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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 "evices within it.

The introduction of boron/epoxy, graphite/epoxy, and Kevlar/apozy r.omposite

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 materials has raised ques-

tions relative to the aircraft vulnerability resulting from the effects of
lightnin6, high power radar, nuclear electromagnetic pul:ie (EMP), and precipi-
tation statiL. The problems are further compounded by the fact that these

materials are relatively easy to construct, and have resulted in a prolifera-

tion of available composite materials.

This report describes simple methods for determining the shielding

provided by an aircraft's exterior surface and the coupling of the interior

fields to cables and transmission lines within aircraft cavities. This data

is used to determine whether devices commonly found on aircraft will be sub-

Ject to upset or burnout. The results 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 for

the natural threats of direct- and nearby-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) av a separate volume under this contract entitled "Threats to

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

A formulation starting from Maxwell's equations is presented in Sec-

tion 3 for coupling to the interior of a composite shell. Approximations are
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I
made which decouple the interior problem 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 is, 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 relates the interior tangential elec-
tric field to the equivalent exterior surface 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 transfer impedance to
the magnetic or electric shielding effectiveness, SE, as

lzs Z/10 sE/2° 0

over the open interval (f =)" The impedance-like quantity Z is dependent

on the frequency of the incident field and the shield geometry expressed as a

volume-to-surface 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 Material Properties to Elactromagnetic (EM) Shielding" (SRC TN79-037).

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 is summarJzed.

Given an estimate of the interior field levels caused by diffusion or
joint penetration, simple expressions are defined in Section 6 for upper bounds

on the open-cizcuit voltage, short-circuit current, power, and energy at the

terminals of a shielded or unshielded transmission line. Examples are illus-

trated for lightning and nuclear EMPs.

"L.. .. . - 2 , , , • + ,. .. . . ... . . - . . I1



Section 7 describes the Wunsch model commonly used to describe damage

levels as a function of pulse width for a general class of devices including

resistors, diodes, and transistors. Section 8 summarizes a study on upset and

burnout as applied to integrated circuits performed by McDonnell Douglas en-

titled "Integrated Circuit Electromagnetic (EM) Susceptibility 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 frequency.

Section 9 presents a trade-off study between E14 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 parameterized as a function of the thickness and extra

weight required for a given amount of shielding.

A bibliography of pertinent documents reviewed in this study are

grouped according to category in Section 10. The category grouping are Threat

(including lightning, precepitation static, the nuclear EMP, and shipboard RF

emitters), Shielding, Coupling, Transmission Line Coupling, Device Coupling and

Susceptibility, and Miscellaneous.

Finally, Appendix A suimarizes the work to date on shielding effec-

tiveness of composites and joints on the Air Force-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."
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SECTION 2

THREAT LEVELS

2.0 INTRODUCTION

This section provides a brief description of the time waveforms and
associated spectrum of the threats considered against a Navy advanced composite
aircraft. The threats considered include nearby and direct strike lightning,

the nuclear EMP, precipitation static, and the RF threat to US aircraft aboard
US aircraft carriers caused by navigation aides, high frequency (HF) communica-
tions and carrier based radars. The RF threat shown in this report is only

cursory.

A more detailed SECRET document has been published by the SRC under
this contract entitled "Threats to EM Integrity of Advanced Composite Aircraft
(U)," by R.B. Shields (SRC TN 78-395RI).

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 2-1. Also indicated 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 section to become fully conducting. This mecha-

nism is known as the stepped leader process.

2-1



For an aircraft in an area where lightning is imminent, the highest

ealctric field will occur near the extremities, typically the nose, wing, and

tail sections. When the leader advances to a point where the field adjacent to
the aircraft 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 leader and form a continuous spark from the cloud charge center

to the aircraft. The aircraft then becomes a part of the path taken by the

leader, When the leader reaches its destination, a continuous ionized channel

between charge canters is formed and a high amplitude return stroke current

flows back up this channel.

After this initial discharge, many additional complete discharges can

take place, including additional leader phases and return strokes.

It is the return stroke current which dominates the overall lightning

"* flash current waveform, and which is often modeled when effects due to lightn-

ing are being analyzed. Among the parameters which determine 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 specify a current
waveform model. Figures 2-2, 2-3, and 2-4 give the frequency of occurrence for
values 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 15s

Time to Half Peak Amplitude of 40 Ps

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
is a question as to the prudence of protecting against such a worst-case situa-

tion.

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

current density of
ij

2-2
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Ir
O max 200 kA 64kA/m

J 27rR 21T(O.5 m)

where R is the radius of the fuselage.(1)

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

models are described below. Then the spectrum 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 required characteristics of

a quick rise to a maximum followed by a more gradual decay.

Figure 2-6 shows the Space Shuttle Lightning Protection Criteria

waveform as given in Reference 2. This waveform includes the intermediate and

continuing current phases of the lightning flash.

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

ference 3 as a model for the return stroke current, Analytically, this func-
tion is'-given by

I)t) a (et Cot) I 0  206 kA (2)

a - 1.7 x 104 Hz

= 3.5 x 10 Hz

A triple exponential function was used in Reference 4. This model

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

form for this function is

-at 0-ft e

0 (e + 1 1 10 30 kA (3)

12. a 2.5 kA

2 x 104 Hz
w 2 x 10 5 Hz

S- 2 x 103 Hz
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Figure 2-6. Worst-Case Space Shuttle Current Waveform( 1 )

2-6

S... ..... . , ,,,, .,,•,:,,..,• ,, ,• .... .. ... , •.,ww•¥ m~m ,•,.• ,•xT.' ,, I



V.160

140

too

011 - ,, , , ..... .. . ., a

do.

.01 -. 00 .01 .02 .03 .04 •06 .05 .7 Ok

SECOND$

Figure 2-7. Worst-Case Double Exponential Current Wavotorm~2

S14 -

... ... . .

R 0 1~~0 TIMI 1MeVi~ 0
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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-

nuously from 0 to I1 at t a 0.

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 functicit shown in Figure 2-9 is given by

1(t) - IO(e't - et) + (e - e") I0 - 30 kA (4)

1. 2.5 kA
* 2 x 104 Hz

52 x 10 Hz

y - I x 10 Hz
S- 2 x 10 Hz

It is also of interest to examine these current waveforms iii the fre-

quency domain. Figures 2-10 through 2-14 show the Fourier transforms of the

waveforms shown 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 peak current of 200 kA. This is accomplished by multiplying the right-

hand side of Equation 3 by 8.7 and multiplying the right-hand side of Equa..

tion 4 by 9.1. The spectrums of the resulcant functions are plotted together

in Figure 2-15 along with the spectrum shown in Figure 2-12. Figure 2-16 com-

bines Figures 2-10, 2-11, and 2-15.

I.tcan 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

intzoducee at t - 0.
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Figure 2-9. Four-Term Exponential Current Waveform
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in Figure 2-8
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It uhould 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 Reference 6, the mechanism of the return stroke formulation is

studied. That analysis suggest that the current waveform may differ substanti-

lally from the exponential type models.

2.2 Nearby Lightning Strike

The fieldo produced by a lightning strike near an aircraft can be

approximated by those due to an infinite current column with the same curfent

waveform as in the attached case. The magnetic field, H, is given by 3  p. 74)

H 1/21TR (5)

where I is the current Waveform and R is the distance from the lightning strike

to the aircraft,

In particular, if R u 100 m and 1 200 kA, we have

x 320 A/m

The induced surface current density would then be

J max 2 ax 640 A/m 0.64 kA/m (6)max max

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 be

expected to be quite small when compared to the currents due to a direct strike.

2.3 Precipitation Static

When an aircraft flies through dry precipitation ouch as sleet, hail
or snow, the impact of particles on the aircraft 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 precipitation)

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

increased to the point that corona discharges take place (see Figure 2-19).

These discharges are in the form of a series of short pulses. The individ,.tal

pulses associated with these discharges, according to Reference 1, can be

modeled as

f(t) - Ae"at (7)

where A is the pulse amplitude and a is the pulse delay constant. Both A and

a are functions of atmospheric pressure, and hence of altitude. The number of

such pulses per minute, denoted by V, is also a function of atmospheric pres-

sure. A good fit to observed values of A, a and v can be obtained by using:

A - 7.90569 x 105 0.25

- 2.7777 x 1-2 p (8)

v -. 3.83767 x 10 ,0.48

where p is atmospheric pressure, measured in torrs.

Pressure and altitude can be related by

h + 0.002 h 2
p 76o exp - ( (9)25 '

where h is altitude given in kilofeet and p is again in torrs, Thý noise spec-

trum produced by V pulses per second is given by

v 1/2 2 2-1/2
P A(It ( + (10)

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

When charge is deposited oa dielectric surfaces such as radomes,

windshields or composite material structures, it cannot flow freely to other

parts of the aircraft because of the insulating character of these surfaces,

If the potential between these surfaces and the main body of the aircraft be-

comes too great a surface streamer discharge will occur.
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Figure 2-17. Frictional Charging of Aircraft by tmpinging Particles
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Figure 2-18. Noise Sources Associated vith Static Electrification
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The current flow from a single pulse of a streamer discharge can be

approximated by

Z(t) -Iz~ (asecat + bsa"t)(i

max

whert, kor a typical streamer,

a - 0.597 a - 1.67 x 10 7 Hz

b - 0.403 w - 3.47 x lO 6 Hz

Imax a 0.01 A

Cleirly, this current is many orders of magnitude smaller than that due to

lightning.

This waveform has been used with a typical coupling factor of i =

3 Q7 for several streamer lengths to compute the induced current in a wire

located imediately below the streamer. The results of these calculations

are shown in Figure 2-20.

SM10.4

.4 CURMENT PULSES
a X 10 COMPUTED FDAS• - • m " I

,,, 3 X 10 -4II
2 x IQ0

10-4

I 00 0.5 1,0 1.5 2.0

TIMEI -SA-215-i

Figure 2-20. Typical Current Pulses Induced by Streamer Discharges
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To aid in understanding streamer-noise source characteristics, source

spe~.trum calculations have been carried out in Reference I for various dielec-

tric regions, The results indicate that as the size -of the region increased so

does the low frequency content of the streamer-noise source spectrum.

2.4 EMP Threat

A nuclear detonation. is accompanied by an EM pulse, generally reger-

red to as EMP or nuclear EMP. This EMP should be distinguished from othet nuc-

lear, shorter wavelength, EM radiation associated with a nuclear detonation such

as visible light, X-rays, or Samma rays.

The EMV threat stu"iQd here is the high altitude burst threat which

is commoily used in the opta literature (2,7) The incident field is asema.d

to be a 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*

E(t) a Vo(exp'--t - exp"Be) (12)
0

where we will use the following typical values for the parameters:

V0 - 58.15 kV/m

-•6.3 MlHz (13)

- 189 MHz

This waveform has apeak value of 50 kV/m with a rise to peak timc of

0.019 ps and a time to half peak amplitude of 0.185 ps. The H-field is assumed

to be given by H w E/fl where n 0  377 Q is the impedance of free space. It is
0

in;eresting to note the difference between this threat and the double exponeal-

tial lightning EMP threat shown in Figure 2-7. The time scale of the lightning

EIW is about 100 times that of the EMP, It is really this difference in t1me

scaling that makes the two threats appear so different with regard to threat

analysis. This difference shows up clearly in the frequency domain,

5, The Fourier transform of the EMP threat as given in Equation 12 can

be easily computed to give
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Figure 2-21. EMP Waveform
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(a + Jc)(0 + JK

where w - 27rf and f is frequency.

Figure 2-22 presents a plot of the amplitude of E as a function of

frequency. Compare this to Figure 2-12 which shows the spectrum of the double

exponential lightning MOW waveform. The DE waveform has a much higher fre-
quency content than the lightning EW waveform.

These results tend to verify that for an aircraft size target, the
lightning EMP can be treated fairly accurately -.ing low frequency techniques
whereas the =0 threat camiot. For example, at 100 M1z (corresponding to a

wavelength of .10 ft) the amplitude of the EMP iv about 10-2. times its peak

value. The lightning amplitude of this frequency is down from Its peak by a
factor of 10".
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2.5 Shipborne RF Threat

A detailed RF threat document has been generated under separate cover
entitled "Threats to the Electromagnetic Integrity of Advanced Composite Air-
cratt."'8) Sources of the informstion are included in the document. An unclas-

sified threat level is shown in Figure 2-23, It shows the peak values of the

carrier deck environment expressed in V/m, Only the more powerful aircraft

carrier transmitters are shown: a navigation aid at 300 to 500 kHz, HF com-

munications at 2 to 30 MHz, and radars atUHF (200 and 450 MHz) and microwave

ire.aiencies (groater than I GHz). Many other emitters of lower power are not
aho'~n.

This information was presented by G. Weinstock of McDonnell-Douglas
Corporation, St. Louis, Missouri at the Naval Air Systems Command on 5 March

1979. It correlated wall with the threat described in Reference 8.

Radar and communication sourcesiare specified in terms of their effec-

tivi radiated power (ER?). The peak ERP Ls available on many emitters. This

quantity can be measured on noncooperativý emitturs and it can also be estimated
fairly accurately from knowledge of transoitter ovtput, line losses, and antenna

gait. The peak ERP represents the peak power in a pulse or continuous wave/
amplitude iýodulation waveform. and the average power in a continuous wave/fre-
quency modulation waveform. The average ERP is calculated by multiplying the

peak ERP by the duty cycle for a pulsed radar. Both peak and average ERP are
useful for stucaying electromagnetic inteferences, with the peaK being used to

.estimate the voltage spikes induced in the electronics and the average being
usai to determine heating or burn out levels, ER? has the units of power (watts,

kilowatts, etc.) and is frequently expressed in dB referred to a milliwatt (dBm)

so 1 W a 10 mW - +30 dBm.

Power density and field intensity generated by a radiating source de-

pond on the diotance from the source. Assuming that one is in the far field,

the power density is given by:

Power Density - ERP
4Or r
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where r is the distance frrim the radiatur. Power density is commonly expressed
in rAW/cm,

Field intensity is given by:

F 376.7 Q
7Trr

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

Damage machanismo t"or devices are thermal in nature. For worst-case

analysis, the heat is assumed to be produced by the absorbed RF sipnal, and

there is no frequency dependence. At pulse durations in excess of about 10 vs,

as discussed in Section 7, the amouln of power required for dam&ge is met by

.hu rate at which heat can be conducted away from the hot spot. For pulse dura-

tiov4 in excess of 30 ps., the average power is

avg peak xPWxPRF (15)

wherse.

Pvg - average power

peak - pulse peak power

PW a pulse width

PRF w pulse repetition frequency

Typical pulse widths are around 0.4 ýIs and'PRFs can vary between 10
to 100 pulse/s up to thousands depending on the application.

In addition, a typical scanning radar typically revolves at 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

TD RPM x 360 second/beamwidth
60

where 6 is the radar antenna beamwidth and RPM is the revolution/mmn 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 ms. This information is useful in obtaining equivalent rectan-

gular pulse lengths for use in damage power evaluation using a Wunsel model as

duscribed in Section 6.
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SECTION 3

PENETRATION OF ELECTROMAGNETIC WAVES
THROUGH LOSSY SHELLS

The penetration of electromagnetic waves through lossy shells

is of interest in the general problem of determining electromagnetic

interference of electrical equipment interior to aircraft, missiles, and

other vehicles. The problem we consider here is that of field penetra-

tion into an interior region completely enclosed by a sheet of loesy

matter. kor simplicity, we will consider the lossy matter to be linear,

homogeneotms, and isotropic. The relaxation of any one of these three

restrictions greatly complicates the problem.

3.1 FORMULATION OF THE PROBLEM

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

ii
time-harmonic electromagnetic wave E , H is incident on a body definad

by the external surface Si and the internal surface S Unit outward

normals to the surfaces S1 and S are denoted by nl and n12 , respec-

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

"a" external to Sl region "b" between S1 and S21 and region "c" internal

to S The constitutive parameters of region "al are denoted by e ,aP
2' a a

of region "b" by Lb' ýtb' and of region "c" by e co c" Loss is taken into

account by letting e and/or v be complex. The total field in region "a"
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region a

Flaure 3-1, A Material Shell excited by an Incident Wave Ei, H{i

a oEb rgo end

•hri in ,io, "n-2 by + 0

We next divide the problem into three equivalent problems,
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a
I a

SE J+ E_
zero field i+ a

S1

Figure 3-2. EquivaLent Problem for Region "a"

cin be calculated using the potential integrals and the "iufinite

reion" Green's function

~ -jk~)r I iGa - 62

where ka w"4cT, and r, 1' are the radius vectors to the source point,

field point, r6spectively. We represent this field computation by

a
E Ej, LisM-=l -1

(3)

Note that the Ea end He operators are linear, that is, - (., H)

Figure 3-3 shows the equivalent problem for region "b". It

consists of the currants -J-, -H1 on Sl' plus the currents

3-3
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E•b ý b

zero ieldfield

1I

M * - Lb × ~t

on Sall radiating into an infinite medium with constitutive parameteri

b b

£b' 1•b every¶~here. The fileld E b, Hb is that produced by -J•, -H1 and

J Mwhich can be calculated using the potential integrals and the

"infinite region" Green's function

(5)

"C 4.- •j ' I
wonre 12 - r i iblib. We represent this field computation by

(C6)

b b

b_ ' 11b ,2 I "•• , .I
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Hee we have used the linearity relationship to replace E b(-J, -j) by

b-E (J, M), and similarly for H

Figure 3-4 showa the equivalent problem for region "c". It con-

6 -sists of the currents "2' -2 on ,2' radiating into an infinite medium

with conatitutive parameters cc, € everywhere. The field .E 0, is

tlaat produced by "J-2, 41 , which can be calculated from the potential

integrals aud the "infinite re&ion" Green's function

-j•c It_-r' I
ac e a (7)

where k.- W/e= We represent this field computation by

Figure 3-4. Equivalent Problem for Region "C"
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(8)

where we have asain used the relationship EC(-J, -') - - QE(j, H), and

similarly for _O.

Finally, we must apply the boundary conditions that tangential

co~pononts of Z and H in the orioinal problem are contilluous across

S1 and 92. In terms of the equivalent problem "a", E an and ai must+
be evaluated Just outside denoted Si, siee they are discontinuous

across JI M1 on S3. Similarly, in terms of the equivalent problem "b",

• and •. must be evaluated Just *n.idk, S,, denoted S,, since they
EtAn -tian isd
are discontinuous across -Jl -M1 on S1. We therefor~e have for the

continuity conditions on S1

+ ~+

tan S1  tan S

(9)

CHa + H) . Ub
tan S tan

Simiiar reasonin8 and notation leads to the continuity condititns for S2

Eb . c

-tan S2 tan ,

H b H b..

tan S + tan

The four equations resulting from substituting Equations 3, 6, and 8 into
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E/quations 9 and 10 are sufficient to determine the four unknowns J1' i' J
anQ -2'

To express these four equations in operatot notation, we

def ine the following linear operators:

a

tan S14 4

H M)tan S1

-~ - -Nb b b
tan Si `

bb b
tim

•Oql eK - -=(2i

8- 2(j-2 A2'

tan S2

tan S2

re. s• 22 (-2' -2)

It should be apparent that, in the notation •p , x denotes the conati-

tutive parameters c x 4, p denotes the surface S on which the currents
x x p

re•ide, and q denotes the surface Sq on which the tangential components

of E are evaluated. Similar notation applies to the • operator for
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the tangential components of H. t denotes an electric-field operator

and 1 denotes a magnetic-field operator. We can now writs the equa-

tions resulting from Equation 10 as

11  ' ii +) - ' -i 2  = -tan S

b b,

4241- MI) + 22 (- 42 ) "+ t22!21Y _S" o~~b2•, •1) + b• (a 2 •2(2 2

12 -1 +:- 2 2 (J 2 , M2) + *22(42- ti2) w 0

The X H are continuous across S1, hence we have dropped the supeI

"script on S in the right hand ters of the first two equations. The

operators q'and A are known, but complicated. Equation 12ý%e

general in that they apply to any shell of linear,+ homogene6ba, and

isotropic matter. It should be pointed out that there are other sur-
"(2)

face formulations for the problem equivalent to the one we have

discussed in detail above.

3.2 THIN HIGHLY CONDUCTING SHELLS

Composite materials which have a high conductivity (as 104) are

used extensively in military aircraft construction. We have considlcrcd

some approximate formulations for thin highly conducting shells.
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For very low frequencies, that is, whaa:L the waveljngth in the

shell is large compared to shell thickness t, wo can i.s. the impedance sheet

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

a loaded body, for which the operator equation in (4)

+ D( tn) (13)

Hlere we have considered $ and S2 to be approximately the same surface S,

supporting an electric current J. The effect of the equivalent magnetic

current io negligible compared to that of J. The load impedance for this

case is obtained by substituting ab for JwAE in Reference 3, or

(14b

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

very low frequencies.

For higher frequencies we- can consider region "b" to support

traveling waves, and use a transmission line inalogy05. Figure 3-5 shoqs

a section of the shell between surfaces S and S assumed to be locally

plane. The intrinsic impedance of the shell

T1b (+ J) (15)r

is normially much smaller in maguitude than n and nc (usually free space).

Hence, region "a" sees alaost a short circuit at S1, and region "b" sees

almost an open circuit at 82' Thus, in region "b", we have
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Figure 3-5. Wave Approxiumation for tha Thin Highly Conducting
Shell Problem
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Ht a A sinh Yb(t -Z)
(16)

Et U nbA osh Yb(t - 2)

W•t" is the intrinsic pvopagation constant in the shell,

(1+ (iJb b (17)

asd a is the distance from S1 in region "b". The impedance seen at

Sis
b coth Ybt (18)

rt I '

zoo

Insofar as the extera.l problem is concearned, we still use Equation 13 for

the external problem with given by Equation 18. Note that

t b t(19)

which is the vory low frequency approximation, and

Snb (20)

which is the high frequency approximationj i.e., the shell looks

infinitely thick to the exterior field.

It still remains to determine the interior field. For this,

evaluate A in Equation 16 by letting z * 0.

O t *i -A sinh ybt

t 0 * Acosh y t

3-11
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The first equation gives

J
sinh ybt (22)

where we have set J- J of Equation 13. The second equation of Equation 21

gives an approximate solution for M1 , which is not needed for the internal

problem. (The M1 insures that the wave in the equivalent problem of Fig,-

ure 3-3 travels only inward; i.e., there is zero field external to region "b".)

Using Equation 22 and setting z - t in Equation 16, we have

Hj , 0
' |t

Etl a nb sighy t

We use approximate equalities in Equation 23 because we have used the

approximation that region "b" sees an open circuit at S2 . From Equa-

tion 23 we have

' t (24)

n

12 sinh ybt n X J

For a better approximation to -1-2 in Equation 24 we could use the wave impe-

dance looking into region "c" to relate J2 to M2 . For this, we could use M.,

as known in the third equation of Equation 12 with4b2 = 0 to determine J_2

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

with 77 12 = 0 to determine J2" If necessary, we could also take and

b! as known quantities in either of these two equations. For a cruder,
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but easier approximation, we could assume plane waves at S in region "c",
K2

and obtain

=2 sinh ybt ()
Fb

Since 1/fl < 1 usually, "2 is small compared to M2 , but not zero as implied

by the first of equation of Equation 24.

Once whe have M and we can calculate E and He in region "Ce

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

potential integrals with constit.utive parameters those of region "c". Note

that, insofar as the field in region "c" is concerned, the eqiivalent magnetic

current contributes more than the equivalent electric current J2 '

3.3 DISCUSSION

The general three region problem, presented by Figure 3-1, is basi-

cally very complicated. The solution of the three equivalent problems, Fig-

urea 3-2, 3-3, and 3-4, could in principle be obtained by solving Equa-

tion 3-12 by .he moment muthod( 5 ' 6 ). For shells of revolution, the required

computer programs could be obtained from those used i homogeneous material

body of revolution( 2 ). However, this would require considerable effort. A

combination of these programs plus the thin shell approximations of Subsec-

tioon 3.2 could be used for an approximate solution to that problem. However,

this again represents a considerable effort. In any event, a careful study

7should ba made to determine the ranges of parameters for which the thin con-

ducting shell approximations are valid.

3-13
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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 specified in terms
of the electric and magnetic shielding effectiveness of the shield, which is
deftned by

MSE *20 log10 IMSR'I (1)

where
H

MSR" 1  INCIDENT (la)

HINTERNAL

and

ESE -20 log1 0  SER11 (2)

where

E
ESR" INC- EN (2a)

EINTERNAL

The quotients of the interior and incident fields are referred to as the magne-
tic and electric shielding 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 shi4ld geometry:
for a flat shield the scattered field is uniform so the entire 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
a 6 dB gain in the magnetic shielding effectiveness of the shield.

The basic problem with such shielding specification is one of unique-
ness. In general, the interior fields are not spacially uniform even when those

4-1
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extGrnal to the shield a, n this case, the shielding effectiveness becomes

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

tivenesa definItion. Although the shielding effectiveness specification can be

ambisuous, there, are certain geometries for which a specially uniform incident
field will produce a uniform interior field. These geometries are shown in Fig-

ute 4-1. For these cases, the shielding effectiveness definitions are unique.

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

The interrelationships between electric shielding effectiveness, magne-

tic shielding effectiveness, and surface transfer impedance for these geometries

under an incident uniform magnetic/electric field and their dependence upon the

incident frequency and the shield material parameters have been investigated.

included in the investigation was a study of the magnetic shielding effective-

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

tated by a nearby loop antenna. A complete detailed report of this study is

tontainod in Reference 6.

4.1 SHIELD EFFECTIVENESS FOR A UJNIFORM
MAGNETIC FIELD

For a uniform magnetic field, the magnetic shielding effectiveners' Is

a function of the shield material parameters (0, P, 9, d), the frequency of the

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

are summarized in Table 4-1.

F f c the inverse magnetic shielding ratio

of a flat plate is given by

MSRI U 1 + z od (3)

and hence is completely determined by the conductivity and the thickness of the

shield. Figure 4-2 illastrates the low frequency magnetic shielding effective-

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

W < .L .> cosh(yd) 1, sinh(yd) )'d.•a2
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Volumo-•@

d Tint

1% i f I+" " _

a) Sphere 2Lr. .€

"b) Cylinder- I 2v
longitudinal aW4

- d• -

ja) Cylinuder- z --- 2

8) Parallel I 2

1 ,AI,,planas l 341: ["• l,,,I~xC BLnt:
GYA~tation

a) $Lll plum E

Figure 4-1. Shield Geometries for which Specially Uniform Exterior
Field. Produ.ce Uniform nte.,.ior Fields
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PLATE THICKNESS CORRESPONDS TO 8 PLY COMPOSITE MATERIAL
AT 0.00525 IN/PLY

SHIELD CONDUCTIVITY, a, IN UNITS OF mhos/m

ALUMINUM (a • 3.8 x 1071

l TITANIUM (a 2,0 x 106)

T-300 GRAPHITE (a a 17500)

GRAPHITE EPOXY (u • a14)

BORON EPOXY (a , 30)

.wO

LOG10 (Frequency)

Fiure 4-2. M•agnatic Shielding Effectiveness of a Flat Plate under
a Uniform Magnetic Field
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Table 4-1. Magnetic Shielding Effectiveness Formulas

for Incident Uniform Magnetic fields

Inverse Magnetic Shielding Ratio

Qeozerty (MSk~

flat Plat& cosh(yd) + Z 0/2nl sinh(yd)

parallel plates (separation 2r) cosh(yd) + Z/n sinh(yd)

cylindrical shell (radius r) cosh(yd) + Z/2ri sinh(yd)*

spherical shell (radius r) cosh(yd) +~ 1 Z/rn + 2fl/Zl sinh(yd)

uhare Z. w Jwr n -i [Jpa 1/ Y UwPOu 1/, z 377, and d the shieldc
0 thickness

mixed-orientation boron/epoxy flat plates of 0.00107 m (corresponding to a-ply ~

composite material at 0.00525 in/ply) thickness.

The remaining geometries, referred'to as enclosure geovetries, are

frequency dependent at low frequencies. The inverse magnetic shielding ratios '
for.enclosures can be written as

spherical geometries this representation is valid only for

Forlovfrouenies W 0.1pa Ithe inverse magnetic shielding
ratio for an enclosure can be approximated by

MSRW1 a 1 + ( 2 )yd .(6)

King (Reference 1) has shown that this formula is valid for #1l angles of in-
cidence of the external field relative to the cylinder axis for r << d.
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Hence, at low frequencies, the magnetic shielding effectivenees of an enclosure

in a uniform incident magnetic field is dependent upon the field frequency as
V

well as on the shield geometry (expressed in i) and the material parameters

(a and d) of the shield.

The magnetic shielding effectiveness of an enclosure exhibits a "break

point" at
V -

below which the magnetic shielding effectivenoss is approximately zero. Above

the brekpoint the magnetic shielding effectiveness increases with frequency as

20 lOgl0(f/fb). This behavior is illustrated in Figure 4-3 for aluminum, tita-

nium, and mi.ed-orientation graphite/epoxy composite enclosures with unit volume-

to-surface ratio and a shield thickness of 0.005 m. Since the volume-to-sur-

face ratio is proportional to the radius (plate separation) of the enclosure,

the breakpoint frequency is inversely proportional to the enclosure radius 'plate

separation), the shield conductivity and the shield thickness.

Figure 4-4 illustrates the dependence of magnetic shielding effective-

nse of an enclosure on the volume-to-surface ratio. The graph is for an 8-ply
4

mixed-orientation graphite/epoxy composite (a - 10 mhoa/m). As can be seen

from Equation 6, the magnetic shielding effectiveness of an enclosure increases
Vas 20 log .

Figure 4-5 is included to emphasize the differences in magnetic shield-

in& effectiveness as one changes the shield geometry. It is very important in

discussing the magnetic shielding effectiveness of a shield that one must not

only identify the shield's material parameters but also the shietd geometry.

The data shown is for an 8-ply mixed-orientation graphite/epoxy shield (a

10~ mhos/m).

It should be @tressed that these shielding results are valid for the

enclosure, described only when the incident field is a uniform magnetic field.
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SHIELD THICKNESS CORRESPONDS TO 8 PLY COMPOSITE

SHIELD CONDUCTIVITY 104 mhos/m

lao.0

40..1
0.01

LGC(F.equeCy)

Figure 4-4. Magnetic Shielding Effectiveness of an Enclosure 
under aH

Uniform Magnetic Field as a Function of Volume-to-Surface
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SHIELD THICKNESS CORRESPONDS TO 8 PLY COMPOSITE
MATERIAL AT 0.00525 IN/PLY

SHIELD CONDUCTIVITY 10 iO mhs/m

Igo
fl ~ FLAT PLATE

U PARALLEL PLA:TES,
14.9(SEPARATION 2r 2m

40.9YLINOCI (r 1 )

bSPHERE (r 1)

.0 1. 81. 3.. 4 S. .

LOGI0 (Frequenicy)

Figure 4-5. Magnetic Shielding Effectiveness on the Uniform Incident
M~agnetic Field



To illustrate that the shielding effectiveness of a shield is depen-

dent upon the type of field incident upon the shield, we consider a nonuniform

magnotic field incident on an infinite flat plate.

4.2 FILAT PLATE SHIELDING FOR A NONUNIFORM
MAGNETZC FIELD

The geometry for studying the magnetic shielding effectiveness of an

infinite flat plate with an incident nonuniform magnetic field generated bý a

loop antenna parallel to the shield is given in Figure 4-6. An integral expres-
sion for the magnecic shielding effectiveness has been derived by Bannister 1)"
for which quite managable low frequency approximations exist with the appropriate

frequency restrictions. The expressions presented are valid only for those

materials which are essentially isotropic in the plane of the flat plate; e.&.,
for multilayer mixed-orientation graphite laminates but not for unidirectional

samples. This restriction is a consequence of the need for roughly dirculir
currents to flow in the plane of the flat plate if the incident magnetic finid

is to be terminated.

r, r2

LOOP I LOOP2 2 '
SOURCE OBSERVATION

POINT

-. d

Figure 4-6. Geometry for Magnetic Shielding Effectiveness of an
Infinite Flat Plate under a Nonuniform Magnetic Field
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I, 1/2

For 2 < w < 2rc/(20[a d)+ )

("rt ( 2 )/12)l12(l1

MSE - 8.686 [tWa/2]1/ 2 d + 20 1010 ((w[ /2)1/2 + r2)/8.485)(1) (8)

For 200 < f < min 1/2
Fo 2 2m. 2

PC' • a + (r 1 + r 2 ))2 21tc/(20[a + (r1 + r 2 - d) ] )

a + (1 + r)2 (2)
___ 1__ __ 2)_ 2XSE 10 1Og3o (1 + [ )( r+ 2  (9)

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

Note that in the case of a nonuniform field generated by a loop anten-

not, the magnetic shielding effectiveness is dependent not only upon the shield

parasmters (o, d) and frequency but also on the source-shield geometry (ab r 1 ,

r2). For (r1 + r 2) > a, (r1 + r2 ) AC6-• > 1, the dependence of the magnetic

shialdint effectiveness on the source-shield geometry (a, rI, r 2 ) can be ex-
pressed as

MSE a ý(f, a, d) + 20 logio (rI + r 2 ) . (10)

Figure 4-7 gives the magnetic shielding effectiveness as a function of conduc-

tivlty and shield thickness for conductivities of 3.8 x 107 mhos/a (aluminum)

and ,7500 mhos/m, 1.0 x 104 zhos/m, 5 x 10 3 mhos/m (conductivities associated

with mixed-orientation graphite/epoxy composite) 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/spoxy 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 canter separation of 0.0509 m (2 in.). The theoretical

rasults shown for the mixed-orientation graphite/epoxy composite compare very

closaly to Boeing test results for 24 ply, 16 ply, and 8 ply T300 Sraphite/epoxy
laminate with 0"/451/90* and 00/900 layups. These test results are shown in
Figures 4-8a and 4-8b, respectively.
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LOOP DIAMETER 1 in.
ANTENNA-PLATE SEPARATION 1 in.
PLATE THICKNESS CORRESPONDS TO 8 PLY COMPOSITE
MATERIAL AT 0.00525 IN/PLY

ALUMINUM TITANIUM
( .8 x 10 ( ( , ZO x 106)

too.-

810.0
7

T., / CRA.HoTEGRAPHITE EPOXY

._,a N rpOy (7 a 30)

1. 2. . ,. S,. 7. 6.
(a) LOG 1,0 (Frqumncy)

(a) Plate Thickness = 0.0032 m

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 iR.

ANTENNA-PLATE SEPARATION a 1 in.

PLATE THICKNESS CORRESPONDS TO 12 PLY COMPOSITE
MATERIAL AT 0.00525 IN/PLY

ALUMINUM TITANIUMllO. i (• 3.9 x 1,07) ( -2. 0x 1,0•

U

S/ T-300 GRAPHITE
(a a 17500)I

F40.0
GRAPHITE EPOXY

(~10)
L00 E .30)

.10 1 3. 4.1 5. 6. 7. 4.
LOG,, (Frequency)

(b) Plate Thickness , 0.00214 m

Figure 4-7. Magnetic Shielding Effectiveness of a Flat Plate under a Non-
uniform Magnetic Field generated by a Loop Antenna Parallel
to the Plate (Sheet 2 of 3)
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LOOP DIAMETER , I in.

ANTENNA-PLATE SEPARATION a 1 in.

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

ALUMINUM/ TITANIUM
'a 3.8 x 107)2.0 x 106

r IN

120.

T-300 GRAPHITE
(a 11500)

so.*-

400 GRAPHITF, EPOXY

BORON EPOXY (~'30)

.0 1.3 5 . 7. 0.
0OG10 (Frqu¢ncy)

(c) Plate Thickness - 0.00107 m

Figure 4-7. 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)
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"T-.300 GRAPHITE

so PI •LY . . . . . . . _ ,-

I PLY

"140=

0 1 , L I l ' I i • l P I I i t

0.01 0.,1 1.0 10 too

~, 0°/4?90° LAYUP

T-300 GRAPHITE

U :,p't.Y

A I PLY

a 40

0.01 0, '0tO9
%L 0 l0.1 1.0 10 0

FREQUENCY (N4z)

(b) 0/90" Layup

Figure 4-8. Infinite Flat Plate with a Nonuniform Incident Magnetic
Field Trest Results
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To illustrate the dependence of the maguntic shielding effectiveness
on the type of incident field, Figure 4-9 shown the shiolding effectiveness of

a 0.0032 a -hiek flat mixad-orientation graphite/epoxy plats (conductivity
j10m hoe/m) vith a uniform incident magnetic field and, with a nonuniform Inci-

dint magnetic field generated by a 1 in, diameter loop antwuna parallel to the

plate at a rang* of 1 in, (Seometry of Figure 4-6).

Table 4-2 attempts to characterize the significant properties of mag-

netic shielding of fctivenees for the situations described in this report.

4.3 ELECTRIC SHIELDING EFFECTIVENESS FOR
ENCLOSURES ZDPR A VNIFORM MAGNETIC FIELD

(7)
Followfng Schelkunoff '1 approach to EM shielding, the electric

shieldidn efectiveness of a material is primarily the result of loss due to

absorption and reflection.

Absorption Loss: When an EM wave passes through a medium, its ampli-
tude decreases exponentially due to currenta induced in the medium producing

ohmic losses and heating of the material. The electric field can therefore be

written as

E E exp['€/]1

where B1 is the electric field intensity at a distance, t, withir. the media and

E is the Incident field strength. The distance required for the wave to be

attenuated to i/e (37%) of its original vQlue is defined as the skin depth,

which is equal to

Sm (,.2)

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

ESE(Absorption) -20 log(X-d/ 8.686 d/6

8.686d/2, (13)

giving the absorption loss at 8.686 dB/skin depth.
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Table 4-2. Summary of Properties of Magnetic Shieldina (Sheet 1 of 3)

Uniform Incident Magnetic Field

Flat Plate Exact dxpression for the magnetic shielding effectiveness is
Geometry: given by log1]cos~yd) 377

MSE w 20 ioglO]coahoyd) +-7 sinh(yd) l

The low frequency limit of the magnetic shielding effective-
uses is given by limit MSE(flat plate) - 20 loglOli + 377adi.

f+*00.10
For f < MSE 20 losg0j 1 + 3Z; adj showing the low
frequency magnetic shielding effectiveness is dependent only
upon the conductivity and shield thickness.

For f >201 the magnetic shielding effactiveness'increases

I exponentially with frequency.

Enclosure Exact expression for the magnetic shielding effectiveness isGeometry
(eoeta. Sgiven by MSE 20 loglolcosh(yd) + I ysinh(yd)l where is the

platas, volume-to-surface ratio of the enclosure.
cylinders,
spheres): For spherical geometries, this expression is valid only for

frequencies greater than 0.1/[9v •o (P)2].-

For frequencies less than 0.1/[9v Pa (V) ] he magnetic shield-

ing effectiveness for a spherical geometry is given by MSE -

20 logl 1ocosh(yd) + 1 + _ snh(yd)j.

For f < .1 MSE 2 0 logo dl showing the low

frequency magnetic shielding effectiveness is dependent upon
the conductivity, shield thickness, enclosure geometry '1

'( ~) and frequency.

Enclosure magnetic shielding effectiveness exhibits a breoak-
point b Below f MSE 0 0. Above fb2• ( ~)io
the MSE grow& approximately as 20 lOglolf/f bl.
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Table 4-2. Sumary of Properties of Magnetic Shielding (Sheet 2 of 3)

gaclosure For fixed o, f, d; the dependence of the magnetic shieLdi gGeometry effectiveness is approximately KBE C(C, f. d) +

20 log10 (0 ). The magnetic shlelding effectiveness in-
creases with frequency.

Nonuniform incidnt- mgneeti, field aanersted by a nearby

Flat Platae An exact integral expression for the magnetic shielding
aeouetry: effectiveness has been derived by Uannister.(l)

For 0*$ < f I c/(20(a 2 + (r + r t 21/2 the magnetic

2__ 1______ 2)

shielding effetoxvenesis an be apprtxioaned as

SEon.etry [ 4a +1 r 2 0).l r +r)84

?20 ('4/( i'n'd)

For [ + 0r .. . < f < kin)
21W(a2 + (r0I + ro2) f/q20(&e2(rclir 2-f)

mhe magnetic shielding effectiveness can be approxlmated as

geerte by nerb loop + 0.)

i"S a 10 1o210 (1 + ( 6- )... rl + rg

(Both of thes)e approximth one require r m an r i >> d e

Thepl magnetic shieldingee is dependont upon the
shiheld parametere• (a a d)d frequency, and ths miour~e-sield
geometrry (a, rig r ).
for (a', + (r 1+4 r 2)2]I/ < 10, the low frequency limit of thei

maeeneic shielding effec tivene ss li rmwt s (flaet plotie-fleld
generated by neairby loop) w 0. f•

For (rq + ru2e a the dependence of the masnetic w ihielding
effectvenessl on the siource to detector loop distance,
f(r1I + r 2)2 + a]/2 for const:ant f, do and d tis approxi.-

mate ly MSE - C(f, a, d) + 20 loglo(r ,'÷ r 2).

.iFormiag ral- of lover conductivity, sach hl traphitelepoxy
€o, poshss. ko magnetic shielding is offered for frequencies

(2ruad) 2 l u

"••!below win 4 . Abe • this mnimu

"':i ]frequency, the shteiding effec~tivenessi grown "exponentially"
.;i.J. with frequency - the rael~ of growth increasies with increas-

I l•~in conductivity aind shiheld t~h,;l,'kneil.



Reflection Loam: The reflection loss at the interface between two

zedia is related to the difference in characteristic impedances between the

media. The intensity of the transmitted wave from a medium with impedance, Z1 ,

to a medium with impedance, Z2, is

2Z2E1 l 2 Eo (14)
1 2

where E is the intensity of the incident wave and P. is the intensity of the

transmitted wave.

When a wave pasas. thvough a shield, it encounterm two boundariew -

the second boundary being that between the mudium with impedance Z2 and the

medium with impedance ZV. The transmitted wave, E,, through this boundary is

given by

Et zi + (15
1 2

If the shield is thick compared to the skin depth, there is high absorption loss

and the effect of multiple reflections between the two boundaries is negligible.

The total transmitted wave is then

4Z ZE= - 1 1 ' L E0 (16)
t 2 (6(Z 1 + Z2 )

If the shield is not thick, multiple reflections occur between the two boundaries

since the absorption losa in the shield is small, However for electric fields,

since Z >> Z most of the incident wave is reflected at the first boundariy

and only a sll percentage enters the shield. Therefore, multiple reflections

within the shield can be neglected for electric fields and so the total trans--

mitted wave is the same as that for a thick shield.

For Z >> Z

4 Z2
4E• Z-- - o (17)

Since Z1  s/H 7e and Z2 shield impedance, in the case of an electric

field Z >> Z.2
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For wave impedance and shield impedance n- Z2, the reflection loss for

an incident E field is

41ZII
ESS(reflection) * 20 logiO - l(

HIn
For an enclsoure, the inverse electric shielding ratio is

ES-I Yb sinh(Yd) (6)
2(2v b/%)2)

Vhera

radius of cylinder for cylindrical enclosures
b * 1/2 plate separation for parallel plate enclosures

2/3 radius of the sphere for spherical enclosures

Not&&aS b *• , where V is the volume-to-surface ratio of the enclosure,

-1 Y minh(yd) (0S" =(4TrIX) ,(o

For frequencies such that the skin depth is greater than"I•d, where d is the
shield thickness, the electric shielding effectiveness due to absorption is
less than 2 dB so that the electric shielding effectiveness is primarily due
to reflective losses; i.e.,

ESE(reflective loss) = 20 losgIoESR'Il. (21)

a >V20~ d <M> W< .go2

a> ESE(reflective loss) = 20 log10 (ad/8ire ) - 20 log 0 (M) (22)

Therefore, for radian frequencies less than the electric shielding
2'

e!fectiveness decreases as -20 log10 (f),
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As the skin depth approaches iM, contributions in shielding effec-

tiveness due to absorption losses become significant. The exponential nature

of electric shielding due to absorption losses causes a minimum to exist in the

total electric shielding effectiveness of the shield. ENeoyinZNNewton's method,

the electric shielding effectiveness attains its minimum when --2 d - 2.99008

or f 98

Note that"•-ad * • , where 6 is the skin depth, so the minimum!2

electric shielding effectiveness occurs when the frequency is such that the

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

Table 4-3 gives the frequency at which minimum electric shielding

effectiveness occurs for aluminum (a a 3.8 x 107 mhos/m), titanium (a - 2.0 x
6 4106 mhos/m), and mixed-orientation graphitu/epoxy composite (a - 10 mhos/mand a - 5 x 103 mho/m) enclosures for shield thickness from 0.0011 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 effectiveness is dependent on the volume-to-surface
ratio as well as the shield thickness and conductivity, the electric shielding
effectLveness at the frequency at which shielding is at a minimum are given as

a function of volume-to-surface ratio.

Figure 4-9 illustrates the typical form of the frequency dependence

of electrir. shielding effectiveness for an 8-ply mixed-orientation graphite/epoxy

enclosure (Ci = 0 mhoo/m) and a similar aluminum enclosure of the same thickness.

Writing the inverse electric shielding ratio as

ESR-I .%Y sinh(yd) (23)(4,•2 S •

the electric shielding effectiveness can be written as

ESE - k(f, a, d) - 20 loglo( • ) (24)
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Table 4-3. Frequency (Hz) at which the Electric Shielding Effectiveness of
an Enclosure under an Incident Unifom Electric Field is at a
Minimum

SHIELD THZCI=ESS SHIELD CONDUCTIVt.TY
(U) (umho,/m.)

,0011 .49E 0 5 s9E +'6 #19E 0! #37E 09
,0021 ,t1E :5 .6F ,6 4 41•oE 09
,003• ,58E J4 *ILE * 6 OUF 0 6 44E 08
oO0. ,.5•,42E )4 6iE "'s ,916 07 ,t8E Od

*OO ;OEE 'd3 sip ,75 ,23E 0? #4517 07
0 15'ý 626E QJ3 504." ,* ,IOE o7 #20C C7

Table 4-4. Minimum Electric Shielding Effectiveness (dB)
for an Aluminum Enclosure

MATPIAL.I ALJMUMINUM CeNUUCTIVITYI #38OE 08
SHIELD THICKNESS

(in) VOLUME-TO-SURFACE

not 10, 100.

239 21 19 79 09

246 2P.6 206 146

p72 216 2313 ?1t jq

I 01 76 26 236

3:7 2?7 267 27 2P"7

34 294~ 2J 254

3~24r, 260
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Table 4-5. Minimum Electric Shielding Effectiveness (4B) for
a Titanium Enclosure

HATEPIAU: TITAN I'JM CdOC1j~ OR:CE 101

SHIELD THICXMSS VOLUME-TO-SURFACE

-Cll147 .16 147 127 1007

.302 .I 17r, 155 1.35

21O17 20 7 1.b7 j7

22519 1765

I %a15 2315 2 1 c

602uo 263 243 22.3 203 183

",00269 2~49 2219 2 9 4

Table 4-6. Miniimum Electric Shiel.ding Effectiveness (db) for
a Graphite/Epoxy Enclosure (a - lo4 mhos/m)

MATEW!AL: GRAPWITE EPXY C4M~51T CeNUUCTIVTY! 'OiDE Os

S~ZED TTN~SSVOLUbM-TO-SURFACE

m(m

' '1. ,1 t 10' t 100.

0 195 75 5E 3b '

* 1. 112 272 23

J2 1,23 1"t3 ga 63 4
°'CC135 115 =•75 •5

,dluc 153 133 113 93 73

•1•0163 12 aR 103 •

$iPu 71. 1.51 1.31. 111 91

T , C 177 15 7 137 117 •7.
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Table 4-7, M~inimum Electric Shielding E1ffectiveness (dB) for
F * a Graphite/Epoxy Enclosure (a a 5 x 103 mhog/m)

S~IE THCK2'ESSVOLUME-TO-SURYACE

*0011 A3 60 3 23 '3

too~J 8" 03 6~ C, 49P

311
123 10 A3 43.6



VOLUME-TO-SURFACE RATIO =1

SHIELD THICKNESS CORRESPONDS TO 8 PLY COMPOSITEI, MATERIAL OF 0.00525 IN/PLY

ALUMI NUM
(~*3.8 .n107)

L&I

66 A*
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H~ence. for fixed frequency, conductivity, and shield thickness, the i
electric shielding effectiveness decreases with increasing volume-to-surface

* ratlo Lit contrast to the magnetic shielding effectiveness which increases with
increasing volume-to-surface ratio at approximately 20 logl C ) Figure 4-10

S
illu~strates the dependence of an 8-ply mixed-orientation graphite/epoxy enclo-

* ~sure (a O mhos/xn) on the volume-to-surface ratio of the enclosure.

Table 4-8 summ~arizes the major properties of the electric shielding

effectiveness of an enclosure under a uniform electric field.

4Shield Conductivity - 10 whos/rn

Shield Thickness corresponda to 8-ply
composite material at 0.00525 in/ply

Volume- to-Surf aca
(V/S) Ratio Minimum ESE (dB)

400.0019
0.1 75
1.0 55

10.0 35
100.0 15

L24Q
L-1

LU

LU

~ea.0

A..

.0 I2. 3. 4. .6.7. 6
LOG10 (Frequency)

Figure 4-10. Electric Shieldin4 Effectiveness of an Enclosure under a Uniform
Electric Field as a Function of Enclosure Volume-to-Surface
Rat io
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Table 4-8. Propertie• of Electric Shielding for Enclosures Under
a Uniform Incident Electric Field

ESE P shielding due tc reflection and shielding due to absorption
losses

For enclosures, the inverse electric shielding ratio is (/12 V

where V is the volume-to-surface ratio of the enclosure

For W < 0,1/Pad2, corresponding to a skin depth of 20 d (where d is
the shield thickness), the electric shielding is primarily due to re-
Elective losses

For w < 0.1/Ia d2 , the electric shielding effectiveness decreases as

-20 log10 (f) (ESE u 20 1og 10 [ad/(8T r )e - 20 1og 1 0 (f)])

For W > 0.1pad2, shielding due to absorption becomes significant and
grows exponentially, dominating shielding due to reflection losses

A minimum electric shielding effectiveness exists at f - (2.99008) /

(-Trad 2), the frequency at which the skin depth is approximately one-
third the shield thickness

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

surface ratio is ESE w K(a, f, d) - 20 log10 (), in contract to the

magnetic shielding effectiveness which is approximately C(a, f, d) +
V20 loglO( V )
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4.4 EM RELATIONSHIPS BETWEEN SHTELDING
EFFECTIVENESS AND TRANSFER IMPEDANCE

The difficulty with expressions for electric and magnetic shielding

effectiveness is the extreme dependence of the shielding effectiveness on the

nature of the exciting field and on the geometry of the shield (i.e., they must

be used only for those basic geometries for which they were derived). Similar-

ly, the extensive laboratory measurements of electric and magnetic shielding

effactivenesu that have beeý made over the spectrum of composite materials of

current interest are valid ýnly for the geometry of the test; the results cannot

be extended directly to more difficult geometries.

Shields which are thin compared to their radii of curvature and for

which the wavelength of the incident EM field within the shield is much smaller

Lhan that external to the shield are called locally planar since their EM be-

havior is essentially a local phenomena.. For a locally planar shield, a mea-

surament of the degree of EM protection offered by the shield, independent of

geometry and incident field type, is the surface transfer impedance of the shield

material. This impedance is defined to be the ratio of the interior tangential

electric field to the surface current density of the current induced by the in-

cident EM field. The surface transfer impedance, Z , of a homogeneous conduct-
at

1in shield (including mixed-orientation graphite/epoxy composites) is determined
by the material conductivity and thickness, and the frequency of the incidene

field:

%t o Et/J - n csch(yd) (25)

where = is the intrinsic impedance of the shield, a is the pro-

pagation factor, and d is the shield thickness.

Figure 4-11 illustrates the dependence of the surface transfer impe-

dance on the material thickness and material conductivity, respectively, as a

function of frequency. The low frequency asymptote to the surface transfer

iapedance is

zs =/ad (26)
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MATERIAL THICK.NESS CORRESPONDS TO 8 PLY COMPOSITE
MATERIAL AT 0.00525 IN/PLY

* BORON EPOXY (a 30)

GRAPHITS EPOXY (a a 104)

T-300 GURAPI (a - 17500)

-00

LOG,, (Frequency)

Figure 4-3.1. Surface Transfer Impadance as a Function of Frequency
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For homogetteous conducting shields with a geometry of the type shown

in Figure 4-11 under a uniform magnetic zield and for a homogeneous conducting

infinite flat plate with a nonuniform magnetic field produced an shown in Fig-

ure 4.-6, the sufrace transfer impedance can be related to the magnetic shield-

ing effectiveness as

SSE 20 loglolz/ztI_ (27)

over a frequency interval dependent upon the shield geometry, conductivity, and

thickness vhere:

Z - ag 377 for a flat plate under a magnetic field

Z - V )Jwp for a cylindrical, spherical, or parallel plates
enclosure with volume-to-surface ratio ( V ) under a uni-

form magnetic field, ns illustrated in Figure 4-11.

Z w•(rI + r 2 )/6 for an infinite flat plate with a nonuniform

magnetic field generated as shown in Figure 4-6 under the
assumptions r1 + r 2 >> a and d(r 1 + r 2 ) >> 0.03.

Similarly, for a homogensous conducting enclosure of the type shown

in Figure 4-1, the electric shielding effectiveness can be related to the sur-

face transfer impedance as

ESE 20 log10oZ/zstj (28)

over a frequency interval dependent upon the shield geometry, conductivity, and

thickness, where Z j [87rf( V -

These relationships provide a means for extending thA application of

laboratory measurements of the magnetic shielding effectiveness of a homogeneous

conducting material to locally planar homogeneous conducting shields, in general,
through the concept of surface transfer imepdance. Conversely, laboratory me&--

surements of the surface transfer impedance of a homogeneous conducting shield

of arbitrary locally planar geometry can be used to determine the associated

magnetfc shielding effectiveness for shields of the basic geometries and
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4ssociated incident field types discussed. These relationships are valid over

a frequency interval dependent on the shield geometry, conductivity, and thick-
(5)ness. As an example, quadraxial measurements performed by Boeing of the sur-

face transfer impedance of 24 ply T-300 graphite (Figure 4-12) were used to

compute the magneý.c shielding effectiveness for a flat plate with a uniform

magnetic field, 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 effectiveness data is included in Figure 4-13c for

comparison. Theoretical magnetic shielding effectiveness values were provided
for comparison in Figures 4-13a and 4-13b due to the lack of real measurements

under the equivAlent situations.

An immediate corollary to th4 relationuhip MSE 20 logloIZ/ZstI,

valid for the frequency intervals over which the relationships hold is as fol-
lows:

For two shields of the same geometry with conductivities and
shield thickness (ai, di), respectively, with i - 1, 2, the differ-

ence in the magnetic shielding effectiveness offered by the shields
is

21.1
MSE(a , dI) -MSE(a , d)= 20 log10  (29)

2 1 2t (a I (, d 1) (9

(The shield geometries and associated field types for which this relationshitp

holds are those in Figures 4-1. and 4-6.) This relationship provides a "back-
of-the-envelope" solution to the gain or loss in magnetic shielding effective-

ness when conducting films are added to shields or when different materials are

used for the shield. Figure 4-14 shows the gait. in magnetic shielding when

24 ply T-300 graphite is coated with one mil aluminum foil, two mil aluminum

foil, 120 mesh aluminum screen, and 120 mesh phosphor bronze screen.

i43
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I00

0 22346 6 74

SHIELD0 1121CK446$1 0,00432 0
CONDMIa11g1Y *A 11o /a
AR6TERIAL 1 4 PLY0 1-304 COAPIOITC

(a) Flat Plate under a Uniform Magn~etic Field

~kCOOCIICY (IIIII

SHM(L THICKNES0S 0 .0032 IN
4WINEbo10$UFACE IATJO - 2100 W~i

,~UaIN. 24 P4. 1!300 WIANIT&

(b) Volume under a Uniform M4agnetic Field

600

400

FREQUILIKV (141a)

SOWiý101CCI( LOW4 $EPRINATION 0.1160 NO
$4111ILD 114ICKNESI .03
LOOP RAAI3I*

IMILAIM. *24 P4.0 t.30 UAAPHIVI

(c) Flat Plate tinder a Nonuniform Magnetic Field

Viguro 4-13. Shielding Effetoiveneas
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2 NIL ALUMINUM FOIL
COATING

40 1 NIL ALUI34NUM FOILII COArING
30 120 MESH ALUMINUM SCREEN

120 MESH PHOSPHOR

A 20 1I oi ......... EEN

REGION OF VALIDITY FOR A FLAT PLATE
UN09A A NONUNIFORM MAGNETIC FIELD
GENRATED BY A SM1ALL LOOP ANTENNA

REGION OF VALIDITY FOR AN ENCLOSURE
UNDER A UN IFORM MAGNETIC FIELD (V/S 0 .038)

REGION OF VALIDITY ron A FLAT PLAtE
UNDER A UNIFORM MAGNETIC FIELD

Figure 4-14, Gain in Magnetic Shielding Effectiveness of 24 Ply T300
Graphit.e Composite through Applications of Aluminum
Foil, Aluminum Screen, and Phosphor Bronze Screen
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SECTION 5

JOINT COUPLING

5.1 DEFINITION OF JOINT ADMITTANCE

Skin currents flowing across a join in the aircraft skin induce elec-
triz fields in the aircraft interior. These fields in turn induce transients
on interior wiring, The maximum voltage which can be induced on an interior
wire is the voltage drop across the joint, namely, V - J /Y where J is the
surtace current density at the joint and Y is the Joint admittance/unit length.

Well-formed joints in shield material (those of uniform construction
i:and good electrical contact and without cracks or apertures) can be described

in terms of a distributed joint transfer admittance per unit of joint width, A
section of shield surface containing such a joint in shown in Figure 5-1, The
exterior surface current dansity JS flowing across the joint produces a voltage
V across the joint on the inside. For a linear joint contact impedance, the
interior joint voltage is proportional to exterior surface current tot W
ind inversely proportional to Joint width W. The proportionality factor between
V and JV is Yj the joint admittance per unit of joint width; i.e., J a Y V

Typical joint construction is shown in Figure 5-2 for three different
joints, Corresponding measured joint admittances are shown in Figure 5-3.
Joint 2 is common practice and has a joint admittance of about 15 mhos/m over
a.lacge frequency range.

5.2 JOXNT MODEL
5 J rr.nston(3D defines the joint admittance in a similar manner but

identifiis it as a transfer admittance. For the simple butt joint of Fig-
ure 5-4, transmission line theory and circuit theory applied to the equivalent

cir•cit of Figure 5-5 yield . cc
(ya + y )cosh Ybd + (Yo + )Sinh Ybd

5-1

0lI I.1



JO INT

FINT6GRAI ICON
JoIII vthiIUage PATH

Vi. Ja . l Y

Yj (i UIII CuUU Pli11 admilwc peit ii~ r uimis johi wii 1II

she tsNvthjelot j
1,Totalyohit adlnitanceI

W ý vtt 0 JJ

Figure 5-1. Joint Coupling~1
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L ,CYLINDER WAS FABRICATED EXTRA
CC LONG, CUT, MACHINED AND SECON-

S.DARILY BONDED WITH EA-934
0.,5" ADHESIVE.

1.0 l .... 1i8,DIA RD.HD. RIVET C TO M

2C 1 DIA BOLT M. TO M.

M 1CYLINDER CENTER TOWARDS BOTTOM
OF PAGE. METAL RINGS FABRICATED
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),

mC EA-934 APPLIED TO SANDED COMPOSITE

SLIT METAL RING MANEUVERED INTO
Oi5 PLACE. RE14AINING COMPOSITE STEPS
(TYP / WERE APPLIED TO EA-934 COATED

2.5"----------- METAL RING IN PLACE. METAL RING
WAS FABRICATED FROM 2024 ALUMINUM.

Figure 5-2. Structural Joints(1)
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(ai Joint No. 2

. NOTE: SEE FIGURE 84

i:. " ~103 •..

': i • 102 = -LU- W

V" .01 ,111,0 10 100
'• ~FREQUENCY,'MHz

.:•; (b) Joint Nos. 1 and 3

S103

3: C] JOINT 1

k- • 0 JOINT 3

S10- 1

S1012

.1-01 .1 "1.0 10 100
"1011 FREQUENCY, MHz

Figure 5-3. Measured JonnN Admnttance
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IY

conductor

region a d re In1
/J~oEoregion T~r

I I . 6E b X

conductor (.

Figure 5-4. Uniform Slot of Width w in a Perfectly Conducting
Screen of Thickness d

F'igure 5-5. Equivalent Circuit for a NIarrow Slot in a Thick ConductinC
Screen



Here Ya 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 c, The aperture admittance has th form

y . - 2j lfn(C k w)] (2)
X ~ a
a a

for region a. In Equation 2, na' ,a 1 and k are the intrinsic impedance, wave-
a a a

length, and wave number of medium a, respectively, and C is the constant depend-

ing on the choice of the assumed variation of the tangential electric field in

the slot. It is well known that the aperture admittance of a thin slot opening

into half space is 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 screen,
then

C y y/8 • 0.2226 (3)

Haee y - 1.781 .... Since C is in a logarithmic term in Equation 2, it mrAkes

little difference which value is chosen. 14owever, the solution remains strictly

valid as the thickness d -• 0 when Equation 3 is chosen.

For a highly lossy slot, Equation I becomes

Y - •d/w (4)

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

the joints shown in Figure 5-3.
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)• SECTION 6

COUPLING OF EM FIELDS TO TRAjSMISSION LINES

This section summarihes the coupling of an Eu field to a transmission

line. Expressions for the open-circuit voltage and short-circuit current are

derived for a transmission lfne illuminated by a uniform EM field and a nonunil

form field that can be modeled b. a uniform field incident on a portion of the

line. hn 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 timU domain. Subsection 6.2 gives a closef analysis of the open-circuit

voltage an a function of frequency. Various graph , are special

case of a uniform electric field. The case of a single wire over a ground plane

peis tnan shown to be equivalcnt to a two-fire transmission line, usinv imauine.
Low frequency approximations are derived, followed by a discussion of couplena
to a shielded cable.

Using the expressions derived in Subsection 6.1 for the open-circuit
voltage and closed-circuit current as functions of time, upper bounds 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 DIP and nuclear EMP are discussed.
Curvas are presented giving the predicted open-circuit voltages and short-cir-
cuit currents for both threats for a model of a wire interior 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 Aerospace Company.(l) Using
these curves comparisons are made with the various upper bound estimates pre-
vioualy derived.

6-1
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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 a general waveform. One is equivalent In that it ha~s the aame dam-

agt constant aa the o~riginal pulse. The other is equivalent in that it has

the same energy content. T~he latter of these is much e'ASier tu compute and

yields resulta 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-circuit current.

6.1 DERIVATION OF V0 (t) AND Isc(t)

An isolated two-wire transmission line illuminated by a uniform ZM

field is shown in Figure 6-1. The lines Lis in the x-z plane, parallel to che

z-axcis with terminations parallel to the x-axis. The wires, of diameter a,

are a distance b apart and are of length L. The incident field propagates in

the -x direction with the E-field parallel to the z-axis. An expression fur

the differential mode load current across the left-hand termination is sivenIby

L

* 1(w) *M (E'(b, w) -Ei (0, w)) G(z, w) dz()
0

where

G~z,~) - Z cash y(L -z) + Z sinh y(L -z)(2

2
(Z ~z +z ) cosh yL + (Z + Z Z )sinh yL

and:

E (b, W) - incident field evaluated at x - b

E (0, W) - incident field evaluated at x n 0

z a characteristic impedance of the line

z - left-hand terminating impedance

z a right-hand t~erminating impedance
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01 + j " propagation constant of line

a a attenuation constant of the line

a- /v phase constant of the line

v a the velocity of propagation on the line

W a 2iTf where f is frequency

From Equation 1 expressions can be derived for the open-circuit voltage, V

and the short-circuit current, I, across the left-hand termination.

Letting,

S '~ Zo c O4' -(Z)+ Z& sloqý (-Z)Gjalo A Z.•.,• LOZ .,•t (3)

and

94, Z. Gc'z,.4 Z.(L 4,Z 1,) y.) (4)

we have

and

L

54 (6)

Consider the factor Ei(b, w) - E (0, w) which appears in the above
equations. If we assume zero phase for the incident field at x - b/2, this

expression can be written as:
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where k is the wave number for incident field in free space and Eo(o) is the

incident electric field.

In what follows we will use E (W) instead of the more complicated
expression in Equation 7. It is an easy matter to modify the results obtained

to include the phase difference between the two lines. Our basic equations for

V And I then become:
o sc L

V• .(' ) z= (8)

and
(W). ý•> '-('t) •,c= >

(9)

Equations 3 and 4 can be rewritten as

and

where r is the reflection coefficient at the right-hand termination, given by

Zz + 7.0(12)

This allows Voc and ISC to be expressed by:
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• and

d(14)

OV and I can be found as functions of time by applying the inverse
Oc sc

Fourier transform to the above expressions. We will make the assumption at this

point that the lines are lossless, so that y - Jý.

(ZA

and

, I. (2,10Z..)7 ".
~( 1 6

~~not

0Here, Tr L/v.

If we introduce the notation

then

ONSz. z.4, 6

Each of the terms in these expressions can be interpreted as a (multiple) ra-

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-

uniform field, due to coupling through an aperture, for example;)(3) In parti-

cular, if we assume as before that th. incident field is parallel to the line,

with no z-dopendence, and only effects the line between z and z2 ,0< I < '2
<L, then

¾ V. (t - ~ r (r~ I'~~)(20)

X ~ grt Le (22)

z~~z,0 c,). z:(• VI r + tfr"( .+•.+)<

and

L. (23)

2.r.'g '
6.2 OPEN-CIRCUIT VOLTAGE AS A FUNCTION

OF FREQUENCY

From Equation 8, we have the open-circuit voltage defined as a func-

tion of frequency

V, a0 - fc )e.0  c'- )z (24),L

For the special case where E (w) is constant, the integral can be evaluated to
yield

4 7rL " ..... .. .. ... ......... 25)
•.o,, , ÷ + 2,78'A • n a eJ
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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 X was unnecessary. Plots of the quantity IV Vo/EoX appear in Fig-
00ure 6-2, for Z a 100 and Z W 30. The open-circuit voltage is seen to have

extreme for values of line length L approximately equal to multiples of one

quarter wavelength. The approximation is much better for longer lines (L > 2X)

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 6-4 shows plots of open-circuit voltage normalized in a dif-

ferent manner. The line length was fixed at ten meters, and the frequency was

varied from 100 kHz to 10 GHz. The quantity IV lI/E was plotted, for Z. - 100
Sand Z 2 w 30. The frequency for which the line length of 10 m equals otie-quarter

wavelength is 7.5 MHz (log - 6.88), which gives a maximum in the open-circuit

voltage, in agreement with Figure 6-2. For significantly lower frequencies,
t, he open-circuit voltage is seen to conform to the approximation IVcc I Eo0L,

For significantly higher frequencies, the open-circuit voltage experiences an

ever-increasing number of excursions due to the log frequency acala. The plots

do not show all of the excursions in the higher-fr.quency region because it,

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

are reversed. The first maximum is seen to occur at 15 MHz (log - 7.18), cor-

responding to L V/2, in agreement with Figure 6-3. I
frqenyBounds for the open-circuit voltage can be computed for the higher-

frequency region by using the observation that extrema ,tccur when d ' nX/4.

This substitution greatly simplifies the expression for open-circuit voltage,

as follows:

' L06)
67r-
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6,00-, 4.00

Figurt 6-2. Normalized Plots of Open-Circuit Voltage
(Zo 1i00, ZL -30)

23.00->

1.00 -

"Figure 6-3. Normalized Plots of Open-Circuit Voltage
(z 30, Z L - 100)
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Figure 6-4. Normalized Open-Circuit Voltage as a Function of
Frequency (Z. 10i0, ZL 30, and L 1 0 m)

20.0-

5.00.0-- 10.0

5000

.0 S 6. 0 G.S 7. . .0 1. 0O.

Figure 6-5. Normalized Open-Circuit Voltage as a Function of
Frequency (Z. - 30, ZL - 30, and L - 10 m)
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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 quarter-wavelength approximation for

extrema location. If Z > Z2, maxima occur for N odd and minima for n even.
0 2

If Z' > Z the reverse 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 Z1 /2 and Z2/2. The

length of the wire is L, with diameter a. The incident field is denoted by
iE (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 presence of the image field, the image problem

is equivalent to the two-wire transmission line problem discussed earlier. 2 )

Two observations can be made when both the incident and image fields

are considered. First, the differential mode current for a wire over a ground

plane is twice that for an isolated two-wire system. Second, the common mode,

or antenna mode current is zero.

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

simply 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 lossless lines, Equations 8 and 9 can be approximated by:

L

____ L 0 (27)\Z. +iz,,,

6-11
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,,go

L,1

Figure 6-6. Normalized Open-Circuit Voltage as a Function of Frequency,
Showing Bounds Valid in Higher-Frequency Region (Z0  100,
Z L 30, and L -10 tm)

Figure 6-7. Normalized Open-Circuit Voltage as a Function of Frequency,
Showing Bounds Valid in Higher-Frequency Region (Z * 30,
ZiL 100, and L 10-m)

6-12

A'

i • , t , I I , • . 1 • . I , i .... .' _ ,



xI

ZI/Z Z0/ 2 b/2 Z2/2

()PHYSICAL REPRESENTATION

E V

Z/
Z1/Z' 0Z 2/2 "

S~j

E1 IMAGE

(b) IMAGE PROBLEM

FiSure 6-8. Wire Over a Ground Plane
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L
,L L (28)

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

and short-circuit current are given by:

V (t E 29)

~ (30)

It should be noted that these results could also have been obtaine.d

from Equations 18 and 19 by applying the short line approximation in a straight-

forward manner.

6.5 SHIELDED CABLES

The illumination of a, shielded cable by an external E1 field excites

a 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

produces a current in the interior load impedances. The pertinent geometry is

shown in Vigure 6-9, where the parameters involved are:. 2)

1(z) - shield current distribution

L - cable length

b/2 height of cable above ground plane

a outside diameter of cable

Z /2, Z2 /2 - terminating impedances of cable shield treated
as a single-wire transmission line over a
ground plane

Z0/2 - characteristic impedance of cable shield treated
as a single-wire transmission line over a ground
plane

6-14
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Z - interior load impedances
a' Zb

16 "- characteristic impedance of interior line
1L - current in the interior load impedance ZL a

"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-
wise, 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,

V('z) . Z ( L~z)dz (31)

where

Zt t the surface transfer impedance

V - voltage induced along the inside of the cable

The current in interior load impedance Z can be given by an aqua-a
tion analogous to Equation 1,

L I (zo°, # r-05 z ,. , 4j $n .) o/Z
IL Z"; -Zý )sOL+ ~+Z), Z. LJ (32)

where is the wave number inside the cable.

For a uniform plane wave traveling in the -x direction with a constant
eletric field in the z-direction, the sheath current distribution can be gtven

by:

z.(e (Z.21 +2,. z,) 3 , ,L + (33)
L2, zz- 3" Z P.' z" A"" Z')

Z. 4z-*Z, Za "j (4• .z,z, ) ,.
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Using a short wire (low frequency) approximation, Equation 33 can be

rewritten:

ZQ 2. 4CG L (34)

This result can be interpreted as showing that for low frequencies

the effective indidant electric field on the interior wire is given by

HofE (35)

Combin'ed with the low frequency approximation given in Equations 29

and 30. This gives us approximationL to the open-circuit voltage and short-cir-
cuit current for a shielded cable.

V..(t) w =
r(.Zl + Z

(z, + z'0 •7

6.6 UPPER BOUNDS FOR VOLTAGE, CURRENT, r3WER
AND ENERGY FOR A GENERAL INCIDENT FIELD

Using the expressions for V oc(t) and I sc(t) as given in Equations 18

and 19 (or 20 and 21) various upper bounds can be found for the open-circuit

voltage and short-circuit current. The accuracy of those estimates depends on

the form of the incident field. If a particular incident field is assumed then

better estimates can be made.

6-17
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If we assume that I (t) is positive for each n, and we define
n

VA MY (38)

then from Equation 18, we have

SI.. . riL" =)(40)

Similarly from Equation 19 we have

-IN

I can be computed for a given incident field, or it can be asti-maxmated by

5 (42)

where

AO1

S(4)

For an incident field with a very rapid rise and decay, such as a

nuclear EMP, the peak voltage and current will occur shovtly after the comliflce-

ment of the incident field. If the rise time to peak for the field is comparable

to the length of the line, 'r, then only the first several terms of Equations 18

and 19 will be nonzero at the tLime the peak occurs. Therefore,

Iv.ct Vr -rI,(t)+r6(t)l . L,,j/,IrI) (44)
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and

If a resistance R is placed across the left-hand terminals of our
transmission line model, then the delivered instantaneous power, P(t), can be

bounded in three ways:

PNt) 14 V.o(a R <+
P,(t)Ise R (47)

P~t ( +t) ) r.•t.) ,8

It can easily be seen that Equation 46 will give the best estimate if R >

V oc(t)/Isc (t) and Equation 47 will be best if . < Voc(t)/Is (t). If R" Voc(t)/

I (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 peakpeak

and I e given in Equations 40 and 41, we have

2c' - -+i -1 "

If I < 0, then the following is valid:

a t i
Ptak L~ Eu (za +_Z0 (50)

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,

flagv., t)- Let) i . r"m (• -(5.1)+co> '
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and

,+ [r an a) + F (52)

The energy delivered across the left-hand terminals is given by

E (53)FtPc/

Using Equations 46 and 47, this becomes

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

" I t /
Sinc V () an I () ~(56)j

Since V o() and I (t) are both zero for t < 0, Equations 54 and 55 can be re-
op S c

written as

•:<{ IVOlz (57)

and

R1 R Iv. 11 (58)

Using' the fact that the triangle inequality holds for the L2 norm, the fact

* ~ ~ ~ 1 tha III0  *j 11 for each n, and the assumption that I (t).t 0, we have
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L•.

j~~J~j j ~ +a~n1~) I,(60)

therefore, Equations 57 and 58 become

and

6 21

11OE'vo <u ,II ,. (62)

Since Equation 61 is a better bound for large L (R > - and

i'*LtZ. II• I • llill~l+a~ rl•: Iiroli(1 + I <'o)

Equation 62 is better for small I. (P we can obtain a bound 5bde-
(1 +

pendtat of R by assuming the worst-casea R; i.e., R -- ,toobtain

i+

~~~~~I I r tIyI # ...

SE :• II . II (____ (63)
"lZ0I( I -

It should be noted that if a particular value of R is of interest, either Equa-
tion 61 or Equation 62 will give a better estimate for the energy than Equa-

tion 63, depending on the value of R.

The expression 110 (, 112 can be approximated in terms of the incident

field. By defintion,

U 'd t(64)

But by the Schwarz Inequality,
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%vr E .(t- J' T < v (65)
St:-io

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

VL) ) c -0 1
01

The quality jjEi11 2 can be thought of as the "energy density" of the incideut

field. Combining this with Equation 63 we have

S"' L W I(1-i I)= - (67)

6.7 DOUBLE EXPONENTIIAL INCIDENT FIELD

We will consider now the special case where the incident electric

field is described by a double exponential function, namely

4(e u4(eer) t0) (68)

This waveform is commonly used to describe both nuclcar EMP and lightning EM]?

threats. Typical values for a and ý in these case are

Nuclear EMP a- 6.3 MHz - 189 MHz (69)

Lightning EM a 0.017 M~z B 3.5 MHz (70)

For an, incident field of the form given in Equation 68, the calcula-

tions involved in evaluating Equations 18 and 19 for the open-circuit voltage

and short-circuit current caa be carried out exactly for any given value of
t. Unfortunately, because only a finite number of terms in these series are

nonzero and this number changes with time, simple closed form expressions for

6-22
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V (t) and I (t) do not result. However, the resultarnt expressions can beOc sc
incorporated into a computer program to efficiently calculate these qualitites.

In order to check the validity of the expressions given in Equations 18
and %.9 and also check the accuracy of the estimates given in Subsections 6.4 and

6.6, comparisons are made with results obtained by a much more detailed 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 method code the fields incident on

internal wire&. The open-circuit voltage and short-circuit current are then
calculated. Figure 6-10 shows the configuration under discussion.

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

pertinent parameters-

L - length of wire, 12.0 m

C - average circumference at aircraft along
attachment path, 3.1 m

a - composite conductivity, 104 mhos/m (71)

d - composite thickness, 2.5 x 10- m
Z . 100
zI - 30 fZ

For the case of a nuclear E1P t'.reat, the electric field incident on

the aircraft is assumed to be in the fom of a double exponential function as
in Equation 68, with E0 M 50 kV/m, a - 6.3 MHz, and • - 189 MHz. This incident

field can be related to the field interior to the fuselage using the (admittedly
crude) estimates:,

, -_. 245•(t/ (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 6-11. The corresponding plots
presented in the Boeing report obtained through their simulation program are

shown in Figure 6-12.
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(a) Nose/Tail Short-Circuit Current
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, In11, A ,
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TIME, ti

(b) Nose/Tail Short-Circuit Corrno

Figure 6-12. V oc Isc on Nose/Tail Wire for Nuclc.-' EMP, E Parallel

"to Fuselage All Composite (from Boeing Repoar)(1)
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The gleneral shapes ofl the corresponding curves are racmarkedly similar,

(with the locatEon i of the relative maxim 1 and minima being virtually identical

The additional fluctationk in the curves from the Boeing report are probably due
to the nonuniformity of the fuselage surface and the fact that they consider a

transmission lBne which is not uniformly straidht.

Apply0ng the r tsult a of Subsection 6.6 and using the parameters given

in Equations 71 and 72, we have

scV (73)

(whereas from; Equation 42, we have 1 127 V). Therefore, Equations 40 and

j41, give us

(/0 g T,.-' 3 V) ( ,lv74)

SI'/o,"--'•)" •,• A(75)

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

,•, = 38 6/(76)

J-P = / 7 (77)

Because the incident field under consideration has a very rapid rise

itime (approximately 0.018 p~s to peak) it is appropriate to use the estimates •

given by E.quations 44 and 45. These yield considerably better results, namely,"

VOC-O~ ) /o•• ./'. (78)
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Consider now the case of a direct lightning strike. The current ;'ave

form in assumed to be a double exponential of the form

The electric field interior to the fuselage is then approximated by

with a - 0.017 M~z and 6 - 3.5 MHz.

Figure 6-13 shows the results of applying Equation. 18 and 19 to this

situation. Figure 6-14 shows the corresponding curves given in the Boeing re-
port. Other than the sign convention, the two sets of curves agree extraordi-

narily well. Again applying the results of Subsection 6.6, we have

V (82)

(whereas I < L Ei m 31.0 kV)

Equations 40 and 41 give us

-. A V -.) 7.3 1 (83)

4 1 rf Ž L 'tto- f (84)

From Figure 6-13, we see that

3 (85)

r 1 03 4A (86)
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Figure 6-14. Voc, tsc on Nose/Tail Wire for Nose/Tail Lightning, All
Composite (from Boeing Report) (1 )
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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 thi, case

Vo, k v)(C' -&"") (87)

These functions are shown in Figures 6-15 and 6-16. They are virtually identi-

cal to th½ curves shown in Figure 6-13. In particular, the corresponding peak

values are identical. Hence for this set of parameters, the low frequency

approximations can be used with confidence.

We may use the analytic expressions given in Equations 87 and 88 to

calculate bounds for the instantaneous power and total energy seen from the

left-hand terminals of the transmission line. These can then be compared to

the estimates derived in Subsection 6.6.

The instantaneous power is given by

Vf P(t- ~ ) rsa(t) T(33,s 94 W)(d'"--(t '•()a (89)

Because the time dependence of V and I are assumed to be the same, obviously
oc 8 c

the peak power estimate obtained from Equation 88 is just the product of the

peak voltage and the peak current. That is

7(31 4V) (1.03 kA) 1 31.9 .1 (90)

Using Equation 49 to estimate the peak power results in

- 7 LI o.2s,0 N ?o.( 91)

This is seen to be a little over twice the value calculate in Equation 89.
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Figure 6-15. Low Frequency Approximation to open-Circuit Voltage on Nove/
Tail Wire for Direct Lightning Strike
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Figure 6-16. Low Frequency Approximation to Short-Circuit Cuizren= on =/
, Tail Wire for Direct Lightning Strike
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The senary which could be dissipated by a resistance across the tarmi-

nals is bounded by

Sf P4)t(92)
By using Equation 89, this yLelds

The estimate givan by Equation 67 is

but

Therefore,

(ia, (- te4. W4)•W(&.OS,) (0- 5-#) /. A5 At7 (96)

This estimate is about 2.2 times the value calculated in Equation 93.

6.8 EQUXVALENT SQUARE-WAVE POWER PULSES

The damage constant derived by Wunsch for semiconductor junction do-

vices is used in estimating the vulnerability of electronic devices to burnout.

This constant is obtained under the assumption of a square-wave power pulse.

in order to use the Wunsch damage constant for other power pulses, it is useful

to relate a given waveform to a rectangular pulse with the same peak amplitude

which produces the same (or greater) device damage. Two different "equivalent"

squart-wave power pulses are considered. The first is equivalent tn the sense

that ,t has tlh same damage threshold as the original pulse. The second is

equivalent in that it has the same energy content as the original.
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The damage conutamt, K, is related to the energy required for failure,

Eand the tize to failure, t F ,b 4

E Kt 1 /2  (or) K -E t-1/2 (97)

In order words, if within a time T more energy than K -1/2 isdelivered to the

device then burnout will occur. This relatio~n, although obtained for a rectan-

gular pulse, is assumed to be vjalid for other waveforms also.

For a power waveform, P(t), the quantity that must be compared to the
dama&e constant is given by

*max f~s *a 'C 1 E Mar)* (98)

Here E (,r) is defined as the maximum energy which can be delivered in time T.max
If this expression is less than K for all values of T, then nio burnout vill

occur. Otherwiso, there is a time interval in which enough energy is delivered

to cause burnout.

For a square-wave pulse of amplitude P 0 and duration T ~ Equation 98

*attains its maximum for Tr ft T Hence, for a square pulse the critical values

* for 'rand P are related byi

K- T 1 /2  (99)

F~or a more general waveform, P(t), whose peak amplitude is P ,we can

define an equivalent square-wave power pulse with amplitude P0, which produces

the same device damage. We will denote the duration of this damage equivalent

square-wave pulse by Td By definit!,.on, we have from Equations 98 and 99

1/ T -/ Eia (Tax (100)0 d max ta mx

or
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2 2

-1/2Here T.A. is that value of T which maximizes T Emx(T).

The other equivalent square-wave pulse, which is easier to calculate

but which yields more conservative results, is defined to have amplitude P0

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 T . Specifically, we have
e

Po Ta P(t)dt a bEtot (102)
0

We will see from the following inequalities that using the energy
equivalent time in Equation 99 to calculate the smallest allowable damage can-

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 determine whether particular device

is susceptible to burnout for a given power pulse.

We have the following relationships:

TI2 •T -1/2 1 /2p
d'S

-1/ 5 P(s)dsr (103)
t

where T is min(T, T ).
e

Two power pulses will be analyzed to show the relative values for the

two equivalent times Td and Te.

The first power pulse which we will examine is the damped sinewave

through a semiconductor junction. This is of interest because some specifica-

tions are given in terms of the damping constant and frequency of a damped sine-

wave. We will consider only the effects due to a single period and so can ignore

the damping effects. The results obtained are somewhat different than those
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presented elsewhere. Analysis has also been performed for the damped adne-
(5)wave extending over many periods. The techniques outlined above could be

applied to that came also.

We will consider, as in the previously cited references, the power

pulse given by

P(t) " P0 sin (-T t) fo:- 0 -2 (104)

our goal is to relate the equivalent square-wave times to the period,

T, of the sinewave. We firot analyze the situation relative to the damage

equivalent time, Td,

(w) 2gin 2 ~Tr d P 27r
() ( 0 f t)dt P coOtmax T
P T-r

The equation .")/2 (105)

-- sin (--T) attains its maximum for T 0.371 T. There-

fore from Equation 101 we have

T T(0.293) 2/(0.371) = 0.231 T (106)

This is in comparison to the result Td A 0.203 T given in Reference 4.

The discrepancy between these results is due to the fact that the fac-

tor of 0.203 was obtained by using the full half period sinewave to calculate

the burnout constant, instead of finding the subinternal (of length Ta) which
max

maximizes the allowed burnout constant. This causes the estimated critical

value of the burnout constant to be too small.
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It is considerably easier to calculate the energy equivalent time,

Te. We have:

T/2 P T
E o siu ( -2 t)dt - (107)

0

Therefore, from Equation 102, we have

T = (l/¶r)T 0 0.318 T (108)

These results can be contrasted to the equivalent time obtained in Reference 5

for the damped sinewave over many periods. Here the power waveform is taken to

be P(t) ()t sin ( - t). The value obtained is

- 0.380 T (10)

This result is larger than the previous ones because it takes into

account the additive effect of successive pulses.

For a low frequency field incident on a transmission line both the

open-circuit voltage and short-circuit current are proportional to the electric
field. Hence, the power waveform will bi proportional to the square of the
electric field.

Using this fact we will analyze the equivalent times due to a power

surge caused by a lightning strike. To simplify the calzulations we will use

the single exponential which describes the model lightning waveform for large

t, and in fact is an upper bound for the double exponential wavaform for all t.

We have

P(t) -oe t (110)

therefore

Ema(T) uPo e-2at "po

0
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1/2 P (l-e 2 aT)

the attains Its maximum for T ix 0.628.

From Equation 101 we have

2(0.358) 0.204 1
(0.628)a a 4.9 a

Using Equation 102 to calculate the energy equivalent time yields:

e- f -2tt ' 1t (112)

0

As can be seen from these calculations, it is in general much easier

to compute Te than it is to compute Td. in fact, for both of the examples given,

it was necessary to find the root of a nonlinear equation in order to calculate

Tmax* Moreover, it seems that as a practical matter, Td can not be computed

reasonably unless the power waveform is given as a simple analytic expression.

On the other hand, 'T could be calculated efficiently even for power waveforms

given in the form of real or simulated data.

Applying the results derived above for alightning waveform, it is

possible to bound the energy delivered to a device due to coupling to a trans-

mission line given the peak open-circuit voltage and short-circuit current. In r
particular,

E < V peak i I peak. T (113)
-- C sc e

peak a peakinTbe5,
The Boeing report gives values for V and I 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 piesented in Table 6-1 along with the peak power and maximum energy

associated with them. We assume that a z 0,017 MHz, so that T - 29.41 Ps.
e
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Table 6-1. Peak Power and Maximum Energy

Direct Strike V I Epeakoc sc

Nose/Tail Wire (Nose/Tail Attachment) -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/Tail 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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SECTION 7

"VULNIRABILITY OF SEMICONDUCTOR DEVICES TO EMP THREAT

Modern aircraft are equipped with complex electrical systems such as
computers, radar, and comunicationa equipment. These syste.sm are vulnerable
to eLectromagnetic radiation from outside sources. If this electromagnetic ra-
diation is of a high enough power level, then the electronic components aboard
the aircraft are In danger of being damaged and causing equipment failure. The
cevices which are most vulnerable to the EMP threat are semiconductors and in-
tesrated circuits, so the following discussion is a summary of some of the
techniques used to determine power threshold levels for integrated circuits (ICs)
and semiconductor devices.

7.1 S0.coM~UCTOR JUNCTIOM DEVICES

To determine semiconductor damage thresholds, a model is needed which
will predict device burnout characteristics as a function of electromagnetic
pulsevidth. The most widely used model is the Wunsch model, given by:

P Kt Wunch Model

where.,

t is in seconds
Sis in vattsK wr in ents of watts-seconds 1& 2

P is the power required to fail the junction, K is the damage constant deter-
mined by junction properties and geometry, and t is the pulse time to failure.

In order to carry out an analysas of Junction burnout characteristics
using the Wunsch wodel, the damage constant K muet be determined. There are
four ways to determine this K factor:.

7.1.1 Experimaental Letermiation of K Factor

To determine the K factor experimentally, a series of power pulses is
injected into the semiconductor junction, starting at low power levels, and then
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increasing the levels until either failure or serious degradation of the June-

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 the Junction area. Then the K factor can be determined from the fol-

lowing;

for Diodes, K " 550A

for Transistors, K 470A
2I

where A is given in cm2 . However, the junction areas for a device are not given
on a manufacturer's data sheet and are not otherwise readily available. There-
fore, one of the two remaining methods of choosing K must be incorporated.

7.1.3 K Pactor Determined from Thermal, Resistance

Three categories of semiconductor devices will be considered in the

analysis:

Category I - Germanium diodes and transistors

Category 2 - Silicon diodes, all silicon transistor
structures except planar and mesa

Category 3 - Silicon planar and mesa transistors

The relationships are as follows:

Category 1: insufficient data available

Category 2: K - 31.5 ej-

X a 972.2 e ('l24)

Category 3: K a 338.3 e6(-73)
K w 4.62.5 x 10 6 e(-3"°8)

ja
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where 8 -and e are found from the following expressions:jc ja

T, (max) "T

j a P

with

T (max) maximum operating junction temperature

ST case temperature

T Tamb ambient temperature

Pd total power dissipated

Generally, at least one of the these thermal resistances may be cal-

culated using manufacturer's data sheets.

7.1.4 K Factor Determined from Junction Capacitance

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

of the junction capacitance (Ci), and breakdown voltage (VBD), For the same

three categories of devices, the equations are:

Category 1: K - 2.2 x 0"3 Cj VBD (0.20)

Category 2: K - 1.1 x 10"3 C V BD(0,81)

Category 3: K - 0.008 x 10"3 C V (1.63)
BD E

The value of the junction capacitance can be found on a manufacturer's

data sheet. This junction capacitance model suggests a more accurate determina-

tion of K, and works for both silicon and germaftium devices.

7-4
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7.2 EXAMPLE CALCULATXON OF K AND PLOT OF POWER VERSUS TIDM

As an il1lustrative example, an analysis of a 2N4026 silicon planar

transistor is done. Since the device is silicon planar, it fits the models of

Category 3.

The following specifications are available from the nmanufacturer:

T (max) w 2006C

iPd - 2.0W

T€ "256C

so,

sej Te(max) - Tc 200- 25 87.56C/W

Also, from data sheet we find:

P d 0.5 W

T 25"CTamb =2'

e T(ax) - Tab 200- 25 . 350"C/WJa - P 0.5

From the data sheet we obtain C• * 15 pfd, VBD - 60 V. So now we are able to
calculate three values of K:

(K w 0.15 from eJC
*solutions K a 0.068 from 8

K 0.095 from Cj, Va D

When more than one value of K is obtained, then the average value is suggested
for use. However, for large variations in K, the value obtained from the Junc-
tion capacitance and breakdown voltage should be favored. Figure 7-3 plots
p Kt-/2 using an average value K a 0.10 for the 2N4026.
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7.3 INTEGRATED CIRCUITS

7.3.1 Damage

Up to now, there are no models analogous to the Wunsch model for

predicting the damage thresholds of integrated circuits. A general conclusion

which may be drawn about ICs is that linear ICs are less susceptible to mPe

damage than digital ICs. Figure 7-4 illustrates the general conclusion.

104
103 •

POWER
IN

WATTS 2,,, ~102•,

- LINEAR CIRCUITS

-"" DIGITAL CIRCUITS

0 NUMBER OF CIRCUITS TESTED

101;-710 1"

PULSE WIDTH 114 SECONDS

Figure 7-4. Damage Threshold for Integrated Circuits
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While there are no models or hard supportive data for integrated cir-

cuit damage thresholds, survey tests have reveAled the following trends:

1. Damage threshold for a given functional logic varies
with manufacturer.

2. High noise immunity logic mAy be more susceptible to
burnout than standard logic.

3. Passive components in ICe are extremely transient
sensitive and can determine device dama&e threshold.

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

7.3.2 Upsets

Figure 7-5 shows a typical logic transfer function. Logic upset occurs
if the EMP transient is large enough, and if the duration transient exceeds the

circuit's propogation delay time. Figure 7-6 shows the form of a typical upset

characteristic. EMP transient pulse energy is usually concentrated in the
10 kHz to 100 MHz frequency region. A design technique for attenuating the

high freque'ncy content of the EMP-induced transients is to increase the propoga-
tion delay time. This, however, lowers the permissible bit rate of the system,
so an eva.uation of these trade-offs must be made.
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SECTION 8

INTEGRATED CIRCUIT EM SUSCEPTIBILITY

Integrated circuits (ICs), just like discrete components, are sus-

ceptible to high power microwave radiation effects. These EM effeuts can

interfere with or permanently damage an IC chip, and a single chip could cause

failure in an entire electronic system. Analytical models such as the Wunsch

model exist for determining the susceptibility of individual junctions on an

IC chip, but as yet a model does not exist for determining the susceptibility

levels of entire chips. Translating individual pn Junction. effects into an

integrated circuit model appears to be a matter of apply iIng conventional circuit

analysis techniques to a chip. This, however, in notiso easily accomplished

due to the immense number of components and circuit~interconnections which gene-

rally exist on a single tiny chip. As a result, m st of the susceptibility data

that we have for ICs comes from actual laboratory issting and not analytical

analyais.

8.1 IC SUSCEPTIBILITY DATA

Following is a brief discussion of the IC qusceptibility data avail-

Sable at the present time, with some examples shown. The data is contained in

the McDonnel Douglas IC Susceptibility Handbook( 1 ). The following three degrees

of susceptibility can be considered.

o Interference
" Degradation

"Cataatrophic Failure

Interference means some effect is induced on the IC by the external signal

(microwave in this case) but no permanent damage is done to the device. Do-

gradation is defined as limited permanent damage to the device. In other words,

the device is still operational, but only in a limited manner. Catastrophic

failure means extensive permanent damage is done to the device, and the device

becomes inoperational in any manner.

8-1
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When determing IC susceptibility, two factors must be considered:

The type of device used (digital or linear)
"The parameters of the microwave signal (i.e., power
level, frequency, pulse rate, etc.)

Digiul and linear devices are defined in the following manner: digital

devices operate in only one of two states (high or low); linear devices oper-
ate over a continuous range of values or have a smooth output. The operating

conditions of the dovice influence its IC susceptibility to microwave signals.
As an example, a 7400 TTL NAZND gate is susceptible to microwave signals in-ii jact&d into the output when the output state is low, but not when the output

state is high. The opposite is true when the microwave signal is injected
into the input of the 7400.

Zn the frequency region between 100 ?Olz and 10 G•z, the worat-case
signal absorption by unshielded wires can be characterized as that collected

by half-wave dipole (aperture w 0.13X?)' Hence, the absorbed power is

P - 0.13%2P d()
where:

Pd p-ower density, W/m2

X wavelength, m

This indicates an inverse frequency square, ralationship, which was confirmed
It. the frequency region of 220 WIz to 9.1 GHz where measurements were made by
McDonnell Douglas uslng many cov binationa of wires in bundles of cables, This
is shown in Figure 8-1. The .esuýts in dB were distributed normally with a

3 dB to 6 db standard deviecion.

This expression is only valid in the abuve frequency region. His-
match losses counter the inverse frequency squared relationship nt, lower fre-
quencies. Also, it should be noted that the wires could pick up more signal
if focusing effects take place.

Transistor-transistor logic. 82
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Figure 8-1. Measured Maximum Effective Apertures (A) of Various
Wive Lengths(l)

Based on analyses and measurements, the pr~imary interference effect
is caused by rectif~ication of the microwave signal in the nonlinear pn or np
function in the tr.ansistors or diodes of the IC. This causes a change in the

circuit voltage and/or current, thus shifting the operating point. In the case
of threshold bensitive devices such as digital circuits, the circuit could be
driven from a "low" state to a "high" state or vice versa.

A typical plot of interference effects versus frequency is shown in
Figure 8-2 for a 741 operational amplifier 1C. The curve shows the inctaases
in the input offset voltage cdue to rectification of the microwave signal. Also

in the cut-off region, the effect is a function of the square of the frequency.

The modulation parameters of the interfering microwave signal also
have an affect on IC susceptibility. Since the transistor junctions on an IC

chip tend to rectify the interfering signal, envelope detection takes place.
So, the interfering signal has the same amplitude modulation as the RY signal.
Thus, continuous wave signals produce a dc interference such as show~n in Fig-
ure 8-2, and pulse modulated signals produce video pulse interference. The
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Figure 8-2. Data Points for 100 mW Absorbed Power

total effect is thus dependent upon the individual circuit's ability to process

the demodulated RF signal.

8.2 IC INTERFERENCE SUSCEPTIBILITY AND
FAILIURE

A brief suamary of some representative susceptibility data follows.

The failure mechanism is discussed first, followed by interference susceptibility

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

8,2.1 Failure Mechanism

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

conductor devices. One is voltage breakdown, commonly referred to as punch
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through, and the other is thermal failure due to burn out. Whether the failure

is catastrophic or just produces a degradation depends upon where iU the cir-

cuitry the failure occurs, and hence the effect on performance. Ptedominant

failure mechanisms observed in the McDonnell Douglas tests were all thermal in

nature: Bond wire failure, junction failure, and metalisation failure.

Since the damage mechanisms are thermal in nature, the damage models

used by McDonnell Douglas were derived from basic heat flow analysis. For
worst-came analysis, the heat is assumed to be produced by the absorbed RF sig-

nal, and there is no frequency dependence. At pulse durations in excess of

about 10 os, Figure 8-3, the amount of power required.for damage is 0.5 W.

This value is set by the rate at which hast can be conducted away from the hot

spot. For pulse durations in excess of 30 Po, the average power is

P P PW x PRF (2)
avg peak

where:

P a average poweravg

peak * pulse peak power

PW - pulse width

PRF - pulse repetition frequency

8.2.2 Digital Interference Date

Other sources (2) raport that the failure mechanism in ICa due to the

EN' from nuclear explosions is due largely to semiconductor junction breakdown.

A model paralleling that used for semiconductor failure (Wunsch model) has been

reported using the empirical model

P -At" "B (3)

where:

P - average failure power, W

t - pulse duration, a

A,B = experimental determined
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FAILURE MODELS FOR:
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SILICON
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FAILURE AREA ;> 6 x 10-6 m2

CHIP THICKNESS < 0.032 am
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PULSE DURATION- mSEC

Figure 8-3. Measured and Predicted Worst-Case Burnout Levels

Figure 8-4 shows ranges of values obtained for A (and K for the Wunsch constant).-13Using data from Figure 8-3, a value for A of 3.5 x l0- and a value for B of
0.5 is obtained. This indicates that the tC burnout data found experimentally

by McDonnel Douglas and the Bechtold parallel to the Wunsch model are in close
agreement eventhough the failure mechanism may be different.

Table 8-1 shows the electrical characteristics of some transistor-
transistor logic (TTL) devices. Listed in the table are several voltage levels
for the "high" and low" states (V£H and VIL, respectively) and the worst-case
output levels for the "high" and "low" states (VoR and VOL, respectively). Fig-
ure 8-5 is a diagram which illustrates the relationship between these voltages.
It shows a forbidden region in which the device makes uncertain decisions, as
well as two regions of noise margin. In the "low" state, the noise may increase
the drive level (input source being a TTL device) from VOL to VIL without caus-

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 VOL. VIL, and a value
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3.4 Typical o level a device vwil provide in
"high" state

0 2.4 V~o~ Minimum output level a deviee vill provide

in "high" state.
Noise 2.2
Mar gin

S2.0 VJH, Minim- Input level a device will recognize

as "high" state

Forbidden
Region

1.0

0.8 VIL, Maximum input level a device will recognize
Noise L

as "low" stateMargin 0.6---

0.4 -- VOL Maximum ut level a device will provide

in "low" state

0.2 Typical output level a device will provide in
"low" state

0 T

Figure 8-5. Diagram Explaining Voltages Used for Worst-Case
Susceptibility Levels for TTL Devices
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half-way between. A similar selection was made for the "high" state worst-case
susceptibility. Figure 8-7 summarisse the worst-case susceptibility for both

the "high' and the "low" states.

Figure 8-8 shows the worst-case susceptibility for complementary metal
oxide semiconductor (CMOS) devices. Here the specification value for the low

state is about a maximum of 0.05 V and the minimum specification value 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 are much less susceptible to

interference than the TTL devices. in both cases, it can be seen that as the
frequency of the microwave signal increases, the device is able to absorb more
power before interference occurs. Figure 8-9 summarises the worst-case sum-

ceptibility condition for both the high and low states.

In measuring TTL and CMOS susca'ptibility, the package supply current
was also measured to determine how much 1-1 power was required to cause signifi-
cant increases in power supply current. It us found that the significant in-
crease did not occur until the RY power level was far above th. levels sufficient

to induce state changes in the output voltage. The modeling activity conducted
by McDonnell Douglas also confirmed that conclusion. Therefore, in TTL circuits,
output voltage state changes are expected to occur before significant supply

current changes are noted.

8.2.3 Linear Interfereuce Data

The most common example to chow giving linear interfereace data is

the operationl amplifier. The operational amplifier was found to be Post sus-

ceptible to RI energy conducted into either of the input circuits, The rectified

UI produces an offset in operating voltage. Figure 8-10 shows the worst-case
susceptibility levels for operatiotal amplifiers for four values of offset volt-
ago. Typically, voltage offseto of 0.05 V produce significant interferentse.

8.2.4 Voltage Regulators

Measurements waer made of the interference susceptibility of both
threa-pin and multi-pin voltage regulators under various load current conditions.
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(Maimwn Spueifkation Value for Low VOUT , 0.4 Volt and
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1000

LEGEND
LOW HIGH

MEASURED STATEI STATE PREDICTED
WORST.CASS LIMIT' L IMIT WORST.CASE
A 0,V OR 2,4V .i-,.A
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RFiure 8-7. Worst-Case SuseeptibilitY Values for TTL Devices
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(Maximum Speftlaatlon Value for Low VjUT 0 0,01 Volt and Minimum
SIk~~flostion Vaklu for High VOUT = 424701 ot)
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Figure 8-9. Worst-Case Suseeptibility Values for CMOS Devices
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Figure 8-11 shows the absorbed puwer as a function of frequency to produce a

change of 0.25 V in the output of the regulators. The data for the multi-pin

regulator shows a susceptibility of the same order of magnitude as the opera-

tional amplifier for 042 V offset voltage. This is probably caused by the input

to the operational amplifier in the multi-pin regulator being available as an

input as shown in Figure 8-12 resulting in pick up by the operational amplifier.

8.3 SUMMARY

The information contained in thin report covers the susceptibility of

individual ICe over the froquency region from 200 MHz to 10 GHz. The sample
curves shown represent only a small portion of the data available from the

source documents generated by McDonnell Douglas. The data in Figure 8-13 shows

that the most sensitive devices are operational amplifiers, followed by multi-

pin regulators and TTL devices. The worst-case susceptibility, in terms of
absorbed power to cause a minimal interference, covers a range of almost three

orders of magnitude. The three-pin regulator and the CHO$ circuitry are less

susceptible than the TTL and multi-pin regulator.

The susceptibility of an IC is naturally dependent on the contents of

the 1C. If only TTL circuitry is contained in the IC, the susceptibility of

the TTL devices would prevail. If operational amplifiers are also contained in

the IC, the IC would be susceptible to lower power levels, especially if the

operational amplifier is accessible at the IC terminals.

The operational amplifier is moot susceptible to interference at one

of its input circuits, where the absorbed power is rectified (detected) by the

semiconductor junction and inserts a dc offset in volLage. The digital circuits

appear to be most susceptible to power absorbed in their output circuits, where

the rectified signal changes the high/low state thresholds to cause incorrect

logic decisions to be made.

When the absorbed power is a modulated signal such as AM or a pulsed

source, the device semiconductor junctions produce pulses which propagate

8-16
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through the following circuitry. The passbaud characteristics of those circuits

compared to the modulating frequency determines how rell the detected signal

will propagate. In general, it would be anticipatad that the lower frequenciea

would propagate most readily in such circuits as operational amplifiers and

Schmitt trigger circuits.

In the experiments and analysis performed, the shielded cabling pr,-

sented a worst-case aperture of a half-wave dipole (0.132X), so that the power
absorbed by the tabling, P, without considering losses can be related to the

power density, Pd' incident on the cabling by

P - 0,13X2pd (3)

where X is the wavelength of operation. Usini this relationsiip with the curves

shown in Figure 8-13, the worse-case power density susceptibility shon- in Fig-
ure 8-14 was obtained. These curves exhibit a very wide range of power density

susceptibility over the frequency range, Using these curves, with the environ-

mental RF threat provides a means for assassing the increased shielding required.

As an example, the power density at a range of 1 nmi from a 1.0 kW transmitter

with a 40 dB gain untenna is shown in dotted lines across the top o2 Figure 8-14.

At the 220 Mkiz end of the spectrum over 60 dB tncreasea in shielding nmgnt be

required. Even an increase in distance from the antenna to 10 nmi would only
reduce the requirements to 40 dB more shieleing. The requirement is considerably

less at tha higher frequencies due to ths inverse frequency square proper~ies

of the dipola absotption apertures.

The preceding information pertains f.o interference susceptibility,

which goes away when the interfering source is removed. However, permanent
damage results at som..e le_.vel higher than the interference level. Depending upon

the effect on perfol iance. it would be classified as degradation or catastrophic.
The failure mechanism is duie to the increase in tempetature caused by the

ubtorption cf power (energy) reaching a damaging level in the silicon junctions,

the metalization stripes or the bond wires. Figure 8-3 shows the peak power

absorbed as a function of pulse duration required to cause a failure of this
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type. The thermal dissipation time constant of the devices was such that pulse

durations in excess of 30 ps had the same effect as CW signals. At pulse dura-

tions in excess of 30 s, the peak power times pulse duration times pulse repo-

tition frequency product (i.e., the energy absorbed) is the critical issue since
the effect is thermal destruction. The data shows that a minimum of 0.5 W of

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

(0.043 mW/cm 2) at 100 MHz to 4273 W/m2 (0.43 W/cm 2) at 5.6 GHz.

The failure mechanism due to the EW generated by nuclear blasts is

reported to be dominantly due to semiconductor junction failure, For ICs, a

model paralleling that for the semiconductors was empirically generated. This

model is

P At- (4)

where:

P - average failure power, W

t - pulse duration, s
AB - experimentally determined constants (values for B not

available at time of writing)

A chart showing the range of values for A (and the equivalent Wunsch constant

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 . This implies that the IC burnout and failures

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

Figure 8-15 shows the energy levels for EMP due to nuclear blasts.

This data was compiled by the authors from their in-house experiments(3) and

also f.om the Defense Nuclear Agency Handbook. The energy level for IC burn-

out from Figuro 8-3 ranges from 3.5 x 10"6 J to about 1.5 x 10-5 J compared to

about 10-5 J for ICs due to the EMPs from nuclear blasts.
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SECTION 9

EM SHIELDING/WEIGHT TRADE-OFFS

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

The data used in developing the charto of thin section are tabulated
in Table 9-1. The measure of E4 shielding used in the charts is the transfer
impedance given by

zst "sinh yd()

where

Y V(2)

For the materials considered, below 10 Hz, Zst is indepedent of frequency and

given by

zat d (3)

Figure 9-1 plots the transfer impedance in bar chart form. The figure
illustrates the shielding effectiveness of the various foils on an absolute scale
including an 8-ply laminate of graphite/epoxy. Its thickness is 42 mils (0.0011 M).

Figure 9-2 shows the improvement of various protective coatings on
8-ply graphite/epoxy. The plot is on an absolute 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
report•t 1 ) hat the equivalent transfer impedance of a coated material is given by

9-1
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z at(a) ztc(b) (4)zst" z L(a) + ZL(b)

at low frequency. Here Z (a) and Zst(b) are the transfer impedances of the

two materials and ZL(a) and ZL(b) are the surface impedances of the materials

defined in Section 3. At low enough frequency, both ZL and Zat approach 1/ad

in which case

(1/a d a)(I/obdb)

at z(I/a a d + (1db) (5)

For aad < 7bdb d

Z 1 (6)

Qbdb

so on applying a conducting film to graphite/epoxy the resultant shielding is

almost totally due to the conducting film. Hence, the improvement is given that

protative coatings provide relative to 8-ply graphite/epoxy (G/E) is just the

ratio of their transfer impedance or

z(GE) l/a d ad_
-at G/ G/ (7Improvement (7)z (Ccoat)' l1a d a a/d-tic cd aGIEdG/E

The weight penalty paid by coating with 4 mile of various foils meshes
and flame spray is shown in Figure 9-3. This is based on 98.6 ft2 of coating
which is the astimato surface areas of the AV-SB forward fuselage to be covered

with graphite/epoxy.

The combined measure of shielding and weight penalty for the various

coatings is given in Figure 9-4. It is defined as

Figure of Merit -. mprovement - zt(G/E)/Z5W (8)surface Density (8)

Rather than simply use transfer impedance as a measure of shielding,

it can sometimes be desirable to use electric or magnetic shielding effectiveness,

9-5
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ýElectric shielding effectiveness (ESE) and magnetic shielding effectiveness
(MSE), respectively.) The definitions and relations for these quantities are
given 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

USE provided by various coatings on 24-ply graphite/epoxy. The curves of Fig-

ure 9-5 were obtained using

tmprovement - Zs (G/E + coating)()

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

I aken from Reference 1.

qigure 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

so that

improvement for Cylinder * MSE " 20 log 10 (MSR-) (10)

%¶here, from Section 4,

MSR - cosh(yd) + Z/7 sinh(yd) (11)

where Z - Jwr as in Table 4-i. 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 the 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 is 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

penalty per square foot of coating.
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Table 9-2. Coating ThicknesN and Weight Penalty
for Fixed Shielding

Coating Thickness in mils

20 logio Zwt

Shielding a 40 dB 60 dB 72 dB

Aluminum Foil 3.12 x 10 0.1259 1.259 5.0121

Copper Foil 7.29 x 10 0.054 0.54 2.1451
Titanium Foil 2.1 x 106 1.87 18. 74.46
Nickel Foil 1.28 x 107 0.31 3.1 12.217
Tin Fail 8.78 x 105 0,45 4.47 17.81

Aluminum Flame
Spray 2.46 x 106 1.6 16.0 63.6

Graphite/Epoxy 104 392.8 3928.0 15638.0

Weight Penilty/ft& Applied
Coating (ib)

Lp20lo, a
Density (lb/ftp) for log1 0 Z8 c

Shielding 1 mil coating (ib) 40 dB 60 dB 72 dB

Alumirum Foil 0.014 0.00177 0.0177 0.0702

Coppler Foil 0.04665 0.00252 0.0252 MOO

Titanium Foil 0.024125 0.45 0.45 0,797
Nickel Foil 0.0405 0.0126 0.126 0.495

Tin Foil 0.0365 0.016 0.16 0.65
Aluminum Flame

Spray 0.00243 0.004 0.04 0.155
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The thickness of costing i1 calculated from

Shielding BdB) 20 logic(l/ad) (12)

The results of plotting the tabulation are shown in Figures 9-7, 9-9, and 9-9.

9.1 REPRENCE

1. D. Straws and L.. Piszkar, Interaction of Advanced Composites with Electro-
magnetLc Pulse (EMP_..Environment, Final Report, prepared by Boeing Aero-
space Company for Wright-Patterson Air Force Base under Contratt F33615-
74-C-5158, AFML-TR-75-141, September 1975.
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1.0 INTRODUCTION AND OVERVIEW

This report summarizes work being done by the Grumman Aerospace 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. The GAC program is a 30-month technical effort entitled "Protection

Optimization Vor Advanced Composite Structures" and is reported in eight quar-

terly progress reports (so far) dating from 15 September 1977. The program

objective is to develop practical optimized and integrated protection and

shielding methodologies for the protection of composite aircra't against mul-
tiple threatsA Threats addressed included lightning (direct and indirect),

nuclear electromagnetic pulse (NEMP), static electrification, electromagnetic

interference (9MI), and high energy lasers (HEL). We will focus on the investi-

gation of shiuiding effectiveness against electromagnetic radiation in the

10 kHz to 10 Gl~z 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 shield the aircraft interior against EMI. These cover-

ings were also evaluated against lightning, NEMP, and HEL, and thus are

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 me.y 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:

A Gr/Ep panel edge-treatment method was developed to ensure
maximum ohmic electrical contact between the panel and the
test fixture.
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Conductivity testing showed Gr/Ep laminate conductivity
to be a linear function of the equivalent 0* orientation
laminate percentage.

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

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

Aluminum flame 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.

Y* Centrary to expectations, 24-ply Gr/Up panels with aluminum
mash protection performed better in magnetic fields than
12-ply panels with the same protection. It was conjectured
that this was due to poor electrical contact between the mesh
and the 12-ply panel.

Various fastener and doubler conditions on joined panels
wire tested. It was found that Hi-Loks performed about an
well as stress-wave rivets, that loosening fasteners decreases
the shielding effectiveness (by as much as 25 dB), but that
removing fasteners is sometimes better than loosening them!
This happens because at some frequencies, the loqse fasteners
act as independent antennas, reradiating energy through the
panel.

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

*ý In the access door tests, the flame-sprayed pane. with the
flame-sprayed door showed an improvement of 8 dB gver even
the plain flame sprayed panel at some frequenciep although
usually the door assembly produced 20 dB less shiplding.

The latest access door design (providing flame spray to
flame spray contact for electrical continuity) h&o not yet
been tested by the period of the eighth quarterly report.

This sumary, then, discusses the following:

"* The Composite Material (Graphite/Epoxy)
"* Conductivity of Graphite/Epoxy Laminates
"o Shielding Effectiveness Measurement Fixture
* Method of Measuring Shielding Effectiveness

Plain Pane1s
Joined PanelsAccess Doors
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2,0 TO C0)0081Tx MAIAL (GRAPHITE/ EPOXY)

Graphite/epoxy (Gr/Ep) was selected an the advanced composite ma-
1411to be Isjvestigated for the following reason@:

* Low current and forecasted cost per pound

Ability to be molded into complex shaper
6 Use on sold line surfaces that receive external

threats

Iterculsa 356l.'iI/AS-1 Gr/Ep prepreg per GAC Material SpecificAtior GW30/2A
was used, Thii materiel is resin treated, parallel-in-plan., collimated,

iit~~ t~tir pre-ispregnated tape, capable of being melded with low pressure
.(1" psi ieiaxt) laminating methods. (For Gr/Ep, a typical fiber diameter
should Ue abolt 0.3 ail, with typical ply thickness of about 5 ail.)

340 g~'tVITY OF 'GWARITEfEPOXY LAMINATES

T~he room teoperature conductivity of Gr/Ep laminates of the 00/90'/±45"

fmily (soo, the following text) was determined from resistance seasurdmants
of panel* perform~ed at GAC and other-data (see "The Second Quarterly Progress

Iport"', hereafter QR 11). The basic assumption made is that the laminate is
elecrtticalily hbmoleseous and thts is described by a single bulk conductivity

itesiotance measurements were performed on 12-ply Or/Ep laminated

paosUa with individual plies oriented so that their graphite fibers pointed
is the 00, 904 or + 45* directi on. The specimens had a fiber volume fraction
of 62% and had dimeasi-nne of 20 xlI x 0.063 in., the last being the thickness

of t~he Isainate stack. Measurements were made using a Hewlett Packard Model

432UA villobs mester and thin probing electrodes applied to specimens edge

treated for ohmic electrical contact.
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The ed$e treatment method evolved through three stages. The initial

method, involving aluminum flame spray 1/2 in. on each end plus adjacent edges)

of cured laminates, 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

covered with a 1 in. x 1 in. aluminum foil electrical contact pad. This method

F yielded excellent results, but was slow and not desirable as an electrical

connection method for aircraft structures. Finally, using the good data from

the second edge treatment method, a production-oriented refinement was acbieved;

namely, a chamfer (ie,, bevel) on the order of three to four times the thick-

neae from the edge, in conjunction with silver-filled epoxy and aluminum pads.

Figure 1 shows the conductivities ctlculated from the resistance measurements

(see QR 1I for the references). Note that conductivity in the 00 direction is a 4

function of the equivalent 0" laminate (in percent) which is calculated by

assuming thata + 451 pair of plies iJ electrically equivalent to a single 0"

ply and that the 90" plies do not contribute to the conductivity, Further, 1

stacking sequence variations do not significantly affect the conductivity of the

laminate.

4.0 SMIELDING EFFECTIVENESS MEASUREMENT FIXTURE

The shielding effectiveness measurement fixture is an *ll-welded

aluminum fixture about 10 ft x 3 ft x 4 ft, divided into four vertical compart-

ments. The transmitted signal is brought by coaxial cable from 4 shielded room

to a transmitting antenna in one of the inner compartments. It then passes

through a sample (e.g., Gr/Ep plate) mounted on an aperture in the wall between

the inner and the adjacent outer compartment, where the receivin$ antenna is

located. Finally, it is carried out of the fixture again by coaxial cable to

the receiver. All apertures, both external and internal, were h&ddated by

installing a 1/4 in. x 3/16 in. radio frequency (RI) metal gasket, Type 20-40118
(Tachnit Corporation), at 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 side of each com-

partment) were fabricated by the Universal Shielding Corporation and are of the

UQ904 type, which electrically seals the enclosure against RF leakaxe.

Each communicating wall in the fixture has a large aperture (24 in.

x 36 in.) over which can be fit a 27 in. x 39 in. aluminum fixture plate

with an additional small aperture (12 in. x 12 in). The panel and joint speci-

mens (measuring 15 in. x 15 in.) are fitted over the small apertute, while the

access door specimens (measuring, once again, 27 in. z 39 in.) are fitted over

the large aperture. To ensure againstIF leakage around the speciuea edges the

specimens were edge treated (sea discussion of plain panels in the following

text). They were then mounted so that the electrically continuous picture

frame around the edge of the sample (resulting from the edge treatment) firmly

contacted the RP gasket #round the aperture. To accomplish this, a wmtal

frame or pressure plate was installed over the sample and bolted to the mount

(bolts 1 in. apart) to provide an even distribution of pressure on the sample,
RF gasket, and aperture.

5.0 METHOD OF MEASURING SHIELDING ETFECTIVENESS

The method employed to measure shielding effectivmness is a two

pair antenna system, using the above fixture. Shielding effectivenass is

measured by first taking a reference reading in one pair of compartments with

a naked aperture and then taking a measurement in the other identical pair of

compartments with the sample mounted in the aperture. The diffasVen in die of

the two readings is the shielding effectiveness of the material Vifer test.

Three types of fields were used: low impedance (H), high impedance

WE), and plane waves above 60 MRs. To ensure true 9 and H near fields, the

distance from the transmitting antenna to the sample was less than X/2r in.

The same transmitting and receiving equipment was used for plane waves; however,

in this case, the distances were greater than X/21r in. for electrically small

antennas and 2D2 /A for larger ones, where D is the largest dimension of the

transmitting element. Tables 1 and 2 show the equipment list and measurement
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Table 2. H, E, and Plane-Wave Measurmaut Conditions (QR V1Z)

DISTANCE FROM
TRANSMITTING

TYPE OF TRANSMITTING ANTENNA RECEIVING ANTENNA PRECUENCY RANGE ANTENNA TO
FIELD (INCHES) (INCHES) SAMPLE 4NCNHES)

H 3(0 TURN t 'W.10 LOOP) 3 (0 TURN SHIILDID LOOP) 0,014-30 MHz 3

H 3(1 TURN EHi.•.ýD LOOP) 0(1 TURN IHIILOED LOOP) 30-00'MHN 3

H 1(1 TURN LOOP) 1(1 TURN LOOP) I QHO I

'N 1/1 0 TURN LOOP) 1/1(1 TURN LOOP) 10 OHI 1/i

-36 (ROD) 3 (MROD IMPIIE VR,105) 0.014-0,15 MHN 3

' 36 (ROD) 36 (ROD EMPIRE VA,10U) 0.16-30 MHz 3

I 1 (ROD) 1 (ROD) I ONx I

I Ile (ROD) 1/ (ROD) 10 IHN 111

PLANE, 3 (ROD) 3 (ROD) 100 MHz 32
WAVE

PLANE. I (ROD) 1 (ROO) I QH& 12
WAVI

PLANE. POLARAD OAX.HORN Its (ROO) 10 ONH 12
WAVYI

06 1004W..
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conditions for th* tests (except for a slight modification of measurement con-

ditione for specimen numbers (S/Ns) 1 through 4).

Each pair of transmitting and receiving antennas was checked for

equivalency to ensure that conditions are the same in each pair of compart-

ments. This was done by setting up a field (E, H, or plane), placing a test

antenna in that field, and then taking a reading with a field strength meter.

If the readinis compared to within 2 dB when a second antenna was substituted

for the firsti the two were considered equivalent.

The enclosure was checked for aF leaks and maximum measurement range

of the equipaint. A 1/8 in. aluminum panel was used in the sample chamber,

with leaks being indicated by observing anything above the internal noise of

the receiver 6sen the system is switched to that chamber.

6.0 PLAIN PAUELS

Two Gr/Ep laminates were examined, 12-ply and 24-ply thicknesses of

the same type (17% 0, 17Z 90, 66% + 45"). Specifically, the 12-ply panels

were denoted (2/2/8), indicating the number of plies in each of the orientations

of the 0*/90*/± 450 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
a 120 x 120 grid aluminum mesh (0,010 in. thick) bonded
and co-cured with Gr/Ep by an unsupported epoxy film
adhesive (Reliabond 398U, 0.06 lb/0'2)

200 x 200 grid aluminum mesh (0.005 in. thick) bonded
and co-cured with Gr/Ep by an unsupported epoxy film
adhesive (Reliabond 398U)
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.Aluminum flame spray (4 to 6 mal) on 1 ail fiberglase/
epoxy preprog scrim co-cured with Gr/Ep laminates

Raxcel KC484 aluminum coated conductive fibearlass/epoxy
prepreg co-cured with Or/Sp laminates
Vapor deposited aluminum (3.0 to 5,0 x -6in. thick)

added to a bar* Gr/Ep panel

Vapor deposited aluminum (3.0 to 5.0 x 10- 6 In. thick)
added to an aluminum flame spray specimen (described
above)

In addition, fouz panels manufactured by the Hexcel Corporation using their

Thoratranomaterial system, which utilizes an aluminized fiberglass (XC487/F155)

with 1543/1155 fiberglasu cloth, were aloe tested.

Table 3 details the test program for both plain and joined panels.

The shielding effectiveness specimns were edge treated (in amdification of

method three of the conductivity test) in order to provide intimate electrical

contact with the graphite fibers. Each specimen was chamfered 3t ý t/2 (where

*! t is the panel thickness) on both aides, for all edges, creating, a knife edge

which effectively exposer six times the original fiber and cross sectional

area. Then, for a distance of 1.5 in. on both sides around the periphery,

the surface was coated with a thin continuous layer of silver-filled conductive

epoxy. Finally, before the epoxy cured, a layer of 0.010 in. thtck aluminum

foil was applied again for a distance of 1.5 in. on both sides around the

periphery, as was Lhe epoxy. After two hours at 140*F, the epoxy had fUlly

cured and was ready for drilling and mounting in the fixture.

Results of tests for the 2/2/8 Gr/Ep panels are shown ýn Figures

2 through 4. Included are curves calculated from a general shieoding effective-
ness equation (see QR III):

SH a A + R1I +,R2(i

where SE is the total shielding effectiveness in dD, A is the abrorptilon power
loss, R1 , is the reflection power loss of the boundaries of the shield, and
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Table 3. Shielding Effectiveness Test Program (QR V)

II4MIMN TYPE OF PROTECTION NO, Of NO, OF H.PIILO E.IPELO PLANE,
NUMBER PLIES TESTS WAVE

I/N2 .3 BARB 12 2 N K K

i• 1 ' 24" 1- - - -..

W/N 120 ALUMINUM MESH 2 N

SIN #A 12 2 K N

I/N 4 120-ALUMINUM MESH 24 2 N N - *

S/N 4A I N

I/N 200 ALUMINUM MESH 12 1
9• g _24 1 N

* SN G ALUMINUM FLAME 12 1 i
O/N 6 SPRAY (44 MILS) 24 1 -

SIN 10 AL.UMINIZED 12 1 x
S/N 11 FIBERGLASS 24 1 x

12 VAPOR DEPOSITED ALUMINUM 12 1 x K

I/N 14 ALUMINUM PLAME SPRAY 12 1 x K N

AND VAPOR DEPOSITED
ALUMINUM

S/N 2J1 BARE WITH HILOKS 12 1 K N K
AND ALUM, DOUBLER
VERTICAL JOINT

&N 3J1 BARE WITHSTRESS RIVETS 12 - - -
AND ALUM. DOUBLER.
VERTICAL JOINT

SIN 2J2 BARE WITH HI.LOKS AND 12 5+ N

24 PLY OR/EP DOUBLER
VERTICAL JOINT

BARE ALUM, WITH HI'LOKS - ¶LK N• N
AND ALUM, DOUBLER,
VERTICAL JOINT

SIN 2J3 BARE WITHOUT DOUBLER, 12 1 K N

FASTENERS AND LIQUID

____ .__ SHIM, VERT. JOINT

SIN 2J4 BARE WITHOUT OOUBLER 12 1 K K 1
FASTENERS AND LIQUID
SHIM, HORIZ, JOINT

SIN 2J6 BARE WITH HI-LOKS AND 12 1 N K
24 PLY OR/EP DOUBLER
HORIZ. JOINT

S/N 3J2 BARE WITH 5TRESS RIVETS 12 1 N K N

AND ALUMINUM DOUBLER,
HORIZ. JOINT

S/N 5 11 ALUM, FLAME SPRAY 12 1 N N K
HILOKS, ALUM, DOUBLER
VERTICAL JOINT

SIN 20,J1 ALUM. FLAME SPRAY 12 1 K K N

HI.LOKS, GR/EP DOUBLER
VERTICAL JOINT

S/N iB BARE I I N N K

S/N 1B BARE 2 1 K K

SIN I? BARE 2 1 N N .

BNil BARE 4 1 K N N

* NOT EDGE TREATFD, ALL OTHER SPECIMENt. ARE EDGE TREATED,
+ TIGHT HI.LOKS, LOOSE HILOKS, NO MOUNTING BOLIS ON DOUBLER, AND NO

DOUBLER
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R2 is the correction factor due to reflections from the far boundary of the

shield.

More specifically, the absorption loss A is given by:

A - 3.338t (2)

where f is the frequency in Hz, t is the thickness in inches, 0R is the elec-

trical conductivity of the material relative to copper, and V is the perme-
ability of the material relative to space. The total reflection power loss,
RI, has a different form for each field (H, E, or plane wave) and further de-

pends on f, CR' •, and r (the distance from the source to the shield in inches).

The correction term, R has the same form for all fields and depends on

f, op, U, and and Za (the intrinsic impedance of the shield in vector form in

ohms), and Z (thie 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 mhor/m (i.e., CR a 3 x 104).

The same holds for the 4/4/8 Gr/Ep layup. The relative permeability, ýi, is

taken to be 1. From Figure 2, it will be noted that the bare Gr/Ep shield-

ing effectiveness data fall within 3 dB below the calculated curve for from

0.01 to 10 MHz, failing to 10 dB below at 100 MHz. Therefore, 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 electricil contact with the fixture.

Among all the plain panels tested, the ones with the aluminum flame

,spray provided the most shielding. This is probably due to the continuous

aluminum coasting. The panels with the 200 aluminum mesh did not provide any
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improvement in shielding of over the bare graphite epoxy (probably due to

lack of intimate contact along the edges of the panel). Also, the vapor

deposited aluminum panel apparently had too little protection (i.e., 3.0 to

5.0 x 106 in. thick) to show any improvement over the bare Gr/Ep. The poor

performance of the aluminized fiberglass ýover Gr/Ep) panels is due to the

fact that the aluminized fiber wea alignad only along the transverse direction

of the panel.

The four panels manufactured by HEXCEL Corporation Elayups of one
0* ply (S/N 15), two 0' plies (S/N 16), one 0' ply and one 90° ply (S/N 16),

and one 0° ply, one 90' ply (S/N 17) and one pair of ± 456 plies (S/N 18)] Save

low results (even after adge treatment), compared with the other types of panels

tested. With 12 or more plies of this material, a much higher shielding might

be obtained.

Surprisingly, the 12-ply panel with 120 aluminum mash did not perform

as well as the 24-ply panel with the same type of protection. The 12-ply

panels were re-edgle-treated to improve electrical contact, but still Save about

half the shielding effectiveness (in dB) of the 24-ply panels with 120 aluminum

mash for H-fields at frequencies from 0.014 MHz to 10 Mlz. The quality of the

contact area of the mesh and the Gr/Ep panel may affect this result, but at

present this discrepancy is unresolved.

Finally in the investigation of plain panels, a formula for the elsc-

trical conductivity of the protected panel& (e.g. flaia sprayed Gr/Ep) was

used as a check on the protected Gr/Ep shielding 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 resistor model which resulted in the formula. (The inconsistencies

for the 120 aluminum mash on the 12-ply panel were discussed above).
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7.0 JOZaw PA•.ES

The next stage of the shielding effectiveness program was the In-

vestisation 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 the following

doublers (Figure 5):

a 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
spaced about 1 in. apart

Each joint had either Hi-Lok fasteners or stress wave rivets. To provide for

air passage smoothness, the gap between the two panels (typically 0.063 in. for

the 12-ply Gr/Ep joints) was filled witb EA 934 liquid shim. As shown in

Table 3, various conditions were tested:

* Aluminum versus Gr/Ep doublers

"Hi-Loks versus stress wave rivets

* Tight Hi-Loks, loose Hi-Loks, no fasteners, no
mounting bolts on doubler, no doubler, no liquid
shim

Vertical joint versus horizontal joint
"Bare 12-ply Gr/Ep joined panels, flame sprayed joined
panels, 1/16 in. aluminum joined panel

(The aluminum panel and joint were included to test the joint configuration

itself.)

Lastly, the RF tight joint concept (described in th4 following

text) was examined for several specimens not listed in Table 3.

The results of the first four joint tests listed in Table 3 bhowed no

significant difference in shielding effectiveness betuuan the types of fasteners

used. The strass-rivetýed specimens showed only a slightly higher shielding
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effectiveness at frequencies above 10 M)z. Similar results held for the

doublers, except the aluminum doubler was very slightly more effective over most

of the test range, rising to a 10 dB improvement over the Or/Ep doubler in the

R-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 RP leakage. In any case,

the results showed that the joined panels provide adequate shielding.

The aluminum plate specimen performed better than any of the other

configurations (about 50 dB better for the H-field, about 100 dl better at and

above 10 MWg for the 3-field, and about 30 dD better for the plane wave test).
At 0.014 MMz the measured value for the H-field test was in agreement with the

value calculated from Equation 1, using a 1/16 in. thick aluminum plate. As

the frequency increased, the measured values deviated from the calculated ones,

thus showing the effect of joint leakage. As a part of the test of S/N 2J2

(12-ply GV/Zp panels joined to & 24-ply Gr/Ep doubler with Hi-Loks), various

ft-Lok tightness conditions were investigated. It was found that the magnetic

ihielding effectiveness decreases with a reduction in tightness. The data

lor the E-field, however, indicated that at low frequencies no Hi-Loks gave

better shielding that any other configuration. This surprising result can be

dxplained as follows.

The Gr/Ep of the panel and the doubler is a poor conductor compared
to ordiuary metals (conductivity is three orders of magnitude less than alumi-

inum). Since the Ri-Loks are good conductors and do not make good contact with
the fibers of the Gr/Ep panels, it is theorized that a smeall capacitance is set

up between the Hi-Lok and the panel and doubler combination. As a result, the

Hi-Loks act as small antennas at frequencies where this capacitance is high
(around .1 MHz), increasing the coupling between the test antennas and thus

decreasing the shielding effectiveness of the joint. At low frequencies, the

iAin coupling between test antennas is through the panel, while at higher
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frequencies (I Ots to 1 Giz) the above capacitive reactance decreases and the

Hi-Loks short out to the panel, leaving shielding effectiveness independent of

fastener tightness,

The next four bare Or/Ep panel joint tests (S/Is 2J3, 2J4, 2J5, and

3J2) gave results on joint leakage and the effect of joint orientation with

respect to the impinging field. The results for the (2/2/8) bare Gr/Ep

joined panel without fasttners, doubler and liquid shim indicated much less

shielding than the previous tight joint tests. The shielding of the bare 12-ply

panel with various fastener-doubler combinations was then compared with plain

panel results (ligur"a 6 through 8). The data indicate that the joints leak at

high (010 MR&) frequencies in a magnetic field and at low frequencies (<1.0 Mz)

in an electric field, In general, the joints with a 90* orientation gave simi-

ilar shielding data to the 0' orientation for H-fields at frequencies below A

10 Mbz# but produced at least 10 dB less shielding for 1-fields at frequencies

above'10 ••a.

The shielding effectiveness of the aluminum flame sprayed panels
joined to an aluminum or Gr/Ep doubler with Hi-Loks (i.e. S/fa 5J1 and 20J3)

was greater than that for those without flame spray for frequencits <10 lMz

in both H- and Z-fields. Above this frequency the joint leaks and flame spray

makes no difference. For plane waves, the panel with the Gr/Ep doubler

indicated that flame spray provides additional shielding over bare Gr/EP,

but the panel with the aluminum doubler did not show the same results.

To reduce the RF leakage in a typical aircraft (sir passage)

Gr/Ep butt joint, an additional surface protection system was desired. The

main problem was to provide electrical continuity between surface protection

systems (eSg, aluminum flame spray) on either side of the joint. Of course,

the ultimate goal would be to provide a butt joint specimen with the sam•
shielding effectiveness as a continuous flat panel.
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The result of this investigation was the RY tight joint concept which

utilized a 1.0 in. wide strip of aluminum flame spray, applied along the length

of the joint seam by means of the GAC developed secondary flame spray appli-

cation technique. rour test specimens were then produced (not listed on

Table 3).

*1(

either 4 to 6 miu of aluminum flame spray or 120 x 120 grid aluminum mesh.

They were then cut in half and rejoined (as with the other joined panels)

with 24-ply Gr/Zp doublers and flush-head Hi-Loks. finally, the secondary

flame spray was applied t t&e joints. After these two specimens were tested,

conducting tape was addrd directly over the secondary flame spray to teit

adding more conductive material as compared to widening the joint protection

area. Copper tape (1.0 in. wide and 1.5 mil thick) was applied directly over

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 test results showed that in the majority of coss. the RY tight

joint concept displayed similar shielding effectiveness to that of the con-

tinuous flat panel of the same material makeup (i.e., 24-ply (r/Ep with either

4 to 6 mils aluminum flame spray or 120 grid aluminum mesh). Aldo, although
the addition of the copper tape had a slightly greater effect than the addi-
tion of aluminum tape, in most cases neither had much effect on the shielding

effectiveness of the basic secondary flame sprayed Rf tight joint concept*

8.0 ACCESS DOORS

The objective of the most recent stage of the shielding effectiveness

investigation was to determine the extent of RP leakage through the access

doors of a co) osite aircraft. Initially, the investigation involved con-

ventional access door to surrounding structure interfaces, such as those
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found on present day metallic aircraft, to permit a direct comparison between

metal and Gr/Ep access doors. Lattr, interface 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 (Table 4). They consisted of 12-ply (2/2/8) bore or aluminum flame

sprayed Gr/Ep panels (27 in. x 39 In., as described in Section 4.0) with an in-

talateal 1,5 in. 3 .15 in. x 0.125 in. deep reqess. Further, some panels were

edge treated (as described in the paragraph on plain panels), and some had a

S12 in. x 12 in, cutout within the panel recess. The first two access door

types were 15 in. x 15 in. bare 12-ply Gr/Ep (D-1) and 15 in. x 15 in. alumi-

num fle•e sprayed (metalized) 12-ply Gr/Ep (D-2). Other modifications, such as

the addition of dimpled washers to both metalized (D-2A) and bare (D-L) access

doora, and a two piece metalized access 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 fl:ie spray to flams spray contact across the door-to-panel

attachment inteoface.

As shown on Table 4, the first three tests covered chamber equivalency,
edge leakage through the large and small apertures, and the effect of ri-

moving the UF gasket around the small aperture. The results of Test Number 1

(T/N 1) showed the chambers to be, for engineering purposes, equivalent. The

small differences in maximum field pickup were within the accuracy of the

measuring equipment (e.g., 2 dB). T/N 2 also showed chamber equivalency, but

also showed leaLage around the edges of the large and small aluminum fixture

plate.. The total leakage was less than the internal noise of the receiver,

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

(l4rge aperture 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

effect on results.
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Table 4. Revised Test Plan To Determine Shieldiug Effectiveness Of
Graphite/Epoxy AcceBss Doors (QR V111)

TES A CHAMOM SOHAMIER
NO (LiN 81091 (Ift/ SloE

I LAMOP APERTURE OPEN LARGE APE RTURS OPEN
2 ALUMINUM PIXTUP43 PLATS COVERING ALUMINUM FIXTURE PLATES COVERMING

LARGE APER4TURE ONLY LARGE AND SMALL APERTURE

-I3 ALUMINUM PIXTURE PLAYS COVERING ALUMINUM FIXTURE PLATS$ COVERING
* LARGE API RTURN ONLY LARGE AND SMALL APERTURE WITH

__________________________SMALL APERTURE RP GASKET REMOVED

40 PANEL iA-iPAE 2-
I PAN L.I A-1 __ __ __ __ _ __ __ __ __ _

II PANE L I A-2 PANEL_________2A____2_

7 PANE L I A-2 ______________5_____

I LA RGE OPI N APE1 RTURI ____________4___2_

* PAN$ L I A-2PAGL2,
10 PAN$EL 1 A-2 AL2-iU1

11 LARGE5 OPEN APERTURE PANEL 16-3
12 LAMRG OPEN APERTURE PANEL 1-3, 0-2
Is LARGE OPEN APERTURE PANEL 1-3, U.'I
14 LARGE OPEN APE RTURE PANEL 2A-3, D-2
is LARGE OPEN APEIRTURE PANE L 103, 0D.IA
I0 LARGE OPEN APERTURE PANG L 1833 O.2A
17 LARGE OPEN APERTURE PANEL 2A-3,D04A
is LARGE OPEN APERTURE PANEL 2A-3, 0-2A

19 LARGE OPEN APERTURE PANEL 2A-.03,0
20 LARGE OPEN APERTURE PANEL 18-3, 04

*NOTE - THE SPECIFIC PANEL DESIGNATIONS AS THEY APPEAR IN TASLE 2-1 ARE DKIFINED
"NOTE AS FOLLOW~i

o iA&a2A - 12 PLY (2/2/0I SARE GRAPHITEI/EPOXY PANEL (27 INCHES N 0 INCHEIG
WITH INTEGRMAL 0.125 INCH DEEP RECESS

0 11 - 12 PLY (2/2/SI ALUMINUM F LAME SPRAYED GRAPHITE/EPOXY PANEL (27
INCHED x 31 INOWNM WITH INTEGRAL 0,125 INCH DEEP RECESS,

THE DASH NUMBE RS APPEAR ING IMMEDIATI!LY AFTERM THE ABOVE SYMBOLS ARE

* I-l - NO1QOGETREATMENT, NO CUT-OUT
* (-2) - EDGE TREATED, NO CUT-OUT

* 0-) - EDGE TREATED, 12 INCHES x 12 INCHES CUT-OUT WITHIN PAN$ L RECESS.

* (.G., 11.2 IS DIPFINES A$ 1ED0E TREATED ALUMINUM FLAME SPRAYED GRAPHITEI
EPOXY PANEL WITH NO CUT-OUT)
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T/N 4 and T/N 5 showed that panel lB-I (flame-sprayed) had up to

15 dB increased shielding effectiveness over the unprotected specimens IA-1

and 2A-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

dtcrease in shielding may be attributad to the leakage through tbe attachment

perimeter of the large panels, which ii double the length of that of the

smaller panels.

Edge treatment of the large panels (in T/Ns 6 through 8) increased

the shielding effectiveness only at frequencies above 100 MHz.

The results of T/N 9 and TiN 11 to determine the shielding effective-

ness ol panels with cutouts, but without access doors, were not ihown, because

they offered little to no shielding.

The rest of the completed tests (i.e., TIN 10 and T/Ns 12 through 14),
compared bare and metilized continuous panel. against bare and metalized clutout

panels with bare and matalized access doors. In most cases, the continuous
panels (2A-2 and 1B-2) displayed the greatest shielding effectiveness against

H, E, and plane wave EM radiation, especially at the high frequencies. The non-

continuous panels (2A-3 and 1B-3), with the access doors mounted in place, dis-

played a maximum reduction in shielding effectiveness of 38 dB for the
1 G~z E-field measurement of panel 2A-3 with door D-2. However, in most cases,
the utilization of the aluminum flama sprayed access door (D-2), as opposed

to the bare or unprotected access door (D-1) showed an increase in shielding

effectiveness of as much as 31 dB. Further, in many cases, especially at
lowor frequencies (up to 100 MHz), the utilization of access door D-2 showed
an increase in shielding effectiveness over that of the continuous panels as
well (Figures 10 through 12).
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SECTION I

INTRODUCTION AND OVERVIEW

This report summarizes work done by General Dynamics Corporation,

Fort Worth Division (with contributions to the effort made by Culham Laboratory,

UKAEA Research Group, United Kingdom), for the Air Force Flight Dynamics Labora-

tory) Advanced Composite Structure ADP, Wright-Patterson Air Force Base under

Contract F33615-76-C-5439. The Composite Forward Fuselage Systems Integration

program, covering the period April 1977 through May 1978, was initiated to per-

form the development necessary to guide the intagration of avionic and electri-

cal systeu into the composite aircraft structure. The final report (AFFDL-TR-

78-110) was published September 1978. We will examine Volume I1 of that report,
which covers the identification and modeling of the induced effects 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 Voltage MeasurementTechniques

3. Comparison of Predicted and Measured Results

4. Additional Measurements

5. Driving Point Waveform and Induced Mechanisms -

Theory and Prediction

In particular, Section 5 consolidates and slightly expands on the major theo-

retical and calculational aspects of the General Dynamics report.

1.1 TEST APPROACH

The composite material used was graphite/epoxy which, with a conduc-
-3tivity 10- times that of aluminum, could be expected to allow greater penetra-

tion of electromagnetic (EM) radiation into the fuselage interior, thus possibly

B-5
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threatening avionic and electrical systems. In order to evaluate this situation

in detail, the program focused on the following areas:

Development of a simplified test configuration (consisting
of a single-stage capacitor bank lightning simulator), a
graphite/epoxy YI-16 forward fuselage test article, and a
return conductor (consisting of three broad metal plates),

fj which both completed the test circuit and ensured free-
"field conditions exterior to the test article (Figures 1-1
and 1-2)*. The resulting driving point waveform was a
unipolar pulse with no overshoot, typically having a our-
rent maximum of 20 kA, di/dt maximum of 17.1 kA/1l. Test
results (i.e., interior wiring voltage pickups) were then
scaled up to simulate the effect of lidhtning threat param-
aetes (200 kA; 100 WI/•s)

Evaluation of low frequency (LF) and high frequency (aM)

effects, including those related to the driving point
aveform (LW). its time derivatve (higher frequencies,

sea Figure 5-3), and to fuselage resonances (HF). (Section 2.)

* Determination and measurement of basic mechanisms coupling
external EM radiation to interior wiring. (Section 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,

special tests were conducted to evaluate the following aspects of coupling

phenomenai

a Magnetic flux distribution inside fuselage

"a Small aperture effects

"o Effect of additional metal conductors and their impact
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

*All figures and tables are taken from Report AFFDL-TR-78-110, except as noted.
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* HF effects inside enclosed areas due to capacitive
coupling

* Electronics (P-111 vintage) powered up test on the air-
craft to test for interference or damage.

For this last test, with F-ill vintage avionics installed in a typical manner,

the structure was tested with a 125 kA peak, 32 kA/Uu maximum rate of change

current pulse while the systems were operating. No failures or perturbations

occurred. (Section 4.)

1.2 CONCLUSIONS

As a result of the program, a number of conclusions were drawn about

lightning effects in a graphite/epoxy fuselage. Some of these conclusions are

also applicable to metal airframes;

There are three primary mechanisms of energy transfer from
a lightning strike to electrical/electronic equipment.
These primary transfer mechanisms assume that design pre-
cautions have been taken to prevent direct transfer of
energy to the interior of the fuselage shell (e.g., by
conduction of a lightning stroke down a pitot line or
pitot heater wiring),

l.. R coupling (Jp voltage per unit length) produces
a voltage drop along the interior surface of the
graphite/epoxy fuselage, which may be picked up
by wiring with electrical connections there.

2. Diffusion flux coupling produces voltages in wire
loops which are interior to a Sraphite/epoxy fuselage.

3. Aperture flux coupling induces voltages in wire loops
in the usual way (directly from the external field
via Earaday's law).

Mechanisms 1 and 2 comprise resistive/diffusion coupling
mechanisms which pass the external field through imperfect
conductors, such as graphite/epoxy. Case 1 is due to the
large skin depth of graphite/epoxy, while Case 2 in, in
addition, due to fluxes produced during current redistri-
bution to fuselage regions of lower resistance. (Sub-
sections 5.2 and 5.3.)
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Resistive/diffusion coupling produces voltages propor-
-tional to the driving point waveform (Corollary 1,
Subsection 5.3.1), while aperture coupled voltages
(which are relatively independent of fuselage resis-
tivity) produce, as expected, voltages proportional
to the injected current di/dt. (Subsection 5.7.)

* Resistive/diffusion coupled voltages are LF signals
(b; low 1 M•iz; see Figure 5-3) and will impact only
those circuits which form significant loop areas
and/or have multipie airframe reference points.

sigh freqttency effects (Above 1 MHz) are primarily
aperture dominated (Figure 5-3). However, due to
the short diffusion time through graphite/epoxy, HF
offacts can appear inside a fuselage and be distributed
by the E-field developed along the graphite/epoxy shell
interior surfeces.

The fuselage response (an HF longitudinal resonance)
behaves in a man•er predictable from transmission line
theory and is independent of fuselage material
(Section 2).

* The IR voltages appearing inside the fuselage will be
approximately 3 x 103 higher than they would be in en
aluminum fuselage. (Subsection 5.2.)

Induced effects due to diffusion flux can never be
higher than the highest Jp voltage which exists along
the interior surface of the fuselage. (Corollary 3,

Subsection 5.3.1.)

Linear scaling of induced effects in a graphite/epoxy
fuselage is not always permissible. If system response
information is dosired at high levels of I and di/dt,
testing must be done at high levels to determine if
nonlinear conditions exist. Once appropriate scaling
factors are determined, resistive/diffusion voltages
scale by I and aperture voltages scale by di/dt.
(Section 2,)
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SECTION 2

LIGHTNING SIMULATION AND INDUCED VOLTAGE MEASUREMENT TECHNIQUES

2.1 NATURAL LIGHTNING AND FUSELAGE RESPONSE

It has been 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 a return 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 damage than of induced voltage. In general, the worst

case for induced voltages would occur during the return stroke of a lightning

strike, when the current peak amplitude and di/dt would be largest. Values of

140 kA and 100 kA/ls, respectively, have been observed in nature and 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 itself, 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

fuselage (to r3gions 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 be inductively (rather than resistively) shared, with the current a skin

effect only.

The HP (above 1 MHz) currant distribution has the sama circumferential
variation as the LF case, but in addition provides a longitudinal variation,

since the HF currents are associated with standing waves on the fuselage excited

by lightnin2 transients. Due to the impedance mismatch between the lightning
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arc channel (radius - 0.5 mm) and the aircraft (radius . 0.5 - 1.5 m) at e~ch
of the two attachment points, the standing waves should have a current nods At

each end of the aircraft, with frequencies given by

fa x -2 n(fI)h

where:

c - speed of EM waveao -3 x 10 m/s
- wavelength of standing wave

Z - 'total aircraft length in meters

n - an integer corresponding to the mode

Thus for an 11 m aircraft length, f" 14 MHz (a half-wave resonance). The
aircraft standing wave pattern is further complicated by wing modes and fuse-

lags/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 region of the inlet (absent in the test
article), which starts at Station 161 and runs aft (Figure 1-2 - station num.-
bers are in inches).

As for the EF longitudinal resonances, we note that the tast article
is slightly less than half the length of the full F-16 fuselage (Figure 1-2).
With the current return conductor attached at Station 277 and the impedance

mismatch between the capacitor bank and Station 60, the principal resouance
has a node at the forward end and a current maximum at the aft end (a quarter
wave resonance). The standing wave frequencies may bt obtained from Equation 1,
except that the even mhdes (corresponding to a node at Station 277) will be

absent, The predominanL HF contributions to the exterior surface current
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waveforms (proportional to the flux density, B, measured with small loops near

that surface) were observed to have frequencies of 14 MHz and 46 Mlz, respec-

tively, roughly corresponding to first- and third-order full fuselage resonances.

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 basic lightning waveform parameters, the test

circuit itself (Subsection 1.1) may be viewed as a waveform generator in the

form of a simple RLC series circuit (Subsection 5.1).. The impulse generator
is built around a 4 0F, 50 kV capacitor, which, is capable of accepting a charg-

in& voltage sufficient to produce approximately 30 kA peak with a 20' kA/hs

rate of rise. A typical test pulse had parameters of 20 MA and 17.1 kA/Ws.

Since the test waveform does not achieve the severity levels speci-

fied from natural lightning (Section 2.1). all inducod voltage measurements

must be scaled to reflect the response to actual conditions. Scaling param-

eters were chosen from those involved in the two main coupling mechanisms,

aperture and resistive/diffusion coupling, Aperture and other direct coupling

processes produce voltages proportional to the rate of change of fields -

dB/dt and dE/dt (both prop1.rtional to di/dt), while resistive/diffusion coupled
voltages are proportional to the current itself (Corollary 1, Subsection 5.3.1).

Initially, each scaling factor was assumed to be a linear extrapola-

tion from a 20 kA - 17.1 kA/is 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,

20 kA

Current Rate of Rise (di/dt) Scaling Factor - IOU ..17. I •/ve

- 5.85:1 (2)
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IR voltage pickup tests. using current waveforms with different

peak I and di/dt value., verified linearity of I scaling up to about 50 kA,

but loop tests in the cockpit (aperture dominated) area showed a breakdown in

linearity of di/dt scaling to a 72.9 kA- 19.4 kA/pe pulse (possibly due to

arcin& 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 scaling

of induced voltages for this high level pulse.

All measuremento were made using an oscilloscope (CRO), Tektronix

' Modtl 7631 with a 7A13 differential preamplifier. The CRO inputs were pro-

vided by a coaxial (RG-58 or RG-22 cable) or fiber optic interface (Moret Inc.,

PArt Number MDL238), with the latter being used when the coaxial setup signal-

to-noise ratio was too low. Fuselage interior surface IR voltages were measured

with RG-22 (twisted, shielded pair) attached to the interior surface at two

longitudinally spaced sensing points. Flux measurements (both diffusion and

external) were 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

connected around Station 277 (between 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 graphite/epoxy,

metal, and nonconductors) had to be determined (Figure 1-2). To aid this pro-
cess, the forward fuselage was tested at three typical sections each with an

overall, relatively uniform, electrical character:

1. Forward 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, Stations 98-168. Large, aperture dominated
section with mainly graphite/epoxy walls and floor,
two thickened up longerons, and two dissimilar front
strake sections (thermoplastic resin 8-ply, right;
regular resin 16-ply, left). Cockpit floor between
the longeaons is 10-ply increasing to 14-ply toward
the back. Above the longerons to the waist joint is
10-ply, changing to 6-ply up to the metal canopy sill,
except at the left side rear (adjacent to the gun
muzzle), where it is 10-ply. There 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 the
strakes, the rear transverse bulkhead, and fore and
aft panels, The graphite/epoxy bay doors are secured
to all-metal substructure. The right-hand side panel
has metal inserts for the screw heads. Upper (ammo
handling) bay cover panel is 10-ply graphite/epoxy,
right-hand strake bay is 6-ply graphite/epoxy.

These sections were 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. In 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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Calculations of predicted voltage pickup were made usiat methods

discuosed in Subsections 5.4 through 5.7. Input required includes driving

point peak current and di/dt, fuselage eross-sectional shape (including loca-

tion of highly conducting region*), Peff (an effective conductivity for the
graphite/epoxy fuselage), h (surface thickness, usually obtained from the num-

ber of graphite/epoxy plies), Z (IR sensing wire spacing). and flux loop dimen-

sions, location, and orientation.

The comparison of measured and calculated IR voltages is shown in

Figure 3-2. For the data 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-

aSes at Station 75 (FEBD) correspond to surface current densities (Subsection

5.5) calculated from the POTENT computer program (Subsection 5.4) and displayed

in Figure 5-9(A). In addition, the resulting calculated voltages in Figure

5-9(c) contain those in Figure 3-2 as a subset. (Apparently, calculated volt-

ages for wires I through 5 have been shifted up one in Figure 3-2; i.e., 470V

[calculated] should correspond to 440V [measursd) - compare Figure 5-9(c).)

Ioop voltage comparisons (calculated versus measured) are displayed

in Table 1-1 (expanded from tables in the General Dynamics report) (Subsec-

tions 5.6 and 5.7). In the upper aft bay, a variation of the diffusion flux

calculation method (Subseation 5.6) iaed measured (insted of calculated) IR

voltagas as input.

For the FEB, comparison of the IR voltages in Figure 3-2 shows con-

sistent'agreeament. The predictions are within 10 percent of the measured

values, confirming the choice of a low value for the effective resistivity
of YF-16 graphite/epoxy panels (Subsection 5.5).

In the cockpit, because of the complex geometry, including different

graphite/epoxy thicknesses, 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" level inside, the data indicate that the strakes do not can-
tribute much to fuselage conductivity (the calculated release in much lower

than either meured voltage), perhaps because of inadequate electrical bonding.

(Mechanical bonding strength is not being questioned.)

The aft bays have a simpler geometry, except for the metal boundary

on the upper 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-

lated values. Possibly the "end effect" of the test rig, due to the return

conductors and the aluminum *xtension box, tended to increase the current can-

trally at the expense of current in the strakes. The predicted 118V at 1.5 in.

from the metal strake is in any case not reasonable since current flow in the

metal alongside influences and reduces graphite/epoxy currant. Further, addi-

tional elasuramaunt have shown that the joint voltage (as a percentage of the

total panel voltage) is twice as great in the upper bay graphite/epoxy panel

as in the side panel, which has metal inserts in the graphite/epoxy for the

screw heads.

The loop voltage comparison$ (Table 3-1) show excellent agreement

for the YES and aft bays, where diffusion flux coupling was assumed for the

calculation, and good agreement for the cockpit, where aperture coupling was

assumed. This validates the assumptiot that aperture flux in a graphite/epoxY

cockpit can be predicted as If the cockpit were metal.

From the measured waveform, it was verified that all voltages pra-

dicted to be generated by resistive/diffusion coupling (.including the measure-

oents in the FEB, aft bays, and cockpit IR tests) did in fact have voltages

generally similar to the current pulse (Subsections 5.2 and 5.3.2). All mea-

sured aperture flux voltages in the cockpit had the characteristic di/dt wave-

shape (Figure 5-2), with a fast rise to peak voltage at t w 0+ and a zero

crossing at approximately 3 Us. The zero crossing in one loop near the graphite/

epoxy floor occurred early because an additional diffusion flux induced volt-

age (Figure 5-8) subtracted from the aperture flux voltage.
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tt SECTION 4

ADDITIONAL MEASUREMENTS

In addition to the data of Section 3, measurements were taken which

can be grouped iato four categories: magnetic flux density measurements

(including effects of small apertures), effects of additional metal straps on

resistive/diffusion voltage@, coaxial cable and shielded twisted pair voltage
pickup (including capacitive coupling effects), and "electronics powered

up" tests.

The average magnetic flux density (B) at time T at a wire loop (area

A) can be calculated by integrating the induced voltage waveform (V) in

.Apere's law to obtain
.T-Bj Vdt W (1)

Thus flux density waveforms are easily obtained from digitized induced voltage

waveforms. However, there appears to be some confusion in the General Dynamics

report over the flux density scaling to higher driving point waveform levels.
Flux induced voltages should scale as I in the FEB and aft bay (diffusion flux),

and as di/dt in the cockopit (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 around a 4.5 in. x 3.25 in. ac-
cess port in the left-hand side of the forward bay. From the voltage waveform
shapes (al or di/dt) it was determined that external or aperture-type fields

penetrated to about 2 inches into the bay (going from 5.9 x 10 W/M just

outside the aperture to 2.6 x 10-3 W/m2 at the same level 4.5 in. within the
aperture). ,•so, the peak flux density calculated Just outside the aperture
position, for the same fuselage but without the aperture, yielded a value of

B-21
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10.5 x O- W/I, about twice that measured with the aperture. These qualita-

tive resulta are identical with those expected from an aperture in a metal
fuself4e, except that the composite fuselage will contribute a slight addi-

tioal8 ,fluion flux Component.

lsewhere in the forward fuselage, flux densities were aolo measured.

In the cockpit a peak of 6 x 10 W/m2 was observed, while in the aft bay the
value was 31.2 x 10"4 W/I (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/W2.

To analyze the effects of addttional metal straps on resistive/
41ffusion voltages., the forward bay was instrumented as in Figure 3-1. Mea-

surements were then taken with various metal straps (copper wire ac aluminum

strip, desotibed in Table 4-1) routed along IR wire 3 and connected to the

metal ring fuselage members at Stations 60 and 98.

Table 4-1. Metal Straps/Resistonce and Symbols for Graphs

Symbol Metal Strap Size Resistance (nfl)

0 No strap N/A

S38 in. x 24 AWG wire (Cu) 81

X 38 in. x 1 in. x 0.6 mil st.4.'. 65

O 38 in. x I in. x 25 mil strip Al 1.6

38 in. x 2 in. x'25 mil strip 0.8
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The results 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 actual voltage

variation. IR wire spacing was about 3 in., indicating the substantial local-

ised influence of grounding straps. The flux density data (Figure 4-1) show

that, although a grounding strap decreases the voltage pickup on an adjacent
IR wire, the strap increases the flux through nearby loops. (WAANING - the

scaled values for flux density are suspect - see p. 4-1.) Finally, note that

the top curve (no strap) of Figure 4-1 provides measured IR data for Station
75 in Figure 3-2.

Taest to determine the details of cirrant pickup in coaxial cables
were Performed in the forward bay. A test line (coax with shield [type RG-581

or without shield (simulated by 24 AWG wire]) was routed along the bottom left
flange (22-ply graphite/epoxy) in the FEB (Figure 3-1). The test circuit con-
sisted of the line (loaded fore and aft with loads RL and R-,D respectively)

connected (at Stations 60 and 98) in parallel with the flange (resistance

S< < R + R D ) . T h e l i n e c u r r e n t w a s d e t e r m i n e d f r o m v o l t a g e w a v e f o r m s o b -

served across the diagnostic resistance (%) and was expressed as Vo/R D) where

V0 is the voltage peak (Table 4-2).

Thres basic coupling mechanisms were theorized to produce contribu-

tions to the line current - tn injected diffusion current (due to the IR volt-

age down the flange), a diffusion flux current (due to the voltage induced in
the loop formed between the line and flange), and a current due to the die-

tributed capacitance between the line and flange. Since the diffusion flux

was effectively shielded by' the coax shield, it was not examined, although

it would affect the bare wire tests. The analysis of test results, therefore,

focused on the affect of distributed capacitance.

The voltage source for the distributed capacitance is the IR voltage

(V) down the flange, so the line current component (I ) due to this coupling

mechanism should have a dV/dt waveform. Since V is a driving point current

(I) type waveform, IC should therefore be a di/dt type waveform which will
contain higher frequencies than the line current IR component (Vigure 5-3).
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Point Markers are described in Table 4-1

7 - 701

6 -601

K4 40I
FLtý( DENSITY FLUX DlENSITY

(10 tbas/m(10.3 Webors/m2-)
(3200 kAmps)

3 -- 30 (WARNING: THIS
SCALING IS

A-, SUSPECT.)

2- . 201I

01 10

* '2

Figure 4-2. Flux Density Calculations from Three (2 x 4 inch)
Loops Near a Ground ing Strap in the Forward Bay
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The waveform. observod in Tests I through 6 were driving current-

type waveforms, with HF components much lower than LF components. For RL open,

however, Tests 7 ard 8 produced a dV/dt (i.e., di/dt) waveform (and greater

HF components) indizating capacitive coupling. This was to be expected, since

opening Rt should maximizm the capacitance between line and flange. The peak

line currentt was also independent of the value of RD in Tests 7 and 8 (also

to be expected) and was totally due to capacitive coupling. NotQ that the

coaxial cable shield reduces the capacitive coupling to a negligible amount

in Test 9. In any case, the maximum HF voltage observed across RD had a value

sess than O.lV (46 MHz), indicating minimal UF problem for coaxial cables.

Tests on *hielded/u~shielded twisted pairs with lO0 loading at each

end were primarily conducted in the forward bay. Initial testing with the

RG-22 cable instrumentation indicated the measured signals were mostly due

to spurious noise 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 lees than IV peak. However, 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 instrumentation interface.

From the unshielded twisted pair data, it was adduced that little

actual LF pickup occurred in the line (excluding spurious pickup at the ends).
Capacitive coupling was assumed to account for the HF pickup.

For the shielded/twisted pair, the most representative data was

obtained during aircraft system testing. Actual F-ill vintage avionic equip-

ment was installed in the graphite/epoxy forward Cuselage and system reaction

was observed while the generator current was incrementally increased to 125 kA.

Included in the system was a multiplex (MUX) digital data system with transmitter/
receiver boxes placed in the FEB and aft section. The interconnecting MUX bus

line was a shielded/twisted pair as used on F-16 aircraft, which produced a

closed-loop system.
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Fiber optic diagnostics were conuected across the twisted pair in

the FEB HUX box with measurements taken on both sides of a line isolation

transfo r. A voltage waveform was measured across an equivalent 36n series

resistance on the primary side of the transformer, and showed diffusion flux

coupling with a predominant 4 MBz component. This component would correspond

to a 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 maximum. At worst, an error bit might be injected, 1ut continuous system

recyclisn would preclude any resulting hazard. A 20 kA level produced only.

five intermittent errors in an external bit comparator, out of '33 .hote to the

fuselage. Finally, a post-test functional check showed that current levels up

to 125 kA did not damase the MUX system.
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SECTION 5

DRIVING POINT WAVEFORM AND INDUCED VOLTAGE MECHANISMS -

THEORY AND PREDICTION

5.1 DRIVING POINT WAVEFORM

Th& total teet circuit, including capacitor discharge pulse generator,
forward fustlage test articlei, and return conductor, can be modeled (for low
frequencies) by a simple RLC series circuit (Figure 5-1). The system input is

a voltage stop (magnitude V ), and the output is the driving point waveform
0

i(t),, From Kirchhoff's laws, the differential equation for the system is:

d_(4, dv
+2w t 0a dt()

dt

where v(t) ts the input voltage waveform, and

!:Ro CCO Roý

- -- 2 0 (2)

f the natural frequency

0

TRIGGER CO Bank capacitance

Lo - Total series inductince of
Co Lo bank, load assembly,,
, oresistor, etc.

Ro Total effective series
resistance

Ro

* F:igure 5-1. Lightning Generator Equivalent Circuit
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The solution o1 for voltage step input is simply*:

i(t) (A/Wd) *-bt sinh wdt (OVERDAMEPD for R > R )

,Al/d a-bt sii wdt (UNDEIDAMPED for R. < R•) (3)d

a At a-bt (CRITICALLY*DAMPED for Ro -c)

where,-
V

o o 2 0 %
• 0 , o 0 2

d c y 2 1 002 (4)

R
b Y Wo 2 Lo

,Note that we may also write the solution in the form

i(t) - 'B(o"• - et) (5)

where,

A
2wd

0
Sb-w b (I- ---) - b - W d (6), R0 C °

*All Gunetions in this section are assumed to be zero for t < 0. The expres-
sions shown hold for t > 0.
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Also note that for the overdamped solution we have 0 < a < 8 < 2b (from Equa-

tion 6, so that exp (-Lt) > exp (-Ot), for t > 0, and i(t) is a unipolar pulse

with no overshoot (Figure 5-2a).

From Equation 3 we also have

di W aB -a- (7)

which, since a <e 0, starts positive. But as t a -, •"&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 overdamped i and di/dt (calculated as

the absolute square of the Fourier transform) are shown in log-log scale in

Figure 5-3. Th 40 dB/decade attenuation is a direct result of the system
behavior as a second-order low-pass linear filter.

2 2 A2  -
12 2 2 2 7M2 •w (as W•o)4r (W + C&(W +8) 4

(8)

di, 2 12 __ __2__ _

dt M W 2 w a2 -2

47t

Using the preceding equations, we can calculate various waveform

parameters. The maximum current is

I- (A/wl0)k = Vok = (9)

i, B-31
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TYPICAL HF RESONAIJCE
FREQUENCIES
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Practical spectra havie the additional effect of H? resonances,

Figure 5-3. Theoretical and Practical spectra of I an~d di/dt
for Current Pulse (shown inset)
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where:

(-bt~a)
k - exp >a (10)

_._ arctanh (wd/b) (OVERDAMPED)m~ax - dd

arctan (wd/b) (UNDERDAMPED) (11)

2./b '(CRITICALLY DAMPED)

independently of Ro, the maximum rate of change di/dt is given by

A v^i V
di 0 o(12)
dt L0

Given the values of the first five parameters for a typical test

waveform in Figure 5-4. we can now calculate the others. (E:xception - This

reviewer could not determine how the,"Action Integral" was calculated. In fact,' 2
action has units of'Joulo-seconds, not (ampere) -seconds.) The calculated

resistance and inductance agree closely with independent test circuit measure-A A

ments, thus validating the RLC model for this level of I and di/dt.

5.2 RESZSTIVE/DIFPUSION VOLTAGES IN HOMOGENEOUS TUBES

In order to estimate theoretically the effect of fuselage material

on resistive/diffuuion voltages, the fuselage was modeled by a long cylindri-

cal tube, diameter D, of homogeneous resistive material, resistivity p, and

wall thickness h (4<D). Assume that a current is applied to this tube at one

end and has an external and remote return at the other. Then the following

information about output voltages VR (measured between longitudinally spaced

points on the interior surfzce of the tube) can be found:
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Vertical: 4 kAmps/ Div.

Horizontal: 5 usec/ Div.

Vertical: 4 kAmp•/ Div.

Horizontal: I usec/ Div.

Capacitance - 4.0 uB
Voltage - 45 kV
Current Maximum w 20 kAmps
dI/dt Maximum - 17.2 kAmps/usec
Peak Time - 3.2 usec
Natural Frequency - 49.2 kHz
Charge Transfer - 0.18 Coulombs
Action Integral -2.4 x 10- Al sec
Total Resistance - 1.67 Ohms

Figure 5-4. Driving Point Waveform - Overdamped
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For a do input current, :, by Ohm's law:

VR rU h IR V/m (13)

where R is the dc resistance per unit length.

For a step function pulse, magnitude i, it can be shown that

02v t) TO 1 + 2 (-1)11 43,• n t/ ,
VR.(t lTDh EV/rn (14)S nm1 ( TM

whavt •I~I iU~oh 2  3.7 A 2 h2 2 o,127h 2

TM2
is thf characteristic diffusion time (the relative permeability of the material

is assumed to be v " 1). Now the bracketed tem in Equation 14 can be sutmed

"numerically and graphed as a function of t/TM. From this graph (Figure 5-5)
,i.'it can be seen that the system has a dead time (i.G., function a 0) of 1/2 TM,

and a 10% - 90% rise time t - 2.35 T

In the frequency domain, we cart approximate the bandwidth to the
-3 dB point, fc, by the following relation (exact for the unit step function 4

response of a first-order low-pass linear filter):

-0.35 0.35 H
c t 2.35

( 16) 1

h2

'ihere the latter equalities hold for the present system and ur r 1.
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Figu.re 5-5. Graph of I + 2 <-(.l" exP J
/n-i'

Finally, assuming our system to be linear and time invariant, we

hot* that the unlit step response is simply the time integral of the unit
impulse response. which in turn definie the system, So that once we have
Equation 14, we can calculate the system response to any input.

For the unipolar simulation current pulse (Equation 5), which is
input to the forward fuselage test article, it is a straightforward task

to show

2I- exp - exTp (-0t) exp

V Wt 2RB (...)n-lj (17)x T

n-17
a2

n n
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Armed with the above general information on the voltage response of
the tube to various inputs, we cart examine in detail the effect of different

resistivities for aluminum alloy (P 4 x 10-8 Q-m) and graphite/epoxy

rEP ~ 4000 x 10" a ). Note that p takes into account the effect
of lower resistance strakes, flanges, etc. in the YF-16 forward fuselage test
article. Assume h a 2 m. From Equation 15,

T (Al) w 12.7 Ps T,(Gr/Ep) * 12.7 Us (18)

Also, using Equation 6 and data from Figure 5-4, we have

0 < a < < 2b - 418 x10"3  8-1 (19)

So,-from Equations 18 and 19,

5.31 (aluminum)Tt < (20)
14 M 5.31 x 103 (graphite/epoxy)

We can see from Equations 17 and 20 that, in the graphite/epoxy case,

all T terms are negligible, and we are left with (after a little cal-culation)

VR(t) - Ri(t) (Gr/Ep) (21)

where i(t) is, as before, the driving point current waveform of Equation 5.

Unfortunately, In the aluminum case, we cannot neglect the tM terms

in Equation 17. However, the amplitude of VR should be more or less propor-

tional to R, while the peak 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
f (Al) - 12 kHz f (Gr/Ep) * 12 MHz (22)
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so the aluinuu tube severely attenuates all components of the simulated

lightning pulse above 12 kHz, while the graphite/epoxy tube attenuates only

those frequencies above 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, p, and P2 (Fig-
ure 5-7), The analysis centers on the total potential drops around the inter-

ior surface paths ABCD and ABC'D', If the narrow center strip is giaphite/epoxy

and the remainder aluminum (i.e., p2 - 1000 x pi), then from Equation15,

Tmi a 1000 x Tm2. Assuming a step function input current, Equation 14 and

the following discussion determine three important regimes:

1) t < • T2 (dead-time case)

2) t + * (dc case)

3) 1 T < t < TMI (intermediate case)
2 M2

(There is also a long period intermediate case, involving current diffusion
into the metal, which is not important in this description.)

A:In Case 1, all potential drops are zero, because the time is within the

dead-time for both materials. While in the dc case, V. - VDC - VD,C, 0 and

the two. closed--path potential drops are again zero, because the current shar-

in$ is resistively controlled.

in the intermediate case (which commences in nanosecond times for

8raphite and extends for tens of microseconds, typically), current redistribu-

tion occurs (from the inductive sharing Case 1, to the dc 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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Figure 5-7. Interior Flux Distributions for a Cylindrical Model
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V - VDC - (23)

where I 'a the diffusion flux. In Case 3, VDC ' 0' because the system is

still 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

as in Figure 5-7(b). Thuai the diffusion flux appears as soon as V departs

Sfrom zero (i.e., from V C). (In the case of a homogeneous tube, V V

"always, so by Equation 23 there is no diffusion flux effect.)

The pattern of the diffusion flux within the tube is quite similar to

the aperture flux which would occur in the tube if the graphite/epoxy strip

were removed. However% this diffusion flux is not related in time to the exter-
nal flux. Even so, this similarity of flux patterns makes it possible to calcu-,
late diffusion flux voltages (see Suba~ction 5.6). Note that if we reverse the
resistivities in Figure 5-7(b), we obtain a flux pattern reminiscent of that

around a straight current-carrying wire.

5.3.1 Induced Vultage Corollaries

If we assume that P1 is so small that VC 0 for all times, then,

from Equation 23 and noting that V is just the resistively produced voltageAB1
in the graphite/epoxy due to the injected current, we have:

Corollary 1

Diffusion flux voltages have the same form and spectrum
as the dominant resistive voltage within an enclosure
(but see Subsection 5.3.2).

"Since V DC -0, but "VDC (through the path DABC) AB 0,

Corollary_2

It is the circuit route which determines the induced
voltage, not the reference points at the end.
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Finally, since diffusion flux patterns are geometrically similar to those pro-
duced by apertures, and so are strongest near the graphite/epoxy surface (where

doD/dt V (0),

Corollary 3

Diffusion flux induced voltages within an 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 increasing
distance from that surface.

5.3.2 Diffusion Flux Voltage Waveform

In practice, Corollary I holds in the time range from nanosecond to

microsecond times. For a typical driving point waveform (Figure 5-4), this

includes most of the unipolar pulse, including the peak, so that comparison

of the initial shape of the induced voltage waveform with that of the driving

point waveform should be able to distinguish diffusion flux coupling (*I,

Figure 5-8a)* from aperture flux coupling (a 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-

essary, 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 is evident.

*Figure 5-8a comes from a loop in the central aft bay while Figure 5-8b is the

Fourier transform of a digitized forward bay waveform. However, Figure 5-8
still gives the general character of diffusion coupled voltage waveforms and
spectra. (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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5.4 POTENT COMPUTER PROGRAM

All the volt&ae pickup predictions in the report start with output

from the POTENT program. POTENT solves Laplace's equation in two dimensions,

taking as input the shape of the cross section of an arbitrary cylinder, which

is assumed to be an equipotential surface. Calculations are performed on a

50 x 50 mesh, with variable mesh spacing to improve accuracy in regions of

high curvature. For the magnetic case, tabulations at each mesh point pro-

vide values of magnetic flux, H; Hy, and nHI, Data can be processed by a graph

plotting routine to produca mappings of magnetic flux contours (field lines)

and JHi, am used in the report. The input surface is the whole fuselage cross-

section for surface current', exterior flux. and aperture flux calculations, but

consists of only the high-current regions for diffusion flux calculations

(Figure 5-9).

5.5 SURFACE ZR VOLTAGES

In fuselage regions without apertures, (e.g., the forward equipment

bay [FEB]), resistively produced voltages, which may be observed between longi-

tudinklly spaced sensing wires on the interior surfaci of the aircraft skin

are predicted as follows:

1. The exterior surface current density, J,(i.e., current
per unit width for longitudinal current), ts obtained
from-the POTENT values for JHI at that surface. Since
(H X H ) must be tangent to the surWa4s (an equipoten-X y

* tial), we have J - 1Is. (Figure 5-9a.)

2. From Ohm's law applied to a resistive cylinder,

V off V (24)
ýR h

where i is the distance over which the voltage is mea-
sured, h is the thickness of the fuselage at that
cross section (h << cross sectional dimensionf) and
Peff * 3750 x 10-8 n-m. Note that pef < 10O4 11-m
(a standard value in the literature), but this takes

into account the effect of lower resistance strakes,
flanges, etc., in the YF-16 forward fuselage test
article.
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3. In regions zontaining graphite/epoxy access panels,
a voltage drop due to screw joints must be added:

V ; J x 10-2  V (25)

where we have assumed two joints per panel (fors
and aft) with a "resistance" of about 5 mi-m per
joint.

For example, starting with J, spt.cified in Figure 5-9a, and using

Z 0.965 m (38 in.) and h - 0.84 x 10 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 inGeneral Dynamics' report; actually, these voltages corre-
spond to a slightly different value of pef f/h in Equation 24.

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 cen be estimated as follows.

The POTENT program is run with a boundary surface consisting only of
the highly conducting regions (e.g., metal, strakes, and built-pp flanges-

see Figure 5-9b). Effectively, the graphite/epoxy surface areas are replaced

by apertures, which should give the same flux patterns (Subsection 5.3). The

affect 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 ý normalized by taking =0 at the boundary surface (which here is not

the whole fuselage surface), and 0 - I at the flux line corresponding to the
position of the return conductor (at about twice the fuselage radius).

For a longitudinal, rectangular loop with one side a return path in

a highly conducting fuselage region (i.e., where the voltage drop is zero), we

have

v d d k(t) (26)
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where:i

V - voltage induced in th. loop

w voltage drop in the off-surface side of the loop

W flux value of the flux contour at the off-surface
side of the loop (i.e., the flux linked by the loop)

k(t) * time dependence of d4/dt (assumed to be the same at
all flux contours)

Now, since we have the same flux contours (but different scaled

fluxes) in the aperture and graphite/epoxy cases we have from Equation 26

VA ~A(27)

where the voltage drops and fluxaa are at the wires indicated in Figure 5-10.

(Only the off-surface sides of the loops are shown and should be intersected

by the corresponding flux lines.) Therefore,

v1 - S x1 (28)

Note that CA and are obtained from the POTENT aperture calculation, and V

is just the surface IR voltage which can be obtained as in Subsection 5.5.

S

V1

Figure 5-10. Flux Contours and Induced Voltages - Aperture
versus Graphite/Epoxy
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Finally, a longitudinal rectangular loop entirely interior to the

fuselage (i.e., with no current return in the fuselage surface) may be viewed

as a combination of two loops with fuselage current return. ;e obtain from

Equation 28

v10_Z (V I-V 2) 01 -02 O C 2)

V 0 (29)
Vs VA

where I (B) and 2 (C)-denote the nearer (to the surface) and farther ends of

the loop, respectively. (Imagine a third wire and flux line below 0 and ýi

in Figure 5-10.)

5.7 APERTURE COUPLED VOLTAGES

Within an aperture created by an electrically transparent opening

(e.g., withiu the cockpit or within bays having glass fiber, Kevlar, or other

insulating covers), direct coupling of magnetic flux occurs to wiring and cir-

cuits. We may visualize the situation as a two-loop system, consisting of the

test loop under consideration and the fuselage-return conductor loop, so

di
v Z-TFd (30)

where:

di/dt - rate of change of the fuselage test current

Z a 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 M

from

£MTF i MT'
AT T - I-q Ti - (3 1 )
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where:

* - flux linking the test loop

OT - total flux between fuselage and return conductor

L' a self-inductance (per unit length) of fuselage-return
conductor loop

Further,

ýT " k+ OM (32)

where:

* ZMi - flux linked by teat loop due to fuselage-
return conductor loop

mutual inductance (per unit length) betweenthe two loops

go, from Equations 31 and 32, we have

L ' M)L' L OM--L' -- - L' - M (33)

where the last equality comes from an analogue of Equation 31, applied to

OM and M.

Electric field coupling (c dE/dt) may also occur in some circuits
within apertures and will also be more apparent at higher frequencies. How-
ever, quantitative statistics are not available for dE/dr of natural lightning,

and no attempt was made to simulate it in the test.
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