








Activities to date have emphasized a search and cataloging of existing
literature sources for applicable coupling models, pickup characteristics
of selected collectors, and scale modeling techniques. Several applicable
sources have been identified and reviewed. These are providing the basis
for selection of particular models and techniques to use in evaluating
the effectiveness of grounding techniques in reducing EMP pickup levels

within a facility.
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nal collectors can be evaluated in terms of supplemental grounding, effects
of multiple electrodes, electrode configuration, and soil properties.

More detailed examination of these assessment techniques is currently
underway.
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(3) the transmission line has ideal surge suppressors af each ground-
ing point.

Worst-case induced currents are to be calculated under various angles
of incidence and for variably located ground points. To date, an appro- -
priate algorithm has been selected and programmed. Computer evaluations
will be begun during the next reporting period.

As an adjunct activity, analytical and scale modeling techniques
for assessing EMP coupling into buildings are being surveyed. Initial
emphasis is being placed on Method of Moments techniques and thin wire
scale modeling.

A literature search of techniques for determining earth electrode
impedance behavior and for performing in situ electrode impedance meas-
urements is also underway. Techniques which permit characterization
of performance at RF frequencies high enough to define grounding effec-
tiveness for EMP waveforms are being emphasized.
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allow initially very simple calculations to be performed and then to be
expanded to permit increasingly detailed analyses to be made. Further
evaluation of the merits of the approach are to be conducted during the
next reporting period.

The literature search for methods for determining soil parameters
over the EMP spectrum indicates that in situ methods can be classified
as either Surface or Drill Hole. Surface techniques include the Four
Probe, Two Loop, Wave Tilt, Antenna Input Impedance, Power Reflectivity,
and Field-Variation-with~Distance Methods. Drill hole techniques also
include the Four Probe, Two Loop, and Antenna Input Impedance Methods along
with Surface-to-Hole, Hole-to-Hole, Axial Electric Field Decay, Transmis-
sion Line, and Interference Methods. The Surface methods are more con-
venient to use. However, they are more subject to inaccuracies arising
from surface irregularities and soil stratification. The relative merits
of the various approaches are continuing to be evaluated.

It is expected that emphasis will continue to be placed on pursuing
the above studies during the next reporting period.
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which can be converted to the time domain by a Fast Fourier transform
method. The end result of this study will yield a FORTRAN program to
predict the voltage and current induced on a finite length, multicon-
ductor transmission line with multiple ground points and imperfect
earth returns.

The advantage of modeling the effects of nuclear EMP on the internal
collectors of a building using a time domain computer code (e.g., WT-
MBA-LLL1B) is being weighed over the use of a frequency domain computer
code (e.g., LL N.E.C. code), where the frequency domain solution is trans-
formed to the time domain by a Fast Fourier transform. Traditionally,
EMP problems have been solved using a frequency domain solution; however,
a time domain solution may be more cost effective. Numerical accuracy,
cost, and generalizability of specific codes are all being considered.
Either a time domain or a frequency domain solution of the EMP effects
requires that the building's internal collectors, structural frame wiring
harness, conduit, etc., be modeled by a complex array of conductors.
These conductors may be totally buried in the ground, some may be above
the ground, while a few may be partially penetrating into the ground.

One method of modeling the three different types of collectors is to
model the collectors above the ground as antennas in the presence of

a lossy ground, and. to model the partial and totally buried collectors
as loaded antennas. Another method, which at this time seems more feas-
ible, is to calculate the currents induced on the buried conductors,
including the buried portion of the partially buried conductors, and
model the remaining structure in the presence of a lossy ground, with
injected current sources at the points of intersection with the ground.
Both methods are being considered.
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for the EMP-induced voltage and current terms will assume finite earth con-
ductivity which means ground plane reflections will not be perfect.

For the evaluation of collectors inside a structure, time domain calcula-
tions will be attempted. In the event that time domain calculations accrue

excessive computer time, frequency domain calculations will be performed with
successive conversions to the time domain.

The survey of candidate soil impedance determination techniques has been
completed and is in the process of being documented. The next step of this
task is to evaluate the techniques for the determination of earth electrode
performance at EMP frequencies.
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internal collectors, the frequency domain solution developed by Dr. C. R.
Paul must be converted to the time domain via a Fourier conversion. This
will be done by a method developed by LLL, namely Filon's Method. Efforts
are now being carried out to determine the optimum number of discrete
frequency points that will be required to best reproduce the correct time
domain waveform. Pending the results of this study, a more realistic
evaluation of the cost effectiveness of the methodology will be
determined.

In regard to Task 2, the evaluation of the possible reduction of HEMP
induced currents on external collectors by using supplemental grounds
requires an accurate model of a driven ground rod. The equivalent circuit
model for ultrahigh frequencies presented in the IEEE Guide for Safety in
AC Substation Grounding was selected. This ecircuit model has an
inductance, which models the inductance of the down conductor, in series
with a parallel R-C network. The resistance and capacitance terms are both
frequency - dependent due to the frequency dependence of the constituent
earth parameters (O and € ). This model is intuitively gratifying and will
initially be incorporated into the transmission line model. Near term
plans are to design some experiments to (1) evaluate earth electrode
measurements techniques and (2) examine the frequency behavior of simple
types of earth electrodes.
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studied by Scott; however, his equations are valid only in the frequency
range from 1 kHz to 1 MHz. For HEMP analysis, the frequency range from 10
kHz to 100 MHz is of major concern and, consequently, extrapolation of
Scott's curves is necessary. This extension was done graphically by
Mission Research Corporation; this graphical representation has been
expressed using a polynomial curve fitting method.

If necessary, the internal collectors and the external collector
currents will be determined in the frequency domain rather than in the time
domain. If time domain analysis is required, conversion to the time domain
will be done using 37 discrete frequencies between 10 kHz and 100 MHz via
Filon's method. Since this is a relatively small number of frequency
points, the frequency domain approach 1is practical for the external
collectors, and possibly for the internal collectors as well.

The Method of Moments Workshop held in Orlando, Florida from February
17-19, 1981 was attended by G. Bruce Melson. The most current method of
moments techniques for solving scattering and coupling problems were
presented at the workshop. Many of these techniques add perspective and
additional capabilities for evaluating the response of both internal and
external conductors to EMP.
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The next step in the development of the transmission line
solution will be to calculate the incident field coupling to the
transmission line. The incident field coupling problem requires a
redevelopment of Paul's coupling equations. These equations must
be rederived taking into account the presence of a lossy ground;
however, they must also be derived so that they will be amenable to
implementation on a digital computer. The coupling equations are
currently being derived and implemented.

Once the induced currents have been calculated, the total
currents can be determined by applying the terminal conditions and
solving the n~ order system of linear equations.

Relative to Tasks 3 and 4, an extensive literature search
revealed a lack of data for the high frequency surge impedance of
ground rods. The general theory for calculating the surge
impedance of a conducting rod in the earth is an extension of the
perfectly conducting hemispherical electrode sunk into an extended
region of space the conductivity of which is nonzero but finite.
The rod is assumed to be made of many spheres each of which
contributes to the overall surge impedance of the rod. Using this
theory the equation for the surge impedance is:

- ]
B /ﬁ.: 60 ’E_ n 2L ohms,
C € a

where pand € are the relative permeability and dielectric constants
of the soil, L. is the length of the rod and a is its radius.

The actual measurement of surge impedance at high frequencies
is very complicated because the measuring apparatus will distort
the measurements. Several measuring techniques were chosen from
the literature for further study. Among these are: (1) resonant-
antenna technique, (2) 100 usec wide square wave current tests, and
(3) measuring lightning stroke rise time. The first technique,
resonant—-antenna, looks to be the most promising. An experimental
implementation of this technique has been designed and is currently
under construction.
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For Task 3, a literature survey of techniques for determining ground
conductivity, permittivity and permeability has been completed. An interim
report on the results of the survey is being prepared.

Also related to Task 3 as well as to Task 4, construction continued on
candidate test apparatus for measuring the surge impedance of buried ground
rods. The apparatus consists of a tapered coaxial 1line section which
establishes an appropriate transition between the top of the ground rod and an
RF network analyzer. The dimensions of the coaxial transition were chosen so
as to allow direct indication of the impedance characteristics of the ground-
rod-earth combination. Initial measurements indicated that the technique has
considerable promise. Additional refinements include the need to provide a
larger soil contact probe and to establish an impedance reference from which
true impedance values may be determined. In general, however, the first data
runs indicated plausible behavior. In view of the encouraging results with
the technique, additional investigations are planned.
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On Tasks 3 and 4, a soil impedance testing probe was constructed and
evaluated. A sketch of the probe is attached as Figure 1. This probe was used
in various setups to investigate the frequency behavior of the electrode and
the surrounding soil. The high frequency setup depicted in Figure 2 employed
a General Radio RF Network Analyzer to examine behavior from 0.5 MHz to 500
MHz. Typical results are shown in Figure 3 (a-h). These displays indicate
that above 0.5 MHz the net response of the probe is capacitive which
reinforces the choice previously made for the equivalent network for a ground
rod. The successive decrease in the number of resonances in the response with
the addition of more ground rods reflects the benefits of greater soil contact
and reduced path inductance in improving the high frequency response of a
ground electrode.

Low frequency ( <100 Hz) evaluation of the probe was performed with the
setup shown in Figure 4. Results with this setup were as expected.

The mid frequency (100 Hz - 0.5 MHz) range is important for determining
the Q of the RLC circuit model for the ground electrode. Measurements in this
frequency range are proving to be a challenge . The frequencies are too high
for conventional earth electrode testers and too low for network analyzers.
The test setup shown in Figure 5 was used as an initial trial. Difficulties
with instrumentation loading effects and stray noise currents have thus far
caused ambiquities in the data. Steps are underway to refine the test setup
through the addition of pickup loops for the measurement of current. Efforts
next month are expected to emphasize refinement of the mid-frequency
measurement setup.
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determination of impedance in this range. The graph of Figure 2 was derived
from these measurements; it agrees well at the end points with the results
obtained with the General Radio RF Network Analyzer (above 0.5 MHz) and with
the Biddle Ground Test Bridge (< 100 Hz). These results will be analyzed to
determine the equivalent circuit (R, L, C) of the test ground rod.

In addition to these activities, work commenced on the development of a
ground scale model. A mixture of sand and powdered graphite will allow a
scaling of 1000:1 at 70 KHz. These tests will be carried out in the
laboratory Shielded Room. Plans are to measure the variation in impedance
from various ground rod configurations.

H. W. Denny, G. B. Melson, and D. P, Millard visited DNA on 1 July for the
purpose of reviewing the activities and accomplishments to date under the

program.
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Additional activities this month included continued work on the scale
modeling of earth electrode systems and investigations into the
electromagnetic shielding properties of typical structures. A sand-graphite
mixture was prepared, and a series of various ground electrode configurations
were constructed. A study of the impedance properties of these configurations
as a function of frequency is to be conducted. The shielding study is being
conducted as part of an attempt to construct an equivalent filtering function
potentially usable for estimating the response internal conductors to incident
EMP.
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Figure 1 shows the behavior of peak pulse amplitude as a function of
transmission line length. (For this series of calculations, no ground
connections were assumed.) Note that for this particular case of a 10 meter
high line over a lossy ground the peak current increases rapidly with length
up to about 50 meters. Beyond 50 m and on to 1000 m, the peak current remains
essentially constant except for an additional rise of approximately 25
percent in the vicinity of 500 m, Although this "peak" has not yet been
thoroughly analyzed, it probably is related to a pseudo-resonant length of the
transmission line.

Figure 2 shows the impact of number of ground points equally spaced over
a 50 meter length of line at various line heights from 1 meter to 15 meters.
It can be observed from this figure that the effects of supplemental grounds
are more pronounced as the height of the line above the earth increases; for
normal (<10 m) heights, the effects of the grounding points are somewhat
limited.

Figure 3 examines the role of a fixed number of grounding points evenly
distributed over varying lengths of lines. The behavior of the 10 meter long
line (height also equal to 10 meters) implies that grounding points 1 meter
apart (10 meters long divided by 10 grounding points) may be required to make
a noticeable impact on the amplitude of the EMP-induced current.

The early implications of these results are that control of the EMP-
related current on external collectors at the facility penetration point is
perhaps most receptive to the installation of supplemental grounds within the
first 50 meter portion of the line adjacent to the facility. We wish to
emphasize the very tentative nature of this observation and that it is subject
to change upon further analysis of the transmission line behavior.

In addition to the analysis work, experimental investigations of the
high frequency (fast time) behavior of various earth electrodes were
performed on appropriately scaled models. Through the use of these models,
the impedance of the electrodes was shown to be related to their geometric
mean areas at high frequencies thus confirming the relationship previously
shown to exist at low (power) frequencies. The results also showed that
ground rod length becomes increasingly less important as frequency rises.
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designed; the test cases are designed to determine the EMP coupling to a
single wire surrounded by a wire mesh of varying complexities. Examples of
the test cases are illustrated in the accompanying figure. For each of the
test cases, the wire of concern is vertically centered and is not physically
connected to any of the mesh conductors. The incident EMP waveform is assumed
to have the E-field vector parallel to the internal conductor. The computer
program has been implemented on a VAX 11/780 computer and the test cases are
currently being examined. The results from the test cases will guide the
evaluation of more realistic (and more complicated) structural configura-
tions.

Relative to Task 2, last month's status report noted some potential
impact of multiple ground points on the EMP-induced peak current levels on
external transmission lines, particularly on short-to-moderate length lines.
To more fully examine the trends implied by the earlier analyses, it was
decided to analyze the pickup behavior of various types of lines with more
grounding points. The VAX 11/780 computer, however, proved unable to handle
the large number of line segments involved. Thus, the transmission line model
is now being transferred to the Georgia Tech CYBER 74, This transfer is
expected to be completed shortly and the expanded analyses will be conducted.

Documentation of the activities and results of all the tasks to date for
the final report has been begun., These efforts are expected to accelerate
next month along with continued efforts, as described above, on Tasks 2 and
3.
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The primary effort this month has gone into the preparation of the draft
final report. Most major sections have been drafted and are currently in

typing.
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obtained on the above four tasks. As of the end of the month, final editorial
changes were being made with the expectation that the draft for review would
be forwarded near the first of December.
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