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FOREWORD

The work reported in this decument was conducted by the
Physics and Electronics Engineering Laboratory in Corporate
Research and Development of the General Electric Company
in Schenectady, New York, on ""Computer Programs for Pre-
diction of Lightning Induced Voltages in Aircraft Electrical
Circuits, "' sponsored by the Air Force Flight Dynamics Lab-
oratory, Wright-Patterson Air Force Base, Ohio, under Con-
tract F33615-74-C-3068, J.O. Number 19870275 from
1 February 1974 to 30 November 1974, Mr. Dong G. Kim
(FGL) was the AFFDL Project Engineer. This document was
submitted to AFFDL in February 1975,

This report describes a computerized program to define
the induced circuit voltage within an aircraft electrical system
due to a lightning strike on the aircraft. One routine of the
program (DIFFUSION) calculates the effect of magnetic fields
caused by current on the aircraft skin. The other routine
(APERTURE) calculates the magnetic field that enters the
aircraft because of an opening. The induced voltages are
then calculated for any given electrical circuit. The program
has defined geometrical configurations {or a fuselage, rec-
tangular wing, and empennage sections. A subroutine cal-
culates the current distribution on the skin of the section
being analyzed. The program input current and output
voltage are in the time domain.

Contributions to this contract effort from Myr. J.E. Houtz
of AFFDL/FGL is gratefully acknowledged.

Information on this document and on how to obtain a
card deck listing of the program may be obtained from
Mr. Kim, AFFDL/FGL, Wright-Patterson Air Force Base,
Ohio 45433.
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BACKGROUND AND OBJECTIVES
LIGHTNING INDUCED VOLTAGE IN AIRCRAFT ELECTRICAL CIRCUITS

One of the trends in the design of modern aircarftis toward the use of minia-
turized solid-state clectronics in avionics, automatic flightccntrol, and other func-
tions. The decrease in weight and power consumption which these devices afford has
enabled improvements in performance and economy, so the trend is likely to
1 hecome widespread in the design of new military and civilian aircraft. Because
of the inherently small size and low operating power levels required by
miniaturized solid-state electronics, however, these components have
been found to be more vuinerable to electromagnetic interference than their
vacuum tube counterparts of an carlier day. Such interference may realt
; from on-board systems such as radio transmitters or relay operation, or
from external sources such as lightning or nuclear electromagnetic pulse

3 (NEMP).
P

..

: : Incidents have been reported, for example, in which solid-state elec-
F tronics have been upsct or permanently damaged as a result of lightning

' strikes to aircraft (Refs. 1 and 2). A number of research programs have
4 been conducted by various Government agencies or research laboratories

to determine the extent of lightning related interference and the mechanisms
by which it occurs in aircraft clectrical circuits (Refs. 3-6), and it has been
) learned that clectromagnetic ficlds caused by lightning may appear inside

; typical aircraft and induce transicent surge voltage in electrical wires and
cables. Thesc lightning-induced voltages are in addition to those which may
enter aivcraft electrical circuits as a result of direct lightning stroke con-
tact with externally mounted clectrical components such as navigation lights
or antennas.

Malfunction of sensitive electronics may occur if the induced volitage
exceeds its overvoltage wiithstanding capability or if the accompanying in-
duced current surge results in the dissipation of excessive power in semicon-
ductor junctions. Since lightning eclccetromagnetic fields usually permeate the
entire aircraft, redundant systems are also susceptible and may not provide
their intended backup capability.

}

T

Herctofore, most lighthing protection design has been for control of the
direct cffects of lightning, such as [uel ignition and structural strength
degradation, or directly conducted surge voltages and currents arising from
strokes to navigation lights or antennas. llowever, the increasing depen-
dence of critical navigation and [light control functions on solid-state micro-
clectronics has resulted in recognition of the need for protection against
the indirect cffects of lightning,

e o st o e
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Test techniques and equipment have been designed for subjecting com-
plete aircraft to simulated lightning sirokes so that the degree of suscepti-

bility of various individual circuits/systems can be determined. Such tech-
niques allow measurement ot actual induced voltages in these circuits for
comparison with known component withstand levels, to determine the need
tor additional protective measures. To avoid expensive retrofit programs,

i however, lightning protection should be designed into each aircraft system

: from the start. This means that designers must have information concerning
] ( the expected susceptibility of particular circuit8 while they are still on the

: drawing board, when there is as yet no aircraft on which to run tests.

To fulfill this need, a program was initiated by the Air Force Flight
: Dynamics Laboratory at Wright-Patterson Air Force Base to develop a com-
1 : puterized analysis technique for calculating voltages expected to be induced
in typical aircraft circuits by lightning stroke currents flowing through the
aircraft. The overall objective was to develop a computer program, readily
and economically usable by aircraft designers, to assess the impact of var-
ious structural and electrical system design configurations on lightning sus-
ceptibility, and thereby to provide a tool by which design optimization and
tradeoff studies can be made from the standpoint of lightning protection.

The analyvtical approach followed was based upon a preliminary attempt,
made under an earlier National Aeronautics and Space Administration con-
tract (Ref. 5), which showed promise when compared with actual experimen-
tal measurements. After some introductory discussions of lightning induced
voltage mechanisms, this report describes the analytical steps applied and
the computer programs developed to calculate voltages induced in electrical
conductors at various locations inside a complete aircraft.

st gl o

DRECT COUPLED VOLTAGES

Directly coupled voltages occur as a result of direct eontact of lightning
strike currents with exposed (external) electrical assemblies, such as an-
tennas and navigation lights. If a lightning flash punctures a lamp globe or
antennahousing so that direct contact may be made with a filament or antenna
element, a portion of the lightning current may be conducted into associ.ted
electrical wiring. This voltage will be accompanied by a voltage surge
limited in amplitude by the insulation breakdown voltage level of the electri-
cal assembly or associated wiring, whichever is less. Unless external pro-
E tection is applied to prevent puncture of the external assembly, it is often
) damaged beyond operational capability. Even if this damage is acceptable,
however, the surge voltages and currents which proceed into associated
wiring are usually h- zardous to connected equipment such as power control
or communication electronics. 1

.

™.

b a2 20 i

Thus, protection against these surges must be provided. The magnitude
of these conducted surges and the adequacy of protective devices designed to
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control them must usually be evaluated by fullscale simulated lightning tests
of the external asseniblies in question. Government specifications for some
of these devices or protective equipment are now in existence (Ref. 7). Di-
rectly coupled voltage and current surges are considered direct effects
were not dealt with further in this program.

INDIRECT COUPLED VOLTAGES

The other mechanism by which lightning can affect aircraft electrical
and avionics systems is by the generation of magnetically induced and resis-
tive voltagerising within aircraft electrical circuitry, To describe the man-
ner in which induced voltages occur it is first necessary to consider the
mechanisms by which magnetic fields appear inside an aircraft.

For a long conductor carrying a current, i, and whose return path is
far removed, the average field intensity at a distance, r, fromthe conductor
is

H=— (1)

as shown in Figure 1.

(a) Current Carrying Filament

l H
-+ )

=

H = Irr (rs ro)
H = SEE (r = ro)
27r, o
H=o0 {r< ro)
{b) Tubular Conductor
/1
i
\ —_—
R,
1 i
H ™

C - Circumference

{c) Irregular Conductor

Figure 1, Magnetic Fields Around Current Carrying Conductors
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I instead of a solid wire the current were carried on a hollow tube of

radius r,, as shown on Figure 1(b), the field intensity at radius r <r,, would
be

S i
H " 27r @)

and at the surface of the tube where r equals r the field intensity would be
1
271, (3)

Since the circumference of a tube is
C = 27!1‘0 (4)

it follows that ihe field intensity at the surface of a tube is

foc (5) |
The average current density at the surface of the tube is alsu equal to the 1
total current divided by the circumference: 3
Jawe '-‘(é' (6) |
If the conductor is not cylindrical, as shown in Figure 1(c), the field intensity “?

at different points on the surface will be different. Field intensity will still
be equal to the total current divided by the circumference:

i
Hy e C (7) l
The actual field intensity will be greater than average at points where the ra-

dius of curvature is less than average, and less than average at points where
the radius of curvature is greater than average, as shown in Figure 2.

s et

For example, in a wing carrying lightning current, the leading and
trailing edges have radii of curvature much smaller than average. Field in-

tensity along the leading and trailing edges should then te quite high compared ﬂ
to the field intensity along the top or bottom surfaces.

Since both the averag¢ current density, J,,,, and the average field inten- 1
sity, H,,, are equal to the total current divided by the circumference, ]
. !
i !
e = Hyye =G
(8)

{
]
4
"

it follows that the tangential field intensity at the surface of a conducting ob-
ject is equal to the current density at that point. This is in fact true, at
least for transient currents. The relation is not true for d-c¢ currents or

transients sufficiently slow that appreciable magnetic fields penetrate the
skin,
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H< H,..

H =~ H,,

Fignre 2, rield Intensity Versus Radius of Curvature

The orientation of the H field vector is always at right angles to the di-
rection of the current vector, as shown in Figure 1.

While small gaps in the structure direct the current around the gap, the
magnetic field is virtually unaffected, except directly on the surface and on a
length scale that is small compared to dimensions of the gap interrupting the
current flow (see Figure 3),

So far, only the field external to the aircraft has been dealt with,
Even if the aircraft has an electrically continuoits metallic skin, some mag-
netic flux can appear within the aircraft as lightring current diffuses through
the skin to the inside surface. Cancellation effects will eliminate this flux
in perfectly symmetrical cases, such as a cylinder with uniform skin current
distribution, but in other cases some net diffusion flux may exist inside. The
interior ficld is generally characterized as having a slower time to crest than
the exterior field as well as a lower amplitude; this is illustrated in Figure 4.

If apertures exist in the aircraft skin, a portion of the external magnetic
flux surrounding all of the current flowing through the aircraft will leak in-
side through these apertures, as shown in Figure 5. This is known as aper-
ture flux; and it appears inside much sooner than the diffusion flux, since its
velocity is unimpeded, and has a higher rate of change, similar to that of
the total lightning current. Aperture flux is usually more localized than dif-
fusion flux, and in the vicinity of apertures it may have a much higher ampli~
tude than the diffusion flux.

5
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Slot Interrupts
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Current Entering Wing
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Figure 3. Current Flow and Magnetic Field Around Structural Gaps

H,,: (Step Pulae)

1.0
H
Time
1.0
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Figure 4, Internal Diffusion Fields as a Function of External Fields
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Figure 5., Aperture Fields

An aperture can be described in terms of an equivalent magnetic dipole
(Figure 6). In Figure 6(a), current streamlines are seen being diverted
around a hole in a current carrying sheet. A filamentary dipole producing
the same magnetic effects as the diverted current flow would be as shown
on Figure 6(b). The magnetic field pattern produced by such a dipole is the
same as the classic magnetic field produced in the near field zone by a mag-
netic dipole, and is shown in Figure 7. The farther one is from the opening,
the less is the field intensity, decreasing approximately as the third power of
the distance, for distances that are large compared to the size of the opening.

The changing internal magnetic fields link electrical wires and cables
inside the aircraft, inducing voltages therein. The induced voltages. 2re re-
lated to the lightning current by inductive transfer functions (Ref. 3) in accor-
dance with Faraday's law. Since the airframe is composed of inactive cir-
cuit constants, the transfer function for diffusion flux coupling should be a
constant inductance for nny lightning waveform, relating the portion of
lightning current appea~ing at the inside surface of the skin to the voltage it
induces in a circuit. The transfer function relating voltages induced into a
circuit by the aperture flux is probably more complex because of less uniform
field patterns and aperture geometries,

In addition to the magnetically induced voltages, the resistance of the
metallic skin will permit resistive voltage differences in the skin (or struc-
ture) along the path of lightning current flow. If an aircraft electrical cir-
cuit employs the structure as its return path, then this resistive voltage
enters the circuit, in series with the magnetically induced voltage in the
same circuit and any other (normal) steady-state operating voltages present.
Capacitively coupled voltages may also be produced in these circuits; however,
the essentially uniform conducting skin of metallic aircraft keeps potential
differences among structural elements low, thereby limiting the voltages
which can be electrostatically coupled to interior electrical circuits. In
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practice, experimental measurements have shown magnetic and resistive
components to be the most predominant (Refs. 3-6).

The combinatiun of the resistive and magnetic compcaents of induced
voltages should therefore be expressible as follows:

: dr(1-e™t) i(t)] di (9)
€ = R.i,(t) + M + ML
% 7 Fet 1 at 23t
where:
eoc = voltage induced in the circuit (using the airframe
as return)
Rg = effective structural resistance

M, = diffusion transfer inductance between lightning current
flowing on the inside surface of the skin and the particu-
lar electrical circuit

Mgz - eperture transfer inductance betwecn the total lightning
current flowing through the aircraft and the particular air-
craft circuit

i {t)= lightning current (a time varying function)

« = reciprocal of the time constant of current penetration into
the aircraft skin

Of course, circuit transmission line and termination impedance characteris-
tics as well as sccondary induced effects may change the induced voltage
appearing at a particular point from that predicted by Equaticn 9. Equation 9
is therefore most appropriately viewed as representing the induced source
voltage driving the distributed aircraft circuit.

In the first experimental programs (Refs, 3-5), transfer functions de-
rived from induced voltage data indicated that most of the enclosed magnetic
flux was of diffusion origin, and the M, term of Equation 9 was not necessary
for this equation to adcquately describe the measured induced voltage wave-
forms. The work of Refs. 3, 4, and 5 was conducted on an 1'89J fighter
aircraft, however, which has few apertures, Subscquent work on different
aircraft (Ref. 8) with more apertures showec evidence of much greater
aperture field coupling into aircraft circuits; this mode was often more pre-
dominant than either the diffusion magnetic or resistive mechanisms. At
the conclusion of the F89J tests, work was initiated on a completely analyti-
cal technique to arrive at the same transfer functiong {Ref. 5). This involved
a mathematical representation of an 1°89J wing and an clectrical circuit con-
ductor inside. Some simplifying assumptions relating to wing geometry and
lightning current flow were made in this attempt, and the magnetic flux linking
the conductor and its airframe was calculated as a function of an assumed
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lightning current filament in the wing skin. The contributions from a large
number of such filaments, assumed to comprise the wing, were summed to
obtain the total magnetic flux linking the conductor and its airirame return,
From this, the transfer inductance, M,, was derived. The resistive trans-
fer function, R, was calculated as a function of geometry and material resis-
tivity. The resulting values of R, and M, compared well with corresponding
values derived from measured induced voltages on a circuit inside the F89J
wing. The work accomplished in this program, particularly that dealing

with diffusion coupled valtages, is based on this preliminary approach.

PROGRAM OBJECTIVES

The basic objective of this program was to develop computerized analyt-
ical models to determine possible lightning induced voltages in aircraft elec -
trical circuits. Specific requirements for these models were that they repre-
sent the major airframe sections of a complete aircraft, including fuselage,
wing, horizontal stabilizer, and vertical stabilizer.

Another goal was to incorporate as many refinements over the original
model of Reference 5 as possible. The desired improvenents included:

1. Calculation of the actual lightning current distribution throughout
the circumference of each major section. (The original model
assumed a uniformly distributed current. )

2. Representation of circuit conductors of different lengths than that
of the major airframe section itself,

3. Location of the circuit conductor anywhere inside the airframe,
instead of along its axis of symmetry only.

4, Calculation of voltages induced by aperture flux, such as would
penetrate holes, windows, and access doors. (The original
model assumed a completely enclosed airframe. )

5. Calculation of the effect of varying one circuit location or airframe
geometry parameter while holding the other constant.

To the extent possible within the program resources, it was also desired
to represent internal structural elements, such as spars, ribs, and bulkheads,
and to accommodate more complex electric circuit configurations such as
shielded cables, wire-to-wire (independent return), and individual circuit
impedance characteristics.

Upon completion of each basic model, its mathematical equations and
validity were to be verified by having them represent simple geometries for
which textbook solutions are available and aircraft geometries for which test
data are available,

10




The computerized models were to be programmed in FORTRAN extended
version IV for execution with punched cards on the U. S. Air Force CDC 6600
computer at Wright-Patterson Air Force Base, Ohio. The program was to
be delivered as a punched card deck. A user's manual and a final technical
report vere also to be delivered.

BASIC APPROACHES

As previously discussed, lightning induced voltages in aircraft electrical
circuits occur because time varying aperture and diffusion magnetic fluxes
exist inside the airframe. Aperture flux penetrates through openings such as
windows and access doors in the aircraft structure. Diffusion flux appears
inside as lightning currents diffuse through the thickness of the metallic skin
and appear on its inside surface, .

Because the methods by which these fluxes enter the airframe are fun-
damentally different, it was decided that completely separate models
should be developed to represent the diffusion and aperture coupling mechanisms.
The diffusion model is based on the original approach of Reference 5, which
assumed no apertures, whereas the aperture model is based on treatment of a
single aperture whichopens into a relatively small, confined space in the airframe,
Contributions to aperture flux from individual apertures are considered of
greatest interest, because the flux entering from one aperture is frequently
segregated from that ertering through other apertures by the presence of
spars, ribs, bulkheads, and ¢ ‘her interior walls, which act as electromagnetic
shields.

For most airframe or circuit situations it is not intuitively obvious which
of these two fluxes induces the greater voltages. Therefore, it will be neces-
sary for designers to utilize both models for a complete evaluation of possible
induced voltages; but as experience is gained, situations will become apparent
which heavily favor one or the other model.

11
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Section 2

DIFFUSION MODEL

TR P R

INDUCED VOLTAGE THEORY

For the diffusion model it was necessary to relate lightning currents flowing
in the aircraft skin to voltages induced in aircraft electrical circuits inside.
To derive this relationship, two fundamental laws were utilized:

¢ The Biot-Savart law, which describes the density of magnetic flux at
a specific point away from a current carrying conductor,

e Faraday's law, which describes the voltage induced in a conductor by

a changing magnetic flux pzssing throngh a loop formed by this con-
ductor,

Any loop formed by an electrical conductor such as an aircraft electrical
circuit, which is linked by a changing magnetic field, will have voltage induced :
in it equal to the negative time rate of change of the total magnetic flux linking
the loop. This is Faraday's law and is expressed as:

e =_9¥ (10)
i dt
where:
ey total emf (volts)

y = total flux (webers)

t =time (seconds)

It was next necessary to relate the total flux, ¥, to the lightning current,

The magnetic flux which links an open surface such as that surrounded
by an aircraft electrical circuit (including its return path) can be found by

: integrating the flux density, B, over the surface area linked by B. This may f
3 be expressed as

v=J[B-ds (11)

where: i

y = total flux (webers)

B = flux density (Wb/mz)

S = surface area (m2)

Preceding page blank
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Equations 10 and 11 relate induced voltage flux to total flux, and total
flux to flux density. [n relating flux density to lightning current it is appro-
priate to conside> the physical situation which exists when lightning strikes
an aircraft structure., Shown in Figure 8 is a filamentary representation of
an aircraft wing, inside which is located an electrical conductor and its air-
frame return, forming the circuit loop ABCD. Because of the short time dura-
tion of most lightning strokes, nearly all of the lightning current flows in the

skin rather than through internal spars and ribs; therefore only the skin is rep-
resented,

Skin
Current
Filan.ents

Z
/ Qutboard

Inboard

Figure 8. Circuit Wire in Aircraft Structure
That Has Been Struck by Lightning

Assuining that this is so and that lightning current flows in a lineal di-
rection, the aircraft structure can be represented by a large number, n, of
parallel skin current filaments. The voltage, V,_,, appearing at the inhoard
end and the outboard end of the loop is equal to the line integral of voltage in-
duced around tlie loop ABCD. As previously discussed, the voltage induced
in the loop is dependent upon the magnetic flux passing through this lcop.
This 1lux is in turn a function of flux density, as indicated by Equation 11,
For the arrangement shown in Figure 9, the magnetic flux density produced

Figure 9. Current Carrying Filament i
:
at some point, p, with respect 10 a current filament is defined by the Biot-
Savart law as
14
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B, —%I; j-s-il;'-’aﬁ dl (12)
where:
In = current (amperes)
B, = magnetic flux density (Wb/m?)
l1,r= dimensions (meters)
u =  permeability of the medium (for air = 47 x 10'7H/m)

Note that at this point an expression for the fiux density has been intro-
duced which is dependent upon current. Since the structure has been represen-
ted by a parallel array of n current carrying filaments, there will be n contri-
buiions to the flux density at point p and all other such points in space,

It still remains to express the flux density B in terms of the airframe
geometry. Figure 10 shows a typical skin current filament and the aircraft
circuit loop previously considered. To obtain the total flux passing through
the loop it is necessary to integrate the flux density over the loop area. Equa-
tion 12 is expressed in terms of the geometry of Figure 10. From this is
obtained

B = “_If r : ) .
!, TR (L-2P+r? dz 1st integral (13)

r 1

+_“;I_J' T dz
41 I Viz-gr + r? (z-2F + 1r® 2nd integral (i4)

Figure 10, Skin Current Filan.ent and Flux Density Through Aircraft
Electrical Circuit L.oop ABCD
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The first integral (Equation 13) can be rewritten as Equation 15 and integrated
by basic integral no. 173 (Ref, 8, p. 71) as follows:

st ; =LI L 2
1" integral = 7= IG T VAR TV S L dz (15)

ol 2r(2Z - 24) { (16)
47 | [49° - a(r®+ )] {Z2°- 24Z + £°+ £° 0

2
15t integral = ;‘—I (Z '_T’iLL . (17
Gl I f(Z - D%+ r o

where, for the basic integral no, 173 (Ref, 8),

a=1,b=-20andc = (r®+ £7)

The second integral (Equation 14) can be rewritten and solved in the same
manner as the first integral:

nd j :.LI L L
2nd integral = 2= [ AT AN A L (18)
L
- 4L Z-8 | (19)
ir v fiz- 0%+,

It is seen that the integral of Equation 17 is evaluated in the Z direction from
the bottom of the filament at 0 to £, and the integral of Equation 19 is evalu-
ated from £ to the top of the filament at L, This integration gives B as a
function of position in terms of £ and r:

B(Z,r) = % [ (L= 1) ] (20)

£
+
r‘/ 2%+ 3 r" (L - 2)*+ r?
Equation 20 is thus a general expression for the flux density, B, at a point

at some distance from any of the current carrying filaments,

Now that an analytical expression has been developed for flux density,
the flux linking the circuit loop can be determined by integrating the flux
density in the manner suggested by Figure 11 and Equation 21:

V=[], B ds (21)

The circuit loop inside an aircraft structure need not run the entire
length, L, of that structure. It may instead begin at any arbitrary point, £,.
and terminate at any arbitrary point, £5. Therefore £, is the lower limit and
23 is the upper limit of the first integration over the circuit loop length, The
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Figure 11. Skin Current Filament and Adjacent Circuit Loop

flux linking the loop is also dependent upon the distance to the loop location
from the current filament, Thus the flux linking the loop in the radial direc-
tion is simply all of the flux out to a radial distance Dy minus all of the flux
out to a radial distance D,. Equation 21 now has limits and can be expressed
as

b= szff” B-dZ-dr (22)
1

Inserting the expression for B and performing the double integration

yields the flux linking the circuit loop due to a single skin current filament,
This expression is presente:' as Equations 23 through 26:

v =%127rl {:(J£§+ r® -4, loge(‘lg+ tz+ 1’2)

] s
(\/z - 1, 10,,6(‘“21+ - = 21)) (24)
2 -]
+(ju, L)%+ r® - (£,-L)loge (‘””1 L“”“l L)\)) (25)
/

(23)

(26)

(£2- L)%+ r?+ (£,- L) )
r

= (J(Pa-L)’+ re® - (fg-L)log(
Dl

A cross~scctional view of the situation shown in Figure 11 might appear
as shown in Figure 12, From this figure it is clear that the circuit loop need
not be in the same plane as the skin current filament, Note that the time
varying current that forms a part of KEquations 23 through 26 makes the flux
a time varying function, as required by Faradav's law (Equation 10),

The flux linking the circuit loop causcd by the current filament can be

calculated by assigning appropriate valucs to ¢, and £;. computing the value
of ¥y when r = DD;, and then subtracting from this the value of  when r = Dy,

17




Skin Current
Filament

DC

Plane  ABCD

Circuit Conductor AB

Figure 12, Cross-Sectional View of Wing Showing Distances Used
to Compute Magnet Flux Passing Through Circuit Loop
ABCD by Equations 23-26

The total flux, which links the loop due to all current filaments, is the
summation of fluxes from all such filaments that pass through the same loop.
Since all filaments will be at different distances D, and D; from the loop, the
evaluation of Equations 23 through 26 must be performed n times. The transfer
inductance, M, between a conductor carrying a current and another circuit
through which flux generatedby the first conductorpasses is generallydefined as

M _w_'[,onl (27)
Ivotas

The total transfer inductance is therefore the sum of all of the fluxes v,
for all filaments, divided by the total current responsible for that flux, or

M= ¥ =2 (28)
=1 Trotas

This inductive transfer function, when inserted into Equation 9, enables ex-
pression of the magnetically induced voltage in an aircraft electrical circuit
a3 a function of the lightning current.

SKIN CURRENT DISTRBUTION THEORY

Experimental measurements of skin currents in aircraft (Ref, 6) have
indicated that lightning currents do not, in fact, distribute evenly around the
circumference of an airframe cross section, In all but uniformly symmetrical
bodies (e, g., a cylinder) the current in each filament comprising the body
will be somewhat different from the current in its neighbors., Accordingly,

a subroutine was developed to calculate the amount of current flowing in each

18
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of the skin current filaments comprising the airframe sections (Ref. 9). This sub-
routine, which is based on inductive current division, is described in the fol-
lowing paragraph.

CURRENT DIVISION

Figure 13 shows mutually coupled inductances through which current flows
and voltage is developed. If there are two circuits (Figure 13a), then

Vi=Ly (37) - M () i (29)
Vs = -Ma, (?dt-) A (Edt') s (30)

Only the bilateral case, in which M, = My, will be treated here. This is no

real restriction, because in all physically realizable systems mutual induc~

tance is bilateral. Only the case in which all currents are in phase -- the
low-frequency case -~ will be treated, While in physical systems this need

not be so, there are many systems in which current division is controlled

only by inductive effects. Purely for ease of numerical analysis, only the
frequency for which (d/dt) is numerically equal to unity will be considered.

The analysis is valid for other frequencies, subject only to the above restrictions,

(a) Maz = M;z

]
\ ,ﬁ —s iz
/N2
Al

b
(b) N

——.ia

—.i‘.a

Figure 13, Mutually Coupled Inductances: a) Two Circuits, b) N Circuits
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Under the above conditions,

V, = Lyi; - Mj2iz (31)
Vz= =Mgi, + Liis (32)

In the general case, Figure 13(b),
] V, = Lyiy = Myaig - Mygis ... =Myain (33)
Va= Mgy + Laiz - Masis ..., ~Mzais (34)
| Vo= -Magy - Maata - Laiy ... ~Masia (35)
Va = -Mui; - Mazis - Mygis . oo Lais (36)

Equations 33 through 36 may be placed in matrix notation as

Vl Ll -Mli’-MLa"" -Mln il
V2 -M21+ La - Mza.... -Ma ia
: 37
V3 = ‘Mal v Maz = L3 ceee ‘Man X la ( )
Vn ‘Mnj, = an . Mns coese ’Lnn in
. or, in more compact notation:
| AARSERERRY (38)
I Multiplying by the inverse of the M matrix, |M|™
L IM x|V ]=|M[?x|M]|x]i] (39)
i or:
lil=|m[|?x]|V| (40)
f il mu mla mla.... mln Vl ‘
] i Mg, MggMay.... My Ve
" 41
] ia| =] myymgomgy.... My |X |V, (41) :
g L] L]
% in mﬂl mﬂa mna o0 00 mnn Vn
; where m,,, m;; m,;y.... are the elements of the inverse of the M matrix,
3

If all of the voltages are the same and equal to V, as in the case if all of
the inductances are connected in parallel, the absolute current in each element
is

iy =(m;+ mp+ myy.... + my)V (42)
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iag = (Mg + Mg+ Ma3 ... + Man)V (44)

ip = (m,1+ Mppt Mp3 ... + mu)v (45)

The total current that flows, which is proportional to the impressed voltage,
is
ir=(+ixtist.... i)v (46)

The fraction of the total current that flows in each circuit is

. 47)

I, - i (48)
1y

Is =% (49)

I.,, = = (50)

SELF AND MUTUAL INDUCTANCES

This analysis treats the case in which the self and mutual inductances
are those of parallel circular conductors of a sufficient length, compared to
the spacing between conductors, that all end effects may be ignored. Only
the case in which all conductors are far removed from any conducting sur-
faces such as ground will be considered,

rigure 14 shows a single conductor in space, carrying a current, I. The
magnetic field intensity in the space around this conductor is

I
= m A/m (51)
The magnetic flux density is
‘ -7
B il = 4r 2xﬂ}o 1
(52)

-2 x 10'7%Wb/m2

The self-inductance of the conductor, i, is defined as
The ratio of webers per ampere is, of course, given the name "'henries."

The magnetic flux, ¢, is equal to the area under the B curve (Figure 14) from
r, (the conductor surface) out to some other point, R, which defines the return
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Conductor i
I,

Figure 14, Self-Inductance

path for the current, I, in the conductor, If one postulates a conductor car-
rying direct current and located in free space, this return path will be at
infinity, The flux density goes to zero as R goes to infinity, but the area
under the curve, ¢, also goes to infinity, If ¢ goes to infinity, then L., as
defined in Equation 53, also goes to infinity, Accordingly, one cannot speak
of a single value as describing the inductance of an isolated conductor.

If the conductor is carrying a transient or alternating current rather than
a direct current, an inductance can be defined; this is because the magnetic
fields cannot instantaneously fill the entire region around the conductor but,
instead, propagate outward at the speed of light, Because the effective dis-
tance to which they propagate is time or frequency dependent the inductance
will also be time or frequency dependent, In this analysis, R is taken as the
distance to which a field could propagate in one microsecond -- 300 meters,
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The area, ¢, under the B curve of Figure 14 is

-2 x 1071 (R
cp-:leolrlr (54)
R
- -7
@ =2 x 1071 log, r]r1 o5
e R
® =2x10"Iloge — (56)
ry
Remembering the definition of L. (Equation 53),
L, =21:2x10"7l0ge 2 (57)
I ry
The mutual inductance between conductors i and j is defined as
A
M, = ﬁ-} (58)

@ 35, the flux linking conductor j and set up by the current I, in conductor
i (as shown in Figure 15), is

_ 9 x 10771, (R 4T
@y =2 x 10771, N (59)
- R
Q= 2 x 10 Ii loge -I'— (60)
2
_~ Conductor {
'\q/ A

toe 0
1, / Conductor j

|

re—~e

Figure 15, Mutual Inductance

23




_!

Hence,
- R
M,; =2 x 107" loge = (61)
2

PROGRAM OPERATION

With the cross section of the airframe in the X-Y plane, the X,Y,Z coor-
dinates of the conductors, and their radii, are read and stored in a matrix,
b printed for inspection, and reread. The arbitrary distance to which the fields
4 propagate (300 meters) is given as R5 in the computer listing, The spacing
between all conductors is then calculated, and the mutual inductances are cal-
culated and loaded in the array, Self-inductances are loaded into the appro-
priate elements, those on the main diagonal.

At this stage the matrix holds the absolute currents in the individual con-
ductors (assuming V = 0), currents corresponding to those given in Equations

42 through 45, The total current is then calculated; the fractional current is
then calculated and stored.

COMPUTER PROGRAM DIFFUSION

GENERAL DESCRIPTION

The computer program DIFFUSION was established to represent an air-
craft as a combination of several independent sections. Each of these sections
is represented in the computer program by an array of parallel current car-
rying filaments, Figure 16 shows a complete aircraft, while Figures 17
through 20 show the individual sections of the aircraft modeled by this program.

Figure 16, Complete Aircraft Represented by Parallel Current
Carrying Filaments
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Each section of the aircraft is completely described by several geometric
constants, from which the computer program-calculates the location of each
current filament with respect to a coordinate system, Individual sections
are shown in Figures 17 through 20,

The geometrical dimensions X1, R1, Y1, and Y2, etc. are read into the
computer program as the first step in execution. At the same time, the initial
location of an enclosed electrical circuit conductor and a set of modifiers are
read in., These modifiers allow the user to reposition the electrical conductor
during program execution.

adai . pu ol

The variations which are made under program control are enumerated and
iilustiaied below, using a fuselage section as an example:

@ The X coordinate (Figure 21) miay be varied horizontally in a step-
wise manner from Xl (initial X coordinate) to X, (final X coordinate),

@ The Y coordinate may be varied vertically in a stepwise manner from
Y, (initial Y coordinate) to Y, (final Y coordinate) (Figure 22).

The length or position of the circuit conductor may be varied hori-
zontally in a stepwise manner by varying the Z coordinate of either
or both of the conductor end points, Z, and Z, (Figure 23),

iy

®
! : @ Any combination of the X, Y, and Z coordinate variations may also
: be made. The X coordinate may be varied until it reaches a partic-
? ular value ( @ - @ ), after which the Y coordinate may be varied
(® -~ (@) until it reaches a particular value; then the Z, and/or
Z, coordinates may be varied until a final position/length is achieved

(@3 ~ @) (Figure 24),

Incrementing of all three coordinates may occur sequentially, simulta-
neously, or in combination. Thus variation of one variable need not be ter-
minated prior to changing the value of another of the variables (see Figure 25).

For each circuit conductor location the program then determines the
magnetic flux density at the forward or inboard end of the circuit conductor
as shown in Figure 26, It then computes the transfer inductance between the
circuit formed by the enclosed conductor and airframe return and the current
filaments used to represent the aircraft section under investigation,

_ Once the transfer inductance and resistance values have been computed,
: the open circuit voltage versus time is tabulated for Equation 62:

d(1 - e~?Y) i(t) &2 " §

{ €0 = Rri(t) + M =

The user may input as many different sets of data cards as are desired.
The program will execute each set over the range of values given and print
out the data generated for each set,
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The computer program initially divides the continuous geometrical struc-
ture into an array of parallel current carrying filaments and computes the cur-
rent distribution in each filament, using the method already described under
"Skin Current Distribution Theory." It then defines a horizontal plane defined
by the circuit conductor and a return conductor in the airframe skin, The
program computes the flux dencity, B, at the forward end of the circuit con-
ductor (Figure 26) and the flux passing through the defined plane contributed
: by each of the current filaments,

These flux linkages are summed and divided by the total lightning current,
to obtain the transfer inductance, M, If the location of the circuit conductor
is to be repositioned, for decign optimization studies, the computer program
input data establish the step size and direction in which to move the electrical
circuit conductor for the second operation. In such a case, new coordinates
of another horizontal plane are determined and the flux density and flux compu-
tations are periormed again, Each time the operation is performed, a flux
density is determined at the new location of the forward end of the enclosed
electrical conductor, as well as the total flux linking the newly defined circuit,
After each set of conditions has been calculated the program determines whether
there are other geometries to be evaluated,

DIFFUSION FLOW DIAGRAMS

An elementary flow diagram of the DIFFUSION computer program is shown
: here as Figure 27; Figure 28 is a detailed flow diagram of the program, A
A : program listing for DIFFUSION is given in Figure 29%; the listing includes, in ,

1 ! addition to the main portion, subroutines MATRIX, MATINV, and MATZER. L
: The program begins (lines 1-103) with sorne introductory comments to assist
the user in operation, It next establishes five files in which to temporarily

; store data generated by the program.

In lines 170-210 the program initializes the constants to be used in the
computation and reads in a control variable, A, which routes the program ,
to line 240, 1840, 1860, or 1880, depending on the geometry specified by the i
user. Upon selection of the appropriate geometry, the computer program i
reads in the data pertinent to that geometry, and then prints out a heading
to indicate that diffusion coupling is being computed in the particular geometry
named. The initial data read contains the location of the circuit conductor to
be evaluated and a set of modifiers with which the user may change the position
of the electrical circuit conductor inside the particuler gecometry, The user ,
may make as many modifications in these data as he desires; for each modi- ‘
fication, one program execution occurs, :

After the circuit conductor location has been defined, the geometry that
has been selected can be described as an array of current carrying filaments
whose locations are computed from the constants of geometry and the math-
ematical expressions derived to analytically define that geometry. This is
A done in lines 270-1371 for a fuselage, or lines 187-2580 for wing type geom-

Sabas Yo e

R A S TR A e ST WP N T S8 45 BTN A R R

*This listing is for a program that will be run on the General Electric Time
; sharing computer. A program listing for the CDC6600 machine is included
in Appendix I, "Program Listings for CDC6600 Computer, "
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Set up 5 files to hold, store, and
mantpulate {nternally computed Lines
data, 118-161

L Set program constants. J Lines

——— re 170-200
] X
Read in program varlsblea which Lines
describe zeometries and 210 and 240
circuits to be evaluated, or
1910 and 1920
g -
' Divide the geometry into an srray of lanes
i N1 parallel current csrrying filament 246,370
| store locations, or
' « 1439-2550
i
8
I Define the nearest horizontal plane e
3 i which contains the clrcult conductor 13801100
A and a structural ~ctum path, or
3 ¢580-2840

this first
time computation
for this geom-
etry?

Line
1780 ur 2680

Co to the current distribution subrou- R
tine. Compute current distributions :310-%240
for each of the Nl current filsments
and store these values,

|

Go to flux density subroutine Lines

and compute the flux density 3300-4180
at the forward end of the cir-
;_ cuit conductor.

: !

Compute the flux linking esch current Lines
1 filament and the plane previously de- 4100-4470
fined.

¥

3 Sum the fractional flux linksges; then Linea
divide by the total lightning current to 4480-4510
obtsin the transfer inductance, Com-
: pute transfor resistance,

T

Compute the open circuit Lines
voltage versua time. 4602-4720

e

Are
the initial
conditions to be
modified?

more
geometries to be
evaluated ¥

Line 5000

Figure 27. Elementary Flow Diagram of Diffusion Program
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Progrem will use files namoed
GROUCHO, HARPO, CHICU, GUMMO, ZEPPO,

*

Set dimensions ou arrays/lists
ML 8), VB,1), 10,1), D@, 4), N@8), J@),

.

Set L1l liles to beginning.
Prepare to write data into
cach file,

L aem

Initialize prograin constants
P1=3,1415927; P2=6,2831853;
1:222.71828; N1=#

AT SIS o

e
&
3
P
2
&

Go to 1840,

s GO MG AP T VR AN

Go to 1880.

R

Go to 1880,

Read Lines
Al, K1, K2, X1, Y1, C7, X3, D3, D4, DS, 340-250
Y5, D&, D1, D8, 5, L, U, LS, O3, U4, O3,
1.4, U6, O7, U8, T8, T9, G1, G3, G3,

Pnint heuding
Diffusion--Coupling-~in--Fuseluge,

Prepsre to write
into GROUCHQ, CHIXCO,
HARPO, snd GUMMO

1

Figure 28. Detailed Flow Diagram of Diffusion Program (Sheet 1 of 23) | 3
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®
]
L ]
[}

Yes
f Go to 5000.
No
Initialize X, Y, and Z coordinates:
X8 = X5
Y9 = Y5
i Ll = L3 Lines 360-396
: 14 = L2

Lines 400-640

Modify X coordinate:
3 X0 = X5+ 103« {1E - [M4))

Set maximum value
of X coordinate:
X8 = X5+ (D3 -DS)

J

3
Modify Y coordwnate:
1 Y0 = Y5+ (D6 - (IE - D7)}
Set maximum value
of ¥ coordinate
¥0 = Y5 « ()6 - DH),
p |
: No
Ne 0
i}

Figure 28, Detailed Flow Diagram (Shect 2 of 23)
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G act

o

T U S o WO R R

e R

B

pe—

e, o WA

D L T T

Yes

l

{7 Modify Z1 coordinate:
L1-13 +(03-(IE - OB

Set maximum value for 1 t:
L1 =13+ (03 0%

Modify

1L2-14

Z2 coordinate:
+ (06 * (IE-OT)

Set maximum value for L2:
L2214 +(06-08

J

&

Fuselage geometry data initiali-
zetion: four corners of the fuse-
lage have centers locsted st

X coordinates Y coordiaates
H1 = X1-Rl K1 = Y1-Rl
H2 = R1 K2 = Y1-R1
H3 = R2 K3 * R2
H4 = X1-R2 K4 = R2

Moy
Yes

/
6 )Line 640

° Go t . 4820

Lines
150-7T0

Write into file
GROUCHO value

ofI;S.

I+1

Figure 28, Detailed Flow Diagram (Sheet 3 of 23)
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g

s

T

R

)

Fuselage circumference:
C:=2(Y1-(R1+R21*2(X1-2K2)*» (Rt *R2)
Current filamenl spacing:

D - C/N1

v
r Set X =9 ]
*

Begin computation of X and Y coordi-
nstes of the NI current filaments --
start on left side and compute locs-
tions moving top to bottom,

I=1

le-

IS

Y = (Y1-Rl1- D]

Yes

No

Write nto HARPO
X:0 Y=Y

Yes

Line 780

line s

Lines
800- 464

Compute coordinstes of filaments on
right side, moving from bottor: to
top:

Y =R2 + D1

Ya¥Yl-H17

Write into HARPO
X = X1 Y=y

Line 870

Lines
870-920

Figure 28, Detailed Flow Diagram (Sheet 4 of 23)
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¥
¥
=
z
§.
)
i
.
4

-

TR e 88

B L e A

r———_"-&@
No

L

Comp rdi of fil an
the bottom maving left to 1ight:
Sety 0
Tt

X2 = R2 + D-J

Lines
930-980

Write into HARPO
the values

X-X2 and

SetY = ¥1
E=0

&

Compute coordinates along top for
moving right to left:

X = {X1-R})-D-I

Yes ’
No__

Write into HARPO
the values

X - X Y=y

Figure 28,

e, ANE

Linc 990

Lines

1000-1050

t ompute coordinatee of current fila-
nunts in lower left corner moving
counterclockwis, .

Setk 0

!

Lnes
104

Detailed Flow Diagram (Sheet 5 of 23)
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Define angle 8 as T1:

T1 = K+ D/R2
3 X2 = H3-R2 (cos (T1))
Y2 = K o (T'1

K-K+1

Write into HAR PO
the values

and

x2 Y2

'1 Yes
1 Comp di of fi} in Lines
lower right corner moving counter- 1131-1200
clockwise:

Seth : 0

Define angle 6 = T1:
T1 = K-D/R2

X2 - H4+R2 3in (T1)
Y2 : H4-R2 cos (T1)

Ne

Write into HARPO
the values

X=X2 Y=Y2

" Yes
Compute coordi of fil in Tin. o
upper right corner moving counter- 121t Fegu

clockwise,

F. set L0
Define angle 8 - T1. l

T (DRl I
we  HI'RY cos 1
3 Y2 KL KRy en ol

Figure 28, Detailed Flow Diagram (Sheet 6 of 23)
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o
an
i
i
i
‘
¢
'
'
i

¥
]
: Yes L=L+1
5 No
Write into HARPO the
values
X=X2Y = Y2
E
!
] No
Yes
Compute coordinates of current fila- Lines
ments in upper left corner moving 1291-1380
3 counterclockwise.
SetM =0
3 Define angle 8 = T1:
1 T! = M‘D/R1
1 X2 = H2-R1sin (T}
E Y2 = H2+R1 cos (T1)
-
-
3 ¥ Yes
.
1 1 M = M}
No
3 Write into HARPO the
3 values
i X=X2 Y=¥2
4
y
b
Define the nearest horizontal plane which includes Lines
the circuit conductor and structure, 1371-1760
3

18 the conductor
in a corner? :

Figure 28, Detailed Flow Diagram (Sheet 7 of 23)
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{ S
!
i
!
H
!
. 4
3 Y
3 v
1s the conductor
in = corner?
b
b
1 Y8 sR2?
f Bo Y9 2K1?
5 p
Yes
On which side
b of the center is
? the conductor? No
4
ﬁf X8 = X8 X8 * X9 e X8 = X9
- ! X740 X7 R1- [R12-(RI%-Y1+Y9P Y8+ ¥9
4 Y8 = Y9 Y8 = Y9 X7 » (R2-[R2%R2-YOM)
X8 = X9
3 X7 =X1 i
Y8 = Y9
=
Y0 sR2?
3 -
3
i
X8 = X9 1
X7 = X1
Go to the sub~ e ; 1o
E routine at 2740. { 1!
il
X8 = X9 —
X7 = X1+ [RILR1I-Y1+Y2AR) ]
Y8 = Y9 |
0 to the sub- b
routine at 2740. 11 J 1
)
Go to the sub- X8 = \1 T— k
routine st 2740, NT T X1 JR2AUE2-Y WHLR2 3
N IRY) §
Figure 28, Detailed Flow Diagram (Sheet 8 of 23)
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T

T

T

G el

A TN

¢

Return from the aubroutine
at 2740,

No

Go to the subroutine
at 2910.

T

Return from the swbroutine
at 2910.

Go to the aubroutine
at 3300.

|

Return from the subroutine
at 3300.

i

Go to the subroutine
at 4190,

¢

Return from the subroutine
at 4190,

IE<IE+)

Go to 290,

Figure 28. Detailed Flow Diagram (Sheet 9 of 23)




T

TR

#rini "Tuffusion Coupling
in Wing. "

Print "Diffusion Coupling
in Vertica. >isbilizer.

R —— -

Print 'Diffusion Coupling
in Horizontal Stabilizer.’
)

Read constants of geometry:
A2, R, C1, C7, XS, D3, D4, DS, Y5. D6. D7, Do Lines
8 L, G L3, C3, 04, C5, L& 1810-1220
C€, 07, 08, T8, T9, Gi, G2, G3

| :
Prepare to write :nto files GROUCHO, .
HARPO, CHICO, AND GUMMO.

Rewind files to beginning.

!
Set Lines

5§75 1970-1981
1IE =0

oD
No

Initialige Lines
X, Y. and Z coordinates: 2000-2030
XyeX$
Y9eYS
Li=L3
LG'E

No
‘ Lines
2040-2280
Yes

Modify X coordinate:
X9:X5+(D3 ' (1IE-D4)

Set maximum value of ¥ co-
ordinate

X9:X5+(D3DS

Figure 28.

No

You

Detailed Flow Diagram (Sheet 10 of 23)
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s R SRR

WA RS R A R

| !

Modify Y coordinate:
Y9:=Y5+(D6'(IE-D7)

Set maximum value of ¥
coordinate:
19:Y5+(D6° D)

L

¥ Modify Z1 coordinate:
L1:=L3+(03(IE-O4))
¥

4 Set maximum value for 11:
¢ 11:13 »(03- 0)
€ J
; No
4
13 No
L
!‘ Yen
: Modify Z2 coordinate:
: L2:L4+ (06- (IE-OT)
t
3
'; Set maximum value for 1.2:
L2:L4+(06:08)
v ]
F
: v ine 2300 r Let angle W - twi *R‘T ] 1/2 trailing
i l edge angle
i Prepare to write into GROUCHO
! L
1 1nes 2320-2330 Define structural circumference to be
C-rRy-LC 1 e R e
Current filar nt apacing 18
0O C N
b
&

Figure 28, Detailed Flow Diagram (Sheet 11 of 23)
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P

Lines
- 2340-2360

Write into GROUCHO
the values
NS,

N = N4}

Prepare to write into HARPO
Set
1«0

|3 Y

Compute coord of fil ts on
trailing edges:
X2:(-T)*- D" cos{W)
Y2:1I' D" sin(W)
Y3--Y2

lines
2379-2420

No

Computr coordinates of filuments on

T inew
main box:

“44N=-2460
¥2 R
Y3 :-y2

X2>C1?

Compute coordinates of filaments on
learding edge.
Y2 0. (x2-01f

Y3 -

Lincw
2490-2110

[ETRTPRE Y 1) ]

Figurc 28. Dectailed Flow Diagram (Shect 12 of 23)
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e

-

RN AN e AR P

EEgPr S

H ML AR R
T e S e

»
1 {
3

4
1 .
3 &

hintdhre

Write into HARPO

the values
X2 and Y2

Writs into HARPO

ths valuss
X2: Y2; X2 Y

1 = NI?

Yes

1:1¢1

Write into
the numbe
Cl *+Rand0

o

HARPO
ra

The electricsl circuit con-
ductor {8 located in the
main box ssction:

Yo
X8 = X9 . X7 2 o(T-|" " /tantW}|
x1 - c1 +JRaven Y8 - v9 )
¥8 . Yo

X8 = X9

The electrical circuit conductor is o-
cated in the trailing sdge section:

/

Go to the subroutine st 2740,

:

Return from the subroutine at 2740,

Go to ths subroutine at 2910.

!

Return from the sulnoutine ac 2110,

R

K

tio to the subloutine at 3300,

|

Lins
2580

Linss
2600-2860

Line 2670

Figure 28, Declailed Flow Diagram (Sheet 13 of 23)




Return trom the subroutine

at 300,

Go 1o the subroutine
at 4190,

2

Return from the subroutine

st 4180,
Yes Go to 210,
No
IE = F+1
:' Go to Linc 1990.
E Figure 28. Detailed Flow Diagram (Sheet 14 of £3)
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Subroutine 2740

:

Place filee GROUCHO and HARPO
in a2 READ mode.

Place files CHICO and GUMMO in
a WRITE mode.

Rewind all files to the beginning.

I=1 I Lines
2780-2820

3
Read from GROUCHOQ the
valuee of N and S,

R £ A YA T

{
¢
;
H
;

Read from HARPO the
values of X and Y,

Write into CHICO the
values N, X, Y, and §

Compute distance D1 from current filament
1to the circuit conductor:

Dl - '(X-XB? +(y-Ygm

Compute distance D2 from current filament
1 to the return path:

D2 = f(X-XTF + (Y-Y8P

No Lines
2850- 2900

1:1+1 D2 - S/Z

Write into GUMMO the
values D1 and D2.

Yen
End of subroutine, I
Return.

Figure 28, Detailed Flow Diagram (Sheet 15 of 23) 1
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é L Subroutine 2810 j
:

Place files CHICO and GUMMO in
8 READ mode,

Place files GROUCHO, HARPO, and Lines 2910-2974
ZEPPO in a WRITE mode.
All filea rewind to the beginning.

]

Read the matrix
DIN1.,4) out of
CHXCO,

v

Write the matrix
D{N1.4) into
3 GROUCHG,

Zero the Lines 2980-3040
1 matrix V(N1,1).

E :

Setl=1,

4 Set all elem: ats
4 of the matrix to the
value 1: V{L1)=1 ]

No

1+#N1?

Yes

Zero the matrices;
M (N1LND)
1{N1,1)

N (Ni,N1)

:

3 Set RS = 30,000,

Setl=1, Lines 3070-31680
E SetJ =1,

»

No

Compute diatances between esch current
filament and mutual inductances:

E R2 = [(D(1, 2)-D@, 2W+(DQ, H-DE, INT

M (1,J) = log (R5/R2)

M{LJ) = log (2:R5/D{1,4))

Figure 28. Detailed Flow Diagram (Sheet 16 of 23)
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AP AT

oA

L NS

7 n ey P

Invert matrix M and set N » M}

v

Set matrix [t
TV
Setll =0

s

19 =1
al

I

1 = K9, /11

i iel

Ll

Read from GUMMO the
values of D1 and D2,

—

Compute current distribution
from:

JO = UL /N
Write into HARPO the
values of 1, DI, D2, J(1).
Write into ZEPPO the
value of J(I).

End of sul:routine,

Heturn.

Figure 28, Detailed Flow Diagram (Sheet 17 of 23)
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oo i ot

i

e

Start subroutine 3300.

!

Place GROUCHO, HARPQ GUMMO,
and ZEPPO in s REAI mode,

Rewind to the beginning,

*

<1
15 »l

*

Read from GROUCHO the
values N, X, Y, S,

Lines
3300-3400

Read from GUMMO
the values of D1 and D2

Read frum ZEPPO
the value J

Read from HARPO
the values 1, D1, D2,J

Lines Begin computation of flux density due
3410-3440 to each current filament at s point on
the forward end of the circuit conduc-
tor. 5
B8 - L1/D1-JL," + DY
B89 - (L-L1y/p1 fIL-LAD?
Bl = {10-%)-J: (B8 139}
A4 = (L2:11)71X7-X8]
v v
Figure 28.

Detailed Flow Diagram (Sheet 18 of 23)
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g ‘L 1L 1‘ 1 Determination of .
¢ 7ovr ort for the E
£ Definc angle § ¢ T3 = tan™ ﬁi’ Nj individual By
3‘. 22 « -sin(T3) and By vectors,
g" Z3 = cos(T3)
y )
-; 1 i 2
Define angle = T3 « tan™ {2 [ 9
: Z2 ® sin(T3) .
23 * cos{T3) !
5 - =® f
: i
e Yes !
Y<yu? i
a !
; i
{ Y No L
,
o Y00 ’
Define angle § * T3 = tan X-X5' {
22 = -sin(T3) i
Z3 = -cos(T3) .
L 14 } 3
i 7 .‘ )
§ B
e e 0 : :
fine angle 0 = T3 = tan Xo-%- i
22 = win(r3) P4
Z3 = -cos(T3) i ;
¢ -9
I_ =® j I;.

‘ Yes
¥
No
L b

Z2=0

23 = -]
I_ @
v i

Z2=0 '

z3ie -
T @ !
3 |

Define § = T3 =n/2 I i
Yes Y<Y9?
No
£2 = -{gin(T3"
23 =0
l @
—
Z2 = sin(T3)
3 AN

Figure 28, Detailed Flow Diagram (Shcet 19 of 23)
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ik s ok aalat el Cuil R

S AL L e

TR TR

-

g

LS

ik 3

Compute the vector components
of By,

82 : B1-22

R) - B1-23

Compute the summatjon

of the vector components

22 each ~dditional

current {ilament {a evaluated:
BS = B5+B2
B6 = B8+B3

Compute the magnitude
of the total flux denaity:

Bo = JBSP + moy

P11+

Compute the angle
which the Byy,, vector makea
with respect to the horizontal plane.

Figure 28,

Yes BS = 02
No

@

Lines
3790-3810

Line 3820

Lines
3840-4000

Angle O = T4 = tan™ |H6{/ 15|

Angle Ti - 180° + 14

L

Vector Pomnts into
the ol Quadrant,

Fa

TS 80 -2707

¥

Anglo 1 1RO - @

|

LT PR T e S

@
LIECRRSATT N # ST R T

52

Detailed Flow Diagram (Sheet 20 of 23)




i S agp

E aasat

Salath i

- .

i Py ——

¢ §
Yes B >0
Vector Points into 3
the 4th quudiant,
ho 1
Angle T5 * 360-T4 I3 115282707 -380°
I_ @ ‘
l Vector Points into
the 1st quadrant, L~
Angle T5 = T4
TS
| TS = 0°- 00°
16
|= = BE -0
Vecto: Pomntsan
No a =Y icction, T
T5:=270" !
Argle T = 270°
l =®
Vector Points in a
; a +Y Direction,
Angle T5 = 90" T5 =90

Print column headings
and output data:
X courdinate
Y coordinate
Z1 coordinate Lincvs 4011-4082
Bvo'l.
Angle (T5)
Bl
B

LEnd of Subroutine.
Return

Figure 28. Detailed Flow Diagram (Sheet 21 of 23)




Start subroutine 4180,

Place files

HARPO, GUMMO, and ZEPHO
in a READ mode,

Rewind to beginning.

XM =0 Lines 4220

IE = 09

No

Read from
GUMMO the
vaiues D1 and D2.

:

Read from ZEPPO
the value J,

Read from [HARPO the
values I, D1, D2, and J.

/

Compute the flux linking the ¢lectrical circuit:
Q4e(10-9)3

F1eSQR(L212+D212)

F2eSQR(L112+D212)

F3e(L1-L)

Fas(L2-L)

FS«({F1-(L2{LOG((F1+L2)/D2)))
FOe(F2-L1#(LOG({Fé+L1)/D2)

F1*(SQR(F312+D212)- F3*(LOG((F3+SQR(F312+212))/ D2}))
F8=(SQR(F412+D212)- F4% (LOG((F4+5QR(F 112 +)212)}/D2)))
F9eSQR(L212+D112)

FOSSQR(L112+D112)

QO*(F9-L2° LOG((F9+L2)/D3))
Qlo(F0-L1¢LOG({FO+L1}/D1)}
Q2(SQR(F312+D112)-F3%(LOG((F3+SQR(F312+D112))/D1)))
Q3 *(SQR(F412+D112)- FA® (LOG({F4+SQR(F412+D112)}/D1)))
M7eF5-+6+F1-F8
MB=Q0-Q1+Q2-Q3
MT=MT9Q4
MOMB*Q4

Me+(M+(MT7-M8})

Lines
4290-4480

le1+1

No 1=N1°

Yes

Compute structurel
Tesistance:

A8 «57.C

a #0.1./A8

'

54

Lines
4500-4510

Figure 28. Detailed Flow Diagram (Sheet 22 of 23)




e A0 it T O

-

Priat column bheadings Lines
and valuee of 4520-481¢
tranefer inductance -- M;

tranefer reeistance -- Q1

Set T?7 = T8
Set T8 = T8
Set T9 = T9

1

Linea 12 “.(_Gl.-cl -7, Gz.-cz.'r'l)
4630-4690 12 » 2416-(1G14G3). ¢ (G14G3) - T7)

13 = 14 (Goegaje (014G T

i = 12-13

77 0 01-14+(¢"C1 T7 G2 T7).(;_,~G3-T7)
ES » M°15

E9 - ET ' ES

TI=T1+Ts

Linee
4711-4780

time, volts,

No

T? = T9?

Yea

Print separstion marks between

Print warning diagnostic: Linee
"Date valuee and 4832-4872
geometry are not con-
eistent, "

Line 5000

Figure 28. Detailed Flow Diagram (Sheet 23 of 23)
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DEFUSION 02706775

1C DIFFUSI@Ne=====A COMPUTER PRIGRAM WHICH CALCULATES THE

DIFFUSION FIELDS AND THE DIFFUSION COUPLED ,
VOLTAGES INTERISR T@ SEVERAL AIRCRAFT !
GEGMETRICAL COMPENENTS.

KEITH Jo MAXWELL BLDG 9-209 GENERAL ELECTRIC COMPANY !
100 WOGDLAWN AVE. PITTSFIELD,MASS. 01201
PHONE (413)-494-3521.

DEVELOPED UNDER CONTRACT FJ3611-74-C=-3068 USAF FLIGMT
DYNAMICS LABORATORY.

THE PROGRAM READS DATA FROM AN EXTERNAL FILE THE NAME
OF WICH MAS BEEN SET T "MAXWELL*".THE INPUT DATA SHOWULD
BE ARRANGED AS FOLLOWS FOR FUSELAGE GESMETRIESS

LINE NUMBER 100 A
110 A1»R1sR2sX12oY15C75XSsDI»D4»DS»YSs D6 D7» DB
120 SsL750:,L3,03,04:05,L 406,07, 08, T8, 19,1 &
G1,GR2»63s GA
130 A
140 ~======c=-SAME AS ABOVE USING 2ND DATA SET-c==e=-
LINE NUMBERS MAY BE ADDED INDEFINITELY UNTIL ALL CASES HAVE
BEEN DESCRIBED .

DATA ARRANGEMENT FOR WING,HORIZ STAB,AND VERT STAB
SHOULD BE AS FOLLOVWS:

LINE NUMBER 100 A
110 A2)RsC15ToSsLT75CT76XS»DI» D42 DS» ¥ S» D6» D75 DB
120 0,L3,03,04,05,L4:06,07,08,T8,T9,1 4»
61,6G2,G3, 64

130 A

140=======SAME AS ABOVE USING 2ND DATA SET-~cccec--
ADDITIONAL LINES OF DATA MAY BE USED UNTIL ALL CASES ARE
DESCRIBED+. GESMETRIES MAY BE MIXED SR SEPARATED AS DESIRED.

A DESCRIPTION OF THE VARIABLES FOLLOWSS

AcccecseeTHE VALUE OF A ROUTES THE PROGRAM TO® THE APPROPRIATE
GESMETRICAL CONFIGURATION.
AvQec===STOP!
Az)==-==FUSELAGE
As@e====§ING
As3=====HORIZ STAB

Figure 29. DIFFUSION Program Listing for the General Electric
Time Sharing Computer (Sheet 1 of 17)




S1C
seC
53C
S4C
55C
56C
$7C
BC

DI FUSIGN 02706775

Az4-----VERT STAB
THE VALUES A1,A2,A3:A4 ARE USED AS A COMPARISON WITH THE
VALUE OF A T@ INSURE THAT THE INPUT DATA CORRESPONDS T@ THE
GEOMETRY SPECIFIED.

THE VALUES OF Ri1 AND R2 ARE THE RADIUS @F CURVATURE OF
THE TOP CORNERS AND THE BOTTOM CORNERS @F THE FUSELAGE
RESPECTIVELY.

X1 AND Y1 ARE THE HEIGHT AND WIDTH OF THE FUSELAGE.
C7 1S USED TO DECIDE HOW MANY RELOCATIONS @F A CIRCUIT
CONDUCTOR ARE TO BE MADE.
XS AND YS ARE THE INITIAL X-Y COORDINATES OF A CIRCUIT
CONDUCTOR. THE CIRCUIT BEGINS AT A DEPTH OF L3 INSIDE
THE FUSELAGE AND EXTENDS T@ THE DISTANCE La.
A SET OF MODIFIERS IS PROVIDED FOR EACH VALUE DESCRIBING
THE LOCATION OF THE CIRCUIT. THESE MODIFIERS CHANGE THE
ORIGINAL POSITION @F THE CIRCUIT BY A STEP SIZE GIVEN
AS 13 Xe==-=-=-STEPPED BY AN AMOUNT D3
Y--=--<STEPPED BY AN AMOUNT D6
L3-----STEPPED BY AN AMOUNT 03
LAa-----STEPPED BY AN AMOBUNT 06
STEPPING BEGINS AT EzD4
E=D7
E=Q4
E=07
FOR THE VARIABLES X,Y»L3,L4 RESPECTIVELY
STEPPING OF ANY ONE VARIABLE TERMINATES WHEN

ExDBece-c==-YsYMAX
EEs@S-~==--= ==L 3=L 3MAX
E3Q8c======-L 43 MAX
THE PROGRAM EXECUTES OVER THE RANGE OF A DO LOOP
FROM E=0 TO E=C7.
THE VARIABLE S SPECIFIES THE AVERAGE SKIN THICKNESS.
THE VARIABLE @ SPECIFIES THE RESISTIVITY IN @OHM-CM FOR THE
TYPE OF MATERIAL WHICH COMPRISES THE SKIN.
FOR EACH ITERATION A COMPUTATION IS MADE @F THE
FLUX DENSITY THE TRANSFER INDUCTANCE, ANDTHE
TRANSFER RESI1STANCE.
ADDITIONALLY »FOR A SPECIFIED LIGHTNING WAVESHAPE
A TABULATI®N OF OPEN CIRCUIT VOLTAGE VS. TIME 1S MADE.
FOR A TIME PERI®D T8 TO@ T9 IN STEPS OF T8 (USECS).
THE WAVESHAPE 1S CHARACTERIZED BY A DOUBLE EXPONENTIAL OR A DAMPED
SINWAVE MODIFIED BY THE DIFFUSION TIME CONSTANT.
THE CHOICE OF WAVESHAPE IS MADE BY THE USER«FOR A SINWAVE
SET THE VARIABLE Ga=1.0.ANY OTHER VALUE DEFAULTS T@ THE DOUBLE
EXPONENTIAL.BOTH TYPES OF EQOUATIONS ARE SPECIFIED WHEN THE
USER SELECTS VALUES FOR THE VARIABLES "1 4',"G1','"G2'»AND "G3".
SEE THE USERS MANUAL FOR SUGGESTED VALUES Te BE USED.
FOR WING--MHORIZ--VERT DATA » (LINES 33-38) » R IS THE

100C LEADING EDGE RADIUS,C! IS THE FWD Té AFT LENGTH OF THE

Figure 29, DIFIFUSION Program lL.isting for the (General Electric
Time Sharing Computer (Sheet 2 of 17)
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DEFUSION 02706778

101C MAIN BOX C(STRAIGHT SECTION)HLT IS THE FUD TO AFT LENGTH
102C OF THE FLAFS (VWING)» TAPERED TRAILING EDGE (HORIZ STAB)
103C OR RUDDER (VERT STAB)

110
1ni
112
1na
114
1ns
116
1n?
118
119
120
1
122
123
124
125
126
127
128
15
160
161
170
180
190
200
210

INTEGER AsA1,A2:,C70D4 D5 DToD8sEs10Jo KoL MaNoN1204,05,07, 08
REAL AS,B0,01,02:,83,8%86,88-89,C>C1,50:XMATDs D1 s D2» D35 D6
REAL ELoE6rET1sEBs89sFO0sF1oFRoFI FAFSsF6sF1o78:79,81,00, 6
REAL HIsHE2oHI» XMATL 1151201301 A0 150 XJo K10 K2sKIo KA L1,LEHLI LA XL
REAL XNsXMATMoNT- M8, XNATN:0,01,03,06,P1,P£2,00,01,02,03,04
REAL RoRISR2IRS:SsSToToT1oTI0 TAs TSe TTo T8 T9s Vo XMATV, W

REAL XoX1oXLoXSoXToXBoXPsYoY1oY2oYI0YS0Y8,Y9,22,23
90 FORMAT(V)

DINENSI®N FILES(6)

FILENAME FILES/*GROUCHEI™: "HARP I “CHICE*s “GUNMNE", “ZEPPE* s “MAX WELL "/
DINENSISN XMATH( 16516, XMATVC( 160122 XMNATIC L6010 XNATBS 165 Q)
DIMENSISN XMATNC 160 16)XMATIC16)

REVIND “GROUCHO™

ENDFILE “GROUCHO™

REVIND "HARPO™

ENDFILE "“HARPO*™

REVIND "“CHICO™

ENDFILE “CMICO™

REVWIND "GUMMO™

ENDFILE *“GUMMO"™

REVIND *“ZEPPO"™

ENDFILE *“ZEPPO™

P123.141%927

PLs6.2831833

g£e=2. 71828

Ni=gé

210 READC"MAXWELL*»90) A

IFCA-EQ+.0)GOTOS000

GO TO (240, 1840,1860, 1880, 50002, A

240 READC™MAXWELL™,90)A1,R1sR2sX1:Y15CT72XSs D32 D4» DS+ Y S0e D62 D75 DB
READC "MAXWELL"»90)8sXL2s0:L3:03,040:05:L4,06:07,08,T8,T9,1 4, G1, 62, 638
PRINT 262

262 FORNATCIH » 17X, ¢&DIFFUSION=-~COUPLING=~IN-=FUSDL.AGESS")
PRINT 272
PRINT £72
272 FORMATC1M/)
PRINT 272

IEUPsC7+1

DO 1820 IEDWM=|,IEUP

1Es1 EDUM-1

REVIND *“GROUCHO™

ENDFILE *“GROUCHO"

REVIND "HARPO"™

ENDFILE “HARPO"

REWIND *“CHICS"™

ENDFILE “CHICO*™

REVIND "GUMMO*

Figure 29, DIFFUSION Program Listing for the General Electric
Time Sharing Computer (Sheet 3 of 17)




DIFUSION 02/70677S

i R s b Al

321 ENDFILE “GUMME™

3% S$7s8

350 IFCIE.EQ.C7)68T® 183¢C

_ X9=x$

370 Y9eYS

; 380 Li1=L3

30 LesL4
1FCDALE-1E) GOTE 420
6978440

420 X9=XS+CDI*CIE~D4))
IFCDS.LT.1L)GOTESI0
440 IFCD7.LE.1E)GOTS 460
GOTE480

460 Y9sYSe(D6#CIE-DT))
IFCD8.LT-1E)GOTOS90
480 1FC04.LE.1E)GOTES00
GOTE520

SO0 L1sL3+(036C1E-04))
1FC8S.LT.1E)GOTE610
S20 IF(87.LE.1E)GOTE540
GOT8640

S40 LOsLA+(O6+(1E-0T))
1FCO8.LE.1E)GOTE640
¢0T8630

S70 X9=XS5+CD3I*DS)
GOTe440

$90  Y9sYS+(D6#DE)
GOT8480

610 Li= L3+¢03+8S)
coT8520

630 LRsLa+(06+08)

640 Hi=X1-R1

650 KisY1=R}

660 HesR)

670 KesY1-R1

680 H3=Re

#0 K3=Re

700 MH4sX1-Re

710 KasRe

720 IFCACEQ<A1)GOTE740

730 GOTE4820

,. 740 740 CONTINUE

] 741C REM

d 742 REVIND “GROUCHE™

743 ENDFILE "GROUCHO™

744 REVIND “HARPS™

745 ENDFILE “HARPO®

750 DO7701=1,N1

760 WRITE C“GROUCHS™,90)1,8
770 770 CONTINUE

it B S e 6 08

e L S

33835858838

333 H

5883838438

e b e ) o

Figure 29. DIFFUSION Program Listing for the General Electric
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DIFUSISN 027067793

70 Cu2¢#(Y1-(R1+R2))I*L%(X|1=2¢R2)+P1¢(R1*RL)
; 0 D=C/Ni

3 800 X=0

j 809 IUPsN:e1

[ 810 DS SOIDWM=), I UP

811 IsIDUM-1

1 820 Y=(Y1-R1)-D*I

) 830 IF(Y.LE.R2)GOTE860

f 840 WRITE (*HARPO",90)X,Y
850 850 CONTINUL

860 860 IF(X.EQ+X1)GOTE930
870 Xs=X1

879 1UPsN]+]

880 DE920IDUM=1,IUP

3 881 I=IDUM=1

890 YsR2+D#l

900 IFC(Y.GE.Y1-R1)GOTE930
910 WRITE C*"HARPO™,90)X:Y
920 920 CONTINUE

930 930 Y=0

940 DE9BOJ=1,NI

950 X2sReeDsJ

3 960 I1FC(X2.GE.X1~R2)GOTE990
1 970 WRITE ("HARPE™,90)X2,Y
4 980 980 CONTINUE

1 990 990 IFCY.EQ-Y1)GOTE1060
. 1000 YsY)

1009 IUPsN1+)

1010 DO10SOIDUM=1,1UP

1011 IsIDUM=-1

1020 X=¢(X1-R1)-Del

A 1030 IF(X.LE:R1)6OTE1060

1 1040 WRITE C"HARPE™,90)X,Y
1050 1050 CONTINUE

1060 1060 KUP=Ni+}

1061 DO1120KDUM= 1,KUP
1062 KsKDUM-1

1070 TisKeD/Re

1080 X2=H3-RE*COS(T1)
1090 Y2sK3~R*SINCT))

1 1100 IF(X2.GE-R2)G8TO1130
3 1110 WRITE C("MARPE™,90)X2,Y2
1120 1120 CONTINUE

1130 1130 CONTINUE

1131C REM RESET

1139 KUPsNj+1

1140 DO1200KDUME 1, KUP

1141 K=KDUM-}

1150 TisKeD/R2

1160 X2sH4*R2$SINCT1)

s L

Figure 29, DIFFUSION Program Listing for the General Electric
Time Sharing Computer (Sheet 5 of 17)
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f _ DIFUSION  02/06/15 :

1170 Y2=K4-R2#COSCT1)
1180 1rCY2.GE.R2)GOTOIL210
1190 WRITE (*“MARPS":90)X2,Y2
1200 1200 CONTINUE

1210 1210 CONTINUE

1211C REM RESET
1219 LUP=N] 1 '
1220 DU128OLDUM=1,LUP :
1221 LsLDUM-1

: 1230 Tis=L&DB/RI1

! 1240 X2sHi*R1sCOS(TI)

1250 Y2sK1eR1$SINCTI)

1260 IF(X2.LE-H1)GOTO1290
1270 WRITE (“HARP8™,90)X2,Y2
1280 1280 CONTINUE

1290 1290 CONTINUE

1291C REM RESET !
1299 MUPsaN]+| ;
1300 DO1360MDUM= 1 » MUP

1301 MsMDUM-1

1310 TisMsD/RY

1320 X2sHR-RI$SINCT1)

- 1330 Y2sK2+R1#COS(TI)

1340 IF(Y2.LE.K2)68T81370

; 1350 WRITE C("HARPS™,90)X2,Y®

1360 1360 CONTINUE

1370 1370 CONTINUE

1371C REM RESET

1380 IF(X9.LE.R2)GOTH] 420

; 1390 IF(X9.LE-R1)GOTO1 430

i 1400 IF(X9.GE-HA)GOTH| 540

- 1410 IF(X9.GE-H1)GOTO] S50

1420 1420 IFC(Y9.LE.R2)GOTS1450

1430 1430 IFC(Y9.GE.-K1)GOT81500

1440 GOTH1480

1450 1450 IF(X9-EQ.Y9)G0TO1690

1460 X8=X9

1470 Y8=Y9 .

1480 X7s(R2-SQRT(R2'2-C((R2-Y9)*12)))
1490 G8TO1760

1500 1500 Xx8=x9

1510 X7sR1~-(SQRTC(R1) *2-CC(R1-Y1+Y9)*t2)))
! 1S20 Y8=Y9

4 1530 69781760

1540 1S40 1F(Y9.LE.R2)GETE1 600

1550 1550 IFCY9.GE«K1)GOTO] 640

1560 X8=X9

1570 X 7=X1

1580 Y8=Y9

1590 GOTO1760

‘ Figure 29. DIFFUSION Program Listing for the General Electric
3 Time Sharing Computer (Sheet 6 of 17)
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DIFUSION 02706775

1600 1600 X8s=X9
3 1610 XT7sX1+CSORT(R212-(R2-Y9)12))-Re
1620 Y8=Y9
1630 G8TO1760
1640 1640 X8=X9
1650 X7sX1+¢SORTCCR1) 12-CR1=Y1+Y9)t2))=R1
1660 Y8sY9
1670 GOTO1760
1680 1680 IF(X9.GE«X1/2)G0T01730
1690 1690 XB8sX9
1700 X7=0
1710 Y8s=Y9
1720 GOTA1760
1730 1730 X8=X9
1740 X7sX1
1750 Y8=2Y9
1760 1760 CONTINUE
] 1761C REM
3 1770 ASSIGN 1778 TO SWEe900
1772 68 T8 2740
1778 1778 CONTINUE
1780 IFCIE.GT.0)GOTO1800
1790 ASSIGN 1798 T@ SW3290
4 1792 GO T® 2910
1798 1798 CONTINUE
k 1800 1800 ASSISN 1808 T® SW4a180
1802 GO T@ 3300
1808 1808 CONTINUE
1810 ASSIGN 1818 TO SW4810
1812 GO TO 4190
1818 1818 CONTINUE
1820 1820 CONTINUE
1830 1839 GOYT0210
1641 1840 PRINT 1842
1842 1842 FERMATCIN »20X» "s+DIFFUSI ON==COUPLING=-=IN=-=-WINGS*")
1850 50T01890
1861 1860 PRINT 1862
1862 1862 FORMATCIH »10Xs *##DIFFUSION=-~COUPLING=-IN--HORIZONTAL
18634~--STABILIZER®**")
1870 60181890
1881 1880 PRINT 1882
1882 1882 FORMATCIH »11X»*"DIFFUSION--COUPLING=--IN~-VERTICAL
! 1883&--STABILI ZER**"")
3 1890 1890 PRINT 272
1900 PRINT 272
1910 READC "MAXWELL*™,90)A2sRoC1Ts SsXLsC72X5»D3»D4s» DS»YSs D6s DT D8
1920 READC "MAXWELL*»90)0,L3,03,0405:L 406,807,085 T8sT9»1 4, G1» G2» G35 G4
1930 REWIND *“GROUCHO"
1931 ENDFILE "GROUCHO"
1940 REWIND "HARPO"

P i 2 W
N

Figure 29. DIFFUSION Program Listing for the General Electric
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st dhact
1
£

DIFUSION 02/06/7%

PO

ornh g

1941 ENDFILE “HARPS™
1950 REWIND “CHICS*™
1951 ENDFILE “CHICS"
r 1960 REVIND “GUMME™
; 1961 ENDFILE “GUMME"™
1970 S7=S
1979 1EUPsCT+1
1980 DO 2720 IEDUM=1,1EUP
1981 1E=1EDUM~-1
1990 IFCIE-E0.C7)GOTE 2730
2000 X9s3XS
2010 Y9sYS
2020 LisL)
2030 LegsLa
2040 IFCDA.LE-1E)GOTH2060
2050 GOTEL080
2060 2060 X9sXS+(D3¢C1E-D4))
2070 IFCDS.LT.1E)G0TOL2210
2080 2080 1F(D7.LE.-1E)GOTIR100
2090 GOTH2120
2100 2100 Y9sYS+CD6#CIE-DT))
2110 1FCDS.LT.1L)GOTELL30
2120 2120 IF(SA.LE-1E)GOTOL] 40
2130 GOTEL160
2140 2140 L1sLI*(SIS(IE-04))
; : 2150 IFC(OS.LT.-1E)GOTO2230
3 2160 2160 1F(97.LE.I1E)GITER180
3 2170 GOTELL80
2180 2180 LEsL4*(064C1E-8T))
: 2190 1FC(O8.LE.1E)GOTER280
3 2200 G8THL270
._ 2210 2210 X93XS+(D3*DS)
4 2220 G8TH2080
4 2230 22,9 Y9=YS+(D6¢D8)

-

3 2040 GO142120

1 2230 2250 Lis L3+(03+0%)

: 2260 GOTE2160

2270 2270 L2sL 4+(86¢08)

b 2280 2280 IFCA.EQ.A2)GETEL300
] 2290 GOTS 4820

-' 2300 2300 W=ATANCR/T)

2310 REVWIND "GROUCHS"™

3 2311 ENDFILE "GROUCHS™

% 2320 Cs(PIsR)+2#(C1+2¢(SQRT(R!2+T*2))
2330 D=C/N1\

£340 DOLIGON=1,N1

2350 WRITE ("GROUCHE™,90)N, S
£360 2360 CONTINUE

2370 REWVIND “HARPS*™

2371 ENDFILE “HARPS"™

Figure 29. DIFFUSION Program Listing for the General Electric
Time Sharing Computer (Sheet 8 of 17)
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DIFUSION 0270671735

2379 1UPsN1+1

2380 DE25701DUM=1,1UP

2381 I1=1DUM-1

2390 X28(-T)+(18DsCOSCW))

2400 Y2=1#DeSINCW)

2410 Y3s-Y2

2420 IF(X2.GT.0)GOTO2440

2430 6O0T82530

2440 2440 Y2sR

2450 Y3=-Y2

2460 1F(X2.GT.C1)68T2480

2470 GOTEL530

2480 2480 IF(X2-C1.GT-R)GOTO2580
2490 Y2sSORTC((R12)=(X2-C1)*2)
2500 Y3s-Y2

2510 I1F(X2.GT.C1+R)GOTOL2590
2520 60162530

2530 2530 IF(Y2.£0.0)60TH2560
2538 WRITE("HARP8"»90) X2,Y2
2540 WRITE ("HARPS",90)X2,Y3
2550 GOTE2570

2560 2560 WRITE (™HARPO™,90)X2,Y2
2570 2570 CONTINUE

2580 2580 WRITE ("HARPO™,90)C1+R,0
2590 2590 1F(X9.GT+0)GOTOL640
2600 X8sX9

2610 XT72=CT-CABSCY9/CTANCW)))))
2620 YBsY9

2630 GOTE2670

2640 2640 X8sX9

26%0 X7sCi1+SQRTCR12-(Y9)1g)
2660 Y82Y9

2670 2670 ASSIGN 2678 T® SW2900
2672 GO TO 2740

2678 2678 CONTINUE

2680 IFCIE.GT.0)G8TO2700

2690 ASSIGN 2698 T® SW 3290
2692 G& TO 2910

2698 2698 CONTINUE

2700 2700 ASSIGN 2708 T® SW4180
2702 GO T@ 3300

2708 2708 CONTINUE

2710 ASSIGN 2718 T® SWa810

4 2712 GO T8 4190

2718 2718 CONTINUE

2720 2720 CONTINUE

2730 2730 60T3210

2740 2740 REWIND “GROUCH®™

2750 REWIND "HARPS™

2760 REWIND "CHIC®™

oo G o e (g

Al aoadae s am i Gl

Figure 29, DIFFUSION Program l.isting for the General Electric
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DIFUSION 02706775

2761 ENDFILE “CHICS™

2770 REWIND “GUMMO™

2771 ENDFILE *“GUMMO™

2780 DO28901Is1,N1

2790 READ( “GROSUCHE",90)N, S
8800 READC “HARPS™,90)X,Y

2820 WRITE ("CHICE™,90INsX,Y,$S
PB30 DIsSQRT(I(X-X8) 12+(Y-Y8) 12)
: 2840 DEsSQRTCIX=XT)12¢(Y-YE) Q)
2850 1F(DL.EQ.0)GOTHLSTO

2860 GOTE2880

2870 2870 DPeS/R

\ #880 2880 WRITE ("GUMHE*,90) D1, D2
| 2890 2890 CONTINUE

2900 GO T8 SW2900

£910 2910 REWIND "CHICO"™

2920 REWIND “GUMMB"

2930 REVIND “GRSUCHS™

2931 ENDFILE “GROUCHS™

2940 REWIND “HARPS™

2941 ENDFILE “MARPS"™

2950 REWIND “ZEPPS™ _
2951 ENDFILE “ZEPPO™ :
9964 READ(™CHICE0™,90) C(CXMATDCIROW, I1COLI»ICOL=1, 4)» IROWRI,LNT)

2970 DO 2978 IROW=1,N1

2974 WRITEC"GROUCHO",90) C(XMATDCIROW,1COL),»1COL=1, 4)

2978 2978 CONTINUE

2980 CALL MATZER(XMATV:N1,1)

2990 DO3010I=1,N1

3000 XMATVC(I,1)=]

3010 3010 CONTINUE

3020 CALL MATZERCXMATM,N1,N1)

3030 CALL MATZER(XMATI»N1,1)

3040 CALL MATZERC(XMATNsN1,N1)

3050 PE=6.28318

060 EL=2.71888

3070 RS=30000

3076 3076 FORMAT(CACIH »613+%)/))

3079 3079 FORMATCC(SCIN »813:.%)/))

3080 DO31601I=1,N1

3090 DO3150J=1,N}

3100 1FC1.EQ.J)GOTO3140

3110 R3I=sSORTC(XMATDCI» L) =XMATDCJ»2)) 12+ CXMATDC I, 3) ~XMATDCJ» 3)) *2)

3120 XMATMCI.J)=ALOGCRS/R])

3130 GETE3150

3140 3140 XMATMCI,J)SALOGI(RS*2/XMATD(I, 4))

3150 3150 CONTINUE

3560 3160 CONTINUE

3170 CALL MATINVC(XMATM,XMATNsN1,N13

3172 D8 3174 19s31,N1

T T

Figure 29. DIFFUSION Program Listing for the General Electric
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DIFUSION 02706775

31/3 XMATIC19,1)s0

3174 3174 CONTINUE

3175 DO 3179 19=1,N}

3176 DO 3178 J9=1,N1

3177 XMATICI9,1)sXMATICIO 1) +XMATNCI92JY)
[ 3178 3178 CONTINUE

* 3179 3179 CONTINUE

3189 3189 FORMAT(G13.5/)
3190 110
3200 D83220Is=1,N)
3210 I11sXMATICI,1)+11
3220 3220 CONTINUE
3230 DE32801=1,N|
3240 READC "GUMME™,90) D1, D2
3250 XMATJCI)SXMATICI,1)711
3260 WRITE C"HARP8",90)1,D1s D2,XMATJIC])
3270 WRITE (“ZEPP8™,90)XMATJ(I)
3280 3280 CONTINUE
3290 GO T8 SW3290
3300 3300 REWIND “CHICE™
3310 REWIND "HARPS"™
1 3320 REWIND *GUMMB™
¢ 3330 REVIND “ZEPPE"
3 3340 DS3IBI0Is=1.N1
3350 READC "CHICO",90)XDUMNsX»Y» S
3360 1FCIE.-EQ.0)GOTO3400
3370 READC “GUMMO™,90)D1,D2
3380 READC “ZEPPE™,90)XJ
3390 GOT83410
3400 3400 READC "MARP0%,93)11,D1,D2sXJ
3410 3410 BS=(L1)7C¢DI#C(SORTCCL12)+(D1?2))))
3420 BYSC(XL-L1))/7¢DI1#CSORTCCXL=-L1)v2¢(D172))))
3430 B1=CC1E-S)*XJ)*(B8+BY)
3435 AAs(L2-L1)*CABS(X7-X8))
3440 IF(XEQeX9)GOTOI640
3450 IFC(Y.EQ.Y9)GOTO3720
3460 IFC(X.LT+X9)GOTE3560
3470 IFCY.LT.Y9)GOTEISL0
3480 TISATANCCY=-Y9)/(X-X9))
3490 Z2=-CSINCTI))
3500 Z3sCOS(TI)
3510 G6TE3780
3520 3520 TISATANC(Y9-Y)/(X=-X9))
3530 Z2sSINCTI)
3540 Z3=COS(TI) 1
3550 GOTE3780
3560 3560 IFCY.LT.Y9)GOTO3610
3570 TISATANCCY-Y9)/(X9-X))
3580 Z@2s-(SINCT3))
3390 Z3s-(COS(TI)) 1

Figure 29, DIFFUSION Program Listing for tne General Electric ]
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D FUSISN 0R/06/7S

3600
3610
3620
34620
3635
3640
3630
3460
3670
3680
30
3700
Jneo
3720
3730
3740

»00
»10
20
P30
P40
» 50
60
»170
»so
990
4000
011
012

4031

0703780

3610 TISATANCCY9-Y)/(X9-X))

ZL=SINCTY)
Z3==(COSCTI)

@0 TO 3780

3640 TI=P1/2
IFCYLT.Y9) 00763690
Te==(SINCTI))

Z3=0

8Te3780

3690 ZesSINCTY)

Z3=0

6oTe3780

3720 IF(X.8T7.X9)GOTES760
i8=0

Z3=-|

98763780

3760 22=0

3=}

3780 Be=pisZe

B3=B1¢Z)

BS=p3+bL

B86=86+BJ
BOSSORT((BS*2)+(Bé?2))
3830 CONTINUE
IF(BS.L0.0) 0763970
Ta=ATANCABS(BG) 7ABS(ES))
IF(BS.6T.0)@0763920
IF(B6.GT.0)COTHI200
TI=180+(T4+57.2958)
68T 4010

3900 TS=180-(T4+S57.2958)
08784010

3920 IF(D6.GT.0)GHTHISO
T32360-(TA237.29%8)
68764010

3930 TSsT4eS57.299%8
60Te 4010

3970 1FC¢B6.6T-0)GHTS 4000
TS=270

GeT4010

400 T3=90

4010 PRINT 4012

“‘2 F.MAT(]H OmutT!COoooooooooooooooo...oo'!ﬂ.’
AD138ccccccscccccscccc e COMPUTATION™)
4030 PRINT 272

PRINT 4032,X9?

4032 4032 FORMATCIN »"X-COORDINATE="5G13.6)
4033 PRINT 4034,Y9
4034 4034 FORMATCIN »"Y-COSRDINATES", 613.6)

Figure 29. DIFFUSION Program Listing for the General Electric
Time Sharing Computer (Sheet 12 of 17)
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DIFUSION 02/06717%

4036
037
4038
0739
043
04

0438 B=-TOTAL ANGLE™)

061
462
4070
4081
4082
4120
4130
4140
41350
4160
470
4180

PRINT 4037.L1

4037 FORMATCIN »"Z1-COSRDINATE="»61).5)

PRINT 4039.,L2

4039 FORMATCIH »“Z2-~COGRDINATE*"»Gi3.%)

PRINT a04c

4042 FORMATCIN ,»1X,"LOOP AREA 8-X B-Y

PRINT 4062

4062 FORMATC(IH » 39X, "C(WEBERS/NMETER®*2) CDEGREESY"™)
PRINT 272
PRINT 4082,A4,85,B6,80, TS

4082 FORMATC(IH »SCIH »613:.6))

B0=0

Bis=s0

Be=0

B3=0

BS=0

86=0

GO TO SWal180

4190 REWIND “HARP@O*™

REVIND "GUMME*

REWIND "ZEPPS*™

XM=0

DO 4490131, N1

IFCIE.EQ.0) GOTB 4280

READC "GUMMO*,90) D1,D2

READC °'ZEPP8",90)XJ

GO TO 4290

4280 READC "HARP9*,90311,D1,D2,XJ

4290 Q4as(1E-9)*XJ

F1sSQRT(L2r2+D2¢2)

Fe=SORT(L1v2+D2r2)

Fas(L1-XL)

Fas(L2-XL)

FSs(F1-C(L2)*(ALOGC(F1+L2)/7D2)))
Fés(F2-LI1s(ALOGCC(FR+L1)/D2)))

F7eCSQRTCFIt2+DRt2) -FIS(ALOG((FI*SQRT(F312+D2*2))/D2)))
FEs(SORT(FAr20D212)-FA(ALOG((FA*SORT(F4*2+D2*2))7D2)))
FO=SQRT(LR*2+D1t2)

FOsSQRT(L1t2+D112)

QO CFI9-L2¢ALBGI(C(F+L2)/D1))

Qi=(FO-L1i1*ALOGC((FO+*L1)/D1))
02u(SQRT(FJI12+D112)-FIS(ALSG((FI*SORTC(FI*2+D1¢2))/D1)))
Q3=(SORTC(FAI2+D12)-FA(ALOG((FA*SORT(F4r2¢D112))/D1)))
M7aFS-Fé+FT1-F8

M8=2Q0-01+02-03

M7sM7804 ]
ME=MB8*04
XMs(XMe (MT-M8))
A49%0 CONTINUE

Figure 20, DIFFUSION Program Listing for the General Electric
Time Sharing Computer (Sheet 13 of 17)
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CIFUSION 02706715

4500 A82S7«C

4510 @1=0%(XL/AB)

4520 PRINT 272

4530 PRINT 272

4541 PRINT 4542

4542 4542 FORMATCIH »2Xs“TRANSFER¢=¢-¢=4-t-t=4=0=-2-+=-FUNCTION
A54384=4-0=9=4-0-4=4-0-COMPUTATION**)

4560 PRINT 272

4571 PRINT 4A572

4572 4572 FORMATC(IM »8X,"TRANSFER INDUCTANCE

4573¢& TRANSFER RESI STANCE™)
4581 PRINT 4582
4582 4582 FORMATC(1H »13X»"(HENRIES) (OHMS)*)

4391 PRINT 4592,XM.901

4552 A592 FORMAT(IH »12XsG13.6,22X»613.6)

4601 PRINT 4602

4602 4602 FORMAT(1IH ,»"BPEN CIRCUIT VOL TAGE'")
4610 PRINT 272

4513 PRINT 4614

4614 4614 FORMAT(IH »"TIME VaL TS*)
4519 T7=0

4620 DO AT720 1DUMMY=1,999

462) T7=2T7+78

4622 IF (T7.GT.T9) GO T® a721

4623 IF (GA-EQ-1.0) G8 TO 4692

4630 1214 ((~-GI*EXP(-G1*T7))+G2*EXP(-G2¢TT))

4640 12=12¢]1 40 ((G1+GI*EXP((=G1-GI*TT))

4650 1331 4% (G2¢G*EXP((-G2-GI)*TD)

4660 15=212-13

4670 ET=01%] 4 (EXP(~G1*TT) ~EXP(=-G2¢TT) )% (1-EXP(~-GI+T7))
4680 FB=XM=1S5

4690 E9=2ET7-EB8

4691 GO TO a71)

4692 4692 AMP=(]1 4*SINC2:.¢P1#G1*TT)I*EXP(=-G2¢TT) #(1-EXP(-GI*TT)
4693 DAMPDT=]1 4% (2.¢P2G1*COS(2.#4P1%G1=TT))

459 4 DAMPDT=DAMPDT*( EXP(-C2#TT)-EXP((-G2~G*TT))

4695 DAMP=] 46 (SIN(2.#P1%GI1*TT))

4696 DAMPT=DAMP*((62+GI)*EXP((~G2~G3)*TT) -GI*EXP(-G1*TT))
4697 DAMPDT=DAMPDT+DAMPT

4698 ET7=01%AMP

4699 EB=XM*DAMPDT

4700 E9=E7-E8

4711 4711 PRINT 4712,T7,E9

4712 4712 FORMATC(IH »G13.6, 34 2G13.6)

4720 4720 CONTINUE

4721 4721 CONTINUE

4730 PRINT 272

4741 PRINT a742

4142 4742 FORMATCIH »75C1H=))

4760 PRINT 272

Figure 29. DIFFUSION Program Listing for the General Electric
Time Sharing Computer (Sheet 14 of 17)
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D FUSION 027067798

4770 PRINT 272
47180 PRINT 272
4190 XMs=0
&00 0130
€10 G0 TO SWa810
&20 4820 PRINT 27¢
4831 PRINT 4832
832 4832 FORMATCIH »"DATA READ STATEMENT DSES NOT CONTAIN®)
4841 PRINT 4842
842 4542 FORMATCIH »“VALUES WHICH CORRESPOND T® THIS™)
851 PRINT 4852
852 4852 FORMATCIH » "GESMETRY«CHECK ALL DATA STATEMENTS®)
861 PRINT 4862
z B62 4862 FORMATCIH »"T0 BE SURE THAT THEY ARE CONSISTENT™
A &71 PRINT 4872
872 4872 FORMATCIH »"WITH THE GEOMETRY YOU ARE EVALUATING.*)
000 S000 STOP3 END
$010 SUBROUTINE MATZERCXM» IROW, ICOL)
020 DIMENSION XMCIROW,ICOL)
S040 DO 3200 19=1, 1ROV
SO D8 3190 J9s1,1CoL
060 XMC19,J9)%0
$070 3190 CONTINUE
$080 3200 CONTINUE
$090 RETURN
$100 END
$110 SUBRBUTINE MATINVCA,B» IR8W,1COL)
5120 DIMENSION ACIROW,I1COL)»BCIROW, 1COLY»CC1s 1)
: S140 DB 3540 19=1 , IROW
f S150 DO 3538 J9=1 » ICOL
S160 BC19,J9)8AC195J9)
S170 3538 CONTINUE
SI80 3540 CONTINUE
5190 CALL MATRIXC6,BrA>CsoIROW, 1COL,IROW,ICOL,ICOL)
. %200 RETURN
; 5210 END

6000 SUBROUTINE MATRIXCIOP,AsBsColsrdoKoloM)
6010 REAL A»B,Co TEMP

6020 DIMENSION ACL,J)sBC(loJ)sCC1,J)

6030 DIMENSION LABELC16)

040 GO TO C101,102:103,104,200, 300, 4CO)» 10P
60S0 101 ASSIGN 111 TO 1P’ GO T8 100

6060 102 ASSIGN 112 T® IPs GO TO 100

6070 103 ASSIGN 113 Te 1P3 GO T8 100

080 104 ASSIGN 114 TO 1P

6090 100 D® 120 l1=1,K

6100 DO 120 12=1,L

6110 30 TO IP»C1115112,1135114)

6120 111 CCl11,12)sAC11,12)+BC(11,12)3 GO TO 120
6130 112 CCI1,12)=AC11,12)-BC11,12)5 GO T@® 120

T ————

Figure 29, DIFFUSION Program Listing for the General Electric
Time Sharing Computer (Sheet 15 of 17)
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61 40
6150
6160
6170
6180
6190
6200
é10
20
6230
6240
6350
6260
70
&80
6290
6300
6310
6320
6330
6340
6330
6360
6370
6380
6390
6400
6410
6420
6430
6440
6450
6460
6470
6480
490
6500
6310
6520
6530
6540
6530
6560
6570
6380
6550
6600
6610
6620
6630

027067735

113 CCI1,12)sAC11,12)+B(¢11.12)3 GO TO 120
114 CCI1,12)=AC11,12)/B(11.,12)
120 CONTINUE

GO T8 500

200 DO 210 11=1,K

D8 210 Ig=1,L

TEMNP=0.

D8 203 13si,M

20S TEMP=TEMP+ACI1,13)%B(13,12)
210 CC11,12)sTEMP

G T® S00

300 NR=Kj3 NC3K

D® 21 Ji=1,NR

21 LABEL(J1)sJ]

DO 291 Ji=1,NR

TP1=0.

DO 121 J2=J1,NR
TMP2=CABSCACJ2,J1))
IFCTMPR-THP1) 121,121,1210
1210 TMP1=TMPE

1B1G=J2

121 CONTINUE

IFCIBIG-EQ.J1) G& T® 201

D# 141 J2s=1,NC

TEMP=ACJ1,J2)
ACJ1,J2)=ACIB1G, J2)

141 ACIBIG,JR)STEMP
IsLABELCJY)
LABEL(J1)=LABEL(IBIG)
LABEL(CIBIG) =]

201 TEMP=A(J1,J1)
ACJ1»J1)=1.0

D8 221 Je=1,NC

221 ACJ1,JR)BACI1,J2)/TEMP
DO 281 J2=1,NR

IFCJ2.EQ.J1) GO TO 281
TEMP=EA(J2,J1)

ACJ2,» J1)30.

D8 241 J3I=1,NC

241 ACJLrJIIBACILHJI)~TEMPRALJIL,JD)
281 CONTINUE

291 CONTINUE

301 NisNR-1

DB 391 Jisi,N)

D8 321 Je=J1,NR
IFCLABELC(J2)«NE.J1) G& T® 321
IFC(J2.EQ+J1) GO TO® 2391

Ge TO Al

321 CONTINUE

341 D® 361 J3I=1,NR

Figure 29. DIFFUSION Program Listing for the General Electric

Time Sharing Computer (Sheet 16 of 17)
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DIFUSIEN 02706775

6640 TEMP=A(J3,J1)

6650 ACJI,J1)=A(J3»J2)
6660 361 A(J3,J2)sTEMP
6670 LABEL(J2)=LABEL(J1)
6680 391 CONTINUE

6690 60 T8 300

6700 400 D8 410 11=1.K
6710 DO 410 12=1,L

6720 410 CC12,11)=A(11,12)
6730 300 RETURNS END

Figure 29. DIFFUSION Program Listing for the General Electric
Time Sharing ('omputer (Sheet 17 of 17)

etries, Once the particular geometry being evaluated has been defined, the
program defines a horizontal plane containing both the electrical circuit con-
ductor and a structural return path, and stores the coordinates of this plane
for utilization later in the program, This is done in lines 1380-1760 or 2590-
2708. At this point in the program, the information that has been generated
is:

e [ ocation of the enclosed electrical circuit conductor

® Coordinates of all current carrying filaments representing the geo-
metrical structure

® Loop or surface for which flux linkage is to be computed

The program now branches to a subroutine (lines 2680-2900) which determines
the distance, D1, from each of the skin current filaments to the enclosed con-
ductor, and additionally computes the distance, D2, from each of the skin cur-
rent filaments to the return skin conductor, These values are retained and
stored in one of the files for later use,

The next computation to be performed is the current distribution at each
filament, The computer program partitions the input lightning current and
defines for each of the current filaments a fractional portion of the total cur-
rent, The portion of the lightning current assigned to each current filament
depends on the geometry and the location of the current filament in that geom-
etry; this operation is executed in lines 2910-3290, At this point in the pro-
gram execution, the computer program has defined the location of each current
carrying filament, the current distribution in each of these current filaments,
and the location of the enclosed clectrical circuit conductor. It has also defined
a loop through which flux linkages are to be computed,

The program now branches to the subroutine in which flux density equa-
tions are used to compute the flux density, its vector components, and its
orientation at a given point inside the geon:eotry of interest, ‘The point se-
lected for this computation depends upon the user's selection of the enclosed

72



Al ot

circuit conductor initial location, Z1. The computational operations to obtain
the flux density are performed in lines 3300-4180.

The computer programthen branches to the subroutine that computes the
transfer inductance, M, and the transfer resistance, R. In execution of this
subroutine a computation is made of the open circuit voltage versus time, util-
izing the transfer functions. Computation of the transfer inductance is per-
formed by reading in the previously computed and stored values of D1 and D2
as well as the value of the current distribution for each of the current filaments,
These values are inserted into the flux equation for each filament out to a dis-
tance D1, which is subtracted from the flux that is computed for the skin cur-
rent filament out to the distance D2, This difference in flux is the net flux
linking the defined plane. The transfer inductance is the summation of all of
these individual fluxes divided by the total lightning current that flows through
the complete structure, These operations are performed in lines 4190-4490,

The transfer resistance is computed using the equation

R=pL/A (63)
where:
p = resistivity of the skin material (ohm-cm)
A = cross-sectional area of the geometry skin (m®)
L = total length of the geometry being evaluated (meters)

This is obtained fro:in lines 4500-4592. After computing the transfer induc-
tance, M, and the transfer resistance, R, the program computes the induced
voltage in the specified electrical circuit, utilizing a lightning waveform
described by the user's dat. inputs. Since naturally occurring lightning strokes
vary greatly in waveform, the user may select the waveform for which pro-
tection is to be designed (one for either a damped oscillatory or a double ex-
ponential waveform may be used). The waveform of the portion of lightning
current appearing at the inside surface of the skin, and thus in the skin cur-
rent filaments described by this program, is not the original lightning current
waveform, Instead, it is modified by a diffusion time constant in the manner
described in Reference 5, This is accomplished directly in the induced vol-
tage equation. The resulting open circuit voltages are then computed and tab-
ulated as a function of time, The user has control over the time duration and
increments over which this computation is executed. These operations are
performed in lines 4601-4810.

After completing this computation, the program loops back and determines
if modifications to the previous data set have been re~uested. If modifications
are to be made, program execution repeats, using this new data set, A new
set of transfer functions is then computed along with the corresponding open
circuit voltages.

If no modifications to the data have been requested, the program then
determines if another geometry has been selected for evaluation. If such a

73




ganii

geometry is to be evaluated, the constants of that geometry, the initial location
of a circuit conductor inside that geometry, and the modifiers which will be
used to reposition or relocate that electrical circuit conductor are read and
the program operates as before, After all modifications in all geometrical
models have been completed, the program reaches an end,

i The output data returned from the program are the coordinates of the
: circuit conductor for the execution in progress, flux density, flux density
orientation and vector components, transfer inductance, transfer resistance,

3 and a table of lightning induced voltage versus time in the open circuits of
; interest,

VALDATION OF DIFFUSION

The criteria used to evaluate the validity of the computer program were
(1) to determine if it returned the same answer that could be manuaily com-
puted for a textbook calculable geometry, and (2) to compare computer gen-
erated values to those of aircraft on which experimental measurements are
available from which empirically cerived transfer functions were available,
Two illustrative cases were selected and are presented,

CASE 1

The object i5 to compute the mutual inductance between a single current
filament and a loop with a configuration as shown in Figure 30,

v Z 1 &
- )
L]
, Yo e s —
v
Figure 30. Single Current Carrying Filament and Circuit Loop

The expression which determines the flux linking the loop is obtained
for this case from

b+ D
Via = %Qh a[ & (64)
T b X
or
a b+ D
Vio = “;[; tn =5 (65)
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The mutual inductance is obtained by dividing by 1; thus,

Y2 _poa, b+tD
L1 I 21r"n a (66)

' Values were selected for this geometry as follows:
a=52cm; b=217cm; D= 150cm

and L,; was computed to be 8.9 x 107° henries,

: The computer genzrated value for this case (7.2 x 10™ henries) is presented
i in Figure 31.

CASE 2

The object is to compute the flux linking an electrical circuit that is
centered in the cylindrical fuselage as shown in Figure 32. Because of the
symmetry, the total flux linking this plane should be equal to zero. The
- computer generated results are shown in Figure 33,

3 It is evident that in the limit, as the modeled geometry is simplified, the
' analytical expressions evaluated by the computer program DIFFUSION reduce
to easily computed, classical formulas,.
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Figure 31. Diffusion Calculated Values of Transfer Functions
and Open Circuit Induced Voltage in Single Geometry

of Figure 30
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Dia = 600 cra

2=1,000cm

Figure 32. Electrical Circuit Loop Inside a Cylindrical Fuselage
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Figure 33. Diffusion Coupling in Fuselage
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Section 3
APERTURE FIELDS

APERTURE THEORY

£, ool A ¢

EQUIVALENT MAGNETIC DIPOLES

If a magnetic field exists tangentially to a surface in which an aperture
exists, the fields induced on the other side of that aperture may be treated as
those induced by a dipole of appropriate strength lying in the plane of that
aperture (Figure 34). A mathematically tractable aperture is an ellipse of

External Ares Internal Area
H
4 Aperture
External
Magnetic
Field
Y

s Internal Area

/ Equivalent Dipole Applicabie
to Internal Area

|
|
|
l
I
|
Figure 34. Equivalent Dipole Presented by Aperture

™ Preceding page blank




major and minor dimensions, ¢, and (,. Figure 2, shows such an aperture
located in the XY plane. The coordinate structure shown in Figure 35is referred
to in the remainder of this report,

1 l.et 11 &t the aperture be, in vector notation:
i M o= He+ H, + H, (67)
where:

1, a0l (ext)
1, o Hext)
H. = ol (ext)

1T is the field strengths that would exist at the aperture if the aperture were
not preseut (Ref, 10).

Fxtorior
Hegion

5

/XY Plane

! O EE ) N
i 'z
(
3
g Rl Sl - B
i NZ Plane BPEANE I SN
; ek, (45N}
1 et = 4%
r . PP
e -
-\
Figurce 35, tltiptical Aperture in XY Plane 1
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The a,;, ag, anda,, are factors related to the shape of the aperture., For
the elliptical aperture shown in Figure 35:

27 (21/2)3 e2

%1 7 73 K(ed) - E(e?) (68)

2r £,/ )%e2(1-e9)

2 © T3 E(ed) - (1-e2) K(e?) (69)
2 Wy R(1-e?)
%3 * <3 T E(e?) (70)

where:

and K(e?) and E(e?) are elliptic integrals of the first and second kinds,
respectively,

At the surface of a conductor the Z component of H(ext), H,(ext) must
vanish if either the conductance is high enough or ti.e frequency of concern
is high enough so the skin depth is small compared to the thickness of the
conductor. For the cases of present interest component H, will frequently be
zero, by virtue of the geometry of the current flow producing magnetic field
H(ext). Likewise, for the cases of present interest, the frequencies at which
a magnetic field may penetrate in a Z direction are low enough that they are
not of concern. Accordingly, assume that H,(ext) = 0. Under these conditions
the equivalent dipoles are:

e Equivalent dipole lying along the X axis:

M, = (H2), = o, H,(ext) (71)
¢ Equivalent dipole lying along the Y axis:
M, = (H2), = o H,(ext) (72)

For the case in which the major axis of the elliptical aperture is oriented
along the X axis (as shown in Figure 35), the values of a,;, ap, and a,y are given
onS1gure 36, If the major axis is oriented along the Y axis, the same curve
is applicable if the designations of a,, and o, are reversed,

FIRST ORDER DIPOLE APPROXIMATION TO INTERNAL ]

MAGNETIC FIELD

Considering a magnetic dipole of strength H,£ located along the Y axis, ‘
the coordinate geometry would be as shown in Figure 37, At poiat P the mag- ]
netic potential, M, is: '

M=K, |+ -1 (73)
I'1 I‘a 3
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Figure 36. Shape Factor for Elliptical Apertures
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a) Coordinate Geometry
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b} Details of Dipole L ocated at Origin

Figure 37. Magnetic Dipole Oriented Along Y Axis
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whare:
H

K, = r
] (For purposes of clarity, constant K, is reserved for a later formulation with
the dipole located along the X axis. )
1 Dipole theory generally assumes that point P is sufficiently far from the
origin that r, and r, may be approximated (Figure 38) as:

£

By & --53 cos@ (74)
i £,
r, = r+=2% cosé (75)
Under these circumstances:
M = K, [— 2t — - — (76)
r-=2cosf r+=2-cosf
r L F 2 2 i
1 [ L ) ]
E r+-—21coso-r+—22-coso
M = K, Z (77)
r i r2 - —z-l.coso 2 i
If £,/2 «r, then:
M = Kglraacoso (78)
1
or:
M = (H1427)r(i‘089 (79)

———

-=2o"H

Figure 38. Appreximations Used in Elementary Dipole Analysis *
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HIGHER ORDER APPROXIMATION TO INTERNAL MAGNETIC FIELD

s

The above formulation is valid when the point at which the field is to be
calculated is at a distance, from the aperture, that is large compared to the
dimensions of the aperture. If an attempt is made to calculate the fields close
to the aperture, the results are inaccurate, If the distance from the point to
the aperture goes to zero, the fields become infinite, whereas they can never
in fact become larger (barring reflections) than the external field. It can be
shown, in fact, that the actual field strength in the plane of the aperture (as
distinct from the strength of the equivalent dipole) will be half the field strength
that would exist if the aperture were not there,

To maintain a little more numerical accuracy near the aperture, the ap-
proximations made by Equations 74 and 75 will not be made, but Equation 73 will
instead be expanded by a power series.

DIPOLE ORIENTED ALONG Y AXIS

In Figure 37:
s =-\/X"+Z2 ik [Y-%‘)a (80)
r, é‘\ﬁ(’ +72+ |y +£22-)3 (81)
or:
r, = (C, - Y212 (82)
r, = (C, + YE )12 (83)
where:
C,: X2+ Y°+Zz+(%z)a
Thus:
M = K2 [(C2 — YEQ)-l,‘? - (C2 + Yla)ﬂ/a] (84)

Expanding by the binomial theorem and combining like terms:
M = K, [ ByCq '3+ b; (VLYCTY3 & b (Y 2)%C =63
+ by (YL RCJ72 + cceee -

= by €13 b, (YE,)IC%3 - b (YEPCYe (85)
+ bs (le)ac;r/a O S P
where:
by = 1
1
bl z -,‘:
84
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1 8 1 8
Pa”3:2°37 "B
b.=1.3.5 1 _15_5
3°2°2°2°3" 48 16
b o1.3.5 7 1 105
4" 2°2°2°2 47 38
b -1.3.5.7 9 1 840 _ 63
8" 2°2°2 22 5" " 3840 256
b o 1.3.5.7 9 11 1 _ 10395
e " 22 2 2 2 2 6 46080
b - 135135 _ 3003

” = 645120 14336

Thus:
b,(Y2,) , b (YL )® b (YL)E

- | B U

b,(Y4,)?
+ _Lrgﬁ_ca + ceeeeea- J

(86)

The gradient in the X direction (due to the external field in the Y direction)
is:

.. 2M
XQy; i 2X (87)

My {_b,mg)c.}/a(s/z)(zx)

2

_by(Y£,)3C5/2(7/2) (2X)
C¥e

_bg(Y£,)5C3(11/2) (2X)
Czaala

b,(YE)7CI¥2(15/2) 2X)
- C:"/a

(88)

B = k| BPAYE)X | 14by(YEX | 22by(Y4,1X
xfr) 2 CFl3 c3/ c v

30b, (YL, )X
+ —-C—_’l';’a—— + cccca—aa

(89)

The gradient in the Y direction (again due to the external field in the Y
direction) is:

.M
Hvly‘ = -W (90)
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ik ans gl

2M C33(b,)8,-b,(YL,)(3/2)CY/3(2Y - )
7 - 2K, |12 i g
2
, C2/2(by) (2Y203) - b (YL, )3 (7/2) C/3(2Y - £.)
Cu/a
91
, CI3 (b)) (5Y428) - b(v2)5(11/2) C3 2y - 2)) 1)
Caa/a
» C352(b,) (TY827) - b,(Y4,)7(15/2) CJ2/3(2Y - £.)
C2‘°/3
+ emcccca-
) 3(Y2,) (Y - £,/2) - C L, UYL P (Y- 2,/2) - 2C, Y243
Hv(y) S 2Ka 1 C5’3 s by Cala
5 11(YL,)5(Y -2 /2) - 5C Y45
'*13/3
(92)
s 15(Y0,)7 (Y - £,/2) - 1C,¥807
C1'7/2
]
The gradient in the Z direction is:
2M
el = 37 (©3)

The partial differentiation follows the same format as Equation 22;
therefore:

_ 6b,(YL)Z | 14by(YL )97
H’(V’ B K’[ Ciz v c3?

; 22bg(YL)5Z | 30Db,(YL)Z
CJals C175

DIPOLE ORIENTED ALONG X AXIS

Following the identical line of attack, with the dipole oriented along the
X axis, yields the following relationships:

b 3X8) (X -2)/2) - T(XL,)8(X - £,/2) - 2C X203

= "1 1l +
) * % Pt & cy
5 - 405
5 by 11(X£,)5(X - £,/2) - 5C, X445 (95)
Cm/a
v B, 15X, (X -2,/2) -7C X827 ]
Cl'rla J
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Hv‘ ) = K 6b,(X2,)Y - 14 by(X2,)3Y 5 22 b (X¢,)5Y
x 1 Clsla C19,a Clmla
(96)
+ OB DE T e
Cll'r/a
3 4 5
Hz(;, - K, 6b, (X:, )Z 14 by(X2,)3Z + 22b(X2,)52
cpr2 Co Ch/z o
9
¢ OB EEIZ -
C17/2

TOTAL MAGNETIC FIELD

Er—

The total field at point P is that due to the sum of the external fields in
the Y and X directions:

H, = H, ‘ )+ Hyi, (98)
HY=H(|+H{x (99)
H, = z‘ )+ Hy iy (100)

H, = C3/2K, 4, [3x‘x-.gx) - C,]+ C35/2K 4, [3YX]

£

5 5
+3C%/2K £3 [1X° (x -—21) - 2C,X?]+ S C¥2 K42 Y X ]

63 p 63 (101)
T2 Ci¥2K, 29 [11x5{x -24-) 5CX*] + 355 Ca1¥2 Kl £ [11Y°X ]

3003
7168

I CmraK 87 (157X ]

7 [15x” ‘x —1) - 7C X +

|
H, = C¥oKE, Y]+ Ci¥eKyty [5Y (V-2 - ]

5 5 2
+2C9I2K 08 [1XPY] + 2CK 08 (712 ‘\ -3 ) - 2C,¥?]
- (102)
+ o5 CIVaK 08 [11X8Y] + S C193K 0 8 [lle‘ -321 - 5C,Y4]
-30—030-1"/% 27 [15X7Y]+ ggC""”K,l [15Y® | y-—-; - 7C,Y°]
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H, = C[®2K ¢, [3XZ]+ CJ¥3K ¢, [3YZ]

5 145
+ SCT™/PK 2 [TX3Z] + 2C¥2 Kt P [1Y°2]

63 63 (108)
+=55Ci 18/3K, 2.8 [11X°2] +—c-13/=’K,;z5 [11Y5Z]

_3003 ~17/2 4 777 + 3003 =17/2 Y

7IGBC K27 [15X7Z] 7IGBC KgtJ [15Y7Z]

Equations 101 through 103 may be placed in a format more suitable for
machine calculation, as follows:

Hy = Gyx F, + G, x F, - G, x F, (104)
Hy = Gy FgytiGg xFg= Gg % F, (105)
H, = G, x F,+ G, x F, (106)
where
G. - 3K (X-2/2)
1 T 1.8
Crs
_ 3K,X
Gy = cJs
G, = -Krel
3 Cl®
G - 3K Y
4 C11.8
G - 3Ka(Y-1£,/2)
& Ca-s
K
G, - '_ﬁcg.s
G. = 3K]Z
7 C11'°
_ 3K,Z
Ge = Ci6
X4 Ixg)s X2 X4
F, = { + 1,45833 + 1,804688 1 + 2.094727
[ v [ e B o
ve,! ’
Fo= |22+ 45833 Y22+ 1 gosess ' Y4a|"+ 5. 004727 Yla~ -
Cs C, o/ Cs
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F,

1+ 2(X£,)2+ 5(X2,)* + T(XL))8, ,
1+ 2(Y28)2 + S(Y L + T(YL)®, . .

In Figure 37, product Hf is the strength of the equivalent dipole produced
in the aperture by the external magnetic field. For the portion of the field
caused by the component of the field lying along the Y axis, the strength of
the dipole is:

(H2), = azH,(ext) (107)
and for the dipole lying along the X axis, the strength is:
(He), = a,,H,(ext) (108)

The dipole moment is appropriate for use in the classical dipole formula-
tions based on Equation 86 but is not appropriate for the power series formu-
lation used in the main text of this report, If the £ factor is taken in the der-
ivations as the actual physical dimension of the aperture, then for K, and Kg:

H, _ a,, H,(ext)

A e
R T (T A 109)

and:
H, _ agH,(ext)
4r 4nlq

where £, and £, are the major and minor dimensions, respectively, of the
elliptical aperture.

Ks = (110)

REFLECTING SURFACES

Two Parallel Plates

The problem of field penetration into the region between two parallel plates
is of considerable interest, because it applies to the degradation of shield in-
tegrity caused by ihe presence of small apertures, The preceding analysis
may be extended to two parallel plates, one having an aperture and the other
continuous, by using image theory,

The image of the electric dipole moment is colinear with the dipole vector;
however, the image of the magnetic dipole is antiparallel with the magnetic
dipole vector., Taking this into consideration, a doubly infinite array of images
is formed, as shown in Figure 39, 'The field components at a particular point
in space may be obtained by an algebraic addition of all of the contributions
from the aperture dipoles and the image dipoles.

Multiple Reflecting Surfaces

In principle, a rectangular area or volume behind the aperture cou!? be
formed by two or four additional reflecting surfaces, as shown in Figure 40.
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Figure 40, Multiple Reflecting Surfaces
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Although the number of images increases greatly, only the images fairly near
the surface generally need to be considered. Multiple refiecting surfaces have
not been incorporated into this program,

FLUX LINKING A LOOF

Figure 41 shows a loop defined by four points in spaces P1 through P4, all
of the points being assumed to lie in the indicated plane, At some point PL
within this loop there will be a magnetic flux vector, H. The XYZ components
of this vector may be determined from the previous equations. The component
of H that is normal to the plane is that part parallel to the normal vector, N,
at point PL, or:

H, = Hcosa (111)

Y

- The intercept with the
X axis is not shown

X

Figure 41, Flux Linking Arbitrary Four Sided Loop
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wnich is equivalent in vector notation to the dot product: )
H, = H+ NU (112)
where NU is the unit vector normal to the plane defined by points P1 through P4,
Points P1, P2, and P3 will be used to define the plane in which all of the

points are assumed to lie, Two vectors that define the plane, P1 P2 and P2 P3,
are then:

PIPZ = (X, - Xp )i + (Yo - Y, )i + (Z,g - Z,,)k (113)
P2 P3 = (x's il X'.)i + (Y's - Y,a)] + (Z's - Z'a)k ‘,‘ 4\

The normal to the plane defined by these vectors is given by the cross
product:

N = P1P2 x P2P3 (115)
which in matrix notation is:
' i j k
N = 1 X,5-X,,)) Npg-Y,,) (Z2,,-2,) (116)
Xpy = Xpa) (Yo=Y, (Z,,-2,)

ar:

N- | X9 Ya 24 (117)

where X,,, Y, ... Z4; are the corresponding quantities in Equation 116, kx-
panding the determinant in Equation 117 gives:

N = (Yg, 249 - YeuZg))i
- XgyZog - XaZgy)i (118)

The unit vector normal to the plane will be:

NU = NUXi+NUY;+NUZk (119)
where:
NUX = (Y,IZ, - Y,Zm)/NU
NUY = (X,IZ’ - X,Zm)/NU
NUZ - (X,1 X,Y,,)/NU

NU? = (Vg Zyq - VegZp)? + (Xg Zg - XspZ)? + (Xg Y9 = X9 Y5
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NUMERICAL INTEGRATION OF FI1.UX DENSITY

The total magnetic flux normal to the loop is determined by a numerical
integration process. The process is shown in Figure 42, The plane is divided
vertically and horizontally into 12 equally spaced strips. For this discussion,
vertical will mean the direction of point 1 to point 2 or point 4 to point 3, and
horizontal will mean the direction of point Pl to point P4 or point P2 to point P3,

0
Py 2 3 . : ’

N; Increasing

Figure 42, Integration Techniques for Flux in Plane

The 12 strips define 13 lines vertically, the interseciions of which define
169 points (13 x 13), of which point PL (9, 5) is shown, The flux density at
cach point is evaluated and then integrated numerically along each of the ver-
tical strips. The resultant 13 values are integrated horizontally to obtain the
total magnetic flux linking the plane. The integration process used is called
Weddle's rule (Ref, 11) and is based on fitting a sixth order polynomial to the
array of points and then integrating the resultant polynomial, The result is:
THe &X = %A’( (1, + 511, + Hy + 61, + 11_+ sH, + 1) (120)

In program APERTURE, two such polynomials are fitted to the 13 points,
giving the following cocefficients:

1. 5,1, 6,1, 5, 2,5, 1,6,1, 5,1
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DEVELOPMENT OF COMPUTER PROGRAM

PROGRAM DESCRIPTION

A program listing for APERTURE is given in Figure 43. The listing shown
consists of the MAIN portion of the program and two sabroutines: SHAPEFAC,
which is used once during the running of MAIN; and MAGFLD, which is used
repetitively during ‘ne running of MAIN, Figure 44 is an elementary flow
chart for MAIN,

Sk aaro

The program first reads the input data from a file, the name of which
will be requested during the program,. It next determines the effective dipole
moments presented by the aperture, in both the X and Y directions, X and
Y are taken to be oriented along the major and minor axes respectively of
the aperture,

The program next tabulates the magnetic field intensity at the desired

] points of the region beyond the aperture. This tabulation may or may not
include the effects of a reflecting surface behind the aperture. This portion
of MAIN uses the subroutine MAGFLD to calculate the field intensities at the
point under consideration. Should the tabulation of field intensitiec not be
desired, this portion of the program is bypassed,

The program then goes on toward the calculation of the flux that passes
through a four-sided loop. The loop is defined by the X, Y, Z coordinates
of the four points making its corners. The first three points are used to
define the plane of the loop; the fourth point is assumed to lie in this same
plane, After reading the coordinates of the defining points, the program cal-
culates the field intensity at 169 points over the surface of that loop. A nu-
merical integration of the field intensity at these 169 points is then performed
to obtain the total field intensity and total flux passing through the loop. After
completing the calculation of total flux through the first loop, the program
reads the coordinates of additional points, and calculates the flux through
such planes as may be defined. The program continues to run in this manner
until no further loops are encountered, If desirable, this portion of the pro-
gram also may be bypassed.

Shidianian do it i ab it

Input data -- long form -- for the APERTURE program are shown in
Figure 45; Figure 46 is the short form,

MAIN Pro gram

Before starting the detailed description of the MAIN program, the user
should refer to Figure 47, which gives the terminology by which the aperture,
the external magnetic field, and the point under consideration are described.
The X, Y, Z coordinates of both the aperture and the point under consideration
are given with respect to a reference set of axes, The plane containing the

$ *This listing is for a program that will be run on the General Electric Time
3 Sharing computer. A program listing for the CDC6600 machine is included
in Appendix III, "Program Listings for CDC6600 Computer. "

o

Lo
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P ERTURE 163 37EST 02705775

1000C
1010C
1020C
1030C
1040C
1050C
1060C
1070C
1080C
1090C
1100C
1110C
1120C
1130C
1140C
11%50C
1160C
n70C
1180C
1190C
1200C
12410C
1gerc
1230C
1240C
1250C
1260C
1270C
1280C
1290C
1300C
1310C
1320C
1330C
1340C
13%0C
1360C
1370C
1380C
13%0C
1400C
1410C
1420C
1430C
1440C

APERTURE-~=~---A PROGRAM THAT CALCULATES THE MAGNETIC FIELD THAT
PASSES THROUGH AN APERTURE. FA FISHEK BLDG 9-209

GENERAL ELECTRIC COMPANY 100 WOSDLAWN AVE P11 TTSFIELD,MASS 01201
PHENE (413)-494-4380

DEVELSPED UNDER CONTRACT FJJ3611-74-C-2068 USAF FLIGIT DYNAMICS LB
THE PROGRAM READS DATA FROM AN EXTERNAL FILE, THE NAME OF WHICH
WILL BE REQUESTED DURING EXECUTION. THE INPUT DATA FILE SHOW.D

BE CONSTRUCTED AS FOLLOVS)

LINE NUMBER 10 XA»YA»ZA

L1,L2s ANAH

HEXT» ANGH

D1, DR

D3

ZPA-ZPB, ZPC

70 YPA,YPB,YPC

80 XPA,XPB, XPC

90 Da

100 DS

110 PX1,PYL1,PZ1,PX2,PY2,PZ2
120 PX3sPY3IPZIsPX A PY A PZ A

38883

CLINE NUMBERS NEED NOT BE IDENTICAL T@® THOSE ABOVE)

XA>YA>ZA ARE THE COORDINATES IN METERS OF THE CENTER OF THE
APERTURE. 1T 1S LOCATED IN A PLANZ PARALLAL T@ THE XY PLANE

L1 AND L2 ARE THE LENGTHS IN METERS OF THE AXES OF THE ELLIPTICAL
AFERTURE. L1IsMAJOR AXIS AND > LE2SMINSR AXIS.
ANAH 1S THE ANGLE THAT THE MAJOR AX1S OF THE APERTURE MAXES Wl TH
THE X AX1Se G DEGREES 1S PARALLEL THE THE PESITIVE X AX1IS.

HEXT 1S THE STRENGTH IN AMPERES PER METER OF THE EXTERNAL FIELD
ANGH WITH RESPECT T@ THE X AX1Se O DEGREES®PARALLEL T@® X-AX1S.
Dis1=YES-THERE IS A REFLECTING SURFACE PARALLEL T6 THE APERTURE.
D1s0=N@ REFLECTING SURFACE.

D2sZ COORDINATE OF THE REFLECTING SURFACE. ENTER DUMMY VALUE 1IF
D1=0.

D3s1sYES-CALCULATE THE FIELDS OVER A PRZSCRIBED VOLUME INSIDE.
DI=0=NG-SKIP THIS CALCUL.ATION.

ZPAsZ COSRDINATE AT WMICH CALCULATION SHOW.D START

Figure 43. APERTURE Program l.isting for the General Flectric

Time Sharing Computer (Sheet 1 of 9)
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1450C ZPBsZ COORDINATE AT WHICH CALCULATION SHOWD END

1460C ZPC=Z INCREMENT SIZE

1470C YPA,YPBsYPCoXPA,XPB,XPC ARE SIMILAR FOR X AND Y COORDINATES
1480C ENTER DUMMY VALUES IF DJ3=0

1490C

1S00C Da=1=sTABULATE FIELD IN SPHERICAL COORDINATES.

1510C D4=0=TABULATE IN RECTANGULAR COORDINATES.

1520C

1530C DS=1sYES-CALCULATE THE FLUX LINKING A LOOP

1540C DS=0sNO-SKIP THIS CALCULATION.

1550C

1560C PX1:,PY1,==-=-PYA,PZ4 ARE THE COORDINATES OF FOUR PRINTS THAT
1570C DEFINE THE LOSP. THEY MUST GO ARSUND THE LOGF IN CONSUCUTIVE
1S80C ORDER. ADDITIONAL LOOPS MAY BL DEFINED BY ADDITIONAL DATA IN
1590C THE SAME FORMAT. DUMMY VALUES ARE NOT REQUIRED IF DS=0
|60°c TP YRR PR Y YRR R R R L XY S X X X X ¥ )

1610 FILENANME INFILE

1620 REAL L 1,L2sNUL,NU2,NUIs NU» NUX» NUY» NUZ

3 1630 DIMENSION HNC13,1)

1640 DIMENSION TB6AC1J)

1650 DIMENSION PATHACIY)

1660 10 PRINT 1S

1670 1S FORMATC(" INPUT FILE NAME™)

1680 20 INPUTLINFILE

1690 30 PRINT 11$

1700C CARRIAGE CONTROL FORMAT STATEMENTS

| 1710 110 FORMATC(IH-)

E 1720 115 FORMATC 1HO)

1730 120 FORMATCIH )

i 1740 122 FORMATCIHD)

3 1750 123 FORMAT( 1He)

1760C SUTPUT DATA FORMATS

1770 130 FORMATC(6EI12.])

]
¢
1

¥ 1780C DATA HEADING FORMATS

1 1790 140 FORMAT(' APERTURE COGRDINATES==X=2", IE12:3," METERS™

. 1800 145 FORMATC(™ Y2 IE123," METERS™)
1810 150 FORMAT(™ Te" 1E12:3»" MNMETERS™
1820 155 FORMAT(™ APERTURL DIMENSIONS-=MAJOR AXIS=* 1E1R:30" MNMETERS™
1630 160 FORMATC("™ MINOR AX182*) IE1R:3," METERS™

ﬂ 1840 165 FORMAT(" APERTURE INCLINED"™, 1E12:3," DEGREES FROM X AX]1S™)

1 1850 170 FORMAT(" EXTERNAL MAGNETIC FIELD=", IL12:3," AMPERES PER METERY
. 1860 175 FORMATC(™ AND INCLINED™»1E12:3," DEGREES FROM THE X AX1S™

1 18670 180 FORMAT(™ THERE 18 NO® REFLECTING SURFACE™)

3 1880 185 FORMAT(* THERE 1S A REFLECTING SURFACE LOCATLD AT Z=*", IE12.3,
18908 * METERS™)

1900 188 FORMATC(™ LOOP NUMBER *»1%)

1910 190 FORMATC™ LOOP AREA®", 1LI18:3," SQUARE METERS™

1920 192 FORMATZ™ TOTAL FLUX=2*", |E12.3," VWEBERS™

Figure 43, APERTURE Program T isting for the General Electric
Time Sharing Computer (Sheet 2 of 9)
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2300
2310
2320

2340
23%0
2360
2370
2380
2390
2400

22904

£330¢

Figurc 43,

195 FORMAT("™ SUT OF DATA™

200 FORMAT(V)

210 FORMAT(® POINT X Y

220 FORMAT(1S,J3E12.3)

READCINFILE, 200, ENDs1960LINE-XAsYALZA

READ C(INFILE»200,END®1960)LINEsL 1,L25 ANGA

PRINT 140,XA

PRINT 145.YA

PRINT 150,ZA

PRINT 155,L1

PRINT 160,L2

PRINT 165, ANGA

READCINFILE,» 200, END=1960)L INEsHEX T, ANGH

PRINT 11S

PRINT 170,HEXT

PRINT 17S,ANGH

PRINT 115

READCINFILE, 200, END=1960)LINEs D1,D2

275 1F(D1)280, 280,290

£80 PRINT 180

PRINT 115

285 GOTE293

290 PRINT 185,02

PRINT 115

295 CONTINUE

READCINFILE, 200, END=1960)LINE, D3

READCINFILE» 200, END®1960)LINE»ZPA» ZPB, 2PC

READCINFILE» 200, END®1960)LINE,YP % YPB» YPC

READCINFILE, 200, END31960)LINE» XPA, XPBs XPC

READCINFILE» 200, END=1960)LINEs Do

P183.14139265

CALL SHAPEFAC(LI.L2,A11,A2P)

1FC(D3)1950,19%0,2200

2200 1F(DA)2201,2201,2206

2201 PRINT 2202

2202 FORMAT(™ X Y 4
HeY H=Z")

2204

PRINT 2207

FORMATC" X Y 4
LAT LONG™)

PRINT 120

2450

2204 PRINT 120

2450 CONTINUE

J1slFIXCCZPB-ZPA) 7ZPC) 1

JesiFIXC(YPB-YPA)/YPC)*1

JARIFIXCCXPB-XPA) /XPC)* 1

"

GoTe
2206

2207 HTeT

2208
GOTe

APERTURE Program l.isting for the General Electric
Time Sharing Computer (Sheet 3 of 9)
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, 2410 DO195S0 13=1,J3,1

¥ 2420 DO1930 12=1,J2,1

2420 DO19SO List,J1s1

24420 XP1=sXPA¢*(13-1)sXPC

2450 YP1IsYPA¢(12-1)sYPC

2460 ZP1sZPA+(11-1)3ZPC

2470 1002 CONTINUE

2480 1199 CONTINUE

2490 1730 CALL MAGFLDCANGA, ANGHs XP1oYP1,ZP1, XA YA ZAXHEXT> A1 15 A2,
25004 HPX1,HPY1,HPZI»L1,L2,D1,D2)

2%10 3370 1F(D4AY1210-,1210, 4000

2520 1210 PRINT 1220, XP1,YP1,ZP1oHPX1,HPY 1sHPZ
2530 GOTS 1930

2540 1220 FORMAT(6E12.I)

2550 4000 DsSORT(HPX1*HPX1+HPZ I1*HPZ1)

2560 4002 IFCABSC(HPY1)-ABS(D)) 4004, 4004, 40:9
j 2570 4004 ANG1=90-57.2957795«(ATANCHPY1/D))

: 2580 4006 GOTS 4012

3 2590 4010 ANG1I=57.2957795¢(ATANCD/HPY 1))

2600 4012 IF(ABSCHPX1)-ABSC(HPZ1)) 4014, 401 4» 4020
2610 4014 ANG2290-57.2957795¢(ATANCHPX1/HPZ1))
2620 4016 GOTE 4030

2630 4020 ANG2=S5T.295779 S (ATANCHPZ 1 7HPX1))
2640 4030 LIF(HPY1) 4050, 4050, 4040

2650 4040 GOTO 4110

2660 4050 ANG1I=180-ANG1

2570 4110 CONTINUE

2680 4120 IF(HPX1) 4180, 4130, 4130

2690 4130 IF(HPZ1)4160-4140, 4140

2700 2140 ANG2sANGE

2710 4150 GOT® 4219%

2720 4160 ANG2=-ANG2

2730 4170 GE8T® 42195

2740 4180 IF(HPZ1) 4210, 4190, 4190

2750 4190 ANG2=180-ANG2

2760 4200 GOTE® 4215

2770 4210 ANGE=-( 180~-ANG2)

2780 4215 CONTINUE

2790 HPTaSQRTC(HPX 1SHPX | +HPY | *HPY | ¢HPZ 1¢HPZ 1)
2800 4230 PRINT 1220,XP1,YP1,ZP1,HP T, ANG1 s ANG2
2810 1950 CONTINUE

2820 PRINT 110

2830 READCINFILE, 200, END=1960)LINE, DS

2840 2100 IF(DS)1400,1)400,195S

28350 1955 CONTINUE

2860 JX=0

2870 1957 CONTINUE

PESO0 READCINFILE, 200, END=1960)LINE,PX1,PY1,PZ1,PX2, PY2,P22

Figure 43, APERTURE Program Listing for the General Electric
Time Sharing Computer (Sheet 4 of 9)
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READCINFILE, 200, ENDo1960ILINEsPXIoPYJsPZ3sPX 4 PY S PZ A

£900C THESE ARE THE SI1DES OF THE OQUADRILATERAL

2110 CONTINUE
Xgispxe-pPx1
X32sPX3-PX2
X 43=2PX 4-PXJ
X14=PX1-PXA
Y21=PY2-PY1
Y32=PYJ-PYR
Y AJ=PY 4-PY]
Y14=PY1-PY4A
Z21spPZ2-pP21
232=PZ3-P22
ZA3sPZ 4-P2D
Z14sPZ1-PZ4A

J040C THIS 1S A DIAGENAL OF TME OQUADRILATERAL

3050

3160
3170

X318PX3-PX 1

Y31=PYJ3-PY]

Z31=PZJ-PZ\
T21=SORT(X21eX21eYR1sYRI¢Z210Z21)
TI2=SORT(X IL*XIReYILY IPZ IL*ZID)
TAISSORTIX AI*X 43+Y 438Y 4342 AI*Z QD)
T14=SORTC(X 1 46X 1 4+Y 1 48Y ] 4021 4821 4)
TI1=SORT(XI1#XI1+Y312YI1ZI1+Z31)
S1=(T21+TI2+TI1)/2
Al1sSORT(SI1#(S1-T21)2¢S1-TI2)*(S1-TI1))
S28(TA3*T14+TI1)/2

AR SORT(S2+( S2-TAJ)*(S2-T1 4)#(S2-T31))
AREA=A1+A2

3180C THESE ARC THE MIDPOINTS OF THE ENDS OF THE OUADRILATERAL

3190
R00
®R10
220
X0
3240
3250
3260
3270
280

XPMisPXiex2t/2
YPM1=PY] Y21 /2
TPMIsPZie 21/2
XPM2=PX 4~X 43/2
YPMR2PY 4-Y 42/
TIPM2=PZ A~Z 43/2
XPM21eXPNR2-XPM]
YPHE 1 =YPMNR-YPMN]
IPM21sZPME-ZPMY
TPHaSORT(XPM218XPHR1+YPHR ISYPM2 1 ¢ZPNR 15ZPMR1)

3R90C THESE ARE THE COMPONENTS OF THE NORMAL VECTOR

3300
310
3320
3330

NUlIsY214232-Y 302221
NURs-X214Z32¢XJ32e221
NUJsX218Y32-X32¢Y21
NU=SORT(NU1#NU1+NURSNUReNUI*NUI)

3340C THESE ARL THE COMPONONENTS OF THE UNIT NORMAL VECTOR

3380
3360

NUX=NU1/NU
NUYsNU2/NU

Figure 43. APERTURE Program Listing for the General Electric
Time Sharing Computer (Sheet 5 of 9)
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3370 NUZ=NU3I/NU

3380 3550 CONTINUE

3390 3560 D@ 3880 N2s=1,13»1

3400 3570 DE388O Ni1=1,13,1

3410 XPSsPX1+XP1#(N1-1)/18

34R0 YPSsPY|+Y21#(N1~1)/12

3430 ZPS=PZ1+Z21#(Ni-1)/18

3440 XPOesPX2+X32#(NR-1)/12

3450 YPé=PYR+Y32e(NE-1)/18

3460 ZPésPZ2+Z32¢(N2-1)/12

3470 XP7=PXA-XA3#(N1-1)/182

3480 YP7=PYA-YA3%(N1-1)/182

3490 ZP7=PZA-TA3%(N1-1)/182

3500 XPSsPX1-X14e(NE-1)/12

3510 YP8=PY1-Ylas(NE~1)/12

3590 ZP8=PZI-Z14¢(NL~1)/182

3530 X7SsXP7-XPS

3540 Y758YP7-YPS

3550 Z75sZP7-ZPS

3560 X8 6sXP8-XP6

3570 YB&=YPB-YP6

3580 Z86=ZP8-ZP6

35920 TB63SORT(XS 6#XB6+YBE8YB 6+ LB 64ZB6)

3600 XPL=XP8-X86*(N1-1)/1¢2

3610 YPL=YPB-YB6#(NI-1)/18

3620 ZPL=ZP8-286#(N1-1)/18

3630 CALL MAGFLDCANGA, ANGH» XPL o YPL s ZPLoXA2 YA2ZA2HEXT» Al 15 A2, HPX )
3640¢ »HPY1,HPZ1,L1,L2,D1,D2)

3650 HNPsHPX 1 *NUX+HPY 1 *NUY*HPZ 1 #NUZ

3660C THESE ARE THE HN°'S AT THE VARIOGUS POINTS OF THE QUADRILATERAL
3670 HN(N1,N2)sSHNP

3680C THESE ARE THE DISTANCES TOP TO BOTTOM ALONG THE QUADRILATERAL
3690 TB6A(NL2)=TB 6

3700 3880 CONTINUE

3710 3890 DEJIYSO Ne=1,13.1

3720 DELTA1=TB86A(NR)/ 12

3730C THIS EVALUATES FLUX ALONG THE LINES IN THE DIRECTION Pi-->p2
3740C AND P4-->P,

3750 PATHSHNC 1, N2) *HNC 2, N2I S SeHNC 3o N2 ) ¢HNC 42 N2) * 6+HNT So N2) +HNC 65 N2 » 5¢
37608 HNCT,N2I#2+HN(S, N2)SS+HNC(P,NL2) *KNC 10, N2) & 6o

37708 HNC115N2)*HNC 12, N2)#3+HNC 13, N2)

3780 PATHA(NE)=0.+.3¢DELTAI*PATH

379 3950 CONTINUE

B00 DELTALsTPM/12

3B10C THIS EVALUATES THE RESULTANT FLUX IN THE DIRECTION P1-->P4
JBLOC AND P2-->P)

B30 HTOTsPATHAC1) *PATHACE) *S*PATHAC ) ¢PATHAC )¢ 6+PATHA( S) ¢

IBA0E PATHAC6)*S+PATHACT)SL+PATHACB ) S S+PATHACY) *PATHAC10) 8 6¢

Figure 43, APERTURE Program Listing for the General Electric
Time Sharing Computer (Sheet ¢ of 9)
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IBSOL PATHACL 1) +PATHAC12)2S+PATHACL D)

B 60
870
B8O
890
3»00
P04
P06
»10
»£0
»30
P40
» S0
»60
»70
»80
»%0
4000
4010
4020
4030
40 40
4050
4060
4070
480
409%0
4100
4110
4120
4130
4] 40

HT0T=0.3¢DELTA2*HTOT
BTOTsHTOTe P1#1E-T7
JXsJX*]

43193 PRINT 188,JX
PRINT 120

PRINT 210

PRINT 120

J=q

PRINT 220,J,PX1,PY1,PZ1

Js2

PRINT 220,J,PX2,PY2,PZ2

J=3

PRINT 220,J,PX3,PYJ,PZ3

Js 4

PRINT 220,J,PX4,PY4sPZ4A

PRINT 120

4320 PRINT 190,AREA
4330 PRINT 192,BTOT
4340 PRINT 110

GOTe 1937

4360 PRINT 110

1960 PRINT 195

1400 STOP

END

SUBROUTINE SHAPEFACCL1,L2,A11,A22)

REAL L1,L2
P1=3.14159265

Els] =(L2/L1)%%2
E2sSQORT(ED)
IFCL2/Li<0)GOTO 3120
IFCL2/7L121) GOTE® 3160

A1S0C 0000000 0060000000000800,000509
4160C CELIC1,22) AND CELIC2,E2) ARE MATH LIRRARY ROUTINES TMAT

4170C EVALUAYE THE ELLIPTIC INTEGRALS OF THE FIRST AND SECOND KINDS.

4180
A190

YisCELIC1,E)
Y2sCELI(2,ER)

A200C 0000000000000 00000000000000000

210
420
430
240
50
260
470
4280
490
4300

CON1=22PI#(L1/2)%23/3
Al 1sCONI*EL1/(Y1~Y®)

A22sCONI*EI#C1-E1)/7C(Y2~C1-E1)%Y])

AJJI=CONI=(C1-E1)/Y2
RETURN
3130 PRINT 3140

3140 FORMAT("™ L2/L1 IS NEGATIVE. THIS 1S AN ERROR"™)

RETURN
3160 PRINT 3170

3170 FORMATC™ L2 IS LARGER THAN L1.

THIS 1S AN ERROR™)

Figure 43, APERTURE Program Listing for the General Electric

Time Sharing Computer (Sheet 7 of 9)
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4310 STSPIEND
4320 SUBROUTINE MAGFLDCANGA» ANGHs XP 1o YP1sZP 1o XAsYAs ZALHEXTo ALY
308 A2/ HPX1,HPY1,HPZ1,L1,L2,D1,D2)
4340 REAL KlsK2oKS»K6sL1oL2
43%0 N=0
4360 RADuS57.295779S
4370 Pls3. 14159265
1 4380 K1sCOSCANGA/RAD)
1 4390 K2sSINCANGA/RAD)
A4400C CALCULATION OF SHIFTED COORDINATES OF POINT UNDER INVESTIGATION
1 4410 XP2sXPisKieYPlisKe
E 4420 YPRs-XP1sK2+YP)*K|
: 4430 ZP2=1P)
4440 HPX2s0
44%0 HPY2=0
4460 HPZ2=0
4470 ZAA=ZA
4480C CALCULATION OF DISTANCES FROM APERTURE T8 POINT UNDER STUDY
4490 9130 XCsXP2-XA
4300 9140 YC=YPR-YA
4510 9150 ZCsZP2-ZAA
4520 9160 CisXCeXCeYCoYC+ZCaZCoL 1%L 174
4530 C2sXCeXCeYCE*YC+ZC+ICeL 2%/ 4
4540C CALCULATION OF H FIELD PARALLEL T8 AXES OF APERTURE
4550 CONi=).43833
4360 CONE=].804688
4570 CONJ3=%.094727
4580C CALCULATION OF FIELD PARALLEL T@ AXES OF APERTURE
4590 ANAM=C(ANGH-ANGA)/7RAD
4600 HMAJ=HEX T*COSCANAN)
4610 HMIN=MHEXT+*SINCANAK)
4620C CALCLLATION OF ROTATED COMPONENTS OF MAGNETIC FIELD
4630 KSa=-Al1*HMAJ/( #PlsL1)
4640 K6s~ARPEHMIN/( 4Pl 2)
4650 CIY=xfa | .
4660 9168 1FCABSC(CI)-1E-S) 9180-9170-9170
4670 9170 F3=C3%C3
4680 FT7=1+2¢F3¢5¢F3¢F 3+ 718F3sF30F3
4690 GOTO 9190
4700 9180 F7=1
4710 9190 CSsC3/C1
9195 iFC(ABS(CS)~-1E-S) 9210,9200,9200
4730 9200 C7=CS5#CS
AT40 F1aCSeC(1¢CONI*CT+CONL*CTI*CT+CONISCI*CT1+CT)
3 4750 GOT8 9220
: 4760 9210 F1=CS
4770 9220 Cas=YC*L2
4780 9230 1FfABS(CA)-1E~S) 9250,9240,9240

Figurc 43. APERTURE Program Listing for the General Electric
Time Sharing Computer ("Sheet 8 of 9)
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4790 9240 FS=CaeC4A
400 F8s1¢28F5+SeFSerS+ TaFSeFSeFS
4810 GOTE 9260
820 9250 F8s|
- B30 9260 Cé=Ca/Ce
) 48540 9270 IFCABSCCO)=1E-S) 9300,9280,9280
450 9280 C8=Cé*Cé
: ; MB6G FReCesC14CONI2CB+* CONL2CEsCE+CONI*C8+(C8+(8)
4 ; 470 GITe 9320
] : 480 9300 FesCé
400 9320 CONTINUE
’ 410 G1=3eKSeXC/Cis*1.S
i ; #H20 GL=ISKEEXC/COe%] .S
- 430 GIsKSEL1/C1*%].S
40 GAsISKSSYC/Cles].S
1 : #HS0 G5830K69YC/C2e%1.S
4 ! #H60 G6aKerLL/CRee] .S
] 70 G7=238KS¢ZC/Cise].5
; 80 GB338K65ZC/CL**1.S
! 490 HPX=GIsF1+G2AFR=GIsF7
] S000 HPYSGatF1+GSeFR-G6r P8
9010 HPZsGTsF1+GB2F2
020 9680 IFCDI) 9760,9760,968¢2
i 030 9682 HPXEsHPX2eHPX
: $340 HPYESHPY2eHPY
' ‘S0 HPZESHPZL+HPZ
: S060 9690 IFCABSCHPX)=.005¢ABSCHPX2))9700,9 700,9 700
g 3070 9700 IFCABSCHPY)~.005¢ABSCHPY2))9710,9710,9720
: SO80 9710 1FCABSCHPZ) - <0054ABSCHPZ2))9770,9770,9 720
$0%0 9720 1FCN=10)9730,9730,9770
S100 9730 NsaN+1
S110 9740 ZAASZAA-((C~1)**N)s2eN¢DR
S120 60TE9130
$130 9760 HPX2sHPX2+HPX
S140 HPYEsHPY2+HPY
' S150 HPZesHPZO+HPZ
- ' S1SS 9770 CONTINUE
S160C CALCULATION OF COMPONENTS 0  MAGNETIC FIELD RATATED BACH
S170C T® TME REFERENCE AXES
S180 HPX1sHPXEK | ~HPY 2K
S190 HPY I sHPX2#KL+HPY2eK |
S200 HPZ1sHP2Ze
210 RETURN