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Preface

Coal has been the mainstay for power generation in both commercial
and domestic sector till 1960. With adequate supply of petroleum and
absence of cold war, in the post 1960 era, oil and gas started replacing
coal mostly because of latter's environment incompatibility. However after
Gulf

War, petrol became a strategic commodity and following Iraq war, the
price of oil started shooting up. This scenario once again generated fresh
interest in coal as a primary source of energy.

Attempts were made in the recent past to find an alternate fuel source
particularly by harnessing non-conventional energies (like solar, biomass,
wind, etc.) but with enough research done in last four decades, it is now
concluded that non-conventional energy can substitute only a small fraction
of our present energy demand. The other alternative, nuclear energy, having
reached its optimum developmental stage by now, economic calculation
indicates that it will be profitable to coal for power generation only at a
scale of 800 MW and above. Moreover in recent past earthquake and
tsunami in Japan has shifted the choice towards coal as a primary energy
source.

Further progress in research in the last two decades have provided us
means to generate power from coal in a more environmentally compatible
manner. With the advent of fluidized bed technology, it has now been
possible to effectively utilize our ever growing ash in coal in a profitable
manner while the technology helped bring down overall size of the power
plant to a minimal. The technology has also provided a means for utilizing
non-caking and non-coking high ash coal which is abundant in our country.

Coal-derived tar and pitch have already proven a unique store house
for a large number of important chemicals, which make them competent
to petrol. In fact, fresh calculations indicate that days are not far ahead
when hydrogenated tar can be used as an alternative to liquid fuel like
petrol.

In view of the fact that India has a large reserve of coal, emphasis should
be laid more on study and exploitation of coal for both our energy and
essential chemical feed stock. Unfortunately with easy availability of
petroleum fuel in last few decades, research and studies on coal has been
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neglected to a point when essential knowledge and information with respect
to coal has become very difficult to find.

The book is written with the above objective in mind and incorporates
ample references for further studies for serious readers. I hope the book
will be a helpful unified source of information on coal for both students
specializing in coal while provide a reference source for entrepreneurs
working on coal. Finally I would like to express my gratitude to the large
number of authors, partial list of whom have been given at the end of the
book, without whose generous contribution it would not have been possible
for me to write this book.

B. Mazumder
IMMT
Bhubaneswar
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Introduction

Oil embargo of 70s, together with uncertainty in future regarding supply
of oil, has resulted in the resurgence of interest in coal, an abundant raw
material reserve of our country. Geological Survey of India estimates that
at least 200 years of sustainable deposit of coal exists in our country at
current rate of consumption. Further technological advances towards
burning of coal in most environmentally competitive manner have given
our planners necessary confidence to go for long planning strategy with
coal, particularly in large scale power generation for our country.
Consideration of coal for mobile applications, till now, has been difficult
and oil remained the preferred fuel, but with rapid increase in cost of
imported oil, scenario might change in near future towards conversion of
coal to liquid fuel. As we know the technology of hydrogenating coal to
oil in commercial scale has already been successfully demonstrated in the
SASOL plant in South Africa. Upgradation of older technology in last
two decades has also provided us means to burn coal and utilizes its residue
(ash) in an environment friendly manner. Voluminous ash generated by
large coal-based thermal power plants is already finding its way to brick
kilns as well as in cement and aggregate manufacturing plants. In steel
sector, in particular, coal has posed problem in recent times with constant
increase in ash and loss of caking index. Both these problems have now
been effectively resolved through development of sponge iron and solvent
extraction plants, the later is being used basically to enhance caking
property of coal fines. With better understanding of coal structure and
consequent control over its properties, a new era in carbon molecular
engineering has ushered upon us which has opened new avenues for making
new products hitherto unknown to us. One such example is the carbon
fibre derived from coal liquids, which is 100 times lighter but 10 times
stronger than steel. Similarly, gaseous fuel generated from coal has opened
up possibility for generating power without generating pollution or noise.
These devices called “fuel cells” are currently at developmental stage for
commercial power generation. These cells are now projected as the most
viable future options for power generation. Coal being a metamorphosed
product, its molecular configuration continuously changed with geological
time. Elucidation of such variation in structure and properties of coal with

1
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time, modern coal science has been successful in producing a number of
industrially important products from matured coal and its precursors. In
view of above facts, it is helpful if we discuss first nature of coal and its
structural changes with geological time and then look at various means of
utilizing various grade of coal. Understanding these basic structures will
also help us to understand basic techniques of producing various industrial
products from coal. Being a relatively more diluted form of energy than
liquid petroleum, transportation and processing of coal contributes heavily
towards economic utilization of coal.

1.1 What is coal?

Geological evidences indicate that coal is a product of plant remains. Thus
geological conditions, earth’s pressure and temperature, slowly brought
about changes in the structure of the basic plant molecules, essentially
reducing hydrogen and oxygen content of the molecule, and converting it
to pit, lignite, sub-bituminous coal, bituminous coal, anthracite and
ultimately to graphite, a bare carbon skeleton devoid of all hetero-atoms.
These morphological changes evidently bring about physical and chemical
changes in the basic starting molecules. Now, as to how these molecular
transformations took place under earth’s condition, is a matter of debate,
as various scientists hold different views regarding this morphological
changes, but even then there is a general consensus at least to following
basic facts:

(a) Looking at the similarity in structural composition of plant and plant
debris, it indicates that these materials have converted to peat, precursor
of coal.

(b) These materials must have been carried away by some natural forces
like water streams or river or sea and deposited at one place for
subsequent conversion to coal by geological pressure, as the later
hypothesis is corroborated by the fact that coal has layered structure and
deposits are found in different areas at one place. Most scientists hold
the view that layered sequences in coal (alternate deposit of bright and
dull lithotypes) is due to distinct biochemical stages occurring during
coalification process. These bright bands are called “vitrain” and
“clarain,” and the dull bands “durain” and “fusain”. Inorganic materials,
like silica, alumina, etc., are found in the coal macerals known as
“inertinite”. Vitrain and durain are the most commonly occurring
lithotypes. Besides above, shale coals (an impure variety of coal),
carbonaceous shale and other types, like sand shale, frequently occur
within a coal seam. Banded structure is most conspicuous in bituminous
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coal while in lower rank coal, the same is indistinct. Vitrain (its micro-
lithotype known as “vitrite”), a major constituent of coal, invariably
occurs as pure but as thin band with distinct lamination covering wide
lateral extension. This lithotype is remarkably free from adventitious
mineral impurities. Microscopic examination, especially with the help
of etching, reveals that megascopically pure vitrain constitute of both
“collinite” and “telenite”. It may be noted here that Fox (in 1931)
identified a 6 m long vitrinised bark in the coal in Jharia coalfield, India.
Stach (in 1970) under methylene-iodide lens recognized cell cavities of
telenite which are completely filled-up with collinite. Stach also reported
that vitrinite cell walls of talenite show virtual floating in a collinite
mass. In no case vitrain shows graduation to other lithotype or
carbonaceous cell, though it frequently occurs as lamination within
thicker durain bands. Filling with carbonate minerals within cracks are
generally restricted to vitrain band and are not continued either to
underlying or overlying lithotypes. Fusain in contrast to vitrain rarely
occurs as distinct and uncontaminated band covering wide lateral extent.
Fusinite and semi-fusinite in intimate association with exinite and other
macerals of inertinite group and with large proportions of adventitious
minerals found to form the thick band of “durain.” Fusinite and semi-
fusinite are identified by their typical and well-developed cell structure.
In some cases, fusinite cell structure is crushed, giving rise to bogen
structure. Cell lumen of telenite is commonly found to be filled up with
collonite but in no case with mineral matter, while the reverse is true in
case of lumen of fusinite. Fusinite has been found to contain lower amount
of hydrogen and higher amount of carbon. Degree of aromacity is higher
in fusain as compared to other lithotypes. In general occurrence of semi-
fusinite is more common in all coals than that of fusinite. Semi-fusinite
shows intermediate properties between vitrinite and fusinite. Cell wall
of semi-fusinite found to be always thicker than fusinite. In contrast to
vitrain, durain commonly found in shale-coal as well as in other
carbonaceous shales. Gondowana coal mines also show existence of shale
at the bottom of the mine. Durain is found to grade into canneloid coal,
both horizontally and vertically. The lateral gradation of durain in
canneloid coal is more common especially toward deeper part of the
basin. Above findings point to the fact that coal is essentially a derivative
of floral assemblage arrested in various stages of decay in response to
chemical and biological action, followed by subsequent digenesis and
metamorphosis to various degrees. The factors which determine the
primary characteristics of coal seam, have been identified as the type of
deposition, plant communities, depositional mileux, supply of nutrients,



@

4 Coal science and engineering

pH value, and redox potential. These factors determine the type of
carbonaceous material to be differentiated in the biochemical stages and
thus can be referred to as “heritage” and “environment.” Heritage of a
coal accordingly consists of plant organic matter, like cellulose,
hemicellulose, pectocellulose, lignin, and hydrogen-rich ingredients.
Chemically lignin is quiet stable and, in contrast to cellulose, consists of
aromatic ring structure. Carbon percent in lignin is 63% while that in
cellulose is 44%. The hydrogen rich plant matter, such as spores, cuticles,
wax, and resins, being chemically very stable do not deteriorate much.
Besides vegetable debris, inorganic minerals, chiefly argillaceous (clay
matter), may also be considered as important heritage of carbonaceous
deposit, the precursor of coal. Once the plants fall on the forest floor, it
is acted upon by three distinct forces — physical attrition, chemical action,
and fungal or microbial attack essential in the presence of air. Besides
these, in some cases trees may be ravage by forest fire, producing a variety
of fusinite (or pyrofusinite). In the extreme cases, plants fragments may
be entirely destroyed by insects, fungi, and anaerobic bacteria, without
producing substantial humic substance. In still some other adversaries,
following flood or due to sudden influx of large amount of sand and
silts, the dead plants may be completely covered by sands for a prolonged
period during which plant tissues may be entirely replaced by silica gel
producing purified wood. In case of undecomposed wood being buried
by impervious clay, the resultant type would perhaps be a variety of
vitrinite showing well-defined cell structure (telenite). Under identical
conditions, cuticles, spores, and resins form mainly “exinite,” sometimes
differentiated as cutinite, sporinite, or resinite. The most favorable
condition for development of coal seam depends on copious supply of
vegetable debris and their preservation under after-logged condition prior
to final burial by sediments. There are divergent views on the origin of
humous decomposition of plant ingredients. It is now generally believed
that both chemical and microbial action can convert wood into humic
substances (Sandor and Smith, 1950). White (1933) considered the
toxicity of a pit swamp chiefly controls the biochemical decomposition.
In highly toxic conditions, decomposition will be negligible and thus
will favour development of vitrain. With decrease in toxicity and
increasing aeration, decomposition will be accelerated when
hemicellulose, cellulose, and lignin will be progressively destroyed
leading to the formation of clarain, durain, and pseudo-cannel,
respectively. Marshall (1954) considered a variety of fusinite apart from
that formed due to forest fire, may also be developed by chemical and
bacterial activities. It is generally believed that exposure of vegetable
matter to prolonged aerobic microbial attack would lead to fusain
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formation, while anaerobic conditions are conducive to the development
of vitrain. In a tropical country, wood fragments, on exposure to
atmosphere and microbial attack, develop black patches on selective
tissues resembling charcoal. In lignified tissues of wood, the middle
lamella lying between adjacent cell walls constitute lignin. If the
cellulosic layer of tertiary and secondary walls are progressively removed
or destroyed by microbial attack and/or decomposed and extracted by
alkaline solution, the residual part of the wood tissue is lignin-rich cell
walls of the middle lamellae which appear to be the precursor of fusinite.
Aromatic ring structure, high carbon content, physical strength, and
rigidity of both lignin-rich cell walls and fusinite as well as typical cellular
structure of both the constituents, strongly support this view. It is also
conceivable that in nature, complete removal of cellulose from lignified
tissues would be seldom achieved owing to change in environmental
conditions or increase in toxicity. Under such circumstance, partial
impoverishment of cellulose would be a common feature leading to
formation of intermediate product like semi-fusinite. From geological
stand point, however, it may be argued that isolated cellulose or its altered
products, extracted from lignified and non-lignified tissues, would not
be totally destroyed or dissipated. Instead under favorable conditions,
the extracted material deposited separately as humic substance, an
important coal forming constituent. A part of cellulose extract is likely
to be utilized by the microorganisms for metabolism but a substantial
part is carried away in aqueous solution, preferably rich in lime, as a
chemical sediment and deposited as the precursor of vitrain. In a coalfield
the associated sandstone show current bedding indicating that the deposits
were laid down in shallow basin. The great thickness of sediments
throughout, showing evidence of shallow water deposition, indicates that
the basin floor was gradually shrinking owing to the load of the sediment
itself. A sedimentary deposit can be divided into two broad classes,
namely exogenic and endogenic deposits (Pettijohn, 1948). The bulk of
the sedimentary rock is of exogenic type, consisting detrital or clastic
rocks, while the endogenic type represented by amorphous or crystalline
chemical precipitates from solution. Most sedimentary deposits are,
however, a mixture of detrital or clastic sediments as well as chemical
precipitates. In case of coral deposits also a mixed or hybrid type of
sedimentation is expected; especially when the deposits are of
allochthonous variety. The resultant type of coal would, however, be
largely dependent on heritage and environment. We may now visualize
in the light of field and microscopic evidences, as well as on the basis of
some of the gathered information on heritage, that the series of event
that were responsible for converting vegetal debris to the layered
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sequence of coal structure. The environmental conditions of the
surroundings have experienced seasonal fluctuations that have profoundly
affected the vegetal debris undergoing deposition. There must have been
seasonal and occasional rains to account for the growth of luxuriant
forests. Evidently, flowing water played an important role in transporting
the forest litters consisting of decayed vegetal matter, humic substances
already formed in the forest floor, lignin-rich residual cell walls, spores,
cuticles, resins, freshly fallen forest wood including bark as well as
argillaceous mineral matter. The course of events likely to follow in a
shallow basin where vegetal matters and their altered products would be
brought in from the forest floor and accumulated (Fig. 1.1). Running
water would wash the forest floor and carry considerable amounts of
load consisting of clastic material and solution, representing exogenetic
and endogenetic sediments, respectively. Besides drift, wood, and logs
of variable sizes ranging from as big as a tree trunk to small pieces of
branch, bark, and leaf more or less in undecomposed state, would also
reach the water logged basin in flowing condition. Exogenetic sediments

________ - - - —-JWater
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1.1 Layered structure of coal seam.
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comprise lignin-enriched residual tissues mingled with variable
proportions of argellecious matter and hydrogen-rich sticky ingredients.
Muddy water and clay will also enter the emptied cell lumens of lignin-
enrich residual cell walls, thereby considerably increasing their specific
gravity, while spores, resins, and waxes owing to their sticky nature would
be thoroughly intermixed with clay and heavier residual cell walls. The
running water, including rivers and streams, carry the heavier clastic
sediments partly in suspension and partly in dragging (depending upon
their weight and dimension).

After reaching the destination, which is most likely a shallow water
logged depression of considerable dimension, the light or wood fragments
and humic substances together with a small fraction of hydrogen rich
ingredients, continue to float while the heavier detrital admixture of mud,
lignin enriched woody tissues, waxes, and spores tend to settle at the
bottom of the basin. In still waters, exogenetic sediments sorted out
according to their shape, size, and specific gravity. Coarser sandy particles
which are likely to be deposited during the time of flood, would settle
quickly, particularly toward the periphery of the basin. Silts, clay, and
finely divided fragments of lignin-rich cell walls would settle gradually,
while the finest particles of clay, wax, resin, and spores remain in
suspension for longer period. Under ideal condition of still water, a
sequence of shale — carbonaceous shale — shaly coal — durain in ascending
order is established. Lime and water soluble silicates, which are expected
to be present in the aqueous medium, may destabilize colloidal particles
thereby greatly accelerating the process of sedimentation and
stratification. The detrital mass collected from the forest floor thus merge
as units of stratified sedimentary rocks having wide lateral extension.
Toward the center, far away from the marginal part of the basin, finest
particles of clay and lighter hydrogen-rich ingredients may accumulate
giving rise to local deposits of canneloid coal. A layer of durain may
therefore locally grade into a layer of canneloid coal toward the deeper
part of the basin. Apart from exogenetic sediments, humic substances
formed from the cellulose extracts from both lignified and non-lignified
tissues, either in solution or as colloidal solution, are brought into the
shallow basin as endogenetic sediments. It is well known that humus is
readily soluble in alkali but so sparingly in water. The alkali extracted
humus may be precipitated as complex humic acids (Sandor and Smith,
1950). The colloidal hydrosol of humic acid tend to float over the aqueous
medium together with lighter plant fragments, specially bark, forming a
single unit of hybrid sedimentary rock. In such a system the tissues of
plant fragments floating over the surface is thoroughly mixed and
impregnated with humic substances and simultaneously, because of the
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intervening water layer, they get completely free from contamination of
adventitious mineral impurities. The aqueous medium, however,
experiences fluctuation in acidity and alkalinity owing to seasonal
variation, influx water with variable pH, and production of phenolic
substances from certain plant ingredients. Under favorable pH conditions,
some of the undecomposed plant fragments, especially those exposed to
the atmosphere, are acted upon by anaerobic micro-organisms and form
layer of localized patches of fusain. The tissues of plant fragments, coated
with resinous or waxy materials or phenolic substances, however, escape
such microbial attack and eventually form the “telenite” with cell lumens
filled with resinous substances or telenite impregnated with collinite.
The height of water level of the shallow basin also experience occasional
fluctuations due to seasonal variations and in dry season the opposite
layer composed of humic hydrosol would be entirely different. With the
advent of summer, desiccation of water in the basin cause the top hydrosol
layer to descent slowly and with complete desiccation, the humic hydrosol
layer come in contact with the earlier formed stratified layer of clastic
sediments. Thus a uniform thin layer of organic colloidal jelly,
dropplerite, the precursor of “vitrain,” is formed which on drying become
shinny, brittle, and insoluble in water but soluble in alkali. This layer
may also develop shrinkage cracks due to syneresis which are likely to
be filled up with calcareous incrustation. With the superimposition of
dropplerite layer over the earlier formed durain, an ideal sequence of
stratification comprising shale — carbonaceous shale — shaly coal — durain
— vitrain in ascending order emerge. In subsequent wet seasons, the basin
is recharged with muddy water when fresh in flux or exogenetic and
endogenetic sediments are deposited. The dropplerite layer, which is
insoluble in water when dried, is firmly preserved as a thin uniform
lamination covering wide lateral extension at the bottom of the new
aqueous medium. In still water a new series of clastic sediments are sorted
out and deposited over the dropplerite layer. Development of type of
exogenetic layers largely depend on the relative abundance of decayed
vegetal debris and argellecious matter as well, as the factors that
determine the rate of settling. If the influx of exogenetic sediment is
deficient in argellecious matter, instead of several units of clastic
sedimentary layers, only a solitary unit of durain may develop over the
earlier formed vitrain (dropplerite). It is therefore conceivable that the
sequence as well as thickness and character of lithotype is dependent
upon the quantum of various ingredients of clastic material and their
rate of settling; whereas the development of maceral depends upon largely
on heritage and environment. The cycle of sedimentation is repeated for
a long time, imprinting the basic structure of stratification in the very
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early stage of peat formation. In peat and low rank lignite banding or
layering is megascopically hardly perceptible. This is evidently owing
to the occurrence of incompressible plant fragments in different layers,
masking layers by brownish tinge of humic substances as well as
extremely high moisture content of the coaly layers and dull appearance
of all constituent layers. In very low rank coal, even the plant fragments
constituting vitrain and durain are apparently similar, though the plant
remains associated with vitrain are constituted of both lignified and non-
lignified tissues together, whereas the vegetal fragments constituting
durain and fusain represent residual lignified cell walls essentially
impoverished in cellulose content. In course of time when the overburden
pressure increases, the complex process of digenesis and lithification
set in, causing the carbonaceous layers to be sufficiently compacted,
indurated, and demoisturised. At the late lignite stage, the plant fragments
in different layers are greatly flattened parallel to the bedding when the
coal tends to appear black instead of brown. In the subsequent bituminous
stage, developed sole by geochemical action, vitrain layers develop glossy
luster whereas the other layers remain dull. It is near the threshold region
of bituminous stage that the banding of coal becomes distinct owing to
the development of contrast in brightness of vitrain in relation to other
lithotype as well as the effect of demoisturising, removal of brownish
tinge and flattening of plant fragments associated with different layers.
Thus finally the coalification process can be summarized as follows —
on falling to the forest floor, the plant material are acted upon by physical
attrition, microbial attack, and chemical degradation to various degrees,
and depending upon the environmental condition, especially when the
pH is high, the cellulose content of the plant cells are removed. The
residual lignin-rich cell wall thus produced is the precursor of fusain
formed on agglomeration with sticky hydrogen-rich plant ingredients
such as pores, cuticles, resin, and wax, as well as argellecious mineral
matters. The residual detrital or clastic debris, representing exogenetic
sediments, were carried away by running water and deposited in shallow
depressions and sorted out forming layered sequence of shale —
carbonaceous shale — shaly coal — durain, in ascending order. Thickness
and characteristic of lithotype that would emerge in such a sequence
would largely depend upon the relative abundance of vegetal debris and
argellecious matter and also various other factors such as specific gravity,
shape, and fineness of the particles. It may be argued from geological
standpoint that the cellulose derivatives obtained from both lignified and
non-lignified part of cell wall would not be totally destroyed or dissipated.
Instead these would form the principal source of endogenic or chemical
sediments which under acidic conditions would form a layer of humic
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acid occupying the uppermost layer of the aqueous medium together with
some undecomposed drift wood including bark. During summer owing
to dessication of water, the humic hydrosol layer would descent and
superimpose over the earlier formed clastic sediments. With further
drying, the layer would develop syneresis cracks and turn into a thin
uniform band of depplerite, the precursor of vitrain. The process of
sedimentation and stratification repeats with fresh influx of turbid water
carrying endogenetic and exogenetic sediments. The basic structure of
layering imprinted in coal in its initial stage of formation would, however,
emerge as conspicuous bands near the threshold of bituminous stage
owing to sufficient compaction, induration, demoisturising, removal of
brown tinge, and thus giving rise to vitrain with its typical luster.

1.2 Coal the primary energy source for mankind

Among all the fuel reserves confirmed till today, oil and gas is projected to
last for 30-40 years, whereas coal is going to last for 200-500 years. In
India, with present rate of consumption, coal is going to last for at least 200
years. This vast difference in deposit itself indicates why we should plan
our long term future based on coal. The present state of our knowledge with
respect to power generation by various fuels indicates that the only competitor
to coal in large scale power generation is nuclear energy. But economic
calculations indicate that nuclear power plant needs to have capacity 800
MW or above to compete with coal. Moreover, waste generated by nuclear
power plants is still a major problem with respect to its safe disposal. Further,
coal not only serves as a source of power but also a store house of a number
of important chemicals. From operational standpoint, it is a lot easier to run
coal-based thermal power plant than a nuclear power plant. The quantum of
coal deposits mentioned above is based on testing results up to a depth of
2500 m only. If secondary deposits which lie beyond 2500 m are considered,
then the total coal reserve will extend as much as 300% of above figure.
Accordingly there is no long-term substitute for power fuel except coal. In
recent time, extensive researches are being carried out on another non-
polluting energy source, which is fusion technology. However, this
technology is still in its infant stage and harnessing the benefit in commercial
scale by this means seems to be far away. Until then coal will be the mainstay
for all our energy needs. Steel is the primary need of our modern day society
which also heavily dependent on coal for its production. Even indirect method
of steel production (e.g. secondary steel making via sponge iron route) needs
coal for production of its reducing gas — hydrogen. Advancement of
technology in last two decades now guarantees coal combustion without
harming the environment. Additional costs accrued through adoption of
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pollution abating machinery are easily offset by present day high cost of
importing petroleum fuel from abroad.

1.3 Commercial coal grades and prices

Coal available in open market is graded according to its quality and sizes.
Prices are also tagged as per above two parameters. For uniform pricing
policy, commercial coals are graded by a set of rule and prices are fixed
accordingly. Such guidelines are issued by Govt. of India, Ministry of
Energy (ref: Gazette of India, Extraordinary Part-II, Section-3II, vide
notification dated 26 May, 1982), Department of Coal. Summary of the
above guidelines is presented below:

(a) Run of mine coal — This is also called ROM coal in short and
comprises all sizes as it come out of the mine without any further
crushing or screening.

(b) Steam coal — The fraction of ROM coal as is retained on a screen
when subjected to screening or is picked out by a fork shovel during
loading, is called steam coal.

(¢) Slack coal — The fraction that remains after steam coal has been
removed from the ROM coal is called “slack coal.” Alternatively, if
ROM coal is subjected to successive screening by two different
screens of different apertures resulting in segregation into three
different sizes, then the fraction that is retained on the screen with
the larger aperture shall be termed as “steam coal”; in the fraction
that passes through this screen but retained by the smallest screen is
termed as “rubble coal”; and the fraction passing through both the
screens shall be termed as “slack coal.”

(d) Hand-picked coal — These comprise lump coals picked up from ROM
coal by hand selection process in the collieries.

1.3.1  Pricing system

Although actual price of coal is determined and varies with production or
mining cost, general guidelines for pricing related to coal quality followed
are given below:

For ascertaining moisture and ash, the equilibration is done at 60%
relative humidity and 40°C temperature and then above two values are
determined by ISO: 1350 (1959) process. Under this procedure, “useful
heat value” is defined by following formula:

Useful heat value (kcal/kg) = 8900 —138 (ash% + moisture%).
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In case of coal having moisture less than 2% and volatile content less
than 19%, the useful heat value shall be the value arrived as above, reduced
by 150 kcal/kg for each 1% reduction in volatile content below 19%
fractions on pro-rata basis. When moisture content with “as received” basis,
as defined in IS: 1350(1959) of middlings at the washery and exceeds
10% the price of middlings fixed in general, shall be reduced by Rs 1/- for
each 1% increase in moisture content in excess of 10% fraction on pro-
rata basis. When “useful heat value” of non-coking coal exceeds 6400
kcal/kg, the general price of middlings for grade A coal shall be increased
at the rate of Re 1 for every 100 kcal by which the actual “useful heat
value” exceeds 6400 kcal/kg fraction, on pro-rata basis. ROM coal which
has been screened or crushed to limit the top size to any maximum limit
within the range 200-250 mm shall be priced at the same rate as slack
coal. Pit-head price fixed by Government of India are F.O.R colliery siding
prices but where separate agreement for carrying coal or coke over long
distance by road from the pit-head to the loading point exist or are entered
into the cost of such carriage from pithead shall be governed by such
agreement. Prices also vary on the nature of coke (hard or soft) they
produce. Prices fixed for by product for hard coke, premium, beehive coke
is increased at the rate of Rs 30/- per ton for every 1% decrease in ash
content below 23% fraction at the pro-rata basis. When the ash plus
moisture content of semi-coking grade coal is less than 17%, the general
price of semi-coking coal shall be increased at the rate of Rs 5/- for every
1% decrease in cash plus moisture content below 17% fraction on pro-rata
basis. Prices fixed as above will not apply to coke or coal sold for export
outside India. Readers also make them updated in this respect with
amendments issued by Govt. of India circulars from time to time.

14 Coal transportation

Generally lump coals are carried from pithead to consumers either by truck
or by rail. On comparative basis, transportation by rail becomes much
cheaper than transportation by road. Further, if waterways are available,
transportation cost per ton of coal still reduces by carrying in ships.
Interestingly, since good amount of coal fines are generated at pithead
(particularly in friable coal mines), they can also be transported as coal
slurry by pipelines or burnt by pulverized fuel burner for supplying
necessary energy at the mine head itself. Transportation of coal fines by
slurry transportation is especially attractive when cost in terms of
kilocalorie of fuel transported is considered. For slurry transportation,
development of necessary surface active chemicals which prevent fine coal
particles from settling down at the bottom of suspension medium during
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transportation or storage becomes important. This part of chemical
development we discuss in more detail in later section. In India, Regional
Research Laboratory, Bhubaneswar, made a thorough study for pipeline
coal slurry transportation. Demonstration unit is being set up with capacity
of 50 ton/h, covering a distance of 25-50 km is completed. The estimated
cost of this project was about Rs 50 crore and time required for its
completion is about 2.5 year. Installation locations for such project
recommended by M/s Engineers India Ltd were Kothagundum (A.P.),
Patratu (Bihar), and Talcher (Orissa). Major routes are from East India
Coalfields to Northern Coalfields and Central Coalfields to Western
Coalfields. At present in India need for such fuel is 34 million metric ton
per year, through a distance of 3200 km. The total capital investment,
including know-how development and engineering cost, is expected to be
Rs 4000 crore. BHEL (Tiruchirappalli, India) is developing process for
burning such coal slurry in fluidized bed, while CFRI (Dhanbad, India)
has generated technical know-how for producing stabilizing chemicals for
coal slurry (both in oil and in water). CMERI (Durgapur, India) has worked
on development of special burners suitable for such coal slurries. Among
various types of coal slurries coal-water mixture (CWM) is nearing
commercialization for use as a low cost substitute for heavy fuel oil. Price
differential between CWM and COM (coal-oil mixture) is over Rs 100/
GJ. Tokyo Electric Power Co., Japan, has already commercialized COM
technology by installing two 265 MW electric generators and completing
CWM demonstration test in its 75 MW unit in 1988. Properties of CWM
and COM are shown in Table 1.1.

Flow diagram of CWM demonstration unit of Tokyo Electric Power
Co. (Japan) jointly developed with Joban Power Co. at its 75 MW Nakoso
Power Station is shown in Fig. 1.2. For CWM combustion, 3.2 ton/h (60
million Btu/h) steam atomized type burner with special flame holders and
wear resistance tips were installed. Later at Nakoso plant 11 ton/h burner
for 600 MW boiler was also installed. Test results show CWM combustion
is quiet smooth and stable.

Table 1.1 General characteristics of COM and CWM

Coal Heavy Oil COM CWM
Physical state solid liquid liquid like liquid like
Components — — coal 50 % coal 60-75%,
heavy oil 50% water 40-25%
Gross CV(kcal/kg) 6700 13,300 8,500 4,500
Specific gravity 1.35 0.95 1.10 1.25
Viscosity (CP) — 75(70°C) 1000-2000(70°C) 1000(25°C)




@

14 Coal science and engineering

1.2 Flow diagram of test facility for CWM demonstration plant.

There is no difference of load change ratio and minimum load between
CWM fired operation within limit and guaranteed operation of 2000 h.
Exhaust gas also meets all environmental regulations. Efficiency of CWM
combustion was only 1% less than that of pulverized coal fired plant.
CWM pressure and flow was regulated within the range 6—8 kg/cm? and
33-43 m?h, respectively. Unburnt carbon in flyash was 0.7-8.0% and
carbon conversion efficiency was 98.72-99.87%. CWM fuel pump life
was about 2000 h. Solid loading of CWM was 62-67% (+100 mesh 76—
86% and -200 mesh 76-86%) corresponding to viscosity of 1000 cp.
Storage of such fuel for a period of 2 months posed no problem and
beyond 2 months, 1 or 2 h recirculation for a day was sufficient to stabilize
the fluid. Comparative costs of COM and CWM in Japan with respect to
other fuels are as follows: oil = 100, coal = 128, CWM = 137, and COM
= 160. These costs also include environmental measure costs. In small
plants, if flue gas treatment is required then CWM comes nearly same as
oil. IIT Kharagpur (India) is experimenting with triple simultaneous
combustion of coal, water, and oil, which reportedly has superior
combustion characteristics over CWM or COM alone. It may be noted
here that addition of water to coal (as in COM) reduces its calorific value
by 2-3% only. Figure 1.3 shows the entire process of COM making by
line diagram.

Nowadays generally two types of coal water slurry are being prepared
commercially: one with high solid loading and the other with low coal
loading. Pipelines are already commercially carrying slurries, containing
up to 30% coal, in USA and USSR. Russia is also building a pipeline
260 km long to carry COM having coal content 65-75%. Grinding of
coal to fine sizes also separate majority of its inherent inorganic matter
(ash), which creates problem in boilers. Further separation of ash takes
place when the pulverized coal is put into water (where mineral matter
separates and settles at the bottom of the tank while coal particles float
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1.3 Preparation of coal-water slurry (steel bars in the tumbling mill pulverize the
coal). The classifier sorts out the particles and passes them to froth tanks which
wash out mineral wastes. Additives help to reduce the viscosity of the coal-water
mixture, which is 70-80% coal.

up). Considerations have also been given for assessing overall technical
and economic implications of adopting high concentration coal slurry in
place of pulverized coal in a 450 MW thermal power unit using 2.64
million tons of coal per year containing 40% ash. The overall performance
of this power plant was found to be low. PLF (plant load factor) being
30% for old plants run by SEB (State Electricity Boards of India) which
is attributed to high down time and increased maintenance cost, caused
by high ash in our coal. If coal is to be used as substitute for fuel oil
(which is devoid of ash), every unit of ash reduction becomes beneficial
as 1% of water is less detrimental compared to 1% ash. Therefore, a
portion of the ash can be traded with water, provided the useful heat,
combustion intensity, flame temperature, and gas volume are maintained
at the same level as for burning dry coal. Studies on rheological behavior
of high concentration coal slurry indicate that beyond 75% of solids by
volume the specific energy for transportation increases exponentially
and solids weight percentage in high concentration coal slurry is always
maintained between 60% and 70%. Therefore 30% by weight is the low
limit for water in coal slurry. Calculations therefore have been carried
out to arrive at the combustion characteristics of burning coal water slurry
with coal having 6.5% moisture on air dried basis, and C = 74.5%, H =
4.8%,N=2.8%,S =0.9%, and O = 17% (by difference) on dry, mineral-
matter-free (dmmf) basis. With above characteristic of coal used in above
plant, characteristic parameters evaluated are as follows: adiabatic flame
temperature, enthalpy of product gas, useful heat available considering
the exhaust gas temperature to economizer as 350°C for different
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conditions of ash and water in the slurry. About 10% excess air and 100°C
air preheat temperature is assured. Trade-off between ash and water in
slurry is considered for the same level of useful heat available when dry
coal with 6.5% moisture is burnt. The first curve in Fig. 1.4 indicates the
variation of UHF with ash (%) for various water concentrations in slurry
against dry coal. The estimated cost of burning 1 ton of coal-water slurry
is 1.5 times that of burning 1 ton of raw coal. It is believed that this
increase in cost would be more than offset by the benefits gained through
increase in PLF and low cost of maintenance. The reason for this belief
is that the effective ash in slurry is only 15% compared to 40% in dry
coal and benefits estimated even for marginal reduction in ash earlier
are very significant. Further characteristics of Indian coals are such that
grinding to a very fine size would be essential for effective liberation of
ash and therefore wet method of separation becomes binding and resultant
product being slurry in form; it becomes more convenient for pipeline
transportation and economical for use without dewatering. Under such
compelling situation, CWS seems attractive for two reasons — a
dewatering step which is difficult to operate and expensive can be
avoided, and CWS substituted in the existing pulverized fired installations
with least modifications. Even those changes considered for ash removal
while replacing oil by CWS would not be necessary as problems of ash
removal gets reduced with deashed coal compared to use of raw coal as
such. Theoretically, coals containing mineral matter below 18% can be
burnt as coal-water fuel provided other technical and economic

0.6

Energy KWH/ton. Km

0.4

60 70 76 80
Solid Concentration (Vol %)

1.4 Specific energy requirement for two viscosities coal-
water slurry.
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considerations are taken care of. In coal-water slurry, relation between
wt% and vol% of solids in the mixture is

Sw = (Ps x 10) / [Pf (100/Sv - 1) + Ps]

Sv = (Pf x 100) / [Ps (100/Sw - 1) + Pf]

where, Sw = solid content by wt%, Sv = solid content by vol%,
Pf = sp. gravity of fluid, Ps = sp gravity of solid, Sv = P b x 100/Ps.

For highly loaded CWS, it is essential that Sv should be as high as
possible. For low ash coal used in industries as pulverized fuel, Sv is
between 60% and 62% which is far below of around 70% required for
the preparation of CWS. For high ash coal used in India, Sv is much
lower. To increase Sv, either Ps is to be reduced by reducing ash or void
space is to be decreased by artificially adjusting the particle size
distribution. Note here that coal surface is hydrophobic in nature. One
of the most important requirements for coal-slurry fuel is that it should
be pumpable and readily atomizable in the furnace burner. This essentially
determines slurry rheology for any atomization nozzle design such that
a fine enough dispersal is obtained. Shear thinning behavior (bingham
plastic or pseudoplastic) is desired so as not to have rapid settling
characteristics, yet low enough viscosity for good atomization under high
shear rates. For good combustion, particles need to be small. Coal slurry
fuels typically require a particle size distribution with 75-80% of -74
micrometer (-200 BS mesh), the standard boiler feed size or finer.
Recently the use of micronized coal with a median particle diameter (d50)
less than 15 micrometer and 98% passing 44 micrometer (325 BS mesh)
has been promoted. To maximize the concentration of coal in the slurry,
a broad size distribution is desirable and requires additional control points
on the size distribution curve. Multimodal distribution is used to enhance
particle packing efficiency. Thus the grinding technology is important.
Primary and secondary coal crushing (top size distribution between 20
cm and 7.6 cm, and between 5 c¢cm and 3.2 cm) as well as coarse
pulverization (-3.2 mm) are standard coal preparation processes. The
process of coarse (-1 mm), fine (-250 micrometer), and ultra-fine (-44
micrometer) grinding of coal which can be performed either dry and wet
are as follows: according to US coal grinding task force, grinding mills
are divided into two main categories: mechanical and fluid energy mills.
Mechanical mills employ direct mechanical action on individual coal
particles or assemblies of particles and operate on impact, crushing, or
attrition principle. Fluid energy mills employ the kinetic energy of
particles accelerated by compressed air or superheated steam jets to grind
the material by impact against other particles or target plates on the
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chamber walls. Fluid energy milling consumes large amount of energy
and may not be economical for coal slurry preparation. The coal grinding
task group concluded that it would seem reasonable that if coal-water
slurry is the end product, the most practical approach to grinding would
be a wet process using a mechanical grinding mill. The report further
concluded that —

(a) To minimize coal grinding energy requirement, the maximum particle
size that can be operated when coal is burnt in boilers, gas turbines,
and diesel engines must be determined.

(b) To make a high density, finely grounded coal-water slurry, the
required particle size distribution must be ascertained and a fuel
specification should be prepared.

(c) Knowing the coal-water slurry characteristics, the type of grinding
mill best utilized for production can be investigated.

(d) There are sufficient commercial grinding mills to produce 10 micron
product in quantity; however, they have not been proven for coal
operation.

(e) The energy cost or producing a 10 micron product is estimated
between 5 and 15 dollar per ton (at $0.05 per kWh, 1987 price).

This will depend primarily on the hardness of coal and on the type of
mill used, wet or dry operation, and particle size distribution. The first
four types of mills listed above can be used for dry grinding. The mills
are air swept and the coal is subjected to air classification. The required
size fraction is collected in cyclones and bag-house filters, while the
oversize fraction rejected by the classifier is returned to the mill for
further grinding. The classifier cut size can be adjusted to yield the require
fineness. This is an efficient process but requires drying of coal; the
grinding system and certainly the powdered coal storage should be
blanketed by inert gas for safety reason. Wet grinding is simpler and
appears to be the preferred method for slurry fuel preparation. Typically
two mills are used to achieve a bimodal particle size distribution. If coal
is to be beneficiated before slurrying by a wet method, then the preferred
mode of grinding is definitely wet as well. Boiler derating when firing
coal slurry depends on boiler type. A 10.4 MW boiler in Sweden, fired
with coal-water slurry, is reported to reach a maximum of 73% of its
designed rating for oil firing and 140% of its rating for coal. In a package
oil/gas fired boiler derating of 25% should be feasible, especially by
improved fuel atomization and swirl intensity, while today derating in
excess of 50% is common. Canadian utility boilers reported values
varying from 39% to 65%, depending upon boiler type and size. The
limiting parameters are tube-bank gas velocity, tube-bank spacing, or
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furnace exit temperature. Beneficiation of coal causes increase in heat
value of CWM and thus reduce boiler derating, as well as its low ash
content reduces the rate of convection tube erosion and hence allows
higher gas velocity. Thus a desirable fuel is really a beneficiated and
micronized coal slurry. Ash build up in the furnace may be a problem
depending on boiler design but most of it exists as fly-ash. Ash
accumulation in general, can be dealt with “soot blower,” if tube pacing
allows. Ash falling to the bottom of the furnace has to be removed as in
coal fired system. The combustion of coal-water fuel starts with
evaporation of the water. While this occurs rapidly at 100-150°C, a slight
delay in coal ignition occurs; but increased coal reactivity after water
evaporation more than offset the delay. As with coal-oil, coal
agglomeration inside coal-water droplets is a serious issue and is
accentuated by the high furnace temperature. Agglomerates of coal
particles in a droplet are formed during evaporation and heating.
Devolatalization and flame combustion then commence and other
cenospheres are formed, followed by char combustion, fragmentation,
and burn out. Volumetric heat release rates are a measure of fuel
combustibility and indicate how practical it is to fire such slurry fuel in
oil and gas fired boilers. Ignition and flame stability are important
considerations. Ignition must occur close to the burner or flame and will
be erratic and unstable. Higher fuel volatility and air preheating help;
strong recirculation of the flame as a must for stable combustion.
Atomization strongly influence the combustibility of the slurry and
determines the combustion efficiency. For coal, char combustion is
controlled by mass transfer process for particles longer than 100
micrometer, while in smaller ones rate is limited by chemical kinetics.
Coal-oil-water mixtures burn essentially in a similar manner to COM.
In addition, micro-explosions caused by rapid evaporation of trapped
water may prevent coal agglomeration and hence improve carbon burn
out. During combustion of COM, the water provides hydroxyl radicals
that react with the CO gas produced when the char burns, and the result
is less CO to react with oxygen which leaves more oxygen to burn the
carbon. COM behaves more like a heavy oil rather than pulverized coal
during combustion. The rate at which a coal-water mixture burns depends
upon the size of its atomized droplets, rather than the size of coal particles
in the droplet. Figure 1.5 shows how mixtures containing a high
proportion of small particles tend to be more viscose and more difficult
to atomize. Atomized liquid fuel burns at a rate that is directly
proportional to the surface area of the droplet. In other words, combustion
rates vary with the inverse square of the droplet size. Figure 1.5 shows
the atomizer used with CWM. As can be seen, in principle, CWM
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atomizers are similar to those used for heavy fuel oil, but in practice
they are different. For example, coal particles are varying abrasive, so
the atomizing air must not carry them along too quickly.

But the air must not travel so slowly through the atomizer narrow
orifice that the larger coal particles get stuck. That is why atomizers in
boilers sometime have circular ports rather than the individual orifices
used to atomize oil. Good atomization helps to prevent the flame from
going out, but modified burners and other measures are some time needed
to keep the mixture alight. Sometime the air supply is limited, for
example, so that there is just sufficient air to burn the fuel but too little
to cool the flame. If the temperature of the flame falls, it cannot ignite
all the particles that enter the furnace. The flame then separates from
(blows off) the burner or the particles “sparkle” and prevent a
homogeneous flame developing. Adding 6% oil to the mixture helps to
prevent both blow-off and sparkle. The water penalty of coal-water fuel
has been an important factor in determining the technological approaches
to fuel preparation. As water must be evaporated, more coal is needed
and the energy density of the fuel is adversely affected. This impacts not
only in fuel transportation but also in storage requirements, and
contributes to boiler derating. These problems have led to the
development of techniques for preparing highly loaded coal-water slurry
fuels, which contain 65-75% coal. By adopting a bimodal or polymodal
size distribution, voids left by large particles, are occupied by
progressively smaller ones, leading to optimized particle packing. Water
then acts as a lubricant between the particles. Additives (concentration
up to 1%) reduce the viscosity of the slurry, enhance wetting of particles
surfaces, and free the entrapped air. They should not be foaming nor
interfering with the stabilizing additives. Anionic additives when
adsorbed on the coal surface impart a negative charge to the particle.
Cations are then attracted to the coal surface and an electrical double
layer is established. Repulsive force within the double layer prevents
interparticle interaction. Due to the resulting larger separation of the
particles, shearing can occur without signs of dilatant behavior. Various
sulfonates are effective dispersants. Additionally, stabilizing additives
must also be used with coal-water fuel. While minimal settling might be
expected with highly loaded slurries, the viscosity reducing additives
not only enhance the settling rate but also encourage the formation of a
hard solid sediment. This must be counteracted. The additives used cause
flocculation of fine particles and provide a particle network structure
necessary for mixture stability and soft sediments. Non-ionic amphoteric
polymers of polyoxythylene as well as predispersed clays and water
soluble resins have been found to be effective coal-water slurry stabilizer.
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In contrast to coal-oil mixtures which are flocculated suspensions, coal-
water slurries are typically “aggressively” stable. This is a result of the
need to achieve high coal concentration. Flocculated suspensions contain
void which led to lower maximum concentrations. In coal-water slurry,
repulsive forces (steric hindrance) imparted to coal particles through the
use of dispersants, promote rolling of particles on top of each other and
help to achieve high solids loading in the slurry. Coal-oil-water or coal—
water—oil contains 50— 63% coal (80% pass through 74 micrometer sieve),
30-40% oil, and 10— 15% water. These blended mixtures are subjected
to ultrasonic agitation which leads to emulsification of water in oil. The
idea of coal-water—oil came from the cheap coal which is recovered from
waste coal washing streams by oil agglomeration, a precursor to coal—
oil-water or coal-water— oil. The cost of oil remaining in the fuel is
trivial compared to the advantages gained by using a cheap source of
coal and having superior fuel properties. The major component of the
coal-water fuel preparation is the cost of the additive, reported to be
around $15-20 per ton of coal for 1% addition. Suggested alternatives
include use of lower concentrations (50-60 wt%) and oil or gas firing
for flame stability. Stack losses for water evaporation, increases from
13% to 18% approximately with coal concentration reduced from 70%
to 60%, but no additives are needed. Hitachi Research Laboratory, Japan
reported (January 1987) trial runs with anionic and non-ionic dispersants.
The anionic dispersants used are sodium salts of sulfonated naphthalene-
formaldehyde condensate. The non-ionic dispersant had an average
molecular weight of 55,000. Salts of these varieties were of reagent grade.
Coal was first ground to under 3 mm size and then pulverized in the
presence of water and dispersing agent to form a homogenous fluid CWM.
The amounts of anionic and non-ionic dispersants were 0.7 and 1 wt%
on dry coal basis, respectively. During the preparation of CWM using
anionic dispersant, an appropriate amount of NaOH was added to adjust
pH. The pH of resulting CWM was 8.1. No attempt was made to adjust
the pH of the CWM with non-ionic dispersant, which had a pH value of
2.2. As with all well-dispersant colloids, CWM has a shear-thickening
property at shear rates greater than about 10 per second (top size solid
concentration was 297 micrometer with concentration 72%, 74
micrometer 72 wt%, and 37 micrometer 70 wt%, in three samples). Coal
particles in CWM with anionic dispersant are expected to be negatively
charged due to the adsorption of dissociated dispersant molecules. The
effect of pH and cations on the apparent viscosity of a CWM can be
interpreted as resulting from the partial neutralization of the electrical
charge of the particles by the compression of the electrical double layer
around them, thus decreasing the repulsive interaction forces caused by
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the overlap of the double layers. Cation concentration at which the sharp
increase in apparent viscosity of a CWM occurs depends on the valency
of the cation (i.e., higher the valency, lower is the critical concentration).
This behavior is in accordance with the empirical rule for the critical
flocculation concentration for coagulation of hydrophobic colloids,
known as the Schulze-Hardy rule, and supports the previous interpretation
that the coal particles in a CWM with anionic dispersant are dispersed
mainly by electrical repulsive forces arising from negative surface
charges. In such system electrolytes in the solution strongly influence
the degree of particle dispersion and thus govern the CWM rheology. As
shown in Fig. 1.7, variation in concentration of hydrogen ion affects the
CWM viscosity much more strongly than other monovalent ions. Similar
effects have been noted in other colloid systems (Fig. 1.6).
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1.7 Change in viscosity with different ions.

This may be indicative of an enhanced adsorption of H* onto the surface
of the coal particle due to its small ionic radii. Critical flocculation
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concentration is those at which the CWM has an apparent viscosity of

1 Pa.s. Concentration of ionic species in such supernatant solution is as
follows:

1.5 Concentration of ionic species in supernatant

solution
Species Na+ K+ NH4* Ca*? Mg+? Al+® CI F S?
Concentration 316 51 2.6 3.9 0.5 0.007 256 1 28.3
(m.mol/dm3)

In above table high concentration of sodium ion is due to its presence in
the dispersant and the addition of NaOH for pH adjustment during CWM
preparation. Na* concentration is assumed to be balanced by the unabsorbed
dispersant anions in the supernatant. Electrolytes also affect flow
characteristics of CWM to a great extent. As shown in Fig. 1.8, when the
electrolyte concentration is low and the particles are well dispersed, the
CWM displays a shear-thickening behavior over the range of shear rates
examined. As the electrolyte concentration increases, the shear stress at
low shear rates increases sharply, the CWM begins to have a quasi-yield
stress and the flow characteristics shift to shear thinning. The property of
heopexy becomes significant at high electrolyte concentration. The
emergence of quasi-yield stress can be explained qualitatively by
considering the formation of a network structure, principally incorporating
small particles, due to increased attractive forces. Particles are expected
to flocculate upon collision when the attractive forces between them are
greater than viscous and/or inertial force. The shear thinning behavior
may result from the breakdown of the network structure by the greater
viscous force at high shear rates. The property of rheopexy may result
from the difference in the rates of formation and rupture of the structural
linkages at given shear rate. The rate of flocculation may be a function of
the relative magnitude of forces acting on the particles and the collision
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1.8 Change in flow curve of CWM on addition of CaCIz.
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frequency between them, both of which are influenced by the rate of shear,
particle size, and the solid concentration. In a CWM with larger top sizes,
the formation of structural linkages by small particles may be retarded by
the presence of the large particles. Moreover, these structural linkages
may be ruptured easily by the motion of the large particles induced by the
external shear. Viscous forces may be of sufficient magnitude to break up
the structure even at very low shear rates, resulting in diminished quasi-
yield stress. As top size decreases, there is average particle separation at
constant solid concentration. Here the structural linkages between particles
are expected to be denser and firmer and to form faster due to high collision
frequency of smaller particles, than in case of CWM with larger top sizes.
In regard to particle size, smaller the size more is the effect of CaCl, addition
due to formation of stronger particle linkages in the low shear rate region.
With larger size particle, flow curve does not change appreciably with the
addition of CaCl,. Studies involving effect of adding sodium salts of various
anions on apparent viscosity of CWM shows that presence of anions do
not alter the CWM flow properties. Concentration of co-ions (positive
zeta potential) is negligibly small compared to the counter-ions (negative
zeta potential). Coal particles, thus as per Boltzman principle in the present
CWM, were determined to have negatively charged. Hence, anions are
expected to have little effect on the rheological characteristics of the present
CWDMs. A slight increase in apparent viscosity at concentrations higher
than about 0.1 mol/dm?is attributed to the presence of positively charged
sodium ions mentioned earlier.

1.6 CWM with non-ionic dispersant

As shown in the Fig. 1.8, CWM exhibits shear thickening behavior identical
to that of CWM employing an anionic dispersant with no additional
electrolyte, in which particles are well dispersed.

However, addition of electrolytes results in marked different behavior.
Coal particles suspended in water are known to be negatively charged
even in the absence of anionic dispersant. This is probably due to the
dissociation of the surface functional groups. However as shown in
Fig. 1.11 (with CaCl, addition), electrolyte addition do not change the
apparent viscosity of the CWM with non-ionic dispersant. The flow curve
is also affected. It appears that the electrostatic repulsive force may not
influence significantly dispersion of particles in the CWM. These results
indicate that particle coagulation is prevented and dispersion is effected
solely by a steric stabilization effect. Chemicals mostly used as additive
are dodecyl sulfonate, lignin sulfonate, C16/C18 sulfonate, dibutyl
naphthalene sulfonate, naphthalene sulfonate, calcium ligno-sulfonate,
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1.9 Effects of anions on viscosity of CWM.
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1.10 Flow curve of CWM with nonionic dispersant.
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1.11 Effect of CaCl2 addition on viscosity of CWM
with non-ionic dispersant.

formaldehyde condensed naphthalene sulfonate, sodium bis-(2 ethyl hexyl)
sulfosuccinate, soluble anonic organo-sulfonate, sodium ultra
polyphosphate, non-ionic starch, sodium tetra-polyphosphate, alkyl aryl
sulfonate (anionic), etc.
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Coal deposits, mining and beneficiation

2.1 Coal deposits

Coal is estimated to have been formed about 200-300 million years ago.
Their classification according to geological system and corresponding rank
are shown in Table 2.1. Coal occurs in Gondowana system of permo-
carboniferous age and in the tertiary age, both in the Eocene and Miocene
era. There are unimportant and little known areas in the Jurassic and
Crateceous period.

The older coals occur only in the Damuda series of the lower Gondowana
system. The Damuda series overlies the Talchir series, which is of glacial
origin. The geological condition in India strongly resemble to those of
South-Africa and Australia, where the coals of Permo- carboniferous group
are indirectly associated with glacial deposits and they depict same type
of plants in the calossopteries flora group. Earlier Australia-India- South-
America-Africa-Madagascar and Antarctica, represented a unified region
termed as Gondowana land, and coals of these regions were called
Gondowana coal. From geological point of view, coalfields of India are
clubbed into three categories — Gondowana, Jurassic, and Tertiary. In the
evolution stage of coal from plant material, it is believed that highly toxic,
stagnant water decomposed by bacteria all but cellulose material. Unaltered

Table 2.1 Normal age of coal deposits

Geological system Approx. mean age in  Normal rank of coal formed
Era Period terms of x16 year
Paleozoic Carboniferous 300 Anthracite and semi-anthracite
Permian 245 Bituminous
Mesozoic Triassic 200 Bituminous
Jurassic 160 Bituminous
Cretaceous 120 Bituminous and sub-bituminous
Tertiary Eocene 60 Sub-bituminous and lignite
Oligocene 40 Lignite
Miocene 20 Lignite
Quarternary  Pleistocene less than one peat

27
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cellulose (or partly altered to hemicellulose and gave lignin) gave rise to
vitrain and clarain, which in-turn gave birth to caking coal. Whereas less
toxic (better aerated) decomposed microbiologically all but lignin and
hydrogenous matter (only resins and spores remained). This material gave
birth to Durain and Cannel coal, which turned ultimately into non-caking
coals. All these morphological changes have been dealt in detail in
Chapter 1. Thus on the basis of above geological age, world coal deposits
can be categorized into three groups:

a) Carboniferous coal — Formed during carboniferous age, i.e., about
360 million years ago. These deposits are found in Europe, Belgium,
France, Germany, U.K, Holland, Poland, Russia, Spain, Canada, and
USA. It is distributed in Northern Hemisphere covering all above
countries. In Carboniferous era all these countries were distributed
round the equator and belonged to the continent known as Laurentia.
These coals range from bituminous to anthracite and are of superior
quality as they contain low ash.

b) Gondowana coal — These coals are found in Antarctica, India,
Australia, Madagaskar, South-Africa, and South America. They all
belonged to one continent known as Gondowana land. These
countries were in the neighborhood of sub-arctic and arctic region
having similar climatic and geographical environment. These coals
are of Permian age (formed about 270 million years ago); although
coals in South-America (Brazil) are regarded as upper Carboniferous
in age. Gondowana coals are mainly of bituminous in rank, although
occasionally some semi-anthracite is also found. The occurrence of
true anthracite in Gondowana coal deposit is extremely rare.
Gondowana coals are characterized by high ash content and thus
inferior in quality to that of Carboniferous coals. Indian coals are of
drift origin (thus high in ash), but carboniferous coals are in-situ
deposit and thus low in ash.

c) Mesozoic and Tertiary coals — These coals are less matured than
carboniferous or gondowana coal.Mostly these are high moisture
content brown and sub-bituminous or lignitic coals. Following
Table 2.2 published by (National Coal Association, Washington DC,
USA, in 1972) country wise proven reserve of as against percent of
total world reserve:

India ranks ninth in terms of coal reserve in the world and sixth in terms
of annual coal production. The most important coalfields are in Ranigunj
(West Bengal), Jharia and Bokaro (Bihar). The best coking coal comes from
Giridhi, Jharia and Ranigunj. Other states where coal occur include M.P,
Orissa, A.P, Maharashtra, Assam, to some extent in Nagaland, Arunachal
Pradesh, U.P, Jammu- Kashmir, and Meghalaya. The total (all types including
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Table 2.2 World coal reserve (country wise)

Country % of world total Total
Asia USSR 19.9
China 16.7
India 1 37.9
Japan 0.2
Others 0.1
North America USA 48.2
Canada 1.4 49.7
Mexico 0.1
Europe Germany 4.8
UK 2.8
Poland 1.3
Czechoslovakia 0.3 10
France 0.2
Belgium 0.1
Netherland 0.1
Others 0.4
Africa South Africa 1.1
Others Nil 1.1
South and Central America \enezuela 0.1
Others Nil 0.3
100%

lignite) proven, indicated and inferred reserve in India stands at 86,428
million tones with seam of 1.2 m and above and generally upto a depth of
600 m from surface. Out of this total, coking coal reserve is placed at 23391
million tones. The output of lignite in 1980 was 4.5 million tons in India.
Significant reserves of lignite occur in the stateof Gujrat, Jammu-Kashmir,
Rajasthan an Tamil Nadu. The total estimated reserve in this respect stands
at 2100 million tons of which Neyveli field in Tamil Nadu alone contains
1919 million tons. In 1983, total mineral production in India was Rs 6417
crores of which 88.8% were due to fuel. 1994-1995 fuel production figure
in India were — coal 254 million ton, lignite 18.8 million ton, natural gas
14644 million cu. m, and crude petroleum 32 million tone.

Because of drift origin, Indian coals occur in thick seams and less
defined. Whereas carboniferous coals are well defined. Distribution of
gondowana coalfields in India are as follows:

(a) Himalayan area — inaccessible, thus of less economic importance.

(b) Rajmahal area — 160 km north of Suri (south bank of Ganga river).
These coals are non-coking inferior quality, suitable for thermal power
plant in North Bengal, Bihar, and Bangladesh (Ganges region).

(c) Deoghar area — east of Giridhi, covering only a few square kilometer.

(d) Damodar Valley coalfields — Raniganj, Jharia, Bokaro, Ramgarh,
North Karanpur and South Karanpura.
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(e) Palamau coalfields — coalfields in Aurangabad, Hutar, and
Daltangunj. Among them Daltongunj and Hutar coalfields are of
economic importance.

(f) Valley coalfields — Singrauli, Sohapur (this coal is being used in Bhilai
Steel Plant).

(g) Chattisgarh region — they constitute 18 coalfields encompassing this
region.

(h) Mahanadi valley coalfields — Amongst these, Talcher coalfield of
Orissa is important.

(1) Satpura region — Pench and Kanham valley coalfields are most
important. Some of the coals in Kanham coalfields are medium coking
coal. Outside Damodar valley coalfields, it is rare to find medium
coking coal.

(j) Nagpur region — Umrer and Kamptee are two coalfields of this region.
Kamptee coals are used in Koradih (Maharashtra) super thermal
power (1100 MW) plant.

(k) Wardha valley coalfields — Situated on the bank of river Wardha,
these seams are thick and mostly above 4 m. In Ghughres-Telwasa
seam 21 m thick deposit has been found.

(1) Godavari valley coalfields — These coalfields are continuation of
Wardha valley coalfields and occur in godavari basin area. Amongst
these, Singareni coalfields are most important.

(m) Tertiary coal deposits of Assamand Meghalaya state — Geological
and geographical distribution of tertiary coalfields are as follows:

Early Pleistocene to Lignites in Karewa formations of Kashmir valley.
upper Pilocene:

Miocene: Lignites of Neyveli in Tamil-Nadu. Lignites of Verkala and Quilon
in Kerala.

Oligocene to Lignituous coal of Barail (Jaipur), Nazira, Namchik and Makum

Upper Eocene: (Assam).

Middle Eocene: Lignites of Polana (Rajasthan); Vimarsar, Panandaro, and
Akrimota (Gujrat).

Lower Eocene: Jaintia seris in Mikir Hill (Assam), Jaintia-Khasi Hills (Meghalaya)
and also Kalakot, Metka, Mahogala, Chakur, Dhanscoal Swalkot
of Jammu.

Neyveli (south Arcot district of Tamil-Nadu) lignites have ash content
4—6%. Kutch (Gujrat) lignites are estimated to 160 million tons and the
Palamau (Rajasthan) lignites reserves estimated at 20 million tons. Reserves
of major coalfields are shown in Table 2.3 below.

Major consumers of above commercial coals in India and change in
coal consumption in different sectors between 1975 and 1987 in India is
shown in following Table 2.3a.
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Table 2.3 Major coalfields with their coal reserves (in thousand million ton)

Coalfields Coking Non-coking Total
Raniganj 2 25 27
Jharia 8 11 19
Karanpura 3 12 15
Bokaro 8 - 8
Singrauli - 10 10
Talcher/Ib-valley - - 6
Wardha valley - - 2
Korba - - 1
Godavari valley - 8 8
Table 2.3a

Consuming sector 1986-1987 1974-1975
Steel 10.11 million tons 13.94 million ton
Power (utility) 71.26 19.15
Locomotive 6.83 12.82
Cement 6.46 3.48
Fertilizer 3.66 0.95
Brick and other industries 38.04 24.01
Export 0.16 0.53
Colliery consumption 3.53 2.33
Total 141.65 78.11

2.2 Petrographic constituent of coal

Megascopic appearance of coal shows two distinct layers — bright layer
known as Vitrain and Clarain, and a dull layer containing Durain and Fusain.
Under ordinary microscope coal appears as banded structure. These bands
are distinguished by varying order of brightness. These banded constituents
(micro-constituents) are called petrographic structure and these lithotypes
are known as macerals (micro-constituent) bodies. These lithotypes along
with their micro-constituents (macerals) are shown in Table 2.4. India’s major
workable coal deposits occur in two distinct stratigraphic horizons — the
lower gondowana of Permian age and the tertiary coal deposits as mentioned
in previous section. Gondowana coals constitute bulk of the coal resources
(about 99%) and are located in the south-eastern quadrant bounded by 78°E
longitude and 24°N latitude leaving three-fourth of the country virtually
devoid of major coal deposits. The gondowana coals are characteristically
high in ash and are inferior in quality to carboniferous coal. Petrographic
composition of Talcher (Orissa) coals are as follows:

Coal mines Vitrinite Exinite Inertinite Reflectance
Talcher 40-45 vol% 5-10 vol% 45-50 vol% 0.50-0.55 (av)
(bottom seam |)

Talcher 60-65 vol% 5-10 vol% 25-30 vol% 0.50-0.55 (av)

(Jagnnath Il seam)
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Table 2.4 Stopes-Herlen system of classification

Macro-constituents Micro-constituents

Lithotype Macerals

Vitrain Vitrinite having further divisions — collinite and tellenite
Clarain Variable composition:

Vitrinite — distinctive band
Exinite — sporinite, cutinite, algaenite, resinite
Inertinite — less distinctive micrinite, fine grained
seleroinite, semi-fusinite, and fusinite

Durain Inertinite and exinite

Fusain (Jagnnath Il seam)  Fusinite

It is normal practice in reserve studies followed by GSI to estimate coal
through preliminary data and report it as “inferred reserve.” Thereafter
the reserves are confirmed by indirect method and reported as “indicated
reserve.” Finally bore hole samples are drawn actually in the field and
based on analysis of these bore hole samples “proven reserves” are
declared. Thus studies with North-eastern coals in 1950’s inferred reserve
was declared as 200 million tons and later in 1960’s indicated reserve was
declared as 900 million tons and finally till this date 200 million tons has
be concluded as proven reserve. However in Himalayan region all coals
are not accessible due to high terrains and actual reserve could much higher
while recoverable amount is much low. Further North-eastern coals contain
large amount of organic sulfur. Tertiary coals are entirely confined to the
foothills of the Himalaya and the North-Eastern region. Gondowana coals
occur in isolated basinssituated along prominent rivers as mentioned above.
Nearly 50 such coal basins are known varying in size from few square
kilometers to as much as 1500 sq kilometer; in addition there are over 20
small tertiary coalfields in North-Eastern region.

Coalfields in the Schuppen zone (North-Eastern India) are — Makum
coalfields in Assam, Dilli-Jaypur coalfields in Assam, Namchik-Namphuk
coalfields in Arunachal Pradesh, Nazira-Borazan coalfields in Nagaland,
Jhanji-Disai small coalfields of Nagaland. These tertiary coals of North-
Eastern region belong to Eocene and Oligocene ages (Table 2.5).

Assam coal is particularly characterized by high caking index, low ash
but high organic sulfur (2-7%). These coals are unique in the sense they
are very homogeneous (90% and above is vitrinite) in all layers.
Comparative studies on vitrinite reflectance and sporinite fluorescence in
relation to coal properties show that the vitrinite reflectance is more closely
associated with volatile matter content and calorific value as well as
maximum fluidity. Northeastern coals on carbonzation yields double the
amount of tar than Gondowana coals. These coals are also very much
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amenable to liquefaction like low rank coals. Coke quality is the first
parameter dictating suitability of coal for steel industry. Table 2.6 shows
the coke quality obtained from North-Eastern coals.

Both ash and sulfur content in coal is critical for metallurgical
application. For example, since ash in coke requires more heat for melting
and as a thumb rule, each kg of ash requires about 1.5 kg of limestone
which results in increase in slag volume by about 2-2.5 kg per ton of hot
metal. Similarly sulfur being removed as calcium-sulfide in blast furnace,
more limestone is required for each percentage increase in sulfur giving
rise to still higher amount of slag.

Normally, sulfur content of Namdung and Boragolai coalfields are in
the range of 2.5-4.0 while that for Ledo and Tipong are still on higher
side. The highest sulfur in above coals is 70-80% of above sulfur content.
Delli-Joypur coals also contain high sulfur (3—4.5%) but pyretic sulfur in
these coals is more (upto 60% of above sulfur content). Kailajan coals
have sulfur content 3.65-6.35%. Average sulfur content in other mines
are — Laitengrew = 3.9%, Jaintial hills (Bapung coalfield) = 6.6%, Borzan
coalfields (Nazira coals) = 2.5-9.4%. Variation in sulfur content with depth
has also been recorded and in Namdung coal mines sulfur content at 20 ft
depth found to be 5%, while at 60 ft depth found to be 3.3%.

Because of above unique nature of Assam coal, its use mainly has been
restricted to railways and tea gardens. The main reason for such restricted
use is being high volatile matter, which generates profuse smoke during
burning and subsequent extinction of fire, their high caking nature which
causes agglomeration in the bed during combustion and hence blocks
passage of air through it, their friability during storage, yielding friable
coke on carbonization, and due to high sulfur content. Present author has
experimented with the coke generated from these coals and found that

Table 2.6 Coke quality of various N-E coals

(million ton)
States Coalfields Nature of Coke Reserve
Arunachal Namchik Non-caking 91
Namphuk Non-caking
Assam Makum Caking 235.66
Dilli-Joypur Non-caking 20
Kailajan Non-caking 0.60
Meghalaya Garo-hill Non-caking 388.72
Lungrew Non-caking 133
Cherapuniji Non-caking 9.50
Laitengew Caking 11.0
Laitengew Caking 11.0
Nagaland Nazira Non-caking 10
Jhanzi-desai Non-caking 2.5
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60% of the total sulfur in coal is retained in the coke matrix. Later these
cokes were successfully used in cement making by vertical shaft kiln
technology where use of retarder calcium sulfate in the generated cement
was drastically reduced because of the sulfur on the coke. However direct
use of these coals in cement making by VSK technology was not successful
as it generates too much smoke. Carbonization characteristics of these
coals are shown in Table 2.7.

The caking power of coal (i.e., its ability to form a hard coherent mass
on heating) varies from zero for lignite type coal to a maximum with coals
of about 88% carbon content, and then again decrease sharply to zero
again at about 92% carbon. It follows therefore that coal required for
manufacture of hard coke, must be chosen from the range in which caking
power is well developed (i.e., in the range 83-90%). If the main objective
is to derive gas (coke the secondary product) as in gas production industry,
the choice will be high volatile caking coal. As the caking power increases,
the coal passes through the stage of plastic and the starting structure slowly
replaced by cellular structure which hardens to the coke form. During
coking devolatalization is always complete below 1000°0C and the left
over volatile matter remains in coke. For any given coal reactivity of the
generated coke decreases with decrease in carbonization rate (i.e., more
time required for the carbonization). The most strongly coking coal
produces the most unreactive coke. Bituminous coal have specific gravity
in the range 1.12 — 1.35, while that for middlings is 1.40-1.80 and
carbonaceous shales 1.60 — 2.20. Assam coal having high caking index
suitable for blending with non- coking coals. This blending technique while
generates better (hard) coke from non-coking coals, simultaneously brings
down total sulfur content of the blending Assam coal. Such a trial was
first carried out at TISCO, Jamshedpur (India) in 1952. Further studies at
Central Fuel Research Institute, Dhanbad (India) in 1975 at Bhilai Coke
Oven by SAIL and CIL, established possible blending upto 6% ash coal
obtained from 60 ft seam of Boragolai coal to the extent of 10%. Afterward
in 1982, SAIL (steel Authority of India) experimented blending these coals
upto 15% limit, but the results were not encouraging. Subsequent trial

Table 2.7 Gray King Assay at 600°C of NE-coals (in terms per ton coal)

Source Coke Tar Liguor Ammonia Gas Coke type
Namdung quarry 672 kg 128 liters 70 liters 0.8 kg 118.7m E
Deep mine 682 151 63 0.8 107.3 G
Boragolai 684 161 56 1 109.4 G1
Caking Swelling  Micum index
index index
Namdung CF 24 3.6 M, =70, M, =12
Tipong CF 20 2.5 M,,= 65, M, =12
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runs at Durgapur Steel Plant, West-Bengal (India) with 4% and 8% Assam
coal failed to pass Micum test.

As mentioned earlier, due to presence of organic sulfur in Assam coal,
they are very much amenable to liquefaction and the tests were carried out
by Central Fuel Research Institute, Dhanbad in 1960 although found
technically feasible, was not pursued further due to low price petroleum
oil at that time. However the scenario has changed considerably in last 45
years and crude petrol price has jumped from $15 a barrel to $72 a barrel
and the process now warrants a fresh look into it. In such an effort, Govt
of West Bengal (India) in 1998 made a fresh study based on technical data
available at that time, and now it seems coal to oil is economically feasible.
SASOL plant in South Africa during World War II has proven commercial
scale technical feasibility of converting coal to oil. We further discuss this
point in detail in Chapter related to coal liquefaction.

2.3 Coal beneficiation

When we mention washability characteristics of a coal, in broad sense it
implies its amenability towards quality enhancement through beneficiation
technique. Washability characteristics of a coal, in turn, varies with the
amount of impurity present in it, as well as nature of these impurities. A
particular mined coal is first tested for its cleaning potentiality in the
laboratory and then send to washery for cleaning. These lab scale tests are
known as “float sink test.” Size of the coal is another factor for beneficiation
of coal by these methods and coals are crushed to the desired size depending
on the proximity of the dirt or its adherence with coal particles, and also
depends on the particular use of the coal after beneficiation. For
ascertaining this size distribution, coals are crushed to different size ranges
in small scale first and washability tests are carried out in order to find
percent recovery of clean coal with respect to size variation. Similarly
studies on the cleaning characteristics of individual size fractions within
narrow limit, give greater flexibility in the subsequent combination of
results in required size limits that conform to the duty specification of
commercial washing units. In cases like coking coals, a large amount of
middlings or sinks are obtained, and thus it becomes necessary to repeat
the experiments on middlings alone in various size ranges in order to assess
further clean coal recovery potentiality.

Various organic liquids are also used for these float-sink tests and their
specific gravity varies from benzene (0.86) to carbon-tetrachloride (2.80).
Specific gravity in between ranges is being varied by blending two liquids
of two different specific gravity to obtained desired specific gravity.
Chlorinated salt solutions, especially zinc-chloride, are recommended for
testing coal samples above 3 mm size. Zinc-chloride can be used to prepare
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solutions with specific gravity varying between 1.25 and 1.80. For coals
above 13 mm size, sulfuric acid solutions (sp gr = 1.25-1.80) can be used
provided the coal contains low carbonate ash in it. Separations involving
use of higher specific gravity liquid such as carbon-tetrachloride,
bromoform, calcium chloride solutions, or pulp in water is also sometime
used and such separation is termed as “dense media separation.” Calcium-
chloride is corrosive and densities above 1.4 are too viscose to use. Jigging
is a process for ore concentration, carried out in any fluid and depends
upon its effectiveness on difference in specific gravity of the granular
mineral particles. It basically consists of stratification of the particles into
layers of different specific gravities, followed by removal of stratified
layers. The stratification is achieved by repeatedly allowing a very thick
suspension of the mixed particles an opportunity to fall until settled. Fine
particles are further accelerated to settle by consolidation trickling in a
pulsating jig (suction is applied along with pulsation). Small coal particles
(less than Y4th inch in size) are difficult to settle by these wet float-sink
method and require very long time to settle. This cause decreases in
efficiency of output from the washery. In such case, dense media dry
cyclone can be used to effect its rapid separation. In cyclone dust particles
enter tangentially downward into the cylindrical chamber and after whirling
down the cyclone and separation of the particles, the gas passes through
the central axis directly upward outside the separation chamber. Thus
dynamic situation within the cyclone develop the unusual property of
decreasing viscosity of the medium in contrary to a conventional liquid
settling tank where agitation will ruin the separation process. The limit of
the lowest size of coal particles that can be treated in a cyclone washer is
determined not by the cyclone itself but by the problem of recovering the
medium from such small particles. This limit is generally set at 2 mm for
all practical purpose and at this size, the separation is both reasonably
rapid and efficient. The upper size limit of the particle is determined by
the aperture in the cyclone and can be upto 2 inch, although this is unusual.
In Australia, the top size is generally maintained at 1/4th over an inch.
The cyclone is at its maximum efficiency hen the specific gravity of
separation is as close as possible to the specific gravity of the medium
(Table 2.8).

To achieve this, the diameter of the vortex finder should be slightly
greater than that of the spigot.

Capacity of a 14 inch diameter cyclone is about 25 ton/h throughput
while that of 20 inch diameter is 50 ton/h throughput. CFRI (Dhanbad),
India has developed an apparatus for float-sink test of fine coal and for
ores size below 3 mm. The apparatus is known as “Sarkar-Manchanda”
apparatus. The design and sell of the apparatus has been licensed to a
foreign firm “W. Feddler and Co,” West-Germany. Some of the special
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feature of the apparatus are as follows:

(a) Entire operation (including separation and discharge of float-sink)
is affected inside a closed system, and the evaporation of volatile
liquid used for separation is almost eliminated, as a result of which
the worker is exposed very little to the toxic vapor of the oil.

(b) The experiment can be completed in half the time of a conventional
method.

(c) Results are more accurate and have good reproducibility factor despite
shorter time required for the experiment.

(d) Chances of personal error are minimized.

(e) Special arrangements in the apparatus allow direct discharging of
separated product into the closed filtration system connected to water
filter pump.

(f) Unlike conventional systems, there is no limit to the lower size for
this apparatus.

On completion of the float-sink test, the fractions are dried, weighed
and ash determined. The percent yield of total coal which is within + 0.10
specific gravity range in the most effective density range of separation is
known as “near gravity material.” Such an experimental curve can be
derived from yield-gravity plots. For easily washable coals, the near gravity
material curves not only show a tendency to decrease both at lower most
and higher most density ranges of cut but becomes maximum in the
intermediate density range of cut, which generally vary from 1.45 to 1.55.

In general, specific gravity range important for industrial scale
beneficiation which can be effected by these techniques can be categorized
as follows:

(a) Specific gravity 1.30-2.00 — involving separation of coal from shale
or other refuses.

(b) Specific gravity 2.60-3.00 — separation of gangue minerals such as
silica or silicate and calcite from oxides or sulfides.

(c) Specific gravity above 3.00 — separation of clean metallic mineral
concentrate from the middlings or one metal-sulfide from another.

As a general rule, concentration of near gravity material varies directly
with fixed ash content and varies inversely with free dirt contact. But again
ex act yield of near gravity material depends on the conglomeration of the
specific gravity fraction around the desired separation density range.
According to Bird (USA), following washability criteria was proposed in
1931 for various specific gravity ranges:
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+0.10 Specific gravity Washability characteristics
distribution present
0-7 simple and any process can be adopted.
7-10 moderately difficult
10 - 15 difficult
15-20 very difficult
20 — 25 exceedingly difficult
Above 25 formidable.

Most of the Indian coals fall under formidable category mentioned
above, whereas most of the American coals fall under simple to moderately
difficult category. Indian coals (except the Assam variety), the near gravity
material hardly come down to below 25-30% at 15-17% ash level, as
against 10-12% usually obtained in the separation of American and
continental coals at the clean coal ash level of 7-8%. Most of the inferior
coals at Jharia, Bokaro, Raniganj, Ramgarh, Karampura, and central Indian
coal fields exhibit much more cleaning characteristics as they often contain
60-80% near gravity material at the desired density operation. Assam coal,
as mentioned above, being friable in nature, generates a large amount of
fines (especially after storage) and its ash percentage with time has
increased (Boragolai mines) from average 4 to 12% recently. Indian coals
are of drift origin and thus difficult to wash.

Three groups of washing techniques have been evolved which best suite
our ROM coals:

Group I — washeries designed to wash coal of easy to medium cleaning
characteristics. Figure 2.3 illustrates washing scheme for
such group of coal. The washeries at Bojudih, Durgapur
(HSL), Kargali and Gidi conforms more or less to this
category.

Group Il - composite washing scheme for coking coal under this
category with prewashing is shown in Fig. 2.4. Both Dugda-
I and Pathardih washeries are of this category.

Group III — this includes washeries schedule to wash coal of difficult
cleaning characteristics. Figure 2.5 shows the washing
scheme of this group of washeries. Washeries installed at
Kathara, Swang and Durgapur (DPL) as well as Dugda-II
falls under such category.

As mentioned earlier, for determining suitability of a particular type of
washing for a specific batch of coal, first washability curve is established
in small scale. Depending on the quantities plotted in the abscissa and
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| Cooking Coal, r.o.m |

| Crusher 75.0 mm |

[ ]
| 75-25 mm or 75-13 mm | | 25-0 mm of 13.0 mm |

| Heavy media washer | Baumjig washer

| Cleans ||Midd|ings| | Rejects | | Cleans ||Midd|ings| | Rejects

Total middlings

Total Clean Total middlings Total Rejects

2.3 Composite washing scheme of coking coal (without prewashing).

| Cooking Coal, r.o.m |

| Crusher 75.0 mm |

[ ]
| 75-25 mm or 75-13 mm | | 25-0 mm of 13.0 mm |

| Heavy media washer | Baumjig washer

| Cleans ||Midd|ings| | Rejects | | Cleans ||Midd|ings| | Rejects

Total middlings

Total Clean Total middlings Total Rejects

2.4 Composite washing scheme of coking coal (without prewashing).
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R.0.M. Coal

| Crusher 75.0 mm |

Depending on special problem
encountered the shole coal or the coarse
traction above 13 mm may be first be
heated and the floats crushing and
retreated for receptory of cleans and
middlings/sink

| Crusher 13.0 mm or 6.0 mm |

Deslimming careen and steve bend

Cyclone washer Slurry treatment by autogeneous
Sp.gr. 1.45-1.55 cyclones or thoth flotation
I | I |
| Cleans | |S|nk (Rejects) Clean Tallings
Concentrate (rejects)

Total Clean Total Smks

2.5 General washing scheme for upgrading of interior coking coal.

ordinate of the XY curve, they can be classified into following four
categories:

(a) The characteristic curve or fractional yield versus ash curve.
(b) Total floats versus ash curve or cumulative float curve.

(c) Total sink versus ash curve or cumulative sink curve.

(d) Yield versus specific gravity curve.

The characteristic curve in above series is regarded as the parent curve
from which other two curves (i.e., total float vs ash and total sink vs ash
curves) can be derived by direct calculation or graphical plotting. The
fractional yield in such case is expressed in percentage of the total coal.
Total float vs ash curve directly shows the recovery of clean coal, and for
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this reason this particular curve finds more frequent use in practice than
the characteristic curve. Similarly the total sink vs ash curve is obtained
by plotting cumulative yield of sinks at any specific gravity. The curve is
complementary to the total float vs ash curve, and show directly the ash
content of the total sink at any yield level of sinks or clean floats. In contrast
to above three curves, the gravity-yield curve shows that the relationship
between the specific gravity of separation and the total yield of clean coal
which floats at that specific gravity. Thus the desired specific gravity of
separation corresponding to any yield level of clean coal can be provided
by this curve.

Due to near linear relationship of ash with specific gravity of a coal
upto the 40% ash level, the yield-specific gravity curve when drawn on a
proper scale and in a regular manner, becomes roughly parallel with the
characteristic curve, specially for specific gravity less than 1.60. If the
characteristic curve approaches a straight line (i.e., without any concavity)
the coal becomes more difficult to wash and this is all the more true when
the curve approaches vertically (i.e., becomes nearly parallel to the vertical
axis). On the other hand, if the characteristic curve lies mostly near the
vertical axis and then takes a sudden turn towards horizontal axis, the coal
becomes very easy to wash. Thus the characteristic curve indicates optimum
level for separation but also construct directly the total float ash or the
total sink ash curve by means of area integration. However the chief
limitation of the standard washability curve is that the yield of middling
of any stipulated ash content cannot be directly read from them. In order
to circumvent this difficulty, middling curves have been developed by CFRI
(Dhanbad), India whereby direct reading of the yield of middling of any
specified ash content is possible for any particular level of ash for the
cleaned coal. Thus once the ash content of the primary cleans is made
known, the middling curve or more specifically the secondary float curve,
can be derived from the characteristic curve following the principle of
area integration. The great advantage of the middling curve is that it can
be drawn along with the standard curve in the same diagram and from it
one can set at once what will be the middling of various stipulated ash
content.

CFRI (Dhanbad), India in 1968 also proposed (in 4th International Coal
Preparation Congress, Harrogate, UK), a new scale known as “Washability
Index” for comparing washability characteristics of different coals. This
index represented by a number ranging from 0 to 100, is independent of
the overall ash content of the raw coal or the level of ash in clean coal.
Lower the index value, more difficult it to wash. In such case the Meyers
curve (ash unit curve explained in following section), is redrawn by
expressing the cumulative ash unit at different yield levels as percentage
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of the total ash in the raw coal. For any coal this yield-ash distribution
curve originates at zero yield (corresponding to O ash) and terminate at
100 yield (corresponding to 100% ash). For any hypothetical coal, which
is absolutely non-washable, this curve has to take the form of straight line
running from zero yield (with zero ash) to 100 yield (with 100 ash). On
the other hand, the greater is the concavity of this curve, the better is the
cleaning characteristics of the coal. When the area bounded by the curve
and the diagonal through the zero yield and 100% ash is expressed as the
percent of the total area bounded by the two axis and the diagonal, we get
the “washability index” in terms of pure numbers lying between zero and
100. Comparison of such indices for Japanese, Australian and South African
coals show the index to range from 20 to 49, which resembles that of
Indian coals.

CFRI (Dhanbad), India has also offered another simple criterion, known
as “yield reduction factor,” for defining cleaning characteristic of coal.
This is achieved by simply expressing the percent reduction or the sacrifice
in yield for each percent reduction in ash content at any selected ash level
of the clean coal (i.e., the factor = % yield/% ash reduction). It has been
observed that the yield reduction factor for any particular coal seam remains
reasonably constant so long as the size grading of the coal and its ash
level do not undergo appreciable level of change. The lower the yield
reduction factor, the better is the washability characteristic of the coal.
This method is very useful in day to day operation of a washery, receiving
supplies from various mine heads.

2.4 Representation of washability data
Washability data can be represented by two methods:

(a) Block diagram (representing performance), and
(b) Graphical method (for comparing the performance data).

2.4.1 Block diagram

There are three types of block diagrams used regularly and these are —
distribution diagram, mirror diagram, and Hancock diagram. In the
distribution diagram, yields obtained at various density levels for a number
of screened sizes are displayed. The width of each curve show the relative
proportion of each size fraction floating in a series of liquid with increasing
density. The mirror diagram, on the other hand, is prepared for the same
coal before and after the washing. The diagram for the washed coal is
drawn above that for the unwashed coal but in inverted form. If separation
is ideal, one diagram is the mirror image of the other. And the difference
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in the measure of the inability of the washing plant to make clean cuts on
the coal tested. In the Hancock efficiency chart, weight fractions of refuse
corresponding to several intervals of specific gravity (in terms of percent
raw coal) are marked on a square with shaded area. Thus the total shaded
area represents the total amount of refuse. The area of the square indicate
the weight of the raw coal. Among above three methods, the distribution
diagram give a simple overall picture of the nature of the separation
affected. While the mirror diagram give a comprehensive visual indication
of the difference between ideal and practical washing processes for most
practical purposes the simpler Hancock chart is sufficient. In cases where
more detailed information are required, graphical method with associated
formulae is suggested.

2.4.2 Graphical method

In actual practice, no commercial washing process result approach very
close to the ideal washability curve, because of the difference in effects of
the factors of particle shape and size on the result. This deviation of
performance may be represented and evaluated by plotting the proportion
of material included in the wrong product (at any specific gravity level),
against the difference between that specific gravity and the specific gravity
of separation for the coal. These values, from float-sink test data or from
washing practice, may be plotted conveniently as mentioned by Yancey,
Gear and Shinkowsky. Here coal of low density and refuse of high density
are obtained as washed coal and refuse, respectively. As the specific gravity
of separation is approached, the proportional of material obtained in the
improper product increases rapidly. The curve thus obtained resemble a
Gaussian Error Distribution Curve and washing performance can be
assessed from such error curve (partition or distribution type). These curve
represent practical results against float-sink data and thus shows deviation
between practical and theoretical results. The results may also be expressed
by three mathematical coefficients such as — Tromp error curve (Horsely
and Vhetan) and the Meyer curve (Fig. 2.6 and 2.7).

In Tromp Error Curve, specific gravity is plotted as abscissa and percent
sink as ordinate. Ordinate indicates the probability that a particle will be
found in the sink. The value of the density (specific gravity) corresponding
to 50% particle appearing as clean coal or dirt. Ordinate is called the
partition density which shows the equal chance If the upper half of the
curve is i inverted the area under the curve measures the deviation of the
curve from ideality. The smaller the area (Tromps area or Error area) the
more closely does the washing process conforms to the ideal. The
performance of two washers can be compared by determining the areas
obtained with each when washing the same coal. With perfect separation,
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the area would be zero; the curve running at zero ordinate to the point D,
then rising vertically to the value 100. The error area is the first coefficient
deduced from the curve. The probable error is the half of the densities
between two ordinates, which determines the width of the error area, so is
also the measure of the separation error. Probable error is the second
coefficient and imperfection in the third coefficient, mentioned above.
Imperfection is the probable error divided by partition density minus one.
Imperfection varies little with partition density and expresses the
performance of the washer. It should be noted that the error curve is a
function of particle size. Larger is the particle more close is the separation.
Hence coal of certain size grading should be used when comparing
performance of different washers. The Meyer Curve (Dell), on the other
hand, represents three standard washability curve by a single one and is
similar to the ash unit curve independently developed by CFRI (Dhanbad),
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India. The curve expresses cumulative ash content of the floats as a
percentage by weight of the coal feed against cumulative percent yield of
floats over a range of specific gravity intervals. Thus the recovery of clean
coal is directly read from the yield axis while the direction of the vector
represents the percent ash. The specialty of this curve is that, the yield of
middling for any stipulated ash content, for all ash levels of clean coal,
can be readily obtained from it. To find out the yield of middling at any
predetermined ash level, a straight-line is drawn to connect the ash content
with zero yield. Then from the point of intersection of the curve with the
straight- line joining the desired ash percentage of clean coal and zero
yield, a parallel is drawn to the aforesaid middling line to cut the curve at
a second point. The corresponding yield percentage is noted and by
deducting from it the yield of cleans, the yield of middling is finally
obtained. In a similar way, yield of ash content of the rejects or sink can
also be determined from above plotting.

Considerations also have been given in the past by various organizations
for effective beneficiation of different Indian coals and their
recommendations are as follows:

(a) Deshaling of coal to 30% ash is economical for power stations situated
at 1000 km and more from the coal source, considering transportation
charge (ref: Report on cost effective beneficiation of non-coking coal
for thermal power station — Subcommittee on Coal Beneficiation,
SSRC, Govt of India, May 1988).

(b) A 5% reduction in ash from 35% ash coal (in a 210 MW unit) would
result in a saving of Rs 40 million per year (ref: Report on Trial with
Beneficiated Non-coking Coal from Nandan Washery at Satpura
Thermal Power Station, National Productivity Council).

(c) The investment of Rs 500 million in setting up a plant to beneficiate
2.64 million tons/year containing 37% ash to 25% in a 450 MW plant
would be paid back in 5 years due to benefits of using beneficiated
coal (ref: Coal Beneficiation for Power Generation at Talcher (RRL-
BBSR and Mecon (Ranchi), 1989.

All above considerations are limited to deshaling and deashing of coal
at sizes above 10-25 mm. However, the coal in the power stations are
subsequently ground to 80% passing 75 micron for use in boilers. But
below 100 micron, the liberation characteristic of two coals studied indicate
that ash could be reduced to around 20% without any sacrifice to the useful
heat value (Fig. 2.8 and 2.9).

The known technique of beneficiating (viz. conventional floatation, oleo
floatation, column and spray floatation, oil agglomeration, selective
flocculation, etc.) can be adapted to realize such results in practice. The
cost of beneficiation is to be accounted against — grinding, separation and
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dewatering. While grinding is anyway necessary and would not be an
additional cost, the cost of separation is relatively less as compared to
dewatering. It is in this context that the concept of high concentration
coal slurry is being considered for adoption in place of pulverized fuel
firing and could eliminate an expensive dewatering step.

2.5 Efficiency of a washery

Three different formulae have been put forward by three different
investigators for representing efficiency of a washery. These are as follows:

“Fraser and Yancy Effeciency” = (Yield of washed coal/Yield of float
with same ash content) x100

“Drackeley Effeciency” = (100 — % float in refuse x % refuse)/
(percent float in feed)
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“Modified Drackeley” = (% recovery x % sink in washed coal)/
(% sink in the feed)

2.6 Economics of coal washing

The cost of clean coal has direct bearing on the raw coal cost, plant
operation and maintenance cost, and on loss in washing. Loss in ashing
depends whether it is a two or three product washery. In a three product
washery where clean coal, middling, and rejects are produced, the reject
percent is a direct loss whereas middling forming a certain percentage of
ROM feed, has to be sold at a much lower cost than the input price of raw
coal. Where two product washery is in operation, washing loss may be
less as compared to a three product washery, depending on the price and
yield of the middling produced. The cost of clean coal is therefore depends
on following factors: type of feed coal, type of product desired, type of
washing used, and washery utilization factor. The first factor includes wide
variation in size distribution in ROM coal. The second actor (product type)
includes yield of various products either in a two product or three product
washery. Here the near gravity material plays an extremely important part
and if the operation between clean coal and middling can be achieved to
a high degree of efficiency, cost per ton of clean coal can be brought down
considerably. This is possible to the extent permissible as per washability
characteristics of the coal fed to the washery. Depreciation of the plant
also plays a vital role in the final cost of clean coal. Washeries can build
pithead or can be installed in a centralized location in the midst of a number
of collieries, depending on the pits output, infrastructure facility, by-product
disposal, etc. From initial capital investment point of view, units of large
capacity are preferable to smaller ones. Wear of chutes, launders and
generation of fines are less with high capacity machines as there are less
transfer points. It has been found that jigs and screens are economical
when their individual feed rate is more than 400 ton/h. Filters and floatation
machines are economical when their capacities are not less than 40 ton/h.
With above considerations one has to decide upon the right size of
individual machine which will produce maximum economy. In last three
decade, mines targeted output is being achieved increasingly through more
and more mechanization which, in turn, gives rise to more and more fines.
ROM coal is accordingly loaded with more of free dirt and increased
percentage of moisture. Present trend of washery design involves
construction of modular (so that capacity can be increased in steps) and
small portable (75-150 ton/h) unit. Though the conventional crushers
(single or double) are still in use for pretreatment of washery feed, common
practice in some of the major coal producing countries is to reduce all the
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ROM coal to below 150 mm by means of rotary breakers which combine
in a single operation — screening, crushing and packing. For non-coking
coal such simpler dry methods are used for separating rared stone and
abrasive minerals. Integrated circuits incorporating simple jigs and oil-
agglomeration units which has been developed in India, have shown great
potentiality for use in the beneficiation of high ash difficult to wash coking
coals. Apart from the fact that much higher recoveries of metallurgical
grade coals can be ensured by the application of this integrated process,
its operation and maintenance problem will be much simpler as the use of
expensive vacuum filters and thickeners can be kept at the minimum.

Jigs are still the most common coal processing units closely followed
by heavy media systems. Heavy media processes are rapidly gaining
ground, particularly for low density separation and for coals containing
high percentage of middling of near gravity materials. There appears to be
new equipments in the market, although there are various modifications
and improvements already incorporated in existing models. These
improvements are generally brought about in Baum jigs or various
configurations of heavy media vessels. Increased interest is being paid
now to Himboldt Wedge Batac jigs. For cleaning small size coals, generally
down to 0.5 mm or cinders, Vorsyl centrifugal separators and Deister tables
are used. A centrifugal separator, developed by Soviets, uses a true heavy
inorganic liquid as media (calcium-chloride), while Otisea process recently
introduced in USA, uses a dense organic liquid as media. Froth floatation
continues to be the most widely accepted technology for the treatment of
slurry forming fines of coking coals. Cells as large as 36 cu. m, are now
entering in the market. Another development in this field, is column
floatation which consists of vertical cell upto 1.8 m? in cross section and
over 18 m in height. Some of the newer plants are turning to small diameter
hydroclones or water only cyclones particularly for treating fines (of about
0.5 mm diameter) which do not respond to floatation. Several plants are
also experimenting with the use of heavy media cyclones treating down to
zero size. Other solutions in this dircion include the use of Betac fine coal
figs of Deiser tables for treating fines. Oil agglomeration technique, which
is still at pilot plant trial stage, can provide the ideal solution for treatment
of fines when it is fully commercialized.

2.7 Coal mining

Mining of coal is divided into two broad categories — surface mining and
underground mining. Choice of either method depends on the geographical
formation and subsidence occurring in the coal in coal mining area. While
coal exploration in India is mainly done by Geological Survey of India,
Coal Survey Laboratories (CSIR) and state bodies in India analyses
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borehole samples collected from mines. Commercial production of coal is
done in India by agencies (Table 2.9):

2.7.1  Bhaska method of mining

It is almost a hundred year since coal mining started in Makum coalfield
of North Eastern region. It is almost a hundred year since coal mining
started in Makum coalfield of North Eastern region. Bhaska system of
mining has been followed for extraction of coal from different mines of
India for decades and this method alone has been responsible for the whole
production till 1976. In highly inclined thick seam with weak strata as
well as friable coal in absence of stowing material, no other satisfactory
method than Bhaska method would work. The development is carried on
board and pillar pattern along the floor of the seam in this process. The
level developments are done following the contour of the seam and the
dip-rise diverges along the main inclination. The main levels are 18 m
apart and dip-rise at 5.5 m interval. All developments and splitting work
are done only by pick mining. For starting extraction, first a few inclined
holes are made above 3 m from safety props to get a funnel like shape and
blasted. Some widening and heightening is carried out along dip and rise
for the convenience of operation and a few supports are put up if required.
The heightening and widening process is then started from one split
junction. The above process is continued only with hand drilling and
blasting operation. After each blasting proper dressing by light pipe and
attachment is carried out, and thus coal is obtained. The process of
recovering coal by Bhaska method is a skilled operation. The method
basically founded on the principle of stress distribution in enlarging domes
and depends entirely on the skill of the person engaged. In the skilled
region GIl-pipes are preferred over others. Stainless steel pumps, their

Table 2.9 Organizational set up of coal industry in India

Company Subsidiary Jurisdiction

Coal India Ltd. Eastern Coalfields Ltd Raniganj/Rajmahal coalfields
Bharat Coking Coal Ltd. Jharia coal fields

Central Coalfield Ltd. Coalfields of Bihar, Orissa and Singrauli
Western coal fields Ltd. Coalfields of MP and Maharashtra

Central Mine Planning & Specialises in exploration, planning

Design Institute and consultancy services
Singareni Collieries Ltd Coalfields of Andhra Pradesh
(Andhra Pradesh)
Tata Iron and Steel Ltd. Own captive mines for steel plants
Indian Iron and Steel Co.  -do-
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repair, employing expensive pipe, etc, makes the process costly and hence
always there was a search for a better and cheaper process to substitute it.

In recent time, attaining the twin objective of accelerated production
and lower cost for the Indian coal industry is a challenging task as compared
to the traditionally labor intensive nature of the industry. These objectives
can only be achieved through greater mechanization which results in higher
productivity and lower cost of production. In practice strategies adopted
by mining industries to achieve these objectives are:

(a) Greater application of mechanized surface mining.

(b) Introduction of mechanized longwal mining method wherever
possible.

(c) Adoption of special mining technique specific to local condition.
Needless to say, the success of this strategy is dependent upon the
development of capacity for indigenous manufacture of equipment
and ensuring supplies of spares and services.

2.7.2 Open-cast mining or surface mining

In this method, the mine is opened from top completely and the process is
also termed as “quarrying.” In this case, the principal factor to be
considered before adoption of open cast mining is the overburden to coal
ratio, the physical characteristics of the seam, topography, and continuity
of operation. With increasing overburden to coal ratio, the cost of removal
of overburden (known as stripping cost) adds considerably to the cost of
mining the coal beyond economic limit. To develop a mine, the break even
stripping ratio (at the surface of the final pit) must be established. It is
found from the formula:

B =(R-P)/S

Where B = breakeven stripping ratio (overburden per ton of coal) in
meter’, R = market price of coal per ton, P = production cost, including
cost of mining and preparation but excludes stripping cost per ton of coal,
and S = stripping cost per meter® of overburden.

Coal mining in under Indian scenario, the above ratio is given as 2.5:1
at present rate. Physical characteristics of the seam such as its inclination,
presence of dirt or waste bands, variation in thickness and quality of coal
influences the decision on adoption of open-cast mining. With dipping
seams, the quantity of overburden to be removed rapidly increases as the
coal is followed down the dip until a stage is reached when open cast
mining becomes uneconomic, where potential reserve of relatively poor
quality coal must be sold at a reduced price.

With limited reserve of coal, as compared to other major producers like
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China, USA, and USSR, India’s endeavour has been to convert as large as
part of the resources is feasible to mineable reserve. With its high
percentage of extraction, surface mining has always been attractive from
the angle of conservation. Near large surface deposits, high grade deposits
under deeper cover, deposits under adverse geological conditions occurring
within economic depth of operation and pillars left in shallow underground
workings, are all proposed to be extracted by open cast mining. Additional
welcome features associated with surface mining are the higher productivity
levels, lower costs and shorter gestation period. Share of open cast mining
in India could be increased in large mines by working upto greater depth
(upto 480 m). This in turn has necessitated development of larger and
more powerful equipments. Most of the equipments proposed for open-
cast operation are being covered under indigenous manufacturing. It is
proposed to deploy draglines is also envisaged where a single dragline
cannot deal with the full thickness of overburden. Walking draglines of
24-32 m, bucket capacity with 96—75 m, boom length (which are being
manufactured in the country), are being planned and develop for bigger
projects. In these projects, where dragline application is not feasible due
to high overburden cover, haul back system with 10 cu. m rope shovels
working in conjunction with 120 ton rear dumpers are standardized for
application. In case of projects with high stripping ratio like at Amlori and
Khadia, equipment sizes for haul back system have been enhanced to 20
cu. m shovels and 170 ton rear dumper. Hydraulic excavators are also
being introduced for coaling operation as their selective mining is expected
to be advantageous for working of the banded coal seams and relatively
thinner seams which cannot be mined with rope shovels thus achieving
better coal recovery. Non-diesel transport with crushing and belt conveying
of coal and overburden are being envisaged to save on oil consumption.
Cheaper blasting agents like site mixed slurry, are being introduced to
reduce the cost of blasting.

Large reserve of good quality coking coal is locked up in developed
pillars in thick coal seams in Jharia coalfield. There are, besides, multiple
problems of fires, inundated workings, goofed out areas and crushed strata
conditions. This coalfield has as many as 30 contiguous coal seams
contributing to the complexity of mining operations. In order to maximize
recovery of the scarce coking coal, large scale open cast mining of these
developed workings is proposed. The master plan drawn out for Jharia
coalfields, provide for 9 such open-cast blocks with strike length of 3 to
4 kilometers to extract the already developed pillars. Open-cast mining in
this area is going to be a big challenge demanding meticulous planning
and highly skilled innovative mining techniques.
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2.7.3 Underground mining

The methods of recovering coal by underground mining can be categorized
under two broad heads — board and pillar method and the longwall mining.
The choice between pillar and longwall method, depends on rock pressure
condition, nature of coal and adjacent strata, thickness and uniformity of
seam, folding and faults, presence of dykes and flexibility of operation. In
India, extraction of thick coal seam by square pillars is the usual practice
adopted. However, the recent trend is shifting toward longwall process
parallel to roof and floor. Hydraulic mining is also likely to find good
application with our friable and moderately soft coals. The advantages of
hydraulic mining are — winning of coal is not hindered by bringing of face
support, the system is not very sophisticated to warrant complexity of
adoption, higher output per working face results with steeply inclined
seams. With increased emphasis on Open-cast mining to secure rapid
increase in coal production, the share of coal won by underground mining
has steadily decreased from about 80% in 197071 to about 54% in 1983—
84. In absolute terms, however, underground coal production rose from
58.27 million tons in 1970-71 to 74.76 million tons in 1983-84, and is
expected to reach a level of 150 million ton by 1999-2000. The early
years of Indian coal mining saw the adoption of the board and pillar system
of underground mining. While the European coal mining industry switched
over to longwall mining earlier in this century. The manual board and
pillar system continued hold away in India, because of relatively shallower
depths. With mining conditions becoming more ardous due to increased
depth of mining operations, the quantum jump projected in underground
production could not achieve higher output without adoption of more
efficient and productive mining technique.

2.7.4 Mechanized longwall mining

A concerted effort was made to introduce longwall mining in India in the
post nationalization period. Field trials with different levels of
mechanization with caving/stowing have been carried out since then. There
has been a greater stress on caving method due to scarcity of suitable
stowing material near coal mining areas. The initial trials were based on
use of friction props/ranging drum shearer combination for stowing with
100 ton hydraulic chocks as goaf edge support for caving faces. The results
from use of ploughs for thin seams (0.9 to 1.5 m) and double ended ranging
drum shearers for moderately thick seam (1.5 to 3 m) appear to be
promising. It is anticipated that longwall mining would contribute about
10% of the total underground coal production by the end of nineties. With
greater application of longwall mining, it is proposed to step up its
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contribution to about 25 % of the total undergound production by the turn
of the century.

2.7.5 Mechanization of the board and pillar working

Where the strata condition or the already developed working do not permit
the introduction of longwall mining, it is proposed to increase the
productivity of the board and pillar mining system by increased
mechanization. The strategy adopted has been to mechanize loading and
face transport operation since this would eliminate manpower engaged in
manual loading tramming, thus contributing to higher productivity. Seaper
loaders, aide discharge loaders and load-haul-dumpers have been
introduced for board and pillar development and de-pillaring. Of these,
load-haul- dumpers have given better results for the board and pillar mining
condition.

2.8 Adaptation of special mining techniques

While the above technologies are suitable for ordinary condition, a special
mining techniques are being adopted to deal with specific local conditions.
Since most coal seams in India are thick, these cannot be exploited by
single slice method. The choice here is mainly restricted to multi-slice
longwall mining either with stowing or caving. Due to problems of lower
productivity, poorer advances, higher costs scarcity of stowing material
associated with stowing, the thrust has been towards perfecting caving
techniques. Due to the fact that Indian coals are harder, the roof is stronger
and the depth of mining shallower in these cases. Techniques perfected in
France and USSR cannot be applied directly and are being modified to
make them fully successful in Indian environment.

Other especial methods of mining under consideration or application,
are hydraulic mining and shield mining to extract soft coals in the thick
and steep seams of Assam. Schemes are also being worked out in
collaboration with various agencies for dealing with special problems like
caving under massive sandstone roof, caving under water bearing strata,
working coal seams developed on semi-horizon method, etc. It is
anticipated that with the implementation of above programmes, the share
of under-ground coal production won by mechanized methods, which is
currently 7% will increase to about 35% by the early part of next decade.

2.9 Conservation of coal

While India’s total coal resources are estimated at around 112,000 million
tonnes, the mineable reserves may amount to only about 60,000 million
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tonnes. It is estimated that these reserves would be sufficient to sustain
the coal requirement only for another 150 years, even assuming a lower
rate of growth in coal consumption beyond this century. The position
regarding coking coal is even more depressing the probable life expectancy
being around 80 years. The need to adopt suitable conservation measures
in coal production and utilization cannot be over emphasized in this context.
Greater conservation is sought to be achieved in coal mining by maximizing
the percentage of extraction of coal. Measures proposed for this purpose
involve greater application of open cast mining, extension of such mines
to greater depths, increase in the size of underground mines (to reduce
loss of coal in barriers), adoption of longwall mining on a larger scale and
extraction by stowing in thick seams and below surface features. Fires
and spontaneous heating in Jharia coalfields, which would otherwise have
led to substantial loss of prime coking coal reserves, have been successfully
controlled. Coal Industry is also interacting closely with major coal
consuming sectors such as steel industry and power generation authorities,
research institutions and BHEL, to develop coal utilization processes which
would promote greater conservation of coal. In August 1986, Department
of Energy (Govt. of USA) selected steeply dipping bed underground coal
gasification/steam injection gas turbine demonstration plant with hot gas
clean up and direct reduction of iron ore, as the major national thrust area
programme, considering both commercial viability and energy conservation
requirement.

2.9.1 Harnessing coal by under-ground coal gasification

Underground coal gasification, in short called UCG, has the attractive
feature of potential use of unusable energy resources like coal lying in
deep and thick beds. Conventional mining of these coal beds is difficult if
not impossible; at best less than 20 ft of the coal in a deep bed whose total
thickness is 50-100 ft is extractable by underground mining. For UCG,
low rank coals such as sub-bituminous and lignite are preferred to
bituminous coals because the former shrink upon heating, whereas
bituminous coals swell, and typically occur in thinner seams. It is estimated
that minimum depths of 60 m for a seam of 2 m thick and 90-120 m for a
seam of 6—9 m thick are required in order to avoid surface substance during
gasification. The maximum depth is determined by the cost of drilling.
The Soviets and early US experiments in UCG encountered severe
problems when attempting to gasify coal seams 2 m thick or less. Heat
losses are considerable in such thin seams, leading to low thermal efficiency
and poor product gas quality. A coal seam overlain by a strong, dry roof
rock with a tendency to plastic failure, seems desirable in order to minimize
heat losses and escape of gases to the overburden. The coal seam should



@

Coal deposits, mining and beneficiation 59

not be a major aquifer, nor should major aquifer occur above the coal for
at least twice the stable cavity height associated with the burn.

The UGC process was first suggested by Siemens in 1868 and was out
lined technically by Mendelev in 1888. Lenin studied accounts of British
field testing and proposed applying the technology in Russia in 1913. A
major field test was initiated in USSR in 1931 and after world war II,
there were field programmes in several Western nations. By the early 1950’s
the Soviets had evolved a successful UGC system which was applied in —
(a) flat lying beds in coalfields at Tula and Schatska (near Moscow) and
later at Angren near Tashikent, and (b) steeply deeping beds at Lisichansk
in the Donets coal basin and at Yuzhno-Abinsk in Siberia. The results at
Tula, Lisichansk and Yuzhno-Abinsk were sufficiently encouraging to plan
for increased UGC production from 0.7 billion m? to over 40 billion m?
per year. However these plans were not implemented. Production peaked
in 1966 at 2 billion m? per year and declined to 0.7 billion m? per year by
1977. Production of 0.7 billion m? of low heating value gas (80-100 Btu/
cft) is equivalent to 300,000 tons of coal consumed. Apperently the only
station presently in operation in USSR is Angren and Yuzhno- Abinsk.
The reasons for decline in production may be due to very low heating
value, closer well bore spacing, and/or higher product gas losses, e.g. at
Angren. Such results would produce unfavorable economics under US
condition. UCG technology in USSR also faced stiff competition from
increasing natural gas production and efficient open cast coal mining. It is
unfortunate that Soviets made little use of underground diagnostics and
modeling, and apparently ignored several innovations which were
suggested in their own literature. Some of these, like linking by directional
drilling, are now being used in USA. US program (sponsored by DOE), in
contrast to more natured Soviet program, which emphasizes modeling and
subsurface instrumentation in an attempt to understand and hence to achieve
better control of the underground process. Perhaps because of the success
of these attempts to understand the process, that the US results have been
more encouraging.

In UCG process coal is gasified in the underground seam by burning in
place underground. If the burn geometry is properly arranged, the
combustible gases are illustrated schematically in Fig. 2.10. The most useful
product gas is formed by injecting oxygen and steam instead of air to burn
the coal so as nitrogen is not introduced as a diluent. The steam provides
hydrogen necessary to complete the reaction and also to provide a means
of lowering the reaction temperature. The steam, oxygen/air reaction in
UCG process is as follows:

Combustion: C+ O2 = CO2 + 94.05 kcal/mole
2C + 0, = 2CO + 26.42 kcal/mole
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/

2.10 Gas production well in underground coal gasification.

Gasification: C+ H,0 =CO + H, - 31.0 kcal/mole

C + 0, =2CO - 41.2 kcal/mole
Water-gas shift: CO + H,O = CO, + H, + 9.8 kcal/mole
Methanation: C +2H, = CH, + 17.9 kcal/mole

CO + 3H, = CH, + 49.3 kcal/mole

2CO + 2H, = CH, + CO, + 59 kcal/mole

Air gasification yields low Btu gas of about 125-160 Btu/cft, whereas
oxygen gasification produces about 250-300 Btu/cft (medium Btu) gas.
During in-situ gasification, the above oxidation, reduction, and pyrolysis
reaction takes place in three different reaction zones. Figure. 2.11 also
grows towards the roof laterally as well as along the axis towards the
production well. The oxidation zone goes on growing, while the reduction
and pyrolysis zone remain constant or reduce in size. The product gas can
either be burned directly to provide process heat or the generate various
materials like SNG, methanol, ammonia, etc.



@

Coal deposits, mining and beneficiation 61

Air Injection

Gas Riemoval ——»

4|— 200-550°C : 550-900°C >900°C
D | i —— Oxidation Zone —»
S | )
s | | e—————— Redpicing Zone —— —p
qé < Drying and Pyrosis Zone >
2 iDrymg & Pyrolysis : Reducing Zone Oxidation Zone
:qc_;:CoaI—>CH4+H O+IC+H ,0 »CO+H, |[C+0,—CO,
g 1H20 —>C0+ CO, |coz+o_>200 C + %0, »CO0,
z :ﬁoz_jgz*g’é GO + H,0 —C0, + Hy[CO + 10, 5CO,

'
12 s [C+2H2—>CH4 Coal + 0, »CO, + CO + 2H,0

2.11 Procedure for making injection well.

Coal, in its natural state in the seam is usually a material with low
permeability. It is formed in layers under great pressure, and only by
supplying oxygen at high pressure can sufficient flow be forced through
the natural cracks or “cleats” and pores, to sustain combustion. Gasification
under these conditions is difficult, if not impossible and certainly
uneconomical. Several processes have been used at various times to raise
the permeability of the coal between the steam and oxygen injection and
gas production points high enough for effective gas flow rates. These
methods include — hydraulic fraction, electro-linking, reverse combustion
and directional drilling. Of these methods, only the later two have proven
to be practical. The reverse combustion process involves injecting air into
the seam through one well at a high enough pressure to produce a small
air flow through the seam to another well a igniting the coal at the base of
this second well. The burn front moves back against the flow by conduction
following the path of maximum flow. This process produces channels about
a meter in diameter, filled with loose coal char and rubble. Reverse
combustion has been used to link wells upto 20 m apart and at medium
depth, has always produced a link. However there are some drawbacks to
the method. At substantial depth (over 300 m), the pressures required are
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so high that spontaneous ignition of the coal can take place near the
injection well which makes the link impossible to complete. Even at
moderate depths, there is no control over the path taken by the link and
undesirable gasification geometries may result.

Directional drilling has been used successfully to physically link wells
upto several 100 m apart. The drill controlled from the surface, can be
made to follow a predetermined path through the coal. Special rotary
drilling technique that utilizes variable stabilizer placement and bit pressure
to control cutting direction have been used as well as down hole hydraulic
mud motors that can be tilted to change hole direction. Several gasification
tests have been done using directionally drilled links but not without some
difficulty. Although there is no fundamental reason why directional drilling
cannot become a reliable and economical linking method, the direction
control requirements are at the present state-of-art and current coats are
high. Since directional drilling offers the possibility of greater control of
the process geometry and also allows greater flexibility in choice of method,
it is the linking method of choice under most circumstances.

After the wells are connected by directional drilling, the coal at the
bottom of the injection well is ignited and gasification is started by injecting
oxygen and steam into the coal seam. The coal burns around the base of
the injection well and the fire slowly moves upward and outward creating
a pear shaped cavity with the long axis proceeding toward the production
well. As the cavity grows, the coal on the walls and roof of the cavity
collapses as it is weakened by the heat, forming a rubble pile around the
injection point. The product gas composition is best at this stage of the
process since the burn zone is small and compact and since the only true
heat loss is to the vaporized water in the coal that exists as steam. Eventually
the cavity reaches the roof of the seam and the falling coal is replaced
with falling roof rock. The burn zone then begins to move away from the
injection point toward the unburned cavity walls. As the cavity gets larger,
the burn zone tends to move to the top of the seam since ash and fallen
roof impede the flow of oxygen to the lower part of the cavity. Oxygen
bypassing can occur, with flow going through the inert rubble and with
the burning of downstream product gas. The hot gases formed lose heat to
the inert rock in the roof and to the water in both coal and the roof rock.
Thus the heating value of the product gas begins to decline because of
lower efficiency of the process. This continues as the burn cavity gets
larger and larger, and more and more inert material is available for heat
loss. Eventually the burn zone reaches the production well or the heating
value drops to an unacceptable limit. In either case a transition is then
made to the next well pair in order to continue the process.

In UCG, the degree of decline in heating value of the product gas is a
function of the water content of the coal, the roof material, and the strata
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above the roof that are affected by the collapse as the cavity grows. Strong,
dry materials are less of a problem than weak, wet rock; low permeability
coals with little or no free water are preferred. Also the thicker the coal
seam, the smaller the fractional heat loss to the roof for the same size
cavity.

With fixed injected and production point, little can be done to control
the heat loss effect except to shorten the distance between wells to keep
the cavities small enough to have acceptable loss. However, well drilling
and surface piping can be major expenses items, and the process quickly
becomes uneconomical if the well spacing is too close. The Controlled
Retracting Injection point (CRIP)12 method was developed to minimize
the effect of the heat loss and to add another control parameter to the
process. The concept requires a drilled hole for linkage, as shown in
Fig. 2.13. A steel liner, inserted through the casings of the injection well
until its tip reaches a position near the interaction point with the production
well, and carries the injectant — either air or oxygen/steam. As the burn
cavity grows larger it eventually interests the roof of the seam and roof
collapse begins. At some point heat loss to the roof material begins to
significantly degrade the gas quality. When this happens, the injection
point is retracted in the upstream direction by burning off a section of the
injection liner with the igniter. The coal opposite to the burned zone ignites
and a new cavity starts to grow. Since the high temperature zone is once
again entirely within coal, the heating value of the product gas will rise to
its original value. The CRIP concept involves a repetition of this process

Industrial
User

%’ Gas Cleanup

Steam/Oxygen e

2.12 Deep mine scheme for UCG.
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2.13 Placement of production well.

and thus draws the burn step by step, in controlled manner, upstream from
the original injection point. In UCG process it is also important to locate
the connecting channel between the injection and production wells near
the bottom of the seam. Low rank coals such as sub-bituminous and lignite,
shrink and fall apart on heating so the coal immediately above the
gasification zone falls to the bottom, creating an underground packed bed
of coal. Thus the burn consumes the bottom as well as the top of the coal
bed, utilizing almost all the coal.

With the CRIP process, the maximum burn width becomes a function
of the minimum acceptable product gas heating value for the designed
end use. Almost all of the coal, along the long injection channel can be
utilized, but to get the highest possible heating value the parallel modules
would have to be separated by about one seam width in order to access all
of the coal. This still involves much less drilling and surface piping than
a corresponding vertical well array.

If gas heating value is of no concern, then the only limitation on the
ultimate burn width per channel when the transport of oxygen to the walls
drop so low that the heat generated by the reactions per unit wall area is
equal to the heat loss. At this point, the fire goes out and that oxygen is
then available further downstream. Thus for burns in extremely wet coal
such as the Hoe Creek mine, the cavity was long and narrow and eventually
burned out the production well. A commercial UCG operation using CRIP
would employ a larger number (upto 100) of injection production well
pairs operating simultaneously in a system. Each well pair would consume
about 100 tons of coal per day, producing some 5 million cubic feet per
day of medium heating value gas (250-300 Btu/cft).
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Uncontrolled burns in a UCG can be prevented by utilizing only those
coal seams which lie below the natural the natural water table. In this
instance, stopping the injection allows water to invade the reaction zone
and extinguish the fire. A certain amount of underground water is desirable
for the steam-char reaction; however, most UCG sites contain so much
water that control of the influx is a problem. Steeply deeping beds which
seems difficult to mine by conventional technique, can be harnessed easily
by UCG process.

First UCG test known in USA was carried out by US Bureau of mines
in 1950’s at Gorgas, Alabama. The results were not encouraging and thus
was abandoned. It was only in 1973 (the year of oil embargo) that US
Govt. renewed its interest in UCG and since then upto 1986, twenty- one
tests have been carried out. Results of these are shown in Table 2.10.
Sixteen of these tests are govt. sponsored and the results indicate that
sites with relatively dry strong overburden and at least moderately thick
coal (e.g., Hanna, Rawlings, and Centralia tests) produced the best results
to date. Sites with thin coal or wet and weak burden (e.g., Howcreek and
Texas tests) produce less favorable results. Table 2.15 shows the tests
conducted by private sector. Basic Resource Inc. (a subsidiaries of Texas
Utilities) purchased the technology from Soviets in 1975, conducted tests
with Texas Lignites for a 7 MW (e) power plant. Gulf Oil concluded 2 s
successful tests in a steeply dipping coal bed near Rawlins. Wyoming, and
is presently considering plans for commercialization. World Energy Inc.
has developed plans for a 25 MW (e) generating facility near Rawlings,
Wyoming. Applications have been made to the US Synthetic Fuel Corpn.,
Lawrence Limermore National Laboratory, in cooperation with two US
utilities, Washington Water Power Co. and Pacific Power and Light, have
completed two field tests using the CRIP method (controlled injection
point method). In this process (tried at Centralia, Washington, in 1983),
the injection well was drilled following the seam some 90 ft. from the
exposed coal face where it was intersected by a vertical production well
drilled from the surface. A second slant production well as drilled to cross
over the injection well near the vertical well. This well was designed to
test the effect of producing hot gas through a long open hole in coal as a
possible economic alternative to vertical production well. (Fig. 2.14 and
2.15)

Oxygen and steam were the major injectants; air was used briefly during
occasional outages. A vertical production well was used for the largest
part of the first burn; a switch was made to the slant production well for
the rest of the experiment. Shortly after the production will change, the
movable ignitor was used to burn-off a section of the injecting tubing in
order to move the location of the main site of coal gasification. As a UCG
cavity initially develops, the product gas heating value, chemistry, and
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Table 2.10 Summary of US government sponsored UCG field tests. (Forward
gasification method)

Test Year Duration | Coal Gas Cold gas
consumed | quality thermal
efficiencies

Laramie Energy Technology Center (Hanna, WWyoming site)

| 1973-74 | 168 days 2720 tons | 126 Btu/cft | 4.7MJ/m | 77%

[-IA 1975 37 962 137 5.1 85%
[-1B 1975 38 780 143 5.3 86%
-1l 1976 26 2201 168 6.3 92%
[ 1976 39 3414 132 4.9 77%
1 1977 38 2663 138 5.1 77%
IV-Ala) 1978 7 294 109 4.1 78%
IV-B(b) 1978 48 3184 102 3.8 73%
IV-B(a) 1979 7 468 149 55 95%
IV-B(b) 1979 16 663 122 45 83%
Lawrence Livermore National Laboratory (Hoe Creek, VWWyoming site)
| 1976 11 123 101 3.8 82%
Il (air) 1977 13 286 108 4.0 80%
(O2) 1977 2 47 263 9.8 88%
Il (air) 1977 43 1155 104 3.9 74%
11 (air) 1979 7 256 113 42 81%
[1(O2) 1979 47 3251 212 7.9 73%
Centralia, Washington site
LBK (O2) | 1981-82 | 20 140 262-294 9.8-10.6 | 80%
LBK(air) 140 5.2
CRIP (O2) | 1983 28 1500 248 9.2 74%
Morgantown Energy Technology Center (Pricetown, West Virginia site)

| 1979 |17 234 149 | 55 | 97%

thermal efficiency are all excellent. When the burn reaches the roof, heat
losses begin with a corresponding decline in gasification indicators and in
economics. The decline is acceptable at sites with strong dry roof material,
but is less acceptable at sites with a wet weak overburden. Hill and Shanon
proposed a new concept for underground coal gasification, the CRIP
method, in which the operator can control heat losses. The concept requires
adrilled hole for linkage. A liner inserted through the casing of the injection
well until its tip reaches a position near the intersection point with the
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Table 2.11 Privately sponsored UCG field tests in USA
Test cold gas Year |Duration |Gas Coal Thermal
quality gasified |efficiency
Basic resources Inc.
Fairfield, Texas 1976 26 days 126 [4.7MJ/m? - -
Btu/cft.
Tennessee Colony (air 1978 197 81 3.04 1000- -
injection), Texas 5000 ton
Tennessee (oxygen 1979 10 230 8.6 212 -
injection)
ARCO Coal Co.
Reno Junction, Wyoming | 1978 60 200 7.4 3600 94%
Texas A & M University (with industrial consortium)
College station, Texas 1977 1 35-114 | 1.3-4.2 2 -
Bastrop county, Texas 1979 2 85 3.2 - -
Bastrop county, Texas 1980 - 35-150 | 1.3-5.6 - -
Gulf Research & Development Co. (Rawlins, Wyoming site)
| (with air) 1979 30 1207 151 5.6 91 %
| (with oxygen) 1979 5 125 250 9.3 74%
Il (with oxygen) 1981 66.0 8550 330 12.3 88%

Ratio of heating value of gas to heating value of coal used in deriving the gas.

2.14 Coal resource development at Centralia.

Gasiﬁable Zone
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2.15 Planned layout of the Centralia partial-seam CRIP test.

production well, carries the injectant, either air or oxygen/steam. As the
burn cavity grows larger, it eventually intersects the roof of the seam and
roof collapse begins. At some point the heat lost to the roof material begins
to degrade the gas quality. When this happens the injection point is retracted
in the upstream direction by burning-off a section of the injection liner
with the igniter. The coal opposite burn zone ignites and a new cavity
starts to grow. Since the high temperature zone is once again entirely within
the coal, the heating value of the product gas will rise back to its original
value. The CRIP concept involves a repetation of this process over and
over again, drawing the burn step by step, in a controlled manner, upstream
from the original injection point. Steam/oxygen gasification have been
employed in seven of the US field tests since 1979. This method produces
a more valuable, versatile product. Tables 2.12-2.14 compare the gas
qualities obtained by these tests. The chemistry in these tests were not
similar, yet the heating values are comparable. Tables 2.6 and 2.7 show



@

Coal deposits, mining and beneficiation 69

Table 2.12 Partial seam CRIP test summary (Av. value steam O, gasification, 1983)

Dry product gas heating value 248 Btu/cft (9.2 MJ/m®)
Coal gasified 2000 tons
Dry gas composition (vol%) H, 36.1
CH, 5.4
CO 18.5
C0O2 36.1
CoH, 1.0
H.S 1.6
N, and Ar 1.3
Thermal efficiency 74%

Table 2.13 UCG produced gas composition compared to SASOL (dry N, free basis)

Average UCG gas  SASOL (vol%) Angren, USSR (vol%)

(vol%)
Synthesis gas (H, + CO)  60.4 60.8 59.5
CH, 6.7 9.7 2.4
Co, 32.9 29.3

Table 2.14 Comparision of field gasification test (LBK 1) with modeling result

LBK-1 test Model
Dry product gas
H, 0.42 0.44
CH, 0.035 0.026
CO 0.25 0.22
Co, 0.28 0.30
Ratios to injected O,
Produced dry gas (mol/mol) 2.2 2.1
Heat of combustion (kJ/mol) 890 820
Cavity volumes (mq)
Void 8 7
Char rubble 19 21
Ash rubble 6 6
Total 33 33

the gas compositions obtained site select ion, steam/oxygen gasification,
extensive instrumentation and laboratory pre-burn modeling. The
Washington Irrigation and Development Co. (Centralia, Washington), plans
to take the strategy in a little different way. They have divided the coal
reserve into three categories as per depth i.e., mineable, buffer-zone, and
gasifiable reserve. They plant to adopt CRIP method for UCG, first from
the coal face exposed in the base of the final highwall in surface-mine and
would access and recover the coal from the area designated as the buffer-
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zone. The reserves targeted for UCG development are those designated as
gasifiable reserves.

Under the Indian scenario a modest initiative has been taken to conduct
experiments at pilot plant level at Mehasana district of North Gujrat. Oil
and Natural Gas Commission, Govt of India, while drilling for oil
discovered huge reserves of coal intermingled with oil bearing formations
in North Gujrat at 800-1700 m depths in 1979. These coals have been
estimated at in order of around 63 billion tonnes. It is estimated that in the
form of gas about 37 billion tonnes can be recovered by UCG process,
USSR, USA, France, UK, Belgium and West-Germany have reported their
success at lower and medium depths. However, so far, experimentations
at deeper depths has not been so successful. The maximum depth at which
the present experiments going on, it’s around 860 m (at Thulin, Belgium
under a joint Belgo-German agreement). Keeping in view a number of
basic factors like, topography, sub-surface geology, hydrology, depth,
thickness, continuity of coal seams, recoverable coal reserves, environment
aspects, etc, above site was selected. In above site the coal seams occur at
depths of 700-1000 m and with thickness 10—40 m. There is no stream or
riverlet except Khari Naudi which is not prennial. The area is unpopulated
flat terrain with few hillocks here and there upto height of 50 m. Drill hole
samples are moderately hard, black, brittle, and dull luster. The coal seams
are heterogeneous, inter-bedded with shales, sand, and silt stones. It is
evident from CGWB data that deepest ground water aquifer is at the depth
of 542 m. The coal seams proposed to be gasified in Mahasana city area,
are encountered at depth of about 700-800 m whereas the maximum depth
from which tube wells.

Therefore, the danger of contamination of ground water aquifers due to
UCG experimentation in the area is ruled out. The total geological coal
reserves in Mehasana city area is expected to be around 974.5 million
tonnes and the coal reserves are considered to be of “B” category.

Establishing linkage in a UCG system is a major task, and the major
techniques currently used for establishing linkage between process well
(i.e., injection/production wells) through the coal seam are — (a) reverse
combustion linkage (RCL), (b) fracturing followed by RCL, (c) directional/
horizontal drilling, (d) electro linking, (e) shaped charges, and (f) cornering
water jet drilling. Since in the case of deep coal seams having negligible
permeability, the (b) and (c) techniques mentioned above are more
applicable. These two methodologies are also contemplated for the
Mehasana (Gujrat) test for achieving linkages. Other techniques mentioned
above are not fully developed and have many limitations, especially for
deep lying coal seams. It has been observed in course of oil/gas well
hydraulic fracturing that above 700— 800 m depth, normally horizontal
fracture are formed, and below this vertical fractures are formed. However
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it varies from bed to bed, depending on mechanical properties of the rock.
In this place, probability of vertical fracture seems to be more from
experimental results. With continuous injection of air of required
composition at required pressure and flow-rate, the reverse combustion
front will propagate rightly toward the injection well. In the present study,
the pressure and flow rate requirement is assessed around 200 kg/cm? (i.e.,
of the order of fracturing pressure) and 400-500 m?/h, respectively. The
propagation process will be constantly monitored with the help of pressure
and temperature measurements in the injection as well as production well,
and the chromatographic analysis of the product gases. As the well spacing
is around 30—40 m and the propagation rate is normally expected to be 1—
2 m/day, the RCL process may prolong for about 20-40 days. The depth
and thickness of the seam being 700 and 10 m, respectively, the angle of
inclination required to achieve 30 m spacing in the seam is about 70°
which is very difficult to achieve. Alternatively, two inclined holes with
about 55° angle of inclination meeting in the coal seam which enables us
to achieve total 30 m spacing in the coal seam, have to be drilled. The
approximate amount of coal expected to be gasified per day will be about
60-70 tons between the two process wells during pilot plant test. When
the reverse combustion front reaches the injection well successfully as
indicated by the casing thermocouples and the reduction in injection
pressure, the flow rate of oxygen, or oxygen enriched air or air only, will
be increased gradually to the tune of 10 moles/s of O, only (i.e., at the rate
of around 800 m*h in case of pure O, only). When combustion starts at
large scale, the oxidation zone will be enlarged in order to increase
temperature of the zone to the order of 1000°C or more; the injection of
steam is initiated and gradually increased to the order of 30-40 moles
(i.e., equivalent to 2000-2500 kg/h of water). Since the temperature of
the reaction zone is sufficiently high, it will be possible to inject simple
water instead of steam with required quantity of oxygen or oxygen enriched
air or air only. The injection rate of oxygen and water will further be
increased to 45:15 mole concentration per second of water and oxygen
which is equivalent to about 2916 kg/h of water and 1210 m*h of oxygen.
However, the injection rate of water/steam and oxygen /air will also be
restricted by the flow capacity of the linkage established between the two
process wells.

If air is injected the gaseous products are basically N,, CO,, CO, H,,
CH,, water vapor, and low level of higher hydrocarbons to produce a low-
Btu gas. Steam/oxygen injection allows production of an essentially
nitrogen free medium-Btu gas. Low or medium Btu gas is suitable for
burning to produce process heat or to generate electric power, while
medium-Btu gas can also serve as chemical feedstock for upgrading to a
suitable product such as SNG (Synthetic Natural Gas), methanol, ammonia,
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and diesel fuel. All the economic assessment by various sources term UCG
between competitive to highly attractive. These calculations show over
last two decades with changing dollar value and inflation, has shown these
fixed results — UCG product costs are comparable to imported natural
gas, about 25% lower in cost than the slagging Lurgi gas and 50% lower
in cost for chemical feedstock than the price for synthetic gas produced
by reforming natural gas. But inspite of all these studies degree of risk
frequently asked by industries, still needs to be addressed in order to attract
a much larger capital investment. If for example, we look to the reverse
combustion linking steps, most widely adopted, two wells are drilled into
the coal, high pressure air is injected into one well until production flow
is achieved at the second well. The production well is then ignited and a
narrow-burn front drawn to the source of oxygen at the injection well
leaving behind a high permeability char zone (hence the term “reverse
combustion”). As soon as the high permeability zone reaches the injection
well, the pressure drops dramatically, the high pressure low volume
injection is replaced by low-pressure, high-volume injection and a wide
combustion/gasification zone moves back through the coal to the
production well. This process, while very successful in many coal seams,
proves very unreliable or unpredictable in others. Cost effective operation
requires that easily applicable, non- invasive characterization technique
be developed and made available to industry. Inexpensive and effective
site integration technique would not only improve process economics but
will serve to lower the overall risk of applying the technique and might
lead to earlier commercialization. Material balance is not generally
considered as diagnostic, but when used either with a sweep model or
with prior knowledge of sweep geometry they provide surprisingly accurate
resolutions of the burn front. Vertical process well run the risk, sometime,
of the burn rising up past the well and destroying the well thermally or
failure of complying due to thermal cycling. Horizontal injection facilities
have more chances of survival. Till 1960, the industrial philosophy was to
go for higher and higher plant size to decrease ultimate product cost. The
cost estimating thumb-rule was that unit size could be doubled with only
50% increase in capital cost. This was based on a 0.6 scaling exponent in
the equation.

(Capital cost A/Capital cost B) = (size A/size B)*

where x is the exponent. But these methods have changed in last two
decades due to low availability of capital, unit operating cost, system
reliability and investment risk. Investment risk can be lowered by unit-
size reduction. UCG effectively decouples the producer from many of the
non- measurable risk parameters because of the manner in which a plant
of any size could be built with a very rapidly decreasing level of risk. Data
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from various sources indicate that capital requirements for a UCG plant to
produce the energy equivalent of around 4000 bbl (640 m?) per day of
methanol might be around $300 million. However, UCG will be developed
in such a manner that the money “at Risk” would really only be the first
module which would cost between $10-20 million. If this relatively high
risk module operates satisfactorily indicating no geological anomalies, a
step-wise scale up to a full plant over a short period could be performed
at a very low risk for the gas generator portion. Synthesis gas cost from
UCG calculated in 1984 showed a value of $3.50—4.0 / million-Bitu. As
compared to the same gas reformed from new natural gas at a cost of $8.0/
million-Btu. Methanol generated from UCG can be used in vehicular traffic
which will cause lower cost per unit volume compared to petrol. However,
current cost of methanol for stationary energy use (i.e., for power
production) $10 per million-Btu is almost twice that of natural gas and
fuel oil ($5/million-Btu) and it is, therefore, not cost competative.
Construction of methanol plants, at sites of flaring or otherwise unusable
natural gas production site, promises to lower the cost; but except in remote
locations methanol from natural gas may not be the most cost effective
fuel to power generation in near term. Methanol from coal, in the long
term however, may prove to be cost competative for power production or
in special circumstances, for example where pollution is a critical concern.

Cost estimate, in terms of 1982 dollar, for some products made using
UCG as a feedstock include (30% equity and 20% DCEF basis):

Medium heating value gas $4.35 /106 Btu
(250-300 Btu/MCF)
Pipeline quality synthetic gas $5.19/106 Btu
Methanol $0.52/gal or $9.19/106 Btu
Gasoline $1.39/gal or $10.20/106 Btu

Cost estimates for medium heating value gas, methanol, and gasoline
were obtained assuming a 30% equity and a 20% discounted cash flow
profit. The pipeline quality gas estimate assumed a 35% equity and a
levelized cost based on historical real returns as capital by the natural gas
industry. The pipeline quality gas estimate includes the $0.45/106 Btu
process development. These estimates include producer’s profit but do
not include transportation, excise taxes, or retail profit.

The estimates for medium heating value gas and methanol derived from
UCG compares favorably with costs of the same products from existing
sources. The pipeline quality gas estimate exceeds the present average
wellhead price of natural gas (Figs. 2.15 and 2.16).

In the USA, UCG is projected to be competitive with natural gas in the
1999-2009 time frame. The GRI estimate that UCG-derived substitute
natural gas at $5.19/10° Btu compares very favorably with equivalent
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Table 2.15 Cost estimate for 24000 x 103 Btu /day

SNG SNG SNG MBG MBG
Type of gasification Surface UCG UCG UCG UCG
Type of bed Horizontal SD* Horizontal SD*
Plant cost (million US$)** $350 $270 $165 $170 $95

* SD = Steeply dipping bed.

** UCG data by P.R. Bruggink and B.E. Davis of Gulf. Surface data from unpublished
sources. Surface investment do not include cost of supporting coal mines.

SNG = Synthetic Natural Gas. MBG = Medium Btu Gas. UCG = Underground Coal

Gasification.

Table 2.16 Cost estimate for a 1000 ton / day methanol plant

Type of gasification Surface UCG UCG
Type of bed Horizontal SD*
Plant cost (million $)** 400 316 280

* SD = Steeply dipping bed

** UCG data by P.R. Bruggink and B.E. Davis of Gulf. Surface data from unpublished
sources. Surface investment do not include cost of supporting coal mines.

estimates for production using the Lurgi ($5.96/106 Btu) or Westinghouse
($5.74/10° Btu) process.

The estimated gasoline price using UCG feedstock also exceeds the
present market price of $1.18/gallon without tax or $10.20/10° Btu.
However, the mid-range projection of the US Department of Energy shows
crude oil at $57/Bbl by 2000 (in terms of 1982 $). Gasoline price will then
be in excess of the UCG estimated price.

Table 2.17 SNG from coal: Plant investment breakdown

Coal handling 8% 28% saved by UCG

Gasification 20%

Shift conversion 3%

Purification 20%

Methanation 6%  Some foul water used for gasification with
savings in purification

Oxygen plant 1%

Steam / power supply /distribution 18%

Water supply / cooling water 5%  For steam generation and water supply
Site development 9%

Total 100%

Source *: L.E. Swabb, Exxon. USA.

Environmental effect from UCG has both positive and negative side.
Subsidence is the main problem but can be dealt with. Phenol which is the
principal organic contaminant in the coal aquifer, exhibited quite high
concentration immediately after the burn, but these concentrations have
steadily decreased due to coal sorption. Other organics also strongly sorbed
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by coal. A minimum depth of 200 ft for a 6 ft thick seam and 300—400 ft
for a 20-30 ft seam appears reasonable to avoid surface subsidence during
gasification. The maximum depth is more of an economic question than a
technical one but practical considerations would seem to limit the depth
of gasification to perhaps 2000 ft. Mobil Corpn. has developed the
technology of converting methanol to a premium unleaded petrol. This
product produced by UCG is estimated to cost approximately $1 per gallon
at the refinery (the price does not include transportation, retail profit or
taxes). This is the same price as that for petrol produced from OPEC oil,
again at the refinery.
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