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I .	 I NTRODUC TION

.A.	 The Problem

For reasons of high productivity and maximum recovery of

available natural resources, a goal of modern, mechanized coal mining is

to cut as close to the coal-rock interface as is practical. However, for

reasons of safety, health and product quality, it is also necessary to avoid

cutting through the interface into the rock and it is desirable to leave a

thin -continuous layer of coal of a selected thickness which may range from

a fraction of an inch tows much as several inches. To achieve both of these

goals, it is necessary to control the mining machinery to maintain the

thickness of the coal layer remaining over the rock within selected bounds.

To permit such control a sensor which will measure the distance from the

cut surface of the coal to the coal-rock interface is needed. To be most

suited for use in a coal-thickness gauge, such a sensor must be non

contacting, must have a measurement range of 0 to 6-in. or more, and an

accuracy of 0.5-inch or better. In addition, variations in spacing of as much

as several inches between the sensor and the cut surface should introduce no
i
{	 thickness measurement errors, the response speed should be adequate to

permit use on continuous mining equipment, and the device should be suffi-

i
	 ciently rugged and otherwise suited for mounting on or near a cutting head.	 f:

The sensor as well as the associated electronics must be suitable for
iA	 operation under conditions of high levels of vibration, moisture and dust. 	
}

tIt is also necessary tha t he gauge characteristics be such that natural

effects occurring in coal such as impurities, voids, cracks, layering, high

4	
a
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moisture level, and other conditions likely to be encountered do not

introduce objectionable measurement errors.

This report covers the successful completion of the first two

phases of the feasibility study based on using the radiofrequency resonance

absorption (RRAS) techniques of electron magnetic resonance (EMR) and

nuclear magnetic resonance (NMR) as the basis for a coal thickness gauge

meeting the foregoing requirements. As a result of this study, the EMR

technique has been found, from both analyses and experiments, to be parti-

cularly well suited for this application. Continued efforts in analysis,

experimental evaluation and equipment development is indicated.

B.	 Background

In the past, many sensing techniques have been investigated

for potential usefulness in coal thickness gauging. These have included

penetrating radiation, electrical conductivity, dielectric constant, acoustic

and electromagnetic wave methods. All of these methods have been found to

have limitations when considered for the coal mining application. The limited

measurement range, the requirement for contact between the coal and the

sensor, the poor performance when measuring inhomogeneous, layered and

lossy materials or some other objectional characteristics have prevented
j

any of these methods being an entirely suitable basis for a practical coal

c^ r f	 thickness gauge.

On the basis of prior work at Southwest Research Institute with

radio frequency resonance absorption methods, it was believed that at least
l	

t

one, EMR, and perhaps a second, NMR, of these techniques, offered the

r
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potential of providing an ideal solution to the coal thickness gauging problem.

This prior work, which had extended over a period of 25 years, has included

the study of the NMR and EMR characteristics of many materials and the

development of a wide variety of special instrumentation using these tech-

niques for sensing measurement, and control applications. This prior work

had included measurements of the EMR and NMR characteristics of several

types of coal. It had also included the development of NMR apparatus for

detecting explosives buried a few inches below the surface of the ground,

the development of laboratory EMR apparatus capable of accommodating

large samples and the development of laboratory apparatus which was

capable of sensing the EMR response of coal and charcoal samples over

separation distances of several inches. From this background it was known

that many, if not all, types of coal exhibited a very strong EMR response

characteristic. It was also known that this was unique and that few, if any,

other naturally occurring materials produced similar levels of EMR response.
K

From previous work it was also believed feasible to develop instrumentation

that could make use of this characteristic to sense the presence of coal

over separation distances of at least several inches and concepts for using

this technique to provide a non-contacting means for measuring coal thick-

ness were also formulated. On the basis of the previous work, it was also
f

E	 believed that the hydrogen nuclear magnetic resonance in coal could also

possibly be useful but it was known that the magnitude of the NMR effect is 	 ^^ 1

j	 several hundred times lower than that of the free electron magnetic resonance.

C
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However, the use of interactions between the hydrogen nuciei and file	 ! "j

free electrons was considered to be potentially advantageous should'

problems be encountered in the use of pure EMR.

a

	

	 The conclusion based on the prior experience at SwRI was

that EMR, and perhaps NMR, methods could potentially be used in a non

contacting manner to detect the coal, the coal-air interface and the coal-

rock interface and that this information could be u,ed for determining the

coal layer thickness. It was also concluded that such a thickness gauge

should provide the following characteristics:

responsive directly and most strongly to coal

useful on all types of coal and rock

non-contacting

independent of interface reflections and layering

thickness measurement range of 6-in. (15 cm) or more

acceptable measurement accuracy

useful, size, weight and power consumption

basically suitable for use in mining environment

useful for both measurement and control

Factors which were not sufficiently well-known were primarily

those relating to the NMR and EMR characteristics of a sufficiently wide

variety of coals and rocks, particularly those in the interface region. In

addition, further information on the detailed system requirements, the

expected performance characteristics and the limitations was needed to

I

)

t

{

l^r--'^.r--	 S.	 .1°y-•—Ceyril ...	 _..,	 ..^.a`	 ^ ^ '̂
^_..	 I _^.:..T _	 I__ I.'.::

^_
— . I	 ...._.., Y	 ,..,r^	 --*.^_	

_ _ _



5

better define the suitability of the techniques for coal thickness gauging.
f	 ^

j

	

	 The program of this report was proposed, approved and undertaken to

provide information in these areas and others relating to the establishment

of the basic feasibility of the RRAS methods for use in coal thickness gauging.
M	 S	 a

C.	 Objectives
r

The program was originally proposed in four phases. Only

!	 Phase A and Phase B, the feasibility phases, were initially authorized
k and this report is limited to those efforts. 	 j

The objectives of Phase A were to -

1.	 Determine the NMR and EMR characteristics of coal,
j

w
interface and rock materials, and

a	 2.	 analyze the NMR and EMR data to determine feasibility,

system requirements, performance characteristics
It

and limitations.

' {	 The objectives of Phase B were to -

1. Design and assemble a laboratory experimental model
^	 d

i of the system indicated by the results of Phase A,

1
2. and obtain experimental evidence for the basic feasibility

and characteristics for the technique indicated for

measuring coal thickness.

D.	 Results

5	 =	 R	 Work conducted under the initial phases of Contract NAS8-32606
f

has included extensive laboratory measurements of the EMR response
I

characteristics of coal and rock samples taken from locations near and

F
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across a number of interface regions, an evaluation of the technique based

on an analytical model of a thickness gauging concept, the assembly of

laboratory apparatus to further evaluate the concept and to verify analytical

results and a limited investigation of the NMR characteristics of coal

and rock samples. All results confirm the basic feasibility of using EMR

as the basis for development of a practical coal thickness gauge.

The findings of laboratory EMR investigation of coal and rock

samples indicate that the coal-rock interface, as well as the coal-air inter-

face, is readily discernible on the basis of the large difference in the

amplitude of the EMR characteristics of coal compared to that of either air

or rock. Positive results in these characteristics confirms the existence

of a measurable EMR effect that should be useful in defining the thickness

of the layer of coal overlying a rock substrate.

To further establish the suitability of the EMR technique for

coal thickness gauging, the analytical study was conducted. This analysis

was based on the findings of the foregoing sample studies and a conceptual

model of a low-frequency EMR system which was considered to be basically

suitable for use in the coal thickness gauging. This study provided information

on: (1) the effects of selected system design parameters on the detection

range and other characteristics; (2) the attainable resolution in defining the

location of the front (coal-air) interface as well as the back (coal-rock)
1	 ;1

interface and (3) the detection sensitivity. The results of this analysis
f
f
	

indicate the excellent probability of achieving a coal thickness measurement
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resolution on the order of l-cm or less, a thickness measurement range

of 15-cm or more, and non-contacting operation. The study also indicates

that the detection head required for such results to be of acceptable size,

weight, and power requirements and to be basically suited for use in the

mining environment.

To further verify the basic suitability of the EMR technique

to coal thickness measurement, experimental laboratory apparatus was

assembled and used to confirm important characteristics of the analytical

model. This apparatus has shown the fLasibility of detecting ESR in coal

samples at the low magnetic F.eld intensity (and corresponding low resonant

frequency) ranges assumed in the analytical model. Tests were conducted

with the apparatus to determine the available sensitivity and the resonant

line widths at magnetic field intensities of 57 gauss and 142 gauss, corres-

ponding to those in the analytical models and in coal samples located a short

distance outside the physical extent of the detection coil.

While the results to date have demonstrated the basic feasibility

of the EMR method, further work is required to develop a model of the ESR

coal thickness gauge which is suited for demonstration and evaluation of

measurement range, gauging accuracy, speed and other characteristics.

The analytical model study needs to be continued and used as a basis for

determining optimum system design parameters and to further evaluate the

influence of operational conditions on the speed, range, and accuracy of the

F ;	 thickness measurements. The effects of spacing between the detection head
4	

r
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and the front surface of the coal, the effects of vibration, and the effects

of varying attenuation of the radiofrequency waves and E5R signals in the

coal need to be evaluated. An experimental model of the coal thickness

gauge then needs to be developed for further evaluation of the EMR technique

under laboratory conditions and later, in a mine where tests may be con-

ducted under controlled conditions. Provided success is achieved in these

tests, the development of a system suitable for use in a mining environment

then should be undertaken. The results in the preliminary investigation

warrant the further development of the EMR technique for this purpose.
i

{
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TT.	 PROGRAM METHODS

A program was undertaken to meet the objectives of Phase A and

Phase B. Several tasks were performed in each phase. These tasks are:

Phase A Tasks

1.	 Perform literature search.

Z.	 Obtain samples of coal, interface and rock materials.

3. Prepare samples for measurements.

4. Perform electron magnetic resonance measurements

with the Varian Type EM500 Spectrometer at 10 GHz.

5. Assemble equipment for hydrogen transient NMR

measurements.

6. Perform hydrogen transient NMR measurements with

assembled equipment.

7. Analyze data, draw graphs, and calculate averages.

Phase B Tasks

1.	 Derive analytical or mathematical model.

k. ,7Z.	 Analyze analytical model and calculate results.

3. Construct and assemble experimental laboratory

apparatus to obtain experimental data at 154. 5 MHz.

4. Perform EMR measurements at 154.5 MHz on coal. 	 {

5. Analyze results and make conclusions.

The methods, procedures and techniques used to perform the Phase A and

Phase B tasks will be discussed in the following sections.

c	 1;
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A.	 Phase A Tasks
,i

1. Literature Search

t
	 For the literature search, the library facilities at

ii
	 Southwest Research Institute were used. Copies of pertinent literature

A

	

were obtained, studied and evaluated. The search areas that were used

were: (1) magnetic resonance measurements on coal, interface and rock

(slate, shale, limestone) materials; (2) steady-state and transient magnetic

resonance techniques which are applicable to coal thickness measurements;

and (3) interaction effects between nuclei and free electrons which may be

used to enhance the interface detection. A bibliography is included as

Appendix A.

2. Sample Supply

At the planning meeting to define program details, it

was agreed that core or equivalent samples from across several interfaces

would be needed to permit measurements of the concentrations of free
4	 ^	

I

electrons in samples taken at closely spaced intervals across the coal-rock

µ	 interface. Cores from a number of different - mining situations and locations

.t
were considered desirable to allow a better insight into the range of

variations in electron magnetic resonance signals to be encountered. After

sample sizes and amounts were discussed, the NASA program personnel
J

i

j	 agreed to obtain and to supply the required samples.

Two series of samples were supplied by NASA. None

were taken from cores, but the care and expertise given to their selection

gave useful results.	 AL pA.GF, IS
ORIGIN

r	 OF POOR 
QUALITY

a

111
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The first series of coal and rock samples was taken

from a strip mine owned by the Drummond Company, Bagley Division and

located near the Bagley Bend of the Locust Fork Branch of the Warrior

River. The cut had been exposed for about 10 days. Figure 1 is a repre-

sentative diagram of the cut showing the relative positions of the coal-rock

interfaces and the positions from which samples were taken.

Five series of samples were taken along lines perpen-

dicular to the four interfaces. Two sets of samples were taken from two

different positions around interface #1, while one set was taken from each

of the other three interfaces: #2, #3, #4. The relative positions of each

of the five sets of samples are shown in Figure 1. The samples were taken

mostly at one-inch intervals, except close to the interface where one-half

inch intervals were sometimes used. None of the samples were from the

exact interfaces since the samples usually were at least one-half inch long

I	 and the interfaces were much narrower than that.

The first set of samples was taken around position l on1	

^
the first interface and consisted of 22 samples taken along a line extending

from 10.5 inches into the coal to 12 inches into the rock. A total of 22

samples were also taken around position 2 on the second interface from
y

12 inches into the coal to 8 inches into the rock. Around position 3 on the
a third interface, a total of 26 samples were taken from 12 inches into the coal

`

	

	 to 12 inches into the rock. On the fourth or lowest interface at position 4,

only 11 samples were obtained, because of the thinness of the seams, from

a
3

a



4508

0 P

ro

O^
^' r

DIRT
24'

DIRT

ROCK

bf+ ROCK

Position	 _ ^'— so' - Position
INTERFACE 03 /5

COAL -2I"

^^-- 50' 
9 .5"

Position	 — ROCK
f2 INTERFACE R

_
— COAL

24"

to 18'
50'

121,
Position ROCK

—^ /e f3 INTERFACE 13

28" — COAL

2'. _ /r Position 04 INTERFACE 04 ROCK

T' _ COAL

b
^;V"J FIGURE 1. DIAGRAM OF THE FIVE POSITIONS AT WHICH SAMPLES WERE TAKEN ON A CUT OF THE STRIP

MINE OWNED BY THE DRUMMOND COMPANY, BAGLEY DIVISION, LOCATED IN JEFFERSON
COUNTY NEAR THE BAGLEY BEND OF THE LOCUST FORK BRANCH OF THE WARRIER RIVER.
The short lines at the five positions around the four interfaces are the places where the samples 	 v

were taken.



'f

is

k

1I	 i

13

2 inches into the rock to 7 inches into the coal. A fifth set of 24 samples

was taken at position 5, the second place on the top or first interface, from

locations extending from 11 inches into the rock to 12 inches into the coal.

A total of 105 samples were received in the first

series. Most of the sar.ples were small in size and meant to represent a

half-inch length at locations along a line perpendicular to the interface at

the different positions.

The second series of samples was composed of seven

rather large-sized coal and rock samples from the Bruceton, Pa., mine of

the Bureau of Mines. These seven samples were taken from locations

near a coal/rock interface and a rock/wild-coal interface. The relative

positions from which each of the samples was taken are shown in the

drawing of the three veins and the two interfaces given in Figure Z.

3.	 Sample Preparation

The coal and rock samples had to be held in or by

something that would permit their insertion into the Varian Type EM-500

EMR Spectrometer. The recommended sample tubes for the EM-500 are

4 millimeters OD, 3 millimeters ID and 250 millimeters long. The

decision was made to use these tubes because they were of uniform volume.

This decision dictated that, for the greatest signal/noise ratio, the samples

be ground to a fine powder. The reduction to powder form was accomplished

by placing each sample, or a chosen part of each sample, into a ceramic

ball mill driven by an electromechanical shaker. After a few minutes, each

sample was reduced to a power fine enough to permit its insertion into the

3 millimeter ID sample tubes.
4
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The first series of samples was each smaller in size

than the second series, but adequate quantities of most of the first series

samples were available to fill each tube above the sensitive length of the

EM-500 Spectrometer, which was only slightly less than one inch. However,

a few of the first series samples were smaller in quantity and filled the

sample tube to a height less than one inch. For these samples, filling-

factor corrections had to be made on the measured data. Even with the

samples in the first series of smallest quantity, useful data were obtained.

From the second series, four small pieces were taken

from each of the seven large samples tomake four replicates. The small

samples were chosen from places to be representative of the different colors,

grey through black, of the constituents of the samples. These 28 pieces

were then ground as previously described and inserted into sample tubes.

4.

	

	 Electron Magnetic Resonance (EMR) Measurements
on Samples

After the samples were ground and inserted into tubes,

they were placed in the Varian Type EM-500 EMR Spectrometer and the

derivatives n' of the absorption spectra of the free electrons in the samples

were recorded. Representative recorded signals from four of the coal-

samples, around position #1 of the first series, are reproduced in Figure 3.
,j	

t

Representative recorded signals from four of the rock samples, taken from

f* ,.

-The description of how the derivative of the absorption is obtained is given 	
p

very clearly in the book: "Electron Spin Resonance, " by Charles P. Poole, Jr.
Interscience Publishers Div. of John Wiley and Sons, 1967, ` Chapter 10

F
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I around position #1 of the first series, are reproduced in Figure 4.	 To

compare the signals from the different samples, it is usually necessary

to compare the products of the peak-to-peak amplitude and the width or

the distance between the peaks in the recording direction for each recording.

It was found after the signals from all of the first series of samples were
i

recorded, that the width did not vary from sample to sample. 	 Therefore,
F.

to compare samples it was only necessary to compare peak-to-peak amplitudes.
1	 The recorded signals, from the rock around position #5

r	 t
of the first series, had shapes different from those of the other coal and

rock samples.	 The difference is demonstrated by the signal comparison in

Figure 5.	 The signal from the rock around position 5 (Figure 5b) is not
({

symmetrical like the ones from the coal atposition 5, the coal at all four
I
Ii,

other positions and the rock at all four other positions -- all of which are

•represented by the signal in Figure 5a.	 The slight double peak on one side

of the recorded signal in Figure 5b indicates that there is a second source a
'	 for electron .magnetic resonance signals in all of the rock samples around V

position 5 and the resulting signal is displaced slightly in frequency from

the one being produced by the main source of free electrons in the rock

1	
and coal at all of the other positions.	 The second source of free electron

j J
i	 signals is unknown.	 No mention of this phenomenon was found in the litera-

`	 ture and no chemical analysis was attempted to determine the source. 	 Its
.a e

-	 presence should not interfere with the use of signals such as in Figure 5b ;.

for the determination of coal thickness:

E

1
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5. Assembly of Hydrogen NMR Equipment, and

6. Hydrogen Transient NMR Measurernents

The first and second series of samples were dry when

received and contained little moisture. Therefore, it was believed not in

the best interests of the project to perform transient hydrogen NMR measure-

ments on all of the 133 samples on which EMR measurements were made. A

few exploratory NMR signals were made at a frequency of 30 MHz which is

10 times higher than the 3. 0 MHz projected for use if hydrogen NMR signals

were adaptable to coal thickness measurements. The hydrogen transient

NMR signals from two representative coal samples, in dry and artificially

wet conditions, are given in Figures 6 and 7. All si^nals in Figures 6 and

7 are free induction decay types which means that they are the Fourier

transform in the time domain of the resonance absorption curve in the

frequency or magnetic field domain. These decay curves indicate that the

hydrogen is in molecules which are bound in the coal in ways which give

two and sometimes three relatively stable binding states. The signals

from shale should be smaller in magnitude, but have similar shapes and

numbers of components. Since the hydrogen transient NMR signals from

coal and rock at 3 MHz would be at least two orders of magnitude lower

than those in Figures 6 and 7 at 30 MHz, it was concluded that effort would

be better spent on more potentially fruitful work than on the hydrogen

transient NIMR measurements of 133 samples of coal and rock. IAV
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a. Total hydrogen
free induction decay
signal from ground
anthracite showing
three components.

b. Tile signal in (a)
expanded to show the
first 100 micro-
seconds.

c. Total hydrogen
free induction decay
signal from
anthracite coal with
water added to form
a slurry.
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FIGURE 6. HYDROGEN FREE INDUCTION DECAY SIGNALS FROM GROUND
ANTHRACITE COAL (a); WITH EXPANDED (10 times) HORIZONTAL
SCALE (b); WITH WATER ADDED (c).
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a. Total hydrogen
free induction decay
signal from ground
Forge coal showing
two components.

b. The signal in (a)
expanded to show
the first 100 micro-
seconds.
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c. The total hydrogen
free induction decay
signal from ground
Forge coal with water
added to make a
slurry.

^I
1

FIGURE 7. HYDROGEN FREE INDUCTION DECAY SIGNALS FROM GROUND
FORGE COAL (a); WITH EXPANDED (10 times) HORIZONTAL
SCALE (b); WITH WATER ADDED (c).
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	7.	 Data Analyses

The electron magnetic resonance signals from the 133

samples of coal and rock were received as recordings of derivatives of

the absorption curves. Figure 3 contains four representative recordings

of the derivative signals from coal and Figure: 4 has four typical records

from rock. The peak-to -peak values of the derivative curves were first

measured in terms of the calibrations on the recording paper where full

scale is 100 divisions (5 inches). Second, each of the peak - to-peak values

was normalized for the differences in equipment parameters used so that

all signal values were proportional only to free electron concentrations.

Graphs were then made of the normalized magnitudes

of the signals from the samples as functions of the position of the samples

relative to the coal - rock interfaces. Five graphs were made for the first

series of samples, one for each of the five positions on the four interfaces

(two on interface No. 1); only one graph was needed for the second series.

Statistical -analyses were made using the data from the

first series of samples because of overlapping in magnitudes. Only

averages and extremes at each point were made from the second sample

series data.

B. Phase B Tasks

	

1.	 Mathematical Model
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electrons in coal and rock to determine the position of a coal-rock interface.

This model was needed to demonstrate the theoretical feasibility of the

,YY	 method, to provide a basis for parameter selection for optimum operation,
i i	 F

and to analyze the method's operational characteristics.

¢a

	

	 As a first step, the bias magnet was modelled as a

collection of magnetic dipoles made up of pairs of north and south monopoles
d

situated symmetrically on the faces of the bias magnet. The resultant field

is the sum at all points of interest of the total assembly of dipoles.

The radiofrequency magnetic field was that from a

simple current loop which was calculated directly using elliptic integrals.

fi
The signal strength was assumed to vary proportional to the equation for

i
the radiofrequency field, and the equation for the angle between the radio-

1'	 .
frequency and bias magnetic fields. The electron magnetic resonance

signal was obtained by summing all of the effects of a distribution of mag-

netic moments simulating the distribution of free electrons in the coal and

the rock.

2.	 Analysis of Mathematical Model

The equations for the model were programmed in

FORTRAN on an HP2100 computer. The results were plotted using a
_	 t

Tektronix 4051 graphic computer. The resultant graphs were used to

evaluate both the model and the system. Several cycles of programming,

'	 plotting and analyzing were needed before all of the variables were directly

}	 4 relatable and the results viable.

{
V

f
4

r
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3.	 Experimental EMR Laboratory Apparatus for
Low Frequencies

-The instruments and apparatus, wherein available at

Southwest Research Institute, were connected as an electron magnetic

resonance spectrometer for low magnetic fields of 50 to 60 Gauss. Where

apparatus was not available, it was constructed. The pieces which were

constructed were mainly the detection coils and matching networks required

to apply the radiofrequency power from the generator to the detection coil,

to reject the direct coupling of radiofrequency power to the receiver and to

feed the EMR signal picked up by the detection coil to the receiver. Several

different assemblies and constructed pieces were needed before repeatable

results were obtained.

4.	 EMR Measurements at Low Frequencies

The assembled spectrometer was used to determine the

signal-to-noise ratio of coal at frequencies equivalent to electron magnetic

resonance detection in magnetic fields of from 50 to 60 Gauss, or at

frequencies from 140 MHz to 168 MHz. From the characteristics and

parameters of the equipment used and the results obtained, estimates were

made of the primary design factors:

detection technique

operating frequency
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RF requirements

magnet requirements

configuration

size, weight and power

5.	 Data Analysis and Conclusions

After all of the above tasks were performed, the data

were analyzed and the indicated conclusions made. These will be used

to re-evaluate the program proposed previously for Phases C and D, and

to design new tasks for these phases if warranted.

i
n

r
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x
	 III.	 PROGRAM RESULTS

The program described in Section II resulted in much data which

has been condensed and will be summarized in the following paragraphs.
}	 The results are followed by the conclusions.

A.	 Results of Sample Studies

E

	

	 The results which will be presented are in the areas of:

graphs of EMR signal levels across coal-rock interfaces, analyses of EMR

signal levels from 133 coal and rock samples, description of the equipment

used for obtaining 154.5 MHz EMR signals from coal, the measured EMR

signals from coal at 154.5 MHz, mathematical model of EMR used to
}

detect coal-rock interfaces, and computer results from the mathematical

model.
Y

1.	 Coal-Rock Interfaces - First Series Samples

The EMR signal data from the 22 samples taken around

position 1 on interface 1 (see Figure 1 for location) was processed as

described in the previous section, and graphed in Figure 8. The peak-to-

w

	

	 peak value of each of the EMR signals is positioned at the distance each

sample was taken from the first position on the first interface. The EMR

signal from the sample taken one-half inch into the c(,al from the first

interface had a peak-to-peak amplitude of 96 units; the EMR signal from

the corresponding position in the rock was 37 units.
t

The average value of the 10 EMR signals from the coal

side of interface 1 at position 1 is 85. 3; the average value of the 12 from
v

t
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the rock side is 13. 2. Therefore, on the average the EMR signal from

the free electrons in the coal is 6.48 times the EMR signal from the rock

around interface 1 at position 1.

At position No. 5, which is 50 feet to the right of

position 1, the EMR signals around interface No. 1 gave the graph in

Figure 9. While interface No. 1 at position 1 was well defined by the EMR

signals, as shown by the graph in Figure 8, the same interface at a second

position is even more well defined by the EMR signals as shown in Figure 9.

The peak-to-peak signal at position 5, one-half inch into the coal from

the first interface is 68 units, while the signal at the same distance into

the rock is 4.5 units. Thus, the coal-to-rock signal ratio across the first

interface at position 5 is 15 to 1 as compared to 2. 6 to 1 at position 1.

The average value of the 12 EMR signals from the coal

side of the first interface at position 5 is 69. 1; the average value for the

12 fromthe rock side is 5.9. Therefore, on the average, the EMR signal

from the free electrons in the coal is 11.7 times that from the rock around

the first interface at position 5. By comparison, the factor was 6. 48 around

the first interface at position 1.

The graph of the data from interface 2 (position 2 in

Figure 1) is given in Figure 10. The signal fromone-half inch into the

coal from interface 2 has an amplitude of 58 units, while the amplitude from

a similar ,distance into the rock is 6 units. The ratio of EMR signals from

coal-to-rock across the second interface is 9. 67 to 1 which is in between

cr

1 s
i

?E

6

!I
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the two values of 15 to 1 and 2. 6 to 1 obtained at positions 1 and 5 on the

first interface.	 Therefore, the EMR signals provide a good definition of_

`	 the interfaces 1 and 2.
k,

Although not shown by the data graphed in Figure 10, the

intensities of the signals graphed in Figure 10 were increased by.1.285

relative to the intensities in Figures 8 and 9. 	 This difference must be

kept in mind when comparisons are made.

An examination of the graph in Figure 10 and a

comparison of Figure 10 with Figures 8 and 9, on the coal side, show a

definite difference between the data from interface 2 and interface 1.

Around interface 1 the amplitude of the coal signal "holds up" or has the

same average value close to the interface as far from it; around interface 2,

the average value of the coal signal has a lower value of about 60 from
a

zero to -5 and a higher value of around 85 from -5 to -13.	 This change

may mean that the concentration of the free electrons in the coal has
a

rs `
	 dropped from -5 to zero which would be in accord with statements made

by coal mining experts that the coal close to the interface is sometimes of

lower quality than that far away from the interface, and statements in the
II

4j

EMR literature that coal of lower quality contains a lower concentration

of free electrons, at least for coals from lignite through bituminous. }

' Another examination of Figure 10 shows an anomalously

high value for the last rock sample or the one from 8 inches into the rock.

To explain this anomaly, comparisons were made between the colors of the
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samples at 7 inches and at 8 inches, as well as the positions of the sample

at 8 inches and the coal vein just above it. The two samples, one at 7 and

one at 8 inches, had different colors; the one at 7 inches was gray like the

rest of the rock, while the one at 8 inches was black like the coal samples.

The sample at 8 inches was only 1.5 inches (see Figure 1) from the coal

vein just above it. Therefore, it was assumed that the sample from

8 inches into the rock from interface 2 was either a piece of coal or rock

with a very high concentration of coal like "wild-coal". To give more

credulance to these two assumptions, it would be necessary to have more

samples from different positions around interface 2.

The graph of data from position 3 is given in Figure 11.

From the comparison of this data with the previous data one would conclude

that the interface defined by the EMR signals extends from -7 inches to

+7 inches. This may or may not be true. Since color comparisons had

helped in the anomaly in Figure 10, the colors of most of the samples were

estimated visually and the results written by the value in Figure 11. Both

of the samples at the interface which had signal values of 33 and 55 were

respectively brown and black. The large rock EMR signal of 57 at 3 inches
L	 F:

comes from a sample which is black. Here again it must be understood that

these first series of samples were very small in size and, since rock
j{

r
sometimes contains small layers of coal, small rock samples have a

distinct and finite probability of being either rock or coal.
I

f _^	 r
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VARIOUS DISTANCES AROUND THE THIRD INTERFACE
(Position 3) OF THE FIRST SUPPLY OF SAMPLES
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An improved procedure for setting the attenuator on

the type EM-500 spectrometer gave better results so the data from the

samples around position 3 was taken again. The graph front the new data

with each sample color is given in Figure 12. Some of the large scatter

in data was reduced by the new procedure but the EMR signals did not

display an abrupt interface. There was little difference between the

number of free electrons in the essentially brown-colored coal from -10 to

F zero and the number of free electrons in the gray and dark-gray colored

rock from zero to +6. 	 Beyond +6, the rock is light gray in color and the

EMR signals from those samples were below 10 units in magnitude.

The graph of the EMR signals from the samples around

the fourth interface (position 4) is given in Figure 13.	 Again the color of

each sample is stated by its value. 	 The layers on both sides of the fourth

interface are small and the number of samples small.	 While the graph

" shows promise of a medium-well defined interface, with a change of from

41 to 7. 5 in EMR signals, more samples are needed.}

" Z.	 Coal-Rock Interfaces - Second Series Samples

The second series of samples were seven fist-sized

chunks.	 Four small-sized samples were taken from each larger-sized

sample, and were chosen to represent the range of colors present in the

various layers. 	 The EMR signals from these four replicates of each

collection point were normalized and averaged. The graph is given in

+ _	 Figure 14 of the average values and extremes of the peak-to-peak EMR

fi	
t

d
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signals from the four replicates at each collection point. One of the

samples was indicated as coming from the coal-shale interface (see Fig. 2)

and two others from the wild-coal-to-shale interface. However, the samples

-	 indicated from the same interface did not give the same magnitudes of

signals. It was at this point that it was noticed that there were different

position indicating arrows (see Fig. 2) attached to each of the three samples

at the two interfaces. These arrows were interpreted to mean the following:
5

sample No. 5 came from the wild-coal side

of interface p, series 2

sample No. 4 came from the shale side of

j	 interface 1, series 2

sample No. 2 came from the shale side of

interface 2, series 2 	 ;r
w

When the signal amplitudes were graphed following the foregoing three
,a

position assumptions, the results given in Figure 14 were obtained and the
`a^ e
n
7

magnitudes all fell into place.
4

The following conclusions can be made from the EMR

signal responses obtained from the samples from the Bruceton miner 	
j

(1)	 The wild-coal EMR response produces a detected

signal having an average peak-to-peak voltage ampli	 MIr

tude of 46 (relative units). The peak-to-peak range

of voltage variation observed from sample to sample

extends from 35 to 60 units. A voltage unit in this case

is one division on a chart recording of the EMR response.

is

y



I
40

(2) The shale EMR signals have an average peak-

to-peak amplitude of 13 units and the sample-

to-sample range extends from 2. 8 to 24 units.

(3) The coal EMR signals have an average peak-to-

peak voltage amplitude of 69 units and the sample-

to-sample range extends from 53 to 86 units.

These values are within the amplitude ranges of the EMR response signals

obtained with corresponding coal and rock samples from the Drummond

Strip Mine.

3.	 Data Analyses

The data from the first series of samples were used

R	 for distributional analyses. The peak-to-peak EMR signal amplitudes

ranged from a few divisions to 100 divisions (relative voltage units). This

total range (from zero to 100) was divided into 20 "slots", each 5 units wide.

s

,i

f

i'

A graph was then made of the number of measurements from the rock and

from the coal which fell into each "slot". Figure 15 is the distribution

graph for the rock samples. A total of 37 samples were measured from

the rock and 26 of them, or 70.2% of the total, had EMR response values

below 15 units. More than 50% are below 10.

Figure 16 is the distribution graph for the EMR signals

obtained from the coal samples. A total of 46 coal samples were received

and all but 5 (or 89% exhibited EMR signal response amplitudes ranging

between 50 and 95 units.
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B.	 Results of Low Frequency Studies

1.	 EMR Equipment for 154.5 MHz

The equipment assembled to obtain EMR signals at

low magnetic fields of 50 to 60 Gauss (140 MHz to 168 MHz) followed the

block diagram of Figure 17. The equipment shown as blocks in Figure 17

was available at SwRI as were the magnet and the modulation coils. The

remainder of the equipment was designed and constructed specifically for

this application. Of several bridge configurations, balancing arrangements

and matching networks, which were evaluated that shown in Figure 17,

provided the best performance.

With the proper adjustment the detection coil (L) and the

matching network (C l and C 2 ), the bridge could be tuned to be sensitive to

resonance absorption signals at 154. 5 MHz. The generator was then set

to this frequency and C4, C 3 and R were adjusted to give a null at the output

of the bridge, point c. Although great care was not taken in construction

and flexible coaxial cable was used for the four arms, the output of the

bridge could be readily balanced to -30 dBm.

With an 18 Hz modulation frequency, the EMR signal

was a very small 18 Hz modulation of the output of the bridge. This modulation

exhibited both amplitude (absorption) and phase (dispersion) components. The

balanced mixer, when connected as shown in Figure 17, acts as a phase-

sensitive detector which could be adjusted to more strongly detest either then	 J	 gY	
!

amplitude or absorption component of the modulation on the bridge output. a

_	 A
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The Lock-In amplifier is essentially a narrowband

ii

ti
t

I
y;

f,

}

j

k'.

1
f.

filter centered on 18 Hz plus a phase-sensitive detector at the same .frequency. .

The Lock-In amplifier output signal is recorded on the chart recorder. This

recorded signal is a voltage vs. time plot of the derivative of the absorption

component of the EMR signal such as those produced by the Varian Spectro-

meter at an operating frequency of about 10 GHz and shown in Figures 3-5.

A representative EMR signal from coal at 154.5 MHz is reproduced in

Figure 18.

2.	 EMR Signals from Coal at 154. 5 MHz

For the initial tests, the 0.5" (1.25 cm) diameter by

0. 5" (1.25 cm) long detection coil (L) was filled with a test tube containing

a sample of coal. The detection coil containing the sample was placed in

the homogeneous magnetic field, Ho , of an electromagnet and the 18 Hz signal

from the audio amplifier was applied at an appropriate level to the modulation

coils. The modulation coils were oriented to produce an A. C. magnetic

field component in parallel to the field, H o . After adjustment of the

apparatus for proper operation, the intensity of the field Ho was caused to

slowly sweep over a range of values centered about that (55.2 gauss)
(

required for EMR at the operating frequency of 154. 5 MHz. As the field

intensity was swept through the range required for EMR, the derivative

curve as shown in Fi gure 18 was produced. To gain a better insi ght into
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To test for the effect of modulation on the signal, the

voltage level into the modulation coils was varied and the EMR signals	 I' a

from the same coal sample recorded. The graph of the peak-to-peak values

for the coal EMR signals as a function of the modulation voltage is given

in Figure 19. Above a modulation voltage of 6 volts, little additional

increase in signal is obtained.

An increase in modulation should be accompanied by an

increase in the width or the distance between the peaks of the recorded signal.

The graph in Figure 20 shows that the linewidth has changed by Z. 4 times

as the modulation amplitude has varied from 0. 5 volts to 6 volts.

The signal/noise ratio of the total EMR system can be

calculated prom the recorded signal reproduced as Figure 18. The maximum

peak-to-peak value of the free electron signal from coal at 154. 5 MHz is

108. 5 millimeters while the peak-to-peak value of the noise is 2 millimeters.
i	 •fi

Therefore, the signal/noise ratio obtained is the ratio of the peak-to-peak

values of the signal and noise times 2. 5 or 135. 6. This is a very good value

considering that the output of the 154. 5 MHz generator is considerably less

than the amount estimated to provide the largest signal possible. With

improved apparatus it is estimated that the signal/noise ratio could be

increased by 6 to 8 times that shown in Figure 18 or to levels of between

$14:1 and 1085:1. The signal/noise ratio estimated from basic principles

I f	ranges from a minimum of 1000 to a maximum of 10, 000.
t
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C.	 Results of Model Studies

1.	 Mathematical Model of the Detection Technique

To evaluate the feasibility of the EMR technique as

applied to coal thickness measurement and for coal-rock interface detection,

a preliminary mathematical model of one EMR detection technique has

been developed. This model allows the measurement range, the measure-

ment resolution and sensitivity variation with distance to be evaluated. The

model is based on the use of a two-pole, U-shaped magnet structure with

a radiofrequency detection coil located between and in the plane of the two

magnetic poles. The magnet structure produces a magnetic bias field, Ho.

The RF coil is used with an appropriate transmitter, receiver and auxiliary

apparatus to detect any EMR response from the material coupled to the

coil. The magnetic bias field extends outward from the poles and can

interact with unpaired electrons in material located within the field to

produce an EMR at a frequency, f o . The EMR frequency, fo , is related to

the magnetic field by
yH

fo = 
2 .TT

where
Y gyromagnetic ratio of electron

17. 61 x 10 6 for free electrons

Ho = particular value of magnetic field intensity
required for resonance expressed in Gauss

Thus for a free electron

"q

(1)

fo = 2.8 x 10 6 
HOP	 (2)

and if Ho is 100 Gauss, the EMR resonant frequency is 280 MHz. The
x

t	
^

x

t„
.	 cr

r	 '

C 	 ,ten	 .: ^	 .. 	 - i	 - , :.	 . 9r4mn..... r
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field intensity, H, for a given pole strength is seen to vary as a function

of distance and direction from the plane of the poles. Thus for a given

magnetic pole strength, the EMR frequency for free electrons would vary

as a function of location within the material. By adjusting the pole strength,

the EMR frequency anywhere in the material can be made to be equal to any

desired value, fo . By varying the pole strength over a selected range as

a function of time, the particular field intensity Ho required for EMR at

frequency, fo, can be made to sweep through the material as a function

of time. At any one time, the exact field intensity, H o , occurs along a line

of constant flux density. By varying the pole strength, the intensity, Ho,

can be made to occur along any one of the family of curves of constant flux

density. Since the EMR energy absorption curve has finite width, some

response will be produced by electrons in material extending on each side

of the exact, Ho , line. The extent for a response equal to half of the center

response is called the linewidth. Thus the detection system model selected

for analysis makes use of a bias magnet which may be varied in intensity to

cause EMR for a particular operating frequency, fo, to occur at any desired

region within the material.

The radiofrequency coil and associated electronic circuitry

detect the EMR response from the volume of material where the field inten-

sity is within the EMR linewidth (about 5-8 Gauss in coal) of the resonance

intensity, Ho. Coal produces a large EMR response while rock has been

found to exhibit only a very small EMR response. Thus if the magnetic field

t	 o
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intensity is such that Ho occurs within a region filled with coal a relatively

large EMR response will be obtained compared to that when H o occurs in

the rock.	 As the field is varied, the resonance value, Ho, is swept over
1

y a coal-rock interface and there will be an abrupt change in the detected

amplitude of the EMR response at the interface. 	 This can be used to

define the location of the coal-rock interface.	 Similarly the abrupt change

in the amplitude of the EMR response that is obtained as the field is varied

j
I

to cause Ho to sweep across the air-coal interface may be used to define

g
the location of the front surface of the coal.	 By making use of the location

of both points, the coal thickness may be determined.

The mathematical model is based on determining the

' EMR signal level that is obtained frommaterial extending outward from the

plane of the poles of the magnetic bias magnet and the radiofrequency

} detection (sample) coil. 	 For analytical purposes the total EMR signal may

be considered to be the sum of the contribution, dS 	 from all elemental

volumes, dV, within the material.	 The amount of. contribution from any

one elemental volume is dependent on several factors including: (1) the

distance from the detection coil; (2) the direction from the detection coil;

I` (3) the angle between the magnetic bias field, H, vector and the radiofrequency

magnetic field, H 1 , vector produced by the detection coil; and (4) the density

.r	 ! of unpaired electrons (or free electron density) within the volume. 	 The

number of elemental volumes making a contribution is determined by:

i

._rv_	 .^-	 ..r• 	 "-^	 ^	

.may._..

. s.. rav
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(1) the gradient in the magnetic bias field; (2) the width of the EMR line;

(3) the field shape resulting from the size and geometry of the bias magnet;

.,.. and (4) the field shape resulting from the size and geometry of the radio-

	

;I	 .

frequency detection coil.

The equation used in the preliminary model of the

electron magnetic resonance coal-rock interface detection system based on

the foregoing concept is

dSm = dSo(A ) (B ) (C ) (D )	 (3)

where

dSm = the EMR signal induced in the sample coil by
elemental volume d Vm

	

i^	 dSo	 the EMR signal induced in the sample coil by a

	

r	 reference elemental volume d V. located in the
center of and in the plane of the sample coil

(A) = normalized detection coil equation
f

(B) = normalized equation for the resonance absorption

(C) = normalized equation for the vector field angles involved

(D) = normalized equation for the coal-rock interface.

The detection coil equation is the one which gives the

voltage induced into the detection coil from a small volume, dV, having a

recessing magnetization, dm, from the free electrons. When the detection

coil is circular with radius, a, then the detection coil equations are,
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H =	 2NI	 + K(k) + 
a2 _ r2 - z2 

E(k)	 (5)
HZ	 [(a + r) 2 + z2]1/2	 (a - r) 2 + z2

} ! where Hr is the radial component, H z is the z-axis component, K(k) and

E(k) are elliptic integrals of the first and second kinds, and the modulus,
k, 

is

k2 = 4ar [(a + r)2 = zz]-1	 (6)

For use in Equation (3), Equations (4) and (5) are normalized with the

values of Hr and HZ when r = 0 and z 0.

The normalized equation for the EMR absorption

curve is

R =	 1	 (7)
+ H-Ho

1 

where Ho is the resonance value of the bias magnetic field, H is the value

to which the bias magnetic field is set at any instant, and AH is the width of

the resonance absorption curve (line) at half-amplitude.

The angles involved vary from place-to-place and are

those between the vector of the radiofrequency magnetic field H 1 and the

vector of the bias magnetic field Ho . The equation in the plane including

Ho and Hl is,
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where 0 is the angle between the H l and the Ho field vectors. When the

angle is 90', the value of A is unity.

The normalized equation for the interface is a step-

function which, if assumed to be unity on the coal side of the interface,

has an experimentally determined value of 0. 154 on the rock side. The

value of 0. 154 is based on the average values for the samples of rock

and coal from the first interface of the Drummond Strip Mine.

The normalized angle equation is obtained from the

equations for the field of the radiofrequency detection coil and the bias

magnetic field. The magnitudes and directions for the bias magnetic field,

H, will be shown later in the section on computer calculations.

The graphs of some representative curves for three

of the four parts of the model Equation (3) are shown in Figure 21. The

bias field curve, a, shows the intensity of H along a line which is perpen-

dicular to the plane of the magnetic poles and the sample coil, and
4	 °

	

I	 j

centered between the two magnetic poles. The bases are a center-to-

center spacing between poles of 10 inches, a pole width of 5 inches and a
}

fixed pole strength of one selected value. Curve b in Figure 21 is that of

the radiofrequency magnetic field along the same line as a, based on a

coil diameter of 4. 5 inches. The resonance curve, c, shows the shape

of the EMR response that would be obtained at a frequency of 100 MHz

from an elemental volume located at 3 inches away from the detection head

j

t	 ^`

i

f

r
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as the magnetic field is varied to cause the Ho point to sweep from 0 to

4. 5 inches away from the detection head. The resonance curve, d, is

the shape of the EMR response that would be similarly obtained from an

elemental volume located at 3. 5 inches from the detection head. From

these response curves it can be readily seen that, for the field gradient
'	 t

produced by the indicated bias magnet and the operating frequency of

i^ 100 MHz, a range resolution of much better than 0. 5 inch is available.
E'

This is based on the width of the EMR line in coal and the specified field

gradient conditions. A higher gradient would produce even better resolution.

The mathematical model was then put into a form where

computations could be made with a model HP-2100 computer and plots of

the results could be made on a Tektronix Model 4051 graphic computer.

2.	 Computer Analyses of Mathematical Model

Three separate computer programs were written to

make up the system mathematical model. The first program modeled

the bias magnetic field. The faces of the U-shaped electromagnet were

replaced by a distribution of magnetic "poles", north types on one face

and south types on the other. A north "pole" on one face made a dipole

^ pair with a south "pole" on the other face. The magnetic fields of these

dipoles were summed and the constant flux lines and surfaces were found.

The second program was written to graph the constant flux lines as two

dimensional cuts and isometric projections in two dimensions.



I

58

The third program completed the model. The detection

coil was modeled as a single-turn, circular loop since the equations for it

are well known. The free electron concentration was modeled as a

distribution of small permanent magnet dipoles and the field of each

dipole was written in terms of elliptic integrals. For simplicity, it was

assumed that the density of these dipoles was zero in air, zero in rock

and had some finite value in coal. A radiofrequency pulse from the detection

coil would cause these dipole magnets to rotate about the direction of the
i1
J

field from the detection coil. The angle of rotation was determined from

the product of the length and strength of the pulsed radiofrequency field.

}}	 This pulse length and strength was determined by the condition that a 90°
f

rotation was obtained on the centerline of the bias magnet. The different

values of rotation angle could then be determined at any point on the

constant flux density surface for the bias field. The final angle of

rotation for these magnets was complicated further by the fact that the

angle between the radiofrequency field and the bias field directions varies

along a constant flux surface. Once all of these factors were included and

the difficulties worked out, the relative value of the EMR signal could be

calculated and graphed for any point on a constant flux surface.

The first results of the computer program for the

mathematical model were the graphs of the lines of constant flux density

for different pole configurations of the bias magnet.. The graphs of nine
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U-shaped magnet having pole faces 2. 5 units wide separated by 10 units

center-to-center. The horizontal or x-axis is the distance from the

centerline between the two poles and the vertical or z-axis is the distance

away from the plane of the faces of the two poles. The marks on each line

of constant flux density in Figure 22 give the direction of the bias field at

that point in the xz plane. The dotted elliptically-shaped line in Figure 22

is one of the lines of flux. Along the z axis, the direction of the flux lines

are parallel to the x-axis, perpendicular to the z-axis. In Figure 23 is a

similar plot to that in Figure 22, but with the magnet poles increased to

5 units wide while keeping the same center-to-center pole separation of

10 units. Again a representative flux line is shown dashed.

To investigate the inhomogeneity of the fields, the

program was changed to add the plus 5 % and minus 5% lines around each

line of constant flux density. The results for the two bias magnet confi-

gurations are given in Figures 24 and 25. As can be observed, the width

of the +5% lines changes slowly over the range plotted. Again, the short

lines on the constant flux density lines give the directions for the fields

at those points.

Again the plotting program was changed so that the

three dimensional graph of the bias field could be made. The constant

flux density value chosen was the one at x 0, y 0, z = 0. 5. The

resulting constant flux density surface is given in Figure 26. Further

programming and work will be needed togive plots of constant EMR	 '.

sensitivity.

fs

4^
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The programs were again changed to draw the

sensitivity or the strength of the EMR signal in the detection coil as the

resonance value of the magnetic bias field is moved out along the z-axis

at distances of from one to ten inches. The graph obtained with coal alone,

as the resonance field value is varied from one to ten inches, is given in

Figure 27. The numbers near the diamonds on the curve are the distances

in inches while the horizontal scale is the current driving the bias electro-

magnet. With a coal-rock interface at two inches, the output of the detection

coil (the EMR signal) would be as in Figure 28 for a one to ten inch scan of

the magnetic field made by a 2 to 31 ampere change in the current of the bias

magnet. The dotted curve is the change expected if the EMR signal had

almost zero width.

When the coal-rock interface is placed at 5 inches, the

signal would behave as in Figure 29. Again the dotted line would result if

the EMR signal had almost zero width. With the interface at 9 inches, the

curve in Figure 30 results.

a	 The plotting program was thenchanged to give a graph
i

at more points around the interface, and to make the horizontal variable

j

	

	 "distance" instead (of "magnet current". The first of these graphs, in 	 r''V^

Figure 31, was with a coal -rock interface at 5 inches. The computer

plotted additional points every 0. 1 inch from 4. 5 inches to 5.5 inches.

This plot in Figure 31 shows that the total signal change, for an instan
t

t

taneous coal-rock interface, takes place over a length of 0. 5 inch. When
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HEAD WITH A COAL-ROCK INTERFACE AT 2 INCHES. The
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the interface is placed at 10 inches, the graph of Figure 32 is obtained.

j

	

	 The additional points in this case were from 9. 5 to 10. 5. Again the total

change takes place in one-half inch.

The magnitude of the changes in the EMR signal

amplitude caused by the abrupt interface (relative amplitude unity to zero)

varies with the distance to the interface. The change values at various

distances are:

change at 2 inches = 95 to 5
}

change at 5 inches = 72 to 10 and 65 to 5

change at 9 inches = 65 to 20

change at 10 inches = 62 to 10

With no interface, the signal level changed rapidly from 100 at one inch

to 72 at five inches. The level change from five inches to ten inches was

only from 72 to 62. It appears from the model chosen that the signal level

reaches an asymptotic value of around 60.



FIGURE 32. GRAPH OF THE EMR SIGNAL AMPLITUDE FROM THE MATHEMATICAL MODEL AS
A FUNCTION OF DISTANCE WITH A COAL-ROCK INTERFACE AT 10 INCHES.
Additional points every 0. 1 inch from 9. 5 to 10. 5.
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IV. CONCLUSIONS AND RECOMMENDATIONS

	

A.	 Conclusions

To make conclusions it may first be helpful to summarize

the results obtained. The EMR signal levels and coal-rock ratios across

the five positions on the four interfaces of the Drummond Strip Mine are

given in Table I. The results from position 3, interface 3, showed that

there was either: (1) a diffuse interface, (2) a change in coal quality

across the interface, or (3) two interfaces. If two interfaces are present

around interface 3 then the first one has a coal/rock EMR ratio of 85/40

at 10 inches into the coal; the second interface could be at 6 inches into the

rock and have an EMR coal/rock ratio of 40/5.

Table I.

EMR Signal Levels and Ratios Drummond Strip Mine

Signal	 Signal	 Coal/Rock

	

Place	 in Coal	 in Rock	 Ratio
E

First one-half inch
r	 Position 1, Interface 1	 96	 37	 2. 6

Average
Position 1, Interface 1	 85.3	 13.2

	
6.48

i
First one-half inch
Position 5, Interface 1 	 68	 4.5	 15

:l
Averagel

{	 Position 5, Interface 1	 69.1	 5.9	 11.7

First one-half inch
-	 Position 2, Interface: 2 	 58	 6.o	 9. 67

First one-half inch
Position 4, Interface 4	 41	 7.5	 5.47

j	 a

i .f
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The average EMR signal levels and coal/rock ratios across

the interfaces inthe Bruceton mine are: wild-coal/rock = 46/13 = 3. 54

and coal/rock = 69/13 = 5. 3.

The analyses made on the data from the Drummond Strip

Mine samples showed that 70 ojo of the EMR signals from the rock had

levels below 15 units and that 59ojo of the signals from rock were below

10 units. There appeared to be two groupings of the signal levels from

the Drummond coal. The lower grouping was from 55 , to 70 units and

contained 41 ojo of the samples. The upper grouping involved 3710 of the

samples in the range of from 75 to 90 units.

The EMR signals from interface 2, position 2 from the

Drummond Strip Mine had an average value of 85 from 13 inches into

the coal to 5 inches into the coal. From 5 inches into the coal to the

coal/rock interface, the EMR coal signals averaged only 60. Does this

significant EMR signal change indicate a change in coal quality close to

(within 5 inches) the coal/rock interface?

The laboratory EMR spectrometer performed very well and

permitted a measurement of 135. 6 for the signal/noise ratio of coal EMR

i

	
signals at 154. 5 MHz. The signal/noise ratio measured is not the maxi-

mum which can be obtained and values between 800 and 1100 are practical
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r The results computed from the mathematical model show that

a very useful change in the EMR signal is caused by the interface assumed

from the measurements on the coal and rock samples. 	 The EMR signal

' change should be from 95 to 15 when the interface is at 2 inches, 72 to 15

at 5 inches, 65 to 15 at 9 inches and 62 to 15 at 10 inches. 	 In addition,

the changes take place over the very short length of one-half inch.

w;
h

In general, it can be concluded that, with the proper imple-

mentation, it is feasible to use EMR signals to determine the distance

from the detection head to both air/coal and coal/rock interfaces. 	 The

signals from an EMR detection head should provide a more than adequate

change when the "sensitive" region is scanned past an air/coal or a coal/

T-'	 - rock interface since the differences between the EMR signals from coal

samples and samples of air or rock are many times larger than the noise.

The results from the mathematical analyses indicate an excellent proba-

bility of achieving an EMR Coal Thickness Gauge with a resolution of
4

' i centimeter or less over a thickness range of from 1. 3 cm (1 /2 inch)

x̂; to 15 cm	 6 inches).	 There is also an excellent p robability of constructi ng(	 )	 p	 y	 g

a detection head with its associated electronics which can sleet Lhe size,
,f

weight, power and environmental requirements of a coal thickness gauge

for use on mine machinery. From the results and analyses, it is possible

to describe one concept of the use of EMR signals to determine the distances
^Al 71

to air`/coal and coal/rock interfaces. For this one concept the EMR equip-

1 ment will generate a signal whose amplitude is proportional to the density
4
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of free electrons in a thin "sensitive" volurr g located at a voltage-controllable

distance measured from the detection head into the coal or rock. The

amplitude of the EMR signal as a function of the control voltage for the

position of the "sensitive" volume will define the distance to the coal/rock

interface from the detection head. As the "sensitive" volume is moved

through the coal-to-rock interface by varying the controllable voltage, the

EMR signal will decrease from a high level in the coal (a high density of

free electrons), to a low level in the rock (a low density of free electrons).

The position equivalent to the control voltage at which the signal decreases

by one-half the coal-to-rock signal difference is the distance to the coal/

rock interface. In a similar manner, the air-to-coal interface can be

located as a signal increase. The width of the "sensitive" volume, along

the direction of variation, is around 0. 5 inch. However, the accuracy of

location is less than the 0. 5 inch width, and depends upon the signal-to-

noise ratios of the signals and the differences in the EMR signal levels

from the coal, rock and air.

B.	 Recommendations

The results obtained in the foregoing study establish the basic

feasibility of using EMR as the basis for a coal tidckness gauge.. It is

recorn ended that the technique be further developed to permit experimental

verification of the range and accuracy capabilities and to determine other
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