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FOREWORD

The last few years have witnessed many important advances in the development and
applications of nuclear techniques in the coal industry. Nuclear borehole logging techniques based on
measurement of natural radioactivity, X and gamma ray absorption and scattering and neutron
interactions are extensively employed for exploration programmes and in situ evaluation of coal.

On-line analysis based on a variety of techniques is widely used to optimize coal processing
operations; the increased product yield of assured quality and reduction in energy usage have resulted
in enormous economic benefits to the coal industry. Further, the potential of nuclear techniques for
control and minimization of environmental pollution in the various stages of exploration and
exploitation of coal are increasingly being recognized and much work is under way to develop and
apply such techniques in coal processing operations.

With the aim of promoting advanced research and facilitating a more extensive application of
nuclear techniques for environmental protection in the exploration and exploitation of coal, the IAEA
established the present co-ordinated research programme (CRP) in 1989. This report includes an
assessment of the current status and trends in nuclear techniques in the coal industry and the results
obtained by the participants at the CRP. Proceedings of the final CRP on "Nuclear Techniques in
Exploration and Exploitation of Coal: On-line and Bulk Analysis and Evaluation of Potential
Environmental Pollutants in Coal and Coke", was held in Krakow, Poland, from 9 to 12 May 1994.

The IAEA wishes to thank all the scientists who contributed to the progress of this CRP.
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EDITORIAL NOTE

In preparing this publication for press, staff of the IAEA have made up the pages from the
original manuscripts as submitted by the authors. The views expressed do not necessarily reflect those
of the governments of the nominating Member States or of the nominating organizations.

Throughout the text names of Member States are retained as they were when the text was
compiled.

The use of particular designations of countries or territories does not imply any judgement by
the publisher, the IAEA, as to the legal status of such countries or territories, of their authorities and
institutions or of the delimitation of their boundaries.

The mention of names of specific companies or products (whether or not indicated as registered)
does not imply any intention to infringe proprietary rights, nor should it be construed as an
endorsement or recommendation on the part of the IAEA.
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reproduce, translate or use material from sources already protected by copyrights.
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1. SUMMARY

Coal is a major energy source worldwide and is expected to be so in the foreseeable future.
Annual coal production in 1991 was almost 4425 million tonnes per year. Several developing
countries are rapidly increasing their production.

The use of coal as an energy source has severe environmental consequences. The emission
of ash causes fall-out which discolours houses and the ground, and poses potential threats to plants,
animals, and human life. The emission of SO2 causes acid rain which threatens to kill the forests
and causes extensive damage to buildings through its corroding effect.

Based on such environmental reasons, in addition to economic considerations, the efficient use
of low sulphur coal has become a major energy issue.

Nuclear measurement techniques can be efficiently used to monitor different components in
the coal affecting its efficient use and environmental effects. Recent years have seen a rapid expansion
of research into, and industrial application of, nuclear techniques for the on-line and bulk analysis of
coal and coke. The main application areas of nuclear techniques in the coal industry are
determinations of ash, moisture and specific energy of coal, determinations of solids weight fraction
and ash content of coal in slurries, and the determination of the concentrations of specific elements
such as sulphur and radioactive pollutants in coal. One or more of these determinations are used to
control mining operations, coal preparation, and power stations.

With the aim of promoting advanced research and facilitating a more extensive application of
nuclear techniques for environmental protection in the exploration and exploitation of coal, the IAEA
established a Co-ordinated Research Programme (CRP) in 1989 on the Use of Nuclear Techniques in
the Coal Industry. This report includes an assessment of nuclear techniques in the coal industry and
the results obtained by the participants of the CRP.

The objective of this CRP was to contribute to the efforts towards development and wider
applications of nuclear techniques with a view to minimizing the release of environmental pollutants
in all the stages in the exploration and exploitation of coal. The participating groups concentrated their
research efforts on evaluation of improved nuclear bore hole logging techniques for coal quality, on-
line analysis techniques and systems, evaluation of low-cost isotope ash monitoring techniques for
evaluation of potential environmental pollutants in coal and coke. Wherever possible, the research
work was oriented towards the development of techniques suitable for adoption to local conditions
prevailing in developing Member States.

1.1. RESULTS OF THE IAEA'S CO-ORDINATED RESEARCH PROGRAMME

Research contracts and research agreements were concluded with scientists from Australia,
China, the Islamic Republic of Iran, Poland, Turkey and Viet Nam. Three Research Co-ordination
Meetings were held - 1991 Bandung, Indonesia; 1992 Ankara, Turkey and 1994 Krakow, Poland.

The main achievements of the CRP have been the following:

Two techniques for coal logging have been extensively evaluated in Australia, namely:
(a) the spectrometric gamma-gamma method for determination of the ash content, and
(b) the prompt neutron-gamma method for the determination of ash, calorific value, Si and Fe in

coal.

Further, a number of on-line analysis systems for use in coal-fired power stations have been
developed. These include systems for the on-line analysis of low rank coal, unburnt carbon in fly ash
and pulverized coal mass flow. These systems utilize nuclear, microwave and ultrasonic techniques.



A technique based on the inelastic scattering of neutrons on carbon, namely, 12C (n, n', y) 12C
with 4434 keV gamma rays produced with a cross-section of 0.15 to 0.35 barns, has been delineated
for evaluating the calorific value and the ash content of Polish coals. Low cost coal ash gauges based
on the attenuation of soft gamma radiation have been developed in Viet Nam and China and their
performance has been evaluated. Considerable progress has been made in the design of an inexpensive
dual energy gamma ray transmission gauge in Iran for use in low throughput mines.

Natural gamma ray spectrometric and neutron activation techniques have been employed in
Poland to identify lithology, determine the thickness of carboniferous layers, to separate dirt band from
coal during exploitation and processing, and for localization of coal seams as a well logging method.
The natural gamma spectrometric method has been found to be adequate for quantitative determination
of the ash content, calorific value and carbon content of Polish coals. Scattering of X rays and XRF
backscattering have been used in Turkey to determine ash content, mineral matter and sulphur in coals.

1.2. NUCLEAR BOREHOLE LOGGING TECHNIQUES

Two techniques have been developed in Australia over the past decade for coal logging in
boreholes:

(1) the spectrometric gamma-gamma technique for the determination of ash content in coal;
(2) the prompt gamma neutron activation (PGNA) technique for the determination of ash, caloric

value, Si and Fe in coal.

A comparison between the gamma-gamma and neutron-gamma techniques for ash prediction
in water filled quality control boreholes of 140 mm showed that the neutron-gamma technique was
superior in predicting the ash content of the coal seams, which had high variation in Fe content. The
neutron-gamma technique is superior because it can also determine the Si and Fe content of coal and
it can sample a larger volume of coal.

1.3. ON-LINE ANALYSIS

The on-line analysis techniques developed in Australia include nuclear, microwave and
ultrasonic techniques. The nuclear techniques are used for the determination of moisture, ash, gross
wet specific energy and sodium/ash ratio, whereas the microwave techniques are used as an
independent means of determining moisture. The first commercial gauge based on these techniques
was installed at a power station in 1993. Ultrasonic and microwave techniques for measurement of
coal mass flow have been developed and evaluated on a pilot scale recirculating dust rig. Among
nuclear techniques, PGNA based on 241Am-Be or 238Pu-Be source and BGO detector is the most
effective, accurate and reliable technique.

1.4. ASH MONITORS

Four types of ash monitors are in use in China:

(1) off-line application of the ZTHY Intelligent Isotope Ash Monitor;
(2) FHY Ash Monitor in coal preparation plants and power stations,
(3) Z-l on-line automatic rapid calorimeter; and
(4) BHZ-1 prototype portable laboratory-size Intelligent Isotope Ash Monitor has been

successfully applied in coal washing, coking, and power sectors to meet to a certain extent the
requirement on rapid determination of coal ash.

Currently some 40 of such monitors are in use, bringing about remarkable economic and social
benefits.



1.5. GAMMA TRANSMISSION GAUGE

More then two years research work carried out in the Islamic Republic of Iran on design of
a dual energy gamma ray transmission gauge has been reviewed. The gauge after construction can
be installed in the coal industry so that coal transported on a conveyor belt which may be in a non-
homogeneous mixture from one or more mines can be evaluated. Therefore, prior to gauge design,
primary investigation is done to identify and evaluate the relationship between the mass absorption
coefficient and ash percent of coal for the mixture running on the belt. Results of investigation show
that coal mixture calibration curves cannot be used accurately for ash estimation in coal of individual
mines and, essentially, the gauge may work to determine the ash percent with some limitations in this
particular region. Therefore, the design of gauge was carried out in the laboratory and, after setting
up, the primary experimental calibration curve for the gauge was obtained. It is planned to develop
a prototype of industrial ash monitor and to test it in the near future.

1.6. MEASUREMENT OF CALORIFIC VALUE

The calorific value of coal can be inferred by different instrumental techniques. The simplest
is to measure the ash content of the coal and use the evident link: low ash - high calorific value, high
ash - low calorific value. It is possible also to use prompt neutron-gamma activation analysis
registering gamma ray from radioactive capture on carbon. Here the cross-section is quite low for this
reaction. When using high energy neutrons from Pu-Be or Am-Be sources one can take advantage
of the inelastic scattering of neutrons on carbon 12C (n, n', y)12C with 4434 keV gamma rays produced.

Investigations were carried out in Poland on:

(1) the correlation between ash content, carbon content and calorific value of coal;
(2) calculations of the influence of moisture content of 4.43 MeV carbon gamma-ray signal yield

for different source detector spacings;
(3) the experimental data concerning the change of carbon gamma-ray signal with rising moisture;
(4) the use of a hydrogen signal in correcting the carbon concentration from 12C (n, n', y)12C

reaction in coal; and
(5) possibilities of registering other elements in coal using Pu-Be neutron source.

1.7. NATURAL RADIOACTIVITY AND NEUTRON ACTIVATION

Natural radioactivity of 400 coal and sedimentary rock samples collected from well cores in
Poland has been measured in order to determine the uranium, thorium and potassium concentrations
with the use of a scintillation gamma ray spectrometric system. The determined concentrations were
used to identify the lithology of the rocks and evaluate the following hard coal parameters: ash
content, calorific value and carbon content.

Experimental investigations carried out in Poland of natural gamma ray spectra have shown
that quantitative determination of the ash content, calorific value and carbon content by natural gamma
ray spectrometry was feasible.

Natural gamma ray measurements of the carboniferous rocks have shown that the specific
activity of shale and mudstone is higher than that of bituminous coal. These observations can be used
to identify lithology, to determine the thickness of the carboniferous layers and to separate dirt bands
from coal during exploitation and processing.

The natural gamma ray log is relatively simple, fast, inexpensive and more attractive than any
other nuclear method since it does not require application of radioactive sources.

The neutron activation technique proved to be useful for rapid assays of coal samples and for
localization of coal seams as a well logging method.



The obtained results demonstrate feasibility of determination of the coal ash parameters: ash
content in coal and ash fusion temperature by the neutron activation method, both in laboratory and
through borehole logging. The latter application enables the geologists to determine parameters of coal
as the industrial fuel at the early stage of evaluation of a coal deposit.

1.8. X RAY BACKSCATTERING TECHNIQUES

In the coal industry in Turkey non-nuclear methods are now being used which are highly time
consuming. There is a considerable demand for a rapid and sensitive method of monitoring coal ash
not only in the coal industry but also for power stations and the steel industry.

One of the requirements concerning analysis technique of ash in coal is that it should be rapid,
have adequate sensitivity and simple sample preparation. The technique described in the work was
developed primarily to meet these requirements.

The idea of applying the X ray fluorescence (XRF) technique to analyse of the ash content
of coal is not new. A wide range of procedures have been detailed during the last decades for studies
of coal in this way.

The application procedures of nuclear techniques in exploration, mining and coal preparation,
in particular, was reviewed.

X ray fluorescence method using backscattering for the determination of ash in domestic coals
was studied in their as-received forms. Fluorescent intensities from major content of mineral matter
such as Ca, Ti, Fe, singly and their combinations were employed in conjunction with the reciprocal
of the backscattering intensity in an empirical relationship.

The X ray backscattering method using some assumptions and expressions has been applied
to determination of ash percent, sulphur content and calorific value in coal. About seventy coal
samples were analyzed by the proposed method.

As a result of the improvement in experiments mentioned, ash monitors were designed in order
to test some domestic samples in the laboratory. Analysis of these samples gave results which were
in excellent agreement with the expected values and verified the suitability of this calibration
procedure for determining of qualification of coal. The calibration demonstrates the validity of this
procedure for samples of varying mineral matter, mostly iron content, because compensation for XRF
of Fe is essential for estimation of the ash fraction.

Disadvantage of method is limited particle size acceptance, but use of higher energies or fine
grinding of sample could overcome this trouble. Work to standardise an ash monitor for field use is
in progress.

1.9. NUCLEAR TECHNIQUES FOR ANALYSIS OF COAL AND EMBEDDING ROCKS

Determination of elemental composition of anthracite, coal and embedded rocks had been
carried out in Viet Nam by nuclear analytical techniques. Concentrations of up to 26 elements in coal
and rocks were investigated. These data could be useful for evaluation of potential hazard of using
coal as a fuel for coal fired power plants and coal ash for construction material fabrication. They also
could be useful for geochemical investigation.

Investigation of the natural radioactive elements concentration in raw anthracite coal has shown
that there was weak correlation between their concentration and ash values. The reason for this
phenomenon was explained either by "unrelated" coal seams or by special geological process of the
anthracite coal basin formation. In any case, it appeared that more detailed investigations were needed
for full resolution of the problem.
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A simple ash gauge that could measure the iron content variation in coal ash was constructed
as the first step towards the application of nucleonic control systems in the coal industry.

1.10. CONCLUSIONS AND RECOMMENDATIONS OF THE CRP

With the rapidly growing use of coal in many developing countries and the increasing
awareness of its environmental impact, the role and scope of nuclear techniques in the coal industry
and in coal power generation are well recognized.

The CRP reaffirmed that nucleonic control system (NCS) units for on-line coal processing are
commercially produced and widely used in many advanced countries with great benefit. These are,
however, not quite suited for use in low- throughput coal mines and there is much scope for
development and use of portable low-cost NCS units for such use. NCS units based on natural
radioactivity (as against using strong external radiation sources), and logging tools based on gamma -
gamma methods and a micro gamma source, are of much interest in view of their very low radiation

hazard. Further, the CRP found that there is considerable scope for regional co-operation among
countries in such efforts, as well as for greater global co-operation to stimulate the transfer of these
technologies.

The following recommendations were made at the conclusion of the programme:

(1) At the international level, more technical assistance projects should be supported in areas of
low-cost NCS, improved borehole logging tools, and their evaluation.

(2) In light of the needs identified and the programme's economic and environmental relevance,
further research is required, preferably through the mechanism of a CRP.

(3) Participants recommended that the further research much cover both coal and metal mining
industries, since some of the techniques developed are relevant to both industries.

2. ASSESSMENT OF NUCLEAR TECHNIQUES IN THE COAL INDUSTRY

In coal mining and utilization there are four distinct stages, where quality control of coal is
important:

(1) Exploration: finding and delineating the coal deposit.
(2) Mining: getting the coal out of the ground in the most efficient way.
(3) On-line analysis of coal for process control.
(4) Utilization of coal.

2.1. EXPLORATION

Nuclear borehole logging techniques are important at the exploration stage. The most common
borehole logging technique is based on the backscattered gamma radiation (gamma-gamma). In this
technique the formation is irradiated with gamma radiation of initial energy below the pair production
threshold (1.02 MeV); the scattered radiation returning to the sonde (detector system) with energy well
above the photoelectric absorption region (say 150 keV) is detected. There is a simple relationship
between the electron density and hence the bulk density of the formation and the count rate recorded;
the bulk density characterizes the mineralogy.

A density logging sonde has a 137Cs source and a gamma ray detector which is well shielded
from the source. The 662 keV gamma rays of 137Cs are below the threshold for pair production and
insensitive to significant photoelectric absorption. The ash content of the coal can be estimated from
the correlation between the density and ash content.
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The spectrometric gamma-gamma technique is a later development (in the late 1980s) and
involves in situ spectrometry in a restricted sense, i.e. some energy selection is performed on the
detected gamma rays. The most common method is to measure the ratio between count rates recorded
in two broad spectral windows at high and low energies. The gamma-gamma technique is used to
delineate the coal seams and determine their thickness and depth under the surface. The determination
of the ash content of the coal seams is a new development in gamma-gamma logging.

Prompt neutron-gamma logging for coal is a later development in borehole logging (late
1980s). Analysis of the gamma spectra produced nearly instantaneously upon the capture of thermal
neutrons can be used to evaluate elements such as chlorine, hydrogen, silicon, calcium, iron and
sulphur.

The most common sources of radiation for prompt neutron-gamma logging are Am - Be, 252Cf
or (d,t) accelerator source for neutrons. The gamma ray detectors used are Nal (Tl), Csl and BGO.
Special high temperature, ruggedized photomultipliers are used to collect the light from the scintillator
and produce an electronic pulse proportional to the incident gamma ray energy. Linear and digital
electronics are included in the logging sonde to analyse the detector output, control its stability, and
when an accelerator is used, control its operation. For research purposes, a number of Ge
semiconductor detector sondes have also been used. The prompt neutron-gamma logging technique
delineates the coal seams, measures the ash content of coal and can also determine the calorific value
and the Fe, Si and S content of coal.

2.2. MINING

Quality control holes are drilled during coal mining in many open cut mines. These holes are
logged for coal quality (ash content, calorific value, Fe, Si, S content). Prompt neutron gamma
logging technique is more suitable than the gamma-gamma logging because it provides more
information such as calorific value and ash chemical composition.

It is apparent that prompt neutron gamma technique, as a later development in coal logging,
will become more accepted by the coal mining industry. A neutron-gamma logging tool costs about
US $10 000 more than the gamma-gamma tool. The extra cost is due to the more expensive BGO
detector used in the neutron-gamma tool and the more expensive 252Cf neutron source. When the only
information required is to delineate the coal seams and measure their ash content, gamma-gamma can
be a better choice.

Bore logging tools based on the gamma-gamma technique, using a gamma-ray microsource
are currently under development. These tools will find application in logging horizontal boreholes in
underground mines. They will also be used in portable logging systems which do not require a
dedicated logging vehicle.

2.3. ON-LINE ANALYSIS OF COAL FOR PROCESS CONTROL

The main requirements for the analysis of coal have been ash and moisture evaluation; but
increasingly an analysis of elemental composition is required. As environmental considerations
become more important, analysis of elements such as carbon, sulphur and nitrogen would be required
thus changing the emphasis of gauges required by industrial users.

The gauges available for ash gauging use a range of nuclear techniques, i.e.:

(1) Natural radioactivity
(2) X ray backscatter
(3) Single gamma ray transmission
(4) Dual gamma ray transmission
(5) Annihilation radiation
(6) Neutron inelastic scatter, capture, activation.
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The natural radioactivity of coal is due to the presence in it of K, U and Th. Generally, the
presence of K and Th in coal reflects the amount of mineral admixtures (clay, shale) within the coal
sample; clean coals (low in ash) usually contain low concentrations of these elements. The
concentration of C in coal linearly decreases with the increasing U content. These factors have been
used to calculate the ash content, calorific value and carbon content of coal using the data on K, U
and Th concentrations in coal.

The gamma ray detection system used to measure the natural radioactivity of coal consists
usually of a 3" x 3" Nal (Tl) scintillation crystal coupled to a 1024 channel pulse height analyser. In
the scintillation spectrometric measurements the following three energy windows are used 1.36-1.54
MeV (K) 1.66-1.86 MeV (Bi, U series) and 2.4-2.8 MeV (Th series).

The X ray backscatter technique is based on the principle that when a material is irradiated
with X rays, a portion of the radiation is absorbed and the remainder is reflected. The amount of
absorption varies as per the average atomic number 'Z', the higher the atomic number of the sample,
the greater the absorption. The variation of absorption with atomic number can be directly applied
to the ash measurement since the ash forming elements Fe, Si, Al, S and P have, on the average, a
higher atomic number than coal. These elements that constitute the ash reflect fewer X rays from a
radioisotope source. Hence if the ash content of coal is more, more radiation is absorbed and less is
reflected to the detector.

The detector system consists of a probe head, a measuring system and a mechanical feed
system. The probe head consists of a pair of a8Pu sources and a X ray proportional counter arranged
in a 'central-source geometry'. The signal from the proportional counter is taken and converted into
ash percentage. Typically, the mechanical feed system consists of a sampler for taking the sample
from the main conveyor belt and a crusher to deliver a uniform sample of 5 mm to the ash measuring
unit at a rate of 16 kg per minute. After measurement of ash, the sample is again fed back into the
main conveyor by means of a secondary conveyor.

The single gamma ray transmission technique is again based on the correlation between the
average atomic number 'Z' of the formation and the amount of radiation absorption. The higher the
atomic number 'Z' the greater the absorption.

The dual energy gamma transmission (DUET) method depends on the determination of the
intensities of narrow beam transmission of low and high energy gamma rays through coal on the
conveyor. Both intensities depend on the mass per unit area of coal in the gamma ray beam and the
low energy also depends on the effective atomic number of coal. The detected intensities are
determined separately by pulse height analysis of output pulses from the scintillation detector, and then
combined to give an ash content of coal which is independent of the thickness and vertical segregation
of coal on the conveyor belt. DUET gauges are now manufactured commercially in Australia and they
have been described in detail by Watt and co-workers in several publications.

The pair production (PP) (also known as annihilation radiation) technique depends on the
measurements of the intensities of gamma-rays back scattered by the coal and resulting from pair
production and Compton interactions. Both interactions depend on the bulk density of the coal; the
pair production also depends on the effective atomic number of the coal. The intensities of the back
scattered gamma rays resulting from the two interactions are separately determined by pulse height
analysis of the output from the scintillation detector. The detected intensities are then combined to
give the ash content. The main advantages of the PP gauge over the DUET gauge is that the PP
gauge is less sensitive (by a factor of 4) to variations in ash composition. The PP gauge views coal
in a by stream taken from the main process line. PP gauges for coal analysis are now manufactured
commercially in Australia and have been described in detail by Watt and co-workers in several
publications. The inelastic scattering of neutron on carbon i.e. 12C (n, n', y) 12C with 4434 keV
gamma rays produced with a cross section of 0.15-0.350 barns has been used to measure the carbon
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concentration, ash content and calorific value using the correlation between ash content, carbon content
and calorific value of coal which has been represented by several empiric formulae.

Neutron activation has been found to be a useful technique for rapid assays of coal samples
and evaluation of coal seams as a well-logging method. A Pu-Be neutron source has been used and
a multichannel spectrometer has been adopted to record gamma rays in 2 broad energy channels - the
first one of a 300 keV width for the 843 keV gamma rays (of Mg created by neutron induced reactions
on Mg, AI and Si and of Mn-847 keV gamma-rays resulting from activation of stable isotopes of Mn,
Fe and Co), and the second one of 500 keV for gamma rays from the 1780 keV region (gamma rays
of Al-1779 keV resulting from activation of Al and Silicon isotopes, and those of Mn (1811 keV)).
The good correlation found between the ash content and the principal constituents of ash has been
utilised in the calculation. A Pu-Be source separated by a 1.5 m spacing from a 35 x 70 mm Nal (Tl)
crystal has been used in the borehole evaluation.

Natural radioactivity techniques have been used mainly for sorting applications, for example
differentiating between coal and rock in open cut mines. The X ray backscatter and the single gamma
transmission techniques are limited to the laboratory, as the coal sample must be carefully prepared
for analysis. In the case of X ray technique the coal sample must be crushed and pressed. The other
techniques have the possibility to be used on-line directly on a conveyor belt or on a sample by-line
system. The dual energy gamma-ray technique is the most common on-line ash analysis technique.
Like all gamma techniques its accuracy is limited by elemental composition, particularly variation in
iron oxide. Often the gauge must be calibrated for coal from different sources. Annihilation gauges
potentially can be relatively more accurate, they have been used on sample by-line in a fixed geometry
which favours the backscatter method. Use of this gauge has been limited due to difficulty in supply
of high energy gamma sources required. Neutron gauges are beginning to take over from gamma
gauges for on-line ash analysis due to improved accuracy but they are much more expensive compared
to the other ash gauging techniques.

All these technologies are well developed and can be customized for individual coal types.
The gauges are available in international market and several countries such as China and the Islamic
Republic of Iran are developing low cost units for use on their own coal.

Ash determined by gamma ray technique is limited by elemental composition. In the future
neutron gauges will take over, but at present gamma ray gauges are predominant because of lower
cost, ease of installation and maintenance.

2.4. UTILISATION OF COAL

Nucleonic on-line analysis gauges are used for monitoring and control of coal quality in coal-
fired power stations. Nuclear techniques are often used in such utilities in combination with
microwave, capacitance or ultrasonic techniques. The main coal quality parameters measured are
moisture, ash, and sodium content. The sodium content is a significant factor influencing the level
of ash fouling and slagging in boilers. The neutron inelastic scatter gamma ray technique is employed
for these measurements and is described in the paper by Cutmore, Millen and Sowerby. This
technique is also used to measure the carbon content of fly ash. Such measurements help to balance
the burners and minimize losses of coal in coal-fired boilers.
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ON-LINE ANALYSIS OF COAL IN POWER GENERATION
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Abstract

The application of on-line analysis techniques in the mineral and energy industries opens up
new possibilities for the improved control of processes. Instead of manual sampling followed by
laboratory analysis at a later time, rapid and accurate analyses can be provided in real time for
improved control. As a result there has been a rapid increase in the industrial application of on-line
analysis instrumentation over the last twenty years, particularly in the mineral and coal industries.

The present paper describes the development of a number of on-line analysis systems for use
in coal-fired power stations with an emphasis on those systems using nuclear techniques. The first
on-line analysis system is for the analysis of low rank coal before it is pulverised prior to combustion.
The second is for the measurement of the mass flow rates of pulverised coal as it is transported to the
burners and the third is for the determination of unburnt carbon in the fly ash. The second and third
systems have been developed primarily for power stations burning black coals.

1. INTRODUCTION

The application of on-line analysis techniques in the mineral and energy industries opens up
new possibilities for the improved control of processes. Instead of manual sampling
followed by laboratory analysis at a later time, rapid and accurate analyses can be provided
in real time for improved control. As a result there has been a rapid increase in the
industrial application of on-line analysis instrumentation over the last twenty years,
particularly in the mineral and coal industries [1,2], The CSIRO Division of Mineral and
Process Engineering has been actively involved in this field through the development, field
testing and commercialisation of on-line analysis systems. Some of the systems developed
by the CSIRO depend entirely on nuclear techniques; others use a combination of nuclear
techniques and microwave, capacitance, or ultrasonic techniques. The continuous analysis
and rapid response of these CSIRO systems has led to improved control of mining,
processing and blending operations, with increased productivity valued at US$35 million
per year to Australia, and US$65 million per year world wide.

The present paper describes the development of a number of on-line analysis systems for
use in coal-fired power stations with an emphasis on those systems using nuclear
techniques. The first on-line analysis system is for the analysis of low rank coal before it is
pulverised prior to combustion [3]. The second is for the measurement of the mass flow
rates of pulverised coal as it is transported to the burners [4,5] and the third is for the
determination of unburnt carbon in the fly ash [5]. The second and third systems have been
developed primarily for power stations burning black coals.
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2. ON-LINE ANALYSIS OF LOW RANK COAL

2.1 Background

The Latrobe Valley region in Victoria contains a deposit of approximately 200,000 million
tonnes of soft brown coal. During 1990/91 approximately 46 million tonnes of brown coal
were produced from three open cut mines, situated at Yallourn, Morwell and Loy Yang;
more than 96 % of this coal was used directly for electricity generation in mine mouth
power stations. The coal is of low rank, with high moisture content and generally low ash
contents. Typical properties of the Loy Yang coal are: moisture 57-66 %; ash 1-5 %(dry
basis(db)); chlorine 0.04-0.54 %db; and gross wet specific energy 8-12 MJ/kg. Both the
nitrogen and sulphur contents are generally low (<0.6%db) and no post-combustion
emission reduction strategies are required for emission control.

The main coal quality parameters of interest include moisture, ash, and sodium contents.
The useable energy content of the coal (net wet specific energy) is strongly influenced by
moisture content, the organic coal properties and the ash content. A variation in coal
moisture content from 64% to 68% requires a 19% increase in the coal feed rate to provide
the same net heat input to the furnace. Sodium has been demonstrated to be a significant
factor influencing the level of ash fouling and slagging in Latrobe Valley boilers. The
transfer pricing arrangements between the open cut mines and power stations are based on
the net wet specific energy content and tonnage delivered.

For most practical applications in brown coal power stations, an on-line analysis system
should be able to meet the following requirements for accuracy: moisture content to within
0.5 wt% (as received); ash content to within 0.2 wt% (dry basis(db)); specific energy to
within 0.3 MJ/kg; and sodium content to within 0.03 wt% db. In addition, it is important
that the analysis system provide information in sufficient time for operators to react,
whether it be for the power station to bring in auxiliary burners for flame support; to initiate
a more stringent water blowing/soot blowing regime to minimise ash fouling; or to control
the coal quality supplied, through management of the main raw coal bunker inlet/outlet feed
systems and the respective coal supply source(s). Generally, an analysis time of 15 minutes
or less is required. Previous commercially available on-line analysis systems have been
assessed for their applicability to Latrobe Valley brown coal analysis and each have some
problems in meeting the above requirements for run-of-mine coal [1].

2.2 Options for On-line Analysis

Two distinct approaches to on-line analysis are firstly analysis directly on the conveyor belt
and secondly analysis on a sample by-line. Direct on-belt analysis provides the advantages
that a significant proportion of the coal is "seen" by the analyser, no sampling is required
and installation is generally simpler and cheaper than sample by-line systems. However
direct on-belt analysis requires one analyser per coal stream (conveyor belt); it can be
affected by variability in loading (thickness) of material on the belt; and the analysis signals
may be affected by rubber and steel-cord of the conveyor belt. At the Loy Yang A power
station, each of the two conveyors from the open cut bunker can carry coal at feed rates of
up to 2500 tonne/hour. Normal operation is with only one conveyor, with a loading of
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about 1900 tonne/hour. The coal is crushed to less than about 75 mm and the coal
thickness on the belt is about 300 mm.

A by-line system could be based on the shaking tube principle in which movement of the
coal through the tube is ensured by both a vibrating feeder at the bottom of the tube and an
axial vibration of the tube. The Coalscan 4500 and 9000 analysers use a 2250 mm long by
300 mm diameter tube constructed from filament-wound Kevlar fibre set in polyester resin
with a wear-resistant polyurethane lining bonded to the inside surface of the tube. Coal
flow rate is normally from 1 to 10 tonnes/h. The advantages of a by-line system are the
ability to analyse multiple feed streams and of providing more accurate analyses because of
a well-characterised and uniform geometry. The main disadvantages are the cost,
complexity and maintenance of a sampling system.

2.3 Samples

Two sets of brown coal samples from the Victorian Latrobe Valley were provided by the
State Electricity Commission of Victoria (SECV) for moisture, ash, specific energy and
sodium measurements. The first of these sets (Set 1) comprised 24 samples from both Loy
Yang and Yalloum mines, weighing about 50 kg each. The second set (Set 2) consisted of
12 Loy Yang samples, approximately 40 kg each. Each sample was mixed and riffle-split to
obtain approximately 400 g subsamples for moisture determination by CSER.O. Laboratory
assays for ash, sodium, chlorine and specific energy for each of the Latrobe Valley samples
were provided by the SECV. The mean and range of values for each quantity of interest
are given in Table 1 for each of the two sets of samples.
TABLE 1. Summary of chemical laboratory assays of the brown coal samples used in the
present work. The mean and range of each set of assays is shown, the range being
indicated by italics.

Sample set
(see test)

1

2

No. of
samples

24

12

Moisture
(% ar)

63.6
59.3-68.5

62.7
60.7-65.2

Ash
(%db)

2.9
0.7-25.2

1.9
0.6-3.1

GWSE
(MJ/kg)

9.7
8.9-10.8

Sodium
(% db)

0.07
0.03-0. 1 8

0.18
0.03-0.49

Chlorine
(%db)

0.07
0.01-0.16

0.16
0.05-10.8

2.4 Nuclear Techniques

2.4.1 Background

Prompt gamma-ray neutron analysis techniques can be used to determine the concentration
of specific elements in coal with varying degrees of accuracy, depending on concentration,
inter-element interferences, neutron cross-sections, etc. During the 1980's and earlier a
number of groups around the world carried out research and development into nuclear
techniques for the on-line analysis of black coal. This work has led to a number of
commercial gauges, such as the Gamma-metrics and the Coalscan 9000 gauges, based on
^Cf neutron sources and Nal(Tl) scintillation detectors in a transmission geometry. All
these gauges analyse the coal as it passes down a vertical chute. The main advantage of
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these gauges is their ability to measure the concentrations of certain specific elements such
as sulphur, hydrogen, chlorine, silicon and iron. However these nuclear gauges do not give
sufficient accuracy for ash, carbon or moisture in brown coals.

CSER.O has been involved in assessing on-line analysis techniques for Victorian brown coal
for a number of years. Correlations using Latrobe Valley coal have shown that it should be
possible to determine moisture in brown coal based on measurements of the carbon, hydro-
gen and ash contents of the coal. To achieve an accuracy of 0.5 wt% moisture the carbon,
hydrogen and ash contents need to be determined to within 0.4, 0.07 and 0.5 wt% respect-
ively. It is difficult to achieve these accuracy for carbon and ash in brown coal containing
chlorine using the commercial nuclear gauges.

2.4.2 Technique

In order to overcome the above problems for low rank coals, CSER.O has developed a
gauge (Figure 1) which uses a high energy neutron source (such as 24IAm-Be or ^Pu-Be)
to strongly excite the 4.43 MeV inelastic scatter gamma-ray from carbon. Previous work
has shown that this technique can be used to measure carbon in black coal to within 0.4
wt% [6]. As well, the gauge uses a high efficiency bismuth germanate (BGO) detector to
improve spectral quality and reduce background compared to the NaI(Tl) detectors used in
the commercial gauges.

In the pulse-height spectra of prompt gamma-rays obtained from the BGO detector when a
brown coal sample is irradiated with fast neutrons, the following features, as shown in
Figure 2, are predominant and well separated in energy: the 511 keV peak due to

Shaker tube

22mm thick steel cord
conveyor belt (on-belt
geometry)

OD 76 x 76 mm
BGO detector

Coal sample

Sample Box

370 GBq
238Pu-Be
neutron source

Tungsten
shield

Figure 1. Schematic diagram of the nuclear gauge used for the laboratory analysis of
Victorian brown coal samples.
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Figure 2. Typical pulse height spectrum from the gauge in Figure 1 showing the positions
of selected spectral regions.

annihilation gamma-rays, the 2.22 MeV peak due to neutron capture by hydrogen, the 4.43
MeV peak due to neutron inelastic scattering by carbon, and peaks in the 6-8 MeV region
due to neutron capture in chlorine (6.11, 6.62, 7.41, 7.79 MeV) and to neutron inelastic
scattering by oxygen (6.13 MeV). The strength of the annihilation peak is a good indicator
of the ash content based on the pair production method [7]. The annihilation peak is due
primarily to the interaction of the strong 4.43 MeV source gamma-ray with the coal
sample.

The determination of the sodium content of brown coal is important since the sodium/ash
ratio is an indicator of the boiler fouling propensity of the coal. There is a strong
correlation between sodium and chlorine in many Victorian brown coals (Figure 3). Since
the prompt gamma-rays from sodium are too weak for direct determination of sodium in
brown coal, the determination of sodium content is best done by measuring the chlorine
content. When iron is used in gauge construction the 7.64 MeV peak from iron dominates
the 7.41 and 7.79 MeV peaks from chlorine, whilst the 6.62 MeV chlorine peak is
obscured by the escape peaks from the iron peak, thus making the combined chlorine and
oxygen peak at 6.1 MeV the best indicator of chlorine content (and hence sodium content)
in the sample.

There are two geometry options for a nuclear gauge for the on-line analysis of brown coal
on a conveyor belt or in a shaker tube. These are a backscatter geometry in which the
source and detector are on the same side of the sample and a transmission geometry in
which the source and detector are on opposite sides of the sample. In the case of an
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Figure 3. Correlation of sodium predicted from laboratory chlorine analysis with sodium
determined by chemical analysis for 110 samples of Loy Yang brown coal.

on-belt measurement, the transmission geometry has the advantage of being less affected
by the belt but has the disadvantages of lower count rates and of being strongly affected by
variations in coal thickness. For coal samples of thickness greater than about 200mm, the
backscatter gauge is not affected by coal thickness. In addition, the backscatter geometry is
better suited to the measurement of carbon inelastic scatter gamma-rays. For these reasons,
a backscatter geometry is preferred for both on-belt and shaker tube measurements.

The sensitivity of the gauge to changes in hydrogen, carbon, ash and chlorine were
measured using coal samples in which these elements were artificially increased by the
addition of, respectively, water, coke, sand and common salt. Counting statistical errors
were calculated from the measured net photopeak count rates and total window count
rates. The estimated counting times to determine carbon to within 0.4 wt%, hydrogen to
within 0.07 wt% and chlorine to within 0.01 wt% are respectively 550, 6 and 1500
seconds.The chlorine counting time can be reduced to about 200s if a background
window is not required.

2.4.3 Method

Two experimental geometries were used. The first geometry, simulating a conveyor belt
configuration, consisted of a 545 mm x 495 mm x 410 mm polyethylene box, into which
the sample was packed to a depth of about 300 mm, resting on a piece of 22 mm thick
steel-cord conveyor belt (Figure 1). For the second geometry, simulating a shaker tube
configuration, the sample was packed to a height of about 800 mm into a sealed
polyethylene, cylindrical tube of 350 mm outer diameter.
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Measurements were carried out on 36 Latrobe Valley coal samples (sets 1 and 2 in Table
1) in a simulated on-belt geometry, and on 12 samples (set 2 in Table) in a shaker tube
geometry. A ^Pu-Be neutron source and BGO detector in backscatter geometry were
used (Figure 1) with a counting time of 20 minutes (excluding dead time) The gross
number of counts within the 0.511, 2.22, 4.43 and 6.1 MeV peaks were extracted from
each gamma-ray spectrum. In addition, the numbers of counts within selected background
regions (Figure 2) were recorded for each of these peaks.

The chemically measured values for ash, carbon, hydrogen, sodium, moisture and chlorine
content, as well as gross wet specific energy (GWSE) and the sodium-to-ash ratio, were
correlated with the numbers of counts in appropriate regions of the spectrum using
equations of the form:

(1)

where Y is the quantity of interest, a0,a\ai^... are coefficients determined by multiple
linear regression, and Xi,x2...... are the numbers of counts in the selected spectral
regions.

In order to reduce the effects of sample inhomogeneity on the laboratory results, multiple
measurements were made on some samples and the results averaged. For the shaker tube
geometry this was achieved by averaging measurements taken for four rotations of the
tube. For the on-belt geometry, seven spectra were collected from each of the 12 samples
after remixing and replacing in the sample boxes or after vibrating to increase the bulk
density.
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rms error = 0.93 wt%
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Chemical Laboratory Moisture (%a.r.)

Figure 4. Comparison of nuclear gauge moisture with chemical laboratory moisture for 12
Loy Yang brown coal samples in a simulated shaker tube geometry.
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2.4.4 Results

The results of averaged multiple measurements on the 12 Loy Yang brown coal samples in
shaker tube and on-belt geometries are listed in Table 2 and shown in Figures 4,5,6 and 7.
The r.m.s. errors obtained in both geometries are about 0.9 wt% for moisture, 0.2 wt% for
ash, 0.3 MJ/kg for GWSE, and 0.03 for sodium/ash ratio. It is important to note that the
results presented here were achieved after reducing the effects of sample inhomogeneity, as
discussed above. The averaging of multiple laboratory measurements gives similar
conditons to those which would be found in an industrial application, where the continuous
movement of the sample, either along a conveyor belt or through a shaker tube, would
minimise any effects resulting from localised inhomogeneities.

The effect of counting statistics can be demonstrated by reference to the carbon
measurements. Carbon is determined with a total error of about 0.6 wt% in both the
shaker tube and on-belt geometries (Table 2). The counting time required to determine
carbon to within 0.4 wt% can be calculated from the correlation equations to be about 2
nun and 12 min for the shaker tube and on-belt geometries respectively. The main reason
for this difference is the 22 mm thick conveyor belt in the on-belt geometry.

For the full suite of 36 samples in the on-belt geometry, the r.m.s. errors, as shown in
Table 3, are 1.3 wt% for ash (0.4 wt% omitting a sample in which ash content was an
order of magnitude higher than for the other samples), 1.0 wt% for moisture using a
correlation with carbon alone and 0.85 wt% for a correlation including ash, hydrogen and
carbon, 0.02 wt% for both sodium and chlorine, 0.3 MJ/kg for GWSE and 0.03 for the
sodium/ash ratio. It should be noted that no corrections have been made to these results
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correlation coeff = 0.85

0 0.2 0.4 0.6 0.8 1 1.2 1.4
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Figure 5. Comparison of nuclear gauge ash with chemical laboratory ash for 12 Loy Yang
brown coal samples in a simulated on-belt geometry.
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Figure 6. Comparison of nuclear gauge gross wet specific energy (GWSE) with chemical
laboratory GWSE for 12 Loy Yang brown coal samples in a simulated on-belt
geometry.
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Figure 7. Comparison of nuclear gauge sodium content with chemical laboratory sodium
content for 12 Loy Yang brown coal samples in a simulated on-belt geometry.
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TABLE 2. Summary of results obtained by correlating chemical laboratory assay with
nuclear count rate measurements in both shaker tube and on-belt geometries for 12
Latrobe Valley samples (set 2 in Table 1). For explanation of symbols, see Figure 2.

Parameter

Ash
Moisture

Carbon
GWSE

Chlorine
Sodium

Correlated with

511,511b
Cp.Cbu

511,511b,Hp,Cp,Cbu
Cp,Cbu
Cp,Cbu

ClOp,ClObu
ClOp,ClObu

Shaker Tube
Correlation
Coefficient

0.90
0.84
0.87
0.89
0.86
0.89
0.93

RMS error
(wt%)*

0.18
0.93
1.04
0.68
0.3

0.02
0.03

On-Belt
Correlation
Coefficient

0.85
0.87
0.95
0.88
0.9
0.94
0.97

RMS error
(wt%)*

0.22
0.85
0.63
0.62
0.26
0.02
0.02

*except GWSE (MJ/kg)

TABLE 3. Summary of results obtained by correlating chemical laboratory assay with a
single measurement of nuclear count rates on each sample in an on-belt geometry for 36
Latrobe Valley samples (sets 1 and 2 in Table 2). For explanation of symbols, see Figure
2.

Parameter

Ash
Moisture

GWSE'
Chlorine
Sodium

Correlated with

511,511b
Cp,Cbu

511,511b,Hp,Hbu,Cp,Cbu
Cp,Cbu

ClOp, ClObu
ClOp,CIObu

Correlation
Coefficient

0.422

0.88
0.93
0.85
0.87
0.94

RMS error
(wt%y

0.38
1.01
0.85
0.31
0.02
0.02

1 except GWSE (MJ/kg)
2 excluding one very high ash content sample (23 wt%d.b.)
3 12 samples only (GWSE not included in lab assay for remaining samples)

for the effects of sample inhomogeneity. The extent to which laboratory results were
affected by inhomogeneity was investigated for the subset of 12 samples used for the
shaker tube tests. A significant improvement was observed particularly for correlations
directly related to measurements of the carbon peak, i.e. carbon, moisture and GWSE, as
shown in Table 4.
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TABLE 4. Summary of correlations in the on-belt geometry on 12 Latrobe Valley
samples (set 2, Table 1), illustrating the effect of sample inhomogeneity.

Parameter

Ash
Moisture

GWSE

Correlated with

0.511, 0.51 Ib
Cp, Cbu

511,511b,Hp>Cp,Cbu
Cp.Cbu

Single measurement
Correlation
coefficient

0.7
0.7

0.78
0.65

Rms error
(wt%)

0.3
1.24
1.32
0.44

Average of seven measurements
Correlation
coefficient

0.85
0.87
0.95
0.9

Rms error
(wt%)*

0.22
0.85
0.63
0.26

* Except GWSE (MJ/kg)

2.5 Microwave Technique

2.5.1 Background

Moisture measurement by microwave techniques relies on the difference in the dielectric
properties of water and the remaining coal matrix. Measurements of microwave
attenuation for the determination of moisture in coal was reported as early as the 1960's.
However, early commercial gauges based on microwave attenuation have not found
widespread acceptance in the coal industry due to the significant effect of coal feed
characteristics (e.g. particle size, ash content) on measurement accuracy. CSIRO have
previously developed a microwave transmission gauge, based on a measurement of
microwave attenuation and phase shift at a frequency of 2-4 GHz, for the on-conveyor
determination of moisture in black coal [8]. The CSIRO phase shift measurement
technique allows moisture to be determined at higher accuracy than was previously
possible with technology based on attenuation measurement alone. A prototype gauge was
field tested at Howick coal washery in 1989 and the technique was licensed to MCI Ltd in
July 1990.

In the present investigation, CSIRO has developed a microwave gauge specifically for the
on-line determination of moisture in Victorian brown coals. The special requirements of
this application are very high measurement accuracy (approximately 0.8% relative error
compared to 5% relative error that is typically acceptable in a black coal application) and
the ability to analyse at high microwave attenuations approximately 60dB for 30 cm brown
coal at 65 wt% moisture).

2.5.2 On-Belt Measurement Geometry

The laboratory prototype microwave gauge for on-belt moisture measurement is shown
schematically in Figure 8. In this geometry, the microwave transmitter and receiver horns
are mounted vertically and positioned approximately 450 mm apart. The gamma-ray
transmission gauge is also mounted vertically directly behind the horns, in line with the
horns centre, and 560 mm apart. The coal sample, contained in a box (545 x 495 mm
cross-section and 410 mm height) at a depth of 300 mm is positioned immediately above
the transmitter horn or gamma-ray gauge for measurement.
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Figure 8. Schematic of prototype microwave transmission gauge for measurement of
moisture in brown coal directly on a conveyor belt.

Measurements on coal samples were performed at a frequency of 2-3 GHz. The phase shift
and attenuation of the transmitted and reflected signals were determined using a
microwave network analyser (Hewlett Packard 8719A). The mass per unit area of the
sample, determined by the gamma-ray transmission gauge, was used to correct for
variations in the sample density. Laboratory measurements were made on the coal sample
at five positions within the box. This was necessary to minimise errors arising from
inhomogeneities in sample packing in the experimental setup. The measurements from the
five positions were then averaged to give the final sample analysis.

The microwave data was correlated with moisture using equations of the form

Gauge Moisture = a0+ a, (6/w) + s^ (A/w)

Gauge Moisture = a0 + a, 6 + ̂  (A) +a3 (w)

(2)

(3)

where a0 , a, , a^ , ... are fitting constants, 9 and A are the microwave phase shift and
attenuation respectively, and w is the sample mass per unit area. The correlations on the
data obtained for the 35 Victorian (sets 1 and 2 in Table 1) coal samples in the on-belt
measurement geometry are given in Table 5. For the 35 Latrobe Valley coal samples, the
moisture was determined with an r.m.s. error of 1.06 and 0.97 wt% using Equations (2)
and (3) respectively. These r.m.s. errors include error contributions from sampling and
variability of sample packing as well as the analysis technique.
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TABLE 5. Summary of correlations on microwave moisture gauge data for Latrobe
Valley brown coal samples in the on-belt measurement geometry.

Data Set

Latrobe
Valley
(Vie)

Number of
data points

35*

35*

Moisture
Range
(wt%)

59.3-68.5

59.3-68.5

Equation

2

3

Correlation
Coefficient

0.87

0.9

RMS
error

(wt%)
1.06

0.97

RMS
error

(%reL)
1.7

1.5

*One sample (with high sulphur content) of Set 1 in Table 1 omitted.

2.5.3 Shaker-Tube Geometry

The laboratory prototype microwave moisture gauge in the shaker tube geometry is shown
schematically in Figure 9. In this geometry, the microwave transmitter and receiver horns
are mounted horizontally and positioned 387 mm apart. The beam of the gamma-ray
transmission gauge was aligned in the same plane as the horn's centre and mounted
horizontally close to the open horns. The 50 kg coal samples, contained in a shaker tube
(350 mm OD x 1000 mm height), was placed vertically between the open horns and
gamma-ray gauge for measurement.

The measurement technique for the shaker tube geometry was similar to that described in
section 2.5.2. However, in this geometry, measurements were made on the coal sample at

r
Computer Printer

Disk Drive

Microwave
Network Analyser
(Hewlett Packard

871 9A)

Figure 9. Schematic of prototype microwave transmission gauge for measurement of
moisture in brown coal in a shaker tube.
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the tube height of 400 mm and at eight positions around the tube circumference. This
procedure was necessary to minimise errors arising from inhomogeneities in sample
packing in the experimental setup. The measurements from the eight positions were then
averaged to give the final sample analysis. These measured microwave parameters were
correlated with moisture using Equations (2) and (3).

TABLE 6. Summary of correlations on microwave moisture gauge for 12 Loy Yang
brown coal samples in both shaker tube and on-belt geometries.

Data
Set

Loy Yang

Moisture
Range
(wt%)

60.8-65.5

Equation

2

3

Shaker Tube

Correlation
Coefficient

0.96

0.94

RMS error
(wt%)

0.47

0.43

On -Belt

Correlation
Coefficient

0.93

0.95

RMS
error
(wt%)

0.65

0.59

The correlations on the data obtained from the twelve Loy Yang coal samples in the shaker
tube geometry are given in Table 6 and Figure 10. For the purpose of comparison, the
correlation results for the same group of samples in the on-belt geometry are also given in
Table 6. In the shaker tube geometry moisture was determined with an r.m.s. error of 0.47
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Figure 10. Plot of microwave predicted moisture versus laboratory moisture for
measurements on 12 Loy Yang samples (Set 2 in Table 1) in a shaker tube
geometry (Fig. 9).
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and 0.43 wt%, using Equations (2) and (3) respectively. In comparison, for the coal
samples measured in the on-belt geometry, the equivalent r.m.s. errors were 0.65 and 0.59
wt% moisture respectively. An improved accuracy was obtained for the samples in the
shaker tube geometry because it offered better control of the microwave transmission path
compared to an on-belt geometry. In addition, the coal depth and profile on the conveyor
belt may vary significantly, whereas these are effectively constant in the shaker tube
geometry.

2.6 Commercial Gauge
The present investigation on nuclear and microwave techniques for the on-line analysis of
low rank coals has involved a detailed comparison of on-belt (with a fixed coal thickness of
300 mm) and shaker tube measurement geometries with regard to measurement accuracy.
The r.m.s. errors for the nuclear technique are not significantly different for the two
geometries, and in all cases except moisture, the accuracies achieved are adequate for
most applications. However, it is important to note that these results were achieved after
removing the effects of sample inhomogeneity, which tends to increase the r.m.s. errors for
carbon and any quantities derived from measurements of carbon peaks, such as GWSE and
moisture. The determination of moisture by the microwave technique was significantly
better in the shaker tube geometry which was attributed to improved control of the
microwave transmission path and less variation in the sample depth and profile using this
arrangement. For practical applications of both the nuclear and microwave gauges in
on-belt geometries, variations in coal thickness and profile will introduce additional errors.

In addition to improved measurement accuracy, the advantages of the shaker tube
geometry include: shorter analysis time; better radiation safety; ability to analyse more than
one stream; insensitivity to vertical segregation of coal; and less engineering development.
Consequently, on the basis of the above advantages and industry interest in the installation
of an on-line analysis system at the earliest possible date, CSERO proceeded with the
commercial development of a gauge using the shaker tube measurement geometry.

The nuclear and microwave techniques for on-line analysis of low rank coal were licensed
to Mineral Control Instrumentation (MCI) Ltd in September 1992. The shaker tube
geometry used in the Coalscan 9000 analyser, manufactured by MCI Ltd for the on-line
analysis of black coal, has been adopted for the present application. This has involved
optimisation of the type and dimensions of shielding materials (for the ^Am-Be source)
and the designs of the nuclear and microwave gauges. The first commercial gauge,
marketed as the Coalscan 9100, was installed in late 1993 at Loy Yang B Mine of the State
Electricity Commission of Victoria to measure ash, moisture, specific energy and sodium
content. In addition to providing real-time coal analysis information for operational
purposes, this system should provide a basis for the open cut to bill the power station when
acceptable accuracy is proven in the field.

3 PULVERISED COAL MASS FLOW

3.1 Background

In the combustion of pulverised coal for steam generation there are certain controllable
energy losses caused by operating under non-ideal conditions. These losses are due to
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incomplete combustion of both solids and combustible gases and losses due to the need for
excess air. Also the non-uniform distribution of pulverised coal between burner feed pipes
leads to localised areas of incomplete combustion, slagging and fouling, increased NOX
emissions and a reduction in boiler efficiency. In practice, the controllable losses due to
incomplete combustion and excess air show a minimum as a function of oxygen in the flue
gas. These losses can be reduced by balancing the burners and then adjusting the excess
air to operate near the minimum.

In pulverised coal-fired boilers, coal is pulverised in mills and then transported
pneumatically via heated primary air through feed pipes to burners within the boiler. A
typical large coal-fired boiler will operate with about seven pulveriser mills and 40 burners.
The mills pulverise the feed coal to a particle size of about 75% through a 75 micron
screen. The coal-air mixture is blown out of each mill into about six burner feed pipes of
diameter 300 to 600 mm at velocities of about 25 m/sec. The coal and air densities in these
pipes are respectively about 0.8 and 1.2 mg/cm3. Non-uniform distribution of pulverised
coal between the burner feed pipes leads to localised areas of incomplete combustion,
increased slagging and fouling, increased NOX emissions and a reduction in boiler
efficiency. There is a clear need for a reliable and accurate on-line instrument to measure
the mass flow rates of pulverised coal in feed pipes into large coal-fired boilers. The
measurement technique should preferably be non-invasive, accurate to within about 5%
relative and inexpensive. At present the few instruments which have been developed have
not found widespread acceptance or use in the power generation industry.

A number of on-line pulverised coal mass flow instruments, based on ultrasonic,
microwave and beta transmission techniques, have previously been developed to prototype
stage and installed in industrial plants. However none of these instruments have found wide
use in the power generation industry. British Coal Utilisation Research Association
(BCURA) developed and field tested a pulverised coal mass flow meter comprising an
ultrasonic gas velocity meter combined with a beta-particle absorption meter for coal
density [9]. In the early 1980's, Mount Isa Mines Ltd, Australia, developed a gauge for the
determination of coal mass flow in the feed to a copper reverberatory furnace based on
beta transmission and electric charge fluctuations in the dust [10]. In practice, the major
disadvantage of the above techniques is the hazard of using radioactive beta-ray sources
separated from an abrasive and hostile atmosphere by only thin windows. More recently,
Wayne State University and Available Energy Inc. [11] have developed an ultrasonic
technique in which solids loading is measured from the mean attenuation of the transmitted
ultrasonic beam, and flow velocity is determined from the down stream drift of the beam
which is measured by physically moving the ultrasonic transmitter or receiver. Microwave
techniques have been investigated for coal mass flow measurement by at least two groups.
Kozlak [12] developed a microwave fuel flow detector which relied on the measurement of
the attenuation of a microwave beam across each of the feed pipes from a mill. Howard
[13] also used microwave attenuation for measuring coal loading but incorporated a
Doppler measurement to determine the particle velocity.

The CSIRO Division of Mineral and Process Engineering are developing ultrasonic and
microwave techniques for on-line measurement of pulverised coal mass flow, and have
evaluated these techniques on a pilot scale recirculating dust rig.
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3.2 Closed Loop Recirculating Dust Rig

In order to evaluate ultrasonic, microwave and beta-transmission techniques under realistic
conditions, a large closed-loop dust rig for recirculating dust in the velocity range 10 to 40
m/s has been designed, installed and successfully tested at our laboratory. The rig
comprises about 20 m of 310 mm internal diameter steel pipe including two 1.5 m long
straight test sections. The rig includes a 840 mm diameter centrifugal fan driven by a 18.5
kW motor and controlled by a variable frequency speed controller. Dust is fed into the rig
via a 3 litre capacity dust feed hopper installed on the low pressure side of the fan. Dust
clean up is achieved using a cyclone of height 5.3 m and diameter 1.0 m into which the
dusty air can be directed by a series of valves.

To date, dust measurements in the recirculating rig have been made with glass
microspheres, sand, alumina powder and fly ash. Glass microspheres have proved to be the
best material as they do not break up significantly in the rig and they are readily available
commercially in a number of size fractions. Coal dust has not been used as equipment has
not been installed to control the oxygen content of air in the rig which will be required to
avoid the possibility of explosion.

3.3 Ultrasonic Method
The ultrasonic mass flow gauge being developed by CSIRO comprises two pairs of
broad-beam transducers positioned on opposite sides of the pipe carrying the pulverised
coal to the boiler. The first pair of transducers are used to determine the transit times (tI2
and t21) of ultrasonic pulses in both directions at about 45° to the flow direction. Velocity
(V) is then determined from the equation:

2sinocoso

where d is the pipe diameter and a the angle to the flow direction. In principle, both the
transit time and attenuation measurements can be made with the same pair of transducers.
However, we have found difficulty in obtaining reliable amplitude measurements with the
45° transducers and have therefore used a second pair of flush-mounted transducers to
determine the attenuation of ultrasound transmitted perpendicular to the flow direction.
Flush mounting is used to minimise window erosion or dust build-up which affect
attenuation measurements. Ultrasonic attenuation is affected by both air turbulence and
dust loading and a correction for the effect of turbulence is required to determine dust
loading. Pulverised coal mass flow can then be derived from the measurements of velocity
and mass loading. In view of the low cost of the transducers, additional pairs of
transducers can be used to obtain average flow rates around the pipe.

Most tests on the rig to date have used commercial 215 KHz lead zirconate titanate (PZT)
discs with soft rubber front faces. A CSIRO developed electronics and software package
pulsed the transducers and amplified, digitised and analysed the received signals.
3.3.1 Velocity

The accuracy of the ultrasonic velocity technique has been assessed on the recirculating
dust rig by comparison with pitot tube measurements for air flow. Standard air velocity
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Figure 11. Comparison of average air velocity determined using a pitot tube with that
determined from 45° ultrasonic transit time measurements.

measurements were made using pitot tubes at 20 positions across the horizontal and
vertical diameters of the duct, according to British Standard BS1042 Part 2A, 1973. A
comparison of the pitot tube measurements with the 45° ultrasonic technique showed that
the ultrasonic technique could be used to measure air velocity to within about 0.35 m/s
over the range 10 to 30 m/s (Figure 11).

For dusty flows, ultrasonic velocity measurements were compared with the velocity
determined by a cross correlation technique using two beta-ray gauges mounted 72 cm
apart and 80 cm downstream from the ultrasonic gauge. Glass microspheres (D50 value 67
microns) were added to the rig over a range of dust loadings from 0.18 to 0.65 mg/cm3. A
comparison of the cross correlation measurements with the 45° ultrasonic technique
showed that the ultrasonic technique could be used to measure velocity in dusty flow to
within 0.48 m/s over the range 23.5 to 32 m/s.

3.3.2 Mass loading

The measurement of dust loading using ultrasonic attenuation was calibrated using a
beta-ray transmission gauge located 75 mm from the 90° flush-mounted ultrasonic
transmission gauge. The beta-ray gauge comprised a 370 MBq (10 mCi) krypton-85
source, a 25 mm diameter plastic scintillator and 100 jam thick aluminium windows flush
mounted on the side of the pipe. The beta-ray gauge directly measures mass loading
independent of turbulence.

Tests were performed on the closed-loop «circulating rig at five different settings of the
variable frequency speed controller. The controller was initially set such that the air
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velocity in the rig was 32.5 m/s before addition of a fixed quantity of dust (glass
microspheres with a D50 value of 67 microns) to the rig. The controller was then varied
downwards in 2.5 m/s increments to 22.5 m/s. Ultrasonic and beta-ray data were
compared for 88 sec intervals, during which 20,000 ultrasonic wave forms were collected.
The accuracy of the ultrasonic gauge was estimated by comparing the dust density
determined by the beta-gauge against the ultrasonic measurements with corrections for
turbulence and temperature. Combining data from measurements over the range 22.5 -
32.5 m/s the error was 0.041mg/cm3 (7.4% relative). This error reduced to 0.021 mg/cm3

(4% relative) at fixed initial air velocity of 30 m/s (Figure 12).

To examine the effect of particle size on the density of dust determined by the 90°
ultrasonic transmission gauge a second dust (glass microspheres with D50 value of 116
microns) was tested in the recirculating rig. The change in particle size from the first to the
second dust caused a bias of 0.3 mg/cm3 over the entire range in the density determination.
The change in particle size used here is about a factor of four greater than the maximum
change encountered in a boiler feed line due to mill wear. In practice, errors due to
changes in particle size could be corrected for by infrequent recalibration of the ultrasonic
gauge over the lifetime of the mill.

3.4 Microwave Method

The microwave mass flow technique involves a combination of a microwave transmission
measurement to determine dust loading and an independent measurement of dust velocity
by either an ultrasonic velocity measurement (section 3.3.1), a microwave Doppler
reflection measurement [14] or cross correlation of two microwave gauges.
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Figure 12. Comparison of dust density determined by beta-ray transmission with that
determined by ultrasonic attenuation at a velocity of 30 m/s.
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Figure 13. Schematic of microwave transmission gauge for on-line measurement of
pulverised coal mass loading.

To determine the loading, a 10 GHz microwave signal is transmitted across the pipe
through two flush mounted 2 mm thick PTFE windows. The signal is transmitted and
received by two pyramidal horn antennas (Figure 13). A measurement of the complex
transmission coefficient of the system is recorded by a microwave network analyser. The
transmission coefficient may be expressed as:

i £ 81 (5)

where A is the measured attenuation in dB and 9 is the measured phase in degrees. The
transmission coefficient can also be expressed as a function of the dielectric constant (e')
and the loss tangent (5) [14]. The measured phase and attenuation are thus related to the
dielectric constant and loss tangent of the material analysed.

The dielectric constant and loss tangent of the coal air mixture within the pipe is dependent
on the ratio of coal to air and the temperature of the mixture. Therefore, measuring the
phase shift across the pipe and the air temperature within the pipe, the ratio of coal to air
within the mixture may be determined.

In order to evaluate the microwave mass loading technique, microwave measurements
were compared with measurements of mass loading from a calibrated beta-ray transmission
gauge, as described in section 3.3.2. This beta gauge was located approximately 225 mm
upstream of the microwave horn antennas.
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Tests were made by introducing a known quantity of dust into a fixed velocity air stream.
Microwave and beta gauge measurements were recorded over a 30 minute period, during
which the change in air temperature was typically approximately 10°C. Both the
microwave and beta data was averaged over the total time period. By changing the amount
of material introduced into the stream the loading was varied over the range 0.05 to 0.45
mg/cm3. Tests were performed at each of 3 velocities (25 m/s, 30 m/s and 35 m/s). The
results indicate that, for data at a single velocity, the loading could be determined to within
0.025 mg/cm3 (11% relative) as shown in Figure 14. Changes to the measurement system
between runs at different velocities made it difficult to combine the data. Consequently, for
correlations on the combined data the r.m.s. error increased significantly to approximately
20% relative. This is not expected to be a problem in the practical application of the
technique involving a fixed installation of a gauge.

3.5 Industrial Prototype Gauge

A field trial is planned at a New South Wales power station during 1994 to assess both
ultrasonic and microwave techniques under industrial conditions, and to recommend the
optimum gauge for further development and commercialisation. The field trial will involve
the installation of ultrasonic and microwave sensors on one output pipe of a mill. Four
pairs of ultrasonic transducers, one pair of microwave sensors and two beta-transmission
gauges will be installed on the test pipeline. The beta gauges are for calibration purposes
only and are not a fixed component of the industrial prototype gauge. The on-line mass
flow of pulverised coal determined by the gauges will be compared to that obtained from
conventional sampling methods, and analysis by a beta-transmission gauge.
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Figure 14. Plot of microwave predicted mass loading versus mass loading determined by
the beta-transmission gauge, at a flow velocity of 25 m/s.
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4. CARBON IN FLY ASH

4.1 Background

The on-line measurement of unburat carbon in fly ash would be ideally carried out by
determining the average value across the large (-4x4 m) flue ducts in a power station.
However no method of doing this has yet been devised and the three previously developed
instruments [5,15] all continuously extract small quantities of fly ash from the ducts. Two
of these instruments determine carbon by combustion, one by measuring the CO2 produced
and the other by measuring mass loss. The third instrument measures carbon by infrared
reflection. All three instruments have significant disadvantages.

The CSIRO Division of Mineral and Process Engineering has been investigating nuclear
[15] and microwave [15,16] techniques for the rapid and accurate analysis of fly ash
samples, which in an industrial instrument would be extracted from the duct via a cyclone,
filter or similar device. The nuclear technique best suited for carbon determinations is
neutron inelastic scattering based on the 4.43 MeV carbon gamma ray [6,15]. The
technique has the advantages of measuring carbon directly and of being insensitive to
moisture, but the disadvantage in the present application of being unsuited to bulk samples
of mass less than 3 kg because of the highly penetrating radiation used. Laboratory tests
on 123 fly ash samples from six Australian power stations showed that neutron inelastic
scattering could be used to determine carbon content of 5 I samples (each weighing about
3 kg) to within 0.20 to 0.29 wt% for fly ash from individual power stations [15]. The main
source of gauge error in these measurements was counting statistics, which could be
reduced by increasing either the counting time or source strength, or by measuring larger
samples.

4.2 Microwave Technique

Measurement of wt% unburnt carbon in fly ash using microwave techniques is based on
the high real or imaginary part of the complex dielectric constant of unburnt carbon
compared with the dielectric properties of the remaining matrix (principally oxides of
silicon, aluminium and iron). The relative complex dielectric constant £r = e'-j e" is a
function of the dielectric constant (e')and the loss factor (e") of the fly ash/air mixture and
is therefore affected by both the carbon concentration and bulk density of the fly ash. In
practice it is the influence of these changes in dielectric properties on more easily measured
parameters such as microwave phase shift and attenuation that is determined.

The three measurement geometries evaluated involved measurements on fly ash samples in
a simulated on-conveyor belt geometry, a microwave waveguide and a PTFE tube at the
axis of a cylindrical microwave resonant cavity (MRC). The conveyor belt and waveguide
geometries were suited to measurements on bulk samples of a few kg, whereas the MRC
technique required samples of ~3g. Laboratory measurements on 123 fly ash samples from
six Australian power stations indicated that the microwave technique could determine
unburnt carbon to within an r.m.s. error of 0.08-0.28 wt% for individual power stations.
The predicted carbon in fly ash from microwave measurements on samples from Bayswater
power station is shown in Figure 15.
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Bayswater fly ash samples.

4.2.1 Industrial Prototype

The neutron inelastic scattering technique has the advantage of measuring elemental carbon
directly. However, compared with the neutron inelastic scattering technique, microwave
techniques have the advantages of rapid analysis time, higher accuracy at low carbon
content, adaptability to small sample size and no requirement for bulky radiation shielding.
Consequently, the microwave technique was selected as the most suitable technique for
field trials. Of the three microwave techniques developed, the microwave resonant cavity
(MRC) technique has the advantages of simplicity, small sample size and equivalent
accuracy to the other microwave techniques. The small sample size (~3 g) makes the MRC
technique suitable for use with commercial automatic dust samplers.

The industrial prototype MRC gauge is shown schematically in Figure 16. The fly ash
collected by a CEGRIT automatic dust sampler is dropped directly into the top port of the
gauge and fed, with the assistance of vibratory feeder, into a PTFE tube that carries the
vibratory feeder that carries it through the microwave resonant cavity. A valve located
beneath the resonant cavity is kept closed to allow fly ash to accumulate in this tube. The
filling of the tube is continuously monitored, and when sufficiently filled a microwave
measurement is initiated. The filling time is governed by the sample feed rate from the
CEGRIT and is approximately 2-3 minutes. The microwave analysis is completed in 1-2
seconds. After completing the analysis of the sample it can be either collected (via a plug
valve) in a sample container located beneath the gauge or it can be blown back into the
duct using a short blast of compressed air.

39



\ CEGRIT /
\ Sampler /

l-ri-i-T-H-i

Vibrator

PTFE
tubing

Plugc
Valve X

Vibrator

Level
Sensor

Flyash
""' Sample

Microwave
Resonant
Cavity

- Compressed Air

J
Sample

Collection
Bottle

Figure 16. Schematic of design of industrial prototype MRC gauge for on-line
determination of carbon in fly ash

The microwave analysis involves measuring the change in resonant frequency and resonant
power of the microwave cavity containing fly ash compared to that for an empty cavity.
The resonant frequency and resonant power of the cavity both decrease with increasing
wt% carbon in the fly ash as shown in Figure 17. Consequently, determining the difference
in resonant frequency and peak power, between fly ash filled and empty cavities,
compensates for any errors in measurement due to temperature drift.

There are two main practical problems to be overcome in the application of the microwave
technique to the routine on-line determination of carbon in fly ash in a power station.
These are firstly to ensure a controlled flow of fly ash through the gauge, and secondly, to
ensure that the sample analysed is representative of the fly ash being expelled from the
boiler.

The microwave technique has been field tested using CEGRIT Automatic Dust Samplers
(Mark II) to supply fly ash to the gauge. The field test commenced in April, 1991 at
Wallerawang power station, NSW. Two gauges were installed on separate ducts from the
No. 8 boiler at the station. One of these gauges analysed fly ash collected simultaneously
by three CEGRITS at different vertical positions in the duct. Simultaneous sampling from
these three CEGRITS allowed an assessment of sampling bias. During the trial the unburnt
carbon from the three CEGRITS typically agreed to within 0.5 wt%, indicating that there
was a relatively small sampling bias between the three sampling points.
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An off-line calibration of the gauge was obtained by filling the sample tube of the gauge
with fly ash of known unburnt carbon content and measuring the change in resonant
frequency and peak power. Correlations with unburnt carbon indicated that carbon was
determined with an r.m.s. error of 0.39 wt% (Figure 18), over the range 4-14 wt% using
the change in peak power. The on-line calibration involved collection of a sample over a
2-5 minute period and the correlation of the laboratory determined carbon of the sample
with the gauge analysis. Approximately 800 samples were collected during July-August
1991. For a data averaging period of about one hour, the r.m.s. error in unburnt carbon
was 1.03 wt% over the range 7 to 16 wt% carbon. This error includes an error from
chemical laboratory (loss on ignition) analysis of 0.25 wt%. It was found that a large
component of the measurement error was due to variation in the bulk density of the fly ash
filling the sample tube. The principal cause of this was the unexpected large variation in
sample collection rate from the duct. When a measurement of bulk density, by an ancillary
beta-ray transmission device, was incorporated in the correlation with carbon the r.m.s.
error was approximately halved. An alternative method of density compensation, based on
only the microwave data, has also been developed.

4.2.2 Commercial Gauge

Mineral Control Instrumentation Ltd have been licensed to manufacture and market the
MRC gauge for the on-line measurement of carbon in fly ash. The design of the
commercial prototype gauge is similar to that in shown Figure 16. However, on the basis
of experience gained during the field trial of the CSIRO industrial prototype gauge the
sample collection mechanism has been redesigned. Intermittent blockage of the plug valve
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Figure 17. Plot of transmitted power versus frequency for the microwave resonant cavity
in the MRC gauge. The peaks correspond to an empty and fly ash filled PTFE
sample tube.
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in Figure 16 caused problems in the collection of the fly ash sample. Consequently a 3-way
plug valve was relocated above the measurement cavity, and sample collection performed
by directing the fly ash though this valve and into a collection bottle using an air purge.
The commercial gauge is able to be mounted on a standard fly ash cyclone sampler (such
as a CEGRIT Automatic Dust Sampler), and analysis is performed at 3-5 minute intervals.
Also, the gauge does not use beta transmission for measuring sample density, but instead
incorporates a density correction factor derived from the microwave data. The first
commercial gauge was installed at Bayswater power station, NSW, in March 1993.

5. CONCLUSION

Nuclear and microwave techniques have been developed for the on-line determination of
moisture, ash, specific energy and fouling index of low rank coal. Mineral Control
Instrumentation Ltd have been licensed to manufacture and market on-line gauges based
on these techniques and the first commercial gauge was installed at a Victorian power
station in late 1993.

Ultrasonic and microwave techniques have been developed, and evaluated on a
recirculating dust rig, for the on-line measurement of pulverised coal mass flow. Industrial
prototype gauges are presently under development, and it is planned to field trial these in a
New South Wales power station during 1994.

Microwave and nuclear techniques have been investigated for the on-line measurement of
unburnt carbon in fly ash, and an industrial prototype gauge, based on a microwave
resonant cavity analysis technique, has been trialed at a New South Wales power station.
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Figure 18. Plot of the off-line calibration of the industrial prototype MRC gauge in Fig. 16.
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Mineral Control Instrumentation Ltd have been licensed to manufacture and market the
gauge, and the first commercial unit was installed in March 1993.
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NUCLEAR BOREHOLE LOGGING TECHNIQUES
FOR COAL QUALITY

M. BORSARU
CSIRO Division of Exploration and Mining,
Glen Waverley, Victoria, Australia

Abstract

The progress achieved by nuclear logging in the coal industry has been significant. The 'in-
situ' information about coal seams provided by borehole logging can significantly reduce exploration
and development costs. Nuclear borehole logging is used routinely in the exploration for coal and is
getting more acceptance in the mining stage for quality control. Nuclear borehole logging is used to
delineate the coal strata and to determine their thickness, depth, ash content, calorific value and Fe and
Si content of ash.

Two techniques have been developed in the last 7 years for coal logging in boreholes:

(i) The spectrometric gamma-gamma for the determination of ash content in coal and
(ii) The prompt neutron-gamma method for the determination of ash, calorific value, Si and Fe

in coal.

In this paper both gamma-gamma and neutron-gamma techniques were developed for
delineating the coal seams and predicting the ash content in coal. The neutron-gamma technique is
superior because it can also determine the Si and Fe content of coal and it can sample a larger volume
of coal. The neutron-gamma technique is less affected by the rugosity and condition of the borehole.

1. Introduction

The progress achieved by nuclear logging in the coal industry has been significant. The 'in
situ1 information about coal seams provided by borehole logging can significantly reduce
exploration and development costs. Nuclear borehole logging is used routinely in the
exploration for coal and is getting more acceptance in the mining stage for quality control.
Nuclear borehole logging is used to delineate the coal strata and to determine their thickness,
depth, ash content, calorific value and Fe and Si content of ash.

Nuclear logging and the analysis of the core retrieved from the cored holes are not exclusive
but complementary. The analysis of the core provides the maximum of information which
can be extracted from the hole. Nuclear logging provides less information. However, due to
the deep penetration of the neutrons and gamma-rays, the volume of coal sampled by
nuclear logging is much larger than the core samples, thus providing better sampling
statistics.

Nuclear logging also provides results almost instantaneously. The full information given by
the analysis of the core is not always required and the information provided by nuclear
logging can be quite adequate. In a real mining operation both cored and open holes are
drilled and all the holes are logged.

Two techniques have been developed in the last 7 years for coal logging in boreholes:
(i) The spectrometric gamma-gamma for the determination of ash content in coal and
(ii) The prompt neutron-gamma method for the determination of ash, calorific value, Si and
Fe in coal.
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2. The Spectrometric Gamma-Gamma Technique For Coal Ash
Determination in Boreholes

The gamma-gamma technique used routinely in the coal mining industry was developed
during 1970s. The bed resolution (BRD), high resolution (HRD) and long-spaced (LSD)
density logs are. used to delineate the coal seams. The ash content of coal can be estimated
from the correlation which might exist between ash content and density. The spectrometric
gamma-gamma technique developed in the late 80s measures the ash content in coal from
the correlation between ash and Zeq, where Zeq is given by

ZM=3.5 (1)

where pi and Zi are the weight fraction and atomic number of a particular elemental
constituent, i, in the scattering medium and Ai is the atomic mass of the element. For an
unique relationship between ash content and Zeq, ash content can be determined by
measuring changes in Zeq. The most common method to measure the change in Zeq is the
measurement of Pz, which is the ratio between count rates recorded in two broad spectral
windows at high and low energies. The determination of ash content from the measurement
of the Pz ratio is accurate only if Zeq and ash content are uniquely correlated. This only
occurs when the chemical composition of the ash is stable. The most dominant elements in
ash are Al, Si and Fe. Due to its high Z value, the variation of the Fe content in ash is the
most important factor which affects the accuracy of coal ash determination.

Figure 1 shows three backscattered gamma-ray spectra measured in coal samples of different
ash content using a 133Ba gamma-ray source. Pz is the ratio between the count rates
measured in the spectral windows b and a and is related to Zeq. Figure 2 shows a cross-plot
between the ash prediction from a Pz measurement vs chemical assay (Borsaru et al., 1985).
The rrns deviation of ash given by the regression equation was 2.1% ash. The standard
deviation of the sample population was 5.6% ash. The gamma-gamma technique for the
determination of ash in boreholes can be used in both dry and waterfilled boreholes. The
logging tools can be sidewall or centrally operated. The centralised tools use larger detectors
and require primary sources of moderate strength e.g. 37MBq 137Cs.

Spectrometric logging tools using microsources were also developed recently. The tools
employ gamma-ray sources of activity less than 1.8 MBq. Due to the very low gamma-ray
source activity and light weight, these tools are ideal for use with portable logging systems
or logging horizontal holes in underground mining operations.

3. Prompt Neutron-Gamma Logging For Coal Ash in Boreholes

The prompt neutron-gamma technique for the determination of ash, Si, Fe and calorific
value of coal was developed in the late 80s - early 90s (Charbucinski et al., 1986; Borsaru et
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Figure 1. Typical backscattered gamma— ray spectra of coal

samples with a Ba gamma-ray source. The shaded
areas indicate near-linear regions of the spectra:
(1) 7.1 %ash; (2) 21.5 %ash; and (3) 36.8 %ash.

al., 1988; Borsaru et al., 1991; Borsaru et al., 1993). Due to its high hydrogen content, coal
is one of the best media for the application of the neutron-gamma technique. The neutrons
get thermalised by colliding with the hydrogen nuclei and interact with the nuclei present in
the coal. The gamma-rays produced by the neutron capture process have energies above 3
MeV (see Table 1). By contrast, the gamma-rays produced by neutron activation, neutron
inelastic scattering, or natural radioactivity have energies mainly below 3 MeV; this makes
the prompt neutron-gamma technique less sensitive to interferences from other neutron
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Figure 2. Comparison of coal ash content determined by chemical
analysis and measurement of Pz.

interactions. Also, the deeply penetrating neutrons and high energy neutron capture gamma-
radiation, sample a larger volume of coal than does the gamma-gamma method and this
makes the neutron-gamma technique less sensitive to the rugosity and condition of the
borehole radiation.

The ash content of a coal sample is the weight percentage of residue after combustion and is
therefore related to the mineral content of coal. The determination of ash content in coal
relies on the correlation which exists between ash and the main constituents of ash i.e. Al, Si
and Fe or a combination of two of these elements. Charbucinski et al. (1986), developed a
method based on the neutron-gamma technique for the delineation of the coal strata and
determination of their thickness and ash content in boreholes. The neutron-gamma logging
tool consisted of a 0.7 jig 252Cf neutron source, a 51 x 51 mm BGO detector and a source-
to-detector spacing of 15 cm. Figure 3 shows a cross-plot of ash values determined by
regression analysis of the neutron-capture data vs laboratory assays for ash content. The
diameter of the boreholes was 100 mm. The root-meen-square (r.m.s.) deviation between
regression analysis prediction and laboratory assays for ash content varied between 1.4 and
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Table 1. Neutron capture data for major components in ash

Eiement Cross-section
(atomic mass) c (barn)*

Aluminium 0.23
(26.98)

Suicon 0.16
(2S.09)

Iron 2.55
(55.85)

Titanium, ö.l
(47.90)

Calcium 0.43
(40.08)

Sulfur 0.52
(32.06)

Major
;>ravs
(MeV)

7.72
7.69
7 ">
638
4.93
3.54
".65
'.63
6.76
6.56
6.42
4.88
1.38
6.42
4.42
1.94
5.42
4.87
3.22
193
238
0.84

Gamma-ray
intensity (I)

per 100 neutron
radiative captures

27.4
42
7.8

11-
617
68.0
211
2.O
242
4.7

30.1
52

69
38.9
14.9
715
59.1
11.5
27.1
223
44.5
75.5

* inermal neutron capture.

2.8 wt%. This includes sampling and laboratory analysis errors. This technique for ash
determination in boreholes works in both waterfilled and dry boreholes. However, the
calibration for ash prediction in water-filled and dry boreholes are different. The neutron-
gamma technique for the determination of ash in coal is not affected by large variations of
Fe in coal as gamma-gamma is. Neutron-gamma is therefore more suitable for logging coal
deposits with high variation in Fe content (Borsaru et al., 1991).

Due to the deep penetration of the neutrons and high energy gamma rays resulting from the
capture process the neutron-gamma technique is more suitable than gamma-gamma for
logging larger diameter boreholes if the gamma-gamma tool is centralised. A comparison
between the gamma-gamma and neutron-gamma techniques for ash prediction in water
filled quality control boreholes of 140 mm showed that the neutron-gamma technique was
superior in predicting the ash content of the coal seams (Borsaru et all., 1993). The coal
seams had high variation in Fe.
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Figure 3. Comparison of ash content determined by chemical analysis and
predicted from the neutron-capture logging data.

4. Neutron-Gamma Logging for Fe in Coal

The slagging property of coal has immediate consequences when burnt in a furnace. Coal
with slagging potential promotes the creation of clinker which prevents heat transfer when it
accumulates around heat transfer pipes. At a coal mine in Australia work carried out by the
mine geologists has shown that Fe is strongly correlated with the slagging index of coal. An
empirical relationship was derived by regression analysis to estimate the slagging index of
coal from its ash iron content. Therefore, the slagging index of coal can be estimated by the
determination of Fe concentration in ash. The determination of iron and ash are interrelated
because in order to determine the percentage of iron in ash, the coal ash value must be
known. The neutron-gamma technique was employed for the determination of both Fe and
ash in coal (Borsaru et al., 1993a) in exploration boreholes of diameter 100 mm and quality
control holes of 140 mm diameter. Figure 4 shows a cross-plot of the chemical assays and
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Figure 4. Comparison of Fe content of coal predicted by neutron-gamma and
chemical assays.

the neutron-gamma predictions for Fe content in the coal seams given by regression
analysis. The r.m.s. deviation between the neutron-capture predictions and laboratory assays
was 0.88 % Fe. Figure 5 shows the iron content predictions at 10 cm intervals, for a section
of the borehole. The Fe content in the dirt bands is much higher than in the coal. The %Fe
printed every 10 cm is only an indication of the Fe content. The vertical resolution of the
probe for ash and Fe prediction is about 50 cm. which means that the probe can predict ash
and Fe content in coal seams not less than 50 cm thick.
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Figure 5. A typical neutron-gamma log of a coal seam for Fe content.
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Table 2. Iron and ash concentrations in coal predicted by neutron-gamma logging and by laboratory assays

Hole
cl771

c2473

c2467

Thick,
(cm)

133
57

145
190
271
190
490
100
147
320
303
296
269
178

%Ash

28.1
18.7
10.9
33.0
19.6
23.4
14.1
30.0
24.3
21.6
16.2
17.0
21.9
17.0

6.2

Laboratory
%Fe in

coal
1.00
0.60
1.66
3.60
1.20
0.65
3.26
1.39
5.00
5.10
2.60
3.20
2.56
0.90

SD (pop)

1.5

Neutron-Gamma
%Fe in

ash
3.58
3.16

15.20
11.00
6.10
2.78

23.10
4.63

20.90
23.50
16.20
18.70
11.70
5.35

7.7

%Ash

30.6
19.4
13.5
31.0
19.0
20.7
15.8
31.8
23.7
23.9
18.3
18.9
22.1
15.3

1.8

%Fe in
coal
2.3
1.2
1.1
4.2
1.6
2.4
2.6
2.7
5.9
4.9
2.6
3.9
3.2
1.3
SD
0.8

%Fe in
ash
7.4
6.2
8.2

13.6
8.3

11.5
16.1
8.6

24.9
20.4
14.1
20.5
14.6
8.5

4.4

%Ash

-2.5
-0.7
-2.6

2.0
0.6
2.7

-1.7
-1.8

0.6
-2.3
-2.1
-1.9
-0.2

1.7

Difference
%Fe in

coal
-1.3
-0.6

0.6
-0.6
-0.4
-1.8

0.7
-1.3
-0.9

0.2
0.0

-0.7
-0.6
-0.4

%Fe in
ash

-3.8
-3.0

7.0
-2.6
-2.2
-8.7

7.0
-4.0
-4.0

3.1
2.1

-1.8
-2.9
-3.2



The neutron-gamma predictions for ash and Fe content in coal seams were tested against
laboratory assays in three cored holes. Fourteen samples were available for comparison. The
samples were sections of the core and were analysed in the laboratory for the ash and iron
content. The length of the 14 core sections chosen for comparison varied from 57 to 490 cm.
Table 1 lists the ash and Fe laboratory assays and the neutron-gamma predictions for the 14
samples chosen for comparison. The standard deviations between the chemical assays and
neutron-gamma predictions were calculated using the formula:

= 1M
l

(2)

where pred, and obsj are respectively the neutron-gamma prediction and laboratory assay for
sample i, and n is the number of samples. The standard deviations were 1.8% ash, 0.8% iron
in coal and 4.4% iron in ash. The standard deviations for the population were 6.2% ash,
1.5% iron in coal and 7.7% iron in ash respectively.

A comparison was also made between the slagging index predicted by neutron-gamma and
laboratory determinations on 15 samples collected from three cored holes. The results are
given in Table 2. The standard deviation calculated using formula (2) was 55 SI and the
standard deviation for the population was 81.

4. Conclusions

Both gamma-gamma and neutron-gamma techniques were developed for delineating the
coal seams and predicting the ash content in coal. The neutron-gamma technique is superior
because it can also determine the Si and Fe content of coal and it can sample a larger volume
of coal. The neutron-gamma technique is less affected by the rugosity and condition of the
borehole.
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TYPICAL CASES OF APPLICATION OF THE
ISOTOPE ASH MONITORS IN CHINA

Y. HONGCHANG
Coal Preparation Research Institute,
Tangshan Branch, CCMRI,
Tangshan City, China

Abstract

Over the recent years, the ZTHY, FHY and STH-2 isotope ash

monitors developed by the Tangshan Branch, CCMRI have been successfully

applied in coal washing coking and power sectors to meet to a certain extent

the requirement on rapid determination of coal ash Currently 40 more such

monitors are in use, bringing about remarked economic and social benefits

The microcomputer — based on—line coal calorimeter operating based on

the on—line ash monitor on—iine micro—wave moisture meter also passed the

ministry—level technical appraisal in I'^l

The BHZ —1 portable laboratory intelligent isotope rapid ash

determination monitor which began to be developed in May 19^3 has now

passed the scheme selection and principle experiment phases The prototype

produced determines the coal ash by using Y —ray transmission method with

10 mci Am'4' as radiation source. Repeated experiments made on 5 samples

of clean coal of jig washer and 5 samples of flotation concentrate collected

respectively from Majiagou coal mine and Linxi Coal Mine, Kailuan Alining

Administration have met with considerable success As compared with the

result of laboratory analysis, the rms errors are found to be <J =0.2492 wt't

and O .=0 3342 wtc"c respectively Like the Amdei programmable mineral

analyzer, the monitor requires the sample to be weighed Currently the sample

weight is 15g - ~> 2~

i l>l'i'— iine Application oï the Z Till inteliecruaj isotope AMI Monitor

As compared ^vith on-line ash determination system the oii —iine

system possesses some noticeable inherent leamres It is iovr in cost oi system

make—up, simple in design, easy to operate and flexible in site installation

without the need to remould the site conditions and process equipment

Furthermore the monitor can operate on a time—division basis to cater to the

different needs with one monitor.
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l ) The raw coal washed by Dizong Coal Washery, Guizhou Produce.

China comes from Lhizhi mine and Dizong mine with quite different

geological conditions. It fluctuates widely therefore in ash content, resulting in

higher clean coal ash which is found to often exceed the specified limit and

correspondingly lower the clean coal yield.

Because of the limitation in conditions to install a by-line ash

measuring system, an off—line system based on the ZTHY ash monitor was

applied in May 1993 for determination mainly of the ash of clean coal

produced by jigging machine and periodical check of the ash of raw coal

feed.

At an interval of 15 minutes, a 15—kg sample was collected from the

jig's overflow weir, which after being drained for a period of 5 minutes was

then sent into the ash measuring box for a 2 — minute measuring process. The

data obtained could be transmitted remotely to the jig operator and displayed

on display unit in digital form to serve as a basis for the operator to take

appropriate control measures.

The calibration accuracy obtained with 19 clean coal samples is

(7=0.4224 wtCru with a mean measurement error of d'=0.3369 wt%.

Subsequently a total of 258 clean coal samples were analyzed under the

identical conditions. As campared with laboratory analysis, the deviation of

the actually—measured value obtained with 233 samples was within 0.3^.

while that of 15 samples ranged from 0.3?c to O.SCrc.

Because of the remarkable performance of the mensuring system

envisaged, a ZTHY ash monitor was used starting from July 1, 1993 instead

of using burning method. Field use of the monitor had brought about

noticeably improved quality and higher qualified rate of product.

- .• 'ihr ieeù to the Coking Plant. Anyang Steel Co.. Henan .frounce comes

irom nearby coal nune^ and even small local ones. The qualify of the cokt-

produced is adversely affected due to variation of property of coal feed.

Therefore a ZTHY — II ash monitor was mounted on the sampling deck for

monitoring the ash of the clean coal shipped into the plant by each truck.

A 20—kg sample taken according to the specified procedure from each

truck was sent into the measuring box for a 2—minute measurement process.

Based on the actually—measured value, the trucks with qualified coal were
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From clean coal system

To clean coal
system

1. Sampler 2. Electro-vibrating feeder 3. Measuring box 4. Coal level

controller 5. Discharge electro-vibrating feeder 6. Source chamber 7.

Radiating source 8. Detector 9. Cable 10. FHY ash monitor 11.

y,p —16 printer 12. 0~ 10 MA or 4~20 MA DC output

Fig. 1 Schematic Diagram of the Flowsheet of the By—line Ash

Measuring System

allowed to be unloaded while those with unqualified coal were returned back

to the coal supply unit.

To simplify tube operation, calibration was made ort the 19 amalgamated

samples collected from the clean coals supplied by three major coal mines.

The calibration accuracy and mean measuring error were G =0.6149 wtc-wc

and d =0.4672 wtc"c respectively, sufficient to meet the requirement of the

tiser. If the three calibration curves were respectively plotted, a still higher

calibration accuracv could be obtained.

57



l. Belt conveyor 2. Coal leveller 3. Moisture probe 4. Ash probe 5.

Cable 6. Micro—wave moisture meter 7. Isotope ash monitor 8. CRT

monitor 9. TPS05 microcomputer K'. KC80 printer

Fig. 2 Block Diagram Showing the Principle of On—line Coal

Calorimeter

2. Application of the FÜÄ' Ash Monitor in Coal Preparation Plants and

Power Stations

The FH\ ash monitor is an integral isotope instrument with digital

display developed at earlier times by the Tangshan Branch, CCMRI. which

operates on back scattering principle with low—energy y —ray as emitter. A

total of 28 odd such meters are in current use.

The monitor is mainly used for determining the ash of clean coal

products of individual separators, particularly for monitoring on by—line the

clean coal of jig. It is mounted either on the feeding side of a clean coal

screen, or outlet of a centrifuge or the discharge end of a scraper conveyor.

The typical flow diagram of the ash measuring process is shown in Figure 1.

The FH\ instruments have been in successful operation over the past

six years at the No. 5 Mine Washery Fengfeng Mining Administration. Hebei

Province, and Xiayukou Mine Washery. Shaiixi Province.

The instrument has also found applications in power stations for

monitoring the ash of pulverized coal in feeding bins of iurnace for improved

fuel property and higher efficiency of power generating sets. Up to date five
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more such instruments are in use in power stations at Jiaozuo, Henan

Province, and at Yangzhou, Jiangsu Province.

o. The Z —l on—lise Automatic Rapid Calorimeter

Calorific Value of coal is not only an important index in analysis of

coal quality, but also an important criterion based on which to fix the price

of power coal in China. In the past the method used was the conventional

oxygen bomb method which suffers from the drawbacks of being complicated

in process and time consuming. In order TO obtain the real—time calorific

value for fixing the price of power coal, and cater for the need in automatic

control of coal quality, an on—line automatic rapid calorimeter developed by

the Tangshan Branch, CCMRJ was put into operation at Jinggezhuang Mine

Washery. uLailuan Mining Administration. It passed the ministry—level

technical appraisal in 1991. Its operating principle is shown in Figure 2.

It consists of a coal leveller, an isotope ash monitor, a micro—wave

moisture meter and a data processing unit. The data processing unit is

composed of TPS05 micro—computer, K.C80 printer and CRT monitor. The

ash and moisture probes are fitted side by side in a front and rear manner

on the coal leveller above the belt conveyor. For ensuring the truthfulness of

the measured value, an effective ash data sensor is mounted by the ash

probe, enabling the- preceding effective data to be maintained whenever the

depth of coal stream on the belt conveyor is below 120 mm.

The micro—computer is inputted with the following empirical expression

applied at the mine for calcalating the cabrific value of coal:

Q »«.« = 30.2047 - 0.3411 A« - 0.1076 M,.

where.

Aar — Ash of coai i as—received basis;

M, — Total moisture
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The values of Anr and M, are automatically measured by the ash and

moisture meters respectively, and the calculated data is then displayed on the

CRT screen together with print—out as historic data.

When used for monitoring the calorific value of —50 mm mixed raw

coal on belt conveyor with an ash of 28— 45°c and a moisture of 6 — 1 2 t o . at

Jinggezhuang Coal Mine, the acctiracy actually obtained was <J=~0.4744

MJ/Kg, and the accuracy obtained with over 80 percent of the coal samples

was better than ~ 0.5 MJ/Kg. The measuring process lasted about 2 minutes

4. Development of the BHZ — 1 Prototype Portable Laboratory—size

Intelligent Isotope Ash Monitor

Despite the fact that in 1992 a total of 459 on—line isotope ash

monitor was in use worldwide for rapid ash determination with considerable

success, conventional chemical analysis, commonly called the burning method

is still used at most of the coal mines, washeries coking plants, power

stations and habours. The burning method is known to be time consuming

(about one hour). Troubles experienced in the use of other instruments are

that the on—line ash meter is incapable of monitoring the ash of coal product

of an unit separator, while the by—line monitor requires sampîing from main

coal stream and sample sending back system, and the off—line system

requires a 30—kg mannually— collected sample and its accuracy is adversely

affected by particle size and moisture content. Therefore work on the

development of a portable laboratory—size isotope ash monitor for rapid ash

determination was started in May 1993. The use of the monitor requires no

special sampling and preparation processes, and only 2 minutes are required

to finish the check with about 100 grants, of sample collected from the

back—up sample for routine chemical analysis The microcomputer—based

measuring system is easy in operation and capable of performing storage,

display and print—out of serial number oi samples measured, count rate, ash

value, date and rime. The arrangement of the emitter and detection units is

shown schematically in figure 3

for this measuring system, the ,' —ray transmission method is used

with low—energy 10 mci Am'" as emitter. The ( —ray beam is collimated.
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1. 2THY-II intelligent isotope ash monitor 2. Probe 3. Support 4.

Sample cup 5. Radiating source 6. Shielded container 7. Base 8.

Protective hood

Fig. 3 Schematic Diagram of the Portable Laboratory—size

Intelligent Ash Monitor
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The detector used is a self —developed Nal scintillation counter, and the

ZTHY-J1 intelligent isotope ash monitor is temporarily used as the main unit.

Like the Amdel programmable mineral analyzer, the monitor requires the

sample to be weighed with a balance. Currently the sample weight is log

— 0.2g which is intended to be increased to 20g, and 5 sample cups will be

used for cyclic measurement.

Repeated experiments have been made with the monitor on 5 flotation

concentrate samples collected from Linxi Coal Mine, Kailuan Mining

Administration. The calibration curves obtained are shown in Fig. 4. As

compared with laboratory analysis, the root— mean— square error and mean

measuring error are CT =0.3342 wt^o and d'=0.2928 wtc/o respectively.

Similiar experiments have also been conducted with 5 samples of jigged

clean coal product collected from Majiagou Coal Mine, Kailuan Mining

Administration. The ash calibration curve obtained is shown in Fig. 5. The <J

and d" values are 0.2492 wi% and 0.2237 wt% respectively.

Conclusions

The paper presents a general overview of the application of the ZTHY,

isotope ash monitor. Use of these monitors in coal washeries. coking
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plants and power stations for rapid ash determination has brought about

remarkable economic and social benefits. 40 odd such monitors are in current

operation. Success of the development of the on—line coal calorimeter is of

considerable significance in this country for fixing the price of power coal.

The preliminary experiments made on the BHZ laboratory intelligent isotope

ash monitor have produced favourable result. However it needs to be

iniprov«^ thrmigh further experiment, and the development work is expected

*o be finished in die first quarter of next year.
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DESIGN AND CONSTRUCTION OF GAMMA
TRANSMISSION GAUGE FOR DETERMINATION
OF THE ASH CONTENT IN COAL

A. ABEDINZADEH, H. RAHIMI, N. RAHIMI,
J. MOAFIAN, A. AMINI
Atomic Energy Organization of Iran,
NRC, Tehran

A. BANISALAM
Kerman Coal Corporation,
Kerman

Islamic Republic of Iran

Abstract

More them two years research work on design of a dual energy y-ray
transmission gauge is reviewed in this paper.
The gauge after construction will be install in a large coal
industry named Kerman District Coal Mines (KDCM).
KDCM consists of several coal mines, so that, coal transported
on a conveyor belt may be a non-homogenious mixture from one or
more mines. Therefore, priore to gauge design, primary
investigation is done to identify and evaluate the relationship
between the mass absorption coefficient (jx) and ash percent of
coal for the mixture running on the belt. Results of
investigation shows that, coal mixture calibration curve can not
be used accurately for ash estimation in coal of individual mines
and, essentialy, gaue may works to determine the ash percent
with some limitations in this particular region.
Therefore, design of gauge was carried out in the laboratory and
after setting up, primary experimental calibration curve for the
gauge is obtained. The r. m. s. difference between gauge ash and
chemical assay is 1.17 wt% ash, for ash in the range of 32-44
(wt%). It is programmed for future to complete and improve the
gauge to be able for on-line ash determinations.

1. INTRODUCTION
The theory of dual energy gamma-ray transmission gauge capable
of on-line measuring the ash content of coal is well known
and briefly could be written as follows;
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1 = I e~**2px2 o2 ^

ln (Io2/I2) =

px = 1/M2 * in (Io2/I2)

in ( I / I ) = in

ln (Iol/Il) / ln (Io2/I2)

where :

H = Mass Absorption Coefficient of coal.
\JL = Mass Absorption Coefficient for high energy radioactive
^

source.
I = Intensity of low energy without absorber
I = Intensity of low energy after passing the absorber
I = Intensity of high energy without the absorberO^
I = Intensity of high energy after passing the absorber
£1

241 137In the existing project Am and Cs are used as a low
and high gamma ray energies . Both radioisotopes are placed in
the same lead container as a radioactive source.
If, a reasonable relationship between the mass absorption
coefficient and ash percent of coal for a certain coal mine
could be found, then a curve can be drawn to be fed to the
gauge's computer for calculation of ash percent for any mass
absorption coefficient measured values . We were interested to
find out such a relationship, for the Kerman District Coal
Mines (KDCM).
Kerman District Coal Mines,are located about 1000 Km south east of
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Tehran, and consists of several coal mines (Fig. 1). Coal from
each mine is transported to the coal washing station(named Zarand)
by trucks and then deposited in two seperate bunkers. So that,each
bunker collects coal of the same quality. Then coal from each
bunker is transported to the coal washing station by means of

KHOMRUD I

W
^HHOMRUDII

5 Km. 0 5 10 15 K m

DRAWN BY: Y. MEHR JÄH
Fi.g.1. General sketch map of the Kerman deposit.

1-deposit contours; 2- outcrop of coal-bearing
horizon ''D';; 3- boundaries of areas and mine fields;
4- operative mines; 5- mines under construction.
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conveyor belt. It is worth mentioning that, coal running on the
belt is not necessarily mixture of all different mines, the most
productive of which are Babnizo, Eskeli, Hojedk and Pabedana.
Sometimes, due to some technical difficulties, coal from one or
two mines might be fed to the belt. Even when there are coal from
all different mines on the belt, it does not necessarily mean
that the mixture is completly homogeneous .
Investigation on the coal washing process shows that, addition of
one percent of ash to the incoming coal, will results in two
percent reduction in the efficiency of the product. Therfore it
is very important to measure continuously the ash percent of the
coal mixture just before entering the coal washing station . In
order to avoid mixing of low and high quality coal, the best
situation is to control the ash percent of coal just produced
from each single mine before mixing with others. In practice,
because of lake of conveyor belts and on line ash measure ing
facilities, ash is only measured once a day, from mixture of
several samples taken from coal running on the belt.
As there are no plan in the future for installation of belt
facilities for each individual mine, we decided to install
the gauge on the existing belt, just before coal enterance to the
washing station . After installation place was cleared, we
decided to go ahead with design of the proposed gauge, and as a
first step we should find out the relationship between the n and
ash percent of coal for KDCM. We collected samples of two hours
periods from individual most productive mines (as mentioned
before), and also from coal mixture running on the conveyor belt.
Samples were analyzed due to their moisture, ash percent, organic
and inorganic composition such as; C, H, O, N, and silicon, iron,
aluminium, calcium, magnesium, etc. From chemical analysis,
theoretical mass absorption coefficient ( fi ) is calculated and
relation between later parameter with ash percent of coal is drawn
for each of the most productive mines and also for coal mixture
running on conveyor belt (see fig.2). By comparison between
individual mines with coal mixture, we came into the conclusion
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0.400

mn
E 0.150

0.100
10 30 40

Ash(X)
FIG. 2. Comparison between individual curves (1-4) with curve No. 5.

that mixture calibration curve can not be used for individual
mines, or at least, there would be probably considerable errores
which should be measuered in long-term trial. This problem is
discussed in details in our first progress report and also in

2the paper published by Nucl. Geophys. Our solution to this
problem for KDCM is to get use of nucleonic ash guage for each
individual mine and if this is not possible, feed the gauge's
computer with different calibration curves, so that, each
calibration curve may be selected into the operation by noticing
which coal is running on the belt.
The theoretical research work during the first year of our project
was important, leading us to get enough information about the
composition of coal for different coal mines of the KDCM . Now it
is clear, what relationship exists between ash percent and mass
absorption coefficient for non-homogeneous coal mixture running
on the conveyor belt, and how this relation could be used for

»

individual mines.
In the second year of our work, we were engaged in design of
the proposed gauge and performing necessary experimental work to
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0.370-- • Count rates corrected only due to Ref. sample
O Count rates, without correction due to Ref. and k ( oeff.
A Count rates, .corrected due to Ref. and k Coeff.
A Count rates, corrected only due to k Coefficient

k Coefficient = 0.06 Cs channel count rates

6 ' 9 -12 15

Coal thickness (cm.)
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FIG. 5. Variation ofju as a result of thickness (different curves obtained as a
result of different corrections applied in count rate measurements data).

0.400

0,350 +

0.150--

0.100
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Ash Wt % (Chemical)
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FIG. 6. Comparison between Theoretical & Experimental Calibration Curves.
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FIG. 7. Schematic of the dual energy tf-ray transmission gauge on narrow
beam transmission of 24lAm (60 Kev) 4 137Cs (660 Kev) %-rays.
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understand the gauge working condition and its accuracy. Therefore
241 137we made an order to get Am and Cs point sources of 7.4 GBq

and 0.1 GBq respectively. We received our radioactive sources
just few weeks before writing this paper, and in the meantime, we
performed some experimental work in the laboratory scale using
very low activity of the same radioisotopes. By such experimental
work we could draw relative curve between n and ash percent and
also variation of p. as a result of change in weight per unit area
of coal is observed .
This part of our work has been written in details in our second
progress report submitted to the Agency late December 1993, and is
not discussed in this paper. Results of such an experimental work
were useful for next step of the project, which is setting up of
our industrial transmission gauge, schematic of which, is shown
in Fig. 7 .

2. EXPERIMENTAL and RESULTS

2.1 Gauge set up and calibration
2.1.1 Gauge set up
Gauge is set up in the laboratory and consists of;
a) Measuring head, scintillation detector 2.5x2.5 inches Nal
crystal collimated by lead .

241b) Radioactive sources, consists of 60 Kev ( Am) and 660 Kev
137( Cs) y-rays with 7.4 GBq and 0.1 GBq activity respectively,

mounted in the same collimated container . Sources are placed
opposite the detector with a distance of 74 cm.
c) Electronic part, consists of pair of amplifiers, single
channel analyzers and counters .
Americium and Caesium intensities transmitted through the coal
sample are analyzed by single channel analyzers, so that in the
same time interval, count rate for Americium and Caesium is
measured . Count rate measurements were in static position and
coal is kept in glass cylinder of 8 cm. diameter in the beam .
Computer with the 40 Mbyte capacity hard disc, will be added to
this part in the near -future .
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2.1.2 Count rate corrections
Background count rates were measured ( with the sources shielded )
for Americium and Caesium, and each count rate measurement has
been corrected due to its channel background .
All count rate measurements for Americium and Caesium are also
corrected due to dead times which assumed to be the same for both
radioisotopes and equals 0. 1 |isec .
Another correction is applied for Americium count rates due to
small fraction (k = 6%) of Caesium y-ray interference to the
Americium channel .
This correction factor is determined from the ratio of Caesium
count rate o\Ack the Americium count rate while a thin layer of
lead is applied on the sources beam . This layer of lead will
absorb essentially all the Americium y-ray while there is only
insignificant effect on Caesium y-ray .
2.1.3 Gauge calibration
Twenty-three coal samples were taken from coal mixture on the
conveyor belt, were used to get relation between ß and ash percent
for KDCM. Samples were ground to powder size. Water wt% for
KDCM coal is very low and therefore only samples were kept in room
temperature before measurements.
The y-ray transmission measurements were made with each of the 23

2samples with about 24 gr/cm of coal in the beam . Each sample
was measured thirty times in 20 seconds intervals and mean value
of the count rates was taken as a measured value . Since we had
not gain stabilizer in our electronic part , coal sample as a
reference was measured prior to each sample measurement , and the
mean value count rate measurements of the sample were corrected
due to this reference variations . These data measurements were
also corrected as mentioned in section 2.1.2 .
Americium count rates as obtained above, was corrected again by
empirical value used as a background for Americium channel count
rates (see section 2.2) and final measuring data were used to
calculate the ji values using equation (1) . Curve No. 3 shows
relation between the \i values with ash% obtained by least squares
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regression analysis . Correlation coefficient calculated for curve
3 is 0.78 with 99% confidence level. Fig. 3 shows results of gauge
ash in static position compared with chemical ash measured by
standard method . The r. m.s.difference between gauge and chemical
assay is 1.17 wt% ash .
Fig. No. 6 shows comparison made between the theoretical and
experimental calibration curves. Experimental calibration curve
is obtained using 23 coal samples, and may shift after addition
of more measurements.
2.2 Errors
2.2.1 Errors in ash due to weight per unit area of coal
Errors in determination of ash increases with decrease in weight
per unit area of coal in the y-ray beam. Curve No. 1 in Fig. 4
shows variation of \JL values when weight per unit area of coal

2 -changes from 4.8 to 32 gr/cm , this variation of p. could be
minimized by applying empirical correction in Americium measured
data . Curve No. 2 in Fig. 4 shows result of such a correction
applied.
2.2.2 Errors in count rate due to drift in electronic and gain
Accuracy of determination of ash also depends on the detector
gain and electronic drifts, to minimize such an error, gain
stabilizer will be used in our future work, and in the present
work our measured data has been corrected by checking the
reference sample prior to sample measurements .
Different curves in Fig.5 are obtained, as a result of different
corrections applied to the count rates, including, correction
due to the reference sample .
2.2.3 Errores in ash caused by ash composition
Table no. 1 shows a typical chemical analysis of coal samples for
KDCM, and Table No. 2 shows variation of ash, water, and iron,
calculated for few hundred coal samples . As it shows, iron
variation in ash is rather high. Our measurments on two samples
with the same ash content (chemical), but different Fe2O3 -
wt% in ash, shows no significant changes in the n calculated by
equation (1). V.L. Gravi t is et. al and R. A. Fookes et. al ,
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TABLE NO.I-RESULTS OF CHEMICAL ANALYSIS AND MASS ABSORPTION

COEFFICIENT VALUES FOR KDCM

s

NO.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

Ash

%

37.8
38.6
32.2
24.0
22.9
25.9
25.1
26.7
26.7
32.9
40.4
28.6
28.4
28.9
37.8
50.7
55.5
54.5
44.7
40.9
45.4
45.5
45.9
32.4
38.3
32.3
52.5
41.7
41.0
50. 1
25.9
32.4
52. 1
45.9
29.6

content of ash '/.

A12o3

18.80
9. 10
18.10
27. 10
24.20
21.70
22.80
13.86
16.80
13.90
14.40
12.10
19.60
21.20
27.70
8.40
12.17
10.30
12.50
22.20
19.90
26.60
25.60
18.90
25.80
23.30
17.80
13.40
5.90
17.70
18.80
12.90
22.70
17.80
15. 10

Fe2o3

9.80
18.60
19.15
25.40
19.40
18.20
21.70
28.44
23.30
17.20
11.20
22.50
13.20
26.40
17.20
28.30
26.40
23.60
27.40
19.10
16.80
13.30
12.10
8.80
12.35
7.96
22.80
19. 10
21.90
21.20
13.95
17.80
15.70
25.90
24.40

Sio2

51.60
62.20
52.10
43.70
43.90
42.30
45.60
46.90
45. 10
57.40
63.70
50.60
58.20
41.70
44. 10
57. 10
49.20
58.60
48.70
47. 10
55.20
51.70
53. 10
52.00
49.70
63.40
46.30
61.20
59.20
55.90
49.50
55.20
54.70
46. 10
48.20

Cao

11.80
4.41
6.80
3. 12
7.80
11.70
6.90
5.27
5.13
6.40
4.70
7. 15
6.80
9. 10
6.60
3.78
7.70
6. 10
6.50
8. 10
7.70
6.10
6.45
11.70
5.18
7.70
8.80
3. 10
4.90
3.20
9. 10
6.80
3.90
8. 10
3.10

Mgo

4.85
3.75
2.90
1. 19
3.30
6. 10
1.60
1.86
1.80
3.20
2.20
1. 10
3.90
3.40
2.60
1. 16
3.25
1.10
1.25
2.70
3.20
2.70
2.25
4.45
3. 12
2.27
4.30
0.80
0.90
1.80
1.75
2.60
1.45
4.10
2.80

K2o+
Na2o

3.1
1.9
0.9
0.0
1.4
0.0
1.4
3.7
7.9
1.9
3.8
6.6
0.0
0.0
1.8
1.3
1.3
0.3
3.7
0.8
0.0
0.0
0.5
4.2
3.8
0.0
0.0
2.4
7.2
0.2
0.9
4.7
1.6
0.0
6.4

content of coalX

C

82.56
82.67
84.92
87.42
85.48
79.50
84.32
83.46

84.39
81.15
83. 11
83.32
81.86
86.35
82. 14
84.33
81.98
81.74
82.52
82.01
81.75
81.77
82.91
80.60
86.88
85.07
83.36
84.71
84.79
84.00
82. 12
82.41
83.42
83.20

H

4.81
4.36
4.41
4.27
4.67
4.73
5.07
4.65

4.16
4.57
4.40
3.63
4.69
4,77
4.99
5.42
5.33
5.47
5. 10
4.79
5. 10
5.52
5.01
5.21
5.04
5.45
5. 19
5. 15
5.09
5.26
4.97
4.95
4.85
4.97

0+N

12.63
12.97
10.67
8.31
9.85
15.77
10.61
11.89

11.45
14.28
12.49
14.05
13.45
8.88
12.87
10.25
12.69
12.79
12.38
13.20
13. 15
12.71
12.08
14.19
8.08
9.48
11.45
10. 14
10.12
10.74
12.91
12.64
11.73
11.83

cal.

M

0.245
0.261
0.251
0.241
0.232
0.239
0.241
0.258
0.248
0.231
0.247
0.252
0.218
0.259
0.257
0.315
0.328
0.313
0.303
0.271
0.272
0.260
0.258
0.235
0.247
0.229
0.308
0.268
0.278
0.290
0.227
0.250
0.277
0.300
0.255

S :sample, Cal.: calculated
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TABLE 2. VARIATION OF ASH, WATER, IRON, IN COAL

wt% average

ash 30

iron in coal 4. 5

iron in ash 14

water 0.6

max min

60 6

14.9 0.2

36 2

2.9 0.2

have shown that, Fe203 is the important factor causing errors in
determination of ash. In our work, to find out variation of p. as
a result of Fe203 variation in ash, more samples should be
measured .

3. PROGRAMME FOR FUTURE

3. 1 Short time interval measurements
Wieght per unit area of coal changes rapidly on the moving belt .
Therefore, integration method of short time interval
measurements should be used in order to avoid errors in ash
determinations, e.g. 0.2 sec.for KDCM, belt speed of which is
1.2 meters per second. Our count rate

is about 6000 counts per sec., for wieght per unit area
2of about 10 gr/cm , and this count rate is 6 times more than5countrate reported for KRAS-2 , for the same wieght per unit

area. However, in the KDCM , we are have to measure count rates
corresponding to 32 wieght per unit area, ( for KRAS-2 the

2maximum is 25 gr/cm ) and such a high wieght per unit area, for
KDCM, may cause higher error which could be overcome by applying
shorter distance between source and detector.
3.2 on-line ash measurements
on-line ash measuremebts by our gauge will be arranged, after
gauge imprivements are completed in the laboratory.
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EFFECTS OF HUMIDITY CHANGES ON
THE MEASURED CALORIFIC VALUE OF COALS

T. CYWICKA-JAKŒL, J. LOSKIEWICZ, G. TRACZ
Institute of Nuclear Physics, Krakow,
Poland

Abstract

The calorific value of coal can be inferred by different instrumental techniques. The simplest
is to measure the ash content of the coal and use the evident link: low ash - high calorific value, high
ash - low calorific value. It is possible also to use prompt neutron-gamma activation analysis
registering y-rays (4945 keV) from radiative capture on carbon. Here the cross-section is quite low
for this reaction (0.003 barn). When using high energy neutrons from Pu-Be or Am-Be sources one
can take advantage of the inelastic scattering of neutrons on carbon 12C(n, n', y)I2C with 4434 keV
y-rays produced with cross-sections of 0.150 - 0.350 barn.

Key points studies in this paper are: the calorific value dependence on ash content and carbon
content for coal; the influence of moisture content on the carbon gamma ray signal obtained from
calculations; the experimental data on how carbon gamma ray signals change with rising moisture; the
method of correcting the carbon gamma ray signal using the hydrogen 2.22 MeV gamma-counts and
the possibility of analyzing coal for other elements.

1 Introduction.
The calorific value of coal can be inferred by different instrumental techniques. The

simplest is to measure the ash content of the coal and use the evident link: low ash - high
calorific value, high ash - low calorific value. It is possible also to use prompt neutron-
gamma activation analysis registering 7-rays (4945 keV) from radiative capture on carbon.
Here the cross-section is quite low for this reaction (0.003 barn). When using high energy
neutrons from Pu-Be or Am-Be sources we can take advantage of the inelastic scattering
of neutrons on carbon 12C(n,n',7)12C with 4434 keV 7-rays produced with cross-sections
of 0.150 -r- 0.350 barn. By far the largest part of our investigations was devoted to the last
process. Its main advantage being the need for only moderately sized neutron sources
(10 -=- 15 Ci Am-Be or Pu-Be source).

In chapter 2 we study the calorific value dependence on ash content and carbon content
for Silesian coals. In chapter 3 we describe the influence of moisture content on the carbon
7-ray signal obtained from calculations. In chapter 4 are described the experimental data
which show how do the carbon 7-ray signal change with rising moisture. Chapter 5 is
devoted to the description of a method of correcting the carbon 7-ray signal using the
hydrogen 2.22 MeV 7-counts. In chapter 6 we show the possibility for analysis the coal
for other elements.

2 The correlation between ash content, carbon con-
tent and calorific value of coal.

There exists many empiric formulae, e.g. Dulong (1933), Grummel and Davies (Himus,
1946), which allow calculations of the calorific value of coal to be made knowing the
concentration of elements such as C, H, 0, N and S.
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The question is how strong is this correlation and what dispersion will have the mea-
surement points around stochastic calibration curve established in this way. For com-
parison the correlation between ash content and calorific value has been studied: the
correlation coefficient should be negative.

These studies has been conducted on coals from different parts of Upper Silesian coal
basin on which, by the usual analytical methods the carbon concentration, ash content
and calorific value were measured (Mielecki,1971).

The parameters of a regression line:

Y(x) = GO +

its correlation coefficient:

2 +

and the dispersion about this line (standard deviation of the spread of these points):

were calculated1. Here YÎ is the value from regression line and y,- the experimental value: x
is either C - carbon concentration or A - ash content, ao and a\ are constants determined
by least squares method, Sy the RMS spread about the regression line, N is the number
of points and ii_a/2 is the value of Student distribution for a significance level a.

In Table 1 these parameters are presented for the dependence of calorific -value on
carbon content for different parts of Upper Silesian coal basin and for the Lublin region.

The same data has been used to determine the dependence of calorific value on ash
content. The results are shown in Table 2. Figures 1, 3, 5 and 7 show the sets of calorific
value vs carbon content and in Figs 2, 4, 6 and 8 corresponding plots for dependence of
calorific value on ash content.

It is very clear from both tables and figures that the spread of points about the
regression lines (which can be taken as stochastic calibration curve) is small for calorific
value vs carbon content. The spread is 1.2 to 4.8 times smaller than for Q=Q(A): i.e. see
Table 3

This RMS spread Sy depends on three factors:
1) The standard deviation of the method of measuring the calorific value.
2) The standard deviation of the method of measuring ash content or carbon concen-

tration.
3) An inherent variance on the method of calculating Q from known values A or

C which is dependent on local fluctuations of the chemical composition and physical
properties of coal.

!The confidence interval for a single measurement of Y at a new X' value should be calculated (Natrella,
1963) as:

N £(*,-ä
whereas error of estimation of the stochastic calibration line is

1 ( ' — rl2

'77 "*" VC-r — Ft:i\ / ,1^2 x ;

80



Table 1. Parameters of a regression line for air-dried
coals from various mining regions.

Region

Bytom
Katowice
Dabrowa
Zabrze
Jaworzno
Lublin

Y(x) = Q(C]

N
470
299
113
454
279
769

aS
-343.97
-213.71
-112.97
-128.24
-181.74
66.16

aî
97.91
96.26
93.89
95.45
95.88
96.02

R
0.995
0.988
0.985
0.984
0.995
0.969

sf*
72.44
77.53
85.00
114.66
75.09
169.83

* - kcal/kg
f - kcal/kg-%C

Table 2. Parameters of a regression line for air-dried
coals from various mining regions.

Region

Bytom
Katowice
Dabrowa
Zabrze
Jaworzno
Lublin

Y = Q(Ä)

N
470
299
113
454
279
769

a0

7468.00
7453.13
6811.08
7791.60
6932.73
7483.32

aî
-89.05
-86.24
-81.40
-89.96
-75.50
-84.92

R
-0.883
-0.876
-0.923
-0.956
-0.883
-0.958

o(A).
•V

350.88
241.36
187.26
189.04
340.73
198.19

* - kcal/kg
f - kcal/kg-% A

Table 3. Deviations from a stochastic calibration curve
for the dependence of calorific value on carbon and
ash content and their ratio.

Mining region
Bytom
Katowice
Zabrze
Jaworzno
U.S.A.

cCÙY
72.4
77.5
114.7
75.1
304

04by
350.9
241
189
341

1070

Sy/Sy

4.84
3.1
1.65
4.5
3.5
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We can now write:

where 10; are unknown weights. Initially we can put tUj = 1.
If only one component is used as the indicator of calorific value, it is natural that

variations in the amounts of other components must change the calorific value. If, for
example, at a constant value of ash content the coal shows a higher moisture and lower
concentration of hydrocarbons then its calorific value changes (decreases).

Therefore, for a good determination of the inherent variance of the method <r2(Mei),
it is necessary that we take such methods of measuring Q and C as have lowest standard
deviation. Otherwise the errors in determining Q and A would hinder the observation
of the interesting variance of the method. This was the reason for choosing classical
measurements of high accuracy as input to the study.

3 Calculations of the influence of moisture content
on 4.43 MeV carbon 7-ray signal yield for differ-
ent source detector spacings.

The aim of these calculations was to show the influence of changing moisture content
on the 4.43 MeV7-ray flux from the 12Cr(n,n'7)12C reaction. Thus a good description of
neutron interactions with nuclei of the coal substance is important. The precise mapping
of the geometry of measurement is of only minor significance for the sensitivity studies.
Therefore, we decided to use the simple one-dimensional Discrete Ordinates Code ANISN
(Engle,1967). In this program the Discrete Ordinates method, SN, together with the
Finite Differences method make it possible to solve the Boltzmann equation for source
neutrons and 7-rays produced in an angular-spatial mesh of cells into which the material
is divided.

The geometry was taken as a 17 cm or 31 cm radius sphere filled with different types
of coals. At the centre of the sphere was positioned an 241Am-Be neutron source emitting
1 n/s. The spectrum was divided into energy groups corresponding to the DLC-75 BUGLE
(Roussin, 1985) structure. In the centre of the sphere either the 7-ray detector was placed
with an efficiency taken to be 100% or the 7-ray fluxes through spherical surfaces of
particular radius were calculated. It was shown that the error of such an approximation
of real cylindrical one is < 15%.

Typically, Polish bituminous coals have a moisture content of 2 -f- 8% in "air dry"
state. Lignites show much higher water content 30, 40 or even 60%.

The cross sections from DLC-75 (obtained by kind help of RSIC Oak Ridge National
Laboratory, U.S.A.) are mixed according to the number of atoms by the program GIF
(Group Organized Cross-Section Input Program) and prepared for ANISN use. In the
ANISN calculations 31 discrete values of radii were taken (1 cm mesh) and Sg angular
approximation were used. A maximum of three scatterings were permitted.

As a result, we obtained a 7-ray flux of 7/(cm2 • s • MeV • Ineutron) in different 7-ray
energy groups.

The spheres were taken as consisting of the Janina 118 coal type with a moisture
content of 12 %. The Am-Be neutron source was placed at the centre of the sphere. The
7-ray fluxes through spherical surfaces of variable radius are calculated for 7-rays from
the hydrogen (2.22 MeV) and carbon (4.43 MeV) nuclei. The result of these calculations
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for the 31 cm coal sphere is shown in Fig. 9. It can be seen that the carbon 7~ray signal
is rising in the region nearest the source, and for distances larger then 12 cm it is almost
constant with depth in the material, whereas the hydrogen signal is more significant at
large distances. The reason for this behavior is that the carbon 7-rays come mainly
from the first neutron collision, because of high energy of the threshold energy of the
12C(n,n'7)12C reaction (4.8 MeV), whereas the hydrogen 7-rays may be generated by low
energy neutrons. The hydrogen signal may be taken as a rough measure of the water
content in the coal.

The results of the 7-ray flux calculations for the 17 cm radius sphere are presented
in Fig.lOa. Here the results are more favorable for measurement, as the 7-ray signal
from carbon is stronger already than this from hydrogen for almost all positions in the
material. The distance from the centre of the sphere (where the source is positioned)
to the spherical surface, considered as a "shell detector" where the 7-rays are counted,
represents a rough approximation of the source-detector spacing. Therefore, to achieve a
good signal-to-noise ratio in the sense mentioned earlier, a short source-detector distance
should be used.

If the moisture content of the coal is increased to 20 %, the calculations show a
dramatic change of the 7-ray flux behavior of the sphere of 17 cm radius, when compared
to Fig.lOa. This case is presented in Fig.lOb. The 7-ray signal from hydrogen is stronger
than from carbon for distances > 4 cm, in contrast to the situation with 12 % moisture.
Thus, comparing the behavior of the 7-ray fluxes in Figs 9, lOa and lOb, we easily come to
the conclusion that the sample size should be kept reasonably small. All these calculations
show that the background from slow neutron interactions is small only if the sample size
and source-detector distance is kept small.

Therefore small sensitivity of carbon 7-ray signal yield on moisture content can be
achieved only for small source-detector spacings and small sample sizes. Both these con-
ditions can not be met in a realistic experimental arrangement. Therefore other method
of solution should be devised.

4 The experimental data concerning the change of
carbon 7-ray signal with rising moisture.

The threshold of the 12C(n,n',7)12C reaction is ~4.8 MeV, therefore neutrons of energy
>4.8 MeV are necessary to give the 4.43 MeV 7~ray signal. The neutron spectrum becomes
softer as the depth of penetration in the hydrogenous material increases. Thus, less and
less inelastic neutron scatterings occur.

We used the experimental arrangement presented in Fig.ll. The Pu-Be source used is
emitting 1.02-106 n/s. The source-detector distance is 41 cm. In Fig.12 is shown a typical
observed spectrum. It can be seen that the 7-ray background is fairly large and that the
hydrogen peak is much more distinct than the carbon peaks.

In order to evaluate the influence of the humidity on the detector counts we added
small amounts of water to bulk samples. The coal samples were previously ground to
~15 mm size. The bulk sample was mixed with additional water in a mixer, loaded into
the measuring vessel and the 7-ray flux was measured using the Super-Ace plug in MCA
(from EG&G) and PC/AT computer. After mixing, samples weighting one kilogram
each, were collected from the bulk sample. The water content was then determined by
weighting and drying at 105° C. The process of adding water was repeated for each of six
samples until water was visible on the surface of coal grains in the vessel. This situation

83



was observed between ~8% and 22% for different coal samples. The 4.43 MeV 7-ray
peak area (background subtracted) was calculated using the Maestro II program supplied
with the MCA. In Fig.lSa and b are shown the dependence of carbon 7-ray signal versus
moisture content for Janina 203 and Miechowice samples. The decrease in carbon 7-ray
signal is marked and amounts here to a = 2.4 -f- 2.9 % per one percent additional water.
In the Table 4 are presented the coefficients of the linear regression:

C-Y are the 4.43 MeV 7-ray counts, W - moisture content (weight %), b\ and 60 coefficients;
also the a = A$7/($^ • AW) values are shown, $T - is 7-ray flux for air dry coal, AW is
the moisture change and A$-y is the 7-ray flux change.

It can be seen from the table that the correlation coefficients are high meaning good
description of the underlying physical phenomena. Also the values of the standard devi-
ation S of the experimental points about the regression line:

N-2

(here Yi is the value from regression line, y; the experimental value and N is the number
of points) are reasonably small corresponding for e.g. Siersza 705 to ~2% of carbon 7-ray
signal. The rate of change a of the carbon signal with changing water content of coal is
variable in the limits between roughly 1 4- 3% signal change per one percent of additional
water. This fact is asking for some type of remedy.

5 The use of a hydrogen signal in correcting the
carbon concentration from 12C(n,n',7)12C reaction
in coal.

In all neutron methods the hydrogen content of the material under investigation plays
an important role due to the hydrogen large slowing down power. In calorific value
measurements of coal based on the measurement of the 12C isotope using the 12C(n,n'7)12C
reaction (Stewart,1967; Sowerby,1979; Gozani,1984; Loskiewiczei.o/.,1992) high energy
neutrons must be used because the threshold for this reaction is ~4.8 MeV. The neutron
spectrum becomes softer as the depth of penetration in the hydrogenous material increases
and therefore less inelastic scatterings occur. For compensation of this phenomenon we
can use the radiative capture of neutrons on hydrogen which produces a well visible 2.22
7-ray peak. It can be used as a measure of the water content of coal and thus as the
correcting signal to the carbon measurement. This last measurement, as the neutron
spectrum is becoming softer as the water content rises, shows a decrease of 7-rays from
inelastic scattering of neutrons on carbon with rising moisture content.

The carbon 7-ray (Cy) and hydrogen 7-ray (H^) signals were experimentally measured
for each sample and at each moisture change. Then the cross-plots Cy versus H^ are
drawn. In Fig.l4a, b and c are shown the plots for Janina 116, Bobrek 783 and Miechowice
samples. In the Table 5 are shown the characteristics of the C~, versus H^ regression
lines. The linearity of the dependence Cy = f ( H ^ ) is quite evident and the correlation
coefficients high except for Janina 118 where some instabilities has arisen when measuring
the points in the low moisture range.
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Using these results we can, in order to obtain a better carbon content estimate
construct a correction formula of the type:

where:

(7-Y0 - corrected carbon 7~ray signal at initial humidity k0 (e.g. air dry state, or the median
h value)

(Zyfe - actually measured carbon 7-ray signal at the humidity h (h > ho)

H^ - hydrogen 7-ray signal at the humidity ho (to be determined during calibration)

H^h - hydrogen 7-ray signal at the humidity h (the value of humidity must be known
only during calibration)

For the Janina mine we used three samples which correspond to three different seams.
The ci coefficient for these seams varies between 0.060 and 0.079 with the mean value of
0.069 ± 0.0096. As this is an correction factor by the use of which we are trying to correct
the 7-ray signal changes amounting to ±13% (from the middle values of humidity), thus

Table 4. Characterisitc of regression lines (C~,h vs moisture by weight).

Sample
code

Siersza 705
Janina 118
Janina 203
Bobrek 753

Miechowice 812

r
correlation
coefficient

-0.91
-0.97
-0.98
-0.80
-0.99

bo
counts

90-103

145-103

103-103

113-103

101-103

bi
counts/
% water

-1140
-1530
-1880
-3040
-2570

S
spread about
regression line

1690
1900
1630
4270
1200

a
% signal ch./
% water ch.

1.46
1.07
2.38
2.93
2.70

AW
% water

8.1
6.0
8.9
4.6
6.4

Table 5. The parameters of the regression lines C^ = CQ + Ci

Sample code

Siersza 705
Janina 118
Janina 203
Janina 116

Miechowice 812
Bobrek 753

r
correlation
coefficient

-0.93
-0.77

-0.997
-0.93
-0.98
-0.96

Cl

7 counts C/
7 counts H

-0.0434
-0.0675
-0.0790
-0.0598
-0.115
-0.0789

Co
counts

115 • 1Û3

254 • 103

148 • 103

126 • 103

189 • 103

174-103

S
spread about
regression line

1500
7290
645

2060
1530
1940

%C

62.7
65.0
61.4
65.5
70.2
74.4
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this spread will introduce roughly an error of less than 1.8% in the final assessment of
carbon concentration. We can approximately count with 6-=-7 times smaller measurement
uncertainty than without the correction. In reality the variations of coal humidity in the
"as received" state are much smaller than the full possible range of humidity change
available in the laboratory. Therefore the carbon 7-ray signal change will be smaller and
the error of the correction also. These problems are now under assessment.

It is well known (Stewart,1967; Sowerby,1979; Cywicka-Jakielei.a/.,1984) that there
is a linear dependence of the carbon concentration on the carbon 7-ray signal. The fact
that the carbon concentration is a good measure of the calorific value of the coal has been
shown in our earlier papers (Cywicka-Jakielei.a/.,1984 and 1991) also.

It is illustrated on Fig.7 where it is shown for the region where Janina and Siersza
mines lay.

6 Possibilities of registering other elements in coal
using Pu-Be neutron source.

The Pu-Be (or Am-Be) sources produce a neutron flux which spectrum extends well into
6-7-8 MeV range. This spectrum contains also lower energy neutron which when slowed
down can be used for PGNAA (radiative capture of slow neutrons). The problem is that
the neutron sources used here produce a much lower neutron fluxes than used normally
for PGNAA and not all normally detected in PGNAA elements may be analyzed.

We found that we can measure Si, Cl, and infer the ash content and moisture content
values. In Fig 12 is shown the 7-ray spectrum for the Bobrek 793 sample where the Si
(1.78 MeV), hydrogen (2.22 MeV) peaks are well visible. In the Figure 15 is shown the
spectrum of the same coal with NaCl added. Here the 6.11 MeV chlorine peak is well
visible. The iron (7.64 MeV etc.) peaks are coming mainly from our experimental setup
which contains large amounts of iron.

We have made a crude assessments of measuring errors and obtained following values:

Calorific value (50 ̂  75% Cj
Using only C 7-rays 0.5 MJ/kg

with corrections <0.1 MJ/kg
Ash

range 12 -h 90% ash 1.1% by weight
11 -h 28% ash <0.5% by weight

Moisture
range 12 H- 21% water by weight 0.3-r-0.7% by weight

for particular mine
Chlorine

0.09% Cl by weight
0.07% Na
(under assumption all Cl is in the form of NaCl)

Silicon (SiOi)
better than 1.0% by weight

All these values are obtained for coals from single mine.
Reassuming these results show the possibility of constructing a quite precise calorific

value meter with some potential for measuring ash, moisture and silicon and chlorine.
The sodium content may be assessed under assumption that all sodium is in the form of
NaCl.
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COAL ASH PARAMETERS BY NATURAL
RADIOACTIVITY AND NEUTRON ACTIVATION
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A. LENDA, NGUYEN DINH CHAU, J.W. NIEWODNICZANSKI,
K.W. PALKA
Faculty of Physics and Nuclear Techniques,
University of Mining and Metallurgy,
Krakow, Poland

Abstract

Natural radioactivity of 400 coal and sedimentary rock samples, collected from cores of
the wells drilled in the Upper Silesia Coal Basin, has been measured in order to determine
the uranium, thorium and potassium concentrations with the use of a scintillation gamma-
ray spectrometric system. The determined concentrations were used to identify the
lithology of the rocks and evaluate the following hard coal parameters: ash content,
calorific value and carbon content.
The mean standard deviation of 1.3 wt% for the ash content between 2-35 wt %,
1.3 MJ/kg for the calorific value between 17-32 MJ/kg and 2.5 wt % for the carbon
content between 43-72 wt% were obtained.

Feasibility of determination of the ash content and the ash fusion temperature via the
neutron activation technique has been examined, both in the laboratory and field
conditions. The technique is based on recording induced gamma- ray intensities in two
energy intervals with the help of a scintillation gamma ray spectrometer.
In laboratory and in well logging, the mean standard deviations were 1.5 wt % and 35 °C,
and 3 wt % and 45 °C, respectively.

•[.INTRODUCTION

Coal is a complex, stratified and heterogeneous organic rock formed by partial
decomposition of plant matter. For many purposes, coal can be considered as a three
component mixture consisting of organic substances, mineral matter and water. The
mineral component of bituminous coal occurs in organic component ash, inherent ash and
dirt bands.

The major elemental constituents of mineral matter are Si, Al, Fe, Ca, Mg, K, Na and S;
the minor constituents are Ti, Cl, Pb, etc. and the trace elements are Mn, P, B, Li, Cd,
U, Th, Gd, etc. The total sum of minor and trace constituents of mineral component of
coal amounts to 2.0 wt %.
It has been confirmed that all types of coal occur in the Upper Silesian Basin: sub-
bituminous coal, bituminous coal and antracite.The analysed coal samples were retrived
from different mines and exploratory boreholes in the Upper Silesian basin. The ash
content of the samples varied between (1.5- 40) wt % .
The elemental concentrations (major constituents) of the analysed coal samples vary in a
rather wide range. This explains the fact that the coal parameters have a local character.

Results of the chemical analyses of the core samples from different boreholes were
investigated in order to establish possible statistical correlation existing for different
coal quality parameters (Chrusciel et al. [4]). Table 1 shows correlation between the
following parameters: calorific value Q, ash content A, moisture content W, ash fusion
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temperature t, carbon concentration C, hydrogen concentration H, and concentrations of
SiO, AI O, Fe O and MgO represented as Si, Al, Fe and Mg, respectively. The
correlation coefficients for every relation and the mean standard deviations are also given.
In this work R is a multiple- correlation coefficient between the measured and fitted x-
values, (where x = A, Q ...), and <a> is an arithmetic mean standard deviation for
prediction of a given x value (calculated as representative for the whole range of
measured quantities).

2.EXPEREMENTS

2.1. Natural gamma- ray
2.1.1.Laboratory measurements
About 400 bore-core samples (193 coal, 130 shale, 52 mudstone and 14 sandstone) each
weighing about 0.6-1.2 kg, were crushed to a grain size below 2 mm and sealed for 1
month (in order to achieve the radioactive equilibrium between Ra and Bi) in
marinelli type aluminum containers of a fixed volume. The detector scintillation crystal
was placed symmetrically in the sample container. The thickness of the front and lateral
samplelayers surrounding the crystal was equal to 20 mm, so any self absorption effects
could be neglected. The grain size in each container was kept almost constant, although
the size distribution was unknown and the packing density was not controlled. The coal
samples were analysed for the ash content (A, in wt %), the calorific value (Q, in kJ/kg)
and the carbon content (C, in wt %) by the classical methods according to the Polish
National Standards.

Gamma-ray detection system consisted of a 3" by 3" Nal(Tl) scintillation crystal
coupled to a 1024 channel pulse height analyser. A gamma-ray shield was a 10 cm lead,
10 mm iron, 2 mm copper and 2 mm cadmium housing.

In the scintillation spectrometric measurements the following three energy
windows were applied: 1.36- 1.54MeV ( K), 1.66^- 1.86MeV ( Bi, uranium series)
and 2.4 H-2.8 MeV (Tl, thorium series).
By measuring gamma-ray spectra in the calibration samples and using the
techniques discussed by Adams and Fryer [1], Lenda[8] ,one can establish the
dependence of the intensities registered in the three spectrometer windows on the
U,Th and K concentrations. The detection limits for a 100 min counting time were
equal to about 0.02 % K, 0.14 ppm U and 0.5 ppm Th (Chrusciel et al.[4], Kalita et

2.1.2. Borehole measurements
A borehole gamma-ray spectrometer has been used for the measurements in the models

of radioactive rocks existing at the Enterprise of Geophysical Prospection in Zielona
Gora. The models are five cylindrical, concrete pits with different admixtures of
radioactive elements.The diameter of each pit is equal to 2 meters and the height equals 2
meters.Each model contains three measuring holes, parallel to the cylinder axis with
diameters equal to 90, 160 and 220 mm, respectively. By measuring gamma-ray spectra
in the models one can establish the dependence of the intensities registered in the three
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spectrometer windows on the K, U and Th concentrations. An adequate computer
software (KALEBR program) has been created.

2.2. Neutron activation technique
2.1.Laboratory measurements

It has been stated by many authors that the neutron activation technique proved to be
useiul for rapid assays of coal samples and evaluation of coal seams as a well-logging
method.
There is a good correlation between the ash content and principal constituents of ash -
e.g. Borsaru and Mathew [2,3]; Clayton et. al. [5]; Makhabane [9].
As it has been stated by many authors, e.g. Winegartner and Rhodes [11], Borsaru et
al. [3], the chemical composition of ash affects the ash fusion temperature. This
dependence was tested for the same bore core coal samples which were used in the
mentioned above studies. Ash fusion temperature t was measured by the Leitz method (as
the so-called hemi-spherical point determination).

Laboratory measurements were performed using an activation and detection set-up
described by Makhabane [9]. The samples of a fixed volume (about 1 dm3 ) and of a
mass between 0.6 and 1.5 kg were placed in a card board container, equipped with an
annulus to accommodate the neutron source, which after the irradiation was replaced by
a 76 x 76 mm NaI(Tl) scintillation crystal. For the irradiation a thick paraffin cylinder of
100 cm diameter and 150 cm height was used. The neutron source was Pu-Be whose
yield was about 5.5 x 106 neutrons/s. A multichannel spectrometer was adapted to
record gamma-rays in two broad energy channels, the first one of a 300 keV width for
the 843 keV gamma-rays, and the second one of 500 keV width for gamma-rays from
the 1780 keV region. The first energy window corresponds to the gamma-rays of Mg
(843 keV), created by the neutron induced reactions on magnesium, aluminum and
silicon isotopes and to the Mn (847 keV) gamma-rays which result from activation of
stable isotopes of the manganese, iron and cobalt. The higher energy window allows to
record the gamma-rays of Al (1779 keV) resulting from activation of aluminum
and silica isotopes and those of Mn (1811 keV).

The sequence of activation, cooling and counting procedure was as follows: 20 min.
irradiation, one minute cooling and 1000 s counting.
A typical gamma-ray spectrum of a coal sample recorded using the scintillation
spectrometer mentioned above is shown on Fig. 1.
The counts N! andN2, corresponding to the lower and higher gamma-ray energy

intervals and normalized to a unit mass, were then used to construct linear regression
equations relating the Nj and N2 values to the ash content and ash fusion temperature.
Borehole experiments were performed using a borehole scintillation spectrometer
described by PalkaflO]. A Po-Be neutron source of about 107 n/s yield was separated
by a 1.5 m spacing from a 35 x 70 mm Nal(Tl) crystal; the logging velocity was equal to
1 m/min and the gamma-rays were detected in the same wide energy intervals as those
adopted in the laboratory measurements. Net count rates were corrected for the natural
background, and coal seam thickness. The last data were known from a natural gamma-
ray log. The combined data from three logged boreholes, about 1.5 km deep each,
which intersected more than 20 coal seams (for which the bore-core samples had been
collected) were used to construct the regression equations for ash content and ash fusion
temperature.
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3.RESULTS AND DISCUSSION

3.1.Natural gamma-ray
The concentrations of potassium, uranium and thorium in the analysed bore-core

samples shown are in Fig.2. Generally the presence of potassium and thorium in coal
reflects the amount of mineral admixtures (clay, shale) within the coal sample. Hence,
clean (low in ash) coals usually exhibit low concentrations of these elements.

The concentration of carbon in coal, known from standard chemical assays, linearly
decreases with the increase of uranium content, as shown in Fig.3. All these factors make
possible to calculate the ash content, calorific value of coal and carbon content using the
data on potassium, uranium and thorium concentrations in coal. This is demonstrated in
Table 2.

The ranges of the coal parameters in the analysed samples were: 5-35 wt % for ash
(A), 17-32 MJ/kg for calorific value (Q)and 43-72 wt% for carbon content (C).
The concentrations U, Th and K demonstrate a differentiation for various rocks

lithologies: e.g. mudstones and shales are much richer in thorium and uranium than coals
and sandstones.The latter two rock types have, on the other hand, a markedly different
potassium content. All these results suggest that the coal seams could be easily separated
from the embedding rocks on a spectrometric natural gamma-ray log, especially due to
the low uranium content. The lithology of rocks can be determined when the
concentrations of all the radioéléments are taken into account. This can be helpful in the
identification of given stratigraphie layers in the lithologie profile. Such a conclusion can
be drawn from Fig.4, where discrete results for K, U and Th concentrations are plotted
for a 30 m long interval of a borehole, corresponding to the coal-bearing part of the
profile. The spectrometric gamma-ray data give more information on the deposit than the
classical (total) natural gamma-ray log (GR) can be helpful in the identification of given
stratigraphie layers in the lithologie profile. Such a conclusion can be drawn from Fig.4,
where discrete results for K, U and Th concentrations are plotted for a 30 m long interval
of a borehole, corresponding to the coal-bearing part of the profile. The spectrometric
gamma-ray data give more information on the deposit than the classical (total) natural
gamma-ray log (GR)natural gamma-ray log (GR) 1500 C.

Ash content and ash fusion temperature, calculated from the neutron activation data and
determined by conventional laboratory analyses are compared in Figures 5 and 6,
respectively.

The results of analogous borehole measurements are presented in tables 4 and 5. Table
4 contains the regression equations for ash content and ash fusion temperature.
These calibration equations were then used for determination of the ash parameters for
other coal seams; some examples of confrontation of the logging results as compared with
the ash parameters determined from core samples by conventional methods are shown in
Table 5.

4.CONCLUSIONS

Experimental investigations of natural gamma-ray spectra have shown that quantitative
determination of the ash content, calorific value and carbon content by natural gamma-ray
spectrometry was feasible.

Natural gamma-ray measurements of the carboniferous rocks of the Upper Silesian
Coal Basin have shown that the specific activity of shale and mudstone is higher than that
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of bituminous coal. These observations can be used to identify lithology, to determine the
thickness of the carboniferous layers and to separate dirt bands from coal during
exploitation and processing.

The natural gamma-ray log is relatively simple fast, inexpensive and more
attractive than any other nuclear method since it does not require application of
radioactive sources.

The neutron activation technique proved to be useful for rapid assays of coal samples
and for localization of coal seams as a well logging method.

The obtained results demonstrate feasibility of determination of the coal ash
parameters: ash content in coal and ash fusion temperature by the neutron activation
method, both in laboratory and through borehole logging.
The latter application enables the geologists to determine parameters of coal as the
industrial fuel at the early stage of evaluation of a coal deposit.

Table 1.
Statistical correlation between concentration of main elements and parameters of coal.

Relation

A=A(Al,Si)
A=A(Si, AI, Fe, Mg)
Q=Q(C)
Q=Q(A)
0=Q(A, W)
0=0(A, W, C, H)
t=t(Si, Al)
t=t(A, Si, Al)

Correlation coefficient
R

0.95
0.99
0.98
0.79
0.97
0.99
0.76
0.78

Mean standard
deviation o
0.7 wt %
0.5 wt%
600 U/kg

2100 kJ/kg
400 Id/kg
250 kJ/kg

38 °C
36 °C

Table 2.
Coal parameters:ash content A (wt %), calorific value Q in (kJ/kg) and carbon content C
(wt % ) as calculated from the results of the determination of uranium Cv (ppm ),
thorium CTh (ppm) and potassium CK (wt % ) from Upper Silesia coal samples.

Equation

A = 3.27 + 21.36CK + 1.62 Cv + 0.61 C^
Q = 2900 - 2570 CK - 1330CtJ + 95 C^
C = 72.69 - 4.75 Cy

Correl. coeffic.
R

0.98
0.89
0.97

Mean stand,
deviation o

1.2wt%
1250 kJ/kg

2.5 wt %
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Tables.
Regression equations for ash content A and ash fusion temperature t from counts Nj and
N2 recorded after activation of coal samples.

Equation

A (wt %) = 4.02 + 6.47x10 N
t(0C)=1216-0.003N!+0

!- 7.84x10 N2

045 N2

Correl.coeffic.
R

0.90
0.92

Mean stand,
deviation a

1.5wt%
35 °C

Table 4.
Regression equations for ash content A and ash fusion temperature t from (normalized
and net) count rates nj and n2 recorded in the neutron activation borehole logging.

Equation

A = 45.6- 0.94 nj
t =1290- 0.08 n!

- 0.28 n2

+ 0.17n2

Correl.coeffîc.
R

0.90
0.76

Mean stand,
deviation a

3wt%
45 °C

Table 5.
Comparison of ash content and ash fusion temperature in eight coal seams determined by
laboratory conventional analysis on core samples - (LA) and calculated from the neutron
activation logging data - (NA).

Thickness (m)

1.5
0.9
0.8
0.7
1.4
3.0
2.0
0.8

Ash content in coal (wt. %)

LA
16.1
8.7
20.6
13.0
18.7
9.5
11.2
13.8

NA
14.0
9.2
22.3
15.0
21.3
8.2
9.5
11.0

LA-NA
+2.1
-0.5
-1.7
-2.0
-2.6
+1.3
+1.7
+2.8

Ash fusion temperature (°C)

LA
1400
1340
1330
1280
1440
1280
1360
1240

NA
1370
1380
1300
1340
1400
1260
1350
1290

LA-NA
+30
-40
+30
-60
+40
+20
+10
-50
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Fig.I. Typical gamma-ray spectrum of coal recorded using scintillation spectrometer.

Fig.2. Concentration of thorium, potassium and uranium in Upper Silesia carboniferous
rocks and their mean values for mudstone (M), shale (S), sandstone (St) and coal(C).
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Fig 4 Total natural gamma-ray log using a non-spectrometric probe and the determined
concentrations of K,U and Th.
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Abstract

X-ray fluorescence method using backscattering for the
determination of ash in domestic coals were studied in their as-
received forms. Fluorescent intensities from major content of
mineral matter such as Ca, Ti, Fe, singly and their combinations
were employed in conjunction with the reciprocal of the backscat-
tering intensity in a empirical relationship- The results of the
analysis are to vary from 6 to 40 %.

Similar equations, for sulphur and calorific values of
domestic coal were developed in the basis of the Compton and
Rayleigh intensités originate from the all scattering properties
of coal elements. Sulphur contents are about between 1.2-4.5 %
and calorific values of same samples are found 35OO-51OO Kcal/Kg.

The relationship between the scattering of X—rays from
coal samples and their ash, mineral matter were presented in
terms of linear and second order polynomial functions for samples
comprising ash from 6 to 25 %. The method was employed to assess
the Rayleigh and Compton intensities of 22-25 keV X-rays as a
means of providing material specification not obtainable with
conventional methods.

1. INTRODUCTION

Turkey has large resources of coal mostly lignite reserve.
Under the management of Turkish Coal Enterprises (TKI) there are
12 subsidiary establisments producing coal and marketing.Coal
produced is consumed in three sectors, thermopower stations,
industry house hold and commercial heatings. Thermopower sta-
tions consume over 75 % of coal produced by TKI.
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The total coal production increased to an estimated 5O
million tons during 1993. Low quality domestic coal yields large
amounts ash and sulphur making it less desirable for applica-
tions.

In coal industry non-nuclear methods are being used which
is having highly time consuming conventional procedure. There is
a considerable demand for a rapid and sensitive method of moni-
toring coal ash not only in coal industry but also for power
station and steel industry.

One of the requirements is that of the Turkish Coal Enter-
prises and concern analysis technique of ash in coal has rapid
analysis time, adequate sensivity, simple sample preparation.The
technique described in this work was developed primarily to meet
these requirements.

The idea of applying XRF technique to analysis of the ash
content of coal is not new. A wide range of nuclear techniques
have been carried out in details during the last decades for
studies of coal in this way [1-6].

The applications of nuclear techniques in exploration,
mining and coal preparation, in particular, have been reviewed by
Clayton [7]. An XRF technique involving a 3O mCi Pu-238 as a
source and a two channel thin Nal(Tl) crystal spectrometer was
developed for the analysis of coal ash samples by Narayana et al.
[8]. Rao and co-workers [9] applied fundamental parameter ap-
proach for the analysis of coal ash by EDXRFS. Renault has tried
to develop a relatively simple XRF method for determination of
ash in New-Mexico coals using a Cr tube [1O]. Dziunikowski and
Stochalski have determined the ash content by measuring the XRF
of some minerals with a diffraction spectrometer [11].

Dale and Matulis have demonstrated that the ratio of the
Rayleigh(coherent) to Compton(incoherent) intensity is a suitable
measure of the mineral matter in coal [12].
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In proposed paper the determination of ash, sulphur con-
tent and calorific value of Turkish coal by means of X-ray back-
scattering method, have been studied in details. Ash monitor
system using XRF was constructed for testing some domestic coal
samples. Besides that, the relationship between the scattered X--
rays from coal samples and their ash, mineral matter have been
presented in terms of linear and second order polynomial func-
tions.

2. X-RAY BACKSCATTERING METHOD

Impingent X-rays are scattered by atoms of the sample,
both coherently (Rayleigh) and incoherently (Compton). Incoher-
ently scattered X-ray photons suffer an energy loss which grows
larger as the angle of scatter increases while coherently scat-
tered photons have the same energy as the primary photons regard-
less of scattering angle. The probability of scattering in the
medium into the elemental solid angle do in the direction 0,
depends on the differential scattering cross section for the
scattering angle ça and the atomic number Z of the substance.

The cross-section of a free electron for incoherent scat-
tering in a direction 0 is given by the well-known Klein-Nishina
equation

da l E' n r E E'(——)2 f—— - —— - sin20 l (1)
P L F» p JdQ 2 E

where r_ = Z.SxlO"*3 cm is the classical electron radius. All_Q
definition of symbols is given in Table 1.

The differential cross—section for Compton scattering is

da l r -i~2r ,, a2(l-cos0)2 -,—-—=—— re2 l+a(l-cos0) l+cos20+ —————————— S(X,Z) (2)
dQ 2 L J L l+a(l-cos0) J
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The differential cross-section for Rayleigh scattering is

r 2 (H-cos20)[F(X,Z)] 2 (3)
d o 2 e

S(X,Z) incoherent scattering function and F(X,Z) atomic
form factor values have been calculated theoretically, generally
based on the Hartree-Fock or the Thomas-Fermi models of electron
distributions and tabulated by Hubbell et al.[13]_

The expression for primary fluorescence intensity can be
used to calculate scattered intensity [14]. Consider an infinite-
ly thick specimen, the intensity of the incoherent (Compton) peak
is

_ ro Kl ginc

Similarly, the intensity of the coherent (Rayleigh) peak is

.^— t-con
A US(E)

K2 is a constant slightly different from Kj^.

The Rayleigh-to-Compton ratio (R/C) is then given by

R T Kn J.̂ .̂K ^2 con _. ' ï» ~ ' • => - • _ f£\

c line Kl

It is evident, R/C can be simplified by ns(E)« MS (E*)

approximation. Furthermore, the R/C is independent of mass ab-
sorption coefficients while the intensity of the scattered radia-

tion and the intensity of the fluorescent radiation are a measure

of the mass absorption coefficient of a composite matrix.
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At this point, coal may be considered as a two-component
mixture consisting of organic fuel substance (low Z medium) and
incombustible mineral matter (high Z materials). The composition
of minerals is a useful guide to the ash content of the coal. The
physical technique of radioisotope X-ray backscatter for measur-
ment of total ash includes compensation to reduce errors due to
variations in ash composition. The incoherently backscattered X-
ray decreases with increasing ash content in coal with inverse
relation. The total ash content was computed by following regres-
sion equation [15].

B
Ash(%) = —————— + E Cili -t- D (i=Ca, Ti, Fe) (7)

where
B, C^, D are the coefficients.
Ij is the fluorescent intensity from the i-element (Fe,Ca,...).
1^ is the intensity of incoherently backscattered beam

B, Cj, D were obtained by multiple linear regression that
is the technique of least-squares fitting which we have develop
fall under the general name of regression analysis. Calculations
were made after including in the equation characteristic intensi-
ties from elements taken singly or various combinations.

Following equation illustrates empirical relationship
between ash content, coherent and incoherent backscattered peak
intensity. It can be written in the same form of Eq.(7)

B
Ash(%) = ——— + E Cili + A-Ir + D (8)

where

A,B,Cj,D is coefficient
Ir is coherently backscattered intensity.
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Modified Eq.(7) was proposed for ash monitor

8
Ash(%) = ——— + C-I__ o r a -I- D (9)

It
"anorg

where

B,C,D are coefficients
It is backscattered peak intensity
Ianorg is peak intensity of anorganic elements

All coefficients are obtained by multiple regression
analysis method using coal specimens of known ash content

3. ASH ANALYSIS [16]

The experiments were performed using energy dispersive X—
ray spectrometer at Ankara Nuclear Research and Training Center.
A selection of well characterized Turkish coals were used to test
the method. About fifty coal samples from different mines were
obtained from Turkish Coal Enterprises.

Each sample was powdered to -1OO mesh size and briquetted
under 1O T pressure. A technique which has been adopted with
success is based on taking three separate sub-samples from each
of coal samples and NBS reference material of coal.The amount of
the samples was taken at saturation level that the intensities of
each scattered peak and XRF peak of mineral matter were independ-
ent of amount of material.

The most important consideration in using the backscatter-
ing of X-rays in this application is the choice of incident
radiation energy and this is governed by the variations in the
composition and concentration of mineral matter in the coal. The
mineral matter of each coal sample was determined by XRF analysis
using Pu-238 which has X-rays with E>7.11 keV (Fe K absorption
edge).
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Fig.1 illustrates domestic coal spectrum by Pu-238 excita-
tion source. Its X-ray lines are slightly above the absorption
edge of mineral elements. The schematic diagram of the experimen-
tal setup used in all experiments is shown in Fig.2.

The system has an annular symmetry around the vertical
axis. Canberra Si(Li) detector having the resolution of 21O eV at
5.9 keV was used for detection. Its active area is 80 mm2. The
detector was connected with high quality commercial NIM electron-
ics, 8192 channel analyzer and IBM computer.The known reference
materials and unknown coal samples were analyzed with instrumen-
tal parameters set identical to above mentioned setup and meas-
ured backscattering and fluorescent intensities of Ca.Ti.Fe
simultaneously.

It can be seen in Table 2 the calculated values of B,C^
and D coefficients for single or various combinations of elements
and the corresponding R - square values were determined. The ash
content for each coal sample was obtained using experimental 1^
and Ij values and calculated B, Cj , D constants.

The results of ash content in lignite samples were summa-
rized in Table 3 . Geometrical shape of the ash content as de-
fined in Eq.(7) for Compton scattering with mineral element
intensity is given Fig.3.

4. SULPHUR CONTENT AND CALORIFIC VALUE OF COAL [17]

Similar sample preparation was applied and experimental
setup was used for measurement of sulphur and calorific value of
domestic coals.

Sulphur is compounded with mineral in mined coal mostly
iron which is dominant element of ash. Sulphur content in domes-
tic coal was determined by using standard comparison including
backscattering method by Eq.(7).Regression coefficients for
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sulphur expression are given in Table 4. Results of analysis are
illustrated in Table 5.

This technique can be employed for the measurement of
calorific value of coal using similar consideration inversly with
Eq.(7). Calculated regression coefficients for calorific value
are given in Table 6 by using NBS reference materials. Calorific
values of domestic coal samples are summarized in Table 7.

5. ASH MONITOR

Ash monitor system using X-ray fluorescence was designed
for testing some coal samples in laboratory. Cd-lO9 radioisotope
source » Nal detector , portable MCA and necessary NIM modules
are the component of the monitor system (Fig.4). Spectrum of X-
ray fluorescence of mineral elements and backscattered x-rays of
coal sample, which is obtained with ash monitor, is illustrated
in Fig.5.Regression coefficient values are given in Table 8
according to Eq.(9).Ash content in domestic coal , measured by
ash monitor are summarized in Table 9.

6. ASH , RAYLEIGH / COMPTON , MINERAL MATTER RELATIONSHIP [18]

The scattered radiation generally regarded as a nuisance
due to contribution to background intensity. However , the method
of using Compton scattering intensity has been employed for
correction of absorption - enhancement effect in some cases.Since
the strong dependence of the Compton intensity on the matrix
mass attenuation coefficient and chemical composition of the
sample, it has been used to determine the ash content of coals.
This method has received increasing attention in recent years
which allows treatment for the XRF of iron in coal.

The fundamental reason for using scattering intensities
in addition the fluorescence X-rays emitted by samples are to
obtain information on the sample composition furthermore is
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related to determine heavy elements In light matrix. Besides
that, the suitability of Rayleigh / Compton intensity ratio to
ash of coal which is normally taken to be equivalent to the
mineral matter were depicted with functions.

The coal samples ( see Table 9 ) were irradiated a mono-
energetic X-ray source which is emitting 22 - 25 keV X-rays.The
measurements of characteristic X-rays following K-shell ioniza-
tion and backscattered X-rays were carried out with measurement
component that described in Section 3 . The spectrometer is
optimized for resolution and energy calibration. The use of
method has facilitated the study of the relationship between
coherent and incoherent scattered radiation and chemical composi-
tion , leading to the evaluation of ash content of coals. The ash
content in coal samples from different mines was found to vary
between 6 and 25 %.The results , which are shown in Table 1O ,
indicate relationship between scattered X-rays and compositional
data of coal presented in linear quadratic forms.

The use of different relationship gives varying degrees of
fits [see Figs.6-9].The equations have permitted detailed exami-
nation of the factors influencing the method.

7. CONCLUSIONS

The X-ray backseattering method using some assumptions
and expressions has been applied to determination of ash percent
, sulphur content and calorific value of Turkish coals.

About seventy domestic coal samples were analyzed by
proposed method and the results show that ash content varies from
6 to 40 % in samples-Sulphur contents are about between 1.2-4.5 %
and calorific values of same samples are found 3500-51OO Kcal/Kg.
All results were obtained by experimental IL.., I_, ZI^ values and
calculated A,B,Cj[,D values by multiple linear regression
method.Incoherent and coherent backscattering were employed
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singly and totaly. The agreement between XRF and Turkish Coal
Enterprises results is fairly good for all cases.

As a result of the improvement in experiments mentioned
above, ash monitor was designed in order to test some domestic
samples in laboratory.Analysis of these samples gave results
which were in excellent agreement with the expected values and
verified the suitability of this calibration procedure for deter-
mining of qualification of coal .The calibration demonstrates the
validity of this procedure for samples of varying mineral matter,
mostly iron content, because compensation for XRF of Fe is essen-
tial for estimation of the ash fraction.

Disadvantage of method is limited particle size accept-
ance but use of higher energies or fine grinding of sample over-
come this trouble.Work along ash monitor on field is in progress.

Table 1. Definition of symbols

E, initial energy of the photon
E', energy of the scattered photon
0, scattering angle
a, E/m0c2
m0, electron mass
c, speed of light
S(X,Z), incoherent scattering factor
Z, Atomic number of the scatterer
X, sin(0/2)/A
^, initial wavelength of the photon
F(X,Z), atomic structure factor
K^, proportionality constant for incoherent equation
IQ, intensity of the incident radiation
ainc ' mass incoherent scattering coefficient
Ms, mass absorption coefficient of specimen
A, geometrical factor
l<2, proportionality constant for coherent equation
°coh » mass coherent scattering coefficient
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Table 2. Calculated values of B,C.,D and R for various combination
of elements

i

Ca.Ti.Fe

Ca.Ti

Ca.Fe

Ti.Fe

Ti

Fe

Ca

ru-i n^ *UX1U • ... -.

Ca Ti

1.418 -4.785.10^ -«<.907.10~5

1.167 8.422.10"6 -it.SSS.lO"''

1.058 1.765.10"1*

1.176 - -4.936.10~6

1.167 - -4.314.10"^

1.138

1.171 -6.591.10~5

D
Fe Sr

-8.111.10~11 - -0.43H

-1.929

2.185.10"5 - -3-157

-1.591.10~6 - -1.847

-2.881

-6.197.10~5 - -1.968

-2.784

R2

0.998

0.998

0.997

0.997

0.994

0.992

0.994

Fe.Sr

Fe

6.926

7.744

Table 3 . Results of ash content

Coal fields in Turkey Coal mines

Önen I

Soma
Ege Önen II

Denis
Darkale

Alpagut I

Alpagut II

Alpagut-Dodurga Ayvaköy I
Dodurga
Ayvaköy II

Seyitömer I

Tunçbilek I
Tunçbilek II

Garp
Tunçbilek III
Seyitömer II

Dumansiz yakit

4.588.10~1*''2.856.10~1' -10.22

1.954.10^ - -8.505

in lignite samples

XRF TCE
calculated % ash reported % ash
(average values) (limit values)

14.98
15.32
20.10 12-42

22.58
40.24

11.50

17.74

23.34 12-35
27.41

35.24

23.07

31.32
32.59

18-45
34.03

37.35

23.90

0.982

0.982
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Table 3 . (cont.)

Coal fields in Turkey

Marmara

Konya

Guneydogu Anadolu

Guney Ege

Dogu

Ahin-KIbibtan

Bolu

Orta Anadolu

Sivas-Kanga!
«

Coal mines

Can I

Can II

Keles

Orhaneli
Can III
Saray I
Saray II

Ilgm

Ermenek
Beysehir

Silopi 1
§irnak I
Silopi II

Sirnak II

Yatagan

Sekkoy I
Sekkoy II
Sekkoy III

Bagyaka
Tmaz

OIiu Sutkans I

Kukurtlu

Ispir

Karhova

Oltu Sutkans II
Oltu Balkaya

Ki^lakoy I

Ki^lakoy 11

Goynuk

Çayirhan I

Çayirhan II

Kalburçayi

XRF TCE
calculated % ash reported % ash
(average values) (limit \alues)

7.86

9.83

10.04

10.22 10-30

11.53

25.11

26.13

11.46

19.20 11-35
32.83

2746

2944
20-15

31 60
38.01

16.69

25.09

27.00
15-29

27.95

28.11

29.15

12.92

2081

21.86
10-30

24.24

25.23

26.02

22.02
13-2U

21 65

12.55 10-15

26.94
20-28

28.04

1971 15-30
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Table 4 . Regression coefficients for sulphur

i B x 1O6 C± x 10~5 D R2

Fe 8.31 4.4 —4.48 0.99

Table 5 . Results of sulphur analysis

Sample

KLI

ELI

OAL

ADL

DLI

MLI

S , %

(XRF)

4.2

1.2

4.8

1.8

3.2

2.4

S o/, -6

(TKI)

4.0

1.2

4.8

1.8

3.2

2.4

Table 6 . Regression coefficients for calorific value

B x 1010 Cj X 1O~2 D x 1O3 R2

Fe -1.48 2.O2 13.78 O.99
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Table 7 . Calorific values of domestic coal

Sample Calorific value
Kcal/Kg, (XRF)

Calorific value
Kcal/Kg , (TKI)

KLI
ELI
OAL
AOL
DLI
MLI

4100
4950
36OO
35OO
5100
475O

400O
49OO
35OO
35OO
515O
475O

Table 8 - Regression coefficients for ash monitor

8 x 1O7 C x 10~5

2.06 9.6O 8.89 0.99

Table 9.

Coal fields
in Turkey

Ege

Güney Ege

Orta
Anadolu

Garp

Afsin-
Elbistan

Alpagut-
Oodurga

Konya

Marmara

Result of

Coal
mines

Soma
K.dere I
K.dere II
Deniç I
Denis II

Yatagan
Tinaz
Bagyaka

Göynük
Cayirhan

S . öme r I
S. ömer II
Merkez

Elbistan

Merkez

Ilgin

Can

ash content in

XRF
Calculated % ash
(average values)

6.3
9.4
6.4

20.6
20. 7

1O.5
11.2
15.2

15.8
25.3

8.O
12.0
12.3

15.2

7.5

8.9

17.2

domestic coal samples

Ash monitor TCE
Calculated % ash Reported % ash
(average values) (limit values)

6.2
9.0
6.5 9 - 2 5

2O. 5
19.2

1O.4
11.4 10 - 25
14. O

16.8 15 - 28
25. 0

8.4
11.8 5 - 1 5
12.2

14.5 5 - 2 0

8.5 5 - 2 0

8.2 5 - 2 0

17.1 10-30
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Table 10. The relationships between Rayleigh (R) and
Compton (C) and mineral matter (MM) and ash.

Relation Fitted curve Correlation
Coefficient

MM - R/C
Ash - R/C
Ash - MM
Ash - 1/C

quadratic
linear
quadratic
li nea r

O.992

0.980

0.991

0.993

TIME (L) = 5000
PSET (L) = 5000

OCHNo. VFS = 8192

CRT = (01 -04) UNIT No. 1.1 DT = 0%
TAG NO. = 0
1023 CH No.
CANBERRA

c
o\J

ca»

300

cot->
Q.
£ou

600
Channe l n u m b e r

900

Figure 1. The spectrum of domestic coal by Pu-238 source.
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) Sample

Pu Source
Collimator

Multichannel
analyser

IBM XT

Plotter
Printer

Figure 2. Electronic block diagram of setup

ASH(%)

219428
38S5

9795
340280

551718 20164

Figure 3. Representation of the geometrical shape of the
ash content for Compton scattering with mineral
elements intensity.
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Figure 4. Ash monitor

Anorganic

,-v'v

_ta Scattering region

512
Channel number

Figure 5. Coal spectrum by ash monitor
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Mineral matter (xlO )

Figure 6. Relationship between R / C and mineral matter for
coal samples.

91 r-

o

o
ex

51 —

i i i l i/ i i l i i i i l i i_ i i l i i i i 1.1 i < i J
0 5 1 0 1 5 2 0 2 5 3 0

Ash (%)

Figure 7. The ash content in coal plotted against R / C.
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Figure 8. Relationship between ash in coal and mineral
matter.

0.57

0.53

0.49

0.45

0.41

0.37 i i i i l i/i i i l i i i i i i i i i l i i i i l i i i f I
0 5 10 15 20 25 30

Ash (X)

Figure 9. Measured 1 / C by the ash content
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APPLICATION OF NUCLEAR TECHNIQUES
FOR ANALYSIS OF VIETNAMESE COAL AND
EMBEDDING ROCKS
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NGUYEN MANH HUNG, NGUYEN THI HONG,
VU HOANG LAM
Institute of Nuclear Technology,
Department of Nuclear Tecniques Application in Industry,
Viet Nam National Atomic Energy Commission,
Hanoi, Viet Nam

Abstract
In the paper the result of elemental analysis by

Nuclear Techniques of Coal and Embedded rocks samples from
Vietnamese Quang Ninh and Thai Nguyen basins were presented.
Methods used were: Neutron activation Analysis at Dalat Reactor,
low counting with HP-Ge and NaJ detectors and X-ray fluorescent
analysis with planar Si (Si) detector. Mean concentrations of 19
elements in coal and 9 in rocks were determined. Correlation
between concentrations of elements were found. Tt appears that
the correlation between ash constant and U, K, Th, concentrations
was poor for Quang Ninh antracitecoal. Correlation coefficient
was found to be 0,63 for ash range 0-40%. Content of Th in
anthracite Quang Ninh coal was much higher than reported in
literature for subbituminous, bituminous and lignite coals,
while Thai Nguyen fat coal contains considerable amount of Cu,
Pb, Zn. Obtained data were useful for evaluation of potential
hazard for environment from using coal as fuel for coal fired
power plants, for estimation of possibility of using nuclear
technique in coal industry in Vietnam. They could be used also
for geochemical investigations. The simple of-line coal ash gauge
basing on attenuation of soft gamma radiation from Fe-55 was also
described.
INTRODUCTION

Recently in coal exploration and exploitation more
attention is draw up to the aspects of potential hazard for
environment by using coal as a fuel for coal fired power plants
and, on other hand, the possibility of using coal natural radio-
activity for low cost, non-radioactive source ash gauge [1], Up
to now the correlations between natural radioactivity and ash
content were published for subbituminous, bituminous and lignite
coals [1]. There were no investigations for anthracite coal.
Earlier, since 1950's the fact that coal low level of natural
radioactivity in comparision with embedded rocks have been used
to identify coal seams and measures their thicknesses [2].
Variation in chemical composition, especially Fe, Ca, Ti, Mn, in
coal ash also influence strongly on precision of coal ash gauge
based on the principle of gamma ray attenuation.

In Vietnam, total estimated reserved of late Triassic
coal is 6,600 millions tons. Among them 6,500.' million tons of
coal belong to the Quang Ninh basin, where the coal industry has
been developed. The coal production of Vietnam for period between
1955 to 1990 is more than 136 million tons. From 1989 in Vietnam

131



the coal production became to decrease from 6,5 million tons (in
1988) to 3,5 million (in 1990). But , as an important
branch of National Economics, the coal industry is estimated to
increase its production to the value of 9,5-10 million tons in
2000 year. Development and applications of the nnclear techniques
in the coal industry is one of the ways to improve the quality
of coal and support the production raise. In Vietnam since 1980s
this investigation of nuclear gauge in the coal industry has been
carried out [3,4].

In this work the content of trace elements in
Vietnamese raw anthracite coal and embedded rocks were determined
by nuclear analytical techniques, conclusions were made on
possibility of using natural radioactivity ash gauge, potential
impact on environment from using coal as a fuel could be
estimated from coal elemental composition determined.

The work was the first attempt to use nuclear
techniques for multielemental coal and embedded rocks analysis
in Vietnam, so the results are somewhat modest. Undoubtfully,
much larger programme should be formed for full scale
investigation of the problem.
EXPERIMENTAL

57 samples of coal and 18 samples of rocks (Sandstone,
Aleurolite, Argillite) from Thai Nguyen and Quang Ninh basins
were collected. Each sample weighting 300-500 g were grinded to
the grain size 0.02 mm and finer for fluorescent analysis.

NAA for determination of Cu, Zn, As, Se, Hg, Ni, Co,
Th, U contents were carried out in the Dalat nuclear
reactor. The analytical procedure was following : irradiation in
dry channel with neutron flux 2xl0lz n. cm'1 s with standard
samples, cooling time was 7-15 days, measurements were made with
gamma spectrometry system consisting HP-Ge 70 cm3 coaxial
detector coupled to multichannel analyzer Canberra 40 and PC/AT
computer. For determination of Hg, Se, Cu, was used radiochemical
separation by wet extraction in Dimethyl dithyo carbonate Pb and
dithyson and combusted method described in [5]. Some of gamma
spectrogrammes obtained by NAA are shown in fig 1. Standards were
prepared from high purity graphite powder as matrix and addition
of certain quantity of Zn, Cu, Ni, Cd, Hg, U, Th in solution. By
this content I, 3, 10 and 30 ppm. Lower content of elements were
determined by method linear expansion. For checking of analytical
procedure IAEA standard sample SRM-1633A was analyzed. In table
1 the result of analysis of SRM-1633 was presented.

Low counting techniques including Hp-Ge 70 cm3 detector and
BICRON NaJ crystall coupled to CABERRA-40 multichannel analyzer
were used for natural radioactivity mesurement. HP-Ge detector
has sensitive volume 66 cm3 and resolusion l,77Kev at 1,33 Mev.
Obtained data were proccessed by EMCAPLUS fitting programme of
SILENA company.

Determination of U, Th, K was carried out by Nal 7x7 cm
detector and 4 channel analyzer with convertional procedure of
solving of the system of 3 equations for eliminating the
interplay between these elements. Detection limits for U, Th
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determination for measurement at Dalat reactor by activation
analysis were 0.01 ppm, for low counting device, with Hp-Ge
detector was 0.1 ppm (24 hour measurement) for Naj dévide were
0.5 ppm (U), 0.1 ppm (Th) and 0.08% (K). To avoid non-equilibrium
effects all samples measured were sealed for 30 days before
measurement. Gama-Spectrogrammes of natural radioactivity
obtained by Hp-Ge detector were shown in the picture 2.

21 samples were analyzed by X-ray' fluorescent device
including Si (Li) planar detector with resolution 160 ev at 5,9
key. Electronic blocks (preamplifier, amplifier, HV supply and
multichannel PC based analyzer ) were suppliedby SILENA company.
Each sample weighted 10-20 mg. Excitation source-Cd-109, 30mCi.
Measurement time - 3 hours for one sample. Standers used were
combination of NBS River Sediment, Orchard leaves, bovine liver,
milk powder, dried blood. Measured data were processed by X-ray
fluorescent analysing programme AXIL. X-ray spectrogram is shownin the picture 3.

RESULTS AND DISCUSSIONS.
The contents of non radioactive trace elements in associated

rock samples and coal of Quang Ninh and Thai Nguyen basins were
shown in the table 2,3. The concentration of heavy metals (Pb,
Hg, Cd) for rocks only a little higher than in Quang Ninh coal.
At the same time Thai Nguyen fat coal is very rich by Cu, Pb, Zn
(Cu and Pb 20 times higher than QN coal).

Variation in silicate components of Thai Nguyen and Quang
Ninh coal are shown in the table 4,5,6. The variation ranges of
Fe2O3, CaO, Tio2/ MnO that influence strongly coal ash gauges
basing on attenuation principle were much wider in Quang Ninh
coal basin than in the Thai Nguyen one. It can be concluded that
such gauge should be more favourable for working in the Thai
Nguyen basin. A special method should be applied for these type
of ash gauges working with Quang Ninh coal. In the last part of
this paper the method will be reported for of-line ash gauges
capable to overcome in large scale this difficulty. Among now
available on conveyor ash gauges it seems more suitable for the
Quang Ninh coal pair-production type [6].

The results of the natural radioactivity investigations were
presented in the table 7 for embedded rocks and coal. The
cocentration of U, Th, K for rocks from Thai Nguyen basin did not
differ significantly from Quang Ninh data. But while the content
of U and K were the same for both basins, concentration of
thorium for Quang Ninh Basin was much higher. The contents of U
and Th, K and Th showed no any significant correlation between
them. The fairly good correlation was established only for U and
K but only in the range K < 7000 ppm and U > 0,15 ppm. Another
correlation was between ash content and concentrations of U, Th,
K described by equation % ASH = AK + BU + CTh + D. The iteration
programme was created for determination of this correlation.
Correlation coefficient was found to be rather low. In the table
8 where shown correlation coefficients between content of several
elements and ash. Significant correlation was observed only
between ash and content of Sr, Y in wide range of Ash.
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Coal samples analyzed for estimation of the
correlations between ash and content of natural radioactivity
were collected from three mine of Quang Ninh Basin. They are raw
commercial coal samples conserved in mine's storeys. So they
could be from different seams and obtained results could be
considered as fact that different mines in Quang Ninh Basin have
"unrelated" seams and special investigation should be carried out
for every mine and may be for every coal lenses. Another
possibility was the weak relationship between natural
radioactivity and ash for anthracite coal that have not been up
to now investigated yet.
CONCLUSIONS

Determination of elemental composition of Vietnamese
anthracite, fat coal and embedded rocks had been carried out by
nuclear analytical techniques. Concentrations of up to 26
elements in coal and rocks were investigated. These data could
be useful for evaluation of potential hazard of using coal as a
fuel for coal fired power plants and coal ash for construction
material fabrication. They also could be useful for geochemical
investigation. It was observed that the content of Cu, As, Zn,
Pb, Se in Thai Nguyen embedded rocks were much higher ( by factor
of 4-13 ) than in Quang Ninh ones. Among them such poisonous
elements as Pb and As were higher by a factor of 8 and 13. In
coal, concentration of Cu, Pb, Zn in TNB were higher than in QNB
by a factor of 28,24 and 4 correspondingly.

Investigation of the natural radioactive elements
concentration in QNB raw anthracite coal has shown that there was
weak correlation between their concentration and ash values. The
reason for this phenomenon was explained either by "unrelated"
QNB coal seams or by special geological process of the anthracite
coal basin formation. In any case, undoubtfully the further more
detailed investigations were needed for full resolution of the
problem.

A simple ash gauge that had weak dependence on iron
content variation in coal ash was constructed as the first step
towards the nucleonic control systems application in Vietnamese
coal industry.

TABLE 1. THE RESULT OF ANALYSIS OF SRM-1633 SAMPLE
(Concentrations in PPm)

Method
Certified
values
N A A
A A S
Polarography
Low counting

AS

145

130

—

Cd

1.0
1.10

—

Cu

118

128
110
129
—

Hg

0.16

0.10
0.19
0.20
—

Ni

127

136

—

Pb

72.4

77.5
63.1
—

Se

10.3

9.0

—

Zn

220

210
231
228
—

U

0.2

0.25

12.1

Th

24,7

23.1

21.3
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Table 2
THE CONTENT OF TRACE ELEMENTS IN EMBEDDED ROCK SAMPLES

OF QUANGNINH AND THAINGUYEN COAL BASINS
(Determined by INAA, RNAA for all elements and AAS for Pb)

u«

Mine

Khechuoi

Dongvong

Trangbach

Cocsau
Khetam

Sample
Index

9215Q
9216Q
9218Q
9220Q
9222Q

9230Q
9231Q
9233Q
9235Q

9240Q

9243Q
9246Q
9248Q
9251Q

Name of
Sample

Sandstone
Aleurolite
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Aleurolite
Argillite
Argillite
Argillite
Aleurolite

AVERAGE CONTENT
Nui hong

Phanme

9261
9264

9269
9276

Sandstone
Sandstone
Sandstone
Aleurolite

AVERAGE CONTENT

Content, PPm
Cu
187
141

120
110
190

100
70
130
100

100

30
61
40
190

112
437

1270

190
260

539

As

18
10

8
12
18

10
10
6
0.4

0.2

16
12
10
40

12.2

143
140

210
150

161

Zn

63
70

55
64
80

40
38
60
100

40

20
19
50
181

62.9

500
400

360
290

388

Co

3.0
5.0

5.0
3.0
4.0
_
2.3
-

10
-

3.0
5.0
10
20
6.0
10
10
20
40

20

Ni

10
8

10
-
10
-
-
7
-

-

10• ' 10
-
40

13.1
-
40

10
10

20

Cd

0.8
0.2

0.3
0.2
0.4

0.2
0.4
0.1
-

0.2

0.3
0.2
0.1
0.4

0.3

0.4
0.4

0.4
0.9

0.5

Pb

90
85

35
20
40

20
50
40
15

20

19
20
30
150

44.5

360
560

250
190

340

Se
7.3
5.1
8.0
6.0
6.0

4.0
2.0
4.3
4.0

4.0

8.0
4.0
6.0
4.0

5.3

30
10

19
20

20

Hg

0.3
0.1

0.3
0.1
0.2

0.2
0.06
0.10
0.04

0.2

0.1
0.2
0.1
0.2

0.13

0.10
0.20

0.1
0.1

0.13



U)O\

Table 3 VARIATION OF THE NON-RADIOACTIVE ELEMENTAL CONTENTS OF COAL
FOR QUANGNINH (QNB) AND THAINGUYEN (TNB) BASINS , PPra

BASIN

QNB

TNB

ELEMENT

MIN - MAX

MEAN

NUMBER OF
SAMPLES

MIN -MAX

MEAN

NUMBER OF
SAMPLES

Cu
34,3-111.9

73.0

32

1640-2730

2085

8

Pb
13.0-63.4

34.9

30

730-895

843

8

Zn
40.4-163.3

71.1

32

201-425
318

8

As

5.9-37.0

13.6

27

6.1-7.5

6.8

8

Cd
0.1-0.5

0.3

11
—

0.7

8

Se
2.1-10.2
6.15

11

2.1-12.0

6.0

8

Cr
15.3-84.0

37.2

31

8

Ni
9.6-38.5

21.6

31

—

17.0

8

Hg
0.05-0.3
0.13

11

0.06-0.25

0.14

8

Ça
78.8-1060

372.2

16

BAS IN

QNB

ELEMENT

MIN - MAX

MEAN

NUMBER OF
SAMPLES

Ti

367.4-1691.8

1037.2

21

Y

3.9-16.2

9.3

21

Zr

10.2-94.5

34.4

21

Nb

1.9-5.1

4.0

21

V

30.2-148.9

74.2

16

Fe

928.9-12750

5249.2

21

Br

3.07-26.7

69.5

21

Rb
16.8-135.9

69.5

21

Sr

10.3-41.6

25.2

21



Table 4 VERIATION OF SILIKATE-CHEMICAL COMPONENT OF COAL ASH
(in the Hongai structural range)

COMPO
-NENT

SiO:

A1A

FeA

C£>

MgO

MnO

TiO2

DONC -TRIEU .

40.51 - 62.31
57.39

15.61 -31.25
26.33

1.95-26.13
10.64

0.18-3'.51
0.98

0.25 - 4.34
1.53

0.20 - 0.67
0.44

0.20 - 1.03
0.78

MAO - KHE .

34.76-68.10.
54A7

11.54-36.05
24.99

3.87 - 43.62
10.68

0.27 - -12.40
1.93

0.61 -5.74
1.62

0.01 - 0.43
0.12

0.30 - 0.97
0.69

G E O B L O C I

^nEN - LAP.

53.70 - 60.00
57.06

22.66 - 29.78
25.95

1.97 - 8.40
6.21

0.28 - 1.72
1.20

0.78 - 1.43
1.06

0.15 -0.18
0.16

0.04 - 0.87
0.59

C

HON - GA1

37.76 - 61.56
51.61

17.96-31.49
22.00

1.48-34.96
15.68

0.25 - 5.00
1.38

0.67 - 3.77
1.05

0.04 - 0.99
0.39

0.49 - 1.23
0.79

CAM- FA.
24.02 - 77.72

46.07

4.30 - 32.07
20.39

4.97 - 58.33
19.09

0.14- 10.27
2.32

0.12-5.06
2.37

0.01 -2.16
0.87

0.23 - 1.30
0.73

u>
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Table 5 VERIATION OF SILICATE-CHEMICAL COMPONENT OF COAL ASH

(in the Baodai structural range)

COMPONENT

Si02

A!2O3

FC2Ü3

CaO

MgO

MnO

Ti02

GEOBLOCK

Hothien

25,16-69,71
57,99

19,31-35,16
23,20

3,12-47,16
13,23

0,15-0,28
0,16

0,21 -2,13
0,33

0,21-1,23
0,92

0,26-2,91
0,77

Ycnlu

24,30 - 55,89
48,56

8,26-31,45
20,92

6,83 - 55,76
20,50

0,35 - 8,34
1,49

0,89 - 4,87
1,43

0,00-1,00
0,43

0,23 - 3,70
0,68

Dongvong

31,50-77,84
57,26

11,83-39,04
28,02

1,24-44,66
8,51

0,08-1,62
0,38

0,08-1,94
0,05

0,00 - 0,21
0,05

0,20-1,30
0,72

Average for Baodai Ragion

24,03 - 77,84
48,56

8,24 - 39,04
20,92

6,83 - 55,76
20,50

0,08 - 8,34
1,49

0,08 - 4,87
0,43

0,00-1,23
0,43

0,20 - 3,70
0,68



Table 6 THE VARIATION OF SILICATE COMPONENT IN COAL ASH OF THAI NGUYEN BASIN

A. NUI HONG MINE

Coal lense

I

II

Si02

49,91-67,70

60,87 (5)

9,17-72,1

40,2(19)

A1203

14,69 - 23,70

19,67(5)

3,94 - 26,50

12,53(19)

FC2Ü3

2,79- 10,47

4,29 (5)

1,59-54,99

' 17,01 (19)

CaO

1,61 -12,04

4,02 (5)

1,39-39,71

11,48(19)

MgO

0,48 - 0,85

0,68 (5)

0,03 - 2,84

1,03 (19)

MnO

0,02-0,71

0,25

0,31-0,65

0,45

TiOz

0,15-0,81

0,65

0,21 - 0,73

0,41

B. PHANMEMINE

1 34,12-45,94

38,70 (3)

15,50-22,94

18,41 (3)

22,02-31,99

25,58 (3)

4,37-10,45

6,76 (3)

0,92-2,91

2,02 (3)

0,06-0,30

0,21 (3)

0,63-0,75

0,66 (3)

MINIMUM - MAXIMUM

AVERAGE (AMOUNT OF ANALYSIS)



Table 7
THE CONTENT OF NATURAL RADIOACTIVE ELEMENTS IN RAW COAL AND EMBEDDED ROCKS

OF THAINGUYEN AND QUANGNINH BASINS

Type of sample
Basin

Coal
(Thainguyen)

Sandstone
(Thainguyen)

Coal

Sandstone
Aleurolite
Agrillte
(Quangninh)

U, ppm
Min - Max

Mean

0.21 - 0.43
0.30

2,51 - 3.57

2.92

0.03 - 0.66

0.21

1.61 - 4.5

2.27

Th, ppm
Min - Max
Mean

0.52 - 1.71

1.43

1.06 - 6.31

5.53

0.41 - 103.93

30.29

2.63 - 10.01

4.67

K of,/)
Min - Max

Mean

0.12 - 0.56
0.32

0.92 - 1.35
1.04

0.29 - 1.25

0.83

0.72 - 1.23

1.01

Table 8

CORRELATION BETWEEN ASH CONTENT AND CONCENTRATION OF ELEMENTS
IN QNB COAL AND CORRELATION BETWEEN SEVERAL OTHER ELEMENTS

CORRELATION
PARAMETERS

U, Th, K, Ash

Sr, Y, Ash

U, K

Th, U

K, Th

Z, U

Pb, Th
ü, Pb

DISCRIBED EQUATION

% Ash = 9.68U - 0.131TH - 0.002K - 5.44

% Ash = 0.805Sr + 2.114Y - 15.426

U = A •*• B.K
U = A + B.Th

K = A + B.Th

U = A + B.Zr

Pb= A + B.Th
U = A + B.Pb

CORRELATION
COEFFICIENT

0.63

0.89

0.57

0.62
0.57

0.32

0.68

0.48

ASH RANGE
"/lo

0-40

0-50

0-50

0-50

0-50

0-50

0-50

0-50

140
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Irradiation: 20m. Cooling: €0h. Measurement: 600s
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FIG. 1. Gamma spectrogrammes of samples after irradiation on dalat nuclear reactor.
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FIG. 2. Gamma spectrogrammes of natural samples.
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