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SECTION 1

INTRODUCTION

A major concern with the increasing use of composite materials and
low voltage electronics is the amount of electromagnetic (EM) coupling to the
interior of an aircraft and to the cables and electronic uevices within it.
The introduction of bhoron/epoxy, graphite/epoxy, and Kevliai/apoxy compoaite
materials as structural elements in modern airframes will result in a substan-

tial reduction in airframe weight, due to the high strength-to-weight ratios

of these materials. The use of these new composite matarials hae raised ques-

tions relative to the aircraft vulnerability resulting from the effects of
lightning, tilgh power radar, nuclear electromagnetic pulne (EMP), and precipi-
tation static., The problems are furthar compounded by the fact that these
materials are relatively easy to comstruct, and have resulted in a prolifera-

tion of avallable composite materials.

This report describes simple methods for datarmining the shielding
provided by an ailrcraft's exterlor surface and the coupling of the interior
fields to cables and transmission lines within aircraft cavities. This data
ig used to determine whether devices commonly found on aircrafi will be sub-

ject to upset or burnout. The regults found in this volume can be used to

perform trade-cffs between EM shielding, weight, and cost.

Section 2 describes the waveforms and the associated spectrum fot
the natural threats of direct- and naearby-strike lightning as well as preci-
pitation static and the friend/foe threats consisting of the nuclear EMP, low
frequency communications, and shipboard microwave radars. A more detailed
radio frequency (RF) threat has been published by the Syracuse Research Cor-
poration (SRC) a& a separate volume under this contract entitled "Threats to

EM Integrity of Advanced Composite Aircraft" (SRC TN 78-395R).

4 formulation starting from Maxwell's equations is presented in Sec~
Approximations are

tion 3 for coupling to the interior of a composite ghell.
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made which decouple the intarior problam from the exterior by the use of the
concept of transfer impedance. The transfer impedance concept is simply de-
rived for shields which are locally planar; that i1s, for shields which are thin
compared to their radius of curvature and for which the wavelength within the
shield is much smaller than that external to the shield.

The surface transfer impedance relatas the interior tangential elec-
tric field to the equivalent exterior suzface skin current density induced by.
the incident EM radiation. For homogenous shields, including mixed-orientation
graphite composite enclosures at low frequency, it is shown in Section 4 that
one can approximately relate the magnitude of the surface tranafer impedance to
the magnatic or electric shielding effectivenass, SE, as

. SE/20
l2gpl ~ 2/10 (1)

over the open interval (fmin’ w). The impedance-like quantity Z is dependent
on the fraquency of the incident field and the shield geometry expressed ag a
volume-~to~-gurface ratio. The enclosure geometries for which this relation holds

includes spheres, cylinders, and parallel plates under a uniform incident field.

This section is described in more detail under a separate report entitled "Re-
lationship of Materlal Properties to Electromagnetic (EM) Shielding" (SRC TN

79—037)-\

A brief definition and analytical model for joints is given in Sec-
tion 5. Curves are presented for typical measured joint admittances and an

analytical model 13 summarized.

Giver an estimate of the interior field levels caused by diffusion or
joint penetration, simple expressions are defimed in Section & for upper bounds
on the open=cicocuit voltage, short—circult current, power, and energy at the
terminals of a gshielded or unshielded transmission line. Examples are illus-

trated for lightning and nuclear EMPs.
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Section 7 describes the Wunsch model commonly used to describe damage
levels as a function of pulse width for a general clase of devices including
reaistors, diodes, and transistors. Section 8 summarizes a study on upsaet and
burnout as appiiad to integratad circuits performed by McDonnell Douglas en-
titled ""Intagrated Circuit Electromagnatic (EM) Suscaptibility Investigation".
From it the power densities incident on a cable terminating in an integrated
circuit which can cause device update can be obtained as a function of frequancy.

Section 9 pregents a trade-off study between EM shielding provided
‘by covering graphite/epoxy composites with highly conducting coastings. Shield-
ing properties and the weight penalties for various coatings are considered.
In addition, the data is parameterizad as a function of the thicknass and extra
welght raquired for & given imoun: of shialding.

A bibliography of paertinent documents raviewed in this study are
grouped according to category in Saction 10. The category gzrouping are Thraeat
(including lightning, precapitation static, the nuclear EMP, and shipboard RF
emitters), Shielding, Coupling, Transmission Line Coupling, Device Coupling and

Susceptibility, and Miscellanaous.

Finally, Appendix A summarizes the work to date on shiaslding effec~
tiveness of composites and joincs on the Air Forcn;sponsored Grumman "Projection
Optimization for Advanced Composite Structures'. Appendix B summarizes the
Culham Laboratory (United Kingdom) work on "Lightning Coupling to the General

Dynamics Advanced Composite Forward Fuselage."




SECTION 2

THREAT LEVELS

2,0 INTRODUCTION

This section provides a brief description of the time waveforms and

asgoclated spectrum of the threats considered against a Navy advanqed composite
aircraft, The threats considered include nearby and direct stirike lightning,
the nuclear EMP, precipltation static, and the RF threat to US aircraft aboard
US aircraft carriers caused by navigation aildes, high frequency (HF) communica-
tions and carrier baged radars. The RF threat shown in this report is only

cursory.

A more detalled SECRET document has been published by the SRC under

this contract entitlad "Threats to EM Integrity of Advanced Composite Alrcraft

2.1 Direct Lightning Strike

A generalized wave shape for the current flowing from a typical nega~
tive cloud-to-ground flash is shown in Figure 2~l. Also indicatad are the five
main regions of a lightning flash: the leader, the initial return stroke, an
intermediate current, a continuing current, and one or more restrikes.

When sufficient charge accumulates in the lower part of a cloud to
cause an electric field which exceeds the ionization threshold of air, an elec-
trical discharge is initiated toward the earth. Because the discharge requires
a finite amount of charge and time for the channel resistance to lower to the
arc phase, the discharge proceeds in a sequence of steps pausing periodically
to allow the previous channel gectilon to become fully conducting. This mecha-

nism i{s khown as the stepped leader process.
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For an aircraft in an ares where lightning 1s imminent, the highest
aluctric fleld will occur near the extremitias, typically the nose, wing, and
tail sections. When the leader advances to a point wherea the field adjacent to
the alrcraft extremities has increased to about 30 kV/cm, the air will ionize
and electric sparks will form at the extremities, extending in the direction of
the oncoming leader. One of these so-called streamers will meet the nearest
branch of the leadar and form a continuous spark from the cloud charge center
to the alrcraft. The aircraft then becowes a part of tha path taken by the
leader. When the laeader reaches its destination, a continuous ionized channel
between charge cantars is formed and a4 high amplitude raturn stroke current
flowa back up this channel.

After this initial discharge, many additional complete discharges can
take place, including additional leader phasas and return strokes.

It 18 the return stroke current which dominates the overall lightning
flash current waveform, and which is often modeled when effects dua to lightn-
ing are being analyzed. Among the parameters which detarmine the current wave-
form of the return stroke are the peak amplitude, the time to peak amplitude,
and the time to half peak amplitude. These are often used to gpecify a currant
waveform model., Figures 2-2, 2~3, and 2-4 give the frequency of occurrence for
Valuea of these parameters. For a "worst-case' return stroke, typical values

used for these parameters are:

Peak Amplitude of 200 kA
Time to Peak Amplitude of 2 us
Time to Half Peak Amplitude of 40 us

Figure 2-2 shows that less than 1% of return strokes have a peak amplitude of
more than 200 kA. Because of the infrequency of such high peak currents, there
1s a question as to the prudence of protecting against such a worst-case situa-

tlon.

A peak amplitude of 200 kA translates roughly into an axial surface
current dengity of

T R PO 5y

T

ISPy

T~

Doy M S
it ey Ul i v

IR SRy




BRI 45 o uatia i 1ot D P

4
i
;
DER  —+fos INITIAL RETURN CONTINUING
f w g SThOKE —1 CURRENT el
;
FRONT TAIL 0 g ‘ (TAIL)
1 A (\-m.u) 1 -1oo,)u ‘ 1-90ms | 10-200ms 10.100us |
‘. ——— 1 1 ,v :
i ! CEATTRY
d K 1.8 kA l
b 8.78kA
¥
! Lo 10:150 kA
}
i Figure 2~-1. Generalized Waveshape of Current in Negative
2 Cloud=to-Ground Lightning (Nota that the
{ draving is not to scale)
i
: . Vooo 1 LU T | L R R Al 1 T =
¥ u -
N
8 \\ FINST AKTURN STRORE
‘ b 100 ,_-'_—‘ \\\ ? '
| C 3
o - o o
g
# 3 10 =
% = 3
. ‘ - SUSSEQUIENT RETUNN p
R - STAOKES .
, “’;. e -
‘: ! - -
I X i ) ) Ll bbb o ®
i § LYTINFY) 12 5 10 0000070 0 W MW MBS NN |
: ,’ % > ORDINATL
|
" g Figura 2=2. Distribution of Peak Currents for First G
{ Return Stroks and Subsequent Strokes 3




e X DE R TR

h

e
i
L
N
i
'
{‘-'-x
b
Ty L
.
) ]
A
Lo
b
.
3
E .
. ok
3 {l
1IN
[ W
-
N
ok
§
{
. -
. IR
g
g

1 IIllllI A1 KpdN

1

THSE-TO-PEAK CURRENMT — a3

0% m

1t paepnt

ot 1 1l | NS VY YUV DO I T N P | Lol Ll
0.01 0.1 12 8 10 0 040806070 80 90 8 9008 My N
% > OADINATE

Figure 2-3. Distribution of Time to Peak Current

T 71 lll!lll

TIME TC CURRENMT RALF-VALUE — s

10 o
R N NOUR FRNN SURUOT S U T S S VO S TR N B L
0.0 0. 12 % 10 20320400068 70 80 950 o %W LA T

% > QROINATE

Figure 2-4. Distribution of Time to Current Half Value

il 5 T T i

AT

R st s o s 8 e S i+ VR

Al Se. e iaii

T;
S

ki

L e L e T

—

Scpapeng—




~ waveform as given in Reference 2.

1
max _ 200 kA_
Jg ¥ iR “ In(0.5 m) © 84 ka/m L
(L)

where R is the radius of the fuselaga.

Many models for the current waveform have been proposed. Five such

models are described below. Then the aspectrum of these current waveforms are

shown and compared.

Figure 2-5 shows the triangular function used in Reference 1. This

is perhaps the simplest function having the basic raquired characteristics of
a4 quick rise to a maximum followed by a more gradual decay.

Figura 2-6 shows the Space Shuttla Lightning Protection Criteria
This waveform includes the intermediate and

continuing curvent phapes of tha lightning flash.

A double exponential function as shown in Figure 2-7 was used in Re-

farence ) 45 a model for the return stroke current. Analytically, this func-

tion ié*given by

I(t) = I (e - a%) 1) - 206 A (2)
a= 1.7 x 10% He
B = 3.5 x 10° Hz

Refaerence 4. This model

A triple exponential function was used in
The analytic

has a peak amplitude of about 23 kA and is shown in Figure 2-8.

form for this function is

1(t) = 1y - &8 b1 & w30 4 (3)
2.5 kA

2 x 10° Hz

-2 x 10° Hz

= 2 x 10° Hz
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The third term is included to account for the continuing current.
One problem with this model is that the current is allowed to jump disconti-
nuoualy from 0 to Il at t = Q.

Finally, Figure 2-9 shows a current waveform consisting of the sum of
four exponentials. This waveform was proposed in Reference 5 as a modification
of the previous model (Figure 2-8), in order to make the current continuous at
t = 0. The function shown in Figure 2-9 1is given by

-Gt

1(e) = I,(e™% - o Pty . L - e 1 w30 %y

o

I, = 2.5 kA
4

= 2 x 10" Hz

2 x 10° Hz

=1 x10° Hz

« 2 x 10° Hz

G <X T L+
n

It is also of interest to examine these curreut waveforms in the fre~
quency domain. Figures 2-10 through 2-14 show the Fourier transforms of the
waveforms ghown in Figures 2-5 through 2-9, respectively.

In order to better compare the spectrums of the waveforms in Fig-
ures 2-12, 2~13, and 2-14, Equations 3 and 4 can be modified so that thay both
have a paak current of 200 kA. This is accomplished by multiplying the right-
hand side of Lquation 3 by 8.7 and multiplying the right-hand side of Equa-
tion 4 by 9.1, The spectrums of the resuliant functions are plotted together
in Figure 2~15 aloug with the spectrum shown in Figure 2~12. Figure 2-16 com-
bines Figures 2-10, 2-11, and 2-15.

It can be seen from Figure 2-16 that the first two models (Fig-
ures 2-5 and 2~6) have virtually identical spectrums. The spectrums of the
triple exponential model has a higher amplitude at high frequencies than any
of the other models. This may be due to the discontinuity that this model
introduces at ¢t = 0,
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It should be noted that it is not universally accepted that the cur=~
rent waveform can be accurately modeled by piece-wise linear or exponential
typc models. In Refarsnce 6, the mechanism of the return stroke formulation is
studied. That analysis suggest that the current waveform may diffar substanti-

dlly from the exponential type models.

2.2 Nearby Lightning Strike

The fields produced by a lightning stxike near an aircraft can be

approximated by those due to an infinite current column with the same current
waveform a8 in the attached case. The magnatic field, H, is given by(a' P 74)

H = I/2mR (8)

whare 1 1a the current waveform and R is the distance from the lightning strike

to the aircraft,
In particuldar, if R = 100 m and Imax = 200 kA, wa have

Boax © 320 A/m

The induced surface current density would then be

Jmax @2 Hmax = 640 A/m = 0.64 kA/m (6)

This is two orders of magnitude smaller than the surface current due

to a direct strike, as calculated in Equation 5.

Generally, the currents induced by a nearby lightning strike can ba
expected to be quite small when compared to the currents dua to a direct strike.

2.3 Precipitation Static

When an aircraft flies through dry precipitat.on such as sleet, hail
or snow, the lmpact of particles on the ailrcraft will cause a charge to separate
from some of the particles and join the aircraft, leaving the aircraft with an

excess of positive or negative charges (depending on the form of pracipitation)

2-17
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(see Pigure 2-17). The electric potential of regions of the aircraft can be

iricraased to tha point that corona discharges take place (see Pigure 2-19).
These discharges are in the form of a series of short pulses. The individual

pulses assoclated with these discharges, according to Reference 1, can ba

modeled as
£(t) = Ae Ot (7
Both A and

where A is the pulse amplitude and o is the pulse delay constant.
The number of

o are functions of atmospheric pressure, and hence of altitude.
such pulses per minute, danoted by Vv, is also a function of atmospheric pres~

sure. A good fit to observed valuea of A, o and Vv can be obtained by using:

A = 7.90569 x 10° p0+23

@ = 2.7777 % 1072 p (8)

Vv = 3.83767 x 107 p0+48

where p is atmoapheric pressure, measured in torrs.

Pressure and altitude can be related by

Y3
p = 760 exp ~ (th-Q§%93~E~) (9

where h is altitude given in kilofeet and p is again in torrs. Thes noise spec-

trum produced by Vv pulses per second ls given by

e a( 2P WP e oH2 (10)

Figures 2~19a and 2-19b show some characteristics of this spectrum.

When charge is deposited on dielectric surfaces such as radomes,
windshields or composite material structurws, it cannot flow freely to other
parts of the alrcraft because of the insulating character of these surfaces.
I1f the potential betwaen thase surfaces and the main body of the alrcratt be-

comes too great & surface streamer discharge will occur,
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The current flow from a single pulse of & streamer discharge can ba

A : approximataed by (',}
‘[.‘ .‘ ) {
ot I(e) = I, (ae™C + ba"B%) (1) !
;“f where, for a typical streamer, %
oo 1-"&
R a = 0.597 o= 1,67 x 107 Hz ;
i
A b = 0,403 B = 3,47 % 10 uz ;
ﬁ Lyay = 0:01 A
E Clearly, this current is miny ordurs of magnitude smaller than that due to 3
; - lightning. E
o ¥ This waveform has been used with a typical coupling factor of Y = j
A 3 n'l for sevaral streamer lengths to compute tha induced current in a wire ‘§
Ct located immediately below the streamer. Tha results of these calculations a;
o are shown in Figure 2420, ;
3 - 1
E' t 6 x10 ! ) T ,Jl
3 .l'
; -l CURRENT PULSES ¥
§x10 COMPUTED FOR = 3
w -3 m“‘ 1_&
< ¢ w0 Iy = 001028 A b
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Figure 2-20, Typical Current Pulses Induced by Straamer Discharges
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To aid in understanding streamer-noise source characteristice, source
spe.trum calculations have besn carried out in Reference 1 for various dielac-
tric regions, The raesults indicate that as the siza of the region increased so
does the low frequency content of the streamer-noise asource spectrum.

2.4 EMP Threat

A nuclear detonation 18 accompanied by an EM pulse, generally refer-
red to as FEMP or nuclear EMP, This EMP should be distinguished from othe: ndc—
lear, shorter wavelength, EM radiation associated with a nuclear detonation such
as visible light, X-rays, or gamma rays.

The EMP threat stuuicd here is tha high altitude burst threat which
is commotily used in the opua licaratur.(2'7). The incident field is asaumed
to be & plane wave with an electric field waveform given by a double exponential

function as shown in Figure 2-21, Analytically, this waveform is given by
B(t) = Vo(exp'at - exp"et) (12)
where wa will use the following typical values for the parameters:

Vo = 58,15 kV/m
o= 6,3 Miz ) (13)
B = 189 MHz

This waveform has apeak value of 50 kV/m with a rise to peak time of
0.019 us and a time to half peak amplitude of 0.185 us. The H~-field 1s asgumed
to ba givan by H = E/no where Mo ™ 377 § 48 the impedance of free space., It is
ingeresting to note the diffaerence between this threat and tha double exponen-
tial lightning EMP threat shown in Figure 2-7. The time scala of the lightning
EMP is sbout 100 times that of the EMP., It is really this difference in time
gealing that makes' the two threats appear so different wich regard to thraeut
analysis, This difference shows up clearly in the frequency domdin,

The Fourier transform of the EMP threat as given in Equation 12 can
be easily computed to give
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wherea w = 2rf and £ is frequency. ;5-‘

| Figure 2-22 presents a plot of the amplitude of E as a function of 'vf'
‘ frequency. Compare this to Figure 2-12 which shows the spectrum of the double ‘,;
] axponential lightning EMP waveform. The EM? waveform has & much higher fre- x,
] quancy content than the lightning EMP waveform. "
‘i These results tend to verify that for an aircraft size target, the
. lightning EMP can be treated fairly accurately .sing low frequency techniquas
: whereas the EMP threat canuot., For example, at 100 MHz (correspouding to a 3
wavelength of .10 ft) the amplitude of the EMP ip about J.O"z'5 times ito peak
A

valua. The lightning amplitude of this fraquency is down from its peak by a i

factor of 1077, 4
b
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2.5 Shipborna RF Threat

A datailed RF threat document h;s been generated under separate covaer
entitled '"Threats to the Eleactromagnetic Integrity of Advan~ed Composite Alr-
craft."(s) Sources of the infoxmation are included in the document. An unclas=-
gified threat level ig shown in Figure 2-23, It shows the peak values of the
carrier deck environment expressed in V/m, Only the wmore powerful aircraft
carrier transmitters are ghown: a4 navigation aid at 300 to 500 kHz, HF com-
nunications at 2 to 30 MHz, and radars at UHF (200 and 450 MHz) and microwave
fraauencies (graater than 1 GHz). Many other emitters of lower power are uot

ahiorm.

This information was presented by G. Weinstock of McDonnell-Douglas
Corporation, St., Louls, Missouri at the Naval Air Systems Command on 5 March
1979, It correlated well with the threat described in Reference 8.

Radar and communication sources are sgpacified in terms of thelr effec-
tiv: radiated power (ERP), The peak ERP ﬂs available on many emitters. This
quantity can be measured on noncooperativ§ emittaers and it can also be estimated
falrly accurataely from knowledge of dranshitter ovtput, line losees, and antenna
gaiu. The peak ERP represents the peak power in & pulse or continuous wave/
amplitude modulation wuveform and the average power in a coutinuous wave/fre-
quency modulation waveform. The average ERP is calculated by multiplying the
peak ERP by the duty cycle for a pulsed rgdar. Both peak and average ERP are
useiul for studying electromagnetic inteferences, with the peak being used to

-qgtimate the voltage spikes induced in the electronics and the average being

ugad to determine heating or burn out levels. ERP has the units of power (watts,
kilowatts, etc.,) and is frequently expressed in dB raferred to a milliwatt (dBm)

g0 1 W w 107 oW = +30 dBm.

Power density and field intensity generated by a radiating source de-
pend on the distance from the swurce, Assuming that one is in the far field,
the power density is given by:

Power Density =~ -
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vhere r ias the distance from the radiatur. Power density is commonly exprassed

in mw/cmz.

Field intensity is given by:

If ZRP is in W and r is in m, the units of E are V/m which is common usage.

Damage machanismg Lor devices are tharmal in naturs. For worst-case
analysis, the heat is assumed to ba produced by the absorbed RF signal, and
there is no fraquency dependence. At pulse durations in sxcese of about 10 us,
as discussed in Section 7, the amounc of power reQuiicd for damage 1ls sat by
Shu rate at which heat can be conducted away from tha hot spot. For pulse dura-
tionis in excess of 30 M, the average power is

Pavg f Ppeak % PW x PRF (15)

whera:

Pavg average power

Ppeak ~ pulse peak powet
PW = pulse width

PRF w pulse repetition frequency

Typical pulse widths are ground 0.4 Us and PRFe can vary between 10
to 100 pulsa/s up to thousands depanding on the application.

In addition, a typical scanning radar typically revolvas &t 0 to
12 revolution/min with a 1° beamwidth. An aircraft on a carrier deck is then
in the main beam of the scanning radar for

2]
Ty = *isﬁ-g-gga— second/beanwidth

60
wharae 6B is the radar antenna beamwidth and RPM is the revolution/min scan rate
of the radar antenna, Antenna dwell times due to scan can thus be roughly on
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the order of 50 us. This information is useful in obtaining equivalent rectan-
gular pulse lengths for use in damage power evaluation using a Wunsel model as
described in Section 6.
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SECTION 3

[
;
i ) PENETRATION OF ELECTROMAGNETIC WAVES ﬁ
: THROUGH LOSSY SHELLS ;

The penetration of electromagnetic waves through losay shells
is of interest in the general problem of determining electromagnetic g

interference of electrical equipment interior to aircraft, missiles, and

; 5 other vehicles. The problem we conasider here is that of field penctra-
| tion into' an interior region completely enclosed by a sheet of losay

: i ) matter, For simplicity, we will consider the loqey matter to be linear,
| homogeneous, and isotropic. The relaxation of any one of these three

rvestrictions greatly complicates the problem.

3.1 FORMULATION OF THE PROBLEM

Figure 3-1 illustrates the general problem to be considerad. A

; time~harmonlc electromagnetic wave gﬁ, ﬁ} i3 incident on a body defined

v by the external surface Sl and the internal surface Sz. Unit outward
normals to the surfaces Sl and S2 ate denoted by N and n,, respec-

N tively., The two surfaces divide all space into three regious, region

"a" external to Sl’ reglion '"b" between S1 and 32' and ragion "e¢'" internal
to §,. The constitutive parameters of region "a" are denoted by £ Moo
of regilon "b" by € My and of reglon "¢'" by € 0 Moo Loss 1s taken into

account by letting € and/or u be complex. The total fiald in region "a"

St el d LA SN g A AL ata G



region a

region b

Ea. ua
region ¢ gf + g
ES 1° (RN
5

Eca Uc

Figure 3-1, A Material Shell excited by an Incident Wave gi, g}

is denoted by EF + gf. 5} + gf, that in region "b" by QF. ﬂ?. and

that in region "c" by QF. gf.
We next divide the problem into three equivalent problems,

one tor each region. (L Figure 3-2 shows the equivalent problem fot

region "a@", 1t consists of equivalent electric and magnetic currents

- b a
VR 2 @

o= E oy

on Sl. radlating iuto an infinite medium of constitutive parameters

€,» W, everyvhere. The field E', H' is that produced by J,, M , which




zero field i

Figure 3-2. Equivalent Problem for Raegion "a"

e be calculated using the potential integrals and the "infinite

rcgion“ Green's function

-k |z ~ '
4r jp -z’
where k‘ - st‘ a’ and r, r' are the radius vectors to the source point,

field point, respectively. We represant this fileld computation by

I_I
.!.:. ,§Q1'-'5-1)

(3)

&t
B w1, 4)

Note that the g‘ and _}f operators are linear, that is. _r_c.'g., M) =
g, 9 + BN .
Figure 3-3 shows the equivalent problem for region "b". It

cousists of the currents -;_1. =i, on §p0 plus the currents

3-3




ﬁb! ub

Figure 3-3. Equivalent Problem for Region "bH"

(4)
ﬂz'ﬂb"ﬂz

on sz, all radiating into an infinite medium with constitutive parvameters

evaryvhere. The field EP, 5? is that produced by ~J,, ﬁﬁl and

€' M

Js M

dys Mo which can be calculated using the potential integrals and the

“infinite region" Green's function

eﬂﬁlz*rl

b. (5)
" dw iz -y
where kb - m/ebub. We represent this field computation by
b b b
E =-E <i1’ ﬂ‘l) +E (.'1.2' ﬂz)
(6)

b b b
B .-, 1)+ B, Ny

3=4
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. He'e ve have used the linearity relationship to replace gb (=J, =M) by

-_E_l’(g, M), sud similarly for ﬂb.

Figure 3-4 shows the equivalent problem for region "c". Ir.. con-
slets of the currents =1y» =M, on §,, radiating into an infinite medium
with constitutive parameters Ec' uc everywhera. The filald g_u. _li-~° is
tiat producad by -gz. -ﬂz. which can be calculated from the potaential

integrals aud the "infinite region" Green's function

¢ v & )

Figure 3-4. Equivalent Problem for Region 'c"
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(8)
B o= - 1%, 8,

where we have sgain used tha relationship EF(ﬁi. M) - - EF(i’ M), and

similarly for RC.
Finglly, we must apply the boundary conditlons that tanpential

cogponents of E and H in the original problem are contiuuous across

", n a &
and 82. In terns of the equivalent problem "“u", Etnn and gt‘ﬂ must

5
be evaluated just outside Sl. denoted SI. since they ave discontinuous
across gﬁ, 51 on sl‘ Similarly, in terns of the equivalent problem "b",
Eb and Hb aust be evaluuted just inaidg Sl' denotad S;. since they

—tan =tan
ara discontinuous across 111. -El on §, . We thereforae have for the

continulty conditions on S1

@ +eHy  LeP
tan § tan §
1 1
(2)
(ﬁf + ﬂ}) - Hb

+ = -
tan S1 tan Sl
Simiiar reasoning and notatlon leads to the continuity conditions for 52

Eb - B

- 4
tan 82 tan 32'

(M

(10)
T
“tan § tan S

2 2

Tha four equations resulting from substituting Equations 3, 6, and B {into

-6

i
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Equations 9 and 10 are aufficient to determine the four unknowns gl. 51. gz.
ang y_z . '

To exprass these four equations in operatol notation, we

datine the following linear operators:

N SO IR )

can 8F 1y

& a

B =M )

tan 's? wly

b b b

E oo " tuty ) - LW 1)

1 .

wb -, M -, M)
wan s; 'm'll =1 =l 12°=2" =2 (1L
b b b

E Lyl M) = Lyp(dy Hy)
an 51 1250 22Uy My
v _ b b

B gt " MWy ¥ = My M)

2

¢ ¢
B L5 )

can 22U ¥
B M5, k)

tan 82 222" =2

Lt should be apparent that, in the notation J::q. x denotes cthe consti~-

tutive parametars cx. Her P denotes the surface S_ on which the currin:u

P
reride, and q denotas the surface Sq on which the tangential components

of E are evaluatad. Similar notation applies to the ”124 operator for

3-7




o Tar S

w e

the tangential components of H. X denotes an electric-field operator
and M denotes a magnetic-field operator. We can now write the equa~

tions resulting from Equation 10 as

8 b b 1

a b D o ut
11y M)+ My M) = Mgy g M) = By
(12

"My )+ My g H) + MG, 1) = 0
The _l_i.i. _111 are continuous across Sy hence we ha;:e dropped the supex-
script on SJ. in the right hand terms of the first two equations. The
operators & and M are knowm, but complicated. Equation 12 ive
general in that they apply to any shell of linear hbnidé‘;:ﬂebua. and
isotropic matter. It should be pointed out that there are other sur=~

. A . (2
face tormulations for the problem( ) equivalent to the one we have

discussed in detall above.

J.2 THIN HIGHLY CONDUCTING SHELLS
Composite materials which have a high conductivity (v ~ 104) are
usad extensively in military aircraft construction., We have considered

soma approximate formulations for thin highly conducting shells,

)




For vary low frequenclaes, that is, whe:u tha wavalongth in the
shell is large compared to shell thickness ¢, we can i1se the impedanca shest

approximation of Reference 3. In this case, the¢ problem reduces to that of

a lnaded body, for which the operator equat:ion in(A)

; i
L) + %ng "Ein s (13)

Hers wa have consideraed s1 aud sz to ba approximataly the sama surface §,
supporting an electric current J. The effect of tha equivalent magnetic
curvent it negligible compared to that of J. The load impedance for this

case 1s obtainud by substituting Ub for jude in Refarence 3, or

oL (14)
N
%I Ubd

.

Since the shell is highly conducting, this solution is valid only at
very low fraquencies,

For higher frequencies we can consider region "b" to support
traveling waves, and use a transmission lina inalogy(s)- Figure 3-5 shous

a saction of the shell batween surfaces sl and Sz, assumed to be locally

plane. The intrinsic impedance of the shell

O,

ny ¥ (L + ) .2..&;.. (13)

i® norwally much smallev in magnitude than n, and e (usually free apace).
Hence, region "a" sees aliost a short circult at Sy and region "b" sees

almost an open circuit at 8y Thus, in region "b", we have

£ T

s+ e
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2= zwd

region "a" region "b" region "c"

5 52
glep? waves E°, 1°

|
il
Rt

approximate o® approximatess¥
short circuit open cireuit

Figure 3-5. Wave Approximation for the Thin Highly Conducting
Shell Problem
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n

.

ut = A sinh Yb(t ~ z)

(16)

Ec " nbA cosh Yb(t - 2)

where Yb is the intrinsic propagation constant in the shell,
wy
b

Yy (1 + ) ; (7
and ¢ is the distauce frow 81 in region "b". Tha impadance seen at

Jo = Ze| = n, coth vyt o (18)

H
€| zw0

Inzofar as the exterunel problem is concarned, wa still use Equation 13 for

the external problem with it glven by Equation 18, Note that

it
vt (19)
hwt T
which is the very low frequency approximation, and
hee (20)

which is the high frequency approximationj i.e., the shell looks
infinitely thick to the exterior field.
It atill remains to determine the interior field. VFor this,

evaluate A in Fquation 16 by laetting z = 0.

3y = B, = A sioh vyt

(21)

Ml - Et - nbA cosh ch
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The first equation gives

A--.:———"I—-—— '
ginh Yyt (22)
where wa have set J, = J of Equation 13. The second equation of Equatinm 21
gives an approximate solution for Ml' which 1s not needed for the internal
problem. (The M1 ingures that¢ the wave in the equivalent problem of Fig-

ure 3-3 travels only inward; i.e., there is zero field external to regioan '"b".)
Using Equation 22 and satting 2 = t in Equation 16, we Have

o H_ =0

? “lz=t

1 (23)

B J

\;: !() E - n R —

ﬁ t gmt b sinh ch

3‘ We use approximate equalities in Equation 23 because we have used the K
o approximation that region "b" gees an open circuit at Spe From Equa- ¥
] tion 23 we have ﬁg
| I3
3 3,20 i
: ' (24) 3
i | -1 1
' b A
g 52 sinh Yyt pxd E*‘!
bl | "i
b For a better approximation to J, in Equation 24 we could use the wave impe- %

] , dance looking into region "c" tu relate 12 to MZ' For this, we could use !2

SRS

as known in the third equation of Equation 12 with‘liz = 0 to determine dy .

B S

i Alternatively, we could use ﬂe as known in the fourth equation of (12)

; with Qﬂgz = 0 to determine J,. If necessary, we could also take J, and

" ﬂi as known quantities in either of these two equations. For a cruder,

3-12
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but essier approximstion, we could assume plane waves at 5, in region MM,

and obtain

n
) b

2% T stahve ¥ (29)

g
I
b

Since l/nc << 1 usually, gz is small compared to Mz. but not zero as implied

o Sl ~raks P

by the first of equation of Equation 24.

Ehas

Once whe have ¥, and J,, we can calculate gf and H° in region "c"

PN ST

by solving the "homogeneous reglon" problem of Figure 3-4. This involves the

B

_potential integrals with constitutive parameters those of region "e", Nota f§

that, insofar as the field in regivn "¢" is concerned, the equivalant magnatic g

. current M, contributes more than the equivalent electrir current J,. 2

L 3.3 DISCUSSION ?‘
; The general three region problem, praesented by Figure 3-1, i3 basi- ﬁ
.ﬁ" cally very complicated. The solution of the three equivalent problems, Fig- f
;; ures 3-2, 3-3, and 3~4, could in prineciple ba obtained by solving Equa-~ E
'i tiqn 3512 by the moment mathod(s's). For shells of revolution, the required %
ié. computer programs could be obtained from those used ~ 1 homogeneous material. ?
'ﬁ | body of revolucion(z). However, this would require considerable effort. A ﬁ
Aj comcination of these programs plus the thin shell spproximations of Subsec= E

tion 3.2 could be used for an approximate solution to that problem. However,
this again represents & considerable effort. 1In any event, a careful study
should ha made to determine the ranges of parameters for which the thin con-

ducting shell approximations are valid. !
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SECTION 4

RELATIONSHIP OF MATERIAL PROPERTIES AND
TRANSFER IMPEDANCE TO EM SHIELDING

The EM protection offered by a shield is generally specifiad in terus
of the alectric and magnetic shielding effectiveness of the shiald, which is
defined by

MSE = 20 log,, [MSR™| (1)
whare
1
yse=L = HINCIDENT (1a)
INTERNAL
and
ESE = 20 log;, |ESR™| (2)
where
g
ESR™Y w —LNGIDENT : (2a)

B NTERNAL

The quotients of the interior and incident fields are refarred to as the magne=
tic and electric shislding ratios. In the literature that is available, some
authors (e.g., Bedrosian and Lee with respect to uniform incident fields) de-
fine the magnetic shielding ratio to be the ratio of the internal magnetic field
to the uniform portion of the external magnetic field. One must be careful when
using this definition since the "definition' can change with shield geometry:
for a flat ghield the scattered field is unaform so the antire external field

is uniform, while for a curved shield only the incident field will be uniform.
The inclusion of the scattered field in the magnetic shielding ratio introduces
4 6 dB gain in the magnetic shielding effaectiveness of the shield.

The basic problem with such shielding specification is one of unique~
ness. In genaral, the interior fields are not spaclally uniform even when those
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external to the shield - a this case, the shielding effectiveness becowes

dependent upon the choice of the interior field to use in the shielding effec-

tiveneds definition. Although the shielding affectiveness specification can be

émbiguoun, there are certain geometries for which a spacially uniform incident

field will produce a uniform interior field. These geometries are shown in Fige

ute 4-1, Por these casas, the ghielding effectivencss definitions are unique.

The indicated dimensions are asaumed to be small in free space wavelengths.

The interrelationships between elactric shielding effectiveness, magne~
tic shielding effectivensss, and gurface transfer impedance for these geometries
under an incident uniform magnetic/electric field and their dependence upon the
incident frequency and the ahield material parameters have been investigataed.
Included in the investigation was a study of the magnetic shielding effective~-

ueds of an infinite flat plate with an incident nonuniform magnetic field gene-

fated by & nearby loop antenna. A complete detailed repoxrt of this study is

tontained in Reference 6.

4.1 SHIELD EFFECTIVENESS FOR A UNIFORM
MAGNETIC FIELD

For a uniform magnetic field, the magnetic shielding effectiveness i

a function of the shield material pavameters (o, M, €, d), the frequancy of the

impinging wave, and the shield geometry. The shielding effectiveneas formulas

are summarized in Table 4-1.

*
For low frequencies, & < 0.l , the inverse magnefic shielding ratio
4 .

of a flat plata is given by Hed

MsR™: = 1 4 2,9 d 3)

and hence 1s completely determined by the cqnductivity and the thicknesg of the

shield., TFigure 4-2 1llustrates the low frequency magnetic shielding effective-

ness avallable for aluminum, titanium, mixed-orientation graphite/epoxy, and

w
W < Qaéi.-> cogh(yd) * 1, sinh(yd) ¢ vyd.

Had
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Figure 4~1.

Sphere

¢ylinder-

longitudioal

exdication

tylindar=
Lranaverie
axcitation

Parallel
planas «
transversa
excitation

Single planae

e

i

axt

m

et

i

=i m

=i

Voluma~ta=
Suxface Ratio

a2
B
L2 2

g

1

el ™

&M:i J

int

5

Shield Geometries for which Spacially Uniforw Zxtarior

Flelds Pruoduce Uniform Intesior Fields

UMIFORM CICITATION AND KESPOMSE FIELDS

¥

sh
"

e x

PO

LA, S

EROSRRPEEIECREE 2

ot e A s e 3 e S el i TN



ST
RO ' BT N
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ﬂ
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Figure 4-2, Magnetic Shielding Effectiveness of a Flat Plate under

& Uniform Magnetic Fiald
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Table 4=1. Magnetic Shielding Effectiveness Formulas
for Incident Uniform Magnecic Fialds

_ sphevical shell (radius r)

Inverse Magnecic Shielding Ratio
H
(MSR™L = NCIDENT

Caonerty
INTERNAL
flat plate cosh(yd) + z°/2n sinh(yd)
parallel platas (sepavation 2r) cosh(yd) + Z/n  sinh(yd)

cosh(yd) + 2/2n sinh(yd)#
cosh(yd) + %-[zln + 2n/z) siuh(yd)

cylindrical shell (radius r)

12 ¢ o rjuno)t’?, 2, = 377, and d = the shield

vhare 2 = juur, n = [jwu/o)
thickness

nixed=orientation boron/epoxy flat plates of 0.00107 m (corresponding to 8-ply
cotposite material at 0.00525 in/ply) thicknaes.

Thi remaining geometries, referred to as snclosure geometries, are
fraquancy deperdent at low fraquancies. The inverse magnetic shielding ratios

for enclosurus can be written as

MSR™ = cosh(yd) +Ys- yeinh (yd) (%)

where % is tha volume-to-surfaca ratio in MSK units of the anclosurs. For
spherical geomutries thie rapresentation is valid oniy for

2
£> tom o (F) 1 (5)

For low frequencies, w < 0.1/u0d2, the inverse mnsnaiic shislding
ratio for an enclosure can be approximaced by

Msn""-1+(§-)y2d. (6)

"
King (Referance 1) has shown that this formula is valid for all angles of {n~
cidence of the external field relativae to the cylinder axis for r << d,

|
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Hence, at low fraquencies, tha magnetic shielding effectivenass of an enclosure
in a uniform incident uagnetic field is dependent upon the field frequency as
well as on the ghield gecmetry (axpressed in %D and the material parameters

(0 and d) of the shield.

The magnetic shielding effectivensss of an enclosure exhibits a '"break
point! at

- -! -1 7
£y far ( g ) Hod) (N

below which the magnetic shialding effectivencsa ia approximately zerc. Above
the breakpoint the magnatic shielding effectivenass increases with frequency as
20 loglo(f/fb). This behavior is illustratad in Figure 4-3 for aluminum, tita=
nium, and mixed~orientation graphite/epoxy composite enclosures with unit volume-
to-surface ratio and a shield thickness of 0.005 m, Since tha volume-to-sur=

.facc tatlo 18 proportional to the radiug (plate separation) of the enclosure,

the breakpoint frequency is inversaly proportional te the enclosure radius (plate
sepatation), the shield conductivity aud the shield thickness.

Figure 4-4 illustrates the dependence of magnetic shislding effactive-
ness of an enclosure on the volume~to-surface ratio. The graph is for an 8-ply
mixed-orientation graphite/epoxy composite (¢ = 104 mhou/m). As can be seen
from Equation 6, the magnetic shielding effectiveness of an enclosure increases
as 20 log ¥ .

Flgure 4-5 ig included to emphasize the differences in magnetic shield-
ing affactiveness as one changes the shield geomatry. It is very important in
discussing the magnetic shielding effectiveness of a shiaeld that one must not
only identify the shield's material paraweters but also the shield geometry.

The data shown 1is for an 8=-ply mixed-orilentation graphite/epoxy shield (o =
10* whos/m).

It should be stressed that these shielding results are valid for the
anclosuras described only when the iacident field is a uniform magnetic field.
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MACHEYIC SMIFLDING EFFECTIVENESS (dB)

SHIELD THICKNESS CORRESPONDS TO 8 PLY COMPOSITE
MATERIAL AT 0.00825 IN/PLY

SHIELD CONDUCTIVITY = 10% mhos/m

| §

-
-

8
o
iljlllLlllL'l[l

s, 4 %. s. . 6.
L0Gyq {Frequancy)

1.

(2]
-

-
o

Figurs 4=4. Magnetic Shielding Effactiveness of an Enclosure under a i
Uniform Magnetic Field as a Function of Volume-to-Surface . ;}
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Figure 4«3, Magnatic Shielding Effectiveness on the Uniform Incidant ¥
Magnetic Fisld ‘

i ! M !




erEE

SRS e ey

R A AT S e o RS T S D34 e

To illustrate that the shialding effectiveness of a shiald {s depen~
dent upon the type of field incident upon the shield, we consider & nonuniform
magnotic field incident om an infinite flat plata.

4.2 VFLAT PLATE SHLELDING FOR A NONUNIFORM
MAGNETIC FIELD

The geometry for studying the magnetic ahielding effactiveness of an
infinite flat plate with an incident nonuniform magnatic field generated by a
loap antenna parallel to the shield is given in Figure 4-6. An integral expres-
sion for the magnecic shielding effectivenuss has basn darived by.Banniltar(l>.
for which quite managable low frequency approximations exist with the appropriate
fraquency restrictiona. The expressions presented are valid only for those
waterisals which ars essentially isotropic in tha plane of the £lat plate; e.3.,
for multilayer mixed-orientation graphite laminates but not for unidiradtianal
samples. This restriction is a consequence of the need for roughly cireulir
currents to flow in the plane of the f£lat plate if the incident magnetic tiald

is to be terminataed.

b
! f | .
| - et 2
‘ 7

v} /, \J N

LOOP 1 /’ Loop 2 ¢
SOURCE y 08?8?:¢T10N

y

d 41-h
Figure 4~6. Geometry for Magnetic Shielding Effaectiveness of an
Infinite Flat Plate under a Nonuniform Magnatic Field
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172

Q5. ¢y < 2me/(20[a + (x) + 1, - a1 )

Hod

For —== e

MSE = 8.686 [wua/2]M/% d + 20 logy [(wl-lc/Z)l/z(rl + rz)/8.485](l) (8)

2
4/ (uod™)
For 7 200 7 < W< min 2 2 1/2
Mo (a“ + (r1 + rz)) 2re/ (20{a€ + (rl + v, = dH“l )
2 (2)
a® + (ry +r )
MSE = 10 log, [1 + [(9% ,_,1 ,};; 2. (9)

Both of these approximations ara made under the assumption that (r1 + rz) >> d.

Note that in the case of a nonuniform field genderatad by a loop snten-
na, the msgnetic shielding effectiveness is dependant not only upon the shield

parareters (0, d) and frequancy but also on the gource-shield geometry (a, T

2). For (r + rz) >> a, (r + rz) (-lL—Q > 1, the dependence of the magnetic
shielding offectivauuua on thc aourca-shiold geometry (a, ¥ ¥y rz) can be ex-~
preassed as

MSE = 5(f, 0, d) + 20 logy, (¥, +1,) . (10)

Figure 4-7 gives the magnetic shielding effectiveness as a function of conduc~
tivity and shield thickness for conductivitias of 3.8 x 107 mhos/m (aluminum)
and 17500 mhoa/m, 1.0 x 104 ghos/m, 5 x 103 mhos/m (conductivities assoclated
with mixed-oviencation graphite/epoxy coumposite) and shield thickness of 0.0032 m,
0.00214 m, and 0.00107 m (corresponding to the thickness of 24, 16, and 8 ply
graphite/epoxy laminates at 0.0525 in/ply). The source-shield geometry was
chosen in accordance with the flat plate test facility described in Boeing D180~
18879-1(6> with the loop radii equal to 0.013 m (1/2 in.) and a source to detec-
tor loop center to center separation of 0.0509 m (2 in.). The theoratical
tasults shown for the mixed-orientation graphite/epoxy composlte compiare very
closuly to Boeing test rasults for 24 ply, 16 ply, and 8 ply 1300 graphite/apoxry
laminate with 0°/45°/90° and 0°/90° layups. These test results &rs shown in
Flgures 4-8a and 4-8b, respectively.
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Figure 4«7, Magnetic Shielding Effectiveness of a Flat Plate under a Nor-
uniform Magnetic Field generated by a Loop Antenna Parallel
to the Plate (Sheet 1 of 3)
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LOOP DIAMETER = 1 1n.
ANTENNA-PLATE SEPARATION = 1 in.

PLATE THICKNESS CORRESPONDS TO 12 PLY COMPOSITE
MATERIAL AT 0.00625 IN/PLY

e o s e TN P

: . ALUMINUM TITANIUM
(¢ = 3.8 x 107) (0 = 2.0 x 30%)
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LOGw (Frequency)
(b) Plate Thickness = 0,00214 m 4
.':-‘ h
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L Figure 4~7. Magnetic Shielding Effactiveness of a Flat Plate under a Non- '1
: uniform Magnetic Field generated by a Loop Antenna Parallsl 1
) to the Plata (Sheat 2 of 3)
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MAGKETIC SHIELDING EFFECTIVENESS (dB)
1

e SR e

LOOP DIAMETER = 1 in.
ANTENNA-PLATE SEPARATION = 1 in.

PLATE THICKNESS CORRESPONDS TO 24 PLY COMPOSITE
MATERIAL AT 0.00525 IN/PLY

ALUNINUM
¢« 3.8 x 107)

TITANIUM
(o = 2.0 x 105)

T=300 GRAPHITE
(o = 17500)

BORON EPQXY (@ = 30)

Figure 4-7.

Y ‘ ‘
l‘. ;-. :'. 6]» Sl. 8. (f ER

L06yg (Frequency)

(¢) Plate Thickness = 0.00107 m

Magnetic Shimlding Effectiveness of a Flat Plate under a Non-
uniform Magnetic Field generated by a Loop Antenna Parallel
to the Plate (Sheet 3 of 3)

4-14

L

RPN SUETPTEVS S S PRt

s

e o e

RSP E

-~ e A AT



S

—
[=]
(=4

T T 6"[‘1_5 (] 1 T 0 )y Vb T L] A} Y OV § UT} L D A | LR
0%/48%790° LAvUP
™ 72300 GRAPITE
® 4MY
G ey

A LA

g
(=]

H-FIELD SHIELDING EFFECTIVENESS (dE)
- o
o k=3
T

§ 20

: -

& 0 b L Lty ! b L s s

§ 0.0 0.1 1.0 10 100

; FREQUENCY {MHz)

by

il

¥ , © (a) 0°/45°/90°* Layup )

j 3

t xoo a T °r‘f rTrrry L v F P rrwt ¥ LR BLLA ) i A SRR .‘

i -~ 0%/90% Lavue L

; § [ 7300 GRAPHITE X

i 80 frommelnd el ol

f @ ey .

g LM L}

3 E 5 3

g % 3

g 5 2 4

“ g - t

' [T !

L‘\’ * o n Ly o] T ¢ AR

1 0.01 0.1 1.0 10 100 '
FREQUENCY (Miz)

(b) 0°/90° Layup

Figure 4~8. Infinite Flat Plate with a Nonuniform Incid
ent Ma
Field Test Results gretie

4-15




RN R T

]

.

To illustrats the dependence of the magnetic shielding effectivenass
on the type of incident field, Figure 4-9 shows the shiaelding effectiveness of
4 0,0022 m thick flat mixed-orientation graphite/epoxy plate (conductivity =
104 mhos/m) with a uniform incident magnetic field and, with a nonuniform inci-
dunt magnetic fiald generated by a 1 in, diamater loop antunns parallel to the
plate at a range of 1 in. (geometry of Figure 4-6).

Table 4-2 attempts to charvacterize the significant properties of mag-
netic shielding effuctiveness for the situations described in this report.

4.3 ELECTRIC SHIELDING EFPLCYIVENESS FOR
ENCLOSURES UNDFR A UNIFORM WAGNETIC TIELD

Following Schalkunofﬁ’a(7) approach to EM shielding, the electric
snieiding effectiveness of u material is primarily the result of loss due to
abgorption and reflection.

\
Abgorption Loss: When an EM wave passes through a medium, lts ampli-

tude decreasss exponentislly due to currents {nduced in the medium producing
ohmic losses and heating of the material. The alectric fleld can therafore Le
written as

[-t/§)

L ™ E exp (al)

B
o

where El is the electric field intensity at a distanca, t, withir. the media and
Eo i the Jncident field strength. The distance required for the wave to be
attenuated to l/e (37%) of its original value is defined as the skin depth,

2*—— .
8§ - /wug mo. (1.2)

The loss due to absorptiou for a shield d meters thick can be written as

which 1s equal to

. ESE(Absorption) = =20 loglo(exp[_d/al) = 8,686 d/§

. a.eaea,/ﬂgg , (13)

giving the absorption loss at 8,686 dB/akin depth.
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Table 4-2, Summary of Propartias of Magnetic Shilelding (Sheet 1 of 3)

%' Uniform Incident Magnaetic Field ;
t - ;
W, Flat Plate Exact expression for the magnetic shielding effactiveness is i
i Gaomatry: given by i
‘ MSE = 20 log,olcosh(yd) + 2L stnn(ya)] k

X

The low frequency limit of thae magnetic shielding effective-
nesd is given by limit MSX(flat plata) = 20 1081°Il + 377cd|.
£0 -

i‘ ? For £< —jhéh- MSE & 20 1oglo|l + 377 Udl,lhowing the low
S 2ﬂu0d
frequancy magnetic shielding effactivaenass is dependent only

upon the conductivity and shisld thicknass. j

For £ > -QAL-E , the magnatic shialding effactivaness increases %

2riod §

axponentially with fraquancy. ﬁq

Enclosure Exact expression for the magnatic shielding effectivenesss ia ﬁ

“ ?;:::;izl .| siven by MSE = 20 log,|cosh(yd) + % ysinh(yd) | where %‘iﬂ the 1
- platas, volume-to~surface ratio of tha enclosurs.

&‘ cylindera,
spharas): For spharical. geomatries, this expression is valid only for "

fraquencies greater than 0.1/[9m Mo (%)2].

— _2‘_"':<< L s T

A TR SR R R A S

For frequencies less than 0.1/[97 Lo (%02] the magnetic shield-
ing effaectiveness for a aspherical geometry is given by MSE =
20 loglolcosh(Yd) + %-[1935 +-zn—~1sinh(yd)|.

n Jwur
0'1

2miod?
frequency magnetic shielding effectiveness is depaendent upon
the conductivity, shield thickness, enclosura geometry

For f < MSE * 20 log, |1 + u v% d| showing the low

T

S e P e B o L e

( %-) and frequency.

Enclosure magnetic shielding effectiveness exhibits a break-

l
point fb - « Below fb’ MSE = 0. Above f

2 ( g ) Mod
the MSE grows approximntely as 20 loglo

b)
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Table 4-2,

Enclosurae
Gaomatyy
(centinued):

Flat Plate
Ceomatryt

Summary of Properties of Magnetic Shielding (Sheet 2 of 3)

For fixed ¢, £, d; the depandence of the magnetic shislding
effactivaneass {s approximately MSE ( % ) = glo, £, d) +

20 log,, (). The magnetic shielding effectivensss in-
creasas with fraquancy.

No £ pcident netic field gengra a

A W
An exact integral expresaion for the magnetic shielding

affectivenens has bHeen derived by Banuister.(l)

Por -Jl&éi— <t c/[20(12 + (e by - d>2)1f2) the magnetic
2wuod

shislding effectivensss can be approximaced aa

MSE = 8.686 [whr)™/%d # 20 laglo{39§911’2<=i + r2>/a.aa€}.

P 2
4/ (emuod
200 ; < f < nin ( )
)

For .
mia(al + (r, + £y e/ 120¢a % (x e =) H 1Y)
the magnetic shielding effectivenass can bs approximaced sa
2 2 2
a4 (e, +v,)

, whod 1 27

‘hst w10 loalo (L4 ( 3 )(--;I-;-;; -—)
[Both of these spproximations require Bty >> d)]
The magnetic shislding effectivensss is dapendent upon the

shield perametera (v and d), frequeancy, and tho souxce-shield
gaometry (a, ) '2)'

for [nz + (r1 + r2)2]l/2 < 10, the low frequency limit of the
nmagnetic shielding effactiveness; limit MSE (flat plate-field

generated by nasrby loop) = 0. t+0

For (rl + rz) >3 a, the dependencs of the magnetic shielding
effactiveness on the source to detector loop distance,

[<'1 + '2)2 + ¢2]1/2. for constant £, o, and d is approxie
mately MSE =~ C(f, o, d) + 20 loglo(rl‘+ rz).

Por matarials of lowstr cunductivity, such as graphite/epoxy
composiiss, 1o magnetic shielding is offerad for frequeanciee

205

2
below min (2muod®) »  Above this winimum

200
2nuu(¢2 + (5 + rz)z)

frequency, the shieiding effectiveness grows "exponsntially"
with fraquency = the rate of growth increases with iacreas~

ing conductivity and ehield thinkness.
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Reflection Loss: The raoflection loss at the interface between two
media is raelatad to the differance in characteristic impedances between the
media. The intensity of the transmitted wave from a medium with impedance, Zl’
to & medium with impedancs, zz, is

22
2 g (14)

1 Zl + Z2 o

where E0 is the intensity of the incident wave and El is the intansity of the

E

transnittaed wave,

When & wave passes thiough a shield, it encounters two boundaries -
the second boundaty being that between the medium with impedance z2 and the
nediun with impaedance Zl. The traunsmitted wave, E_, through this boundary is

given by

t

' 22
B g
£ 4+

E, . (15)

I{f the shiald is thick compared to the askin depth, there is high absorption loss
and the effect of multiple reflections between the two boundaries is negligibla.
Tiie total transmitted wava is then

. . (16)
(z, + zz)

If the shield 1is not thick, multiple reflections occur betwsen the two boundaries
since the ablorpcion losa in the shield is small. However for alectric fields,
since Z z2 , most of the incident wave is raflected at the first boundary
and only a suall percentage enters the shield. Therefore, multiple reflections
within the shiald can be neglected for elactric flelds and so the total trana«
mitted wave 1s the same as that for a thick shield.

For Zl > Zz‘

4 Z

g ——l
E, * Zl E, . (17)

w
Since Z1 = E/H =%Yu/¢ and 22 - spield impedance, in the casa of an electric
fiald zl »»> ZZ‘
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For wave impedance and shield impedance n = \fj%B L zz. the raflection loss for
an incident E field ias

4|z, | .
ESE(reflection) = 20 log,, —l-—T- dn . (18)
n

For an anclsoure, the inverse elactric shielding ratio is

. (6)
gor™! w Yo oinh(rd) 19)
2(2n b/A)

whare
radius of cylinder for cylindrical snclosures

b e {1/2 plate separation for parallel plate enclosures
2/3 radius of the sphers for spherical snclosuras

"Noting b = 3% ’ wh«ru'% is the volume~to-surface ratic of the enclosutrs,

gsR™t = wﬂb—éll— (20)
Cém/2)

<.

wj

For frequencies such that the skin depth is greater thnn\/EE-H. where d i{s the
shiald thickness, the electric shielding cffcctivinosa due to absorption is
less than 2 dB go that the electric shielding effectiveness is primarily due
to reflective losses; i.e.,

ESE(reflective loss) = 20 1ogmlnsn‘1l. | (21)
1
§ >V20 d <> y < _Q;E
uod
=> ESE(reflective loss) = 20 loglo(od/aﬂa %) - 20 loglo(f) (22)

Therefore, for radian friqunncio- lesas than -QLLE » tha electric shielding
slfactiveness decreases as =20 1°“10(£)‘ uod




T

As thea skin depth approacheu\/ia-a. contributions in shielding effac-
tiveness due to absorption losses become significant. The exponential nature
| of electric shie¢lding due to absorption losses causes a minimum to exist in the
total electric shiaelding effectivenass of the shield. Employing Newton's method,
the alectric shielding effectivenasa attains 1ts minimum whan\ﬁggild = 2,99008

2
or £ = ;2.990282 .
THOd
g Note that V 9%9 d -'% , whera § is the skin depth, so the minimum
alectric shislding effectiveness occurs when the fraquancy 18 such that the

skin depth is approximately one third (1/2.99008) the shield thickneas.

Table 4=3 gives the frequency at which minimum aelectric shielding
; effeactivenass occurs for aluminum (0 = 3.8 x 107 whos/u), titanium (0 = 2.0 %
T 1.06 mhos/m), and mixed-orientation graphite/apoxy composite (¢ = 104 mhos/m
and ¢ = 5 x 103 whos/m) enclosures for shield thickness from 0,001L m to 0,025 m.
Tables 4~4 through 4-7 give the electric shielding effectiveness associated
with these frequencies (the minimum electric shielding offered by the enclosure).
Since the electric shielding effaectiveness i dependent on the volume-to-surface
ratio a9 well as the shield thickness and conductivity, the electric shielding
effactiveness at the frequency at which shielding is at a minimum are given as

a function of volume~to-surface ratio.

Er e = s

| Figure 4-9 1llusirates the typical form of the frequency dependence
| of electric shielding effectiveness for an 8-ply mixed-orientation graphite/epoxy
1 enclosure (¢ = 104 mhoa/m) and a similar aluminum enclosure of the same thickness.

3 . Writing the inveérse electric shielding ratio as

-1

& 4n/X)
3 the electric shielding effectiveness can be written as
ESE = k(£, 0, d) = 20 log,o( § ) (24)
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Table 4=3. Frequency (Hz) at which the Electric Shielding Effectivensss of

an Enclosure under an Incident Uniform Electric Fleld is st a A

Minimum g

SHIELD THICKNESS SHIELD CONDUCTIVITY 3

(m) (shos/m) |_:

HE? 254 {E4 4] i

} 0011t «49E 08 '34E T8 19 09 +3YE ©9 ¥
o T eQQ21 v14E 28 BEE 06 +BHLE 08 +10E 09
B +Q037 oIHE Jw v11E 26 28K 08 Y YY-3T) 18
- *Q0%) s24E D4 v4SE 2 W91E 07 +18E 0¥ E
8 'Q1C2 +H0E 43 '11E 08 v239€ 07 ¢48E 07 0
{ ¢015n ¢26E 03 +BOE N4 +10E 07 2 20E 07
wQagn +1%€ 73 12RE 94 H7E 26 118 07 -
Jo L 00 958 2 v18E 4 ¢ 36E 36 '72€ 06 .
i . Table 4-4. Minimum Electric Shialding Effactiveness (dB) b
i for an Aluminum Enclosure K
‘ MATER AL ALUMINUM CONDUCTIVITY!  +3%0F 08
: SHIELD THICKNESS k
i (m) VOLUME-TO~SURFACE
B ‘l‘.
i 3t o Le 104 100+ K
év s10bs 239 219 199 179 1%9 i
H R 23§ 235 215 195 473 2
! 02632 256 2ug 226 208 196 A
il R 274 258 233 21 198 3
i’ 2108 296 276 25¢ 236 218
3 . k.
b ERE 37 euy 287 247 any 'ia
3 13200 3t 294 27 25¢  puu X
1 L 3¢ 3o 2ys 260 2up
! t
. b
J| b
- . g
;“(\ 4 - 2 3 u‘.J -‘.




, ~ Table 4~5. . Minimum Electric Shielding Effectiveneass (dB) for
a Titanium Enclosure

g C o MATERTALY TITANPUM CONDUCTIVITY!  «accE 37
ﬁ SHIELD THICRNESS VOLUME-T0~SURFACE

i = vot . Lo 19 1000

§ 5oL 137 167 {47 127 177

P§ 0Qet 204 184 1ha ek 124

J 0042 316 195 175 {58 135

% 3050 227 207 LAY 167 147

b ‘10 248 @25 205 M8 168

i Y 2858 215 21s 195 L75

P Weuo 263 283 223 203 143

; V3290 249 249 229 20y 149

é Table 4=6. Minimum Electric Shialding Effactiveness (dB) for

a Graphite/Epoxy Enclosure (g = 104 mhoa/m)

MAYERTALY GRAPWITE EPUXY CMMPESITE CUNDUCTIVETYS *100E 08

SRIRLD ITHICKNESS VOLUME~T0- SURFACE &
@ a1 o L 10+ 100 &ﬁ
00l 1l 95 75 55 33 '8 f@
Vg2 11z 92 72 52 33 ,E
vord2 23 113 N3 63 43 fg‘
1098 135 115 ag 7% 55 k
02108 153 193 113 93 73 | é?
$319% 143 143 123 103 43 | 5
v22u¢ 171 151 13 3 ‘ i
0 023¢C 177 157 137 117 47 1{

ﬁ
4=24 -
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Table 4=~7,

MATERIALY GRAPHITE E8XY CuMPYS]TE

SKIELD THICKNESS
(m)

Q0L
v00ed
' GOJI2
*009)
+ 0100
*019Q
+ 0200

1297

Minimum Electric Shielding Effectivenesa (dB) for
a Graphite/Epoxy Enclosure (0 = 5 x 103 whos/m)

CONUUCTIVITY! BA0E 4
VOLUME~TO=SURFACE

*01 o1 1e 10« 100

43 63 43 23 3
100 80 &c 40 20
1t vi 71 51 31
1323 103 T A3 53 43
141 124 i 81 61
134 131 111 91 74
159 139 119 9y 79
168 145 138 10b as5

4-25

T S e i

NN e i e

"
e

i et o Wi s 3

S T N Y




VOLUME-TO-SURFACE RATIO = 1

SHIELD THICKNESS CORRESPONDS TO & PLY COMPOSITE
MATERIAL OF 0.00525 IN/PLY

ALUMINUM
(o 3.8 x 107)

2.

GRAPHITE EPOXY

EXECTRIC SHIELDING EFFECTIVEMESS (dB)

e N I N S R R ]
.0 {a 3 3. 4. S. 8. 7. 8.

LOGlo (Frequency)

Figure 4=9., Electric Shielding Effectiveness of an Enclosure under a
Uniform Electric Field
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Hence, for fixed frequency, conductivity, and shield thickness, the

electric shielding effectiveness decreases with increasing volume-to-surface .

- ratio in contrast to the magnetic shielding effactivenass which increases with 1
increasing volume~to-surface ratio at approximataly 20 loglo( % ). Figure 4-10 -é
illustrates the dependence of an 8-ply mixed-orlantation graphite/epoxy enclo-

A B i

aure (0 = lO4 mhos/m) on the volume-to-gurface ratio of the enclosure.

Table 4~8 aummarizes the major propertias of the electric shielding

TR T
Wt za Bk - T inl

effactiveness of an enclosure under a uniform electric figld.

Shield Conductivity = 10* shos/m

ép Shield Thickness corresponda to 8~ply é
! composite material at 0.00525 in/ply : i
f Volume~to-Surface i
: _(v/S) Ratio Miniwum ESE (dB ¥
] I
-E ‘00. —y 0 'Y Ol 95 "w“l}
i B 0.1 75 3
: i 1.0 55 Vi
& 10.0 35 ;
| 7 100.0 15 ¥
H — 3200 — Aé
ﬁ; 2 - -y
i O ] y
3 il b
¢ = 240, — 4
3 : |
b g »
% g @
5 2 :
‘!f_- E ;
; S i
. hevd i+
E f;:

k

= a

.000
! 1
S

LOG,, (Frequency)

Figure 4-10. Electric Shielding Effectiveness of an Enclosure under a Uniform
gie:tric Fleld as & Function of Enclosure Voluuwe-to-Surface
tio
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Table 4~8, Properties of Electric Shielding for Enclosures Under
a Uniform Incident Elactric Field

..

ESE = ghielding due tc reflection and shielding due to absorption
loksaes

For enclosures, the invaerse clectric shielding ratio is I!iﬂﬂi%é%
/)" <
vhere % ig the volume-to-surface ratio of the enclosure §

For w < 0.1/uad2. corrasponding to a skin depth of {33 d (where d is

the shield thickneas), the electric shielding is primarily due to re-

flaective losses

For w < 0.l/u0d2. the electric shialding effectivenesi decreases as
\')

=20 lozlo(f) (ESE = 20 loglo[cd/(sve S)] - 20 loglo(f)])

For w * 0.luod2, shielding due to absorption becomes significant and

grows exponentially, dominating shielding due to reflecticn losses

A oinimum electric shielding effactiveness exists at £ = (2.99008)2/

(ﬂucdz). the frequency at which the skin depth is approximately one-

third the shield thickness

The dependence of electric shielding effectiveness on the volume-to-

gurface ratioc is ESE = K(g, £, d) - 20 loglo ( % ), in contrast to the

magnetic shielding effectiveness which 1s approximately C(u, f, d) +

20 Logy o % )
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4,4 EM RELATIONSHIPS BETWEEN SHTELDING
EFFECTLVENESS AND' TRANSFER IMPEDANCE

. The difficulty with expressiona for electric and magnetic lhiclding'
affectiveness 14 the extreme dependence of the shielding effectiveness on the
natuce of the exciting field and on the geometry of the ghield (i.e., thay must
be used only for those basic geometries for which they were derived). Similar-
ly, the extensive laboratory measurements of elactric and magnetic shielding
effectiveness that have beeq made over the spectrum of composite materials of
current interest are valid only for the geometry of the test; the results cannot
be extended directly to more difficult geometries.

Shields which are thin comparaed to their radii of curvature and for
whiclh the wavalength of the incident EM fiald within the ghield 18 much smaller
than that external to the shield are called locally planar since their EM be~
havior is essentially a local phenomena. For a4 locally planar shield, & mea-
surement of the degree of EM protection offerad by the shield, indepandent of
geonetry and incident field type, ils the surface transfer impedance of the shicld
material. This impedance ig defined to be the ratio of the intarior tangential
alectric f£ield to the surfaée current density of the current induced by the in-
cident EM field. The surface transfer impedance, zst’ of a homogeneous cunduct;
'ing shield (including mixed-orientation graphite/epoxy composites) is determined
by the material conductivity and thickness, and the frequaency of the incidenc
flald:

?’t - EC/J = n cach(yd) (25)

whare & \/J%H is the intrinsic impedance of the shield, = \/juu is the pro-
pagation factor, and d is the shiaeld thickness.

Figure 4-11 illustrates the dependence of the suxface transfer impe-
darice on tha matsrial thickness and material conductivity, respactively, as a
function of fraquancy. The low fraquency asymptote to the surface transfer
izpedance is

zst = 1/0d (26)

429
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MATERTAL THICKLNESS CORRESPONDS TO 8 PLY COMPOSITE
MATERIAL AT 0.00525 IN/PLY

2,00 = BORON EPOXY (o = 30)

GRAPHLTS EPOXY (o = 10%)
- . "Y-300 GRAPRLTE (g @ 17500)

/l

TITANIUN (o = 2 x 105)

3.8 x 107)

"‘ .
0.0 | I | | T | T 1
.n ll 2. 3' ‘. sl s. 7‘ .l
LOGIO (Frequency) :

Figure 4~11., Surface Transfer Impedance as a Function of Frequency
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For homogeneous conducting shialds with a geometry of tha type shown
in Figure 4-11 under a uniform magnetic :ield and for a homogensous conducting
infinite flat plate with a nonuniform magnetic field producad as shown in Fig-
ure 4-b6, the sufrace transfer impedance can be ralated to the magnetic shield-
ing effectiveness as

MSE = 20 logldlZ/Zstl (21

over a fraquency interval dependent upon the shield gecmetry, conductivity, and
thickness vhere:

Z = /Bg » Z " /EE ¥ 377 for a flat plate under a magnetic fileld

Z= ( * YjwH for a cylindrical, spherical, or parallal plate
encloaura with volume~to-gurface ratio ( —-) under a uni-
form magnetic field, as illustrataed in Figure 4~11.

Z = wu(r + r2)/6 for an infinite flat plate with a nonuniform

magnetic field generated as shown in Figure 4-6 under the
assuaptions r; + r, >> a and d(rl + rz) >> 0.03.

Similarly, for a homogensous conducting enclogure of the type shown
in Figure 4«1, the electric shielding effectiveness can be related to the sur-
face transfer impedance as

ESE % 20 loglolzlzstl (28)

ovar a frequency interval dependent upon the shield geometry, conductivity, and
thickness, where 2 = j[8maf( % )17t

These relationshipe provide a means for extending tha application of
laboratory measurements of the magnetic shialding effectiveness of a homogeneous
conducting material to locally planar homogenaous conducting shields, in general
through the concept of surface transfer imepdance. Conversely, laboratory mea-

surements of the surface transfer impedance of a homogeneous conducting shield

of arbitrary locally planar geometry can be used to determine the associatad
magretfc shielding effectiveness for shields of the baasic geometries and

4=-31
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associated incident field types discussed. Thesa relationships are valid over

a frequency interval dependent on the shield geometry, conductivity, and thick-
ness. As an axample, quadraxial measurements performed by Boning(s) of the gur-
face transfer impedance of 24 ply T-300 graphite (Figure 4~12) were used to
compute the magne..c shielding effactivenass for a flat plate with a uniform
magnetic fisld, an enclosure of the type shown in Figure 4-1 with a volume-to-
surface ratio of one under a uniform magnetic field generated as shown in Fig-
ure 4-6. The results ar shown in Figures 4~13a, 4~13b, and 4~13c, respectively.
Measured magnetic shielding effectivenass data is included in Figure 4-13c for
comparison. Thaoretical magnetic shielding effectiveness values wera providad
for comparison in Figures 4~13a4 and 4-13b due to the lack of real messurements

under the equivalent situations.

An immediate corollary to the relationship MSE = 20 loglOIZ/ZstI.
valid for the frequency intervals over which the relationships hold is as fol-
lows:

For two ahialds of the same geometry with conductivities and
shield thickness (ci. di)’ respectively, with 1 = 1, 2, the differ-

ence in the magnetic shielding effectiveness offered by the shields
is
zsc(°2’ dz)

———r (29)
zst(cl’ dl)

MSE(GI, dl) - MSE(UZ, dz) = 20 loglo

(The shield geometries and associated field types for which this relationship
holds are those in Figuraes 4-1 and 4-6.) This relationship provides a '"back-
of-the~envelope" solution to the gain or loss in magnetic shielding effactive-
ness when conducting films are added to shlelds or when different materilals are
used for the shield.

24 ply T=300 graphite ia coated with one mil aluminum foil, two mil aluminum

Figure 4-14 shows the galii in magnetic shlelding when

foil, 120 mesh aluminum ascreen, and 120 mesh phosphor bronze screen.
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SECTION 5

JOINT COUPLING

5.1 DEFINITION OF JOINT ADMITTANCE

Skin currencs flowing across a join in the aircraft skin induce elec-
tric fields in the aircrxaft interior. These fields in turn induce tranaients
on interior wiring., The maximum voltage which can be induced on an intarior
wire is the voltage drop across the joint, namely, vJ - JS/Yj whare JS is the
surtace current density at the jo;nt and YJ is the joint admittance/unit length.

Well-formed joints in shileld material (those of uniform construction
and good aelsctrical contact and without cracks or apartures) can be described
in terms of a distributed joint transfer admittance par unit of joint width., A
section of shileld surface containing such a joint ia ghown in Figure 5-1. The
axtarior surfacs current density Jg flowing across the joint produces a voltage
vJ across the joint on the inside. For a linear joint contact impedance, the
intericr joint voltage is properticnal to exterior surface current Icot - sz
and inversely proportional to joint width W. The proportionality factor between

VJ and JS i Yj. the joint admittance per unit of joint width; i.e., JS - Yjvj'

Typleal joint construction is shown in Figure 5-2 for three different
Joints. Corresponding measurad joint admittarces are shown in Figure 5-3.
Joint 2 is common practice and has a joint admittance of about 15 mhos/m over
a lacge frtqutqﬁy range.

3.2 JOINT MODEL

Hnrrington(a) defines the joint admittance in a similar manner but
ldentifias it as & transfer admittance., For the simple butt joint of Fig-

ure 5-4, transmission line theory and circuit theory applied to the equivalent
clrevit of Figure 5-5 yiald
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Figure 35~2,

CYLINDER WAS FABRICATED EXTRA
LONG, CUT, MACHINED AND SECON-
DARILY BONDED WITH EA-934
ADHESIVE.

1/8.D1A RD.HD. RIVET C TO M
c} 178 DIA BOLT M. TO M.

CYLINDER CENTER TOWARDS BOTTOM

OF PAGE. METAL RINGS FABRIGATED
FROM ALUMINUM SHEET, CUT, ROLLED
AND WELDED. THE RIVETS OR BOLTS
WERE PLACED IN A CIRCUMFERENTIAL
ROW APPROXIMATELY ONE INCH APART
AND ALTERNATING 1/8 INCH TO EITHER
SIDE OF THE CIRC. CTR LINE.

FIRST THREE STEPS (4 PLY PER

STEP) WERE PRECURED (COMPACTED),
EA-934 APPLIED TO SANDED COMPOSITE
STEPS, AND THEN LONGITUDINALLY -
SLIT METAL RING MANEUVERED INTO
PLACE. REMAINING GOMPOSITE STEPS
WERE APPLIED TO EA-934 COATED
METAL RING IN PLACE. METAL RING
WAS FABRICATED FROM 2024 ALUMINUM,

Structural Joints(l)
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Hare Y2 is the aperture admittance of a thin slot opening into half space nf
region a, That for region c has the same form with all a's replaced by c's for
region ¢, The aperture admittance has th form

a W

Y " -
naka

(r = 23 In(C ka w) ] (2)

for region a. In Equation 2, na, Aa’ and ka are the intrinsic impedance, wave-
lengty, and wave number of medium a, respectively, and C is the conastant depend-
ing on the choice of the assumed variation of the tangential electric field in
the slot. It is well known that the aperturs admittance of a thin slot opening
into half space i1s insensitive to small variations in the tangential electric
field in the slot about its true value. If the tangential electric field is
assumed to be the quasi-static solution for a slot in a zero thickness gcreen,
then

C=v/8 =0,2226 (3)
Here ¥ = 1.78l... . Since C is in a logarithmic term in Equation 2, it wmakes

little difference which value is chosen. However, the solution remains strictly
valid as the thickneas d + O when Equation 3 1s chosen.

For a highly lossy slot, Equation 1 becomes
Yj = 0d/w (4)

independent of frequency. Thia is the behavior shown over low frequency for

the joints shown in Figure 5-3.
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SECTION 6

COUPLING OF EM FLELDS TO TRANSMISSION LINES

This section summarizes the coupling of an EM field to a transmission
line. Expressions for the open-circuit voltage and short-circuit current are
derived for a transmission line illuminated by a uniform EM field and a nonuni-
form field that can be modeled by a uniform field incident on a portion of the
lina. In either case, the Thevinin and Norton equivalent circuits can be used

to aid analysis.

In Subsection 6.1, the open-circuit voltage and short-circuit current
are first given as functions of frequency which are then Fourier transformed to
the time domain. Subsection 6.2 gives a closer analysis of the open=circuit
voltage as a function of frequeancy. Various graphs are presented for the special
case of a uniform electric field. The case of a single wire over a ground plane
is tasn shown to be equivalant to a two-wire transmission line, using imaging.
Low frequency approximations are derived, followed by a discusaion of coupling
to a shielded cable.

Using the expressions derived in Subsection 6.1 for the open-circuit
voltuge and closed-circuit current as functions of time, upper Lounds are com~
puted for various quantities. The open-circuit voltage, closed-circuit current,
power, and energy as seen across the end of a transmission line are given upper

bound estimates.

The special cases of lightning EMP and nuclear EMP are discussed.
Curvas are presented giving the predicted open-circuit voltages and short-cir-
cuit cutrents for both threats for 4 model of a wire interinr to an F-18.
These results are compared to similar plots, obtained using an elaborate moment
method scheme, presented in a report by the Boeing Aercspaca Company.(l) Using
thes« curves comparisons are made with the various upper bound estimates pra-
vioualy derived.
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Finally, there is a discussion relating the Wunsch damage constant
for semiconducting dev.ces, which assumes a square-wave power pulse, to more
general power waveforms. Two "equivalent" square-wave power pulses are de-
fined for a4 general waveform. One is equivalent in that it has the same dam~
age constant ag the original pulse, The other 13 equivalent in that it hes
the same energy content. ‘The latter of these is much easier tu compute and
ylelds results which err toward safety.

The results of this section are than use to estimate the total energy
across the ends of a transmission line from tabulated values of the peak open-
circuit voltage and short-circuilt current.

6.1 DERILVATION OF Voc(t) AND Isc(c)

An isolated two-wire transmission line illuminated by a uniform UM
field is shown in Figure 6~1. The lines lie in the x-z plana, parallel to che
z~axis with terminations parallael to the x-axis. The wires, of diumeter a,
are a distance b apart and are of length L. The incident fleld propagates in
the ~x direction with the E-field parallel to the z~axis. An expression for

the differantial mode load current acrogs the left-hand termination is given bLy:
L
I(w) = f (Ei(b, w) - Ei(O. w)) G(z, w) dz (1)
0
where
ZO cosh y(L ~ z) + 22 sinh vy(L - z) 2)
(aoal + 4022) cosh YL + (ZO + LlZZ)sinh YL
and:
Ei(b, w) = incident fileld evaluated at x = b
£1(0, W) = incident field evaluated at x = 0
zo e characteristic impedance of the line
Zl = left-hand terminating impedance
22 = right~hand terminating impedance

6~2
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o + JB = propagation constant of line
= attenuation congtant of the line

w/v = phase constant of tha line

the velocity of propagation on the line

E <€ ™ <
] ]

27f where f {8 frequency

From Equation 1 expressions can be derived for the open-circuit voltage, Voc.
and tha short-circuit current, Isc, across the left-hand termination.

Latting,
| Ly (L-2)+2, suh ¥ (L-2)
| Z,G(z,0) o Zoco
| GJL&) * Z::w ‘ ’ Zo cosh Lt Zp sah FL 9
: . L-z)
/ (z,) Z oosL U(L 2>+2 Sml\ X(
) ‘“’dz‘ﬁ,) - 2;::00' & & 2. (:?g cosh lﬂ.'“iz. sinh 3Q.)
va have
;\f‘; L ) |
3 Ve () .f (E (b, )= E (o, w)} G, (Z,w)JZ (5) i;%
L b f) q."t
and ‘g
Lo L < W
I, ()= [ LE7(hw)-E0.w)] Gy, () dz. “ i
’0 o g
Consider the factor Ei(b, w) - Ei(o, w) which appears in the above 3
equatiots. 1If we assume zero phase for the incident field at x = b/2, this A
expression can be written as: Lﬁ
< ; ‘*L -1 = . : .'é‘-‘i-‘ §
€. oy Lo ¥ - FRE ]2 g Eran(R)
6-4
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whare k is the wave nuuber for incident field in free space and anu) is the
incident electric field. ‘

In what follows we will use Eo(w) instead of the more complicated
expresgion in Equation 7. It is an easy matter to modify the results obtained
to include the phase differenca batwsen tha two lines.
V.. and Iac then become:

Our basic equations for

Qc L
Voo (W) = S-E, (w) G“(z,w) dz (8

and b
Lt = | £.6) 6, (2,042 o

Equations 3 and 4 can be rewritten as
; .13 et . 2 3L\ (10)
G [e - zs..\wz(:z;l (re ))]
and

G‘c -={— é:u + 2 cosh Y2 ( f ('r' C-an)n)] (11)

LR Y

whera [' is the veflection coefficient at the right-hand termination, given by

2,2, (12)

This allows Voc and Iuc to be expressed by:

Vi, () = _E.:?& [Zézﬁ' Smlq(%é)-— 4,..&3(-{5)( %‘: | (["g'w')vj (13)

6-5
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and

I Cu) £, (;) ’Q eml\( )""ZSMLl(XL)(Z( [e -zm_))] (14)

VOc and Isc can be found as functions of time by applying the inverse

Fourier transform to the above expressions. We will make the agsumption at this
point that the lines are lossless, 8o that y = jB.

» (ZnH)T. 2nT,
Voo () = u*fr/i:(t—v)h +2 vl { SEo(t-?)Jvu f £, (t-?')ah-} s
] o ™ 24Te (2n-1)Te
Te o0 . (2n4)To
Z,L Q) +v E(tﬁhh._u(r'){ ;E,(f-oﬂa/? (16)
nei (Zn")T.
Hetre, T o a L/v.
1f we introduce the notation
() Te
IT@= v f £, (t-7)dr» 7
nTs

then

t) = L@ +; Fﬂ(l’z; IW) (18)

Lo Lo Ser) (@, h) o

Bach of the terms in these expressions can be interprated as a (multiple) ro=
flection of an excitation arising from the incident field at some past time.
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Similar expressions can be derived where the field is incident on
only a portion of the line. (This allows for approximating the case of a non-
e uniform field, due to coupling through an aperture, for axnmple;)(3) In paxti-
' cular, if we asaume as before that the incident field is parallel to the line,

with no z-dapendence, and only effects the line batween ) and Z,» 0% z, < 2,

< L, then
Vi (8) = o8 + 2 M™(I30- I5,0) (20)
| Z.L, (s I+ Z () (L + o) s
l“ | where
“ ' 2T+l
&"'- I:n (t) = v‘fE,(t-?-)Jv- (22)
; enTett
g and
",“ z'\rd't‘
L= v) Elt-v)dr )
2ﬂro‘tg

6.2 OPEN-CIRCUIT VOLTAGE AS A FUNCTION
OF FREQUENCY

\ From Equation 8, we have the open-circult voltage defined as a func-
: tion of frequency

L
v“ (‘0) - IE‘,(U) G‘“ (2,«)) dz (24)

For the special cage where Eo(w) is constant, the intagral can be avaluated to
yield

zrz* . e
[(——Azl sin 47’(5:)4- Ea‘,;)' sin 3”‘(’%‘) -+ 33_5'3 ("‘”qs) (25)

v (w)‘E <«
o ’ Z,a c«osaZr(-a-L—)-o- Z: sinder (}L-)

67




Plots of this expression were made for values of L from zero to five
wavelengths. The expressions were normalized so that choosing specific values
of E_ and A was unnecessary. Plots of the quantity [Voc(/EoA appear in Fig-
ure 6-2, for Zo = 100 and Z2 » 30. The open=circuit voltage is seen to have
extrama for values of line length L approximately equal to multiples of one
quarter wavelength. The approximation is much better for longer lines (L > 2A)
than shorter ones. Figure 6-3 shows similar plots with the impedance values re=-

versed., The positions of the maxima and minima are also seen to be reversed.

Figure 6é-4 shows plots of open—circuit voltage normalized in a dif-
ferant manner. The line length was fixed at ten meters, and the frequency was
varied from 100 kHz to 10 GHz. The quantity \VOGI/Eo was plotted, for z, = 100
and 22 w 30, 'The frequency for which the line length of 10 m equals one-quarter
wavelength 1s 7.5 MHz (log = 6.88), which gives a maximum in the open-circuit
voltage, in agreement with Figure 6~2. TFor signifilcantly lower frequencles,
the open-circuit voltage is seen to conform to the approximation ‘vacl = EOL.
For significantly higher frequencies, the open-circuilt voltage experiences an
ever-increasing number of excursions due to the log frequency scale. The plots
do not show all of the excursions in the higher-friquency reglon hecause ix
would be impractical to raise the sampling rate to the required level.

Figure 6-5 is similar to Figure 6-4, except that the impedance values
dre reversed., The filrst maximum is seen to occur at 15 MHz (log = 7.18), cor-

responding to L = A/2, in agreement with Figure 6-3.

Bounds for the open-circuit voltage can be computed for the higher-
frequency region by using the observation that extrema vccur when d = A/,
This substitution greatly simplifies the expression for open-circuit voltage,

as follows:

L 26)
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Figures 6-6 and 6-7 show these bounds plotted over the open-circuit
voltage for the same conditions as Figures 6~4 and 6-5. The bounds are violated
at lower frequencies due to failure in the quartar-wavelength approximation for

extrema location. If Zo > Zz, maxima occur for N odd and minima for n even.
1f Z2 > ZO the revarse occurs,

6.3 WIRE OVER A GROUND PLANE

A single-wire transmission line terminated at both ends to a perfectly
conducting ground plane is shown in Figure 6~8a. The distance between the wire
and ground plane is b/2 and the terminating impedances are 21/2 and 22/2. The
length of the wire is L, with diameter a. The incident field is denoted by

Ei(x, w) and is assumed as before to be parallel to the z-axis, propagating in
the -x direction.

Using image theory, the ground plane can be replaced by the image of
the wire and its terminations, together with the image field. This is shown
in Figure 6-8b. Except for the presance of the image field, the image problem
is equivalent to the two-wire transmission line problem discussed earlier.(z)

Two observations can he made when both the incident and image flelds
are considered., First, the differential mode current for a wire over a ground
plane ig twice that for an isolated two-wire system.
or artenna mode current is zero.

Second, the common mode,

Using the notation of Subsection 6~1 and this subsection, the single
wire cver a ground plane can be analyzed using the results of Subsection 6-1
siaply by multiplying the incident field by a factor of 2,

6.4 LOW FREQUENCY APPROXIMATION

If the length, L, of the wires is assumed to be short compared to
wavelength, then for louesless lines, Equations 8 and 9 can be approximated by:

L
w) = w 5:0 J'i:lz @'(erz) “~ W
V. () SE.( )(Z. +?_~£‘-sz )JZ- LE.( ) (27)
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L
Lo | Ew (SateZabled)))  LE)
'S jo (Z.(Zz+a'.Z,gL) )JZ,.. 5 (28)

This indicates that as functions of time, the open-circuit voltage

[

and short-circult current are given by:

V. (L) zLE.(t) (29)

L) = (LEo(ﬁn/z&' | (30)

It should be noted that these results could also have been obtained %
from Equations 18 and 19 by applying the short line approximation in a straight- N

forward manner.

6.5 SHIELDED CABLES

ST I T D T s it s

AT T
. . ad ?_4:’:. P
Phe e

! The illumination of & shlelded cable by an external EM field excites
f a4 current distribution on the outer shield. Since the shield is not a perfect
: conductor, this current penetrates the shield and produces a voltage distribu- :
}; tion along the inside length of the cable. This voltage distribution in turn i
ﬂj produces a current in the interior load impedances. The pertinent geometry is b
shown in Figure 6~9, where the parameters involved are:(z) f
I1(z) = ghield current distribution )
L = cable length K
b/2 = helght of cable above ground plane 1
a = gutside diameter of cable g
2,/2, 2,/2 = terninating impedances of cable shield treated
as 4 single-wire transmigssion line over a L,
ground plane i
ZO/Z = characteristic ilmpedance of cable shield treatad )
as a single-wire transmission line over a ground j
plane 1
1
6-14
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a’ Zb = interior load impedances

zc = characteristic impedance of interior line
= current in the interior load impedance Z‘

The length of the cable is taken to be much greater than its height
above the ground plane, so that I(z) is the only current of consequence. Other-
wige, the contribution from I(x) must be included.

The outer sheath current and the voltage induced along the inside of
the cable are related by the surface transfer impedance. In particular,

dV(z) = Z, L(z)dx

(31)

where

zc s the surface transfer impedance

¥V = voltage induced along the inside of the cable

The current in interior load impedance za can be givan by an equa-
tion analogous to Equation 1,

L
(Z c.osé;z 4}2‘ s é;z) dz
Lo Ze o g 2 asfil o] EHZA)smg ] Y

where Bi is the wave number inside the cable.

For a uniform plane wave traveling in the -x direction with a constant
eletric fleld 1in the z-direction, the shea;h current distribution can be given
by:

ICZ,@) - -Zf Ez<‘~’) |_[Z.Z;ico- @Z#-Z.Z, cos g(L-Z)] +

Z, @ (262,%2.2,)cos gL+ (33)
#‘ 2,22 ,.ngﬁér #22?,33;;75u153(2-“5:)
4 (23 +2,2,) s BL
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Using a short wire (low frequency) approximation, Equation 33 can be
rewritten:

) L
I(Z.fo) = -?'Zg'.""_gz_"):)‘ (34)

This result can be interpreted as showing that for low frequencies
the effuctive indidant aelectric field ou the interior wire 1s given by

E.@)L
E. 2Z: L2 (35)
# (2, +22)

Combined with the low fraquency approximation given in Equations 29
and 30. This gives us approximationi to the open-circuit voltage and short-cir-
cult current for a shieldad cabla.

(% +2) e
2T ) 2EZE® |
b Iu (z) (Z, " Zz) (37

6.6 UPPER BOUNDS FOR VOLTAGE, CURRENT, IJWER
AND ENERGY FOR A GENERAL INCIDENT FIELD

Using the expressions for voc(t) and I.c(:) as given in Equations 18
and 19 (or 20 and 21) various upper bounds can bs found for the opan-circuit
voltage and short-circuit current. The accuracy of these estimstes depands on
the form of tha incident field. If a particular incident field is assumed then
better estimates can ba mada.

6~17
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: 1f we assume that In(t:) is positive for each n, and we define i
' .- max I.(¢) ' (38)
than from Equation 18, we have
0 ' k.
n .
v .(t)] < I(t) +2 Il (Lon =Ty | (39) 3
. A n+i B
N " i
o - (40)
) £ max"'g“—" Imm = Ima.x /(/ ”-") P
, Similarly from Equation 19 we have
i1 :
{; ‘Z.Iu(t)' < I,...,, "'ZZ Ll Ima: = IM‘,, Tl (1) i
3 nwl | - “-I, ;
;
qu can be computed for a given incident field, or it can be asti- ' F
3 l mated by ,r;
iy i . -
. ~ A
E where '
| . : A
o Vo o
| E,,,a,, * "‘fl* E,(t) (43) .
For an incident field with a very rapild rise and decay, such as &
. nuclear EMP, the peak voltage and current will occur shortly after the comience- 1
‘ ment of the incident field. If the rise time to peak for the field is comparable
to the langth of the line, Ty then only the first several terms of Fquations 18 :‘{;
;‘ : and 19 will be nonzero at the time the peak occurs. Therefore, &
2 Mo € max [ L0 -TLO+MLA] € Ly (1-101) wo 3
! v
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and
12,L, @) ¢ mex | L, @) -FL@-M L0l < L, (142171) )

If a resistance R 18 placed across the left-hand terminals of our
transmiasion line model, then the delivered instantaneous power, P(t), can be
boundad in three ways:

Pl € V() /R (ee)
Pt) < IZ() R @)

P) £ V(%) L(t)

(48)

i1t can easily be saeen that Equation 46 will give the best estimate 1if R >
Voc(:)/I'c(t) and Equation 47 will be best if R < Voc(t)/Isc(c). If R = Voc(t)/
I‘c(t), then all three bounds are equal. If no specific value of R is known
then Equation 48 should be used.

Using Equation 48, together with our previous estimates for V peak
and Iscpenk’ given in Equations 40 and 41, we have

Pak o oak pTeak | L (1t 101)
PrsWrLm = Z,) (i-1rn)?

(49)

1f [' < 0, then the following is valid:

 J
e(Z,)*
Upper bounds for the maximum energy which the incident field can de-
liver to the line can be obtained as follows. We have from Equations 18 and 19,

V)= L&) + Z (L0 - I, 0] o

6~19

(50)

Lo . St e
Cobsee STt g At o e e

- = T . Wi Y o Lo i
A ok B S L A e e T SR % 2

sal e T

RN

EEET o i e e~




and

ZL = L) + Z (L@ L 0]

The anargy deliverad acrosa the left-hand terminals is given by

E = j Rt) Jt (53)

Using Equatlons 46 and 47, this becomes

£ (Vi (50
E < ??rl;f ()t (55)

We introduce here the L2 normal of a function, which is definad by

£l ={ rlftt)l‘dt]va (56

-l
Since Vop(t) and Isc(t) are both zero for t < 0, Equations 54 and 55 can be ra-

written as

£ <Lvl? (57)

and

2 .
£ s RIL (58)

Using the fact that the triangle inequality holds for the L2 norm, the fact
that llloll - lllnl] for each n, and the assumption that I (t) 2 0, we have
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: Vel S 1L (n+§ ) =0 L ey =
. \ZJ WIS ) 1:,||(| +a§:|l‘l")= It L _:J,%. (60)

therafore, Equations 57 and 58 become

" 2
2 and 5
3 Bt
i E <L . (1 'Hf'l ) 1
J 2 (62) ¥
Since Equation 61 is a better bound for large R (R > and i
2| @+ [r A
Equation 62 is better for small R (R < -9 ) we can obtain a bound inde- i
@+ (Th 2|
pendent of R by assuming the worst-case R 1.e., R w —— , to obtain ﬁ
€ oas+(rh )
&
2 (I+ lf‘l) A
E < |‘1;l' (63) ¥
IZLI(’ f") .
It should be noted that if a particular value of R i3 of interest, aither Equa- ff
tion 61 or Equation 62 will give a better estimate for the energy than Equa- A
tion 63, depending on the value of R. j
The expression llIollz, can be approximated in terms of the incident L
field, By defintion, ‘
. bad t 4 a j:
e ¢ | - :
LI = 5'"‘5 Et-mdrldt (64) ;
(] :
¥
But by the Schwarz Inaquality, /
y
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i 2 . 2 .
le E'ttndr| < mflmt—m J»r-L{ls"mu« (65)
() b T,

Using this in Equation 64 and switching the order of integration, we have

?9 “P+To -
1L, 1% L) )( e Bdedry = LRITE“ ((%6)
&

The quality ]lEiH2 can be thought of as the "energy density" of the incideut
field, Combining this with Equation 63 we have

L2 NE() +im) |
E < Iz (FN’UZ (67)

6.7 DOUBLE EXPONENTIAL INCIDENT FIELD

We will consider now the special casge where the ilacident electric
field is described by a double exponantial function, namely

£ () =&, (e"‘t.. e ) (Z=0) (68)

This waveform is commonly used to describe both nuclear EMP and lightning EMP

threats. Typical values for o and B in these case are

Nuclear EMP aw 6.3 MHz B = 189 MHz (69)

Lightning EMP o = 0,017 MHz B8 = 3.5 MHz (70)

For am, incident fleld of the form given in Equation 68, the calcula-
tions involved din evaluating Equations 18 and 19 for the open~circulc voltage
and short-circuit current caa be carried out exactly for any gilven value of
t. Unfortunately, because only a finite number of terms in these series are

nonzero and this number changes with time, aimple closed form expressions for
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voc(t) and Iac(t) do not result. Howaver, the resultant expreasions can be

incorporated into a computer program to efficiently calculate these qualitites.

In order to check tha validity of the expressions given in Equations 18
and 19 and also check the accuracy of the estimates given in Subgections 6.4 and
6.6, comparisons are made with results obtained by a much more detalled analysis.
In particular, in Reference 1, hereafter referred to as the Boeing report, an
elaborate computer simulation is described. This simulation uses a wire grid
model of an F-18 to predict through a moment hethod code the fields incident on
internal wires. The open—circuit voltage and short-circuilt current are then
calculated. Figure 6-10 shows the configuration under discussion.

Following the Boeing report, we asaume the following values for the

pextinent parameters:

w length of wire, 12.0m

C = average circumference at aircraft along
attachment path, 3.1l m
g = composite conductivity, 104 whog/m (71)
d = composite thickness, 2.5 x 10.'3 n
Z, = 100 &
Z, = 30 Y

For the case of a nuclear EMP tareat, the electric field incident on
the aircraft is assumed to be in the foim of a double exponential function as
in Equation 68, with E,6 = 50 kV/m, o = 6.3 MHz, and B = 189 MHz. This incident
field can be related to the field interior to the fuselage using the (admittedly

crude) estimates;,
Ene (t) = %E-‘Q)(&-'j) - (lo.@ V/m)(c'“t- e"“} (72)

Using this expression for the electric field incident on a transmission line,
the resulting open-circuit voltage and closed-circuit current obtained by eva-
luating Equations 18 and 19 are shown in Figure 4=-11. The corresponding plots

presented in the Boeing report obtained through their simulation program are
shown in Figure 6~12.
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The general shapes of the corresponding curves are remarkedly aimilar,
with the locations of the ralative maxins and minima being virtually identical,
The additional fluctations in the curves from the Boeing report ars probably due
to the nonuniformity of the fuselage surface and the fact that thay considar a

transmission line which is not uniformly straight.

Applying the resultus of Subsection 6.6 and using the parameters given

in Equations 71 and 72, we have

| (whereas from Equation 42, we have Imax~i 127 V). Therefore, Equations 40 and

i 41, give us
!
Vop € (/033/) (’-:-5‘—;:;7 r 2239V (74)
718 [ros ) | (75)
JZ- <//tx:-n. ) /-0 55# 3.5 A .

The actual peak values, taken from the curves in Figure 6-11, are

;.4 = /38V (76)
I = /74 1y

Becauge the incident field under consideration has a very rapid rise
time (approximately 0.018 us to peak) it is appropriate to use the estimates
given by Equations 44 and 45, These yleld considerably better results, namely

Vie £ (lo3Vv) (140.5%) =/58.0 V (78)

S A i et o o s 3 B

Zee = ('0‘3 '/)(H‘Z(O'M')) E.14A (79)
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Consider now the case of a direct lightning strike. The current wava

form is assumad to be a doubla cxponential of the form

ey -0t
I = (2063 v) (e - ™) (80)
The electric fiald interior to the fuselage is then approximataed by
y t v At
E“t) = C—';r-%z = (a.a-aAV/m)(e: “t_e=ft) (81)
o

with o = 0.0l7 MHz and B = 3.5 MHz.

Figure 6-13 showe the results of applying Equations 18 and 19 to this
situation, Figure 6-14 shows the corresponding curves given in the Boeing re-
Other than the sign convention, the two sets of curves agree extraordi-

porxt.
Again applying the results of Subsection 6.6, we have

narily well.

Im- 3o kV (82)

i
< -
(wheraas 1 x L E x 31.0 kV)

Equations 40 and 41 give us

VO(_S('BIAV)(I-&’EV):G?.‘; kV (83)
T, s A&V [1tasy)] . oy iA (B4)
looa [(1-0.54)
From Figure 6-13, we see that
Peak
V“‘ = 3/LV . 85)
Rek (86)

T * /O3 LA
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;’% Because this particular incident field has mostly a low frequency content, it
is permissible to use the low frequency approximations derived in Subsection 6.4.
That is to say, in this case

V., (@) = (3192 k) (e %) @7

I,. (&) = (Loé4 kA) (e ™) (88)

Thess functions are shown in Figures €é-15 and 6-16. They are virtually identi-
cal to the curves shown in Figure 6-13, 1In particular, the corresponding peak
valuas sre identical. Hence for this set of parameters, the low frequency
approximations can be used with confidenca.

We may use the analytic expressions given in Equations 87 and 88 to
calculate bounds for the instantaneous power and total energy seen from tha
left~hand terminals of the transmission line. These can then be compared to
the estimates derived in Subsection 6.6.

The instantaneous power 1s given by

P ¢ Vi (t) T (1) = (33.56 MW)(e - ¢)° (89)

Because the tims dependance of Voc and I‘c are assumed to be the sawme, obviously
the peak power estimate obtained from Equation 88 1s just the product of the
peak voltage and the peak current. That is

P ¢ (31 4v) (103 kA) = 393 MW (90)

Using Equation 49 to estimate the peak power results in

i
P ¢ (3 W) [ (+0.54) ] = 70.0 MW (91)
100.0. /=064

This is seen to be a little over twice the value calculate in Equation 89,
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The energy which could be dissipated by 4 resistance across the termi~
rals 4{s bouaded by

£ < [PE)d2 o

By using Equation 89, this yields

@) _ |, sguva
£ < (339 MW) Tmglore) (93)
The estimate givan by Equation 67 is
£¢ L AR GAIND (94)

12,0 (1-1r1)*

but

NE"NZ= (266 W/ f(ﬁ'd-e‘?t)&# = (2.66kV/m )2(29'0’“’) (95)

Thorqforn.

2 kW) 2(29.00s) (. 54 . 2,16 kT (96)
E< (100.n.) (0.46)%

This estimate is about 2,2 times the value calculated in Equation 93.
6.8 EQUIVALENT SQUARE=WAVE POWER PULSES

The damage constant derived by Wunsch for samiconductor junction de-
vices is used in estimating the vulnarabllity of electronic devices o burnout.
This conatant is obtained under the assumption of a square-~wave powar pulse.

In order to use the Wunsch damage constant for other power pulses, it is useful
to velats a given waveform to a rectangular pulse with the sama peak amplitude
which produces the same (or greatar) device damage. Two different "equivalent"
square-wave povar pulses are considersd. The first is equivalent {n the sense
that it has the same damage threshold as the original pulse. The second is
equivalent in that it has the same enargy content as the original,
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The damage constant, K, is related to the anargy required for failure,

EF. and the time to failure, tp by(a)
1/2 -
EF = K :F/ (or) K= EF tFl/z (97)

1/2 i8 delivered to the

device then burnout will occur. This relaticn, although obtained for a rectan-

In order words, if within a time T more energy than K 1

gular pulse, is assumed to be valid for othar waveforms also.

Yor a power waveform, P(t), the quantity that must be compared to the

danage constant is given by
t

t+t
Y20 a1 p(e)day = M % (1) (98)

Heras Emlx(r) is defined as the maximum energy which can be delivered in time T,
If this expression {8 less than K for all values of T, then no burnout will
occur. Otherwise, there is a time interval in which enough enargy is delivered

to cauge burnout.

For a square-wave pulse of amplitude Po and duration Te! Equation 98
attaing its maximum for T w Ty Hence, for a square pulgse the critical values

for Ty and PO are relatad by:

k=P Tﬁ/z (99)
For & more general waveform, P(t), whose peak smplitude is Po, we can
define an equivalent aquare-wave power pulse with amplitude Po' which produces
the same device damaga. We will denote the duration of this damage aquivalent
square-wave pulse by Td' By definition, we have from Equations 98 and 99

1/2 , _~1/2
Potd Tmax E-ux(Tmnx) (100)
or
6~-34
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- 2,, 2 ,
Td (Emax(fmax>> /Po Tmnx (101)

Here T . 1is that value of T which maximizes T-1/2

na E___(T).

The othear equivalent square-wave pulse, which is easier to calculate
but which ylelds more conservative results, is defined to have amplitude Po
and a duration such that it has the same energy content as P(t)., We will de-
note the duration of this energy equivalent pulse by Tq' Spacifically, we have

[+ ]

P Ty f P(E)AE = By, (102)
0

We will see from the following inequalities that using the energy
equivalent time in Equation 99 to calculate the smallest allowable damage con-
stant will always result in larger constant than would result from using the
more precise (and complicated) Equation 98. This means that it is on the safe
side to use the energy equivalent time to datermine whether particular device
is susceptible to burnout for a given powar pulsa,

Wa have the following relationships:
t+T

5 P(s)ds S T
t

1-1/2 1/2

. 1/2
TR, ST, P (103)

* .
where T 18 win(T, Te).

Two power pulses will be analyzed to show the relative values for the
two equivalent times L and Tg*

The first power pulse which we will examine is the damped sinewave
through a semiconductor junction. This 1s of intaerest because some specifica-
tions are given in terms of the damping constant and frequency of a damped sine-
wave. We will coneider only the effacta due to a single period and so can ignore

the damping effects. The results obtained are somewhat different than thege

ti=35
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presantad allcwhore.(a) Analysis has also Leen parformed for the dampad sine-

wave extending over many pcriod-.(s) The techniques outlinad above could be
appliad to that case also,

We will consider, as in the previously cited refarences, the power
pulsa givan by

P(t) = 2 sin (3] r.) for 0S¢ <3 (104)

Oux goal is to relate the equivalent square-wava times to the period,
T, of the sinewavea. We firot analyze the situation relative to the damage
equivalent time, Ty

I I
2 2 i
me(‘r) - Po I sin ( t)dt = 2P S cos ( ¥ t)dt
-1
) 0
P T
«2-oin (% (105)
1/2

The aquation T ‘—§~ sin ( -—-) attaing its maximum for Toax 0.371 7. There-

fore from Equation 10l we have
T, - T(0.293)%/(0.371) = 0,231 T © (106)

This is in comparison to the result Ty ® 0.203 T given in Refarence 4.

The digcrepancy between these raesults is due to tha fact that the fac-
tor of 0.203 was obtained by using the full half period sinewave to calculate
the burnout constant, ingtead of finding the subinternal (of length Tha ) which
maximizes the allowed burnout constant. This causes the estimated critical
value of the burnout constant to be too amall.




1t 18 considerably eaaier to calculate the energy equivalent time,
; T . We have:
(-]

P 1/2 P T

21 0.
. E.op ™ Py f sdu (<% £)de = -2 (107) i
i 0 j
Therefore, from Equation 102, we have ﬂ
. Tg ® (1/M)T » 0,318 T (108) &

These results can be contrasted to the equivalent time obtained in Reference 5
for the damped sinewave over many perioda. Here the powatr waveform is taken to

- (—-T-r-) t 2'"‘ N
be P(t) = Po° 247" gin ( = t). The value obtained is

5\

TR TP

; T = 0.380 T _ (108)

FINY T CWIE B -

This result is larger than the previcus ones because it takes into
account the additive effect of successive pulses.

For a low frequancy field incident on a transmission lina both the

. ¥
open~circuit voltage and short-circuit current are proportional to the electric 52
field. Henca, the power waveform will bz proportional to the square of the Tﬁ
alectric field. '3
Using this fact we will analyze the equivalent times due to a power P%

gurge caused by a lightning strike. To simplify the calzulations we will use 3
the single exponential which describes the model lightning waveform for large é
t, and in fact is an upper bound for the double exponential waveform for all t. ﬂ
We have L;
=20t : i

B(t) =P e (110) .

. A
theralore i
T 20t p

- ] - Zdt - l-e- \ :‘”

Emax(r) ¥ 5 ¢ % 20, ?

0 i
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1

- 2T T

T1/2 P (1 -

e"‘ ZG.T )
[}
o attains its maximum for Toax ° 0.628.

thae expression
From Equation 101 we have

. (0.358)% o264 _1
d (0.628)a o 4.9 o

T (111)

Using Equation 102 to calculate the energy equivalent time yields:

«©
~-20t 1 )
T, f e dt S (112)

0

As can be scen from these calculations, it 18 in general much easier

to compute T, than it is to cowmpute Tye Iin fact, for both of the examples given,
it was necessary to f£ind the root of a nonlinear equation in order to calculate
L Moreover, 1t scems that as a practical matter, T4 can not be computed
reasonably unless the power waveform ig given as a simple analytic expression.
On the other hand, Te could be calculated efficlently even for power waveforms

given in the form of real or simulated data.

Applying the results detived.above for alightning waveform, it is
possibla to bound the energy delivered to a device due to coupling to a trans-
mission line given the peak open-circuilt voltage and short-circult current. In
particular,

E<V

peak , I peak , T (113)
- "oc 8 e

[¢]

The Boeing report gives values for vocpeak and Iscpeak in Table 5.1,
page 87, for the cases of a direct lightning strike and a nearby lightning
strike, The wires under consideration are as shown in Figure 6-~10. These
values are presented in Table 6~1 along with the peak power and maximum energy
associated with them. We assume that o » 0.017 MHz, so that Te ™ 29.41 us.
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Table 6-1. Peak Power and Maximum Energy

peak
Direct Strike Voc Isc P E

Nose/Tail Wira (Nose/Tail Attachmenc)| -32 kv -1.1 kA 35,2 MW 1035.2 J

(Nearby Strike) 250 v 8.2 A 2 kW 0.059 J

Nose/Wing Tip  (Nose/Tall Attachment)| =6.5 kV =0.22 kA 1.43 MW 42.06 J

Wire
(Nose/Wing Tip -17 kV ~0.55 kA 9.35 MW 275.0 J
Attachment)
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H SECTION 7

;i | VULNERABILITY OF SEMICONDUCTOR DEVICES TO EMP THREAT

;? Modern aircraft are equipped with complex alectricil systeas such as
o computars, radar, and communications aquipment. These aystems are vulnerable Wi
to electromagnatic radiation from ocutside sources. If this electromagnetic ra- C'
diaticn is of & high encugh power level, then the electronic comporiants aboard ¥
the aircraft ave in danger of being damaged and causing equipment failure., The ]i
devices which are most vulnerable to the EMP threat are semiconductors and in-
tegrated circuits, so the following discussion is a sunmary of soma of the

techniques used to detarmine power thrashold levels for integratad circuits (ICs) 3
N
and semiconductor devicaes. '

=

St s S SR -
e e .-

7.1 SEMICONDUCTOR JUNCTION DEVICES i

Rorfe %

l
{
3
|
i

70 deternine semiconductor damage thrasholds, a modal is needed which
wvill predict device burnout charactaristics as a function of alectromagnetic
pulsewidth. The most widely usad model is the Wunsch wodel, given by!

' | A
"2 Gunech Model

& : vhere: :
J t is in sacends

- P is in watts
j ' K is in units of wuu:n-oceandll/z E

P ia the power required to fail the junction, K is tha damage constant deter- 8
mined by junction proparties and geomatry, and t is the pulse time to fallura. L]

In order to carry out an anailysis of junction burnout characteristics [
.ucins the Wunsch wodel, the damage constant K must be determined. Thare ara ,ﬁ
four ways to determine this K factor. “

7.1.1 Experimeutal Determination of K Factor 13

To detarmine the K factor experimuntally, a series of power pulsas is

injected into the semiconductor Junction, starting at low powar levels, and then i

| T
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increasing the levels until either failure or serious degradation of the Jurnig=~
tion occurs. Figures 7-1 and 7-2 show the range of K for typical diodes and

transistors.
7.1.2 K Factor Determined from Junction Area

The most accurate method of determining the K factor requires a know-
ledge of tha junction area. Then the K factor can be determined from the fol-

lowing;

Qlﬁ for Diodes, K = 550A
g for Translstors, K = 470A

i where A is given in cmz. Howaver, the junction arsas for a davice are not given
ﬁ on & manufacturer's data sheat and are not otherwise readily avallable. There-
. fore, one of the two remaining methods of choosing K must be incorporated.

-

“‘E 7.1.3 X Pactor Daterminaed from Thermal Resistance

'i Three categorles of semiconductor devices will ba considered in the

analysis!

-

Category L - Germanium diodes and transistors

4 ; Category 2 - Silicon diodas, all silicon transistor
' structured except planar and mesa

R

Category 3 - Silicon planar and mesa transistors

;t—.‘ P

>3

The relationships are as follows:

Category l: ingufficient data avallable

ERS ST TR

Category 2: K = 31.5 ejc(-l.ll)
lf;p | X 972.2 eja(—l.za)
fr, | Category 3: K = 338.3 ejc(~1.73)
K = 4,625 x 10° eja('3-08) i

a1 7-2
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where ejc and ej‘ are found from the following expressions:

o . T1(max) - T,
Je Pd

6 Ti(max) - ?!EQ
ja Pd

with

Tj(mlx) « maximum operating junction temperature

Tc = case tamperatura
Tamb = ambilent tcmpcrn:grc
Pd « total power dissipated

Genarally, at least one of the these thermal resistances may be cal-
culatad using manufacturer's data sheets.

7.1.4 K Pactor Determined from Junction Capacitance

The last, and most reliable, means of calculating K is from a knowledge

of the junction capacitanca (C }, and breakdown voltage (v For the same

).
BD
thrae categoriaes of devices, the aquations are:

-3

Category 1: K= 2.2 x 10 Cj v (0.20)

BD

-3 (0.81)
¢ Vap
3 (1.63)

Category 3: K = 0,008 x 10° Cj VBD

Category 2: K= 1.1 x 10

The value of the junction capacitance can be found on a manufacturer's
data sheet., This junction capacitance nodel suggests a more accurate determina-
tion of K, and worka for both silicon and germanium devices.
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7.2 EXAMPLE CALCULATION OF K AND PLOT OF POWER VERSUS TIME

As an illustrative example, an analysis of a 2N4026 silicon planar
trangistor is done. Since the device is silicon planar, it fite the models of
Categoxry 3.

The following specifications are available from the manufacturer:

Tj(mnx) = 200°C

Pd -2,0W
- [ ]
'1‘° 25°C
80, ,
T,(max) ~ T, -
9, =—i- £ .200-23 , g7.50/u
Je Pd 2
" Also, from data sheet wa find:
[ ]
Tamb - 25%C
80,
T,(max) - T
o amb _ 200 - 25 _
ej. Pd - =% BSQ'C/W

From the data sheet we obtain cj = 15 pfd, Vg, = 60 V. So now we sre able to
calculate thres values of K:

. K= 0.15 fron QJC
*lclutionu K« 0,068 from Bj‘
Kw 0,095 from CJ. VBD

*
Whan more than one value of K is obtained, then the avarage valus is suggested
for use. Howavar, for large variations in K, the value obtained from the Junc~

tion c:g,gicannu and breakdown voltage should be favored. Figure 7-3 plots
P = Kt using an average value K » 0.10 for the 2N4026.
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7.3 INTEGRATED CIRCUITS
3 i
s 7.3.1 Damage
b
i K
- Up to now, there are no models analogous to the Wunsch model for b
(\ ' predicting the damage thrasholds of integrated circuits. A general conclusion ‘
L which may ba drawn about ICs is that linear ICs are less susceptible to EMP '{‘
L damage than digital ICs. Figure 7=-4 illustrates the general conclusion.
[ |
-
g |
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] 10 ae DIGITAL CIRCUITS ]
0 NUMBER OF CIRCUITS TESTED
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Figure 7-4. Damage Threshold for Integrated Circuits !
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While there are no modals or hard supportive data for integrated cir-
cuit damage thrasholds, survey tests have revealed the following trends:

kf 1, Damage threshold for a glven functionnl‘logic varies
with manufacturer.

2. High noise immunity logic may be nore susceptible to
burnout than standard logic.

] 3. Passive components iln ICs are extremely transiant
seneitive and can determine device damage threshold.

i 4. Application of the Wunach model to junction devices on
b an IC chip does not give meaningful results.

E 7.3.2 Upssta

Figure 7-5 shows a typical logic transfer function. Loglic upset occurs
s if the EMP transient is large enough, and if tha duration transient exceeds the
g circuit's propogation delay time. Figure 7-6 shows the form of a typical upset
charactaristic, EMP transient pulse energy is usually concentrated in the

10 kHz to 100 MHz frequency ragion. A design techalque for attenuating the

high fraquency content of the EMP-induced transients is to incresss the propoga-
tion delay time. Thig, however, lowers the permissible hic rate of the system,
80 an eva.uation of these trade-offas must be made.
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} SECTION 8

INTEGRATED CIRCUIT EM SUSCEPTIBILITY

Integrated circuits (ICs), just like discrete couponents, ars sus~
captible to high power microwuve radiation effects. These EM effects can
interfere with or permanently damage an IC chip, and a single chip could cause
failure in an entire eluctronic system. Analytical models such as the Wunsch
model exist for determining the susceptibdlity of individual junctions on an
IC chip, but as yet a model does not axist for determining the susceptibilicy
levels of entire chips. Tranelating individusl pn junction effects into an
‘ integrated circuit model appears to be & matter of applﬁing conventional circuit
! analysis techniques to a chip. This, however, is not|so easily accomplished
! due to the immense number of components and circuittincerconnectionn which gene-~

rally exist on a single tiny chip. As a result, m?oc of the susceptibility data
that wa have for ICe comes from actual laboratory testing and not analytical
analyois.

8.1 IC SUSCEPTIBILITY DATA

Following is a brief discussion of the IC gusceptibility data avail- {
dble at the present time, with some eaxamples shown. The data is contained in b
the McDonnel Douglas IC Susceptibility Handbook(l). The following three degrees ‘%
of susceptibility can be considered.

Interferenca
Degradation ;
Catawtrophic Failure &
Interference medns some effect is induced on the IC by the external signal ﬁ
(microwdave in this cass) but no permanent damage is done to the davice. Da- _ﬁ
gradation is defined as limitad permanent damage to the devica. In other words,
the devica 1is still operational, but only in a limited manner. Catastrophic !
: " failure means extansive permanent damage ils done to the device, und the device ﬁ
' bacomes inoperational in any manner. a
| ’5
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When determing IC suscepiibility, two factors must be considered:

The type of device used (digital or linear)

The parameters of the microwave signal (i.a., power
leval, frequeucy, pulse rate, etc,)

Digi:ul and linear devices are defined in the following manner: digital
devices operate in only one of two atates (high or low); linear devices oper-~
ate over a continuous range of values or have a smooth output. The oparating
conditions of the duvice influence its IC susceptibility to microwave signals.
As an axample, a 7400 TTL* NAND gate is susceptible to microwave signals in-
Jected into the vutput when the output state ig low, but not when the output
state is high. The opposite 1s true when the microwave signal is injected
into the input of the 7400.

In the frequency region batween 100 MH: and 10 GHz, the worst-cass
signal absorption by unshielded wires can be characterized as that collected
by half-wave dipole (apertura = 0.13A7). Hance, the absorbed power is

P = o.lSAde (1)
whera!
Pd w vowar density, W/m2

Am whvelength, m

This indicates an ilnverse frequency square. ralatlonahip, which was conflrmed
in the frequency reglon of 220 MMz to 9.1 GHz where measurements were made by
MeDounell Douglas using many comdinationz of wires in bundles of cables. This
is shown in Figure 8<L., The reau}ta in dB were distributed normally with a

3 dB to 6 d¥ standard deviation.

This axpression ls only valid in the abuve frequency reglon., Mis~
mateh lowses counter the inversa frequency squared relationship o+ lower fre-
quencles. Also, it should be noted that tha wires cuuld pick up more signal
1f focusing effects take place.

*Tranliltor-tranniaCOr logilc. §u2
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Figure 8-1. Measured Maximum Effective Apertures (Ae) of Variocus
Wire Lengths(l)

Based on analyses and measurements, the primazy interference effect
is caused by rectification of the microwave signal in the nonlinear pn or np
function in the transistors or diodes of the IC. This causes a change in the
circuit voltage &nd/or current, thuc shifting the operating point. In the case
of threshold sensitive devices such as digital circuits, the circuit could be
deiven from a "low" state to a "high' state or vice verea.

A typical plot of interference effects versus frequancy is shown in
Figure 8-2 for a 741 operational amplifier 1C. The curve shows the incraases
in tha input offset voltage due to rectification of the microwave signal. Also
in the cut-off region, the effect is a function of the square of tha frequency.

The modulation parameters of the interfering microwave aignal also
have an affect on IC susceptibility. Since the transistor junctions on an IC
chip tend to rectify the interfering signal, envelope detaction takes pluce.
S0, the interfering signal has the same amplitude modulation as tﬁo RF signal.
Thus, continuous wave signals produce s dc interfersnce such as ihowﬁ in Fig-
ure 8-2, and pulse modulated signals produce video pulse interfersncé. The
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Figure 8«2, Data Points for 100 mW Absorbed Power

total effect is thus dependent upon the individuasl circuit's ability to process
the demodulated RF signal,

8.2 1C INTERFERENCE SUSCEPTIBILITY AND
FAILTURE '

A brief summary of some represantative susceptibility data follows.
The fallure machanism ls discussed first, followed by interference susceptibility

data for digical circuits, linear amplifiers, and voltage regulators.

8.2.1 Failure Mechanism

Two general types of failure mechanisms might be auticipated in semi-

conductor devices. One is voltage breakdown, commonly referred to as punch

8~4
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through, and the othser is thermal failure dus to burn out. Whether the failure
is catastrophic or just produces a degradation depends upon whete iu the cir-
cuitry the failure occurs, and henca ths effect on performance. Predominant
fallure machanismg observed in the McDonnell Douglas tests were all thermal in
niture: Bond wire failure, junction failure, and metalization failure.

Since the damage mechanisms are thermal in nature, the damage models
usad by McDonnaell Douglas wers derived from basic heat f£low analysia., For
worst-case analysis, the heat is assumed to be produced by the absorbed RF sig-
nal, and there is no frequency depandence. At pulse duvations in excess of
about 10 Us, Figure 8-3, the amount of powsr requirad for damage is 0.5 W.

This value is set by the rate at which haat can be conducted away from the hot
spot, For pulse durations in excess of 30 Us, the average power iu

P =P % PW x PRF (2)

avg paak
whexe!

Pavg u average power

Ppllk = pyulse¢ peak power

PW = pulsae widcth
PRF = pulue repetition frequency

8.2.2 Digital Interfarence Date

Other uourcna(z) raport that the failure mechanism in ICa due to the
EMP from nuclear explosions is due largely to gemiconductor junction breakdown.
A model paralleling that used for semiconductor fallure (Wunsch model) has basen
raported using the ampirical model

P = At™D . (3

where!

P = average failure power, W
t = pulse duration, s
A,B = experimental determined
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‘ Figurs 8~3. Measured and Predicted Worst-Case Burnout Lavels

Figure 8=4 shows ranges of values obtained for A (and K for the Wunsch coni:nnt).
Using data from Figure 8-3, a value for A of 3.5 x 10"3 and a value for B of

0.5 41s obtained. This indicates that the IC burmout data found experimantally
by McDonnel Douglas and the Bechtold parallel to the Wunsch modal are in close

agreement evanthough the failutre mechanism may be diffaerent.

Table 8-1 shows the electrical characteriatics of gome transistor-
transistor loglc (ITL) devices. Listed in the table are several voltage levels
for the "high'" and low" states (VIH and Vi respectively) and the worst-case
output levels for the "high" and "low" states (VOH and VoL? respectively). Fig-
ure 8-5 is a diagram which i{llustrates the relationship between these voltages.
It shows a forbidden region in which tha device makes uncertain decisions, as
well as two regions of noise margin. In the "low" state, the nolse may increase
to V

the drive level (input source being a TTL device) from V without caus-

oL IL

ing a failure.

In the curves of Figure 8~6, the criterion for worst-case suscepti-~

bility for the "low" state, the voltage values chosen are V , and a value

oL V1L

S A . g et
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i 3.4 == Typical output level a davice will provide in 4
"high" state ‘i
i)

2,4 g Vou. Minimum cutput level a device will provide
in "high" state

Noise 1 2.2 -
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2,0 = Vige Minimum input level a device will recognize
a8 "high" state

—

.& Foibidden
3 Region
; 1,0 e '*\
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1 Noisa "

‘i Margin 0.6 b as "low" atate

" 0.4 wnn Vop» Maximum output leval a device will provide
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2

g

) Figure 8~5. Diagram Explaining Voltages Used for Worst-Case

i Susceptibility Levels for TTL Devices
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half-way betwean. A similar selection was made for the "high" state worst-case
gusceptibility, Figure 8-7 surmarizas the worst-cass suscaptibility for both
the "high' and the "low" states.

Figure 8-8 shows the worst-cass susceptibility for complementary metal
oxide sumiconductor (CMOS) devices. Here the specificacion value for the low
gstats is about a maximum of 0.05 V and the minimum specification valua for the
high state is 4.95 V., A comparison of this data with that shown .in Figure 8-6
for the TTL devices shows that the CMOS devices ure much leas susceptible to
interference than the TIL devices. In both casas, it can be saen that as thae
fraquency of the microwave signal increasss, the device is able to absorb more
powar before interference occurs. Figure 8~9 guumarizes the worst-case sue-
ceptibilicy condition for both the high and low states. '

In neasuring TTIL and CMOS suscaptibility, tha package supply current
was also measured to daterwine how much K¥F power was raquired to cause signifi-
cant increasus in powar supply current. It was found that the significant in-
creage did not occur until the RF power level was far shove the lavels sufficient
to inducs state changes in the output voltage. The wodeling activity conducted
by McDonnell Douglas also confirmed thut conclusion., Therefore, in TTL circuits,
output voltage state changes ars expactaed £o occur before significant supply
current changes ore noted,

8.2.3 Linear Interfaretice Dats

The most cowmmon example to ghow giving linear interfareace data ia
the operationl amplifier. The opsrational amplifier was found %o be most sus~
captible to RF enargy conducted into either of the input circuits. The rectified
RF produces an offset in operating voltage. Figure 8-10 shows the worst-case
susneptibility levels for operational awplifiers for four values of offset volt-
aga. Typleally, voltage offassty of (.05 V produce significant interferenca.

8.2,4 Voltaga Regulators

Masguramsnts were made of the interference susceptibhility of both
threa~-pin and multi«pin voltage regulators under various load current conditions.
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Figure 8-1l shows the absorbed power as a function of frequancy to produce a
change of 0.23 V in the output of the regulatorg. The data for the malti-pin
regulator shows a susceptibility of the same order of magnitude as the opara-
tional amplifier for 0.2 V offget voltage. This is probably caused by tha input
to the operational amplifier in the multi-pin ragulator being availlable as an
input as shown in Figure 8-12 vesulting in pick up by thae operational amplifier.

8.3 SUMMARY

The information contained in this report covers tha susceptibility of
individual ICs over the frequency region from 200 MHz to 10 GHz. The sample
curves shown repregent only a small portion of the data availlable from the
source documants generated by McDonnell Douglas, The data in Figure 8-13 shows
that the most sensitive devices are operational amplifiexs, followsd by multi-.
pin regulators and TTL devices. The worst-case sugceptibility, in terms of '
absorbed powar to cause a minimal interference, covars & range of almost three
orders of magnitude. The three-pin ragulator and the CMOS circultry are less
suscaptible than the TTIL and multi~pin regulator.

The susceptibility of an IC 18 naturally dependent on the contents of
the IC, 1If only TTL circuitry is contained in the IC, the susceptibility of
the TTL devices would prevail. If operational amplifiers ara also contained in
the IC, the IC would be susceptible to lowar power lavels, especilally if the
operational awplifier is accessible at the IC terminals.

The operational amplifier i1s mogt susceptible to interferenca at one
of its input cilrcuits, where the absorbed power is rectified (detected) by the
gemiconductor junction and inserts a dc offset in voltage. The digital circults
appear to be most susceptible to power absorbed in their cutput circuits.'where
the rectified signal changes the high/low sgtate thresholds to cause incorrect
logic decisions to be made.

Whan the absorbed power is a modulated signal such ag AM or a pulsed
dource, the device semiconductor junctions produce pulaes which propagate
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through the following circuitry. The passband characteristics of .those circuits
compared to the modulating fraquency determines how well the detected algnal
will propagate. In general, it would be anticipatad that the lowar frequencies
would propagate moat readily in asuch circuits as operational amplifiers and
Schmitt trigger circuits.

In the experiments and analysis performad, the shielded cabling pra-
sented a worst-case aperture of a half-wave dipole (O.ISAZ). sv that the power
absorbed by the cabling, P, without conaidering lusses can be related o the
power density, Pd' incident on the cabling by '

P = o.mzpd (3)

where A 18 the wavelength of operation. Usiug this relationsiilp with the curves
shown in Figure 8-13, the worst-case power deneity susceptiiility shewn in Fig-
ure 8-14 was obtained. These curves exhibit a very wide range of powe* density
susceptibility over the frequency range., Using these curves, with the environ-
menital RF thredt provides a means for assessing the incraased shielding requiraed.
As an example, the power density at a range of 1 nmi from a 10 kW transmitter
with a 40 dB zain untenna is shown in dotted lines across the top of Figure 8=-14.
At the 220 MHz end of the apectrum over 60 dB increasez in shialding nignt be
required. Even an increase in distance from the antenna to 10 nmi would ounly
reduce the requirements to 40 dB more shielcding. The vequirement is censlderably
less at tha higher frequencies due to thz inverse frequency square proper.les

of the dipol: absorption apertures.

The preceding information pertains to interference susceptibility,
which goes away when the interfering source is removed. However, permanent
damage results at some level higher than the interference level. Depending upon
the effect on perfoi ance. it would be classified as degradation or catastrophic.
The failure mechanism is due to the increase in tempetature caused by the
ubworption of power (anergy) reaching a damaging level in the silicon junctions,
the matalization stripes or the bond wires. Figure 8-3 ghows the peak power
sbsorbed as a furction of pulse duration required to cause a failure of this
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type. The tharmal dissipation time constant of the devices was such that pulse
durations in excess of 30 Ls had the same effact as CW signals. At pulsa dura-
tions in excess of 30 us, the peak power times pulse duration times pulse repe-
tition fraquency product (i{.e., the enargy absorbed) is the critical issue since
the effact is thermal destruction. The data shows that « minimum of 0.5 W of

e e s e T

T Ll

absorbed power is required to cause burnout. Using the half-wave dipole aper-
ture absorption model, the CW power density for burnout ranges from 0.43 w/m2 i
(0.043 mW/cm®) at 100 MHz to 4273 W/m® (0.43 W/cm®) at 5.6 GHz.

The failure mechanism due to the EMP ganeratad by nuclear blasts is
reported to be dominantly due to semiconductor junction failure. For ICe, a
modal paralleling that for the semiconductors was empirically geanerated. This

R a3 2T T

s e e

modal is

T S T ST

pmat”d (4)

where:

T

-

=S

P = gverage fallure power, W

gD

Hlan | et

t = pulse duration, s

A,B = gxperimentally determined conatants (values for B not
available at time of writing)

T

e g

A chart showing the range of values for A (and the equivalent Wunsch congtant
K) is shown in Figure 8«4, The data from Figure 8-3 found experimentally by
McDonnell-Douglas for microwave power absorption shows a value for B of 0.5

and a value for A of 3.5 x 10-3. This implies that the IC burnout and failures

due to EMP cause fallures at about the same level of absorbed power.

S l= i eeamEle 2T

Figure 8-15 shows the energy levels for EMP due to nuclear blasts.
This data was complled by the authors from their in~house experimanta(3) and
also fiom the Defense Nuclear Agency Handbook. The enexrgy level for IC burmn=-
out from Figurc 8-3 ranges from 3.5 x 10'"6 J to about 1.5 x lO‘5 J compared to
about 107 J for ICs due to the EMPs from nuclear blasts.
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SECTION 9

EM SHIELDING/WEIGHT TRADE~OFF$

This section detalls some preliminary work on the trade-offs involved
in the use of different materials and coating of graphite/epoxy laminates with
conducting foils, mashes, and flame sprays.

Kt \ The data uged in developing the charts of this section are tabulated
& in Table 9~1. The measure of EM shielding used in the charts is the transfer
impedance given by

zst “ sinh yd )

where

n- M

5]

Y -W (2)

5

For the matarials considered, below 10~ Hz, z‘t is indepedent of frequency and k

aL

given by
2, -t (3)

e

Figure 9-1 plots the transfer impedance in bar chart form. The figure

e T e

_ illustrates the shielding effectiveness of the various foils on an absclute scale
; including an 8-ply laminate of graphite/epoxy. Its thickness is 42 mils (0.001ll m).

Figure 9-2 shows the improvement of various protective coatings on L)
8«ply graphite/epoxy. The plot 1s on an absoluta scale with all coating thick- ]
ness fixed at 4 mils, For the coatings considered, the effect of the coatings

dominates the shielding the graphite/epoxy. It is shown in Appendix A of a Boeing
(1)

raport

that the equivalent transfer impedance of a coated matarial is glven by i
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i} 2, () j§£<b)
8t ZL(a) + ZL(b)

Z (4)

at low frequency. Hare zs:(a) and zst(b) are the transfer impedances of the ;
two materials and ZL(a) and ZL(b) are the surface impedances of tha materials ,
defined in Section 3. At low enough fraquency, both ZL and Zst approdch 1/ad

in which case

. (1/0,d ) (1/0,d,) (5) ;

st = (1/0.d) + (170, d,) §

1 5h

. 2., % 3 (6) £
: st obdh g

‘ av on aﬁplying a conducting £ilm to graphite/epoxy the resultant shielding is

‘ almost totally dua to the conducting f£ilm. Hence, the improvement is given that
ﬂ protetive coatings provide relative to 8-ply graphite/epoxy (G/E) is just the

?‘ ratio of their cransfear impedance or

!

A i LTS

{ 2, (G/E)  1/o,,.d a4
t t G/B G/E ¢ e s
! Improvement = —2 o — - (N K
t"f. Zat (COBtY lfccdc aG/EdG/E .['!
- 4
. y
‘ The weight penalty paid by coating with 4 mils of varicus folls meshes 3
and flame spray is shown in Figure 9-3. This is based on 98.6 £t of coating i
which is the estimato surface areas of the AV-8B forward fuselage to bu coverad ?
with graphite/apoxy. !
1
The combined msasure of shislding and weight penalty for the various C
coatings 1s given in Figure 9-4. It is definad as )
2 (G/E)/Z_ (coat) i
- —tEOprovement 8t st i
Figure of Merit = g fece Density Py (&) ]

Rather than simply usa transfer impedance aw a measure of shielding,
it can sometimas ba desirable to use elactric or magnetic shielding effectivenegs,

§=3

R Rk s e TF R v,
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(Elactric shielding effectiveness (ESE) and magnetic shielding effectivenass
(MSE), respectively.) The definitions and relations for these quantities are
glven in Section 4. Figures 9-5 and 9-6 plot the gain in MSE when different
coatings are applied to mixed-orientation graphite/epoxy. Figure 9-5 is taken
from Section 4 and is for a flat plate geometry. It plots the improvement in
MSE provided by various coatings on 24-ply graphite/epoxy. The curves of Fig-

ure 9-5 were obtained using

| Z,, (G/E)
lmprovement = zat(E7E + coating)

The transfer impedance for the combination graphite/epoxy with coacing was

taken from Reference 1.

Figure 9-6 shows the gain in MSE provided by coatings over an 8-ply
graphite/epoxy cylinder of 0.5 m radius (a rough estimate of the F-18 forward
fuselage radius). The shielding of the coating again dominates the composite

80 that

Improvement for Cylinder = MSE = 20 lo::glo(MSR“l

where, from Section 4,

1

MSR © = cosh(yd) + 2/n sinh(yd) (11)

where Z » jwur as in Table 4-1. For electric shielding, the shape of the curves

would change, but the separation versus frequency would remain the same.

A more revealing parameterization of data is tha plot the thickness
of different coatings required to provide a given amount of shielding. Again
the equivalent trasfer impedance of graphite/epoxy coated with a highly con-
ducting material 1s dominated by the coating. Table 9-2 lists the thickness
of coating required for 40, 60, or 72 dB of shielding along with the weight

penalcy per square foot of coating.
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o | Table 9-2. Coating Thickness and Weight Penalty
for Fixed Shielding

Coating Thickness in mils
20 10310 Z“t

Shislding o 40 dB 60 dB 72 dB
. Aluninun Foil 3.12 x 107 . 0.1259 1.259 5.0121
b Copper Foil 7.29 x 107 0.054 0.54 " 2.145
) Titanium Foil 2.1 x 106 1.87 18." 74,46
ol Nickel Foil 1.28 x 107 0.31 3.1 12.217
2 Tin Foil 8,78 x 10° 0.45 4.47 17,81
? | Aluginun Flame 6
. Spray 2,46 x 10 1.6 16.0 63,6
n " Graphite/Epoxy 10 392.8  3928.0  15638.0
VI L — A ]
. ‘ Weight Penalty/ft? Applied
b Coating (1lb)
;!
. - Density (1b/ft%) for %0 19810 e
‘ é Shielding 1 mil coating (1b) 40 dB 60 dB 72 dB
- Aluirum Foil 0.014 0.00177  0.0177  6.0702
ﬁ ﬁ Coppler Foil 0.04665 0.00252  0.0252 0.100 k
- Titanium Foil 0.024125 0.45 0.45 0.797 ;
- Nickal Foil 0.0405 0.0126  0.126 0.495 ;
- Tin Foil 0.0365 0.016 0.16 0.65 .
E;f Aluninum Flame ?
| Spray 0.00243 0.004 0.04 0.155 3
= . ,
§ i
- :

i

=T e
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PSS

The thickness of coating is calculatad from

Shiaelding (dB) = 20 loglc(l/cd) (12)

The results of plotting the tabulation ate shown in Figures 9=7, 9-9, and 9-9,
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1.0 INTRODUCTION AND OVERVIEW

Thig report summarizes work baeing done by the Grumman Aerogpace Cor-
poration (GAC) for the Advanced Composite Structures ADP, Air Force Flight
Dynamics Laboratory, Wright-Patterson Air Force Base, under Contract F33615-77~
C-5169., Thae GAC program is a 30-month technical effort entitled "Protection
Optimization For Advanced Composite Structures' and is reported in eight quar-
tarly progress reports (so far) dating from 15 September 1977. The program
objective is to develop practical optimized and integrated protectiom and
shielding methodologies for the protection of composite aircra“t agalnst mul-
tiple thrests: Threats addressed included lightaning (direct and indirect),
nuclear electromagnetic pulse (NEMP), static electrification, electromagnetic
interference (EMI), and high energy lasers (HEL). We will focus on the investi-
gation of shielding effectiveness against electromagnetic radiation in the
10 kHz to 10 GHz frequency range.

Composite materials, such as graphite/epoxy (Gr/Ep, described in the
following text) have a much lower conductivity than the material of typical
aircraft (air passage) structures (conductivity is three orders of magnitude
less than that of aluminum). As a result, they must be given conducting cover-
ings to help adequately shiald the aircraft interior against EMI. These cover-
ings were also evaluated against lightning, NEMP, and HEL, and thus ars

called protection techniques or systems.

In evaluating and developing protection systems for shielding com-
posite structures, a key principle to follow is maintainance of maximum elec-
trical conductivity. - Any conductor gaps mey allow electromagnetic radiation
to leak through, rather than conducting it away to the rest of the structure
surface. Keeping this in mind, the major results of the GAC program thus far

are:

M A Gr/Ep panel edge~treatment method was developed to ensure
maximum ohmic electrical contact between the panel and the
test fixture,




This

Conductivity testing showed Gr/Ep laminate conductivity
to be a linear function of the squivalent 0° orientation
laminate percentags.

A test fixture was built which measures total shielding
effectiveness of test specimens,

The plain panel tast results fit the theoretical curve for
magnetic shielding effectiveness versus frequency. (Close
agreement was not achileved in the E-field and plane-wave
cases.)

‘Aluminum flsme spray was found to have the greatest shield-

ing effectiveness of all surface protection systems tested,
yielding shielding effectiveness improvement over bare
Gr/Ep by as much as 25 dB,

Contrary to expectations, 24~-ply Gr/Ep panels with aluminum
mesh protection performed bettar in magnetic fields thamn
12-ply panels with the same protection., It was conjectured
that this was dus to poor electrical contact bstween the mesh
and the 12-ply panel.

Various fastenar and doublar conditions on joined panels

were tested. It was found that Hi-Loks performed about as
well as stress~wave rivats, that loosening fastenars decreases
the shielding effectivenesa (by as much as 25 dB), but that
removing fasteners is sometimes batter than loosening them!
This happens because at some frequencies, the logee fasteners
act as independent antennas, reradiating energy through the
panal,

A secondary flame spray method was developed to epsure con-
ductive continuity between the surface protection systems
on the joined panels.

In the access door tests, the flame-gprayed panel with the

flame-sprayed door showed an improvemant of 8 dB qver even

the plain flame sprayed panel at some frequencies, although
usually the door assembly produced 20 dB less shiplding.

The latest access door design (providing flame npfly to
flame spraoy contact for electrical continulty) hag not vet
been tested by the period of the eighth quarterly raport.

summary, then, discusses the following:

The Composite Mstarial (Graphite/Epoxy)
Conductivity of Graphite/Epoxy Laminates
Shielding Effectiveness Maasurament Fixture
Method of Measuring Shielding Effectiveness
Plain Pancls

Joinad Panels

Access Doora
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3.0 TRE CONPOSITE MATERIAL (GRAPHITE/EPOXY)

Graghite/epoxy (Gr/Ep) was selected as the advamced composita ma-

Kerial te be itvestigatad for the following reasons:

4”' B
* Low current and forecasted cost per pound
. Ability to be molded into complex shaper

¢ Use on mold line surfaces that receive external
threats

L
e

Hercules 3501+8A/AS-1 Gr/Ep prepreg per GAC Material Specification GM30/2A
was used, Th%l material is resin treated, parallel-in-plane, collimated,

Hdéutliiﬁui gillar pre-impregnated tapa, capable of being welded with low precsura

(100 pii'inxiﬁhn) lnninnting methods., (For Gr/Ep, a typical fibar dismater
should be sbout 0.3 mil, with typical ply thickness of about 5 mil.)

3,0 SONDOCTEIVITY OF GRAPHITE/EPOXY LAMINATES

The room t.iﬁcraturn conductivity of Gr/Ep laminates of the 0°/90°/+45°
family (see the following text) was determined from resistance measursments
of panels performed at GAC and other data (see "The Second Quarterly Progress
Report", hereafter QR ;I). The basic assumption made is that the lauinate is
01QCttiéllly homogeneous and thus 1is described by a single bulk conductivity

aumbey.

Resiutance measurements were performed on 12-ply Gr/Ep laminated
panels with individual plies oriented so that their graphite fihers pointed

" {a the 0‘, 90* or + 45° direction. The specimens had a fiber volume fraction

of 62X and had dimemsions of 20 x 1 x 0.063 in., the last being the thickness

‘of the laainate stack. Measurements were made using a Hewlett Packard Model

4328A willohn mater and thin probing electrodes applied to specimens edge
treated for ohmic electrical contact.
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The edge treatment method evolved through thrse stages. ' The initial

method, involving aluminum flame spray 1/2 in. on each end plus adjacant edges)
of cured laainates, was inadequate due to insufficient adherence of the flame
spray to the cured laminate plus eventual galvanic aluminum/graphite corrosion.
The second method exposed the carbon fibers at the specimen ends by removing the
resin with a solution of hot sulfuric acid or by carbonization. After resin
removal, the exposed fibers were coated with a silver-~filled epoxy resin and
coverad with a 1 in. x 1 in. aluminum foil electrical contact pad. This mathod
yialded sxcelleant results, but was slow and not desirablae as &a electrical
connection method for aircraft structures., Finally, using the good data from
the second adge treatment method, a production-oriented refinement was achieved;
namciy,-n chamfer (i.e., bevel) on the order of threw to four times the thick-
ness from the edge, in conjunction with silvar-filled epoxy and aluminum pads.
Figure 1 shows the conductivities celculated from tha resistance measurements
(see QR II for tha references). Note that conductivity in the 0 direction is s
function of the squivalent 0° laminate (in percent) which is calculated by
assuming that a + 45° pair of plies 15 electrically equivalent to & single o*
ply and that the 90° plies do not contributé to the conductivity, Further,
stacking ssquence veriations do not significantly affect the conductivity of the

' laminats.

4,0 SHIELDING EFFECTIVENESS MEASUREMENT FIXTURE

Tha shielding effectiveness measurement fixture is an gll-welded
aluminum fixture about 10 ft x 3 ft x &4 ft, divided into four veytical compart-
ments., The transmitted signal is brought by coaxial cable from s shielded room
to a transmitting antenna in one of the inner compartments. It ghen passes
through a sample (e.g., Gr/Ep plate) mounted on an aperture in the wall between
the inner and the adjacent outer compartment, whers the recelving antenna is
located. Finally, it 1s carried out of tha fixture again by coaxial cable to
the receiver. All apertures, both external and internal, were hardenad by
installing & 1/4 in. x 3/16 in, radio frequency (RF) metal gasket, Type 20-40118
(Technit Corporation), et a distance of 1/2 in. from the edge of the opening
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in a rigid recessed groove. The external doors (one on the sida of each com-
partment) were fabricated by the Universal Shielding Corporation and are of the
UQ904 type, which electrically saals the enclosurs against RF leakage.

Each communicating wall in the fixture has a large aparture (24 in.
X 36 in.) over which can be £it a 27 i{n. x 39 in. aluminum fixture plate
with an additional small aperture (12 in. x 12 in). The panel and joint speci-
pens (meaguring 15 in, x 15 in.) are fitted over the small aparture, while the
access door specimens (measuring, once again, 27 ia. x 39 in.) a:n'fittnd over
the large apertura, To ensure against; RF leakage around the npociitﬁ edges the
specimens were adge treated (sse discussion of plain panels in the following
text), They were then mountad so that the electrically continuous picture
frame around the edge of the sample (resulting from the sdge treatment) firmly
contacted the RF gasket sround the aperturs. To accomplish this, a metal
frams or pressure plate was installed over the sazple and bolted to the mount
(bolts 1 in. apart) to provide an even distribution of pressurs on the ssmple,

\

RF gasket, and aperture,

5.0 METHOD OF MEASURING SHIELDING EFFECTIVENESS

The method employad to measure shielding effectivenesy is a two
pair antenna system, using the #bove fixture. Shielding nffuct&vcdnln is
measured by first taking a reference reading in one pair of compsrtments with
a naked aperture and then taking a meagurement in the other identical pair of
compartments with the sample mounted in the aperture. The diffeyence in dBs of
the two readings is the shielding effactiveness of the material ynder test.

Three types of fields were used: low impedance (H), high impedance
(E), and plane waves above 60 MHz. To enasure trus E and H near fields, the
distance from the trausmitting antenna to the sample was less tham A/27 in.
The same transmitting and receiving equipment was used for plans wavas; however,
in this case, tha distances wers greater than A/27m in. for electrically small
sntennas and ZDZ/A for larger ones, where D is the largest dimansion of the
transmitting element. Tables 1 and 2 show the equipment list apnd msasurement
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Table 2, H, E, and Plane-Wave Measurament Cenditions (QR VII)
GISTANCE FROM
TRANSMITTING
TYPROF | TRANSMITTING ANTENNA AECHIVING ANTENNA FREQUENCY RANGE| ANTENNA TO
Lo (INCHES) {INCHES) SAMPLE (INCHES)
M 3 (6 TURN {4,550, 1D LOCP} | 3 (8 TURN 8HIELDED LOOP) | 0.014-30 MHz 3
M 3(1 TURN 8Hi.: 26D LOOP) | 3 (1 TURN SHIELOED LOOP} | 30200 MMz 3
H 1{1 TURN LOOP 1 {1 TURN LOOP) 1GH1 1
‘W 1/8 (1 TURN LoOM) 1/8 (1 TURN LOOP) 90 QM 18
] 38 (mOD) 36 (MOD SMPIME VR.108): | 0,014-0,18 MHx 3
[’ 38 (ROD) 36 {MOD EMPIRE VA.108) 0.18=30 MMz 3
g 1(ROD) 1 {mOD) 1GHz 1
. 1/8 (ROD) 1/8 {ROD) 10 GMz 1/8
PLANE. | 3 (AOD) 3 (moD) 100 MMz 22
WAVE
PLANE: | 1(MOD) 1(mOD) 1 GHz 12
WAVE
PLANE. | POLAMAD CAX.-HOAN 1/8 (ROD) 10 Gk 12
1wave
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conditione for the tests (except for a slight modification of negsurement con-
ditions for specimen numbers (S/Ns) 1 through 4).

Each pair of transmitting and receiving antennas was checked for

squivalancy to snsure that conditions are the same in each pair of compart-
menta, This was done by setting up a field (E, H, or plane), placing a test
antenna in thdt field, and then taking a reading with a field strength meter.
o 1f the readings comparad to withio 2 dB when a second antenna was substitutaed

L e

g
L
I
¥
i
.

for the first; the two wers considered equivalent.

The enclosure was checked for RF leaks and maximum measurement range
of the equipmint, A 1/8 in. aluminum panel was used in the semple chamber,
with leaks baing indicated by obsexving anything above the internmal noise of
the receiver éhan the system is switched to that chamber.

1 6.0 PLAIN PANELS

Two Gr/Ep laminates were examined, 12-ply and 24-ply thicknesses of
the same type (17X 0°, 17 90°, 66X + 45°%). Specifically, the 12-ply panels
were danoted (2/2/8), indicating the number of plies in each of the orientations
of the 0°/90°/+ 45° family of composites. Similarly, the 24-ply panels were

denoted (4/4/16).

The candidate surface protection system specimens were of the

following types:

¢ Unprotected (bare) Gr/Ep laminates

¢ 120 x 120 grid aluminum mesh (0,010 in. thick) bonded ¥
and co-cured with Gr/Ep by an unsupported epoxy film ) Lw
adhesive (Reliabond 298U, 0.06 1b/¢+2).

¢ 200 x 200 grid aluminum mesh (C.005 in. thick) bonded
and co-cured with Gr/Ep by an unsupported apoxy film
adhesive (Reliabond 398U)

A-10
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. Alumioun flame spray (4 to 6 mil) om L wil fiberglass/
epoxy prepreg scrim co-cured with Gr/Ep laminates

¢ Hexcel XC484 aluminum coated conductive fibarglass/epoxy
prepreg co-curad with Gr/Ep laminates

¢ Vapor deposited aluminum (3.0 to 5.0 x 1076 1n. thick)
added to a bare Gr/Ep panel
° Vapor deposited aluminum (3.0 to 5.0 x ].0"6 in. thick)

added to an aluminum flame spray specimen (described
above)

In addition, foutr panels manufactured by the Hexcel Corporation paing their
Thorstrand“ material system, which utilizes an aluminized fiberglass (XC487/F155)
with 1543/P155 fiberglass cloth, were aloo tested.

Table 3 details the test program for both plain and joined panals.
The shielding effectivensss speciuens were edge treated (in a modification of
method three of the conductivity test) in corder to provide intimate elactrical
contact with the graphite fibers. Each specimen was chamfersd 3t x t/2 (where
t im the panel thickness) on both asides, for all sdges, cresting & knife edge
which effectively exposer six times the oviginal fiber end cross sectional
area. Then, for & dietance of 1.5 in. on both sides sround the periphary,
the surface was coated with a thin continuous layer of silvar~filled conductive
epoxy. Finally, before the epoxy cured, a layer of 0,010 in. thick aluminum
foil was applied again for a distance .of 1.5 in. on both sides sround the
periphery, as was tha epoxy. After two hours at 140°F, the epoxy had fully
cured and was raady for drilling and mounting in the fixture,

Regults of tests for the 2/2/8 Gr/Ep panals are shown in Figures
2 through 4. Included are curves calculated from a general shielding effective-
ness equation (ses QR III):

SE=A+R +R, 1)

1

where SE is the total shielding effectiveness in dB, A is the abrorption power
loss, Rl, is the reflection power loss of the boundaries of the ghield, and
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Table 3. Shielding Effectiveness Test Program (QR V)

PRCIMEN TYPE OF PROTECTION NQ,OF | NO,OF | HMELD | B:PIELD | PLANS.
NUMBER PLIES | TESTS WAVE
$/N 23 BARE 12 2 X X X
N1 ' 24° | X
¥Ns 120 ALUMINUM MESH 2 x
/N 8A 12 2 % x X
N4 120 ALUMINUM MESH M 2 n X X
/N 4A 1 N X X
2 N7 200 ALUMINUM MESH 12 1 “
3 YNO 24 1 X
- NS ALUMINUM FLAME 12 1 x
3 $NO SPRAY (4-6 MILS) 2% 1 X
8/N10 ALUMINIZED 12 1 x
N 11 FIBERALASS 24 1 X
4N 12 VAPOR DEPOSITED ALUMINUM 12 1 X X X
BN 4 ALUMINUM ELAME SPRAY 12 1 x X X
AND VAPOR DEPOSITED
o ALUMINUM
$/N 20 BARE WITH HI-LOKS 12 1 x % X
AND ALUM, DOUBLER
VERTICAL JOINT
YN Y SARE WITH STRESS RIVEYS 12 1 x X x
AND ALUM, DOUBLER,
VERTICAL JOINT
SN 22 BARE WITH HI-LOKS AND 12 8+ M X X
24 PLY GR/EP DOUBLER
VERTICAL JOINT
e —— BARE ALUM, WITH HI-LOKS - 1 X X X
AND ALUM, DOUBLER,
VERTICAL JOINT
/N 23 BARE WITHOUT DOUBLER, 12 1 X X X
FASTENERS AND LIQUID
< SHIM, VERT, JOINT
Q 8/N 244 BARE WITHOUT DOUBLER 12 1 x X X
FASTENERS AND LIQUID
2 SHIM, HORIZ, JOINT
N U8 BARE WITH HI-LOKS AND 12 1 X x X
24 PLY GR/EP DOUBLER
HORIZ, JOINT
S/N 32 BARE WITH STRESS RIVETS 7 1 X x X
AND ALUMINUM DQUBLER,
HORIZ, JOINT
8/N 831 ALUM, FLAME SPRAY 12 1 X X X
HI:LOKS, ALUM, DOUBLER
VERTICAL JOINT
8/N 2001 ALUM. FLAME SPRAY 12 1 x X X
HI-LOKS, GR/EP DOUBLER
VERTICAL JOINT
S/N 18 BARE | 1 X % X
S/N18 BARE ] i X X ®
3 SN 1Y BARE 2 1 x X X
N1 BARE ) t x M X

MRS O S N

* NOT EDGE TREATED, ALL OTHER SPECIMENL: »AE EDGE TAEATED
+ TIGHT HI-LOKS, LOOSE Hi-LOKS, NO MOUNTING BOLTS ON DOUBLER, AND NO

DOUBLER
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Rz is the corraction factor due to reflections from the far boundary of the
shiald,

More specifically, the absorption loss A is given by:

A= 3.338t fia £ (2)

where { is the frequency in Hz, t is the thickness in iaches, % is the alec~-
trical conductivity of the material relstive to copper, and Y is the perme-
abllity of the materiasl relative to space. The total reflection powsr loss,

Rl, has a different form for each fiaeld (H, E, or plans wave) and further de-
pends on £, Opr W and ¢ (the distance from the source to the shield in inches).
The correction term, Ry» has the same form for all fields and depands on

£, UR’ M, and and zs (the intrinsic impedance of the shield in vector form in
ohms), and Z, (the incident wave impendance in vector form in ohms).

For the 2/2/8 Gr/Ep layup (coresponding to 50% equivalent 0°
laminate), Figure 1 yields a conductivity of 17,500 mhos/m (i.e., Op ® I x 10'4).
The same holds for the 4/4/8 Gr/Ep layup. The relative permesbility, u, is
takan to be 1. Frow Figure 2, it will be noted that the bare Gr/Ep shield-
ing effectivenass data fall within 3 dB baelow the calculated curve for from
0.01 to 10 MHz, falling to 10 dB below at 100 MHz. Tharefore, the agreement is

good in the magnetic field case. However, as seen from Figures 3 and 4 the data

for bare 12-ply plate fall at least 30 dB below the curve for the E-field and

.plane wave cases, This discrepancy has not been resolved.

The same qualitative results held for the bare 24-ply plate, with

‘lower E and plane wave data possibly due to lack of edge treatment (for that

one specimen) resulting in poor electricdl contact with the fixture.
Among all the plain panels tested, the ones witﬁ the aluminum flame

spray provided the most shielding. This is probably due to the continuous
sluninum coating. The panels with the 200 aluminum mesh did net provide any
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{mprovement in shialding of over the bare graphite epoxy (probably due to
lack of {ntimate contact along the adges of the panel). Also, the vapor
deposited sluminum panel apparsntly had too little protection (i.e., 3.0 to
5.0 x 1078
performance of the aluminized fiberglass fover Gr/Ep) panels is dus to the

in. thick) to show any improvement over the bare Gr/Ep. The poor

fact that the aluminized fibar was alignsd only along the transverss direction
of the panel,

The four panels manufactured by HEXCFL Corporatiom [layups of one
0° ply (S/N 15), two 0° plies (S/N 15), one 0° ply and ona 90° ply (8/N 16),
‘and ona 0° ply, oms 90° ply (S/N 17) and one pair of + 45° plies (S/N 18)] gave
low results (even after edge treatment), compared with the other typas of panels
tested. With 12 or more plies of this material, a much higher shielding might
be obtsined. '

Surprisingly, the 12-ply panal with 120 aluminum mesh did not perform
as well as the 24=-ply panel with the same type of protaction. The 12-ply
panels were re-sdge~treated to improve elsctrical contact, but still gave about
half the shielding effectiveness (in dB) of the 24-ply panals with 120 aluminum
mesh fog li-fields at frequencies from 0.014 MHz to 10 MHz. The quality of the
contact srea of the mash and the Gr/Ep panel nay affect this result, but at
present this discrepancy is unresolved.

Finally in the investigation of plain panels, a formula for the elec~
trical coaductivity of the protected panel: (e.g. fluae sprayed Gr/Ep) was
used as a chack on the protected Gr/Ep shialding effectiveness data (see
QR IV). The resulting H field shielding curves for the flame spray and
aluminum mesh panels fit the data quite well, showing the validity of the
parallel resister model which resulted in the formula. (The inconsistencies
for the 120 aluminum mesh on the 12-ply panel wers discussed above).

A=-1/
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7.0 JOINED PANELS

The next stage of the shielding effectiveness program was the in-
vestigation of composite air passage butt joints. Plain 12-ply Gr/Ep panels
from the previous tests were cut in half and rejoined with one of tha following
doublers (Figure 5):

¢ Aluminum, 1/8 in. thick and 3 in. wide with fasteners
spaced 1 in. apart

¢ 24=ply (4/4/16) Gr/Ep, 3 in. wide with fasteners
gpaced about 1 in. apart

Each joint had aither Hi-Lok fasteners or stress wave rivets. To provids for
air passage smoothness, the gap batween the two panels (typically 0,063 in. for
the 12-ply Gr/Ep joints) was filled with EA 934 liquid shim. As showm in
Table 3, various conditions were tested:

. Aluminum versus Gr/Ep doublers
% Hi-Loks versus strass wave rivets

¢ Tight Hi-Loks, loose Hi-Loks, no fastenars, no
mounting bolts on doubler, no doubler, no liquid
shim ‘

° Vertical joint versus horizontal joint

' o Bare 12-ply Gr/Ep joined panels, flame sprayed joined
panels, 1/16 in. aluminum joined panel

(The aluminum panel and joint were included o test tha joint coufiguraticn
itself.)

Lastly, the RF tight joint concept (described in the following
text) was examined for several specimens not listed in Table 3.

The results of the firgt four joint testa listad in Table 3 showed no
significant differance in shielding effectiveness betwuin the typea of fasteners
usad. The stress~riverad specimens showed only a slightly higher shielding
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sffectiveness at frequancies above 10 MHz., Similar rasults held for the
doublers, except the aluminum doubler was very slightly more effective ovar most
of the test range, rising to & 10 dB improvement over the Gr/Ep doubler in the
H-£field at 100 MHz.

These joined panels behaved similarly to those in the corresponding
plain panel tests. However, the joined panels had three times the thickness of
Gr/Ep at the joint than the plain panels, indicating RF leakage. In any case,
the results showed that the joined panels provide sdequate shielding.

The aluminum plate specimen performad better than any of the other
configurations (about SO dB better for the H-field, about 100 dB battar at and
above 10 Miz for the E-field, and about 30 dB batter for the plane wave test).
At 0,014 Mz the measured value for the H-field test was in agreement with the
value calculated from Equation 1, using & 1/16 in. thick aluminum plate. As
the frequency increased, the measurad values devistad from the calculatad onas,
thus showing the affect of joint leakaga. As a part of the test of S/N 2J2
(12-ply Gx/Ep panels joined to & 24~ply Gr/Ep doubler with Hi-Loks), various
Hi-Lok tightness conditions were investigatad. It vas found that the magnetic
shielding effectiveness decreases with a reduction in tightness. The data
for the E~field, however, indicated that at low frequancies no Hi~Loks gave
batter shislding that any other configuration. 'This surprising result can be

dxplained as follows.

The Gr/Ep of the pansl and the doubler is a poor conductor compared
to ordinary metels (conductivity is three orders of magnitude less than alumi-
inum). Since the Hi-Loks are good conductors and do not make good contact with
the fibers of the Gr/Ep panels, it is theorized that a small capacitance is set
up between the Hi-Lok and the panel and doubletlcombinstion. As a result, the
Hi-Loks act as small antennas at frequencies where this capacitance is high
(around .1 MHgz), increasing the coupling betwesn tha test antennas and thus
decressing the shielding effectiveness of the joint. At low frequencies, the
tain coupling hetwaen test antennas is through the pansl, while at higher
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frequencies (1 MHz to 1 GHz) tha above capacitive reactance decresses and the
Hi-Loks shott out to the panel, leaving shielding effectiveness independent of

fastenar tightneas.

The next four bare Gr/Ep panel joint tests (S/Ns 233, 2J4, 2J5, and
3J2) gave reasults on joint leakage and the effect of joint oriantation with
respect to the impinging field., The results for the (2/2/8) bare Gr/Ep
joined pansl without fastaners, doubler and liquid ehim indicated much less
shielding than the previous tight joint tests. The shielding of the bare 12-p1§
panel with various fastenar-doubler combinations was then compsred with plain
panel results (Figuras 6 through 8). The data indicate that the joints leak at
high (>10 Miz) frequencies in & magnetic field and at low frequencies (<1.0 Miz)
in an electric field, In general, tha joints with a 90* orientation gave simi-
ilar shielding data to the 0 orientation for H-fields at frequencies balow
10 MHz, but producad at lesst 10 dB less shielding for E-fialds at fraquencies

above 10 MHs,

The shielding effectiveness of the aluminum flame spraysd panals
joined to an aluminum or Gr/Ep doubler with Hi-Loks (i.e. S/Ns 551 and 20J1)
was greater than that for those without flame spray for frequencies <10 MHz
in both U~ and E-fields., Above this frequency the joint leaks and flame spray
makeas 1o difference. For plane waves, the panel with the Gr/Ep doublar
indicated that flame spray provides additional shielding over bare Gr/Ep,
but the panel with the aluminum doubler did not show tha same results.

To reduce the RF lsakage in & typical aircraft (ailr passage)
Gr/Ep butt joint, an additional surface protection lYILQm vas desired. The
main problem was to provide electrical continuity between surface protection
systems (s.g., aluminum flame spray) on either sida of the joint. Of course,
the ultimate goal would be to provide a butt joint specimen with the samu
shielding effectiveness as a continuous flat panal,
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The result of this investigation was the RF tight joint concept which
utilized a 1.0 in, wide strip of aluminum flams spray, applied along the length
of the joint seam by maans of the GAC daveloped sacondary flame spray appli-
cation technique, rour test spacimens ware then produced (not listed on
Table 3).

‘The first two wers 15 in. x 15 in., 24-ply (4/4/15) Gr/Ep with
either 4 to 6 mil of aluminum flame spray or 120 x 120 grid aluminum mash,
Thay were then cut 4in half and rejoined (as with the other joihcd panels)
with 24-ply Gr/!ﬁ doublers and flush~head Hi~Loks. Finally, the secondary
flacme spray wam applied t tua joints. After these two specimens were tastad,
conducting tape was addnd directly over the sacondary flaume spray to test
‘adding more conductive material as compared to widening the joint protection
arsa. Copper tape (1.0 in. wide and 1.5 mil thick) was applied divsctly ovaer
the secondary flame spray while the aluminum tape (2.0 in., wide and 3 mil
thick) was applied not only over the secondary flame spray area, but also on
the heads of ‘the Hi-Loks on both sides of the joint area.

The taest results showed that in tha majority of csses the RF tight
Joint concept displayad similar shielding effectiveness to that of the con-
tinuous flat panel of the same material makeup (i.e., 24~ply Gr/Ep with either
4 to 6 mils aluminum flame spray or 120 grid aluminum mesh). Also, although
the addition of the copper tape Liad a slightly greatecr sffect than the addi-
tion of sluminum tape, it most cases neithar had much effect on the shielding
effectivenass of the basic secondary flame sprayed RY tight joint concept,

8.0 ACCESS DOORS

The objective of the most recent satage of tha shielding effectiveness
investigatinn was to detearmine the extent of RF leakage through the access
‘doors of a cov.osite alrcraft, Initially, the investigation involved con-
ventional access door to surrounding structure interfacas, such as those

VST RS il b A e Bl -




found on present day metallic aircraft, to parmit a direct comparison between
metal and Gr/Ep access doors. Latar, interfxce modifications will be used to
reduce the amount of RF leakage through the Gr/Ep doors.

The access door test panels were constructed as described in the
test plan (Tabla 4). They conalsted of 12-ply (2/2/8) bpre or aluminum flame
sprayed Gr/Ep panels (27 in. x 39 in., us described in Section 4.0) with an in-
tegral ~15 in. ¥ ~15 in, x 0.125 in. deap regess. Further, soms panals were
eadge treated (as described in the paragraph on plain panels), and some had a
12 in, x 12 in. cutout within the panel recess. The first two access door
types were 15 in. x 15 in. bare 12-ply Gz/Ep (D-1) and 15 in. x 15 in, alumi-
nua flame sprayed (metalized) 1l2-ply Gr/Ep (D=2). Other modifications, such as
the addition of dimpled washers to both metaiized (D-2A) and bare (D-1A) access
doors, and a two plece metalized sccess door assembly (D=3, shown in Figure 9)
have not been testad. Note that D=3 (mounted on a metalized base panel as in
! Figure 9) provides £liwe spray to flams apray contact across the door-to-panel
3 attachment intecface.

S o raamesaoe

As shoun on Table 4, thae first three tests coverad chamber equivalency,
. cdg? laakage through the large and small apertures, and the effect of r2-
! moving the RF gasket around the small aperturs. The results of Test Number 1
: . (T/N 1) ehowed ths chambers to be, for engineering purposes, equivalent. Tha
ﬂ small differences in maximum field pickup were within the accuracy of the
: measuring equipment (e.g., 2 dB). T/N 2 also showed chamber equivalaency, but
f also showed lealiage around the edges of the large and small aluminum flxture
plates. The total lesakage was less than the internal noise of the raceiver,
except for H- and E-fie)ls at 10 GHz (large aperture edge leak -~ about 50 dB,
small aperture edge leak - about 3 dB), and the E~field at about 0.01 MHz
k- (large apurture edge leak - ~10 dB, small ape ture edge leak - ~4 dB), T/N 3
) showed that the removal of the small aperture RF gasket does not have much

g
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effect oun results.
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Table 4. Revised Test Plan To Datermine Shieldiug Rffectiveness Of
Graphite/Epoxy Access Doors (QR VIIL)

TasT A CHAMBAR 8 CHAMBER

NO (L/H 81BE) (R/H $1DE)

LARGYT APERTUNE OPEN

LARQE APERTURE OPEN

2 | ALUMINUM FIXTURE PLATE COVERING | ALUMINUM FIXTURE PLATES COVRRING
LARGE APERTURR ONLY LAMGE AND SMALL APERTURE
3 | ALUMINUM EIXTURE PLATE COVERING | ALUMINUM FIXTURE PLATES COVERING
LARGE APHRTURE ONLY LARGE AND SMALL APERTURE WITH
SMALL APENTURE AF GASKET REMOVED
4* | PANEL 1A PANEL 2A-1
§ [ PANELTAI PANKL 18-
§ | PANEL1AZ PANEL 242
7| PANEL 1A PANEL 182
8 | LARGE OPEN APERTUAS PANZL 182
9 | PANEL1AZ PANEL 2A3
10 | PANEL1AZ PANGL 2A4; D1
11_|_LARGE OPEN APEATURE PANEL 184
12| LARGE OPEN APEATURE PANEL 183, 02
13 | LARGE OPEN APERTURE PANKL 18:3, O-1
14 | LARGE OPEN APENTURE PANEL 243, D-2
18 | LARGE OPEN APRRTURE PANEL 183, D-1A
18 | LARGE OPEN APERTURE PANCL 183, D24
17 | CARGE OPAN APEATUNE PANEL 243, D-1A
18| LAAGE OPEN APRRTURE PANEL A3, D-2A
19| LARGE OPEN APRRTURE PANEL 243, 03
20 | LARGE OPEN APERTURE PANEL 183,03

*NOTE ~ THE SPUCIKIC PANBL DESIGNATIONS AS THEY APPEAR IN TABLE 2.1 ARE DERINED
‘NOTE ABFOLLOWS:

* TAN2A - 12PLY (2/2/8) BARE GRAPHITE/EPOXY PANEL (27 INCHES x 30 INCHES)
WITH INTEGAAL 0,128 INCH DEEP RECESS

* 10 ~12PLY (2/2/8) ALUMINUM FLAME SPRAYED GRAPHITE/EPOXY FPANEL (27
INCHED x 30 INCHMS) WITH INTEGRAL 0.128 INCH DENP AECESS.

YHE DASH NUMBERS APPEARING IMMEDIATELY AFTER THE ABOVE SYMEOLS ARE
DEFINED AS FOLLOWS:

¢ (=1) = NO BOQE TREATMENT, NO CUT-OUT

¢ (=2) = EOGE TREATED, NO CUT-QUT

¢ (-3) ~ EDGE TREATED, 12 INCHES x 12 INCHES CUT-OUY WITHIN PANEL RECESS,
18,0, 10-2 13DEFINED A3 RDCE TREATED ALUMINUM FLAME SPRAYED GRAPHITE/

§POXY PANEL WITH NO CUT-QUT)
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T/N 4 and T/N 5 showsd that ;lnol 1B-1 (flame-sprayed) had up to
15 dB increased shielding effectiveness over the unprotected spacimens lA-1
and 24-1. However, all theme large panels provided about 8 to 10 dB less
shielding than did the small plain panels tested earlier in the program. This
decrease in shielding may be attributad to the leakage through the attachuent
perimeter of the large panels, which is double the length of that of the

sualles panels. )

Edga trestmant of the large panels (in T/Ns 6 through 8) increased
the shielding effectiveness only at frequenciss above 100 MHz.

v The results of T/N 9 and T/N 1l to determine the shislding effective-
ness of panels with cutouts, but without access doors, wera not shown, because
1 they offered little to no shialding. ‘

The reast of the completed tests (i.e., T/N 10 and T/Ns 12 through 14),
i compared bare and metelized continuous panela against bare and metalized cutout
panels with bare and matalizad access doors. In most cases, the continuous
panels (2A-2 and 1B-2) displayed the greatest shielding effectiveness against
H, E, and plane wava EM radiation, especially at the high frequencies. The non-
: continuous panels (2A-3 and 1B-3), with the access doors mounted in place, dis-
i played a maxiwum reduction in shielding effectiveness of 38 dB for the
: : 1 GRz E-fleld measurement of panel 2A-3 with door D~2. Howaver, in most cases,
the utilization of the aluminum f£lama sprayed access door (D-2), as opposed (
to the bare or unprotectad accese door (D-1) showed an increass in shielding
effectiveness of as much as 31 dB. Further, in many cases, espacially at
luwar fraquenciss (up t¢ 100 MHz), the utilization of access door D-2 showaed
. an increasc in shielding effectiveness over that of the continuous panels as
well (Figures 10 through 12).

L i, S TN o WY e i TR i Bl i B T e L o

T

A-29

S

o o,
NV P P

SpL e e e e
: ool e b o, T Sl e




= Tt

(11IA ¥h) suswmpodadg zo00g
S5920y 4Axodg/oijudean gfz/¢ 3O SSIUSATIDAJIF SUTPIITUS PISTA-H 0T 2In314

ZHN ADN3NDIYS Gvoo¥Izt

01 b 13 0001 oo o G 100

A=-30

8P 'SSINIAILOI S 43 ONICTAIHS

Unorind é'nﬁ—!ﬂﬂgggﬂn’u;‘ —.OGOA.KH HAIMESL TSNV o e« <=0
IN0-LND HAIM Z-81 NO GIINNOW HO0Q OIAVYES W14 ) Z-Q HOOQ HUIMEBL TINVY e = )
UNO-1ND ON HIIM TINYE O31V3UL 3903 ‘GIAVYES V1) 281 13NVY ———ereeiy

B T o




{(111A #b) suswpdadg 1ooq
88900y £xodgjaIyyde1y g/z/z7 3O #8900ATINNIIA SUTPTATUS PI°¥A-A 11 2Indy4

T “AININ0IYS e
ot 11 o001 oo ot 10 100
T Y T ) 0
4

(LNO-1ND H1IM Z 41 NG GILNNOW H00A GILII108NNT (-C HOOQ HLIMEEBL I1INVd — — — —0 Hdor ’
(LNO-1ND H1IM Z-81 NO GI1NAOW S000 Q3AVHES Y13} TO HOOG HLIME 81 TNVY e = —}

L4N0-1ND ON HiiM 1INV 031V3HL 3903 'CIAVEIS INVII) 781 13WVd g ¢ z

=

o

- e w
o— — — = - a
4o 2 <

Q

34

<

m

b 4

-]

[

s

2

-]




&
i3
i
1y
]
ki
1
1}
\
b
3
f
'
1,
3

Auwu> 3b) suwowpdadg 100Q SS300Y

Axodgfoayydeay g/7 /7 3O SSOUIATIIVIJA JUTIPTATYS Aep-duwryd °ZT 2and13

24 *AJN3ND3YS
p 11 n o001 o0k [ 10

90

URO LR HUM TS Sggﬂgfﬂgggwdg& r—————s
LNO-11D HLIM Z-81 NO GIINNON YOOO GIAVHES INV14) TO H00d HUMESL 1NVY ¢ — —2O
’ UNO-1M) OK KL 13NVE O31VIRLL g.@é IV T8 1INV ey

9P 'SSAINDBAILDE4 43 ONIQTIZINS

A-32




' APPENDIX B

SRC TN 79-1011 Copy __of 5
Novembar 1979

SUMMARY OF GENERAL DYNAMICS COMPOSITE
FORWARD FUSELAGE

o SYSTEMS INTEGRATION PROGRAM
s
\(‘v.
i
\
g By
R. Rudolph

Contract NOOOl4-78-C-0673

Prcpirnd for

Office of Naval Resaarch
Arlington, Virginia 22217

Flle No, DO168




TABLE OF CONTENTS

Section ' Page
1 INTRODUCTION AND OVERVIEW + + + + & & o o o s o s+ + » B=S

J 1.1 Test APPTOoaCh . ¢« & v 4 v v 4 4 4 o s o s+ 4 4 . B-5
} 1 ’ 2 COﬂcluBionS D T T e N L T S T ST SR SR T S 8—9

2 LIGHINING SIMULATION AND INDUCED VOLTAGE
MEASURMNT' TECHNIQUES L N S T T T T S S T SR B | B"'ll

s

2.1 Natural Lightning and Fuselage Response , . . . B-ll
2.2 fSimulation and Measurement Techniques , . . , . B-12

E 3 COMPARISON OF PREDICTED AND MEASURED RESULTS . . ... B-15 ¥
. 4 ADDITIONAL MEASUREMENTS . . . 4 4 & & ¢ o o 4 o 4 . . B=21 :,;]4
& 5 DRIVING POINT WAVEFORM AND INDUCED VOLTAGE
I MECHANISMS -~ THEORY AND PREDICTION .+ 4 4 « » & « + . B=29
; :

¢

]

5.1 Driving Point Waveform . . . « + « o+ « o +« + + . B-29
Resistive/Diffusion Voltages in Homogeneous

TUBBS « 4 + 4 ¢ ¢ v o ¢ 4 e e 0 4 s s e s . . B=34
5.3 Reslstive/Diffusion Voltages in Complex

w
~n

0 Electrical Geometry v o+ & 3 s 8 4 & % B & 8 & B-ao
i 5.4 POTENT Computer Progra&m . . « + « o « o « « + o B=45
3 5,5 Surface IR VOLLaBeS . « + s+ « « « o « s o s & o B=43
4 5.6 Diffusion Flux Induced Voltages . . . . . . . . B=47
3 5,7 Aperture Coupled Voltages . . « o « « « « + + » B=49
2; 2
! ;
3 1
;" !
3 L';

ek e

B-~2




Figure
1-1

3 5=1
5=2

5=3

A
5-5

5=6
58

3=9
3=10

LIST OF ILLUSTRATIONS

Overall Forward View of Test Setup for Simulated

Lightning Strdkes . . + & v v v v v o v b 0 4 e e 4.

Composite Forward Fuselage and Basic Test Areas . .
Test Setup in the Forward Bay . . . . + + » & « « &

Comparison of Measurad and Calculated IR Voltages
on Graphite/Epoxy Interior Surface . . « « « + . .

Plot of IR Voltage Drops Near a Grounding Strap
in th. Fow‘rd B‘y . . L] . . " () . L] . » L ] L[] . L] L]

Flux Density Calculations from Three (2 x 4 inch)
Loops Near a Grounding Strap in the Forward Bay . .

Lightning Generator Equivalent Circult , . . . . .

Current Pulse and Aparture Coupled Induced
Voltlg.l-..............’.-...

Theoretical and Practical Spectra of I and di/de¢
for Current Pulse (shown ineet) . « . « « v « « 4+ &

Driving Point Waveform - Overdamped . . . . . . . .

il 2
Graphofl+22(~1)nexp:-%—t- Ve e e s
n=]l M

IR Voltage in All~Metal and All-Graphite Structures
Intarior Flux Distributions for a Cylindrical Modael
Diffusion Flux Induced Voltage . . . . . . . . . .,
Station 75 ~ Calculated Flux and H Values . . . . .

Flux Contours and Induced Voltages - Aperture
varsus Graphite/EPOXY « « « ¢ v ¢ ¢ « 4 v o « o v &

B-7
B-8

B=11

B-18

B-24

B-25
B-29

B-32

B-33
B=35
B-37

B-39
B~41
B~44
B-46

B-48

i e ke e e .

Y and
S -

S A e iw ek D

T

e




LIST OF TABLES

[
Table | Page ]
3-1 Comparison of Msasured and Calculated Loop o
F‘ VOLLAGEE + v v ¢« v« ¢ o v 4 e s v 4 e e s s, BelS i
4=1 Metal Straps/Resistance and Symbols for Graphs . . . B=22
42 Data From Coaxial Cable Tests in the Forward Bay . . B=26

e

TRl

LS NN PR L - Sty e 4 e

R A AR o

NS

R PP
R L T T




Lo
B
x
d
3
i
i
!
|
it
\

SECTION 1
INTRODUCTION AND OVERVIEW

This report summarizes work done by Gensral Dynamics Corporation,
Fort Worth Division (with contributions to the affort made by Culham Laboratory,
UKAEA Ressarch Group, United Kingdom), for the Air Force Flight Dynamics Labora-
tory, Advanced Composite Structure ADP, Wright-Patterson Alr Force Base under
Contract F33615-76-C-5439, The Composite Forward Fuselaga Syetems Integration
program, covering the period April 1977 through May 1978, was initiated to per-
form the development necessary to guide the integration of avionic and electri~
cal aystems into the composite aircraft structure. The final report (AFFDL-TR-
78-110) was published September 1978, We will examine Volume II of that report,
which covers the identification and modeling of the induced effacts of lightning.

The rest of this section covers the test approach and conclusions of
the program. The remaining sections of this report are:

2. Lightning Simulation and Induced Voltags Measurement
Techtiiques

3. Comparison of Predicted and Measured Results
4. Additional Measuraments

5. Driving Point Waveform and Induced Mechanisms -
Theory and Prediction

In particular, Section $ consolidates and slightly expands on ths major theo~-
retical and calculational aspeacts of the General Dynamics report,

1.1 TEST APPROACH

The composite material used was graphite/epoxy which, with a conduc~
tivity 1073 times that of aluminum, could be expected to allow greater penstra~
tion of electromagnetic (EM) radiation into the fusselage interior, thus possibly
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threatening avionic and slectrical systems. In order to evaluate this situation
in detail, the program focused on the following areas:

i * Development of a simplified test configuration (consisting
i of a single-stage capacitor bank lightning simulator), a
§ graphite/epoxy YF-16 forward fuselage test article, and a
raturn conductor (consisting of three broad metal plates),
: which both completed the test circuit and ensured free-
field conditions exterior to the test article (Figures 1-1
Lo and 1-2)%, The resulting driving point waveform was a
, usipolar pulse with no overshoot, typically having a cur-
- reut maximum of 20 kA, di/dt muximum of 17.1 kA/us. Test
{ results (i.e., interior wiring voltage pickups) were then
o scaled up to simulate the effect of lightning threat parsm-
aters (200 kA; 100 kA/us). .

ﬁ; , * Evaluation of low frequency (LF) and high frequency (HF)

i effacts, including those related to the driving point

5 vaveform (LF), its time derivative (higher frequemcies,

i see Figure 5-3), and to fusalage rasonances (HF). (Section 2.)

¢ Determination and measurement of basic mechanisms coupling
i external EM radiation to interior wiring. (Sectiom 3.)

; ' ¢ Development of simplified models and theory of induced
! mechanisms, including predictive calculation techniques
to compare with test results, (Section 5.)

* In addition to, and in conjunction with, the badic test program,
g special tests were conducted to evaluate the following aspects of coupling

L phenomena:

° Magnetic flux distribution inside fuselage

® Small aperture effects

%' ° Effect of additional metal conductors and their impact
b on the circumferential variation of fuselage interior

voltages

® Performance of twisted pairs, coaxial cables, and
! shielded twisted pairs in the presence of aperture
. and diffusion fields

;% f WALl figures and tables are taken from Report AFFDL-TR~78-110, except as noted,

f’ B-6




Overall Forward View of Test Setup for

Simulated Lightaing Strikes

Figure 1-1.
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° HF affects inside enclosed areas due to capacitive
coupling

* Electrouics (F-~lll vintage) powered up tast on the air-
craft to test for interfarence or damage.

For this last test, with F~1ll vintage avionics installed in a typical manner,
the structure was tasted with u 125 kA peak, 32 kA/us maximum rate of change
current pulse while the systems were operating. No failures or perturbations
occurred. (Section 4.)

1.2 CONCLUSIONS

As a rasult of the program, a number of conclusions ware drawn about
lightuing effects in a graphite/epoxy fuselaga. Some of these conclusions are
also applicable to metal airframes;

¢ There are thrae primary mechanisms of energy transfar from
a lightning strike to electrical/alectronic equipment.
Thess primary transfer wechanisms assume that design pre-
cautions have bean taken to prevent direct transfer of
energy to the interior of the fuselage shull (e.g., by
conduction of a lightning stroke down a pitot line ox
pitot heater wiring):

1.- IR coupling (Jp voltage per unit length) produces
a voltage drop along the interior surface of tha
graphite/epoxy fuselage, which may be picked up
by wiring with electrical connections thera.

2., Diffusion flux coupling produces voltages in wire
loops which are interior to a graphite/epoxy fuselage.

3. ‘Aperturs flux coupling induces voltages in wire loops
in the usual way (directly from the external field
via Faraday's law).

Mechanisms 1 and 2 comprise resistive/diffusion coupling
mechanisms which pass the sxtarnal field through imperfaect
conductors, such as graphite/epoxy. Case 1 is due to the
large skin depth of graphite/epoxy, while Case 2 1s, in
addition, due to fluxes producsd during current redistri-
bution to fuselaga regilons of lowar resistance., (Sub-
sectiona 5.2 and 5.3.)

B9
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} . ' Resistive/diffusion coupling produces voltages propor-
¥ ‘tional to the driving point waveform (Corollary 1,

§ Subsaction 5.3.1), while aperture coupled voltages
E‘

t
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(which are relativaly independent of fuselage rosis-
tivity) produce, as expected, voltages proportisnal
_ to the injected current di/de. (Subsection 5.7.)
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® Resigtive/diffusion coupled voltagus are LF signals
(b-low L Miz; see Figure 5-3) and will impact only
those circuits which form significant loop areas
and/or have multiple airframe reference points.
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¢ High frequency effects (above 1 MHz) are primarily
aperture dominated (Figure 35-3). However, due to

; the short diffusion time through graphite/epoxy, HF

b affacts can appear inside a4 fuselage and be distributed

i by the E-field developed along the graphite/apoxy shell

; interior surfaces.

~‘§ ‘ ¢ fThe fuselage rasponse (an HF longltudinal resonanca)
Lo ‘ behaves in a mauner predictable from transmission line
e theory and is independent of fumelage material

] (Section 2).

* The IR voltages appearing ineide the fuselage will be
approximately 3 x 103 higher than they would de in an
aluminum fusalage. (Subsection 5.2,) o

% " Inducad effects due to diffusion flux can never be
higher than the highest Jp voltage which exists along
thie interior surface of the fuselage. (Corollary 3,
Subsection 5.3.1.)

° lLinear scaling of induced effects in a graphita/epoxy

ki : fusalage is not always permissible. If system response

. information is dusired at high lavels of I and di/dt,
testing must be done at high levels to determine if

o nonlinear conditions exist, Once appropriate scaling

L factors are determined, resistive/diffusion voltages

§ ‘scale by T and aperture voltages scale by di/dt,

jﬁ ' (Section 2.)




SECTION 2

LIGHTNING SIMULATION AND INDUCED VOLTAGE MEASUREMENT TECHNIQUES
2.1 NATURAL LIGHTINING AND FUSELAGE RESPONSE

It has deen estimated that approximately 75 percent of all natural
lightning strikes to the F-16 will initially attach in the nose radome area
and then be conducted through the total length of the forward fuselage, exit-
ing toward the aft end of the aircraft in s refutn stroke. Other possible
fuselage attachment locatjons would result in the lightning strike being
swept back from the primary attachment point, a condition of more interest to
studies of structural damapge than of induced voltage. In general, the worst
case for induced voltages would occur during the return stroke of a lightuing
strike, when the current peak amplitude and di/dt would be largest. Vaiues of
140 kA and 100 kA/us, respectively, have been observed in nature aad corre-
spond to strikes whose values would be exceeded only 2 percent of the time -
a 2 percent severity level.

In addition to the basic waveform of the current pulse itaself, light-
ning produces additional spatial variations in the fuselage surface current
and, at high frequency, standing waves.

A circumferential redistribution of current around a graphite/epoxy
fusélage (to ragions of lower resistance, such as metal), occurs with LF com-
ponents of the pulse (Subsection 5.3). In an all-metal fuselage, the current
would Ye inductively (rather than resistively) shared, with the current a skin

effect only.

)

F The HF (above 1 MHz) current distribution has the sam: circumferential
variation as the LF case, but in addition provides a longitudinal variationm,

since the HF curreats are assoclated with standing waves on the fusslage excited

by lightning transients. Due to the lmpedance nismatch between the lightning

B-11
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arc channel (radius ~ 0.5 mm) and the aircraft (radiue ~ 0.5 - 1.5 m) at each
of the two attachment points, the standing waves should have a current node at
sach end of the aircraft, with frequencies given by

c
f--x--'ﬂ:'nfl H2 ()
wheres:
= gpeed of EM waves = 3 x 108 w/s
= wavelength of standing wave

‘total aircraft length in meters
* an integer corresponding to the mode

B > > 0
|

Thus for an 1l m aircraft langth, fl = 14 MHz (a half-wave resoudnce). The
aircraft standing wave pattern is further complicated by wing modas and fuse-
lage/wing modes.

2,2 SIMULATION AND MEASUREMENT TECHNIQUES

The circumferential current distribution of the graphite/epoxy for-.
ward fuselage test article should accurately portray actual graphite/epoxy
full fuselage response, except in the regilon of the inlet (absent in tha tast
article), which starts at Station 161 and runs aft (Figure 1-2 - station num~

bers are in inches).

As for the HF longitudinel resonances, we note that the tast article
is slightly less than half the length of the full F-16 fuselage (Figure 1l-2).
With the current return conductor attached at Station 277 and the impedance
mismatch between the capacitor bank and Station 60, the principal resouznce
has @ node at the forward end and a current maximum at the aft eud (a quarter
wiave resonance). The standing wave frequencies may b2 obtained from Equation
axcept that the even mndes (corresponding to a node at Station 277) will be
absent, The predominani HF contributions to the exterior surface current

B-12
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wavaforms (proportional to the flux density, B, measured with small loops naear
that surface) were observed to have frequencies of 14 MHz and 46 MHx, raspec-
tively, roughly corresponding to first~ and third-order full fuselage resonancas.
The test loops also indicated highest maximum current toward the aft end and
lowest maximum current toward the forward end, thus validating the standing

wave model.

In the simulation of baaic lightning waveform paramateras, the test
eircﬁit iteelf (Subsection 1.1) may be viewed as a waveform generator in the
form of a simple RLC series circuit (Subsection 5.1)., The impulee generator
is built around a 4 WF, 50 kV capacitor, which is capable of accepting a charg-
ing voltage sufficient to produce approximately 30 kA peak with a 20 kA/us
rate of risa. A typlcal test pulse had parameters of 20 kA and 17.1 kA/us.

Since tha test wavaform does not achieve the geverity levels apeci-
£ied from natural lightaning (Section 2.1), all induced voltage measutrements
. . must be scaled to reflect the response to actual conditions. Scaling param-

f . aters wera chosen from those lavolved in the two main coupling mechanisms,
3 | aparture and vesistive/diffusion coupling., Aperture and other direct coupling

9 § processes produce voltages proportional to the rate of change of fields -
dB/dt and dE/dt (both prop.rtional to di/dt), while resistive/diffusion coupled
voltages are proportional to the current itsell (Corollary 1, Subsection 5.3.1).

X f Initially, each scaling factor was assumed to be a linear extrapola-
k| tion from a 20 kA - 17.1 k&/Us current waveform to a 200 kA - 100 kA/us severe

. lightning strike (a 0.5 percent severity level). We have, from the correspond-
ing ratios,
Currant (I) Scaling Factor = 2202 « 10:1
100 kA/ls
Current Rate of Rise (di/dt) Scaling Factor = 7.7 kA/ns
- 5,85:1 (2)
-5?' ' B-13
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A IR voltage pickup tests, using current waveforms with different
peak I and di/dt values, verified linearity of I scaling up to about 50 kA,
but loop tests in the cockpit (aperture dominated) area showed a breakdown in
iinearity of di/dt scaling to a 72.9 kA - 19.4 kA/us pulse (possibly due to
arcing along the joints of the metal canopy interface). For the cockpit, the
di/dt scaling factor was taken to be 10.5:1 to reflect the increased ascaling
of induced voltages for this high lavel pulse.

All measurements were made using an oscilloscope (CRO), Tektronix
Modél 7633 with a 7413 differential preamplifier. The CRO inputs were pro-
vided by & coaxial (RG-58 or RG=-22 cabla) or fiber optic interface (Meret Inc.,
Part Number MDL238), with the latter being used when the coaxisl setup signal-
to-noiss ratlo was too low. Fuselage interior surface IR voltages were measured
with RG=22 (twisted, shieldad pair) attached to the interlor surface at two
longitudinally spaced sensing points. TFlux measurements (both diffusion and
sxternal) wera made with loops of 24 AWG copper wire, connected to RG-58 cable.
The primary current pulse was measured using a Pearson Model 1080 transformer
connacted around Station 277 (betwean the forward fuselage and the return ‘

conductors).
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SECTION 3
COMPARISON OF PREDICTED AND MEASURED RESULTS

To make the test results as general as possible, and to clarify the
relationship between theory and experiment, the principal characteristics of
the graphite/epoxy test article (a complex structure comprising graphita/epoxy,
metal, and noncunductors) had to be determined (Figure 1-2). To aid this pro-
cess, the forward fuselage was tested at three typlcal sections each with an
overall, ralatively uniform, electrical character:

1. [Foxward Equipment Bay (FEB), Stations 60-98. Fully
enclosed, mainly graphite/epoxy with four thickened
up longerons, but little metal, and with two remov~

able graphite/epoxy doors, one with a small Kevlar
access panel in it (mostly 6-ply graphite/epoxy).

2, Cockpit, Stationas 98-168, Large, aperture dominated
section with mainly graphite/epoxy walls and floor,
two thickened up longerons, and two dissimilar fromt
strake sections (thermoplastic rssin 8-ply, right;
regular resin 1l6-ply, left). Cockpit floor batween
the longerons is 10~ply increasing to l4=-ply toward
the back., Abova the longerons to the waist joint 4s
10~ply, changing to 6=-ply up to the wetal canopy sill,
except at the left side rear (adjacent to the gun
muzzle), whera it is 10-ply. Thare is also a metal
right-hand equipment console.

3. Upper Central and Right-Hand Aft Bays, Stations

227-253, This section has a lot of metal in thae
strakes, the rear transverse bulkhead, and fore and
aft panels., The graphite/epoxy bay doors are secured
to all-matal substructure. The right<hsnd side panel
has metal inserts for the screw heads. Upper (ammo
handling) bay cover panel is 10-ply graphite/epoxy,
right~hand strake bay 1s 6-ply graphite/apoxy.

These sections vere then instrumented with IR sensing wires (usually
separated the length of the section) and loops (Figure 3-1) to measure voltage
pickup and variation with interior position. 1In addition, the loop voltage
waveforms themselves were examined to determine the dominant flux coupling
mode in that section (Figures 5-2 and 5-8, Subsection 5.3.2).
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T e

. Calculations of predicted voltage pickup wers nade using methods
discunsed in Subsections 5.4 through 3.7. Input required includes driving
point puak current and di/dt, fuselage cross-sectional shape (including loca-
tion of highly conducting regions), Pats (an effective conductivity {or the
graphite/epoxy fuaselage), h (surface thickness, usually obtained from the num-
ber of graphite/epoxy plies), & (IR sensing wire spacing), and flux loop dimen-

- sions, location, and ¢rientation.

The comparison of messured and calculated IR voltages is shown in

Figure 3=2, For the dats displayed, sensing wire lengths were 38 in. (FEB),

38 in. (cockpit, except possibly 30 inches at the strake), 27 in. (upper aft
bay), and 22 in. (aft right hand strake bay). Note that the calculated volt-
ages at Station 75 (FEB), correspond to surface current densitias (Subsection
5.5) calculatud from the POTENT computar program (Subsection 5.4) and displayed
in Pigure 5-9(s), 1In addition, the resulting calculated voltages in Figurs
5-9(c) contain those in Figure 3-2 as a subset. (Apparently, calculated volt-
ages for wires 1 through 3 have bean shifted up one in Figure 3-2; i.e., 470V
[calcula:;d] should correspond to 440V [measursd] - compare Figure 5-9(e¢).)

Loop voltage comparisons (calculated versus measured) are displayed
in Table 3=1 (expanded from tables in the General Dynamics report) (Subsec~
tions 5.6 and %.7). In the upper aft bay, a variation of the diffusion flux
calculation method (Subsection 5.6) used measurad (instead of calculated) IR

voltages as input.

For the FEB, comparison of the IR voltages in Figure 3-2 shows con-
sistent agreement, The predicticns are within 10 percent of the measured
values, confirming the choice of a low value for tho effective resistivity
of YF«16 graphite/apoxy panels (Subsection 5.5).

In the cockpit, because of the complex geomaetry, including different
graphite/epoxy thicknedses, the predictions were not expected to be as reliable
as in the FEB., The floor had the simplest geometry and gave the best results.
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] At the "waist" lavel inside, the data indicste that the strakes do not con-
tribute much to fuselage conductivity (the calculated voltage is much lower
than either measured voltage), rearhaps bacause of inadequate alectrical bonding.
(Mechanicsl bonding strength is not being questioned.)

The aft bays have a simpler geometry, axcept for the matal boundary
on the uppar panel around its entire periphery. In Figure 3-2, the upper bay
voltages are all higher and the right-hand bay voltage lower than the calcu- '
leted values. Possibly the "end effect” of the tast rig, due to the return
] conductors and the aluminum extension box, tended to increase the current cen-
5” trally at the expense of current in tha strakes., The predisted 118V at 1.5 in.
from ths metal strake is in suy case not ressonable since current flow in the
metal alongside influences and reduces graphite/epoxy current. Further, addi-
tional weasuremants have shown that the joint voltage (as a percentage of the
total panel voltage) is twice as great in the upper bay graphite/apoxy panel
as in the side panal, which has metsl inserts in the graphita/spoxy for the

Lo e o S gt Tl Y T R TSI
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screw heads.

! ? The loop voltage comparisons (Table 3-1) show axcellent agrasment
! for the FEB and aft bays, whera diffusion f£lux coupling was assumed for the
. calculation, and good agreement for the cockpit, where aperture coupling was
? sssumed. This validates the assumption that aperture flux in a graphite/epoxy
o cockpit can ba predicted as if the cockpit were metal.

T s

T 2o, i i e Sk

v

} From the measured waveforms it was verified that all voltagas pra-

i dicted to bs generated by resistive/diffusion coupling (including the measure-

‘} ments in the FEB, aft bays, and cockpit IR tests) did in fact have voltages
generally similar to the curremt pulse (Submections 5.2 and 5.3.2). All mea-

y) sured aperture flux voltages in the cockpit had the charactaristic di/dt wave-

“5 shape (Figure 5-2), with a fast rige to peak voltage at t = O+ and a zero

%f crossing at approximataly 3 us. The zaro croseing in one loop near the graphite/
't apoxy floor occurred early because an additional diffusion flux induced volt-
age (Figure 5-8) subtracted from the aperture flux voltage.
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SECTION 4

ADDITIONAL MEASUREMENTS

In addition to the data of Saction 3, measuremants wers taken which

“can be groupad iato four categories: magnetic flux density measurements

(inéluding effucts of small apertures), effacts of additional metal straps on

resistive/diffusion voltages, coaxial cuble and shislded twisted pair veltage

plekup (including capacitive coupling |££|¢t3),'cnd “elactronice powared
up" tests,

The average magnatic £lux density (B) st time T at & wire loop (arex
A) can be calculatad by integrating the induced voltage waveform (V) in

- Ampera's law to obtain

T
f Vdt W/mz (1)
0 .

Thus flux density waveforms are easily obtained from digitized induced voltage
waveforms. Howaver, thare appesrs to be some confusion in the Gensral Dynamice
report over the flux density scaling to highar driving point waveform levels.
Flux induced voltages should scale as I in the FEB sud aft bay (diffusion flux),
and as di/dt in the coakpit (aperture flux). But flux densities were scaled

by 10 in the FEB (I scaling), 5.85 in the aft bay (di/dt scaling), and 10.5 in
the cockpit (di/dt scaling). '

|-
>

Flux density measurements were made ground & 4.5 in., x 3.25 in, ac~
cess port in the left~hand side of the forward bay. From the voltage waveform
shapes («I or di/dt) it was determined that external or aperture-type fields
penatrated to about 2 inchas into the bay (going from 5.9 x 1073 W/m2 just
outside the uperture to 2.6 x J.O"3 w/m2 at tha same level 4.5 in. within the
sperture). Also, tha peak flux density calculated just outside the aperture
poaition, for the same fuselage but without the aperture, vielded & value of
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oy e

L:' 10.5 x 10'3 W/m, about twice that measured with the aperturs. These qualita-
; tive results are identical with those expected from an aperturs in a metal
Py fuselage, except that the composite fuselags will contribute a slight addi-

§ ! tionsl ffusion flux component.

f § Elsevhere in the forwnrd fulclugc. flux densities were also muasured.
[ In the cockpit & peak of 6 x 10 w/m was obssrved, while in the aft bay the
E f value vas 31.2 x 10 W/m (in the aft left-hand strake bay). Just outside the
| aft left-hand strake bay the peak flux density was 49.1 x 10'“ w/uz.

To analyze the effects of adiitional metal straps on resistive/ i
diffusion voltages, the forward bay was instrumented as in Figure 3-1. Mea- .i

suremants ware then taken with various metal straps (copper wire ¢r aluminum
strip, desctibad in Table 4-1) routad along IR wire 3 and connected to the
metal ring fuselage members at Stations 60 and 98.

Table 4-1, Metal Strape/Resistence and Symbols for Graphs

&l A AT e -

Symbol Matal Strap Siza Resistance (mid)
O No strap . N/A

JaN 38 in. x 24 AWG wire (Cu) 81 ?
% 38 tn. x 1 in. x 0.6 mil stxlp 65
o 38 in. x 1 4n. x 25 mil strip )Al 1.6 j
O 38 in. x 2 in. x 25 mil strip 0.8 i
%
A
i
|
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The raesults of the measurements are shown in Figures 4-1 and 4-2,
Note that the dashed lines in Figure 4-1 are an estimate of the actusl voltage
variation. IR wire spacing was about 3 in., indicating the asubstantial local-
ized influence of grounding straps. The flux density data (Figure 4=1) show
that, although a gvounding strap decreases the voltage pickup on an adjacent
IR vire, the strap increases the flux through nearby loops. (WARNING =~ the g
scaled values for flux density ara suspect - see p. 4-1.) Finally, note that

the top curve (no strap) of Figure 4-1 provides measured IR data for Station i?
75 in Figure 3-2.

' Tests to determine the details of ¢nrraat pickup in coaxisl cables
were nerformed in the forward bay. A test line (cosx with shield [type RG-58]
or without shield (simulated by 24 AWG wire]) was routed along the bottom left
flange (22~ply graphite/epoxy) in the FEB {Figurae 3-1). The test circuit con-
sisted of the line (loaded fore and aft with loade RL and RD' respactively)
connected (at Stations 60 and 98) in parallel with the flange (resistance
RF << RL &+ RD). The line current was datermined from voltage waveforms ob-
sarved across the diagnostic resiscance (RD) and was axpressed as VO/RD. whare
v, is the voltage peak (Table 4-2),

Thres basic coupling mechanisms were thaorizad to produce contribu-
tions to the line curretit - an injected diffusion current (due to the IR volt-
age down the flange), a diffusion flux current (due to the voltage induced in

s W ST ae i nde i R

the loop formed batwaen the line and flange), and a current due to the dis-

tributed capacitance batween the line and flange. Since tha diffusion flux ‘

was effectively shielded by the coax shield, it was not examined, although 1
it would affect the bare wire tests. The analysis of test rvesults, thepeforse, k
focused on the effect of distributed capacitanca. g

The voltage source for the digtributed capacitznce is the IR voltage
(V) down the flanga, so the line current component (IC) due to this coupling
mechanism should have a dV/dt waveform. Since V is a driving point curvent
(1) type waveforn, I should thersfore be a di/dt type waveform which will
contain higher frequencies than the line current IR component (Figure 5-3),

A
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Point Markers are described in Table 4~-1

7 - T70

6T +60 :

5-1— ""50
: 4+ 140
; EXTRAPOLATED
! FLUX DENSITY FLUX DENSITY
r (107 Webeazs/m?) T T (L0-3 Webers/ad)
& : (@ 200 kAmpe) = . .
b 4 =30 (WARNING: THIS
SCALING 1S /
i d 1 - SUSPECT.)
2 + 20.
‘r
ﬁ 1+ ) : -+ 10
. i |

0 i f ! 0 (o

1 2 k|
LOOP NUMBER

Figure 4-2, Flux Density Calculations from Three (2 x 4 inch)
Loops Near a Grounding Strap im the Forward Bay

.; 7 ' | B-25




T T PR .‘.‘HZYUMuii,!giﬂvlm«!ﬁ:nujlﬁ

R TR O S T WL TE R ey Ymrms - wem 2 oy Y s T
=== s v b T AT T T T L T e € w2 e v

o

T s d i i) ~l". :

(*z03oe3 Surtieas [:017

*3*1) JUIIIN3 32INOS VQ0Z PUE W0Z ¥ 103 UWeAT3 sjuaxand Yead painsesy
*par3roads ssa[un §puUa yioq Je popunoxd oxom sSpT2TYS
*g6 pue (9 SUOIIElIS

Je mnmaswa Suja Tejom 3] SIM QOﬁugﬂEwu peoy pu® preTYs 103 sjujodpunois

-y *peot o13 sou3epIp Syl NIY3l JuIind judTeAanby i

o e
NN

.
-

‘PUd 33e e wado pIeTYS| 6 | C°E M6z { M6°Z X <6 0 €T
gz | €5 | At e X <6 0 [AY
*Iejua3d 03 peinoxax siqel O 2°¢ A6Z M6°C X S6 0 11
‘pul piemioj je uado piamys -- 879 : € € X 001 | R3dO 01 ©
-- -- | oaN | 193 x| o001 | NdO 8
wxoyaAes Ip/Apf - 8°0 L1 L1} X 00T | Rado g .
mwicgyaaes IpfAp| -- 8°0 L1 LT X 0011 | NidO £ )
S°01 Sy S¢S S°S X{ €°¢e | M0l mg
0°¢tl S°S 088 88 X 6 | 001 S
== | “9~| oove | oot x| os 0 4
At 0°S 66 €6 X 9°%g | 01 ¢
34LM adeq oMY {2 ) 4 Sy 06%79 899 | X L6 001 [4
6 0% Xiy | J1vy | X 0S 0 1
SNOANVTIIDSIH | %06 | dvad | wiooz_ VI0Z } ON | Sdx ay Ty
(sn) FAWIL (vo) INTHOD | aIdiHS | () ¥oIsIsTd "ONj .
+ INTDIND INIT AV XV03d avo 1531

Aeg paemioj 3Yy3 Uy S3IS3L 9[qE) [PINRO) wWoIj eIRQ “I-Y I[qEL

|

|

P _
\ |
| |

|

|

_




The waveforms observaed in Tasta 1 through 6 were driving currant-
type waveforms, with HF components much lower than LF components. For RL open,
however, T2sts 7 and 8 produced a dV/dt (i.e., di/dt) waveform (and greater
HF componenta) indizating capacitive coupling. This was to be expectad, since
opening RL should maximiza the capacitance between line and flange. The peak
line current was also independent of the value of RD in Tests 7 and 8 (also
to be expected) and waa totally due to capaciltive coupling. Notu that the
coaxial cable shield reduces the capacitive coupling to a negligible awount
in Test 9. Iu any case, the maximum HF voltage cbeerved acroas R, had a value
lass than 0.1V (46 MHz), indicating winimal HF problem for coaxial cables.

Tests on shielded/unshielded twisted pairs with 100Q loading at each
end were primarily conductsd in the forward bay. Initial testing with the
RG~22 cable instrumentstion indicated the measured signals were mostly due
to spurious uoise and loop pickup at the twisted pair interface. Switching to
the fiber optic system (Subsection 2.2) yielded voltages across the instrumen-
tation load of lasa than 1V peak. Howevar, it was found that a majority of
this data could be accounted for by diffusion flux coupling through the single
loop formed between the twisted pair and the instrumentution interface.

From the unghlelded twistad pair data, it was adduced that little
actual LF pilckup occurred in the line (excluding spurious pickup at the ends).
Capacitive coupling was assumed to account for the HF plckup.

For the shielded/twisted pair, the most represantative data was
obtained during aircraft system testing. Actual F-lll vintage avionic equip-
ment was installed in the graphite/epoxy forward fuselage and system reaction
was obgerved while the generator current was incrementally increased to 125 kA.
Included in the system was a multiplex (MUX) digital data system with transmitter/
recelver boxes placed in the FEB and aft section. The interconnecting MUX bus '
line was a shielded/twisted pair as used on F-16 sircraft, which produced a

cloged~-loop oystam,
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Fibar optic diagnostics wirc conuiacted across the twisted pair in
the FEB MUX box with measurements takan on both sides of » line isolation
transformer. A voltage waveform was measurad acroes an squivalant 3601 serias
rvesiatance on the primary side of the transformer, and showed diffusion flux
coupling with a predominant 4 MHz component. This comhonent would correspond
to & peak of ~2V when scaled to a 200 kA driving point current leval, but this
should not produce circuit damage in data systems, which normally operate at
+12V meximum. At worst, an error bit might be injected, hut continuous system
recycling would preclude any resulting hazard. A 20 kA level produced only

. #ive interaittent errors in an external bit comparator, out of ‘33 shots to the

fuselage. Finally, a post-tast functional check showed that current levals uvp
to 125 kA did not damage the MUX system. ‘
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SECTION §
DRIVING POINT WAVEFORM AND INDUCED VOLTAGE MECHANISMS -
THEORY AND PREDICTION '
5.1 DRIVING POINT WAVEFORM
The total tert civcuat, including capacitor discharge pulsa generator,
forward fuselerge test article, and return conductor, can be modaled (for low
frequancies) by a simple RLC se¢ries circuit (Figure 5-1). The system input is
a voltage step (magnitude Vo). and the output is the driving point waveform
1(t). PFrom Kirchhoff's laws, the differential equation for the system is:
42 .0 dv
L34, Feugt = W I )
dt
where v(t) is the input voltage waveform, and
Y - 59- -C—o.. - .io..
2 Lo Rc
o, = —E= = ome, (2)
LcC
)
! : fo = the natural frequancy
-~
TRIGGER C° - Bank capacitance
L° « Total series inductance of
bank, load assembly,,
resistor, stec.
R° = Total effective series
resistance
¥igure 5-1. Lightning Generator Equivalent Circuit
B~29
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P The solution of Equation 1 for a voltage step input is simply#:
L 1(t) = (Mwy) « % sinh vyt (OVERDAMPED for R, > R.)

‘ « (Auy) € F sin uyt (UNDERDAMPED for R, < R) (3)
i . At @0t (CRITICALLY DAMPED for R = R )

vhere:

-1 (4)

'y

'R
q:.,
ki

Note that wa may also write the solution in the form

T LI it

~B¢ty (5)

1(t) = B(e™%t - e

o

where!

TS I T

;

; A
1 Bt onyg

i

g' wy R°

3 o ® b-wy =D (1 "% T = b-dug (8
1

‘ {: ‘ | wd RO

%‘ ; B = b+ wg " 1+ " 7T = b+ Ju

b

‘.f, !

1 IKIT"?EEEET_ha in this section are assumed to be zero for t < 0. The expres-

- sions ghown hold for t > O.
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Also nota that for the overdamped solution we have 0 < o < B < 2b (from Equa-
tion 6, so that exp (-ut) > exp (-ft), for t > 0, end 1(t) is a unipolar pulse
with no overshoot (Figure 5-2a).

From Equation 3 we also hava

%% (t) = oB (% o Bt L .‘“t) | 7

which, since o < B, atarts positive. But ag t + w, e"“t dominates, so that
di/dt goes to zero from the negative direction (Figure 5-2b). (The details of
aperture coupling are discussed in Subsection 5.7.)

The spectral densities of the overdampad i and di/dt (calculated as
the absolute square of the Fourier transform) are shown in log-~log scale in
Figure 5-3. The 40 dB/decade attenuation is a direct result of the system
behavior as a second~order low-pass linear f£ilter.

2 2
bW = |FW|* - & 1 A0 (as 0 )
i ar?  w? + oty + 8Y 4l
(8)
¢ 2
—g—t' (W) = wz IV(i)lz - . A 5 w‘z (as w + =)
. 4 .

Using the praceding equations, we can calculate various waveform

parameters, The maximum current is

~ ) C° Vo
I = (A/lw)k, = VvV k — W e——— (9)
(e § ol L° T 1

P
R N L D V- P A

T A e it el At et S
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Practical speatra have the additional effect of HF TASOTANCES,

Figure 3-3,

Theoretical and Practicel Spactra of I and di/dt
for Current Pulse (shown insat)
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where!

(«bt__ )
ky = exp s (10)
|
;! - 1
g Cuax Wy arctanh (wd/b) (OVERDAMPED)
- %; arctan (wd/b) (UNDERDAMPED) (11)
j = 1/b "(CRITICALLY DAMPED)
| Indspendently of Ro' the maximum rate of change di/dt is given by
A
v
di ()
& " 4D

4 . Given the values of the first five parameters for a typlcal test
! waveform in Figure 5~4, we can now calculate the others. (Exzception - This

reviewer could not determine how the "Action Inteéral" was calculated. In fact,
. action has units of joule-aaconds, not (ampere)zmaeconds.) The calculatad

; resistance and inductance agree closely with independenE testhcircuic neasure~
unents, thus validating the RLC model for this level of T and di/&c.

5.2 RESISTIVE/DIFFUSION VOLTAGES IN HOMOGENEQUS TUBES

In order to estimate theoretically tha effect of fuselage material
on resistive/diffusion voltages, the fuselage was modelaed by a long cylindri-
cal tube, diameter D, of homogeneous resistive material, resistivity p, and
wall thickness h (<<D). Assume that a current is applied to this tube at ome

end and has an external and remots return at the other. Then the following

information about output voltages VR (measured between longitudinally spaced
points on the interior surface of the tube) can be found:
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Capacitance
Voltage

Current Maximum
dI/dt Maximum
Peak Time

Natural Frequency
Charge Transfer
Action Integral
Total Resistance

Flgure 5-4,

Vertical: 4 kAmps/ Div,

Horizontal: 5 usec/ Div.

Vertical: 4 kAmps/ Div.

Horizontal: 1 usec/ Div.

4,0 uF

45 kv

20 kAmps

17.2 kAmps/usec
3.2 usec
49,2 kHz

0.18 Cou%omgs
2.4 x 107 A
1,67 Ohms

sec

Driving Point Waveform - Overdamped
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For a d¢ input current, I, by Olm's law:

Vg = - . 1R Via (13)

whera R is the dc resistance per unit length.

For & step function pulse, magnitude I, it can be shown that

[- -]
- 2
vple) = Zolib 2 ) ()™ axp (-—3;1-‘) Vmo(16)
a=l ‘ '
whcr?:
U h2 -y 4.2 2 2
v ow o900 . (m x 107 n/A®) W& 0,127 b (L8)
“p . m“p

is the characteristic diffusion time (the relative permaability of the material
is agssumed to be ur = 1), Now the bracketed term in thngiop 14 can be summed
nunerically and graphed as a function of t/IM. From this greph (Figure 5-5)

it can be seen that the system has a dead tima (L.s., function = 0) of 1/2 TM.

and a 10% -~ 90% rise time tr - 2,35 TM'

In the frequency domain, we can approximate the bandwidth to the

=3 dB point, fc' by the following relatlow (exact for the unit step function

response of a first-order low-pase linesr filter): .

~ 0.35 0.35
f - - - Hz
c t. 2.35 TM

(16)

< LA
h

where the latter equalities hold for the present system and H, = 1.
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Finally, assuming our saystem to be linear and time invariant, we
note that the unit step response ia simply the time intagral of the unit:
1mpulnc responas, which in turn defines ths system, #0 that otnce ve hnvn
Equation 14, we can calculate the eystem reasponse to any input.

i

. e A
T o

For the unipolar simulation current pulse (Equation 5), which is
input to thu forvard fuselage test article, it is a straightforward task

to show
B nzc ' nle
o = exp (=0it) - exp |- o exp (~Bt) - exp| ~ ™
v, (t) « 2RB E (-1)“"1 M M ..
R TMu TMB 4
o=l 1= "7 |
n n 1
(17) ;
1
{
4
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Arned with the above general information on the voltage responsae of
the tube to various inputs, we can examine in detall the effect of different

resistivities for algminum slloy (pAl &4 x 1078 (~um) and graphite/epoxy
(pGr/Ep & 4000 x 10°° Q-m). Note that Por/gp tAkeS into account the effect
of lower resistance strakes, flanges, etc. in the YF-16 forward fuselage tast

article. Assume h » 2 mm, From Equation 15,

T,(A1) ~ 12.7 us ‘ T,(Cr/Ep) = 12.7 ns (18)

Alno, ueing Equation 6 and data from Figure 5-4, we have

0<a<B<2b = 418 x 107 s"", , © (19)

80, .from Equations 18 and 19,

5.31 (aluminum)
(20)

T, T8 < -
' 5,31 x 1073 (graphite/epoxy)

Wa can gea from Equ;tioﬁn 17 and 20 that, in the graphite/epoxy case,
all TM terms are negligible, and we are left with (after a little calqulation)

Ve(e) = RL(E)  (Gr/Ep) (21)

where 1(t) is, as before, the driving point current waveform of Equation 5.

Unfortunately, in the aluminum case, we cannot neglect the TM terme

in Equation 17. However, the amplitude of VR should be more or less propor=~
tional to R, while the psak should occur at later times for larger TM

Figure 5-6).

In the frequency domain (Figure 5-3), we have from Equations 16

and 18 .
£ (AL) = 12 kHz ; fc(Gr/Ep) = 12 MHz (22)
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40 the aluminum tube severely attenuates all compounnﬁl of the simulated
lightning pulss above 12 kHz, while the graphite/apoxy tube attenuates only
those frequencies abova 12 MHz and so given a very accurate voltage propor-
tional to the current pulse waveform (compare Equation 21 and Figure 5-6).

5.3 RESISTIVE/DIFFUSION VOLTAGES IN COMPLEX ELECTRICAL GEOMETRY

Now we use results of Subsection 5.2 to examine the general case of
a cylinder made of materials with two different resistivities, Py and Py (Fig~
ure 5-7). The analysis centsrd on the total potential drops around the inter-
ior surface paths ABCD and ABC'D', If the narrow center strip is gtaphitd/époxy

and the remainder aluminum (i.e., Py = 1000 x p,), then from Equation 15,
'1‘Ml = 1000 x TMZ' Assuming & step functlon input current, Equation 14 and

the following discussion determine three important regimes:
1) g < % TMZ (dead-time case)
2) toow | (dc case)
3 % T, <t < TMl (intermediate qase)

(There is also a long period intermediate case, invclving current diffusion
into the matal, which is not important in this description.)

In Case 1, all potential drops are zero, because the time is within the
dead~time for both materials. While in the dc case, VAB - vDC - VD.P. ¥ 0 and
the two closed~path potential drops are again zero, because the current shar-

ing is resistively controlled.

In the intermedigte case (which commences in nanosecond times for
graphite and extends for tens of microseconds, typically), current redistribu-
tion oceurs {from the inductive sharing Case 1, to the de Case 2) and the
potential drop balance around the closed paths ABCD and ABC'D' must be main-
tained by a diffusion flux which links the paths, Hence, by Faraday's law,
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* 9t (23)

where ¢D is the diffusicn flux. In Case 3, VDc * 0, because the system is
atill within the dead-time for aluminum, and the diffusion flux must enter and
leave the interior through the graphite/epoxy, thus linking both paths equally

a8 in Figure 5-7(b). Thua, the diffusion flux appears as soon as VAB departs

from zero (i.e., from VDC)' (In the case of & homOgeheous tuba, VAB - VDC
always, so by Equation 23 thevre is no diffusion flux effnc;.)

The pattern of the diffusion flux within cheftqbc 18 quite similar to
the aperture flux which would occur in the tube 1f the graphite/epoxy strip
were removed. However, this diffusion flux i@ not related in time to the aexter-

nal flux. Even so, this similarity of flux patterns mekes it possible to calcu-’

late diffusion flux voltages (see Subgection 5.6) . Note that if we reverse the
resistivities in Figure 5-7(b), we obtain & flux pattern reminiscent of that
around a straight current-carrying wire.

5.3,1 Induced Voltage Corollaries

1f ve assums that p; 1s-so emall that V. ¥ 0 for all times, then,
from Equatioen 23 and noting that VAB is just the resistively produced voltage
in the graphite/epoxy due to the injected current, we have:

Corollary 1

Diffusion flux voltages have the aame form and spectrum
as the dominant resistive voltage within an enclosure
(but see Subsection 5.3.2).

Since V_,. = 0, but "VDC" (through the path DABC) = Vg + 0,

DC

Corollary 2

It is the circult route which determines the induced
voltage, not the reference points at the end.
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Pinally, since diffusion flux patterns are geometrically similar to those pro-
duced by apertures, and so are strongest near the graphite/epoxy surface (where
d¢D/dt = VAB(t))'

Corollary 3

Diffusion flux induced voltages within en enclosure, induced
in single loops, are always less than or, in the limit, equal
to the largest resistive potential drop which occurs on the
surface of the enclosure, and will be smaller with incredeing
distance from that surface.

5.3.2 Diffusion Flux Voltage Waveform

In practice, Corollary 1 holds in the time raxnge from nanosecond to
microsecond times. For a typical driving point waveform (Figure 5-4), this
includes most of the unipolar pulse, including the psak, so that comparison
of the initial shape of the induced voltage waveform with that of the driving
point waveform should be able to diastinguish diffusfon £lux coupling («I,
Figure 5-8a)* from apcrtuté flux coupling (= di/dt, Figure 5-2b). A key

parameter here is induced voltage zero crossing time, which is equal to the

driving point current peak time for a di/dt waveform, but.is much earlier
(first crossover, Figure 5-8a) or much later (second crossover) for a diffu-
sion flux voltage. The second crossover and resultant bipolar pulse are nec-
éslary, even in diffusion flux coupling, to conserve total flux. Because of
this distinction, the low frequency component of the diffusion flux spectrum
(Figure 5-8b) will be somewhat degraded from that of the driving point wave-
form (Figure 5-3), although the 12 dB/octave falloff 1s evident.

* .
Figure 5~8a comes from a logp in the central aft bay while Figure 5-8b 1{s the

Fourier transform of a digitized forward bay waveform. However, Figure 5-8
8till gives the general charscter of diffusion coupled voltage wavaforms and
spéctra., (The high frequency "hash" in Figure 5-8b is due to digitizer limi-
tations and was therefore fit with a straight line.)
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(b) TFourier Transform Plot of a Voltage Waveform

Figure 5~8, Diffusion Flux Induced Voltage
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5.4 POTENT COMPUTER PROGRAM

All the voltage pickup predictions in the raport start with output
from the POTENT program. POTENT solves Laplace's aquation in two dimensions,
taking as input the shape of the cross section of an arbitrary cylinder, which
1a iaaumed to be an equipotential surface. Calculationa are performed on a
50 x 50 maesh, with variable mesh spacing to improve accuracy in reglons of
i high curvature. For the magnetic case, tabulations at each mesh point pro-
¢ vide values of magnetic flux, Hx; Hy. and |H|. Data can be processed by a graph
; plotting routine to producs mappings of magnetic flux contours (field lines)
and |H|. a8 used in the report. The input surface is the vhole fuselage crosa~
section for surface currant, exterior flux, and aperture flux calculations, but
consists of only the high-current regions for diffusion flux calculations
(Figure 5<9),

$.5. SURFACE IR VOLTAGES

- ' In fuselage regions without apertures, (e.g., the forward equipment
bay [FEB]), resistively produced voltages, which may be observed batween longi-
tudinﬁlly spaced sensing wires on the interior surface of the aircraft skin
are predicted as follows:

1. The exterior surface current density, J. ({.e., current
per unit width for longitudinal current), is obtained
from the POTENT values for |H| at that surface. Since
(Hx. H ) must be tangent to the surfass (an equipoten-

tial), we have J = [H|. (Figure 5-9a.)

2., From Ohm's law applied to a resistive cylinder,

surad, h 1s the thickness of the fuselags at that
cross section (h << crosa sectional dimnnnianz) and
Pags = 3750 x 108 Qem. Note that Pags < 1074 G-m

(a standard value in the literature), but this takes
into account the effect of lowar resistance strakes,
flanges, atc., in the YF-16 forward fusclage test
articla.

) Jop L
: YR h v (24)
E . where £ ia the distance over which the voltage is mea-
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3. In regions containing graphite/epoxy sccess panels,
a8 voltage drop due to screw jolnts must be added:

I 10™2 v (25)

where we have assumad two joints per panal (fore
and aft) with a "resistance" of about 5 mil~m per
joint. .
For exarple, starting with J, spwcified in Figure 5-9a, and using

2 = 0,965 m (38 in.) and h = 0,84 x ;I.O'3 m (the thickness of 6-ply graphite/

. epoxy in the forward bay), we should obtain the voltages in Figure 5-9c. This

is the claim made in General Dynamics' report; actually, these voltages corrve-

gpond to & slightly different value of p_../h in Equation 24.
, . eff

5.6 DIFFUSION FLUX INDUCED VOLTAGES

In fuselage areas containing both graphite/epoxy and highly conduct-
ing regions (e.g., the forward bay), diffusion flux induces voltages on wire
loops which ceén be estimated as follows.

The PUTENT program is run with a boundary asurface consisting only of
the highly conducting regions (e.g., metal, sirakes, and bullt-up flanges -
see Figure 5-9b)., Effectively, the graphite/epoxy surface areae are replaced
by apertures, which should give the same flux patterns (Subsection 5.3). The
affuct of the graphite/epoxy is more or less to uniformly attenuate the basic
aperture fluxes. The interior flux lines are obtained from POTENT with flux
values ¢ normalized by taking ¢ = 0 at the boundary surface (which here is not
the whole fuselage vurface), and ¢ = 1 at the flux line corresponding to the
pouitién of the raturn conductor (at about twice the fuselage radius).

For a longitudinal, rectangular loop with one side a returm path in
a highly conducting fuselage region (i.e., where the voltage drop is zaro), we

have

veg:une (26)
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v = voltage induced in the loop
w voltage drop in the off-surface side of the loop

¢ = flux value of the flux contour at the off-surface '
éide of the loop (i.e., the flux linked by the loop)

time dependence of dd/dt (assumed to be the same at

k(t)
all flux contours)

Now, since we have the sume flux contours (but diffarent scaled
fluxes) i{n the aparture and graphite/opoxy cases we have from Equation 26

lu‘-’-& - 32- - YA - fl - | (27)
Vo o % Vg 9 ' :

where the voltage drops and fluxes are at the wires indicared in Figure 5-10.
(Only the off-surface sides of the loops sre shown and should be intersacted

by the corresponding £lux lines.) Therefore,
= ~(28)

Note that ¢A and ¢B are obtained from the POTENT aperture calculation, and VS
is just the surface IR voltage which can be obtained as in Subsection 5.5,

v

Figure 5-10, Flux Contours and Induced Voltages - Aperturea
versus Oraphite/Epoxy
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Finally, a longitudinal rectangular loop entirely interlor to the
fuselage (i.e., with no current return in the fuselage surface) may be viewed
a8 a combination of two loops with fuselsge current raturn. We obtain from
Equation 28

11..1:2.92. - (vl‘VZ) - -..1_.:?.— - u (29)
vs Vs ¢s '¢A

where 1 (B) and 2 (C) denote the nearer (to the surface) and farther ends of
the loop, reqpqctivcly. (Imagine a third wire and flux line below ¢B and ¢1
in Figure 5-10.)

5.7 APERTURE COUPLED VOLTAGES

Within an aperture created by an electrically traunsparent opening
(e.g., within the cockpit or within bays having glass fiber, Kevlar, or other
insulating covers), direct coupling of magnetic flux occurs to wiring and ciy-
cults. We may visualize the situation as & two-loop system, consisting of the
test loop under consideration and the fuselage-return conductor loop; 80

di
V = 'Q'M'I‘Fa? | (30)
where:
di/dt = rate of change of the fuselage test current
2 = longitudinal length of test loop (assumed to be
a planar rectangle, longitudinal in orientation)
MTF = fast flux transfer inductance (per unit length)
The flux linkage of the system can be examined to determine MTF
from
) 1 M.
9 . MTE . —F (31)
¢T L1 L’
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where:

¢ = flux linking the taest loop :

¢T = total flux between fuselage and return conductor

L' = gself-inductance (per unit length) of fuselage~return E
conductor loop . y

Further,

by = 0k by (32)

whera:

¢M = ML = flux linked by teat loop due to fuselage-
return conductor loop

4 M = mutual inductance (per unit length) batween
L the two loops

4 80, from Equations 31 and 32, we have

kY

<fE e

L' (4 = ) L' ¢
MTF--L'%- e L e . ey (33) 5
T T T . ,1
where the last equality comes from an analogue of Equation 31, applied to ?
¢ and M, . &
M B
]
Electric fleld coupling (= dE/dt) muy also occur in some circuits :
within apertures and will also be more apparent 4t higher frequenciles. How- q
ever, quantitative statistics are not available for dE/dt of natural lightning, §
and no attewmpt was made to simulate it in the test. ki
i
\ ;
¥
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