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EXECUTIVE SUMMARY

In process of coal cleaning operations, a significant amount of coal is washed away as
waste into the ponds. Clearly, such a large quantity of dumped coal fines has a
detrimental effect on the environment. This investigation presents an innovative
approach to recover and utilize waste coal fines from the preparation plant effluent
streams and tailing ponds. Due to the large moisture content of the recovered coal fines,
this study is focused on the utilization of coal fines in the coal-water slurry fuel (CWSF).
The CWSF consists of 53.3 percent weight solids with a viscosity of less than 500
centipoise and 80-90% of solids passing 200 mesh. The 53.3 percent weight solids

~ constitute a blend of 15% effluent recovered coal fines and 85% clean coal. It is our

premise that a blend of plant coal and recovered waste coal fines can be used to produce a
coal-water slurry fuel with the desired combustion characteristics required by the
industry. In order to evaluate these characteristics the coal-water slurry fuel is fired in a

test furnace at three firing rates (834,330 Btu/hr, 669,488 Btuw/hr and 508,215 Btu/hr)
with three different burner settings for each firing rate.

Combustion tests were conducted to determine the range of secondary air swirl required
to maintain a stable combustion flame. Results obtained during the flame stability testing
show no significant effect of swirl settings on Nox, SO2 and CO2 for three combustion
tests (834, 330 Btu/hr, 669, 488 Btu/hr, 508, 215 Btu/hr). At each of the two higher
firing rates, combustion was relatively complete regardless of swirl settings, therefore,
- burner setttings may be adjusted to provide a visually stable flame without concern for
higher carbon in ash as a function of burner settings. The parameters affecting flame
stability are mainly coal particle size, volatile matter, ash content and excess air. Tests
conducted at three different locations (Top, Middle, Bottom) revealed that the gaseous
concentrations such as Nox, SO2 and CO2 were a function of residence time for each of
the firing rates. Effect of swirl settings on Nox for three firing rates were investigated. It
was found that the variation of Nox concentrations with respect to the change in swirl
numbers was significant. But, the variation of Nox Concentration with respect to firing
rates was found to be consistent with the increase in firing rates. The flame stability was
accessed by the visual observation of the flame with relation to the burner quarl.

X-ray fluorescence analyzer was used to analyze plant coal, recovered coal fines, slurry
fuel and fly ash for major mineral oxides (Si02, AI1203, Fe203, SiO2 P205, CaO, MgO,
Na20 and K,0). Then, they were evaluated for elemental concentrations based on sulfur
free and ash basis. The analysis indicated that silicon, aluminum and iron concentrate
were found to be the most dominating elements. In essence, silicon had the highest
concentration with the level of 50.9, 56.5, 50.1 and 51.1 (sulfur free basis) and 49.9, 54.6,
49.2 and 51.1 (ash basis ) for plant coal, recovered coal fines, slurry fuel and fly ash
respectively. A cyclone located at the end of the combustion run (EOR) was used to
collect the bulk fly ash particles. The fly ash, slurry fuel and its feedstocks were analyzed
for particle size distribution via Malvern laser diffraction analyzer. The fly ash particle
size distribution revealed that 90% of particles by weight had a size less than 30 microns.
The majority of particles by weight were found to be in the range of 15-20 microns.



The maximum percentage of the particles by weight, was found to be in the size range of
36 to 88 microns, 3 to 27 microns and 9 to 77 microns for plant coal, recovered coal fines
and coal-water slurry respectively.
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CHAPTERI

1.0 INTRODUCTION

Coal has been the most abundant and principal source of fuel and energy for years. Coal
accounts for 31%, oil 38%, natural gas 20%, nuclear energy 4.5%, and hydroelectric
energy 6.5% of the worlds energy supplies[1]. The use of coal has increased by several
orders in magnitude, over years due to the growing demand of electric energy in several
areas. Although coal is the least expensive and most abundant fuel, it has its own
drawbacks such as storage and handling problems. The gaseous emissions emitted from
the combustion of coal are the major air pollutants. As a result of advanced mining and
coal preparation techm'ques, in addition to the abundance and low cost, - large quantities
of waste coal fines are disposed off into ponds. These coal fines pose a serious threat to
‘;he environment and human life. It is approximated that, about 3 billion standard tons of
coal fines are rejected every year as waste during the coal cleaning process in the United
States. An estimate by U.S. bureau of mines indicates, 174,000 acfes of waste coal refuse
disposal remain unreclaimed [2]. Many méthods have been developed to recover coal
fines from the effluent ponds. These recovered coal fines contain a large amount of
moisture. Inspite of thorough dewatering process, the moisture content could be as high
as 20-25% [3]. Due to this high percentage moisture, it is economical and advantageous

to use these fines in the form of slurry fuel.

Coal-water slurry fuel is typically a mixture of coal and water containing approximately
about 70% coal and 30% water by weight. Coal-water fuel is a potential clean alternative
fuel due to the ease of transportation, storage, environmentally clean and can be burned in
existing oil fired furnaces with minor modifications. Coal-water slurry fuel can be used
in a wide variety of applications suéh as utility boilers, residential and small industrial

furnaces. As coal being a major constituent in the coal-water slurry fuel, utilization of



recovered coal fines in addition to the plant coal fines in the form of slurry can cause a
substantial reduction in price, ease in transportation and help in the environmental clean
up. Therefore an innovative approach is considered where 15 percent of the recovered
coal fines are blended with 85 percent of the plant coal fines from the handling plants to
prepare the coal-water slurry fuel with a viscosity less than 500cp. The recovered coal
fines are expected to have different combustion characteristics due to its different
chemical éomposition, oxidation level, particle size distribution and moisture content.
The slurry fuel prepared from these fines will have unique combustion characteristics as
well. Therefore experiments are performed at three different firing rates to study the
various combustion characteristics of coal-water slurry fuel prepared from recovered coal

fines.

1.1 GENERAL BACKGROUND

The United States consumes approximately 18 million barrels of petroleum a day, hence,
domestic supplies of oil and natural gas are rapidly depleting [4]. The Annual Energy
Outlook 1997 (AEO97) projects an increase in oil consumption whereas the oil prices
will remain stable. In fact, AEO97 has projected that the wellhead prices for crude oil in
the lower 48 States will fall by 0.8 percent a year in the low world oil price and to
increase by 1.2 and 2.8 percent a year in the reference and high price cases. It also has
been forecasted that the total petroleum product supplied ranges from 20.6 million on a
low economic growth scenario and 23.6 million barrels a day of consumption for a high
growth scenario, with the most recent consumption of 1995 at 17.7 million barrels a day
[4]. AEO97 has determined that petroleum constitutes just under 40 percent of the

United States' primary source of consumption.

According to AEQ97, total coal production inéreased. from 613 million tons (14.6
quadrillion Btu) in 1970 to 1,033 million tons (22.0 quadrillion Btu) in 1995. In fact, it
has been projected by 2015 coal production will reach 1,268 million tons (26.5
quadrillion Btu) [4]. With the majority of this production to come from western mines,



‘where their output has grown 10 percent a year from 45 million tons in 1970 to 489

million tons in 1995.

As a result, the current energy situation is a major national concern. Since these major

sources of energy (crude oil and natural gas) are decreasing, alternative sources of ehergy
have been explored, such as nuclear, fusion, solar, thermal, wind and fossil energy.
Nuclear and fusion energy are still in the developmental stages and research expenditures
are costly. Cost effective and environmentally safe energy sources are consistently being
sought. Fossil fuels made out of coal are seriously being considered as the resource to
meet the energy needs of the nation in the next century and to meet the continued need of

energy with the continuous depletion of natural gas and oil.

1.1.1 Coal Reserves

Coal is located across the United States, thus, the most abundant source of bituminous
coal is found in the eastern part of the country; whereas sub-bituminous coal and lignite
are located in the West. Lignite forms of coal are mostly found in North Dakota and
Montana, though, Texas and South Dakota are known to have significant amounts. The
largest sub-bituminous coal deposits are in Montana, Wyoming and Alaska, significant
amounts are also found in New Mexico and Colorado [5]. Essentially, bituminous coal is
widely distributed among states; however anthracite coal is basically restricted to
Pennsylvania. In the United States, both tonnage and heating value of coal are ranked in
decreasing order for bituminous, sub-bituminous, lignite and anthracite coals. All coals
are subjected to various process preparations for their prospective markets (heating,
utility power generation, etc.); however cleaning of steam coal for utility use has been

confined to the bituminous type.

Since there are environmental concerns, coal cannot be directly burned due to its high
content of sulfur. The direct combustion of coal will result in SOx emissions exceeding
the Environmental Protection Agency (EPA) standards. Congress passed an Air Quality
Act of 1963 which initiated an effort to clean up the nation's air quality at local, state and
federal governmental levels. In 1970 the EPA and the Clean Air Act Amendments



followed suit with the continued consQiousness of standards in the reduction of sulfur

dioxide emissions [5].

The regulations of sulfur dioxide was an incentive to find sulfur removal processes for

coal. The following techniques were implemented for sulfur dioxide reductions in coal

technology usage:

+  flue gas desulfurization - removal of SO? from coal combustion gas

e physical coal cleaning - removal of pyritic sulfur from the coal prior to
combustion

. chemical coal cleaning - removal of pyritic and organic sulfur from coal prior to
combustion

. synthetic fuel production - conversion of coal into clean burning gaseous or liquid
fuels

e . fluidized bed combustion (burning coal in the presence of additives which remove

sulfur as a mineral residue) [5].

1.1.2 Coal Cleaning

Washability of coal is a series of tests that determine the potential for improvement done
to the quality of coal through physical coal cleaning. In order to determine the
preparation methods and equipment needed to clean the coal, the preparation engineer
must conduct physical and chemical tests to determine the washability data. The coal is
divided into small samples by size, specific gravity, and distribution. They are then
analyzed for moisture, ash, heating value, pyritic and total sulfur among other

characteristics [5].

Washability data published by the U.S. Bureau of mines in R1 8118 reflects that, specific
gravity separation are used frequently for the removal of ash from coal which can
eliminate 25-55% of pyrite from U.S. coals. However, more advanced physical coal

techniques may be able to remove 90% of the pyritic sulfur in coals. The amount of



sulfur removal depends on the initial sulfur in raw coal, the ratio of 'pyritic sulfur to
organic sulfur, the size distribution of the pyrite in the coal and the preparation methods
used. When specific gravity separation methods are used, the desulfurization potential of
the United States coals varies according to the coal regions and among coal beds within

the same region [5].

It should be noted that coal cleaning is not one particular method or process but several of
different operations that may be used sequentially or alternatively in various situations.
A basic coal cleaning plant is designed on the basic properﬁes of raw coal and a set of
industry specifications for the clean coal product. Coal cleaning is a basic name for
processes that remove inorganic and some organic impurities from coal. However, it
does not alter the chemical nature of the coal itself. In short, a coal cleaning plant is a

continuous process of technologies instead of one distinct process.

1.1.3 Coal Beneficiation _

Coal beneficiation is a basic term that describes operations involved with the performed
run-of-mine (ROM) coal to prepare it for specific end uses, such as feed to a coke oven, a
coal-fired boiler or use in a coal conversion process. It is also referred to as coal
preparation or coal cleaning. Essentially coal beneficiation is the entire range of
operations that covers simple crushing, size classification operations to extensive
chemical and micro-biological processes to render the ROM coal more suitable for end
use [6].

Beneficiation provides significant means of reduction of sulfur and mineral content of
several coals. Thus, providing a plausible and economic solution to the problem of
burning high sulfur coals in an environmental conscious manner. Hence, the

beneficiation of coal results in the following:

. lower transportation costs per unit of energy delivered,
. lower waste disposal costs at the user facility,
. improved coal handling capabilities,



. higher combustion efficiency in the furnace, as well as, reduced slagging in the

furnace, which turns into reduced downtime for the furnace

Coal cleaning, drastically, reduces the amount of sulfur, sand, silicates and other
materials in the coal which are harmful in the production and utilization of coal products.
It also removes undesirable materials and improves the combustion efficiency. There are
- two types of cleaning processes used for the removal of sulfur and 6ther materials from

coal; one, physical coal cleaning (PCC) and two, chemical coal cleaning (CCC) [6].

Technologies became more advanced as a result of the strict guidelines set by EPA for
the removal of sulfur at power plants. Therefore, new technological and what deemed

uneconomical was explored as possible processes for sulfur removal.

'In comparison to PCC, CCC has not had as long as a history in regards to its development
in technology. Most CCC processes have been developed past bench scale [7]. Listed

below are some of the CCC processes and their developers in parenthesis:

Nitrogen oxides oxidation (KVB)
Ferric sulfate oxidation (TRW)
. Oxygen oxidation (Kennecott)
Air oxidation (Department of Energy)
Chlorine oxidation (Jet Propulsion Laboratory)
Hydrothermal (Batelle)
Alkaline oxidation (Ibwa State)
Microwave (General Electric)
Bacterial (Jet Propulsion Laboratory, Ohio State, and others)

There are many physical coal cleaning plants that can handle over 360 million metric tons
of raw coal a year. The principal coal cleaning process used in the 1980's was oriented
toward product standardization and ash reduction, with an increased concern toward

sulfur reduction [6].



The methods of sulfur removal varies commercially and according to types of sulfur in
the coal sample. PCC removes the pyritic sulfur and ash materials that have been
practiced in the United States since 1890. These early operations consisted of belt
washers, bumping tables, and other precursors to modern processes that were adapted
from ore beneficiation practices to coal cleaning. The baum coal-washing machine was
used for alternatively flooding and draining, a moving bed of coal was in commercial use
in Europe before 1900, and was introduced to the States in 1928. Most methods that
were uséd were gravity separation, in which "pure" coal has a lower specific gravity than

the pyrite of the ash materials [8].

Within the last quarter of this century significant improvements have been made in the
equipment used to clean coal. The leading method for cleaning is still based-on gravity
separation. As well, other processes use pre-treatment‘ followed by physical separation.
One example is chemical comminution followed by a physical sink-float separation of
chemical pre-treatment with iron carbonyl followed by magnetic separation. CCC is a
technology that is on the leading edge, more development will be required to lower the

utilization costs and removal of sulfur with more accuracy [8].

1.1.4 Sulfur Types

It is important to clean coal prior to preparation and usage because of the strict emission
standards that are set by the Environmental Protection Agency (EPA). Reduction of
sulfur by physical cleaning techniques varies according to the distribution of the sulfur
forms in the coal. Three general forms of sulfur are found in coal: organic, pyritic and
sulfate sulfur. Organic sulfur is bonded chemically to the organic carbon of the coal and
is only removed once the chemical bonds are broken. The amount of organic sulfur
present designates the lowest limit which a coal can be cleaned with respect to sulfur

removal by physical methods [9].

Mineral sulfur occurs in two forms, pyrite or marcasite; which are two dimorphous forms

of ferrous disulfide, FeS2, Pyrite and marcasite may have the same chemical



composition, but each has its own unique crystalline form. Sulfide sulfur occurs in
particles sizes 0.1 micron to 25 cm in diameter throughout the coal matrix. Pyrite is a
dense mineral (4.5 g/cm3) in comparison with bituminous coal (1.30 g/cm®) and is water-

" insoluble; therefore, the best removal is by means of specific gravity separation [9].

- Sulfate sulfur is usually present in the smallest amount, roughly around 0.1% or less by
weight. It is usually water soluble, originates from in situ pyrite oxidation and may be

removed by washing coal, i.e., physical cleaning [9].

There are many processes for chemical coal cleaning that are still under construction.
Chemical cleaning is designed to remove up to 40% of organic sulfur, whereas physical
cleaning removes about 50% of the pyrite sulfur. The actual removal depends on the

washability of the coal, the unit processes used and the separating density [10].

- Emissions regulations must be taken into serious consideration because the composition
and properties of coal can vary widely even within a coal seam. In general, the sulfur
content in coal varies; the average value for sulfur in coal can be used to determine how
much sulfur must be removed to stay in compliance with a particular standard if long

term averaging of the resultant SO2 emission is allowed [10]. Overall coal‘ cleaning

plants employ the same philosophy; stepwise separations and beneficiation. The goal of
all cleaning plants is the same, to treat (cleaning physically and or chemically) small,

piece wise fractions of the incoming coal, and feed [10].

1.2 HISTORY AND DEVELOPMENT OF COAL-WATER FUEL

Coal-water slurries were originally intended to transport the coal and then dewatered for
regular use. Due to some of the technology advancement in the field of particle size
distribution effect and addition of chemical additives in thé coal-water fuel, led to
produce a stable highly loaded coal mixture with low viscosity. The first documented use

of coal-water slurry dates back to 1891 when Wallace C. Andrews patented the concept



and operated a test facility for the transport of coal [11]. The major‘ advanqements in
slurry fechnology was in the late 1970’s. Prior to that, Germany and USSR were the only
countries where coal-water fuel combustion was active. Since 1970’5 reseérch in the
coal-water slurry combustion technology has been progressing rapidly and it is in a

* position where it can be fully commercialized.

The major developments in CWF combustion technology before 1970 has been reported
- by Marnell[12] and are listed in the Table 1.1. This table lists all the details regarding
~ the type of fuel, water percentages, application, steam rate and plant location. Among the
eight .combustion tests listed six of them were performed in USSR and one each in

Germany and USA.

" From 1979 to 1985 some of the major CWM combustion trails done on the utility and
industrial boilers in Japan, Spain, Sweden, United Kingdom and United States are
presented by Daniel Beinstock and Oliver K. Foo[13]. Table 1.2. lists the details of test

furnaces, test period, organization and the country where it was performed.



Table 1.1 Major Coal-Water Combustion Experiments up to 1970[5].

Fuel Type %Water | Slurry Flow, | Application | Steam Rate, | Location
Metric Ton/hr Metric Ton/hr
Coal 50 40 Power plant 170 USSR
- | beneficiation boiler ' :
|| wastes
Coal 45 8 LMZ boiler 40 USSR
beneficiation
wastes :
Coal 45 1.5 Spray above 0.6 USSR
beneficiation stoker fired ‘
wastes LMZ boiler
Wet Coal 15-50 2 DKYV Boiler - USSR
Coal-Water 40 2 Horizontal -— USSR
Mixture cyclone
Coal waste: 40 1 Cyclone - USSR
Coal-Water - 30 29 Twin 220 USA
Mixture cyclone
boiler
Coal-Water 40 20 Pulverized 100 Germany
Mixture coal boiler

A review of industrial and utility-scale coal water fuel fired, demonstration projects was

compiled by V. Rathi, M. Ramezan and J. winslow[11]. This report presents the history

and development of the coal-water mixture fuel as demostrated by various authors from

time to time.
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Table 1.2 Some of the major CWM combustion trails done on the utility and industrial
boilers from 1979 to 1985 [13].

|| Country | Organization Test Furnace Test Period

Japan Babcock Hitachi | 80 x 10° Btw/hr test furnace 1982
KK
Electric Power 1.3-MW Btw/r cylindrical test | 1982
Development Co. | furnace
Ltd.

Spain UNSEA 4-MW test furnace 1983-1985

[ Sweden | AB Carbogel Various prototype burners with | 1979
capacities upto 3.5-MW have

been tested
United Atlantic 1.3 x 10° Btu/hr furnace at 1979
States Research ARG, and 4.0 x 10° Btu/hr test
: furnace at Babcock & Wilcox

Alliance Research Center
Slurry Tech, Inc. | 4.0 x 10° Btu/hr test furnace at | 1980
Babcock & Wilcox Alliance
Research Center

Gulf & Western | 80 x 10° Btu/hr test furnace at | 1982

Industries, Inc. Combustion Engineering, Inc.
70 x 10° Btu/hr test furnace at
‘ Forney Eng. Co. ,
United NEI International | 5 x 10° Btu/hr test furnace 1982-1983

Kingdom | Combustion, Ltd.

1.3 GENERATION OF WASTE COAL FINES

In the early years, due to the lack of advanced technology in the areas of mining, cleaning
process and less environmental restrictions on the waste disposal resulted in large number
of slurry ponds. A large quantity of coal which contains high percentage of coal content
was rejected as waste and thus refuse piles were formed. These piles are very large in
size and vary over a range of two hundred thousand to ten million tons[2]. After the
advent of mechanical mining methods and advanced coal preparation method, large

quantities of coal refuse was rejected to ponds and gob piles.
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Figurel.1 shows the processing of the coal and how the was*te coal fines are dumped into

the waste land forming slurry ponds.

ENERGY

Figure 1.1 Coal preparation process

It is estimated that there are approximately 28,000 gob piles t‘hroughout the United States.

According to the recent estimates, nearly 30% of the malt#rial from underground coal
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mining in U.S. is rejected on the surface as waste. This amount of almost (3 billion
standard tons) of coarse and fine coal refuse is produced from the coal cleaning

operations[14].

1.4 ENVIRONMENTAL PROBLEMS ASSOCIATED WITH THE WASTE COAL
FINES

Disposal of mineral waste causes a very serious threat to the environment and human
health. One of the most influential factor being the ground water pollution which effects
the human life residing near these slurry ponds. The value of the land is depreciated
greatly. In addition to ground water pollution the other environmental problems
associated are acid formation, erosion and sedimental control. As refuse piles are easy to
ignite, they cause air pollution by emitting the polluting gases such as nitrogen oxides

and sulfur dioxides.

1.5 PROCESSING OF COAL FINES

The main objective in the processing of coal fines is to produce clean coal with high
percentage of Btu, low sulfur and mineral matter with excellent combustion
characteristics. As large amounts of coal require crushing, sizing and washing in order to
remove the sulfur and mineral matter the coal fines produced during this process are
disposed off as refuse due to the difficulty in transportation and storage. Hence the major
sources of coal fines are from the refuse ponds and preparation plants. It is estimated by
the Illinois Clean Coal Institute (ICCI) that the coal cleaning method developed by them
could save $10 millionl in fine coal at an average coal preparation plant each year. The
basic principle of physical cleaning is the utilization of relative density difference

between the coal particles and other material suspended in some aqueous solution.
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Some of the common physical coal cleaning processes listed by (Morrison,1982) are
gravity separation technique, froth flotation, oil agglomeration, magnetic separation,
electrostaﬁc separation and column flotation. Selection of coal cleaning technology is
influenced by the characteristics of coal such as ash content, surface chemistry and use of
coal-water mixture. The most effective process would be the one by which high

percentage of clean coal can be recovered with a minimum of sulfur and ash.

1.5.1 Oil-Agglomeration

In this process coal is cleaned by an addition of oil-based liquid to the suspension of the
coal particles used to separate the clean coal [15]. The agglomerates of coal are removed
by screening or flotation. It’s been observed that the agitation of the mixture enhances the
.detachment of the mineral matter. This process is very efficient in handling extremely
fine materials in the -200 mesh range and materials with considerable amounts of clay

slime [16]. This process is more effective in ash reduction than sulfur reduction.

1.5.2 Froth Flotation

Froth flotation is a process used to separate minerals, suspended in liquids, by attaching
them to the gas bubbles to provide selective levitation of the solid particles[17]. These
bubbles get attached to the hydrophobias coal particles and cause them to float to the
surfaces where they are collected. This process has been in use for long period and is
extensively used in iron ores, coal , limestone, copper and many other minerals of similar
chemical nature. Numerous modifications are done on this method over a period of time
and in the process, one of the most promising technique known as column flotation was

developed.

The major difference between the conventional flotation process and column froths is the

addition of wash water at the top of the column and elimination of agitation mechanism
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hence saving on energy and maintenance costs[17]. An innovative method of adding a
packing in the column is done by Michigan Technological University khown as (MTU)
static tube process is one of the most advanced physical froth flotation process for
cleaning coal fines and is recognized as one of the leading technology recognized by the

U.S. Department of energy based on the comparison of the interlaboratory comparison.

V. Choudhry et.al[18] conducted number of tests to recover a low-ash, low sulfur coal
from preparation plant effluents using a packed column and to study its feasibility. This
work was funded by the Illinois clean coal institute. This study included the effect of
feed rate, pulp density, reagent dosage and the effect of machine variables such as pulp
level in column, air and waste water rate. It has been found that high Btu can be
.recovered about 80-85% and the elimination of pyritic sulfur being 80% and the ash
content reduced from 55-60% ash to 6-10%. Increase in wash water increased the
- overall performance and optimal pulp level was found to be 25cm bélow the feed entry

point. The optimal air flow rate was found to be at 25 to 35 in/min.

1.5.3 Electrostatic Separation

The difference in conductivity or dielectric properties of coal and minerals, to maintain or
dissipate an induced charge under dynamic conditions is utlilized in the electrostatic
separation [16]. When coal is fed into the electrically ground rotor, the coal-rich

dielectric particles remain attached to the rotor and can be removed later.

1.6 PREPARATION OF COAL-WATER SLURRY FUELS

The properties of coal has a significant effect on the characteristics of the coal-water
slurry fuel. Important aspect in the preparation of the Coal-water slurry is to maximize
the coal content of mixture. Particle size and viscosity play an important role in

maximizing the coal content of the mixture. A decrease in particle size increases the
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surface area available for reaction and hence increases the rate of char burnout[1]. A

minimum of 25% volatile matter(on dry basis) is preferred in the coals used for CWSF.

The rheological properties of CWS play a vital role in their storage, transportation,
atomization and combustion. The fundamental understanding of the preparation and
handling of the highly loaded CWS with low viscosity, desirable atomization and
combustion properties are necessary in the commercialization of the CWS[3]. Solid
concentration and the particle size are the two important hydraulic variables. Due to the
variability in the characteristics such as the particle size distribution, shape of the
particles, concentration of solids, surface chemistry of particles and dispersant used to
stabilize the suspensions, the governing parameters have to be determined experimentally

[12,13].

- The value of volatile matter content is used as an indication of coal classification and
ignitability and in general, high volatile matter content(approx. 30% or above) is

desirable in coal firing as it enhances fuel ignition and flame stability[15].

The erosion of 1;he boiler tubes is a function of the ash composition and ash content in the
slurry fuel. several investigations (Borio, et al) have indicated that the potential for boiler
pressure part erosion could be a significant load limiting factor, and would adversely
affect the economics of CWF conversion in some case. Some of the significant
properties for consideration in the preparation of coal-water fuel are listed below in Table

1.3.
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Table 1.3 Significant properties of coal-water fuel [19].

Coal
characteristic

Impact on CWM

Desired range®

Energy content

High energy content lowers handling and
storage costs

13,000-15,000Btu/Ib

| Volatile content

Volatiles improve ignition and combustion

30% or higher

additives and influence the choice of coal
cleaning method

Ash content High ash concentrations increase particulate | 55% or lower
emissions, combustor derating, and coal ‘
leaning costs

Ash chemistry { corrosive ash with low softening | Noncorrosive, low |
temperatures can cause combustor slagging | in  sodium, high
or fouling and need for derating softening temperature

Sulfur content High sulfur content increases SO, emissions | 1% or lower
and sulfur removal costs

Organic sulfur | Organic sulfur can not be removed by [ Low enough to

content physical cleaning ensure 1% total sulfur

in CWMs' '
{ Surface chemistry | Governs the effectiveness and cost of

*Range for clean dry coal before mixing with water. CWMs are limited to coals with ¢!

shown.

haracteristics within the ranges

1.7 COMBUSTION MECHANISM OF COAL-WATER SLURRY

Combustion of the coal-water slurry is a complex mechanism and hence a number of

studies have been performed over a wide range specifically on the single droplet and

spray techniques in order to understand the different stages in the combustion of coal-

water slurry.

A detailed description of the various stages in the combustion mechanism of the coal-

water fuel droplet combustion as studied in a laminar flow reactor by two different

experimental procedures is presented by Shun-won kang[20] as follows:

. Injection of the CWF droplet

o Drying of the CWF droplet
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. Agglomeration and swelling during the coal plasticity period

° Localized ignition followed by the spread of ignition

o Volatile flame formation

. Rotation induced by volatile evolution

. Extinction of volatile flame and ignition of char

- Fragmentation'both during devolatilization and char burnout
o Ash shedding and completion of char burnout

The major difference in the combustion of coal-water slurry and pulverized coal is the
presence of water. The addition of water to the coal causes an ignition delay due to the
evaporation phase. As the droplet size increases the combustion time increases and the
flame temperature is low due to the presénce of moisture. To increase the burning rates
of the droplet coals having high volatile matter content is used. In order to overcome the

large size of the droplet, very fine droplets are to be injected using an injector.

1.8 GASEOUS EMISSIONS

The future of the coal utilization depends totally on the global environmental concerns.
The combustion of coal causes a number of gaseous emissions to be emitted into the
atmosphere which are harmful to the environment. The major air pollutants being
particulate and the oxides of nitrogen, sulfur, and carbon. Coal fired utility boilers
account for about 65% of SOy and 29% of NOx emissions in United States. These
emissions effect the environment by contributing to acid rain and green house effect.
Therefore the control of these pollutants from entering into the atmosphere is very

important for the future utilization of coal in any application.
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1.8.1 Nitrogen Oxides Emissions

Nitrogen oxides are formed by the oxidation of nitrogen present in the organic coal
structure. The nitrogen oxides basically is a combination of NO and NO,, usually knowﬁ
as NOx. The Nitrogen oxides when combined with oxygen and water producé acidic
products, thereby contributing to the formation of acid rain[21].

2N + 0O, - 2NO

NO + HZO — HNO,

2NO + 02 = 2NO,

NO;+ H,0 - HNO;3

NOx are produced by two primary mechanisms during the combustion . They are thermal
NO and fuel NO, depending on the source from where the nitrogen is supplied. Thermal
. NO is the NOx formed during the reaction between oxygen and nitrogen in combustion
envirinment at high temperatures. NOy formed by the thermal NO is a function of N; and
O, concentrations, temperature and time of exposure\ N, to O, at high

temperatures(Laflesh, et.al. (1985)).

Fuel NO refers to the NOx formed from organically bound fuel nitrogen. From the
previous studies it has been observed that the NO, formed by this process is independent
of the temperature. The availability of oxygen is a major factor affecting the fuel bound
‘nitrogen to NOy. Due to the presence of nitrogen usually in the amount of .5 to 2% by

weight in coal fuel NO is a major contributor of NOy.
Reaction of nitrogen gases in the atmosphere have a several diverse environmental effects

including the production of photochemical smog, contribution to the destruction of the

ozone layer and green house effect.
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1.8.2 Sulfur Dioxide Emissions

Sulfur dioxide is another harmful pollutant also contributes for the acid rain formation is
produced by the oxidation of organic sulfur present in the coal [21]:

Scoat + O2 = SO,

Sulfur dioxide when reacts with oxygen and water in atmosphere to produce sulfuric acid
and contributes to the acid rain.

250, + 02— 2803

SO; + H20 — HSO4

The sulfur basically exists as organic and inorganic sulfur. Organic coal is chemically
bound to the hydrocarbon matrix of the coal while inorganic sulfur is mainly in the form
of loose pyrite. The total sulfur content in U.S. coals range from 0.2% to 10% by weight ,
~ while majority in the range of 1.0 to 4.0 percent[22]. The organic sulfur content is
usually below 2% while pyritic sulfur occurs in a wide range. The introduction of
stringent emission restrictions has forced the coal-fired units to use various control

techniques.

1.8.3 Carbon Dioxide Emissions

Carbon dioxide emitted from the coal combustion adds to the problem of green house
effect. Carbon reacts with oxygen to produce either carbon monoxide or carbon dioxide.
The only option of reducing the global CO, is by improving the efficiency of the power
generation from the heat of combustion of fossil fuels. The carbon dioxides emissions
from coal firing result in two to three times higher than the carbon dioxide emissions

from natural gas fired plants. Carbon monoxide emissions in general are very low.
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CHAPTER 11

2.0 LITERATURE REVIEW

Number of oil fired facilities of various capacities were converted to fire coal-water
slurry fuel. In order to maintain a stable flame and to keep the NOy, SOy and CO,
emission below the standards set by EPA (Environmental Protection Agency), various
changes in burner, atomizer and emission control equipment's were made. Some of the
- experiences, modifications and test results of previously performed work obtained from
the literature are presented. The main emphasis being on the gaseous emissions of the

test data.

Michael J. Rini, Patrick L. Jennings and Jon. G. McGowan [23] presented a development
of an High Efficiency Advanced Coal Combustor (HEACC) for firing benificated coal
fuels in industrial retrofit application. It was observed that the swirler diameter and type
were the main parameters affecting the burner aerodynamics. The burner developed was
able to maintain a stable flame and had a potential to reduce the NOy through internal
staging. In order to evaluate the carbon conversion efficiency, NOy and SO, emissions,
fly ash composition and particle size distribution pilot scale(5x10° Btwhr) combustion
tests were performed. The results indicated a high carbon conversion efficiency, and the
NOx emissions were in the range of 600-700 ppm with overfire air. Preheating of fuel to
220°F improve the spray quality and hence a better flame Stability was observed. Full
scale testing was conducted considering coal-water fuels and second test utilized a fine
grind, dry pulverized coal of 21 micron mean particle size. An efﬁcienéy greater than
98% was achieved while firing CWS at an excess air level of 30-35%. NOy emissions

were lowered to approximately 20-25% with a reduction of excess air level to 20-25%
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but at the expense of combustion efficiency. An efficiency of 98 to 99.9% was-achieved
while firing dry pulverized coal and NOy levels were lowered to 340 to 375 ppm.

Sarma V. Pisupati et. al[24] discussed the combustion performance of an industrial boiler
firing Super Clean Coal-Water Slurry (SCCWS) prepared from cleaned coal with less
than 4.0 wt% ash and 1wt% sulfur for 500 hours. A decrease in temperature of about 127
°F at the center of the furnace was noticed when compared to firing natural gas alone. At
the side wall of the boiler a reduction of 600 °F was reported as compared:to firing
-natural gas which implies the concentration of combustion gases only in the central axis
in case of slurry fuel combustion. Preheating the slurry and increasing the atomizing air
from 148 to 190 psi did not have a significant effect on the combustion efficiency. With
an increase in solids percentage from 59% to 62% the efficiency increased from 93.2% to
94.2%. Highest coal combustion efficiency was achieved at a spray angle of 65°. SO,
emissions were in the range of 0.6 to 1.0 Ib/MMBtu and NO, emissions were in the range
- 0of 0.7 to 1.4 1b/MMBtu. A combustion efficiency of 95% was achieved by optimizing

the operating parameters and making few minor modifications.

In order to compete with the fuel oil, G. Fynes et. al[25] emphasized on utilization of low
cost coal fines. To achieve this goal high-ash waste fines from washery plants were
~utilized in the preparation of coal-water mixtures and the application limited to small
‘capacity for feasibility. To disperse the organic and mineral matter components, an
‘additive is added. 1 MW coal-water mixture burner is utilized and the flame
characteristics, heat flux profiles and flame temperature distribution were studied under
different firing conditions. In order to overcome the high viscosities formed due to the
presence of high quality swelling clays a 