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FOREWORD
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Protective Structures"; Work Unit 006, “EMI Shielding of Conduit Systems."

The OCE Technical Monitor was Mr. S. Berkowitz, DAEN-MPE-E.

This investigation was performed by the Engineering and Materials Divi-
sion (EM), U.S. Army Construction Engineering Research Laboratory (CERL). Dr.
R. Quattrone is Chief of EM.

Appreciation is expressed to Dr. W. Croisant, D. Sieber, and R. McCormack
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EMP/EMI HARDENING OF ELECTRICAL
CONDUIT SYSTEMS

1 INTRODUCTION

Background

Electromagnetic shielding is often required for Army fixed facilities to
protect electronic systems from undesired effects of stray electromagnetic
energy. These effects range from false signals causing equipment mal function
to large voltages causing damage to electronic components. Most stray elec-
tromagnetic field (electromagnetic interference [EMI]) sources are not intense
enough to cause equipment damage; however, such damage is possible from the
high current levels expected from nuclear electromagnetic pulse (EMP) effects
or the high currents associated with a 1ightning stroke. Electromagnetic
shielding or hardening of a complete facility may be necessary. An effective
technique for protecting wiring and cabling in and around a shielded facility
is to route that wiring and cabling in a metal conduit system. But commercial
conduits and conduit hardware items have not been designed with EMP hardness
as a design consideration. In addition, only very limited guidance for such
an application of conduit with EMP hardness as a design consideration. sys-
tems has existed. Therefore, the Office of the Chief of Engineers (OCE) asked
the U.S. Army Construction Engineering Research Laboratory (CERL) to establish
shielding tests and design criteria for EMP/EMI hardened conduit systems.

CERL's introduction to the problems associated with EMP hardening of con-
duit systems came during the Safeguard ballistic missile defense (BMD) con-
struction program and consisted of laboratory tests and solution of problems
which arose during the construction. Since completing the Safeguard effort,
CERL has done more work on developing and evaluating: (1) EMP hardened con-
duit hardware, (2) EMP hardness test techniques for installed conduit systems,
and (3) analytic studies on a procedure for assessing the hardness of conduit
systems.

Objective

The objective of this study was to develop design criteria and shielding
tests for EMP/EMI hardened conduit systems.

Aggroach

The information in this report is based on laboratory studies and analyt-
ical efforts. The study has included (1) experimental determination of EMP
signal coupling through conduits and conduit hardware, (2) experimental
evaluation of special EMP hardened conduit hardware, (3) development and

I w, crofsant, P. Nielsen, D. Sieber, and R. G. McCormack, Development of a
Condui? Design An lytical Procedure, Interim Report M-2347IDI65£;IE (U.S.
Army C. " uct” . Engineering Research Laboratory [CERL], June 1978).

9
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laboratory feasibility evaluation of test techniques for "in situ" conduit
systems, and (4) development of analytic techniques for hardness assessment of

conduit systems.

Most of the experimental studies of EMP signal coupling were done with an
injected current test technique using a relatively short, fast time pulse
developed for the Safeguard work.Z The test configuration was designed to
allow relatively rapid changing of test samples. EMP hardened hardware
evaluated included a union designed to allow significant angular displacement,
a case-access fitting cover, and a junction box overlapping cover. "In situ”
techniques evaluated included: (1) a Hall effect test concept, (2) standing
waves on a shorted conduit transmission 1ine, and (3) a clamp-on S-band
resonant cavity test technique. The hardness assessment techniques included a
diffusion current analysis based on results of laboratory testing and a
leakage-current analysis based largely on an analytic approach.

Scope

The hardness assessment techniques described in this report were designed
so that computer operations would not be necessary for their use. Thus, a
frequency domain analysis has been avoided since conversion from the frequency
domain to the time domain for reconstruction of pulse response can only be

done by computer.

Mode of Technology Transfer

The information in this report will be incorporated into Technical Manual
(TM) 5-855-5, Nuclear Electromagnetic Pulse (NEMP) Protection.

2y, Croisant, P. Nielsen, D. Sieber, and R. G. McCormack, Development of a
Conduit Design Analytical Procedure, Interim Report M-2347KDIUS£§IE (CERL,

June 1978}, Appendix A.
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1 2 EMP HARDENING CHARACTERISTICS NF CUNDUIT HARDWARE

1 The following general analysis of EMP hardening characteristics of con-
’ duit hardware is based both on CERL's laboratory studies conducted for the
Safeguard BMD system and on later work.

Couplings

! When properly installed, a coupling shields nearly as well as the conduit
] itself. Therefore, the most important factor affecting leakage through joints
‘ is the quality of electrical contact between the mating surfaces of the
joints. The flaw impedance (impedance versus frequency) of mated threaded
parts is predominantly resistive and nearly independent of frequency below

: about 10 MHz (Figure 1).3 The waveshape of an induced voltage is then nearly
% identical to the waveform of the exciting current. (The flaw impedances of

' Figure 1, and others, are used later in this report to determine resistive and
inductive coupling coefficients [pp 63-65]). When the conduit current is suf-
ficient to induce arcing, the ratio of current on the inner conductor to con-
duit current is reduced, and the two current waveforms are quite dissimilar.
Thus, arcing reduces flaw impedance; however, the arcing threshold is

——

F | CONDUIT COUPLING

CHARACTERISTIC
-50} IMPEDANCE
(Zo* 100 OHMS

20L06 (1IZgl/22()

-80}

| S 1 1 J
0l ! 10 100
FREQUENCY (MHz)

00I

1
b |
! : -90 |-
1
!
| Figure 1. Flaw impedance (Zg) of typical coupling.
{
{

. 3 The flaw impedance concept was developed by Harry Diamond Laboratories and
- is reported by H. A. Roberts and J. Capobianco, Safequard Buried Conduit
‘ Studies, HDL-TR-1850 (Harry Diamond Laboratories, September 13787.
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{ impossible to predict. CERL's study failed to show evidence of arcing for a
' badly rusted coupling (torqued to 300 ft-1bs [42 kg-m]) even when the peak ;
conduit current was increased to 1000 A. :

Injected current pulse tests of rusted 1-in. (25.4-mm) conduit-coupling
samples indicate that for rusted threads, the tightness of a coupling is not
] always a good indicator of the EMP condition of the joint. Torque may be
related to the resistance of a clean, sound joint. But it is often of little
use in determining the resistance of badly rusted threads or couplings, for
which a measurement of the direct current resistance is a better indication of
the leakage to be predicted. However, any inductive component of flaw
impedance will not be indicated by this measurement. The resistance of a
joint consisting of heavily rusted conduit threads and a clean, taper-tapped,
1-in. (25.4-mm) coupling was measured and found to be 5.7 milliohms at a
torque of 110 ft-1bs (15 kg-m).

. Leakage at threads (couplings between conduit sections and connections
E, between conduits and conduit hardware) is almost always a case of poor assem-
3 bly (e.g., improper tightening, rusted threads).? Sections to be joined must
! be aligned and all threaded connections adequately torqued. Thread leakage

“ can be virtually eliminated with proper assembly precautions.

Unions

- Explosion-proof unions have flat mating surfaces held together by a H
‘; threaded slip ring (Figure 2). The two halves of the union are threaded to
the conduit sections, and the connection is formed by the threaded slip ring.
The most important locations for possible leakage for a union are the threads
and the slip ring contact.

The flat mating surfaces of clean unions apparently contribute little to !

the current leakage, and the principal shielding problems occur when the slip i

v ring is in poor contact. Flaw impedances for unions under various test condi- ‘

‘ tions are shown in Figure 2. The flaw impedance can be useful in estimating 3!

Rg and Mg (coupling coefficients discussed in Chapter 6). Rq is obtained from i

| the Tow frequency end of the flaw impedance measurement since R4 is responsi- ‘

' ble for most of the low-frequency coupling. Likewise, wM4q can be found from |

the value of flaw impedance at the high frequency end of the flaw impedance )

measurement (y, the radian frequency, equals 2nf). The coupling coefficient

values cannot account for the irregularities which appear in the measured flaw

impedance of unions (Figure 2).

A clean union -- properly aligned and properly installed -- can supply
more than 120 dB of shielding; however, a union is less 1ikely than a coupling

= = g~ oo

j | 4 p. J. Leverenz, R. G. McCormack, and P. H. Nielsen, EMP Shielding Properties
{ of Conduit Systems and Related Hardware, Technical Report C-I§7K%IUIZ§2§
‘ {CERL, June 197%).
{

12
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FIVE CASES INVESTIGATED USING A CLEAN UNION CASE [
WAS TORQUED TO SO FT -L.BS AND ALL OTHER CASES WERE
TORQUED YO 300 FT-LBS

CASE ¥ CASE ¥
CASELI
TEFLON LUCITE
INSULATOR WEDGE
FLAW IMPEDANCE OF CLEAN UNION
-60¢
SLIP RING
. -70 (=100 OHMS v
o
N g0
W
CASE W s _go II
8 oo
p m
o~ -
10 I
TEFLON -t20t
WASHER
FEFEPYIW | 4 — i - Ll
00 ol ' 10 10

FREQUENCY (MHz)
Figure 2. Flaw impedance of conduit union,

to be properly aligned and, therefore, may supply less than adequate shield-
ing.* Conduit systems should be built so that unions will not have to be used
to align or draw together conduit sections. This requires additional care in
workmanship and inspection, but the alternative may be specification of expen-
sive, nonstandard hardware.

Flexible Conduit

If relative movements between the exterior conduits and the shielded
structures are expected, flexible connections may be required at exterior
walls to accommodate displacements.

Figures 3 and 4 show representative frequency domain flaw impedance for
samples of metal bellows flexible conduit used in the Safeguard BMD program.
The flaw impedance contributes only to diffusion current;** a comparison of
Figures 3 and 4 indicates the influence of material thickness on the frequency
domain flaw impedance. The diffusion current can be reduced by incorporating
a metal braid over the metal bellows. If the braid is in good electrical con-
tact at each end, it can reduce the overall direct current resistance and

* "Shielding" as used here is defined as the ratio between maximum amplitudes
of the conduit pulse current and the current appearing on a wire inside that
conduit without regard to pulse waveshape or 20 log (I./Ig), where I. equals
the conduit current and Ig equals the current on the internal conductor.

**The diffusion current results from the voltage appearing on the inside of

the conduit from the signal propagating or diffusing through the conduit.
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CHARACTERISTIC
IMPEDANCE
~120 (Z0) =100 OHMS
)
N
N
_\a- -130 ——— NO STRAP
N — —~ STRAP
8 -a0}
-
o
N
-150 t+
| i | )
0.l | 10 100
FREQUENCY (kHz)
Figure 3. Flaw impedance (Z.) of 0.015-in. (0.038-mm) wall
flex-joint with aﬁd without copper strap.
"oof gasscrgmenc
|
| (zo) =100 OHMS NO STRAP
Z -liok ——— STRAP
|
‘ <
N -120
w
N
8 -130
)
o
N
-140
¥
-150
r J L ”
| ol ! 10 \.’,
! “ FREQUENCY (kHa)
| Figure 4. Flaw impedance (Z.) of 0.03-in. (0.76-mm) wall
' flex-joint with aﬁd without copper strap.
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{ increase the equivalent thickness through which the fields must diffuse. Any ;
direct field coupling that might occur through the many small holes in the .
braid is prevented by the metal bellows. Thus, for maximum EMP hardness, i
flexible conduit sections should have a wire braid covering and be made with
mild steel. Continuous seam bellows must be galvanized inside and outside to
prevent corrosion. An alternative approach which may be satisfactory is to
use high permeability stainless steel for the fiexible conduit. The thin
walls of the flexible conduit will also be subjected to a magnetic saturation
effect at much lower current levels than the thicker conduit material. This
is a nonlinear effect which, at its maximum, results in an effective relative
magnetic permeability of 1 for the ferromagnetic material and an accompanying
reduction in shielding effectiveness for the material.

siad o b

Conduit Bodies and Cast Device Boxes

A drawing of a Type C, cast-iron conduit body is shown in Figure 5. The
cover plates for conduit bod1es are often stamped from steel about 1/6 in.
(4.2-mm) thick and are attached by two screws (one at each end). 1

The primary leakage for conduit bodies with good contact at the threaded
ends is the gap between the cover and the body. The maximum shielding

COVER

APERTURE

POSSIBLE COUPLING MECHANISMS
1. RESISTIVE THREAD CONTACT
2. APERTURE EFFECTS

THREADS

L‘ Figure 5. Type C conduit body.
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effectiveness would, therefore, be achieved by reducing the gap as much as
possible. Tests of radio frequency (rf) interference gaskets (wire mesh, con-
‘] ductive rubber, convoluted wire) for conduit bodies have showed that none of

' the tested gaskets supplied substantial improvement to shielding effectiveness
over the standard cover without a gasket.5 In addition, if gaskets are used,
they must be carefully attached to standard covers to prevent deformation
caused by excessive torque on the screws and to assure uniform gasket compres-
sion around all edges of the cover.

With no cover, the conduit body presents a sizeable aperture, resulting
b in extremely high-flux leakage into the conduit with a consequent increase in
induced voltage on the internal conductor.

;4 Apertures

Ideally, no apertures will exist in properly designed EMP hardened con-
duit systems. The following analysis evaluates potential effects of uninten-
tional apertures that might develop -- e.g., incomplete welding of seams,
cracks caused by overtorquing, or holes caused by corrosion. If apertures are
suspected, the system could be pressurized to determine the extent of air
leakage. Considerable air leakage would indicate a high probability for EMP
leakage, although an exact correlation cannot be made.

| The magnetic field coupling through apertures depends on the size and
shape of the aperture and on the nearness of the internal conductor to the
aperture. Compared to a central wire location, resistance coupling resulting
from an aperture will not change with wire position; however, inductive cou-
pling for the aperture may be one to two orders of magnitude higher with the
conductor near the aperture, or one order of magnitude Tower with the conduc-
tor opposite the aperture.

Figure 6 shows a transverse slot in a conduit, with Figure 7 illustrating
i the variation of the leakage signal with transverse circumferential length for
*‘ constant longitudinal (axial) slot length. The variation is nearly propor-
L | tional to the cube of the circumferential 1ength.5

Table 1 shows the variation of the resistive and inductive coupling coef-
ficients with Tongitudinal (axial) length for slots cut halfway through a 1-
in. (25.4-mm) aluminum conduit (the internal conductor is in the center of the
conduit.” Coupling coefficients can be used to determine sianal coupling lev-
els through apertures; use of these coefficients is described in Chapter 6.

- ‘

5 D. J. Leverenz, R. G. McCormack, and P. H. Nielsen, EMP Shielding Properties
of Conduit Systems and Related Hardware, Technical Report C-I§7KBIUI2§2§
{CERL, June 1975%).

6 H. A. Roberts and J. Capobianco, Safeguard Buried Conduit Studies, HDL-TR-
| 1850 (Harry Diamond Laboratories, September 19787.

i 7 W. Croisant, P. Nielsen, D. Sieber, and R. G. McCormack, Development of a
i Conduit Design Analytical Procedure, Interim Report M-2347IDI55£;18 (0.5,
p ! Army Construction Engineering Research Laboratory [CERL], June 1978).
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Figure 8 shows a large aperture intended to simulate a complctely croded
flexible conduit with only a copper strap remaining. The flaw impedance
versus frequency of this configuration is given in Figure 9.

_ N s il -

While a small opening in the conduit may not significantly change the
transmission line characteristics of the coaxial 1ine formed by the conduit
and the inner conductor, large apertures such as the one in Figure 8 may cause
i an appreciable disruption,

R

Table 1

Values of Equivalent Resistive Coefficient (R) and
Inductive Coefficient (M) for Slots Halfway Through
1-In. (25.4-mm) Aluminum Conduit With Center Conductor

§ Slot Size, In. (mm) R, Ohms M, Henries
' 0.2 (5) 5.8 x 10-6 3.04 x 10-10
0.39 (10) 6.36 x 10-6 5.90 x 10-10
0.79 (20) 7.44 x 10-6 8.96 x 10-10
1.57 (40) 1.21 x 10-5 17.1 x 10-10
3.15 (80) 1.80 x 10-5 37.6 x 10-10
6.30 (160) 2.99 x 10-5 63.8 x 10-10 i

Figure 6. Transverse slot in conduit.
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Figure 7. Peak sense-wire current versus length of transverse
slot (width of 0.04 in. [1.0 mm]) in 2-1/2-in. (63.5-mm)
inside diameter conduit.

| 20 IN. o

INTERNAL
CONDUCTOR
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Figure 8. Large aperture simulating completely eroded
thin-walled flexible conduit section.
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3 EMP HARDENED CONDUIT HARDWARE

If a leakage signal is to exist on wires within a conduit, it must ori-
ginate either from a break in the conduit or from some hardware item in the
system. Commercial conduit hardware is designed with no consideration for EMP
hardness and may or may not provide EMP protection. Specially designed
hardware can be expected to be much more expensive, especially for low volume
items. However, part of the conduit study program was to design and test such
hardware both to determine its desirable characteristics and to see if some
slight modifications of commercial items could considerably improve EMP hard-
ness at a relatively minor crst.

7 Construction of the Safeguard BMD system showed that conduit unions as

} used presented a probl’am with EMP hardening. The unions joined sections of

‘ preassembled conduit, and 1.agth or angular mismatches had to be resolved with
the union. In additicn, since electrical unions had been identified as having
relatively high EMP i:.k~ge, they were good candidates for redesign to improve ;
EMP hardness.® An experimental union allowing a relatively large tolerance i
_ for angular mismatch was designed (Figure 10). One of the basic design cri-
4 teria determined during the conduit shielding study was that good uniform
electrical cont.ct must be maintained between all mating parts. The ball and
socket joint provided such contact for the experimental union over a wide
range of angular mismatch.

T S ———

1 Several different unions were subjected to tests similar to those used at
E | CERL during the Safequard BMD support tests. The test configuration (Fig-
ure 11) consisted of two transmission lines: (1) two parallel conduits which
carried the excitation current, and (2) a sensor pickup consisting of one of ?
the conduits which contained the test item and an internal 12-gauge copper 1
- wire. Both transmission lines were terminated with resistance matching the
\ characteristic impedance of that transmission line (200 ohms for the excita-
| tion current, 100 ohms for the sensor pickup), thus minimizing extraneous l
reflections. The excitation current was produced by a spark discharge pulser ;
i that provided a 200 A pulse with a 10 nanosecond rise time and a 1 microsecond !
‘ fall time. The sensor pickup instrumentation, an oscilloscope, was located H
!

inside a shielded room to reduce electrical noise problems. The peak sensor
voltage was measured from an oscilloscope photograph.

The following unions were tested to determine their relative shielding
performance:

1. A standard 1-in. (25.4-mm) steel union
2. A l-in. (25.4-mm) pressure union (liquid tight)

3. A Crouse Hinds "Thredmaker" 1-in. (25.4-mm) union

‘J 8 p. J. Leverenz, R. G. McCormack, P. H. Nielsen, Development and Evaluation

of Repairs for EMP Leaks in Conduit Systems, Technical Report C-17/ADAUIIZ23 ;
TCERL, ApriT 19757. |
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Figure 10. Experimental EMP hardened union.
& 4. The experimental EMP union
;‘ 5. A l-in. (25.4-mm) expansion union (Crouse Hinds UNFL 37).

The pressure union is a standard plumbing fixture, the "Thredmaker" is
{ the Crouse Hinds Company's brand name for a union which can be installed on a
nonthreaded conduit. The expcnsion union is designed to allow for expansion
and contraction of conduit and to compensate for conduit cut too short. It
consists of a sliding sleeve structure with an internal grounding spring.

r The unions were tested properly assembled and, except for the expansion

| union, with an angular offset. This offset was obtained by placing a 1/8-in.
g (3.2-mm) insulating wedge between the flat mating surfaces of the union. The
1 EMP union was tested with the joined conduits extending straight from the
union and with the maximum offset possible (approximately 10 degrees). The

& expansion union was tested at five different extensions; however, this union

“ could not be readily taken apart, and no attempt was made to simulate an angu-
o lar mismatch.

f‘ Test results for four unions are given in Table 2; the results for the
expansion union test are listed in Table 3. The values given are the peak

| 21
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Figure 11. Parallel conduit transmission line configuration.

values of the pulse signal as measured across the 100 ohm terminating.resistor
inside the shielded room, as shown in Figure 11.

Four conclusions can be drawn from these test results: (1) The pressure
union does not present any shielding advantages over the standard electrical
union. (2) The “Thredmaker" union appears to have a relatively high leakage

' under normal assembly conditions. Unless further tests produce more favorable
results, this union is not recommended in place of a standard union for EMP
| hardening requirements. (3) The expansion union also has relatively high
leakage and is not recommended for EMP hardened applications. (4) The EMP
! union provides at least an order of magnitude of increased EMP hardness over a
) standard electrical union. The rather large size of the union could be
£ | decreased with no 1oss in shielding performance by a reduction in the diameter
of the item labeled "coupler" in Figure 10. Additional analysis is necessary
to determine the optimum shape of the mating spherical surfaces.

Two additional items designed to provide greater EMP hardening than com-
mercial conduit hardware were a conduit body cover and a wrap-around junction
box cover. Neither a conduit body nor a junction box should be used if very
large EMP currents are expected on that portion of the conduit system, but
both may be used in protected locations.

Conduit bodies are used to provide access to wires inside a conduit.” A
typical cover is attached by two small screws, one on each end of the cover
(Figure 5). Unfortunately, the EMP hardness of the standard commercial confi-
‘ guration is poor. Various covers and gaskets were evaluated during the

| 22
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Table ?

Results of EMP Tests of Unions

Peak Voltage With Peak Voltage
1 Union Proper Assembly With Angular Offset
Standard 4.8 my 36 mv
Pressure 4.8 mV, 6.5 mv* 0.46, 0.104 y**
“Thredmaker" 17 mv 19 mv
EMP + Less than 1 mV

4 *Two tests.
**The second value was taken with the union tightened down a
quarter turn past the first reading.
+No signal detected; minimum detectable signal was about 0.2
to 0.4 mv.

£ Table 3

Expansion Union Test Results

Expansion Union Peak Voltage

Full expanded 10 my, 12 my*
i‘ 1/8 in. (3.22 mm) 25 mv
E: | 1/4 in. (6.4 mm) less 36 mv
5! Half expanded 88 mv
5 Shortest length 72 mV

*Two tests.




Safeguard program. The results of these tests were reported earlier.9 Leak-
age occurs primarily due to surface resistance between the cover and the fit-
ting wall and flux 1inkage through the opening left between the cover and the
fitting wall. Both of these factors can be reduced significantly by a
machined cover and a machined fit inside the fitting housing (Figure 12). For
lTowest resistance contact, the mating surfaces should be flame sprayed with
tin or zinc (soft metals whose surface oxides do not form high resistant con-
tact in a pressure fit). Some increase in EMP/EMI hardness (particularly to
radiated signals) can be obtained from a wrap-around junction box cover (Fig-
ure 13).10 ynfortunately, unless cover and boxes are individually machined,
individual tolerances are such that significant aperture and resistive leakage
will occur.

Cover (Side View)

Mtl = Steel

Edge Machined To Fit
Modified Cover

Figure 12. Machined conduit body cover for EMP hardening.

9. J. Leverenz, R. G. McCormack, and P. H. Nielsen, EMP Shielding Properties
of Conduit Systems and Related Hardware, Technical Report C-19/ 28
{CERL, June I97%7, pp 64-/1.

10p, J. Leverenz, R. G. McCormack, and P. H. Nielsen, EMP Evaluation of Junc-
tion Boxes, Junction Box Covers, and Gaskets, Technical Report C-18/
‘ADA01063T TCERL, May 19/5).
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ﬁl 4 "IN SITU" CONDUIT SYSTEM TEST TECHNIQUES

| Concept for Detecting Defects by Hall Effect Devices

A Hall effect device is a special semiconductor which can be used to

1 detect magnetic fields. If a current flows through the device and the device
is immersed in a magnetic field, a voltage proportional to that field will
appear on the device perpendicular to both the magnetic field and the direc-
tion of current flow (Figure 14). Most practical Hall effect devices are flat i
£ plates made of the Hall effect material; each device has two current leads and i
two voltage leads. The maximum output voltage appears when the magnetic field !
is perpendicular to the flat surface of the Hall effect device. The excita-
tion current and the magnetic field can be any combination of direct current
and alternating current; however, for the test conducted in this study, both
were direct current.

L | Current flow always has an associated magnetic field which can be
53 detected by Hall effect devices. If a current is applied to a uniform conduc-
L. | tor, such as defect-free conduit, it will produce a magnetic field with the
flux lines being concentric circles around the outside of the conduit (Figure
s 15). If a defect exists in the conduit, the current flow and the accompanying
o magnetic field will no longer be uniform (Figure 16). Thus, defects in a con-
duit can be detected by monitoring the magnetic field around a current-
carrying conduit.

DERP——
aabiie

CERL used the Hall effect concept to locate defects. A fixture was
designed to space 16 devices at equal angles around a conduit and to monitor ]
the output of these devices as they were moved along a currerti-carry®.« con- !
duit. A drawing of such a holder is shown in Figure 17. %5 signal ievels
from these devices were continuously compared and the defecis located. ({(The
comparison also could be done with electronic scanning and a microprocessor.)

For the concept feasibility tests described below, only one device was neces- 1
. sary; however, two Hall effect devices of different sensitivities were used
‘ for concept evaluation. Two known defects were produced on a 5-ft (1.5-m)
section of rigid-steel conduit: (1) A 0.8 in. (20-mm) transverse slot (meas-
! ured end to end at the external surface of this conduit), and {2) a 1/4-in.
(6.3-mm) round hole.

| A direct current of 20 A was applied to the conduit. A paper grid with
: lines every 45 degrees around the conduit and spaced 0.8 in. (20 mm) along the
| length of the conduit was taped to the conduit with the point (00, 0) over the
! center of the defect (Figure 18). The two different Hall effect devices were
’ mounted in the fixture shown in Figure 17. The devices were procured from
‘ F. W. Bell, Inc., and were a Model FH-30-040 and a Model BH-700. The mounting
fixture consisted of a 1/2-in. (12.7-mm) phenolic piece with a hole large
enough to allow it to be slipped along a 1-in. (25.4-mm) conduit. Radial
1 slots were cut at equal angles to allow for the possible mounting of 16 Hall
- effect devices. The Hall effect voltage was amplified by a 10C0x amplifier
' using a 308a integrated circuit operational amplifier (Fi- 19). The ampli-
L fied voltage was then read on a digital voltmeter. Measurewents were made by !
placing the Hall effect device over a grid location and reading the voltage on
’ the voltmeter. The readings are recorded in Tables 4 and 5 for the FH-302-040
and the BH-700 devices. Considerable direct current level shift was noted
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Figure 14. Hall effect device.

Figure 15. Magnetic field flux lines around a current-
carrying conduit.

T — T

g Ve

CONDUIT  DEFECT

Figure 16. Current flow on a conduit with a defect.
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Figure 17. Hall effect device holder.
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Figure 18. Grid for test locations.
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Table 4

Measurements With FH-302-040 Hall Effect Device, 15 mA Hall Current, |
20 A Conduit Current (Values Are in Millivolts)

0.8-In. (20-mm) Slot

Location !

-4 -3 -2 -1 0 1 2 3 4

0 42 40 35 37 35 38 39 42 44
|
45° 48 47 47 46 56 51 42 43 47 |
90° 50 50 . 56 54 53 56 52 50 49 !
135° 51 51 60 56 48 52 55 55 50 ;

1/4-In. (6.3-mm) Round Hole

Location j
-4 -3 -2 -1 0 1 2 3 4

0 47 50 47 43 42 42 40 47 52 :
450 50 50 52 50 54 54 54 52 51

900 55 57 55 59 59 58 58 56 55




~ “ o

Table 5

Measurements With BH-700 Hall Effect Device, 200 mA Hall Current,
20 A Conduit Current (Values Are in Millivolts)

0.8-In. (20-mm) Slot

Location
-4 -3 -2 -1 0 1 2 3 4
0 135.5 137.0 131.3 134.0 107.3 139.2 136.9 139.2 136.6
45° 132.4 136.9 131.7 142.9 145.4 143.0 126.0 125.9 135.0
90° 137.9 139.8 142.8 133.8 139.8 153.1 139.5 128.6 140.4
1/4-1In. (6.3-mm) Round Hole
Location
-4 -3 -2 -1 0 1 ? 3 4
0 138.9 139.0 137.4 132.7 138.8 138.5 135.0 137.6 136.0
45° 139.0 139.0 138.5 136.5 139.0 134.0 139.0 137.9 136.5
No Defect
Location
-4 -3 -2 -1 0 1 2 3 4
180° 138.5 137.0 135.2 137.3 139.0 136.4 138.5 133.3 149.0
225° 144.2 134.2 135.6 139.6 132.8 140.5 140.4 130.4 132.4
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Figure 19. Circuit for Hall effect conduit defect test concept.

during the measurements, and it was found that a significant portion of this
variation was due to the degree of heat sinking provided by the conduit for
the Hall effect device. The variation was significantly larger for the BH-700
(for which a Hall current of 200 mA was provided), than for the FH-302-040
(which used a Hall current of 15 mA). Much of the variation could be can-
celled out by taking a reading of the Hall voltage with no current applied to
the conduit and then with 20-A applied. The desired reading is then the
difference between these two values. The data shown in Table 5 were taken
this way. In addition, some data were taken with no defect present to deter-
mine an approximate value for the standard deviation of the data.

From this evaluation, it may be concluded that the defects tested produce
a measurable magnetic field variation; however, this variation may be masked
by other unrelated factors. The Hall effect devices are very temperature-
sensitive, and in the case of the BH-700, a very slight change in the distance
from the conduit can cause a significant change in the output due to the
heat-sink effects of the conduit. The temperature-related drift problem can
be eliminated by exciting the conduit with switched direct current or an
alternating current square wave. The change in magnetic field could be meas-
ured automatically on a cycle-to-cycle basis, and any device or amplifier
drift could be subtracted out.

This technique is probably of limited use for finding defects such as
rusty or loose threads or other defects which do not result in a significant
disturbance in current flow direction. Breaks or holes, however, should be
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very easy to find with this system. The maximum sensitivity for this tech-
nique will be limited by signal amplification and noise suppression tech-
niques. For a direct current excitation for the Hall effect device and the 20
A conduit current used, a 1/4-in. (6-mm) hole was readily visibie while a
1/8-in, (3-mm) hole was difficult to detect.

S-Band Resonant Cavity

Electromagnetic shielding leakage can often be detected more readily at
microwave frequencies than at some lower frequency. Thus, the concept of
illuminating the conduit system in the microwave range and detecting a possi-
ble leakage signal within the conduit is suggested. The standard shielding
test technique using radiated power from a horn antenna has the disadvantages
of high ambient fields necessary for an adequate dynamic range and inefficient
use of power., A reasonant cavity, however, can have large fields contained
within a relatively small controlled volume. The fixture can be designed to
open and "clip" onto a conduit at the loc.tion of a suspected defect. Leakage
can be detected either by an antenna probe placed within the conduit or, for a
more general application, by the coaxial system formed by an internal conduc-
tor within the conduit. In either case, detection can be done with a sensi-
tive receiver placed where the end of the conduit is accessible. The concept

is shown in Figure 20.
SHIELDED ROOM W

INTERNAL

WIRE

CONDUIT

RESONANT CAVITY
Figure 20. Resonant cavity test concept.
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] To evaluate the feasibility of this concept, a cavity was designed for

4 use with 1/2-in. (12.7-mm) electrical metallic tubing (EMT), a thin-walled

conduit. The 1/2-in. (12.7-mm) dimension was chosen to provide a convenient
cavity size for test purposes, and the S-band frequency was picked to ensure a ]

4 separation of modes within the cavity. The thin-walled conduit was used since i
its normal couplings and related hardware are pressure fit and do not provide !

much EMP shielding in their normal installation, thus providing a ready-made :

3 test condition. A sketch of the cavity is shown in Figure 21. The finger- i
stock was used to ensure electrical contact to the conduit. The cavity was

excited by applying an input signal to a small loop installed near the outer

| edge of the cavity. A detecting loop was located 180 degrees opposite the

4 feed 1oop. The following equipment was used for the test: a Hewlett Packard

-4 616A signal generator for the signal source, with a maximum output of 1 mi; a

Tektronix 491 spectrum analyzer for resonance determination, and a Stoddard

NM-65T microwave receiver for measurement of the leakage signal. Two 10-ft

(3-mm) sections of conduit were jointed with a coupling for this test.

CABLE FOR
POWER IN

P

CABLE TO SPECTRUM
ANALYZER

Figure 21. Resonant cavity for 1/2-in. (12.7-mm) EMT.
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Five different conduit conditions were used for the evaluation: j

Condition Reading on Receiver

1. Solid conduit 5to8B8 Vv*
2. Transverse slot half-way 20 to 30 VvV

through conduit
3. Transverse slot half-way 84 to 120 Vv

through coupling
4. Longitudinal slot 1-in. (25.4-mm) 20 v

long

1

5. Good coupling 10 to 25 v

The resonant frequency for each of these conditions was between 2.95 and 3.05
GHz. 4

The wire in the conduit was 12-gauge, solid copper terminated in 56 ohms
at each end, this being the approximate characteristic impedance of a 12-gauge
wire in a 1/2-in., (12.7-mm) conduit. The noise level of the receiver with a
zero signal reading was 5 V. The data show the maximum range of values
obtained for each condition. The readings were sensitive to the position of
the test leads. This can be expected at the frequencies tested since the
coaxial system formed by the wire and conduit is quite lossy, and the induc-
tive loop formed by the resistive termination inside the shielded room is an
unpredictable impedance at this frequency.

It is apparent that this test can identify the defects examined in the
evaluation and may be useful for determining the EMP hardness of conduit sys-
tems. The disadvantages of this concept include (1) a requirement for access
to the conduit; (2) a separate test fixture for each size conduit; and (3)
signal losses along the conduit-wire coaxial system which may limit the con-
cepts application for long systems.

The power available for this test was 1 mW. The cavity could absorb sig-
nificantly higher power, probably 10 W or more, thus increasing detected sig-
nal levels by 40 dB, which means that relatively minor defects could be
detected by this technique.

Standing Wave Defect Location Concept

1f a transmission lirne terminating in a short circuit is excited with an
ac signal, standing waves will be present on the transmission line. This
means that voltage peaks and nodes exist along the length of the line. The
peaks and nodes will occur at different locations on the transmission line
with different excitation frequencies; these locations can be accurately
determined theoretically. This suggests a possible test for locating conduit .
defects: a transmission line can be made up of a pair of conduits terminated [

* The receiver noise level was approximately 5 to 6 V.
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{ with a short circuit on a shielded room. A conductor inside the conduit with
a defect will be excited by the standing wave. By monitoring the signal level
on the conductor as the applied frequency is varied, it should be possible to
] determine the location of a defect in the conduit. A schematic drawing of a
test configuration to study the feasibility of this concept is shown in Figure
22. The conduit transmission line is excited with the variable frequency gen-
) erator and RF power amplifier. The standing waves can be detected by observ-
ing the magnitude of the output of a current probe placed on one of the con-
duits. Figure 23 shows the current standing wave configuration for a parallel
conduit system of 20 ft (6.1 m) of 1/2-in. (12.7-mm) steel EMT spaced 2-in.
(50.8-mm) apart for frequencies from 4 MHz to 68 MHz.

Defects can be located by exciting the conduit transmission line at vari-
ous frequencies, keeping constant the magnitude of the maximum conduit

“ SHIELDED ROOM

INTERFERE

| ‘,\\\\ [ ANALYZER
t J

t— OSCILLOSCOPE

—_— -

SIGNAL RFPOWER
GENERATOR AMPUFIER

' Figure 22. Conduit defect location by standing waves.
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STANDING WAVE MAGNITUDE (NORMALIZED )

Figure 23.
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current, and monitoring the signal level appearing on the wire within the con-
duit. The magnitude of the detected signal is recorded and can be plotted.
Peaks and minimums should appear when peaks and minimums from the standing
wave coincide with the conduit defect. This experiment was done with the 20-
ft (6.1-m) conduit system described for the previous test. Two tests were
conducted: one with a slot cut half-way through a coupling (a defect at 10 ft
[3 m] from the signal source) and one with a slot cut half-way through the
conduit 4 ft (1.2 m) from the signal source, but with a good coupling
installed. The following equipment was used: an HP 8601 signal generator, an
ENI Model 310L RF power amplifier, a Stoddard 91550 current probe, a Tektronix
454 oscilloscope, and an EMC 25 MKIII interference analyzer. The current
probe was placed on the conduit at the end where it was connected to the
shielded room. Its output was monitored on the oscilloscope and kept constant
as the frequency was varied. Since the end was shorted, a current maximum
would always occur at this point. The data from these tests are plotted in
Figures 24 and 25.

Comparison of the plots in Figures 24 and 25 with the standing wave data
in Figure 23 shows that the concept works and a defect can be located. The
results plotted in Figure 25 are interesting. The defect was located 4 ft
(1.2 m) from one end of the conduit; a good EMT coupling joined the conduit
with the defect to another 10-ft (3-m) conduit. The data show a small irregu-
larity at the 10-ft (3-m) location. EMT couplings generally do not provide
satisfactory EMP hardening, and in this case, the coupling shows up as a minor
defect at 10 ft (3 m). Thus, the technique can be used to locate multiple
defects. For a field-test system, the location of the standing-wave peaks and
minimums can be theoretically determined -- they are spaced at half the free-
space wavelength.

Although no tests were conducted to compare defect severity found by this
technique with EMP leakage, the technique appears to be relatively sensitive
and will locate all types of flaws causing EMP leakage.

The standing wave test would probably not be feasible for buried conduit
since any transmission line in a conducting medium (soil) will be quite lossy.
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Figure 24. Standing wave defect location concept feasibility
test-signal with a defect 10 ft (3 m) from end.
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Figure 25, Standing wave defect location concept feasibility
test-signal with defect 4 ft (1.2 m) from end.
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5 DIFFUSION CURRENT ANALYSIS

EMP current flowing on the outside of a conduit will propagate through
the conduit wall, creating a voltage drop on the inside surface. This voltage
drop can, in turn, induce a current on conductors inside the conduit. Because
of the skin effect phenomena, the high-frequency content of the driving pulse
is attenuated much more than the low-frequency content, and the pulse appear-
ing on the inside of the conduit is slower than the driving pulse. The actual
wave shape of the diffusion pulse is a function of the conduit's thickness and
material properties (electrical conductivity and magnetic permeability).

The method described here to determine the characteristics of the diffu-
sion signal is based on an impulse response analysis which uses a planar
approximation of the conduit's cylindrical geometry. This analysis requires
that the system's response be slow in comparison to the applied pulse. This
is true for most EMP wave shapes and conduit materials. The method can also
be used for higher resistivity materials such as lead and stainless steel.

For some of these materials, the penetration time may be on the same order of
magnitude as the typical EMP duration; the accuracy to which the method can be
used to calculate the diffusion pulse for these materials is considerably
reduced. The analysis assumes a single conductor in the conduit. While this
will rarely be the case except for coaxial cables (to which the analysis can
also be applied), it is a reasonable approach since -- if there is more than
one conductor -- the diffusion current signal will tend to divide among the
conductors relative to termination resistance and wire size. The largest
current will appear in the conductor with the smallest terminating resistance
or the one with the largest cross-sectional area if terminating resistances
are equal. Thus, the single conductor calculation is a worst-case analysis.
(Sample problems using this analysis and the leakage current analysis are
given in the Appendix.) A general solution (assuming constant permeability and
conductivity) can be determined by calculating the time response of the con-
duit due to an impulse of electromagnetic energy, and then convoluting this
response with any given pulse on the conduit. Similarly, the Fourier
transform of the internal electric field resulting from an impulse current
(referred to 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. (The detailed mathematical derivation for this tech-
nique is given in Appendix C of CERL Interim Report M-234).l1

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 expansions. 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 lowest frequency of interest in the surface current pulse.* Two

1y, Croisant, P. Nielsen, D. Sieber, and R. G. McCormack, Development of a
Conduit Design Analytical Procedure, Interim Report M-234/ADA056218 (CERL,
June 19787,

* It is shown in Appendix C of CERL Interim Report M-234 that the a (radius)
to & (skin depth) ratio is 10 for a 1-in. (25.4-mm) steel conduit at a fre-
quency of 200 kHz, assuming values Qf 150 for the relative permeability and
20 x 10-8 ohm-m for the resistivity.
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infinite series solutions for the electric field due to current impulse have
been developed -- one which converges for early times (Eq 1) and one which
converges for late time (Eq 2):

8

E(a, 0) =
ab uoz(b-a)3

Q (Eq 1]
372
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exp (—z— 0) ,0 >P

where internal electric field

injected charge

inner radius

outer radius

conductivity

permeability

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

uofb-a}z
)

E(a, ©) can be put in the form:

O QUoUw.OoOm
I T T VI TR TR

—
il

E{a, 0) = QFs (0) (Eq 3]
charge passed along the cylinder
8

n3/2 Jab uoz(b-a)3
t/T
the two series representations denoted by braces in
Eqs 1 and 2.

x
=
[1:]
-3
[1+]
O
H

0
s (o)

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. Investiga-
tion showed that these two parameters can be easily determined experimentally,
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which is important since the material properties of conduits are not readily
known.l Experimentation also indicated that once the parameters for one size
cylinder (or conduit) of a given material are known, the parameters for
another size cylinder of the same material can be found.

The electric field for a current pulse (I.), other than an impulse, can
be determined by convolution with the impulse response (Eq 1 and Eq 2):

t
Ea, t) = OFf Ic (t-X)s (/T)d [Eq 4]
0

internal electric field
injected cgarge

73/2 Jab o2 (b-a)3

current pulse

series representations of impulse response
time 2

diffusion time xo(b-a)

= an integration variable.

where E

Q

C

F
I
S
t
T
A

Appendix C of CERL Report M-234 provides the detailed theoretical
analysis and experimental evaluation of this model. The model assumes linear-
ity; however, some deviations may occur at high current levels (saturation
effects). Several examples of the impulse response, as well as results for
other currents, were presented and compared with the experimental results and
were found to be in excellent agreement. To apply this method to EMP hardened
conduit system design, the following steps are necessary:

1. Determine the physical properties (conductivity, permeability, and
dimensions) of the proposed conduit system. Typical resistivities and conduc-
tivities for conduit materials are given in Table 6. Most commercial electri-
cal conduits are either aluminum or low-carbon steel. The relative permeabil-
ity for wnost materials is 1; the exceptions are ferromagnetic materials such
as iron and steel. The values of permeability for most conduit-grade steels
fall in the range of 50 to 200. Most stainless steels are nonmagnetic, but
some exhibit ferromagnetic behavior. Properties of conduit-grade materials
are not well documented; however, a value of 130 for the relative permeability
of steel conduit has been experimentally determined.13 In the absence of more
accurate information for a specific sample, this value seems reasonable to use
for the calculations described here.

The dimensions of interest for commercial conduits are given in Tables 7
(for rigid conduit), 8 (for intermediate wall conduit), and 9 (for electrical
metallic tubing or thin-walled conduit).

12y, Croisant, P. Nielsen, D. Seiber, and R. G. McCormack, Development of a
Conduit Design Analytical Procedure, Interim Report M-2347ADA056218 (CERL,
June 1978}, Appendix C.

Bcroisant et al.
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Table 6

i* Resistivity and Conductivity for Materials
; Used for Electrical Conduits*

Resistivity Conductivity

(Ohm-CentiMeter x 10-6) (Mhos per Meter)
AYuminum 2.62 3.82 x 10/
Brass 3.9 2.56 x 107
Copper 1.7241 5.80 x 107
Iron 9.71 1.04 x 107
Lead 08 1.02 x 106
Steel (0.4-0.5% Carbon) 13-22 4.55-7.69 x 106
Steel (Manganese) 70 1.43 x 106
Steel (Stainless) 90 1.11 x 106
Tin 11.4 8.77 x 106
Zinc 35.3 2.83 x 10®

*For additional information, see, for example, Electronics Engineer's
¥ Handbook (McGraw-Hill Book Company, 1975), p 6-%, or Reference Data
& for Radio Engineers, Sixth Edition (Howard W. Sams & To., Inc.,

" pp 4-Z21 to 4-22,

Table 7

Nominal Dimensions and Parameters of
Ferrous Metal and Aluminum Rigid Conduit

Nominal
‘ Size Inner Quter Wall
| of Conduits, Diameter, Oiameter, Thickness,
In. (mm) In. (mm) In. (mm) In. (mm)
E |
,b‘ 1/4 (6) 0.364 (9.246) 0.540 (13.72) 0.088 (2.235)
J} 3/8 (10) 0.493 (12.52) 0.675 (17.15) 0.091 (2.311)
i 172 (13) 0.622 (15.80) 0.840 (21.34) 0.109 (2.769)
'| 3/4 (19) 0.824 (20.93) 1.050 (26.67) 0.113 (2.870)
| 1 (25) 1.049 (26.64) 1.315 (33.40) 0.133 (3.378)
| 1-1/4 (32) 1.380 (35.05) 1.660 (42.16) 1.140 (3.556)
1-1/2 (38) 1.610 (40.89) 1.900 (48.26) 0.145 (3.683)
o 2 (51) 2.067 (52.50) 2.375 (60.33) 0.154 (3.912)
- 2-1/2 (63) 2.469 (62.71) 2.875 (73.03) 0.203 (5.156)
» 3 (76) 3.068 (77.93) 3.500 (88.90) 0.216 (5.486)
. 3-1/2 (89) 3.548 (90.12) 4.000 (101.6) 0.226 (5.740)
j 4 (102) 4,026 (102.3) 4.500 (114.3) 0.237 (6.020)
- 5 (127) 5.047 (128.2) 5.563 (141.3) 0.258 (6.553)
" 6 (152) 6.065 (154.1) 6.625 (168.3) 0.280 (7.112)
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2. Estimate the charge transported by the conduit current. The method
of analyzing diffusion current assumes an impuise driving function -- i.e., an
anplied pulse short in duration relative to the conduit's response time. The
important variable in this analysis is the total charge transported by the
conduit current. This can generally be found by integrating the current
waveform,

3. Calculate diffusion time constant. The diffusion time constant (a
variable necessary for later calculations) is determined by the following for-
mula:

-a)2
T = 2915%32_.microseconds [Eq 5]

where = permeability (henries per meter)
o = conductivity (mhos per meter)
b-a = the thickness of the conduit (meters).

The time the peak amplitude or open circuit voltage occurs is 0.367T7,
where T is the diffusion time constant. This value (0.367) results from use
of the series representation S(0) for the shape of the diffusion pulse.

4. Determine the peak value of open-circuit voltage. The peak amplitude
of the voltage induced on a conductor inside a conduit by diffusion if the
conductor is terminated in an open circuit (effectively 100 ohms or greater)
can be found by:

Voc = 0.656 QF% [Eq 6]

where Q equals the injected charge in coulombs, and £ = the conduit length of
interest in meters, and:

8

F:
ﬂ3/2 vab uoz(b-a)3

{Eq 7]

where a = the inner radius of the conduit in meters
b = the outer radius in meters
u = 47 x 10=7 x 4y in henries per meter.

(The value, 0.656, also results from the series representation, S (o),
for the diffusion pulse.)
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Table 9

Dimensions of Electrical Metallic Tubing (Thin-Walled Conduit)*

Trade Size Internal Wall
of Tubing, External Diameter, Diameter, Thickness,
In. (mm) In. (mm) In. (mm) In. (mm)
3/8 (10) 0.577 + 0.005 (14.66 + 0.127) 0.493 (12.52) 0.042 (1.067)
1/2 (13) 0.706 + 0.005 (17.93 # 0.127) 0.622 (15.80) 0.042 (1.067)
3/4 (19) 0.922 + 0.005 (23.42 ¥ 0.127) 0.824 (20.93) 0.049 (1.245)
1 (25) 1.163 + 0.005 (29.54 ¥ 0.127) 1.049 (26.64) 0.057 (1.448)
1-1/4 (32) 1.510 % 0.005 (38.35 ¥ 0.127) 1.380 (35.05) 0.065 (1.651)
1-1/2 (38) 1.740 + 0.005 (44.20 + 0.127) 1.610 (40.89) 0.065 (1.651)
2 (51) 2.197 ¥ 0.005 (55.80 ¥ 0.127) 2.067 (52.50) 0.065 (1.651)
2-1/2 (64) 2.875 % 0.010 (73.03 ¥ 0.254) 2.731 (69.37) 0.072 (1.829)
3 (76) 3.500 ¥ 0.015 (88.90 + 0.381) 3.356 (85.24) 0.072 (1.829)
3-1/2 (89) 4,000 ¥ 0.020 (101.6 ¥ 0.711) 3.834 (97.38) 0.083 (2.108)
4 (102) 4.500 3:0.020 (114.3 3:0.711) 4,334 (110.1) 0.083 (2.108)

*From UL Inc., Standard for Electrical Metallic Tubing, Fourth Edition, Stan-
dard 797 (August 19, 19777, Table 4.2. The complete publication is avail-
able from Publication Stock of UL at 333 Pfingsten Road, Northbrook, IL
60062.

**Not a requirement; included for information only.

5. Determine conduit-wire circuit parameters (resistance and induc-
tance). The resistance of the wire is:

Ryire = & = _L [Eq 8]
wire = = e q
where ¢ = length
p = resistivity
A = cross-sectional area
o = conductivity.

Similarly, the resistance of the conduit is:

o)

Reconduit = T [Eq 9]

where the cross-sectional area of the conduit is A equals (b2 - al),
b equals outer diameter, and a equals inner diameter.

Table 10 gives the resistances in ohms per meter for wire sizes likely to
be used in conduits; Table 11 gives thesresistance peremeter of standard steel
conduits at conductivities of 4.55 x 10° and 7.69 x 10° mho/m.  (This is a
range of conductivities for pipe steels, but conduits are generally made from
the same materials and can be expected to have similar conductivities.)
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] Table 10
{
] Resistance of Annealed Copper Wire*
4 Wire Gage Ohms per Foot Ohms per Meter
1 0000 4.9 x 10-5 1.6 x 10-4
000 6.2 x 10-5 2.0 x 10-4
00 7.8 x 10°5 2.6 x 1074
0 9.8 x 10-5 3.2 - n-4
) 1 1.23 x 10~ 4.04 , :
A 2 1.56 x 10-4 5.12 x .4
: 3 1.97 x 10-4 6.46 x 10-4
4 2.48 x 19-4 8.14 x 10-4
5 3.13 x 10-4 1.03 x 10-3
! 6 3.95 x 10-4 1.30 x 10-3
o 7 4.98 x 10-4 1.63 x 10-3
4 8 62.8 x 10-4 2.06 x 10-3
4 9 7.92 x 104 2.60 x 10-3
p 10 9.99 x 10-4 3.28 x 10-3
12 1.59 x 10-3 5.22 x 10-3
14 2.25 x 10-3 8.27 x 10-3
A 16 4.02 x 10-3 1.32 x 10-2
3 18 6.38 x 10-3 2.09 x 10-2
20 1.02 x 10-2 3.35 x 10-2
! 22 1.61 x 10-2 5.28 x 10-2
5 24 2.57 x 10-2 8.43 x 10-2
26 4.08 x 10-2 1.34 x 10-1
30 1.03 x 10-1 3.38 x 10-4
40 1.05 3.44

*For additional information, see, for example, Electronics Engineers' Handbook
(McGraw-Hi11 Book Company, 1975), p 6-22, or Reference Data for Radio En-
gineers, Sixth Edition (Howard W. Sams & Co., Inc., 1975), p 4-50.

The inductance per unit length can be found by referring to Figure 26.
The high-frequency inductance (L) is given by:

R
L=2x107 1n ig henries/m [Eq 10]
1

where Ry = radius of the conductor
Rz = inner radius of the conduit.
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‘ Table 11
Resistance of Rigid Steel Conduit
| (Ohms per Meter of Length)
: Conduit
| Size, In. Inner Diameter, Outer Diameter, R High, = R Low, =
(mm) In. (mm) In. (mm) 4.55 x 106% 9.69 x 106*
1/4 (6) 0.364 (9.246) 0.540 (13.72) 2.722 x 10-3 1.610 x 10-3
3/8 (10) 0.493 (12.52) 0.675 (17.15) 2.030 x 10-3 1.201 x 10-3
1/2 (13) 0.622 (15.80) 0.840 (21.34) 1.343 x 10-3 7.948 x 10-4
3/4 (19) 0.824 (20.93) 1.050 (26.67) 1.050 x 10-3 6.211 x 10-4
1 (25) 1.049 (26.64) 1.315 (33.40) 6.859 x 10-4 4.058 x 10-4
1-1/4 (32) 1.380 (35.05) 1.660 (42.16) 5.034 x 10-4 2.979 x 10-
1-1/2 (38) 1.610 (40.89) 1.900 (48.26) 4.357 x 10-4 2.578 x 10-4
2 (51) 2.067 (52.50) 2.375 (60.33) 3.101 x 10-4 1.835 x 10-4
2-1/2 (63) 2.469 (62.71) 2.875 {73.03) 1.972 x 10-4 1.167 x 10-4
3 (76) 3.068 (77.93) 3.500 (88.90) 1.347 x 10-4 7.969 x 102
3-1/2 (89) 3.548 (90.12) 4.000 (101.6) 1.271 x 10-4 7.523 x 10-
4 (102) 4.026 (102.3) 4.500 (114.3) 1.073 x 10-4 6.350 x 10-°
5 (127) 5.047 (128.2) 5.563 (141.3) 7.925 x 10-5 4.689 x 10-5
6 (152) 6.065 (154.1) 6.625 (168.3) 6.106 x 10-° 3.613 x 10-

*To find resistance in ohms per foot, divide table values by 3.28.

Figure 26. Coaxial conduit-wire system.




This equation assumes a central location for the conductor; an experimen-
tal verification was done without centering the conductor, but the results
were reasonably close to the theoretically determined values.l4 The induc-
tance for each conductor will be essentially identical for multi-conductors in
the conduit if the conductors are the same size.

An added refinement which will not be necessary for most applications,
but which allows an accurate representation of the decreasing portion of the
diffusion pulse, is the low-frequency inductance:

4 2 o2
u R u R R 3R5-R
L= 2x10-7 [ L+ n §§.+ 3 "3Fj%?" n ii.- ___é;_%;_ [Eq 11]
Ho 1 0 -R%)2 2 -
(R3 R2) 4(R3 Rz)
where R3 = outer radius of the conduit
1 permeability of the inner conductor
o permeability of the space between the inner conductor and the
conduit
M3 = permeability of the conduit.

The high-frequency inductance applies to frequencies where most of the
current is concentrated on the outer surface of the conduit; the low-frequency
inductance takes into account the effects of the material properties of the
wire and conduit.

Yalues of high-frequency inductance for commercial conduit and different
conductor sizes are given in Table 12.

6. Determine short-circuit current amplitude. The peak value of the
short-circuit current can be found from:

Voc T/
Tee = —oc VT y (Peak Amplitude Factor) (Eq 12]
0.656 x 2L

_1.351T Vg

T (Peak Amplitude Factor)

where Vo is the previously determined value for the open-circuit voltage.

13y, croisant, P. Nielsen, D. Sieber, and R. G. McCormack, Development of a
Conduit Design Analytical Procedure, Interim Report M-2347ADA056Z218 (CERL,
June 19/8), Appendix C.
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{ The peak amplitude factor is obtained from Figure 27 after . is deter-

E mined from the formula

J a = TR/L [Eq 13]
F where T = the diffusion time constant of the conduit

R = the total short circuit resistance of the wire-conduit system
.‘ L = the inductance of the system.
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6 DEFECT LEAKAGE MECHANISM

The basic shielding of a conduit system is provided by the solid conduit
itself. However, defects in the conduit, such as cracks and breaks, may seri-
ously 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 to be EMP hardened, they may also compromise the shielding of
the system. Thus, assessing the EMP penetration of the entire conduit system
requires that the contribution of various defects, conduit fittings, and
hardware tems be evaluated.

Voltages resulting from hardware or defect leakage induced on conductors
within conduit are likely to have complex waveforms which depend on a number
of factors, including:

1. The waveform of the conduit current.

2. The nature and characteristics of the defect.

3. The proximity of internal conductors to the defect.
4, The type of internal conductor,

5. The transmission line characteristics of the coaxial system formed by
the internal conductor and the conduit.

6. The termination of the internal conductor.

The peak voltage induced on internal conductors by leakage can be much
greater than the peak voltage induced by diffusion through a jointless shield.
However, the duration of the leakage-related transient is much shorter than
the diffusion-related transient; thus, total energy content is likely to be
less for the leakage current.

Leakage current analysis is complicated by the varied and often irregular
geometrics associated with defects and fittings. Since an exact mathematical
analysis of even relatively simple defects, conduit fittings, and hardware
items is very difficult (and in some cases, nearly impossible), some reliance
must necessarily be placed on empirical results. The analytical methods
presented here are based on relatively simple mathematical models describing
both the significant features of leakage and the parameters which need tuv :e
determined for each item under consideration.

As with the diffusion current, the total leakage current will tend to
divide among a number of conductors. Thus, a single conductor analysis will
again be a worst case. The impedance seen by the leakage voltage generator
(especially for electrically long lines) will be the characteristic impedance
of the conduit-conductor transmission line rather than the terminating resis-
tance, as is the case for the diffusion current.
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EMP Leakage Mechanisms

Leakage into a conduit involves: (1) series impedances at joints and

1 connections, which includes a voltage component caused by resistances between
segments; and (2) electromagnetic field coupling through apertures, which
includes a mutual-coupling component caused by the penetration of the magnetic
field through openings in the conduit, and a capacitive-coupling component
caused by the penetration of the electric field through openings in the con-
duit.

-t

D et A

Series Impedance at Joints and Connections

f st

Imperfect metallic contact at connections and joints produces an increase
in the electrical resistance at that point. The current flowing on the exte-
rior of the conduit creates a voltage drop that is coupled into the coaxial
line formed by the conduit and internal conductor. The equivalent voltage
source is represented by:

i

v(t) = RI(t) (Eq 14]

s ’ -
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where R is the resistance and I(t) the conduit current. The voltage is pro-
portional to the current pulse flowing on the exterior of the conduit. 1In the
frequency domain:

v(u) = Ri(w) {Eq 15]
where i (w) is the frequency domain representation of the current.

For a pure resistive flaw impedance, Z equals R and is independent of fre-
] quency.

Since R is usually comparatively small, the equivalent-voltage generator
may be considered to have zero internal resistance relative to the coaxial j
1ine formed by the conduit and internal conductor.

Because arcing is possible, the resistance of a rusted connection or
joint may be quite different for small and large conduit currents. When the
arcing threshold is exceeded, the internal conductor current has been observed
to decrease. Thus, arcing tends to reduce the apparent connection resistance.
Although most rusted joints tend to arc if the current is large enough, exper-
imental results indicate that it is not possible to predict a specific thres-
hold current at which arcing will begin. 1In general, possible arcing effects !
will be disregarded in the analytic methods described here. !

Electromagnetic Field Cow (ng Throwsh Aportures

In the absence of an aperture, the magnetic flux lines associated with a
conduit current form concentric circles about the conduit. With an aperture,
some of the circumferential magnetic field associated with the conduit current
can penetrate the aperture and couple with the internal conductor. The pene-
tration of the magnetic field through an aperture in the conduit is shown in
Figure 28. A mutual inductance then exists between the conduit circuit and !
the inner conductor circuit.
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(CONDUIT CURRENT)

MAGNETIC FLUX LINES  H(l)

Figure 28. Magnetic field penetrating through an aperture
in a conduit.

A zero impedance voltage source V for this aperture coupling can be
represented by:

dI(t)
V') =
(t) =M Tt [Eq 16]

where I(t) is the conduit current, and M is a mutual inductance coefficient
which contains parameters associated with both the aperture and the coaxial
line formed by the conduit and the inner conductor. Thus, it can be seen that
the Teakage through small apertures is proportional to the time derivative of
the conduit current. For the purposes of this analysis, M will be known as
the inductive coupling coefficient.

The Fourier transform of Eq 16 is:

viw) = Mjwil(w) [Eq 17]

where v(w) is the frequency-dependent voltage induced on the inner conductor,
and i{w) is the conduit current. The inductive transfer impedance, 7 = Mjw,
increases linearly with frequency.

The value of the mutual coupling coefficient depends on the dimensions of
the aperture, the orientation of the aperture with respect to the magnetic
flux lines, and the position of the internal conductor relative to the aper-
ture. A useful concept for theoretically determining the coupling coefficient
is the magnetic polarizability, which will have a unique value for each type
of aperture under consideration.* Unfortunately, analytical expressions for

* The magnetic polarizability for apertures in thin conducting sheets is the
effective dipole strength on the "protected" side of the sheet produced by
one unit (e.g., 1 A/m) of excitation field on the opposite side of the
sheet. See A. L. Whitson and E. F. Vance, Bolt Lapped-Joint EMP Shield.,

DNA 4472-F (Defense Nuclear Agency, June 1977).
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polarizabilities are not generally available for complicated apertures in
cylinders; however, such values for a number of simple holes, including cir-
cles, ellipses, and thin slots in thin conducting sheets have been derived and
expressed in terms of the dimensions of the aperture.15 These quantities,

i shown in Table 13, can be used to estimate the approximate magnitude of M {the

‘ inductive coupling coefficient) for electrically small apertures in conduits,
and to study the trends of this coupling coefficient as aperture parameters
are varied.

For a concentric coaxial cylinder model, the mutual inductance or cou-
pling coefficient (in henries) associated with an aperture is:

HoM

M= (Eq 18]
4”232 9
where m = the magnetic polarizability of the aperture
Mo = the permeability of free space
a = the radius of the conduit.

The effect of the size and orientation of the apertures is more apparent
if a particular aperture is assumed, and the magnetic polarizability and
mutual coupling coefficient are evaluated. For example, a small circular
aperture of radius r has a polarizability of:

m= 23 [Eq 19]
3
This gives a mutual coupling coefficient:
W3
M= _o [Eq 20]
3n232
The inductive coefficient (and hence the induced voltage) is proportional to 1

the cube of the radius; e.g., an increase in the radius of a small aperture by j
a factor of two could be expected to result in an eight-fold increase in the

mutual coupling coefficient. Also, the leakage through small circumferential
(transverse) slots is larger than leakage through comparable axial slots since
the conduit current is in the axial direction. Therefore, the effect of an
extremely narrow transverse slot in a conduit will result in a considerably
larger leakage signal than a similar slot in the axial direction.

The induced voltage resulting from an aperture also depends on the loca- ;
tion of the internal conductor with respect to the aperture. Furthermore, the :
diameter and wall thickness of the conduit affect the induced voltages. These
factors all influence the amount of magnetic flux linking the internal conduc-
tor.

15¢, 6. Montgomery et al., Principles of Microwave Circuits, First Edition
(McGraw-Hi11, 1948), p 178.
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In addition to the magnetic field penetration through openings in a con-
duit, an electric field which would otherwise terminate on the outer surface
of the conduit can penetrate an aperture and terminate on the inner conductor
(Figure 29). Thus, besides an inductive coupling component caused by magnetic
field coupling, there may also be a capacitive~coupling component resulting
from an external electric field normal to the conduit surface in the immediate
vicinity of the aperture.

e e o e

The currents associated with the electric field penetrating to the inte-
rior region of a conduit are excited by the conduit potential, V,4(t), or the
charge density on the outside surface of the conduit. The current induced in
b the inner conductor by the external electric field penetrating an aperture and
terminating on the inner conductor can be represented by a zero-admittance
shunt current source:

dvy(t)

[Eq 21]
dt

I(t) =¢C

T AL AR LT

L

N P

where C is the capacitive coupling coefficient and Vo(t) is the voltage
between the internal conductor and the conduit.

AMBIENT ELECTRIC FIELD LINES

E(1)

Figure 29. Electric field penetration through an aperture. -

55

| ————————t e "




el i ———

-t e 352 B i TR

)
P
¥

-«

Since this external voltage (electric field) mechanism induces a current
in the inner conductor, a transfer admittance (as opposed to an impedance) is
the appropriate parameter in the frequency domain. In the frequency domain:

'i(w) = -ijV(w) [Eq 22]

where i(w) and v(w) are frequency functions of the current and voltage respec-
tively. The transfer admittance is Y = juC.

The capacitive coupling coefficient depends on a number of factors,
including the electric polarizability, p, which is a function of the size and
shape of the aperture, as shown in Table 13.

Except for very large apertures, the electric field penetration can be
expected to be negligible compared with the magnetic field penetration.

Circuit Model for Leakage-Induced Signals

In the analysis above, the leakage signals induced on an internal conduc-
tor caused by current flowing on the exterior of a conduit can be represented
by a zero-impedance series voltage source, a zero-admittance shunt current
source, or a combination of both. An equivalent circuit model forms the basis
of the leakage model described below. This model represents the leakage by an
appropriate source at a point on the coaxial line formed by the conduit and
the inner conductor,

Source Model

In this circuit model for EMP leakage, equivalent series voltage and
shunt current sources represent the voltages and currents induced on the inner
conductor as a result of currents flowing on the outer surface of the conduit.
Electromagnetic field leakage through apertures (such as seams, cracks, or
openings in a coaxial line) which are caused by current flowing on the exte-
rior in the positive z-direction can be represented by a zero-impedance series
voltage source, Vg, and a zero-admittance, shunt-current source, I;, on a
coaxial line of characteristic impedance Z, (Figure 30).

Vs
f\"'
V
<
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Figure 30. Representative of leakage sources in a coaxial line.
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Table 13

Values of the Polarization of Small Holes in Thin Conducting Sheets*

™ M2 p
Circle of radius r %.r3 %.r3 %.r3
E1lipse** of \/’—-_TT7_'
eccentricity e= 1 - (50 v ab2, 2 . ab2 2 - ab2
3 3(1-¢2)(F - E) 3 E-(1-€2)F 3 E
Long narrow 3
r.2 2 2
ellipse (a > b) I "-3-60 1’3.ab
In =
b
Slit ¢ of width d 2 .
i m
and length 1 T T

* From C. G. Montgomery et al., Principles of Microwave Circuits, First
Edition (McGraw-Hill, 1948), p 1/8.

**F and E are the complete elliptic integrals of the first and second kinds,
respectively:

F(e) ifﬂ/z

d¢
o ;7 1-6251n2¢

E(e) i{n/z dé_fi-c25in2
0

where ¢ is an integration variable.

These integrals are evaluated in Milton Abramowitz and Irene Stegun, eds., Hand-
book of Mathematical Functions With Formulas, Graphs and Mathematical Tables (U.S.
Government Printing Office, May 1968), Table 1/.T.

The polarizability m, is for the magnetic field parallel to the major semi-axis
a; m, is for the field pa}alle1 to the minor semi-axis b. The magnetic field is

tranSverse to the slit and constant along the length.

3
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The equivalent voltage generator caused by series impedance is in series
with the voltage generator for coupling through apertures. Therefore, the
complete equivalent voltage source with zero internal impedance is:

. di
Vg(t) = RI(t) + M s [Eq 23]

where R and M are the resistive coupling coefficient and the mutual inductance
coupling coefficient, respectively. Some of these values have been measured
experimentally; others can be estimated from flaw impedances and other experi-
mental data. Thus, the defect equivalent voltage source can have a compcnent
proportional to the current flowing on the outer surface of the conduit and a
component proportional to the time derivation of that current.

As noted earlier, the electric polarizability and the capacitive coupling
component are often negligible, except for very large apertures (p 56).
Experimental data and interpretation based on the leakage model indicate that
the equivalent shunt-current source contribution caused by the capacitive cou-
pling component is small compared with the inductive coupling component for
most practical situations. Thus, to simplify the analysis, the current source
can be neglected and the leakage effect can be represented entirely by an
equivalent voltage source (Figure 31).

Regardless of the exact nature of its origin, the Teakage signal can be
described to a first approximation by a general model in which the driving
voltage induced by a defect has a waveshape that is proportional to the
applied conduit current plus its time derivative. The general model for the
signals induced by the conduit current, I.(t), caused by a defect is thus:

d
Va(t) = Rglc(t) + Md_I_Z.iL) (Eq 24]

where Ry is a resistive coupling coefficient representing the contribution of
a resistive element and My is an inductive coupling coefficient representing
the contribution of inductive impedance and coupling between the internal con-
ductor and the magnetic field through an aperture. This simple renresentation
can be used to model most of the observed results of injected current tests.

V(1) =Rqlc(n+ Mdgl’é(t)

-t
¥

Z, Z;

Figure 31. Equivalent circuit without current source.
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(Note that this general defect model neglects the direct electric field con-
tribution as discussed above [p 55] and possible effects caused by arcing.)

In the general defect model, both R4y and My are regarded as constants for
a given configuration. Accordingly, each configuration can be assigned a
value for each coefficient Ry(ohms) and Mg(henries). The coefficient My
includes magnetic field coupling through apertures and inductive impedance
effects. The value of Mg for an aperture is determined by all the previously
discussed factors, such as the proximity of the internal conductor to the

defect, the dimensions of the defect, and the orientation of the defect with
respect to the magnetic flux lines.

For the general defect model, with a purely resistive element, the leak-
age will have the same waveform as the imposed conduit current. Thus, for a
simple exponential, the leakage current will also be an exponential, and
waveform will be identical to that of the conduit current. For all other
transient cases, the waveform will be different from that of the imposed
current. In particular, the induced voltage can have a significantly faster
rise time than conduit current caused by the dI/dt term. Also, a small but

rapidly changing current can induce a large voltage via the inductive com-
ponents.

For a double exponential form €or the conduit current:

Ic(t) = Iy (et/1y - e-t/1y) [Eq 25)

where 11 and 12 are the rise time and fall time constants; the time rate of
change of the current in amperes per second is:

dl¢ (t) _ 1 _-t/1y , 1 -t/1p
—a o <}‘T ) " Ea 28]

The maximum time rate of change of the conduit current in amperes per
second occurs at t equals 0 and is given by:

dIc(0) !

[Eq 27]
dt ° T1T2
The maximum contribution of the inductive component is, therefore,
dl.(0) T9-1
M -, 2 [Eq 28]
I,

A minimum rate of change occurs when the current passes through its max-
imum value. At this point:

dic(tp) -1, -t /1 1, -t /1
=0 = Jn[—e 1+ —e 2
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Thus,
_ T T2 t2
tp = T M(ﬁ) [Eq 30]

where tp is the time of peak conduit current.

The induced voltage source for a double exponential conduit current is:
Md \ -t/ Md \ -t/=
V(t) = Rglg |l -~ s— 1 (1 - = 2 Eq 31
(t) d o{( RdT1>e < RdT2>e [Eq 31]

At low frequencies, the resistive component predominates; therefore, the
total impedance approaches a constant value about equal to the dc resistance
of the defect. At high frequencies, however, the inductive component predom-
inates and the impedance varies linearly with frequency.

Effects of Circuit Configuration

In the leakage model, a defect is modeled by a voltage source driving the
coaxial Yine formed by the conduit and internal conductor. The induced vol-
tage and the current on the inner conductor depend on the voltage induced onto
the inner conductor at the site of the defect, the propagation characteristics
of the transmission line formed by the conduit and inner conductor, and the
termination impedances at each end.

The analysis of pulse propagation along a transmission line is more com-
plicated than the analysis of time-harmonic propagation because a pulse con-
sists of a spectrum of frequencies which, in general, have different propaga-
tion characteristics along the line and different reflection coefficients at
the terminations. Qualitatively, the process can be described as follows: at
time t = 0, a voltage pulse is induced at point x = xq (Figure 32), and a vol-
tage pulse then propagates toward each end of the conduit with a velocity of
propagation v. When the pulse reaches the end of the line nearer the defect
(assumed to be x = 0 for this discussion) at a time t = x4/v, the pulse is
reflected and propagates in the reverse direction; it is later reflected at
x = & (the other end of the conduit-conductor transmission line). Similarly,
the puise propagating toward x =% is reflected and arrives at x = 0 at time t
= (22-xd)/v where it is also reflected. Thereafter, every 21 /v seconds after
the arrival of the pulse from either direction, another pulse arrives from the
same direction. The magnitude and waveform of the reflected pulses depend on
the propagation and attenuation characteristics of the line and the termina-
tions at each end. A detailed analysis of pulse propagation on transmission
lines is given by G, Metzer and J. P. Valore.

16G. Metzer and J. P. Valore, Transmission Lines With Pulse Excitation
(Academic Press, 1969).
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Figure 32. Coaxial transmission line.

For a concentric coaxial transmission 1ine, the high-frequency inductance
per unit length is:

L = ;2 In(b/a) henries/meter (= 3-28;91n(§) henries/ft)  [Eq 32]

ke m

where a = inner conductor radius
b = outer conductor radius
uo = permeability of the dielectric.

The capacitance per unit length is:

2me 6.6m¢
=__ "~ farads/meter = __*_____ farads/foot Eq 33
Tn(b/a) n(b/a) / [Eq 33] }

where ¢ equals the dielectric constant of the insulating material.

The characteristic impedance for a transmission line is:

L + R
Zg = f“ L [Eq 34]
JNCQ' + Gl j
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the radian frequency = 2rf
the conductance of the line.

{ where w
G

{; For a lossless line, the characteristic impedance is:

= /L _1 u
: Z°_V/Q%£‘ > [+ In(b/a) (Eq 35]

If an end is terminated in the characteristic impedance, there is no
reflection. 1f an end is short-circuited, its reflection coefficient is -1;
if an end is open-circuited, its reflection coefficient is +1.

At the low frequency limit, the transmission 1ine can be represented by
lumped circuit elements. That is, the voltage appearing at the defect drives
a resistor and an inductor in series (Figure 33). This situation is described

by:

te S 4 g 1(t) = vy(t) [Eq 36]

where Lg is the series inductance, Rg is the series resistance, and Vglt) is
the voltage resulting from by the defect. With the condition that 1(0) = 0,
the sotution to this equation is:

Rs
-MN— Rg = CONDUIT - WIRE
SYSTEM EQUIVALENT
RESISTANCE

Lg = CONDUIT - WIRE
SYSTEM EQUIVALENT
INDUCTANCE

+
<> Vgt Ls

}
i
j
r-r

{

e

Figure 33, Equivalent lumped parameter circuit.
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I(t) = e—L———f vy (t)eLs dt [Eq 37]
s
0

For a transmission line, the total resistance and the total inductance
are proportional to the length of the line.* Thus, in the case of a transmis-
sion line short-curcuited at both ends, and with no additional resistance or
inductance, the ratio R /Ls is independent of length (i.e., it is the constant
Rg/Lg for a particular’transmission line configuration), and the short-
circuit current is inversely proportional to the length:

=

-2y

.t Tt (Eq 38]

) =e ©op g (t)ehe  dt
0

Ly

Substitution of the circuit model for the series voltage generator given
earlier (p 56) yields the following relation for the inner conductor current
in terms of the conduit current:

{6 28 (1 (1) - 1 (eRot) [Eq 39]
L C c\0/8 T q
R M R t R
R ,d d, -t t
+[— (—R—- "L——)E‘L— eL IC(t) dt
0
For the double exponential waveform:

.t

1(t) = 1_(e%1 - e%2), (Eq 40]

— t ;‘.
M, Ry My . ?-I— i
N B - Ty (¢ ?
L 1- ¢ ]
T2
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where 1. = k-is a time constant associated with the lumped parameter L-R cir-
cuit (Figure 33).

The reflections from the ends of an electrically short transmission line
terminated in short circuits at both ends will result in a buildup of current
(Ficure 34). A similar voltage buildup will occur on open circuits that are
€ trically short.

Coupling Coefficients (Rd and Md) From Flaw Impedances

Values for leakage current coupling coefficients can be determined from
flaw impedance plots presented by the Harry Diamond Laboratories.17 Examples

LOW FREQUENCY
APPROXIMATE
SOLUTION

(1)

TIME

Figure 34. Buildup of short-circuit current.

17 . .
H. A. Roberts.and J. Capobianco, Safequard Buried Conduit Studies, HOL-TR-
1850 (Harry Diamond Laboratories, September 1978).
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of these are Figure 1 (conduit coupling), Figure 2 (conduit union®, and Figure
8 (large aperture). The plots given are 20 Log (1 Zf 1/2 Zy) ver=us fre-
quency. A value for Rq is found from the lowest frequency valus ploutted
(approximating the dc value), and a value for My is found for the highest-
frequency plotted value.

-1 F/20

Rg = 200 x 10 (Eq 41]

Mg = 200 x 1072HF/20

where 7 f = the low frequency value (in dB read
from the plot)
Iy = the high frequency value
the radian frequency = 2 f, where
f is the frequency in Hertz.

The following coupling coefficients have been determined from the Harry Dia-
mond Laboratories' plots:

1. Rusted coupling (Figure 1).

Rq = 1.12 x 10-1
Mg = 1.267 x 10-9

2. Transverse slot in 4-in. (102.6-mm} inner diameter conduit, width
equals 1.2 in. (12.7 mm) length equals 7 in. (177.8 mm) (wire in center).

Rg = 1.78 x 10-4
1

1
Mg = 7.13 x 10-10

3. Transverse slot (same as 2) with wire in three different 1ocations.

a. Near slot:
10-3
10-9

x 10-4
x 10-10

Opposite slot: 5
R4 = indeterminate, smaller than 1.5 x 10°
Mg = 5.67 x 10-11

aperture (Figure 8).

2.24 x 10-2
1.42 x 10-7
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5. Conduit union (Figure 2). p
| a. Case I:
Rq = 4.48 x 10-4
Mg = 7.99 x 10-11
]
! b. Case II: ]
! Rq = 1.26 x 10-4
Mg = 1.01 x 10-11
: c. Case IIl: not calculated 1
4 d. Case IV: ;
Rq = 1.42 x 10-3
| Mg = 1.27 x 1079
g
i e. Case V
Rg = 6.32 x 1074
‘ Mg = 1.59 x 10-10
i J
i
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7 CONCLUSIONS

e e

This report has presented the results of CERL's study to develop shield-
ing tests and design criteria for EMP/EMI hardened conduit systems. Included
were: (1) an evaluation of conduit hardware characteristics, (2) development
of special EMP conduit hardware items, (3) an evaluation of "in situ” conduit
system test techniques, and (4) development of anaiytic techniques for EMP
hardness assessment of conduit systems.

e — A

1. EMP signals can be transferred to conductors inside conduits by dif-
fusion through the conduit wall or by a number of leakage coupling mechanisms,
the most important of which are resistive and inductive. Pulse signals
resulting from diffusion have significantly lower high-frequency context than
those resulting from the leakage coupling mechanisms, and present the maximum
shielding that can be obtained from a conduit.

— Al

2. The principles discussed above were applied for development of EMP
hardened conduit hardware items. These included an experimental, EMP-
resistant union designed to allow a considerable angular offset, a case-access
fitting cover, and a junction box cover. While these items provided an
increase in EMP hardness, their cost effectiveness will have to be decided by
individual analysis.

AR GG
[ . 4

3. Three "in situ" test techniques were evaluated. Each concept was
found effective in locating conduit defects; each, however, has some limita-
tions. The Hall effect and S-band resonant cavity techniques require both

- access to suspected defect locations and a separate test fixture for each con-

‘ duit size. The standing-wave technique requires two or more parallel con-
duits. Even with these limitations, the techniques should find some applica-
tion for defect determination and location.

4, Tne analytic techniques for hardness assessment of conduit systems

include a diffusion current analysis and a leakage current analysis. The dif-

i fusion current analysis is based on the impulse response of a cylindrical
structure. The accuracy to which the diffusion waveshape can be determined is
essentially limited only by the accuracy of the determination of the EMP
current waveform on the conduit and by the material properties of that con-
duit. The diffusion current analysis is useful for determining wall thickness
and materials required for conduit systems. In addition, this analysis can
check the EMP hardness provided by existing systems or specific items, such as
flexible conduits, with fixed wall thicknesses. The leakage current analysis
uses individual item "coupling coefficients," both resistive and inductive.
The accuracy of the prediction of leakage current is, of course, dependent on
the accuracy of the values for these coefficients. The leakage current
analysis is useful mainly for assessing the EMP hardening provided by conduit
hardware items with threads, possible apertures, and mating surfaces.

As a result of this study, CERL developed five design criteria for
EMP/EM1 hardened conduit systems:

1. For control of diffusion current levels, rigid steel conduit is gen-
erally satisfactory; however, a hardness assessment should be performed to
confirm this. The assessment shouid take into account the proposed conduit
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system's material properties, including electrical conductivity, magnetic per-
meability, and physical dimensions.

2. Leakage can be reduced by adequately tightening joints, eliminating
apertures, and using designs with well-matched, low-resistance mating sur-

faces.
3. The surface resistance of the mating parts can often be reduced by

coating the surfaces with a material such as zinc or tin, which forms a soft,
low-resistance, contact surface.

4., Flame-spraying techniques appear to provide good adhesion to metallic
surfaces and are satisfactory for this application.

5. Unassembled conduit threads must be protected from rust and corrosion
to prevent unnecessary resistance in the conduit system.

e e St dme
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APPENDIX:

EXAMPLE PROBLEMS -- DIFFUSION AND LEAKAGE CURRENT ANALYSES

Diffusion Current

Sample Problem

A facility consisting of two shielded zones 400 m apart is planned. The
design calls for the shielded zones to be joined with a 1-in. rigid steel con-
duit carrying a number of conductors, one of which is a 12-gauge wire with low
impedance terminations (essentially short circuits). The design conduit
current for this problem is a double exponential with a peak magnitude of
2000 A and time constants T; = 6.7 x 10~/ seconds and Ty = 3.8 x 10-9 seconds
or:

t t t t

T T _7 9
I(t) =1 (e 1 - e 2) = 2000(8 6.7 x 10

3.8 x 107 y [Eq A1)

The problem is determining the diffusion current magnitude and the time of
occurrence of the peak magnitude.

Diffusion Current Calculations
The calculations are done according to the following steps:

1. Determine the physical properties {conductivity, permeability, dimen-
sions) of the conduit system.

2. Estimate the charge transported by the conduit current.
3. Calculate the diffusion time constant.

4. Determine the peak value of open-circuit voltage (this is necessary
for the later determination of the short-circuit current).

5. Determine the wire-conduit parameters (resistance and inductance).

6. Determine short-circuit current amplitude.
1. Physical Properties of the Conduit.

For greatest accuracy, the conductivity and permeability of the conduit
should be measured; since these parameters are not subject to control, they
are somewhat variable; however, for most calculations, the values from the

tables in Chapter 5 should be adequate. For this example, values of 7.2 «x 106
mho/m (Table 6) conductivity and 130 x 4 x 10-7 henries/m (an experimentally
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determined value) for permeability are used.18 The conduit length is 400 m
and the wall thickness for a 1-in. rigid steel conduit is 3.38 mm (Table 7).

2. Charge Transported.

The charge transported is:

«©

- do -
I =2 or dQ = Idt and Q Idt
e Q fo [Eq A2]

or

o] o

-T1t t -1t -19t
Q =j'0 1dt =f010 (e"™1Yy - eT2ty 4, = 140e” 1T e7T2Y

S t

7 109,
- 2000(e 67 X107, 3.8x107°

where Iy = 2000, T = 6.7 x 10~/ seconds, and T = 3.8 x 10-9 seconds (the
amplitude and waveshape specified in the problem). The calculation gives:

Io(ty - Tp) = 2 x 103(6.7 x 10-7 - 3.8 x 10-9) - 0.17 x 10-2 coulomb [Eq A3]

3. Dijffusion Time Constant.
The formula for the diffusion time constant is:

_uo(b - a)2
e — [Eq A4]
where b - a is the conduit thickness, ,, (permeability) = 130 x 4 x 10-7
henries/m, and o (conductivity) = 7.2 x 10-6 = mho/m. Therefore,
- a)2 -7 6 -3)2
(b . a)e _ 4 x 130 x 107/ «x 7.2 x 109(3.38 x 10-9) [Eq A5]

= 3.36 milliseconds

The time when the peak occurs is 0.656 T or 0.656 x 3.36 x 10-3 = 2,20 mil-
liseconds.

18y, Croisant, P. Nielsen, D. Sieber, and R. G. McCormack, Development of a

Conduit Design Analytical Procedure, Interim Report M-2347ADA056218 (CERL,
June 19787,
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4. Peak Upen-Circuit Voltage.
The formula for peak open-circuit voltage is:
VOC = 0.656 QF ¢ [Eq A6]

where Q is the previously determined (Step 2, above) charge transported = 0.17
x 10-2 coulomb, and % = the conduit length = 400 m, and

= 8
73/2[ab 1o2(b-3)3 (Eq A7]

where a = inside diameter of the conduit = 1.33 x 10-2 m, b = outside diameter
of the conduit = 1.67 x 102 m or:

] 8
w3/2] 1.67 x 10-2 x 1.33 x 102 x 130 x 47 x 107 L[E4 A€l

X ! - 0.296

(7.2 x 10-6)2(1.67 x 102 - 1.33 x 102)
and Ve = 0.656QF% = 0.656 x 0.17 x 1072 x 0.296 x 400 = 0.132 V.

5. Wire-Conduit Circuit Parameters.

The resistance for 12-gauge copper wire is 1.59 x 10-3 ohm/ft (from Table
10) or 2.09 ohms for 400 m. The conduit resistance is 4.1 x 10~4 ohm/m (Table
11) or 16.4 x 10-2 ohms for 400 m. The total resistance for the wire-conduit
circuit is 2.09 + 16.4 x 10-2 = 2.25 ohms. The high-frequency inductance for
a 12-gauge wire inside a 1-in. conduit is 5.15 x 10-7 henries/m (Table 12), or
a total inductance of 2.06 x 10-% henries.

6. Short-Circuit Current Amplitude.

To determine the short-circuit current, it is necessary to find the peak
amplitude factor by calculating o= TR/L and reading the peak amplitude factor
from either the graph or table on Figure 27. T is the previously determined
diffusion time constart, and R and L are the wire-conduit circuit values of
resistance and inductance found in Step 5 above.

For this problem o = 3.36 x 10-3 x 2.25 : 2.06 x 10-4 = 3.69 second-
ohm/m; the peak amplitude factor = 0.02. The short-circuit current is deter-
mined from the formula

1,351 Vo T
L

Igc x peak amplitude factor [Eq A9]
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where Vo, has been determined in Step 4 above as 0.132 V, where T = 3.36 mil-
liseconds from Step 3 above. L = 2.06 x 10-4 henries from Step 5 above:

_ 1,351 x 0.132 x 3.36 x 1073 x 0.02 _

i 58 milliamperes [EQ A10]
2.06 x 10~

Isc

This is the peak value of the short-circuit current, the time when the peak
occurs {(Step 3 above) is 2.20 milliseconds.

Leakage Current From a Defect Sample Problem

A defect with Rq = 0.01 ohm and Mg = 1 x 10-10 henries exists 80 m from
the far end of the conduit system described in the previous exampie. This
defect is representative of the resistance of a clean coupling installed on
rusty conduit threads. The coupling coefficient My may be representative of a
cracked coupling or a leaky union, i.e., a defect with no large open areas.

The excitation waveform is the same as that described in the previous
example, i.e., a double exponential with I, = 2000 A:

-

6.7 x 10-7 seconds {

—
]

Tp = 3.8 x 10-9 seconds

It is necessary to determine the current pulse at a short-circuit termination
at the near end of the conduit (320 m from the defect). Eq 40 is used to
obtain an estimate of the short-circuit current caused by such a defect:

(e _ ey (EQ . Eﬁ) .t
_ T T R L
I(t) = Io 2 1

(1

[Eq A 11]
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From the first example, R was found to be 2.25 ohms. (Conduit resistance
from Table 11 and wire resistance from Table 10.) The inductance (from Table
12) was found to be 2.06 x 10-4 henries:

¢ = L/R = 9.16 x 10-5 seconds = 91.6 microseconds [Eq A12]
Thus,

T -5
C . 9.16 x 107%sec _ ; 37 , 102

T 6.7 x 1077 sec

T¢ _ 9.16 x 107 4
— = = 2.41 x 10
3.8 x 1079

R4 0.01 . 4 44 x 10-3

R 2.25
M
4. 4.85 x 10-7
L
Ry M
24 _T7d_ 4.44 x 10-3
R T
resulting in:
R
9.16 x 107°
I{t) = 2000 3.25 x 10-5 e
R S
6.7 x 102 sec
+3.22 x 10-5 ¢
t

3.01 x 10-7 e

3.8 x 10'gsec !

For this example, the conduit current pulse duration is short with
respect to the propagation time along the length of the conduit. Thus,
current adding effects will not occur. (An estimate for propagation velocity
is 1 nanosecond/ft or slightly more than 3 nanoseconds/m.) End-to-end propa-
gation time for a 400-m conduit is thus approximately 1.5 microseconds; the
driving pulse will be over when the reflections occur.
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