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Block 20 continued .

circuit i mpedances on EMP induced signals is presented. EMP properties and
conduit physical properties important to the conduits shielding charactetlstics
are exami ned . Both time domain and frequency domain analyses are presented.
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DEVELOPMENT OF CONDUIT DESIGN
ANALYTICAL PROCEDURE

1 INTRODUCTION

Background

Electromagnetic shielding is often required in the design of Army
facilities in order to protect electronic or electrical systems or
components from the effects of unwanted electromagnetic energy .* These
effects range from equipment ma l function to actual component damage .
Al though many sources of electromagneti c i nterference (EMI)1 generate
sufficient energy in stray or unwanted electromagnetic fields to cause
ma l function of electronic equipment , damage from these sources is un-
likely. The possibility of damage is greatest from the high energy
contained in an electromagnetic pulse (EMP ) resulting from a nuclear
detonation ’ or the high currents associated with a lightning stroke.

The most common method of providing protection against EMP is to
place the equipment in electromagnetically shielded zones within the
hardened facility . In large , complex facilities , shielding is re-
quired in several locations or zones , which require el ectrical inter—
connections for electrical power and data transmission , monitor and
control si gnals , and other general communication needs. The most
practical way to make the electrical interconnections is by conven-

• • tional wiring or cabling. However , if these wi res and cables are
routed through unshielded zones , any EMP which occurs will induce po-
tentially damaging pulses on these wi res.2 It is therefore essential

*Two recent examples are the SAFEGUARD BMD site , which required 80-dB
EMP shielding in addition to EM! shielding of certain portions of the
facility , and the STTF (Systems Technology Test Facility ), Kwajalein ,
~hich required 40- to 76-dB EM! sh’elding.

-t~”Electromagnet ic interference ” is a general term cornonly used to
describe any type of radiated electromagneti c energy which may inter-
fere with operation of electrical or electronic equipment or instru-
mentation. Nuclear electromagnetic pulse is a specific type of EMI
having the form of a single pulse of electromagnetic energy . The
shape and magnitude of the pulse (which determines its spectra l energy
density content) is predict able for various threats. Radio frequency
interference is another specific kind of EMI within the radio fre-

• quency spectrum.
~~~~~~ D. Favaudo and L. C. Martin , ~~~~~~~~~~~~~ of Factors f o r  App lication in
Component Damage Ana lys i s , Protection Engineering and Management (PEM)
note , PEM-52 (September 1976).
2E F. Vance , ‘ up l~ n i ~o Cab es , DNA Handbook Revision , Chapter 11 ,
ADBOO12O4 (Defense Nuclear Agency , December 1974); and E. F. Vance ,
Desi gn i J - li~c~~ f o r  the Treatm ent of  P ene trat ic vw Entering Comrriuni-
‘; tions p -~~Il ~~ ir ~ , ADB007076 (Defense Nuclear Aqency , August 1975).
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that all wiring and cabling penetrating the shielded zones also be
shielded against EMP . Such shielding can be accomplished by using
individually shielded wires or cables or by routing the wiring and
cabling through meta l conduits . Physical protection and shielding can
be provided by these conduits , which are typically used for electrical
entry 3 and have been used for signal cable routing in EMP-protected
systems -

The facility designer must therefore be aware of the shielding
properties of the various components which make up a conduit system so
that an adequate shield for the wiring and cabling will be provided .
The components of the conduit system may include the conduit , conduit
fittings , and other conduit-related hardware items such as couplings ,
unions , junction boxes , pull boxes , cast fittings , and flexible joints .
Most of these related i tems are standard electri cal i tems , since few
items have been developed specifically for EMP-hardened applications .5
The conduit system does not provide infini te shielding, but is com-
promised by the limited shielding of the conduit itself , by deficien-
cies inherent in some standard hardwa re items , and in some cases by
improper installation practices .6

To date , conduit design has been accomplished without adequate
guidance which would enable accurate determination of the conduit system
shielding and prediction of induced pulse energy on conduit-housed
circuits . The overall EMP protection acceptability determination has
been accomplished after design and construction by extensive analysis
and field and laboratory testing. These extensive evaluations and other
studies in this technological area have generated a wealth of technical
data , but using these data requires the designer to review an excessive
amount of literatu re, not all of which is readily available. Although
TM5—855—5 7 contains a variety of EMP design information , it does not
contain the detailed information required for conduit system design and
evaluation .

~E. F. Vance , Eie~~~z • -c j~~~’ t io  - ~~~~~~~~~~~ rj~~1 JJ -~-~~k f or  E~e t i f~ 2~~-~~:i
~~~~~~~~~~~~ ADA009228 (Defense Nuclea r Agency , February 1975), p 145.
~D. J. Leverenz , R. G. McCormack , and P. H. Nielsen , ~tT ~~ 1~~c 7d - :~’i i :
Propertie s of C~ n—~ui~t L- ~~~ cris cm~~-:~ Re la t~’~ .~:~~~~~~~~Ji’’, Technical Report
C-l9/ADA012729 (U. S. Army Construction Engineering Research Labora-
tory [CERL], June 1975), p 11.

5As-Buil t  Survey and E v a 7 u z t i o~- of F ’t-IP /RFI Pro t~~~’r Feat ur os , Vol . 2,
HND-SP-72-l45-ED-R (Huntsville Division [HND] of the U. S. Army Corps

• of Engineers , August 1973); and SA•~~C UARD ~~~ ‘J~F [  T- ’ .~sons Learned
(SA FEGUA RD Ground Pr j L~~~ r~ ) , HND-SP-75-350-ED-SR (HND, 31 December
1975 ).

6D. J. Leverenz , R. G. McCormack , and P. H. Nielsen , / ;~z ’elopme nt ~~~!
E v a7wzt - i i~ n of Repa i~ ;~ an!  PMT I~~ iA -~ in Gondui t. S~~~t.r’~~~, TechnicalReport C-17/ADAO11223 (CERL , Apri l 1975).7 Vuciear E iec t; i~~rna~,~ , i-iC Pu 7~~ pr(~~1( -- ‘ti -

~~~ , TM 5-855-5 (Department of the
Army, February 1974).
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An analytical design procedure which can be used to theoretically
predict the shielding of complex conduit systems is therefore needed .
Such a procedu re would allow the conduit system designer to systematical-
ly assess the EMP hardness of conduit systems and assure a cost-effective
design which provides adequate EMP protection of sensitive electronic !
electrical equipment.

Objective

The objective of this study is to develop a model of conduit system
shielding behavior for use in an analytical procedure which is to be in-
cluded in TM 5-855-5. The procedure , which will be used in the design
of EMP-hardened conduit systems , is intended to provide District engineer
personnel wi th a practica l basis for evaluating the potential EMP pene-
tration (and hence shielding effectiveness) of the more common conduit
confi gurations , and for predicting the induced signals on conductors
wi thin conduit systems .

Scope

L. This report presents prelimi nary models for EMP leakage into elec-
trical conduits . These models are intended for use in an analytical

fr ;- : procedure for conduit system design under development at CERL . The
• analytical procedure will enable a designer to predict the EMP shield-

ing performance on EMP hardness of proposed conduit systems. The model
developed represents a significant portion of the final procedure ;
however , for actual determination of signal levels induced on conduit
protected conductors , the following additional information is necessary :

• (a) the current induced on the conduit , (b) cross-coupling between
conductors in the same conduit , (c) EMP leakage characterization
(analytical and/or empirical) of conduit-related hardware i tems. This
information can either be deri ved from the literature or further ex-
perimental and mathematical studies . The final analytical procedure
will include enough of this information to be independent and not rely
on external sources of info rmation.

The model developed can be applied to shielded cables; however ,
since braided cables have additional coupling mechanisms not present in
solid shields , the model will not give an accurate representation of
the shielding behavior of braided cables.

Approach

Development of the leakage model for conduit systems involved three
major efforts: (a) literature search , (b) mathematical analysis , and
(c) empirical studies. The detailed literatu re search was performed to
provide a summary of previous efforts directed toward development of

_ _ _  -- ~~~~~ • _ _• ~~~~ _ _1__~~~~ -~~~~•-~~~~-- — - -
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mathematical models or procedures for predicting conduit system shield -
ing. Analysis of existing data then permitted determination of the
form for general models for predicting the signals on various circuits
within conduits for specific conduit defects and for the inherent con-
duit shielding. Mathematical analysis was performed to expand and re-
fine the models and show expected conduit circuit signals for a
generalized pulse threat. Both time domain and frequency domain ana-
lyses were investigated . Empirical work utilizing pulse current in-
jection testing was then performed to verify the time domain models
and determine values for mathematical model coefficients for the var-
ious conduit hardware i tems .

Organization of Report

Chapter 2 describes the model for conduit leakage. The appendices
provide detailed information on the development of the model . Perti nent
characteristics of EMP are discussed in Appendix A. Appendix B des-
cribes the general experimental procedures used to obtain conduit and
related hardware parameters necessary for the calculations used in the
model . Appendix C presents the theoretical model of EMP penetration of
solid conduit and the experimenta l verifications . Appendices 0 and E
describe typical values of design dimensions and material properties of
conduit , respectively. Appendices F through H detail the theoretical
analyses and experimental evaluations used in developing the models.
The annotated bibliography presents references which , although not re-
quired for use of the model , provide a source of additiona l information.

14 
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2 DESCRIPTION OF THE CONDUIT LEAKAGE MODEL

Overview

Efforts were directed toward developing and verifying mathematical
• techniques for determining the EMP field penetration into conduit sys-

tems and the level of induced signals on lines with in the conduit re-
suiting from such penetration. Although the analytical procedure occa-
sionall y involves complicated mathematical operations , computer calcula-
tions have held to a minimum. The proposed procedure uses simplified
mathematical models which describe the major features of the induced
signals , supplemented with emp i rical data from injected-current EMP
tests of various hardware i tems . The procedure consists of the follow-
ing steps:

a. Determ i nation of conduit current and the acceptable signal
• levels (degree of hardness to be maintained). The conduit current ,

including magnitude and time variation , must be established . The
actual nature of the conduit current depends on a number of factors--
often in a rather complicated manner. It is beyond the scope of this
study to detail the calculation of EMP pickup by conduit systems .
Appendix A describes some genera l characteristics of EMP and the bibl i-
ography contains some references on the topic which can be used by the
designer. Alternatively, the threat current may be supplied by the
basic construction specification or may be assumed to have a peak
magnitude of 500 to 10,000 amperes 8 with a waveshape similar to the
incident EMP radiation. The degree of hardness required depends on the
components and equipment connected to the conduit protected wires and
cables. This information should be provided in the installation speci-
fications.

b. Establishing the basic conduit design configuration and iden-
tifying the type and quantity of system components , including sections
of conduit , conduit size, and conduit material ; couplings; unions ;
unilets , condulets , etc ; pull boxes ; and junction boxes . Any defects
such as openings or electrical discontinu ities must also be i dentified.

c. Calculation of the EMP penetration of the conduit for the
specified current. Because the basic shielding is provided by the
solid conduit , the analyses start by considering the EMP penetration
through the conduit wall itself. The procedure for this calculation can
use either time domain or frequency domain analysis. This calculation

-
• is discussed in greater detail in the section of this chapter entitled

Calculation of EMP Penetration of Solid Conduit.

~~~~~ Vance , ‘Z’rea tme~: ~ r )~
’ P~-n~ ~ pa I ’~ r !~ ~~~~~~~~ ~~at ious Fao Z i—

ties , ADB007076 (Defense Nuclear Agency , August 1975), p 2.

15
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d. Determi nation of the effects of defects and components for
speci fied current. In developing the mathematical model for the EMP
penetration of some defects and hardware items , emphasis was placed
on coordinating simpl e mathematical models with resul ts of empirical
eval uations of these items . This was done because the limi ted use of
some of these items did not warran c a detailed mathematical analysis
based on electromagnetic field theory. Although testing every type and
variation of every hardware i tem was not possible , a representative
selection has been tested and their properties tabulated. The proce-
dure for this calculation can use either time domain or frequency
domain analysis. This step is discussed further in the section of this
chapter entitled Calculation of EMP Penetration of Defects, Conduit
Fittin gs, and Related Hardware.

e. Accounting for propagation characteristics of the signal. For
rapidly varying EMP-induced signals , the propagation must be analyzed
using transmission line theory . The onset of the signal at the end of
a conduit system will be delayed by the time it takes the signal to
travel the distance from the location of the defect to the end of the
conduit. Furthermore , possible reflections due to mi smatch in termi na-
tion of a transmission line may also arise.

For slowly varying signals , the transmission line properties be-
come less significant , and in the limi t, such problems approach the
equivalent circuit problem with l umped parameters . The time delay due

- - - to propagation time becomes negligible for slowly varying signals ,
since the velocity of propagation is nearly that of the speed of light.

f. Accounting for the effect of circuit impedances and wi re and
cable type . A general mathematical model was developed for expressing
the short circuit current in terms of inherent resistance (R) and
inductance CL) . This model can be modified to show the effects of in-
creasing R and/or L. This step is discussed in the section of this
chapter entitled Effects of Circuit Configuration on EMP-Induced Signals.

g. Accounting for possible signal summation . Development of
methods for performing this step is planned for future studies.

h. Comparison of the composite EMP signal with the equipment
susceptibility .

i. Redesign of the conduit system as required , based on problem
areas identi fi ed in step h.

Calculation of EMP Penetration of Solid Conduit

This step involves determining the el ectromagnetic signal induced
in the interior of a hollow circular cylinder because of a current 

~~~~~ - ~~~~~~~~~~~~~~ --~~~~~~~~ ----
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pulse* on the outer surface. Since the current pulse can take various
forms, all of varying frequency content , a genera l solution (assuming
constant permeability and conductivity ) can be determined by calculat-
ing the time response of the conduit due to an impulse of electro-
magnetic energy , and then convoluting this response wi th any given input.
Similarly, the Fourier transform of the internal electric field re-
sulting from an impulse current (referred to in the literature as the
surface transfer impedance) can be multiplied by the Fourier transform
of the current pulse to obtain the frequency domain solution for the
electric field.

To simplify calculation of the electric field inside the conduit ,
the modified Bessel functions appearing in the Laplace transform of the
electric field are replaced in this model by their asymptotic expan-
sions. The results obtained using the asymtotic form of the Bessel
functions are valid for cylindrical shields that have inner radii which
are large compared to the skin depth of the l owest frequency of interest

• in the surface current pulse. + Two infinite series solutions for the
electric field due to current impulse have been developed (see Appendix
C)--one which converges for early times (Eq 1) and one which converges
for late times (Eq 2):

E(a, e) Q 
~~~

J2T.E. 

8
2(b~~~T]

~ exp [~~k~~ti1] 2
3/Z [12n+l ) - 1/2] [Eq 1]

n—O 0

0 > 0

*The term “pulse ” is used to refer to an arbitrary current injection
of short duration ; the term “impulse ” is reserved for a signal of
negligible duration whose magnitude is sufficiently large to induce
a finite change on the system.

~~ is shown in Appendix C that a (radius) to ~ (skin depth) ratio is
10 for a 1-in, steel conduTt at a frequéhcy of 200 kHz a~sumfnq
values of 150 for the relative permeability and 20 x lO”° ohm-rn for
the r e s i s t i v i ty.
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E(a, e) = 3/2~~~ 
8 
pa2(b-a)3 

q 
n~~ 

(~1)n+l ~~~

22 [Eq 2]
exp (

~~~~- 
o)3 , o > 0

wnere E = internal electric field

Q = injected charge -

a = inner radius

b = outer radius

a = conductivity

p = permeability

0 = relative time expressed in units of a characteristic
diffusion time 0 t/T

T = 
pa (b-a)2

4

E(a, e) can be put in the form

E(a, o ) = QFS (e) [Eq 3]

where Q = charge passed along the cylinder

8
F = 

ii~~~
”2 v’a~ pa2(b-a)3

0 = t/T

S (0) = the two series representations denoted by braces in
Eqs 1 and 2.

Thus, the unit impulse response for a circular cylinder of a
specified size and material can be defined by the shield parameters T
and F , which depend on the dimensions and material properties of the
cylinder. Investigation (Appendix C) showed that these two parameters
can be easily determined experimentally , which is important since the
material properties of conduits are not readily known . Experimentation
also indicated that once the parameters for one size cylinder of a

• given material are known , the parameters for another size cylinder of
the same material can be found .

18 
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The electric field for a current pulse (I ) other than an impulse
can be determined by convolution with the imp u~se response (Eq 1 or
Eq 2):

E(a, t) = QF j I~ (t-x)S (x/T)d A [Eq 4]

where E = interna l electric field

Q = injected charge
8

F = 3/2 /à’b pa
2 (b-a)3

= current pulse

S = 
• series representati ons of impul se response •

t = time

T = diffusion time

A = an integration variable

Appendix C provides the detailed theoretica l analysis and experi-
mental evaluation of the model . The model assumes linearity ; however ,
some deviations may occur at high current l evels (saturation effects).
Several examples of the impulse response , as well as results for other
than impulse currents , are presented and compared with the experimental
results and are in excellent agreement.

Calculation of EMP Penetration of Defects,
• Conduit Fittings , and Related Hardware

As previously indicated , the basic shielding of a conduit system
is provided by the solid conduit i tself. However , defects in  the
conduit such as cracks and breaks may seriously compromise the shielding .
In addition , because the many fittings and related hardware items (e.g.,
couplings , unions , case access fittings , pull boxes, junction boxes ,
flexible sections) used in conduit systems have not been designed for
use in EMP-ha rdened structures , they may also compromise the EMP shiel’i-
ing of the system . Thus , assessing the EMP penetration of the enti re
conduit system requires that the contribution of various defects , con-
duit fittings , and hardware i tems be evaluated.

Because mathematical analysis of even relativel y simple defects ,
conduit fittings , and hardware i tems is a very difficult (and in some

19
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cases very nearly impossible) task , some reliance must be placed on em-
pirical results. On the other hand , the signals resulting from defects
quite often depend on the magnitude and waveshape of the applied current
as well as the characteristics of the defect itself; thus complete
reliance on empirical data would necessitate the acquisition of enormous
amounts of data to account for the potential variations in waveshape
and characteristics, of defects which might occur in actual conduit
systems. The resultant volume of data would be difficult if not im-
possible to use , and extrapolation to situations for which data were not
taken would not be easy .

The approach used is therefore a compromise between the theoretical
and empirical . It uses relatively simple mathematical models supple-
mented with experimental evaluation of certain parameters .

To a first approximation , the signal s induced on a wire within a
conduit due to a defect can be considered to result from the wire coup-
ling with the electric and magnetic fields associated with the current
in the vicinity of the defect. The genera l model for the direct field
penetration of a defect is proposed to be

VL = RI + M ~~ fEq 5]

where VL 
= voltage on the wire

R and M = couplino coefficients between the wire and the
electric and magnetic fields , respectively

I = current pulse.

Appendix F describes development and testing of the model , and
Appendix G provides the coefficients for some selected defects , fittings ,
and related hardware determined through empirical testing.

Determining the Effects of Circuit
Configuration on EMP-Induced Signals

The signals induced on a wi re inside a solid conduit due to an EMP
depend on the configuration of the circuit associated with that wire .
This section describes two confi gurations--open and short circuits.

Open Circui t

The open circuit voltage induced on a wi re within a conduit can be
expressed as the EMP-induced electric field integrated along the length
of the conduit. The relation for this voltage is

• 20
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V0~
(t) = L E(a , 0) = 

~Q ~~3/2 ~~~~ua
2 (b-a )3 ~

[Eq 6]

n+l 2 2 -n”-rr2

2 [E (-1) n iT exp( 
~~ 

e)
n=o

where 2~ = length

Q = injected charge

a = inner radius

b = outer radius

o = conductivity

p = permeability

0 = t/T

T = l~ 

(b- a)2

After this integration , all that was introduced to modify the ex-
pression for the internal electric field was the length of the conduit.
Because this modification is time-independent , the Fourier transform of
the open-circuit voltage expression is equivalent to the Fourier trans-
form of the internal electric field. Thus , the open circuit voltage
frequency response is equivalent to the induced electric field fre-
quency response described in the section of this chapter entitled
Calculation of EMP Penetration of Solid Conduit.

• Short Circuit

The short circuit current response to an impulse current pulse can
be described to a good approximation by considering a l umped parameter
circuit being driven by the integral of the electric field over the
length of exposed circuit. Eq 7 gives an infinite series expression
developed using this model :

n 2 -n2-n~(-1) n exp( —4— 0 )
I Ct ) = A v U  exp(-Uo) + 2 4 [Eq 7]

sin 2~~ n=l n — ---ia
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where U = dimensionless parameter which is the ratio of the
conduit diffusion time I and the h R  time constant

R = inherent resistance

L = i nductance

= length

e = t / T

A =  ~~~~ ~iI2lr/~~~
0 L v~t

Appendix H describes the theoretical analysis and experimental evalua-
tion of these models , which were found to be in good agreement with
experimental results . Appendix H also contains graphs which enable
rapid determination of peak current and time to occurrence of the peak
current. -

Frequency Domain Analysis

The preliminary analytical procedure developed by CERL primarily
uses time domain analysis. The analysis of EMP penetration of solid
conduit and of some conduit defects can also be done in the frequency
domain. Development of transfer impedances and transfer functions for
use in frequency domain analysis has been done by others. The results
of some of this recent work 9 are summarized in Appendices C and F.

~ii. A. Roberts , J. Capobianco , and F. Agee , SAFEGUARD Buried Conduit
Studies (Harry Diamond Laboratories [HDL], undated).
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3 CONCLUSIONS

This report has presented a preliminary model for the design of
EMP-hardened conduit systems which Corps of Engineers desi gn personnel
can use to evaluate the potential EMP penetration of the more common
conduit configurations and to predict the induced signals on conductors
wi thin conduit systems . The model developed is an essential portion of
an analytical procedure for conduit system design , but additional infor-
mation is necessary for completion of the procedure .

This report has also detailed the development of the proposed model .
During the development , the following conclusions were reached :

a. The penetration of conduit by a current pulse can be calculated
directly from the equations which govern the propagation of electro-
magnetic fields through conducting media. An exact expression for the
Laplace transform of the electric field due to an impulse current can be
calculated in a straightforward manner using standard Laplace transform
theory ; however , inversion of the exact transform is somewhat tedious ,
as it involves finding the roots of an expression involving Bessel func-
tions and their cross products. A good approximation which invo l ves
asymptotic expansion of the Bessel functions may be used in many cases .
Two infinite series solutions for the electric field in this case are
presented (one of which converges for early times whereas the other
converges for late times). The electric field for a current pulse - 

-~

other than an impulse can be determined using the convolution theorem .
The convolution can be accomplished using numerical integration. Sever-
al examples of the impulse response , as well as results for other than
impulse currents , are presented and compared with experimental results
with excellent agreement .

b. The current arising on a shorted wi re due to the electric field
penetrat ion of rigid conduit was found to be described to a good approxi-
mation by considering a l umped parameter circui t being driven by the
integral of the electric field over the length of exposed conduit. An
infinite series expression using this model has been developed and
found to be in good agreement with experimental results.

c. The material properties for construction grade conduit are not
readily available.

d. Transfer impedances or transfer functions present an alternate
analytic approach for conduit system design . Transfer functions for
solid conduit and a limi ted number of conduit or related hardware de-
fects are available from the literature (see the annotated bibliography )
or from work by other agencies . If the frequency domain approach is
pursued , measurements on additional i tems should be made . Since , in
genera l , the transfer impedance may be a complicated function , computerized



- -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

numerical integration techniques may be necessary to obtain the system
response in the t ime domain. Existing programs will need to be adapted
or new programs developed for thi s requirement.

e. A mathematical model can be developed for condu i ts with
aperture-type defects which will define to a fi rst approximation the
induced current on wires internal to the conduit. A tabl e of coeffi—
cients for this model can be prepared through empirical work ; develop-
ment of such a table will enabl e a rapid general solution to EMP threat
currents.
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APPENDIX A:

CHARACTERISTICS OF EMP

The EMP is characterized by large magnitude electromagnetic fields
with short rise times (a few nanoseconds) and somewhat longer fall
times (a few microseconds). Most of the energy associated with the EMP
lies within the radio—frequency spectrum with a range from a few hertz
to the very high frequency (VHF) band .

The EMP differs from most other natural (e.g., lightning) or man-
made (e.g., radar) EMI in that the EMP ’s time waveform shows a faster
rise time and a higher amplitude. Normally, most natura l and man-made
sources are confined to a narrow portion of the frequency spectrum ,
whereas the EMP occupies a rather wide portion. In addition , high-
intensity EMP fields can occur over a large area almost simultaneously.
Intense natural and man-made electromagnetic fields seldom have such a
wide simu l taneous distribution.

EMP fields can have considerable variation of magnitude , time
dependence , and direction. One can , however , define a typical field
environment which possesses the major features . For the most part , a
double-exponential approximation can be used to descri be the most im-
portant features

r /  ‘~ — r Ut ‘~~t i— E~Le -e ~ [Eq Al]

where a = the pulse decay time constant

= the rise time constant

With ct>>~, E is approximately the peak value of the incident electric
field streng~h. The values of these quantities depend on weapon
characteristics and the location of the observer relative to the burst
point; however , the following values are representative and can be
used for purposes of illustration :

E0 5.2 x lO~ volts/meter

6.7 x lO~ sec

0=—
3.8 x 10~ sec

This waveform is shown in Fi gure Al. The Fourier transfo rm of
this pulse is
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E(w) = E0 (l+jw~)(T~~~) 
[Eq A2]

The magnitude of E(w) is plotted in Figure A2. Thus , a typical
EMP is characterized by a very fast rise time with a peak electric
field strength on the order of magnitude of 50 kV/m and a duration of
approximatel y 1 psec. The pulse contains significant energy at fre-
quencies up to 100 MHz .

The fields incident on the earth ’s surface from a high altitude
nuclear explosion can be modeled as a plane wave . The magnitude of the
electric field strength E (volts/meter) in free space is related to the
magnetic field strength H (amperes/meter) by the impedance of free
space -

E = 
~0H = (377 ohms ) H volts/meter [Eq A3]

Since the incident local field is assumed to be a plane wave , the mag-
netic field H has a time variation similar to the electri c field and
has a peak va l ue 

E
Hpeak = amperes/meter [Eq A4]

• The EMP will , of course , be modified by propagation through a material
other than free space (or air).

~
The exact electrical transient induced on a line or conduit system

by an incident EMP is a complex function of location (buried or above-
ground), length , termi nations , etc. This problem is analyzed in detail
in the Defense Nuclear Agency EMP Handbook, 10 and is not covered in this
report. The analysis presented in this report is not dependent on a
particular waveshape and is applicable to any arbitrary function. Thus ,
while it is important to know the induced signal for any actual calcula-
tion of conduit system response , it is not necessary to know the exact
characteristics of this signal for an explanation of the procedure for
the calculations . A reasonable approx imation to use for illustration
purposes is a magnitude of 0.5 to 10 kM1 with a pulse shape (rise time ,
duration) similar to that of the incident field. This genera l type of
transient would be expected to appear on a fairly long aboveground
line. A transient appearing on a buried line would be expected to be
l ower in magnitude with attenuation of the high frequency components ,
resulting in a slower rise-time pulse.

‘0 E. F. Vance , EMI~ (E iectrorn aan ~~~i:- [~ 7~~
) ll~zn~ü~~oi~, DNA-2114H-2 (Defense

nuclear Agency, Decembe r 1974), Chapter 11 , ADB OO12O4 . The total
document , DNA-2l14H-2 , is classified confidential; however , Chapter
11 is available in an unclassified version from the Defense Documenta-
tion Center using the referenced AD number.

1 1 E. F. Vance , !e~ ~~~ ;~~~~~~~~
-
~ i~~ -~ ~Th ~~~~~~ 

i- ~
- -~ “~~~

- ‘
~~ t ~~~ P i”i~’trations E~z~~c r—

ing (‘anv7l i~~z~ i~~!.- - •T , ~ l i t i , o , ADB 007 076 (Defense Nuc lear Agency ,
August 1975).

V- - --- - •~~~~~~~ ~~~~~~~~~~ •



- 
- 

- - _V
—_ - - __ --V---V-_ .-_ ~~~~~~~~~~~~~~~~~ 

----—--—.-————,
~.-“ ______________________________

E

I
I-
C,!,

Z 6C— —

P S —

C’) 

~~~~~~~~~~~~~~~~~~~ —

-J — — --- ~~~~~~~~ — — —

~~~2C ~ 
_

ci:

0 0.5 1.0
w TlME-~s

Figure Al. Two-exponential representation of the high-altitude EMP
waveform . From E. F. Vance , Electromagnetic-Pulse
Handbook for  Electric Power Systems, ADA009228 (Defense
Nuclear Agency , February 1975), p 26.
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Figure A2. Magnitude of the spectrum of the two-exponential waveform.
From E. F. Vance , Electromagnetic-Pulse Handbook for
Electric Power Systems, ADA009228 (Defense Nuclear Agency ,
February 1975), p 26.
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APPENDIX B:

EXPERIMENTAL PROCEDURE

As part of the development and evaluation of the analytical pro-
cedure , a program was developed to experimentally determine the EMP
penetration of conduit with and without defects and of various conduit
hardware i tems using injected-current tests . In addition , measuring
fundamental material properties such as permeability and conductivity
was necessary because these properties are not readily available for
construction-grade materials.

Pulse Injection

Since the principal concern of this study is the effects of elec-
tromagnetic pulses , the experimental evaluation was primaril y concerned
with pulsed current. Two pulse -injection techniques were used to
study the effects of EMP :

a. Capacitor discharge , for pulses of short duration

b. Battery discharge , for pulses of long duration.

- “-h The measurement setup for each was essentially the same .

Measurement Setup

Figure Bl shows a typical measurement configuration consisting of
a pulse generator (see the following two sections) , a test specimen
composed of a section of conduit and conduit hardware i tems to be tested ,
a shielded enclosure to protect the measurement equipment used to
measure the si gnals induced as a result of the applied pulse.

The test specimen was installed as the ground side of a parallel
conduit transmission line. One end of the test specimen was closed
with an end cap to prevent EMP leakage, and the other was inserted into
a conduit stub fastened to the shielded enclosure . A sense wi re of 12-
gauge solid copper was fastened to the end cap , run the entire length
of the test specimen , and extended into the shielded enclosure (see
Figu re Bl). In some tests , each end of the sense wire was termi nated
in a resistance approximately equal to the characteristic impedance of
the coaxial system consisting of the sense wi re and test conduit.

The appropriate electronic equipment was selected according to the
signal to be measured . The signals most often measured were (a) the
vol tage across the termination resistor of the sense wi re, and (b) the
current flowing in the sense wi re with the sense wi re shorted; i.e.,

28 
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zero resistance termination . For low-leve l signals , an amplifier wi th
a gain of 950 was used. A Pearson Model 411 current probe was used to
detect the short circuit current. The signals were fed into an oscillo-
scope or an ERDAC III transient digitizer and recorder.

The ERDAC III is a digita l recording oscilloscope with the capa-
bility of capturing and storing one-shot transients . It has a min imum
sampling period of 1 psec when sampling a single waveform . It also
has up to four-channel measurement capability , but the sampling period
per channel is multiplied by the number of channels used. Thus , for
two-channel usage , as was common in deriving much of the data of this
report , the sample interval per channel is once in 2 usec. Each sample
is stored with 10-bit resolution (1 part in 1 024) and the overall
amplitude accuracy is 0.5 percent of full scale. The ERDAC III has
cathode ray tube (CRT) display of the stored signal and a movable cursor ,
the x and y coordinates of which are read out digitally. Thus , any
point on a recorded curve may be quickly and accurately read out. The
ERDAC III also includes a tape recording feature which enables record-
ing of all stored transients on tape for later analysis by computer or
other processor. Signals with rise time s too fast to be sampled
accurately with the ERDAC III were monitored and photographed on oscillo-
scopes .

The applied pulse was monitored with a Pearson Model 310 current
probe , and the voltage across the transmission line termination was

V - measured with a Tektronix 6015 high -voltage probe .

Mod i fications of this basic measurement configuration are described
in the appropriate sections of this report.

Capacitor Discharge Current [~ ,f ~- - I  7 P ~ 1

The source used for fast rise time pulse injection was a high
voltage spark discharge pulser , as shown in Figure Bl. A low induc-
tance canacitor was charged up to the spark gap discharge voltage . When
the gap fired , the capacitor was discharged into the parallel conduit
transmission line. The rise time of the pulse produced was limi ted
mainly by the inductance of the capacitor; the pulse length was determined
by the value of the capacitor and the load resistance on the parallel
conduit transmission line. The system used at CERL was a repetitive
free-running pulser wi th a repetition rate determi ned by the voltaqe set-
ting on the high voltage power supply. The firing voltage was controlled
by adjustment of the spark gap and the concentration of the sulfur hexa-
fluoride (SF 6) in the spark gap. Typical pulse peak values were 200 A
with 5 to 10 nsec rise time and approximately 4 psec e-1 fall time
(where e is the base of natura l logarithms).

Battery Discharçi,e Setup

Slower rise time current injection was accomplished using the
battery discharge setup shown schematically in Figure 82. Four

30
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Figure 82. Battery discha rge setup for
current-injection testing.
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automotive-type l ead-acid storage batteries in series were used as the
current source; they provided a capability for up to 250 A peak injec-
tion current. The current was switched by an automotive-type , engine -
starter solenoid swi tch capable of switching several hundred amperes .
The solenoid of this switch was controlled by a separate 12-V storage
battery and a push-button switch. The push-button swi tch was electric-
ally connected by means of a twisted pair of wires routed through a• mechanical feed-through fitting to the interior of the shielded en-
closure , thus providing simultaneous control of both the current switch-
ing and the measuring equipment.

The injection current was limited by means of a series resistor
made from several parallel strands of nichrome wire . The therma l time
constant of the nichrome wi re was measured and found to be much greater
than the time of occurrence of leakage and diffusion current phenomena
within conduits . The room-temperature resistance of the limiting resis-
tor was 0.22 ohms , thus establishing the peak current of approximately
225 A. The inductance of the loop consisting of the storage battery
bank , conduit , limiting resistor , and solenoid switch was approximately
2.9 pH , r e s u l t i n g  in  a current rise time of about 13 psec. Thus , the
applied current had the form

—t
1(t) = I ( 1 — e 1~) [Eq Bi]0

with

~ 225 A

13 psec

Experimental Procedure - Frequency Domain

Harry Diamond Laboratories (HDL) has performed some frequency
domain measurements. ’2 The laboratory test arrangement used by HDL to
investigate conduit flaws (Figure 83) was similar to that used by CERL ,
with the following differences:

a. The conduit test sample length was 20 ft (6.1 m)

b. The test transmission line was a coaxial line

c. The sense wire was the center conductor from an RG 58
coaxial cable terminated in its characteristic impedance

‘~H. A. Roberts , J7 Capobianco , and F. Agee , SAFEGUARD Buried conduit
Studies (HDL , undated).
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d. The shielded room to which the conduit sample was attached
was a l-m cube .

Flaw impedances were measured using a Hewlett Packard 8000 series spec-
trum analyzer. This instrument measured the amplitude , but not phase
of

/ IC(w) = Zf(w) [Eq B2]

where IS(w) 
= the cable (or sense wire) current

IC(w) 
= the conduit current

ZF(w) the amplitude of the flaw impedance.

The data were plotted as a decibel plot of I (~) / I (w) or equivalently
as 20 log [IZç(u)/2Z ], where Z0 is the char~cterist~c impedance of thesense wire-cohduit t~ansmission line . This is because ZF is in parallel
with two transmission lines in series , each with a characteristic im-
pedance of Z0 (Figure B4).

The measurement of the flaw impedance consisted of replacing the
pulser in Figure 83 with a signal source and measuring the ratio of
the conduit current to the sense wire current at a sufficient number of
frequencies to determine the shape of the flaw impedance curve . HDL

- - • measurements wi th the spectrum analyzer covered a frequency range from
near DC to 100 MHz. This measurement technique provided a dynamic
range of approximately 140 dB , which is sufficient to measure the flaw
impedance or transfer function of fl exible conduit (0.015 to 0.035 in.
[0.381 to 0.899 m] wall thickness), but not enough to measure the
diffusion current transfer function for rigid -walled conduit.

Instrumentation to measure amplitude and phase information (both
of which are necessary to transform from the frequency domain to the
time domain) is available. This information can be continuously plot-
ted by instruments such as the HP Model 3575A Gain/Phase Meter (1 Hz to
13 MHz) and HP Model 8407A Analyzer (100 Hz to 110 MHz). A vector
voltmeter could be used for manual plotting of the amplit ude and phase
information .

Measurement of Material Properties

In the calculation of the penetration of conduit by EMP (and hence
the calculation of the basic shielding provided by the conduit) pre-
sented in Appendix C, it is appa rent that the specimen ’s electri cal
conductivity a and magnetic permeability p are two material properties
of interest. The values of these properties are tabulated in a number
of places for a variety of materials. The data reveal that the
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properties are strongly infl uenced by chemical composition as well as
heat treatment. Unfortunately, values of these properties could not
be readily obtained from conduit manufacturers . The importance of
these properties in the calculations and the unavailability of the data
made experimental determination of these properties for construction-
grade conduit necessary .

Since measuring a specimen ’s resistance is often more convenient
than measuring its conductivity , the electrical conductivity a may be
determined as

l mho [E B3a p meter q

where p = the resistivity (ohm-meter)

The resistivity is determined by passing a direct current through
the specimen and measuring the voltage drop across the specimen. The
voltage V , due to a current I, is given by

V =  IR [Eq 84]

where R = the resistance of the specimen = p -
~~~

= the length of the specimen

A = the cross-sectional area of the specimen.

In the case of conduit , the cross section is given by

A = 7 r (b2 - a 2) [Eq B5]

where a = the inside radius

b = the outer radius

Hence ,

V = I
- a2) [Eq B6]

It follows that

= 
ir(b2 -

~~~~~~~~ )~~~~~

- [Eq B7]p
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Figu re B5 shows a schematic of the measurement technique . Note
that the points of measurement of the voltage are between the points
of current injection. This eliminates the measurement of voltage due
to contact resistance .
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APPENDIX C:

EMP PENETRATION OF SOLID CONDUIT

~pp roach

This appendix describes the development and testing of a method
for determining the electromagnetic signal induced in the interior of
a hol l ow circular cylinder due to a current pulse * on the outer sur-
face. Since the current pulse can take various forms--all of different
frequency content--a general solution can be determined by calculating
the time response of the conduit due to an impulse of electromagnetic
energy and then convoluting this response with any given input. Simi-
larly, the Fourier transform of the internal electri c field due to an
impulse current (referred to in the literature as the surface trans-
fer impedance) can be multiplied by the Fourier transform of the cur-
rent pulse to obtain the frequency domain solution for the electric
field.

Determination of the electric field at the inner surface of a
hollow circular cylinder of finite conductivity subjected to an exter-
nal surface current impulse involves the solution of Maxwell’ s equa-
tions for the axial electri c field inside the cylinder due to the
current applied to the surface of the conduit. Straightforward appli-

- V - cation of the Laplace transform technique leads to a transform of the
electri c field which involves modified Bessel functions . Similarly,
the Fourier transform of the electri c field involves modified Bessel
f u n c t i o n s  of complex arguments .

In the literature ’3 concerning the electromagnetic shielding ef-
fectiveness of cyl i ndrical structures under various transient conditions,

~~The term “pulse ” is used to refer to an arbitrary current injection
of short duration ; the term “impulse ” is reserved for a signal of
negligible duration whose magnitude is sufficiently large to induce
a finite change on the system .

‘3S. A. Schelkunoff , “The Electromagn etic Theory of Co-axial Trans-
mission Lines and Cylindrical Shields ,” Bell $ ‘~s tem T~~

-
~~ih n~~~~’~~~~l

Journal , Vol X III (1934), pp 532-579; Charles W. Harrison , “Trans-
ient Electromagnetic Field Propagation Through I n f i n i t e  Sheets ,” -IEEE Tr ansact 2~~w on Antenna and Propagation , Vol AP-12 , No. 3 (May
1 964), pp 319- 334; R.W.P. King and E. W. Harrison , “Cy l i n d r i c a l
Shie lds , ” IEEE Transactions on Anten n~ and Propagation, Vol AP-9,
No. 2 (1961), pp 166-170; D. A. Miller and P. P. Toulias , “Penetra-
tion of Co-axial Cables by Transient Fields ,” IEEE Electromagnetic
Corrrp atibi l i ty C: i r i  n i ~~rn Record ( 1 9 6 8 ) ,  pp 414-423; E. F. Vance and
3. E. Nanvicz, ‘Internal Voltages and Currents in Solid Shielded
Cables , ” IEEE 57 - f r ’ia etia compatibiZit?~ SyWosium Record ( 19 6 8 ) ,
pp 198-209 ; and 3. L. Erskine , “Calculations of the Fields in a
Closed Cylinder Resulting from an Electromagnetic Pulse,” IEEE
E l e c l r rn ion -t ic Compatibi 7~ ty Symposi um Record (~968 ) , pp 29 1-297 .
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the standard app roaches lea d to com pu ta ti onal di f fi c u l t i es , s i nce the
presence of the modified Bessel functions makes di rect inversion of the
Laplace transform to obtain a time domain solution di fficult. Evalua-
t i on of the Fourier transform to obtain a solution i n the frequenc y
domain is also difficult. Many of the techniques require extensive
numerical calculations; however , a large class of p ro b lems exis ts for
which accurate and rapidly converging series solutions in the time
domain (and a relatively simple expression in the frequency domain) can
be obtained by replacing the modified Bessel functions in the trans-
form(s) with their asymptotic expansions for large arguments .’~ The
results obtained using the asymptotic form of the Bessel functions are
valid for cylindrical shields that have inner radii which are large
compared to the skin depth of the l owest frequency of interest in the
surface current pulse . For a given cylinder , the im pu l s e  res ponse so
calculated can then be convoluted with an arbitrary surface current to
obtain the resultant electric field on the in te r io r  of the conduit.

The impulse response for a circular cylinder of a specified size
and material can be defined by two shield parameters which depend on
the cylinder ’ s dimensions and material properties . These two par-
ameters can be easily determined experimentally, which is important ,
since the properties of many material s are not readily available. Once
the parameters for one size cylinder of a given material are known , the
parameters for another size cylinder of the same material can be found.

The calculated impulse responses were checked experimentally. The V

application of the theoretical impul se response to the determination
of the response for a comp l i cate d d r i v i n g current  was demons tra ted by
predicting the response to a damped sinusoid surface current and com-
paring it with the measured signal.

Theor eti cal Analys i s

Time ~~- rn i-?. )7

The calculations for the int ernal  elec tr i c f i e l d  re fer to a hol-
low cylinder (Figure Cl) of length ~. i nner  ra di us a , outer radius b,
conductivity a, permeabil ity p . and permi ttivity ~. It is assume d that
a , p, and e are isotropi c constants .

The current , Ic(t), applied to the cylinder is assumed to be flow-
ing in the positive z-direction and is uniform with respect to z and Q.
For the purpose of the analysis, it is assumed that the applied current
is  an impulse of the form

1
~D. STE~Verenz, W. Croisant , and 3. Verdeyen , “Electroma gnetic In-
duced Diffusion Signal s on Conduit Protected Cables ,” 79~4 TE F F - EN ”
- ! , ‘~ 77 7- ( - ’ .~~~7 Ufl7 T?eoo rd , IEEE CHO ~/Y’-7 EMC (1974).
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Figure Cl. Model for electric field calculations.

1
~

( t )  = Q 6(t) [Eq Cl]

where Q = the injected charge

6(t) = a unit impulse

Defining A(r ,t) as the magnetic vector potential in the z-direction
and app lying Maxwell ’s equations for a conducting medium (a medium for
which a ’>wc ) to this model yields the following differential equations:

~
2A(r,t) 

+ 
1 aA(r ,t) 

= 0~A (r ,t) [Eq C2]
r

E(r,t) = - aA(r,t) [Eq C3]

where the direction and field comoonents are defined in Figure Cl .

The initial condition A(r ,O) = 0 and the boundary conditions :

V V _  ~~~~~~~~~~ -V -
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3A (a,t)
_______ = -B(a,t) = 0 [Eq C4]

~A(b ,t)  = -B(b ,t) = - 
pQ~S(t) [Eq C5]

are to be imposed upon Eq C2.

Use of the Laplace transform for the time variable along with the
specified spatial boundary conditions results in the following expres-
sion for the vector potential for the region a ~ r ~ b:

— I~I 
[
~l

’
~~ 

a) I
~

(
~
/
~~~ 

r) + 

~l ’”~’°~ 
a) K ~~~~~~~~ r)1

A(r,s) P’.c ° J[Eq C6]
21Tb~/j~~ [~l

’
~~ 

b) K1 (v
’
~i~i a) - K1 (v~~~ b) i 1 (v~~i a)]

where I and K = modified Bessel functions of the first and second kind ,
respectively.

The transform of the electric field is related to the above by

E(r,s) = - s~(r,s) [Eq C7]

However, for r = a , the exact relation (the Wronsk ian)--

I (w)K
~+1

(w) + I
~+1

(w) K
~

(w) [Eq C8]

reduces the numerator of the bracketed expression in Eq C6 to l/~~~ a,
so that at the inner surface of the cylinder the transform of the
interior electric field resulting from the current pulse on the outer

V su r face is

E(a,s) = 
2~raba 

[I1(~4~ib) K1 (/j~ia)

[Eq C9]
— K1 (4

/
~~ b) 

~~~~~ 
a)]~

Due to the modifi ed Bessel functions , it is difficult to directly
invert the exact transform (Eq C9); however , for large arguments , one
ca n use the asymptotic form of the modified Bessel functions
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I (w) exp(w) [1 - 
-l 

+ ~~ -l)(4~ 
9) 

- . . .1 [Eq ClO]
V 

~~~~~~ 
W 2!(8w)

and

K
~
(w) /~~ exp(w) [l + 

4v
8~ 

+ 
( 4 4 ~~~~~~ - . .1 [Eq Cll]

In view of Eqs C1O and Cll , it is apparent that for a sufficiently large
argument , the series terms beyond the first may be neg lected in the
asymptotic expansions . The next section demonstrates that this approxi-
mation is valid provided the inner radius a is much larger than the skin
depth for the lowest frequency* of interest , i.e.,

a >> 6 = (2/wpo)~
’2 [Eq Cl2]

Thus , the results using this approximation apply to most problems--
surely to the system considered in the experimental section . (However,
note that this assumption does not place a restriction on the ratio
of the wall thickness to the skin depth.) Within this framework , V

Eq C9 simplifies considerably:

E(a,s) = ~~~~~~~ ,/k 
“i [Eq C13]

a exp [(b-a)v~i~~] - exp[- (b-a)I~i~~]

or

_ Q  /
~~~ _ _ _ _E~a,s) — / E Cl4

211v’iE V 0 sinh[(b-a)vTi~~]

where the first term of the series Eqs ClO and Cll have been used in-
stead of the Bessel functions .

The Laplace transforms (Eqs Cl3 and C14) can be inverted by two
techniques to obtain two different series representations of the elec-
tri c field:

*A more precise definit ion of this statement is considered in the next
section of this appendix.

.
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a. Expand the transform (Eq C13) in a Taylor series expansion
and invert term by te rm

b. Invert  the transform (Eq Cl4) directly using the method of
residues to ob t a in  a second series so l u t i o n .

The deta i ls of these in v ers ion sc hemes are shown in  the annex a long
with tabular data on the t ime v a r i a t i o n . For the fi rst scheme , the
t ime history of the electric field is given by

E(a,8) =

[Eq Cl5]

exp[- k~i+ l)
2
, 2

{ ~ ~~~~~ [(2fl +l) - ]~] >
n=O ~3/2 0 2 ~~~~~~

where 0 = a relative time expressed in units of a characteristic
diffusion time T

1: T = pa (b-a)2/4

0 = t / T  H
t time

The second in - .ers ion scheme yields an expression which converges wel l
at late times

E(a,0) = 
~~~~ 2 — 2 3]/ab p a (b-a)

[Eq C16]

22 2 2
~ (- l)~~ 9— exp (- ~~ o)]} (e > 0).

n=O

E(a,O ’I can be put in the form

E(a,e) = QF S(o) [Eq C17]

where Q = charge passed along the cylinder

F = 

~3/2 ~~ ~
2 (b-a)3
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0=t/T

S(o) = the two series representations denoted by braces in Eqs
Cl5 and C16

A table of va lues of S( 0) is presented in the annex to this appendix ,
and a plot is shown in Figu re C2.

It is apparent that Eq Cl5 converges rapidly for small values of
0, whereas Eq C16 converges rapidly for large values of 0, very slowly
for small values of 0, and not at all for 0 = 0. Eq Cl5 is more con-
venient for generation of the impulse response, since the first term
alone is dominant over most of the range of interest. For example ,
at the peak of S(0), the first term alone accounts for 99.99 percent
of the value of the peak. The second term in the series contributes
an 8 percent correction to the fi rst at 0 = 1.4, but , at this rela-
tive time , the field is only 10 percent of its peak value.

• The peak of S(o) occurs at a relative time given by

O
~ 

= 0.36701 [Eq Cl8]

at which

S(0~) = 0.65604 [Eq C19]

Therefore, the electric field attains a peak value

E(a~0~) = 0.65604 QF [Eq C2O]

at

t = .3670 lT [Eq C2 l]

These two characteristics of the peak electric field are most useful
in the experimental determination of the shield parameters I and F.

For an arbitrary current pulse Ic(t), the electri c field can be
determined by convolution wi th the impulse response. Hence, the elec-
tric field for an arbitrary current pulse is

E(a ,t) = QF J Ic(t~
A) S(A/T) dA [Eq C22]
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Frequency Domain

Although the main objective of this study is to examine the t ime
variation of the electric field , it is usefu l to briefly consider the
results obta i ned in the frequency domain using the asymptotic expan-
sion of the Bessel functions.

From the definition of the Fourier transform , it is apparent that
the Fourier transform of the electric field at the i nner surface of
the cylinder can be obtained from Eq C9 by letting s equal jw. Thus ,
at the inner surface of a conducting cylinder the Fourier transform of
the electric field due to a surface current impulse on the outer sur-
face is

E(a,w) = 
2-rTaba {1

1 [(1+j)b/6]K1 [(l+j)a/6]

[Eq C23]
- 11 [(l+j)a/6]K1 [(1+j)b/6]}

Evaluating this expression is difficult because of the modified
Bessel functions of complex arguments ; however , using the first terms
of the asymptotic expansions Eqs ClO and Cll , the Fourier transform can
be expressed in terms of the dimensionles variable , ~:

- - V 
= Bpo (b-a)2w/4 = 8(b-a)2/62 [Eq C24J

so that the modulus is given by

~E(a,w)J = 
1 

_ _ _ _ _ _ _ _  Eq C252-ri a (b-a)o /coshv’~ - cos/~
and the phase by

= tan~ ~~~~~~~ + tan 
[Eq C26]

Ltanh (vV~ ) - tan (/~J~)j

Figure C3 shows plots of E(a ,u )I and ~ as functions of ~i . The
low-pass filter characteristics of this response are best illustrated
by examining the falloff at ~ � 100. For instance , the relative re-
sponse at F~ = 1 000 is 84 dB below that at ~ = 100.

To replace the Bessel functions 
~1 

and K1 by the approximations
which retain only the fi rst term of the asymptotic expansions, the
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Figure C3. Phase and r e l a t i v e  amplitude of the Fourier transform of
the im pulse response as functions of the relative frequen-
cy F~. (Ilote that the phase is continuouslj lagging; how-
ever, to conserve space the curve is plotted between 4 900

since that is the interval over which tan 1 is usually
def ined . )
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other term s must be ne gligible. The other terms w i l l  be negligible if
~/j~ i~ a>>1 or, if 6 is the skin depth of the l owest frequency component
of interest , then a/S >> l/l~. The exact degree to which the terms
should  be negligible depends somewhat on the particular problem being
considered . For instance , if a/c s  � 10, then the magn it ude of the
second term is less than 5 percent of the first term. Assuming a rela-
tive permeability of 150 and a resistivity of 20 x 10 8 ohm-m for steel
conduit , this corresponds to a frequency of 200 Hz for an a/6 = 10 for a
1-in . (2.54-cm) conduit. However , note again that the restriction is on
the rad ius of the air-filled core--not on metallic wall thickness.

Experimental Evaluation

Time Domain

The experiment depicted in Figure C4 was used to test the utility
of the results of the previous section . The ground side of the trans-
m i ssion line was the test conduit , which was connected to a conduit
stud welded into the side of a shielded room . The pulser consisted of
a free-running adjustable spark gap and a low inductance capacitor
mounted inside an aluminum cylinder pressurized with sulfur hexafluoride
(SF6) gas. This pulser was capable of producing up to 35-ky pulses
with less than a lO-nsec rise time into a 100-ohm load.

The test conduit was a standard 10-ft (3.0-rn) section and was thus 
V

electrically short (nanoseconds ) compared to the decay time (micro-
seconds) of the capacitor being discharged into the transmission line.
Thus , even with a mismatch between the transmission line and the load
resistor , R0, the rise time of I~ (t) was short compared to its decaytime , which in turn was short compared to the time scales of response.
For this reason , the conduit driving current, Ic(t), can be expressed
as

I
~
(t) = 

~ exp(-t/ i)  [Eq C27]

where Q = V0C = the charge on the capacitor

-r = R~C = the time constant of the capacitor discharge

V0 = the breakdown voltage of the spark gap

R the load resistor (conduit transmission line termina-
° tion)

In the limit , as T~O , Ic(t) yields

~~ 
Ic(t) = Q6(t) [Eq C28]
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Thus , with the proper selection of -t, the driving current produced in
this experiment can be made to approximate an impulse function and
provide a means of di rectly veri fying the theoretical calculations .

To measure the signals induced on a wire inside the conduit , a
sense wi re was inserted into the test conduit as shown in Figure C4.
The sense wi re was connected to the pulser end of the conduit through
a terminati ng resistor (R~) with the end of the conduit capped to keepleakage signals from enteMng the system. The sense wire ran the en-
tire length of the conduit and extended into the shielded room where
it was terminated through the load resistor , R1, to the grounded wall
of the shielded room. The voltage developed across R1 was measured
using an operational amplifier (gain , G) whose output was displayed on
an oscil loscope . The scope traces from which the experimental data
were taken were photographed .

To obtain the driving voltage for the sense wire , the electri c
field was integrated over the length of the conduit. It was assumed
that the conduit was electrically short compared to the dominant wave-
len gths of i nterest in the internal electri c field so that the l umped
circuit approximation in Figure C5 could be used . The experimental
results show that the time scales of interest are tens of microseconds
for the alum i num con du i t , to milliseconds for the steel conduit , which

~~~~V. makes this approximation valid except for very long cylinders .

E~ 
(o,t )~

_ _ _ _ _ _  _ _ _ _ _ _ _ _

I
~~

( t )  ~~ R,
(CONDUIT & ¶ 

~ 
(LQ4D TERMINATION)

SENSE W)RE)[ I

Figure CS. Equivalent circuit for calculation of conduit response.
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When R = 0 or is small , the voltage displayed on the oscillo-
scope will

Vm (t )  = GE (a ,t)~ = G QF s (o )~ [Eq C29]

where G = the amplifier gain

= the conduit length

Thus this voltage becomes a di rect measure of the internal electric
field.

Since S(o) has a peak va l ue of 0.65604 which occurs at 0 = 0.36701 ,
a direct measure of the shield parameters F and I can be obtained from
the experiment. If the measured voltage has a peak value V which
occurs at a time t~ from the time of impulse , then

V
F = .6560~ QZG 

[Eq C30]

and
tp

.36701 [Eq C31 ]

(Since calculation of I requires only the determination of the time at
which the peak occurs , which can be done quite accurately from scope
traces , one can easily expect a 1 percent accuracy for 1.

Thus , the two shield parameters needed to use Eq C17 can be di-
rectly found from experimental results without knowing the physical
or material properties of the cylindrical shield. As stated earlier ,
this is important , since the values of a and p are not always known .
Furthermore , having determined the shield parameters F1 and T 1 for one
size conduit , the parameters F2 and T2 for a second size conduit of
the same material are :

2 J~2 [
~ 

z :~]~ 
F1 [Eq C32]

b - a  2
T2 

= 

{b~ - a~J 
T1 

[Eq C33]
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where a = interior radius

b = exterior radius.

The experiments were performed on standard aluminum and galvanized
steel rigid wall conduits with nominal diameters of 1 and 2 in. (25
and 51 mm). Table Cl gives the values of interest for the experimental
condition for each sample. Using the value of t0 from Table Cl and
Eq C3l , the value of I can be found for each sample so tha t the absc i ssa
of Figu re C6 can be scaled to provide the normalized impulse response
funct ion for each sample. Using the values given in Table Cl , the
value of the amplitude scaling factor M can be found:

M = .65604F [Eq C34]

Table C2 gives the experimental values of M and I obtained for the four
test samples . The experimental data were normalized to a common peak
of 1. Fi gures C7 and C8 show the comparisons for the four test sam-
pies and the excellent agreement which was obtained between theory and
experiment.

Since the values for p and a for the aluminum and steel used in
the test conduits are not known , directly comparing the experimentally
determined values of M and T wi th the theoretical values is not possi-
ble. Assuming that the material properties are the same for each alum-
inum sample and the same for each steel sample , some comparisons can
be made. From the definition of I, it is seen that:

T (1-in. [25-mm] aluminum ) 
= 
T (1-in. [25-mm] steel) [E C35I (2-in . [51-rn] aluminum) I (2—in. [51-mm] steel) q

which is the case for the values presented in Table C2. Based on the
conduits ’ dimensions, from Table C3 this ratio should be 1.32, which
compares closely with the experimentally determined value of 1.43.
This is well wi thin the accuracy which can be expected due to vari a-
tions in thickness and material properties.

In order to test Eq C22 for accuracy in predicting conduit response
for a non-impulse driving function , a 1-in. (25-rn) aluminum test conduit
was dri ven with an ex-,~unen tial ly damped sinusoid current. The measured
current on the conduit was of the form

1(t) = exp(- t/-r) sin(2ift ) [Eq C36]

where -i = 4.62 x l0~ sec

f = 31.5 kI-4z 
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Table C2

Experimentally Determi ned Values of I and M
for the Four Test Samples

lest Sample I M

l-in .(25-mm ) 0.084 msec 2.546
aluminum conduit

2-in .(5l-rmi) 0.120 msec 0.824
aluminum conduit

l-in.(25-mm ) 4.200 msec 0.175
galvanized steel conduit

2-in .(51-nin) 6.00 msec 0.0472
galvanized steel conduit
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Using Eq E22 and the experimental value of I from Table C2 , the nor-
mal ized voltage across R1 can be predicted and compared with the mea-
sured signal. The comparison , shown in Figure C9, demonstrates the close
agreement between the predicted and measured responses.

Frequency Domain

Flaw impedance or the transfer impedance of conduit is near the
maximum dynamic range of measurement instrumentation. HDL did , how-
ever , make such a measurement on two sections of f lex i ble condu it w i t h
wall thicknesses of 0.01 5 and 0.035 in. (0.381 and 0.889 mm). The
length of the flexible section was approximately 20 in. (0.5 m). Figure
ClO shows the results of th is measurement. The theoretical limit for
the max imum of the transfer function is the ratio of the DC r e s i s t ances
of the conduit and the conductor. The flaw impedance shows that only
the low frequency components of a current exterior to the conduit will
appear on a conductor inside the conduit.

Summary

It has been shown that calculation of the electric field on the
inner surface of a hollow circular cylinder due to a current pulse on
the outer surface can be greatly simplifi ed with little loss in accur-
acy by replacing the modifi ed Bessel functions appearing in the Laplace
transform of the electric field by their asymptotic expansions for
large arguments . The results are vali d for those cy linders whose i nner
radius is large compared to the skin depth of the lowest frequency
component i n the surface current pulse .

The calcula ted electric field due to an impulse current has rela-
t i vel y simple series solutions which can be used in a convolu ti on pro-
cess for an arbitrary forcing function . It was shown that these
electric field calculations can be uniquely specified by two parameters
which depend only on the physical dimen sions and material properties
of the cylinder. It was demonstrated experimentally that these two
parameters are easily measured and tha t experimental data can be put in
the form of the theoretical calculations with excellen t agreement for
1- and 2-in. (25- and 51 -rn) diameter aluminum and steel cylinders .
Finally, it was verified experimentally that the electric field could
be predicted for a complicated current pulse through convolution with
the impulse response.
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ANNEX TO APPENDIX C:

INVERSIO N OF THE LAPL A CE TRANSF ORMS

The Laplace transfo rms (Eqs C13 and Cl4) can be inverted by either
of two techniques to obtain series representations of the electric field:

a. Expand the transform (Eq C13) in a Taylor series expansion and
invert term by term to obtain the series expression of Eq C15.

b. Invert the transform (Eq C14) directly using the method of
residues to obtain a second series solution given by Eq C16.

To apply the first method , Eq C13 is rewritten

E(a,s) = ~~~~~~~~~~~~ /~
] ~~~ ~x U ~~~ ~~~~~~~~~~~ [Eq C37)

1 — exp [-2(b-a-)/~~]

using the Tay lor series expansion ,

- 

n~O 
[Eq C38]

Then :

~(a,s) = [
Q 

~~n~0 
exp[(2n4-1)(b-a)/i~~] [Eq C39]

The inverse for each term is

-k v~ exp[-k~/4t] ~L 1 { I~ e } = (— - —) [Eq C40]

If a parameter , I, is defined as ~~~~~~~~~~~~~~~~~~~~~ depending only on
material properties ~i and a and the wall thickness (b—a), then ~dimensionless variable , 0’. may be defined as t/T so that the electri c
f ield at the inner surface of a hollow cylinder caused by an impulse
current on i ts outer surface may be expressed as

(2n-f l~~ 2
E(a,B) 

TT
3

~
d’2
,/~~~~ pa 2 (b a) 3]

~~O e312 —[ ~ -
~~~~

] }  [Eq C4 l ]
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Table C4 evaluates the term in braces in Eq C41 .

To obtain the second series representation consider Eq C37 in the
form

E(a,s) = 

~~~~~ 
~~~~~~~~~ 

sinh(2fl /~~) 

[Eq C42]

then the inverse is

E(a ,s) = 
[ 

~~ -

~~~~~~ 

~~~~~ 
exP(s t ) ds

2Tr/~~ 
a 2Tr J 

~~~ 
s inh(2’ ./T j~)

[Eq C43]

= [  Rn2irv’~~ n 0

where Rn = the residues at the poles (sn) of the integrand

The residues are given by

R = ~~~ exp(st) = 
1 /s exp(st)

n 
~-~[sinh(2v1’ ~~ S=S~ 

ir cosh(2vT /~
) 

~~~~~~ 

[Eq C44]

where 5n is the nth zero of

sinh (2v’F/~~) [Eq C45]

Since the roots of Eq C45 are

2 2
= — -V4

~
-
~ 

[Eq C46]

and

cosh(inir) = cos(rnT) = (
~~~~1) fl [Eq C47]
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Table C4

~ ex [ (2n+l )2] 2
Evaluation of S(o) = ~ P 

3 2 [(2n+l ) - 
1]

n 0  0 2

0/n 0 1 2 S(o)

.0 .00000 .00000

.1 .01364 .01364

.2 .33900 33900

.3 .61513 .61 513

• .3670l .65604 .65604

.4 .64894 .64894

.5 .57418 .00000 .57418

.6 .47413 .00001 .47414

.7 .37997 .00006 38002

.8 .30030 .00020 .30050

.23562 .00051 .23612

1.0 .18394 .00105 .18499

1.1 .14286 .00186 .14472

1.2 .11020 .00295 .11315

1.3 .08417 .00427 .08843

1.4 06333 . 00578 .06911

1.5 .04658 .00742 .05400

1.6 .03306 .00913 .04219

1.7 .02211 .01086 .00000 •03297

1.8 .01320 .01256 .00001 .02576

1.9 .00594 .01418 .00001 .02013

2.0 .00000 .01571 .00002 .01573

_ _ _  
_ _ _ _ _ _  
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then

n-f l 2 2  2 2
Rn 

= (-l) !14f. exp[- 
n
4~ ~ [Eq C48]

Thus , the second series representation of the electric field is

E(a,O) = Q[ -) 3]3/2,, ~ia’~(b-a)

[Eq C49]

~~ ) fl+~J ~2~2 exp[- ~
2~2 0]}

Table C5 evaluates the quantity in braces in Eq C49.

Erskine 15 applied this technique directly to the expression in
brackets in Eq C9. This latter expression is similar to that obtained
by Erskine , but without the computational difficult ies of evaluatin a
the residues oF the inversion integral of Eq C9. For thin wall cy lin-
ders (b/azl ) Erskine ’s results reduce to an expression similar to En Cl6.

VJ~> -

~ J. L. Ersk ine , ~Calcu 1ation of the Fields in a Closed Cylinder Result-
ing from an Electromagnetic Pulse, u IEEE Electror-riagnetic C o m p a t ib i 7t ~.-
Symposium Record (1968) ,  pp 291-297.
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APPENDIX 0:

DESIGN DIMENSIONS AND PARAMETERS OF ELECTRICAL CONDUIT

The EMP penetration of solid conduit has been shown to depend upon
the physical dimensions of conduit (Appendix C). This appendix sum-
marizes the design dimensions for electrical conduit. Table Dl gives
the desi gn dimensions for rigid metal conduit , Table 02 covers inter-
mediate meta l conduit , and Table D3 covers electrical metallic tubing
(EMT). Tabl e 04 sumarizes the nominal dimensions and several derived
parameters of ferrous metal and aluminum that enter into EMP calcula-
tions .~~~

*Note that since electric field is usually expressed in volts/meter ,
calculations use SI units.
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APPENDIX E:

MATERIAL PROPERTIES OF ELECTRICAL CO~~1DUIT

The material properties of electrical conduit significantly affect
the EMP penetration of the conduit. To make accurate EMP penetration
predictions , it is necessary to know the electrical conductivity ’. a,
and the magnetic permeab ility, j.i.

Most electrical conduit standards (and thus most conduit manufac-
turers ) are concerned primarily with mechanical properties (e.g.,
strength , cutting properties , and bending properties ) and corrosion
resistance , so that in many cases it is difficult to find va~ues or todeduce a range of values of the electrical properties for electrical
conduit.

Since electri cal conduit is not usually manufacturered from con-
ductor grade materials , the electrical conductivity is rarely measured
or specified. Similarly, the permeability is not available for elec-
trical conduit because the materials used in conduit are not generally
regarded as electromagnetic shielding materials. F-{owever , although the
physical properties of electrical conduit are not tabulated in the
genera l literature , the values of the physical properties for closely
related materials may in some cases permit an estimate of the conduit

- I 

values . This approach is hampered somewhat by variations in chemical - 
-

composition , heat treatment , and mechanical working--all of which af-
fect the electrical properties .

Guidance for installation of electrical metallic tubing , rigid
metal conduit , and intermediate metal conduit is provided by the
National Electrical Code (NEC); ’6 however , no specification is given
for conduit material. Specif ications for conduit manufacture have been
set by other agencies such as American National Standards Institute
(ANSI) and Underwriters ’ Laboratories (UL).

To be approved by UL , individual conduit product lines (i.e.,
conduit fittings , and junction boxes) must be manufactured in accor-
dance with UL standards. The requirements for electrical metallic tub-
ing stated in UL 79717 are :

2.1 Each tube used in the manufacture of electrical metallic
tubing shall be of mild steel , a silicon-bronze alloy containing
at least 1.25 percent silicon , an aluminum — base alloy containing
no more than 0.40 percent copper , or other metal which , upon

ibMatio na l Electrical Code , 1975 Edition , IIFPA No. 70-1975, National
Fire Protection Association (1974). This has been approved by the
American National Standards Institute and is also know as ANS I
C l- l975.

‘7 Stan larJ ~ni’ EZc ‘~rfca l ft1e taZl~ L’ ~~~~~~ UL797 (UL , Inc., June 20,
1973). Approved as ANSI 33.98-1973, June 20, 1973.
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investigation , is found to be suitable for the purpose. The
tube shall be uniformly thick throughout the length of the tube .
The welding of all seams shall be thoroughly well done .

The requ irements for rigid metal conduit stated in UL 61B are :

2.1 Each tube used in the manufa cture of rigid metal conduit
shall be of steel , wrought iron , silicon-bronze alloy C65100
(low-silicon bronze B) or C65500 (high-silicon bronze A) as
detailed in the Ameri can Society for Testing and Materials
“Standard Specification for Copper-Sil icon Alloy Seamless Pipe
and Tube” (ASTM B31 5-1976), and aluminum allo y contain ing no
more than 0.40 percent copper , or another metal that upon in-
vestigation , is found suitable for the purpose.

The requirements for rigid alumin um conduit specified in WW - C-0054 0c ’’are :

3.2 Detail. Conduit , couplings , elbows , and nipples furnished
under this specification shall conform to the United States of
America Standards Institute (USASI) Standard C80.5.

However , concernin~ the composition of rigid aluminum conduit , USAS
C80.5—1966 states : °

1: 

3.4 Alloy . The conduit shall be made of an aluminum alloy con-
taining not more than  0.40 percent copper.

Except for the 0.40 percent copoer , the alloy is not specified; however ,
the Aluminum Association states :2’

Composition and Manufacture . Rigid aluminum conduit is extruded
from the magnesium -si licide , 6063-Tl alloy . Special precautions
are taken to obtain a l ower copper content than industry stan-
dards permit. In this way the corrosion resistance of the alloy
is greatly increased .

Typica l composition limits for aluminum conduit metal are given in
Table El.

Nominal values for the electrical resistivity are shown in Table E2
for va r ious  tempers . This suggests that even with the same nominal
chemical composition , the electrical resistivity may vary up to 13 per-
cent depending upon the temper.

1
~ Standard for Rigid i4~’tal Conduit , UL6 , 8th Ed. (tIL , 197~ ) ,  p 5.
1’Inter-irti Federal Specification Conduit, Metal , i?i~~d; and Coup Z~ u~:,Elbow , and Nipp7~-R , Electrical Con~h4~ t: A i ~ir~~ u~r7 , WW-C -- 00540c(GSA -FSS )
(Federal Supply Service , Genera l Services Administration , 1967), p 2.

2 

~~~ Standar d S1’~’( I 7 f 7 ~~a t- c ’n  V
” - P Rig id Aluminum Co~J.~ i ~~, USAS C80 . 5—

1 966 (ANslo).
2 1 Aluminum Electrical Conductor Handbook (The Aluminum Assoc i a t i on ) ,  p 17-2 .
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Table El

Composition Limits of Aluminum Conduit A lloy

Percentage Limits Aluminu m
per Industry  Condui t , Typica l

Standards Percentages

Copper 0.10 max. * 0.02
Silicon 0.20 to 0.6 0.40
Iron 0.35 max. 0.20
Magnesium 0.45 to 0.9 0.7
Manganese 0.10 max. 0.01
Chromium 0.10 max. 0.01
Titanium 0.10 max. 0.01
Zinc  0.10 max. 0.02
Others 0.15 max. T race
Aluminum Remainder Rema inder

-C -

*Maximum limi t set by the Aluminum Association . Al l oys with up to 0.40
percent copper are acceptable to UL for use in rigid aluminu m conduit;
typical conduit uses only 0.02, or 95 percent less. (From A lum-i num

0 Electrical Conductors Han dbook , p 1 7 - 6 . )
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Table E2

Variation of Typical Values of Electrical Resist ivity
of All oy 6063 with Temper*

Temper Electrical Resistivity (c?-m) Electrical
Conductivity (mho/m)

0 3.0 X l0 8 3.3X l07
Ti 3.4X101 2 .9X 107
T5 3.lXlOl 3.2Xl07T6, T83 3.3XlO 3.OX1O

*From Aluminum Standards and Data, 5th Ed. (Aluminum Association , 1976),
p 39.
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Tabl e E3 shows nominal values of resistivity for pure aluminum cited
in the literature . Values of resistivity for aluminum are occasionally
suggested as suitable for use in shielding studies ; however , it is appar-
ent that the typical values cited for pure aluminum differ from those
given for aluminum conduit alloy .

As part of this study , the resistivity of one specimen of nominal
1— in. (25-mm ) rigid aluminum conduit was measured . It was found that

p = 3 .8 x lO 8
~~-m [Eq E1]

or

a = 2.6 x 10 mh o/m [Eq E2]

Since the allo y in aluminum conduit is primarily aluminum , one
would expect that the permeability should be near that of pure aluminum ,
i.e., a relative permeability which is essentially constant and nearly
equal to 1. Al uminum is actually paramagnetic with a maximum relative
permeability 2 2  of 1.00000065. The actual permeability of aluminum
conduit alloy does not appear to be available in the literature or in
any of the standards .

However , it is easier to establish parameters for aluminum conduit
than for ferrous conduit because the material composition is primarily
aluminum with only small quantities of alloying elements and impurities .
The spec i fications for rigid steel conduit , zinc coated , are given -in
UL6 , WW-C-581d ,’’ and ANSI C80.l-1971 ;2’ however , the composition of
the steel is not specified . The requirements for electrical metallic
tubing (EMT) are given in UL 797, WW-C-563A ,2 5  and USAS C80.3-1966;2 6

2z Reference Data for Radio Engineers , 6th Ed. (H.  W. Sams & Co., 1975),
p 4-32.

2 3 Fed er a l n~’- f ~t.a~ -~on Conduit , Meta l , R~~ id; and Coupling, Elbow, and
Ni p p l e , El ectr ~~a l Conduit: Zii~c’ Cozt ed , WW - C - Bld ( Federa l Supply
Service , Genera l Services A d m i n i s t r a t i o n , 5 June 1062).

2
~ American V-V~7t ~ -~-n : l  Standard Specif icat ion f ~r Rig:~d St~cl Conduit , Zinc

Coated , ANSI C80. l-l97 1 (R- l966) (ANSI).
2 5 Fe dera l ?~f i ca~ ic-n C~~ iu~ t , M€ - t- 7 7. , Ri~ - i- ~: E l c ~ t~’~~~zl , Thin—Wal l
Stee l T-~~c (Elle~ trzcal M~tzl7 -z ‘ Tubinq) ;  S~ i’ci : : h~ Lengths, Elbows, and
B~’r:tis , WW-C-563A (General Services Administration , December 1973).

2 6 USA Standard S p e c i f i ca t~~in fo r  Electri ’a l ~f - t a t l : i  Tubing, Z~n~’
Co~zted , USAS C80.3-1966 (ANSI).

77



___________ _________ ~ — L~~~~ .. ~~~~~~~~~~~~~~~~~~~~~~~~~ --~~
----- --i ~

- ------—-—---
~~~~~~~

— 
~~~~~~~~~~~ - 

—- 
~~~~~~~~~~

Tab le E3

Typica l V alues of Electrica l Resis t iv ity
and Conduct iv i ty  of A lumi num

p(ohm-meter) ci(mho/meter) Reference

2.50 X lO _8 (0°C) 4.00 X l0~ *

2.74 X io
_8 

(22 °C) 3.65 x 1O~ *

2.7809 X lO _8 (20°C) 3.5960 X l0~ **
2.62 X 10—8 (20°C) 3.82 X ~~
2.65 X io 8 3.77 X l0~ 1-I-

*D. E. Gray, American Institute of Physics Handbook, 3rd Ed. (McGraw
Hill , 1972), p 9-39.

**E. G. Fink , Editor—in—Chief , and J. M. Carroll , Associate Editor ,
~
‘ s- ’-~ Standard Handbook for  Electrica l Engineers, 10t h Ed. (McGraw Hill ,

1968), p 4-8.
1-Standard Handbook for  Electrical Engineers , Reference Da ta fo r  Radio
Engineers, 6th Ed. (H. W. Sams & Co., 1975), p 4-21 .

ttT . Lyman , Ed., Metals Handbook, Vol 1 , 8th Ed. (American Society for
Metals , 1961).
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however , again the composition of the steel is not specified . In both
cases , requirements are made for mechanica l properties , but the  heat
treatment or mechanical workin g of the materials is not specified. It
would be expected that there wil l be some variation in the chemical
composition , mechanical working, and heat treatment of different con-

— duit.

Conduit conductivity and penneability are rarely measured. How-
ever , conduit and line pipe steels are generally similar , and the con-
ductivity of line pipe steel has been determined .27 The resistivities
(in micro-ohm -centimeters) of 24 line pipe steels reoresentative of the
range of composition used in manufacturin g API SL , API 5LX (through
X60), ASTM A 53, and ASTM A 106 grades were determined. The resistivi-
ties range from 14.97 to 22.83 itohm-cm.

Table E4 shows the chemical compositions of the line pipe steel
spec i mens. The range (in percent by weight) of each constituent was :

Carbon 0.13-0.29
Manganese 0.39-1 .28
Phosphorus 0.007-0.073
Sulfur 0.018-0.034
Silicon 0.026-0.250
Vanadium 0.0-0.08

- 

- - A multiple regression analysis indicated that 97.2 percent of the varia-
tion in resistivity could be accounted for by the elements manganese ,
silicon , and phosphorus , whereas the effect of carbon , vanadium , and
sulfur (within the range of the steels considered ) was not significant.
The resistivity (in micro -ohm centimeters ) can be calculated from the
chemical composition by Eq E3 using the percents of manganese , silicon ,
and phosphorus:

p = 11.59 + 5.43 (%Mn) + 16.1 (%Si) + 15.4 (%P)

Calcu la ted  and actual resistivities are compared in Table E5.

The permeability of steel is complicated by the ferromagnetic nature
of the steel. Ferromagnetic materials are characterized by

a. Relatively large values of permeability

b. Variation of permeability with field strength

c. Saturation at high magnetic field intensities

2,S. S. Brown and F. W . Anney , E r — ~tr ical Resistivit-: ’ of  Line Pi pe ~ te’els ,
Paper No. 69 , 20th Annual Conference of National Assoc iation of Cor-
rosion Engineers (1964).
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Table E5

Comparison of Measured and Calculated Resistivity *
(Using the Percentage of tin , Si , and P and the  Equat ion

p = 11.59 + 5.43 [%Mn] + 16.1 [%Si] + 15.4 [%P])

Deviation
Measured Calculated Measured

Specimen Resistivity Resistivity Mi nus
No. micro-ohm-cm micro-ohm-cm Calculated

1 15.51 15.02 .49
2 14.97 14.98 - .01
3 17.00 17.04 -.04
4 19.69 19.66 .03
5 20.05 19.46 .59
6 16.87 17.54 - .67
7 15.98 16.73 - .75
8 16.38 16.63 - .25
9 17.19 17.10 .09
10 19.77 19.10 .67

- V 

11 19.35 19.62 - .27
12 19.13 19.36 -.23
13 16.80 16.71 .09
14 17 .24 16.81 .43
15 16.70 16.91 - .21
16 19.30 19 .56 — .26
17 19 .33 19.03 .30
18 19. 56 19.43 .13
19 22.83 22 .80 .03
20 21.39 21.0 2 .37
21 21.02 21.51 - .49
22 15.79 1 5 .58 .21
23 15.66 15.79 - .13
24 15.26 15.27 -.01

*From S. S. Brown and F . W. Anney , Sleot r ~~.-~l Resis1-i~’ity of Li~~ Pi pe
Steels, Paper No. 69 , 20th Annual Conference of Nationa l Association
of Corrosion Engineers (1964).
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d. Hysteresis (a nonlinear dependence of the magnetization on
the previous magnetic history of the material).

The magnetic properties of steel are often strongly dependent on
chemical  composition , mechanica l working and heat treatment. Table
£6 shows nominal values of the relative permeability

M
p = — = 1 + —r

for severa l i ron alloy s where

= permeability of free space

M = magnetization

H = magnetic field intensity .

It is apparent that magnetic properties are greatly influenced by
chemical composition .

Based on DC resistance measurements and RFI attenuation measure-
ments , the conductivity and the single value of relative permeability
~ shown in Table E7 have been suggested for the purpose of calculating rtheoretical shielding effectiveness. The product pa based on these
suggested values is also shown in Table E7.

Unfortunately, the permeability of conduit steel does not appear
to be tabulated in the literature .

82 14
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Table £6

Relative Permeability of Various Ferromagnetic Materials

Material Initial Maximum Reference

— Very pure iron 4,000 8,000 *

Silicon iron 3,500 7,000

Transformer iron 3,000 5,500

Mac hine st eel 300 450

Cast iron 60 90

Low carbon Iron 200 2 ,200-5 ,500 **
1010 steel 200 3,800

1% Si silicon steel 400-650 1,700-6 ,000

*Reference Data for  Radio Engineers , 6th Ed. (H. W. Sams & Co., 1975),
L p 4-32 .

**T . Lyman, Edi tor , Metals Han&.’oak , 8th Ed. , Vol 1 (American Society for
Metals , 1966).
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- Table E7

Properties of Shielding Materials Based on DC Resistance
Measurements and RFI Attenuation Measurements*

Relative
Conductivity , a Permeability

Material Type (mho/m) 
____

Galvanized steel l.056Xl07 270 3580

Hot rolled steel 0.958X107 160 1 930

Cold rolled steel 0.942Xl07 127 1500

Terne steel 0.907X107 157 1790

*From R. B. Cowdell , R. A. Hupp, and J. N. O’Leary , REl Attenuating
Materials and Structures , Technical Report AFAPL—TR-69-89 (Air Force
Aero Propulsion Laboratory , Air Force Systems Comand , 1 969), p 125. C

.
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APPENDIX F:

EMP PENETRATION OF DEFECTS , CONDUIT
FITTINGS, AND RELATED HARDWAR E

Approach

As previously indicated , the solid conduit provides the basic
shielding in a conduit system. Defects arising in the conduit such as
cracks and breaks may seriously compromise the shielding . Certain
hardware items may also compromise the EMP shielding of the system .
Completed conduit systems may include numerous fittings and related
hardware such as couplings , un i ons , case access fittings (condulets),
pull boxes , junction boxes , and flexible sections. The fittings and
hardware used are usually standard conduit accessories , since very few
fittings and hardware i tems have been designed specifically for EMP-
hardened structures. Thus , these items may compromi se the EMP shield-
ing. In order to assess the EMP penetration of the conduit system , it
is therefore necessary to evaluate the leakage contribution as a re-
sult of various defects and hardware items for the current waveshape of
interest.

The problem of determining the electromagnetic field leakage
through conduit fi ttings or defects is less amenable to direct analy-
tical solutions than is the problem of determining the electromagnetic C

field penetration of solid conduit. The analysis is complicated by
the complex , varied , and often irregular geometries associated with
fittings and defects .

Since the exact mathematical analysis of even relatively simple
defects , conduit fittings , and hardware i tems is a very difficult (and
in some cases , nearly impossible) task , some reliance must necessarily
be placed on empirical results . On the other hand , the signals re-
sulting from defects quite often depend on the magnitude and wave-
shape of the applied current as well as the characteristics of the de-
fect itself. Thus , compiete reilance on empirical data would necessi-
tate acquisition of enormous amounts of data to account for the poten-
tial variations in waveshape and characteristics of defects which
might occur in actual conduit systems . The resultant volume of data
would be difficult (if not impossible) to use , and extrapolation to
situations for which data were not taken would not be easy .

Obviously, some compromise between a purely theoretical approach
and a purely empirical approach is required to arrive at a usefu l re-
sult for the designer of conduit systems . This study therefore based
its approach on relatively simple mathematical models supplemented wi th
experimental evaluation of certain parameters .
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The signals induced on an interna l wire within a defective con-
duit can be considered to arise as a result of the wire coupling with
the electr ic and magnetic fields associated with the current in the
vicinity of the defect. In some cases , the induced signal might be
in terpreted as a result of direct electric field and magnetic fl ux
leakage . Alternat i vely , the signal might be considered to result from
the impedance of a defect changing as the current distri bution changes
during a pulse. Or , the s igna l s  m ig ht be i nter preted as a r i s i n g  from
the change in electric and magnetic f ields at the outer surface of a
conduit , since the electromagnetic fields would be expected to change
as the current--which init ially flows almost exclusively on the
surface—-penetrates into the conduit material. Regardless of the
exact natu re of their orig in , the observed phenomena can be descri bed
to a first approximation by a genera l model in which the driving vol-
tage induced by a defect has a waveshape that is proportional to the
applied conduit current plus its time derivative. This appendix con-
siders some details of this general model for EMP penetrations of
defects .

Electrical Discontinuities

Time Domain

To a first approximation , the electri c field in the vicinity of a
defect may be considered to be related to the potential across a resis-
tive component of the defect while the current is being applied . In
other words , the voltage on the sense wi re might be modeled as

VL(t) 
= R1 1(t) [Eq Fl]

where R1 = a coefficient representing the linkage between the condui t
current and the sense wire .

In the proposed model for detects for a particular position of the
sense wi re, the coefficient R1 (in units of ohms ) would be characteris-
tic of a given defect and should be constant for that defect. Qualita-
tively, one would expect this coefficient to vary from deiect to defect
depending on resistance across the defect and proximity of the sense
wi re to the defect .

A contri bution to the leakage signal due to this effect should
$ have the same waveshape as the applied current. In other words ,

______ = a constant [Eq F2]
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Prequency Domain

In the frequency domain , the Fourier transfo rm of the induced
voltage

V (t) = R1 1(t)  [Eq F3]

is

V (~) = R1 I(tii) 
[Eq F4]

The flaw impedance for resistive flaws will be essentially in-
dependent of frequency . Thus , the conduit current and the conductor
current will have identical waveforms :

Io (U))
_____ = a constant [Eq F5]

Rusty couplings are an example of electrica l discontinuitfes which
are almost entirely resistive.

~pertu res

Theoretica Z Ana lysis

Time Domain. In the presence of an aperture , a second source of
a leakage  si gnal could be linkage of magnetic flux with the sense wi re .
Qualitatively, one would expect the induced voltage on the sense wi re
to be proportional to the time rate of change of the flux , i.e.,

L~ ~~ [Eq F6]

The flux is proportional to the magnetic flux density B

~~~~ B [Eq F7]

In nonmagnetic materials
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B = p
0H(t) [Eq F8]

and

H ( t )  1(t) [Eq F9]

It follows that a contri bution from this source woul d be expected to
be of the form

~ 
dI(t)VL 

= 2 cIt [Eq F1O]

where M2 = a coefficient representing the linkage between the magnetic
flux and the sense wi re

In the proposed model for defects, the coefficient M~, (in units
of henrys) would be constant for a given sense wire and d~fect confi-guration . However , one would expect the coefficient to vary with de-
fect dimensions as wel l as the proximity of the sense wire to the
defect. A contri bution to the leakage signal from this mechanism
would be expected to be proportional to the time derivative of the ap-

- ~~~~ plied current.

The genera l model for the direct field penetration of a defect is
therefore proposed to be:

+ dlV L — R
1

1 M
2 dt [Eq Fll ]

where R 1 and M2 = constants indicating the coupling coefficients be-
tween the sense wire and the electric and magnetic
fields , respectively.

Frequency Domain. The Fourier transform of

V L (t) = M
2 ~~~~~~~~~~~~ [Eq F12]

is

VL(w) = M

2 

jw I (w) [Eq Fl3]

~~~~~~~~~~~~~ 
.

•
. 

~~ 
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V.,,

Thus ,

V
L

( W)

_ _ _ _ _  = 
‘~~2 

[Eq Fl4]
I(~ )

Hence, one would expect the transfer impedance to be frequency-
dependent.

HDL-measured values for flaw impedance of apertures show an ap-
proximate 20 dB per decade increase in ZF. This implies that

ZF = CJ~ [Eq Fl5]

where c = a constant

j = r r
w = 2-ri f

f = frequency

Thus , from Figure Fl and since Zf<<Z 0 in most cases

ZFis :  10(w) = -

~~

-

~~

— 1~ (w) = -
~~

-
~~

---- J~
j I

~
(u) [Eq Fl6]

and

I0(t) ~~ 
~~ 

~~~~~ e3W t dw ~~~~
— 

~~ I~
(t) [Eq Fl7]

The constant

~ 
ZF(w) 

~= 
2Z 0 ~ [Eq Fl8]

can be evaluated from the measured flaw impedance curve .
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It shou l d be noted that in genera l the flaw impedance wi ll not be
an easily recognizable function , and calculation of the Fourier trans-
form of the function will be more complicated than this example.

Empirical Results

Time Domain. As stated previou sly, the matched sense wi re signal
for a conduit having an apertu re has been hypothesized to include
three basic components : (a) a small contribution due to diffusion , (b)
a resistive component proportional to the current applied to the con-
duit , and (c) the component due to i nduced signals resulting from
leakage of the electromagnetic fields throuqh the apertu re. The third
--or leakage--component is further hypothesized to be proportional to
the time derivative of the applied conduit current. To test the hypo-
thetical model for the matched sense wire for a conduit with an
aperture , a series of measurements was made on aluminum conduit samples .
A solid conduit was tested to show the diffusion and resistive compon-
ents of the signal . Six other samples containing accurately machined
slots 1/2, 1 , 2, 4, 8, and 16 cm long were tested to show the leakage
signal contribution. The slots were machined to the lengths stated
with a depth of exactly one-half of the conduit diameter. Thus , for
the slot length , one-half of the wall was machined out. Figure F2
shows the conduit samples .

The sense wi re signal was measured with the wi re held exactly
centered in the conduit. Centering was accomplished by means of two
plastic (Lucite) washers placed inside the conduit with a center hole
in each washer for passage of the sense wire .

The current source for these experiments was the battery dis-
charge configuration descri bed in Appendix B. The current was injected
into the conduit samples by means of 12 AWG copper wires attached to
the conduit using stainless steel radiator hose clamps (Figure F3).
To minimize the resistive and diffusion components of the signal , the
current was injected 1 cm from the slot ends . The injection wires were
placed on the side awRy from thp clot ooenin~ to minimize field dis-
tortion due to the wi res.

Verification of the mathematical model was accomplished using
the following steps :

a. Measurement and recording of the injected current and matched
sense wi re signals for the six conduit slot samples

b. Determination of the constants and coefficients of the equa-
tion from the ERDAC III data

c. Plotting of the ERDAC III data using a POP-li minicomputer ,
tape data transfer system , and a Calcomp 565 plotter
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Fi gure F2. Conduit slot samples .

Figu re F3. Current injection connections for slot tests.
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d. Superimposing plots of the ma themat i cal mo del ex press i on
(with constants as determi ned in step b) on the ERDAC III data plots.

Step a. A conduit sample having an 8-cm-long slot with injection
1 cm from each slot end (or 10-cm distance between in jection points )
was compared with a solid conduit with current injection over a 10-cm
distance. Figure F4 shows the ERDAC III signals for the solid conduit
and Figure F5 shows the ERDAC III signals for the conduit sample with
an 8-cm slot . For both conduit samples , the measured current peak was
369 ERDAC III units , which converts to 227.4 A. The measured sense
wi re signal for the solid conduit had a peak value of 19 ERDAC III
units , which converts to 1.86 mV. For the 8-cm slot , the sense wi re
signal tail was asymptotic to a value of 42.4 ERDAC III units , which
converts to 4.14 mV.

From purely resistive considerations , the expected sense wi re
voltage would be defined by

VR = [I~ RL] x -
~
- L [Eq F1 9]

where VR 
= the voltage across the sense wi re terminating resistor

= the injected conduit current

RL = the resistance per unit of length

L the conduit length over which current is injected

The factor of 1/2 is used because of the voltage division by the two
sense wi re matching resistors .

Through measurement of resistivity 1 the aluminum conduit was
found to have a resistance of 2.4 x lO~ ohms/rn. Using thi s value and
the 227.4-A conduit current , the anticipated voltage across the sense
wi re terminating resistor for a 10—cm solid conduit is 2.73 mV. With
a sample of the same length containing an 8-cm slot the same wire
voltage should be 4.91 rnV. The difference between the expected and
measured values may be partially attri butable to the accuracy of the
ERDAC III (0.5 percent of full scale , and partially to the method of in-
jecting current , wherein current density within the 10-cm length is not
uniform within the conduit. At any rate , the values presented do show
that the contribution due to diffu sion current in the time frame of
interest and for the test method used is small.

Step b. In the present case, the applied current has the form
shown in Eq F20 and Figure F6:

.
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- Channel 1 (upper) 0.1 V full scale
Channel 2 (lower) 1 .0 V full scale

(Time displayed : 720 ~Jsec)

Figure F4 . Sol id con du it , ERDAC III record ing of injected current
(lower trace) and sense wire signal (upper trace).

Channel 1 (upper) 0.1 V full scale
Channel 2 ( lower) 1.0  V ful l scale

(Time displayed : 720 ~isec )

Figure  F5 . Con du i t w ith 8-cm slo t , ERDAC III recording of injected
current (lower trace) and sense wire signal (upper trace).
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1(t) = 10 [l~ e t/T o] [Eq F20]

.632
i71(~~~~~~~~~~~~ 

Figure F6. Form of applied current.

The derivative of the applied current has the form shown in
Eq F2l and Figure F7.

= -~-~ ?- e
t
~

T0
dt T0 

[Eq F2 1 ]

.632’O/~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

To *

Figure F7. Form of the derivative of the applied current .

According to this genera l model , the total leakage signal measured will
be

-t / -t

= RL
[I
~
(l_e 0)] + M[ 1o e 

0] [Eq F22]
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FT

Thus , the leakage signa l will have the typical form shown in Figure F8.

%o

M -
~~~~~ e ”+0/ N V0

1~
Figure F8. Typical form of leakage signal . Individual

contri butions are shown by broken lines .

The next task is to evaluate the coefficients R1 and M for the
defect under consideration. This is accomplished by a combination of
procedures.

First , notice that the applied current for very late times is

J im VL (t ) = R 1 10 [Eq F23]
t4OD

Hence

VL(t)
= u r n  1(t) [Eq F24]

t-*~oo

Second , note that at r = 0

VL(O) 0 + M2 10/T 0 [Eq F25]

Hence
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b

VL ~= (1
0/T7 

[Eq F26]

Thus , if the measured current can be fit to the form

t/T
1(t) = ‘0 [l-e 0] [Eq F27J

by appropriate selection of the parameters I and T0, then the coef-
ficients and M2 can be evaluated with relative ease.

The parameters I~ and T0 can be readily deduced from the appliedcurrent by noting that

flm 1(t) = ‘o [Eq F28]

and that when

1(t) 
= l-e ’ = 0.632 [Eq F29]

the time is

t = [Eq F30]

In practice , however , there is some variability in the digitized
data for a vari ety of reasons. For example , when monitoring both the
applied current and the leakage signal , the transient digitizer alter-
nately samples the signals at a sampling interval of 1 jisec . Hence ,
data points for a specific signal are spaced at intervals of 2 psec,
which is significant compared to the time constants of the excitation
current and leakage signals. This causes some difficulty in determin-
ing exactly the time of the start of the current pulse as well as the
peak value of the leakage signal. This situation requires a slight
modification in the fundamental technique of evaluating the coefficients
R1 and M2.

Consider the applied current

- I
1(t) = 10 [l-e 

0
] [Eq F27]
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for early times. Note that for small values of x, a ser ies ex pans i on
yields

2 3
= 1 - X + + + .... [Eq F31]

Hence

1(t) = I
~ 

[1 - (1 - t/T 0 + ....)] [Eq F32]

and

1(t) 
~ 

t [Eq F33]

Thus , for early times , the current pulse is very nearly linear.

Similarly, for small times , series expansion of the expor~entials
yields

VL(t) 
= R

1 1 [1 - (1-t/ • . . . )) - t/~0+. . .] [Eq F34]

so that

R 1
V L (t) 

l o  • • 
; O  

[Eq F35]

or

VL(t) ~~~ + ~~~ [R 1 
+ t [Eq F36]

Hence , for very early times, the leakage signa l should also be very
nearly linear.

The first few data points for the appl i ed current are fit to a
straight line:



1(t) = A1 + B1t [Eq F37]

Similarly, the fi rst few data points for the leakage signal are fit
to a straight line :

V1( t) A2 + B2t [Eq F38]

Then note that

I
B1 = [Eq F39]

and

A = M  [Eq F40]
2 2 T o

so that

A
2 

— 

B [E q F41]

The first few data points of the EROAC III were fit to a straight
line defined by

1(t) = A1 + B1t [Eq F37]

This straight-line fit was accomplished by performing a least squares
regression to a straight line using a prograninable desk top calculator
(HP-65) which yielded the coefficients A 1 and B1 i n terms of ERDAC I I I
units. Using these coefficients and the value of the baseline of the
condu it current 1(t), a value of the start time T0 was determined from

T~, = 
‘
~
‘basel ine -A 1 [Eq F42]

B1

This value for T is more accurate than that which could have been ob-
tained by using ~he fi rs t ERDAC I I I  poi nt above base l ine.
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Similarly, the fi rst few data pc’ints of the measured leakage sig-
nal were fit to a straight line defined by

VL ( t) = A2 + B2t [Eq F38]

with A2 and B2 calculated using the HP—65. Using I (obtained above)
in this equation , a value for the peak leakage signal ( 10/To) was then
determined from

VL (o)  = I
0
/T0 

= A2 + B2T0 [Eq F43]

The value for I was determined from the ERDAC III data by aver-
aging the baseline o~ the injected-current waveform and subtractingthis value from the averaged value to which the injected current rises
asymptotically. The value thus obtained was then converted back to
amperes from the ERDAC III units. The value for T was then determined
by i nterpolation between ERDAC III data points to ~etermine the timewhen 0.632 (lIe ) times the final va lue is reached relative to the value
of T0 previously determined .

V
Steps c and d. A PDP-ll minicomputer , tape data transfer unit ,

and Calcomp 565 plotter were used to assist in verifying the mathernat-
ical model for the leakage signal through the conduit slots. The ERDAC
III records which were recorded on tape were transferred to the tape
data transfer unit , and from there were input into the POP-il computer.
The PDP-J1 was programmed to plot the waveforms as recorded by the ERDAC .
In addition , a program was written to enabl e the PDP-ll and Calcomp
plotter to compute and plot a summation of exponentials of the form

f(t) = ae~~
t + be~~

t + ce~
ft 

+ de
_ót 

+ ge Ot [Eq F44]

Thus , after plotting the conduit current waveform

1(t) = I
~ 

(l~e
t/b0) [Eq F27]

the ERDAC III data were used to derive values for I~ (the current maximumvalue) and TO (the 1/2 or e-foid value). In f(t) above (Eq F44), c, d,
and g were set to zero , a and b were set equal to I~ , c~ was set to in-finity , and ~ was set equal to lIT0. This curve was then plotted as a
continuous line superimposed onto the plot of the ERDAC recorded wave-
form , which was represented by a sequence of squares. Figures F9, FlO,
Fil , and Fl2 show these curves for the noted slot lengths. Excellent
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Figure F9. Conduit current waveform for 2-cm slot .
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Figure FlO. Conduit current waveform for 4-cm slot.
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Figure Fli. Conduit current waveform for 8-cm slot.
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Fi gure Fl2. Conduit current waveform for 16-cm slot.
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agreement is shown between the calculated curve and the experimental
data curve.

The leakage si gna l has been hypothesized to be of the form

-t/ T I t/T
VL ( t ) = R 1 1 

- R
1 1 e  

° +M.2 —s e [Eq F45]

Thus , in Eq F44, d and g were set to zero , ci. was set to infinity , and
~ and y were set equal to -r0. A va lue for R1 10 was derived from the
ERDAC III data as the asymptotic value of V and the value forL

M — ~-2 T
o

was deri ved from VL(O), the peak value of VL. Plots of the ERDAC re-
corded waveforms were made by a series of squares , and the calculated
waveforms were superimposed as continuous lines. Figures Fl3 , Fl4 , Fl5
and F16 show the results for the 2, 4, 8, and 16-cm slots . Plots were
not made for the 1/2- and 1—cm slots because of the low signal magni-
tudes. Each plot shows reasonably close agreement between the calcu-
lated and experimenta l curves . The conclusion can thus be drawn , at
least to a first approximation , that the proposed model does define the
sense wi re signal.

It is therefore seen that the mathematical expression and a table
of values for the coefficients R1 and M2 can be used to define every
slot type of defect in a conduit. An hypothesis at this point is that
a similar model will apply to more complex apertu res , such as loose
coupling threads , unions , and other conduit fittings .

Table Fl provides values for R1 and M2 for the six slots evaluated .
Each value listed represents an average of two trials .

Table Fl
Va l ues of R1 and M2

Slot Size , cm R1, ohms M2, henr i es

1/2 5.8x10 6 3.04x10 1°

1 6.36x10 6 5.90xl0~~°
2 7.44xl0 6 8.96x10~~

0

4 l . 2 1xl 0 5 l 7 . l x l 0~~°

8 l.80xl0 5 37.6xlO~~°
16 2.99x10 5 63.8xl0~~°
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Figure Fl3. Leakage signal waveform fo r 2-cm s lot .
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Figure Fl6.  Leakage signa l waveform for 16-cm s lot .
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An additional objective of the empi rical . - -~rk was to determinehpw the peak leakage signal for a given conduit current rise time var-
ies with slot length. Thus , the problem was that of determining the
coefficient M2 versus slot l ength. In order to make this determination ,
the six aluminum conduit samples with slot lengths of 1/2, 1 , 2, 4, 8,
and 16 cm were tested. Two sets of data were taken for each sample ,
using the ERDAC III. For each data set, the data interpretation
analysis descri bed on p 99 was performed . The data derived are sum-
marized in Tabl e F2 and plotted in Figure Fl7. This plot shows an
approximate stra i ght-line relationship between M2 and slot length for
the larger slot lengths. Extrapolation of the data points , however ,
indicates that the curve would not pass through the origin.

Table F2

Relationship of M and Slot Length

s ~ 
Trial 1 Trial 2 Averageamp e VL(0)/Bl VL(0)/B l VL(0)/Bl

2- , 1/2-cm slot .91 1.01 .96x9.77x10 5

3— , 1—cm slot 1.95 1.78 l.87x9.77x10 5

4-, 2-cm slot 3.01 2.66 2.84x9.77x10 5

5-, 4-cm slot 5.16 5.64 5.40x9.77xl0 5

6-, 8-cm slot 11.49 12.31 ll.90x9.77x10 5

7- , 16-cm slot 20.00 20.30 20.15x9.77x10 5

Flaw Impedance of Apertures (Transverse Slots). HOL measured the
flaw impedance of transverse slots. Figure Fl8 shows the flaw impedance
of a transverse slot in a 4-in. (102-mm) conduit with the internal con-
ductor (sense wire) centered in the conduit. The location of the
internal conductor in relation to the slot has a considerable effect on
the flaw impedance , as shown in Figure F19. Figure F20 shows the worst
case for a slot for which the flaw impedance was measured. This worst
case was a flexible conduit such as those used in the SAFEGUARD BMD
System completely removed leaving only a parallel copper strap connect-
ing the conduit sections .
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APPENDIX G:

COEFFICIENTS FOR CALCULATION OF EMP
PENETRATION OF DEFECTS , CONDUIT
FITTINGS ,., AND RELATED HARDWARE

Th i s append i x su pp lies coeff i c i ents for the mathematical model to
enable a sim ple prediction of the anticipated EMP-induced disturbance
for a num ber of types of conduit -related fittings or hardwa re items .
Resul ts of a time domain investigation of 1-in. (25-niii ) a l u m i n u m
cou p lings , un ions , an d a type C condulet (case access fi tting), and a
frequency domain flaw impedance inves ti gat ion of ruste d coupli ngs and
unions are summa rized .

Coupl I ngs

Time DQmain

An aluminum coupl ing (clean threads) was tested to determine the
leakage and resistive components on a matched sense wire for varying
degrees of tightness. The current injection method used was identical
to the method used in testing slots (Appendix F). For each tightness
level tested , the res istance of the coupling and thread matings was
measured by the DC current injection and voltage drop measurement
metho d.

Figure Gi shows the recorded ERDAC III waveform for injected cur-
rent and the matched sense wire signal for a very loose coupling (1/2
turns mated on each end). This photograph indicates that the leakage

Upper trace - sense wire voltage , 0.1 V full scale
Lower trace - conduit current , 632 A full scale

Figure Gi. ERDAC III waveforms for loose coupling. 
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signal is too small to measure relative to the resistive component .
Careful exami nation also shows that the rise time for the sense wire
signa l is also longer than the ri se time of the injected current. This
delay in rise time is attributable to the diffusion delay time .

• Table Gl presents peak sense wire signal versus coupling tightness
and resistance.

Table Gl

Peak Sense Wire Signals vs. Coupling
Tightness and Resistance

DC Peak Conduit Peak Sense
T’ h 

Resistance , Current (I ) Wire Signalsig tness ohms X l0 amps C (V L), mV

Hand tight .307 123.5 109.0
less 1 tu rn

Hand tight O O l l 121.0 19.5

Wrench tight 0.008 120.4 18.6

It should be noted that the data in Table Gi were derived wi th
current injection over about 18 in. (0.46 m) of conduit , including the
coupling. The signa l measured thus includes a substantial contribution
due to diffusion and resistive signal components.

Conduit Coupling Flc&~ Impedance

Figure G2 shows the HDL-measured flaw impedance for a rusted coupling.
The shape of the flaw impedance curve will probably be similar for
different thicknesses of the rust layer ; however, its magnitude will be
different. The impedance is virtually independent of frequency for the
rusty coupling joint at frequencies less than 10 MHz .

Unions

Time Domain

An aluminum explosion-proof union was tested as described in the
previous section. The union ends were wrench-tightened onto the mating
conduit sections , but the coupling ring was set at vary i ng tightnesses
for the tests. In all tests performed , the leakage signal was too small
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to measure . The resistive component and diffusion components were thus
the only signal portions measured . Since injection was made over about
18 in. (0.46 m) of the conduit including the union, the constant dif-

• fusion and resistive components for that portion of the sample prevent a
correlation of sense wi re signal versus the measured resistance of the
union. Table G2 presents data from the tests.

Conduit Union Flaw Imp edanc e

HDL measured the fl aw impedance for a 4-in . (102-mm) conduit union
for five cases : (a) a relatively loose assembly at 50 ft-lb (68 Fl-rn)
of torque , (b) a tight assembly at 300 ft-lb (407 N-rn) of torque , (c)
an assembly having a teflon washer placed between the mating faces of
the union pieces , thus preventing contact , (d) an assembly having teflon
insulation placed between concentric parts of the union , preventing
adequate electrical contact , and (e) an assembly having a Lucite wedge

• placed between the mating faces of the union , preventing even contact.
Figure G3 presents the results of these measurements .

= Table 132

Union Time Domain Test Data

-~ - 

T’ ht Conduit Current , Sense Wire Resistance ,ig ness (I
s) amps Signal , VL mV

Hand tight 227.3 37.9 0.26
• 2 turns

Hand tight 225.4 10.6 0.071
1/2 turn

Hand tight 231.6 6.2 0.036
1/8 turn

Hand tight 231.6 3.7 0.022

Wrenc h ti ght 242 .1 3.2 0.018

Conduit Fittings

An aluminum conduit fitting (Type C , straight-through , 1-in.
[25.4-rn] Electrolet*) was tested as descri bed for the couplings. The

*Electrolet is a brand name of the Ki llark Corporation.
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fi tting was wrench-tightened onto the mating conduit sections at each
end . Tests were made with and without the aluminum cover plate on.
Figure 134 shows the ERDAC III recorded signals for the fitting with

• the cover off. A leakage component exists, but it is much smaller
than the leakage component for a conduit with slot length and size

• comparable to the opening in the fitting. This difference is attribu-
table to the fact that the fitting flange extends well beyond the

• sense wire and thus the fields must penetrate much more deeply than in
the slotted sample.

When tested wit h the cover on , the leakage signa l component on
the sense wi re became too small to measure, but the diffusion and
resistive signa l components remai ned essentially the same . Table 133
presents data for the tests.

Table 133

Conduit Fi tting Time Domain Test Data

• Peak Conduit Peak Leakage Peak Resistive
Current , A Signa l , mV Signal , mV

Lid off 221.7 3.3 3.8

Lid on 227.3 0 4.1

Top trace = sense wire signal , 0.1 V full scale
Bottom trace = conduit current , 632.4 A full scale
(time base: 1 psec/sample , 725 psec displayed )

Figure G4. ERDAC III waveforms for Electrolet , Type C with cover off. 

~~~~~~~~ • •



APPENDIX H:

EFFECTS OF CIRCUIT CONFIGURATION ON
EMP-INDUCED SIGNALS

Transmission Line Propagation of Signals

• For rapidly varying EMP-induced signals , the propagation must be
analyzed using transmission line theory. The onset of the signal at
the end of a conduit system will be delayed by the time it takes the
signal to travel the distance from the location of the defect to the
end of the condu it . Fur thermore , possible reflections due to mismatch
in termi nation of a transmission line may also arise.

Lumped Parameter Circuits

For slowly varying signals , the transmission line properties be-
come less significant , and in the limi t such problems approach the
equivalent circuit problem with l umped parameters . The time delay due
to propagation time becomes negligible for slowly varying signals ,
since the v~locity of propagation is nearly that of the speed of light
(c= 3 x l O o m/sec).

EMP-Induced Voltages and Currents

Open Circuit Voltage

Time Domain Theoretical Analysis. The open circuit voltage in-
duced on a sense wi re wi thin a conduit can be expressed as the EMP-
induced electric field integrated along the l ength of the conduit.
Eq Hl gives the relation for this voltage :

E(a ,O) 9•~Q[ 8 
313/2/i uo2(b-a)

[Eq Hi]

_ (2n+l )2

e ~ [(2fl4~lL 1]}
n~O e312 0 ~~

where L = the length

Q = the injected charge

116 

•~~~~~~~~~~~~~~~~ . •  •~~~~~~~~~~~~ •~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • •  •



==r-:~ • :  ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - —~~-~~-— —~~~-:~~ ‘ _~~- - -  _ -

a = inner radius

b = outer radius

o = conductivity

= permeability

0 = a relati ve time expressed In units of a characteristic
time 0 = t/T

where 
~

- = p a 
______

Eq Hi is the product of the electric field expression (Eq Cl5) deri ved
in Appendix C and the length of the conduit.

Eq Ml converges well for short times , which is convenient for
generation of the response to an impul se current injected on the surface
of the conduit.

Frequency Domain. To deri ve an expression for the open circuit vol-
tage (Eq Ml ), the EMP-induced internal electric field was integrated
along the length of the conduit. After this integration , all that was
introduced to modi fy the expression for the internal electri c fiel d was

- • the length of the conduit. Because of this time-independent modifica-
tion , the Fourier transform of the open-circuit voltage expression is
equivalent to the Fourier transform of the internal electric field;
therefore , the open circuit voltage frequency response is equivalent to
the induced electric field frequency response , which is investigated in
Appendix C.

Experimental Evaluation , to determine if Eq Ml is accurate in
describing the amplitude and time response of the open-circui t voltage
induced by an injected-current pulse which approximates an impulse
function , the experimental procedure described in the Experimental
Eva l uation section of Appendix C was used.

A 3-rn length of nominal i-in (25-rn) aluminum conduit was placed
in the setup shown in Figure C4. A current pulse wi th an amplitude of
350 A , a rise time of 10 nsec , and a fall time of 1.5 psec was injected
Onto the surface of the conduit. The rise and fall times of the in-
.jected current pulse are much shorter in duration than any of the time
scales of the response. The open-circuit voltage was measured with a
digital recording oscilloscope which gave a high degree of accuracy for
the data points .

To determine the experimental agreement of Eq Ml and the data
points , a plot of Eq Hi was fit to the experimental data for the open
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circuit voltage by selecting values for T and the quantity
2~Q8 ]

3/2 ~~~~~ (b-a)3

The experimental data points were normalized and plotted on the theore-
tical curve calculated using the selected va l ues for the parameters .
Empirically, it was found that the theoretical curve was in excellent
agreement with the experimental data points if the following values for
the parameters were selected :

T 85 psec

3 2 — 2 3} = 3.38 x l0~ volts/ v’ab pa (b-a)

As can be seen from its plot (Figure Ml), the time response of
Eq HI is in excellent agreement with the experimental data.

To evaluate the accuracy of the theoretical relation used to de-
• terini ne the amplitude of the open circuit voltage , the constant in

Eq Hi ,

8
~~~~~ iia2 (b-a) 3

was calculated using parameters of the conduit and the injected charge .
This value was then compared with the value required in the theoretical
calculation of the peak amplitude to be equal to the experimental peak
amplitude .

As previously noted , the empirical va l ue of the amplitude parameter
was determined to be 3.38 x 1O~~ V. The theoretical value was calculated
to be 3.36 x ~~~ using :

a =  .0133 rn

b = 0.0167 m

p = 4-ri x l0~
’
~ henrys/rn

Q = 4 x i0~ c

o = 2.64 x ~~ mhos/m

The theoretical value is within 1 percent of the empirical value.
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Figure H2. Equivalent circuit--shor t circuit current .
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In summary , the theoretical expression for the open circuit vol-
tage is in excellent agreement with the experimentally determined open
circuit voltage .

Short C~
’ 
~~~ t ~uri’c~-z f-—Theoretical Ana Z ys is

Equivalent Circuit. In modelin g the short circuit current induced
on a sense wi re inside a conduit which has an injected current pulse , a

— l umped parameter equiva l ent circuit can describe the system. Figure H2
shows such a circuit consisting of a voltage source (which is the open
circuit vo l tage induced on the sense wire), the resistance of the sense
wire and conduit , and the inductance of the sense wi re-conduit combina-
tion . Capacitance is neglected in the model.

Writing the differential equation for the current in the loop
gives

L ~~~~~
- + RI = 

~~ 
(a,~) [Eq H2]

The Laplace transform of this equation is

I(s) = (a ,s) [Eq H3J

From Eq Cl4 ,

~~~~
_ Q 4 1 r  -E ~.a,S) — - I— L —-] [Eq H4 ]Z 2irv”~b 

“ ° sinh[(b-a)/~ii~~1

Therefore ,

_ 
_ _ _ _  

1
I(s) = 

2-ri/~~ 
~~~~~~~~~ s inh [ (b-a) v ’~ii~~] L S + R  [Eq H5]

Introducing the conduit diffusion time 1, where T = ~~

i (s) = ~ - s— [Eq H6]
2-rr v’i ~ 

° [sinh[2v1V~]][Ls + R]
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where 2. = the length

Q = the charge injected

b = outer radius

a = inner radius

p = permeability

a = conductivity

To return to the time domain , the inverse Laplace transform of
Eq H6 was taken . The method used here to invert is the method of
residues , which is descri bed in the annex to Appendix C. The time
domain solution for the short circuit current is given by Eq 117

2 2
-n ii 0

1(t) = A e~~
0 + ~ (l) nn2e 

_

~ [Eq H7]
s i n 2 c t  ~

11

1

where : 0 = t/T

_ _ _  ~-

2ir,/~B 
a L

TR n2n2
a. = 

~

Eq H7 is the short circuit current response to an impulse current pulse ,
in terms of relative time B (which is the ratio of the diffusion time
and time ) and a dimensionless parameter which is the ratio of the con-
duit diffusion time T and the L/R time constant.

Properties of Short Circuit Current Response. Starting with Eq H7,
it is possible to investigate such properties as where in time the peak
current occurs , the amplitude of the peak current , the relationship
between the parameter a and the peak amplitude and the time of the peak ,
and the relationship between the amplitude of the peak and time of the
peak. These properties are investiaated in the following two sections .

Time of Peak Current. The maximum current occurs at the time for
which ~~~~

- = 0. That is , when
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2 2
dl - 

3/2 -aB (-l)~ (-~--~--)n
2 e

= TA {—
~~

--— 
e + 4 } = 0 [Eq 118]

sin (2b~~) n 1  [n2 - 4]
Therefore , the time of the pea k occurs at some 0 peak such that

2 2
4 2  nil

3’2 - 0 ( -1 ~ e ~ peak
~ peak ‘ / 4 - [Eq H9J

sin (2v~ ) n=l [n - 
4]

The above relation involves finding the zero of an infinite series ,
but if 0peak is .~l or larger , a first app roximation of 0peak can be
found using the fi rst term of the infinite series . The first approxima-
t ion could then be used to determine the value of 0 eak by i teration
wh ich gives a maximum for a specified value of a..

0peak was determined on a programmable calculator by i teration.

The m inimum value of 0 is .36701 for large a.. This is also thepeak
value of the open circuit voltage peak (see Appendix C). As a
approaches zero , the time at which the peak occurs becomes longer.
Figures H3 and 114 are plots of the time that the peak occurs (relat ive
time 0 ) versus a.

The time at which the short circuit peak wi l l  occur can be calcu-
lated from Figures H3 and 114 if the diff usion time of the conduit
(Table C2) and the value of the time constant L/ R are known . The time
of the peak is given by the relation :

tpeak 0peak T [Eq . 1110]

Pr~iJ ~ Amp li~ u I ~ of  Curren t . The expression in the  brackets  in
Eq H7 was evaluated at various values of 0peak determined in the pre-
vious section . Figures 115 and 116 plot the peak amplitude of the expres-
sion in the brackets versus 0peak ’ As can be seen from the plots , the
quantity in the brackets reaches a limiting value of .5 as 0peak gets
larger , which implies a approaches zero. The peak amplitude of the ex-
pression in the brackets was also plotted versus the parameter a
(Figure 117).

The amplitude of the peak current can be determined if 0peak is
known (Figures f15 and 116) or if the parameter a is known (Figure 117).
The peak current amplitude is then given by:
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i = ~~~ 
/ i 1 1  

~ 
• 
peak ampl i tude of term [Eq Hll]

peak 2-u I a L in brackets

Short Ci rcuit Current Frequency--Domain

Although the main objective of this study is to examine the time
variation in the short circuit current , it is useful to consider the
frequency domain of the short circuit current transfer function .

Fourier Transform. From the definition of the Fourier transform ,
the transfer function for the short circuit current equation (Eq H6)
can be modified by the simple substitution of s = jw to obtain the
Fourier transform . After this substitution , Eq 116 becomes

— [ ZQ ~~ —_________ 1 [E Hl2]
2irI~~ 

° sinh(2v’3 T) ~

Multiplying numerator and denominator by (R - jwL ) and letting v~I
~/~/2 (1 + j ) ,

I . = 2.Q ,/~i] ‘
~~~ ~‘J i~ ,IWL ) 

] [Eq 1113]
(j w )  2ir/~E 

° R2+w2L2 sinh(v’�~T~ + j/2~T)

Using transcendental function i dentities :

sinh (x + y) = sinh x cosh y + cosh x sinh y

cosh (jB) = cos B

sinh (jB) = j sin B

I ~~~~~2 . Q  J~i] _ v’~(jw) 2-ir~’~~ 
/ a R2+w2L2

[Eq 1114]

[- 
IJ (R-jwL ) —1

sinh(/2 T)cos(v fl+jsin (~’~~i~)coshp’�~~

The magnitude of the transfer function is given by:
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[Eq Hl5]

/
‘
~~~~~~i~

’
(sinh 2

/2~
T’ cos 2v~~7r÷sin

2
/�~ r cosh

2v’T )~~
2

The phase of the transfer function is given by:

1 (1 
-)
~~~ 

- (1 +~~)(coth/2~T tan/2~T)~
tan [ ] [Eq 1116]

(3w) (1 + + (1 - ~~)(coth/~ T tan vZ~T)

When the relative frequency ~ is defined as 8 wT and the parameter a.as TR/L, the magnitude is given by

IG( iw) l = 
~ 

~~~~

2irv’~
’5 ~

1 ___________________________________________________ 

[Eq 1117]

2R1/2T’ (i+
~~

_
2) 

(suii.i (4) cos 2
(4) + sin2 (4) cosh2 (q))T[2

and the phase by:

-1 ~ 
[1 - 

(c~)1 - [1 + coth (V ) tan (Vt)
= tan [Eq 1118]

c~(3w) I ~ ~
(
~~2 )]

~ ~ 
- coth (“f) tan (

~~~~~~ )

Properties of Transfer Function. To determine the properties of
the transfer function , both magnitude and phase were plotted. Figure 118
is a plot of the magnitude of the transfer function in decibels versus
the relative frequency ~~~. The transfer function magnitude was plotted
for a range of 0.1 to ~ for a. As can be seen from the plot , the
magnitude is reduced by 150 dB within a relative frequency range of 800
to 1100 for the range of a.. To convert the relative frequency ~ tofrequency , the relationship f(Hz) = ~/8T2ii can be employed . For 1 - in.
(25-mm) aluminum conduit , I = 85 psec , the rel ative frequency range of
800 to 1100 converts to 190 kHz and 260 kHz . Thus , for 1-in. (25-rn)
aluminum conduit the attenuation is 150 dB at 200 kHz, and at 1 MHz
the attenuation is greater than 250 dB. For 1-in. (25-mm) galvanized
steel conduit , I = 4.2 msec (Table C2), the attenuation is 150 dB at
about 4 kHz, and at MHz the attenuation is greater than 1200 dB.
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The phase of the transfer function was plotted for a range of a
of 0.1 to ~~~, and a relat ive frequency range of 1 to 1000 (Figure 119).

Short Circuit Current - Ea~perimenta l Evaluation

The theoretical expression Eq 117 was verified experimentally by
measuring the short circuit current induced on the sense wi re with a
high current pulse injected on the surface of the conduit. The conduit
used in this test was a 3-rn length of nominal 1-in. (25-mm) aluminum
conduit.

Figure 1110 shows the experimental ‘etup. A current pulse wi th an
amplitude of 400 A , a rise time of 10 nsec , and a fall time of 1 psec
was injected on the surface of the conduit. The current pulse was such
that it was a good approximation of an impulse function , and thus pro-
vided a means of directly verify i ng the theoretical expression.

To measure the current induced on a wi re inside the conduit , a
sense wire was inserted into the test conduit as shown in Figure HlO .
The sense wire was connected to the pulser end of the conduit through
a resistor with the end of the conduit capped to keep leakage signals
from entering the system . The sense wire ran the entire length of the
conduit and extended into the shielded room where it was shorted to
the qrounded wall of the shielded room . A Pearson No. 411 i nductive
current probe was placed around the sense wi re. Output of the current
probe was then amplified by a high-speed operational amplifier and
measured by a digita l recording oscilloscope. Data points were then
accuratel y read from the trace displayed by the scope.

Tests were also conducted with additional resistance in series
with the sense wi re inside a shielded room .

The resistance of the entire system was determined by injecting a
DC current and measuring the voltage drop . The inductance of the
system was measured using a Tektronix Model No. 130 L-C meter.

To determine the agreement of Eq H7 to the data points measured ,
the theoretical curve was fit to the experimental data for the short-
circuit current by selecting values for I, L/R , and the quantity :

2ui v’~E 
°

The experimental data points were normalized and plotted on the theore-
tical curve calculated using the selected values for the parameters .
Empirically, it was found that the theoretical curve was in excellent
agreement with the experimental data points i f  the following values
for the parameters were selected :

I = 35 psec

L/R = 80 psec
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Fi gure 119. Plot of the phase of the transfer function.
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and

[ 
—

~~~~~~~~~~ ,/~
] -~ - —.‘- = .l653 amperes

2-us/ab 
a L ,,~

As can be seen from the plot in Figure Hll , the time response of
Eq H20 is in excellent agreement with the experimental data .

To evaluate the agreement of the selected parameters with the
measured parameters , the value of each parameter was calculated from
the measured values :

£ = 2.99 m

Q = 4 x l0~ C

a = .0133 m

b = .0167 m

i-i = 4ir x lO~ henrys/rn

a = 2.53 x lO~ mhos/m

L = 1.5 phenrys

R = .0182 ~2

The parameters were calculated to be:

/
= 

pcii~b-aj = 93 psec

L/R = 82.5 psec

~Q ,/~i] 1_I. .l973 amperes
2m/~~ 

a L~~~

These calculated values are in agreement with the theoretical
values , considering the accuracy of the measurement of the values
used in the calculation .

Experimental data were taken with additional resistance added to
the system , thus decreasing the value of the L/R time constant . The
resistance was increased to .029 ohms and the theoretical expression
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(Eq H7) was plotted to fit the data points; the value of L/R was
selected to be 65 psec and T was selected to be 85 psec to achieve the
best fit of the theoretical curve to the data . Figure 1112 shows the
plot. The value of the inductance was measured to be 1.8 pH , so the
experimental value of L/R was 62 psec . The theoretical expression is
thus in excellent agreement with the experimental data .

The resistance was then increased to .11 ohms , and the theoretical
expression was plotted to fit the data. The parameters h R  and T were
selected to be 17 psec and 85 psec, respectively. The plot of the curve
and the data is shown in Figure Hl3. The inductance was measured to
be 1.7 pH , so the experimental value of L/R is 15.5 psec. Again the
theoretical expression is in excellent agreement with the experimental
data .

To demonstrate the effect of changing the value of L/R , the theore-
tical curve for various values of L/R was plotted (Figure 1114).

Summary

The calculated induced current due to the impulse current has a
relatively simple series solution which involves parameters dependent
on conduit dimensions and the resistance and inductance of the conduit
sense wi re system . It was demonstrated that exper imental data could
be put in the form of the theoretical calculations with excellent

- - - agreement for nominal 1-in. (25-rn) aluminum conduit.
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ANNOTATED BIBLIOGRAPHY

Considerable research has been conducted on many of the aspects
of EMP interaction with electrical and electronic systems . While much
of this research has been done specifically for aeronautical systems ,
the information -is also useful in the design of ground facilities .
This annotated bibliography lists the literature used as references
in the development of the analytical procedure as well as other refer-
ences which provide more detailed information on some of the important
related factors. None of the references are required for use of the
analytical procedure , but they provide the interested reader wi th a
source of additional information. The documents are divided , by topic ,
into the fol l owing categories :

a. Induced currents

b. Signal coupling to internal wires

c. Coupling between wires

d. Saturation effects

e. Transmission line effects.

The documents either appear in the referenced literature , are avail-
able from the Defense Documentation Center (DDC) using the AD number
given , or, in the case of the Protection Engineering and Management
(PEM) noteE published by tue Lawrence Livermore Laboratory, can be ob-
tained from the National Technical Information Service , U.S. Department
of Commerce, 5285 Port Royal Road , Springfield , VA 22151 .

Induced Currents

Brown , Glenn L., Bulk Current in an Insulated Cable Ly ing on the
Surface of the Earth, PEM-30 (Lawrence Livermore Laborato ry , February
1975). This note presents a method of predicting the bulk current
that will be generated by an EMP field in an insulated cable ly ing on
the surface of the earth . The technique could also be applied to
conduit.

Burrows, M. L . ,  Measurements of Electromagnetic Pulse Propagation
in Various Soils, AD675292 ( Lincoln Laboratory , Massachusetts Institute

• of Technology , August 1968). This report descri bes measurements of
propagation velocity and attenuation of 2.5, 5, and 10 nsec pulses in
various soils with varying water contents . The measurements were made
by packing the soils into a specially built coaxial line . The soils
tested inc l uded pure sand , various b arns, and pure clay .

140 

- -----.-~~~~- -~~~~~~~~ - - -~~~- - - - •- - -- ~~~~~~ - ---• ---- -~~~~- • - - ---- ——-- -~~~~ ------ --



• - - — ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~.-~~
_ -

~~~~~
__  -~~ - - ‘. r- -

Mohr , R. J., ~Coup ling of Transient Radiated Fields into Lines ,”
International Electromagnetic Compatibility Symposium Record 1973~
IEEE CHO 75l-8EMC (1973), pp 19-26. This report presents a method for
calculating the current on an infinite conductor resulting from an
incident field of general incidence , in free space and on the air-
earth interface.

Pirjola , Risto , “On the Current Induced Within an Infinitely Long
Circular Cylinder (or Wire ) by an Electromagnetic Wave ,” IEEE Trans-
actions on Electromagnetic Compatibili ty, Vol EMC-18, No. 4 ( November
1976), pp 190-1 97. This report presents a direct method for determi n-
ing the current on a wire (or conduit) in an arbitra ry infinite homogen-

• eous medium induced by a harmonic electromagnetic plane wave .

Stepanoff , Serge , “EMP Analysis of TACFIRE Systems ,” Paper No. 6-1-6 ,
Joint EMP Technica l Meeting (I/EM 1973) : Proceedings, DNA-3 609P-6
(Defense Nuclea r Agency , June 1975). Thi s report presents transmi s-
sion line and 1oop antenna approaches for determining sheath currents
for cables subjected to radiated EMP . These approaches could also be
used for determining conduit currents . An analysis for internal con-
ductors is also given using the cable transfer function and the transmi s-
sion line characteristics of the cable-conduction system. An EMP com-
puter program flow chart using fast Fourier transforms and frequency-
dependent transfer functions is given .

~
-

Whitmer , R. N., and Wm. H. Robinetto , Jr., “Response of a Buried
Cable to EMP From a High-Altitude Burst ,” Paper No. 3-1B-4 , Joint EMP
Technical Meeting (I/EM 1973); Proceedings, DNA 3609P-6 (Defense Nuclear
Agency , June 1 975). This report discusses the internal leakage field
in a buried communication cable from an incident EMP , and determines it
to be the product of several transfer functions : soil-sheath , and
sheath—interna l field , internal field-conduction impedance.

W i l s o n , Monti R., Transient Current Estimates for Finite Length
Surface Cables , PEM-34 (Lawrence Livermore Laboratory , February 1975).
This report analyzes the problem of a cable lying at the earth-air
interface. The transient response to a double-exponential incident
pulse with 10-nsec rise time is obtained for various incident polari-
zation , cable lengths , soil conductivities , and terminal impedances.

Signal Coupling to Internal Wire

Madle , P.  J., Cable and Connector Shie0~Rna Attenuation and Transfer
Impedance Measurements Using Qua draxia l and Quintaxial Test Methods,
PEM-45 (Lawrence Livermore Laboratory , November 1975). This report des-
cr i bes a frequency-dependent transfer impedance and admittance between
cable shields and internal conductors which could also be applied to
conduit-shielded cables . The following test fixtures and related test
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procedures are listed: open wi re, coaxial and inverted triaxial , tn-
ax i al , quadraxia l , and quintaxial.

Vance , E. F., DNA EMP (Electromagnetic Pulse) Handbook (U) , DNA-
211411-2, (Defense Nuclear Agency , December 1974), Chapter 11 , “EMP
Coupling to Cables ,” ADBOO1 2O4. This chapter presents a detailed dis-
cussion of EMP interaction with soil and propagation through the soil.
An analysis to determine the induced current on a base cable trans-
mission line , which is analogous to an uninsulated conduit , is presented .
This analysis can be used to determine current flow on conduits . Trans-
fer impedances for solid tubular shields and brai ded shields are given .
The EMP Handbook is classified confidential ; however , Chapter 11 is
available in an unclassified version from DDC as ADBOO1 2O4.

Vance , E. F. , Electromagnetic Pulse Handbook for Electric Power
Systems, ADA009228 (Defense Nuclear Agency , February 1975). Thi s
handbook provides formulas and data for evaluating coupling of the
high-altitude EMP to electric power systems and to facilities served
with comercial electric power. The subjects covered include coupling
to power transmission and distribution lines , transien t coupling through
transformers , lightning-arrester firing characteristics , and coupling
through the service entrance . Grounding , EMP protective measures , and
testing are also discussed .

Vance , E . F. , Treatment of Penetrations Entering Communications
Facilities, ADB007076 (Defense Nuclear Agency , August  1975). The EMP-
induced transients on conductors such as power lines , communication
cables , and waveguides are described . The theory and practice of
treating those conductors that penetrate comunication facilities are
devel oped to guide the communication system designer in providing Eli’-
resistant facilities. The use of current-diversion and voltage-
limiting techniques and the role of building shields and facility
ground systems in EMP-resistant design are described.

Wells , Wm. C., Nuclear Electromagnetic Pulse (NEMP ) Hardened Cables,
Report No. ECOM 034l-l/A0A006642 (U. S. Army Electronics Command ,

• January 1975). Surface transfer impedance Z(t) was determi ned for 12
prototype cables constructed to measure the extent of reduction of Z(t)
possible. Mechanisms for i nducing current , antenna effects, and trans-
mission line effects are discussed .

Coupling~ Between Wires

Center , J. M., et al., Sing le-line Modeling of  Interna l Coup ling
for Comp lex Cable Systems, AFWL-TR-75-164/ADBO12188 (Air Force Weapons
Laboratory , May 1976). This report presents an analysis of complex
cable coupling. Thevenin ’s and Norton ’s equivalents are developed for
cables in conduit , shielded or unshielded , for single and N wi res in
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cables . The EOPRM (Geometric Cable Parameter Determination ) computer
program developed for this application is described. The analysis was
conducted for aeronautical systems , but is also applicable to fixed
facilities.

Cross—Coup li ng in the SAFEGUARD .L:jste~ , Technical Memorandum TM-
81 (Boeing Aerospace Company for Huntsville Division , U. S. Army Corps
of Engineers , December 1 974). Cross-coupling models for small enclo-
sures and conduit runs based on compari sons with availabl e test data
were constructed . These models were used to calculate a variety of
cross-coupling situations for the SAFEGUARD system.

Vincent , M. L., C. C. Sutter , and G. L. Maxam , Guideline for Ap—
p lio z tion of Sing le-Line Modeling to B-i’ In~~’~~a7 Coupling, AFWL -TR-75- l35/AD BO1 12O8 (Ai r Force Weapons Laboratory , April 1976). This
report describes the development of the SNGLIN program , in which coup-
ling between conductors is determi ned from the basic transmission line
equations and transfer functions between the conductors .

Saturation Effects

Dahlen , G., K. Daxberg , L. Hoglund , B. Sjoholm , and N. W i k , “A
Survey of Swedish Nuc l ear Elec trornagnetics (EMP~ Research ,” Interna-
tional E~”1C Symposium Record 29 73 , IEEE 73 CHO 751-8 EMC (1973), pp

- - - 12-18. This report surveys some of the completed and current research
at the Research Institute of Swedish National Defense (FOA ) on the
EMP , its effects , and protection problems . Studies include tests of
conduits and EMP-shielded cables . A curve showing pulse transmission
through a saturated Fe cable shield is given.

Kozakoff , P. J., Diffusion of Transient E leotr ~~ a~ nct i .~ Fields
Thi- ’u Sa tz.~r at~- ’d Ferromagnetic Media , A0721906 (U. S. Army Corps of
Engineers , Huntsville Division , June 1970). This report descri bes a
computer solution of the ferromagnetic saturation effects. The
solution i ncorporates material cha racteristics directly into the field
equations.

Transmission Line Effects

Brown , Glen L . , • I~-’ i~~ro . So ~ t ~~~~~ 
p - ~~~~ -7 ‘

~~
- F ~‘i~ izo for’

Ca l culating EMP ~~~ ‘-~ f ~4r r ~-~:t,~ iv Lo oo :~ :~~s” ~~ ~~~~~~ PEM—
27 (Lawrence Livermore Laboratory , undated). This note presents the
transmiss ion line equation for EMP coupling, the genera l solution for
currents in the frequency domain , useful formulas for calculation of
currents in the lossless line , and some experimental comparisons . Ex-
amples shown are a transmission line long in relationship to pulse
length and a transmission line short in relationship to pulse l ength.
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