 3. 1. ¥4 SR A4° 2
END 63853 END 12,1317 END 1.9302 £NOD END END
"""""""""""""" LY 4 R4 INuh R & £°9"4 3 1 - S P 4+ 1 2 1 / 1
’ 5.9267 11,8665 1,8739 3c 2
—END Bs 3853 END TZ.13Y7 ERO — 1.930Z END END END
4.8643 . 11.2544 1.7439 31 1
""""""""""""" TR ) I § 3 [' I 4% JE R 7. 1. 1-4 - S 5 S A
END 6.3853 END 12.1317 END 1.9332 END END END
THE NUMBER OF SC 402C FRAMES IN FILZ 9 IS 5
THE NUMBER OF 60-BIT WORDS TRANSMITTEID TO FILE 9 IS 2142
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Teble 3. Exploding Foil Output Results
TIME CURRENT VOLTS 0HMS POWER ENERGY ACTION GRENS
MICROSEC AR 7 - § 4 S Tt - KILOWATTS ™ ®ILLI) AMP2 SEC AMP2Z SEC/MML
S 3,900 - T3 ALLD T T TTTLGT T T U UCU8T T T T T T e 3TR T.00 L.3600 G
S 1. 3043 233249 1.9 +00083 4e 386 4,38 5.2367 5.6557E+30
S ZI00 73748 .U «GUUTT Ge THG 3.9% TTTTAITVRIBT T T 1715098441
S 3,300 2589.7 2.1 .00083 5.549 14.09 © 17.0369 1.8192E#01
s 4000 - -~ T 29%3.6° 77" £ T 11111 ). - S 7% & ¢S4 P 1 24,7226 2. £398E+01
S 5.209 362145 3.0 "« CGCOB3 10.861 29.47 35.6125 3.8026E431
T8 T T 6,000 T B2 T S I PO S 11 11 - I S 4~ . ¥4 " T 4be31 55.9383 5.9730E+01
S 7.000 11656.4 9.7 «00083 113,034 114,24 137.6424 1.4697E4]2
S B, 000 255163 207 00085 50%.292 425437 506, 1017 T T S5.RURIERGZ T T
S 3.300 52285.6 47.8 +00091 2500.190 1929,.14 2173.5174 243208E¢03
8§ 9,100 R 1) 1) A - 3P Y 111 1 K S 2Z9T6. 6% T T 2199.43 2L66.4818 2.6337E+03
S 9,200 59263.3 56.1 +00095 3321.769 251091 2798.3639 249880E+¢43
B2 P 1 £ I 159 7% S - P - AR (118 K- 1 S £ & £-79 -3 & SRR 2868.77 3173.1418 3.38825+03
S 9.400 67969.3 66.8 +6C098 4539,08C 3287.51 3603.3046C 3.84T7SE+03
S 9. 5070 T2USH .7 727 SO IUT 5269, 220 I777e92 LU96.6386 T hJ3ITLIERITT
S 3,600 77240.1 79. 6 «00103 6133, 660 L348,07 4657.2751 4.9732€E4+03
8§ FTC0 83”2 LS B 2. - AR 11} 1 1 - T TH21.9%6 "'5025.85 5307.0550 S.56668£+403
S 9,300 103851.7 113.8 +G0110 11813,857 5387, 64 6197,7917 B H17IE4]3
M- 2R P ) 1) MR §+7 4 1. 2" 2 | A ¥-4"4) TIPS 1) 5 & € S 131%56,197 T T235. b4 7311.5249 7.8071E+403
S 13.000 111414.1 133.1 «00119 ‘ 14831, €96 863454 8506.6561 9.0833E+453
S 107100 TISB%% .8 1%6. 5 - 00125 I7T12%.35% 10232.3% 9809.3%4%% ~ L.OW75EUL T
S 10,200 1255173 160.1 +C0133 19290,805 12453.10 11218.,8312 1,1979E ¢34
s 10,300 12688379 S § 4 Y- AR RS 115 -3 H 21753.,821 7 {4105, 33 12724.8215 1.3587E+04
S 10.401 130380.2 189.10 «00145 24646, T778 16 425.36 14354.5703 1.5328E¢04
ST T LI0,.,500 7 £373IIL7 T TTTTTTRYISY T T QUGBS T T 2926 Y.28Y 7 19127.76 16147.5465 1.7242E404
S 10.600 146260.9 25142 «00172 36734.261 224230.54 18159.8932 1.9391E+04
S 10,700 157896, 30T % LLEE) S TSI, 277 26836, BT T T2URTSJI7IL T T 2. 188U ¢ 7L
S 10,800 170658.0 363.9 «00213 62096, 144 32121.19 23178.5383 2.4750c+04
TS¥LTTTUTTTI0,900 7 T TTZATIIN Y ERREE Y % 13- JER Y |11 14 3 156973, 346" ~ 43074, 69 276709,959% 2.9481E+04
L 11,0090 24974049 85645 «00343 213906.787 61618.72 33703.6985 3¢5988E+04L
LTI 100 25772149 1122:% «00%36 "~ " 289301,249 86779.12 ¥01643.2542 L,2864E+0%
Le¢V 11,200 269028.1 1454, 6 «00541 391 320,838 120813.22 ©7083.0882 5.027LE+T4
¥V T1:. 300 2870453 19%6.7 <UUB78 558780, #33 T68315.29 ~~ " 54BZI.5426 T T S5.,853BE 0%
ARC 11,400 31407161 3285.5 «01046 1031881,104 247 848,36 63873.4236 6.8203E¢04
ARG AL, S00 T T 1701 13- A TISH?.5 777 TUUTTLUIYOY T 4729065.509 535895.5693 " TLB62.2643 7.9937+04
ARC 11.600 38506348 12142.9 +£3153 4w675781.420 1036138, 04 88332,7330 9, 4320E+04
B L "R & P34} IR T 43065001 T TTTTLUIISLLT T T 202395 T 6L4221%.639 77 1462037.9% 105019.4207 1.1214E+35
ARC 11.8030 505833,.7 9468.1 «01872 4789299,573 1923613. 75 127085.7852 1.3570E+05
EXT 1Y:907 —BG0798.T 9830, 2 +LI53% 5Z299155. 425 2478036.50 T6U4IT 2857 1.7128E+05° —
EXT 12.000 884039,.2 7208.8 .00815 6372828,533 3111635,70 220017.6649 2.3493E435
TEXVT U TTT12,1TU0° T 1IT20518.T 4T97.8° +U0238 7050404, 311 T 378273T.34 407103.0431 Le3470E40S
EXT 12.200 2287785,.5 1353.6 «00059 3096652, €57 4290150.19 816810.2858 8,7218c +05
CEXT T 123007 UTTYELSIBLL0 T T TTTUURRTLSE T T T JU0T2Y T TS TILB YIS T GhB123B.76 0 1213839.4424 1.2961E+26
EXT 12.400 1208348.9 235.8 «00020 284959,014 4531742.65 16422175.8220 1.5186E¢06
EXT 12,500 39103, 2 T49.3 PY:L'L B 94 T33027.798  45526641.99  I534878.009% — ~ 1.63BIE¥#36
EXT 12,600 65770242 101.9 «03015 67017.,222 4562644,25 15962034542 1. 7044E*DE
EXT T 12,700 T TTGB56%9, 1 T T T T2 T T L BeLS T T 35U59.798 " 456774B.10 1629525.7887 1. 740iE+J6
EXr 12.8012 358702,.9 52.1 +00015 18704, 017 4570436.29 16467852.8661 1.7595€ +06
EXT 12,900 T26W952.8 38.1 «O0CO1% ™~ - T100T82,752 4571875,53 1657736.2207 1,7702E+06
EXT 13,300 195716.5 27.9 «C0014 5465,808 4572653,05 1663221.4475 1.7760E+06

ZDENS
J/GM

1.000

.176

. 360

+566

<822

1.184
1.961
44592
17.679
T7.542
83.409
103.926
115.311
132,142

" 151. 854
176.771
202,015
240,674
290.838
347.066

" 411.290
44,476
566.965
6604219
768,561
901,196
"1070.676
1291.115
1731.393
24T6. 772
3488.098
4855,983
£765.455
9962.297
21543.397
40441, 849
58766.805
77319.935
'39605.530
125072.602
152059.031
17244 3. 145
186123.975
182153,986

~ 18299%,037

183396.079
183601.229
183709.281
183767.136
183798, 384



Table 4., Comparison of Observed Burst Parameters
to those Computed by Code BWL.

Burst Predicted Observed
Parameter vValue Velue
Current kA h7k.3 457,2
Voltage kV 12,1 11.7
Resistance () 0.0255 0.0259
Power GW 5.737 5.331
*

Energy J 545, - 1132,
Action A2 sec 110000. ' 107200.

*the: Computed as the integral of the measured voltage
times current uncorrected for inductive drop.
Considerable evidence now exists indicating that
the experimental value is high.
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VI, SUMMARY

In this report we have'described the analysis of compressed magnetic
field current generators utiliéing & newly developed finite element repre-
sentation of great generality. For simplicity of numerical evaluation,
this model was included in two computer codes -- SWL describing simple
single winding devices, and BWL, desceribing branched coil CMF devices, Out-
put results from these codes have been compared to those obtained
experimentally and found to be in good agreement through most of the range
of device operation; experimentally measured maximum currents were, however,
below those predicted. It was concluded that the failure of actual CMF
generators to achieve their predicted current gains was due either to in-
ternal voltage breakdown or to large losses from flux diffusion. Although
the importance of each of these loss mechanisms has not yet been pre-
cisely determined, the new computer models, by providing estimates of
previously unobtainable internal-pareameter values, offer the possibility

of better understanding these important effects. It is to be hoped, of

course, that this new insight could lead to significant improvements in future

CMF devices. Finally, the new computer models provide a quick and rela-
tively low cost method of studying the effects of meny parsmeters on the
behavior of CMF devices eand thus greatly simplify the problem of system

optimization.
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Appendix 1

Computer Code SWL Listing
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|
T

l
:
|
!.
i

kvc’;>d

. PROGRAM SML!INPMT.OUTPUT-TAPE&D _=INPUTTAPE9) L
FINITE ELEMENT MODEL 3F SINGLE WINDING CYF DEVICE AS DESCRIBED IN

__SANDIA REPORT SAND-75-0604 TJ TUCKER.JE LEEMAN,DEC 1975
FIVE INPUT CARDS REQUIRED
CARD 1 _7F10. FORMAT o ) o
COLUMNS 1-10 TOTAL COIL TURNS
11-2) COIL AIRE OIAMETER(COPPER) =emeecececccccanas NILS
21-30 COIL TURNS/INCH
.31=40 COIL INSIOE DIAMETER ~eveccccecceccacacawca INCHES
41-50 ARMATURE OUTSIDE DIAMETER(INPUT END) =+==--= INCHES
5160 EXPLOSIVE AXIAL VELOCITY ==ee=ee-eee-e-e-e MM/USEC
61=70 ARMATURE RADIAL VELOCITY =e-ccccceceaenaa-- MM/USEC
GARD 2 6F1Q, FORMAT o
COLUMNS 1=10 TOTAL UN TIMZ =-cecccccmescececcceccceacaa=s USEC
11-20 TIME INCREMENT ~eececceeececccccecsnmcacnccas= USEC
21-30 LOAD INDUCTANCE ===cececececcscecccomcamacaceenas UH
3140 LOAD RZSISTANCE =e=e==eececcccam—a- smcceccecs OHMS

'
'
1 '
1 v
'
il

41-50 INJECTION CURRENT =meccececccocacaalooiioacas AMPS
S 51-6) OIFFUSION LOSS MULTIPLIER (*TOTAL R)
CARD 3 1A10,3F10, FORMAT USE BLANK FIELD AS DEFAULT
COLUMNS 1-10 NON=BLANK=-OUTPUTS INODIVIDUAL TURN VOLTS

1120 AXIAL JISTANCE TO TAPER ~eecemccccccccceaa- INCHES ~
- C 21=30 ARMATURE TAPER ANGLE ===-e=scecccaccecea-ce.- DEGREES
31-40 ARMATURE 0D AT START OF [APER=emee=cws=c-== INCHES

CARD & 3F10, FORMAT USE BLANK FIZLD FOR NO FOIL

|

g6aoge2
030002
ggoo0oo02
000002
goocaz
000002
000002
000002
000024

000102
000126

S090430

600132
000134
000136
0301460
000142

nnoooopnoonnnnbooobnooon

COLUMNS 1-10 ALUMINUM EXPLODING FOIL THICKNESS=-=====ce- INCHES
11-20 ALUMINJSM EXPLIDING FOIL WIDTH =====-====ce= INCHES
. 21-30 ALUMINJM EXPLIDING FOIL LENGTH e=e=e=c-acee INCHES
CARD 5 8F10, FORMAT _ BLANK DEFAULT--PLOTS SELF SCALED _

c GOLUMNS 1-10 SET PLIT 1 X AXIS TO VALUE SPECIFIED
c 11-20 SET PLDOT & Y AXIS TO VALUE SPECIFIED
c 24=-30 SET PLOYT 2 X AXIS TO VALUE SPECIFIED
¢ 31-40 SET PLIOT 2 Y AXIS TO VALUE SPECIFIED
c 41=50 SET PLIT 3 X AXIS TO VALUE SPECIFIED
C . __ 51-60 SET PLOT 3 Y AXIS TO VALUE SPECIFIED
c 61-70 SET PLIT & X AXIS TO VALUE SPECIFIED
c 71-80 SET PLOT & Y AXIS. TO VALUE SPECIFIED

DIMENSION VPT(20])
DIMENSION VLLAST(200)
DIMENSION PT(200),PC(200),PR(200),PL(200),PV(200)
__COMMON N.NO,A.BODgVX.VI!Qﬁggg}.B(ZUDD.IFLAG
" COMMON SUMG, TAPD ,ANGLZ,B0(200) +B1,TE(200)40BT
~ COMMON VL(2090)
COMMON TSM
READ 61¢HNy WD TPIsA¢BOI s VXeVY
READ 61+TTOT4DT,EXL,EXRyCOsRFACT
__READ 624KFLAGy _ TAPDyANGLE,BL
READ 61+THICK.WIDTHsMLEN
_ NX1=NX2=NX3=NX4=1
NY1=NY2=NY3I=NY4=1
.READ B1 o+XULpYUL$XU2eYU24XUIYU3,XUlsy YUG
IF(XUL NELOINX1=2
— JFEAXU2 NELQINK2=2 - i
IF (XUS W NE,DINX3=2
TF (XU4L oNE, JINX4=2
IF (YUL NELOINYL1=2
IF (YU2 NE,J)NY2=2
IF (YU3 NE.O)NY3=2

k9



50

039144
000146
000147
000150
0301540
000150
000151
000153
000154
000155
003156
000157
000160
000161
000162
000163
000163
000164
090166
000167
006172
000172
030174
000177
000202
000202
030222

g6a0222
000242
000242
000254

600254
000260

000260
000264

010264

030265
0302790
000273

03C276 -
000330

600301
090302
000304
000306
cio3or

. 000316

600316
000329
000322
030324
030326

4]
53]

35

53

TF (YU4 JNE,QINY4=2
NPP=(
RFOIL=0, .

62 FORMAT (1A10,3F10.0)

61 FORMAT (8F10.5)

DBT=2,54/TP1
TTOT=TTOT*1,.,E~-6
IT7=DT*1{,E=-6
EXL=EXL*1.,E~6
JT=0
_ N=HN
HINT=0,
HLAST=13,
CLAST=CO
TLAST=0.
C2LAST=0,
_.SumMG=a, :
00 S00 I=1,N
YIi=1
D(IY=(YI-1,) *DABTY
c FORMAT(4515.,9)
0 GCONT INUE
NPT=TTOT/DT
PRINT 37
37 FORMAT (1H1)
PRINT 31,C) s AsHNGEXL VX, TTOT
31 FORMAT (LIX4*INJ CUR¥,FB.144Xog¥COIL IO *oFBoelhotX¢*NO TURNS*FB.0o 4Xy
1*LO0AD L*,6PFB.4.6Xs*AKIAL VEL *, O0PFB.4s4X,*RUN TIME*GPF8,3)
PRINT 32.TPI+B30sWDsEX4VY,L0DT )
32 FORPMATUIXo*TPI®,F8,2,I3Xo%ARM 0D *,F8,.LobXs*WIRE DTA*FB,L,4X,
C*LOAD R¥,FB.l,
16X *RADIAL VEL*, OPFB.lLs4Xo*T INC*6PF844)
PRINT 38,TAPD, ANGLC,RFACT
38 FOPMAT(1Xo*START TAPZR*FB, 4y 2X*ANGLE®*FB.4e2X
1*FLUX LOSS MULT*F8.4,2X/)
PRINT 34
34 FORMAT(EXe*TIMZ* BXo*CIJRRENT ¥y SX 4 *INDUCTANCE®*,S5X 4 *RESISTANCE*,
19X 4 *0UTPUT*, IX g BACTION® ;10X *ATTEN® oSN o *TURNS*)
PRINTY 35
FORMAT(6X s *USEC* 311X s *AMPS®, IX,*UHENRY* 11X % 0HM *,10X, *VOLTS*,
19X *A2=-SEC*/)
T=C.
A= (A+WD/1000.)%2.54/72,
BOC=(B00-WN/710)0.)%2.5u4/2.
BO=(80~-WN/71000,)%2.5472,
VY=VY*1,2¢5
VX=VX¥*]1,E45
TAPD=TAPN*2,64
WD=WD*2.547103).
ANGLE=ANGLE/57,236
IF (WIOTH.EQ.0.1GD TO 53
IF(TeEQele ) RFOIL=BUI-D*MLEN¥2.54/ (THICK*HIDTH®2 ,54%%2)
CONT INUE
CALL SRL(T,CL)
CALL SR2(T,4R)
JTR=N=TFLAS
SL=CL+EXL
SR=R+EXR



020330 SR=SR+RFOIL
000331 IF(T.EQed o ICLO=SL
000334 H= {SR+SR*RFACT) /SL
030337 DELH= (HeHLAST) 72,% (T=-TLAST)
D0D3u3 HINT=HINT+DELH. S
000345 ATT=EXP(-HINT)
010350,  G=CLO/SL*CO*ATY
000354 CALL - FOIL (SUMGyRFOIL yWLENy WIDTHy THICKy T4 Cy TTOT)
00033 IF(T.GT,TTOTIGO TO 20
000367 NPP=NPP+1
. 000370 __ _PLINPP)=SL*1.E46 = , . .
0600373 PR (NPP)=SR
000374 PC.(NPP)=C*1,.E-3
030376 PT (NPP)=T*1,E¢6
000400 . __NTOUT=N-IFLAG
030402 25 FORMAT( 6PF10+490PF15409s6PF15.Ug0PF15.4sF15,19E15.449F1545,110)
000402 C2=C*¥2 ) L o
000403 G=(C2+4C2LAST) /2., *(T=-TLAST) -
0600410 SUMG=SUMG +G
0004611 CIF(TLEQ.0.)CLOST=CL
0o0uL6 . VOLT=C* (EXR=-EXL*SR/SL-EXL/SL*(CL=CLOST)/OT)
000426 CLOST=CL
000427 PV INPP)=VOLT*1,E-3 i
000432 XTR=JTR ’
. Q00433 IF(JTR.EQ.0)GO 70O 91 .
000434 VGRDO=VOLT/XTR/D0BY
000436 1 IF(JTR.EQ. D) VGR=C,
000440 " PRINT 254T4C9eSLySReVOL Ty SUMG,ATT ,JTR
000464 IF(IFLAG.GE.1) IFI=IFLAG o
000470 IF (IFLAG.LT. 1) IFI=1 - B T
000473 _SUMVP=0,
000474 DO 40 I=IFIN
000476 - IF (T EQe0 I VLLAST(I) =VL (I}
000501 IF (JTR.GT.0) RTT=R/XTR
_..000505 IF (JTR.EQ,0)RTT=G, ' -
000507 VPT(I)=(VLUI)*C-VLLAST(I)*CLAST) /OT¢C¥RTY = 7~
_. 000516 ... . = IF(I.EQ.IFIIGO TO 473
000520 SUMVP=SUMVP +VPT(I)
000522 . _ 473 _GONTINUE
000522 VLLAST(I)=VL(I)
000524 40 CONTINUE e
000527 82 CONTINUE T T -
000827 . L IFQ=IFT+¢L v ,
000531 IF (KFLAG,NE, 10H JPRINT 464 (VPT(I)I=IF0,N)
_ 000543 k& FORMAT (10F12,.1)
000543 SUNVP= = (SUNVP+VOLT)
000545 IF (KFLAG.NE. 10H }PRINT 46, SUMVP
000555 45 CONTINUE T TTTTTT T T
...900555 _ ___________ _TLASY=T B
000556 HLAS T=H
__.0005a80 .. __G2LAST=C2 o
000561 IF(C/CLAST.GE, 1,20 JT=JTe1
000567 CLAST=C o
000570 T=T+0T -
000872 IF(TLLT.TTOT+DTIGOD T) 53 -
000575 20 CONTINUE R
000579 . _CALL ENTFLM(9) = = ) R

goos7r7

CALL HOCOPY(9)



000601 CALL AICRT3I(040sPToP oy NPPel92s1yuBeb8H LO80

1 +4BH TIME IN USEC
2 s 48H CURRENT IN KA s Llels16
30901649 NX190soXULNYL40e4YUL)
000627 CALL AICRT3(0,04PToPLyNPPy192,1,48,484 L0B0
1 v48H TIME IN USEC '
2 +48H INDUCTANCE IN UHEN v 191,16
3091609 NX3904s9XUI,NY3,00,YU3)
000655 _ , CALL AICRY3(0s0sPT4PRyUPPy 142,15 4B8s4BH L080
1 s 48H TIME IN USEC
Y SN, 1. 11, I . . RESISTANCE IN OHMS 4 1,1,16
‘ 3090166 9NX25 04 e XU24NY2,04,YU2)
000703 : CALL AICRTI(040sPToPV,NPPy 192419 48s48H 080
1 s48H TIME IN USEC
2 e 48H VOLTAGE IN KV s 101,16
Jew 160 o NXbgJo s XUL NYGyDay YUL)
_000731 . _ CALL EXTFLM(0) o
020733 END
PROGRAM LENGTH INCLUDING [/0 BUFFERS
. 012252 .
FUNCTION ASSIGNMENTS
STATEMENT ASSIGNMENTS .
20 - 000576 2% - 0310874 3t - 000764 32 - 001002
34 - 001036 35 - Qo102 37 - 030762 38 - Cl1024
45 - 000556 46 - 601107 53 - 030317 61 - 000752
62 - 000747 82 - 000530 91 - 006437 400 - 000757
473 - §J0523
BLOCK NAMES AND LENGTHS
.- 001765 B _
VARIABLE ASSIGNMENTS
A - 000002C51 ANGLE - (00631301 ATT - 004146 B - 000316C01
B - 000632C01 800 - (00033C01 Bt - 001142C31 C - 004147
cL - 004136 CLAST -~ Q0Qwi27 CLOST = 004153 cLo - 004143
C0 _ - _0)4074y _C2 = C04151  C2LAST =- Q004131 D - 0030006C01
-\ - 001453C01 DELH - (04145 DT - 004071 EXL - 004072
EXAR - 004273 6 - (O0uts52 H - 00414k HINT - 004125
HLAST - 024126 HN - 004066 1 - 004132 IFL - 004160
IFLAG - 030626CC1 IFOQ - (04163 Jt - 004124 JTR - 004140
KFLAG - 004376 N - (300080301 NPP - 004122 NPT - 004134
NTOUT - 004150 __ NX1 _ - 004102 NX2 =~ - 004103  NX3 - 004104
NX4 - 004105 NYL - (04106 NY2 - 004107 NY3 - 004110
NY&4 - 008111 PC - 12426 PL - 003246 PR - 032736
PT - 0)2116€ PV - §03556 R - 004137 RFACT - 0034075
RFOIL - 004123  RTT - (04162 SL - 00414y SR - D0uik2
SUMG - 000627CC1 SUMVP - (004161 T - 004135 TAPD - 000630C01
YE _ = 0011643C€1 THICK = 004077 TLASY - 004130  TPI - 0dunoe7
TTOT - 004070 VGP - GQ4157 VGRD - 004156 VL ~ £J01454C01
VLLAST -~ 0031606 = VOLT - 004154 vPT - 001276 VX - 000004Ca1
VY - 000005CC1 WO - C00001CH1 WIDTH - 0041C0 WLEN - 004101
XTR ~ 00415s Xut - Gou1t? Xu2 - 004114 xu3 - 004116
XUb - 004120 Y1 - 004133 Yui - 004113 Yu2 - 004115



000004
000004
000004
000004
000004

000004
auooou

000036

000070

000072
000072
000073
000974
000077
000102
000105
000111
000115
0030125
.000130
000136
000144
030144
000153
000160
. 000166
000173
000473
000176
goga01
000206

000215,

600224
090227
000234
go0237
030261

_0o0242

000243
000245
000247
000260

0600265
gao2r90

000272
000272
000274

000276

000277
000301

000321

SUBROUTINE SR1(T,TLM)
OIMENSION CMT{200)AMT (200,70 (200)
_ DIMENSION SFL(200)
COMMON N,HO4 A,B00,VX,VY,D(200)+B(200),IFLAG
COMMON SUMG, TAPD 4ANGLE ,BG(200),81,TE(200),DBT
COMMON VL (200) ”
COMMON TSM
FOUX,COI=X4CO%%2/4,* (X =1 ) #C0**4/64e%F0*(X=7./64)+CO0%"0
C /256.%25,% (X=-111.790.) +C0%*3/16384,%1225,%(X~-1.25)
EOIX,CII=1o¢CO®*2/2,% (X=o5)4C0%*4/16+%3e*(X~13./12.)
L +C0%%6/128.%15.%(X-1, e2)4C0%*B/2048. %175, %(X=1,25)

NN=N+1
400 FORMAT(4E15.8)
IFLAG=0
D0 5 I=1,NN
IF(T.NE.O)GO TO 84
DEN¢1)=2,%D(N) =D (N-1) o
Y0 (M= (0(IV -0 (1) I/VX T -
IF (D(I) ,LE, TAPD) AG=0.
IF (D(I).GT.TAPD) AG=ANGLE
YARM= (D (I)-TAPD) *SIN (AG)/COS (AG)
B0 (I)=B00+YARM
_IF(BO(I).LE.BL)BO(I)=31
TE(II=Y0(I) + (A=WD=30 (1)) /VY
84 CONTINUE
 IF(TGELTO(INIBC(II=VY* (T-TO(I))+8B0(I)
IF(T.LT.TOCI)IB(II=BC(I)
IF (B(I).GE. A=WO) IFLAG=I
IF (IFLAG.EQ,0) TD=(A-HD-BO0) /VY

401 FORMAT (4E15,.8)
5 " CONTINUE
IF(IFLAG.GT . N) IFLAG=N
IF(IFLAG.EQ.0) TD=(A-AD-8003/VY
IF(IFLAG,GT+J) TD=TO(IFLAG) +(A-WD=-B0(IFLAGY)I/VY
_IF(IFLAG.GT,0)TD= TOCIFLAG) +(A-WD-BO(IFLAG))/VY
TPP= (D(IFLAG+1)- ~D(IFLAG) ) /7VX
IF(IFLAG.GT,0) TSH=1,-(T~-TD)/TPP
IF(TSM.LE. D) TSM=0,
RFLAG=N-IFLAG
SUML=,
__IFF=1
T IF(IFLAG.GT.0) IFF= IFLAS
DO 33 I=IFF.N
SFLIIN=4.*3,14159%A% (ALOG( 8, *A/ND)=1.75)%1.£~9
IF (IFLAG.GT+0)SFL(IFLAS) =TSH*SFL (IFLAG)
SUML=SUML+SFL(I)
33 CONTINUE
IFF=IFLAG
CIF(IFLAG.EQ. D) IFF=1
DO 600 I=IFF.N
SXMC=0.
00 605 J=IFF 4N
IF(I.EQ.JVXMC=00 )

IF(I.EQ.J)GO TO 605
00=D (J)=D ()
C1=2.*A/SQRT (4 ,*A%¥2+D0%¥2)
C0=(1.-C1)7(1,4C1)
X=ALOG (4, 7C0)
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020325

FAC=FO(X,CI)

000331 EOC=EQ(X,C0} ‘
000333 XMC=6,*3,14150%A({FOC/CL/(CL+1.)=EQC*(CL+1.)/C1) %L, ,E-9
000363 IF(I +EQeIFLAGLOReJoZ2e IFLAG) XMC=XMC ¥ TSM
000353 = SXMC=SXMC#XMC —_— o -
020355 605 CONT INUE :
006369 CMT(I)=SXMC
000362 600 CONT INUE
_00036Yy TQ0 GONT INUE
000364 IFF=IFLAG
000365 . __ __ IF(IFLAG.EQ.O)IFF=1 _
000367 TOTM=0.
Q30370 Q0 620 I=IFF,N
000372 IF(IFF.GT.NIGO TO 62)
000375 _ SXMA=Q,
000375 D0 630 J=IFF.N
000377 __go=otM-Dty. . o L .
000401 C1=2,*SQRT(A*B(JI) /SART((A+B(J))**2+DD**2)
100416 CO0=(1,~C1)7(1.4C1)
0006421 X=ALOG(4,/C0)
000425 ~ FOA=FQ(X,C0)
000431 EOA=ED(X,CO0)
000433 XMA=06,%3,14159%SQRT(A+B(J))I* (FOA/CL/ (CL141.)=-EQA¥ (C1+1.)
C /C1)%1,E-9 o
000450 _ XMA=XMA¥8(J) /7 (A-HO)
000454 TF(I EQuIFLAG.CR.J<EQA IFLAG) XMASXMA® TSH
000466 . SXMA=SXMA+XMA
000470 630 CONT INUE
000473 _AMT(I)=SXMA e
000474 TOTM=CMT(I)=ANT(I) ¢TITH T
0oQur?7  IF(TOTM,LE.D0.)TOTM=0,
000501 666 FORMAT( 3E15.8)
000501 620 CONT INUE
000504 TLM=TOTM+ SUML
000506 DO 34 I=IFF,N o
000514 VL (I = (SFL(I)+CHT(I) -AMT (D)) - T/
_Boosie. . . IF LI LE.QaIVLII) =0,
000521 34 CONTINUE
.000522 _.....RETURN
050523 END

SUBPROGRAM LENGTH

Q0233 . B
FUNCTION ASSIGNMENTS _ e
] - 000042 FO - 000010 T
STATEMENT ASSIGNMENTS
8 = 000174 34 - 000522 84 - 000145 = 400 - 000567
404 - 000572 605 - 000356 620 - 000502 666 - 000604
700 - __ 900365 o
_BLOCK NAMES AND L ENGTHS }

.= 001765

VARIABLE ASSIGNMENTS
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, SUBROUTINE SR2(T,R)
000004 DIMENSION RHOA (100),5GA{100)
000004  DATA (RHOA(I) ¢I=1,96)714864g1488392.04752.55992.75853.399,
C 34590040217, 4063794s641,5.267,64105,
G o 6066927¢37498+79899,21859.920410.622, o
C 11.466412,313,13.951,15,440,17,136,18.129,

G 18.91291934289200085200609210109210697+23619924020925424
C 26e37427e86929¢3%930636932.39933.99935.53437.21,39.11,
C. - 4101 242e80300e41447:96452048952050953461457.054+60439,
C 64s16467¢660D67e51970e56974e60979.17+85.42,91,7301014
o B 1164 9136091640 9187091950 9256093484942349500495804962004
C 5406904930 044349386093154925549220091%0e9 1780916249147,y
C 135, 91240911749110091066910%4¢99806999248486:8¢79:.9¢72404
c 63¢8¢560949.7 )
030004 DATA (SGA(I)+1=1,96)/0:929342,278447+10589.513617.,
C 23364.92627609339304939900.943986,947407,9532964+61347.,
G 652734973027 497674le+80601.983011.984924.487296.989258.
C 91157¢492363.93328249942564995802++98487.+102360.,104410.,
C 107870.91124704911637049119930.4124210491279904+5131760.4,
C 135520.913871009141000091436450.9145560.9147500.+149710.,
C 151260¢9152250491529104515357044154930.915602044157260.,
C 1580204915867 0491592004.9 160430.+4161550.,+162880.4164040,,
_ ~ _C  165310.41662504+166820491674504+168170.+1685804+168930.,
C 1689404916954 0.917060049170800.9171800.9172600.5173000.+
C 1742009174690 691753004917605049176950.91776204+178140.,
C 178680.9¢179200.9179310,9180960.418202C.+183680.+185280.,
G 1872404418883049189970,9191020.9192530,913456049198130.»
- 0 202870.4209270.9215820,49223550.7
000004 _COMMON N,WDsA4BUOsVXyVY,D(200),8(200), IFLAG
000004 COMMON SUMG, TAPDANGLZ +B0(200) 481, TE(200) 0BT’
000004 COMMON VL(200)
030004 XN=N
000005 WA=3,14159/4,%UD**2
000007 AF LAG=N-IFLAG
..000011 _ HN=N
000012 EFL—SQRT((Z $3,14159%A) ¥¥24DBT**2)
0000L7 WL=HN®EFL
000021 - IF(IFLAG.,EQ.0)GO TO 28 .
000023 WLT= IFL* (L.~ (T=-TE(IFLAG) )/ (TE(IFLAG+1)
1=-TE(IFLAG)))
000031  IF(ALT.LELOIWLT=D. )
000033 WL=AFLAG®EFL+MLT
000036 28 IF(T.NEL.DIGO TO 13
000037 N0 12 I=1,96
000041 b FORMAT(4LELS,8)
000061 12 RHOA(I)=RHOA(I)*1i,.,Z~-5
000045 13 CONTINUE
000045 SG=SUMG/ (100, ALY
0000590 D0 17 I=2,96
000052 IF(SGA(I) . LT.SGIGO T) 17
000055 GO TO 18
090055 17 CONT INUE
006060 18 __ RHO=RHOA(I=1)+ (RHOA(I)=RHOA(I~1))* (SG-SGA(I=1))/
c (SGA(IV=-SGA(I-1))
p000GCe6 . R=RHO*WL/HA
090070 RETURN
000071 END



000012

20
oo
oo
‘OD
>
N~

SUBROUTINE FOIL (SUMGsRFOILyWLENyWIDTHy THICK+sToCo TTOT)
DIMENSION TA(300)+EAC300)+s6GA(300),CA(300),VAL300),RAL300),

APA(300),SEC300Q)+560(301)

DIMENSION RHOA(60)+SGA(B0)
DAYA (RHOA(I1)91=1955)/8,498¢659809+905+1001910e751103911,9+12.5,

T113.2791400291%4 053915405421 eQle300bg38,36947¢38455.354,62,26,

269,71476.63985.0419360339105¢89112¢5¢122e79139:74916409920042,
325304306e49351019375429388¢5+396¢7+33603+389¢44376429361.70
434099317.2¢9300059283,¢926406924843+23546+42224420145+20144,
5192, 4918403917 8410172e49166479163,9/

000134

~pooQL2 _ . _DATA (SGA(]I) 41=1555)7/04970303291538,792736s3+4118,4,5602.6y
17022-‘093‘0710191000‘0.'11'09301131200|1‘0693-|163350025103-032721-0
- 2385724945142 49505584554685,459006.9H52166. +64811.+666154968096,,
36957609 707964971821,9725884973673697526149760206977027e+4778424
4782804976449 B82617,484030.9856264¢873604931287.994814.,98047.,
51020404+106040.9110620091145206+9118810.912360049128150.4
e 513396049140290,4146870.9154280.+160930.41670208.7
000012 WASTHICK*WIDTH®2,54%%2
000014 IF (WA, GT.0,)G0 TO 9
000016 RFOIL=0.
000016 GO TO 17
000017 9 CONTINUE
_ 0000817 WL=WLEN®*2,54 _ _ _ - -
000020 FACT=4,5726E+12
nonoz22 IF (T «NEoD ) GO TO 8
000023 D0 12 I=1,55
000027 12 RHOA(II=RHOA(I}*1,E=H
000034 8 CONTINUE -
000034 SG=SUMG/ (100 .*HA)**2 e
000037 DO 25 J=2+55 )
030040 IF(SGA(J).LT.SG) GO TI 25
000043 RHO=RHOA(J=-1)+ (RHOA(J) -RHOA(J=1))*(SG~SGA(J=-1)1/7(SGA (J}=-SGA(J=-1))
000053 G0 TO 30
000053 25 CONTINUE
000055 RHO=FACT/SG*%2%1.E-6 = e
000060 30 CONTINUE T T
000060 RFEOIL=RHOWL/HA
000063 SR1=RFOIL
000063 MDEN=2,699
000065 WAC=WA®*100,
000066 WL C=WL*10, e
600070 IF(T.EQ.C)JII=0 " - T
qaQore IFA(T.EQ.DITLAST=0,
000074 IF(T.EQ.0)CLAST=C
_Q9Qor7r C_IF(T.EQe0s)RLAST=SRY
000105 ESE4(T=TLAST)/2,%(C¥%2¢SRL+CLAST*#2¥RLAST)
000113 CL AST=C - [ e
000114 TLAST=T
. 000115 __RLAST=SR1
0001L7 G=SUMG
_.0go0120 _Jd=dJey _
600122 TAWII =T
000122 EA(JJ)=E o i )
000124 GA (JJ) =6 Tttt T
. 000126 _ ~CAtJJ)=C e o
008130 VA (JJ) =C*SR1
800132 RA (JJ)=SRL

PA(JJ)=CP¥25SRY



000136 SE (JJ) =E/WAC/WLC/NDEN*1000,

000144 SGO(JJ)=G/HACH*2
000150 TR2= 26238, $TR3= 32035, $TR4= 48561. $TRS5= 65776, $TR6=167019.
000157 IF(T.LT.TTOTIGO TO 2%t

000162 37 FORMAT (1H1) L o
000162 255 FORMAT (1H1,10X, *TIME® 8K, SCURRENT®, 10X, *VOLTS*, 11K, *OHMS®,

110X *POWER® y OX ¢ *ENERGY® ¢ IX 9P ACTION® ¢ 10Xy *GOENS*1 0X®EDENS*/
21H 96X *MICROSEC*11X*AMPS*I6GX *KILONATTS*IX* MILLIJ*7 X,
BPAMP2 SEC*,3Xy*AMP2 SEC/MM4G®*11X¥J/GN%/)

000162 . 245 PRINT 255
000166 DO 240 K=tedd . . _ . .
000173 IF( KeEQe514I,. K, EQe101+0R.KeEQe 151, 0RKeEQa201,0R,
1K, EQe251)PRAINT 255
000225 250 IF (SGO(K) LT,TR2IKEY=3HS
000232 : IF (SGO(K) e GE-TR2IKEY=34S#L
000240 IF (SGOIK) 4 GETRIIKEY=34L
000246 _IFUSGO(K).GE.TRUIKEY=34L 4V _
000254 IF (SGO(K) «GE+TREIKEY=3HARC
000262 IF (SGO(K)«GE.TREIKEY=ZHEXT
000270 PRINT 2604KEYsTA(K) sCALKD) o VA (K)o RAIK) 4 PAIK) oEA(K)y GA(K) o SGO(K),
1SE (K)
000320 260 FORMAT(X4A346PF11.390PF15414F15.14F15,5,-3PF15,3,3PF15,2,40PF15.4,
. 1E15445F15,3) ]
000324 243 CONTINUE
000326 241 CONFINUE
000326 17 CONTINUE
000326 - RETURN
000327 END

SUBPROGRAM LENGTH
006103

FUNCTION ASSIGNMENTS

STATEMENT ASSIGNMENTS

8 - 000035 9 - 600020 17 - gooe327 25 - 000054
39 - 0Qp06t 37 . - 000350 241 - 000327 245 - 000163
250 - 000226 255 - 000352 260 - 000420

"BLOCK NAMES AND LENGTHS

VARIABLE ASSIGNMENTS

G ... .- 000000 CcA - 002253 CLAST - 006070 3 - 006072
EA - 001123 FACT = 006055 G - 006073 GA - 001577
I - 006056 __J - 006060 JJ - 006066 K = 006101
KEY - 006102 PA -7 T004057 RA - 003403 RHO - 06061
RHOA _ = 005663 RLAST =~ 606071 SE - 204533 SG - 006057
SGA- - 005757 SGO - 035207 SR1 - 006062 TA - 000447
TLAST - 006067 TR2 - 006074 TR3 - 006075 TR4 - 0060676
TRS - 006077 TR6 - 006100 TTOT - 000001 VA - go2727
WA - 006053  WAC _ ~-_G06064 _ WDEN - 006063 WL - 006054
WLC -7 006065

START OF CONSTANTS
000332
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Appendix 2

Computer Code BWL Listing
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oo

T T T T OOtUMNS T =10 TOTAT NUMBER OF WINOINGS=MAXINUM 31—

[

PRIOGRAM BNL(INPUT,0UTPUT,TAPES(Q] =INPUT.TAPE9)
TEINITE ELEMENT MODEL )7 BRANCHED WINOING CMF DEVICE AS DESCRIBEN

SANDIA REPIRT SAND=75=-0604 TJ TUCKER JE LEPHAN'OEC 1975
TINPUT CAPDS "REQUIRED ~° "7~
CA®N 1 4F1(G., FORMAT

11-20 NEGATIVE-REDUCE TIME STEP B8Y 10 IF URRFNT
CoTTTTTtT TINCREMENT EXCEEDS 20 PERCENT - ’
L ANK =NO CHANGE IN TIME STEP
I ST TPOSITIVE=RUN TIME IN USEC AT WHITH NEW TIME STEP
SPECIFIED IN COLUMNS 21-30 WILL BE APPLIED

'

ZI=30 NEW TIYE STEP IN USET
31 =40 NON-BLANK=--OUTPUTS INDIVIDUAL TURN VOLTS

T CARY SET & Sasasewea IVPUT SEJUENTIALLY IN 8F10. FORMAT THE RUMBER

3 TURNS IN EACH WINDING

T CARY SEY B =a=<<=INPUT SEQUENTTALLY IN 8F10. FORMAT THE TURNS/INCH

FOR ZACH WINDING

OO Oooagoqonoagon

'

nqoéoc1o

|

'
1
@
'
V
|
i
'
)

VAT 5 " 7TFr1U. FUKRKNAT
FOLUHNS 1-10 COIL INSIDE DIAMETER ==ececwcecccccaccacacas INGHES
TTTT1IT=Z20 TARMATIRETOUTSTOE DIXNETERTINPUT ENUI"-“'-‘--- INCHES
21-30 COIL AIRE OIAMETER ===o=- MILS
TTU3LaG0 CEXPLOSTVE AXTAL VELOCITY &<ssawssssiwsasas MMJUSEC
41=50 ARMATURE RADIAL VELICITY =ecececccecee

S =S T A A T I TS T ANCE T U TRPERTBLANK DEFRUC T === "INCHES

5173 ARMATURE TAPER ﬂNGLE seecececrccancancew=as DEGREES

CCARD & 6F10, FORMAT -~~~ "m0 - -

COLUMNS  1-10 INJECTION CURRENT =---cocccecoccococococooa—- AMPS
‘‘‘‘‘ 11=20 LOAD INDUCTANCE seavavicdenersncsscanensascsasews U
21-30 LOAD RISISTANCE =e=scecccccccccacoacacanccacac OHMS

41=53 TIME STEP INCREMENT ececcecccccccmmmanan ——————- USEC
© T BYaB0 -OTFFUSTON LOSS MULTTPLIER (*TOTAL RT

CARD 5 3F10, FORMAT USE BLANK FIZLO AS DEFAULT

e COLYMNS -~ 1=10 ~ALOMINUM EXPLIDING FOTL THICKNESSS=e=s=<ien INGHES

11-2] ALUMINJM EXPLODING FOIL WIOTH =====~====aee INCHES

000002
000002

ST DIMENSTON PT U500V, PCCST0TsPRIS0T),PLISOCS

ZI=30 ACOMINON EXPLIDING FJITIU LENGTH =====<<s===<= TINCHES
CARD 6 ©oF10C, FORMAT BLANK DZFAULT-PLOTS SELF SCALED

T COLUMNS T1=1 0 SET PLIT 10X AXIS TO VALUE SPECIFIED

11-23 SET PLIV 1 Y AXIS TO VALUE SPECIFIED

Tttt o 21939 TSET PLIT 2 X AXIS TO VALUE SPECIFIED

31-40 SET PLIT 2 Y AXIS TO VALUE SPECIFIED

51-60 SET P[:H’ 3 Y AXIS TO VALUE SPECIFIED

DI HENSION VPl’(SU '50) 'I’VlSY (50. 50)

C IFLAG.JFLAG,JAA(S0),[AA

[ ’ ’ [ ’ P NOEL
COMMON TURNL €50450)+R43(50) ¢ RTURN(50,50)

""" 000002~  CRLU ENTFLM gy 7 7 7T T T T s s m e ST e m T s T s

000023
000025
000030

Tt ge0es2 ¢

TTTREAD GO0 ANATCTIY s T2 GNSETY T T

CALL HDCOPY(9)
READ 90+ XSECyXFIWXFIeKF2 ~ 77 = 77
XF1=XF1*1,E-6

IVOUT= XF2

NSEC=XSEC
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000040G RE AD 90'(TPC(I)-I’1oNS C)

030047 - 90 FORMRT (RF10,07° : . T
00004L7 READ 90,4 ’BOO'“DOVX'VY'T“PD’ANGLE
000071 T READ 9TUsCI+EXLLEXR,TTIT,0V,RFACT o T R
000111 ) READ 90 ,THICK AIDTHy HLEIN
00012 NXI=ENXZENX3=T T
000126 NY 1=NY2=N¥3=1
000131 READ 90 v XUL 4 YUT I XU23YS2,XUSHYUT T
000151 IF (XUL N JINX1=2
000153 ° TF (XU2 JNESOVNX2=2 o T ) oot T
000155 IF {XU3 «NE,JINX3=2
000157 IFUYUI RE,UTNYI=Z T
000161 . IF(YU2,NE,DINY2=2
000163 IF (VU3 N, 3)INY3=2"
030165 TTOT=TTOT*1.E=5
000167 VXZUX¥1 ,Fe5°
000170 VY=VY*{,E45
VIOI7Y 7 T T OTEDT¥ILVE=G - Tttt o
099172 EXL=EXL*1l.,E-6
000174 I1=131I2=2313=33T14=4315=5316=6%17=7318=8%19=93110=108T111=113112=12
330237 I13=133T14=143115=158116=-163117=173118=183119=193[20=23%121=21
003220 122=2231232233124=243125=253126=263127=273128=283129=293130C=30
03023t 131=31
TO00233 T TTTTPRINT IS T 0 - T T
030236 137 FORPMAY(AHL 4/ /27727 77777) 7
000236 00 101 I-1,NSEC :
0136243 NT=ANA(I)+1
000243 DO 100 J=1,NT :
030245 IF(I.NE.LY GO TO 1290
o022 T TF I TS IC AN I . NEL ST AND, J“NETBTPRTN’T—ITT.TI- T T T T e
030279 IF(JeENe54IRGJEQLB)PRINT 113
000303 113 FORMAT(ALX % 7*)
3003C3 IF(JsS0NT) PRINT 112
000311 GO YO 10C
030312 111 FOPMAT (64X, 11)
T T Y T T Il RO AT (32X ¥ s as s essavoessos 00000 000sc0oossenetosssensscasonscsasss
1'..'.....'..,
030312 123 IFIT.HEL2Y GO TO 130
000314 PRINT 121,[2,1I3
070324 ’ IF(J.EQ.NT) PRINT 122
0001332 GO To 108
U I3y T T IZ2T FORMAT (32X T, 66X, T1Y - - - T T oo
0‘30333 12, FORMAT(17X' ..........'....'................'32x‘.............'...
) 1......'..'.....‘,
000333 133 IF(I.NELu) GO TO 143
000335 PRINT 131,14,15,16,1I7
230351 IF(JsEQNTY PRINT 132
IR 517 1 C2 ¢ B 1 B 6! A . ToorTmTm T
030369 131 FOPMAT (17XyT143C0XsT1432X,11,30X,11)
70007360 132 FOQ”AT‘ qx’ ....'.......'.."st'...........Q.;'..1.7x'....‘.......
1..."15X‘I.'.........,’....)
03030 140 IFII.NS.8Y GO TO 150 ’ o
00032 . PRINT 141,18, I?qIiJvIlloI12p113vI1‘0v[15
V006 T T T IR E O RTY PRINT I
000414 161 FORMAT( OX 3T 1e16XeT1913Xq12412XeI2917X¢12,12Xe12415X412412X412)
B00uLL 142 FORMAT tLUXe¥ s enonennee® X ®iananenese®TX ¥ onenceeee® X ®eananessse?®IX

1.0 ......'.."‘X‘..l..’l....TX‘OOQIQQOOOI.SX‘..l......."

000414 60 TO 10T




156 IF(I.NE.16) GO TO 103G

030415
000u17" PRINT 1519116, I17y118,T119,120,121,122412341264+1254126+127,128,129,
1134,I31
000463 I15] FORPMAT(GX 12 48K e I245XKeT 240X s T2 o7 XeIZ9BR9yIZsUNsT290Xy T249X412,BX,12
' L1o4XoI246XgI297XgI246X31295XsI296X412)
TTTOUUWES GO TO 10T T
000464 100 CONTINUE
000467 101 CONTINUE -~~~ "7 T TTTTTT oo o -
000471 PRINT 237
0004rs5 TPRINT 31,COWAyTAPO XLy VXsTTOT ~ T
030515 PRINT 32,WD4B00sANGLESZXRyVY DT
T gI0S3IS T PRINT 39,RFACT o
030643 . 38 FOPMAT (IX*FLUX LOSS MULTIPLIER®*FB.4/)
000543 TTOPRTINT 925 (IZANACDY Gy T20TIV,  I=1,NSECY
000561 PRINT 26
000565 PRINT 34 —~ 7~ = 7 o o
000571 PRINT 35
TTTOIUSTS : 0o 17 I=I,NTET T -
000€03 17 TPCIIN=TPC(TI)/2.54
000605 T RE(A¥WOZ1090 ) ‘2‘5‘57?;" T -
0006112 ROD'(‘!DU-HJIIDJD.)'Z 5'0/2.
‘090612 - - "WOEAD*2 ,54C<F " 0T oTTTo
000614 TAPD=TAPN®2,54
TI0BI6 WA=3,. IGISO¥RO¥*27%,
000629 NPP=j
030621 BN 2 ) e
000621 N=HN
000823 - TTURINTSO0., 0 T Tt - - o oo
000624 HLAST=",
00062 % CCAST=CU B
000626 TLAST=).
0908626 T T "TLR2UAST=0.C T : ) T T
000627 SUMG=0,
000830 - T ONCOONT=EQ T T - - T T
000639 BASE=0.
0J0631 T=0% -
000631 IF(I.EQ.C.)C co
Ut G TP P o o . -
000634 DO 50 I=1,NSEC
000636 7 T UTTITEFLOAY(IYZZ., T ot Tt T
000640 NT=ANA(II) ¢1,
000653 TF UGV ITBASE=U I NT=1T¥ FLOARVINODUI .2V Y /7TPCUL¥7SPLIVIIVY —— ——
10(ANA(II) FLOM’(NT 1HITPC(II)01 /TPC(II)
T Q00%71 T T TUUNNFANAITY¥NL, T T T T o
000674 D0 51 J=14NN
00072 T T T T DIV ISR L OATIUT =L Y/ TPC (I Y®BASE 7 Tttt -
000730 IF (AMOD(ANACI) 91 o) aE20ds }DC(I,NNI=D(L4NN=-1)
000733 51 TONTINUE
000734 50 CONT INUE
o003 NRAZANATIT¥ L, ~ "7 77777777 TTTooToomT comormomins momsmommmoomoooomossos o
000741 NPT= TTOT/DT
000743 - " - RFOTL=0, - oTTTTToTTr e - T T T
000764 IF(HIDTH.EQ.04)1G0 TO 53
OO0 IF (T EQ T RFOTL =8 4E=5 "ALEN*2 . SH/TTRICK*WIOTR* 2, 5G4 %27
000754 53 CONT INUE
................. T T T L
000754 . SR=R+EXR+RFOIL
800757 T T TTTTTCALL OSRI(T,CLY T TTeTTT - Tt o
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000761 CALL SR2(T,4R)

000763 - CUSL=CL¥EXL 0 o T T B
030765 SR=R+EXR
030767 © - TTTSRESRERFOTILT 0 0 T T .
8306770 IF({T.EQsDa)CLL=SL
00077y R=SR* (1. ¥RFACTYZSC -
000776 D‘-‘LH-(HOHLASN/Z.'(T TLAST)
008003~ - - HINTYRINT¥#OELH ~~— -~ -~ """ "7 e -
001005 ATT=EXP{=HINT)
0010t1 - - " C=CLT/SL¥CO¥ATT - -~ = N
001013 NPP=NPP+1
001015 PT(NPPT=T¥I,.E¥5
001017 . PC (NPP)=C*1,E=-3
001723 T O TIF(NY1 ., EN 2 AND, C¥ L, T=3 . GE.YULVPC(NPP) =YU] -
001035 PR (NPP)=SR
001035 -~ PLNPPY=SL*T ,E+b
001060 C2=C*%2
TO0ION Y T GTICZ¥CZLASTIZ 2, ¥ (T=TLASTY -
001046 SUMG=SUMG+G
001050 CALL FOIL ~ CSUMG,RTOTLINLEN,WIDTH, THICK,T,C,TTOT)
001060 TLAST=T
001061 - - VOLT=E(C=-CLAST) ZUOT*EXLE#T*EXR
001066 IF(T.GT,.TTOT)GO TO 208
ORI 07 T T T T T IF SLSEXLLLE L JL FTPRINTY 263 TsCsSLs SRAVOL T, SURGL,ATY  —  — — ~
02t1ie IF(SL=EXL.GT . 0,)PRINT ZS.T.c.SL.SR.VOLI.SUHG.ATT.IAA.JFLAG
001146 IFIT.EQWT¢ISULASTSESL
001151 SLOOT=(SL=-SLLAST)/DT
001154 TDOUT=SLO0T/SL o o
001154 SLLAST=SL
“00TYISS 98 FORMAT (5K *LIJOT/L=EZ2T. BT
001155 IF(IVOUT.EQ.J)1GC TO 35
01158 - " "NCOONT=NCUUNT¥1 o s
001169 IF (NCOUNT,.EQ, IVOUT)N JJNT-O
001161 . VP ISUM=g, ~ 7 )
001162 IF (NCOUNTLEQL,D)PRINT 65
TUU0II65 66 FORMETUIX, b TIX*TURN*SX¥VOLTS7¥%4XT) -
001166, 67 FOQMAT(ix.o(ZX'NO.'?X'I’URN'QX))
i c o e
101166 DO 6C I=1,NSEC
601170 - TONVEANACTY#1 . o
001172 IF CICOUNT.ZQ.0)PRINT 52,1
U020 T B2 FUSMAT IV, *WINDING NUYIER=====F[3 T -
001201 00 128 J=1, Nv
00t207 - o ATERM=1, - ,
001219 IF(J.CQMVIATERM=ANACI) -FLOATC(IFIX (ANACI)))
001215 - RIR=ATERMYRHO(TIT*(2.%3, 14159%A* 1, 7TPC(IVI7WA -
031223 IF(TWEQele ) TVAST (I 4J)I=TURNL(TI4J)

TO00T22% VP TUITJVTETORNC UL, JV*(C=CLASTI7 0T
1+C"(T')RNL(I.J)-TVAST(I.JH/DT
T T ZERTURRAILIYEC/SPLITTIY S T

0312546 IF(D(LsNV=1) Gz« O(Ls NVIIVPT(Io,NV )=],
801262 0 0 U TR I VET Y OR T EQ 2 IR T L EQe Ue OR LTI EQe 8. ORI EQaTIHY 77

LVP TSUM=VPTSUMEVPT(I, J)

003t 123 CONTINUE—

001313 IF (NCOUNT,ZQ, J)PRINT 610'(JpVPT(IthJ X,NV)
001332 64 FORMATIXyB (22X T3, Fll.TUXY) C
001332 63 CONTINUF

031335 - VVV=VP TSUMNFVOLT




031336 IF (NCOUNT.EQs0)PRINT 534 VVV

001348 - 69 FORMAT(IXs7IXs*THE VOLTAGE SUM™ ISs=<-<%F20.,8/)
091 345 N0 81 I=1,NSEC
001347 " TNVEANACIY#L, - TtTTotTo ToTrTtTTTT oo o
001352 N0 82 J=1i4NV
T Ie T T TYASTUIL, JY=TURNL(T,; )Y
03132 82 CONTINUE
001363 81 CONTINUE -~ = =77 77 "mrrmimoromemn e T T
031366 68 CONT INUE
T+ e R Ceee - - _
001366 HLAST=H
Ud13b 7 VZLARAST=US
001371 IF(INF1,6E,0)G0 TO 5
COUL3?Y T T T T IR (CZCLARS T G GE VI 2 AN Y G UTLEG, QY DT EOT /L. T T T T )
001404 5 CONTINUE
00L40% T T IR IXFL VGTL 0 AND G T GEVK= 1) DTEXFY -~ 0 Tt Trr e
001415 IF(C/CLAST.GE41,2)JT=1
UUTRZ S UVLAST=U
001423 T=T+07T
C0UE RS T T T T IR L LT, TTOT YOG Ty 83 T Tt
001430 20 CONT INUE
0 UL Y30 T 208 CONY INYUE -~ -7 =7 Tt T T oo m s T oo s T s Tn mnm T s em e
001430 PRINT 37
00143y PRINT—20S
001440 203 FORMAT(1SX*AXTAL®*15X*C ‘.OSURE’lSX'ARHATUPE'lZX'“INDING‘SX'TURN'I
"""""""""""" TTEIXPDISTHLEX *TIMEFI6X*INDIUSH/ IS XPCHY TEXSUSEC*TEXYCH ™YY -
0016430 00 200 I=1,NSEC
B &' 5 & Y-aalhbiaiis B ) % @ 4 X 5 Skttt ettt e
001445 - DO 205 J=1,NT )
A e SR A AR L T A KL LA RS AR S
001475 TF(JeEQeNTIPRINT 20290C(ToNT+1) o TGUINT#1) ,BO(INT#1)
001822 201 FORMAT (S F IS5, 4y SXs 6P 18 4y SXs OPFLIS. Gy SXy2TI0Y """
001522 202 FORHAT(iX'END'lX-FlS by X¥YEND*X o 6PF 154 4e X*END*X s 0PF15.4+X*END EN
SRR § 5 R B 28 1 ) 8 T
001522 205 CONTINUE
—Oo01TS2% 200 CONTINUE
c
00187 B 00 20 4. -1 S 4.0 3 ' e
001527 31 FORMAT (1Xe*INJ CUR®sFB.1o4Xo® 0IL ID *oFB.4s4X+*ARM DIST*F8, 344X,

T mmmommsmoeeoees T*LOAD T¥;6PF B BX o " AXT AL VEL *7<5PF 8, %; WX, *RUN TINE®6PFE.37

001527 32 FORMAT (1Xo*WIRE DIA®FB.ULsuXysPARM 0D *FB,Uyo4Xo*ARM ANGLE®*F7.3,4X,

UPLURU K% PB4y
16X +*RADIAL VEL*¢<5PFB.lLy4X+*T INC*6PF8.4)

©C00L%27Y 92 FOPMAT TIX*AND¥ U ;22X TOINS® FT, 3e X*TPI*F743,5Xy =~~~ =77~ .
2 BHUND*IL s2X¥TURNS®*FT o342X*TPI®F7.345X,
________________ 3T T T A NDR TG Z X TURNS YR S 2N TPTI R F 7o 3 ,5K7F T
001527 36 FoR"Ar‘sx...........................................'.........".
1V 0 0000000000000000000000000000000000000000 0000000000007
001527 34 FORMAT (Xo/9s6Xo*TIME® 48X 9 *CURRENT®,5X ¢ * INDUCTANCE®,5X +*RESISTANCE®,
-------------------- T9X 3 0UTPUT®; IXy * ACTTONY 10X *ATTEN®; ¥ XSHINDING® - SXPTURNY )~~~ -
001527 35 FORMAT (66X SUSEC® 911Xy *AMPS®,9X  *UHENRY®* 11X S 0HM %, 10X, *VOLTS*,
---------- I 8 1 - 1 R
001527 25 FORMAT( 6PFL10o4sOPFL5,096PF1S5c4e0PF15,L4F15,10E15,4F15.502110)
—001%27 25 FOPNRTT GPFIU Gy UPFIS s UsbPFIS e e UPFI S GoF 15, 19EI5. ®oF 1545y
LSXEXNUAXXAX XXX XX XX ®)
'03’!927"""""f"tttf."ITCRT'S'(WJUTPTSPC;VPP;TG?.‘T.'WU;WOH """""""" ST T T (080 -
v48H TIME IN USEC
""" - _"_"'"""?"'"'""i'isﬂ'""""“"“" TTTTTTTTCURRENY IN KA TTTTTTTTTTTTTTTTTTITTTT T 11016
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3o916seNX190e 9 XULoNYL 400 o YUL)

001555 o CALL ATCRTI(0, 3o PT,PLyNPP,{,2,1,UB,U3H T L0080
’ 1 v43H . TIME IN USEC
-z Y -1 7 77T T T T'INODUCTANCE IN UMEN ) o s 141,16
3o 1609 NX390a9eXUTINY340,4YU3)
1 W 43H TIME IN USEC
2 T e BBRTTTTT T T T RESTSTANCE IN OHMS T O ' e 141416
30' lso'NXZQO-'XUZONYZOUO -VUZ)
001631 TTUCATL ZXTRFLM(NY T T T -
001633 END
¢ —_— e
‘PROGRAM LENGTH TNTULUDING I70 BUFFERS
126420
FUNCTION ASSIGNMENTS
STATEMENT ASSIGNMENTS
5 = 0J1640% -~ 27 To= 0 031631 25 - {32237 26 - Dd22u6
31 - 00211t 32 - 002127 3y - 002211 35 - 002226
- 1 - I 6 940 37 = CU2I07 I8 BT Y44 S N 1 14
53 - 030755 - 50 - (01333 62 - 0342026 64 - 002036
65 - 002015 67 ‘- (r2021 ‘88° - 001387 69 =" G32Cu2
99 - 031651 32 - 062151 98 - 032011 100 - 0J30646°
111 - 001664 112 - TI166H° 113 - D016bi 120 - 036313
121 - 031677 122 - 031702 128 - 001311 130 - 000334
T3 TS TUOITIdT I3 T = 00IT2T T T I37 T = UJIBS6 T ILRU T =T U0UU03RLI T
141 - (21732 142 - 001761 150 - 03Cu416 151 - 001750
201 - 032970 2G2 = TI237p - 2103 - 002053 205 - 03218523
2438 - 001431
BLOCK NAMTS AND L "NGTHS
T e U365 T - T T T oo
VARIAQLE ASSIGNMENTS
A - 030001CC1L ANA - CCW773231 ANGLE = 095144C31 ATERM - Q2C327
ATT - 0203186 JAST - gz20277 i 41} - 00%145C01 BQU - - 036GJ2CI1
G - (20301 oL - 020311 cLasT - 026273 CLG - 020313
CO~~— =72017% C? =T C20317  CZLASY = 020275 W~ = CLJU0OOBCOTY
DELH - 0206315 nyY - 020222 EDOUT - 026324 £ XL - 020177
EXR - 02023C G - t2032¢C H - 02031% HINT - J20271
HLAST - Q20272 HN - 020270 I - 020175 TAA - 0J5141C01
IT - 020302 IvVour - C20173 11 - 323223 I{c - 020234
Il - 020235 112 - (2023¢ I12 - 029237 114 - (20240
TS = 0202 TR = 020262 T IIT T =T 020e%3 T IIR T = geusuLy T
I19 - 320245 I2 - (20224 120 - 023246 I21 - 020247
122 - " g3202%0° 123 = t20251 124 - 020252 125 - 020253
126 -. 020254 127 - (20255 128 - 0202%6 I29 - Q20257
Ty - (20225 I3¢ - g20263 31 - 0202¢1 14 - 0202286
15 - Q23227 16 - (2023¢ 17 - 020231 18 - 020232
= 02023 T ——="—T20263 AN = “00SUSTCOI JIFLAG - 0O0S058CT1
JT . - (20266 N - 023267 NAA - 0203G4 NCOUNT - (02327¢
© NFL « 020174 WN- - = 20303 NPP - 020265 NPT T~ 0120305
NSEC - J16755C:1 NT - 023262 NV - 320326 NX1 - g2c62¢c7
NX2 - g20213 - NX3 = Q20211 NYL 020212 NYZ - 020213



) SUBROUTINE SR1(T,TLY)
00000% ~ ° T OIMENSTON SL150+507sSA(50+50)sSCT50.507,FRAC(5TI ,NTAT50)

000004 COMMON HD.A'BGUoVX'VYoD(SO'SO)’VPC(SJ)'ANA(EU)v
S C" 'IFUAG,JFLAG, JAATSDY,IAR = T
000004 COMMON SUMG, TAPDsANGLEs B0(50+50)4T0(5045094NSEC
TUU000%  — CUMHON TURNCU (573507, 391507, RTURNTSTU,507
000004 WA=3, 1“1‘9’H0"2/h.
000006 TAGEANGLE/S7,3 T o o T
000010 TLM=0.
000711 T TFLAG=] ) ) o )
060012 JFLAG=D
- U
000013 D0 60 I=14NSEC
goouts - - "FRACTUI)=ANA(I) -FLOARTTIFIX{ANA(IY))
000020 JAA(I)=0.
000021 T URTEANATIDYWL,
000024 N0 28 J=14NT
TO003S T T RTURN(ISITEU ., - - ‘“‘
000034 28 TURNLI(I,J)=0.
000035 -~ - " T0ONTH2 J=1,NT
000040 IF(D(I,J)LEL,TAPNDIBO(TILJ)=8B00

000051 T IFDACT IV 6T TAPDIBOCI »JY=8B00+ (D(T,J¥-TAPDY
: C *SIN(AG)/COS(AG)
TO00007% b2 CONTINUE

000101 DON=FRAC(I)/TPC(I) .
000103 : TF T OUT o RKT=13,EQs NUILNTYIOOD=21,7TPCHI)
gd0111 DOLyNT+1)=D(I,NT)+DOD
000117 IF(D(I,NT+1T,LE.,TAPDIBGI{T,NT+1)=800
000125 IF(D(TIoNT+1) sGT,TAPDLANDD(IJNT=1),EQ.D(L4NT))
- T T T T IBT LG NTHFIYEENURF (UL, Ty =TAPD¥F  ~ I, 7ZTPCTITYI*SINUAGI 7COSUAG)
000157 IF(DCI JNT#+1) oGT.TAPDLAND D (I JNT=1) NZ,O(I4NT))
i ’ T IBO(ILNT4+1Y=BSI+#(DIT,NT) =TAPDY RACCIV/TPC(IV)I®SINCAG) 7ZCOS (AG)
000214 53 CONT INUE
000217 T N0 2T I=1,NSEC
030221 NTACIV)=ANA(I)+1,
g2y T T NT=NTA(IT T
0600224 10 31 J=1,NT
030241 T YT ZJIY=0(T,J)/VXE (A=-WD “B0(I,J)I/7VY
000244 31 CONT INUE
000252 YT ITWJNTHFLII=O(I JNTFLY/VXFTA<ND ~~BO(ISNTH*IJ)/VY
000263 NNN=NT +1
TO0026% 23 CONTINUT T T T T
000266 . SUML =],
000267 79 1 I=1,NSEC
000271 NT= ANA(I)#l.
000273 T TTTTTFL=t
000274 IFLAG=C
I0275 D0 27 J=17NT T —
000305 IF(T, LT.TE(IvJ))GO TJ 32
030387 -~ - JFL=J
030310 JFLAG=J
V00811 - 0 IFLAG=T a T - o
- 000311 ) 1AA=T
090312 SCTTISITETS -
900313 JAA(I) =Y
903ty 27 T TONT IRUE h
03031A IF(T.GETO(NSEC NT¢L))TLM=0

000 324 T IR AT GE L TO(I G NTY GAND o T LESTO (I 4 RT#1))YGT TO 32



000340 G0 10 1

030340 327 CCONTINUE 0 T T
c
070340 - T IR UIFL JETSNT VAND ORI NT) JEQ DI  NT=T)YIFL=JFL=-T
030353 00 2 J=JFLWNT
—W scldetle =1.8b4t =5
000361 RTURN(IJ)=2RHO(TII*(2,%3,14159%A+1,/TPC(I))/HA

000373 T T IR WU EANTYRTURN Tz IV =R TURNI T, JY¥FRACCLY "~ 7~
000400 "~ IF(IFLAG.EN«JeIMeJoNEJFL) TSM=1,

TO000BLT T T T T T IR CIFLAG G T U AND LI EQVIFLYTSHEL < IT=-TO (I, JFL)Y/

C (TI(I4JFL#1D=TC (I'JFL’)
. e NT =1y, . -1)F

) 1TSM’1.-(T TO(IvJFLle/(TD(IvJFLfZ)*TO(I'JFLfl)D
©000Yss T IFCTSA.LES O ITSM=0, T T o

000460 23 CONT INUE
TTTeO0WBU T SLCIyJIVERT*3, TUISTI*AF TALTG (8, ¥ A/7AD) <1, 75'['”1.E—‘§

000470 : TF(JeEQeJFLISL I WJ)I=SL(T ) *TSM

TUUSUI TFUTJEUSNTIODL UL JY 5T U, JT ¥= KATTTY

000507 SL(I, J)'SL(['J)/SPL[T(I)

B0 B0 -7 SUMLESUMLFSUTT U~ T TTT T T
600523 SA(I+J)=].

B 11 2 SRR 8 0 ) £ P o -
c
UUUDSL> : 07 3 K=I,NSECT
000531 . NP-ANA(‘()QL.

000833 S | 4 - S
000534 IF2=¢ ’
800835 " T TN KT NGEL GNP T T TTTTTT T T s s e
000546 : IF(T LT TO(K,NG))IGD TO 42
Uuuo> e JPP=NG
000551 IF2=K

“000551 7 47 77 TTONTINUE T T T Tt TrTmmaTmTimen rmmmee et
000554 IF(T.GE.TO(I, NP).AND T, LE TD ([oNPii))GO TO 42

B R 112 % A ¢1 4 B ¢ B S Tttt e
000567 42 CONT INUE

. | )
000567 IF (JPP,EQeNP,AND.D(I, N’)oEQ.D(I. NP°1))JPP JPP-
K1 1) - 00 &4 L=JPP NP 7 Trottt o
000604 IF(IF2 +EQedsORWLNEJPP)TS0=1,
"”UUU’GI‘Q“"""”' O TFUTFZ G GT 0 ANDL L ZQe JPPYTS0=L o= (T=TO (K, JPPY)7

C (TO(KyJPP+1)=TO(KyJP3})
TOUB3% TF PP EU NP=1, ARD. DT NPT EQ. U VT, NP-1T¥
17S0=1.-(T~ TU(IoJPPfiH/(TO(I;JPPfZ)-TO (I.JPPfl))

TTTB066Y T T CTIFTTSOLLI G 0,V TSO=0,
000664 24 CONT INUE

R 111021 TREDTRUISD(L,IY T T T TTooTTrTn T emT
000674 IF(KeEQeIeANDJLSEQeJIXY=D,
vag/us TFIK.ET. T, ANO, L. EQ. JYGO TO 3T
000741 IF (H.EQe o) GO TO 30

B '} I 4 -4 CALL AMOT (R N aHyXM) "~ TTTTTTT o TTTTT o TTTTTTTTTme s
000715 IF(L.EC.JPP) XM=XM*TSD

TQuoereZ T TFIJCEQIUFLT XMZXM¥TSH -~ 77T CooTTTTTTTTTeT e
000726 IF(L ENNP) XM=XM*FRAC (K)
000732 TFU) E NT T XN EXM*FRRCTIY
000736 XM=XM/SPLIT(K)

eo0TRY T Tttt XMEXMZSPLIT(YY ~ T T T T mmem s
000744 SCUT +J)=SC(IeJ)eXN

o00YS3 T T30 T {10 L 1



000753 IF(T LESNIKsL)/VXIB=B0 (KoL}

000765 IFITGYe DKo LT 7VRI B2BO (R LI+ (T-{D(RL,L)Z27VX) Y *VY
001004 IF(B.GELA=4D)IR=A=-WD )

001011 ) T CALL "AMUT (A, 34Hy XAY

00101 ¢4 IF(L.EQ.JPP) XA=XA®*TS)

TOI02Y ——  TIFTJ.EC.JFLTYXASXR¥TISH - -

001025 XA=XA*B/(A-WD)

001030 TIFCLLET.NPIXAS XA*FRATIKY .

001035 IF(JLEQeNTIXA=XA¥*FRAZ(])

001041 XA=XR/ZSPLIT(RY T

001C4y XA=XA/ZSPLIT(I)

001047 SATT v IT=SACT , JT¥FXA =

‘0310556 39 CONTINUF

001056 4 CONT INUF oo

go01Ch1 3 CONT INUE

031767 . CTLM=TLM4SLUT ,JIFSCHAL L JV=-SA(T,J)

001072 TUPNL(L o J)=SLUT s N+SC(I4J)=SA(I, D)
TOUIO7TE T T T TIFTIO=JFLEY - T
001076 D0 121 NO=1,JFLO

071111 ’ IF{JFLO,.,=0.,TIG0 TO 12&%

001113 121 TURNL(I,NO)=0,

001115 12% CONTINUE o

001115 2 GCINT INUE
o020 Y CONTINOE T
001123 - PETURN

001123 COTTUENDT T -

c

SUBPROGRAM LENGTH
020123 - T

FUNCTION ASSTGNMENTS

TSTATEMENT ASSIGNMENTS

001362

= [J1057

1 - 00112 2 - (01116 3 - 4
23 T - p004B1 24 - CJUhBS 27 - 000315 34 - 000754
32 - 000341 39 - 0601357 42 - 0048570 47 - Q200552
60 - 000215 - B2 - Goo07? 124 -~ 0011186 T
TBLOTK NAMES AND UTTNGTRS o e
-« 030650
VARIABLE ASSIGNMENTS
A = 0900001CS1 AG - £20975 TANA T = 034773CJ1 ANGLE - 0J5144C01
8 - 020117 3¢ - (15145331 840¢C - 0000062C01 D - gopoguascot
OO = 020101 FRATLT = 0ITTItT—H "= 020115 T = 02007% b
IAA - 035141CGCt IFLAG = £95055021 IF2 - 020111 J - 020106
JAA o= 03809 T7COLI IFL - -~ 020106 - JFLAG =~ "~ 00%056C31 JFLO - (20121
JPP . - 020110 K - (20106 L - 020113 NG - (20112
TNNNT © - 0201020 © NO - 020122~ NP =~ 02c1C7 NSECT  ~ - ©C1le755C01
NT - Q20077 NTA - 023312 RHO - 023662C01 RTURN = 023744CQJ1
TSATTTT = 0061270 ST T TII0NgY ST = 07121% SUMLC =TT g20I0Y T
TAPD - 005143CC1 TPC - (047110)1 TSM - 0201CS TS0 - 020114
TURNL - = U{6756C01 TT = T12951201 vX T =7 000003C01 VY - 050004CO1
- CC0000301 xA - {2012¢ XM - §26116

WA - 020074 Wn

69
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SUBROUTINE SR2(T,R0UT})

00000% - -~ ~ DIMENSION RHOA{L00V.SGAI10CY,SG(50) ~~ - »RI50)
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SURROUTINE AMUT(A,34 04 XM)

000G06 : C1=2,*SARTIA*BI/SART({A+B) ¥¥24+[¥¥2)
020025 Gi=(1.,=C1)/7(1.+CL)
000027 T TFI(CCLEWTLICU=1.E=b
000033 Xz ALOG(4e/7C3T)
U000 0 T FIEXRCITYR 2 7R Y =T T FC T ¥ L /780 « ¥ 9. ¥ X =7 75, J #CU¥*672556. ¥ 25,
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000060 RFZIL=RHI*AL/NWA
030063 SR1=PFOTL
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000270 TPRINT 260¢REY s TETIKTyCATRY s VATIKI yRATK) o PAIK) EA(RY 4 GATIK) 4 5GOIK)
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Appendix 3

CMF Device Voltage
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APPENDIX 3

CMF DEVICE VOLTAGE

The major internal and external CMF device voltages of designh concern
are illustrated in Fig, 1A, From a straightforward application of

*
Kirchoff's laws, it follows that the individual turn voltage, Vi’ is given

by

* * * *
V, =L,I +L,I + IR, (A1)
1 1 1 1

* *
where Li and Ri are turn inductance and resistance, respectively, It
*x
should be noted in Eq. (Al) that the term involving Li is a voltage genera-
tion term and thus is of opposite sense to the two voltage drops. Similarly,

from Fig, 1A, it can be seen that the turn to armature voltage gradient

at the jth turn is given by

% .
Fy = iv; Vi/(A - BJ.) . (A2)

It should be noted that the separation distance (A - Bj) between coil
and armature is directly proportional to tan @ and, therefore, high voltage
gradients might be expected in small closure angle devices, Codes SWL and

BWL provide as an output Vout = IRload + Lload I and, as an option, the
*
turn voltage Vi' Typical computed turn voltages from code SWL (see SWL

example in Section V for input parameters) are shown graphieally in Fig. 2A,
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FIGURE 2A, Plot of turn voltage versus time for first (1), 50tP (maximum voltage), and
last (70th) turn of CMF Device as predicted by code SWL.
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