USBM HO346045

TECHNICAL SERVICES FOR MINE
COMMUNICATIONS RESEARCH

MODELLING AND DATA ANALYSIS OF
50 to 5000 kHz
RADIO WAVE PROPAGATION IN
COAL MINES

SUPPLEMENT TO FINAL REPORT

Robert L. Lagace — Task Leader
Alfred G. Emslie, Michael A. Grossman

UNITED STATES
DEPARTMENT OF THE INTERIOR
BUREAU OF MINES

USBM CONTRACT HO346045
Task Order No. 4
FEBRUARY [980

ARTHUR D. LITTLE, INC.
Cambridge, Massachusetts

Arthur DLittleInc




The views and conclusions contained in this document are those
of the authors and should not be interpreted as necessarily
representing the official policies or recommendations of the
Interior Department’s Bureau of Mines or of the U.S, Govern-
ment.



TECHNICAL SERVICES FOR MINE
COMMUNICATIONS RESEARCH

MODELLING AND DATA ANALYSIS OF
50 to 5000 kHz RADIO WAVE PROPAGATION
IN COAL MINES

SUPPLEMENT TO FINAL REPORT

Robert L. Lagace, Task Leader
Alfred G. Emslie, Michael A. Grossman

ARTHUR D. LITTLE, INC.
CAMBRIDGE, MASSACHUSETTS 02140
C-78453

The views and conclusions contained in this document are those of the
authors and should not be interpreted as necessarily representing the
official policies or recommendations of the Interior Department's
Bureau of Mines or of the U. S. Government.

USBM CONTRACT HO346045
TASK ORDER NO. 4
FEERUARY 1980

UNITED STATES DEPARTMENT OF THE INTERIOR
BUREAU OF MINES

Arthur D Little Inc



PREFACE

This supplement to the final report is a collection of interim and
monthly reports and working memoranda prepared during the course of this
program to document the progress, methods and results of the work. The
supplement is divided into the self-contained sections briefly described

below.

I. SELECTED MONTHLY TECHNICAL LETTER REPORTS - This section is a collec-
tion of selected monthly techmical letter reports that briefly summarizes
the chronological development of the analyses and results, including the
different concepts, theoretical approaches, and methods of data reduction
and analysis explored, and the discoveries, insights and findings made
along the way. More detailed treatments of the key developments and
results are presented in the interim reports and working memoranda
reproduced in subsequent sections of this supplementary report, and in

the separately published final report.

II. BACKGROUND THEORY FOR MEASUREMENT PROGRAM ON MEDIUM AND HIGH FREQUENCY
RADTO TRANSMISSION IN COAL SEAMS -~ Working Memorandum - This working
memorandum gives the initial background theory needed to guide the planned
measurements and data analyses of this program to describe the propagation
of radio waves in coal seams for the frequency range of 50 to 5000 kHz,

ITII. MODELLING AND DATA ANALYSIS OF IN-MINE ELECTROMAGNETIC WAVE PROPAGATION -
Interim Report - This interim report presents detailed treatments of the

data analysis and modelling techniques used, and the associated results
obtained from conductor-free area propagation data measured by T. Cory

in the first set of six coal mines. The mines were located in three high-
coal seams; the Pittsburgh seam in northern West Virginia, the Pocahontas

No. 3 seam in Virginia, and the Herrin No, 6 seam in Illinois.

IV. ANALYSIS OF MF PROPAGATION DATA FROM MARGARET NO. 11, NANTY GLO,
EHRENFELD, AND ADRIAN COAL MINES - Interim Report - This interim report
presents detailed treatments of several improved data analysis and modell-
ing methods applied to, and results obtained from, conductor-free area
propagation data measured by T. Cory in the second set of four coal mines.
These mines were located in three Jlow-coal seams; the Upper Freeport seam
in Pennsylvania and West Virginia and the Lower Freeport and Lower Kittaning
seams in Pennsylvania. In addition, this report contains a reprint of two
papers presented at a Bureau of Mines sponsored EM Guided Wawves in Mine
Environments Workshop held in Boulder Colorado. One paper describes the
three-layer theoretical model and its application to the conductor-free
data from the first six mines, while the second paper describes the theory
developed for the coupling of loop antennas to a cable in a mine tunnel

in a coal seam, and the model's application to data in the vicinity of
cables taken at the Margaret No. 11 mine.

ii
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V. A METHOD FOR NONINTRUSIVE, IN-SITU MEASUREMENT OF COAL AND ROCK
CONDUCTIVITIES IN A CCAL MINE TUNNEL - Working Memorandum - This working
memorandum briefly describes a possible direct method, and its potential
advantages and shortcomings, for performing in-situ measurements of coal
and rock conductivities.

VI. MODELLING AND DATA ANALYSIS OF IN-MINE ELECTROMAGNETIC WAVE PROPAGATION
FROM 50 to 5000 kHz - Interim Report - This {interim report presents a
summary comparison of theoretical and experimental results for conductor-
free areas in eleven coal mines located in seven coal seams. It also
summarizes the findings and their implications for intrinsically- sage,
portable radic communications between roving miners.

iii
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SIXTH MONTHLY TECHNICAL LETTER REPORT
COVERING PERIOD FROM
4 OCTOBER TO 31 OCTOBER 1976
CONTRACT NO. HO346045
TASK ORDER NO. 4
C-78453

During this reporting period the following accomplishments were made in each of
the individual task areas of Task Order No. 4.

Technical Support on the In-Mine Electromagnetic Wave
Propagation Measurement Program

During this period we received the Spectra Associates field report prepared by
Terry Cory describing the set of measurements and data taken on the field trip to
Consol’s Ireland mine, and we began analyzing the data taken in the quasi-conductor-
free area. We plotted families of theoretical curves of H vs r with the phase constant, g,
as a parameter for several expected values of the attenuation rate «, in the hope that
estimates of both « and § could be obtained by noting which curves best matched the
data. From a and 8, o, (rock), o, (coal), and K. (coal) are easily calculated. However,
the curves were found to be not discriminating enough to determine 3 from the available
data. Replotting the H vs r curves with a as a parameter for several values of 5, allowed
more convenient estimates of @ to be made, but again not of 3. Therefore, attempts to
estimate 3 were abandoned and attention was focused on « only. Though the procedure
is somewhat more involved, ¢, and ¢, estimates can be chtained. This method requires
the use of an assumed value of the coal relative dielectric constant, K., and a systematic
search for the combination of o, and ¢, values that produce a good fit of the theory to the
data. :

Preliminary analysis of the Ireland mine data in this manner revealed an attenua-
tion rate a even lower than the very low one previously measured at Ireland in another
area. In addition, the data at several frequencies did not behave in accordance with the
theoretical model for a conductor-free area, particularly at extended ranges in the
vicinity of 1000 ft from the transmitter. Something appeared to be preventing the signal
level from decreasing at the attenuation rate expected. Examination of the mine map
revealed the presence of a 7200 VAC cable on the floor in the adjacent entry. An
approximate coupling analysis indicates that such a cable, even in an adjacent entry, is
apparently capable of providing a lower loss alternate transmission path from the
transmitter to a receiver located at an extended range in a mine such as this one in
which the conductivity of the coal is low. This behavior will prove valuable for extend-
ing communication ranges in some mines. The coupling analysis took into consideration
the effects of cable images in the roof and floor. Thus, to obtain accurate estimates of o,
and o, only data at positions closer to the source (where the data are less likely to be
contaminated by the presence of the cable} will be usable, Preliminary examination of
this cloge-in data reveals an attenuation rate and coal conduetivity that is slightly
higher than that found during the previous visit to Ireland. The analysis of these data
should be completed during the next reporting period.

In addition, we remained in close contact with Terry Cory regarding the Ireland
data reduction and regarding preparations and subsequent measurements made at the
Inland Steel mine No. 1 in Sesser, Illinois. A simple substitution calibration measure-
ment for determining the value of the transmit moment of the South African radios was
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recommended. A discrepancy in the behavior of the Ireland mine field strength levels
with changing frequency was noted, which has since been traced to a simple calibration
error at two of the frequencies. A simplified model geometry for examining the propaga-
tion behavior of MF radio waves along longwall coal faces was formulated for sub-
sequent analysis by J, Wait of NOAA. Finaily, we recommended two mines for the next
Spectra Associates field trip, Consol’s Robinson Run mine and Eastern Associated
Coal’s Federal No. 2 mine, both in the Pittsburgh seam in West Virginia, but south of
Pittsburgh in contrast to the Ireland mine which is located west of Pittshurgh in the
West Virginia panhandle.

During the next reporting period we plan to: continue our close communication
with Terry Cory and PMSRC, analyze the Inland Steel mine data as well as complete
the Ireland mine data analysis, perhaps start analyzing the Robinson Run and Federal
mine data, and in the process try to devise better and simpler means of applying
theoretical model results to explain the observed behavior of the data.
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SEVENTH MONTHLY TECHNICAL LETTER REPORT
COVERING PERIOD FROM
1 NOVEMBER TO 28 NQVEMBER 1976
CONTRACT NO. HO0346045
TASK ORDER NO. 4
C-78453

Technical Support on the In—gine.Electromagnetic
Wave Propagation Measurement Program

During the November reporting period, major effort was
devoted to analyzing the electromagnetic propagation data
taken at the Inland Steel No. 1 mine in the Herrin No. 6
coal seam near Sesser, Illinois, and to a lesser extent the
data taken at Consol's Ireland mine in the Pittsburgh ceal
seam near Moundsville, West Virginia. The analyses showed
that the signal attenuation rates are about three times more
severe (and the coal conductivities about ten times higher)
in the Inland No. 1 mine than in the Ireland mine, thereby
supporting the need to examine the propagation characteristics
of mines in both different and similar coal seams and mining
districts. Data from both mines required more analysis than
originally anticipated; the Ireland mine data because they
were contaminated by the presence of a cable in an adjacent
entry, and the Inland No. 1 mine data because at frequencies
above about 1 MHz they departed from the behavior expected
from a simple three-layer model having frequency independent
material characteristics.

The Inland mine data in particular were analyzed by a
straight-forward method that provides a separate estimate of
attenuation rate and coal/rock conductivities at each frequency
based on the measured values of field strength versus dis-
tance in a conductor-free area of the mine. The analysis
entails: removing the 1/v/¥ cylindrical spreading factor from
the data, replotting the modified data in the form dB/lua/m
versus meters on linear graph paper, fitting each set of
replotted field strength versus distance data by a straight
line having a slope o (attenuation rate) and a reference
field strength level H, at a mid-range distance, computing
pairs of conductivity values (aq, or) that satisfy a trans-
mission-line-based attenuation rate equation a = f(og, ar)
for the graphically determined value of o, calculating field
strengths by substituting these conductivity pairs into the
theoretical field strength equation for the three-layer pro-
pagation model, and finally identifying that pair of con-
ductivity wvalues (ag, or) for which the calculated theoret-
ical field strength matches the data derived reference level
at the prescribed mid-range distance.
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Using this method of analysis it was shown that the
Inland No. 1 mine can be well represented up to about 1 MHz
by a simple three-layer model having o = 10-3 Mho/m and
¢y = 0.2 Mho/m. However, above 2 MHz the data exhibit
increases in attenuation rate far in excess of that predicted
by a model having the conductivities derived from the data
below 1 MHz. In fact, further investigation revealed that
the measured behavior can be closely approximated by a three-
layer model having constant conductivity rock, but coal whose
actual, apparent, or effective _conductivity increases above
1 MHz, changing from about 10~3 Mho/m below 1 MHz to
1.8 x 10-3 Mho/m at 2 MHz and 3.5 x 10~3 Mho/m at 4.5 MHz.

Several possible causes for this behavior, which does not
allow all the data to be fit with a single pair of constant
conductivities, were hypothesized and analyzed in search of
an explanation. Several standard references on the measured
frequency dependence of the dielectric and conducting char-
acteristics of materials did not include ccal. Therefore
we plan to contact potential sources of new or unpublished
data on coal. Sensitivity analyses showed that even moderate-
to-large errors in the values of "assumed” or "known" values
of coal dielectric constant Kc, seam height h, and transmitter
moment M would not account for the discrepancies. Potential
resonance effects caused by coal pillars of dimensions in the
vicinity of A/2 and A were considered and discounted. The
source coupling factor was modified to include the dielectric
constant of the rock Ky, to no avail. The scattering loss
produced by the air/coal interfaces at crosscuts was also
estimated and found to range from < 1 dB to about a maximum
of 3 dB per crosscut instead of the approximately 10 dB per
crosscut required at 4.5 MHz. The leaky waveguide mode of
propagation (which predominates at UHF) was considered, but
found to give excessively high attenuation rates. A periocdic
structure propagating mode was also postulated for the layout
of parallel tunnels typically found along the mains and sub-
mains in the coal seam, but was not extensively pursued at
this time because of its anticipated low potential benefit
to required effort ratio.

At present we do not yet fully understand the reason
for the large increases in the signal attenuation rate and
the apparent conductivity of the coal at frequencies above
about 2 MHz in the Inland No. 1 mine. However, we believe
that further detailed investigation of this behavior is of
low priority at this time. Though scientifically interesting,
it may not be of critical importance to the Bureau's present
mine wireless communication program, because this behavior
has not yet been encountered in more than one mine, and
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perhaps mcre importantly, even if it were understood, such
a high attenuation rate at frequencies above 2-3 MHz would
make these frequencies unsuitable for the intended application.

The more limited analysis of the Ireland data during
this period was concentrated mainly on the 493 kHz and 1988
kHz data, and some 335 kHz SAR data, and was hampered by the
presence of cables in the adjacent entry. The 1988 kHz data
and 335 kHz SAR data allowed a good fit for the slopes {a)
but not for the absolute levels. At 493 kHz, a fit for the
slope and level was possible only for the three data points
closest to the transmitter where the cable influence was
negligible. The findings to date indicate that the coal con-
ductivity oo is about 10~4 Mho/m at Ireland, as found before,
but that the rock conductivity may be considerably lower than
the 1 Mho/m estimated from previous data.

A telephone conference meeting was held between the
Cory/Spectra/Collins team and PMSRC and ADL staff prior to
the measurement team's visit to Consol's Robinson Run mine
and Eastern's Federal No. 1 mine. Agreement was reached on
the following points. Conductor free area data has the
highest priority. Data will be taken down to 50 kHz and up
to 4.5 MHz if posgsible, and at closer distance spacings if
the attenuation rates are as high as at the Inland mine.
The coplanar antenna orientation is the most important, per-
pendicular orientations the least, with some data samples
of 40° rotations (about the vertical and horizontal axes)
from coplanar desirable. If possible, c¢oal samples will be
taken, and measurements made through a large block of coal.
A sequence of measurements parallel to an isolated cable
for several systematically varied transmitter and receiver
separations from each other and the cable will be performed
if possible. Discussion of the Rebinson Run mine measure-
ments and data was also conducted between T. Cory and
R. Lagace of ADL via telephone during the week of the above
mentioned field trip.

During the December reporting period, we plan to complete
the analysis of the data from the Ireland and Inland mines,
and to receive and analyze the data from the Robinson Run
and Federal No. 1 mines, in preparation for a results presen-
tation and program review meeting scheduled for mid-December.
We also plan to continue to look for simpler and better ways
to analyze and explain the behavior of the data, and to
continue close collaboration with T. Cory and PMSRC staff.
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EIGHTH AND NINTH MONTHLY TECHNICAL LETTER REPORTS
COVERING PERIODS FROM
29 NOVEMBER TO 31 DECEMBER 1976
AND
1 JANUARY TO 30 JANUARY 1977
CONTRACT NO. HO346045
TASK ORDER NO. 4

C-78453

Technical Support on the In-Mine Electromagnetic
Wave Propagation Measurement Program

During the December and January reporting periods, substantial
progress was made in analyzing the mine propagation data, in
devising improved and simpler methods of analysis, and in
documenting the results of this work. Analysis of the quasi-
conductor-free area propagation data from both the Consolida-
tion Coal Ireland mine and the Inland Steel No. 1 mine was
completed. 1In addition, similar data were received and
analyzed for Consolidation Coal's Ne. 95 mine (Robinson Run)
and Eastern Associated Coal's Federal No. 1 mine. Both these
latter mines are located in Northern West Virginia in the
Pittsburgh coal seam. It was found that the signal propaga-
tion behavior in the second pair of mines was similar to the
behavior in the Ireland mine which is also in the Pittsburgh
seam, WNamely, signal attenuation rates in the Pittsburgh
seam mines were found to be lower by a factor of about three
than the rates found in the Inland No. 1 mine in the Herrin
No. 6 seam over the frequency range from about 100kHz to
2MHz. It now appears that plots of the attenuation rate,

a , versus frequency may be one of the most easily obtainable
and useful means of classifying and comparing the propagation
characteristics of different mines and seams.

Tabulated below is a summary of the coal and rock conductivity
estimates for each of the mines analyzed to date. Using

these wvalues of conductivity, corresponding estimates of
magnetic field strength versus range can be computed, at
frequencies of interest, from the three-layer model theo-
retical egquations.
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Conductivity Estimates

Seam Coal Rock

Thickness
Mine Seam h (m) o, (Mho/M) a,. (Mho/m)

.5 0.3x10~4¢ 0.085

Robinson Run(#95) Pittsburgh 1

" 2 0.26x10"%  0.084
2
2

Federal No. 1

Ireland (II) " 1.0x10-4 0.054

Ireland (I) " (1.4x1074 0.3
2.0x10~4 1.09°
Inland No. 1 Herrin No. 6 3 10x10~4 0.22

Ireland I and II refer to measurements taken in two different
parts of the Ireland mine on two different occasions, the

IT data representing the most recent measurements. It should
also be noted that sedimentary rock and coal typically exhibit
anisotropic electrical properties; therefore in the strict
sense, o, represents the vertical or transverse coal conduc-
tivity, whereas o represents the horizontal or longitudinal
rock conductivity. 1In general, longitudinal values for a
material are higher than its transverse values.

As was the case for the first two mines analyzed, it was
necessary to devise still another method to analyze the data
from the latter two mines. The previous method (described

in our November meonthly report) using the data-derived atten-
uation rate, o , in concert with a reference field strength,

Hy (ro), was found to be too restrictive to be successfully
applied to these new data. Thus, we replaced this method

with another one which is not only simpler but appears to be
more universally applicable to the analysis of mine propagation
data.

This new data analysis method relies mainly on the behavior
of the data-derived attenuation rate, ¢ , a quantity that

can be reliably obtained from the field strength versus
distance data taken in conductor~-free areas, and which is

not dependent on the source/mode coupling factor. The
attenuation rate o at each frequency is obtained as in the
previous method, and a family of "constant «" curves are
then plotted in the form o, versus 0o+ Each data-derived
value of a is used to generate a o, versus g, curve from

the transmission line attenuation rate equation a = F(oy,00f)
A point (8,,8.)representing a kind of "center of gravity"
of the intersections of the family of curves is then chosen
by visual inspection of the plot. This point (6,,6s) defines
the experimentally determined values of rock and coal conduc-
tivity for that mine. This method is applicable to mines in
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which the rock and coal conductivities can be treated as
frequency independent guantities over the frequency range of
interest. Theoretically, the family of constant o curves
should intersect at a common point (€r,8c) representing the
unknown conductivities of the coal and rock. In practice,
variations from the model, experimental errors, and graphical
analysis errors smear this point into an intersection "region".
Using these values (6),6,), the magnitude of the magnetic field
strength versus range can then be computed at each fregquency
of interest. Comparison of theoretical and experimental field
strength results for the Robinson Run and Federal #1 mines
reveal a generally favorable overall agreement with regard to
form and relative variations, with some differences in absclute
level yet to bhe resolwved.

The experimentally determined set of conductivities (8_,8y)

can also be substituted back into the attenuation rate equation
o = F{o_.,0.,f ) to generate an "average" o versus f curve
represefiting the attenuation rate variation with f£requency for
that mine. Comparison of such curves with the corresponding
data-derived values of o at each measurement frequency in the
Robinson Run and Federal No. 1 mines reveals these curves to

be very reasonable "bhest fit" curves to the a data points,

as it should be.

This good agreement provides yet a third method of estimating
the rock and coal conductivities; namely, finding the pair of
{0.+0¢) values (by a constrained trial and error substitution
procedure) that gives a reasonable "best fit" theoretical

a = F(o,.,00,f) versus f curve tc the data-derived values of a.
This third method was used with success on the Ireland mine and
Inland No. 1 mine data, data which did not produce a definitive
intersection region in the method that uses the family of
"constant o', gy Vs oy curves.

All of these results and methods of analysis were presented at
the scheduled program status review and planning meeting held
at PMSRC, Bruceton, PA in mid-December. In attendance were

R. Lagace and A, Emslie of ADL, T. Cory of Spectra Associates,
W. Laubengayer and L. Wilson of Collins Radio, and H. Dobroski
of PMSRC. A twenty-five page handout of results consisting

of twenty-two graphs and three summary sheets was distributed
to the attendees by ADL and discussed. Priorities were also
established for the measurements at the next two mines. Namely,
the primary objective will be to perform measurements in so-
called "quasi-conductor-free" areas, and the secondary objective
will be to perform measurements along selected paths parallel
to simple-geometry mine conductor systems. Preference will

be given to locations adjacent to or through large coal blocks
in the quasi-conductor-free areas when possible. Section signal
mapping measurements will not bhe performed at these mines.
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As a result of discussions at this meeting and afterwards,

the selection criteria for the next two mines were established
and several candidates were identified. One mine will be
selected in the Herrin No. 6 seam from candidates in several
high production counties north of the county in which the
Inland mine is located, to check the applicability of the Inland
results to another mine in the Herrin No. 6 seam. The other
mine {the first of the two to be visited) was selected from
candidates in several high production counties in the Southern
West Virginia - Eastern Virginia area,in a completely different
seam, to obtain another sample of the propagation variability
expected in different coal seams. The mine selected is the
Island Creek VP #1 mine, in the Pocahontas #3 coal seam, in
Buchanan County, Virginia and measurements were conducted there
by the Spectra Associates/Collins Radio measurement team in
mid-January.

During the rest of this reporting period our efforts were
devoted mainly to documenting the theory, analysis techniques
and results to date in the form of a draft interim report that
will eventually be incorporated as part of the final report
for this task. As part of this effort, we also derived a more
general and complete theoretical expression for the source/mode
coupling factor, and proved that the accuracy of the trans-
mission line approximation to the wave mode solution is with~
in 0.3% even at the lowest frequency of 57kHz. We expect

the draft of the interim report to be completed in February.
This report will also include plots showing the expected
variations of signal strength with frequency at two communica-
tion ranges of present interest by the Bureau, 400m(1312ft)
and 200m( 656ft), for several values of rock and coal con-
ductivity that span the values found in mines to date. Such
plots, when compared with similar curves of receiver and mine
noise levels versus frequency, will reveal which frequencies
offer the most favorable performance at each range in mines
having different propagation and noise characteristics, and
the source strength required to achieve a specified level of
performance at these frequencies.

Finally, summary notes from R. Decker of Spectra Associates
describing results of his three-layer and five-layer model
computer analyses of the mine data were also received and
briefly reviewed during this period. A second set of summary
notes was received at the end of this reporting period.

During the February reporting period we plan to complete the
draft interim report on the first four mines, receive and
analyze the data from the Island Creek VP #1 mine, and to
continue close collaboration with T. Cory of Spectra
Associates and H. Dobroski of PMSRC.
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TENTH THROUGH SEVENTEENTH COMPOSITE MONTHLY
TECHNICAL LETTER REFPORT
COVERING PERIOD FROM
31 JANUARY TO 30 SEPTEMBER 1577
CONTRACT NO. HO346045
TASK ORDER NO. 4
C-78453

Technical Support on the In-Mine Electromagnetic
Wave Propagation Measurement Program

During the reporting period substantial progress was made both in
the analysis of the in-mine EM wave propagation data and in the prepar-
ation of an interim summary report. The data from the remaining two
mines were analyzed, and the consolidated results from all six high-
coal mines have been plotted up in over 60 graphs which are being
incorporated into an interim summary report which is near completion.

During February, the effort was concentrated mainly on: analysis
of the in-mine data taken by Spectra Associates at the Island Creek Coal
VP #1 mine in the Pocahontas No. 3 coal seam in Buchanan County,
Virginia; collaboration with T. Cory of Spectra Associates regarding
the data taken at the VP #1 mine and previous mines; and preparation of
theoretical curves indicating the variation of field strength as a
function of frequency with distance and coal/rock conductivities as
parameters.

The VP #1 data indicated that the Pocahontas No. 3 seam has a lower
signal attenuation rate than the Herrin No. 6 seam, but a higher atten-
uation rate than the Pittsburgh seam. Analysis showed that this
occurred in spite of a coal conductivity less than that of the Pittsburgh
seam, because the rock conductivity was also significantly lower than
that of the Pittsburgh seam, thereby allowing more energy to escape
from the coal seam waveguide. Generally favorable overall agreement
was found between the theoretical and experimental magnetic field
strength versus distance curves, both with regard to form and relative
variation with frequency. However, there remain some discrepancies
between theoretical and experimental absolute values over some frequency
ranges, the theory generally predicting somewhat higher wvalues than
thosa measured, as was observed during the analysis of the Robinson
Run and Federal No. 1 mine data. These discrepancies could be attri-
buted to some limitations in the simple theoretical model used, and/or
to some unaccounted for differences or variations in equipment cali-
bration, experimental procedures, or equipment malfunction. As a result
of telephone discussions with T. Cory of Spectra Associates regarding
the latter, and further thought about the former, we conclude that both
factors appear to be contributing to the differences observed between
some of the predicted and measured absolute levels of field strength.
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We also reviewed the second installment of Spectra Associates’
three-layer model and five~layer model computer amalyses and comparisons
with data, and subsequently compared the theoretical results of R. Decker
of Spectra Associates and those of the ADL model using Decker's derived
values of conductivity. The ADL results were found to be generally
higher than the Spectra results, but in closer agreement with the slopes
of the data curves than the Spectra results.

Finally, the ADL theoretical model was used to generate plots of
signal strength versus frequency for two ranges of interest, 400 m
(1312 ft.) and 200 m (656 ft.) for the following ranges of coal and rock
conductivity (3 x 103 € o, S 10-3 mho/m, 3 x 102 £ 5, $ 1 mho/m).
These plots were compared with a representative curve of rms mine noise
versus frequency to illustrate the procedure of identifying the most
favorable operating frequency as a function of range, mine conductivities,
and noise conditions. These results will be presented in the interim
summary report.

During March, the effort was concentrated mainly on the analysis
of the data taken at the Peabody No. 1 mine in the Herrin No. 6 seam
in Illinois, and the consolidation of signal attenuation rate results
from all six mines in time for use in an Information Circular being
prepared for a mine communications technology transfer seminar.

The data from the last of the six minesg, the Peabody No. 10 mine,
were analyzed and found to be better behaved than the data from both
the VP No. 1 mine (Pocahontas No. 3 seam} and the Inland No. 1 mine
(Herrin No. 6 seam). The results confirmed the high signal attenuation
rate behavior experienced in the Inland No. 1 mine in the same seam.
Furthermore, the analysis revealed Peabody No. 10 to be a mine with an
even higher signal attenuation rate and a coal conductivity 2.5 to 4
times that of the Inland No. 1 mine. Generally favorable agreement
was also found between theoretical and experimental field strength
behavior with distance and frequency. Aspects of the measurements,
data, and mine environments to date were discussed with T. Cory of
Spectra Associates via telephone.

The signal attenuation rates, o, taken from all six mines
expressed in dB/100 ft. and plotted versus frequency in 'a single
graphic presentation as shown in Figure 1. (This data consolidation was
completed in time for use in a more simplified form in the Mine Commun-
ications Technology Transfer IC on Section/Place Communications.)
As suspected, the limited sample of data to date reveals that different
seams appear to exhibit distinctly different signal attenuation rates,
and with the present exception of the extremely high-loss Herrin No. &
seam, the variation between mines within a seam is less than the varia-
tion between mines in different seams. If this property is further
supported by tests in the remaining four mines to be measured, the
easily obtainable attenuation rate may become the most convenient and
useful predictor of expected MF mine wireless radio performance for
mines in the major coal seams. Figure 1 also indicates that the
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important Pittsburgh seam is the most favorable seam investigated to
date, and that the attenuation rate is so severe in the Herrin No. 6
seam that radio performance is likely to be acceptable only when in the
vicinity of metallic mine conductors.

Table I presents the corresponding values of coal and rock conduc-
tivity derived for each of the mines measured. These values are used
to generate the theoretical magnetic field strength versus range curves
from the three-layer model field expressions. Figure 2 illustrates a
set of theoretical curves generated for the VP No. 1 mine in the
Pocahontas No. 3 seam while Figure 3 shows the similarity of the cor-
responding experimental data measured by Spectra Associates. Similar
curves for all the mines have been included in the interim summary
report.

Finally, initial consideration was given to obtaining a semi-
empirical estimate of the mode coupling factor or the correction
factor required as a function of frequency to provide a closer match
to the absolute value of the data. Such a semi-empirical relationship
might also suggest a simple physical explanation or relationship for
the observed differences, and might also reveal a variation between
coal seams similar to that exhibited by the attenuation rate.

During April, May and June, the effort was reduced to a low level
consisting primarily of minor administrative matters and the preliminary
formulation of ideas on other methods of mode coupling and data analysis,
while awaiting a contract modification for additional technical support
to PMSRC on this task order.

During July, August, and September effort resumed at a moderate
pace, and was related primarily to simple semi-empirjcal methods for
analyzing differences between theoretical and experimental results;
revisions and additions to the interim summary report; interaction
with other Bureau-sponsored investigators, and initial planning of an
EM Guided Wave Workshop to be sponsored by the Bureau.

Several semi-empirical methods were examined for comparing theo-
retical and experimental absolute field values to identify systematic
differences or trends in the effective coupling factor, effective
source magnetic moment, or effective seam height and medium conductivi-
ties. The most promising approach appears to be one in which the
differences between theoretical and experimental values of field
strength expressed in dB are determined as a function of frequency at
a fixed reference distance from the source. 100 meters was chosen as
a representative distance that allowed most of the data from both low
loss and high loss mines to be included, while avoiding most near
field effects. The computed quantity [ H(dB) - HEX(dB)] can be con~
sidered a measure of the departure of thé theoretical magnetic moment
or coupling factor from that observed experimentally. Plots of these
differences reveal that the simple three-layer model appears to apply
best between about 200 and 1000 MHz, where it produces a relatively
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well-behaved overestimate of the field strength which is essentially
independent of coal seam and less than about 7 dB. To get a more
definitive and systematic measure of this observed behavior, we plan
to analyze these differences statistically during the next reporting
period,

Additions and revisions were also made to the interim summary
report, incorporating the above results and new insights, together with
adding to and completing the considerable amount of graphical artwork.
We anticipate that this report will be completed and submitted to
PMSRC during the November reporting peried.

Finally, at the request of the technical project officer,
R. Spencer and A. Emslie of ADL participated with J. Wait and D. Hill
of NOAA and ITS and H. Dobroski, K. Sacks, R. Bartholomae, and J, Nagy
of the Bureau of Mines and MESA in a meeting at PMSRC, Bruceton, PA.,
in July. The meeting was convened by PMSRC for the internal dissemina-
tion and transfer of information on related projects being sponsored
by the Bureau, and feor the initial planning of an EM Guided Wave Work-
shop to be held in Boulder, Colorado. Subsequent planning and co-
ordination activities by R. Lagace and R. Spencer have been minor,
consisting primarily of telephone discussions with K. Sacks of PMSRC
and J. Wait of NOAA. Any significant effort required of ADIL staff
related to this Bureau-sponsored workshop will require additional
funding, perhaps by means of a separate task order having its own
statement of work and funding.

During the next reporting period, we plan to perform the statis-
tical analysis described above and continue work on the interim summary
report.

Arthur D Little Inc
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TABLE I

CONDUCTIVITIES DERIVED FROM THE o VERSUS £ PLOTS

o o)

(Plow Area)

Mine h Kc c r Seam
(m) (Mho/m) (Mho/m)
Robinson Run 1.5 6 0.3 x 1074 0.085 Pittsburgh
Federal No. 1 2- 6 0.26 x 1074 0.084 Pittsburgh
Ireland IT 2 6 1.0 x 107° 0.054 Pittsburgh
Ireland I 2 6 2.0 x 1074 1.09 Pittsburgh
1.4 % 10"; 0.3 Pittsburgh

Inland No, 1 3 6 1.0 x 10~ 0,22 Herrin No. 6
Peabody No. 10

1 Main South -3

lst West 2nd 2 6 4 x 10 0.3 Herrin No. 6

North

1 South -3

5-1/2 East/ 2 6 2.5 x 10 0.3 Herrin No. 6

1 South Jct.
Pocahontas No. -5

3 South Area 1.37 6 3 x 10 0.01 Pocshontas No. 3

Entry A

3 South Area  1.37 6 3x 107 0.0077  Pocahontas No. 3

Entry B

2 North No. 1.19 6 6 x 10-5 0.017 Pocahontas No. 3
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EIGHTEENTH MONTHLY TECHNICAL LEITER REPORT
COVERING PERIOD FROM
1 OCTOBER TO 30 OCTOBER 1977
CONTRACT NO. HO346045
TASK ORDER NO. &
C~-78453

Technical Support on the In-Mine Electromagnetic Wave Propagation
Measurement Program

During this reporting period, effort was devoted primarily to the
statistical analysis of the differences observed between the measured
and theoretically predicted values of field strength, and secondarily
to the interim summary report, and to telephone conferences with J. Wait
of NOAA and K. Sacks of PMSRC related to: the upcoming Bureau-sponsored
Guided Wave EM Workshop, reports of ADL and others on the propagation
of radio waves in mines and near conductors, and planned Bureau radio
propagation measurements and asscclated data analyses.

To statistically assess the goodness of fit of the simple three-
layer theoretical model results to the measured data, the difference
& = H(Theoretical) - H(Experimental) in dB was studied. Theé statistical
analysis was restricted to data for the frequencies between 100 kHz and
1000 kHz at a reference distance of 100 meters. For frequencies outside
the 100-1000 kHz range, the data indicated that the simple three-layer
model was breaking down; 1.e., H(Theoretical) was diverging from
H(Experimental). One hundred meters was chosen as the reference distance
because it allowed most of the data from both low and high loss mines
to be included, while avoiding near field effects in most cases. The
differences between theory and data were analyzed by:

e Computing the Sample Mean for all mines and 95% Confidence
Intervals for both the population and sample mean at frequencies
from 100-1000 kHz.

e Computing the Sample Mean for each seam (there were too few
samples within each seam to compute a standard deviation on a
seam basis).

¢ Plotting each of the characteristics found and analyzing the
graphs.

e Testing the hypothesils that the theoretical model fit the data
at the 95%Z level for the frequencies between 100 kHz and 1000
kHz.

From this analysis, the following observations and conclusions
were made. The differences between the model and the experimentally
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recorded data were similar for all coal seams. The shapes of the curves
for each seam average followed the same pattern and did not differ from
one another by more than 1 or 2 4B, with the exception of the Herrin #6
seam at frequencies below 400 kHz. At these frequencies, data for only
one mine in the Herrin #6 seam was available. However, at 400 kHz to
1000 kHz, the Herrin #6 seam average curve paralleled those of the other
geams. This homogeneity implied that pooling all the data to compute

a Grand Mean for all mines was a valid technique, and that the results
from any analysis could be applied back to all the mines uniformly.
Furthermore, it was shown that:

e Between the frequencies of 200 kHz to 900 kHz there is no sig-
nificant difference between the model and the actual data readings.

e In this band of frequencies the average difference,'z, ranged
from 1.1 dB to 3.9 dB.

e The range from 200 kHz to 600 kHz appeared to be the best range
for the model with hoth the varilance and average difference
between the model and actual data being smallest, and positive,
within this frequency range.

In summary, based on the statistical analysis applied to the data
available to date, it can be concluded that:

e The Grand Mean difference for all mines may be used in all
analyses. Furthermore, it may be used to represent the indi-
vidual seam averages;

e The simple three~layer model fits the experimental data in the
200 kHz to 900 kHz frequency range at the 100 meter reference
distance. It does not £it the experimental data outside the
range of those frequencies.

The details of this analysis and the tabulated and plotted results were
also summarized in a memorandum entitled "Attenuation Rate for Radio
Signals in Coal Mines: Model Goodness of Fit."

During the Nowvember reporting period we plan to complete the interim
summary report, include the statistical analysis results in this report
or in a separate working memorandum, continue earlier work on the
analysis of coupling to conductors in mines, and collaborate via tele-
phone with PMSRC staff, T. Cory of Spectra Associates, and J. Wait of
NOAA related to the Bureau's in-mine measurement programs, as required.
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TWENTY FIRST THROUGH TWENTY FIFTH COMPOSITE
MONTHLY TECHNICAL LETTER REPORT
COVERING PERIOD FROM 1 JANUARY THROUGH 28 MAY 1978
CONTRACT NO. HO346045
TASK ORDER NO. 4
C-78453

Technical Support on the In-Mine Electromagnetic Wave Propagation
Measurement Program

During this reporting period substantial effort was. expended and
progress made in the analysis and understanding of experimental MF radio
propagation data taken in conductor-free areas of U. S. coal mines, and
in the development of a simple theoretical model for describing the
coupling of loop antennas to a single cable installed in a2 tunnel in a
coal seam. Data have now been analyzed from ten mines in six different
seams, and have been summarized in a way that identifies the principal
factors affecting MF radio wave propagation performance in different
coal seams. In addition, two major reports were completed, and submit-
ted to PMSRC, which summarize all of the theoretical modelling and data
analysis completed to date. These reports are entitled "Modelling and
Data Analysis of In-Mine Electromagnetic Wave Propagation” (Interim
Report, May 1978) consisting of 105 pages and "Analysis of MF Propa-
gation Data from Margaret No., 11, Nanty Glo, Ehrenfeld, and Adrian
Coal Mines" (Working Memorandum, May 1978) consisting of 52 pages.
During June we plan to complete all work on this Task Order and to sub-
mit the draft final report to PMSRC. We have reached the 75% expend-
iture point, and do not anticipate a significant overrun or underrun
provided no unanticipated difficulties are experienced in the analysis
of the data from the last mine. We have also discussed with the Tech-
nical Project Officer recommendations for a timely and moderate increase
in scope of work related to analyzing the mine data in a new and
improved way that has recently been developed that would make the
results of this study more valuable and readily applicable to Bureau
of Mines MF radio programs.

During January the effort was primarily related to the analysis of
data taken by T. Cory in conductor-free areas and in the vicinity of
cables in the Margaret No. 11 mine, and to the initial developments of
a theoretical approach for the coupling of loop antennas to a cable
installed in a tunnel in a coal seam waveguide. The conductivities
of the coal and surrounding rock were computed by means of a more pre-
cise least square method involving a practical minimum search procedure.
This Margaret No. 11 mine in low coal was found to have a conductor-free
area attenuation versus frequency characteristic which lies between
that of the Pocahontas No. 3 seam and that of the Herrin No. 6 seam.

The magnetic field strength behavior along cables in mine tunnels
in the Margaret No. 1l mine was analyzed with respect to the longitud-
inal attenuvation rate of the magnetic field signal along the cables.
Three attenuation rate patterns are apparent. The first is noticed
within an approximately 90° angular sector which is bigected by the
perpendicular drawn from the loop to the cable. In this sector the
field attenuation rate along the cable is on the order of 700 dB per

1
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kilometer, and represents the direct contribution of the coal seam mode
field generated by the loop transmitter. Once beyond this region, the
longitudinal attenuation rate reduces by one to two orders of magnitude,
and is caused by a cable-guided mode excited by the transmit loop. In

a tunnel containing only a single power cable, this cable guided mode
was found to exhibit an attenuation rate of less than 10 dB per kilo-
meter. However, in a tunnel containing a belt, pager phone line, and
belt control lines a significantly greater longitudinal attenuation rate
of 30 to 40 dB per kilometer occurs. We balieve this higher attenuation
rate in the beltway is due to shunt loading caused by the beltway sup-
porting structure which is terminated into roof bolt anchors, and to the
close coupling of the pager phone and control cable lines to this heav-
ily shunt loaded beltway. This behavior resembles that of a shunt
loaded trolley wire/rail line. The development of a theoretical model
describing the degree of coupling between a transmit loop and a single
cable installed in a coal seam waveguide centered on an integral
approach for computing the current induced in the cable as a result of
the summation of the infinitesimal emf's induced along the cable by

the coal seam mode magnetic field generated by the transmit loop.

Communications were also maintained with T. Cory and H. Dobroski
via telephone regarding the data taken at the Margaret No. 1l mine, T.
Cory's transmission line approach for measuring the in situ conductivity
of the coal, and the selection of coal mines to be visited.

During February the major effort was devoted to developing theor-
etical expressions for the coupling to a cable in a coal seam waveguide.
Convergence problems were encountered in the integral approach used to
derive an expression for the current induced in the cable by a transmit
loop located at distance r away from the cable. The objective was to
compute the value of cable current produced at a large distance down
the cable from the location of the transmit loop. This approach was
finally abandoned in favor of a different approach suggested by the
principle of reciprocity. Namely, it was decided to derive the coup~
ling expression by computing the open circuit voltage induced in the
receive loop by the current-carrying cable. This approach was used
with the method of images, to account for the effects of the roof and
floor above and below the coal seam.

Expressions were first derived by having zll the return current
carried by only the first two images. Subsequently, the contributions
from all images were included. Convergence problems were experienced
with the infinite set of images method for both cases examined, namely
by including and ignoring the presence of the cocal. Even after solving
the convergence problems, the computed theoretical values for the hori-
zontal magnetic field in the coal seam were found to be significantly
below those values measured experimentally. It was finally realized
that the midpoint in the coal seam where the field was being computed
was the location of a minimum or null in the horizontal magnetic field
component perpendicular to the cable. In other words, the current
carrying cable was not exciting the expected coal seam waveguide TEM
mode. Ambiguities and other seeemingly unusual behavior of the plotted
data were cleared up via telephone discussions with T. Cory, and sug-
gestions were made for obtaining better experimental estimates of the
low longitudinal rates experienced along the cable.
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R. Lagace of Arthur D. Little, Inc., visited PMSRC twice during
the month. The first visit was to make a progress report, and the
second was to meet with representatives of Franklin Institute, PMSRC,
and Motorcla on problems associated with the coupling of electromagnetic
radiation and waves to electrical blasting circuits in mines. The meet-
ing on blasting circuilts resulted in the identification of shortcomings
in the theory and information that now exist, a preliminary agreement
on the most important radio frequencies and applications for which def-
initive rulings may be possible in the near future, and the suggestion
that this subject be treated at the March electromagnetic guided wave
Workshop in Boulder, Colorado. .

During the March reporting period the major effort was devoted to
developing theoretical expressions for the coupling of loops to cables
in coal seam waveguides and to refining the three-layer model for prop-
agation in conductor-free areas. A major advance in understanding and
simplicity was obtained by switching to a Fourier series representation
for the cable current and its associated images in the rock, and by
representing the wave generated by these currents as a bound guided
wave propagating in the longitudinal cable direction and evanescent in
the transverse direction to the cable. This allowed the contribution
of each Fourier series harmonic to the resultant field at a radial dis-
tance r away from the cable to be simply computed. It also became
readily apparent that only the first few harmonics made important con-
tributions to the resultant field. The first and strongest harmonic
produces only a vertical component of magnetic field at the seam mid-
point; the horizontal component due to this harmounic passes through
zero at that point., Thus, agreement with experimental horizontal H
data taken at this point, would have to rely on an accidental rotational
misalignment of the loop or a displacement of the loop from the midpoint.
Unanticipated chance agreement could also occcur if the roof and floor
material had asymmetrical electrical properties. The contribution to
the horizontal cowponent at the midpoint due to the second harmonic
contribution of the current, although present, was found to be insig-
nificant. Consequently, the Margaret No. 1l mine data in the vicinity
of cables are not adequate to prove or disprove the theoretical predic-
tions, and a new set of measurements that examine the response to all
polarizations has been defined for the last mine to be visited by T.

Cory.

As a result of these analyses, the Fourier series approach was
pursued and documented in the "form of a paper presented at the electro-
magnetic guided wave Workshop in Boulder, Colorado, at the end of March.
Curves were generated for loop-to-loop coupling via the cable, for the
case in which both loops are separated from each other by a large long-
itudinal distance, and from the cable by radial distances of x, and x,,
and for the case where one of the loops is placed immediately iinderneath

and adjacent to the cable.

The success of this Fourier series approach alsc led to its use in
refining the derivation of the coal seam mode magnetic field produced
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by a vertical loop in the coal seam waveguide. Namely, the transmit
loop and its images in the rock can also be represented by a Fourier
series having in this case a DC term which couples to the quasi-TEM
coal seam propagating mode.

The Fourier series approach to the coupling to cables in coal seam
waveguides was also applied to the case of two or more cables located
in a vertical plane within the coal seam waveguide. It was found that
when a loop is located at large distances compared to the thickness of
the coal seam, for example one pillar away in an adjacent tunnel, the
loop couples more strongly to a common mode (monofilar) excitation of
the cables in which the currents in all the cables travel in the same
direction and the return current flows in the rock. However, when the
loop is located close to the cable, at distances on the order of or
less than the spacing of the cables, then better coupling will be made
to a differential (bifilar) mode of excitation of the cables.

Assistance was also received from J. Wait, who was most cooper-
ative in supplying us with values for the longitudinal phase constant
for a wave propagating aloung a single cable located in a tunnel, wvalues
which were recently calculated for presentation at the electromagnetic
guided wave Workshop in Boulder at the end of March.

During the electromagnetic guided wave Workshop, as a result of
interactions with T. Cory, we conceived of a simple crossed loops
method for making localized in situ measurements of the conductivity
of coal and rock in mines, and derived theoretical expressions for the
output signal as a function of conductivity of the medium to be
measured,

During the April reporting period major effort was devoted to
analyzing the data from the remaining three mines vigsited by T. Cory,
to developing simpler methods of deriving the coal and rock conduct-
ivities by using the least square method, and to thinking of better
ways to compare theoretical and experimental magnetic field strength
behavior as a function of frequency and range.

At the beginning of April, technology transfer meetings were con-
ducted at Arthur D. Little, Inc., between B. Austin of Scuth Africa
and R. Lagace and R. Spencer of Arthur D. Little, Inc. During two
days of meetings, a considerable transfer of information and ideas on
MF communications in mines was achieved. The subjects covered included
system efficiency and intrinsic safety considerations in the design of
antennas for personal MF radios; size and location of fixed station
loops for wireless and cable coupled communications in mines; the
coupling to mine AC power cables for the transmission of monitoring
data to receiving stations; circuit design and fabrication consider-
ations in the construction of mine worthy radios by South Africa; the
effects of geological parameters on the polarization of MF waves in
coal mines versus gold mines; hoist shaft communications to closed
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cages; coupling to and communications up a drill string and means to
locate cutting heads sheared off from the drill string; and historical
development and evolution of personal radio hardware for emergency
communications in South African mines.

Several telephone discussions were also conducted with T. Cory,
and H. Dobroski and K. Sacks of PMSRC. Discussions with Cory centered
on detailed descriptions of the mine environments in which the measure-
ments were taken at the most recent three mines, and with the types of
measurements to be made in the last mine for verifying or disproving
the ADL developed theory for coupling to cables in coal seams. Discus-
sions with H. Dobroski centered on the types of measurements to be made
in the final mine to be measured by T. Cory, and on upcoming mine tests
planned for the new Scouth African radios received by PMSRC. Discussious
with K. Sacks centered on design problems and capabilities related to
the fabrication of ferrite loaded loop antennas for use by miners as a
substitute for air-core bandolier type loops.

Attenuation versus frequency plots for all four mines were deter-
mined and the associated conductivities were derived for rock and coal
by using an improved version of the least square method for computing
the conductivities. It is a method easily adapted to a pocket ecaleu-
lator, and it has been described in the working memorandum referred to
at the beginning of this report. Plots of theoretical and experimental
values of magnetic field strength at a reference distance of 100 m
versus frequency were also compared for several of the latest mines
measured. .

During May the major effort was devoted to completing all data
analyses of the quasi~conductor-free area data taken at the four low
coal mines visited by T. Cory, and to decumenting all the results to
date in two major reports which were completed and submitted to the
Bureau.

The experimentally derived o versus f results for all four low coal
mines measured by T. Cory were converted to dB/100 ft. units and plotted
upon the composite plot for all mines visited to date. It was found
that these mines lie between those of the Herrin No. 6 and Pocahontas
No. 3 séams, thereby making the favorable Pittsburgh seam behavior the
exception rather than the rule so far. Two methods were also reviewed
for the presentation and comparison of theoretical and experimental
values of the magnetic field versus distance from the transmit antenna
in conductor~free areas. One method involved the drawing of both theor-
etical and experimental H versus frequency curves at a standard range
of 100 meters instead of the ratio of HTheor/HExpt previously used.

The second method involved using the coupling factor, C, defined by the
intercept of the HYr versus r curve with the HYr vertical axis. Exper-
imentally determined wvalues for this coupling factor were compared with
theoretically derived ones from the coal seam mode three—layer model
magnetic field expression.
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Since the coupling factor intercept with the vertical axis is a
more fundamental quantity than the magnetic field at a reference dis-
tance of 100 m, it was decided that subsequent comparisons of the
theoretical and experimental absolute values of the magnetic field should
be based on this coupling factor C. This coupling factor was shown to
be relatively insensitive to the coal and rock conductivities. This
theoretical coupling factor expression also generally overestimates the
field strength value below about 1 MHz while underestimating it at
frequencies above 1 MHz,

The dependence of coupling factor and attenuation rate on coal
seam thickness, h, was alsc examined. The coupling factor € was found
to be moderately dependent on the coal seam thickness, h, and the atten-
uation rate o more strongly dependent on it. Counsequently, curves
were drawn showing how the coupling factor versus frequency and atten-
uation rate versus frequency behavior was influenced by the coal seam
height. Increasing seam thickness was found to shift the coupling fac-
_ tor curve downward by a relatively constant amount at all MF frequencies,
and to shift the attenuation rate curve downward by an increasing amount
with increasing frequency. This behavior indicates that longer commun-
ication ranges will be obtained in high coal seams than in low coal
seams having the same rock and coal electrical properties.

All the results for the analysis of the conductor-free area data
for the first six mines were documented in an interim report entitled
"™Modelling and Data Analysis of In-Mine Electromagnetic Wave Propagation"
consisting of 105 pages. This report includes a section on the select-
ing of operating frequencies for MF systems designed for installation
in different types of coal seams. The results and the analytical tech-
niques developed and refined for the last four mines were also docu-
mented in a Working Memorandum entitled "Analysis of MF Propagation
Data from Margaret No. 11, Nanty Glo, Ehrenfeld, and Adrian Coal Mines"
consisting of 52 pages. This latter report includes a detailed descrip-
tion of the simplified procedure for deriving the coal and rock conduc-
tivities from the o versus f plots by the least square method.

R. Lagace visited PMSRC at the beginning of May to provide a pro-
gress report on the work completed to date. At the end of the May
reporting period, another progress report was given to H. Dobroski of
PMSRC at Arthur D. Little, Inc. Several discussions were also conducted
by telephone and in person with PMSRC technical staff regarding MF radio
installations for the Lucerme mine, the applicability of the Geonics
conductivity measuring equipment in mines, and a crossed loop method
for measuring coal and rock conductivity. Telephone collaboration was
also maintained with T. Cory regarding measurements made at the last
low coal mine. Arrangements have been made for the delivery of the
data to ADL by the end of the first week in June.

During the next reporting period we plan to complete the analyses
of the data from the last mine measured by T, Cory, and to compile and
complete the draft final report for this Task Order for submission to
PMSRC..
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TWENTY SIXTH THROUGH TWENTY EIGHTH COMPOSITE
MONTHLY TECHNICAL LETTER REFORT
COVERING PERIOD FROM 29 MAY THROUGH 27 AUGUST 1978
CONTRACT NO. HO346045
TASK ORDER NO. &
C-78453

Technical Support on the In-Mine Electromagnetic Wave Propagation
Measurement Program

During this reporting period the conductor-free area data from the
last low coal mine, the Stinson #3 mine, was analyzed and a highly
satisfactory agreement obtained with the ADL three-layer model. Further-
more, the attenuation characteristic of this mine places it between that
of the Pocahontas #3 seam and the Herrin #6 seam. After careful analysis
the conductor proximity data were found to be unusable for comparison
with the ADL cable~in-a-coal-seam model, and the data were found to ex-~
hibit some presently inexplicable behavior.

The attenuation versus frequency data from the first six mines were
analyzed by the least square error method for deriving the rock and coal
conductivities used for the last four mines. Coupling factor curves
were generated for all mines measured to date, and analyzed statistically
to determine goodness of fit of the coupling factor to the data. The
model was found to be in extremely good agreement with the data in the
200 to 1000 kHz band of interest for mine wireless radio communications.

A Working Memorandum was completed and submitted to PMSRC documen-
ting the crossed loop methed for in situ measurement of coal or rock
conductivity. Two reports received from T. Cory were also reviewed.

During this reporting period the Stinson #3 mine report was received
from T. Cory, and the conductor-free area data were analyzed to obtain
curves of attenuation rate o versus frequency, coupling factor C versus
frequency, and the rock and coal conductivities. Very good agreement
with the theoretical model was obtained for this mine, both with regard
to o versus f, and C versus f behaviocr. The conductivigies found for
this mine are or = 4.1 x 10~3 Mhos/m and 0. = 3.0 x 107> Mhos/m. We
also found that the Stinson data place this mine between the Pocahontas
#3 seam and the Herrin #6 seam regarding attenuation versus frequency
characteristics. Below 500 kHz the attenuation rate versus frequency
curve falls within the range found for the Pocahontas #3 seam. Above
500 kHz the attenuation versus frequency characteristic rapidly moves
up through the band occupied by the Lower Freeport, the Upper Freeport,
and the Lower XKittanning seams reaching attenuation rate values near the
lower limit of those found for the Herrin #6 seam at 3710 kHz.
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Considerable time was spent examining the conductor proximity data
taken at the Stinson #3 mine before concluding that they were not suit-
able for comparing with the single cable in a coal seam model previously
formulated. The principal reason for this conclusion was that the tun-
nel contained four or five parallel conductors distributed over the
tunnel cross-section instead of one, and the transmit loop was located
at a position halfway betwen two of them instead of immediately adjacent
to, and in the plane of, the conductor closest to the perpendicular path
traversed by the receive apntenna. This fact makes it very difficult to
calculate a coupling factor, to compare with the signals measured, with-
out introducing considerable ambiguity. A second measurement problem
with respect to the data is the presence of a component of magnetic
field parallel to the cables that also increases with increasing fre-
quency. We canmnot presently explain this behavior for a parallel set
of conductors. However, such behavior could occur if a "spur" conduc-
tor was present running perpendicular to the main set of cables going
perhapg to a pump or pager phone or other electrical device either
within the main tunnel or down cross cuts adjacent to the cross cut in
which the receive antenna was located. T. Cory is not certain whether
such perpendicular spur conductors were present at the time of the
measurements.

In an attempt to find some data that could be used to verify or
contradict the single cable in a coal seam model derived by ADL, we
revicwed and examined in detail the conductor proximity measurements
made in the first mine ever visited by the Collins Radie/T. Cory
measurement team, namely the Consolidation Coal Rose Valley Mine in
West Virginia. It appears that these data will also be inappropriate
for comparing with the ADL coupling to cable model. Examination of
these data did uncover a situation in which a magnetic field component
parallel to the main run of cables was alsc measured. However, the
component was measured at a cross cut intersection just beyond the end
of a pager phone line spur running into the cross cut perpendicular to
the main run of cables. In this case the presence of this pager phone
line perpendicular to the main run of cables offers a plausible expla-
nation for the presence of the parallel magnetic field components.

We initiated and completed analyzing the attenuation versus fre-
quency data from the first six mines using the improved least square
error method of determining the coal and rock conductivities. The
coupling factor, C, defined by the intercept of the straight 1line far
field approximation of Hvr with the vertical axis (r = 0), was also
computed and plotted for these mines., All the experimental and theor-
etical attenuation versus f, coupling factor versus f, and conductivity
results form all mines were assembled, plotted up, and examined in con-
siderable detail for reasonableness, consistency, and overall integrity
prior to subjecting the coupling factor data to statistical analysis.
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In some cases, mainly for some of the data taken at the Inland
No. 1, Peahbody No. 10, Pocahontas No. 3, Nanty Glo and Robinson Run
mines, substantial time and effort were spent checking, recalculating
and rethinking the data reduction methods, experimental procedures and
data, analytical techniques, and overall veracity and applicability of
the data. Telephone collaboration with T. Cory assisted this effort.
As a result, errors were found and purged in some of our previous data
reduction/analysis and in some of the data themselves. A small amount
of the data, or the conditions under which they were taken, were also
judged to be highly inconsistent or suspicious based on several criteria.
These were justifiably excluded from the statistical analysis of good-
ness of fit of the simple coupling factor theory to the experimental
data., These few deviant data have not been totally ostracized however;
they will be included in the final report where they can receive further
observation and possible diagnosis of the cause of their aberrant
behavior by other practitioners.

The quantity AC = C (in dB) was analyzed statistically
in seven frequency bands covering %ﬁe range from 83 kHz to 4750 kHz, to
determine the mean difference AC, the 95% confildence limits on the mean
difference, and the 957 confidence limits on the differences for the
sample population. The ADL simple three-layer model was found to fit
the data extremely well over the frequency range from 200 to 1000 kHz
which is of greatest interest for coal mine applications. In particular
we found a mean difference of less than +1 dB, a 95% confidence interval
of about 2 dB for the mean, and a 95% confidence interval of about
£(7 - 10) dB for the population. The theory was found to overestimate
the coupling factor above 1000 MHz and below 200 kHz, giving a mean
difference of about +5 dB around 100 and 2000 kHz.

We also found a good way to visually present the derived conduc-
tivities; namely by characterizing each test location in each mine as
a point on a graph where the coal conductivity 1s plotted along the
ordinate and the rock conductivity along the abscissa. The results to
date appear to reveal trends and clusterings that define the average,
high, and low signal attenuation rate conditioms.

A Working Memorandum was completed and submitted to PMSRC docu-
menting the simple crossed loops method for making localized in-situ
conductivity measurements. The Working Memorandum is entitled "A
Method for Nonintrusive In Situ Measurement of Coal and Rock Conductiv-
ities in a Coal Mine Tunnel.”

The Draft Final Report submitted to the Bureau by T. Cory was
reviewed, as well as the special technical report issued by T. Cory
entitled "In Situ Measurement of Coal Seam Conductivity Using a Parallel
Wire Transmission Line Method." We note in this latter report that the
values of coal conductivity derived by T. Cory from these measurements
are within the same order of magnitude as derived by the ADL three-layer
model, but that the values of T. Cory are approximately twice as high
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as the values obtalned from the three-layer model. A relative dielec-
tric constant of about 2 1s also obtained by T. Cory as opposed to the
value of & assumed in the ADL three-layer model. An unexpected benefit

to the ADL low impedance line demonstration experiment also occurred.
T. Cory's technique for determining B of the line was modified slightly
and used to measure the wavelength along normal and low-Z lines at the
McElroy mine.

During the next reporting period we plan to request from the mine
companies the petrographic analyses of the coal in the vieinity of the
measurement sites at all mines visited by T. Cory, in order to statis-
tically analyze these data relative to their impact on the wvalues
obtained for the ceal conductivity in each mine. From this analysis
we hope to determine whether any correlation exists between the values
of coal conductivity and any of the quantities routinely analyzed by
mines to assess the marketability of its coal. We also plan to start
writing sections of the draft final report,and to continue telephone
collaboration between H. Dobroski of PMSRC; the measurement contractor,
T. Cory; and J. Wait and D. Hill of ITS/NOAA as required. Preparation
and submission of the draft final report for this task order was
deferred to accommodate the additional analyses requested in Modifi-
cation 4 to this Task Order.
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TWENTY NINTH THROUGH FORTIETH COMPOSITE
MONTHLY TECHNICAL LETTER REPORT
COVERING PERIOD FROM 28 AUGUST 1978 TO 25 AUGUST 1979
CONTRACT NO., HO346045
TASK ORDER NO. 4
C-78453

Technical Support on the In-Mine Electromagnetic Wave Propagation
Measurement Program

During this reporting period effort was spent primarily on examining
the implications of the data analyses and associated theoretical models
on the expected performance of MF radio systems in coal mines, and on
preparing the draft final report.

"Average'" values for coal and rock conductivities based on the
processed propagation data to represent high, moderate and low loss coal
seams were selected, and curves of coal seam coupling factor versus seam
height and frequency were plotted. These representative values of con-
ductivity were then applied to the theoretical coal seam propagation
model, together with mine electromagnetic noise data, to generate curves
of predicted maximum radio communication range versus frequency in high
and low coal seams under "mine noise” and "receiver set noise" operating
conditions,

Maximum radic commnications range versus frequency in conductor-
free areas was found to exhibit a broad peak centered between 300 and -
700 kHz, a band well within the 200 to 1000 kHz frequency band over
which the model is in extremely good agreement with the propagation
data. Within the optimum frequency band of 300 to 700 kHz, maximum
ranges were found to be highly dependent on attenuation rate, and thus
on the electrical conductivities of the coal seam and its surrounding
rock. Consequently, maximum communication ranges for portable, intrin-
sically safe radios can be expected to vary from low values of about
75 to 100 meters in a high-loss seam such as the Herrin No. 6, to high
values of about 300 to 400 meters in a low-loss seam such as the
Pittsburgh.

A significant part of the writing, editing, tables, and artwork
were also completed on the draft final report. During the writing of
the draft report, many final checks and searches were made regarding
assumptions, methods of analysis and presentation, regions of model
applicability, and plausible reasons for unexpected and/or unexplained
data in both conductor-free areas and in the vicinity of mine cables.

We are attempting to present the results of a large amount of data anal-
ysis and related propagation modelling in a comprehensive, but concise
and easy to follow and use, format for the final report. The supple~
mentary volume for limited distribution will include the working
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memoranda documenting many of the details, and preliminary steps,
results, models, and analysis techniques for future reference by others.

During the next reporting period, we plan to receive coal petro-
graphic/proximate analysis data from the test mines, analyze them to
determine if any significant relationships exist between the proximate
analysis data and the derived electrical conductivities, and incorporate
the results in the draft final report. We also plan to complete the
draft final report and submit it to PMSRC for approval.
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II. BACKGROUND THEORY FOR MEASUREMENT PROGRAM ON MEDIUM AND HIGE
FREQUENCY RADIC TRANSMISSION IN COAL SEAMS - Working Memorandum
August 1976,
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WORKING MEMORANDUM 78453 August 3, 1976

BACKGROUND THEORY FOR MEASUREMENT PROGRAM ON MEDIUM
AND HIGH FREQUENCY RADIO TRANSMISSION IN COAL SEAMS

This memorandum gives the background theory needed to guide
the forthcoming measurements on MF and HF radioc wave propagation in

coal seams and to reduce the data obtained in the measurement program.

In the frequency range of interest, namely, 50-1,000 kHz,
the free-space wavelength ig in the range of 6,000-300 m and is there-
fore very large compared with the thickness of a coal seam and with
the transverse dimensions of a coal mine tunnel, Under these condi-
tions, the only useful mode of propagation is an approximately TEM
mode in the coal seam with the magnetic field horizontal and the
electric field approximately vertical. This kind of mode can be
launched and received by loop antennas placed in a tunnel with the two
loops in the same vertical plame. Since the wavelength is so large
compared with the tunnel dimensions, the transmission from one loop to
the other is practically the same as if the loops were immersed in a

virgin coal seam.

The magnetic field H at a distance r from the tramsmitting

loop in the direction of the receiving loop is given by the formula(l’z)
2 1
- iMk (2)
H §E;— H (kr) (1)

where

M = NIA is the magnetic dipole moment of the transmitting
loop

be =b + %Gr is the effective half-height of the coal seam
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b = actual half height of the coal seam
¢ = skin depth in the rock bounding the coal seam

k = B ~ ia is the complex propagation constant

g (2 (z)

1 derivative of the first order Hankel function for an

outgoing wave

The constant £ is related to the actual wavelength X in the
medium by the relation 8 = 2n/A. The wavelength depends on the elec-
trical properties of both the coal and the rock strata above and below
the seam, and on the frequency. It is generally much smaller than the
free-space wavelength lo, partly due to the dielectric constant of the
coal seam, but mostly due to the conductivities of the coal and the

bounding media.

The constant ¢ determines the propagation loss (dB/m) and

depends on the same quantities as B, but in different ways.

To provide a complete understanding of the factors om which
the wave propagation depends, the experimental program should therefore
be arranged to measure both a and § at a number of frequencies. Deter-
mination of the phase constant B in addition to the attenuation constant
o exactly doubles the amount of information available for constructing
a good theoretical model of the electrical properties of the coal seam
and the surrounding strata. The experimental equipment should therefore
measure both the amplitude |H| and the phase angle ¢ of the magnetic

field H as functions of the distance r from transmitter to receiver.

From these measurements one can obtain both ¢ and 8 from

Eq (1), at each frequency separately. The procedure is as follows.
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On substituting the asymptotic expamsion for the Hankel

function, we can express the magnetic field in the form

e-ikr
H= A — (iR + 8) (2)
Vier
where ri 2
ie'Tle
A= ——— (3)
v32m be
(3)

and R and § are series in inverse powers of kr. From these series
we obtain for the real and imaginary parts of iR + S, up to inverse

eighth powers,

0.87500 cos 8§ + 0.4453]1 sin 29 + 0.19043 cos 38

Re(iR + §) =

[kr | ikr|< |kr |
_ 0.21469 sin 48 _0.37130 cos 56 + 0.85008 sin 68
[kr {* [kr [ [kr [°
+ 2.40432 cos 76 _ 8.06757 sin 86 %)
[kr |/ jkr [°
, 0.8700 sin 8 0.4453]1 cos 28 0.19043 sin 35
Im(:LR -+ S) =1 + lkrl - ]kﬂQ + lkrld
+ 0.21469 cos 46 _ 0.37130 sin 58 _ 0.85008 cos 68
|kr | * [kr |2 [kr[®
2.40432 sin 76 8.06757 cos 88
* el T Tz [© %)
where
8 = tan‘“l(%) (6)
2 2 %
k| = (° + 89 (7)
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From (2) we obtain the relations,

d d d ,

d{__"- = (Arg B) = - § + - Arg(iR + S) (8)
£ 1 ((B[/B= - a + = 1n|iR + 5] ©)
dr dr

These equations can be rewritten in the form

-4 4 :
8 Tt 3y Arg (iR + 8) (10)
o = - < 10(JE|/F) + L 1n|ir + 5 (11)
dr dr

where the terms containing iR + 8 are small for large r, as can be seen
from (4) and (5). This suggests that we determine 8 and o by a two-step

iteration.

In the first step we omit the iR + S terms and determine
preliminary values of 8 and o from the first terms in (10) and (11),
evaluated from the slopes of the experimental ¢ zé.r and 1n(]HIﬁ5 vs r
curves at as large a value of r as possible, with due regard to the
signal-to-noise ratio. In the second step we use the preliminary values
of B8 and o to evaluate the iR + S correction terms in (10) and (11), at
the same value of r as used in the first step, and add the corrections
to the preliminary values of B and a. Simulated tests of this procedure
show that the final errors in B and o are within 17 at 20 kHz and within
0.3% at 1000 kHz.

The next problem, after B and o have been determined at a
number of frequencies, is to use this informatiomn to obtain the elec-
trical properties of the coal seam and the bounding layers of rock. To

do this we use the transmission line formula
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1

o+ 18 = [(Z_ + 1ul) (6 + 1u0)]? (12)
where '
Zs = gum of surface impedances of rock at upper and lower
interfaces with coal seam (ohm/)
L = uoh (Henry/mg)
h = 2b = height of coal seam (m)
G =‘%$ (Mho/mz)
€ 2
c=— (Farad/m"™)
Op = conductivity of coal (Mho/m)
€. = permittivity of coal (Farad/m)

A simple model, which we have used to interpret attenuation data for
the Ireland Mine,(l) is (1) that only the rock édjacent to the ceal
seam is important and that its conductivity @, is large compared with
we_, and (2) that the permittivity €. of the coal is known. Under
these conditions there are only two unknown quantities, namely, oL and
@, on the right hand side of (12). Therefore, on separating real and
imaginary parts of this equation, we can determine both o and o at

each frequency,

For this model, surface impedance Zs is given by the relation
4

W 2
Zs = 2(1 + i) EE: (13)
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On equating real and imaginary parts of (12) and solving for o, and @,

we obtain the formulas

2¢g
¢ = we - —< @+ - Q) (14)
c c uoh
Reference to other
2 report or paper?
P+ /ol -
g = 2wy (15)
Q =
where
h 2 2 2
= 4w€c (o” = B7 - 208 + 2w uoec) (16)
2
W h
o] 2 .2 2
Q=5— (o B” + win e ) _ 17

c

If the model is valid the values of o determined by (14) and (15)
should be independent of frequency. This was found to be approximately
true for the case of the Ireland mine except at the lower end of the
frequency band at 57.5 kHz, for which the wave penetrated far enough '
into the rock above and below the coal seam to reach strata of lower

conductivity.

Since virgin coal is readily accessible on the side walls of
the mine tunnel, it would be very useful to measure ER and €. directly

in each mine visited. Then one could determine the surface impedance
of the rock as a function of frequency by means of (12) written in the

form
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o (a2 - BZ) + 2we _aB we (az - 82) - 20 af

7 =n c c g f—= ¢
s g 2 + wzc 2 g 2 + MZE 2
c c c d

+ wH (18)

From ZS vs w one would be able to develop a more detailed model of the
rock strata if the simple model discussed above were to show noticeable

variation of ar with w.
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I. INTRODUCTION

Initial propagation measurements by T. S, Cory in the Consoli-
dation Coal Co. Ireland Mine in the Pittsburgh coal seam, and their
subsequent analysis by ADL, revealed unexpectedly long communication
ranges which could be attributed to exceptionally favorable geological
conditions from an electromagnetic wave propagation standpoint. Namely,
the waves in conductor-free areas of the mine were found to propagate
in a parallel plane coal seam waveguide filled with coal having a con-
ductivity near the low end of the range of coal conductivity values,
and bounded top and bottom by rock having a conductivity near the high
end of the range of rock conductivity values. Therefore, to determine
whether these favorable propagation conditions were typical or excep-
tional for U. 5., coal mines, additional measurements were performed in
six coal mines having coal and rock geological characteristics both
similar to and different from those found in the Ireland mine. The
analysis and modelling of these additional data are the subject of

this report.

The results show that significant variations in signal attenuation
rates do occur between mines located in different cozl seams. Of the
three seams examined, the Pittsburgh seam measured in northern West
Virginia has the most favorable attenuation rate, the Herrin No. 6 in
I1linois is the worst with an order of magnitude higher attenuation
rate than the Pittsburgh seam, while the Pocahontas No. 3 seam in west-
ern Virginia falls between them with a moderate attenuation rate. The
simple three-layer model i1z seen to be a convenlent and practical one
which fits the experimental data best in the frequency band from 200
kHz to 900 kHz, the band which also promises to provide the most favor-
able performance for portable radioc communications iﬁ cozl mines.
Simple and convenient methods are developed for caleculating and char-
acterizing a mine in terms of attenuation rate versus frequency, coal
and rock conductivities, and a coupling factor. The methods are based

on the three-layer model and a transmission line formulation for the
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propagation constant. The influences which the desired range of commun-
ication and the rock and coal conductivities exert on the choice of

operating frequency are also examined.

The analysis of conductor-free area propagation data from an
additional five mines, primarily in low-coal seams, is currently being
performed, together with the analysis of data taken in the vicinity of
electrical conductors found in mines. The results of these analyses

will be included in the final report for this task order.
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II. THE MODE OF PROPAGATICON

At low and medium frequencies the only mode fhat propagates for
useful distances in the stratified medium comprising the coal seam and
the surrounding rock above and below the seam is the lowest mode, which
is basically similar tc the TEM mode for two infinite, parallel, hori-
zontal metal plates. In both cases the mode can be either a plane wave
or a cylindrical wave, with the H-field horizontal and the E-field
approximately vertical. The cylindrical wave is of interest for the
type of mobile communications desired within U. S. coal mines.

1,2) in which

For simplicity, we consider only a three-layer model
the coal seam, of height h, has a conductivity o, and a dielectric
constant Kc which we assume to have a fixed value of 6. The rock
above and below the coal seam has a conductivity o, which is assumed

to be much higher than wer, and also much higher than cc.

When a vertical transmitting loop of magnetic moment M is placed
at the center of a tunnel in the coal seam, the effect of the rock

(3)

above and below the loop can be represented by an infinite set of
images of the loop, each with mﬁgnetic moment M, distributed along a

vertical line with equal spacing given by the complex number

D=h+ (1~ 1)6r (1)
where h is the coal seam height and Gr is the skin-depth in the rock,
given by

1/2
Y S S
% = (wu o ) ) (2)
oo r

The set of imazes, including the transmitting loop itself, can be
regarded as a periodic distribution m of magnetic dipcle moment per
unit spread along the vertical axis. The periodic function m can be
represented by a Fourier series which has a constant term (zero=-order
harmonic)

_ M
h+ (1 - 16

o=z

(3)

m

Arthur D Little Inc



This zero-crder harmonic generates the TEM cvlindrical wave of interest
for communication purposes. The higher harmonics generate higher-order
modes that are beyond cut-off for low and medium frequencies, and

therefore die out very rapidly with range.

The uniform magnetic moment m distributed along the axis produces

a cylindrical wave with magnetic field components

B = Bing. Lul® () %)

H = ——~cos¢H( )‘(kr) (5)
% 4

H =0, (6)

(2)

wher? Hl is the first order Hankel function for an outgoing wave, and
H{z) is the derivative of the Hankel function. The complex propagation
constant k is given by

k=28 - la, (D
where o and B are the attenuation and phase constants which depend
on the electrical properties of the strata and the frequency. The |
attenuation and phase constants are given by the mode condition
derived from the boundary conditions of continuity of the tangential
components of E and H at the interfaces between the coal and rock

strata. More general analyses of the propagation waves within strat-

ified media are given by Wait(4’5) and Gabillard.(6’7) In this report,

however, we obtain both ¢ and B from the simple transmission line formula

@ + 18 = V(R + 1iwl) (G + 1wC) (8)

which, for the three-layer model, takes the form

Uc iwst
o + iR = (22S + 1wuoh)(1r+ m )
21+ 4) cc iwec
= [—-U—rdr + imuoh][—h— + n

(9)
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where Z_ = (1 + i)/(&rér) is the surface impedance of the rock. We
calculate o and 8 from the real and imaginary parts of the right hand
side of (9).

At range r greater than about 1/a from the transmitting loop in a
direction in the plane of the loop, the magnetic field equation for
|H¢l is obtained by using the asymptotic form of the Hankel function

in Eq. (5), setting ¢ = 0, and substituting for m in Eq. (3), to give
the formula

- | A M GZ + 82)3/4 oTOT

o (8“)1/2[(h+6r)2 + 55]1/2 ' \NT

for ¥ »= 1/un.

(10}

Since this simple three-layer model describes the observed behavior
in terms of a uniform, homogenous, surrounding rock medium having =a
conductivity o_, asymmetry in the electrical properties of the over-~
and underlying rock cannot be detected by analyzing the experimental
data using this model. This shortcoming is not a serious one in the

present application.
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111, DERIVATION OF o VERSUS f CURVES FROM THE DATA

It is very desirable to find a simple way to characterize radio
propagation in each coal mine, Curves of attenuation constant o versus
frequency provide such a characterization and are readily obtained

directly from the experimental data.(s)

Eq (10) shows that for ranges greater than about 1l/o,

BV o« T | (11)

?1% (20 LogH + 10 Log -E— ), (12)
[0}

where T, is any convenient range such as 100 m. Eq (12) indicates that

if one adds 10 log (r/ro) to the experimental values of H, expressed in

dB, and replots the result as a function of r, the resulting graph should
be a straight line, except at small values of r. The slope of the straight

line (dB/m), divided by 8.686, gives o in m_l.

Figure 1 shows an example of the technique applied to data from the
Robinson Run mime at 228 KHz. It is seen that a good straight line is
obtained, except for the expected departures at v = 30 m and 62 m. The
slope is 54.4 dB/500 m which, when divided by 8.686 dB/Neper, gives

@ = 0.0125 m L,

The same method has been applied tc the data at all the frequencies
used at Robinson Run. The results for a versus f are shown in Figure 2.
Similar plets for other mines are given in Figures 3 to 8. In all the graphs
but one, the values of o are based on straight line plots as unambiguous

as the example in Figure 1.
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The exception is the case of the Ireland "II" mine (Figure 5) where
cables were present in entrles adjacent to the entry in which the mea-
surements were made., It appears that the TEM mode with which we are
concerned couples to a guided type of mode involving a cable and the
surrounding coal and rock., Since the guided mode has a smaller atten-
uation constant than the TEM mode, the effect is that the coupling back
and forth between the two modes causes the signal to die off less rapidly
beyond & certain range. The effect is shown in Figure 9, where the sig-
nal enhancement at 100 kHz sets in beyond about 180 m. In drawing the
straight line to determine a, we disregard data points beyond this dis-
tance, and alsc the first data point for the reason previously mentioned.
The line is therefore based on only the second and third data points.

A similar selection of the data points is required at the other fre-
guencies. The plot in Figure 5 is therefore less reliable than the other
a versus f plots, It is seen, however, that the graph shows the same

monotonic increase of « with f,

Figure 10 shows how the o versus f curves vary from mine to mine.
Here o is given, for convenience, in dB/100 ft.,and a log scale is used
for £ -in order to give a better spread of the low frequency points., It

is seen that the mines fall into three groups.

The mines in the Pittsburgh seam, comprising Ireland, Robinson Rum,
and Federal No. 1, have the lowest attenuation rates and, not surpris-
ingly, are somewhat comparable with each other in attenuation. The
Pocahontas No. 3 mine has an attenuation that overlaps that of the Pitts-
burgh seam mines at low frequencies but rises more rapidly with increas-
ing frequency. The mines of the Herrin No. 6 seam, namely Peabody No.

10 and Inland No. 1, have considerably larger attenuation rates.

It is to be noted that all the attenuation curves when plotted as
dB/100 ft. versus log f have similar concave-upward, monotonically-
increasing shapes except for the Inland No. 1 curve, which is S-shaped.
It is thought that the point at 2000 kHz is greatly in error and that
the dotted line more nearly represents the correct trend for the Inland

No. 1 mine.
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Iv. DEDUCTION OF CONDUCTIVITIES FROM o VERSUS f CURVES

r
curve by means of eguation (9). On eliminating B from this
equation, by separating the real and imaginary parts, we obtain the

The conductivities O and 0_ can be derived from any o versus f

equation:

mip a 2
o = 20 ( ) (13)
h £2+ ac - b

where
a = (0 + 2nfe )2 (14)
C ¢
. 2
b nfuoco(cc + Zﬂfsc) + a (oc - 21rfec) (15)
b 2 32
c = a‘ + (2maf) O (ﬂfuocc) _ (16)

For a given point on the c versus f plot we calculate cr's from (13) for

a sequence of values of T and plot ©_ versus G The curve obtained

r ) -
is a constant-o curve corresponding to the chosen point on the o versus f

plot. The same procedure is applied to all points on the o versus f plot.

Figure 11 shows the set of constant-t curves corresponding to Figure
2 for Robinson Run. Ideally the constant-o curves would all intersect
at a single point, corresponding to an unambiguous pair of values of
Tar s However, owing to experimental error, non-uniformity of the
coal seam, errors in computing the o's from the slope of the B J?-
vs T curves, etc., the constant o curves fall to have a single inter-
section, but do neck down and then fan out again. The star on the graph

represents a kind of center of gravity of the curves at the neck, and
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yields the values o_ = 0.3 x 107" Mho/m, o_ = 0.085 Mho/m. Figure 12

shows the set of ideal constant—a curves which all intersect at the point
-4

o, =0.3x10 ", 6_=.0,085.

Figure 13 shows the constant-a curves corresponding to the o vs f
plot for Federal No. 1 mine (Figure 3). The best cholce of the o's in
this case is o, = 0.26 x 10-4
experimental o vs f plots for the two mimes with theoretical o ws f

s O 0.084, 1In Figure 14 we compare the

graphs calculated by Eq (9) for the selected ¢'s. It is seen that quite -
good fits are obtained.

Unfortunately, the method does not work so well for the other mines,
as seen, for example, in Figure 15 for Ireland I and Figure 16 for Inland
No. 1. In both cases it is difficult to select the best pair of ¢'s,

The values shown on the graphs are therefore very tentative. Under such
conditions it 1s better to try to match the experimental o versus f plot
directly by a theoretical curve based on Eq (9).

Figure 17 shows a set of theoretical curves made to pass through
the 955 KHz point on the Inland No., 1 a vs f plot. It is seen that the
theoretical curve C, with o, = 10 x 10"4 Mho/m, o, = 0.22 Mho/m gives a

fair match to the data points.

Figure 18 shows similar plots for Ireland I, with all theoretical
curves made to pass through the experimental point at 335 kHz. Curve D,
wi;h o, = 2.0 x 10—4 Mho/m, o, = 1,092 Mho/m appears to give the best
fit to the experimental values. These values of the o's are close to
the values o, = l.4 x :!.0"'4 Mho/m, o, = 1.0 Mho/m determined previously

by matching H versus r curves, It is worth noting, however, that the

(1)

value of o, is very sengitive to which theoretiecal curve is judged to
be optimum. Curve C, for example, gives almost as good s fit as Curve D,
but the value of o is reduced to about (.3 Mho/m, which is a more accep-

table value for rock conductivity.

Figure 19 shows the case of Ireland II, with two theoretical curves
arranged to pass through the experimental point at 950 kHz, Curve A seems

to give the better overall fit, with o, = 1.0 x 10_‘!i Mho/m, cr = 0.54 Mho/m.
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TABLE |

CONDUCTIVITIES DERIVED FROM THE c VERSUS f PLOTS

Coal Mine

Robinson Run
Federal No. 1
Ireland {1
lreland 1"

Pocahontas No. 1
3 South Area
Entry A

3 South Area
Entry B

2 North No. 1
{Plow Ares)

Inland No. 1
Peabody No. 10
1 Main South
1st West 2nd

North

1 South

5-1/2 East/
1 South Jct.

NN R

{m)

1.37

1.37

1.19
3

oo om

Oeoal
{Mho/m)

0.3 x3j0¢
0.26 x 107
1.0 x10*
2.0 x10¢
1.4 x10*

3x10°
3 x10°

8 x10°
1.0 x 103

4 x10°

256 x10°

11

Orock

{Mho/m)

0.085
0.084
0.054
1.08
0.3
0.01
0.0077

0.017
0.22

0.3

0.3

Coal Seam

Pittsburgh
Pittsburgh
Pittsburgh
Pittsburgh
Pittsburgh

Pocahontas No. 3
Pocahontas No. 3

Pocahontas No. 3
Herrin No. 6

Herrin No. 8

Herrin No. 6
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V. MAGNETIC FIELD CALCULATED FROM THE CONDUCTIVITIES

From the conductivities given in Table I one can calculate o and £
from Eq (9), Gr from Bq (2), and H versus r from Eq (10). The results
are shown in Figures 25-46 in comparison with the experimental H versus
r plots., It is seen that the theoretical curves correspond qualitatively
with the experimental data. The agreement is best for Robinson Run
(Figures 25 and 26) and Federal No., 1 (Figures 27 and 28), This is not
surprising since for these mines the derivation of 9. and o, from the «
versus f plots 1s quite unambiguous. It may be concluded that the three-
layer model is valid for these two mines and also that the theoretical
formulas (10) and (9) are correct. However, in spite of the generally
favorable overall agreement with regard to form and relative variations
with frequency, there remain some annoying differences in absolute level
between the theory and data to be resolved. Namely, the theoretical
curves for the Robinson Run mine are about 4 dB too high for the frequencies
up to 500 kHz and about 14 dB too high above 500 kHz; while the Federal
No. 1 theoretical curves are all about 10 dB too high. The nature of these
differences strongly Suggeéts a systematic ifrégularity in either the theory

or measurements.

The comparison for Inland No. 1 (Figures 29 and 30) shows good
agreement for the frequencies up to 955 kHz but wide divergence for
2000 and 4750 kHz, as was to be expected from the peculiar behavior of
thé a versus f plot (Figure 6). The agreement at the lower frequencies,
where scattering and resonance effects would be unlikely, indicates that

the three layer model is valid at least for these frequencies.

In the case of Ireland "II" (Figures 31 and 32) the agreement is sur-
prisingly good, considering the uncertainties due to the presence of
electrical cables in adjacent entries. Again the three-layer model seems
to be justified.

Figures 33, 34, and 35 show theoretical H vs r curves corresponding,
respectively, to the o's for curves B, C, and D for Ireland "I" in Figure

18, Comparison with the experimentél data (Figure 37) shows that the

12
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theoretical curves de not reproduce the wide spread in level of the

experimental curves. Figure 33, with o, = 1.0 x 10"4

0.1172 Mho/m seems to give the best fit, The slopes of the theoretical

Mho/m and oL =

curves are about right but the spread in level is too small and the

average level is too low.

Figure 36 shows earlier calculations made by a cut—and-try procedure
aimed at getting the best fit at 920, 350, and 230 KHz, It is seen that
when this is done the 115 and 57,5 KHz curves turn out tc be much too
high compared with the experimental curves. It is to be noted that O
is about the same for Figures 33 and 36, while 0_ is 0.1172 Mho/m for
Figure 33 and 1.0 Mho/m for Figure 36. It seems therefore that the
slopes can be matched approximately to the experimental values for o,
= 1 x 10-4 Mho/m but that matching the level requires a value of o, of
about 1 Mho/m for the highest frequency and about 0.1 Mho/m for the low-

est frequency,

As pointed out in our earlier report, this means that a three-layer
model with frequency independent constitutive properties (or, dc’ Kr’ ch
1s not quite adequate for the Ireland "I" mine for frequencies below about
200 ¥XBz. Since the skin depth increases with decreasing frequency, rock
material farther removed from the coal seam will be sampled by the wave
at lower frequencies., If this material is of significantly lower conduc~
tivity than the rock material adjacent to the coal seam, it will present
to the lower frequency a lower effective rock conductivity than that ob-
served at higher frequencies. Thus an even larger skin depth results,
which in turn increases the loss and reduces the coupling to the mode
as showm by the [h + (1 - i)dr]_l factor in Eq (3). Such considerations
suggest that a five-layer model like the one examined by R. Decker of
Spectra Assoclates might be useful to represent the behavior of the

 Ireland "I" mine location.

Figures 38 and 39 for the 3 South area, Entry A of Pocahontas No. 1
mine show that the theory is in fair agreement with the expérimental
results except at the highest frequencies of 3200 and 3800 kHz, for

which the experimental results show a decrease in attenuation rate at

13
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ranges beyond about 70 meters. This trend is very probably due to the
presence of conductors in the form of an air line in the adjacent entry

and a track and trolley wire two entries away.

Figure 41 for Entry B in the same area of the Pocahontas mine, but
one entry farther away from the conductors, still seems to show some
effect from the conductors at 920 and 2720 kHz but agrees qualitatively
with the theoretical curves in Figure 40. The experimental curve for

51 kHz in Figure 41 gives only relative values.

Figures 42 and 43 refer to the 2 North No. 1 Plow area of the
Pocahontas No, 1 mine. The measurements were made along an entry adja-
cent to an entry containing 2 track and trolley wire, with the transmitter
located in the adjacent entry two entries away from the track and trolley
wire. Again the effect of the conductors is clearly seen in the differ-

ence between the theoretical and experimental curves for 3100 kHz.

Figures 44 to47 show comparisons of theoretical and experimental
results for two areas in the Peabody No. 10 mine. There is good quali-
tative agreement between theory and experiment at all frequencies, with

no evident effect of conductors.

14
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Vi1, DETERMINATION OF THE CONDUCTIVITIES
AT EACH FREQUENCY SEPARATELY

In principle one'should be able to determine °c and qr from the
HJr versus r plot at a single frequency by taking into account the ver-
tical position of the HJT versus r straight line as well as its slope,
i.e., by noting the value of H on the line at some selected point L
For example, the 255 KHz data for the Inland No. 1 mine, shown in Figure
48, give a slope & = 0.0468 m +, and a field level H (80 m) = 12 dB re
1 pyA/m. Knowing o and taking a trial value of 0, We calculate ¢ and B
from Eq (9), 6r from Eq  (2), and H (80 m) from Eq (10). This pro-
cedure 1is repeated for a succession of values of o, until the target

value H (80 m) = 12 dB re 1 uA/m is reached, as shown in Table II.

TABLE II

H (80 m) VERSUS o

(for o = 0.0468 m 1)
o g [
c T r H (80 m)
(Mho/m) (Mho/m) (w-1) (m) (dB re 1 wA/m)
6 x 1074 0.0675 0.0320 3.844 9.7
7 x 1074 0.1024 0.0328 3,103 10.8
8 x 1074 0.1517 0.0336 2.250 11.7
9 x 10™4 0.2195 0. 0346 2,120 12.5
10 x 1074 0.3131 0.0356 1.775 13.2

It is seen that the target value of H is reached for % between
8 x 10*4 and 9 x 10_4 Mho/m. On interpclating linearly we find that
o, = 0.85 x 107" Mho/m, o = 0.20 Mho/m, 8 = 0.0341 mw ™~ and §_ = 2.335 m.
The final step is to calculate H (r) by Eq (10) and compare the result
with the original experimental data, as in Figure 49, where 1t is seen
that the fit is quite good.

15
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The same procedure applied to the data for 335, 495, and 955 KHz
gives approximately the same value of O We therefore assume that o,
= 0,2 Mho/m for all frequencies, and then determine the value of . that
gives the best theoretical fit to the experimental H versus r plot at
each frequency. The values of g, 80 obtained and the degree of fit are
shown in Figures 49-54. The values of Uc at 2000 and 4750 KHz are to
be regarded as effective values that allow for whatever mechanism causes

the abnormal values of o at these frequencies, as seen in Figure 6.

It turns out that the method illustrated in Table II, although

successful for the Inland No, 1 mine, does not work in most other cases.
The reason is that the range of the calculated values of H(ro), which

may differ by less than only 1 dB for a large variation of T usually

does not overlap the experimental wvalue H(ro).

16
Arthur D Littie inc



VII, STATISTICAL ANALYSIS OF THEQRETICAL AND
EXPERIMENTAL DATA VERSUS FREQUENCY

Figures 55-63 shﬁw plots of HTHEOR/HEXPT’ expressed in dB, versus
frequency, at a standard range of 100 m which was chosen to be beyvond
the longitudinal skin depth 1/0 but within the range of most of the
data. HEXPT at a given frequency is the value determined from the Hvr
versus r plot at 100 m, while HTHEOR is the theoretical value determined

from the coal and rock conductivities derived from the o versus f curve.

For the mines of the Pittsburgh and Pocahontas seams, Figures 55-60,
HTHEOR/HEXPT is greater than 0 dB on the average and does not seem to
have any systematic trend with increasing frequency. On the other hand,
the mines of the Illinois seam (Figures 61-63) appear to show that
HTHEOR/HEXPT is about 0 4B on the average but tends to increase with

frequency.

These differences in behavior can be attributed, as pointed out
previously, to departures of the geological structure of the mines from
the three-layer model assumed in the theory and to some extent random
uncertainties in the measurements. If the overburden and underburden
are not uniform in conductivity, as supposed, the surface impedances
of the over- and underburdens no longer have a phase angle of 45° as in
the case of a medium of uniform high conductivity. This alters the
form of the transmission line equation, (9), and the effective magnetic
moment equation (3). Therefore, it changes the way in which the atten-
uation constant o varies with frequency and the coupling to the coal

seam TEM mode.

To determine the goodness of fit between the simple three-layer
model predicted results and the measured data, the theoretical and
experimental values have also been compared on a statistical basis.
The ratio A = HTHEOR/HEXPT expressed in dB was analyzed statistically
as a result of trends shown by the Figures 55«63 plots of A versus
frequency, at the standard range of 100 meters, for data taken from

each of the mines. The A plots showed a small and relatively uniform

17
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disagreement, mainly on the high side, between about 100 and 1000 kHz,
and progressively increasing disagreement, again on the high side, below
100 kHz and above 1000 kHz. The data at the higher frequencies alse

demonstrated considerable scatter relative to the predicted results.

The statistical analysis of A was restricted to data for the fre-
quencies between 100 kHz and 1000 kHz at the reference distance of 100
meters. For frequencies outside the 100 to 1000 kHz range, the & plots
indicated that the applicability of the simple three-layer model was
breaking down. One hundred meters was chosen as the reference distance
because it allowed most of the data from six mines in both low and high
loss coal seams to be included, while avoiding near field effects in
most cases. The ratio 4 in dB between theory and data in the 100 to
1000 kHz band was analyzed by:

e Computing the Sample Mean 1 = %?-for each seam and the variance
of & for the total sample population as a function of frequency
(there were too few samples within each seam to compute a

standard deviation on a seam basis).

e Computing the Sample Grand Mean for all mines in all three
seams, and 95% Confidence Intervals for both the populafion and
Sample Grand Mean as a function of frequency. These results

are plotted in Figure 64.

e Testing the hypothesis that the theoretical model fits the data
at the 95% Confidence Level for the freguencies between 100 kHz
and 1000 kHz.

A detailed description of the statistical analysis is presented in the
Appendix. From this analysis, the following observations and conclusions
were made., The differences between the model and the experimental data
were similar for all coal seams. The shapes of the curves for each

seam average followed the same pattern and did not differ from one
another by more than 1 or 2 dB, with the exception of the Herrin #6 seam
at frequencies below 400 kHz. (At these frequencies, data for only one

mine in the Herrin #6 seam was available.) This homogeneity implies

18
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that pooling all the data to compute a Grand Sample Mean for all mines
is a valid technique, and that the results from any analysis can be

applied back to all the mines uniformly.

The plot of the sample ‘A and its 95% Confidence Intervals in Figure
64 is a visual hypothesis test (t-test) that the model fits the experi-
mental data, against the alternative hypothesis that the model does not
fit the data. The analysis showed that between the frequencies of 200
kHz to 900 kHz, there is no significant difference between the model

and the actual data, i.e., the Confidence Interval includes zeroc. In
this band of frequenciles the average ratio, A, ranges from 1.1 dB to
3.9 dB. The range from 200 kHz to 600 kHz appears to be the best range
for the model; both the variance and the average A between the model
and actual data being smallest, and positive, within this frequency

range.
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VIII. SELECTION OF OPERATING FREQUENCIES

The data analysis and theoretical modelling of coal seam waveguide
radio wave propagation presented above provide a firmer foundation, than
previously available, on which to base the selection of operating fre-
quencies for wireless mine communication in the MF band. Large vari-
ations in signal attenuation rate have been found between the three
coal seams investigated, seams widely separated geographically. The
Pittsburgh seam, measured in northern West Virginia was found to be the
most favorable, while the Herrin No. 6 seam measured in southern

Illinois was found to exhibit extremely high loss.

In this section we briefly examine the behavior of the signal
field strength in conductor-free areas versus frequency at two ranges
of interest, 400 m (1312 ft.) and 200 m (656 ft.), as a function of
the spread of coal and rock conductivity wvalues, Uc and S found in
the mines and seams listed in Table I. The magnetic field strengths
H in dB re 1 uA/m were calculated based on the three-layer model
equations (10} and (9), without applying the statistically determined
correction A of Figure 64. The results are plotted in Figures 65 to
68 for the range of 200 m, and in Figures 69 to 72 for the range of
400 m, For each range, a series of four figures is used to illustrate
the change in signal behavior as the coal conductivity is increased
through the values 3 x 107>, 10°%, 3 x 107, and 10> Mho/m, while
the rock conductivity is allowed to take on values from 3 x l{)-2 to
1.0 Mho/m in each case. Te reduce the number of variables for this
comparative analysis, we have assumed a Kc = 6, a seam thickness of

h=2m and a transmit magnetic moment of 2.5 A—mz.

Also plotted on these figures for comparison are magnetic field
noise levels versus frequency. These noise levels represent the upper
bound envelope of average rms values found in active areas of coal
mines, and a lower bound noise level representing the intrinsic
receiver noise for a narrowband FM radio receiver having an IF band-

width B = 12 kHz, noise figure F = 6 dB, and loop antenna effective
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turns area NA =1 m2. The active mine noise levels were taken from
Figures 73 and 74,'which in turn were derived from the sample of mag-
netic field, time-averaged, rms noise levels measured at spot frequenices
in three coal mines b§ Bensema, Kanda, and'Adams(g’lo’ll) of the National

Bureau of Standards.

Examination of Figures 65 to 72 reveals that performance is best

for the combination of lowest coal conductivity and highest rock con-
ductivity. Increasing coal conductivity increases the shunt loss in

the coal seam waveguide, while decreasing the rock conductivity increases
the series loss, both of which increase the signal attenuation rate.
Furthermore, as this attenqation rate increases, the frequency behavior
changes from a broad bandpass filter type of characteristic centered
around 1 MHz for low attenuation rates like those found in the Pitts-
burgh seam, to an increasingly attenuated low pass filter characteristic
having a steadily decreasing cutoff frequency as the attenuation rate
increases to values like those found in the Herrin No. 6 seam. This
trend toward the attenuated low pass filter behavior is of course more

accentuated for the longer communication ranges, i.e., 400 m vs., 200 m.

The most favorable frequencies for communicating to these ranges
can be estimated by comparing the signal level curves ﬁith the noise
level curves plotted on each Figure. The most favorable operating
bands are seen to be those where the slopes of the signal and noise
curves are equal or nearly equal. Since the signal curves also rep-~
resent levels for the largest, intrimsically=-safe transmit moment, an
absolute measure of performance can also be estimated by noting the
number of dB that the signal level curve lies above the noise level
curve at the frequency of interest. For example, a radio service
performance level of Circuit Merit Figure No. 3 (occasional message
repetitions required) requires that the average rms carrier-to-noise
ratio at an FM receiver be at least 10 dB or better for the mine noise

condition prevailing during the message transmission.

The equivalent receiver noise curve is probably the most repre-
sentative for communication in conductor-free areas that are located

at least one or two entries (i.e., separated by one or two pillar
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widths) away from mine electrical conductors carrying high noise cur-
rents. On the other hand, the active mine upper bound noise curves
most likely give an overly pessimistic view. 1In this latter instance,
these levels occur in-the immediate vicinity of high power machinery
and electrical conductors, locations where the signal will also be
enhanced by the presence of the conductors. Thus an active area noise
curve approximately half way between the two noise extremes is probably
more indicative of worst case "conductor-free area" noise levels.

These levels are likely to occur in transition regions between

conductor-free and conductor-present locations.

Examination of Figures 69 to 72 reveals that conductor-free area
portable~to-portable radio ranges on the order of 400 m will be attain-
able only in highly favorasble, low attenuation seams like the Pittsburgh
seam. Furthermore, the performance will occur only at operating fre-
gquencies between about 900 kHz to 2 MHz, and under noise conditions
approaching the receiver noise limited case. Furthermore, Figures 64
to 68 1llustrate that conductor~free ranges of 200 m will not be attain-
able in high lcss seams such as the Herrin No. 6 seam, even at frequen-
cies below 100 kHz and under receiver noise limited con&itions. The
outlook is somewhat improved, but not much, for moderate-to-high loss
seams like the Pocahontas No. 3 seam, where 200 m ranges should be
possible over a bread band of operating frequencies between about 150

kHz to 1.5 MHz under receiver noise limited conditions.

On a more positive note, the in-mine measurements of Cory and
others have also shown that greatly improved radic communication ranges
are obtainable in coal mines when the portable unilts are located in a
tunnel having electrical conductors such as a power cable, pager phone
line or trolley wire/rail line. Significant range improvements have
even been experienced with one and sometimes both of the units located
in a tunnel separated by a coal-pillar width from the tunnel with the
conductors. In some cases, improvements have also occurred with one
of the units located in a tunnel separated by two coal pillars from the

tunnel having the electrical conductors. Since these conductors are
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generally located in haulageways and working sections where miners
requiring communications are also located, this propagation condition
is an important one. .Moreover, it is one that may allow the desired
radio communication ranges to be achieved and exceeded even in coal
seams having high signal propagation attenuation rates. Therefore,
additional data are presently being taken in the vicinity of mine elec-
trical conductors by Cory, and being analyzed by ADL to quantitatively
model and assess the impact of such conductors on the attainable radioc

communication range.
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IX. CONCLUSIONS

Based on the physical and statistical analyses applied to the data

available to date, it can be concluded that:

¢ MF band radio wave attenuation rates experienced in coal mine
conductor-free areas are highly dependent on the coal seam in
which a mine is located; and that this attenuation rate versus

frequency can be determined in a simple way from measurements of .

Hwvs r.

® The simple three-layer model fits the experimental data in the
200 kHz to 900 kHz frequency band at the 100 meter reference
distance, with the best agreement occurring between 200 and
600 kHz. This is the band that also promises to provide the
most favorable performance for portable radio communications
in coal mines.(l’z)
high above 1 MHz.

The attenuation rates become unacceptably

e The Sample Grand Mean, A of the ratio HTHEOR/HEXPT expressed in
dB may be used to represent the Means for individual coal seams.
Unlike the attenuation rate, the mode coupling factor appears

to be independent of the ccal seam in which a mine is located.

o Practical MF system performance estimates may be made in the
200 to 900 kHz band by applying the simple three-layer model
to seams in which the attenuation rates have been measured, and

using the appropriate b to correct the predicted field values.

Data to date have come primarily from high-coal seams. Data from
four additional mines in low-coal seams will be analyzed in the near
future to assess the applicability of the model in thinner cocal seams,

and as a more rigorous test of the theory.
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Figure 13

Family of Constant-o Curves
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Figure 25

Theoretical H versus r Curves it ﬁ
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RMS Magnetic Field Strength in dB re Tuamp per Meter

{For 12kHz Bandwidth}

60

Plotted Noise Levels Normalized to 12k Hz Bandwidth —~ Measured with 1kHz
Instrumentation Bandwidth

— e Vertical Field Component

—_— e Vertical Component — “Quiet Time”

Horizontal Field Component

McElroy Mine — Continuous Miner Section and Nearby Rail Haulageway

© Near end of rail haulage line
-o- Near intersection of rail haulageway and conveyor beit
¢ Near operating continuous mining machine

@ Neer section power distribution center

Receiver
Noise

Equivalent \

| i J ] I 1

-701
- 10

30 50

FIGURE 73

100 200 300 500 1,000 2,000

Frequency in kHz
Source: National Bureau of Standards (Report NBSIR 74-388, June 1874)

REPRESENTATIVE RMS MAGNETIC FIELD NOISE LEVELS
MEASURED IN THE McELROY COAL MINE

98

5,000 10,000

Arthur D Little Inc



RMS Magnetic Field Strength in dB re 1uamp per Meter

{For 12kHz Bandwidth)

50 ,

Plotted Noise Levels Normalized to 12kHz Bandwidth — Measured with 1kHz
Instrumentation Bandwidth o
— e Vertical Field Component
~—— . — Vertical Comgonent — ‘*Quiet Time"
Horizonta! Field Component

itmann Mine — Longwall Panels
At longwall face head end — Farley panel
= 230 ft from longwall face — Fariey panel
& At longwall face head end near main conveyor belt — Cabin Creek panel

Robena Mine — Rail Haulageway serving continuous miner section, Afl curves for
same location approximately 300 meters from face area

Horizontal {E-W) — 1st day

Horizontal (N-S) — 1st day

Vertical — 1st day

Vertical — 2nd day

go-b o

Equivaient
Receiver Noise Ao,

™ \-_'&v
Note: NBS believes that these three data T —
points at 130kHz on the 1st day at S~
B Robena were atypically low and
therefore should not be considered
| representative.
| | | | ] ] | I ] | |
10 20 30 50 100 200 300 500 1,000 2,000 5,000 10,000

Frequency in kHz

Source: National Bureau of Standards {Reports NBS Technical Note 654, April 1974 Robena;

and NBSIR 74-390, June 1974, Itmann)

FIGURE 74 REPRESENTATIVE RMS MAGNETIC FIELD NOISE LEVELS
MEASURED IN THE ROBENA AND ITMANN COAL MINES
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APPENDTX

Detailed Description of the Statistical Analysis

Since all the analyses were performed at the 100 meter range, all
the datawere checked to insure the signal had actually traveled that
far. Any mine in which the attenuation rate was so great that the
signal did not reach 100 meters was eliminated from the analysis. The
only exception was in the Peabody #10 mine where at one of the fre-
quencies the signal was only measured to 94 meters. A straight line

extrapolation was made for this data point.

Table A~I shows each mine, its seam, and the difference, & =
HTHEOR/HEXPT at 100 meters for the frequencies of 100 kHz to 1000 kHz.
The differences A were obtained by taking straight lipe interpolations
between the actual frequencies tested to derive values every 100 kHz.
Below the raw data of Table A-I is the work sheet of computations used
to obtain the average difference,lz, the variance of E; and the

variance of A,

Table A~II shows the same average, as well as the average for all

mines, for the differences A = - HEXPT in dB at 100 meters between

HrrEOR
100 kHz and 1000 kHz. For the Herrin #6 seam at 100 kHz and 200 kHz

the average is composed of one data point from one mine. The Pittsburgh
seam average is composed of measurements at 4 locations from 3 mines;
the Pocahontas seam has 3 locations from 1 mine; and the Herrin #6 has

2 locations, one each from 2 mines, The seam average values, K} from
Table A-II are plotted in Figure A-1. This figure shows the differences
to be homogeneous over all the mines. With the exception of 100 and

200 kHz, where the Herrin #6 seam had readings from only the Peabody

#10 mine, there is only at the most a 2 dB difference between any of

the graphs. Therefore, no information is lost by pooling all the data
and studying the composite data rather than continuing the analysis on

- a seam basis, Conversely, the results of the analyses can then be

applied back to all mine seams uniformly.

100

Arthur D Little Inc.



Figure A-2 is a graph of the variance of the differences, SZ(A),
every 100 kHz. The population variance was neither very large, nor did
it fluctuate widely, although it was of the same order of magnitude as
the average difference between the model predictions and the experi-

mentally recorded data.

Figure 64 in the body of the report is a graph of the Grand Mean,
E; and 95% Confidence Intervals for the A and A. As noted before, the
95% Confidence Interval for A is equivalent to a visual hypothesis test
(t-test) that:

H)t Hogpor = Hexer

versus

Byt Hrupor * Hpypr

at each frequency from 100 kHz to 1000 kHz. To visually interpret the
test, one must only check to see if zero is included in the interval.
Whenever the Confidence Interval contains zero, no significant difference
between the theoretical model and the actual readings exists. This

can be visually checked by looking at Figure 64. As an example, the
actual hypothesis test (t-test) at 100 kHz and 200 kHz will be performed.

The hypothesis test is given below (a2 l-sample t-test):

Byr Ej = 0 (pgpop = Hpgpp)
Hy: Ey # 0 (Hpppop # Hpypy)

The test statistic is:

X - E,
s/va
and it is compared to a t-statistic on n-l degrees of freedom at the
1-a/2 level; t(n-1, 1-a/2). TFor 100 kHz, n = 8 and & = 5%; and for
200 kHz, n = 9 and & = 5%, If the computed‘statistic is greater in

absolute value than the t-statistic, then the null hypothesis is
rejcted; i.e., the model does not fit the data. If the cohputed test
statistic is less than the t-statistic, then the null hypothesis cannot

101
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be rejected. From this last case, based on the data given in Table A-I,

we draw the conclusion that the model did, indeed, fit the data for the
frequencies between 200 kHz and 900 kHz. For 100 kHz:

- Eo - Eo = 0 since the null hypothesis Ho is &
s/vn~ - _
HTHEOR HEXPT

5.31 _ =0
5.72/V8
5.31| _
2.02
2.628‘ > t(n=1, 1-a/2) = t(7, .975) = 2.363

The null hypothesis is rejected at the 5% level (95% chance of happen-
ing) and the model does not fit the data at 100 kHz.

For 200 kHz:
X~E
1. .
ol . L5 _ .il_% = 1,12 < t(8, .975) = 2.306
s/v/a 3.79/9 '

The nmull hypothesis, Ho’ cannot be rejected at the 5% level and we draw
the conclusion that at 200 kHz the model fits the data.

Thus, the Grand Mean may be used in all analyses, and it may be

used to represent the individual seam averages. Furthermore, the model

fits the experimental data in the 200 kHz to 900 kHz frequency range at

100 meters. It did not fit the experimental data outside the range of
those frequencies,

REFERENCES
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TABLE A-11

AVERAGE RATIO

:Theoretica1 in dB
Experimental
ATl Pittsburgh Pocahontas Herrin #6
Frequency Mines Seam Seam Seam
100 5.31 7.13 7.33 - 6.00*
200 1.50 3.00 2.17 - 6.50%*
300 1.10 2.13 1.00 ' - 0.75
400 1.28 2.13 1.00 -0-
500 1.17 1.50 1.33 0.25
600 1.94 2.00 2.00 1.75
700 2.72 2.38 3.00 3.00
800 3.28 . 2.88 3.67 4.00
300 3.89 3.38 4.33 5.25
1000 5.63 6.85** 3.67 6.50

*Data from 1 mine, 1 location only

**Data from 3 mines, 3 Jocations, Pittsburah Seam
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I. INTRODUCTION

Several improvements have been made in the analytical procedures

applied to the data takenby T. 8. Cory(l)

at the four primarily low-
coal mines examined in this memorandum. The mines are located in the
Upper Freeport, Lower Freeport, and Lower Kittaning coal seams, thus

bringing the number of seams sampled up to six.

The HYr versus r method of plotting the data, to get a straight

line graph from which the attenuation constant o¢ can be obtained by

(2)

The derivation of the cozal and rock conductivities from the ¢ versus f

inspection at each frequency f, is used in the same way as before.

data is now, however, carried out by a convenient graphical scheme

which determines those values of the two conductivities that produce a
theoretical a versus f curve that gives a least square fit to the exper-
imental ¢ versus f data. Furthermore, the theoretical magnetic field
signal levels derived from the conductivities are now compared with

the corresponding experimental values by means of the respective

and C

couéling factors C The experimental coupling factor,

theor expt’
at each frequency, is defined as the intercept of the HYr versus r
straight line with the HYT axis. The theoretical value is calculated
as a function of frequency from the conductivities by means of the
coal-seam mode magnetic field equation (1). This type of comparison
is more fundamental than the previous method of comparing theoretical

and experimental values of magnetic field at some standard range.

In addition to these improvements in analytical technique, we have
worked out a theory of the coupling of the coal-seam mode to a cable.
This theory, which was presented at the recent EM Guided Wave Workshop
in Boulder, Colorado, makes use of image theory, Fourier analysis, and
the principle of reciprocity. The theory was compared in a preliminary
way with experimental results from the Margaret No. 1l mine. A more
complete test requires experimental measurements, now in progress, of

the effect of loop orientation on the degree of coupling to the cable.

Arthur D Little Inc



(3 describing the theory for coupling of the

A copy of the paper
coal seam mode to a cable in a mine tunnel and its application to data
taken at the Margaret No. 11 mine is included in the Appendix of this

(4) describing

working memorandum. Also included 1s a copy of a paper
the three-layer theoretical model and its use in the analysis of the
quasi-conductor-free area propagation data taken by T. S. Cory in the

first six mines.
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II. REDUCTION OF THE DATA

The coal-seam mode of propagation at medium frequencies is essen-
tially a TEM transmission-line mode between parallel conducting plates,
with the E field vertical and the H field horizontal. The conducting
rock above and below the coal seam forms the "plates" while the much
less conducting coal acts as the "lossy dielectric" layer between the
plates. This mode can be excited by é vertical loop antenna, and'the
magnetic field H falls off with horizontal distance r from the antenna,

in the plane containing the loop, according to the formula(l)

e oT ' . -
H=C . (L)

%3

where C is a coupling factor, and o is the attenuation constant. This

formula is valid when r is greater than l/ao.
Eq (1) can be written in the form
20Log(uvr) = 20LogC - 8.686ar (2)

which shows that a plét of Hvr (in dB) versus r (in meters) will be a
straight line with slope 8.686c and intercept C (in dB). Plotting the
experimental values of H versus r in this way therefore provides a very
simple way to obtain both o and C directly from the data. Since the
experimental results give H in dB re 1 uA/m versus r in meters, the

following simple conversion of the data must first be carried out:
(HJ;)dB re luA/vm (H)dB re luA/m + 10Log(r) (3

Figure 1 shows the original data at 890 kHz for the fresh air
entry in the 5-Cross Area of the Nanty Glo mine. Figure 2 shows the
same data transformed by means of Eq (3). It is seen that the effect
of this transformation is to straighten the curve, as expected, in
support of Eq (1).

The slope of the straight line drawn through the data points in

Figure 2 gives o = 0.0600 m_l. The intercept gives, for the coupling

Arthur D Little Inc
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factor, C = 70.0 dB re 1uA/ml/2. The first data point lies within the
distance l/a = 16.7 m, and was therefore disregarded in drawing the
stralght line. The last data point was also disregarded, since it is
close to the noise level. The remaining six points lie on a reasomably
straight line. Since the straight line in Figure 2 is completely
specified by o and C, these two parameters represent all the data

taken at 890 kHz.

On carrying out the same procedure for all the other frequencies,
we can make plots of ¢ and C versus frequency, as shown in Figures 3

and 4. These two plots summarize the MF characteristics of the partic-
ular propagation path under consideration, as determined directly from

the experimental measurements.
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III. DETERMINATION OF o VERSUS £ PLOTS AND THE CONDUCTIVITIES

An experimental plot of the o versus f data, such as in Figure 3,
contains enough information for the determination of the conductivities
e and Gr of the coal and rock, respectively. The connection between

¢ and the conductivities is given by the transmission-line formulacl’z)

22 _
a + 18 =\/(—£§-+ iwuo) (cc + incso) . B )

where Zs, the surface impedance of the rock, is given by

. 1+4d
Zs = o3 (4)
rr
where Gr, the skin depth in the rock, is given by
2
6. = \fWHO, (5)

and h is the height of the coal seam, w is 2rf, Kc is the dielectric
constant of the coal which we assume has the value 6, and o and €,

have their usual free space values.

The problem is to find values of o, and o which produce a theor-
etical o versus f curve that gives a least square fit to the experi-
mental o versus f plot in Figure 3. For given values of cc, Tps f, and
h, one can calculate a theoretical value ¢ by taking the real part of
Eq (3). This can be done for each of the experimental frequencies fi’
and the set of theoretical and experimental o's can be used to cal-

culate a sum-of-~squares error given by

2

- N
E(Gc’cr) = :E:(aexpt - utheor)i : (6)
i=1

where N is the number of fregquencies at which experimental data were
taken. We have found it convenient to use a programmable hand calcu-
lator such as the HP67 for this calculation. This calculator is cap-
able of carrying out the calculation of E(oc, cr) for 5 frequencies in
40 seconds, including both Eq (3) and Eq (6).

Arthur D Little Inc



We search for the minimum E on a oc, or diagram by the straight-
forward strategy shown in Figure 5, for the experimental data in Figure
3, with h = 1,04 m and N = 5, We start by making & traverse, labeled
4, starting at the point Uc =12 x 10-5, o= 10 x 10-3 and procgeding
from right to left at constant, S The calculated values of 10 E are
entered on the diagram at evenly spaced intervals in - It is seen
that a subsidiary minimm of E = 303 x :I.O"'6 occurs at Uc = 0§ x 10-5,

o, = 10 x 10—3 Mho/m. It has been found, for the 100 to 1 scale ratio
between o and . that the E~topography usually has a deep valley
from the upper right to the lower left. We therefore expect to find
minims at (10 x 107>, 11 x 107°) and (8 x 107>, 9 x 1073), but we do
not know which is the lower. To find out, we next try traverse B which
has a higher minimm than for traverse A. We therefore do traverse C,
followed by D and E and find continually decreasing minima, which are
indicated by circles. For traverse F, however, the minimum rises
again. We have therefore narrowed the search for the absclute minimum

of E to a small area around the point (6 x 10-5, 7 x 10—3).

To obtain higher precision, we expanded the scale and continued
the procedure as shown in Figure 6. The absolute minimum is found, to
two-figure accuracy, to be at 0. = 6.2 x J.O-5 Mho/m, Ur = 7.2 x 10_3
Mho/m with E = 168.1 x 10-6 m~2, The root mean square value of the

error in o is

-6 -2
(Ae) = \/168'1 x10 m  _ 4 0058 o L.
rms 5

From the least-squares conductivity values, we can return to Eq (3)

and calculate a theoretical a versus f curve. This curve is shown, in
comparison with the experimental o versus f data plot, in Figure 3.
The goodness of fit indicates that the simple transmission line
equation (3), which is based on a three layer model, is valid over a
wide range of frequencies. It further suggests that the experimental
method used is an excellent way to determine the coal and rock

conductivities.

10
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Figure 5

Search Procedure for 'Calculating o, and ©
for Least Square Fit, Emin’ to o versus f Data-Coarse Grind
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Figure 6

Search Procedure for Calculating o, and o,
for Least Square Fit, Emin’ to o versus Data~-F¥ine Grind
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Figure 7 shows « versus f results for an entry in the Main-N area
of the Nanty Glo mine located 16 miles from the 5-Cross area. Consid-
erable heaving of the floor is present in this entry, which causes
partial blockage of the tunnel cross-section. Comparison of the
experimental plots of Figures 3 and 7 shows that the low frequency
results are comparable in the two areas, whereas the values of ¢ at the
two highest frequencies are much lower in Figure 7 than in Figure 3.
This may be due in some way to the fioor heaving in the Main-N area.
However, it may instead be due to the fact fhat the batteries began to
run down during the Main-N measurements. We have therefore calculated
least-square conductivities and theoretical a versus f curves for the
Main-N case for the four lowest frequencies, as well as for all six
frequencies. The Main-N results for four frequencies agree approx-
imately with those for the 5-Cross Area, while the results by using

all six frequencies are much larger than those for the 5-Cross Area.

Figures 8 to 11 show & versus f plots, obtained in the same way,
for the Ehrenfeld, Adrian, and Margaret No. 1l mines. As before, the
theoretical curves derived from Eq (3) can be made to agree well with
the shapes of the experimental data plots for properly chosen values
of the conductivities. In the case of the Adrian mine (Figure 9) the
fit is exact since only two experimental points are available. 1In
Figure 12, the o versus f curves for these four mines have been added
to the composite plot of a versus f curves for the first six mines
measured, taken from reference (1). Examination of Figure 12 reveals
that the attenuation rates for the mines in all three new seams fall
between those for the high loss Herrin Ko. 6 seam and the moderate loss
Pocahontas No. 3 seam. The Upper Freeport seam in Pennsylvania exhibits
the highest attenuation rate behavior among the three seams, falling
close to values found for the Herrin No. 6 seam, but it has significantly
different values than the Upper Freeport seam in West Virginla. On
the other hand, the Lower Freeport and Lower Kittaning seams in Penn-
sylvania exhibit nearly similar behavior which lies close to that

found in the Pocahontas No. 3 seam in Virginia below about 500 kHz, and

13
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which appreoaches that found in the Herrin Wo. & seam in Illimois above
1 MHz. As mentioned previously, the high frequency results for the

Nanty Glo Main-N area (dashed part of curve) are unreliable.

Table I gives a comparison of the conductivities obtained for the
four mines in their respective coal seams. It is seen that the coal
and rock conductivities differ by a factor of about 100. It is this
large contrast between rock and coal conductivities that makes the MF
coal-seam mode of propagation possible. However, it is seen that the
coal and rock conductivities do not differ significantly from each
other from mine to mine and seam to seam,with the possible exception
of the Adrian mine results which were derived from measurements at only

two frequencies. These coal and rock conductivities can be compared

(1)

with those derived from the mines in the first three seams measured,

shown in Table II. We find that the Table I wvalues are most similar

in value to those obtained for the Pocahontas No. 3 seam in Virginia.

In summary, the signal attenuation rates for most of the seams
examined to date fall in the moderate to high loss category, and it
appears that the low losses found in the Pittsburgh seam may be the
exception rather thén the rule, unfortunately. The reasons for this
are not yet apparent. However, enough propagation data may now be avail-
able to determine whether any correlation exists between the electrical
properties of the coal and its chemical composition. Since chemical
analyses of the coal are generally available for each mine, statistical
regression analyses of these chemical and electrical data appear to be

both practical and desirable.

20
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TABLE I

CONDUCTIVITIES DERIVED FROM THE a VERSUS f PLOTS

Coal Mine

Robinson Run
Federal Na. 1
Ireland 1"
tretand 1

Pocahontas No. 1
3 South Area
Entry A

3 South Area
Entry B

2 North No. 1
{Plow Area)

Inland No. 1
Peabody No. 10
1 Main South
1st West 2nd

North

1 South
5-1/2 East/
1 South Jct.

1.37

1.37

1.19

oo,

e)]

Ocoal
{Mho/m)

0.3 x10*
0.26 x 107
1.0 x 10
20 x10*
1.4 x 10

3x10°¢
3 x10°

6 x10°
1.0 x10?

4 x10°?

25 x 10

22

Orock

(Mho/m)

0.085
0.084
0.054
1.08
0.3

0.01

0.0077

0.617
0.22

0.3

0.3

Coal Seam

Pittsburgh
Pittsburgh
Pittsburgh
Pittsburgh
Pittsburgh

Pocahontas No. 3
Pocahontas No. 3

Pocahontas No. 3
Herrin No. 6

Herrin No. 6

Herrin No. 6

Arthur D Little Inc



IV. THE COUPLING FACTOR

The factor C in Eq (1) is given theoretically by the expression(l)

2 2,3/4
Mo~ + B7)
¢c= (7)
(817)1/2[(11 + Gr)Z + 63_:,1/2 _

where M is the transmitter mangetic moment. From the conductivitiéé,

we can calculate a, R, and Gr as functions of fregquency by means of

Eqs (3), (4), and (5). Therefore a theoretical curve of C versus f can
be derived from Eq (7). Such a curve is shown for the Nanty Glo mine

in Figure 13, in comparison with the experimental intercept values of
Figure 3 obtained from the HYT versus r plots for this mine., The
agfeement is seen to be fairly good, Similar coupling factor comparisons
for the other mines are shown in Figures 14 to 18. It is seen that the
theory generally underestimates the experimental values below about

1 MHz and overestimates them above 1 MHz.

Figure 14 for the Main-N area of the Nanty Glo mine shows that the
experimental values of C for the two highest frequencies are consider-
ably out of line, due probably to the effect of considerable floor
heaving in this tunnel. We have therefore included in Table I only the
conductivity values derived from the experimental data taken at the

four lowest frequencies for this case,

The comparison of theoretical and experimental values of the coupl-
ing factor, defined by the BYr axis intercept at r = 0, is more funda-
mental than the comparison of theoretical and experimental values of
magnetic field at some standard range. Therefore, we recommend that the
ratio C /C ekpressed in dB be analyzed stétistically, instead

theor’ "expt

of cheor/Hexpt (@ 100 m), to assess the goodness of fit between the

three~layer model and the data as a function of frequency.

23
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V. EFFECT OF SEAM HEIGHT ON « AND C

It is of interest to know how the attenuation constant o and the
coupling factor C depend on the seam height h if all other parameters
are kept constant. Figures 19 and 20 show what would happen if the
seam height of the‘Nanty Glo mine were 2.08 m instead of 1.04 m. It
is seen from Figure 19 that o is markedly reduced, especially at the
higher frequencies. This would result in a considerable increase in
range of communication. On the other hand, Figure 20 shows that the
coupling factor is decreased by about 5 dB at all frequencies. This
loss of coupling in the high ccal case would by no means nullify the
larger gain in signal strength caused by the decrease in ¢. Thus, MF
radic communication will be more favorable in high coal than low coal

seam waveguides having the same electrical properties.
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COUPLING OF THE COAL-SEAM MODE TO A CABLE
IN A TUNNEL AT MEDIUM RADIO FREQUENCIES

R.L. Lagace and A.G. Emslie
Arthur D. Littie, Inc.
Cambridge, Massachusetts

INTRODUCTION

The lowest order coal-seam mode is a parallel-plate TEM transmission-line type of propa-
gation’ of medium frequency radio waves in a conducting coal seam which is bounded above
and below by more conductive rock, with the electric field vertical and the magnetic field hori-
zontal. This mode can be excited by a vertical loop antenna placed in a tunnel in the coal seam.
In a conductor-free region of the coal mine the magnetic field falls off with distance with a
cylindrical spreading factor multiplied by an exponential loss factor. However, when a conduc-
tor, such as a power cable, is present in a parallel tunnel, the field is found experimentally® to
level off to a much lower rate of decay after a certain fairly well defined distance.

The effect can be attributed to coupling of the coal-seam mode to a low attenuation
mode guided by the cable. Experiment shows? that a slowly decaying current is indeed present
in the cable. The purpose of this paper is to investigate the nature of the coupling. The method
is to start with a current in the cable, calculate the magnetic field produced by this current at
the location of the loop antenna, determine the voltage induced in the loop by this field, and
finally use the reciprocity principle to determine the current induced in the cable when the
loop acts as a transmitter.

MAGNETIC FIELD DUE TO CURRENT IN CABLE

Figure 1 shows the cable at a distance y = d from the center of the coal seam. The cable
carries a current I which produces an infinite set of images® with current

Ip= (DM (1)
located at the (complex) positions:
Yp=nth+5.-15,)+ (- 2)

where 8, = {myu, fa)"% is the skin depth in the rock. The images, including the cable itself, form
a periodic distribution of current of period:

L=2¢h+d-i5) 3)

To calculate the magnetic field due to the set of images it is convenient to represent the
discrete currents by a Fourier series:

1<y)=°§/A

2wpy . _2TPY
cos EL- + L AN 4
\pOS.L Bpsm T ) 4)

This work was supported by the U.S. Department of the Interior, Bureau of Mines, Pittsburgh Mining and
Safety Research Center, under USBM Contract HO346045,
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FIGURE 1
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which contains no constant term since the total current in cable and rock is zero. For the
currents defined by (1) and (2) the Fourier series takes the form: ‘

=4 2nd 2ry . 4md . 4wy
I = +
(y) T ( cos =7 €08 == +sin—— sin T

+ cos 6nd cOos omy + sin Sd sin 8y

L L L L (5)

The magnetic fields corresponding to the first harmonic of the yz current sheet, for a wave
propagating along the cable, are readily found to be;:

H, = %21(— 21%0— cosk, de Ky Xe ko Zgink y (6)
Hy= 22 coskyd efho*emKoZoosk y (%
H,=0 @)

ky=2 ©)



where I is the current in the cable at z = 0.

For the second harmonic, the field is:

Hy, =- L—ky— 21{0 sin kyde'ikx Xe=ikzZcos kyy

X

2l . ~ik_ X =ik Z .:
y --—L smkyde xXe-iK; smkyy

Hzr= 0
_ 4T
ky =T

The magnetic field lines for the two harmonics are shown in Figure 2.

FIGURE 2
MAGNETIC FIELD LINES FOR TWO HARMONICS
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The k’s are related by the formula:

kx2 + ky! + kZZ = koz

(10)

(11

(12)

(13)

(14)

where k, is the free-space propagation constant and k, is the z-directed propagation constant

for the cable-guided wave. For medium frequencies, k, is not very different from ko“ 8

(~.75ky) and both are small in magnitude compared with ky. Therefore, Equation (14) can

be written to a good approximation as:
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If we make the further approximation that Ikyd l. <€ 1, and let y = 0, we obtain the simple
results:

Bl _ o (16)
Io N

1 7 (h+8)x
2 By 57 a”
L (h+5 )2+ 6,2
I_i& _ 2ad _ 2r(h+ 8 x
Io X (h+6r)2+8r2' ° (h+5r)z +5r2 - (18)
Hy = ¢ (19)
IO 2

where the subscripts 1 and 2 refer to first and second harmonics, respectively.
EXCITATION OF THE CABLE BY A TRANSMITTING LOOP ANTENNA

By the principle of reciprocity, we can use the above results to find the current I, induced
in the cable by a loop antenna situated at a distance x from the cable, The result is:
N\

I - we,M H '
* T, T, (20)

where M is the magnetic moment of the loop, Z, is the characteristic impedance of the cable
transmission line, and (H/L,) is the appropriate ratio from Equations (16 — 19).

Measurements by T.S. Cory? in the Helvetia Coal Co. Margaret No. 11 mine with a verti-
cal transmit loop parallel to, and placed at a distance of 14 meters from, a power cable are
shown in Figure 3. The first part of the magnetic field plot represents the decay of the inci-
dent field of the coal-seam mode. Beyond about 80 m along the cable, the measured field is
due to the current induced in the cable. This current is estimated from the data, and from the
size of the receiving loop located adjacent to and in the plane of the cable, to be about
6 x 107 A, From other measurements taken in a conductor-free area of the same mine, we
can infer that the conductivity of the rock, 0, isin the range 0.01 to 0.02 Mho/m. For o, =
0.01 Mho/m, the skin depth in the rock is 6,=53m.

If the transmitting loop is oriented vertically, so as to generate the TEM coal-seam mode
with the magnetic field horizontal, it is seen from (16) and (18) that coupling to the cable
occurs only via the second and higher-order even harmonics. Using the above value of skin
depth, 8,, and the experimental values d = 0.45m, h = 1.3 m, and x = 14 m, theoretical esti-
mates of the current induced in the cable are obtained from Equation (18) for the second
harmonic. Equation (18) gives 1H, /I, 2= 1.2x 107 m™. Equation (20), with M=2.5 A -
m? and Z, = 300 §2, then gives I, = 1.4 x 1077 A. Thus, the predicted current value for a
vertically oniented transmit loop is about 50 times less than the experimentally determined

value.
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FIGURE 3
MAGNETIC FIELD V5. DISTANCE
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This disagreement implies that the excitation of the cable-guided mode is not brought
about by the TEM coal-seam mode, Rather, it is brought about by a higher-order mode, below
cutoff in the coal seam at MF frequencies, which has circular lines of E about a vertical axis
and an H field with both radial and vertical components. This type of mode is generated by
a horizontally oriented transmitting loop which couples to the cable via the first harmonic
which produces a nonzero y-component of magnetic field. Equation (17), which applies for
this case, gives |Hy /1|1 =2.06 x 1073, Equation (20) then gives I, = 6.1 x 107% A, which is
10 times larger than the experimental vaiue obtained for a vertical antenna. An accidental
tilt of the antenna of about 6 degrees away from the vertical would therefore make theory and
experiment agree.

An alternative explanation of the coupling of a vertical loop to the cable is that the rock
conductivity above the coal seam is appreciably different from that below the seam. Under
these conditions the two reflecting planes are not symmetrically located with respect to the
coal seam. In that case, as shown in Figure 4, a vertical loop now couples to the first harmonic
of the cable field. A vertical displacement of the loop with respect to the center of the tunnel,
with symmetrically placed reflecting planes, also gives coupling to the first harmonic.

FIGURE 4

VERTICAL LOOP COUPLING TO 1ST HARMONIC WHEN COAL
SEAM NOT CENTERED BETWEEN REFLECTING PLANES

Raflacting Plane

13t Harmonic Vs ; ~ . ™ Coal Sasm
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COMMUNICATION BETWEEN HORIZONTAL LOOP ANTENNAS IN THE
PRESENCE OF CONDUCTORS

The foregoing analysis suggests that horizontally oriented loop antennas may provide an
efficient communication system in areas where conductors such as power lines, trolley lines,
and rails are present. The vertical component of magnetic field at a distance x, from a cable
due to a horizontal transmitting loop at a distance x, from the same cable is from Equation
(17) (used twice) and Equation (20),

= [ _wpeM 1 : . Th+8)(x) +x,) '
¥ ( 2?"'0 ) {{.h“-ar)z"'arz} ) (h+51’)2 -*.81'2 (21)

Figures 5 and 6 show graphs of H versus x, + x, for various frequencies, for rock con-
ductivities of 0.01 and 0.1 Mho/m. The horizontal bar on each line indicates the intrinsic
receiver noise level at that frequency for a 12 kHz bandwidth. 1t is seen that the maximum
value of x; + x, depends strongly on the conductivity and is 38 m for o, = 0.01 Mho/m, but
only 18 m for o, = 0.1 Mho/m. The optimum frequencies are 300 kHz and 100 kHz, respec-
tively. No allowance has been made for loss along the cable itself. The results are not valid
for very small values of either x; or x,.

FIGURES
VERTICAL MAGNETIC FIELD AT DISTANCE X FROM CABLE
DUE TO HORIZONTAL TRANSMIT LOOP AT DISTANCE X1
(Rock Conductivity ¢, = 0.01 Mho/m)
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FIGURE 6
VERTICAL MAGNETIC FIELD AT DISTANCE Xg
FROM CABLE DUE TO HORIZONTAL TRANSMIT
LOOF AT DISTANCE X4
{Rock Conductivity o, = 0.1 Mho/m)
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Figures 7 and 8 show similar plots, derived from (17) and (20), for the field at the cable
itself, (as measured by a square coil of edge 0.67 m held with one edge alongside the cable) due
to a horizontal transmitter loop at a distance x from the cable. The maximum distances for the
two values of rock conductivities are 57 m and 22.5 m, and they occur at 100 kHz and 50 kHz,
respectively,

CONCLUSION

A theoretical model for predicting the coupling behavior between loop antennas and con-
ducting cables in coal mine tunnels is currently under development, and the results are compar-
ing favorably with the limited amount of experimental in-mine data taken to date. Further re-
finements of this theoretical model, together with comparisons with more comprehensive data
from two additional coal mines, will be performed in the near future,
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FIGURE 7
MAGNETIC FIELD AT THE CABLE DUE TO
HORIZONTAL TRANSMIT LOOP AT DISTANCE X FROM THE CABLE
{Rock Conductivity o, = 0.01 Mho/m)
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MEDI{UM FREQUENCY RADIO PROPAGATION
AND COUPLING !N COAL MINES

A.G. Emslie pnd R.L. Lagace and M.A. Gvoss man
Arthur D. Little, Inc.
Cambridge, Massachusetts 02140

EXCITATION OF THE COAL-SEAM MODE IN A CONDUCTOR-FREE REGION

Medium frequency waves can propagate in a conducting coal seam, bounded above and
below by more conductive rock, in an approximate TEM transmission line mode with the elec-
tric field vertical and the magnetic field horizontal,! The magnetic field components produced
by a transmitting loop antenna located at the center of the ¢oal seam in a vertical plane are, in
terms of cylindrical coordinates with the origin at the center of the loop, the z-axis vertical,

and the loop in the r-z plane:

= imk 2
Hy = 3% cos ¢ L {H(?) (k)| M
Hp=— -iéilk- sin ¢ +-L+H?) (k). (2)
T

H, (2} js the first order Hankel function for outgoing waves, k is the propagation constant of the
coal-seam mode, and m is the effective magnetic moment per unit length, distributed along the
z-axis, that is equivalent to the magnetic moment M of the loop antenna located in the coal
seam waveguide., :

The effects of the currents induced in the rock by the transmitting loop can be represented
by an infinite set of uniformly spaced loop images, each of magnetic moment M distributed
along the z-axis with complex spacing?

D=h+(-i)4,, (3)
where h is the thickness of the coal seam and 6, is the skin depth in the rock. The magnetic

moment density m, which couples to the TEM coal seam mode, is the zero-order component
of the Fourier series that represents the set of magnetic moment images and is given by:

m=M=__M (4)
D h+(-i)ér

The higher order Fourier series components couple to higher order coal-seam modes which are
highly damped, and can therefore be ignored.

This work was supported by the U.S. Department of the Interior, Bureau of Mines, Pittsburgh Mining and
Safety Research Center, under USBM Contract HO346045,
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The propagation constant k is given by
k=8-ia (5)

where o and f can be calculated by means of the usual parallel plate transmission line formula:

a+if= \[(R+ iwl) (G+ iwcf (6)

which in this case takes the form:

. |

Zs is the surface impedance of the rock, given by

1+i
Zs = -
0,8, | (8)
where
5. = 2 ‘
r i ‘ ).

and oy, o¢ are the rock and coal conductivities, ¢ is the coal permittivity, and «w is the angular
frequency. The permittivity of the rock e, is ignored since we, <€ o, for the frequencies of
interest here.

_ On taking the asymptotic form of the Hankel function, we find for the direction ¢ = 0, in
the plane of the loop, that the magnitude of the azimuthal component of magnetic field is:

|H| ~ .Mggz +j2)‘% . el (10)
(81!')% [(h+ 51_)2 + 51_2]‘/5 VT

This expression is approximately valid at ranges for which ar > 1,
ATTENUATION RATE VERSUS FREQUENCY

Medium frequency transmission measurements have been made by T.S. Cory? in six coal
mines. From a communications point of view, one can make a very meaningful comparison of
the various mines directly from the experimental data, by plotting the attenuation constant o
versus the frequency f. For this purpose, Equation (10) shows that if, for a given frequency,
the experimental values of HJ/T, expressed in decibles, are plotted against r, a straight line of
slope proportional to « should be obtained.
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Figure 1 shows such a plot of H VT versus r for Consolidation Coal Company’s Robinson
Run Mine (No. 95) at a frequency of 477 kHz. It is seen that the experimental points plotted
in this way do indeed conform to Equation (10). The slope of the best straight line drawn
through the plotted points gives an attenuation constant & =.01253 m~!. It is to be noted that
the range r has, for convenience, been divided by an arbitrary standard range of 100 m in the
derivation of H V't from the data. The value H= 24.0 dB re | uA/m on the straight line at
this standard range, along with the slope &= 0.01253 m"!, completely specify the experimental
data at this frequency.

On repeating this procedure for the data at each frequency used in the experiments, we
obtain the a versus f plot shown in Figure 2. Itis seen that o increases monotonically with f.
This type of curve is found for all the mines.

Figure 3 shows o versus f plots for a large number of mines. It is seen that the mines fall
into three categories, representative of the seams in which they lie, namely: the Pittsburgh seam,
the Pocahontas No. 3 seam, and the Herrin No. 6 seam, which are in order of increasing attenua-
tion rate a.

DETERMINATION OF THE CONDUCTIVITIES

By separating the real and imaginary parts of Equation (7) we obtain the following expres-
sions for & and §:

o {0 [@* +a*)* +p]}% an
8= 108 [ +am% - )" (12)
where:
p= 2(0c-27ie ‘h2 7iec) (.’Ltﬁn-_f_)” — 412 Py e, (13)
= 2 (%;erc) (m;:f )% ~+?%1rfuooc : (14)

For an assumed value K = 6 for the dielectric constant of coal, we can determine the values of
0. and o, that give the least square fit between the theoretical and experimental a versus { curves.
The solid line in Figure 2 corresponds to o, = 3.0 x 10"* Mho/m and o, = 8.5 x 10°?Mho/m.

The RMS error in« is 0.0018, which is about 5% of the mean « over the frequency range
covered. Table I shows values of the o’s determined in this way for the various mines.
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FIGURE 1
PLOT OF H+/y VERSUSr AT f = 477 kM2
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+ 90

+80 |
+70

+ 10
HV 15

(dBre1uA/m) O

Source of H Data: T.§, Cory!3)

H (100} = 24.0dB re 1 uA/m)

Siope o = 0.01253 (m'1)

100 200 300 ‘ 400 500
' Range in Meters

FIGURE 2

PLOT OF « VERSUS f BEHAVIOR
ROBINSON RUN COAL MINE

m'h)

.02

01

0 = 3.0 x 105 Mho/m
o, =86x 102 Mho/m
For Laast Square Fit

Sesm Thickness h= 1.5 m
Coal Dislactric Constant K =6

L 1 1 I

1000 2000 3000 4000 5000
Frequency in kHz

47



FIGURE 3
COMPOSITE PLOT OF SIGNAL ATTENUATION
RATES IN dB/100 FT, FOR SIX MINES IN
THREE DIFFERENT COAL SEAMS
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COMPARISON OF CALCULATED AND EXPERIMENTAL
VALUES OF THE MAGNETIC FIELD

From the values of 0 and o,, we can determine « and 8 from (11) and (12) and then calcu-
late| H | versus r from (10) for each frequency. The results are shown in Figure 4 for the
Robinson Run mine. The experimental curves are given in Figure 5. It is seen that the pattern
of the intersecting experimental curves is well accounted for by the theory, although the
theoretical values are in general somewhat too high.

The theoretical and experimental values have also been compared on a statistical basis to
determine the goodness of fit between the simple three-layer theoretical model predicted results
and the measured data. The ratio A = H (Theoretical)/H(Experimental) expressed in dB was
analyzed statistically as a result of trends shown by plots of A versus frequency, at the standard
range of 100 meters, for data taken from each of the mines. The A plots showed a small and
relatively uniform disagreement, mainly on the high side, between about 100 and 1000 kHz,
and progressively increasing disagreement, again on the high side, below 100 kHz and above
1000 kHz. The data at the higher frequencies also demonstrated considerable scatter relative

to the predicted results.
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TABLE |

CONDUCTIVITIES DERIVED FROM THE a VERSUS f PLOTS

Coal Mine h Ke Ocoal Orock Coal Seam
(m) {Mho/m) {Mho/m)

" Robinson Run 15 6 0.2 x10 0.085 Pittsburgh
Federal No. 1 2 6 0.26 x 10°* 0.084 Pittsburgh
Irelend “11"" 2 6 1.0 x 104 0.054 Pittsburgh
ireland )" 2 6 20 x10* 1.09 Pittsburgh

1.4 x10* 0.3 Pittsburgh

Pocahontas No. 1

3 South Area

Entry A 1.37 6 3x10% 0.01 Pocahontas No. 3

3 South Area

Entry B 1.37 6 3 x10°® 0.0077  Pocahontas No. 3

2 North No. 1

{Piow Area) 1.19 & 6 x10° 0.017 Pocahontas No. 3
Inland No. 1 3 6 1.0 x10? 0.22 Herrin No. 6
Peabody No. 10

1 Main South

15t West 2nd

Nerth 2 8 4 x10° 0.3 Herrin No. 6

1 South

51/2 East/

1 South Jct. 2 6 25 x10°? 0.3 Herrin No. 6

The statistical analysis of A was restricted to data for the frequencies between 100 kHz and
1000 kHz at the reference distance of 100 meters. For frequencies outside the 100 to 1000 kHz
range, the A plots indicated that the applicability of the simple three-layer model was breaking
down. One hundred meters was chosen as the reference distance because it allowed most of the
data from six mines in both low and high loss coal seams to be included, while avoiding near
field effects in most cases. The ratio A in dB between theory and data in the 100 to 1000 kHz

band was analyzed by:

- ZA
e  Computing the Sample Mean A = -3~ for each seam and the variance of &
for the total sample population as a function of frequency (there were too
few sampies within each seam to compute a standard deviation on a seam

basis).

e Computing the Sample Grand Mean for all mines in all three seams, and 95%
Confidence Intervals for both the population and Sample Grand Mean as a
function of frequency. These results are plotted in Figure 6.

®  Testing the hypothesis that the theoretical model fits the data at the 95%
confidence level for the frequencies between 100 kHz and 1000 kHz.
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FIGURE 4
THEORETICAL CURVES OF H, VERSUS r WITH FREQUENCY AS A PARAMETER
BASED ON ¢, AND o, DERIVED FROM DATA
ROBINSON RUN MINE
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FIGURES
STATISTICAL SUMMARY OF
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From this analysis, the following observations and conclusions were made. The differences
between the model and the experimental data were similar for all coal seams. The shapes of
the curves for each seam average followed the same pattern and did not differ from one
another by more than 1 or 2 dB, with the exception of the Herring #6 seam &t frequencies
below 400 kHz. (At these frequencies, data for only one mine in the Herring #6 seam was
available.) This homogeneity implies that pooling all the data to compute a Grand Sample
Mean for all mines is a valid technique, and that the results from any analysis can be applied
back to all the mines uniformly.

The plot of the sample A and its 95% Confidence Intervals in Figure 6 is a visual hy-
pothesis test (t-test) that the model fits the experimental data, against the alternative
hypothesis that the model does not fit the data. The analysis showed that between the
frequencies of 200 kHz to 900 kHz, there is no significant difference between the model
and the actual data. In this band of frequencies the average ratio, A, ranges from 1.1 dB to
3.9 dB. The range from 200 kHz to 600 kHz appears to be the best range for the model; both
the variance and average A between the model and actual data being smallest, and positive,

within this frequency range.

CONCLUSIONS

Based on the physical and statistical analyses applied to the data available to date, it can
be concluded that:
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® MF band radio wave attenuation rates experienced in coal mine conductor-
free areas are highly dependent on the coal seam in which a mine is located;
and that this attenuation rate versus frequency can be determined in a simple
way from measurements of H vs .

®  The simple three-layer model fits the experimental data in the 200 kHz to
900 kHz frequency band at the 100 meter reference distance, with the best
agreement occurring between 200 and 600 kHz. This is the band that aiso
promises to provide the most favorable performance for portable radio
communications in coal mines.(154)

®  The Sample Grand Mean, K, of the ratic H(T)/H(E} expressed in dB may be
used to represent the Means for individual coal seams.

®  Practical MF system performance estimates may be made in the 200 to 900
kHz band by applying the simple three-layer model to seams in which the
attenuation rates have been measured, and using the appropriate A to correct
the predicted field values.

A more comprehensive theoretical development, analysis of data, and presentation of re-
sults can be found in reference 5. Data to date have come primarily from high-coal seams.
Data from four additional mines in low-coal seams wili be analyzed in the near future to
assess the applicability of the model in thinner coal seams, and as a more rigorous test of the
theory.
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WORKING MEMORANDUM 78453 June 23, 1978

A METHOD FOR NONINTRUSIVE, IN-SITU MEASUREMENT
OF COAL AND ROCK CONDUCTIVITIES IN A COAL MINE TUNNEL

While at the EM Guided Wave Workshop in Boulder, Colorado, a
method for in-situ measurement of coal and rock conductivities was
conceived, A brief description of it is presented here to encourage

comment and discussion.

The method is based on thelidea that a crossed pair of noninter-
acting transmitting and receiving loop antennas will become coupled to
each other when placed near a wall of a coal mine tunnel. The arrange-
ment is shown in Figure 1 where the transmitting loop TX, with its
center located a distance h from the tunnel wall, produces an image
TX' at a (complex) distance h + (1-1)8 beyond the tunnel wall (accord-
ing to the image theory of Peter Bannister). The image TX' couples to
the RX loop and gives a signal that depends on the skin depth &, which
is related to the conductivity o of the wall material (coal or rock)
by the formula

o (wufi)llz )
where f is the frequency, u is the magnetic permeability of the rock
(usually equal to the permeability u, = 4T x 10-7 H/m of free space)
and ¢ is the rock or coal conductivity., Eq. (1) is valid when f is
chosen so that o/2nf is mucﬁ less than the permittivity € of the rock

or coal.

If the loop dimensions are small compared with &8, the magnetic
field component, gL, perpendicular to the plane of the receiving loop
RX caused by the magnetic moment M of the image TX' (which is equal to

the magnetic moment of TX) is given by

Arthur D Little Inc
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h o+ 1/2(1-1)6

h +(1-1)6
REFLECTING
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/
NOTE: The Image TX of the TX loop couples to the RX LOOP,
and produces a signal which depends on the skin-depth

6 of the rock or coal.

Figure 1
Crossed TX and RX Loops Near a Tunnel Wall
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.
H, = (2)
L goon + a-p)633

This expression is the vector sum of the free space static field
components produced by the image loop which replaces the coal or

rock medium in this method of analysis.
The magnitude of this field is given by
M (3)

P —
L anfion + 092 + 62 ] 32

As an example, let M = 0.1 A mz, h=0.2m 6§ = 2 m. Then |§L|=
1.3 x 10 ~% A/m. Since a field of 0.1 pA/m is easily detected by small
receiving loops (supported by MF in-mine measurements of T. Cory) the

signal-to-noise ratio should present nc problem.

It is possible, if the phase of the RX signal, relative to the TX
current is measured as well as the amplitude, that the dielectric con-
stant of the rock or coal can be determined in addition to the condue-
tivity, This probably réquires some amplification of the simple image

theory used above.

For sampling the tunnel side wall conductivity, this method is
still plagued by the conflicting goals of wanting to sample deep
within the coal pillar from outside it, while not sampling the nearby
roof and floor material. Low interference from the roof and floor
is achieved when the skin depth, &, in the coal is small compared to
the seam thickness. But then the method unfortunately samples only
the near-in coal material which may be non-representative if it has
dried out somewhat and lost moisture after the mining has advanced
significantly beyond this location. Sampling in the immediate face
area may help to avoid this dried-out wall problem. When the skin
depth is large, leading to deep penetration, the effects of the roof
and floor are imntroduced, and this "local" in-situ measurement starts
to resemble more and more the propagation measurement technigue

that uses widely separated, indepéndent transmit and receive loops.
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For sampling the roof and floor conductivity, the mine tunnel
geometry may permit the method to be less influenced by the presence
of coal than the sidewall measurements are influenced by the presence
of the roof and floor materials. The dried out condition will still
be present however, and in addition, the closeness of the roof to the

floor may require both floor and roof images to be accounted for.

Even though the above method and other available techniques may
be of some merit for measuring the local in=-situ values of coal and

rock conductivity, the uncertainties and difficulties associated with

them lead us to still conclude that a ?%opagation mesSurement that

spans a representative transmission path probably provides the most
practical and useful "average' measures of coal and rock conductivity
for MF portable radio applications in coal mines. However, we do

agree that if meaningful, local, direct in-situ conductivity

hand~held instrument, this too would be a useful but not necessary

way for checking-the findings to date. We do not believe that a

at this time.
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I. SUMMARY
A. OBJECTIVE

The objective of this work was to formulate simple theoretical
models characterizing medium frequency (MF) radio wave propagation in
underground room and pillar coal mines for the purpose of predicting
maximum communication ranges between portable radics carried by key
miners. This objective has been achieved and confirmed experimentally
for conductor-free areas of coal mines. In areas where a conductor
such as a power cable is present, applicable data must yet be taken
before the propagation model for this case can be confirmed.

" This interim memorandum compares some theoretical results with
experimental measurements made by T. Cory in a large number of mines
located in various cozl seams, and summarizes the findings and their
implications for portable radio communications between roving miners.
B. PROPAGATION IN CONDUCTOR-FREE AREAS

A three-layer propagation model with a transmission line formula~-

tion for the propagation constant was developed that is both practical
and sufficiently accurate for the application and frequency band of
interest. General analyses of radio wave propagation within multi-
layer stratified media can be found in the work of Wait and Gabillard.
For the low, medium, and high frequencies of present interest {50 to
5000 kHz), the mode of propagation takes the form of a parallel plane
(0,0) TEM transmission-line tipe mode with the electric field vertical
and the magnetic field horizontal within a planar coal seam bounded
above and below by higher conductivity rock as shown in Figure 1.

Higher modes at these frequencies are well beyond cutoff since the
wavelength is much larger than the thickness of the coal seam. Coupling
to this TEM mode is accomplished with loops, the antennas most favorable-
for this frequency band and application.

Arthur D Little Inc
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Comparison of theory and experiment for conductor-free areas allows
one to determine the electrical conductivity both of the coal seam and
of the bounding rock. The comparison alsc establishes the validity of
the theoretical formulas for the coupling of the tramsmit loop to the
propagating mode and for the mode attenuation rate as a function of
frequency. These simple formulas allow predictions to be made of radio
communication range under various conditions of operating frequency,
transmit magnetic moment, mine radio noise, seam thickness, and coal and
rock conductivities.

The results show that significant variatiohs in attenuation rate
occur between mines located in different coal seams. Of the seams
examined, the Pittsburgh seam measured in northern West Virginia has
the most favorable attenuation rate, the Herrin No. 6 seam in Illinois
is the worst with an attenuation rate z2n order of magnitude higher
than that of the Pittsburgh, while the other five seams measured in
the Appalachian coal fields have moderate to high rates that fall
between those of the Pittsburgh and the Herrin No. 6.

Maximum radio communication range behavior versus frequency is
shown to exhibit a broad peak centered between 300 and 700 kHz, a
band well within the 200 to 1000 kHz fregquency band over which the
model is in extremely good agreement with the data. Within the optimum
frequency band of 300 to 700 kHz, maximum ranges are found to be highly
dependent on attenuation rate and thus on the electrical conductivities
of the coal seam and its surrounding rock. Consequently, maximum
communication ranges for portable, intrinisically safe radios can be
expected to vary from low values of about 75 to 100 meters in a
high-loss seam such as the Herrin No. 6, to high values of about
300 to 400 meters in a low-loss seam such as the Pittsburgh.

C. PROPAGATION IN THE PRESENCE OF A CONDUCTING CABLE

The above remarks apply to conductor—free areas in coal mines.
When a conductor, such as a power cable, is present in a coal mine

tunnel, a different type of propagation mode exists which is essentially

Arthur D Little Inc.



a coaxial TEM transmission line mode with the cable acting as the center
conductor and the coal and rock as the ocuter conducter. The electric
and magnetic fields are approximately transverse to the cable and £fall
off exponentially with distance in the tramsverse plame. A properly
oriented transmitting loop antenna, located not too far from the cable,
can couple to this cable mode. The wave so generated travels along
the cable with low attenuation, and can be picked up by a similarly
oriented receiving loop which is also located not too far from the
cable, thereby greatly extending portable radioc communication range
along the cable. A simple theory for this type of transmission is
given, and is compared with some measurements made by T. Cory in coal
mine areas containing conductors. There are discrepancies between
theory and experiment, especially with regard to antenna orientation.
More experimental data taken under carefully controlled conditions are

needed to help resclve these discrepancies.
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II. PROFTAGATION IN CONDUCTOR-FREE AREAS
A, REDUCTION OF THE EXPERIMENTAL DATA

The asymptotic form of the theoretical equation for the magnitude

of the azimuthal component of the magnetic field H, in the plane of the

¢
transmitting loop is given by

e-—ar
H=C=
¢ /T

¢y

where. C is the coupling factor, and ¢ is the attenuation constant. This
simple asymptotic form of the field propagation equation gives a good
approximation to the magnetic field for ranges greater than 1l/o.

The theoretical equation (1) predicts that if measurements of the
magnetic field at various ranges from the transmitting loop are plotted in
the form HYr (in dB re luA/mls) versus r, a straight line should be
‘obtained. The data at 485 kHz for a quasi-conductor-free area in the
Stinson No. 3 coal mine, shown in Figure 2, conform fairly well to the
prediction. The straight line drawn through the experimental points
gives the values aexp - 0.0381 m * and Cexp = 57.0 dB re luA/m%;,
derived from the slope and vertical intercept of the line respectively.

It is to be noted that the first and last experimental points are
above the straight line. This effect occurs repeatedly in the data
from different mines at various frequencies. The explanation is that
the first point is usually at a range where the asympototic form of the
Hankel function is not a good approximation, and the last point is at
a range where the noise level adds significantly to the received signal.
For example, in the case of Figure 2, the first data point is taken
at 20 m, which is within the distance defined by 1/aexp = 26m.

In some mines, several points were found to lie above the straight
line at ranges greater than about 100 meters. In these cases we concluded
that the transmit antenna was also coupling to a low attenuation rate
cable-guided mode supported by a cable located in an adjacent parallel

tunnel.
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The two derived experimental parameters aexp and Cexp’ namely, the
attenuation constant and the coupling factor, completely specify the field
strength data taken along a traverse of a coal mine tunnel at a given
frequency, The set of values of aexp and Cexp for all the frequencies
investigated represents & complete description of all the data taken in
a particular tunnel. The conductor-free area data taken in all mines
were reduced in this manner.

B, ATTENUATION RATE VERSUS FREQUENCY

Experimentally derived attenuation rates aexp plotted as a function

of frequency are shown in Figure 3 for eleven coal mines located in seven
seams in the Appalachian and Illinois coal fields. Examination of Figure 3
reveals that the attenuation rates increase with increasing frequency as
expected from theory, and that the mines sampled fall roughly into three
classes with respect to attenuation rate--low, very high, and moderate-
to-high. The mipnes sampled in the Pittsburgh seam in northern West
Virginia exhibit the lowest attenuation rates recorded. On the other
hand, mines sampled in the Herrin No. 6 seam in southern Illinois exhibit
prohibitively high attenuation rates from a radio communication stand-
point. The attenuation rates of the mines sampled in the remaining

five seams in Penmsylvania, West Virginia, Virginia, and Kentucky fall
into & rather broad moderate-to~high category characterized by values
which approach those of the Pittsburgh seam at low frequencies and those
of the Herrin No. 6 seam at high frequencies. TUnfortunately, it appears
that the low Pittsburgh seam rates, which result in the longest communi-
cation ranges, may be the exception rather than the rule. The reason

for this is not yet clear.

C. DETERMINATION OF THE CONDUCTIVITIES

Each aexp versus f curve contains enough information for the

determination of the conductivities . and . by means of the trans-—
mission line formula. This is best accomplished by means of a least

square fit of the real part, of the right-hand side of the

a

theor’
transmission line formula to the experimental wvalues aexp for the set of
frequencies used, with 0& and o treated as adjustable parameters. In

this procedure a constant average value Ec/€0 = 6 is assumed for the
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dielectric constant of the coal, since o is found to be very

theor
insensitive to Ec/eo. The thickness h is taken to be the actual measured

value of coal-seam thickness.
Figure 4 shows a comparison of the least square fit curve % teor with
the experimental wvalues aexp for the Stinson No. 3 mine. The optimum

5

fit occurs for Uc = 3,0 x 10 “Mho/m. The root mean square difference

between o and o is (Aa) = 0.0013 m-l which is about 2% of the
exp rms

theor
value of a at 890 kHz. This close fit gives further justification

for the uszhigrthe simple transmission-line equation and for the three-
layver model on which the equation is based. The good fit also means

that experimental determination of o at a number of frequencies can

be viewed as an excellent nonintrusive method for obtaining the
conductivities of both the coal and the rock. Figure 5 shows a plot of

g, versus 0O where each test location in each mine is characterized by

its pair of T Oy values for all mines sampled. Figure 5 shows that

there is a rough correlation between O, and . and that cr/ o. is

about 100 on the average. The tendency of the two conductivities to

vary together may be caused by a correlation in the water contents of

the coal and adjacent rock layers. Decreases in mode attenuation rates
occur as the coal and rock conductivity values move downward and to the
right respectively in Figure 5. Based on the trends and clusterings shown
in Figure 5, the following (Uc, or) conductivity pairs were chosen to
represent low, moderate~to-high, and very high attenuation rate propagation
conditions respectively; (2.5 x 10_5, 8 x 10"2), (5 x 10_5, 8 x 10_3),
and 2 x 10'3, 1) in Mho/m

D. COMPARISON COF THE THEQRETICAL AND EXPERIMENTAL COUPLING FACTORS

A comparison of the theoretical coupling factor, C theor with

experimental coupling factor C exp provides an absolute test of the theory
of the coal-seam mode. Figure 6 shows such a comparison for the Stinson
No. 3 mine. It is seen that the agreement is quite good over the whole
frequency range of 98 kHz to 3710 kHz.

The agreement between the experimental and theoretical wvalues for
the coupling factor was tested for all mines in seven frequency bands
ranging from 83 kHz to 4570 kHz. The range of frequencies and number of
runs in each of the seven bands is shown in Table I. The coupling factors

for all mines were studied simultaneously, the only stratification being
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the seven frequency bands. Therefore, the results of the analysis within

each band are applicable to all mines examined.

TABLE I
FREQUENCY RANGES USED FOR
EXPERIMENTAL MEASUREMENTS

Frequency No. of
Band No. Range (kHz) Runs
1 83 - 115 12
2 218 ~ 252 17
3 335 = 350 4
4 420 - 495 14
5 880 - 1047 15
6 1750 - 2030 13
7 2720 - 4570 12
The difference, AC = Ctheor - Cexp’ between theoretical and

experimental values for the coupling factor expressed in dB was calculated
for all available measurements. These differences were then tested
statistically using a one-sample t~test for each of the seven frequency
bands to assess the goodness of fit of the model to the data. In bands

2 through 5 there is a mean difference of less than +1 dB between the
three-layer model and the experimental data, and the variance of the

mean is less than 1.3 dB within these bands.

The one-sample t-test used to statistically test the hypothesis that
the model fits the data within each frequency band showed that this
hypothesis cannot be rejected at the .05 level for bands 2 through 5.
(This is equivalent to a 95% confidence interval for the mean AC containing
the origin, i.e., the mean difference can be zero.) Based on this series
of tests, the less than +1 dB mean difference between theoretical and
experimental coupling factors and the very small variance of the mean
difference, we conciude that the three-layer model fits the data extremely

well between the frequency ranges of 218 kHz and 1047 kHz. Outside this

13
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range, the model either does not fit the data, or the large variability
in the data may be hiding a significant mean difference; i.e., the large
‘positive and negative errors may be fortuitously canceling each other
out in band 7.

E. EFFECT OF SEAM THICKNESS ON THE ATTENUATION RATE AND THE COUPLING
FACTOR

The attenuation coefficient o and the coupling factor C depend on
the seam height h as well as on the conductivities of the coal and rock.

Figures 7 and 8 show o versus f and C versus f curves, respectively,

values 0, = 5 x 107° Mho/m and o, =8x 1073 Mho/m of the conductivities.
These conductivities are representative of several moderately high loss
mines, as seen by the clustering of points around this pair of values in
Figure 5.

It is seen in Figure 7 that &, at any given frequency, depends
strongly on h. At 2000 kHz, for example, o is about twice as large for
a low-ccal mine with h = 1 m as for a high-coal mine with h = 3 m. This,
by itself, means that the range of communication would be much greater
for the high-coal seam. ‘

Figure 8 shows, on the other hand, that C, although greater for a
low-coal than for a high-coal mine, changes quite slowly with h. The
gain in coupling factor for the low-coal mine, however, by no means offsets

the larger loss in signal strength caused by the increase in ¢ . Thus

MF radio communication will be more favorable in high-coal

than in low-coal seam waveguides having the same electrical properties,
F. MAXIMUM COMMUNICATION RANGE AND OPTIMUM FREQUENCY

The parameter of greatest predictive interest is the maximum

theoretical communication range L at a given frequency, determined by
the signal propagation loss and the noise level at the receiver. We consider

the following two cases:

(1) limtrztionr by set noise,—given—by—the formula— -

-4

N=8 - 20Log(—1-f6) (16) —~

14
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for the equivalent magnetic field rms noise level N in dB re 1 uA/m,
for a receiver having a noise figure of 6 dB, bandwidth of 12 kHz, and
loop antenna turns area of 1 m2. f is the frequency in kHz.
(2) limitation by average mine noise, given by the formula
N = 34 - 20Log(s5), for 10 kHz 5 £ 5 1000 kiz
(17)

N=-6~ 15Log(l—o%3 , for 1000 kHz £ £ £ 10,000 kHz

with N representing the "average" rms mine noise level in dB re
1 uA/m. This representation of mine noise level is based on data taken
in mines by the Mational Bureau of Standards and consolidated by
Arthur D. Little, Inc.

In each case we define a maximum range as that range where the
signal-to-noise ratio decreases to 10 dB. Thus

H(r ) =10+ ¥ in dB re 1 uA/m (19)
For an FM system, a 10 dB average rms carrier-to-noise ratio gives a
Circuit Merit Figure 3 radio service performance level (occasional
message repetition reguired).
T TFigures 9 and 10 show values of r .. versus f for seam heights of
2 m (high coal) and 1 m (low coal), respectively, when performance is

limited by receiver noise. The values were calculated for three

representative pairs of coal and rock conductivities. These pairs

represent the Pittsburgh Seam (o = 2.5 x 10_5, o= 8 x 10—2 Mho/m),

3

and the Herrin No., 6 Seam (¢ = 2 x 10 °, o_= 1.0 Mho/m), which are

low- and high-loss extremes, respectively, and a seam of intermediate
loss characteristics (o = 5 x 10—5, o, = 8 x 10-.3 Mho/m) 1ike the

Pocahontas No. 3 and lower XKittaning seams.

17
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It is seen that in all six cases T oax rises fairly rapidly with frequency
to a maximum and then declines more slowly. The figure indicates that

a frequency range of 400 to 500 kHz is optimum for the three types of
seam taken together, Figures 1l and 12 show values of T ax when
performance is limited by mine noise in high and low coal respectively.
The maximum range is reduced and the optimum frequency range is

increased slightly to 600 to 700 kHz.

The values of predicted maximum communications range shown in
Figures 9 to 12 are also in good agreement with those derived by T. Cory
for specific mines, based on measured values of signal magnetic field
strength and independent estimates of receiver noise and mine noise
conditions. TFigures 9 through 12 taken together, suggest that the optimum
frequency for all types of seams, for both kinds of noise, and for
both seam heights, is about 500 kHz., It is indeed fortuitous that
this frequency lies near the center of the frequency band of 200 -~

1000 kHz for which the theory is in best agreement with experiment.

20
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