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ABSTRACT

The electromagnetic pulse (FMP), one of the effects of the detonation
of a nuclear weapon, consists of a transient wave of intense electric
and magnetic fields. These intense fields can cause malfunction or
damage to electrical and electronic equipment exposed to EMP. Such
malfunction and damage may be widespread if the detonation is at high
altitvde. In this report are given the results of an investigation of
EMP on an electric power distributicn system. Only the power circuitry
and power components have been considered in this study. The results
of a study of the vulnerability of control circuitry will be given in
a later report.

This study is based on numerical and analytical calculations, on
discussions with distribution company engineers and power-equipment
manufacturer engineers, and on experimental work and field trips.
Currents and voltages induced by EMP on aistribution circuits as well
as those re_ching the consumer have »een calculated. A comparison with
lightning pulses has been made, and the protection presently used
against lightning has been explored.

The results of the study indicate that a distribution system should
be able to survive a single EMP without extensive damage if it is well
protected by lightning arresters. However, extensive lockout of reclosing
breakers will occur from multiple detonations, and consumer equipment
will be damaged from EMP pulses unless specifically »rotected. The
resulting loss of load has serious implications concerning the system
gecurity of the entire power svstem.

The alerting of the power industry and the development of a
coordinated program of lightning and FMP protection is recommended,
and further study of the stability of the pover system is necessary.
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CHAPTER I

INTRODUCTION

1.1 BACKGROUND

The detonation of a nuclear weapon releases a large amount of energy,
some of which appears in the form of an electromagnetic wave. This wave
is characterized by high intensity fields of short duration and is
referred to as the electromagn=tic pulse (EMP). Experiments, both
nuclear and non-nuclear, indicate that EMP can cause damage or mal-
function in unprotected electrical or electronic systems. This damage
can occur essentially instantaneously over very large areas, possibly
crippling vital defense systems.

Previous workl on civilian power systems indicates that EMP can
induce voltage puls=ss greater than a megavolt on overhead power lines.
These pulses are sufficiently different from lightning pulses and
switching surges in shape, geographical distribution, and timing that
presently used surge protection may be insufficient. The results can
range from short term outage with no significant damage to serious
damage of power and control equipment.

This study addresses the problems of understanding the effect of
the EMP on power distribution systems, and finding countermeasures for
it. Accruing additionally from this study is knowledge of the pulses
expected at users equipment connected to the electrical system, as well
as information nz2eded for study of power generation and transmission

systems.
1.2 OBJECTIVES AND SCOPE

The long term objectives are to assess the tnreat of EMP tc vital
civil defense systems and to develop countermeasures for unacceptable
damage or malfunction resulting therefrom. The specific objectives and
scope of this study were to analyze the EMP effects produced by a
thermonuclear attack in a typical local power distribution system and
determine (1) if damage or malfunction of the distribution system will

cause widespread loss of power to essential users; (2) if pulses induced
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on pover lines will be large enough at users' connections to be damaging
to users' equipment; (3) {f effects on the cistridbution system will
impalir the functioning of the primary generation and transaission system
by causing instability or appearing to dbe a sudden loss of load.

1.3 APPROACH, METHOD AND CONTENT

Previous studies have been iargely exploratory in nature with the
ais of estadlishing order of sagnitude result¢cs. Concern from these
studies stim:iated this present, sore intensive investigation, uwhizh
fncludes experisental as wvell as theoretical methods.

The electric power distribution system has been selected as a
basis for this study. This choice wvas made for s number of reasons.
Nigtribution systems are such simpler tran transaission systeas and
therefore easier to ctudy. They operate at lower voltages so that
EMP-induced flashovers are more likely. It is through the distribution
systes that the EMP as vell ag the powver is delivered to the customers.
Hence, a study of the pulse arriving at the consumers tersinals neces-
sazily involves a study of the distribution system supplying the consumer.
Finally, knowledge of distribution system behavior is necessary if we
are to understand EMP effects on generating and transmission systems.

The Knoxville Utilities Board (KUB), which serves the city of
Knoxville and a corresponding population of about 300,7C2 wvas selected
as a representative pover distribution system. The choice of XUB for
this study vas made with the help cf TVA on the basis of typicality,
size, and proximity. KUB cooperated with us in this study by providing
us vith information, data, and schematic diagrams of their system.

Pover distribution systems arz basically networks of current cerrying
co~rductors broken by transformers and protacted by surge arresters and
v, curreat and voltage sensing relays. These elements are largely
clustered in areas ca’lsd substations.

Again, in order to make our study more concrete, a representative
subatation was chosen, namely, the Dixie substation of the KUB system.
‘This unmanned (as is typical) substation was chosen because it was
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aquipped with a supervisory system for control, indication, telemetry,
and recloser blocking. The master of this supervisory system was the
Lonsdale dispatching station, a marne¢ substation. These control and
supervisory aspccts of the system will be studied and presented in a
later report.

l.- EXPERIMENTAL STUDY

As a part of this study, experimental testing of various components
of a power gystem was perfcrmed by staff members of the Illinois Insti-
tute of Technology Resear:n Institute (IITRI). The objective of this
testing wvas to help svaluate cer*uin aspects of the responee of power
syst{u components to rast EMP-like pulses. In particular, aspects
difficult to idealize were addressed. This experimental effortc was
of limi.ed scope and was performed to help identify protlem areas which
mignt not »e readily apparent from purely analytical approaches. The
findings of the experimental study are rerorted in the final Report of

JITRI Project B6216, EMP Susceptibility Tests, April 1972 by W. C. Emberson

and E. Emerle. Some of the findings of this study are summarized in
Appendix A.
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CHAPTER II

GENERAL DESCRIPTION OF A DISTRIBUTION SYSTEM

Power systems consist of three basic elements: (1) generation,

(2) transnission, and (3) distribution. The generation consists of the
generating stations and associated equipment. The transmission consists
of (1) step-up transformer stations, (2) transmission lines, (3} switcliing
stations, aad (4) major step-down transformer stations.

The basic element with which this study is concerned is the distri-
bution system, which includes those parts of an electric utility system
between the power source and consumers' service switches. The power
gsources may be either generating stations or major step-down transformer
statiors supplied by transmission lines. KUB has three major stations
supplied by TVA at 161 kv.

A distribution system consists of (1) subtransnission circuits whick
operate at voltages usually between 13 2ud 66 kv and which deliver energy
to the distribution substations, (2) distribution substations which con-
vert the energy to a lower voltage for local distribution and regulate
the voltage delivered to load centers, (3) primary circuits which opera=e
between 2.4 and 13.5 kV and supply load to a well-definei geographic ares,
(:) aistribution transformers on poles, on pads, or in vaults near the
consumers which convert the energy to utilization voltages, (5) secondary
mains, along the street or alley to within a short distance of the users,
and (6) service connections which deliver the energy from the secondary
main to consumers' service switches. Figure 2.1 shows a schematic
representation of a typical distributicn system.

The importance of distribution is indicated by its cost which is
an iaportant fraction of the delivered cost of electric power. Approxi-
mately 50% of the cepital investment in electric power systems in the
United States is in the distribution plant.
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2.1 CLASSIFICATION OF DISTRIBUTION SYSI'EMS

Distribution systems may be classiried in a aumber of waye. First,
they may be classified according to size. Size may refer to the area
covered or the total length of th2 lines of the system. Or size may
refer to the ela2ciric capacity of the system in kVA. For this study
gize has significance largely because of its connection with a geo-
graphical entity such as a city or a metropclitan area. Thus, the
outage of a large part c¢f a distribution system by some cause such as

ig significant according to (1) the size of the community served
and (2) the size of the load lost by the generating and transmwission
systems serving the distribution systems.

Distribution service may be divided into urban service and rural
gervice. Rural electric service is now available to most rural dwellings
because of the vigorous efforts of governmental agencies and cooperatives
ag well as the utilities themselves. In typical situations there may be
only three to five customers per mile of line. This means that rural
constiruction is of the least expensive type consistent with durable and
reliztie gservice. Dzvices on rural systems which might protect against
EMP as well as lightning are accordingly k=214 to a minimum.

Urban distribution may itself be divided into overhead and under-
ground distribution. Underground distribution ie used in densely
built-up sections in spite of a cost penalty of from three to more than
geven times that of overhead construction. A recent emphasis on the
improving of the appearance of residential areas as well as suburban
shopping centers has spurred the development of less costly light-duty
underground and semi-underground distribution systems.

Distribution systems may be further classified according to the
current (alternating or direct), the voltages on primary and secondary,
the type of load, the number of phases, and the number of conductors.
Three-phagse alternating currer® is now almost universal for primary
distribution. The voltages for these are typically 12.5 and 13.2 kv,
older system voltages being somewhat lower. Three-phase four-wire sys-
tems are in very general use. The fourth wire of these Y-connected

systems is a neutral wire operating at ground potential.



Secondary system voltages supplying general lighting and smaii
povwer are usually single-phase three-wire mains operating at 120 V line
to neutral and 240 V line to line.

2.2 THE RADIAL SYSTEM

The scheme of connection of a distribution circuit may be classified
as radial, network, multiple, or series. The radial type of distribution
system, such ag than shown in Figure 2.1, iz the most common. This
gsystem gets its name from the fact that the primary feeders radiate
from the distribution substations and brunch into subfeeders and laterals
which extend into all parts of the area served. The radial system is
used extensively to serve the light- and medium-density load areas where
the primary and secondery circuvits are usually carried overh=ad on poles.

The distribution transformers in this system are connected to the
primary feeders, subfeeders, and laterals, usually through fused cutouts,
and supply the radial secondary circuits to which the consumers services
are connected. O0il circuvit breakers arranged for overcurrent tripping
are used to connect the radial-primary feeders to the low-voltage bus
of their associated substation. When a short-circuit occurs on a feeder,
its station breaker opens and interrupts the service to all consumers
supplied by the feeder. Manually-operated sectionalizing switches are
often installed at the junction of the subfeeders and the main feeder.
When trouble on the subfeeder has been located, the faulty section can
be isolated by opening the proper switch, and service zan be restored
to the remainder of the feeder before repairs are made. The purpose of
the fuses in the primary leads of the distribution transformers is to
open the circuit in case of trouble in a transformer or on its associated
secondary lines and prevent a possible shutdown of a considerable portion

of the feeder or the entire feeder on such faults.
2.3 SUBSTATIONS

Or.: of the simplest distribution substation designs is shaown in
Figure 2.2. It consiats of a high-voltage disconnecting switch, a
transformer bank, and a primary-feeder breaker in the low-voltage leads

of the transformer bank. 1In addition the breaker may be bypassed by a
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disconnect switch to allow the substaticn to continue in operation while
the breaker is being serviced. In order to permit :-afe inspection and
maintenance of the circuit breaker, disconnect switches are shown on both
sides of it.

The single primary-feeder breaker of Figure 2.2 is usually provided
with overcurrent relays and autcmatic reclosing equipment. Its inter-
rupting capacity need be equal only to the maximum fault current through
the transformer. The transformer is connected to the supply circuit on
its high veltage side through a disconnect switch. The lisconnect switch
should not bte opened under load but should be able to interrupt the
transformer exciting current. To prevent accidental opening under load,
the switch is interlocked with the primary feader breaker so that it
cannot be opened unless the breaker is open. Likewise, the disconnects
on either side of the primary feeder breaker can be interlocked with

the breaker such that they cannot open unless the breaker first trips.
2.4+ DIXIE SUBSTATION OF THE KNOXVILLE UTILITIES BOARD

Figure 2.3 shows a one-line diagram of the Dixie Substation. The
substation is fed by a 66 kV subtransmission line and steps down the
voltage to the 13.8 kV primary distribution voltage. Normally, the
disconnect on the far right in the high voltage bus is open and the
substation is fed through the high voltage breaker. Each transformer
feeds a low voltage bus which is in turn connected to the primary dis-
tribution system through circuit breakers. The breakers on the low
voltage side of two of these transformers are fitted with a transfar
bus which permits supply of power to the distribution circuits should

one or the other of the low voltage breakers be out of service.
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CHAPTER III

GENERAL CHARACTERISTICS OF FMP

3.1 INTRODUCTION

The characteristics of EMP have been described elsewhere,e’3 but a
description is given here in order to make this report more nearly self-
conteined, easier to read and to understand, and especially to fix the
assumptions under which this study was made.

The concern here is with electi'omagnetic pulses produced by high
altitude nuclear detonations only. Ground and low-altitude bursts
produce EMP also; bat the EMP fields would not be of prime concern
sirce blast and heat would ordinarily be much more devastating tc power
systems except within an annular region ranging from & few kilometers
to a fex tens of kilometers. On the other hand, EMP from a high altitude
burst may have an area of coverage of millions of square kilometers,

which is a large fraction of the United States.
3.2 TYPICAL CHARACTERISTICS OF EMP FROM A SINGLE HIGH ALTITUDE BURST

An electromagnetic wave, such as EMP, may be described by giving
as functions of time the direction in wrich the wave propagates and the
amplitude and direction of the electric field intensity. The direction
of the latter is known as the direction of polarization.

The electromagnetic fields produced by a high altitude nuclear
explesion will have a direction of propagation and a polarization direc-
tion for the electric field which depends upor the location of the burst,
the location of the observer, and the direction of the earth's magnetic
field. Rules of thumb state (1) that the direction of propagation is
radially outward from the point of the burst and (2) that the direction
of polarization of the electric field is normal to both the direction
of propagation and the earth's magnetic field at the location of the
observer.

According to the polarization, the electric intensity may be resolved
into two components, one lying in the horizontal plane and the other lying

in the vertical plane which contains the direction of propagation. The

[V P



relative magnitudes of these two components are important for two reasons:
(1) the reflection of electromagnetic waves from the earth is different
for the two polarization components, (2) the coupling of electromagretic
pulses to horizontal transmission iines depends on the polarization.

Over the state of Tennessee tihe geomagnetic field has a dip angle
of abcut 670. This is a fair average of the dip angle over the United
States. Using the above rules of thumb, one can easily see that the
direction of polarization will be horizontal if the nuclear detonation
is north or scuth of the observer. 1If the detonation is to the east or
to the west, the direction of polarization will be off the horizontal by
an angle of about 230 or less, depending on the angle of the burst above
the horizon.

The amplitude of the EMP as a function of time, i.e., the wave shape
and magnitude, is highly dependent on a number of factors including the
height cf the burst and the yield of the weaporn, as well as the iatensity
and direction of tiue geomagnetic field in the upper atmosphere. In order
to avoid the complications associated with considering the effects of each
of these variables, it is useful and convenient to introduce the concept
of a representative pulse. This representative p'use is chosen so that
it is somewhat intermediate to what one would expect as an "average" pulse
and to what one would reasonably expect as a worst case. Thus, the rep-
resentative pulse defines an EMP environment which ordinarily would not
be exceeded by a significant amount and at the same time would not be
much greater than what one might call an average.

Thic representative pulse is shown in Figure 3.1 and is characterized
by three parameters: (1) a peak value for the electric intensity which
may be as high as 100 kilovolts, (2) a time to peak value of 2 shakes,*
and (3) a time to reduction to half the peak value of L5 shakes.

*
A shake is a unit of time convenient for fast pulse studies. It
is defined to be 107®sec.
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Such a pulse carn ce approximately reprezert=i aralytically 7 a

sum of two exponential terms of the form
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where Ei(t) is the amplitude of the incident electric field intensity at
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Often it is convenient to regard the pulse as the sum of a continuous
distribution of waves, each of which is characterized by an amplitude, a
frequency and a phase. The two mathematical tools used for this are (1)
the field of complex numbers for treating quantities with amplitude and
phase and (2) the Fourier transform for corverting from time to frequency.

It has been estimated2 that for a fairly-typical high-altitude burst,
the average EMP energy impinging on an area ¢f ground is less than 3
joules/meter®. The corresponding energy falling on a house with a floor
area of 2,000 square feet would be 0.6 kilowatt-seccnds. This EMP energy
density is approximately the energy density received from the sun curing
a time of about two milliseconds. However, the EMP energy is received in
something like 0.5 microseconds indicating the EMP has a power density
four thousand times greater. Of course, the EMP lies in a different
bandwidth with frequencies lying near the broadcast band whilie the sun's
energies lie largely in or near tne optical region. This means that the
EMP energy is picked up and concentrated in metallic antenna-like

structures such as long cables and transmission lines.
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Electric Field Strength as a Function of Time for the Representitive EMP.
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.- MULTIPLE BURSTS

In a nuclear attack, a series of high altitude bursts is not
unlikely. The source of these bursts mav range from an attacker's
offensive missiles detonated explicity to produce EMP effects to our
own defensive missiles deployed to intercept offensive missiles. It
seems reasonable, then, to expect dozens o perhaps hundreds of high
altituda defensive and offensive bursts spread out over a period of
a few minutes or an hour.

Since the EMP from each burst is distributed over most of the
country, the effects cf many pulses must be considered and evaluated
regardless of the location of the observer. Such an effect might mani-
fest itself as a source of instability in a large electric power network
due, for example, to repeated malfunctioning of various control elements.
Anothe. effect of multiple pulses would be associated with the failure
of components. Here, one may consider the probability of damage to a
single individual comporient as well ag the expected total number of
components failing in a system.

Of particular concern is the effect of multiple bursts on reclosers
and circuit breakers whizh lcck open after having interrupted several
defected faults within certain prescribed time limits of the order of a
minute. In the KUB system a recloser locks out if four faults are

detected in about three minutes.
2.4 CURRENTS AND VOLTAGES INDUCED BY EMP

The FMP will cause current and voltage surges to appear in the
components of a distribution system. The most important mechanism for.
this is the coupling through the transmission and distribution lines.
The currents and voltages induced directly in components, such as trans-
formers, is assumed negligible because of the size an? because of the
shielding ordinarily furnished by the equipments metallic case.

Since it is not possible to calculate the current and voltage
induced by the FMP for all possible situations and geometries, only a
few cases have been selected. These selections have been made in order

to establish some upper limits and some reasonable "average-type'" pulses.

Ve mee



In addition, two methods of calculation have been used in order to
provide a check.

A description of the coupling calculations used is as follows.
First there was assumed an incoming EMP with polarization and propagation
directions which depend on the location of the line and the point of
detonaticn as described in section 2.2. This wave was decomposed, or
transformed, into its frequency components. To these components were
added the contributions from ground reflection. Next, mathematical
models of the lines and the associated equipment, such as transformers,
were applied in order to calculate the currents and voltages at various
points in the nelwork as a funct:ion of frequency. Finally, these fre-
quency components were added /the inverse transform) to reconstitute
the voltage and current pulses as functions of time.

The calculation of the ground-reflected frequency compcnents
involved: (1) the decomposition of the polarization vector into two
compcnents, one lying in the plane of incidence, the other horizontal,
(2) the selection of a low-frequency conductivity for the ground with
corresponding experimentally determined frequency-dependent conductivity
and dielectic constant,h (3) the application of Fresnel's reflection
formulae.5

An example of the combination of the incident field plus the
reflected field is shown in Figure 3.2. Note the more rapid drop (and
even a negative part) of the combined field as compared with the incident
field alone in Figure 3.1. This example assumes the incident field is
sweeping in from ten degrees above the wire with a polarization in the
vertical plane containing the wire. Fields sweeping in frcm higher
angles and with horizontal polarization show an even more rapid drop
in the combined field.

EMP-induced current pulses have been calculated on the basis of
two theories: (1) scattering theory, and (2) transmission line theory.
Scattering thecry is based rigorously and directly on Maxwell's equstion
and is directly essociated with the geometry a:ud basic physical param=ters
of the systems. However, the mathematical analysis and computation

needed are difficult except for the simplest and most ideal situations.
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Fig. 3.2. The Horizontal Component of Electric Field of the
Ccmbined Incident and Ground-Reflected Fields at a Height of 10 Meters.
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Transmission line theory requires for its validity the correct
choice of certain "line parameters” suwh as the characteristic impedance
and propagation consvant. These parameters are not fixed but depend on
the manner or mode in which the current and voltage are traveling. How-
ever, there are standard formulae for calculating these line parameters
which have been shown to be valid for most of the cases of practical
interest.

For this study both methods have been applied. The scattering
theory hes been applied to the calculation of current pulses in infinite
perfectly-conducting wires. Transmission line theory has been applied
to these cases as well as to networks of wires of finite length and
finite conductivity with different directions and connected by
transformers.

In particular, the case in which the incident wave of EMP comes in
from a direction along the wire and ten degrees above thz horizon has
been selected as a test for comparing the %two methods. The electric
polarization was chosen to lie in the vertical plane formed by the
incoming wave direction and the direction of the wire. The wire was
assumed to he a perfect conductor with no resistivity.

The carrent for this case according to scattering theory is shown
in Pigure 3.3. The current according to transmission line theory is
shown in Figure 2.Lk. A comparison of these two figures shows that
transmission line theory gives a reasonable basis on which to make
estimates of the effects of P on lines.

This case, which will be referred to as Case A, is unrealistic for
several reasons. First, the resistanca ir the wire has been neglecied.
This resistance will be seen to be of =2siue importance. Second, the
electric polarization chcsen is possible only for EMP near the earth's
magnetic equator. Nevertheless, this cese has been selected in order
to represent a reasonable upper bound to the range of possible voltage
and current pulses to be expected from EMP.

In order to apply transmission line theory to the vroblemr of EMP
coupling to finite electrical networks che following relations have

been developed and used:
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The quantity V(g) - V_(£) is the difference between the actual
voltage V(7) at a point a distance ¢ down the line and the voltage V_(2)
that would appear at that point if the line extended to infinity in both
directions. Similar interpretztionshold for the other differences. Thus,
the above equations relate the voltage and current differences at a point
i {(one end of the line) to the voltage and currernt differences at point o
{the other end). The rclations involve, in addition to the line length g,
the line parameters, I and Z, which are the propagation constant and the
characteristic impedance of the line, respectively.

T@e line parameters are calculated according to the methcd given by
Sunde.” The "source voltages and currents, V_ and I_, are calculated
according to studies reported previously.7

The line segmants of an elactrical distribution system may be joined
directly or may be connected vy various equipment. Transformers, in
particular, which connect lines of different voltage ratings, are of
concern for two reasons: {1) the possibility of coupling the pulses from
primary to secondary as well as the modifying of the pulse shapes and
f2) the possibility of EMP damaging the transformers. Here we are con-
cerred with the first possibility, the following chapter is concerned

with the second.
3.5 TRANSFORMER MODELING FOR EMP SURGES

The impedance and transfer characteristics of three-phase transformers
subject to fast surges is a very complicated and involved subject. As a
start, we have represented three-phase transformers by a bar¥ <f three
similar single-phase transformers. The model of each single-phas= trans-
former in the bank is represented by the schematic diagram shown in
Figure 3.5. This model includes effects of interwinding capacitance,
saries capacitances, and dapacitances <0 ground.

The paramet=rs are obtained from a variety of sources. Transformeir

name-plate information prdvides the kilovolt ratings, kV. and kvg, of

1
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primary and secondary, raspectively, as well as the per urit leakage

reactance Xpu and the power rating MVA. A leakage inductance

Xpu le. KV2

2760 MVA

1
L' =3

and an effective tuirns ratio

n = kv, /kv
12
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A typical transformer iron has a flux penetration characterized by
8

a time constant
Tl = 6.5usec.
The mutual jnductance is then given as a function of frequency by
tanh ‘n./sTl
° ‘n,/sTl

where Mo is the mutual inductance at low frequeacies and is related to

M(s) = M

the size and shape of the transformer by

M, = u.NlNgA/z
where u is the permeability of the iron, A is the cross-sectional area
of the iron, g is the length of the flux path in the iron, and N1 and

N, are the number of turns of primary and secondary, respectively.

2
The corresponding self inductance of the primary is

L,(s) = n(M(s) + L'),
and of the secondary,
Ly(s) = 5(M(s) + L) -

The effective resistence of the windings was obtained from engineering
tables9 on the basgis of MVA rating and was apportioned to primary and
secondary on the basis of equal heat production.

The capacitance values w=re obtained in part from tabulations8 and
from reasonable guesses based on transformer construction. These capaci-
tance values, or, rather, particular ratios of these values are of special
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importance since the transformer often looks l1ike a capacitance voltage
divider for pulses traveling in the common mode {all three lines have
equal currents in phase).

The passage of surges through three-phase transformer banks depends
on the type of transformer connection as well as the type of mode of thne
surge. We have calculated the coupling matrix for common-mode surges
passing through delta-delta, delta-grounded Y, delta-ungroundel Y,
grcunded Y-grounded Y, grounded Y-ungrounded Y, ungrounded Y-ungrounded
Y. Each of these transformer connections looks very much like a capa-
citance voltage divider for common mode pulses; the delta-delta connection,
in particular, is exactly this, since there is no voltage across the
wirdings in common mode.

The surge voltage ratio u of secondary to primary ir th= delta-deita
connection is given by

1o

+ C.
ped

W= g

12 g

where 012 is the interwinding capacitance and C2g is the secondary to
ground capacitance. Since the primary is at a much higher voltage than
the secondary, the insulation between primary and secondary is greater
than that between secondary and ground. Hence, Ceg is ordinarily several
times greater than Cl2’ and u is typically of the order of one-fcurth.
This has been demonstrated experimentally at IITRI using very faswu
pulses.lo Lightning exnerience also bears this ous.

Pulses coupled onto the secondary will pass through the transformer
onto the primary according to the above equation with ng replaced by
Clg' Typically, Clg is of the same order of magnitude as C12 and u is
of the order of one-half.

This equation suggests two ways in which to reduce the surge passed
by transformers. The first is to reduce the value >f the interwinding
capacitance 012 by modifying the design of the transformer. The second
g This
may be effectively accomplished without redesigning the transformer by

is to increase the value of the secondary to ground capacitance C

simply adding an external capacitance to ground on the secondary transformer

terminals.



3.6 QUALITATIVE COMPARISON OF EMP WITH LIGHTNING

An EMP is often compared ts lightning. The principal reason for
this comparison is to get some understanding of the extent to which
lightning protection devices will protect equipment against the EMP.
Another reason is to scale and measure the EMP along the lines of a
phenomena with which we are more familiar.

In this comparison it is important to understand tae differences
between the EMF and lightning. Here we are not concerned so much with
the differences in the origins and caus=s of the two phenomena but with
the differences in the voltages and currents produced by them. It is
the voltage (the gradient of the voltage, Lo be more accurate) which
causes flashover and the breakdown of insulation. It is the current,
however, which is detected through the use of current transformers for
the cperation of circuit breakers (potential transformers are alsc
sometimes used).

Before we discuss the characteristics of the voltage pulses indiced
by lightning or an EMP we must bDe clear what is meant by voltage since
the electric field is not conservative. (n this report voltage refers
to the integral (a line integral from ground ts wire) of that component
of the electric field normal to the wire and the ground. This is the
component which crdinarily will be responsible for the breakdown of insu-
lation, etc. In non-mathematical terms, we are using those electric
forces pointiag from the w're to the ground to define the voltage sxd
not those forces pointing along the wire.

A direct lightning stroke may be regarded as an eleciric charge
injection process. This ~harge, which appears at a poin’% on the line,
creates a voltage and must travel by whatever paths are available to
ground if the line is to become electrically neutral. Ordinarily the
caarge travels away from the stroke point in opposite directions along
the line forming a current and an associated voltage. In ordinary aerial
transmission lines the ratio of the voltage to current in such pulses is
of the order of 300-500 ohms. This ratio, called the surge impedance or

characteristic impedance, is slightly frequency dependent.
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In contrast to lightning, the EMP is not a local charge injection
process carrying its own electros=atic field with it. On the contrary,
it is a continuous current induction process. That is, current is induced
continuously, uniformly, and unidirectionally along a segment of a
transmission line.

The manner of current generation depends on the angle between the
incoming wave and the transmission wire. If the wave comes in at right
angles to the wire, the current is generated simultaneously at all points
in th2 wire. If the wave comes in at some direction nearly along the
wire then the current is generated at the point of intersection of the
wave and the wire. This point of current generation moves along the
wire with a speed faster than the speed of light. This speed is actually
the speed of light divided by the cosine of the angle between the
propagation direction and the wire.

As this angle becomes smaller the speed of the point of current
generation decreases and becomes more nearly the speed of light. The
current generated correspondingly becomes more successful in trying to
keep up with the point of generation. Hence, the peak current induced
is larger in magnitude for smaller angles of incidence on the wire.

There is another important effect dependent on the angle of incidence.
This is associated with the buildup of charge and voltage along the trans-
mission line which may be zonsidered by conceptually thinking of an
instantaneous photograph of the current along the wire.

If the EMP com2s in &t right angles to an infinitely long wire,
then the current is the same all alcong the wire and there is no net
charge or voltage. If the wire is finite in length, then the same
statement is valid until charge and voltage buildup at the ends causing
a reflected pulse to be launched back along the wire. 1In this case of
perpendicular incidence there is no voltage until the current is reflected.

The reflected voltage Vr is related to the reflected current I by

Vr = ZIr

where Z is the characteristic impedance.



If the EMP comes in at angle * with the line tkan it can he shown

that the voltage in an infinite line is related to the current by
V=2ZI cos A

where 7 is the characteristic impedznce of the line. If the line is
finite then the latter of the two equations applies up until the current
is reflected at the ends, and then the reflected voltage and current

satisfy the first equation.
3.7 CHARACTERISTIC FMP-INDUCED CURRENTS AND VOLTAGES

Voltages and currents for a number of typical geometries are shown
in Figures 3.5 through 32.70. The captions are self-explanatory.

These results may be modified by a phenomenon which has not yet been
taken into account, namely that due to corona. Sunde has shown that the
effect of zorona is to delay or chop off the front of the voltage pulse as
shown in Figure 3.11l. Sirce EMP voltage pulses are induced continuously
along a line right up to a terminal, such coronal distortion may well be
less for EMP than for local charge injection processes, such ag lightning,
for which the pulse must travel some distance to a terminal. In any case,
this difficult question of corona effects on EMP pulses requires further
study and research for its resolution. It is not anticipated that corona

will alter the principal findings of this study.
3.8 QUANTITATIVE COMPARISCN OF EMP AND LIGHTNING

The current and voltage of Figures 3.7 and 3.8 represent a typical
large pulse which can be induced by an EMP on transmission and distribution
lines. This is not an absolute limit but only a reasonable representative
of the largest pulses to be expected.

It is interesting and informative to compare this large EMP pulse
with lightning pulses. Figure 3.12 shows a cathode-ray oscillogram of
the highest lightning voltage recorded on a transmission line.12 This
pulse reached a crest of 5,000 kV in less than two microseconds. The
maximum rate of rise was of the order of L;030 kV per microsecond.

Because the lightning struck four miles up the line from the oscillograph

.o ey
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station and because the voltage was much above the corona threshold
vcltage, it follows that the rate of rise at the point struck may have
been on the order of 10,000 kV per microsecond. This is ebout the
average rate of rise of the large EMP-induced voltage pulse shown in
Figure 3.3.

It should be pointed out that this lightning surge was produced on a
11C XV wood pole line without ground wire. Guy wires were entirely absent

- v -
in . 8 milae
24l e ) s AT

O

f the cscilloscope station, so that this line had ai
effective insulation level much above that of urban distribution lines.
Hence, the probability c¢f such a stroke on a ground-wire protected urban
line may be quite small, and even if struck, the urban line would
propagate the pulse with greater attenuation.

On the other hand, it should be noted in the comparison of the EMP
pulse and the lightning pulse that the former is the result of a calcu-

lation neglecting flashover ar.d corona, whereas the latter actually

occurred in a situation in whi-:i poth flashover and corona were significant.

Some idea of the lightning surge voltages which ordinarily appear
on primary distribution lines can be obtained from Figure 3.13.9 The
curves show that voltages grea*er than 200 kV seldom appear on urban
circuits, which are much better shielded than rural circuits. Again,
it should be noted that these curves are based on observatiors in which
the stirokes occurred at various distances down the line and that the
pulses were attenuated before being observed.

The calculated voltage of Figure 3.10 may be regerded as a fairly
typical pulse to be expected from high altitude EMP. A comp:rison of
this 1ith the above lightning voltages oa urban primary distribution
lines shows that the EMP voltage is cc the nrder of the maximum
lightning surge voltage.

It is a_.o interesting and enlightening to compare EMP-induced
currents with lightning <troke currents. Figure 3.14 shows the proba-
bility distribution ¢f the crest megnitudes of direct stroke currents
as well ax of arrester currents.9

Since the lightning stroke current divides itself according t»

the number of paths bty which it may reach grnund, the stroke current
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is greater than the current that appears in the transmission line. For
the purpose of comparing EMP currents with lightning current, the
arrester current curves may Le the most realistic. Experimental results
of arrester discharge crest currents are summarized in Figure 3.15. It
is then clear that the calcul:ted EMP-induced crest currents are of the
same orier as most lightning-irduced ciest currents. Only about five
percent of the latter having greater crest values.

The time dependence of the EMP-induced pulses are characterized by
rise times of 1/4 to 1 microsecond and a time to half maximum of from
2 to 10 microseconds at most. A comparison with lightning may be made
by observing Figures 3.16 and 3.17. In Figure 3.16 we see that the time
to helf maximum is greater than that of the EMP, indicating that light-
ning pulses carry more total energy. The rise times are also generally
large compared to the EMP rise times, although Figure 3.17 dces show that
rise times of the order of the EMP rise times are possible. It should
be noted these lightning data are based on strokes to the Empire State
Building and not on strokes to transmission lines. For strokes to
transmission lines the times to half maximum have a similar adaistribution.
But McCann's study cof direct stroke lightning currents to tower-like
structures showed lcnger rise times, one-half to ten microseconds. His
lightning data indicated that the rise time increased with the crest
current. This correlation is also indicated by the calculated EMP
currents. McCann also found average rates of current rise in the
lightning pulse fronts up to 45 kiloamperes per microsecond.

These comparisons of the calculated EMP-induced surges with actual
lightning surges in transmission lines indicate that crest voltages and
crest currents induced by the EMP can be of the order of the average
crest voltages and average crest currents from direct lightning strokes.
However, the maximum direct lightning stroke currents are much larger
than those induced by an EMP. On the other hand, the rates of rise of
the EMP currents and voltages are ac large as the maximum rates of rise
from direct lightning strokes.

Many transmission and distribution lines are protected from light-

ning by overhead ground wires. These ground wires are effective shields
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against direct lightning strokes but offer littie shielding against EMP.
When the comparison of an EMP and lightning takes this factor into account,
it is seen that crest voltages from an EMP can be well above average crest
lightning voltages on shielded overhead circuits, as was shcwn in

Figure 3.15.



CHAPTER IV

SYST= COMPONENTS

L.1 INTRODUCTIOCHN

Avparatus which must be protected against voltage transients at a
typical outdoor electric power substation, such as the Dixie substation
of the Knoxville Utilities BRoard, generally includes the follcoying:
power transformers, instrument transformers, circuit breakers, disconnect
switches, and buses. Some stations also include reactors and regulating
equipment.

The Dixie substation transforms power from the 66 kV subtransmissicn
system to the 13.8 kV primary distribution system. All of the apparatus
on the 66 xV side of the substation is insulated with respect to ground
at a Basic Insulation Level (BIL) of 350 KV and all on the 13.8 kV side
at a BIL of 110 kVv. (A piece of apparatus is said to Lave a BIL of E
KV, if its insulaticn will withstand without dielectric breakdown, the
application of the standard vol%2ze pulse shown in Figure h.l. This
pulse has been determined through international collaboration as the
best representation of the true voltage induced in a power line by
lightning. The pulse is characterized by a rise time Ole = 1.2 psec and
a time to fall to half .aximum leh = 50 pusec. As a short hand notation,

the standard pulse is referred to as an 1.2 x 50 pulse.)

In analyzing the effect of FMP on the Dixie substation, the following

voltage pulses were assumed induced by an EMP onto the subtransmission
(66 kV) and primary distribution (13.8 kV) lines associated with the
substation:

Pul = A (see Fig. 3.3) - Pulse incident along the wire, 80°
witii reapect to the vertical (nuclear explosion located 10
above the horizon). Tlectric field vertically polarized.
The wire is an infinitely-long perfect conductor. Maxwell's
equations are solved. The conductivity and dielectric con-
stant of the ground are independent of frequency.

Pulse B (sce Fig. 3.9) - Pulse incident broadside to the wire,
60° with respect to the vertical (nuclear explosion located
30° above the horizon). Electric field is horizontally
polarized. The wire is an infinitely long perfect conductor.

P
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Maxwell's equations are solved. The conductivity and
d.electric constant of the ground are independent of
frequency.

Pulse C (see Fig. 3.10) - Pulse is incident broadside to

the wire, 60  with respect to the vertical (nuclear explosion
located 30~ above the horizon). Electric field is horizontally
polarized. The wire is assumed to be semi-infinite in length,
and the voltage shown in the Figure appears at the input to

a power transformer. Transmission line equations are solved
with the conductivity and dielectric constant of the ground
allowed to be functions of freguency

4d YRty e

The three pulses (A, B, and C) are a representative sample of the

results obtained in this study for a variety of conditicns of incidence

of the EMP on the wire, for frequency independent and frequency dependent

models for the electrical properties of the ground, and for the use of
Maxwell's equations or trancmission line equations to describe the
dynamic response of the wire. Voltage pulse A could never occur from
a high altitude nuclear explosion over a region away from the earth's
equator where the earth's magnetic field causes the electric vector of
the EMP to be polarized horizontally with respect tc the surface of the
earth. However, of the three pulses considered, pulse A produces the
most severe stresses to the insulation of a 66 kvV/13.8 KV substation

and is of interest for that reason.

4.2 TPROTECTION BY LIGHTNING ARRESTERS

The full magnitudes of the pulses discussed in the previous section
will not be impressed upon the insulation cf the substation. The light-
ning arresters protecting the substation will afford some protection.
The 66 kV side of the Dixie substation is protected with 60 kV rated
arresters and the 13.8 kV side by 10 KV rated arresters. An exact
analysis of the protection afforded against pulses B and A is not
possible unless the presently available performance data for lightning
arresters are extended by experiment tec cover voltage pulses with rates
of rise in excess of 1 MV/usec. However, an estimate of the protection
can be made by extrapclation of the known data to these rates of rise

as shown h«low.

PRy L L .



Stiown in Figure -.2 is a plot of tne ctandard station type or
distribution type lightning arrester breakdown voltage in kilovolts per
kilovolt of arrester rms voltage rating. The arrestier breakdown voltase
may be dcfined as the voltage held across the arrester termirals at the
instant before the arrester spark gaps fire. The abscissa in tiiis plot
is the time between application of a voltage pulse to the arrester
terminals and the onset of arrester breakdown. It is clear from thre
shape of the curve, that larger pulses produce breakdown in shcrter
times. Figure «.3 shows the dizcharge voltage in the same units for the
same standard lightning arrester. The dischargs voltage is that voltage
which apnears across the lightning arrester terminals after the initial
breakdown of the spark gaps and at a time when the current limiting
elements of the arrester are heginning te draw current. From Figure -.3
it is apparent that the discharze voltage depends upon both the current
and its time rate of change.

Table 1 gives a comparison of crest values and slopes of the currert
and voltiage associated with each of the three pulseg, A, B, and C. Using
the curves in Figures 4.2 and 4.3, extrapolating where necessary, and the
data in Table 1, estimates have been made of the breakdown and discharge
voltages expected from 60 kV rated and 10 kV rated lightrning arresters
such as appear in the Dixie substation. These results are summarized in
Table 2.

Table 1. Pulse Parameters

Pulse
A B C
Max. Voltage (kV) 2L, 00C 1,609 275
Max. Current (kA) 60.50 4.02 1.15
Average Front Slope
Voltage (kV/us) 24,000 12,200 18L

Average Front Slope
Current (kA/us) 60.0 30.5 18.4
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Tabie 2. Lightning Arrester Behavio:’

Pulse
A B C

60 kV Lignhtning Arrester

Breakdown Voltage (kV) 53L 138 20k
Dischargs Voltage (kV) 330 oLE 222
Time to Reach Breakdown

Voltage (ns) 10 30 1,070
Energy Dissipated (kWsec) 22.5 0.25 1.20

10 kV Lightning Arrester

Breakdown Voltage (kV) 190 110 LD
Discharge Voltage (kV) 55 L1 27
Time to Reach Breakdown

Voltage (ns) L.7 10.5 200
Energy Dissipated (kWsec) 3.81 .05L .202

With pulse C, the discharge voltage for the 50 kV arrester exceeds
the breakdown voitage and for the 10 kV arrester the corresponding dis-
charge voltage nearly equals the breakdown voitage. Ey contrast, the
rates of rise of the voltage in pulses A and B are so high that the
breakdown voltages for both arresters greatly exceed the discharge
voltage. The qualitative behavior of the voltage in such a case is
illustrated in Figure L.u. 1In Appendix C, such an example of the
calculation of breakdown and discharge voltages is given.

Taole 2 also gives an upper limit on the energy expected to be dis-
charged by both arresters. The type of lightning arrester found in the
Dixie substation is capable of discharging L kiWsec per kV per rating. Thus,
the energy in all three pulses can easily be handled by the arrester.

In standard lightning protection practice, the ligntning &arrester
is placed between the incoming line and the substation to the protected.
This practice also helps to protect against the effects of EMP; but, as
in lightning protection, the length of the arrester electrical lead

cannot be chosen arbitrarily. Because of the traveling wave nature of

——
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the EMP pulse on the power line, time is required for the pulse to travel
down the arrester electrical lead, for the arrester to reach its breax-

down voltags, and for this new viitage to travel back to the power line.

If the arrester lead is too long, the protected apparatus has aiready
been stressed to the full F¥MP voltage before the action of the arrester
has affected the power line.

Analysis of traveling waves on the lightning arrester lead results

in the followin

2. 0.028: /T + 0.0516r - 11 (4.1)
X

where r is the rate of rise of the PMP in kV/usec divided by the lighctning
arrester rating in kV and x is the length of the arrester lead in feet.
“'he quantity m is the margin of protection for the substation and is
defined by the equatiomn

E

)
m:_-'-l, !

5

where Ew is the withstand voltage in KV of the substation insulatior and

Eb is the breakdown voltage in kV of the arrester.

Bquation .1, which is plottad in Figure :.5, gives the relationship
between (m/x) and r in the case that Ep, the peak voltage of the TMP,
exceeds Ew. If this is not the situation, the following cases in which

R represents arrester rating in kV may be distinguished.

() Eﬁ< 3.4R. The asymptotic value of the lightning arrester
breakdown voltage curve is 3.4R. If Ep is less than this,
the lightning arrester fails to fire and the protected
point senses the full pulse.

(2) 3.43R < Ep < E_. In this case the lightning arrester fires
after the peak voltage has passed. The protected point
sens»?s & pulse vhich has been chupped on the tail and has
peak voltage Ep.

(3) E, < Ep < Ew' The lightning arrester fires. Depending
upon length of the arrester lead, the protected point may

sense any voltage batween Eb and Ep.
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Appendix C shows how one may use Figure 1.7 to calculate the maximum

admissible lead length of a.u arrester of any rating.
L.3 STATION INSULATION

The insulation of the circuii breakers, disconnect switches, anl
buses on the high voltage side of the substation have a BIL of 350 kV.
It is clear from the results presented in Table 2 that this apparatus
is protected against the effects of pulse C, since the breakdown voltage
and the discharge voltage of the arrester in this case is less than
350 kV. For pulses A and B, however, the breakdown voltages of the
arrester overshoots and exceeds 250 kV. Whether pulses A ard B will
cause the insulation to breakdown, however, is problematical because
the widths of the overshoot voltages are much less than the duration
1.2 x 50 usec wave used to define the BIL. It is known that insulation
will vitnstand high instantaneous voltages for short times {for example,
the "steep front wave" discussed below), so that it is possible that
the overshoot voltages of pulses A and B will fail to break down the

insulation.
4.L  TRANSFORMERS

The distance traveled by an EMP-induced voltage into a transformer
winding during the time the voltage is appreciably changing {rise time)
is short compared with the length of the winding. For this reason a
distributed parameter circuit modei similar to that used to represent
transmission lines is needed if the voltage distributicn in the winding
is to bpe calculated. The results of calculation with such a modc<l pre-
dict that when an EMP voltage reaches a terminal of one winding of a twc
winding transformer, the voltage is initially distributed nonuniformly
in both windings due to the effect of the turn-to-turn capacitance, the
capacitance to ground of each winding, and the mutual capacitance tetween
the windings. Following this initial c..pacitatively-coupled transient,
both windings go into oscillation due to the interaction of their
inductances and capacitances.

The voltage stresses inside transformers and bushings depend upon

the shape of tire wave impresse: on the winding. In additior to the "full"

L e e o e~
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wave uscd +3 define th: BIL, transformers and bushings for use in &¢ KV
systems are also given a breakdown test with the "chopped" wave shown in
Figure -.6. Because of the abrupt ctanges of voltage in the "chopped”
wave, larger dielectric stresses are developed across the insulavion of
the transformer than are found when the "full" wave is applied. Recently,
masufacturers have also tested trar-formers of thris class with a "steep
front" wave shcan for a 65 kV system in Figure -.c. The "steep front”
wave causes even more severe dielectric stresses than the "chopped" wave;
and, because it rises with 2 slope cf 1 MV/us_.c, it more closely approxi-
rmates the effect on a transformer of pulses A and B.

Figures 4.7, 4.8, and 4.9 show plots of various voltages calculated
using this model which can be expected in windings of a single phase
transformer when stressed at the high voltage terminal with a pulse with
the discharge voltage of pulse A. The neutral of the primary winding
and both of the terminals of the secondary winding of the transfcrmer
are assumed to be grounded. The pulse applied to the primary hign voltage
terminal was assumed to rise to a peak of 330 kV in ¢.01l usec. This pulse
only approximates the effect of the lightning arrester on pulse A, since
the large overshoot of the lLreakdown voltage over the discharge voltage
has been ignored. This was necessary vpecause the details of the transitios:
of the voltage from breakdown to discharge were not known. It was further
useful to ignore this difference to achieve a simple mathematical form to
represent the pulse in order to apply the distributed parameter circuit
model.

Figure 4.7 shows the spatial distribution of the voltage insid= the
primary and secondary winding for various early times during which only
the winding capacitances are playing a role. The spatial coordinate is
the distance alon. :he axis of the winding, whic: is assumed to be cylin-
drical in shape. Th:z zzro of the spatial coordinate is assumed to be at
the high voltage terminal of the winding with 100% of the winding having
been traversed upcn reuching the neutral. It is clear from the figure
that for times of the order of the rise time of the pulse the voltage
applied to the high voltage terminal dces not distribute itself uniformly

over the erntire winding but tends to pile up across the first 404 of the
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t'irns nearest the high voltage terminal. Hence, the peak voltage of
330 kV is impressed upon the insulation of these first turns alcne and,
dependins upon the insulation strength, could cause breakdown. From the
figure it is also apparent that the voltages in the secondary winding
due to the various winding capacitances are much less than those in the
primary.

Arter the initial transients shown in Figure 4.7, which propagate
throcugh the windings via their turn-tc-turn capacitance, their capacitance
to ground, and their mutuval capacitance, oscillations are set up due tc
the combined effect of the winding inductances and capacitances. This
behavior is shown in Figures 4.8 and 4.9. The oscillations become apparent
only for times of the order of or greater than the first natural period
of the windings which lies in the range of a few microseconds. By these
times, the pulse vcltage at the high voltage terminal of the primary is
also beginning to decay.

The results shown in Figures 4.7 through 4.9 are indicative only of
the qualitative behavior of a 66 kV/13.8 station transformer stressed by
EMP. This is true for the reasons stated above concerning the need to
ignore the overshoot of the discharge voltage of the lightning arrester
and also because the circuit constants for this transformer were unknown
and could be estimated only crudely.

From the qualitative behavior of this particular transformer model,
however, some conclusions can be drawn. .The presence of voltage oscilla-
tions indicates that the transformer is only imperfectly protected against
transierts. Better suppression of voltage oscillations than this is often
included in transformers of this class and should be encouraged to enharce
the protection of the transformer against EMP. Any of the standard tech-
niques for reducing the oscillations such as electrostatic shielding,
interleaving of turns, layer windings, and graded capacitance are desir-
able . Furthermore, by comparing pulse C with the three standard trans-
former test waves (Figure L.6), it may be concluded that the similarity
is sufficient that if the transformer insulation will withstand the test
waves, it will withstand pulse C also. Pulses A and B, however, because

of their large rates of rise, form another class and remain problematical.
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CHAPTER V

THE EFFECTS OF THE EMP ON DISTRIBUTION SYSTEMS

5.1 INTRODUCTION

It must be emphasized that the effects of an EMP considered in this
study are restricted to those wnich arise from surges in the power cir-
cuits of the distribution system. The effects of surges induced in
supervisory and control circuitry are being studied presently and will
be described in a later report.

Even with this limitation it is impossible at the present stage to
calculate the EMP-induced voltage at every point of an electric power
distribution syster. This is because of the complex geometrical arrange-
ments rcssible and the complex and nonlinear behavior of components such
as lightning arresters and transformers. Even i7 one knew the voltagez
he would be faced with the task of using them to predict the breakdown
and flashover of insulation, puncturing of dielectric, etc., at all
points of the system. Each of these flashovers would modify the voltage
and current at other points in a nonlinear fashion and as a complicated
function of time.

What is known at the present are some representative and typical
pulses induced by an EMP, such as those shown in Chapter III. These show
that such EMP-induced current pulses can be larger than the average
lightning induced currents in components but less than the average total
current in a lightning stroke ard certainly much less than the greatest
lightning stroke currents. Hence, speaking broadly, we can say that the
effects to be expected from EMP correspond to effects from something like
the weakest quarter of direct lightning strokes or from the weaker two-
thirds of lightning strokes hitting down the line a bj’.

Of course, we must be cognizant of the differences between lightning-
induced and EMP-induced pulses in applying this rough rule of thumb. As
pointed out in Chapter III the principal differences are: (1) lightning
is a point charge-injection process with pulses moving away from the point

of injection whereas EMP induces current continually along a line with



charge and voltage building up at terminals and sherp turns, (2) EMP is
tasically a faster process than lightning with muck shorter rise times
(this may be partially compensated by natural tendencies, such as corona,
to spread out the wave front and by a corresponding smaller total energy
in the pulse), and (3) EMP-induced pulses will appear 3inultaneously
thr-ugzhout an entire power grid whereas lightning is a local intermittent
phenomenon.

The effects which are important to consider are similar to the
effects from lightning. These include corona, flashover of insulators,
follow current discharge, and discharge through arresters. Attendant
with these are the possibilities of permanent Jjamege to equipment axd
components, in particular, the runcturing of solid insulatinn.

The burnout of fuses and rec.oser operation, especially lockout of
reclosers, are important effec:ts which can result from a flashover with
follow current caused by the EMP. In additisn, because of its wide
coverage the EMP can influence the stability, security and control of

the entire electrical system.
5.2 THE PMP CURGES TO THE CONSUMER

The effects of EMP-induced currents and voltages can be classified
according to the part of the eystem on which they appear. In addition
to the long transmission lines supplying the major substations, there
are three major divisions of the distribution power circuits classified
according to voltage: the subtransmission lines, the primary distribu-
tion lines, and the secondary distribution lines. The first two f.ypes
of lines ordinarily have lengthe of the order of miles. The secondary
distribution lines are typically quite short and muy, in fact, consist
m.rely in the drop to the consumer. The voltages and currents induced
directly on such lines may be quite ..egligible.

A criterion for deciding whether a line is short may be found by
comparing the times to the current peak in a line of infinite length to
the time it takes a pulse reflected at the end to traverse the wire
length. Thus, when the current in a long line would be reaching a

maximum value, the current in a short wire would already include reflected
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components. A time to peak current of from 0.3 to 1 microseconds corre-
sponds to & length criterion of from 130 to 300 meters. The secondary
distribution lines of KUB are ordinarily less than 300 feet and always
less than 500 feet. Thus, the KUB secondary lines are short.

The EMP surges appearing in a distribution circuit may be induced
directly in that circuit or it may be transmitted through transformers
from snother circuit. As shown in Chapter III the magnitude of voltage
surges passing through transformers are reduced to one-third or less.
For long circuits, i.e., transmission, sub-transmission, and primary
distribution circuits, the surge induced directly from ®MP iz the surge
of importance. For the circuits of short length, i.e., the: secondary
distribution circuits and the consumer service drops, the surge coming
through the distribution *ransformer <s the critical surge.

BMP-induced pulses on the primary distribution circuits will be the
same as thoses on the subtransmission circuit, btut there is a difference
in the basic insulation levels. In the KUB system the basic insulation
level of the primary distribution circuit is 110 kV and 350 kV on the
subtransmisgsion circuits.

However, the insulation strength on wood poles, which are typical
of primary systems, is ordinarily much greater than the nominal basic
insulation level. This means that the induced voltages and currernts
are most likely tc flashover at dead ends and at corners where guy wires
and insulator strings are used, at Jdistribution transformers and through
their associated lightning arresters, and at the substation entrance or
bus.

The currents and voltages on the subtransmission and primary distri-
bution lines are then as described in Chapter III. A fairly typical
voltage pulse on these lines being that described by Figure 3.10. Note
Lhat tne 270 kV crest voltage of this pulse is slightly below the 340 kV
basic insulation level (HIL) of the subtransmission system but well above
the 110 kV BIL of the primary distribution circuit. However, the actual
insulation strength of lines on *00d poles is ordinarily well above the
nominal value except at terminations, dead ends, etc. Hence, it is not
unreasonable to expect the full 270 kV crest value to appear on much of
the primary circuit.
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The voltage passing on to the secondary Aistribution circuit will 'E
be about one quarter of that on the primary side. Hence, if the ordinate
of Figure 3.10 is divided by four, the voltage curve then represents a
typical pulse appearing on the secondary side of the discribution
transformer if not protected by a lightning arrester.

If the primary side cf the distribution transformer is protected by |

a lightning arrester then the voltage passed on tc the secondary as well
as that on the primery will be reduced. If a transformer rated at 13.8
kV/208/120 volts and protected by 10 kV primary arresters, as in the KUB
system, receives a pulse from EMP, the arrester will spark over at more
than 10 kV. About one quarter of this will be impressed on to the sscon-
dary with a crest voltage of more than 10 kV. In addition to this surge,
a directly induced EMP voltage of the order of some tens of kilovolts may
be induced on to tne secondary depending on the geometrical orientation
and length of the line.

Hence, EMP vcltages on secondary distribution circuits will be of
the order of 10 kV to 70 kV or more depending on the particular arrange-
ment. These voltages are higher than the impulse withstand strength of
most customer equipment connected to 208/120 volt circuits. Unless such
equipment is protected by arresters and protective capacitors they will
undergo failure. This failure will likely occur in solid insulationm.
Typical examples are motcr-winding failures and power transformer winding

failurcs.
5.3 SYSTEM MALFUNCTIONS

Possible damage of the components include puncturing and blistering
of insulators where flashover occurs. Puncturing of the insulators does
not occur as frequently as in the past because of improvements in material.
However, the faster rise times of EMP in comparison with lightning increase
the likelihood of punctured insuiation.

The puncturing of insulation is especially serious at a dead end or
sharp corner  where EMP induced voltages will appear earliest and with
greatest magnitude. Insulation breakage witn the resulting loss of an

insulator string at such a point would cause loss of tension in the line
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for some distanc2. For lightning protection such an occuw:rence is
guarded against by increasing the insulation at such dead ends and
corners, so that flashover is more likely to occur down the line. On
the subtransmission system KUB uses seven insulators at dead ends com-
pared to five insulators at points with gravity load only.

In order to check the adequacy of the two extra insulator units for
EMP protection, consider a voltage building up at such a dead end to a
peak of 1100 kV in one microseccond, which is a typical rate for EMP-induced
voltages. This will produce flashover across the seven insulators at the
end of the microsecond. Down the line one hundred meters (which corre-
sponds to a short span distance) the voltage at the end of one microsecond
will be only 730 kV (because the velocity of the voltage pulse sent out
from the end is limited to the speed of light). But this is no% yet equal
to the 800 kV required for flashover across five insulator units.

Thus, the two extra insulatcrs in the dead end and co-'ner insulator
strings do not give the requisite added protection for pulses with the
rise rates «..d time characteristic of EMP. In contrast to lightning,
EMP-induced flashover is more likely to occur at these dead-end points
than at points along the line.

These flashovers can appear on the primary distribution lires as
well as on the subtransmission lines. It is not clear what fraction of
these flashovers will result in sustained power follow since the proba-
tility of this depends on the duration as well as magnitude of the pulse
flashover current. Lightning flashovers, with a current duration crdi-
narily many times greater than that of an EMP, cause sustained power
follow with about 35 percent probability for high voltage ste:zl tower
lines of line length less than 100 miles.9 EMP-induced flashovers heve
a much shorter current duration and will result ir sustained wower follow
less frequently, but just how much is not known. A probability of several
to some tens of percent. which appears reasorable, would mean that a num-
ber >f flashovers with sustained power follow are likely to occur on the
subtransmigsion lines of a system such as KUB. As.'ming normal recloser
cperation, these would be cleared unless four pulses occurred within about

taree minutes for the KUB system.
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The lines in the substation are fairly short in length and most of
the EMP voltage will be due to the voltage coming in from the subtrans-
mission and distribution lines. These pulses will be shaped by corona,
flashovers, reflections, and inductive and capacitive elements in the
system, so that by the time the pulse gets to the transformer terminals,
the pulse shape may be more nearly like that characteristic of lightning.
As shown in Chapter IV, the lightrning arrester should give protection if
the lead length is sufficiently short. JI% is common practice to mount
the lightning arrester directlv on the transformer cases. At Dixie
substation, the lead lengths are about two meters long.

Lightning arresters will function without sustaining damage. However,
power follow after a ilashover will cause fuses to blow, or reclosers to
open, or both depending on the coordination scheme of the power sysiem and
the timing of successive nuclear detonations.

On the subtransmission lines of the KUB system the arrester breakdown
voltages of pulses A and B are greater than the BIL of 350 kV. This is due
to the so-called turn-up of the arrester characteristics. The insulation
shows even greater turn-up for that time range in which measurements have
been made. There is some opinion taat those components, station trans-
formers in particular, which are adequately protected by arresters against
lightning will also be protectea against EMP. According to this, sub-
station transformers would nct likely be damaged by EM? on the subtrans-
mission side. This statemenrt should be tested by experimentation using
current-injection techniques, which shouiG not hbe expensive if the state-
ment is true. It should be pointed out that substations are shielded
against direct ligntning strokes by overnead grcund wires. Aithough these
are very effective for protection against lightning, these ground wires
offer little protection against EMP induced surges.

Discounting the effect of the failure of unprotected consumer
apraratus, a distribution system with well coordinated reclosers ard
fuses should survive a single nuclear detonation with eagse. But a series
of such detorations in a span of a few minutes will cause reclosers to
1s>ck open and fuses to blow, resulting in a power outage over at leasi a
part of the system.

R
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Such power outage in virtually all distribution systems combined
with damage t- unprotected consumer equirment will lead to large load
losses at the generating stations. This may necessitate shutting down
some of the generating capacity. It is not clear to what extent syn-
chronism may be maintained in such a situation. The full extent of
these implications in addition to the effects of flashovers occurring
simultaneously at a number of points on the high voltage transmission

lines have yet to be studied.
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CHAPTER VI

SUYMAKY, CONCLUSICNS, AND RECOMMENDATIONS

6.1 SUMMARY

The results of this study indicate that the EMP from a nigh altitude

nuclear explosion will induce a current and voltage surge throughout the

nte will be in
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electric power system. The voltages and curr
transmission and distribution lines and will be characterized by very

fast rates of rise, high peak values, and short time durations. The

peak values of the current pulses depend on the orientation and geometry
of the lines and can be as great as ten kiloamperes. Although this is

less than the total current of the average lightning stroke, it is

greater than the average lightning current appearing in lightning
arresters. Voltages to the consumer outlets can te of the order of 10
kilovolts to 70 kilovolts.

These EMP-induced pulses differ from lightning in two essential ways.
First, the rise times of the pulses may be up to ten or more times faster
than the rise tim2s associated with lightning. Second, as mentioned above,
these pulses can appear simultaneously throughout the entire power system.
In particular, and in connection with this study, the pulses 1)1l appear
throughout each distribution system.

This universal aspect of high-altitude-EMP-induced rulses means that
the system will be thoroughly tested for its weakest components. This is
in contrast to lightning-induced pulses which analagously only "spot-check"
the system for weaknesses. Furthermore, in an attack, there may be many
high altitude explosions. This means that the power system will be subject
to repeated universal tests by EMP-induced surges.

It is virtually certain that weak points will be found. Those points
in the system which are not adequately protected against lightning-induced
pulses are especially vulnerable. But adequate lightning protection does
not grarantee adequate protection against EMP. 1In particular, overhead

ground wires offer little protection against FEMP.
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In addition to the direct couplirg of EMP into transmission and
distribution lines up {o one third of the voltage on the primary may be
passed on to the secondary by capacitive coupling. This means that
transformers will not offer substarntial protectior against such pulses
coming in to the equipment of the consumer. Such voltage pulses may
reach peak values of 10 kv to 7C kV and will damage consumer equipment

unless prctective measures are taken. Such protective measures inclnde

the use of lightaing arresters and protective capacitors.
3.2 CONCLUSIONS

An EMP is not likely to cause extensive damage to power system com-
ponents. There is still some question concerning the vulnerability of
transformers which are not completely protected against lightning by
arresters. An experimental program to study this problem should be
promoted and carried out.

If the transformer *s adequately protected against lighining on each
side by an arrester then such protection mty well be sufficient protection
against EMP-induced pulses. This is ordinarily the case for large station
transformers for which the investment justifies complete protection by
station type arresters.

Distribution transformers are another matter. These may be of the
completely self-protected type, each of which has passed a surge test
equivalent to a direct stroke of lightning. It has been the custom on
the west coast to use distribution transformers witnocut any protection
from lightning arresters, but a trend in which arresters are being used
to protect distribution transformers seems to be getting established.

As we have seen, this will also reduce the size of the pulse to the
consumer from nerhaps 70 kV to around 10 kV.

Consumer equipment is vulnerahle to the effects of even a single
pulse. This damage may be prevented by (1) disconnecting the equipment
from the power line before a nuclear attack and {2) protecting the
equipment, if it must remain connected to the line, by filters, capacitors,

or arresters.




If the consumer equipment is adequately protected, a distribution
system should te able to recovar easily from the effects of a single
FMP pulse, or from a series of such pulses spuced more than a minute
apart. If four or mor= pulses occur ir a period of the order of three
minutes (for the XUB system) then reclosing breakers are likely to

lock open on a large scale.

6.3 INFORMING THE PO¥;

Ata A h tte ATNS A AAdd

It is most urgent that the power industry be made aware of the EMP
threat. This awareness must be at both the engineering and managerial
levels.

There are a number cof channels through which this may be implemented.
Defense Civil Preparedness Agency (DCPA), with the cooperation of other
governmental agencies, should contact each segment of the industry
directly or through appropriate channeis. These segments include the
public ard private utilities, the manufacturers, and related governmental,
technical, and industrial organizations. Among these which should be
aware of the threat and work together as much as possible are the
following: The Federal Power Commission, the Office of Emergency Pre-
paredness, the Defense Electric Power Administration, the National Bureau
of Standards, the Atomic Energy Commission, the Defense Civil Preparedness
Agency and its regional offices and emergency operations centers, the
National Electrical Manufacturers Association, the Electronic Industries
Association, the Edison Electric Institute, the National Electrical
Reliability Council, the Electrical Research Council, the Institute of
Electrical and Electronics Engineers.

This spread of infcrmation concerning an EMP is most urgent. It will
help the utility engineer to know what to expect under the conditions of
an attack, so that he can understand the problems, prepare for them and
cope with them when and if they do occur. Such knowledge will be invalu-
able not only in preventing and reducing power shutdown, loss of loads,
instabilities, and speeding repairs, but also in shaping the trend of
future developments which can coordinate protection against the EMP,

lightning, and switching surges. This knowledge of the EMP can influence



the designers and manufacturers of power equipment as well as tie
utility engineers themselves to proceed along a direction in which EMP
protection and lightning prctection are coordinatec, resuvlting in
increased protection at a minimum cost.

Efforts should be made now to introduce the concept of EMP to elec-
trical engineering students so that they are aware of its threat and the

corresponding need for considering it in planning and design.
6.4 CO(RDINATED PROTECTION

The need for lightning protection has long been recognized in the
electric power industry. Standards for equipment and protective devices
have been established along with the development of testing procedures.

A trend must now be startea in which the industry recognizes the need
for ¥iMP protection and existing standards and tests are appropriately
modified to include comp:chcensive and coordinated protection against
both EMP and lightnirg.

More concern must be given to the problem of the protection of con-
sumer equipment. This again may be coordinated with lightning protection.
While the number of people killed indoors by lightning is relatively small,
deaths still occur. Between 1959 and 1965 four perscns were killed by

lightning while using their telephones,13

while many others were killed
near appliances plugged into the house wiring system or fixtures connectei
to house plumbing.lu Damage by lightning to home appliances and equipment
is even more rfrequent. It is apparent that there is a need and use for
increased consumer lightning protection. Such added lightning protection
can be coordinated with EMP protection with little or no added cost.
Protection against lightning is gauged according to the lightning
threat. A measure of lightning threat wnich has been used for many years
is the isokeraunic level. This is the number of thunderstorm days (days
on which thunder is heard) per year. Figure 6.1 shows the isokeraunic
levels over most of the United States. It is seen that central Florida
has a maximum level; hence, lightning protection devices are used plenti-
fully, even on secondary lines. On the other hand, the west coast has a
level which is practically zero right on the beach. The use of lightning

arresters on distribution lines has accordingly been negligible.
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Fig. 6.1. The Number of Days per Year on Which Thunder is Heard
at Various Locations in the U.S.A. Adapted from "Mean Number of
Thunderstorm Days in the United States,” Technical Paper No. 19,
Climatological Services Division, Weather Bureau, September 1952.
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In spite of this low thunderstorm leval, a2xtensive lightning occurs
in something like nine year cycles. In the period 14:7-19o3, Southern
California Edison Company lost 2200 distribucion transformers from such
lightaing activity. Since that time, they have established a policy of
protecting distribution transformers, 25 kvVva and above, with srresters.
Such a policy is not universal on the west coast, however. Substation
transformers are still not protected by arr sters.

The west coast is therefore egpecially vulnerahle %o EMP pulses [n
the distribution systems since they have a mininum of lightning protec-
tion. But even on the west coast more protection against lightning is
desirable as well as tl.e added protection against EMP which would te
obtained by a coordinated prograa.

6.5 OTHER RECOMMENDATIONS

Bxtensive hardeiing of the eleciric power system is rot recowmendes
on a crash hasis. A coordinatea program of research, the development of
standards, with increased protection against both lightning and EMP should
be followed. This increased protection is obtainable tirough the use of
modern, sophisticated arresters which firz rapidly (in the submicrosecond
time range).

A principal problem besides that of protecting consumer equipmer:t
(which is possible using presently available devices) is that of the
locking out of reclosing breakers. The only sciuticn to this seems to
be that of overriding the lockout by remote control. This is not yet
available in many substations, but it is the trend to go to more and wmore
remote control. This solution in turn requires a control and supervisory
system which is hardened against EMP. It ig suspected that present con-
trol and supervisory systems may be vulnerable to EMP and this problem
is heing investigated. More study of the lockout problem is needed.
i«.haps other solutiors will vbe forthcoming.

A big unknown whicnl requires extencive study is the dynamic effect
of an EMP on the entire power system. The need for attention to system
secw ity was empnasized by the so-called Northeast power failure in
November 1965. That failure showed that concern with stability and
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system security is not merely academic and that a relatively small
gsingle local failure can have widespread effects of major proportions.

In contrast to the Northeast power tailure, EMP-induced effects on
congsumers and distribution systems would essentially blanket the country.
There is no guestion that sguch a widespread phenomena would imply impor-
tant consequences regarding the gtability of the s =tem and maintenance
of synchronism, and hence system security. This imwortant and difficult
provies remiing even if all the problems of consumer protec:iion and
lockout are solved. This is tecause of the shock to the system which
would result from the momentary sismul .aneous operation of =anv circuit
breakers in the system.

The study of this problem of stability resulting from distritution
system 2ffects as well as from possible EMP irduced flashover couceivably
czuging three-phase faults is imperative. It might be pointed out that
even the Hoover Dam lineg of the city of Los Angeles were not designed
for transient stadbility during three-phage faults. This fact should
indicate the geriousness of the problem and the importance of such
studies.
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APPENDIX A

EXPERIMENTS ON SURGE COUPLING
THROUGH A DISTRIBUTION TRANSFORMER

A 2100/L160-120/24C V, 3 kVA single phase transformer manufactured
by Precision Transformer Company was connected as shown in Figure A.l.
With this arrangement of grounded terminals which is standard for dis-
tribution transformers, the following experiments were performed.

The transformer was excited by connecting a 120 V, 60 Hz source in
series with a power line filter between terminal B and the secondary
neutral SN. Also between B and SN and in parallel with the source was
connected a small transistorized AM radio. A 3 kV Jdistribution type
arrcster was connected vetween A and Ph. Terminal C was left floating.
While the radic was in operation, a voltage pulse with a peak of 60 kV
and a rise time of 10 ns was applied between A and *™N. The powerline
filter prevented the pulse from damaging the 120 V, 60 Hz source. Ten
successive such pulses separated by no more than 2 minutes failed to
cause any damage to tne radic, although the pulse could be heard as
static in the raaio reception.

Next, the lightning arrester was removed from the primary and the
pulse applied again. On the fifth pulse applied with this arrangement,
the radio failed due to damage to its input transformer.

As a supplementary experiment, pulses with the same rise time but of

increasing voltage were applied directly to the power input of an identical
radio. The input transformer on this radio failed when the peak voltage

of the pulse was 10 kV. This 10 kV was a measur: of tne direct vulnera-
bility of the radio. Thus, when the 60 kV pulse was applied to the 2 kVA
transformer primary, abcout 1/6 of this peak voltage was impressed across

the radio.

In a se>ond experiment terminals B and C were left open circuited
and a square pulse of 50 V amplitude and various widths ranging from
50 ns to 8 microseconds was applied between A and PN. Measurements
showed that the voltage between B and SN and C and SN was only 1/6 of
the 50 V applied at A. This result correlates well with the high

P



EV It ) o e RO

76

ORNI-DWG 72-7106

Fig. A.l. Distribution Transformer.




voltage pulse results described above with this same transformer and the
AM radio.

In another experiment, terminals A and C were left floating, and
the 120 V 60 Hz source in series with the power lire filter was connected
between terminals B and SN. The pulse with 90 kV peak and 10 ns rise
time was applied between terminals B and SN. Although no statistical
study was attempted, in a majority of cases the effect of the pulse was
to produce a spark between eitner B and SN or ¢ and SN. With the top of
the transformer tank removed, one could observe that the sparks occurred
between the bushkings, most often inside th:2 tank but also occasionally
outside the tank.

s vee -



APPENDIX B

USE OF LIGHTNING ARRESTER DATA

As an example of the use of the published lightning arrester data,
we will use the curves in Fimres 4.2 and 4.3 to determine the response
of a 60 kV lightning arrester to pulse B of this chapter. In Table 1
we find that the maximum value of the current in the pulse is 4.02 kA,
which rises with an average slope of 30.5 kA/usec. The voltages asso-
ciated with the pulse rises with an averag> slope of 12,200 kV/usec.

Dividing the voltage rate of rise by the lightning arrester rating,
we calculate a "normalized" rate of rise of 203 kV/kV usec. We plot a
line through the origin with this slope on the graph in Figure 3. This
line intersects the graph at 7.3 kV/kV. If we multiply 7.3 kV/kKV by
60 kV, the lightning arrester rating, we find that the breakdown voltage
of the arrester is 438 kv.

To determine the discharge voltage of the arrester, we turn to
Figure 4.3. From the figure, we see that the maximum rate of rise of
the current for which there is a curve plotted is 20 kA/usec. This is
less than the average rate of rise of the current for pulse (B) which
is 30.5 XA/usec. Since the spacing between the curves in Figure 4.3
is not great, it is apparent that the discharge voltage is not a strong
function of the rate of rise of the current in the pulse. If the current
rate of rise of the pulse under question were a great deal larger than
20 kA/usec, it would be necessary to draw in a new curve on the figure
using the spacing between the existing curve as a guide to represent
this greater rate of rise. In the case of pulse B, we c2n still use
the curve for 20 kA/us withou* appreciable error. Extrapolating this
curve linearly to the left, we find that when discharging a current of
4.02 kA, the "normalized" lightning arrester discharge voltage is 4.1
kV/<«. Multiplying this result by 60 kV, the arrester rating, we find
that the arrester discharge voltage is 2.6 kV.



APPENDIX C

EXAMPLES OF USE OF LIGHTNING
ARRESTER LEAD LENGTH CURVE

The lightning arrester lead length curve can be used to analyze the
protective capability of existing arresters or to design new substations
in which the allowable arrester lead length must be established.
is problem. The 66 kV sid

Example:; An 2nalys of a distr

1]

station has a BIL of 350 kV and has installed lightning arresters rated
at 60 kV. The longest lead of any of these arresters is 15 ft. A
margin of protection of 25% is considered desirable. What is the maxi-
mum rate of rise for an EMP with peak voltage in excess of the BIL that
the 06 kV side of the substation will withstand?

We calcuiate x/m = 15 ft./0.25 = 60 ft. From the graph (Figure L4.5)
we find r = 38 kV/kKV us. Multiplying this value of r by 60 kv, the
arrester rating, we find that the substation is protected for an EMP
with rate of rise 2280 kV/us or less.

Example 2: A design problem. A substation is under construction.
One side of the substation has 23 kV lines with a BIL of 150 kV. The
arresters to be installed on this side of the substation are rated for
21 V. A margin of protection of 50% is designed for the station. -The
EMP threat to this side of the substation is estimated to be from pulses
with 500 kV peak voltage and rate of rise of 1000 kVA;s. What is the
maximum allowable lead length for the arresters?

The normalized rate of rise of the IMP is r = 1000 kv p,s'l/el KV =
47.6 kV/kV ps. From the graph we find x/m = 50 ft. From this we
calculate that x can be no greater than 50 ft. x .5 = 25 ft.

T
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