UNCLASSIFIED

AD NUMBER
AD338967
CLASSIFICATION CHANGES
TO: UNCLASSI FI ED
FROM: CONFI DENTI AL

LIMITATION CHANGES

TO:

Approved for public release; distribution is
unlimted.

FROM:

Distribution authorized to U S. Gov't. agencies
and their contractors;

Adm ni strative/ Qperational Use; 26 JUN 1963.

O her requests shall be referred to Defense

At omi ¢ Support Agency, Washi ngton, DC.

AUTHORITY

DNA ['tr 21 Dec 1984; DNA Itr 21 Dec 1984

THISPAGE ISUNCLASSIFIED




AD= 338967
SECURITY REMARKING REQUIREMENTS
DOD 5200.1=R¢ DEC 78
REVIEW ON 26 JUN 83

vy

® ey,

&

13617



UNCLASSIFIED

W335 567

cmssmcnlou cugfi?lED |
mou b&‘lgl;'l DENTIAL.
AUTHORITY:-TY /A "'V’

S e e e ————

UNCLASSIFIED



CONFIDENTIAL

W 338967

DEFENSE DOCUMENTATION CENTER

FOR

SCIENTIFIC AND TECHNICAL INFORMATION
CAMERON STATION. ALEXANDRIA. VIRGINIA

CONFIDENTIAL



NOTICE: Wwhen government or other drawings, speci-
fications or other data are used for any purpose
other than in connection witk a definitely related
government procurement operation, the U. S.
Goverument thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment may bave formulated, furnished, or in any way
supplied the said drawings, specifications, or otber
data 18 not to be regarded by implication or other-
wise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.

NOTICE:
TIOS DOCUMENT CONTAINS INFORMATION
AFFECTING THE NATIONAL DEFENSE OF
THE UNITED STATES WITHIN THE MEAN-
ING OF THE ESPIONAGE LAWS, TITLE 18,
U.S.C., SECTIONS 793 and 794, THE
IRANSMISSION OR THE REVELATION OF
ITS CONTENTS IN ANY MANNER TO AN
UNAUTRORIZED PERSON IS PROHIBITED

BY LAW.




Best
Available




/5»» J7 Hou

CONFIDENTIAL
Gty POR-224!

SUN BEAM L ] (WT-2241)
SHOT SMALL BOY

This document consists of SR rages

O ot omcs weeorr—roier 15
X
r.‘"\:\ RESPONSE OF ELECTRICAL POWER SYSTEMS
@tk " T0 ELECTROMAGNETIC EFFECTS O
s NUCLEAR DETONATIONS (V)

D. B. Dinger, Project Officer

>—
C’O 5,
(&
R. J. Bostak
wt
—
a—

: L U.S. Army Engineer Rcsearch and.
z D Developmenl Laboratories
o Fort Belvoir, Virginia

<T DOWNGRADED AT 12 YEAR
INTERVALS; NOT AUTOMATICALLY
DECLASSIFIED, "D DIR 5200,10

Issusnce Dates June 26, 1963

This material contains information affecting
the national defense of the United States
within the meaning of the espionage laws
Title 18, U. 8. C., Sece. 103 and 794, the
transmission or revelation of which in any C, M
manner to an unauthorised person is pro- o RO O ~—
hibited by law. A o _\, ‘

AUG 6133 o

CONFIDENTIAL.. .. o

TS




Inquiries relative to this report may be made to

Chief, Defense Atomic Support Agency
Washington 25, D. C,

When no longer required, this document may be
destroyed in accordance with applicable security
regulations,

DO NOT RETURN THIS DOCUMENT

VIAIC Divisien of Tostmise! infprmation Losmssion, Duh Sidge, Tomrames «




‘L sy oo

CONFIDENTIAL /

R 7

-
!

. ’, .
POR-2241°,
jWT—2241)—’

OPERATION SUN BEAM

SHOT SMALL BOY./

J

PROJECT OFFICERS REPORT-—PROJBRE® 7.5

—

RESPONSE OF ELECTRICAL POWER SYSTEMS

TO ELECTROMAGNETIC EFFECTS OF

NUCLEAR DETONATIONS ) (U)

/ | '

DOWNGRADED AT 12 YEAR
INTERVALS; NOT AUTOMATICALLY
DECLASSIFIED, DOD DIR 5§200.10

This material containg information affecting
the national defense of the United Btates
within the meaning of the espionage laws
Title 18, U. 8. C., Secs. 793 and T84, the
transmission or revelaion of which in any
manner (0 an unauthorised person is pro-
hibited by law.

/o ol

D. B. Dinger Project Officer

R.J. Bostak .

U.8. Army Engineer Research and

Development Laboratories

Fort Belvoir, Virginia

34

This document is the author(s) report to the Chief,
Defense Atomic Support Agency, of the results of
experimentation sponsored by that agemcy during
nuclear weapons effects testing. The results and
findings in this report are those of the author(s) and
not necessarily those of the L2D. Accordingly,
reforence tothis material must credit the author(s).
This report is the property of the Department of
Defense and, as such, may be reclassified or with-
drawa from circulation as appropriate by the De-
fense Atomic £ upport Agency.

DEPARTMENT OF DEFENSE

WASHINGTON 28, D.C.

CONFIDENTIAL




ABSTRACT

\Jne response of a typical field army electrical power
system to the elactromagnetic pulsc was measured at sufficient
distance fror ground zero to prevent damage from blast and
thermal effecin. Twenty channels of a recording oscillograph
wvere used to monitor selected variables from M_IS seconds
to pau+15 seconds and to provide fiducial indicetious.

Fram analysis of the data, it wes determined that the
electrical power system was shut down by a combination of
effects such as prompt radiation and elffects of the eleectro.
magnetic pulse. A failure mechanism theory was postulated.
Laboratery investigation verified the basic theory. Further
laboratory investigation, analog computer analysis, and
transient circuit analysis were conducted to determine the
characteristics of the current pulse introduced by the power
ceble necessury Lo result in the fallure mechanism. If
iuduced currents in the distribution cable were the only
cause of power system shutdown, a current pulse of approxi-
mately 357C ampeses maximum would be required. -Ihe-results
of this experiment will be applied to a relste‘l }\iclear

Weapous Effects Research program at U.S. Army Engineer Research
and Development Laboratories (USAERDL).
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CHAPTER 1

INTRODUCTION

1.1 OBJECTIVE

The objective of this projeci was to determine the degree
of protection necessary to result in field army electrical
pover systems that will remaln within performance tolerances
vhen subjected to the electramagnetic effects of nuclear
detonations when located at sufficient distances from the
detonation point to assure little or no physical damage to
the electrical power system due to blast and thermal effects.
1.2 BACKGROUND

1.2.1, Army Requirements. The Electrical Power Branch of

the Engineer Research and Development Laboratories (ERDL) is
engaged in research and development of electrical power genera-
tion equipment for the US Army. Contemporary power generation
equipment includes gasoline-engine-driven generator sets rated
from 0.15 to 10 kw, diesel-engine-driven generator sets rated
Lfron 15 to 150 kw, and speclal purposc gasoline-cnginc-driven,
diesel-engine-driven, and gas turbine generator sets of various
rat!ngs for use as ground support equipment in mobile missile
systems. A typical field army electrical power system consists
of a power generaticn device, distribution cables, and electri-
cal loads.

Fileld ermy electrical power systems are extremely vulnerable

]
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to the electromagnetic pulse [rom a nuclear detonation becsuse
the distribution cablec act as excellent antennas for the very
high-amplitude, low-frequency fields generated by the detonation.
The military situation of primary interest is that in which a
nuclear detonation has occurrzd at sufficient distance from a
missile support complex, of which the field army electrical power
system is a component, to assure little or no physical damage to
+he complex. Considering the peak magnitudes of the electric

and magnetic fielr.. at distances from the detonatlicn point
commensurate with the above military sicuation, 1t is highly
feasible that the electrical power system will become inoperable
at the time when most needed for retaliatory purposes, if no

more than ordindry dzsig- methods are used iu the intcrconnecting
power distribution cables. It is considered necessary to investi-
gate the response of a field army electrical power system to the
excitation of the electromegnetic pulse from a nuclear detonation
in order to determine the degree of protection necessary to
resuit in satisfactory system operation in this electromagnetic
environment.

1.2.2 Results from Previous Projects. The electromagnetlc

effects are probably the least known of all the major effects of
near-surface nuclear weapon detoaations. This situation has come
about because the electromegnetic phenomenon was considered to
be a nuisance effect rather than a weapcns effect during the

ear.y series of full scale nuclear detonations.

10
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Consequently, measures were taken to replace the damaged
cables, galvunometers)and other equipment,and to proiect in-
sufficiently shielded instruments from unwanted signals. No
major effort was formulated to investigate the electromagnetic
phenomenon and evaluale its mllitary significance.

Projects have subsequently been conducted for the purpose
nf measuring the magnetic fleld component ani the electric field
component of the electromagnetic field from nuclear detonations.
Additional projects were conducted during Shot Small Boy and
other contemporary full-scale operations for the purpose of
verifying previos data and g:.ining further insight into the
basic nalure of the electromagnetic pulse. A fundamental goal
of the basic field sludies was to formulate empirical and
analytical representations as a function of distance, time, and
yield.

1.3 THEORY

The above empirical and analyticel relationships can be
used in a theoretical analysis of the effecls of the electro-
magnetic pulse on equipment. However, the need existed for the
conduct of an experiment to determine the operational re . ponse
of the system under study to the excitation of a known electro-
magnetic pulse created by a nuclear detonation. This opportunity
was afforded during Shot Small Boy, as the basic electromagnetic
field was being measured by other projects. It was belleved tnat

correlation of the operational data derived from Project 7.5 with

1
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correspovding basic electromagnetic field data determined by other
projects vould result in quartitative information relevant to .
theoretical analysis of the effects of the electromagnetic pulse
on electrical power systems ,which would in turn result in deter-
mination of protective techniques.

The basic approach followed was to locate a typical field
army electrical rower system at sufficient distance from ground
zero (GZ) to prevent physical damage due to blast and thermal
effects and to monitor the performance of selected currents and
voltages during the predetonation steedy-state period, during the
postdetonation transient period, and during the postdetonation
steady-state period. The engine-generator set schematic diagram
was examined to determine the currents and voltuges to be monitored.
Monitored variables were chosen to result in a definitive record of 0
system response to the electromagnetic pulse and to pinpoint the
failure mechanism. Variables chosen reflectied generator set per
formance with regard to output, excitation, and control. Reference
values for the monitored variables were established during the pre-
detonation steady-stute period. The electrical power system we-
considered, for the purpose of analysis, to be a physical entity
to which the electromagnetic pulse I(t) was applied as shown in
Figure 1.1. The response of each monitored variable R,(t),

Ra(t) ------ R17(t) wvas considered to be a perturbation about the

12
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corresponding refereice value.
A loop antenna was designed to provlde a zero-time
reference for the arrival of the electromagnetic pulse.
Data from previous experiments (Reference 1) indicated
that the magnctic fleld intensity T and the derivative
of the magnetic field intensity with respect to tlme g
would be maximum in the Z¢ direction, where ¢ ic Lhe
awzimuthal engle of the spherical coordinate system shown
in Figure 1.2 in which a point in space is specified by r
(the radial distance from the origin), @ . .he polar angle),
and ¢ (the azimuthal engle). For GZ locatcd al the origin,
the point P2 corresponds to the location of Project T.5.
The polar angle @ 1is approximately equal to 90 degrees,
and the spherical coordinate system of Figure 1.2 can be
represented by the polar coordinate system of Figure 1.3.
The loop antenna was oriented zo thet the vector normal
to its area coincided with the unitary base vector -:\¢ of

Figure 1.3. The output of the loop antenna was predicted by

utilizing Faraday's Law as follows:

13
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s - ‘! s - 4H
e Na N/LQ _zf (1.1)

Where: e = induced voltage, volts
= pumber of turns
= total magnetic flux, webers

-9
= permeability of free space, 4% (10) I\cury/m

loop aperture area, m2

N
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y

A
!_Jk= ampere-turns
ax m sec,
An empirical formula derived from previous full-scale testing
was used to calculate 4‘% (Reference 2).

The electrical power system was oriented at 45 degrees
with respect to the radius vector from GZ, with the electrical
load closer to GZ than the power generation device.

This orientation was chosen to result in an intermediate
contribution of induced voltage and currents to the generator
set from the load cable and was believed to ve wusi advantageous
for the study ui the response of the entire system.

Due to stringent deadlines present throughout the project
preparation period, the major efforts of project personnel
were necessarily directed toward the design, development, test-
in, and 7ield implementation of an effective experimental system.
However, a corresponding analytical program was considered
essential for a comprehensive analynis of data resulting from

this experiment and a quantitative investigation of the #ield
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army electrical power system electromsgnetic pulse problem.

This analytical program was initiated as a supplementary portion
of this experiment and is being continued as part of a Nuclear Weapons

Eiffects Research Program at U.S. Army Engineer Research and Develop-
ment Laboratories (USAERDL).
The basic goal of this analytical program is to determine

Lhe respouse of a power cable, with physical and electrical
characteristicc typical of a field army application, to the
incident electromagnetic pulse. The problem ls essentially
that of the intcraction of a transverse magnetic wave with =
circuler cylindrical conductor embedded in dielectric media.
The case of waves that are predominantly transverse magnetic
corresponds to the important problem of axial current in the
cylindrical conductor (Reference 3). Characteristics of the
incident wave are dependent upon experimental data obtained
during the Small Boy shot and previous nuclear weapons effects

testing.
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e R, (1)

Figure 1.1 Block diagram representation of project.

Figure 1.2 Spherical coordinate system.
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Figure 1.3 Polar coordinate system.
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CHAPTER 2

PROCEDJRE

2.1 OPERATIONS

The project layout is shown in Figures 2.1 through 2.3. The
field army electrical power system consisted of a 45-kilowatt,
400 cps, engine-generstor set, sufficient resistive and reactive
load to permit system operation at rated load and rated power
factor, and two 120«foot distribution cables. Upon evacuation
of the area, the generator set was operating at rated load aud
rated power factor from the auxiliary fuel source, and the
instrumentation system was deenergized. A sequence of timing
signals delivered by hardwire lines was used to activate and
control the performance of selected control circuitry and the
generator set output throughout the predetonation period and
postdetonation period undcr study. Two devices were used to
provide fiducial markers on the osc’llogram. The output of a
loop antenna was uted to signify arrival of the electromagnetic
pulse. A pressure-censitive device was used in conjunction with
electrical circuitry to provide zero time reference for shock
wave arrival. A limit switch was used to deactivate the instru-
mentation system and the electrical power system at the conclusion
of the monitoring period. Recovery of data consisted of removing
the oscillogram from the oscillograph.
2.2 INSTRUMENTATION

2.2.1 Equipment. Sufficient resistive and reactive load to

18
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permit system operation at rated load and rated power factor,
two 120-foot, 28 conductor distribtution cables, and a 45 kilowatt,
400 eps engine-gencrator set,constituted the fleld army electrical
power system. The distribution cables, which were unshielded and
rubber ccovered, are typical of those used in ficld army electrical
power installations. The engine generator set under study (which
had a static excitation syctem and an electric load sensing
governor) is cepresentative cf those currently issued for use by
the field army in misslle complexes and other applications where
precise quality electrical power is required. Signals proportional
to the monitored variables were passed through a plug board located
on the generator set and transmitted to the recording circuitry by
mzans of a transmission line. The generator set and assoclated
instrumentation are shown in Figure 2.4. The generator set
schematic diagram is shown in Figure 2.5. In order to prevent
having the power system deenergized by a relatively unimportant
malfunction during the period of unattended operation, the emergency
operation switch (87 in Figure 2.5) was reversed. This bypassed the
relay contacts corresponding to the fuel pressure (FP), cil pressure
(OP), and water temperature (WI') protective devices. The overspeed
device relay contacts (0S) were also bypassed.

Development of an instrumentation system that would satisfac-
torily monitor the operation of the field army electrical power

system throughout the predetonation steady-state period, the

19
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postdetonation transicnt period, and the postdetonation steady-
state perind presented many challenging prohlems, Figure 2.6
contains a block diagram representation of t~e instrumentation
system. The initial procedure in instrumentation system develop-
ment was determination of the required characteristics for the
recording device, about which the system was designed.

The frequency components of the expected signal, the
characteristics of the electrical power system, and the ambient
environmenl determined the following required characteristics
for the recording devices: (1) sufficient recording time to
ellow monitoring of predetonation steaiy-state, postdetonation
transient, and postdetonation steady-state engine generator
cet performance assuming the {nstrument had been turned on pre-
viously by a timing signal, (2) completely self-powered since
power lines could serve as source antennas to introduce unwanted
signals into the instrument, (3) capable of withstanding and
recording through the accelerating forces caused by the passing
shock wave, (4) capable of simultaneously recording the signals
from a minimum of ninetcen signal sources, and (5) sufficient
clectromagnetic shielding so that the large clectric field could
not became impressed directly on the recording circuiltry. The
Consolidated Electrodynamics Corporation's oscillograph (Model 5-
119P450) that was ~hosen for this application operates at a

meximum film speed of 160 in/sec and has a fifty-channel recording

20
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capacity. This type of recorder has been used in previous rhetc,
The special shock mount wiil withstand accelerations up to 3g.
Total recording Lime was about 30 seconds on l2-inch film. The
choice of galvanvieters involved a compromise between frequency
range aud sensitivity. The galvanoneters (Consolidated Klectro-
dynamics Corporation, Type T-326) have a flat frcguency range
from 0-3000 cps + 5 percent and a system voltage sensitivity
of 3.44 volts/in. These characteristics were consistent with
the signal levels and frequency components to be measured in most
cases. In some circults, it was necessary to use galvanometers
with greater sensitivity due to low signal levels.

A comprehensive analysis of the engine-generator set was
conducted to determine the optimum variables to be monitored.
The criterion employed throughout the above analysis was that
study of the monitored variables must recsult in a definitive
representation of cngine-generator set performance. Signals
proportional to the monitored variables pass through various
attenuation and demping networks to the galvanometers. Resistance
values required to provide proper galvanometer deamping were calcu-
lated by analyzing the output impedance of the galvanometer circuits.
Balancing techniques were employed in the galvanometer circuits to
discriminate sgainst unwanted signals.

A timing oscillator wes developed to provide an accurate
time reference on the oscillogram for use in aralysis. Th=:
integral oscillograph timing motor was inadequate due to in-

accuracies at high film speed caused by fluctuation of the

supply voltage.
21
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The funetion of the rousinder of Lhe instrumentation
svet w was to control the recording device disrussed above.
The oscillograpii power supply consisted of an integral direct
current power supply, an inverter, and an autotransformer (for
voltage gain). Four 12-voit, 45-smpere-hour batteries com-
prised the direet current supply. In order tou provide maximum
hold time throughoul the period of instrumentation system
activation, the generator set battery charging generator ms ln-
tained the power supply batteries in a state of meximum charge
until this circuicv was opened as part of the operational segquence.

A loop antenna was developed to provide a galvanometer
deflection that was a zero time reference for the arrival of
the electromagnetic pulse. Twenly turns of conductor wcre
used in the anlomnn vhich wuz of four-root diameter.

Four timing signals provided by hardwire lines were util-
ized to control instrumentation system relays which performed
switching functions. The schematic diasgram for the control
relays is shown in Figure 2.7. At H-30 minutes, the oscillo-
graph was activated and placed in the power-on mode of operation
through the action of a timing signal., This warmup time was
required to stabilize the galvenometer block temperatures on
the oscillograph. The battery-charging generator was dis-
connected by a timing signal at H-30 seconds. At H-1l5 seconds,
the action of a timing signal placed the oscillograph in the

run mode of operation. A timing signal at H-5 seconds was

22
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used to activate a detonation circuit which opened the external
timing lines and thus placed the instrumentation cystem in
conpletely autonomous operation. Openlng the external lines
was necessary to prevent system inputs from the timing lines,
which are excellent antennas for the electromagnetic pulse.

The complete operatioral sequence is shown in Table 2.1,

The 20«fcnt«long transmission line from the generator
set to the instrumentation container consisted of 27 shielded
conductor pairs with <wo additional flexible concentric shield-
ed conductors. The outer conductors served as a magnetic chield
and provided a better-than-95-percent shielding factor sgainst
static magnetic fields. The shielding factor against eiectro-
maguetic fields was considerably betier and increased with
frequency.

The oscillograph, with its associated power supply and
control circuitry, was mounted in an aluminum inclosure, which
formed e cube approximately 3 feet on each side. The inclosure
was hinged at one end and could be opened to provide easy access
for servicing. A double mumetal shield of 31-mil thickness com~
pletely surrounded this package and was separated from it by a
layer of fell on all sides and bottom. An exterior shielding
box of 1/8-inch Armco iron with interior dimensions of 42 by
45 by 50 inches currounded the mumetal shield end a layer of
compressed felt separated the two. The instrumentation package

is shown in Figure 2.8,».'Lth the outer and inner doors opened.
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The calculatcd electromagnetic shielding factor of the three-
box acscmbly wes 1010 at 1000 cps. While this may appear to .
have been over-designed, it must be remembered Lhat, due to
the high wave impedance of the near field, the eleciric fiezld
was predicted to have a value of approximately th v/m; a
shielding factor of 100 would reduce this to 1.0 v/m, which
was considered acceptable.
The transmiscion line was connected by quick-break
connectors to the aluminum box. The aluminum inclosure could
be pulled out through the top opening of the shielding boxes
to gain access to the oscillograph for servicing.
2.2,2 Calibration. Calibration was performed before
installation of the station in order to obtain magnitudes of
the reference values of the monitored variables. Since the 0
characteristics of the galvanometers were known, the magnitude
cf thc variation of cach variable durig the troncient pericd

could be calculated as follows:

e(t) = (s)(a)(x) {(2.1)
Where:
e(t) = magnitude of variable at any time t, units
s = galvanometer voltage sensitivity, volts/ inch
d = amount of deflection, inches
x = calibration constant, units/volt

24
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2.2.3 Method of Installation and Recovery. The recorder

boxes had to be protected from the effects of overpressure,
and although the oscillograph was capable of operating under
the anticipated acceleration, it was desirable to reduce e
shock to a minimum by a suitable shock mount. Furthermore,
Lhe electronic circuits had to be protectes. from nentron and
gamma radiation, since the former would damage components as
well as inducc gomma rodiciicon by capture processes in some
of the materials used (making recovery more difficult}, and
the latter would be the equivalent of a flow of charge that
would create unwanted signals within the instrumentation.

Subsurface installations were therefore planned, and
calculations were made to determine the depth necessary to
protect the instrument from the above mentioned environments.
The pit measured approximately 7 feet to the surface. To
accommodate the instrumentation box, the pit was 5 feet square.
For best results, th2 entire space ebove the instrumentation
should have been filled with soil; this, however, would have
introduced a serious recovery problem. Instead, sandbags
grouped together were used as the cover, and care was taken
not to leava large voilds tiwrough which neutron leakage could
occur.

A cross-sectional drawing of Lhe station is shown in
Figure 2.9)with dimensions as showi.. The instrument box is
shown on the bottom, supported by a polyurethane-plywood send-

wich, A wooden platform, which rested on the shelf shown in

25
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Figure 2.9, was constructed to accommodate the sandbags and
facilitate placement and removal. The transmission line was
placed through openings in the layers of sandbags and extended

up to the distribution panel on the generator sct.
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TABLE 2.1  OPERAT1ONAL SEQUENCE

TIME

OPERATION

Minus 30 minutes

Minus 30 seconds

Minus 15 seconds

Minus S seconds

Plus 15 secounds

Timing signal relay closed.
Oscillograph placed in pover-on

status.

Timing signal relay opened.
Rattery charging generator
¢ircuit opened.

Timing signal relay closed.
Oscillograph placed in mm
status (began recordins).

Timing signal relay closed.
Timing signal external lines
opened.

Limit switch on film drum
opened. Oscillograph and
generator set de-activated.

27
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Figure 2.2 Resistive and reactive load bank. (USAERDL photo)

Figure 2.3 Instrumentation and power generation facility. (USAERDL photo)
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Figure 2.4 Power generation unit and associated instrumentation.

(USAERDL photo)
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Figurs 2.8 Instrumentation package. (USAERDL photo)
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CHAPTER 3

REGUITS

3.1 DATA PRESENTATION

Twenty channels of a 50-channel recording oscillograph were
used to record the data for this experiment. Two input channels
were used to provide zero time reference for the arrival of the
electromegnetic pulce and the pressure wave, respectively. Ome
inputv channel was utilized for the timing oscillatog which pro-
vided en accurate timing reference. Seventeen input clhanrnels
were uscd to monitor the performance of selected variables.
These variables and the recording technique had been chosen to
precent a camplete reeord of cnginc-generator sct performance
during the period from minus 15 seconds to plus 15 seconds and
tc pinpoint the lailure mechanism. The variables cen be
conveniently grouped into the following categories: output,
excitation, and control.

Output variables incluced line currents as sampled with
shunts loculed directly in the respective lines, line currents
as measured with current transformers, phase voltages, power
output as determined by computing circuits that provided the
input to the kilowatt meter, and frequency as determined by the
frequency converter that provided the input to the frequency meter.

Because the generstor set under study had a static excitation
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system in which the excitation was provided by feedback and
rectification of a portion of the output signal, excitation
performance was represented by studying merely the generator
field current and field voltage.

Three important currents within the electric load sensing
governor and the current at an informative location in the
voltage regulator circuitry comprised the control variables.

The relative position of the osclllogram trace corresponding
to each variable was consistent with the above grouping. Table
3.1 contains a summary of the information displayed on each
active channel of the oscillograph and the associated calibration
data.

3.2 DISCUSSION OF DATA

The datea were successfully recovered from the test ins‘alla-
tion. From preliminary analysis of the data, it has been deter-
mincd that the instrumentatlion system fuuctioned properly. The
performance of the generator set during the time interval from
minus 15 seconds until zero time is demonstrated by the oscillo-
gram shown in Figure 3.1. These data are conslsienl with other
oscillograms recorded under identical conditions of steady-state
cperation at rated load and power factor. In the time immediately
following the arrival of the electromagnetic pulse, the generator
set underwent transient behavior and was shut down. Although the
data were sultable for analysis, portions of the oscillogram did
not result in the quality of data that had been obtained during

test runs under similar conditims. It is believed that the lack
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of quelity was caused by subjection of the film to higher
temperatures than anticipated during the extensive pericd when
the project was buttoned-up.

Project equipment was returned to USAERDL following decon-
tamination. LAboratory cxperimentation and data analyses have been
conducted to investigate the failure mechanism. In order to prevent
having the electrical power system shut dovn by & relatively minor
deviation from normal cperating conditions during the periocd or
unattended system operation after evacuation of the area, end i1
order to obtain maximum infoimation from the experiment, the /ater
temperature, oil pressure, fuel pressure, and overspeed protective
devices and the circuit interrupter had been by-passed for the
experiment. Consequently, the number of ways in which the elec=-
trical power system could have been shut down was very limited.

A detailed physical examination of the generator set rcvealed
that e 20-amperc fazc link was blowne This fuze was located in
series with those conductors of tne Z8-condustor :abl: Jal
aupply direct-current control potential && the load. Further
enalysis of the occillogram and thc genarator set szhomab’a dlugwan
resulted in & postulation for the failure mzchanism. e theosy
postulated was that a current pulse was iatragiz.d 1a2%5 th: directw
current control circuitry such that control potential to relay KI
in Flgure 2.5 was mod:fied sufficlently Loy czontasts (0 Lo opo.
Jpzlng 9T oo banrts Ll antd result in loss of potential to the
fuel solenoid (FS))which would result in deactivation of the
generator set. In order to investigate the feasibility of this
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failure mechanism theory, laboratory tecting was conducted to
determine the circuit Interruption time required to result in
the opening of contacts K1. Theschematic diagram for this
investization is shown in Figure 3.2. The minimum interruption
time thet would result in the opening of contacts K1 was 1.3
milliseconds.

The next step in the investigation of this fallure mechanism
theowy was to repeat the study of the response of relay K1 to
transient control potential interruption under the conditions of
power system operation. The findings were identical; the minimum
interruption time that resulted in the opening of contacts Ki snd
the subsequent deactivation of the generator set was found to be
1.3 milliseconds. Furthermore, when the instrumentation system
was used to record power-system performance during the control
circuit interruption test, the resulting oscillogram was identical
to Lioal obluined during the Small Boy experiment. From this resuit,
it was concluded that the basic postulation regarding the failure
mechanism was correct.

At this point in the postshot investigations, it had been
determined that the failure mechanism was equivalent to the loss
of control potential to relay Kl for 1.3 milliseconds. The next
step in the investigation was directed toward determination of the
characterisiics of a current pulse introduced by the cable that

would result in the required loss of control potential.
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A series of tests on a laboratory scale was devised to
further advanice the understanding of the postulated shut-down .
mechanism. The schematic diagram for the laboratory investiga-
tion technique 1is shown in Figure 3.3. AH’t‘, 2900~joule, 20-kv
capacitor was discharged into the direct-current control cireuitry
and the transient voltage v(t) was observed on a high-persistence
oscilloscope. ‘he series resistor was used to operate on wave
shape. Parameters for this investigation were Vo , the initial
voltage on the capacitor, ani R, the series resistor. Wave shape
of the current pulse was largely a function of the energy source
paran2ters because the impedance offered by the lead-acld batteries
was much less than the series resistance required for proper wave
shaping. Tower voltage discharge measurements were accomplished.
It was observed that introduction of the current pulse into the J
contiol circuitry resulted in the expected type of transient in
voltage v(t). A typical transient waveform for v(t) is shown in
Figure 3.4. However, due to the relative megnitude of the control
c’rcuitry input impedance and the series resistance required for
proper wave-shaping, approximately 80-kv initial voltage would be
required for adequate cwrrent pulse to lower v(t) sufficiently to
investigate the fallure mechanism theory. Due to the inconvenience
of conducting this experimentation at an 80-kv voltage level, an
analog of the sy 'm was examined.

The equivalent circuit shown in Figure 3.5 was representa-

tive of the direct-current controi circuitry. R, and Lc were
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the co1l rooistancee and coil inductance of relay Kl. The olher
oranch was a network rearesentation of the lead acid battery
{Beference 4).  Cther parallel branches were considered negligible.
Th purpose of this analysis was to determinc the 1i(t) correspond-
ing to the v(t) required to result in the postulated failure
mechanicm.  For the purpose of this analysis, v(t) was assumed

to be the first half cycle uf a negative sine wave which would
decrease the relay potentiul below the drop-out potential for

1.3 milliseconds. The following equations for the solution of

1(t) were tormulated by nodal circuit analysis:

Lchpei(t) + (Ry L, + R, L) pi(t) + RbRci(t)+(LC+Lb)p‘-'(t)+(Rb+Rc) v(t)
=L, pvy (t) - R, vy (t) =0

Rchbp2 v () + (RlCRb+Lc) pv,(t) + (R1+Rb)v,(t) R v(t) = 0
where p = a%— is the Heaviside operator. Development of these
equations: and the details of the analog program are further
zxpinincd in thc Appendix. The solucion for 1(t) is shown in

Figure 3.6,

An analytical solution for the current pulse required for the
postulated failure rechanism was accomplished to verify the

analog computer solution. The simplified equivalent circuit used
in this analysis is shown in Figure 3.5. As in the analug unulysis,

v{t) was assumed to be the first halfl cycle of a negative sine wave

11
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vwhich would decrease the relay potential below the drop-out
potential tor 1.3 milliseconds. The following equation Tor

i(t) was developed by electrical network analysis:

1(t)=u(t) [ 58.9 exp(-65t)-739 exp(-7935+)-3675 stn(1610t -10.8°)]

e s e 65t ] 39 rp Lot ]
-3625 sin [1610(t - ) -10-0”]}

Details of the analytical solution are shown in the Appcndix.
The solution for i(t) was identical to that

obtained from the analog computer analysis and is shown in

figure 3.6. The peak value of i(t) as determined from the

digital computer readout was 3570 amperes.
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TABLE 3.1 SUMMARY OF OSCILIOGRAM VAIIIABLES AND CALIBRATION DATA

Oscillogram Variable Variable Direct Current Calibration
Trace Group. Deflection Level Factor
(inches )
1,2,53 Line Currents Output 0 256 amp/in
(Shunt Measuremens)
4,5,6 Phase Vollages Outpul 0 167 v/in
7,8,9 Line Currents Output v 183 amp/in
(Current Transformer
Measwrement )
10 K1lowatt Monitor yutput 3] 2.0 ma/in
11 Frequency Current Output 2.60 38.5 p a/in
(ac)
12 Field Current Excitation 1.12 ?3.2 aup/in
ae)
13 Field Voltage Exciiatiou 2.3% 22.2 v/in
(ae)
1k Voltage Regulator Control 1.46 0.686 amp/in
(de)
15 Governor Control 0.07 62.3 wa/in
(ac)
16 Governor Freguency Control 0.40 15.48 ma/in
(ac)
17 Governor Solenoid Control 2.32 %153 5 ma/in
de
18 Electromagnetic Fiducial 0 N/A
Puwse Arrival Marter
19 Prassiure Wave riducial 0 N/A
Arrival Marker
20 Timing Refersnce Fiducial 0 N/A
Marker
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Figure 3.2 Schematic diagram for laboratory investigation
of relay response to circuit interruption.
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Figure 3.6 Solution for i(t) as determined
by analog computer and transient analyses.
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CHAPTER 4

CONCLUSIONS

The transisnt cnvironment to which the electrical power system -
was subjected as a result of the nuclear detonation was very compli-
cated)and a quantitative analysis of the response of the system to
this transient environment was not a straightforward process.

From the test results and the postshot laboratory experimentation
and analyses, it was concluded that shut down of the electrical
pover system was caused by the opening of relay contacts K1 by a
combination of effects such as prompt radiation, interaction of
the transient megnetic field with the magnctic field of the relay,
and currents induced in the dislribulion cables Ly the electro-
magnetic anviromment of which the latter was concluded to be the
major contributing factor. From ihe laboratory experimentation
and analyses conducted in conjunction with this report, it was 0
concluded that if induced curvents in tie distribution cables were

the oaly cause of power system shut down, a current pulse of

approximately 3’570 amperes maximm would be required. This

experiment has demonstrated that field army electrical power

systems are vulnerable to electromagnetic effects of nucleer

detonations. Results of this experiment will be applied to &

related Nuclear Weapons Effects Research program at USAERDL.
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AFPPENDIX

ANALYTICAL AND ANALOG COMPUTER DEVELOPMENTS
FOR CURRENT PULSE CHARACTERISTICS
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ANALOG COMPUTER DEVELOPMENT FOR CURRENT PULSE SHARACTERISTICS
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Figure A.1 Flow chart for analog computer solution for i(t).
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