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This report presents the development of a raw coal concentration sensor for hydro-
transport of coal and refuse (rock) from underground mines, and the results of an
international test series carried out at the Colorado School of Mines Research
Institute in Golden, Colorado, the U.S. Bureau of Mines, Hydraulic Transport
Research Facility in Pittsburgh, Pennsylvania, Saskatchewan Research Facility in
Saskatoon, Saskatchewan, Canada, and the Steinkohlenbergbauverein Test Facility in
Essen, West Germany. Test results are presented for a three-component sensor and
also for the more rugged two-component (all nuclear) sensor.
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This report was completed under a contract to the
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FORWORD

This report was prepared by Science Applications International Corporation,

Instrumentation and Experimental Physics Division, San Diego, California, under

USBM Contract number J0333933. The contract was initiated under the Coal

Hydrotransport Program. It was administered under the technical direction of

Advanced Mining Technology with Richard C. Wang acting as Technical Project

Officer. Larry E. Guess was contract administrator for the Bureau of Mines.

This report is a summary of the work recently completed as a part of this

contract during the period July 25,1976 to September 20,1988. This report

was submitted by the authors on September 20, 1988.
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SUMMARY

A coal slurry concentration sensor was developed by SAIC under

contract with the U.S. Bureau of Mines for in-line measurement of coal, rock

(refuse) and water content. This sensor was developed to facilitate hydraulic

haulage of coal from deep underground mines. Four different sensors were

fabricated for the Pittsburgh Research Center. Three were used for testing in

an international test series. The 6-inch for tests at the Colorado School of

Mines Research Institute (CSMRI) and at the Pittsburgh Research Center's

Hydraul i c Transport Research Facil ity (HTRF) when it became completed; the

18-inch for the HTRF test line; a 12-inch sensor for the Saskatchewan Research

Council (SRC), Saskatoon, Saskatchewan, Canada, Slurry Transport Facility; and

a la-inch sensor for the Steinkohlenbergbauverein (STBV) test loop in Essen,

West Germany. (The 6-inch sensor was used instead, at STBV, because their

la-inch line was disassembled at the time.)

Since the coal/rock/water slurry is a three-component slurry, three

gauges are required, each measuring something different about coal, rock and

water. Therefore, each of the four (6",10",12", and 18") coal-slurry

concentration sensors was made with two radiation gauges (a neutron gauge and a

gamma-ray gauge) and a conductivity gauge. These three gauges sense different

properties of coal, rock and water. The gamma-ray gauge senses density, and is

most sensitive to rock, then coal, and least sensitive to water. The neutron

gauge is most sensitive to water (hydrogen), then coal (which is hydrogenous),

and least sensitive to rock. Both of these are rugged, stable, clamp-on

devices, totally non-intrusive. The conductivity gauge measures an electrical

current through the slurry along an insulated piece of haulage pipe. The

current is proportional to CV(w), where C is the (ever-changing) conductivity

of the water and V(w) is the volume fraction of water along the insulated

conductivity gauge spoolpiece.

The ever-changing conductivity, C, of the water (C is essentially zero

for coal and rock, it was found) is measured by drawing off clear water, free

of solids, via a sintered metal filter mounted in the wall of the haulage pipe

(the computer uses C to correct the in-line conductivity gauge reading). This
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filter worked well with Pittsburgh seam coal and rock, but not with rock at SRC
(Canada) and StBV (West Germany), where the clay content was high enough to
"poison" the filter, requiring overnight flushing to wash out enough of the
clay from the sintered metal filter (Where it had become lodged and had
erroneously raised the conductivity of the water passing through). We, there­
fore, reprogrammed the computer to operate with only the two simple clamp-on
radiation gauges in Canada and West Germany. However, with a three-component
slurry (coal/rock/water), the two-sensor gauge requires added information,
namely the density of the coal and of the rock. These are simple measurements
that can easily be made on location. The two densities need to be entered into
the computer only once for each mine site and geological condition.

As part of the i nternat iona1 test seri es, measurements were carri ed
out at CSMRI with pure Pittsburgh seam coal (density = 1.35 g/cc) and pure rock
(density = 2.54 g/cc) obtained from an underground mine in Morgantown, West
Virginia. Some of the coal and rock was crushed to fines (-28 mesh) and pumped
at speeds of up to 12 ft/sec through both a horizontally oriented and verti­
cally oriented coal slurry concentration sensor, in which case negligible
sl ippage (where the water moves faster than the sol ids) occurred, and the
in-situ concentration measured by the sensor agreed with diversion-tank sample
measurements. The coal and rock cross sections were accurately measured by the
neutron gauge, and also the gamma-ray gauge, so that the sensor was accurately
calibrated (fo~ Pittsburgh seam coal and rock) when we moved the 6-inch sensor
to the HTRF in Pittsburgh. The CSMRI tests were reported in Hydrotransport 6
by SAIC and U.S. Bureau of Mines staff members.

The tests in Pittsburgh were conducted with the coal sl urry concen­
tration sensor installed in a vertical section of the HTRF lines, so that the
hydraulic haulage phenomenon called slippage was at its worst. In addition,
no fines (coal or rock) were made available because of HTRF technical and
bUdgetary constra ints. Therefore, we coul d not verify the measured in -situ
concentrat ions. (But these were properly verifi ed at CSMRI.) We coul d,
however, get a measure of the sl ippage phenomenon in a vertical pipe by
comparing line-loading concentrations (i.e., delivered concentrations) with
in-situ concentrations measured by the coal slurry concentration sensor. The
latter was the order of 50% higher, illustrating the need of an in-situ
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concentration sensor for managing efficient haulage of even larger chunks of

coal and for avoiding line blockage.

The coal slurry concentration sensor (12") was next tested at SRC in

Canada, and was found to be 1acki ng because of the presence of too hi gh a

concentration of clay in the coal and rock. We, therefore, reprogrammed the

computer to provi de a two- component coals1urry concentrat i on sensor. We

carefully sampled the coal and rock, obtained the density of each, and entered

the densities into the two-component sensor that utilized only the neutron and

gamma-ray gauges. The coal slurry concentration sensor worked well in this

way, and was recei ved with enthus i asm by the SRC research staff. They were

happy to find that a simple, nonintrusive gauge could be clamped onto the

haulage pipe and operate in a highly stable and reliable manner. The U.S.

Bureau of Mines initially wanted us to develop a coal slurry concentration

sensor that would operate accurately on Pittsburgh seam coal without requiring

dens ity measurements of coal and rock to be input into the computer. Th is,

indeed, was achieved for Pittsburgh seam coal, where the sintered metal filter

for the conductivity gauge could operate without "contamination" by a high

concentration of very fine clays. For operation in some other parts of the

world, the two-component sensor utilizing only the radiation gauges must be

used. This was found to be true at StBV, for the West German coal and rock as

well.
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1.0 INTRODUCTION

Thi s report presents the development and test i ng of the coal sl urry
concentration sensor by Science Applications International Corporation (SAIC)
in cooperation with Pittsburgh Research Center (PRC), U.S. Bureau of Mines.

The Bureau of Mines is engaged in a wide variety of programs aimed at
increasing productivity and safety within the coal mining industry. Of
part i cul ar interest is the process of transport i ng mi ned materi a1 from under­
ground mining faces to appropriate surface locations. One general method which
holds promise for improving the efficiency and safety of this haulage process
is hydraul ic transport through a pressurized piping system. In order to
successfully develop such a haulage pipeline system, it is necessary to
concurrently develop sensors which are able to measure the concentration of
coal/refuse/water in a haulage pipeline. Knowledge of the solids concentration
in pipelines is important because of the relation to factors such as quantity
of material delivered, pipeline plugging, power requirements, and selection of
system equipment.

The contract requirements and preliminary design effort are presented
in Section 2 of this report. In the initial contract definition, this was the
Phase I effort.

The Phase II effort, presented in Section 3, involved engineering,
design and testing of prototype gauge components. These tests were conducted
at both the SAIC facil ities and at the Colorado School of Mines Research
Institute (CSMRI) 6-inch test loop. Tests at CSMRI were carried out with a
three-component sensor; a gamma-ray gauge sensitive only to total density of
the coal/rock/water (C/R/W) slurry; a neutron gauge selectively sensitive to
the different hydrogen content of coal, rock and water; and an electrical
conductivity gauge sensitive only to the water-volume fraction of the slurry.

In these preliminary (Phase II) tests at CSMRI, the gamma-ray and
neutron gauges worked flawlessly, but the conductivity gauge required constant
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correction due to the ever-changing conductivity of the slurry water as it
dissolved salts from the coal and rock particles in this closed-loop facility.
Initial efforts at drawing off a sample of slurry water at the location of the
two radiation (gamma-ray and neutron) gauges failed because of blockage of the
sampling line by solids. Some of the slurry was directed to a settling chamber
where the slurry water was to be decanted from the top. An additional problem
was that of the settling time in the settling tank. It required several hours
to obtain a clear liquid because of the micron-sized particles in the slurry.
Therefore, the data were corrected a posteri ori for the conduct i vity of the
water.

Some of the Phase III effort (fabricate and test a 6-inch sensor) was
diverted to Phase II, in order to overcome the problem of obtaining clear
slurry water for a conductivity reference cell.

Section 4 of this" report presents the tests carried out on the CSMRI
6-inch test loop with an improved conductivity gauge. This gauge utilized a
sintered-metal filter to obtain solids-free slurry water for a conductivity
reference. Back-flushing was done periodically to clear the surface of the
filter of the "filter-cake" buildup. This worked well enough to conduct a
complete set of tests on coal/rock/water slurries of known concentration,
utilizing Pittsburgh seam coal and rock hauled in from Morgantown, West
Virginia. In addition, the nuclear gauges were calibrated on Pittsburgh seam
coal in readiness for the tests at the HTRF in Pittsburgh, where the once­
through (versus closed test loop) configuration made calibration impractical or
totally unfeasible.

After the CSMRI tests, a sensor was des igned and fabri cated for the
HTRF 18-inch pipe test line. This and the 6-inch slurry sensor were installed
in the HTRF lines at the Pittsburgh Research Center, and tests were conducted
in Pittsburgh in January, 1982, soon after the HTRF first became available for
testing. These tests are presented in Section 5 of this report.

The tests at the HTRF, as well as those at CSMRI, were also part of a
cooperative international data exchange program. Other tests were carried out
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at the Saskatchewan Research Counc il (SRC) Sl urry Transport Fac il ity,

Saskatoon, Saskatchewan, Canada (Section 6), and the Steinkohlenbergbauverein

(StBV) test loop in Essen, West Germany (Section 7).
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2.0 PHASE I WORK: CONCEPT DEFINITION AND DEVELOPMENT

The developmental work carried out in Phase I includes: (1) a survey
of literature and manufacturer's product descriptions to identify and evaluate
applicable technologies, (2) experimental and theoretical research on several
of the more promising technologies, and, most importantly, (3) a description of
the conceptual design of sensors to satisfy the design criteria specified in
the contract. These criteria are those listed under RESEARCH SENSOR in ARTICLE
II and all criteria listed under ARTICLES III, IV and V of the subject
contract. For convenience of reference, these criteria are given here in
Tables 2.1 and 2.2.

Much of the work within Phase I was conducted concurrently in three
categories: a general methods survey, a detailed analysis of nuclear
(penetrating radiation) methods, and an analysis of ultrasonic methods. The
research was organi zed in thi s manner because, based on pre-contract
examinations by SAIC scientists and engineers, nuclear and ultrasonic methods
appeared to provide the greatest promise as methods on which to base a sensor
concept. As it turned out, one other method based on measuring slurry
electrical conductivity (which was conceived in the process of the survey of
methods) was also examined in the laboratory and, in fact, was formulated into
part of the recommended conceptual sensor design.

The 1atter portion of act ivity under Phase I has been devoted to
formulating a conceptual design based on one or more methods or techniques that
must be consolidated into a working coal/rock/water in-situ concentration
sensor.

2.1 SURVEY

A survey of literature and sensor manufacturers was carried out. The
objective was to determine currently available technologies and component
instrumentation having appl icabil ity to designing the required concentration
sensor. The sensor must accurately measure coal/refuse/water sl urry
concentrations flowing through pipes of various sizes in an underground pipe
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TABLE 2.1 - Concentration sensor design specifications

Research Cormnercia1 Control
Factor Sensor Sensor Sensor

Accuracy

Wt. concentration of coal 1.0% 2.0%

I
3.0%

Wt. Concentration of refuse 1.0% 2.0% 3.0%
Response time, sec. 0.5 1 2

Range
Ambient temperature,oF -20---+120. +20---+80 +20---+80
Water temperature, of +35---+80 +35---+80 +35---+80

\ Pipeline diameter, in. 6---18 6---24 6---24
Top size of coal, in. 2---6 2---6 2---6.... I Top size of refuse, in. 2---6 2---8 2---8N

Pipeline pressure, psig 50---150 50---1,000 50---1,000
Flow velocity, ft/sec 4---20 4---20 4---20
Water condition, pH 3.5---8 3.5---8 3.5---8
Specific gravity of coal 1. 2---1.6 1.2---1.6 1.2---1.6
Specific gravity of refuse 2.3---3.1 2.3---3.1 2.3---3.1
Wt. concentration of coal, % 0---80 5---70 10---60
Wt. concentration of refuse, % 0---80 5---50 10---50
Coal/refuse proportion 0/100---100/0 0/100---100/0 0/100---100/0
Water source Fresh Fresh---Brackish Fresh---Brackish
Cost, desirable, $ 7,000---10,000 6,000---9,000 3,000---'5,000

Fluctuation (% of Factor)

Pipeline pressure 20 10 10
Flow velocity 5 5 5
Specific gravity of coal 15 15 15
Specific gravity of refuse 15 15 15



TABLE 2.2 - Coal slurry sensor design criteria

ARTICLE III -- GENERAL CONCEPTS DESIGN CRITERIA

Sec. 3.1 The concentration sensors shall be designed to meas­
ure accurately the proportions of coal, mine rock refuse and
water in coarse-slurry hydraulic transport pipelines in under­
ground coal mines.

Sec. 3.2 The concentration sensors shall not obstruct the in­
terior of the pipeline, cause flow interference, or cause
plugging of the pipeline.

Sec. 3.3 The concentration sensors shall be adaptable to
vertical, sloped, and horizontal pipelines and provide instan­
taneous and continuous measurement without loss of accuracy.

Sec. 3.4 The concentration sensors shall not cause degradation
of solids particles, leakage of water from the pipeline or
plugging of the line, and they must be able to operate in an
underground coal mine environment.

Sec. 3.5
simple to
millivolt
to remain
moisture,

ARTICLE IV

The output signal of the sensors shall be sufficiently
be utilized by ordinary readout devices such as
meters and pen-type recorders and sufficiently strong
unaffected by small radio frequencies, static charges,
etc.

SERVICE AND ECONOMY REQUIREMENTS

Sec. 4.1 The sensors shall be designed to meet the same
specifications of all underground coal mining machines.
components shall be heavy-duty with minimum maintenance
requirements.

service
All

Sec. 4.2 Delicate or precision-adjustment mechanisms shall not
be easily accessible.

Sec. 4.3 Reliability (in the technical sense) shall be at least
90 percent in an underground coal mine environment.

Sec. 4.4 Provision shall be made for repairs or preventive
maintenance in the underground environment. For example,
calibration shall be easily accomplished, the use of large or
heavy parts shall be minimized, and it shall be possible to
change parts with minimum dismantling of the i'1strurnent.

Sec. 4.5 Lowest possible costs shall be a primary goal. This
can be extended to operator and mechanic skill requirements.
It would be useless for the Government to provide an instrument
that nobody can afford to buy.

ARTICLE V SAFETY REQUIREMENTS

Sec. 5.1 The sensors shall meet the requirements of all
applicable Federal legislation, especially permissibility.

Sec. 5.2 The sensors shall fail in a safe manner. That is,
upon failure, they should not release a flood of water, elec­
trically charge the pipeline, release radiation or sound waves,
or create any new or additional hazard in coal mining.
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haulage network. The survey included information on sensors that were
commercially available, but required modification, in the developmental stage,
or potentially feasible but untried.

Information from the literature survey was obtained from the following
main sources:

1. Over 60 contract i ng fi rms, governmental and regul atory
agencies and other firms involved in coal research
projects.

2. Twenty-eight universities involved in coal research.

3. U.S. patent search.

4. SAIC and appropriate Federal and local libraries.

5. Technical journals and periodicals in the areas of
mining, coal, pipeline and mining instruments.

For the sensor manufacturer survey, over one hundred and fifty
manufacturers of pertinent instruments, including concentration sensors, slurry
sensors, flow sensors, etc., were contacted.

2.1.1 Concentration Sensors Currently Available

No existing commercial, prototype, or experimental sensor was found to
be capable of adequately measuring the concentration of coal/refuse/water in a
slurry pipeline. A variety of sensors, however, is commercially available for
measurement of the concentration of one material, but not for two different
solids (i.e., coal and rock) in a water slurry.

2.1. 2 Sensor Methods Surveyed

appl icable for
considered during
for selection or
is given in Table

A wide variety of sensor methods potentially
measurement of concentration of the coal/refuse/water were
the survey. A list of the methods, including reasons
reject i on of these methods as cand idate sensors concepts,
2.3.
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TABLE 2.3 DETECTIUN METHODS SURVEYED FOR COAL/ROCK/WATER CONCENTRATION SENSOR

Method

1. Ultrasonic

2. Pulse Ecllo

3. Tomograplly

4. Shadowgrams

5. Sound Velocl~ter

6. Energy Absorption

7. Electromagnetic

8. Capac Itance

9. Magnettc field Coil

10. Very low frequency
Aadio Waves

...... 11. Optical
(.~

12. Necllanlcal

13. GaJIIDa-Aay

14. Dual Gamma-Ray

15. Neutron Gauge

16. Prompt Neutron
Activation Analysis

17. Conventional
Activation Analysis

18. X-ray Resonance
Fluoresence
Spectrometer

19. Nuclear Magnetic
Resonance

Operating Principle

Ultrasonic transmission/reflection.

fourier analysis of reflected pulse.

Three-dimensional X-ray picture.

Ultrasonic shadowgrams.

Measures velocity of sound in slurry.

Same as ultrasontc.

Measure conductivity, dielectric constant
or magnetic permeability.

Measures dielectric constant.

Coil Impedance varies with slurry
composition.

Measure complex change of dielectrIC
constant and conductivity.

Measures reflectivity of slurry.

Measures slurry density.

Measures total slurry density.

Measures Slurry density and is atomic­
weight-sensitive via the lower energy
gamma-ray.

Measures Ilydrogen content which is very
different in coal, rock and water.

Measures 2.2 MeV gamma from hydrogen.
4.4 MeV from carbon.

Measures only some selective elements.

Measures characteristic X-ray lines from
elements.

Can, in pr inc ip Ie, ~dSllre hydrogen dens Ity
point by point in ·non-moving slurry·.

App 1icabi I i ty

None. Particle size dependent.

Hone. Parttcle size dependent.

None. Much too slow and too complex.

None. Particle size dependent. Inaccurate.

None. Cannot yield coal/rock content.

None. Particle size dependent.

Conductivity measurement Is promising:
conductivity measures water volume.

Promising, but developers were unable to correct for
large variations In water conductivity.

None. Unknown relationship to slurry composition.
Excessively sensitive to small conducting fragments.

None. No one-to-one relationship to coal/rock
content.

None. particle size dependent, etc •

Too complex, unreliable. Gamma densitometer Is much
simpler, more reliable.

Excellent with neutron gauge. Stable, non­
intrusive. Mounts outside pipe.

lower energy gaJIIDa:ray is almost redundant to higher
energy gamma; thtn pipe wall is required; finally,
it is too sensitive to small variations In Iron
content in asll rock.

Excellent with gamma-ray gauge, non-Intrusive.
Mounts outside pipe.

Much too slow, cumbersome, expensive, and requires
huge neutron source. Otherwise, will work, In
principle.

Not applicable to coal, rock, water (I.e., H, C,
0, Si, Fe don't respond weIll.

Will not work In a slurry for elements ligllter
than iron.

Much too slow. e.peflslve, unworkable. Neutron
gauge does the same fast enough, and is very
simple to apply.



2.2 CANDIDATE METHODS

This section discusses the effectiveness of each of the methods that
has been selected for study in Phase I of the slurry concentration sensor
program. The degree of effort expended on each cand idate method depended, in
part, on early estimates of probable effectiveness of each type, and in part on
the degree of difficulty in obtaining quantitative data.

Evaluation and final selection of the most effective sensor design is
presented in Section 2.3.

2.2.1 Nuclear Methods

The study effort of the nuclear probes in Phase I began with a series
of neutron and gamma-ray transport calculations. These helped identify neutron
and gamma-ray energies useful for the coal slurry sensor. In addition, they
were used to determi ne 1i near "response functions" that are requi red for a
simpl e and straightforward sol ut ion of the sl urry concentrations MclM,JMw in
the coal/refuse/water sl urry. The "response funct ion" for the un scattered
component of nuclear radiation is a simple exponential. This simplified case
is shown schematically in Figure 2.1. For plane-wave attenuation, the response
function is

I 1
0

exp - (lJI·M.) ( 1)
. 1 1
1

where

1
0

the incident radiation fl ux

I = the transmi tted fl ux

JIi = the attenuation coefficient of material i (coal, refuse
or water) for the gamma-ray or neutron energy for the
particular probe, and

M. = the product of the average density of material i and the
1 total thickness T.
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However, it is not feasible to measure the unscattered component for a
sensor, even for the monoenergetic gamma-ray probe. It requires a multichannel
analyzer plus a complex peak-area analysis program to subtract out the
scattered radiation under the "full energy peak." Also, a collimated source
and collimated detector would be required, which would result in prohibitively
high radiation source and shielding costs.

Thus, efforts were made to obtain linear responses for a very simple
source-detector arrangement, where the source and detector are simply placed on
opposite sides of the slurry pipe (against the pipe). This was accomplished by
plotting the logarithm of the transmission, or count rate, loversus the sum of
the Mi J.li for properl y selected IJ i . The sum ~ MiJ.li can be regarded as an
"effective radiation thickness." In particular, the response function for the
complex case of multiple scattering is given by:

(2)

For gamma-rays, the best ~i were obtained by subtracting from the
total cross section the in-group scattering cross section.

The case of neutron transmission is far more complex. First, the
2S2 Cf neutron source is not a monoenerget i c source, but is cont i nuous in
energy. Second, considerable downscattering in neutron energy occurs.
Finally, the scattering by hydrogen is a singular case since a hydrogen atom
can downscatter a neutron to zero energy in a single collision. Because of
this singular behavior, the "transport" cross section of hydrogen is very
geometry-dependent. By solving for the hydrogen transport cross section that
yielded the best straight-line plot,it was pnssible to obtain a straight-line
"response function" for 2S2Cf neutrons in the 1-2 MeV and the 2-5 MeV band for

the 6-inch haulage pipe. For the IS-inch pipe, 1-5 MeV neutrons were found to
be most useful.

An extensive computational effort was carried out to determine the
"response function" representation; These calculations were verified with
three series of experimental measurements. These involved the use of both slab
and cylindrical geometries, and the use of three different approximations to
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1

FIGURE 2.1 - Illustration of three-sensor probe in which the lIunscatteredll
component is utilized to probe Mcl MR and Mw.
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the materials found in a coal slurry haulage pipe: carbon/glass/lucite,
carbon/sand/water, and Eastern bituminous coal/sand/water. In addition, a
1/4-inch wall thickness of iron was used for the 6-inch sensor measurements,
and 3/8-inch iron wall for the 18-inch sensor data. The first series of
measurements (carbon/glass/lucite) utilized precisely measurable materials in
slab geometry, the second (carbon/sand/water) utilized materials almost as
precisely measurable but closer in composition to the slurry, also in slab
geometry. The third util ized actual Eastern bituminous coal lumps with sand
and water, both in slab and 6-inch iron pipe geometry.

Good responses and good sensitivities were obtained with the first two
series of measurements. The results for the case of Eastern coal are presented
here. The "response function" plots of the transmitted count rate versus the
"effective radiation thickness" are shown in Figure 2.2 for 1-2 MeV neutrons
transmitted through a 6-inch slurry and 1/2-inch iron (2 x 1/4 in.), and in
Figure 2.3 for 2-5 MeV neutrons. The slurry composition in each case is given
in the figures as Wc' Wr , Ww' the weight-percentages.

For the same 6-inch case, the experimental "response functions" are
shown for 137es gamma-rays (662 keV source gamma-ray energy) in Figure 2.4,
57eo (122 keV) in Figure 2.5, and 241 Am in Figure 2.6.

The response funct ions deri ved from these measurements are gi ven in
Table 2.4, along with the "cons tant density" equation that is useful when the
density of coal and refuse is constant within a given mine, and is accurately
known (to - 2-4%).

To solve for the three mass concentrations Mc' Mr and Mw of the
slurry, three equations are selected from Table 2.4. The constants multiplying
Mc' Mr and Mw in Eq. 1 are the mass attenuation coeffi~ients, ~i. Note that if
the ratios of the ~i for two different probes are nearly constant, these two
gauges yield poor sensitivity as a pair. For 137es , the ratios are .91/.90/1
for e/R/W, while for 57eo , they are .86/.96/1. For the two neutron groups (1-2
and 2-5 MeV), they are .58/.106/1 and .72/.185/1, respectively. Thus, for a
three-component gauge, the use of two neutron groups and one gamma group will
provide the greater accuracy (for the same statistical accuracy in counting
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TABLE 2.4 - Linear equations derived from experimental data for
eastern coal/refuse/water(6-inch haulage ~ipe).

241
Am 0.202 Me + 0.248 Mr + 0.212 Mw =

0.134 Me + 0.149 Mr + 0.156 Mw =

1nI - 8.288
-0.982

1nI - 8.069
-0.948

137 Cs
0.0748 Me + 0.0777 Mr + 0.0862 Mw = 1nI - 8.323

-0.954

252Cf (1-2 MeV Group) InI - 7.3600.0806 Me + 0.0147 Mr + 0.139 M = -1. 038w

252Cf (2-5 MeV Group) InI - 8.1660.0937 Me + 0.0242 Mr + 0.131 M = -1. 021w

252Cf (1-5 MeV Group) InI - 8.1660.0848 Me + 0.0181 M + 0.135 M = -1. 021r w

Constant Density Equation:
= 15.24

where: M = component mass in g/cm2

(c = coal, r = refuse, w = water)
I = transmitted flux in counts/sec.
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each of the nuclear "probes") than will the use of one neutron and two gamma

probes. This is true.only for the 6-inch line. For the IB-inch line, the two
neutron groups do not provide independent data. This is related to severe

downscatteri ng in energy, and to the lower energy group start i ng out in the
high energy group and being downscattered. For simpl icity in gauge design,

this mitigates against the use of two neutron energy groups for the 6-inch

pi pe. The use of one broad-energy group, furthermore, makes poss i bl e a much

more stable neutron counting configuration, one stable and accurate enough for

rugged mine environments.

It should be pointed out that if only two nuclear probes are

considered, the neutron and gamma pair have the greatest difference in Ili

ratios and will provide the greatest slurry concentration accuracy and

sensitivity for a given statistical precision in count rate measurement.

Figure 2.7 illustrates this point. Here, the relative count rate is plotted

versus weight percent of water. The gamma-ray probe increases in count rate as

Ww increases, while the neutron probe count rate decreases with increasing Ww'

For the IB-inch haulage pipe, the data plots for the experimental

"response functions" are presented in Figures 2.B, 2.9 and 2.10 for 1-5 MeV
neutrons, 137Cs gamma-rays (EI' = 662 keV) and 133 Ba gammas (E')' = 356 keV).

Note that for the two gamma-ray probes, the relative spacing for the points for

the different Wc/Wr/Ww is nearly the same. These two gamma-ray probes cannot
give much independent information, except with extremely large sources and

extremely high electronic stabilities. This combination of requirements must

be avoided in an effective and economic probe design.

The "response functions" derived from the data plotted in Figures

2.B - 2.10 are shown in Table 2.5 for the IB-inch haulage pipe sensor. The

"constant density" equation is also included for the case where the coal

density is 1.43 glcc, as measured, and the refuse density is assumed to be 2.7

g/cc.

The much simpler single neutron plus two gamma sensor is much more

sensitive for anthracite, yielding an accuracy of -4%. For bituminous, the
accuracy is probably too poor for the N+2Y gauge to be considered, unless the
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TABLE 2.5. - Linear equations derived from experimental data
(eastern coal/refuse/water) - l8-inch haulage pipe

133
BaO. l08 Me + 0.0989 Mr + 0.109 Mw =

137
CSO.0748 Me + 0.0777 Mr + 0.0862 M =

\:7

luI - 9.434
-1. 034

luI - 8.659
-1. 285

(1-5 MeV Group)
0.0735 Me + 0.0181 Mr + 0.110 Mw = InI - 5.357

-0.404

Constant Density Equation:

where: M= component mass in g/cm2 (c = coal,
r = refuse, w = water)

I = transmitted flux in counts/sec.
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24I Am 60 keV gamma-ray source is used. Some measurements made with this source
showed promise, but were not pursued because of its opacity to the iron pipe.
However, if a conductivity gauge is used, a segment of pipe is made with an
electrically insulating material that is relatively transparent to 24I Am gamma
rays. The 24I Am source is in this case still a viable candidate as a
low-energy gamma-ray probe to be used with a higher energy probe, such as 60Co ,
137Cs , or 133Sa , but only for the 6-inch pipe because of the 1imited range of

the 60 keV gamma rays in the coal/refuse (rock)/water slurry.

A schematic diagram for the three-component nuclear sensor is shown in
Figure 2.11 for both the two neutron pl us gamma and two gamma pl us neutron
options. The microprocessor can rapidly solve the three equations and three
unknowns. The outputs can be shown as mass percentages (Wc ' Wr and Ww) pl us
average density 15, as partial densities Pc' Pr and Pw' or as area-mass
fractions Mc ' Mr and Mw (gm/cm2 or pounds/in2).

For the 18-inch haulage pipe, only a single neutron probe and a single
gamma-ray probe are viable candidates. The reason for this is that for
neutrons, spectral equilibrium is reached at a thickness of 18 inches in a
coal/refuse/water slurry, so that the information carried by all neutron groups
is nearly the same. Higher energy continuous neutron sources such as Pu-Be
source can give more information in two energy groups, but these are
prohibitively costly. The Pu-Be source has an abundance of 4.44 MeV gamma-rays
and is, therefore, very costly to shield as well as to procure in large sizes.

For the gamma-rays, a low energy gamma-ray source is too opaque to the
18-inch slurry plus 3/4-inch steel (two each 3/8-inch walls of the 18-inch
haulage pipe). Thus, only a high-energy gamma-ray source should be considered.
The 18-inch sensor, utilizing a single neutron and a single gamma-ray gauge,
can either be used with the "constant density equation" or with a non-nuclear
probe, as discussed in Section 2.3 below.

2.2.2 Electrical Gauge

The purpose of the conductivity gauge is to determine the percentage
of coal and refuse displacing water in a section of slurry pipeline. It has
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been determi ned that both coal and waste rock are el ectri cal i nsul ators when
compared to the water in a slurry. The concept of accurately (within a few
percent) determining the percentage of water displaced by insulating material
by merely measuring th~ electrical conductivity of a section of pipe is
attractively simple. Verification of the method was accomplished, and is
discussed in the following paragraphs.

Preliminary measurements indicated that both coal and rock (shale) are
characteri zed by res i stance val ues in the hundreds of megohm range, wh ich is
orders of magnitude above anticipated slurry water resistances. Thus, even
relatively large differences in the conductive characteristics of the slurry
solids are not likely to significantly affect measurements of the slurry water
resistance.

To analyze the effect of the geometry of the haul age, consider a
rectangular pipe section 10 units on a side and 50 units long (Figure 2.12).
Two simplifying assumptions are made.

1- Although the water is an ionic conductor, its
voltage/current relationship is linear for the ranges of
voltages encountered.

2. No voltage gradients exist in the water in a plane
normal to the haulage flow.

The method of analyzing the effect of geometry consists of removing
cubes of water and replacing them with non-conductive cubes in various
configurations. Obviously, one extreme would result from removing 100 units
normal to the pipe axis at one station. This would insulate the section
(resistivity becoming infinite). The same 100 units, if removed along the pipe
axis, would only reduce the cross sectional area--and hence the
conduct ivity- -by 2%. Fortunately, the di mens ions of the materi al s cannot
approach such extremes. It was calculated that if 30"' units are removed, the
maximum variation in conductivity caused by the shape factor is slightly less
than 1/2%. If 50 units are removed, the maximum variation is still less than
2%. This type of analysis, because of the assumptions made, does not
constitute proof of validity. Rather than refine the analysis, an experiment
was performed. A 24-inch length of 4-inch diameter PVC pipe was slotted
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lengthwise to gain access (Figures 2.13 and 2.14). Steel end caps were
cemented in place, and an overflow drain was installed. The assembly was
leveled and filled with tap water to the overflow drain level. The resistance
between the steel end caps was monitored using a low-voltage (2.35 vrms 1 kHz)
signal. It is essential that the measurements are made with a-c, because d-c
voltages are generated by the electrolytic action of the impure water on the
metallic end caps. Rock and coal were placed in the PVC pipe section, and the
displaced volume of water (~V) was recorded along with the resistance, R. A

total of six data point sets (R i , ~Vi), i = 1, 6, were taken. It was assumed
that the quantitative relationship between the measured resistance R and the
effective water volume V was simply VR - K, where K is a constant. However, an
accurate cal cul at ion or direct measurement of the effect i ve vol ume of the
insulated PVC section could not be made. This is a result of the unknown
effect of fringing of the electric field at the ends. The assumption of VR = K
was verified as follows. It was assumed that the effective volume V was

reduced by the measured displaced volume, i.e., Vi = VI - ~Vi' where VI is the
effective volume with no water volume displaced. For data poi~t sets 1 and 4,

it was assumed that VIR I = K = V4R4· Using also V4 = VI - ~V4' VI was computed
as

from whence KI = RIV I and V4 = K/R4. The rema,n,ng effective volumes
were cal cul ated from V. = VI - ~V., and K. = R.~.. The resul ts are tabul ated, , " ,
below:

Effective Water Measured
Vol ume, V.' Resistance, R. V.xR. = K.

Data Set. (L iters) , (K ohms)
,

Lhet K'ohms)

1 2.48 1.88 4.67
2 2.32 2.04 4.72
3 2.12 2.21 4.69
4 1. 97 2.37 4.67
5 1. 74 2.67 4.63
6 1.43 3.25 4.63

The standard devi at i on for the V x R product is 0.75%, a value well
withi n the accuracy of the experimental technique used. The data shown here
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demonstrate the feasibility of inferring the effective water volume from

measurements of resistance across a pipeline section.

In a real pipeline application, the resistance across an insulated

pi pe section cannot be made in the way the experiment was done. In the

experiment, it was assured that the slurry formed the only conductive path

between the steel ends. In a pipeline installation, supporting structures or

the earth itself could form electrical paralleled paths. The parallel path

problem can be solved in one of two ways. The more obvious method consists of

introducing a conductive ring electrode in the middle of the insulated pipe

section (Figure 2.15).

An alternative solution utilizes a single insulated section which

becomes part of a single turn variable resistance coupling winding of a
toroidal transformer (Figure 2.16). The voltage induced in the secondary is

proportional to the conductivity of the slurry in the insulated pipeline

section. One advantage of the toroidal transformer system is that for a given

length of insulated pipeline, fringing is reduced by a factor of two.

One vari abl e not accounted for in the experiment performed is the

variable conductivity of the slurry water. The conductivity will vary with the

pH, the dissolved salt content and the temperature. Compensation for the

variable conductivity is easily achieved by using a reference. An insulated

shunt 1ine with a filter screen would have a toroidal primary and secondary

transformer winding (Figure 2.16). Excitation for the main conductivity gauge

would be derived from the filtered shunt line. With the excitation

proportional to the slurry water conductivity, the conductivity gauge output

would be dependent only on the amount of solids contained in the section.

An apparent change in volume of the test section with a change in

slurry conductivity may result from increased fringing with decreasing

conductivity; that is, solids will be measured beyond the boundaries of the

insulated section. This fringing effect can be minimized by using a large

length-to-diameter ratio for the insulated pipe section. Apparent volume

changes with conductivity changes can also be compensated for with the
reference used for conductivity compensation.
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2.3

2.3.1

DISCUSSION AND EVALUATION OF CANDIDATE SENSOR CONCEPTS

Prime Candidate Selection

A few of the more promising sensor concepts were selected for further
study in Phase I, concepts that initially showed promise of meeting the Bureau
of Mines requirements. The study consisted of calculations and feasibility
measurements des igned to evaluate the performance characteri st i cs. From the
data compiled and analyzed, an effort was made to select the candidate sensor
concepts that would best meet the Bureau of Mines requirements, as determined
by the sensor evaluation guidelines embodied in a recent communication to the
SAIC research team. The evaluation criteria included accuracy, range, response
time, cost, safety, reliability and maintainability.

The pri me cand idate that has evolved from the Phase I effort is the
combination of a conductivity gauge, a gamma-ray gauge, and a neutron gauge.
This combination sensor is feasible for both the small (6-inch) and large
(18-24 inch) hydraulic pipelines.

Thi s candidate sensor design does not depend on the density of coal
and refuse being constant, and an error analysis presented below indicates that
nominal changes in the composition of coal and refuse will not have much of a
deleterious effect on the sensor accuracy. After a considerable backlog of
experience has been obtained in using the research sensor, it is possible that
enough independent data can be compiled in parallel which shows the coal and
refuse densities to be nearly constant for a given mine area. At that time, it
is possible that the conductivity gauge can be deleted from the control sensor
and/or the commercial sensor used for mining operations. For this "constant
density" case, the combination neutron plus gamma-ray gauge clearly remains the
prime sensor concept (for large and small sensors) according to the data
gathered in Phase 1. It is stable, rugged and non-obtrusive (i.e., it simply

clamps on to the pipe).

The results of a series of error analyses are presented below for the
candidate sensor systems.
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Section 2.2.1 above presented the response functions for six different
nuclear probes and a constant density equation (constraint), should the density
be known. In principle, any three of these equations can provide Mc' Mr and
Mw. However, the sensitivity or accuracy will vary considerably, so that the
best three must be selected for the operational gauge.

The analysis and evaluation of several leading candidates for the
final sensor design, for both the 6-inch and 18-inch systems, can most
succinctly be presented by including the conductivity gauge as a component of
the complete sensor. For this reason, the detailed sensitivity and error
analysis are deferred to the next section, "Design and Evaluation of the
Combination Nuclear-Conductivity Sensor." The driving reason for this is that
only the combination (neutron, gamma-ray, conductivity) sensor appears to meet
the Bureau of Mi nes requi rements for the 1arge (18- inch or 24- inch haul age
pipe) sensor.

2.3.2 Design and Evaluation of the Combination Nuclear-Conductivity Sensor

An evaluation of five leading sensor candidates is summarized in Table
2.6 for the 6-inch haulage pipe. The first column gives the three
compositions, in weight percent, of Eastern coal/refuse/water. The second
column lists the areal masses (in gm/cm2) across the inside diameter of the
pipe. The remainder of the table presents the concentrations, as measured by
five different sensor concepts, and the fractional error for each measurement,
e.g., 0.033 following 7.09 means a 3.3% error in the Mc = 7.09 gm/cm2 value for
Gauge #1. The analysis was carried out using actual nuclear measurements on
the 6-inch-thick slurry.

For the combination conductivity-nuclear gauge, it was assumed in the
Tables 2.6 and 2.7 data that the water volume is given exactly by the
conductivity gauge. A separate error analysis carried out for the combination
conductivity-nuclear gauge showed that a 1% error in the water-volume
measurement propagates linearly as roughly a 1% additional error in Mc when
mostly coal is being hauled, and 1% in Mr when mostly refuse is in the pipe.
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TABLE 2.6. - Mass determination from experimentally derived linear
equations eastern coal/refuse/water - 6-inch haulage pipe.

% Composition Actual Mass Experimentally Determined Mass (g/cm 2 )

by weight
Gauge ffl1< Gauge ff2* Gauge if3* Gauge flll* Gauge ff5*

Coal/Refuse/Water g/cm 2 Mass Error t Mass Error t Mass Errort Mass ErrorT Mass Error t

Cosl D 11. 61 11.52 (0.008) 11. 50 (0.009) 12.41 (0.069) 12.53 (0.079) 9.46 (0.185)
62/0/38 Refuse .. 0.00 0.186 (-) 0.20 (-) -0.67 (-) -0.17 (-) 0.846 -

Water .. 7.12 7.12 0 7.12 0 7.21
0.13 6.57 (0.078) 8.32 (0.169)

Coal .. 9.64 9.62 (0.002) 9.69 (0.005) 10.51 (0.090) 18.84 (0.950)
46/22/32 Refuse .. 4.66 4.71 (0.010) 4.65 (0.003) 4.45 (0.045) 1. 79 (0.616)

Water = 6.77 6.77 0 6.77 - 6.24 (0.078) 1.40 (0.793)

Coal .. 6.87 7.09 (0.033) 6.83 (0.004) 4.80 (0.301) 6.58 (0.042)
28/47/25 Refuse = 11.48 11.06 (0.036) 11.31 (0.014) 13.26 (0.155) 11.14 (0.029)

Water 6.19 6.19 0 6.19 0 6.19 0 6.51 (0.052)

Coal .. 0.00 0.183 - 0.948 - 1. 59 -
0/69/21 Refuse" 24.08 23.76 (0.013) 24.89 (0.033) 23.39 (0.029)

Water .. 6,,32 6.32 0 6.32 0 5.37 (0.150)

65/0/35 Coal .. 12.29 12.74 (0.036) 12.81 (0.043)
(Cylindrical Refuse .. 0.00 -0.80 (-) -0.92 (-)
Geometry) Water .. 6.65 6.65 0 6.65 0

* Gauge Hl = conductivity + constant density + 137Cs

Gauge /12 ., conductivity + 137CB + 252Cf (1-5 MeV)

Gauge H3 ., conductivity + 137Cs + 24Am

Gauge H4 .. 137Cs + 252Cf (1-2 MeV) + 252Cf (2-5 MeV)

Gauge It5 = 137Cs + 252Cf (1-5 MeV) + constant density

tError = lactual mass - experimentally determined massl
actual mass
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TABLE 2.7 - Mass determination from experimentally derived linear equations
for eastern coal/refuse/water IS-inch haulage pipe

% Composition Experimentally Determined Mass (g/cm2 )

by weight

Actual Mass Gauge 111* Gauge 112* Gauge 113*
Coal/Refuse/Water g/cm 2 Mass Errort Mass Errort Nass Errort

29/44/27 Coal = 17.36 17.17 (0.011) 18.43 (0.061) 25.42 (0.464)
Refuse = 26.19 26.55 (0.014) 25.18 (0.039) 21.84 (0.167)
Water = 15.67 15.67 (0.000) 15.67 (0.000) 11. 78 (0.248)

57/9/34 Coal = 28.80 29.65 (0.029) 26.70 (0.073) 23.71 (0.200)
Refuse = 4.63 3.16 (0.317) 6.38 (0.378) 6.58 (0.421)
Water = 17.20 17.20 (0.000) 17.20 (0.000) 19.98 (0.162)

* Gauge ill = conductivity + constant density + 133Ba

Gauge /12 = conductivity + 133Ba + 252Cf (1-5 MeV)

Gauge D3 133 252= Ba + Cf (1-5 MeV) + constant density.."

tError = I~ctual mass - experimentally determined massl
actual mass



This linear propagation of the error in Mw is indeed favorable, since
inmost other sensor combi nat ions, a 1% error in count rate can resul tin a
much larger error in Mc' Mr and Mw' This is especially true when two of the
gauges provide almost the same information, as in the case of the combination
of two g~mma gauges such as 133Ba (E y = 356 keV) and 137Cs (662 keV), or even
241 Am (E y = 60 keV) and 137Cs . However, it remained to be seen if the

conductivity gauge was anywhere near this reliable.

2.3.3 Simplified Analysis and Error Propagation

The error propagation with the combination conductivity-nuclear gauge
is small and linear, with essentially no error amplification ("amplification
factor" is approximately unity) because the conductivity gauge provides one of
the components, Mw' di rectly. The transmi ss i on of the gamma gauge and the
neutron gauge through this thickness of water is calculated, the count rate is
essentially corrected for this attenuation by water, and the Mc and Mr are then
solved for with a simple 2 x 2 determinant; i.e., the equations have the form

Ic1 b1

M =
c2 b2 = b

2
c1 - b1

c2
c I"I b1 a1 bZ - aZ

61
aZ b2

whi~h is easily handled with a small microprocessor.

In the proposed simple calibration scheme, in which the calibration
was carried out when the pipe contained only water, the water attenuation data
were provided to a high degree of accuracy. Consequently, the simplified
analysis was accurate as well as fast, in terms of microprocessor time.

2.3.4 Accuracy of Prime Candidate

Note that the data of Table 2.7 indicate a high degree of accuracy by
gauge no. 2, combination conductivity plus gamma-ray plus neutron gauges. This
results from the neutron and gamma gauges having avery different sensitivity
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for coal (-40% CH 2 + H20) and refuse. The maximum gamma transmission, for a
given water volume, occurs for high M and low M , while this is just thec r
opposite for neutron transmission. This is illustrated in Figure 2.1 of
Section 2.2.1, where the gamma and neutron transmissi~n are shown for varying

concentrations of water.

2.4 CONCLUSIONS AND RECOMMENDATIONS

Under the Phase I survey,

experimental sensor was found to be

concentration of coal/refuse/water in a

no existing commercial

capable of adequately

slurry pipeline.

prototype or

measuring the

As a resul t of the research conducted duri ng thi s Phase I, SAIC has

conceived and recommends a conceptual three-component (cr, Y, n) sensor design

whi ch is based on measurement of the sl urry el ectri cal conductivity, measure­

ment of transmitted single-energy gamma rays, and measurement of transmitted

neutrons from a 252Cf source. This concept, which is described fully in

Section 3, is believed promising for development into a sufficiently accurate

sensor for measuring coal/refuse/water concentrations in both research and

commercial or control applications. Further, the method requires no a priori

or additional information regarding slurry characteristics. If, for any

reason, difficulties should arise in developing the method of conductivity

measurement, SAIC recommends a two-component (Y, n) sensor concept wh i ch is

based on measurement of transmitted single-energy gamma rays and measurement of

transmitted 252Cf neutrons of all energies.

From the practical standpoint of a commercial sensor, it is

exceedingly important to determine during Phase II representative variation of

the specific gravity of eastern coal and refuse with mining depth into a given

seam. If, at a given face, the specific gravity of coal and refuse varies only

a few percent over times for which grab sample determinations of specific

gravity are practical, then a simpler, two-component (n, Y) sensor is very

likely to suffice. Under the contingent finding of slow variation of specific

gravity along a given seam, it is specifically recommended that SAIC would

modify the conceptual three-component sensor to a two-component (n, Y) sensor,
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retaining the neutron and gamma-ray transmission measurements and eliminating
the more problematic, more intrusive and less stable conductivity gauge.

Each of the sensor candidates was evaluated as per Bureau of Mines
criteria listed in Table 2.8. A qualitative summary of the sensor evaluation
study appears in Table 2.9.
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TABLE 2.8 - Evaluation criteria

Performance
Accuracy
Range
Response time

Cost

Safety

Re 1iabil ity

Applicability to larger lines

Environmental specs

Ma i nta i nabil ity

Compatible with mine operation

Calibration

Operational inconvenience

Power requirements

Operation by non-technical personnel
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TABLE 2.9. - Evaluation criteria for coal slurry concentration sensor: expected performance

CRlTERlO1l

Accuracy (Coal)

Accuracy (Refuse)

SEIISOR TYPE

6" (,'+n+y) 18" (n+n+y) 6" (,,1 y) 18" (u+Y)

3% (R, CII, Ct) 8% (R, Cm, Ct) 77. (Ap=3%) lJ% (An-37.)

3% (R, Cm, Ct) 8% (R, Cm, Ct) 7% (An=3%) lJ% (Ar=3'7.)

6" (2n+y)

6% (R, Cm, Ct)

6% (R, Cm, Ct)

DetermIned

I
by aource strength, detector: 0.5s, R; Is, Cm; 2a, Ct.

I I
0/100% to 100/0% Coal/Refuse Proportion

0-80% Wt. Concentration of Coal, Refuse- (Blockage Limited)

Response Time

Range

Difficult

Needs engineering

Nol applicable

Fair

Fair

Fair

Poor (Complex)

Poor

Modest

Good

Good

Good

Good

I
(Good if Ap~ 3%)

Good

Good

Good

Good

• 3% ! 3% !201.

! 3% ! 37- !207-
Low Moderate Mod. to High

Small Small Mod. to Lar",e

Excellent Excellent Excellent
Excellent Excellent Excellent

Good (10U7. W) Good (lOO'?, W)

(Mus t samp 1e PC' r R)
Modest I tlodest

(Requires careful p-sampling)
I I

(Easy callhration)
I

!20% !207.

±207.- !207-

Moderate High

Moderate Large

Excellent Excellent

Excellent Excellent

Good Good

Good Good

Fair Fair

Good Good

Good Good

Good (100% W) Good (1007- W)

Good Good

Modest Modest

Lead may melt: can use tantalum or sintered tungsten. Tantalum or tungsten shield is very
explosion proof. Bene lex may char. Encase in stainless steel housing for both fireproofing
and explosion proofing.

Fluctuation:

Coal Specific Gravity

Refuse Specfic Gravity

Cost

Safety

Shield Size Required

Source Encapsulation

Fire Proofing

Exploaion Proofing

Source Shield

Gamma-ray shield l
(Fire, explosion) f
Neutron Shield I
(Fire, explosion) ,

Reliability:

Applicability to larger
lines

Environmental Speca

Maintainability

Compatible with mine
operationa

Calibration

Operational Convenience

Power Requirementa

Operation by non-technical
peraonnel

+::0
\D

NOTE: (1)

(2)

(3)

(4)

(5)

6" (o+n+y) meana conductivity + neutron + gamma-ray sensor for 6-inch pipe. n = Cf-252 neutron aource,
y - Cs-137 gamma-ray aource.

6" (2n + y) meana aensor utilizes two energy bands (1-2 and 2-5 MeV) from Cf-252 neutron aource and one
energy band from Ca-137 gamma-ray aource.

3% (R, Cm, Ct) in "Accuracy" row, mean" 37. accuracy for research, commercial and control senaors.

/lp .::;; 37., in "Reliabill ty" row, means specific gravity (r) for both coal lind refuse are assumed to vary
by J% or lesa, as averaged over sampling volume (i.e., 1 sec at 20 ft/sec = 20 ft. sampling "tube").

(100% W), in "Calibration" row, meana that the calibration cycle is puahbutton-initiated when it is
certain that the pipe contains 1007. water.



3.0 SUMMARY OF PHASE II DEVELOPMENTAL WORK

The final design of the nuclear and conductivity gauges at the onset
of Phase II followed the preliminary feasibility studies of Phase 1. The
design of both the gamma-ray and neutron gauges had to be very stable and had
to accommodate high count rates because of the following:

• The low density of coal, as immersed in water.

• The requirement of a one-second measurement time.

• The high accuracy called for in the final concentrations
(± 3%).

A new gauging concept was developed by SAIC to achieve this high
required stabil ity and statistical accuracy. The stabil ity was measured to be
-1% over a measuring period of about one month in outdoor use at the Col'orado
School of Mines Research Institute (CSMRI). The weather conditions varied from
hot, sunny afternoons to snow blizzard conditions. This kind of stability (and
speed: one-second measuring intervals) will meet hands-off operating
conditions in a mining environment.

In addition, a very simple calibration method was developed which,
with the microprocessor, will merely consist of pressing a "calibration" button
when 100% water is assuredly in the line.

The conductivity gauge, as developed by a laboratory at Santa Ana,
California (near Los Angeles) proved to be useless. The water volume, as
measured by a flow diversion into an accurate gravimetric tank, was fed into
the calculator manually instead of via the runs at CSMRI. These runs proved
the nuclear gauges to be adequate for 2-3% accuracy in the concentrations
when the water volume is known to 1% or better.

After failure of the conductivity gauge, the SAIC group at La Jolla,
California, undertook to develop a workable unit. It was subsequently learned
that there was a 1arge number of probl ems wi th the conductivity gauge as
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developed by the Santa Ana laboratory.
following factors:

These were associated with the

• Complete removal (99+%) of solids from the slurry liquid
routed to the conductivity reference cell.

• 810ckage of the clarifi er 1i ne feedi ng the reference
cell.

• Temperature difference between the slurry water aBd the
reference-cell water (2% conductivity change per 1 C was
measured for water over a large range of conductivities
and temperatures).

• Gain drifts of the conductivity gauge electronics.

• Nonlinearities in the electronics.

• "Tracking" of the reference cell and conductivity gauge
cell with 100% water, but with changing conductivities
(achieved by adding San Diego tap water to distilled
water, and further by adding NaCl).

The SAlC group at La Jolla investigated two slurry-water clarification
methods: the cyclone separator and the sintered-metal filter.

The cyclone separator utilized a large-area screen with 160 micron (~)

mesh to separate out the coarser materi al s and to thus avoid bl ocki ng the
cyclone. A slurry pump following the 16011 filter provided a 50 psi pressure
drop across the cyclone separator. Accordi ng to the manufacturer's
specifications, the cyclone filter should separate out most of the rock
(refuse) particles below 5~ size and most of the coal particles above 8~ size
with a 50 psi pressure drop. A partial separation of coarse and fine particles
was achieved for 10 weight % slurries, but only about 30% removal was achieved:
better than 99% removal is required. The cyclone failed for three reasons:
(1) it does not appear to work well with a solids concentation much above 1%,

above which particle-particle collisions become important in destroying the
laminar flow regime; (2) the fines concentration of refuse, after wetting down
(our Pittsburgh-seam samples had a high content of what appears to be fine
friable rock), contains a large fraction of particle with particle size below
5~; and the 160~ prefilter blocked up permanently at the high slurry solids
concentrations even with a backflush device in use.
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Tests were carried out on a sintered-metal filter using both a 0.5
and 5 "mes h" filter. Samples of pulverized coal and pulverized rock were
passed through the 1- inch test line at Matt Metall urgi cal Corp., and cl ear
samples of water were drawn through the Mott sintered-metal filters without
permanent blockage after about 11/2 shifts (12 hours) of operation. The
pulverized-coal (-100 mesh) loading was (22/0/78) and the pulverized-rock (-100
mesh) loading was (0/35/65). Subsequent tests were made at SAIC, as described
below, with a test-cell geometry that kept the test cell very near the Mott
filter and, therefore, kept the slurry-line to reference-cell temperature
difference negligibly small. Gain drifts and nonlinearities in the
conductivity gauge electronics were improved dramatically. The blocking of the
filter was greatly reduced by backflushing and by periodic cleaning in an
ultrasonic bath as discussed below.

With. these improvements, a set of successful measurements at the CSMRI
6-inch test loop was completed.

3.1 THE INDIVIDUAL RADIATION GAUGES: DESCRIPTION

In th is sect ion, the three i nd ividual gauges developed to measure
C/R/W concentrations are described. The three-component slurry, with coal and
rock of unknown densities, requires three different and very independent datum
poi nts (responses) for each concentrat ion. Thi sis achi eved with a gamma-ray,
a neutron, and a conductivity gauge.

The degree to which very independent data points or responses are
achieved with gamma-ray and neutron sensors is illustrated in Figure 3.1, where
the straight-line semilogarithmic response of In (count rate) for neutrons is
seen to decrease with increasing water content plotted 1inearly, while the
oppos ite is true for the gamma-ray behavi or. Si nce the conductivity gauge
measures the water volume (Mw = Vw since the specific gravity of water is
unity) directly, the two nuclear gauges utilize this data directly to provide
the Mc and Mr values used to calculate the C/R/W concentrations.
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As discussed in Section 3.4, the nuclear gauges have the following
responses:

In N - I
---y y

Sy
(2)

for gamma rays, and

for the neutron gauge.

In N - In n (3)

Here, 0i Y is the gamma-ray macroscopic cross section for coal, etc.,
while Ny is the gamma-ray count rate, Iy the intercept of the gamma-ray
response obtained from the count rate of the (0/0/100) slurry (100% water), Sy
the slope of the response curve, and similarly for the neutron response
equation. By inserting Mw into Eq. 2 and Eq. 3, the only two unknowns are Mc
and Mr' These are solved with a simple 2 x 2 determinantal equation, as
discussed in Sectiun 2.3.3.

3.1.1 The Gamma-Ray Gauge

Figure 3.2 shows the gamma-ray sensor, as clamped onto a 6-inch slurry
line with a quick-clamp arrangement. It consists of three cesium-137 gamma-ray
sources (0.662 MeV gamma-ray energy, 1.0 millicurie strength each, and 3D-year
half-life) that penetrate the slurry, and a single 1 1/2-inch diameter x
1 1/2-inch-long NaI (Tl) detector optically coupled to a photomultiplier tube
with preamplifier. The heater strip has a miniature, solid-state temperature
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controller to keep it at 1000 ± 20 F for good gain stability for outdoor use
over a large range of weather conditions. Lead shielding around the sources
makes them accessible with safe radiation levels nearby.

The response of the gamma-ray gauge, shown in Figure 3.3, is seen to
have only a moderately steep slope. This means that a very high stabi1 ity
detector is required. The response is also seen to be linear when plotted as
In (Ny) versus Mass * Cross Section (I-£i(i). This was achieved with the SAlC
high-stabil ity des ign, whi ch fi Hers out low-energy scattered gamma rays that
would otherwise spoil the excellent straight-line response.

The moderately steep slope (versus a desired very steep slope) of the
gamma-ray response signifies that a very good counting statistical accuracy is
also required to achieve an accurate concentration for a I-second count rate.

The concentration error associated with a 1% statistical error (10,000

counts per second for a I-second count time) was seen to be about 2-3% for one
standard deviation in concentration. A somewhat smaller statistical error is
desired, which means the source strength and/or the detector sensitivity should
be doubled over the present value. A correspondingly larger count rate will be
designed into any future gauge.

The count rate stability, with the present gamma-ray sensor operated
in outdoor envi ronments, was better than 1% ina 1arge vari ety of weather
conditions. This is adequate, considering that the calibration, carried out
with 100% water in the line, should be done every few days and can be
accomplished with a simple pushbutton operation with microprocessor control to
be instituted in the later design.

Note that the present design of gamma-ray gauge only requires about 4%
of the gamma-ray source strength of the standard present-day gauges, such as
the Ohmart, and yet has 10 to 100 times faster response, a much greater
long-term stability, a very linear response in semi10garithmic coordinates, and
(consequently) is very easily calibrated. This is the type of gauge needed for
blockage measurements, or for coal-mass determi nat ions ina coal-water sl urry
where 1itt1e or no rock is present and where the specific gravity, averaged
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over a 4- to 20-foot length of slurry ("sausage") that ;s measured every
I-second time interval, is nearly constant from one "sausage" to the next. The
high accuracy requirement derives from the low "differential" specific gravity
of coal in water (0.35 for coal versus 1.54 for rock for the Pittsburgh seam
coal and rock used ;n the Phase II measurements).

3.1. 2 The Neutron Gauge

A drawing of the neutron gauge is shown in Figure 3.4. It consists of
a s i ngl e 5.5 m; crogram (pgm) Cal iforn i um- 252 source whose neutrons penetrate
the haulage pipe, the slurry, and a low-energy cutoff borated-epoxy filter.
After the borated filter, the higher energy neutrons that penetrate the filter
are moderated in the epoxy moderator where they are then eas ily detected by
3He-filled neutron detectors. As in the gamma-ray detector, the individual
neutron counts are measured and summed up over a counting period of 1 second.

The ; nherent stabil i ty of the SAIC neutron gauge des ign shown in
Figure 3.4 is excellent, being better than 1% per month of operation in an
outdoor environment under a large variety of weather conditions. The
installation is very simple, since the gauge is of the quick clamp-on
configuration.

The neutron-gauge design shown in Figure 3.4 was the result of an
extended set of neutron transport calculations and precision measurements
carri ed out in the des ign phase of thi s program, Phase I. The resultant
counter configuration is not only extremely stable, it yields a straight-line
response of In(Nn) versus JLi C;i , as shown in Figure 3.5. Here Nn is the neutron
count rate and IJ..~. is the product of the macroscopic cross seCtion IJ.. (in

1 1 1

units of cm2/gm) and ';i' the thickness of the slurry "column" penetrated by the
neutrons (in units of gm/cm2).

As in the gamma-gauge, the response function is not extremely steep.
This requires 1/2% to 1% accuracy in counting statistics for an accuracy in the
concentration of 2-3% for a 6-inch haulage pipe. Thus, the counts per I-second
counting time must fall between 10,000 and 40,000. About 20,000 counts per
second will be achieved in the delivered gauge.
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Note that the qui ck c1 amp-on neutron and gamma-ray detectors are
sufficient for a two-component slurry (such as coal/water or any ore/water)
when the densities are not known or vary a lot.

3.2

3.2.1

CONDUCTIVITY SENSOR

Description

By measuring the conductivity of slurry and comparing it to the
conductivity of the carrier fluid, the volume ratio of the fluid Vw may be
determined. SAIC has designed a sensor that is capable of making such
determinations. It consists of three major components--a main gauge, reference
gauge and the associated electronics. In principle, a high-frequency AC signal
is established between two electrically isolated (except for the fluid) points.
An AC signal is required to prevent any voltaic effects. As the resistance of
the fluid changes, so does the signal; hence, the output of the circuit. In
fact, the output is linearly related to the conductivity. The output from the
main gauge is divided by that for the reference gauge to give the fluid volume
fraction Vw'

The slurry conductivity is measured between an electrically isolated,
conducting ring and the remainder of the piping system. Figure 3.6 depicts the
design of the main gauge, which has a stainless steel band centrally mounted in
a 36-inch-long PVC spool piece. This design offers the advantage of total
electrical isolation of the central conductor, with no chance of grounding the
signal. Hence, no special precautions need be taken when mounting this
section.

To measure the conductivity of the carrier fluid, a particle-free
stream must be withdrawn from the slurry to el iminate these sol ids. Three
systems were des igned and tested. One uti 1i zed a knockout pot, the second a
cyclone, and the third a sintered metal filter. Only the sintered metal filter
proved capable of removing the fine particulates expected during operation.
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The electronics have two similar circuits--one for the main gauge and
one for the reference gauge--whose output is proportional to the conductivity.
To give the volume percent, Vw' the main gauge signal is simply divided by the
reference signal. Figure 3.7 details the electrical circuitry used to measure
the conductivity. The circuitry consists of an AC oscillator that sends an AC
voltage across both main gauge and reference cell. The current passing through
each cell is proportional to the conductivity. This current, converted to a
voltage by an ampl ifier (one for each cell), outputs the voltage signal to a
voltage-to-frequency converter. The main gauge and reference cell
vo ltage-to-frequency converters (V/F converters), each wi th a cali brat i on pot
(to produce the same output frequency when 100% water is in the slurry line),
are counted for one-second time intervals (to produce an averaging of the
conductivity over the one-second sampling time) by two scalers of the
scaler-timer system attached to the two V/F converters. Two other such scalers
are used to count the gamma-ray gauge and the neutron gauge counts. All four
scalers input these counts (one-second count intervals) into the programmable
calculator (HP 9815) described in Section 3.4 below.

3.2.2 Testing

The conductivity gauge components were tested at three separate
locations:

• Mott Laboratories in Connecticut

• SAIC Laboratory in San Diego

• Colorado School of Mines Research Institute in Golden,
Colorado

The objective of the tests at the Mott facilities was to confirm the
applicability of using a sintered-metal filter on coal and rock slurries. At
the SAIC laboratories, the three major components of the gauge were integrated
to insure proper functioning. The CSMRI tests confirmed the integration of the
conductivity gauge with the multi-component gauge.
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3.2.2.1 Sintered-Meta1 Filter Verification Tests

Two sintered-meta1-filter elements (Figure 3.8) were tested by their

manufacturer, Mott Metallurgical Corp., to determine their operating
characteristics in coal and rock slurries. From the resulting operating

parameters, an assessment of the fi lters' abi 1i ty to provi de a part i c1 e- free

stream to the reference cell could be made.

Figure 3.9 details the test apparatus used, and Table 3.1, the test

conditions and results. In all tests, the back-flush was maintained at a

constant 3/4-second, 50-psi pulse every 5 or 10 minutes. Additionally, each

filter was cleaned after each test.

The clarification results far surpass the maximum turbidity (solids
contamination) requirements of 0.1% to 0.5%. The volume flow rate appears

limited by the rock to 2 cc/min for the 3/4-inch2 filters. The blow-back

renewed both filters. Based upon these encouraging results, a system utilizing

these filters was designed.

3.2.2.2 Reference Gauge Performance and Integrated Tests

A 3/4-inch slurry test loop (Figure 3.10) was assembled at SAIC

instrument development laboratory in San Diego to test the performance of two

reference gauge designs. The best design was then integrated with the main

gauge and the electronics to insure proper performance and linearity at CSMRI,

and its response time measured. An additional test was conducted to determine

the effect of temperature on conductivity.

3.2.2.3 Mott Sampling System

The Mott sampling system utilizes a spring-loaded cam-driven hydraulic

cylinder to withdraw a 40 cc liqUid sample through the Mott sintered-metal

filter and to backwash the filter. Figure 3.11 gives a schematic of the
system, Figure 3.12 details the hydraulic cylinder assembly, and Figure 3.13

details the Mott filter with integral conductivity gauge (first design).
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TABLE 3.1 - Test conditions and results for the sintered metal filter verification test

Pressure
Filtered drop

Run Particle Slurry Stream Filter flow across RtDl
No. _type concentration Velocity type rate filter Turbidity time

fps .. cc/mln psI ppm MS:"

1 Coal· 20 Vol. % 4 0.5 4. 7 13 14 3%

2 Coal 20 Vol. % 4 5.0 4.3 13 10 2

3 Coal 10 Vol. % 10 5.0 1.8 27 14 2\
0'1
00

I
4 Coal 10 Vol. % 10 0.5 6.5 27 17 2

5 Rock" 20 Vol. 7- 10 0.5 2.1 30 5 1%

6 Rock 20 Vol. % 10 5.0 2.0 29 5 1\

1 Rock 10 Vol. % 4 5.0 2.0 16 6 1\

8 Rock 10 Vol. ,. 4 0.5 2.3 16 4 1\

*100 mesh, p-1.34g/cc
**100 mesh, pa 2.54g/cc
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I
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Cyclone
sampler
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1 St i rrer 6 (2) Male connector 11 (2) Bell reducer 1" x 3/4"
2 Ring stand 7 ,Male connector 12 (8) Union 3/4"
3 25 gal. can 8 'Y' connector 13 (30') Pipe PVC 3/4"
4 Pump (9 gpm) 9 (3) 'Tee' 1" NPT 14 (15) Elbows PVC 3/4"
5 Screen section 10 Bushing 1" x 1/4" 15 (4) Nipple 1" NPT x 6"

(j\
\.0

FIGURE 3.10. 3/4" Test loop.



15

SAIC-88VV-10l

I. Not used 10. Not used
2. (2) Mott fi lter II. Not used
3. (2) Male run tee 12. Male connector 3/8" x 1/2" NPT

3/8 x 1/4 NPT 600-3TMT 13. Pump assembly
4. (2) Reducer 1/4 x 3/8

(2) 3-way ball valve 1/4"(2) Reducer 1/8 x 3/8 14.

5. (2) Teflon ferrules 15. (4) Reducing port connector 3/8" x 1/4 11

6. (2) Conductivity probe 16. Ball valve whitey 1/4" NPT

7. (2) Regulating valve
8. Female branch tee

1/4" NPT NuPro
50-15-PSID

FIGURE 3.11 - Schematic of reference gauge.

70



.I

'!.

"

,.,.
;;r-=-J

:1'----'-

�------~Iii --,
(-

Washer neophene
1.50 00-1.00 1.0.

x .25 thick

I 6.31 .,

~'11

• I -.J [, I , "

~., 25.35 ~

,4

); r:~ rlT®,J I I Ll:.==
~- i T- -~ -_.~-- _.

0: • • rer=
I

I

~ 11.06 II

§'lE;::-i:~g - --- I • I --~

......

......

~i.;~~~-::Y---

SA IC-88VV-l 02
I~l-G~----_______rg....=r.=.= __ .- I

FIGURE 3.12.- Details of the hydraulic cylinder assembly.



~ Double scale

Step:

1/32" high
1/32" wide

SAIC-88VV-103

l. Mott 1/8" • 5'.1 sintered metal disk 7/8" dia .
(use existing filter) .

2. Bushing 1" NPT x 3/4" NPT 316 S.S.
(use existing filter) .

*2 3 ; Bushing 3/4" NPT x 1/4" NPT custom (made from
PVC "plug" or nylon cylinder).

*2 4. Wire probe 1/32" dia 316 5.5.
*2 5. Male elbow 1/4" NPT x 1/4 400-2-4 Nylon or PVC.

FIGURE 3.13. ~ Mott filter and reference gauge first design.
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The shakedown tests with water provided the following observations:

• Bubbles rising through the conductivity gauge cause
erroneous readings. (During the tests at CSMRI, when
running with approximately 10 vol. % air in the main
line, no air was sucked into the reference system.)

• Cavitation can occur if the flow demand by the cylinder
exceeds the rate through the fi 1ter. The system was
modified as shown in Figure 3.14 to insure that cylinder
suction pressure does not fall below 1 psig.

• The response of the cell sis 1ess than one mi nute
(Figure 3.15).·

To provide the conductivity of the slurry in the 3/4-inch loop for

comparison with the reference cell conductivity, a gauge (Figure 3.16) similar

to the 6-inch main gauge was installed in the horizontal section. When 10

volume percent coal was added to the system, the gauge indicated 82% on both

the 1/2 and 5 cells, as modified per Figure 3.17. To insure that the flow was

homogeneous, an identical main gauge was installed in a vertical orientation.

The reading remained the same.

To resolve this discrepancy, the output of the main gauge and of the

reference gauge were checked against the conductivity of 100% tap water, and

50% tap water and 50% distilled water. A possible non-linear response was

noted. To verify this non-linearity and to establish the cause of it, the

output of the 6-inch gauge, the 3/4-inch gauge, the Mott gauge (modified to be

similar in construction with the main gauge--Figure 3.17), and ten specially

constructed gauges (Figure 3.18) were measured for seven ratios of tap and

distilled water. All measurements were made on the numerator circuit without

adjusting the driving voltage. Figure 3.19 gives the results.

Next, the driving voltage on the 3/4-inch gauge was increased to 9,

then to 12, volts with 100% tap water. Figure 3.20 sh~ws this effect.

Finally, the #6 cell

6-inch gauge voltage (4.33).

shown in Figure 3.21.

voltage with tap water was set equal to the

Their ratio varied from .96 to 1.02, and are

73



D ATH

6

......
~

l-Pump Assembly
2.-Resevoir
3-Mott Filter
4-3-Way Valve
5-Throttle Valve
6-Pressure Relief Valve

($)

3

C0
I
I
I
I

3/

SAIC-88VV-I04

FIGURE 3.14.- Modified hydraulic circuit.
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FIGURE 3.15. - Filter response.
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l.
---+----1~-------__t-- ~

L = 2" FULL SCALE

1 (2) Pipenipple 3/4 11 NPT ach 40 PVC
2 Pipe section 3/4 11 NPT sch 40 S.S.
3 Pipe coupling 3/4 11 PVC
4 (2) Pipe coupling 3/4 11 NPT S.S.
5 (3) 10-32 Machine screw

FIGURE 3.16. - 3/4 11 ConductiVity gauge.
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*Not Used

CELL*
1
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5
6
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8
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10

A

2.0
2.0
2.0
2.0
2.0
1.0
0.8
0.6
0.4
0.2

B

1.0
0.8
0.6
0.4
0.2
1.0
1.0
1.0
1.0
1.0

SAIC-88VV-10B

FIGURE 3.18. - Conductivity gauge.
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FIGURE 3.19. - Cell linearity results.
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FIGURE 3.20.- 3/4"Cell linearity at 0.5,9, 12 voe driving voltage.

80



5 10 Tap Ratio 6"/#6
10/0 .956
25/0 .991
5010 1. 009
65/0 1. 019
80/0 1. 016
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FIGURE 3.21.-~atio of 6 in. main gauge to #6 cell.
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From these tests, we concluded* that:

1. Very little drift occurs in the electronics.

2. The width of the center conducting band is not a factor.

3. The width to diameter of the insulating band below an
LID of 2.6 affects the linearity of the gauge.
Therefore, the cell configuration must be scaled.

4. Increases in the driving voltage above approximately 4
VDC give increasing non-l inearity with the electronics
set as per these tests (see below).

Based upon these conclusions, two cells were made with the exact
dimensions of the #6 cell, and two were scaled down to fit into the Mott cell.
They were designated Ml, M2, Mott 1 and Mott 2 (see Figure 3.17).

Figure 3.22 gives the effect of temperature on conductivity.

3.2.2.4 Conductivity Gauge Performance and Integration
(Tests Conducted at CSMRI, Golden, Colorado)

The integrated conduct ivity gauge (rna in gauge, reference gauge and
electronics) was taken to CSMRI for testing on a 6-inch IPS loop, along with
its companion nuclear gauges. Together the three gauges--conductivity, neutron
and gamma--comprise the multi-component gauge. This section will discuss the
shakedown and calibration tests for the conductivity gauge.

The gauges were installed in the lower horizontal run, and the test
loop was filled with low conductivity tap water and the reference gauge purged.
Initial tracking measurements were made between the four reference gauges
(Table 3.2). Next, the reference gauges were compared with the main gauge and,
based upon these results (Figure 3.23), it was concluded that the numerator
electronics were misaligned.

* Based on tests done during the CSMRI test, these effects could have been
caused by electronic misalignment.
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FIGURE 3.22. - Conductivity versus temperature for four
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TABLE 3.2 - Reference gauge comparison

Reference Gauge
Solution Ml HZ Mott 1 Mott 2 #6

Tap water 0.314 0.302 0.098 0.89 0.399

Sal ted water* 2.620 2.630 1.003 0.917 2.984

Decanted
saturated 5.005 5.005 1. 970 1. 802 5.670
rock

*1/4 gram NaCl in 300m1 water
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FIGURE 3.23. - Ma in and reference guage 1i nearity before
alignment of electronics.
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By substituting resistors for. the conductivity gauge, the electronics
were recal ibrated to give a 1inear response for the range of conductivity
expected. Fi gures 3.24 and 3.25 gi ve the response of the numerator and
denomi nator ci rcuits, with the peak val ues expected for the saturated rock
solution also indicated. The denominator circuit has a slight zero offset,
which will give increasing errors as the conductivity approaches zero.

With the electronics al igned, tracking tests were conducted between
the ma in gauge and the four reference gauges by varyi ng the amount of NaCl
added to the low conductivity tap water. With no sol ids in the system, the
gauge reading should return to its initial value since the ratio of two linear
responses is constant. As can be seen in Table 3.3, three of the gauges track
within ± 1% over a wide range of conductivity. Only the Mott gauge, which is
mounted on the O.5/-L filter, deviated at low concentrations. We feel this is
due to high concentration salt solution continuing to diffuse from the filter
into the cell a significantly long time after the water was changed to a lower
conductivity, which resulted from reducing the concentration in large steps for
a very fine mesh filter.

3.3 SUMMARY OF THE CONDUCTIVITY GAUGE PERFORMANCE

With the modifications proposed in the following paragraphs, the
conductivity gauge should give performance well within the ± 1% requirements.

Main Gauge

The main gauge performed flawlessly as expected. No difficulties were
experienced in installation or operation. Because it is constructed of PVC,
its wear life will probably be less than that for steel pipe, but an estimate
is not yet available.

Reference Gauge

While the reference gauge concept proved to be adequate, several
design modifications are needed to increase its performance life. First, the
fi 1ter area must be increased to 4 in. 2 from 1 in. 2, and the motor set to
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TABLE 3.3 - Main and reference gauge tracking

~ 100 66 2/3 33 1/3

Gauge (VOC)

Main 2.327 1.624 0.888

M1 5.362 (43.4) 3.720 (43.7) 2.043 (43.6)

M2 5.331 (43.7) 3.760 (43.6) 2.108 (42.7)

Mott 1 (0.5 lJ) 2.321 (100.5) 1. 637 (99.5) 0.936 (94.7)**

Mett 2 (5.0 lJ) 1. 889 (124.1) 1. 315 (124.9) .725 (123.8)

*17.8 lbs. NaC1 in 1500 gal. H20
**Rose to 95.9 in 15 minutes

Numbers in ( ) are the gauge reading
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10-minute cycles. This will reduce the flow to 2 cc/min per in2, thereby
increasing the time between removals for cleaning from several hours to several
shifts or days. Also, this will insure a faster response time (approximately
4x) when operating with fine solids.

The reference conductivity ce11 will be modified from the design in
Figure 3.17 to insure a positive compression between the conducting and
insulating bands. This will prevent any drift resulting from changes in cell
confi gurat ions. The new confi gurat i on wi 11 be tested to insure 1i neari ty and
repeatability.

The hydraulic design, as given in Figure 3.12, performs well.
Therefore, more permanent fittings should be used in place of the Swageloc
fittings that were chosen for flexibility.

Finally, to reduce the envelope of the conductivity gauge, the
reference gauge will be mounted on the main gauge. This new configuration will
be tested to insure that neither gauge electrically interferes with the other.

Electronics

Once al igned, the electronics performed with 1ittle drift. However,
the denominator circuit had a small zero offset which must be corrected to
increasing the operating range to low conductivities.

The cal.ibration resistors should be changed to reflect the effective
resistance of the gauges with a saturated rock solution. This will simplify
the calibration procedures and the assessment of drift.

3.4

3.4.1

COAL SLURRY ON-LINE PROGRAM

General Remarks

In its present form, the HP 9815A software is designed to interact
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on-line with the necessary hardware through the Tennelec Interface (TC 575) to
store the information required by the scalers at the end of each measurement
cycle (usually 1 sec) to compute the desired results, and print them in the
form specified by the user during the next counting cycle and upon initiation
of the latter.

3.4.2 Data Processing Algorithm

The software program is required among other things to calculate the
slurry density in g/cm3, and the coal and refuse concentrations in weight
percent. This is accomplished by solving the following three simultaneous
equations:

Mw c PwVwD (conductivity gauge)

alM ci'YM a'YM
lnN - I (gamma gauge)

+ + = g g
c c r r w w

Sg

lnN - I
a~c + a~r + a~

n n (neutron gauge)=
Sn

(4)

( 5)

(6)

Here, ,Mc ' Mr2 and Mw are the masses of coal, refuse and water
ln g/cm ;

Pw is the water density (1 gm/cm3)j

D is the haulage pipe inside diameter;

'"Y '"Y '"Y0c'o r' Ow are the gamma cross sections for coal, refuse, and
water;

n n n
0c,or ,ow are the neutron cross sections for coal, refuse,

and water;

Vw is the volume of water as measured by the conductivity
gauge directly. It is input into the main program as
the ratio of the second scaler contents (numerator)
divided by the first scaler contents (denominator);
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(5 ')

Ng and N are the accumulated gamma and neutron counts (third
andnfourth scalers) respectively;

5g and 5 are the predetermi ned slopes of the gamma and
neutPon response curves and, finally;

I and I are the intercepts of the gamma and neutron
g respo~se curves. These are determined during calibration

with water only from the equations:

Ig = wMw5g + In (NGC) (7)

In = wMw5n + In (NNC) (8)

where NGC and NNC are the accumulated gamma and neutron
counts per cycle when only water flows through the line.

Now, since Mw is measured directly by the conductivity gauge, the
system is reduced to two equations in two unknowns and equat ions (5') and (6')
assume the form:

al'M + al'M • (1nNg- I g)_al'M
c err S w w

g

(
lnN - I )

a~ + a~ _ n n_
c err S

n

The solution is given by:

(6 ')

Bg
01'

r

Bn
n

or
g/cm2 (9)Mc =

01' 0'Y
c r

n n
°c or
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aY Bgc

an Bn g/cm2
~-

r

aY aY (10)
e r

an an
e r

with Mw given directly by equation (4). The slurry density can be calculated·

by the equation

(11)

and, finally, the coal and refuse concentrations in weight percent are given

by:

and

Me '*100

. '"Me + Mr + Mw

Mr *100
C·",

r He+~+~
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4.0 CONCENTRATION SENSOR TESTS AT THE 6-INCH CSMRI TEST FACILITY

These tests were conducted in two parts: first, a set of diagnostic

tests in 1977 to determine the problem areas, and a set of quantitative

measurements in 1978 with an upgraded coal slurry concentration sensor.

4.1 1977 TEST SERIES AT CSMRI

A series of tests was carried out at CSMRI in the Fall of 1977 with

the high-stability gamma-ray and neutron gauges developed by the SAIC team at

San Diego, and the conductivity gauge developed by the Santa Ana laboratory.

Si nce the conductivity gauge fail ed because of sl urry-water
clarification failure, line blocking, temperature differences, and a

"non-tracking" reference cell geometry, the nuclear gauges were, nevertheless,

tested with the correct water volume input into the. computer manually. The

correct water volume was deduced from gravimetric diversion-tank measurements.

For the coarse-coal and coarse-rock runs, where gravimetric measurements will

not yield the correct in-situ concentrations because of slippage (where the

water moves faster than the solids in horizontal or uphill pipes), the slurry

was pumped a long time to achieve near-equilibrium water conductivity, after

which time some of the water was vacuum-assist filtered and placed in the

reference cell. However, the results are in question because of improper

reference-cell design: the Santa Ana laboratory was unaware of the need for

the reference cell geometry to match that of the main gauge (in proportions,

but not necessarily in size).

Initial cross section measurements were made with coal fines and also

rock fines, where the in-situ concentration was identical to both the

loading-inventory concentration and the flow diversion (into the diversion

tank) measurement. This was to verify and sharpen the cross section

measurements initially carried out with stationary slurries.

The results for the 1977 CSMRI tests, presented in Table 4.1, show

that the nuclear gauges perform. adequately (to 3% accuracy or better) when the
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TABLE 4.1. - Test runs at CSMRI, 1977 Conductivity-guage simulated

Noalnal Concentl. Neaaure4 Cone.ntr. Diffenn.::e. wt. 1.Wtl Wtl , ...... of ...... - ......1
.un 'D(p81) 'I(P.I) '2(P.1) v(f 'a.c) Coal Refu•• Water Coal .du•• Uat.r eoal a.fu•• Water

VFCI-I 22. ~ n.o lZ.~ ••• 28.41 0.00
'''~' 10.51tl.15 0.0 to.O 6t.n n.lo 0 -2.24VFCI-2 B.O IS.~ n.o 8.S n.98 0.00 141.02 24. u!I.a, 0.l9... 66 n.n -1.24 -0.19 .... n

VPCI-) H.S 16.0 n.~ U.S n.l1 0.00 J4.21 26.2611. 19 0.0 to.O n.n -to•., 0 -0.41

v":Z-1 24.0 .... 1l.1 4.S 45.50 0.00 S4.S0 4J.19tl.lS 0.0 iO.O SI.'I .... 69 0 -I ...
V'Cl-2 H.O 16.8 11.' 11.6 44.90 0.00 SS.IO U.16t2.U .•ltl. ~6 n.n -1.04 +O••J -to. 11vt'C2-) 26.11 11.1 15 .• 12.1 U.96 0.00 54.04 U. Sit I. 19 0.0 10.0 n.49 "O.U 0 -o.n
vnl-I Z'LO 11.1 n.l 4.1 0.00 26.62 n.lll 0.lliO.lt4 25.IJn.~5 n.lo to.n -o.n +0.42
VFlI-2 26.0 III.} 15.S •• 4 0.00 2~.14 14.66 • SOt 1.11 24. !'lil"90 J4.~4 to. SO -O.ll -0.12
Vnl-) 25.5 ZO.II 16.• I:!.J 0.00 24.44 n.56 0.1411.01 24.5011.60 14.7' to.14 +0.06 -0.80

VFII2-1 )0.5 n.s 20.S 4.6 0.00 41.61 S2.ll 0.8811.11 48.011"46 ~1.1I -to... -to.l4 -1.21
VFIIl-2 )2.5 14.0 20.S 11.4 0.00 49.06 50.94 I. 1811.46 411.4Sn.60 SO. 11 -tl.JI -0.61 -0.11
VfIlZ-) u.~ 2S.S 2.. 0 12.6 0.00 41.44 52.S6 0.81111.02 48.1211.60 SO.40 -to... H.2. -2.16

V'"I-I Z).O 16.1 U.S 4.1 n.1l Il.n n.14I lJ. 14J I. 64 14.2IJI.60 n.'. -to.'l ..).as -1.J'W'NI-2 lJ.8 16.0 11•• II .• n.n 12.12 14.56 Il. 2011. 10 n. 18H. 11 14.62 +0.41 -0. SIt to.06
VF"I-} 26.S 16.0 14.0 12 .11 12.16 12.16 14.48 12.S212.01 12.1Il'1 .. 9S 14.60 -0.24 to. 12 to. 12

YF"2-1 21. ~ 19.) 16.S 4.5 24.28 24.28 SI.44 24.1IH.95 24. nU.Ol SO.S4 to.U to. 41 -0.90
V'"2-1 29.5 1nope rellv~ 18.1 II.) 24.54 24.54 50.92 24.861 I. 9] 24. 79t2. II SO.)~ to.n +O.2~ -0.51
vFnl- J n.n Inol,erat.v. I!*.l n.l 25.16 n.16 49.68 21.9611. ~o 2S.24t1.6S SO. 10 -1.20 to.• ".12
von-l - - - 8.~ )).00" 1).00" 14.00 ".8911.91 15.2112.09 12.15 -- -- --Hee2-1 11. fi 'J.S 9.S 8.8 22.* 0.00 18. 21.2411.15 0.0010.00 16.16 -- -- --
HC"I-I - - - 8.8 12 ... 12... J6. 8.41U.12 1/•. 1112. n n.u -- -- --
HP'R 1- 1 - - - 8.4 0.00 41.1l ')2.28 0.HIO.61 46.9611.41 52.19 0 -0.76 +0. )1
HfRl-2 - - - n.1l 11.011 47.1~" ~2.211 0.4610.16 47. 12U .4t. )2.42 -- -- --

-- . . ~ _..

*Known only to !4 wt% because of line-leaking, header tank settling and line slippage. Concentrations deducted from loadings.
**Taken during run HFRl-l, which should be the same as HFRIl-2 within !l%.
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correct water vol ume Vw is measured by the conduct i vity gauge. The proof of

accuracy, of course, is carried by the fines tests (VFR1-1 means vertical test

section, fine refuse, composition #1, and speed #1 (-4 ft/sec)j HCC2-2 means

horizontal test section, coarse coal, composition #2, speed #2 (-8 ft/sec),

etc.) .

This table shows averaged values of the composition measurements and

standard devi at ion, whereas Fi gures 4.1 through 4.13 show the poi nt- by-poi nt

values for each of the separate test configurations.

4.2 1978 TEST SERIES AT CSMRI

Table 4.2 shows the results of the test series carried out in June,
1978 at CSMRI with a working conductivity gauge, as designed by the SAle San

Diego group.

For the fine coal and refuse slurries, the average agreement between

the concentration sensor and the gravimetric measurements is seen to be better

than 3% for nearly every case. While the difference between the gravimetric

and concentration-sensor results gives an indication of the accuracy of the

concentration sensor (for the fines only), it is not an absolutely accurate

indication of the error because the gravimetric method is 2-3% uncertain for

coal and 1-2% uncertain for rock (refuse).

Note that for the coarse coal slurry, where the particles are large,

the slippage is also large and the diversion tank will collect appreciably more

water (which is flowing faster) than coarse coal. This explains the large

difference (+18%) between the concentrat i on - sensor measurement and the

diversion-tank measurement (HCC-1, Table 4.2). The diversion tank proVides a

measure of delivered concentration, while the concentration sensor gives a

direct and accurate measure of in-situ concentration, which is a vital

parameter for avoiding line blockage.

Note that after the diversion tank has been filled (it carried 1 1/3

times the volume of the short 6-inch test loop), the coal in situ concentration

dropped from 47.3% to 27.7% (HCC-1). This is a result of a large fraction of
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TABLE 4.2. - Test runs at CSMRI - June 1978. Complete sensor operation

Nomjna1 concentration Measured concentration Difference, wtl
by diversion,* wtl wtl (mean of meas.-nomina1)

Run PD(p s i) Pl(psl) PZ(psl) V(f/sec) Coa 1 Refuse Water Coal Refuse Water Coal Refuse Water

HZO 15-Z0 13-18 6-lZ 10-11 0.0 0.0 100.0 0.2+0.5 1.4,!1.8 100.6,!0.3 +O.Z +1.4 +0.6

HFM-l lZ-Z6 10-24 2-15 8.5 16.6 16.6 66.8 15.5+Z.3 14.6,!Z.5 69.9,!0.0 -1.1 -Z.O +3.1

HFC -1 Z5 Z3 4-15 8.Z 34 .2 0.0 65.8 ]6.4+1.0 O.O,!O.O 63.6+0.1 -Z.Z 0.0 -Z.Z

HFM-2 ZO 18 1-10 11. Z5.3 23.9 50.8 26.6+1.6 ZO.I,!!.7 53.3+0.Z +1.3 -3.8 +Z.5

HCC-l** lZ 10 Z-5 9. Z9.1 0.0 70.9 47.3+1.0** 0.0+0.0** 5Z.7+0.6** +18.Z** 0.0** -18.Z

HCC-l+ lZ 10 1-4 9. ---- ---- ---- Z7.7+1.3+ O.O,!O.O+ 7Z.3,!0.4+ ---- ---- -- --
HCR-l++ 14 IZ 1-5 10. 0.0 18.8 81.Z 2.1+1.7++ Z1.3."!:.Z.3++ 76.6,!0.Z++ +Z.I ++ +Z.5++ - 4.6+

*No error has been assigned to tile dIversion results. Thts could be as much as Z-31 for Coal and I-ZI for rock, due to their
different relative densities.

**Due to slippage In the slurry line, tile diversion results are obviously quite lower than the measured In-situ concentration In
the case of coarse coal (Cf, next HCC-I run)

+This Is a diagnostic run Immediately following the diversIon in HCC-1. Observe the dramatlc decrease in measured In-situ
concentration, as expected.

++Observe that slIppage effects are not very drastic here, due to the friability of coarse refuse.



the inventory finding itself in the 6-inch haulage pipe and a correspondingly

small fraction in the header tank, where the coarse coal rapidly falls through
the large water volume and directly into the slurry pump at the bottom of the

header tank.

For the rock (refuse), on the other hand, immediate breakup occurs for

at least 90% of the refuse as soon as it becomes wetted because only a small
fraction of hard rock is found in the Pittsburgh seam refuse in the deep mine
at Morgantown, West Virginia. It rapidly breaks up both from wetting and from
the pump and haulage-line mechanical forces.

This accounts for the better agreement between the diversion-tank
gravimetric measurement and the concentration-sensor measurement for the coarse

refuse, shown in the last row of Table 4.2, than for the coarse coal.

The point-by-point data are shown in Figures 4.14 to 4.18, and
correspond to the averaged data of Tabl e 4.2 di scussed above. Most of the
point-to-point bounce appears to derive from the gamma-ray counter statistical

variation (while some very likely derives from haulage line variations), which
calls for a larger gamma-ray detector and/or sources. A study of the gamma-ray

counter variations in concentrations that have been observed do, indeed, reduce
to about one-half their present value, or possibly less, with the gamma-ray

counting variations reduced by about a factor of two. A higher gamma-ray count
rate will be designed into the next version of the gamma gauge.

The solid lines in the run HCC-l show the diversion-tank estimates of
the in-situ concentration of coarse coal. These diversion-tank measurements

are, of course, very far off of the actual in situ concentration for coarse
coal, as the figure illustrates, because the water is floWing appreciably

faster than the larger chunks of coal. The extent that the two curves disagree

gives a measure of the slippage occurring, in that as the coal particle size
reduces (or the water velocity increases), the diversion-tank measure of water

flow and the concentration gauge measure of in-situ concentration will tend to
become one and the same. It is precisely this kind of comparative data that is

useful for both direct slippage measurements and line blockage studies. This
dramatically illustrates a few of the many uses that the in-situ concentration
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gauge, the first ever developed, can be used in coal haulage measurements and
in studying the hydraulic flow phenomenon (or phenomena).

The last row in Table 4.2 for HCR-I, the diversion tank measurement,
is much closer to the concentration gauge measurement. This agrees with
laboratory observations of 90% or more of the "rock" immediately breaking up
after being wetted. This is illustrated in Table 4.3 below, by comparing the
coarse coal and coarse refuse size distributions before and after pumping. In
the case of the coal-refuse mix (pumped), almost 1/3 of the mix is -325 mesh,
whereas with pumped coal, less than 1/13th of the mix is -325 mesh. (Very
little of either the coal or refuse, unpumped, is -325 mesh.)

4.3 CONCLUSIONS

The test data with fine coal and refuse described in the preceding
section show that the concentration sensor measures the in-situ concentration
to an accuracy of 1-3%. (The diversion-tank measurements against which the
accuracy is measured are no better than that. See Table 4.3 for the sol ids
difference obtained by oven-drying and by the diversion tank gravimetric
methods. In some cases, about 3% disagreement is reported.)

In the case of the coarse coal slurry, the test results dramatically
illustrate how well the in-situ concentration sensor provides a measure of the
hydraul ie-haul age sl i ppage phenomenon. A di rect measure of the sl ippage is
gi ven by the di fference between the di vers ion-tank measurement of sol ids and
the concentration gauge measure of solids. The difference approaches a factor
of two, as seen in Figure 4.18. For times immediately after loading the coal,
before any breakup occurs, the in-situ concentrations were even higher. Thus,
for coal 1/3 the pipe diameter (or 2 inches) as against the smaller
stoker-grade coal (15/8 inches), the slippage will be even greater. The coal
slurry concentration sensor was developed to measure slurries with coal and
rock sizes as large as 1/3 pipe diameter.

This three-component slurry concentration sensor, the first of its
kind ever developed, should prove highly useful in line-blockage studies in
operating hydraulic haulage equipment to maximum efficiency, and possibly in
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TABLE 4.3 - SAlC pipeline test summary for 1977 CSMRl measurements

Velocity of Weight concentration
Run Date slurry at of so I ids by

Identification 1977 Time Samples Sampling Time(fps) Oven drying Flow diversion

VFCI 10-21 11:10 VFC1-1 4.0 28.00 28.85
(fine coal, 12:17 VFCI-2 8.0 27.12 24.84
vertical pipe) 14:10 VFCI-3 11.9 25.99 25.55

VFC2 10-22 7:55 VFC2-1 4.1 45.93 45.06
8:30 VFC2-2 8.2 46.14 43.65
9:30 VFC2-3 12.3 46.95 44.97

I
VFRI 10-24 14:10 VFR1-1 4.0 27.62 25.61.....
(fine refuse, 14:38 VFRI-2 8.1 25.73 24.95.....

ex> vertical pipe) 15:05 VFRI-3 12.7 23.93 24.95

VFR2 10-24 16:19 VFR2-1 4.1 46.72 48.61
16:47 VFR2-2 7.8 47.94 50.18
17:22 VFR2-3 12.2 45.73 49.15

VFMl 10-25 11 :41 VFM1-1 4.0 25.07 27.42
(1265 lb fine coal 12:25 VFMI-2 8.0 25.97 24.90
1239 lb fine refuse 12:58 VFMI-3 12.1 25.48 25.56
vert ica1 pipe)

VFM2 10-25 15:09 VFM2-1 4.1 48.20 48.92
(3773 lb fine coal 15:31 VFM2-2 8.1 48.59 49.56
3729 lb fine refuse 15:55 VFM2-3 12.5 51.51 49.10
vertical pipe)

HERI 11-7 15:58 HFR1-1 12.6 46.38 49.06
(fine refuse,
horizontal pipe)



providing a direct measure of tonnage delivered when used in conjunction with a
flow meter (and with a knowledge of the approximate size distribution of
coal/refuse normally used in loading the line).

4.4 PROPERTIES OF COAL AND REFUSE USED IN CSMRI TESTS

4.4.1 Coal and Refuse Source

The coal and refuse used in the concentration gauge tests were
obtained from a Pittsburgh seam underground mine. The coal is stoker grade,
and the refuse was screened to eliminate chunks larger than 2 inches.

An earlier sample (1976) of about five buckets, five gallons each, was
obtained from the Pittsburgh Research Center experimental mine. The analysis
of that batch of coal and the Morgantown supply (1977) of coal and refuse is
presented in Table 4.4. These analyses were used to calculate the neutron and
gamma-ray cross sections for coal and refuse.

Some of the coal and refuse was fine-ground, so that no appreciable
slippage would occur in the CSMRI test loop. With their diversion-tank
measurements and with oven-drying techniques applied to a separate grab-sample,
we were able to determine the in-situ coal concentration to ± 2-3% and the
refuse sample to ± 1-2% (the difference being due to the large difference in
specific gravity of coal and refuse) for direct comparisons with the
concentration sensor readings. The results of screening analyses on the fine
and coarse coal and refuse are presented in Table 4.5. Table 4.6 gives the
s; ze range and the mean part; cl e s; ze for the many test runs carr; ed out ; n
1977 at CSMRI.

4.4.2 Coal and Rock Conductivity

Careful tests were made of coal. and refuse conductivity. UtiliZing
long plastic trays with electrodes at each end covering the entire cross
sectional area so as to give a very accurate parallel electrical-field
configuration, conductivity measurements were made on dense coal and rock
sl urri es, and also on the decanted water from the same coal and rock batches
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TABLE 4.4 - Chemical analysis of coal and refuse (weight %, deduced
from elemental and other analyses).

COAL REFUSE
1976(1)- 1977(1) 1977 (l)

C 78.6 75.4 5.5
H(combustible) 5.4 5.1 0.9
Moisture 2.5 2.4 2.0
Si02 5.5 8.0 52.3
A1 203 3.5 3.7 22.4

Fe2(S04)3 (2) 3.0 3.6 6.2
FeS2 (2) 1.5 1.8 4.2
Fe02 (2) 1.9
Ti02 0.8
Ca02 3.8

TOTAL 100.0 100.0 100.0

Note: (1)1976 sample from U.S. Bureau of Mines Bruceton Experi­
mental Mine. 1977 samples from Pittsburgh Seam coal and
refuse.

(2)The ratios of Fe2(S04)3' FeS2 and Fe02 are only approxi­
mate in that they were deduced from a) total ash content
minus Si02 and A1 203 obtained from Si and Al content, and
b) Fe and S content.
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TABLE 4.5. - Typical screen-analysis results (weight %)

SAMPLE Sl:REEN PRUJ)lIC'I' (THER) MESH

20/28 28/)5 35/48 48/65 65/1 n{) lOo/no 150/200 200/125 -325

Coal, FJne, rUMped 1.27 1.29 10.49 12.31 17 .42 5.68 lJ.96 5.17 25.16

Refuse. Hne. PUllped 0.30 3.45 4.11 6.60 8.]] 4.64 1.21 5.84 58.84

COli 1 " Refuse Mix, Fint= .I'Ulllped 3.46 1.20 9.12 10.97 18.00 4.05 11.)1 4.11 31.61
I

0-
N
0-

I
I/O. H 0.15/0.5 0.5/J ~ 6/14 14/28 28/48 48-150 ) 50/l25 -325

Coal, Coarse. PUIDped 0.00 1.54 24.35 24.70 15.78 6.67 4.95 5.13 2.80 7.48

Coal " Refus~ HJx,Coarse,Pullped 0.00 0.00 5.81 17 .80 20.1U 7.39 4.62 6.88 8.01 28.14

1. 25/1 1{0.75 0~75/0.5 n.5/3 3/6 6114 14/28 -28 -0.5

Coal, Coarse, Unpumped

Refuse, Coarse, Unpumped

22.68

9.b]

45.81

8.n
29.01

10.00 17.9J 12. )() 27.68 8.62 4.90

2.50



TABLE 4.6._- Science Application International Corporation size
distribution analysis summary

Sue Range dSO
(1) Weighted Mean (2)

Pa rticle 0 iam ete r
Sample m.m. H H

co ar sec oal, unpuznped 3l.8xO 21.600 21.400
coarse refuse, unpumped 31.8xO 5.800 9.300
fine coal, unpurnped 0.82 x 0 190 220
fine refuse, unpumped 0.82 x 0 141 244
V Fe 1-1 0.82 x 0 190 220
VFC 1-2 0.82 x 0 160 180
VFCl-3 0.82 x 0 140 130
V FC 2-1 0".82 x 0 160 190
VFC 2- 2 0.82 x 0 170 200
VFC2-3 0.82 x 0 150 180
VFR1-1 0.82 x 0 40 110
VFRl-2 0.82 x 0 38 97
VFR1~3 0.82 x 0 37 93
VFR2-1 0.82 x 0 oi2 'i 20
VFR2- 2 0.82 x 0 32 98
V::R2-3 0.82 x 0 39 107
VF:-'11-1 0.82 x 0 155 193
VFM1- 2 0.82 x 0 167 202
v F~ll- 3 0.82 x 0 Ib8 202
VF?v12- 1 0.82 x 0 IbO 197
V F:v12- 2 0.82 x 0 131 180
VF~12- 3 0.82 x 0 120 175
VCM1-l 25.4 x 0 3,652 6,135
VCM1- 2 25.4 x 0 5, bOl 7,184
VCMl-3 25.4 x 0 2,743 5.339
VCMl-4 25.4 x 0 541 2,oi93
VCC1-l 19.0 x 0 4,365 5.229
HCC 1-1 12.7 x 0 2, bi2 3.353
HCC2-1 19.0 x 0 6,318 7,015
HCC2-2 19.0 x 0 3.083 3,886
HCM1- L 12.7xO 725 1,980
HFR1-l 0.8, x 0 38 104

(1) diameter at which 50% of the sample by weight is larger in size
(2) ~(particle diameter "i" x weight fraction of size "i")

122



(water that had dissolved all the minerals it could after about a one-week
soaking with periodic mixing). In each of the dense slurries, the conductivity
was measured to be proportional to the water volume to -1%, as determined by
gravimetric methods. Thus, it was concluded that the conductivity gauge, if
properly designed with clarification system and a reference cell of "matching"
geometry, was a viable candidate for direct measurement of the slurry water
fraction, Vw'

4.4.3 Density Variations of Coal and Rock

Table 2.1 (Section 2, above) lists the range of specific gravity for
coal as 1.2 to 1.6 and for refuse as 2.3 to 3.1 (for the U.S. Bureau of Mines
design specifications). This range is much too great to assume that it is
nearly constant. However, if the densities of coal and refuse are nearly
constant for a given mine, or even a given seam, and were measured and input to
the computer program, the conductivity gauge would not be required as this
density data, along with the gamma-ray and neutron gauge data, is all that is
needed to yield the concentrations of coal, rock and water. This was not an
option in this program, because it was required that for at least one operating
configuration of the coal slurry concentration sensor, density measurements
would not be required for successful operation of the sensor.

The densities of the Pittsburgh seam coal and refuse, as measured with
the ASTM Standard Method, are 1.35 and 2.54 gm/cm3 respectively for the
material used in tests at SAIC and CSMRI.

4.5 SLIPPAGE CALCULATIONS

Calculations of the degree of slippage versus particle size and slurry
velocity were carried out for SAIC by George Pouska of CSMRI, as a consultant
to SAIC in early 1982. These were needed to determine the maximum particle
size (or the size distribution) that would cause no greater than 1%, and also
2%, error when utilizing flow-diversion measurements (into a diversion tank) to
obtain a check on the in-situ concentration sensor; i.e., the coal/rock/water
concentration sensor. These calculations are presented as Appendix B of this
report.
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5.0 HTRF TESTS

These tests were carried out with the 6" sensor mounted on the 6" test
line and the 18" sensor (on the 18" line), each mounted in a vertical section
of the HTRF test facil ity. The cross sections for coal and rock for the 6"
sensor were determined with great accuracy at CSMRI (Colorado School of Mines
Research Institute) for Pittsburgh seam coal (100%) and rock (100%) shipped in
from a deep seam from Morgantown, West Virginia. These neutron and gamma-ray
cross sections were rechecked at the HTRF in October, 1982 and found to be the
same for the coal suppl ied by PRC. They were al so measured for the 18" sensor
and were found to be only slightly different, the difference being attributed
solely to the differences in geometry of the 6" and 18" sensors, as well as the
different pipe diameters (different penetration thicknesses).

In October, 1982, two runs were carried out for the 18" sensor, one
with coarse coal and the other with coarse rock. The data are presented in
Figures 5.1 and 5.2 The in-situ concentration of the solids was, in each case,
about a factor of two higher than that calculated from loading concentrations.
This was, of course, as expected, especially for a vertical flow, relatively
large particle size, and a low fluid velocity of only 10 ft/sec. The two small
12" pumps feeding an 18" line were under-rated by about a factor of 4-1/2. See
Appendix B for some slippage calculations relating to these test results.

For the 6" concentration sensor in the vertical 6" line, the slippage
was less (the order of 25-35%, depending on whether the finer or coarser coal
was used) for coal. (See Figures 5.3 through 5.10.) For coarse rock, that is
100% rock, the in-situ concentration was 60% to 100% above the loading­
inventory concentration. These data are presented in Figure 5.11. For all
other runs (see Figures 5.12 through 5.16), the "rock". or "re fuse" contained
varying percentages of coal. The submerged (in water) density for rock is
about a factor of 3 1/2 greater than for coal. Tabl e 5.1 presents the
dens i ties for 100% coal (fi rst row), 100% rock (second row), and vari ous
rock/coal ratios for the "refuse" supplied by PRC for these tests. The % (C+H)
is al so gi ven for each batch. Here C+H = carbon and hydrogen content. By
plotting the % (C+H) for 100% coal and 100% rock, as in Figure 5.17, and
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RUN #1, COAL, COARSE
HTRF OCT., 1982
18~ LINE, 10 FT/SEC CONCENTRATIONS-WT%
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FIGURE 5.1.
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RUN #2, MIX, COARSE
HTRF OCT., 1982
18~ LINE, 10 FT/SEC CONCENTRATIONS-WT%
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RUN Nl. COAL. COARSE
HTRF 11 JAN., 1983
6" LINE. 17 FT/SEC CONCENTRATIONS-WT%
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FIGURE 5.3.
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RUN *2, COAL, COARSE
HTRF 12 JAN., 1983
6" LINE" 17 FT/SEC CONCENTRATIONS-WT%
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RUN #3, COAL, COARSE
HTRF 12 JAN., 1983
6" LINE, 17 FT/SEC CONCENTRATIONS-WT%

100

90

80

TRANSPORT
(LOADING INVENTORY)

COAL: 20.2
ROCK: 0

WATER: 79.8

IN SITU
(MEASURED)

29.5 •

o 0
70.5 0

o
70 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

60
zo-~
~ 50
o
c..
:::o
~ 40

30 •••••••••••••••••• • ••••••

•
20

10

8 12 24

TIME (SEC)

36 40 44 48

FIGURE 5.5.
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RUN #4, COAL, COARSE
HTRF 12 JAN., 1983
6" LINE, 17 FT/SEC CONCENTRATIONS-WT%

TRANSPORT IN SIT U
(LOADING INVENTORY) (MEASURED)
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RUN #5, COAL, COARSE
HTRF 12 JAN., 1983
6" LINE, 17 FT/SEe CONCENTRATIONS-WT%
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RUN 16, COAL, COARSE
HTRF 12 JAN., 1983
6" LINE, 17 FT/SEC CONCENTRATIONS-WT%
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RUN #7, COAL, COARSE
HTRF 12 JAN .• 1983
6" LINE. 17 FT/SEC CONCENTRATIONS-WT%
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RUN #8. COAL. COARSE
HTRF 12 JAN .• 1983
6" LINE. 17 FT/SEC
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RUN #9, ROCK, COARSE
HTRF 14 JAN., 1983
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RUN #10, ROCK/COAL, FINE
HTRF 20 JAN., 1983
6" LINE, 20 F1 /SEC CONCENTRATIONS-WT%
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RUN #11, ROCK/COAL, FINE
HTRF 20 JAN., 1983
6" LINE, 20 FT/SEC CONCENTRATIONS-WT%
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RUN *12, MIX, FINE
HTRF 20 JAN .• 1983
6" LINE, 20 FT/SEC CONCENTRATIONS-WT%
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RUN #13. MIX. FINE
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RUN #14. MIX. FINE
HTRF 21 JAN .• 1983
6" LINE. 20 FT/SEC CONCENTRATIONS-WT%

100

90

80

70

60
zo-~
~ 50o
c..

e
~ 40

COAL:
ROCK:

WATER:

TRANSPORT
(LOADING INVENTORV)

IN SITU
(MEASURED)

22 •

2 0
76 0

10

• • • • • •
•

• ••••••••••••••••••

TIME (SEC)

FIGURE 5.16.

140

SAle-SSVV-58



TABLE 5.1

Material ....e.. % Coal % C+H

PCoal 1.42 100 77

PRock 2.46 0 14
Coal/Rock 2.44 13 22
Coal/Rock 2.29 23 28
Coal/Rock 1. 98 50 45
Coal/Rock 1. 94 52 46
Coal/Rock 1. 90 50 45
Coal/Rock 2.02 40 39

Coal/Rock 2.09 37 37
Coal/Rock 1.90 42 41
Coal/Rock 1.87 47 43
Coal/Rock 1. 98 47 43
Coal/Rock 1. 70 71 58
Coal/Rock 1.81 64 54
Coal/Rock 1.63 85 68
Coal/Rock 1. 65 78 63
Coal/Rock 1. 70 72 59

Coal, rock and rock/coal provided for HTRF tests. All but the high­
density (14% C+H) rock showed up as 100% rock on coal slurry concentration
sensor because it was calibrated for rock of high density (and low C+H
content). C and H are carbon and hydrogen concentrations (combustibles).
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drawing a straight line between these two points, one can determine the % coal

in each batch of refuse supplied by reading off that value for the % (C+H)

given from the chemical analysis of each batch. This somewhat arbitrary

determi nat i on of % coal in refuse was made, and the results are given in the

next-to-last column of Table 5.1. The % coal varies from 13% to 85% in the

different batches of refuse supplied.

Fi gures 5.12 through 5.16 present the resul ts of measurements made

wi th fi ner refuse. The results are also summari zed in Table 5.2 for the 6"

sensor and Table 5.3 for the 18" sensor. Here, the in-situ concentration, as

measured by the coal slurry concentration sensor, agreed well with the total

solids (with relative percentages of coal and rock unknown) concentrations.

The run presented in Figure 5.16 represents a loading of coal added to

"recycled" rock. However, most of the "recycled" rock disintegrated, turning

into mud, whereupon it fell through the "loading screen" in vain attempts to

recycle it. This can be seen in the near 0% rock concentra~ion. As can be

seen, a "test loop," wherein nothing leaves the pipe system in recycling, would
have been more useful for testing the coal slurry concentration sensor.
However, havi ng cal i brated the sensor at CSMRI and at the HTRF, there was no
point in recirculating the coarse particles until they degraded into fines, at
which time the slippage would have reduced to a negligible level. This is what
occurred in tests at the SRC "test loop" in Canada, and the STBV "test loop" in
West Germany. These tests, all four (CSMRI and HTRF included), are all part of
the international test series. The international ones are presented in
Sections 6 and 7 below.

The tests performed wi th coarse part i cl es at the HTRF provi ded a

unique opportunity to observe the coal and rock haulage directly after loading

the dry solids into the pump. The slippage was observed to qualitatively agree

with the calculations carried out for SAIC/PRC by George Pouska and presented

in AppendiX B. The HTRF is the only test facility in which this slippage has

been measured, bec.ause it is the only test facility wherein coarse particles

were loaded, pumped vert i ca11 y, and measured wi th a three -component

coal/rock/water concentration sensor.
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TABLE 5.2. - 611 HTRF

Loading/Sampling In-Situ
Run # Date Type Sol ids Velocity Concentration Concentration

1 1/11/83 coal. coarse 17 f/s 30/0/70 42/0/58
2 1/12/83 coal. coarse 17 f/s 20.75/0/79.25 30/0/70
3 1/12/83 coal. coarse 17 f/s 20.2/0/78.5 29/0/71
4 1/12/83 coal. coarse 17 f /s 42.0/0/58.0 57/0/43
5 1/12/83 coal. coarse 17 f/s 49.5/0/50.5 63/0/37
6 1/12/83 coal. coarse 17 f/s 47.9/0/52.1 62/0/38
7 1/12/83 coal. coarse 17 f/s 31.6/0/68.4 42/0/42
8 1/12/83 coal. coarse 17 f/s 28.8/0/71.2 38/0/62
9 1/14/83 rock. coarse 20 f/s 0/18/82 0/33/67.....

~ 10 1/14/83 rock/coal. fine 20 f/s 7/7 /73 13/14/73~

11 1/20/83 rock/coal. fine 20 f/s 7/7/70 16/15/69
12 1/20/83 rock/coal+coa1. fine 20 f/s 7/7/52 17/32/51
13 1/21/83 rock/coa1+coa1, fine 20 f/s 7/7/82 12/6/82
14 1/21/83 fine mix with rock washed out 20 f/s 7/7/76 22/2/76

TABLE 5.3. - 18 11 HTRF

1

2

10/82

10/82
coal. coarse
rock/coal. coarse

10 f/s
10 f/s

16/0/84

7/7/90
29/0/71

5/15/80



6.0 SRC TESTS: SASKATOON, SASKATCHEWAN, CANADA

6.1 INTRODUCTION

The 12-inch coal slurry concentration sensor was shipped to SRC
(Saskatchewan Research Council) and put through a series of blind tests as part
of an international test effort funded in part by the U.S. Bureau of Mines
(Department of Interior) and coordinated by the Canadian Centre for Mineral and
Energy Technology. Prior to conducting the tests, the electronic signal
processing and transmitting system, the computer interface, the HP85 computer,
and software were given a shakedown test at SAIC. After this, the apparatus
was shipped to SRC, installed and given a shakedown test at SRC.

The coal and rock were prepared and weighed out in amounts known only
to the SRC Slurry Transport Facility staff for conducting the gauge
calibrations and, subsequent to this, the blind tests on unknown concentrations
of first rock, then coal, and finally coal and rock.

This report describes the outcome of the tests, some of the
difficulties encountered, and the methods taken to circumvent these
difficulties. All tests were carried out with the 12" sensor mounted
horizontally in the horizontal (return) section of the SRC test loop.

One of the difficulties was related to behavior of the coal/rock
slurry at low velocities, where very severe "duning" effects were observed with
the SRC densitometers as well as the SAIC coal slurry concentration sensor.
Only the latter, of course, could separate out the coal and rock concentrations
in the different parts of the duning cycle (from almost complete blockage to
almost complete water concentration). This provided a rare opportunity to
observe the segregation of coal and rock in different phases of the "duning"
mode of transport, since only the coal/rock/water concentration sensor has the
ability to measure these three individual in-situ concentrations almost
instantaneously. Consequently, "enrichment-in-coal-content" phenomenon was
measured during a complete "duning cycle", and is presented below.
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6.2 THE CALIBRATIONS AND BLIND TESTS: BACKGROUND INFORMATION

Before the tests began, it was learned that the mean slurry velocity
in the 12-inch pipe ~ection could not exceed about 12 feet/second because of
slurry-pump limitations. The pump and test loop are 10-inch-pipe systems, the
latter half of which was a spliced section of 12-inch pipe where the SAIC coal
slurry concentration sensor was installed. Here, the SRC vertical-scanning
densitometer was installed and calibrated on 100% water in the pipe .. This
traversing densitometer provides the vertical density distribution in the
slurry haulage pipe, from which can be estimated the solids concentration for a
single-sol ids-component slurry.

The 1imi tat i on of 12 ft/sec was known to be severe in terms of
producing a strong vertical density gradient, approaching saltation flow or
even the sliding-bed slurry flow. The proposed solution was to add 0.3% to
0.6% bentonite, a very fine clay. This, we informed both the U.S. Bureau of
Mi nes and the SRC staff, woul d foul up the conduct i vity-gauge fi lter (used on
the reference cell to correct for changing conductivity of the water). We were
told to go ahead with the tests, regardless, and did so with one necessary
change. Finding, as we expected, that the bentonite completely fouled up the
conduct i vity gauge, we reprogrammed the Coal Sl urry Concentrat i on Sensor to
operate with only two of the three sensors, namely the neutron gauge and the
gamma-ray gauge. Omitting one of the sensors, i.e., the conductivity gauge,
made it necessary to obtain the densities of coal and rock to good accuracy.
This we did with the able and generous assistance of the SRC facility staff.
The densities were input to the software, the software appropriately modified
by Dr. Cassapakis, and the gauge was then applied to the calibration/blind test
procedures laid out cooperatively by U.S. Department of Interior (Mr. Richard
Wang), Canada Centre for Mineral and Energy Technology (Mr. L. B. Geller), SRC
facility (Mr. Randy Gilles), and SAIC (Dr. Victor Verbinski and Dr. Costa
Cassapakis).

There was, incidentally, a rewarding consequence of successfully
operating the Coal Slurry Concentration Sensor as a two-component gauge. The
neutron and gamma gauges are simple clamp-on, completely non-intrusive gauges
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having proven stability, reliability and accessibility (freedom from
breakdown) .

6.3 TEST RESULTS

Both the cal ibration and the bl ind-test types of measurements are
presented in Table 6.1 and Figures 6.1 through 6.12. After calibrating on rock
(sand) alone, then sand plus bentonite, the blind tests were carried out. The
accuracy of the U.S. Bureau of Mines/SAIC Coal Slurry Concentration Sensor is
shown to be significantly better for rock than for coal. This arises from the
much larger differential density of rock in water (the order of 1.65 versus
about 0.35 for coal).

For the rock (sand) unknown, the SAIC Sensor results agreed with the
SRC vertical density scan results within 0.3% to 1.3%. This is close to the
estimated uncertainty for both methods of measurement.

For the coal unknown, the two methods agreed within 0.9% to 2.0%.
This is again quite close to the combined uncertainties in the SRC and SAIC
methods of measuring slurry concentrations for a single solid component and of
known density.

For the coal/rock slurry, the SRC vertical scanning densitometer
cannot be used to measure slurry concentrations, unless (1) the ratio of coal
to rock loading is known, (2) the two components are present in the same fixed
ratio everywhere (i.e., they maintain the same ratio throughout the vertical
density scan, which can only hold true, in general, if there is no vertical
profile; i.e., if there is completely turbulent flow), and (3) there is no
selective segregation in the holding tank.

Of the above three conditions, only (I) applied with great certainty.
Therefore, in line 18 of Table 6.1, the "SRC Estimate" of 25.1% coal and 10.0%
rock (by volume) is not an accurate measurement, but an estimate. It was
clearly a very good estimate at the highest pump speed, i.e., 12 ft/sec.; here,
it was in good agreement with the SAIC Coal/Rock/Water Concentration Sensor
result (24.57 ± 2.24% coal and 10.6 ± 0.73% rock). In this case, there was
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TABLE 6.1 - Test results. In-situ concentrations

TyPe of Run Velocity (fps)
SRC Estimate

Coal (Vol.l) Rock(Vol.S)
SAIC Sensor

Coal(Vo.l) Rock(Vol.S)

1. Calibration. Rock 12.1 0 15.1

2. Calibration. Rock 12.2 0 15.4

]. Unknown: Add Benton1te 12.0 0 15.7 0 15.71 + 0.26

4. 10.75 0 15.7 0 15.61 + 0.27

5. 9.5 0 15.8 0 15.64 + 0.2]

6. F1rst Unknown. Rock 11. 9 0 21.8 0 22.6] .. 0.]0

7. 10.1 No Measurement Hade 0 22.11 + 0.21

B. 8.2 0 22.] 0 22.59 .. 0.22

9. Second Unknown 11.4 0 26.9 0 28.1] .. 0.24

10. 9.4 0 22.] 0 27.76 .. 0.20...... -
.p- 11. 7.2 0 26.7 0 28.08 !. 0.19
OJ

12. Ca11brat10n. Coal 11.8 13.0 0
1]. Calibration. Coal 9.5 No Measurement Made
14. Cal1bratlon. Coal 7.9 12.1 0

15. F1rst Unknown. Coal 11.8 25.5 0 27.52!. 1.6 0

16. First Unknown. Coal 8.0 26.8 0 25.9 + 1. 79 0

17. First Unknown. Coal 9.7 2].9 0 25.4] + 1.71 0

18. Unknown. Coal and Sand 12.0 25.1 (EST) 10.0 (EST) 24.57 ~ 2.24 10.6 .. 0.73

19. Unknown. Coal and Sand 10.0 No Measurement PossIble T1me Dependent: See F1gu r e 6.13.
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violent. mlxlng in the holding tank, which mitigated against a disproportion­
ately high water inventory in the holding tank (which normally occurs at lower
pump speeds due to settling of the solids "into the pump inlet ").

When the slurry velocity was reduced to 10 feet/second, "duning"
occurred. The SAIC Sensor results are of great use in this case because the
Sensor measures the separate coal and rock concentrations, and it does at a
rate fast enough to follow such effects as "duning."

The in-situ concentrations of coal and rock during the occurrence of
"duning" (i.e., a pile-up of solids almost to the point of blockage), from the
peak to the trough of the dune, is shown in Figure 6.13 as a function of time.
It is interesting to note that during the peak of the dune, there is nearly
complete solids contents (which occurs at an estimated 65-70% by volume), with
the water "filling in the cracks." Furthermore, at the peak, the rock is
almost 100% displaced; an interesting sort of coal/rock separation system thus
occurs at the peak of the dune. In the vall ey, the rock to coal vol ume
concentrations have reversed. The weight concentrations even more dramatically
show a high rock content at the valley.

6.4 CONCLUSIONS

It is clear that the Coal Slurry Concentration Sensor will not operate
as a three-component gauge when bentonite is added. Bentonite is an absorptive
and colloidal clay mineral used as a filler in paper or a carrier (as of
drugs). It is possibly one of the worst conceivable additives to add to a
slurry where a sintered metal filter of 0.5 micron pore size is used. It

apparently acts as a carrier for materials that highly influence the
conductiVity of the slurry water (such as ionic salts), and is not dislodged
from the pores of the filter. Nearly one week of constant flushing would not
clear the filter to the point where the reference cell would give a stable
reading through the pump/back-flush cycle.

As a two-component gauge, it works acceptably well and also makes pos­
sible a configuration that is relatively simple, extremely stable, and reliable

for mine-environment applications for which it was originally -designed.
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7.0 StBV TESTS: ESSEN, FEDERAL REPUBLIC OF GERMANY

The 6-inch coal slurry concentration sensor was shipped to StBV

(Steinkohlenbergbauverein in Essen, West Germany (FRG» for test and evaluation

as part of. the international test effort funded in part by the U.S. Bureau of

Mines (Department of Interior) and coordinated by the Canadian Centre for

Mineral and Energy Technology.

The 6-inch sensor was previously used at the Pittsburgh Research

Center HTRF (Hydraul i c Transport Research Fac i 1i ty) where it was tested on

Pittsburgh seam coal. It had been previously cal ibrated on Pittsburgh seam

coal at the CSMRI (Colorado School of Mines Research Institute) test loop,

where a recirculating system (i.e., a test-loop) was used. It operated

successfully at both places so that the tests in Essen were looked at as an

interesting part of an international three-laboratory test series with the same

instrument.

The coal in Essen was quite different from the Pittsburgh seam coal

used in the earlier tests at CSMRI and PRC. Thus, the neutron and the

gamma-ray sensors had to be calibrated carefully with the West German coal.

This was done by recirculating the coal, and later the refuse, in the test loop

until nearly all of it was broken down into fines.

The German coal, much like the Canadian coal, had a very fine clay

component. Th is created havoc with the conduct i vity gauge because the very

fine clay lodged itself in the sintered metal filter of the conductivity gauge,

where it continually added solubles at a slow rate, to the reference-gauge

water. Thi s raised the reference-cell-water conduct i vi ty above that for the

water in the main slurry line, and did so in an unpredictable manner. As a

result of this, the conductivity gauge was a source of inaccuracy and therefore

could not be used.

Subsequently, we obtained good samples of the Essen coal and rock and

carefully measured the density of both. These densities were used as required
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input to the coal sl urry concentration sensor for the sensor to operate as a
two-component system; i.e., neutron and gamma-ray gauge system.

The tests, reported in Appendix A, were all carried out with only the
neutron and gamma-ray gauges. This two-component sensor is not as inherently
accurate as the three-component sensor (when the conductivity gauge is
functioning properly).

The measurements reported in Appendix A were made with the SAlC
two-component sensor placed in the horizontal section of the StBV test loop and
with a Cs-137 (BF) densitometer placed in 'a vertical section of the 6-inch test
loop. At very low slurry velocities (see data presented in the tables of
Appendix A), the flow varied from stationary-bed flow to sliding-bed flow as
the velocities increased. Therefore, at these lowest velocities, the
concentrations measured in the horizontal section (SAlC instrument) were much
higher than those measured in the vertical section with the StBV densitometer
(BF). At much higher slurry velocities, above 3.5 m/sec, turbulent flow set
in. The SAlC and StBV (BF) readings were comparable at these velocities. At
the highest velocities, the SAlC sensor could be evaluated by comparison with
StBV sensor.

These data are plotted in the figures of Appendix A and are consistent
with about a 3.5% accuracy of the SAlC two-component sensor. This includes an
allowance for some error (about 2% in the BF readings due to drifts in the
instrument and to varying coal and rock inventories in the header tank: the BF
gauge (Cs-137) measures only total slurry density, and the coal and, rock
concentrations are calculated by utilizing the known coal and rock loadings in
the test loop. The SAlC sensor, of course, provides coal/rock/water concentra­
tions without knowledge of these loading inventories (i.e., without knowledge
of the coal-to-rock loading ratios). Therefore, at lower slurry velocities
where the hydraulic slippage is large, the rock concen-tration in the vertical
section (upward flow) will be disproportionately higher than that for coal.
Thus the BF (Cs-137) gauge data presented in Appendix A for velocities below,
say, 3.5 m/sec, will be very inaccurate; completely so at the lowest velocities
(stationary-bed and sliding-bed flow).
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8.0 RESULTS AND CONCLUSIONS

The coal slurry concentration sensor program was initiated with the
design goals as set out in Table 8.1 by the Pittsburgh Research Center (PRC),
Bureau of Mines. The sensor was eventually to operate in mine environments
where it woul d have to be rugged, almost rna i ntenance free, and very easy to
calibrate (i.e., on 100% water) on a day-to-day basis. The basic design would
have to be applicable to measuring coal/refuse/water concentrations in haulage
pipes varying from 6" to 24" in diameter and for pressures of up to 1,000 psig.

A three-component sensor was designed and fabricated for 6", 10", 12"
and 18" lines for use at the HTRF and also in an international test series.
This utilized a completely non-intrusive (clamp-on type) neutron and gamma-ray
gauge, as well as an intrusive (requiring a special pipe section) conductivity
gauge. The uncertainty of the sensor on the 6" 1i ne was the order of 2% and
degraded to about 6% for the 18" line.

Problems were encountered with the conductivity gauge from the onset
of the program. It was eventually designed to work up to about the 150 psig
pressure limit for the research center and was utilized successfully on tests
at the HTRF in Pittsburgh on both the 6" and 18" diameter haulage lines. Long
term reliability was always a problem, however.

But when tests were carried out at the SRC test loop (Saskatoon,
Saskatchewan, Canada) and the StBV test loop (Essen, Federal Republic of
Germany), the refuse in both places contained a very fine clay that lodged
itself in the interstices of the sintered-metal filter of the conductivity
gauge reference cell, making the conductivity gauge completely inoperative at
both places.

Therefore, the SAIC sensor was operated as a two-component sensor at
these laboratories, with the on-line computer reprogrammed to operate with only
the neutron and gamma-ray gauges.
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Table 8.1 - Concentration sensor design specifications

......
0'
0'

Factor

Accuracy
Wt. concentration of coal
Wt. Concentration of refuse
Response time. sec.

Range
Ambient te.,erature6oF
Water temperature. F
Pipeline diameter. in.
Top size of coal. in.
Top size of refuse. in.
Pipeline pressure. psig
Flow velocity. ft/sec
Water condition. pH
Specific gravity of coal
Specific gravity of refuse
Wt. concentration of coal. t
Wt. concentration of refuse. t
Coal/refuse proportion
Water source

- Cost. desirable. $

Fluctuation (1. of 'actorl
Pipeline presaure
Flow velocity
Specific gravity of coal
Specific gravity of refuse

Research
Sensor

Lot
1.07­
o.~

-20---+120
+)~---+80

6---18
2---6
2---6

50---150
4---20

).~---8

1. 2---1. 6
2.3---3.1

0---80
0---80

0/100---100/0
Fresh

1.000---10.000

20
~

l~

1~

Connercial
Sensor

2.ot
2.07­
1

+20---+80
+3~---+80

6---24
2---6
2---8

50---1.000
4---20

3.~---8

1.2---1.6
2.3---3.1

~---70

5---50
0/100---100/0
Fre8h---Bracklah
6.000---9.000

10
~

1~

1~

Control
Sensor

3.ot
3.07­
2

+20---+80
+35---+80

6---24
2---6
2---8

50---1.000
4---20

3.5---8
1.2---1.6
2.3---3.1
10---60
10---~0

0/100---100/0
Fre8h---Brackish
3.000---5.000

10
~

15
15



In order for a two-component sensor to work successfully on a three­
component slurry, additional data must be available; namely, the coal and rock
densities. These densities were accurately measured for carefully selected
test samples of coal and rock, and the density values were entered as inputs to
the on-line computer.

The two-component sensor utilizing the measured coal and rock
densities was seen to fluctuate nearly twice as much as the three-component
sensor. The estimated accuracies for the two and three-component sensors are
presented in Figure 8.1 for 611 , 1011, 12 11 , 18 11 and 24 11 haulage lines.

Whi 1e the two-component sensor is not as accurate under the best of
conditions, it is, nevertheless, eminently well-suited for deep-mine coal
haulage. First, both the neutron and gamma-ray gauges were improved in
long-term counting stability, wherein the count rates at CSMRI varied over the
period of about one month by not more than 1-2%. This was for conditions
varying from direct afternoon sunlight to a snowstorm. Second, day-to-day (or
week-to-week) calibrations are easily carried out. Simply pump 100% water (no
solids) for a few seconds. Third, both radiation gauges are completely
non-intrusive. They can be clamped on to any high pressure (up to 1000 psig)
line and quickly calibrated on 100% water in the line.

An estimate of the SAIC/PRC coal slurry sensor accuracy as a function
of pipe diameter is presented in Figure 8.1, both for the two-component and
three-component sensors. It is evi dent that the coals1urry concentrat ion
sensor for Pittsburgh seam coal (where the three-component sensor can be used)
meets virtually all the requirements set out in Table 8.1 by the U.S. Bureau of
Mi nes. The two-component sensor is somewhat 1ess accurate, but has many
redeeming features such as non-intrusiveness, adaptability to very high
pressure 1ines, stabil ity, ease of cal ibration and useable with 611 to 24 11

lines. This is the only known three-component-slurry sensor that will operate
with larger than 611 lines and with high pressure lines.

The only other three-component-slurry sensor known is the German
sensor that utilizes a soft (60 keV Am-241) gamma ray and a hard gamma-ray
source (662 KeV Cs-137). The count rate and stability requirements for this
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sensor are extremely high because the two gamma rays do not give much different
responses to coal, rock and water, whereas the responses are very suitably
different for the SAle/PRC neutron/gamma-ray sensor. Al so, the soft, 60 KeV
gamma-ray gauge will produce erroneous results for large lumps of coal or rock,
where the "streaming" effect (i.e., nonlinearity in attenuation) is severe. In
addition, small changes in the iron and calcium content of coal and rock
produce very large errors in the German sensor because of the very high cross
sections of these elements to the soft, 60 keV gamma ray. This soft gamma ray
will not penetrate larger diameter slurries than 6", and the pipe walls must be
thinned for the 6" 1ine, for the 60 keV gammas to prenetrate the iron pipe.
Thus, use of the two-gamma-gauge German sensor with high-pressure haulage pipes
is not feasible, leaving the SAIC/PRC neutron-gamma-ray sensor the only known
sensor suitable for deep mine hydraulic haulage with 6" to 24" haulage lines.

As a research sensor, the SAIC/PRe coal slurry concentration sensor is
useful in following rapid changes in coal/rock/water concentration in the HTRF
once-through system, where rapid changes in line-concentration (in
sol ids-loading rate) are the norm rather than the exception: concentration
measurements are made in the order of one-second intervals. In contrast, the
vertical-scan densitometer at SRC (which provides interesting data on a
horizontal haulage line) required a measurement time interval that was orders
of magnitude longer. Furthermore, it provided only total-density data, whereas
the SAle/PRC concentration sensor was able to follow the individual coal and
rock concentrations, providing the unique "duning" data presented in Section 6.
There, it was seen that the peak in the coal concentrat ion, in the dune,

actually corresponded to a valley, a minimum, in the rock concentration; a most
interesting hydraulic-flow phenomenon.

Another unique research application of the SAIC/PRC coal slurry
concentration sensor is the study of coal and rock degradation. The sensor
will provide an accurate, independent measure of coal and rock concentrations
for a sl urry wi th 1arge chunks of coal and rock as well as for a sl urry with
fines. The German sensor (the only other three-component sensor in existence)
cannot do this even for 6" haulage lines. In a recirculating system (a
"test-loop"), the sl urry velocity coul d be kept constant and the degradat ion
could be measured indirectly, in a vertical pipe section, by observing the
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reduction in "slippage" as the mean particle size becomes smaller with

recirculating time. For the almost instant degradation of 80% to 90% of the

rock associated with Pittsburgh seam coal, this could be followed by placing

two or more SAIC/PRC coal slurry concentration sensors se~eral yards apart in

the long HTRF vertical section. As the degradation proceeds, the sl ippage

decreases and the in-situ concentrations will be seen to decrease.

For either horizontal or vertical pipe orientations, the vertical (for

horizontal pipes) or radial (for vertical pipes) density distributions can be

measured with a gamma-ray tomography system, utilizing a multiple-detector

arrangement. The source and detectors can be made small, providing the coal

and/or rock density profile with a spatial resolution that is the order of

inches, or even centimeters with added effort. A gamma- ray tomography system

woul d look much 1ike the SAIC/PRC gamma gauge, but for a 1arger number of
(smaller) detectors, and some collimation of both source and detectors.

The tomography system can, in principle, be extended to the neutron

system as well so that not only density but separate coal and rock concentra­

tions are measured. However, the slowed-down neutrons that are now measured

with a bank of He-3 counters surrounded by a neutron moderator (used for

slowing down the neutrons), could not be used since they have lost their

spatial "memory"; i.e., they tend to act as a gas undergoing diffusion. The

slow-neutron counters would be simply replaced by fast-neutron counters, since

the fast neutrons possess directional information if used with a collimator

preceding the fast-neutron detector: the fast-neutron-detection system was not

util ized for the concentration-sensor system designed for eventual use in

mining environments, where the excellent stability provided by the

"s lowed -neutron" detectors was cons idered to be very important. Nevertheless,

for a research system, these fast-neutron detectors can be used, thus opening

the way for a combination gamma-neutron tomography system.
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APPENDIX A

TESTS AT STBV, ESSEN, WEST GERMANY (FRG)
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I. INTRODUCTION

The SAIC Coal Slurry Concentration Sensor was installed in the test facility
for hydraul ic transport of Bergbau-Forschung GmbH in Essen (FRG) in August
1984. First calibration tests were carried out under assistance of Dr.
Verbinski and Dr. Cassapakis (SAIC) in September 1984. In the course of normal
tests with raw coal, the sensor should be tested under regular conditions.

But after closing of the hydromine "HANSA" in Dortmund we were forced to reduce
our efforts in hydraul ic transport of coarse coal and to attend to other
problems. So only during the last nine test runs with raw coal could the
sensor be tested. In the meantime, all work on coarse coal transportation was
stopped. The Coal Slurry Concentration Sensor was shipped back to SAIC in
August 1985.

II. DESCRIPTION OF THE TEST FACILITY AND THE TEST PROCEDURE

Figure 1 shows the schematic layout of the test rig. In a screening plant, the
raw feed coal is classified into the fractions 0-1 mm, 1-3 mm, 3-10 mm, 10-30
and 30-60 mm. The different grain fractions are fed onto a feed-regulating
belt according to the desired grain composition of the slurry to be tested. To
this purpose, the individual fractions are emptied into a metering car. This
car can be moved above the feed-regulating belt to distribute the solids
equally over the total length of the feed regulating belt (dosing belt). (See
Figure 1.)

Triple Switch

Mixing
tank Slurry pump

Deposition

III •

Dosing belt

Removable
scale

Water Water pump
reservoir

Versuchsstand
Hydraulische Feststofforderung

BERGBAU-FORSCHUNG GMBH

Fraction
bins

Technical Data
Solids:
Particle Size:
Solids Concentration:
Ve 1oc ity:
Length Short Loop:
Length Long Loop:
Pipe Diameter:

Coa 1, Oi rt
Max. 100 MM
Max. 40 % by Volume
1. 0 - 7.0 MIS

57 11
235 M
ON 150 and ON 250

Slurry Pump

Flow Rate:
Pressure:
Total Power:
Rotation Speed:

.Max. 1 200 M3/H
"Max. 8 Bar

388 kW
Infinitely Variable
Thyristor

FIGURE 1. Schedule layout of the test rig.
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The feed-regulating belt does not run during the metering process. It is 25m
long and 1400 mm wide, so that approximately 7 m3 of solids can be metered out.
This equals a solids concentration of 40% by volume in the slurry.

During the metering process a representative sample is taken to determine the
particle size distribution as well as the mean density of the raw feed coal.
To this purpose a part of the coal sample is ground and put in a Beckman helium
pycnometer.

The feed-regulating belt is thyristor-controlled, thus allowing a stepless
regulating of the speed, according to the desired solids concentration. The
solids are discharged into the 8 m3 capacity feed hopper which is at the same
time provided with clean water. The slurry pump sucks the slurry from the feed
hopper and presses it into the pipel ine. The pump, too, is driven by a
thyristor-controlled motor, so that the speed and the flow rate of the slurry
in the pipeline can be varied from 1 m/s to 7 m/s any time.

The end of the pipeline is provided with a triple switch allowing either a
closed circuit operation, discharge of the slurry into a flow tank after test
conclusion or sampling from the flowing slurry stream over a period of 2 - 4 s
to determine delivered concentration and other values.

All measured data are stored on magnetic tape according to the PCM method for
evaluation in numerical and graphical form by a digital computer.

FIGURE 2. - Pump station with feed hopper.

FIGURE 2. - Shows the pump station with the centrifugal pump. dc-motor
and feed hopper (on the right) while in FIGURE 3. the 235 m long test
pipelines DN150 (6 inch) and DN250 (10 inch) can be seen.

174



FIGURE 3: Test pipeline DN150
and DN250.

The SAl Coal Slurry Concentration Sensor was installed in the
horizontal section of the pipeline. About four meters after the
sensor a gamma ray densitometer (Cs-137,250 mCi) was ~ounted to
measure the ~ean density of the coal-water-slurry (fig. 4).

Gemma . r----.:rnl~
gauge (BF)

t

6 -Inch sensor (SAle)

Slurry
flow

_ \-i1,""1......__.-..1

Conductivity
reference cells

Gamma
gauge

Conductivity
gauge

Neutron
gauge

-

FIGURE 4: Location of the SAle coal slurry contration sensor.
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III. AVERAGE SOLIDS PROPERTIES

The tests were carried out with a long-flame coal from LOHBERG
colliery in Dinslaken. The density of the clean coal part and
the rock particles are determined to:

Density of clean coal

Density of clean rock = 2683 k~/a3

The other properties are shown in fig. 5.

I TEST-NO I DENSITY I CONTENT OF I PARTICLE SIZE I TOTAL I
1 1 1 ROCK 1 MAX IAVERAGEI CONCE~TRATION 1
I I (kg/a3) I (Weight-') I (a.) I (mm) I (Voluae-%) 1

I Cll I 1677 I 41.1 1 31.5 I 5.644 I 12.7 1
1 C/2 1 1677 1 41.1 1 31.5 1 5.644 I 23.1 1
I C/3 1 1677 1 41.1 1 31.5 I 5.644 1 30.2 I
1---------1---------1------------1-------1-------1---------------1
1 Dll 1 1704 1 43.5 1 31.5 I 7.349 1 1~.9 I
I D/2 1 1704 1 43.5 1 31.5 1 7.349 I 24.1 1
1 D/3 1 1704 I 43.5 1 31.5 I 7.349 I 28.1 1
1---------1---------1------------1-------1-------1---------------1
1 Ell 1 1743 1 47.0 1 31.5 I 8.732 1 12.2 1
I E/2 1 1743 I 47.0 I 31.5 I 8.732 I 23.9 I
1 E/3 I 1743 1 47.0 1 31.5 I 8.732 1 30.7 I

Figure 5: Average solids properties

With the knowledge of the density of the ra~ feed coal and the
density of the included clean coal and clean rock the content
of clean coal and clean rock can be.eval11ated a~~ording to the
f~llowing equations (1) - (4):

Content of rock:
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and

( 2 )

Content of coal:

( 3 )

and

( 4 )

where

= Concentration by volu.e (coal,rock)

Concentration by weight (coal,rock)

= Density of raw feed coal

In fig. 5 the average particle size is the weighted mean value
and the total solids concentration is the ratio bet~ecn the
input solids volume and the total volu.e of the test rig. In
dependence of the particle size distribution and the mean
density of the solids this concentration may differ from the
in situ concentration in the pipe.
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IV. TEST RESULTS

The test result are submitted in different way:

In two volumes of computer printouts

In several tables

In several diagram.s.

In the printout volu.e 1 there are the results of the tests
LOHBERG C/l - C/3 and LOHBERG Oil - 0/3 while in volume 2 the
these of LOHBERG Ell - E/3 and the clean water tests. In each
volumes both the printouts of the 2-co.ponent program and the
printouts of the statistical progra.m are co.piled.

In the annex of this volu.e the tables and diagra.s are enclosed.
Besides the results of the SAl Coal Concentration Sensor the
.easure.ents of BF densitometer are listed too.

In the diagrams only the .easured values for slurry velocities
higher then V. a 3.5 ./s are plotted because at these flow rates
it is guaranteed that there Is the sa.e concentration distribution
both in the horizontal and in the vertical pipe section. At
lower velocities there are sliding beds and even stationary
depositions on the botto. of the horizontal pipe. It can bee seen
that with decreasing velocities the solids concentration in the
vertical pipe section (BF-Oensito.eter) is decreasing too while
in the horizontal pipe section the solids concentration (SAI­
Sensor) is increasing. This is caused by the enlarge.ent of the
slip between the solids and the carrier fluid.

The total solids concentration from the BF densito.eter is
calculated in according to the following equation (5):

( 5 )

where

PM • Mean slurry density

PF' .. Water density

With the knowlegde of the composition of lhe raw co~l (listed
in the tables) the co~ponents coal and ro,k can be c~lcutated.

The results are also listed in the taules
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v. DISCUSSION OF THE TEST RESULTS

The time between the the tests with raw coal and the calibration
tests was about five months. Therefore the counts specially of
neutron sources were lower with clean water (fig. 6).

GAMMAS NEUTRONS I

I OLD I NEW 1 OLD 1 NEW 1
1-------1-------1------1------1
1 20001 1 19653 1 9176 1 8233 1

Firure 6: Old and new counts for ra •• as and neutrons.

Several partial calibrations with clean water were carried out
to ret new intercepts. -It .ust be said that the .easure.ents
were enforced with the two co.ponent prorra. without the conduc­
tivity raure. Durinr the tests LOHBERG ell and LOHBERG C/2 the
.easured values for the .ean slurry density was nearly the sa.e
as .easured with the BP-Dens1to.eter but the concentration as
well as the co.ponents were very bad: Too hirh total solids
concentration and specially too low values tor the coal.

But the co.parision between the densities of coal and rock
used durinr the calibration tests and those used now have shown
a difference (fir. 7).

1 1 CALIBRATION TESTS 1 NORMAL TESTS 1
I I·E •••••••••••••• ~a •• c=K ••••• s.=RccI
I COAL 1 1314 1 1330 1
1------1-------------------1--------------1
1 ROCK I 2641 1 2683 1
1·····························s···········1

Firure 8: Densities (kg/.3) used in the calibration tests
--------- and nor.al tests.

So the a •• u.ption was that the cross sections didn't .atch.
At the end of LOHBERG C/2 the slurry velocity was rised up to
v. • 4.5 a/s and referring to the BF-denslto.eter the cross
sections were aanualJy changed unt11 the sensor rave good
values for the co.ponents. These cross sectlon were used In
the next test and the agRreeaent between the analysis and the
MeasureMents were good. Tile used intercepts and cross sections
are listed in the co.puter printouts.

All tests were run with a response time (input cycle time) uf
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10 seconds. After test LOHBERG E/3 at a constant speed of v~

4.00 m/s the cycle time was varied in 8. 4. 2 and 1 seconds.
The tests LOHBERG D/3 and LOHBERG E/3 were carried in such a way
that the raw feed coal was added in steps of 10 \ by volume.
Therefore the test-nos. are LOHBERG D/3-1 and so on.

VI. REMARKS TO THE COMPUTER PROGRAMS

To .ake the operation of the co.puter as easy as possible for
cer.an people so.e .odif1cat10ns were .ade on the co.puter
progra.s for data aQuisition and statistical analysis. The
printouts of this progra.s are in ger.an language and therefore
following a s.all dictionary to understand the progra.s and
printouts.

Data aQuisition progra•• (2-Co.ponent procra.):

Hauptprogramll
Seite
Uhrzeit
Datu.
Nr.
Kohle
Berge
Wasser
Dichte
CW
Cv
Vol.-lIii

.. Mainprograll
• Page
• Ti.e
• Date
• No. eq. run nu.ber
• Coal
• Rock, dirt, refuse
- Water
• Density
.. Concentration by weight
• Concentration by vol~.e

• Total solids concentration in the
slurry (.eans rock+coal) in percentage
of volu.e

Statistical analysis progra.:

Datei

Beginn
Ende
Anzahl Werte
Mittelwerte
Abweichung
Festst. -Feststof'f

• Na.e of the file contalning data fro~

2-Co.ponent procra •
.. First run no.
• Last run no.
• Nu.bers of runs (cycles)
• Averace (.ean) values
.. Deviation
.. Solids (rock and coal)

So.e .ore infor.ation can cet fro. the re.arks on the progra.
l1st1ncs.

The program listing is presented in Appendix E of the Operation/Service Manual.
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TEST-NO. : SOLIDS: DENSITY ( kg/m3 ) COMPOSITION ( WEIGHT-I)

LOHBERG cll RAW COAL
COAL: REFUSE: ROM: COAL: REFUSE:

I 330 2 683 1 677 58,9 I 4 I , I

No. v. SLURRY-DENSITY TOTAL SOLIDS CONCENTRATION COAL REFUSE

( m/s ) ( kg/m3 ) ( Volume-S ) ( We1ght-S ) ( We1ght-S ) ( We1ght-1 )

SF SAl SF SAl SF SAl SF SAl SF SAl
-

t 4,94 1 085 1 093 12.7 6.5 19.1 14.0 11 • 2 1 .6 7,9 12,4

2 4.47 I 085 1 101 12. 7 6.5 19, 1 14,3 11 , 2 1 ,5 7,9 12,8

3 3.94 1 085 1 096 12.7 6.9 19. 1 15.0 I 1 • 2 I .8 7,9 l3',2

4 3.53 I 084 1 106 12.4 6,6 19, 1 14,8 11 .3 1 ,2 7,9 13.6

5 2.97 1 081 1 101 12,0 7,8 18,6 16,0 1I .0 2,9 7,6 13, 1

B 2.48 1 077 1 102 11 , 5 9,2 17,9 17,6 10,5 4,6 7,4 13,0

7 2.21 I 073 1 129 10.8 13,9 16,9 23,6 10,0 9,4 6,9 14,2
"

B 1,96 103 1 144 9.4 14.0 14,8 23,7 8,7 8,9 6, 1 14,8

9 1.73 I 053 I 127 7,9 17 ,5 12,6 27,0 7,4 16,7 5,2 10,3

10 1 .46 1 045 1 135 6.7 12.6 10.8 22,6 6,4 7,0 4,4 15,6

11 3,94 1 083 I 091 12,3 6,8 19, I 14,3 , 1 ,2 2,3 7,9 12,0

12
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TEST-NO. : SOLIDS: DENSITY ( kg/m3 ) COMPOSITION ( WEIGHT-~)

LOHBERG e/2 RAW COAL
COAL: REFUSE: ROM: COAL: REFUSE:

1 330 2 683 1 677 58,9 I 4 , , ,

No. v. SLURRY-DENSITY TOTAL SOLIDS CONCENTRATION COAL REFUSE

( m/s ) ( kg/m3 ) ( Volume-I) ( Weight-I) ( Weight-S ) ( Welght-~ )

BF SAl OF SAl BF SAl BF SAl SF SA!

1 4,90 1 164 1 '52 24,3 12,3 35,0 23,9 20,6 4,7 14 ,4 19,2

2 4,37 1 '64 1 154 24,3 13 ,6 35,0 25, 1 20,6 6,4 14 ,4 , 8 , 7

3 3,90 , 163 1 158 24, 1 14 ,7 34 ,8 26,3 20,5 7 ,6 14 ,3 , 8, 7

~ 3,40 , 160 lIS 7 23,7 15,6 34,3 27, , 20,2 9,0 14 , , 18 , 1

5 2,91 1 155 1 161 23 ,0 16,0 :n,4 27,7 19,7 9,2 13,7 18,5

B 2,42 1 145 1 162 21 ,4 18,4 31 ,4 29,8 18,5 12 ,5 12,9 , 7 ,3

7 2, 16 1 12 S 1 158 18,6 23,3 27,7 33,8 '6,3 '9,8 , 1 ,4 14,0

B 1 ,91 1 117 1 205 17,3 21 ,3 26,0 34,7 15,3 12,6 10, 7 22 , 1

9 1 ,67 1 104 1 20' 1S , S 20,8 23,5 34, , , 3 ,8 12 ,2 9,7 2' ,9

10 , ,39 1 089 1 217 13,2 18,9 20,3 33,3 12 ,0 8,2 8,3 25, 1

11 3,87 1 154 1 147 22,8 13,2 33,1 24,3 19,5 6,5 13,6 , 7 ,8

12
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TEST-NO.: SOLIDS: DENSITY ( kg/m3 ) COMPOS I TI ON ( WEIGHT -%)

LOHBERG e/3 RAW COAL
COAL: REFUSE: ROM: COAL: REFUSE:

1 330 2 683 1 677 58,9 I 4 1 , 1

No. vlD SLURRY-DENSITY TOTAL SOLIDS CONCENTRATION COAL REFUSE

( m/s ) ( kg/m3 ) ( Volume-I) ( We1ght-1 ) ( Welght-I ) ( Welght-I )

SF SAl SF SAl SF SAl SF SAl SF SAl

1 4,92 1 223 1 215 33,0 30,95 45,2 43, 1 26,6 24,7 18,6 18,4

2 4,40 1 216 31 ,9 44,0 25,9 18 , 1

3 3,89 1 199 1 199 29,5 30,0 41 ,3 41 ,6 24,3 25,2 17 ,0 16,5

4 3,40 1 198 1 201 29,3 31 ,5 41 ,0 43,0 24 , 1 26,9 16,9 16,0

5 2,90 1 208 1 214 30,8 33,9 42,8 45,5 25,2 28,9 17,6 16,6

6 2,65 1 210 1 220 31 ,0 34,7 43,0 46,5 25,3 29,3 17,7 17 , 1

7 2,41 1 207 1 223 30,4 36,0 42,3 47,7 24,9 30,9 17 ,4 16,8

8 2,15 1 198 1 231 29,4 40,9 41 , 1 52,0 24,2 36,6 16,9 15,4

9 1,89 1 185 1 276 27,5 46,6 38,9 58,2 22,9 39,2 16,0 18,9

10
1 ,64 1 165 1 285 24,4 46,8 35,1 58,6 20,7 38,5 14,4 20,2

11 1,39 1 151 1 281 22,3 48,6 32,5 59,9 19,1 41 ,3 13,4 41 ,3

12
3,90 1 195 1 201 , 28,9 29,0 40,5 40,8 23,9 23,5 16,6 17,3
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TEST-NO.: SOLIDS: DENSITY ( kg/m3 ) COMPOSITION ( WEIGHT-~)

LOHBERG 0/1 RAW COAL COAL: REFUSE: ROM: COAL: REFUSE:

(0 1330 2683 1704 56,48 I 43,52

No. VII SLURRY-DENSITY TOTAL SOLIDS CONCENTRATION COAL REFUSE

( m/s ) ( kg/m3 ) ( Volume-I) ( Weight-I) ( Weight-I) ( Weight-I)

OF SAl OF SAl OF SAl BF SAl BF SAl

1 5,43 1 095 1 107 13 ,6 13,4 21,2 21,7 12,0 10,6 9,2 11 ,2

2 4,96 1 094 1 107 13,4 14,0 20,9 22,3 11 ,8 11 ,4 9,1 11 ,0

3 4,48 1 094 1 111 13,4 14,3 20,9 22,8 11,8 11 ,4 9,1 11 ,4

4 4,01 1 091 1 110 13,1 14,7 20,5 23,2 11 ,6 12,1 8,9 11 ,0

5 3,50 1 091 1 113 13,1 16,1 20,5 24,6 11,6 13,9 8,9 10,6

B 3,24 1 091 1 114 12,9 16,5 20,2 25,1 11 ,4 14,5 8,8 10,6

7 3,02 1 087 1 114 12,5 16,1 19,6 24,7 11 , 1 13 ,9 8,5 10,8

B 2,75 1 086 1 111 12,4 16,5 19,5 24,8 11 ,0 14,8 8,5 10, 1

9 2,47 1 082 1 116 11 ,8 18,0 18,6 26,5 10,5 16,4 8,1 10,1

10 2,24 1 078 1 128 13,3 21,8 17 ,9 30,7 10,1 21,0 7,8 9,7

11 2,02 1 067 1 153 9,7 23,8 15,5 33,9 8,6 21,0 6,7 12,9

12 1,75 1 054 1 139 7,8 21,2 12,6 30,8 7,1 18,7 5,5 12 , 1
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TEST-NO. : SOLIDS: DENSITY ( kg/m3 ) COMPOSITION ( WEIGHT-I)

LOHBERG 0/1 RAW COAL
COAL: REFUSE: ROM: COAL: REFUSE:

(2) 1330 2683 1704 56,48 I 4 J , 52

No. v. SLURRY-DENSITY TOTAL SOLIDS CONCENTRATION COAL REFUSE

( m/s J ( kg/m3 ) ( Volume-S ) ( WBlght-S ) ( Welght-S ) ( Weight-I J

BF SAl BF SAl BF SAl SF SAl BF SAl

13 1 , S4 1 047 1 138 6,8 20,1 11 ,1 29,8 6,3 17,3 4,8 12,4

14 4,0 1 087 1 103 12,5 14 ,3 19,6 22,3 11 ,1 12,3 8,S 10,0

15 4,0 1 066 1 079 9,6 11 ,2 15,3 10,7 8,6 9,9 6,7 . 7,7



­<Xl
-...J

TEST-NO. : SOLIDS: DENSITY ( kg/m3 ) COMPOSITION ( WEIGHT-%l

LOHBERG 0/2 RAW COAL COAL: REFUSE: ROM: COAL: REFUSE:

(1) 1330 2683 1704 56,48 I 43,52

No. v. SLURRY-DENSITY TOTAL SOLIDS CONCENTRATION COAL REFUSE

( m/s ) ( kg/m3 ) ( VOlume-S ) ( Nelght-S ) ( Welght-S ) ( Welght-I )

BF SAl BF SAl BF SAl BF SAl BF SAl

1 5,48 1 190 1 194 27,0 25,8 38,7 37,9 21,9 19,9 16,8 18,0

2 5,00 1 185 1 194 26,4 25,9 38,0 38,0 21 ,5 20,0 16,5 18,0

3 4,46 1 184 1 196 26,3 26,9 37,8 38,9 21 ,3 21 ,1 16,5 17,7

4 4,02 1 179 1 196 25,6 27,3 37,0 39,3 20,9 21,7 16,1 17,6

5 3,50 1 179 1 197 25,5 28,3 36,9 40,1 20,8 23,0 16,1 17,1

B 2,97 1 176 1 197 25,0 29,5 36,2 41 ,1 20,4 24,6 15,8 16,5

7 2,73 1 151 1 181 21 ,6 27,5 32,0 38,6 18,1 23,5 13,9 15,1

B 2,49 1 149 1 181 21 ,3 28,0 31,6 39,1 17 ,8 24,2 13,8 14,9

9 2,25 1 146 1 185 20,8 32,8 30,9 43,2 17 ,5 30,4 13,4 12,8

10 1 ,98 1 135 1 204 19,2 36,0 28,8 46,8 16,3 32,9 12,5 13,9

11 1 ,76 1 127 1 201 18,2 39,3 27,S 49,4 15,5 37,8 12,0 11 ,5

12 ],99 1 172 1 185 24,6 25,6 35,8 37,1 20,2 20,3 15,6 16,8
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TEST-NO. : SOLIDS: DENSITY ( kg/m3 ) COMPOSITION ( WEIGHT-Xl

LOHBERG 0/2 RAW COAL
COAL: REFUSE: ROM: COAL: REFUSE:

(2)
1330 2683 1704 56,48 I 43,52

No. VII SLURRY-DENSITY TOTAL SOLIDS CONCENTRATION COAL REFUSE

( m/s ) ( kg/m3 ) ( Volume-I) ( Weight-I) ( Weight-I) ( Weight-I)

OF SAl OF SAl OF SAl OF SAl OF SAl

13 3,98 1 148 1 159 21 ,1 21,6 31,3 32,4 17,7 17,3 13,6 15,0

-
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TEST-NO.: SOLIDS: DENSITY ( kg/m3 ) COMPOS I TI ON ( WEIGHT-X)

LOHBERG D/3-1 RAW COAL
COAL: REFUSE: ROM: COAL: REFUSE:

(1) 1330 2683 1704 56,48 I 43,52

No. v. SLURRY-DENSITY TOTAL SOLIDS CONCENTRATION COAL REFUSE

( m/s ) ( kg/ma ) ( VOlume-S ) ( Welght-S ) ( Welght-X ) ( Welght-X )

BF SAl BF SAl BF SAl BF SAl SF SAl

1 5,51 1 077 1 083 11 ,0 10,3 17 ,4 17,2 9,8 8,3 1,6 9,0

2 5,01 1 075 1 084 10,8 11 ,3 17,1 18,2 9,7 9,6 1,4 8,6

3 4,50 1 072 1 082 10,4 11 ,0 16,5 17 ,8 9,3 9,4 1,2 8,3

oil 4,01 1 077 1 080 9,7 11 ,5 15,5 18,0 8,8 10,3 6,7 1,7

5 3,51 1 062 1 074 8,9 10,3 14,3 16,5 8,1 9, 1 6,2 7,4

8 3,24 1 060 1 072 8,7 10,5 14 ,0 16,5 7,9 9,6 6,1 6,B

7 3,00 1 058 1 070 8,6 10,5 13,9 16,3 7,9 9,8 6,0 6,5

B 2,73 1 055 1 070 8,0 10,4 12,9 16,2 7,3 9,6 5,6 6,5

9 2,52 1 052 1 067 7,4 10,1 12,9 15,8 7,3 9,6 5,6 6,2

10 2,25 1 050 1 065 7,3 10,6 11 ,8 16,0 6,7 10,4 5,1 5,5

11 2,00 1 044 1 060 6,4 12,2 10,4 17,2 5,9 13,5 4,5 3,7

12 1,75 1 041 1 072 . 5,9 14,3 9,7 20,0 5,5 15,5 4,2 4,5
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TEST-NO. : SOLIDS: DENSITY ( kg/m3 ) COMPOSITION ( WEIGHT-~l

LOHBERG 0/3-1 RAW COAL
COAL: REFUSE: ROM: COAL: REFUSE:

(2 )

I1330 2683 1704 56,48 43,52

No. v. SLURRY-DENSITY TOTAL SOLIDS CONCENTRATION COAL REFUSE

( m/s ) ( kg/m3 ) ( Volume-I) ( Weight-I J ( Weight-I) ( Welght-~ )

8F SAl 8F SAl SF SAl SF SAl SF SAl

13 1,49 1 034 1 069 5,0 14,6 8,2 20,1 4,6 16,2 3,7 3,9
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TEST-NO. : SOLIDS: DENSITY ( kg/m3 ) COMPOSITION ( WEIGHT-i)

LOHBERG 0/3-2 RAW COAL
COAL: REFUSE: ROM: COAL: REFUSE:

(1)
1330 2683 1704 56,48 I 43,52

No. v. SLURRY-DENSITY TOTAL SOLIDS CONCENTRATION COAL REFUSE

( m/s ) ( kg/m3 ) ( Volume-I) ( Nelght-I ) . ( Nelght-I ) ( We1ght-i )

SF SAl SF SAl SF SAl SF SAl BF SAl

1 5,54 1 132 1 135 18,8 18,4 28,3 28,1 16,0 15,2 12,3 13,0

2 5,01 1 132 1 135 18,8 18,6 28,3 28,3 16,0 15,3 12,3 12,9

3 4,52 1 130 1 139 18,6 19,5 28,0 29,3 15,8 16,2 12,2 13,1

4 4,02 1 129 1 138 18,4 19,7 27,8 29,4 15,7 16,7 12,1 12,7

5 3,53 1 127 1 139 18,2 20,8 27,5 30,5 15,5 18,2 12,0 12,2

6 3,24 1 125 1 141 17,9 20,8 27,1 30,6 15,3 18,1 11 ,8 12,5

1 3,00 1 123 1 142 17 ,6 21,6 26,7 31,4 15,1 19,1 11 ,6 12,3

8 2,76 1 119 1 143 17,1 22,1 26,0 31,8 14,7 19,7 11 ,3 12, 1

9 2,48 1 105 1 135 15,1 21;4 23,3 30,7 13,2 19,4 10,1 11,3

10 2,24 1 100 1 132 14,3 24,1 22,1 33,0 12,5 23,8 9,6 9,2

11 1,99 1 091 1 170 13,1 29,4 20,5 39,7 11 ,6 27,3 8,9 12,4

12 1,74 1 080 1 181 - 11 ,5 29,0 18,1 39,9 10,2 25,5 7,9 14,4
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TEST-NO.: SOLIDS: DENSITY ( kg/m3 ) COMPOSITION ( WEIGHT-I)

LOHBERG D/3-2 RAW COAL
COAL: REFUSE: ROM: COAL: REFUSE:

(2) 1330 2683 1704 56,48 I 43,52

No. v.. SLURRY-OENSITY TOTAL SOLIOS CONCENTRATION COAL REFUSE

( m/s ) ( kg/m3 ) ( Volums-I ) ( Wsight-I ) ( Wslght-I ) ( Weight-I)

SF SAl SF SAl SF SAl SF SAl SF SAl

1 j 1 ,48 1 068 1 182 9,8 30,2 15,6 40,9 8,8 27,2 6,8 1),7
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TEST-NO.: SOLIDS: DENSITY ( kg/m3 ) COMPOSITION ( WEIGHT-X)

LOHBERG 0/3-3 RAW COAL
COAL: REFUSE: ROM: COAL: REFUSE:

(1)
1330 2683 1704 56,48 I 43,52

No. v. SLURRY-DENSITY TOTAL SOLIDS CONCENTRATION COAL REFUSE

( m/s ) ( kg/m3 ) ( Volume-S ) ( Nelght-S ) ( Nelght-S ) ( Ne1ght-S )

SF SAl BF SAl SF SAl BF SAl SF SAl

1 5,53 1 222 1 209 31,7 31,2 44,2 43,1 25,0 25,7 19,2 17,4

2 5,01 1 220 1 210 31,3 32,2 43,7 44,0 24,7 27,0 19,0 17,0

3 4,51 1 218 1 210 31 ,1 32,3 43,S 41 ,1 24,6 27,1 18,9 17,0

4 4,01 1 216 1 211 30,8 32 ,6 43,1 44,3 24,3 27,4 18,8 17,0

5 3,52 1 213 1 213 30,4 33,8 42,7 45,4 24,1 28,9 18,6 16,5

B 3,24 1 209 1 211 29,8 34,0 42,0 45,S 23,7 29,3 18,3 16,2

7 3,01 1 207 1 213 29,S 34,4 41,6 46,0 23,S 29,7 18,1 16,3

B 2,75 1 203 1 211 28,9 34,7 40,9 46,1 23,1 30,3 17 ,8 15,7

9 2,53 1 173 1 199 24,6 32,9 35,7 44,0 23,1 29,1 15,5 14,8

10 2,27 1 171 1 187 24,4 31 ,9 35,S 42,6 20,1 28,9 15,4 13,7

11 1,99 1 166 1 204 23,7 40,6 J4 ,6 50,7 19,5 39,3 15, 1 11 ,4

12 1 ,72 1 152 1 214 21,S 41,8 31,8 51,9 18,0 39,8 13,8 12 , 1
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TEST-NO. : SOLIDS: DENSITY ( kg/m3 ) COMPOSITION ( WEIGHT-~)

LOHBERG 0/3-3 RAW COAL
COAL: REFUSE: ROM: COAL: REFUSE:

(2 » 1-330 2683 1704 56,48 r 43,52

No. v.. SLURRY-DENSITY TOTAL SOLIDS CONCENTRATION COAL REFUSE

( m/s ) ( kg/m3 ) ( VOlume-S ) ( Welght-S ) ( Welght-S ) ( Welght-I )

BF SAl BF SAl OF SAl OF SAl SF SAl

13 4,01 1 206 1 193 29,4 30,2 41 ,5 41,5 23,4 26,1 18,1 15,4

14 4,00 1 148 21,1 31,3 17,7 13,6

,.'
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TEST-NO. : SOLIDS: DENSITY ( kg/m3 ) COMPOSITION ( WEIGHT-I)

LOHBERG Ell RAW COAL COAL: REFUSE: ROM: COAL: REFUSE:
(1) I1330 26,83 1743 53,02 46,98

No. v. SLURRY-DENSITY TOTAL SOLIDS CONCENTRATION COAL REFUSE

( m/s ) ( kg/m3 ) ( Volume-I) ( We1ght-1 ) ( We1ght-1 ) ( Weight-I)

SF SAl SF SAl SF SAl SF SAl SF SAl

1 4,80 1 102 1 118 13,8 15,5 21,8 24,4 11 ,6 12,5 10,2 11 ,8

2 4,33 1 101 1 118 13,1 15,6 21,1 24,5 11,5 12,6 10,2 11 ,8

3 3,96 1 099 1 118 13,4 15,1 21,3 24,6 11 ,3 12,9 10,0 11 ,8

~ 3,52 1 095 1 116 12,9 16,2 20,5 24,9 10,9 13,8 9,6 11 , 1

5 3,04 1 092 1 115 12,5 16,4 20,0 25,0 10,6 14,1 9,4 10,9

B 2,11 1 091 1 115 12,3 11,0 19,7 25,6 10,4 15,1 9,3 10,5
-

7 2,51 1 081 1 114 11 ,8 11,2 18,9 25,6 10,0 15,4 8,8 10,2

S 2,21 1 081 1 110 11,0 17,7 17,7 25,8 9,4 16,7 8,3 9,1

9 2,03 1 012 1 105 9,9 11,9 "6,1 25,1 8,5 11,4 7,6 8,3

10 1 , 76 1 067 1 112 9 , 1 24,1 14,9 31 ,7 7,9 26,1 7,0 5,6

11 1 ,51 1 053 1 113 7,2 21,5 11,9 28,8 6,3 22,5 5,6 6,3

12 4,01 1 092 1 089 - 12,5 11 ,6 20,0 18,8 10,6 9,6 9,4 9,2
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TEST-NO.: SOLIDS: DENSITY ( kg/m3 ) COMPOSITION ( WEIGHT-Xl
LOHBERG E/1 RAW COAL

COAL: REFUSE: ROM: COAL: REFUSE:
(2)

1330 2683 1743 53,02 I 36,98

No. y .. SLURRY-DENSITY TOTAL SOLIDS CONCENTRATION COAL REFUSE

( m/s ) ( kg/m3 ) ( VOlume-S ) ( Ne1ght-S ) ( Nelght-S ) ( Height-X)

SF SAl SF SAl SF SAl SF SAl SF SAl

13 4,01 1 078 1 097 10,7 12,7 13,3 20,5 9,2 10,5 8,1 10,0

-
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TEST-NO.: SOLIDS: DENSITY ( kg/m3 ) COMPOSITION ( WEIGHT-X)

LOHBERG E/2 RAW COAL
COAL: REFUSE: ROM: COAL: REFUSE:

(1)
1330 26,83 1743 53,02 I 46,98

No. v. SLURRY-DENSITY TOTAL SOLIDS CONCENTRATION COAL REFUSE

( mig J ( kg/m3 ) ( VOlume-I) ( Welght-I ) ( Nelght-I ) ( Nelght-X )

BF SAl BF SAl BF SAl BF SAl BF SAl

1 5,02 1 200 1 204 27,0 29,3 39,2 41 ,3 20,8 23,6 18,4 17,7

2 4,51 1 195 1 203 26,4 29,7 38,5 41,6 20,4 24,4 18,1 17,2

3 4,01 1 189 1 199 25,6 30,3 37,5 41,9 19,9 25,4 17 ,6 16,4

4 3,50 1 185 1 198 25,0 31,0 36,8 42,5 19,5 26,6 17 ,3 15,9

5 3,01 1 180 1 186 24,4 30,6 36,0 41,5 19,1 27,3 16,9 14,2

B 2,74 1 155 - 20,9 - 31,6 - 16,8 - 14,8 -

7 2,48 1 152 1 169 20,6 27,4 31,2 37,9 16,5 24,6 14,6 13,3

B 2,25 1 149 1 179 20,2 29,3 30,6 40,0 16,2 26,2 14,4 13,8

9 2,01 1 143 1 170 19,3 30,7 29,4 40,7 15,6 29,1 13,8 11 ,7

10 1 ,76 1 132 1 189 17,8 33,6 27,4 46,5 14,5 35,4 12,9 11 , 1

11 1 ,49 1 113 1 137 15,3 33,6 24,0 41,5 12,7 37,1 11 ,3 4,4

12 4,02 1 176 1 164 23,8 24,9 35,3 35,4 18,7 21 ,5 16,6 13,9
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TEST-NO. : SOLIDS: DENSITY ( kg/m3 ) COMPOSITION ( WEIGHT-I)

LOHBERG E/2 RAW COAL
COAL: REFUSE: ROM: COAL: REFUSE:

(2)

I1330 2683 1743 53,02 46,98

No. v. SLURRY-DENSITY TOTAL SOLIDS CONCENTRATION COAL REFUSE

( m/s ) ( kg/m3 ) ( Volums-I ) ( Welght-I ) ( Welght-I ) ( Weight-I)

SF SAl BF SAl BF SAl BF SAl BF SAl

13 4,02 1 153 1 160 20,7 23,6 31,3 34,1 16,6 20,0 14,7 14 , 1
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TEST-NO.: SOLIDS: DENSITY ( kg/m3 ) COMPOSITION ( WEIGHT-\:)
LOHBERG E/3-2 RAW COAL

COAL: REFUSE: ROM: COAL: REFUSE:

1330 2683 1743 53,02 I 46,98

No. v.. SLURRY-DENSITY TOTAL SOLIDS CONCENTRATION COAL REFUSE

( m/s ) ( kg!m3 ) ( Volume-S ) ( Weight-I) . ( WeIght-I) ( Nelght-S )

OF SAl OF SAl OF SAl OF SAl OF SAl

1 4,99 1 151 1 168 20,3 21,6 30,7 32,9 16,3 16,5 14,4 16,4

2 4,52 1 149 1 168 20,0 22,3 30,3 33,5 16,1 17,5 14,2 16,6

3 4,01 1 147 1 168 19,8 22,9 30,1 34,0 16,0 18,2 14,1 15,1

.. 3,50 1 142 1 166 19,1 23,4 29,2 34,3 15,5 19,2 13,1 15,1

5 3,00 1 138 1 166 18,5 24,5 28,3 35,3 15,0 20,8 13,3 14,5

B 2,16 1 1J4 1 166 18,1 24,9 27,8 35,5 14,7 21,4 13,1 14,2

7 2,49 1 131' 1 166 17 ,6 25,2 27,1 35,8 14,4 21,8 12,1 14,0

B 2,25 1 105 1 144 14,1 26,0 22,2 35,3 11,8 25,2 10,4 1.0,1

9 1,91 1 101 1 153 13,6 29,2 21,5 38,5 11 ,4 28,9 10,1 9,6

to 1,12 1 094 1 188 12,7 33,7 20,2 44 ,0 10,1 31,5 9,5 12,5

11 3,88 1 136 1 145 18,3 20,0 28,1 30,1 14,9 16,4 13,2 1) ,6

12 .
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TEST-NO. : SOLIDS: DENSITY ( kg/m3 ) COMPOS I TI ON ( WEIGHT-Xl

LOHBERG EIJ-3 RAW COAL
COAL: REFUSE: ROM: COAL: REFUSE:

1330 2683 1743 53,02 I 46,98

No. v. SLURRY-DENSITY TOTAL SOLIDS CONCENTRATION COAL REFUSE

( m/s ) ( kg/m3 ) ( Volume-S ) r We1ght-S ) ( We1ght-1 ) ( We1ght-X )

SF SAl SF SAl SF SAl SF SAl SF SAl

1 4,97 1 244 1 238 32 ,9 35,3 46,1 47,7 24,4 28,2 21,7 19,5

2 4,53 1 240 1 236 32,4 35,7 45,5 48,0 24,1 29,1 21,4 18,9

3 4,02 1 238 1 237 32,1 35,7 45,2 48,0 24,0 28,9 21,2 .19 , 1

4 3,50 1 229 1 235 30,9 36,4 43,8 48,5 23,2 30,0 20,6 18,5

5 3,00 1 228 1 238 30,8 37,6 43,7 49,6 23,2 31,3 20,5 18,3

6 2,75 1 196 1 209 26,5 33,5 38,6 44,9 20,5 28,8 18, 1 16,1

7 2,54- 1 191 1 204 25,8 33,3 37,8 44 ,6 20,0 29,2 17 ,8 15,4

B 2,24 1 188 1 210 25,4 34,4 37,3 45,8 19,8 30,0 17,5 15,7

9 2,01 1 184 1 216 24,9 39,1 36,7 49,9 19,5 35,7 17,2 14,1

10 1,74 1 172 1 216 23,2 43,1 34,5 53,1 18,3 41,3 16,2 11 ,9

11 4,04 1 224 1 209 30,2 32,2 43,0 43,9 . 22,8 27,1 20,2 16,8

12 .
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SAl

x 24.6 ± 1. 0 %
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v = 5.0 m/s
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LOHBEAG 0/3-2

V = 3.5 m/s

BF SAl

t - -;, --t ----t - ~--t-.~ =-=t-= : --t - ~--
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Total 28.3 % ]I 28.3 ± 1.1 %

Water 71.7 % ------ tJ 71.7 ± 1.1 %
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Refuse 12.3 % --'--,-" (!) ~2.9 ± 0.7 %
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Total 42.7 % x 45.4 ± 0.8 %

Water 57.3 % ------ 1!J 54.6 ± 0.8 %

Coal 24.1 % .... - .. A 28.9 ± 0.9 %
Refuse 18.6 % -_. __ .

(') 16.5 ± 0.6 %
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v = 4.0 m/s

BF SAl

Total 43.1 % x 44.3 t 1.0 %
Water 56.9 % ------ I!l 55.7 ± 1.0 %
Coal 24.3 % fj 27.6 ± 1. 6 %
Refuse 18.8 % -- -- ~ 17.0 t 0.7 %
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LOHBEAG E/2
v = 3.5 m/s

SF SAl

Total 36.8 % ---- --- ._-- x 42.5 ± 1.0 %

Water 63.2 % - - - - - -- ~ 57.5 ± 1.0 %

Coal 19,5 % 6 26.6 ± 1.2 %

Refuse 17.3 % ----- --- 19 15.9 ± 0.7 %
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APPENDIX B

COAL/ROCK/WATER SLIPPAGE CALCULATIONS
(SLIPPAGE VERSUS PARTICLE SIZE AND SLURRY VELOCITY)
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OBJECTIVE

~he objective of this study is to predict the extent of measurement

error inherent in a slurry flowmeter due to slippage between the con­

veying fluid and the solids being transported. Specifically, the con­

ditions which were investigated were limited to upward vertical flow

with coal/water and rock/water slurries.

Pipe diameters of 6 and 18 inches were specified. However, the

slippage velocity is independent of pipe diameter and the calculated

results should be valid for any pipe size with one proviso. Pipe

diameter must be at least ten times greater than the largest particle

size to avoid significant "wall effect." This constraint is of no con­

cern for the operating conditions in this case.

Slurry concentration is a parameter of interest because the relation­

ship between mean ,slurry velocity and mean solids velocity (or liquid

velocity) is affected by the relative concentration of the solid and

liquid components of the slurry. Results for slurry concentrations

ranging from 10 to 50 wt % are presented in this report.

Nominal slurry velocities of 5, 10, 15, and 20 .feet per second were

used for both the coal and rock slurries. Specific gravities of 1.35

for coal and 2.75 for rock were assumed.

RESULTS

The calculated particle diameters for 1% and 2% error are given

in Tables 1 and 2. Table 1 considers the more probable condition

where the flowmeter measures solids velocity. The error exists because

the mean Blurry velocity always exceeds. the measured solids velocity.
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TABLE 1

PARTICLE SIZE WHICH YIELDS 1 % AND 2 % ERROR IN SLURRY VELOCITY

Hean Slurry Velocity Less Mean Velocity of Solids

(v - V )/ V
s

Slurry Slurry Mean Particle Diameter. d, mm
Concentration, wt % Velocity, ft/sec 1 % error 2 % error

coal rock coal . rock

10 5 0.365 0.147 0.610 0.230
10 0.610 0.230 1.14 0.396
15 0.870 0.310 1. 74 0.580
20 1.14 0.396 2.45 0.770

20 5 0.395 0.153 0.660 0.240
10 0.660 0.240 1.24 0.420
15 0.950 0.325 1.92 0.608
20 1. 24 0.420 2.73 0.820

30 5 0.420 0.160 0.725 0.252
10 0.725 0.252 1.40 0.448
15 1.06 0.346 2.23 0.660
20 1.40 0.448 3.20 0.890

40 5 0.460 0.171 0.810 0.273
10 0.810 0.273 1.61 0.492
15 1.20 0.380 2.59 0.740
20 1.61 0.492 3.82 1.00

50 5 0.615 0.185 0.925 0.300
10 0.925 0.300 1.88 0.555
15 1.38 0.425 3.06 0.840
20 1.88 0.555 4.60 1.16
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TABLE 2

PARTICLE SIZE WHICH YIELDS 1 % AND 2 % ERROR IN SLURRY VELOCITY

Mean Liquid Velocity Less Mean Slurry Velocity

Slurry Slurry Mean Particle Diameter, d, mm
Concentration. wt % Velocity. ft/sec 1 %error 2 % error

coal rock coal rock

10 5 4.35 2.63 ) 10 7.50
10 >10 7.50 >10 :>10
15 >10 >10 >10 >10
20 >10 ~10 > 10 > 10

20 5 1. 75 0.980 4.18 2.28
10 4.18 2.28 >10 6.25
15 7.60 4.00 >10 ~10

20 >10 6.25 >10 >10

30 5 1.10 0.560 2.32 1.18
10 2.32 1.18 5.95 2.82
15 3.95 1.93 ~10 5.20
20 5.95 2.82 ~10 8.40

40 5 0.800 0.390 1.62 0.750
10 1.62 0.750 3.80 1.68
15 2.60 1.18 6.75 2.85
20 3.80 1.68 >10 4.35

SO 5 0.650 0.295 1.23 0.540
10 1.23 0.540 2.75 1.12
15 1.95 0.810 4.80 1.82
20 2.75 1.12 7.30 2.66
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Table 2 considers the less probable condition where the flowmeter measures

liquid velocity. In this case the error exists because the mean slurry

velocity is always less than the measured liquid velocity.

DISCUSSION

The slip velocity of a slurry in vertical flow is a result of two

opposing forces. For a slurry with solids which are denser than the

conveying liquid. there exists a downward acting gravitational force on

the solid particles. At the same time there is an upward force exerted

on the particles due to their drag in the upward floWing liquid stream.

At some liquid velocity these forces cancel each other and the solids

remain suspended. This velocity is the slip velocity. As liquid velo-

.city is increased. the solids are transported upwards. The liquid velo-

city will always exceed the solids velocity by the slip velocity to

maintain the force balance.

The gravitational force on a sphere is defined as follows:

Fg • Trd
3

g (f's - PI )/ 6

where d • particle diameter

g • gravitationel acceleration

fs • solids density

Pl· liquid density

The drag force on a sphere is defined as follows:

2 2
Fd • Tl'd /4 x Cd x 'IV /2

where Cd • drag coefficient

v • relative liquid velocity

When solids are being transported vertically by the liquid the relative
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liquid velocity is the slip velocity, V1 - Vs '

where VI - liquid velocity

Vs - .olids velocity

Combin~g equations:

( ) 2 4 g d
VI - Vs - 3 Cd x ( Ps - PI I P1 )

For particles other than spheres a shape factor is introduced to the

equation. This adjustment factor has been ignored. Thus the calculated

particle diameters in this report are effective spherical diameters.

The drag coefficient, Cd' is a function of the particle Reynolds number.

where f' - liquid viscosity

For small particles, Stokes law applies while for large particles, Newtons

law is dominant. For the conditions of this study, neither law can be

ignored and the subsequent transition region is best described by several

empirical equations:

For Nre less than 500;

For Nre between 500 and 10
5

; Cd - 24/Nre ( 1 + .15 Nre·687 )+ ~1-+~·4~;~2~5~O~O~N~-1.16
re

These equations have been used to generate Table 3 and Figure 1.

The only other equation needed to compare the liquid velocity, VI and

the solid velocity, Vs ' to the mean slurry velocity, V, is the continuity

equation:

V -(Vs x (vol. frac ••olids in slurry» + (VI x (vol. frac. liquid in slurry»

where V - mean alurry velocity

The equations used to calculate slip velocity do not address particle

aize distribution. These equations assume a uniform or weight mean dia-

meter &s the representative particle diameter. The weight mean diameter

245



TABLE 3

P~~TICLE SIZES FOR VARIOUS SLIP VELOCITIES

SOLIDS: COAL; fa· 1.35 t/ml

ROCK: f 8 • 2.75 g/ml

LIQUID: WATER; Pl· l.0 g/m!

}J • 1.0 cps

SOLID

------ COAL ----------- ------ ROCK -----------
VI - Va' ft/sec N Cd d. IlIDI N Cd d, DImre re

0.001 0.01 1980 0'.040 0.01 4410 0.018

0.005 0.14 180 0.091 0.06 398 0.040

0.01 0.40 64.7 0.131 0.18 142 0.058

0.05 5.2 6.75 0.342 2.2 13.9 0.142

0.10 17 2.84 0.576 6~8 5.50 0.223

0.50 "451 0.59 2.96 143 0.93 0.941

l.0 2430 0.39 7.98 652 0.53 2.14

5.0 75900 0.49 49.8
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is defined as follows:

d • E(particle diameter! x weight fraction i )

Thus the calculated slip velocity for a slurry with a typical broad

8ize distribution is no different than for a slurry with a uniform particle

diameter equal to the weight mean diameter of the broad sized distribution.

As an example, from Table I, for a 30 wt % coal slurry at 15 ftlaec,

a 1 % error exists between the mean slurry velocity, V, and the mean solids

velocity, Vs ' if the particle diameter is 1.06 mm. A slurry with the

following size distribution has a 1.06 mm weight mean diameter and would

meet the 1 % error criterion:

Mesh size----
4
8

16
35

100
200
325
pan

Wt % retained

3.0
9.0

22.0
30.0
16.0
9.0
7.0
4.0

roo:o
weight mean diameter • 1.06 mm

For a flowmeter which measures the mean velocity of the solids in a

slurry, Vs ' the mean slurry velocity, V, 1s greater and the meter error

is as follows:

%error. 100 ( V - Va )
V

The results of these calculations are in Figures 2 and 3. Note that

for a given velocity and particle size the error decreases with increasing

slurry concentration.

If a flowmeter which measures mea~ liqUid velocity were used, the

slurry velocity would be less than the measured velocity. The error

248



c

10

• •• 7 •• III

-- -- --------- - ----

I ••• 71111I I' c •• ,I.1Il r.. --10-- 1-------------1-----

PARTICLE DIAMETER, mm
(weighted mean)

c
•

•

I

•

z:
o
Cl
I.LJ
Vl
c::x:
co
0:::
o
c:::
0:::
I.LJ -2
>- 10 .",
I- Ie..... .
U I
o ,
-J

I.LJ •:>

Cl •..... .
c3 '
Vl •

1 .-••,
•
•
&

--VI •
>

I
I> r-

FIGURE 2. - Slurry velocity error based on solids velocity coal slurry.

249



V)

a.....
.....J
o
V)

10

• • .., •• 10•
1

• •• , •• 10• • "".ID •
10-=1--

PARTICLE DIAMETER, mm
(weighted mean)

• •

•

•

z::o
Cl
w
V)

0::( •
co

>­
I-.....
U
o
.....J
w
:>

1 10

••,
•
•
•
,-1Il

>
I •I>

0:::
'0
0::: - 2
0::: 10 .~
W ID

••
7

I

FIGURE 3. - Slurry velocity'error based on solids velocity rock slurry.

250



would be as follows:

v, - V
% error • 100 ( )

V
The results of these calculations are in Figures 4 and 5. Note that for

this case the effect of slurry concentration is reversed. That is, for

a given velocity and particle size the error increases with increasing

slurry concentration.
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February 22 1982

6025 S. Meadowbrook Drive
Morrison CO 80465

Dr. Victor Verbinski
Science Applications Inc.
10401 Roselle St.
San Diego CA 92121

Dear Vic:

As per our phone conversation I have prepared an addendum to my
report of January 29 1982 on particle slippage calculations. Specifically
I have addressed two problems:

1. Convert solid/liquid slippage velocities to errors in
measured slurry concentration.

2. Correlate crushed coal particle size distributions data
to define any relationship between weight mean particle
diameter and maximum particle size.

Table 4 summarizes the calculated weight mean particle diameter for
1 % and 2 % error 'in measured slurry concentration. Both absolute and
relative errors have been considered. As before. slurry concentrations
range from 10 to 50 wt %. and liquid velocities of 5, 10. 15. and 20
ft/sec are used. The relative error functions are presented graphically
in Figure 6 for coal and, Figure 7 for rock. The absolute error functions
are presented in Figures 8 and 9 for coal and Figures 10 and 11 for rock.

Further to the discussion presented in my earlier report, the following
equations are utilized to calculate errors in measured slurry concentration
based on particle slippage:

V
s

Civ
C • ~~'=";---,~:--...-:-....."..-,

V Vs Civ + Vl (l-Civ)

where Cv • volumetric concentration of solids delivered (actual concentration)

Civ • volumetric concentration of solids in-situ (measured concentration)

Note that when Vs - Vl , the equation reduces to tv -', Civ •

To convert volumetric concentrations to gravimetric concentrations
the following equation is required:
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where C • gravimetric concentration of solids delivered.w

The corresponding equation is used for the in-situ weight concentration.
Ciw ' Because of particle slippage, the in-situ solids concentration
(measured value) always exceeds the actual delivered concentration. This
error can be expressed as an absolute error, (C

i
- C ) x 100 , or relativew w

error. (absolute error)!C •w

I have reviewed several projects involving crushed minerals and offer
several observations. The particle size distribution for a crushed min­
eral sample is affected by the nature of the mineral and the method of
crushing. Surprisingly, the shape of a particle size distribution curve
as shown in Figure 12 is relatively independent of grinding method. The
degree of grinding affects the mean particle size. but does little to
alter the breadth of the distribution. In terms of Figure 12. further
grinding will shift the curve to the left. but will not materially
change the slope of the curve.

The slope of the
method of grinding.
ably different than
taneously using the

curve is more a function of the mineral than the
Thus the slope for crushed coal could be notice­

for crushed rock, even if both were crushed simul­
same equipment.

Based on this generalization. it is possible to predict the maximum
particle size based on weight mean particle size or any other similar
measure. for a given mineral. Table 5 lists the particle size distrib­
ution data shown in Figure 12. These data are for a western coal.
Based on the identical slope of these curves it can be predicted that
the maximum particle size is approximately 5 times the weight mean
diameter. In this case. the maximum particle size is defined as the
size for which 2 wt % of a sample is retained ( 98 %of the sample
passes the screen). .

Thus the mean diameter given in Table 4 can be multiplied by 5
to convert each of them to maximum particle diameter. The factor of
5 could be somewhat different for other coals. It is quite likely
that the factor would be different for rock. G~nding data on the
samples to be used at the HTRF would be required to better define the
factor between mean particle diameter and maximum particle diameter.

I will review the report you mailed to me and will contact you
shortly regarding the problem of entrained air at the HTRF.

Sincerely,

~Ck.
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TABLE 4

PARTICLE SIZE WHICH YIELDS 1 % AND 2 % ERROR IN SLURRY CONCENTRATION

Measured Liquid ------------ Mean Particle Diameter, mm.*-------------
Slurry Velocity 1% reI. error 2% reI. error 1% abs. error 2% abs. error

Cone. ,wt% ft/sec coal rock coal rock coal rock coal rock

10 5 0.37 0.15 0.63 0.24 3.32 1.02 9.0 2.35
10 0.63 0.24 1.17 0.41 9.0 2.40 > 10 8.00
15 0.88 0.33 1. 78 0.61 >10 4.80 >10 >10
20 1.15 0.41 2.53 0.82 ;:>10 8.05 >10 >10

20 5 0.40 0.16 0.68 0.26 1. 70 0.57 3.85 1.15
10 0.69 0.26 1.32 0.46 3.90 1.15 >10 2.75
15 0.99 0.36 2.05 0.68 7.30 1.94 ~10 5.50
20 1.32 0.46 2.92 0.93 >10 2.80 >10 9.00

30 5 0.44 0.18 0.77 0.29 1. 24 0.44 2.67 0.85
10 0.77 0.29 1. 50 0.52 2.70 0.87 7.30 1. 95
15 1.12 0.40 2.40 0.78 4.80 1. 38 :>10 3.60
20 1. 51 0.52 3.47 1.06 7.30 1. 95 >10 5.60

40 5 0.49 0.20 0.88 0.33 1.08 0.39 2.26 0.74
10 0.88 0.33 1. 78 0.60 2.30 0.75 5.85 1. 63
15 1. 31 0.46 2.90 0.90 3.88 1.15 ~10 2.70
20 1. 78 0.61 4.28 1;26 5.90 1.66 >10 4.70

50 5 0.57 0.22 1.04 0.37 1.04 0.37 2.12 0.71
10 1.06 0.38 2.20 0.71 2.20 0.71 5.40 1. 53
15 1.58 0.55 3.70 1.10 3.70 1.10 10.0 2.60
20 2.22 0.73 5.60 1. 35 . 5.60 1.55 >10 4.30

* Relative error: «Ciw - Cw>/Cw> X 100

Absolute error: (Ciw - Cw> X 100
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TABLE 5

TYPICAL PARTICLE SIZE DISTRIBUTION FOR CRUSHED WESTERN COAL

Tyler Mesh
Size

--------- Coal C*----------
Cumulative

Wt% retained Wt7. retained

---------- Coal D*----------
Cumulative

Wt% retained ~t% retained

6 0.59 0.59 0.91 0.91

8 0.81 1.40 1.13 2.04

14 3.16 4.56 3.80 5.84

20 3.84 8.40 6.78 12.62

28 5.01 13.41 8.69 21. 31

35 8.28 21.69 14.41 35.72

48 10.49 32.18 13.33 49.05

65 12.85 45.03 11. 77 60.82

100 12.88 57.91 9.39 70.21

150 8.81 66.72 5.94 76.15

200 9.52 76.24 7.56 83.71

270 . 5.31 81.55 3.57 87.28

325 3.22 84.77 0.95 88.23

pan 15.22 99.99 11.77 100.00

weight mean
diameter. 1IDIl 0.338 0.451

dSO • 1IDIl 0.184 0.288

particle diameter for
which 2% of sample is
greater in size, mm 1.80 2.30

8ize factor 1.80/0.338 • 5.3 2.30/0.451 • 5.1

* Coal crushed 1n a Cage Paktor mill.
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