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(57) ABSTRACT 

The present invention is directed to additives for coal-fired 
furnaces, particularly furnaces using a layer of slag to 
capture coal particles for combustion. The additive(s) 
include iron, mineralizer(s), handling aid(s), flow aid(s), 
and/or abrasive material(s). The iron and mineralizers can 
lower the melting temperature of ash in low-iron, high alkali 
coals, leading to improved furnace performance. 
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LOW SULFUR COAL ADDITIVE FOR 
IMPROVED FURNACE OPERATION 

2 
gas. As a result, utilities are turning to low sulfur western 
coals, particularly coals from the Powder River Basin, as a 
primary feed material. As used herein, "high sulfur coals" 
refer to coals having a total sulfur content of at least about CROSS REFERENCE TO RELATED 

APPLICATIONS 

The present application claims the benefits of U. S. 
Provisional Application Serial No. 60/213,915, filed Jun. 26, 
2000, and entitled "Low-Cost Technology to Improve 
Operation of Cyclone Furnaces Firing Low-Sulfur Western 
Coals", which is incorporated herein by reference in its 
entirety. 

5 1.5 wt. % (dry basis of the coal) while "low sulfur coals" 
refer to coals having a total sulfur content of less than about 
1.5 wt.% (dry basis of the coal) and "high iron coals" refer 
to coals having a total iron content of at least about 10 wt. 
%(dry basis of the ash) while "low iron coals" refer to coals 

10 
having a total iron content of less than about 10 wt. % (dry 
basis of the ash). As will be appreciated, iron and sulfur are 
typically present in coal in the form of ferrous or ferric 
carbonites and/or sulfides, such as iron pyrite. 

FIELD OF THE INVENTION 

The present invention relates generally to coal additives 15 

for furnaces and specifically to coal additives for slag-type 
furnaces. 

BACKGROUND OF THE INVENTION 

The transition from high sulfur (and high iron) to low 
sulfur (and low iron) coals has created many problems for 
slag-type coal furnaces such as cyclone furnaces. When 
low-sulfur western coals, with low iron and high (i.e., at 
least about 20 wt. % (dry basis of the ash)) alkali (e.g., 
calcium) contents, are fired in these boilers, the viscosity of 

Coal is widely recognized as an inexpensive energy 
source for utilities. Coal-fired furnaces are used to generate 
steam for power production and industrial processes. Coal­
fired furnaces have many different configurations and typi­
cally include a plurality of combustors. In one furnace 
configuration, a slag layer forms on a surface of the burner 
and captures the coal particles for combustion. Such a 
furnace will be hereafter referred to as a "slag type furnace." 

20 the slag is too low, causing less retained bottom ash (or a 
higher amount of entrained coal and ash particulates in the 
offgas from combustion), degraded performance of particu­
late collectors (due to the increased particulate load) and 
therefore a higher incidence of stack opacity violations and 

An example of a combustor 100 for a slag-type furnace is 
depicted in FIG. 1. The depicted combustor design is used 

25 increased fuel and maintenance costs, less reliable slag 
tapping, the occurrence of flames in the main furnace, high 
furnace exit temperatures (or sprays), and increased convec­
tive pass fouling. As shown in FIG. 3, in the operating range 
noted above high sulfur coals (denoted as Illinois coal) form 

30 slag having a moderate to high viscosity and therefore 
produce a relatively thick slag layer on the surface of the 
furnace while low sulfur coals (denoted as PRE coals) form 
a slag having a very low viscosity and therefore produce 
thin, low viscosity slag layers. As a result, utilities using 

in a cyclone furnace of the type manufactured by Babcock 
and Wilcox. Cyclone furnaces operate by maintaining a 
sticky or viscous layer of liquid (melted) ash (or slag) (not 
shown) on the inside cylindrical walls 104 of the cyclone 
combustion chamber 108. Coal is finely crushed (e.g., to 
minus Y4 inch top size), entrained in an airstream, and blown 
into the combustor end 112 of the cyclone combustor or 
combustor 100 through coal inlet 116. Combustion air 
(shown as primary air 120, secondary air 124, and tertiary air 
128) is injected into the combustion chamber 108 to aide in 
combustion of the coal. The whirling motion of the com­
bustion air (hence the name "cyclone") in the chamber 108 
propels the coal forward toward the furnace walls 104 where 
the coal is trapped and bums in a layer of slag (not shown) 
coating the walls. The re-entrant throat 140 (which restricts 
escape of the slag from the chamber 108 via slag tap opening 
144) ensures that the coal particles have a sufficient resi­
deuce time in the chamber 108 for complete combustion. 
The slag and other combustion products exit the chamber 
108 through the slag tap opening 144 at the opposite end 50 
from where the coal was introduced. The molten slag (not 
shown) removed from the chamber 108 flows to a hole (not 
shown) in the bottom of the boiler where the slag is 
water-quenched and recovered as a saleable byproduct. The 
ash composition is important to prevent the slag from 55 
freezing in the hole and causing pluggage. To melt ash into 
slag at normal combustion temperatures (e.g., from about 
2600 to about 3000° F.), slag-type furnaces, such as 
cyclones, are designed to burn coals whose ash contains high 
amounts of iron and low amounts of alkali and alkaline earth 60 
metals (as can be seen from FIG. 2). Iron both reduces the 
melting temperature of the ash and increases the slag vis­
cosity at these temperatures due to the presence of iron 
aluminosilicate crystals in the melt. 

35 slag-type furnaces, such as cyclone furnaces, have, through 
switching feed materials, realized lower sulfur dioxide emis­
sions but at the same time have produced a host of new 
operational problems. 

Techniques that have been employed to provide improved 

40 slag characteristics for high sulfur eastern coals have proven 
largely ineffective for low sulfur coals. For example, lime­
stone has been used by utilities as a high sulfur coal additive 
to adjust the slag viscosity to the desired range for the 
furnace operating temperature. The calcium in the limestone 

45 is widely believed to be the primary reason for the improved 
performance. Low sulfur western coals, in contrast, already 
have relatively high calcium contents and therefore experi­
ence little, if any, viscosity adjustment when limestone is 
added to the coal feed to the furnace. 

High sulfur content in coal, particularly coals from the 65 

eastern United States, has allegedly caused significant envi­
ronmental damage due to the formation of sulfur dioxide 

Another possible solution is the addition of iron pellets 
(which typically include at least predominantly nonoxidized 
iron) to the furnace to assist in slag formation and coal 
combustion. Iron oxide fluxes high-silica glass, while 
reduced forms of iron (FeO or Fe-metal) flux calcium-rich 
glass. In the presence of burning coal particles, iron exists 
primary in reduced form. The use of iron has been recom­
mended to solve slag-tapping problems in cyclone furnaces 
by adding commercially available iron pellets, which are 
very expensive. The pellets have a further disadvantage of 
forming pools of reduced iron that can be very corrosive to 
metal or refractory surfaces exposed to the iron and/or of 
being an ineffective fluxing agent. Therefore, iron fluxes 
have failed to achieve long term acceptance in the utility 
industry. 

Another possible solution is to blend high iron coals with 
the western coals to increase the iron content of the coal 
feed. Blended coals are far from a perfect solution. High iron 
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coals (or "kicker" coals) are often much more expensive 
coals than western coals. High iron coals also have high 
sulfur levels because the predominant form of iron in such 
coals is iron sulfide (or iron pyrite). Blended coals suffer 
from increased operating costs and increased sulfur dioxide 5 

emissions, which can in certain cases exceed applicable 
regulations. 

Another possible solution is to grind the coal going into 
the cyclone furnace much finer and supply additional air to 
increase the percentage of combustion that occurs for coal 10 

particles in flight. This option requires expensive modifica­
tions or replacement of grinding equipment and is counter to 
the original design and intent of the cyclone furnace. The 
technique further decreases boiler efficiency and increases 
the auxiliary power required to operate the boiler. The use of 15 

fine grinding has thus proven to be an inadequate solution to 
the problem in most cases. 

SUMMARY OF THE INVENTION 

The various methods and compositions of the present 20 

invention can provide a fluxing agent or additive that can be 
contacted with the coal feed to or in a combustion chamber 

4 
than 2:1 and more preferably ranges from about 0.1:1 to 
about 1.95:1, or more preferably at least about 33.5% of the 
iron in the additive is in the form of ferrous (or lower 
valence) iron and no more than about 66.5% of the iron in 
the additive is in the form of ferric (or higher valence) iron. 
In a particularly preferred formulation, at least about 10% of 
the iron in the additive is in the form of wustite. "Wustite" 
refers to the oxide of iron of low valence which exist over 
a wide range of compositions (e.g. that may include the 
stoichiometric composition FeO) as compared to "magne­
tite" which refers to the oxide of iron of intermediate or high 
valence which has a stoichiometric composition of Fe2 0 3 

(or FeO.Fe2 0 3). It has been discovered that the additive is 
particularly effective when wustite is present in the additive. 
While not wishing to be bound by any theory, it is believed 
that the presence of iron of low valence levels (e.g., having 
a valence of 2 or less) in oxide form may be the reason for 
the surprising and unexpected effectiveness of this additive 
composition. 

While not wishing to be bound by any theory, it is 
believed that the presence of iron in the calcium alumino­
silicate slags of western coals causes a decrease in the 
melting temperature of the ash and crystal formation in the 
melt when a critical temperature (T cv) is reached. These 

of a furnace to produce a slag layer having one or more 
desirable characteristics, such as viscosity and thickness. 
The methods and compositions are particularly effective for 
a cyclone furnace of the type illustrated in FIG. 1. 

In one embodiment, a method is provided for combusting 
coal that includes the steps of: 

(a) providing a coal-containing feed material to a coal 
combustion chamber; 

25 crystals change the flow characteristics of the slag causing 
the slag to thicken before the slag can flow. This phenom­
enon is known as "yield stress" and is familiar to those 
skilled in the art of non-Newtonian flow. Thicker slag allows 
the slag to capture and hold more coal particles. Therefore, 

30 fewer coal particles escape the combustor without being 
burned. 

(b) contacting the feed material with an iron-containing 
additive; and 

(c) melting at least a portion of the coal-containing feed 
material and iron-containing additive to form a slag 35 

layer on at least a portion of a surface of the combustion 
chamber, whereby coal in the coal-containing feed 
material is captured by the slag layer and combusted. 
As noted below, the additive permits slag-type furnaces 
to burn low iron, high alkali, and low sulfur coals by 40 

enhancing the slagging characteristics of the ash. 
The coal-containing feed material has coal as the primary 

component. As used herein, "coal" refers to macromolecular 
network comprised of groups of polynuclear aromatic rings, 
to which are attached subordinate rings connected by 45 

oxygen, sulfur and aliphatic bridges. Coal comes in various 
grades including peat, lignite, sub-bituminous coal and 
bituminous coal. In one process configuration, the coal 
includes less than about 1.5 wt. % (dry basis of the coal) 
sulfur while the coal ash contains less than about 10 wt. % 50 

(dry basis of the ash) iron as Fe2 0 3 , and at least about 15 wt. 
% calcium as CaO (dry basis of the ash). The material is 
preferably in the form of a free flowing particulate having a 
P90 size of no more than about 0.25 inch. 

The coal combustion chamber is part of a coal-fired 55 

furnace. The furnace can be of any configuration, with a 
slag-type furnace being preferred and a cyclone furnace 
being even more preferred. 

The iron-containing additive can be in any form and any 
composition so long as iron is present in sufficient amounts 60 

to flux effectively the feed material. The iron can be present 
in any form(s) that fluxes under the conditions of the 
furnace, including in the forms of ferrous or ferric oxides 
and sulfides. In one formulation, iron is present in the form 
of both ferric and ferrous iron, with ferric and ferrous iron 65 

oxides being preferred. Preferably, the ratio of ferric (or 
higher valence) iron to ferrous (or lower valence) iron is less 

In a preferred process configuration, the additive is in the 
form of a free-flowing particulate having a P90 size of no 
more than about 300 microns (0.01 inch) and includes at 
least about 50 wt. % iron. Compared to iron pellets, the 
relatively small particle size of the additive reduces signifi­
cantly the likelihood of the formation of pools of reduced 
iron that can be very corrosive to metal or refractory surfaces 
exposed to the iron. It is believed that the reason for pooling 
and poor fluxing has been the relatively large sizes of iron 
pellets (typically the P 90 size of the pellets is at least about 
0.25 inch (6350 microns)) in view of the short residence 
times of the pellets in the combustion chamber. Such pellets 
take longer to heat and therefore melt and act as a flux. This 
can cause the pellets to pass or tumble through the chamber 
before melting has fully occurred. The increase surface area 
of the additive further aids in more effective fluxing as more 
additive reaction surface is provided. 

Preferably, the additive further includes a mineralizer, 
such as zinc oxide. While not wishing to be bound by any 
theory, it is believed that the zinc increases the rate at which 
iron fluxes with the coal ash. "Ash" refers to the residue 
remaining after complete combustion of the coal particles. 
Ash typically includes mineral matter (silica, alumina, iron 
oxide, etc.) Zinc is believed to act as a mineralizer. Miner­
alizers are substances that reduce the temperature at which 
a material sinters by forming solid solutions. This is espe­
cially important where, as here, the coal/ash residence time 
in the combustor is extremely short (typically less than about 
one second). Preferably, the additive includes at least about 
1 wt. % (dry basis) mineralizer and more preferably, the 
additive includes from about 3 to about 5 wt. % (dry basis) 
mineralizer. Mineralizers other than zinc oxides include 
calcium, magnesium or manganese flourides or sulfites and 
other compounds known to those in the art of cement­
making. Preferably, the additive includes no more than about 
0.5 wt. % (dry basis) sulfur, more preferably includes no 
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more than about 0.1 wt.% (dry basis) sulfur, and even more 
preferably is at least substantially free of sulfur. 

6 

The injection rate of the iron-containing additive to the 
chamber depends, of course, on the combustion conditions 
and the chemical composition of the coal feed and additive. 5 

Typically, the injection rate of the iron-containing additive 
into the combustion chamber ranges from about 10 to about 
50 lb/ton coal and more typically from about 10 to about 20 
lb/ton coal. 

agent can be in any form, such as an oxide or sulfide, so long 
as the iron and mineralizing agent will be reactive under the 
operating conditions of the furnace. Preferably, the additive 
includes at least about 50 wt. % (dry basis) iron and more 
preferably at least about 80 wt.% (dry basis) iron and even 
m,ore preferably from about 70 to about 90 wt.% (dry basis) 
iron. Preferably, the ratio of ferric (or higher valence) iron to 
ferrous (or lower valence) iron is less than 2:1 and even 
more preferably ranges from about 0.1:1 to about 1.9:1, or 

After combination with the additive, the coal-containing 
feed material typically includes: 

(a) coal; and 
(b) an additive that includes iron in an amount of at least 

about 0.5 wt. % (dry basis) and mineralizer in an 
amount of at least about 0.005 wt. % (dry basis). 

The methods and additives of the present invention can 
have a number of advantages compared to conventional 
systems. The additive(s) can provide a slag layer in the 
furnace having the desired viscosity and thickness at a lower 
operation temperature. As a result, there is more bottom ash 
to sell, a relatively low flyash carbon content, more effective 
combustion of the coal, more reliable slag tapping, improved 
boiler heat transfer, and a relatively low amount of entrained 
particulates in the offgas from combustion, leading to little 
or no degradation in performance of particulate collectors 
(due to the increased particulate load). The boiler can 
operate at lower power loads (e.g., 60 MW without the 
additive and only 35 MW with the additive as set forth 
below) without freezing the slag tap and risking boiler 
shutdown. The operation of the boiler at a lower load (and 
more efficient units can operate at higher load) when the 
price of electricity is below the marginal cost of generating 
electricity, can save on fuel costs. The additive can reduce 
the occurrence of flames in the main furnace, lower furnace 
exit temperatures (or steam temperatures), and decrease the 
incidence of convective pass fouling compared to existing 
systems. The additive can have little, if any, sulfur, thereby 
not adversely impacting sulfur dioxide emissions. These and 
other advantages will become evident from the following 
discussion. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a cutaway view of a combustor of a cyclone 
furnace; 

FIG. 2 is a graph of ash Fe2 0 3 :(Ca0+Mg0) content ratio 
versus total sulfur in coal (wt percent--dry basis) showing 
coals suitable for a cyclone furnace; 

FIG. 3 is a graph plotting slag viscosity versus operating 
temperature for high and low sulfur coals; 

10 more preferably at least about 33.5% and even more pref­
erably at least about 35% and even more preferably at least 
about 40% of the iron in the additive is in the form of ferrous 
(or lower valence) iron and no more than about 65% of the 
iron in the additive is in the form of ferric (or higher valence) 

15 iron. In a particularly preferred formulation, at least about 
10%, more preferably at least about 15% of the iron is in the 
form of wustite, and even more preferably from about 15 to 
about 50% of the iron is in the form of wustite. Preferably, 
the additive includes at least about 0.1 wt. % (dry basis) 

20 mineralizing agent and more preferably from about 0.5 to 
about 15 wt. % (dry basis) mineralizing agent, even more 
preferably from about 2 to about 8 wt. % (dry basis), and 
even more preferably from about 3 to about 5 wt. % (dry 
basis) mineralizing agent. Due to the formation of sulfur 

25 oxides, the additive typically includes little, if any, sulfur. 
The additive is preferably in the form of a free-flowing 

particulate and has a relatively fine particle size. Preferably, 
the P 90 size of the additive is no more than about 300 
microns, more preferably no more than about 150 microns, 

30 and even more preferably no more than about 75 microns. 
The additive can be manufactured by a number of pro­

cesses. For example, the additive can be the particles 
removed by particulate collection systems (e.g., by electro­
static precipitators or baghouses) from offgases of steel or 

35 iron manufacturing. Preferably, the additive is the collected 
fines (flue dust and/or electrostatic precipitator dust) from 
the offgas(es) of a blast furnace or BOF. In such materials, 
the iron and mineralizer are typically present as oxides. The 
additive can also be a sludge containing iron plus oils and 

40 greases produced during metal finishing operations. Oils and 
greases have the advantages of preventing fugitive emis­
sions during handling and shipping and replacing the heat 
input requirement from the coal in the boiler and thus reduce 
fuel costs for producing electricity. Typically, such additives 

45 will contain from about 0.1 to about 10 wt. % (dry basis) 
greases and oils. Another source of iron-containing material 
is red mud from the bauxite mining industry. 

Transportation of the Additive 

FIG. 4 is a first embodiment of a flow schematic of a 50 

process using an additive according to one embodiment of 
the present invention; 

Because of the small size of much of the available 
byproduct material, handling and transportation of the mate­
rial can result in high fugitive dust emissions. It is therefore 
desirable to treat the material to provide acceptable dusting 
characteristics. The treatment can take place at the source of 
the material, at a transportation terminal, or at the plant site. 
There are several different types of treatment including: 

FIG. 5 is a second embodiment of a flow schematic of a 
process using an additive according to one embodiment of 
the present invention; 55 

FIG. 6 is a chart of load (vertical axis) versus additive/no 
additive conditions (horizontal axis); 

FIG. 7 is a plot of viscosity (Cp) (vertical axis) versus 
temperature (horizontal axis) for various experiments; and 60 

FIG. 8 is a plot of viscosity (Cp) (vertical axis) versus 
temperature (horizontal axis). 

DETAILED DESCRIPTION 

The Additive 

As noted, the additive contains iron and preferably a 
mineralizing agent, such as zinc. The iron and mineralizing 

65 

(i) Adding water, typically in a ratio of from about 100:1 
to about 1000:1 parts material to part water, to the 
material. Adding water to the material forms a cohesive 
layer on the wetted surface after drying of the material, 
which will substantially eliminate fugitive emissions 
from the pile. 

(ii) The hydrophilic nature of the iron materials also 
means that they can be mixed as a slurry and made into 
any form desirable for shipping. Briquettes of the 
material can be made to decrease dust emissions during 
handling. 
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(iii) Organic and/or inorganic adhesives can be added to 
the slurried material to increase the cohesiveness of the 
final material. Typically, such adhesives are added in 
the ratio of about 100:1 to about 1000:1 parts material 
to part adhesive. Laboratory tests have shown that 
xanthan gum and phosphoric acid lead to very cohesive 
agents. 

8 
(c) at least one mineralizer in an amount of at least about 

1 wt. % (dry basis). 
When the additive is employed, the slag layer in the 

combustor is in the form of a free-flowing liquid and 
5 typically has a viscosity of at least about 250 Poise. 

(iv) Spraying with conventional dust suppression chemi­
cals such as calcium lignosulfonate can treat the mate­
rial to prevent handling problems. This material is 10 
commonly used to reduce coal dust emissions and can 

Due to the presence of minerals in the feed material, the 
slag layer in the combustor can include other components. 
Examples include typically: 

(d) from about 20 to about 35 wt. % (dry basis) silica 
oxides or Si02 ; 

(e) from about 13 to about 20 wt. % (dry basis) aluminum 
oxides or Al2 0 3 ; be applied at a range of concentrations of from about 1 

to about 10 wt. % (dry basis) of the additive at a low 
cost. 

Use of the Additive 

The additive can be contacted with the coal feed in a 
number of different ways. For example, the additive can be 
mixed with the coal feed at a shipping terminal, added to the 
coal reclaim belt, added to the coal bunkers, and/or added to 
the coal feed and/or primary air streams using an eductor to 
aspirate the additive. 

Referring to FIG. 4, a first method for adding the additive 

15 

20 

(t) from about 0 to about 2 wt. % (dry basis) titanium 
oxides or Ti02 ; 

(g) from about 18 to about 35 wt. % (dry basis) calcium 
oxides or CaO; and 

(h) from about 3 to about 10 wt.% (dry basis) magnesium 
oxides or MgO. 

The solid byproduct of the coal combustion process is 
typically more saleable than the byproduct in the absence of 
the additive. The solid byproduct is typically harder than the 
other byproduct and has a highly desirable composition. 
Typically, the byproduct includes: 

(a) at least about 20 wt. %(dry basis) silica; 
(b) iron in an amount of at least about 15 wt. % (dry 

basis); 
(c) mineralizer in an amount of at least about 1 wt.% (dry 

basis); and 
(d) at least about 13 wt% (dry basis) aluminum. 
The byproduct can further include one or more of the 

compounds noted above. 
A second embodiment of a method for adding the additive 

to the combustion process is depicted in FIG. 5. Like 
reference numbers refer to the same components in FIG. 4. 

to the combustion process will be discussed. The additive is 
transported pneumatically from a hopper 200 of a covered 

25 
railcar or truck using a vacuum blower 204 and transport line 
208. The additive-containing gas stream passes through a 
filter receiver 212, which collects the additive as a retentate. 
The additive drops from the filter surface into the hopper 216 
via duct 220. A bin vent filter 224 prevents pressure build up 

30 
in the hopper 216 and accidental release of the additive from 
the hopper 216 into the ambient atmosphere. A metered 
valve 228 permits the additive to flow at a desired rate 
(typically from about 5 to about 2000 lb./min.) into a feed 
line 232, where the additive is combined with pressurized air 
(via blower 236). The additive is entrained in the air and 
transported through splitter 240 and to a number of coal feed 
pipes 244a,b. The additive/air stream is combined with the 
coal/air stream passing through the coal feed pipes 244a,b to 
form feed mixtures for the furnace. The feed mixtures 
244a,b are then introduced into the combustors via coal inlet 
116 (FIG. 1). 

35 The process of FIG. 5 differs from the process of FIG. 4 in 
a number of respects. First, a controller 300 controls the feed 
rate of the additive from the hopper 304 to the transport 
conduit 308 and various other unit operations via control 
lines 321a-e. For additive feed rate, the controller 300 can 

40 use feed forward and/or feedback control. The feed forward 
control would be based upon the chemical analysis of the 
coal being fed from to the furnace. Typically, the chemical 
analysis would be based on the iron and/or ash content of the 
coal feed. Feedback control could come from a variety of 

The additive can be highly cohesive and have a tendency 
to form dense, hard deposits in the above-noted delivery 
system. A flow aid and/or abrasive material can be added to 
the material to aid in its handling. As used herein, a "flow 
aid" refers to any substance that reduces particle-to-particle 
attraction or sticking, such as through electrostatic or 
mechanical means. Preferred flow aids include ethylene 
glycol, "GRIND AIDS" manufactured by WR Grace Inc. 
The preferred amount of flow aid in the additive is at least 
about 1 and no more than about 10 wt. % (dry basis) and 
more preferably at least about 1 and no more than about 5 
wt. % (dry basis). Abrasive materials can also be used to 
prevent deposit formation and/or life. As will be appreciated, 
abrasive materials will remove deposits from the conduit 
walls through abrasion. Any abrasive material may be 
employed, with preferred materials being sand, blasting grit, 
and/or boiler slag. The preferred amount of abrasive material 
in the additive is at least about 2 and no more than about 20 
wt. %(dry basis) and more preferably at least about 2 and 
no more than about 10 wt. %(dry basis). 

Using the additive, the slag layer in the coal-burning 
furnace typically includes: 

(a) at least about 5 wt. % (dry basis) coal; 
(b) iron in an amount of at least about 15 wt. % (dry 

basis); and 

45 measured characteristics of boiler operation and down­
stream components such as: LOI (flue gas 0 2 and CO with 
a higher 0 2 and/or CO concentration indicating less efficient 
combustion) as measured by an on-line furnace analyzer 
(not shown), carbon content in ash as determined from ash 

50 samples extracted from the flue gas or particle collector 
(e.g., electrostatic precipitator hopper) (the carbon content is 
indirectly proportional to combustion efficiency), furnace 
exit gas temperature (which will decrease with less coal 
carryover from the cyclones, slag optical characteristics 

55 such as emissivity or surface temperature (the above noted 
additive will desirably reduce emissivity and increase boiler 
heat transfer), slag tap flow monitoring to assure boiler 
operability, and stack opacity (a higher stack opacity equates 
to a less efficient combustion and vice versa). The controller 

60 300 further monitors other boiler performance parameters 
(e.g., steam temperature and pressure, N02 emissions, et al., 
through linkage to a boiler digital control system or DCS. In 
the event of system malfunction (as determined by a mea­
sured parameter falling below or exceeding predetermined 

65 thresholds in a look-up table), the controller 300 can forward 
an alarm signal to the control room and/or automatically 
shut down one or more unit operations. 



US 6,729,248 B2 
9 

The additive is removed from the railcar 200 via flexible 
hoses 316a,b with camlock fittings 320a,b using a pressured 
airstream produced by, pressure blower 324. The pressurized 
airstream entrains the additive in the railcar and transports 
the additive via conduit 328 to the surge hopper 304 and 5 

introduced into the hopper in an input port 332 located in a 
mid-section of the hopper 304. 

10 
or lower is too high, then the slag will not flow to the slag 
tap on the floor of the boiler, and the slag will build up inside 
the boiler casing. This has been a problem on cyclone 
furnaces burning western coal at less than full design output. 

The first field test of the additive took place at a 75 MW 
unit in the midwest. A pneumatic storage and injection 
system was installed at the site, and boiler performance data 
was obtained during April of 2000. The changes in boiler 
operation were dramatic as shown in FIG. 6. In FIG. 6, 

Compressed air 336 is introduced into a lower section of 
the hopper 304 via a plurality of air nozzles 340a-f. The 
additive bed (not shown) in the hopper 304 is therefore 
fluidized and maintained in a state of suspension to prevent 
the additive from forming a cohesive deposit in the hopper. 
The bed is therefore fluidized during injection of the additive 
into the coal feed lines 344a,b. 

10 
"ADA-249" refers to the additive of the present invention. 

Based on FIG. 6 and other experimental information, 
various observations may be made regarding the perfor­
mance of ADA-249. 

The compressed air 336 can be used to periodically clean 15 

the hopper 304 and filter 348 by opening valves 352, 356, 
and 360 and closing valves 362 and 364. 

Filters 366a,b are located at the inlet of the blowers 376 
and 380 to remove entrained material. Mufflers 368a,b and 
372a,b are located at the inlet and outlet of the blowers 376 20 

and 380 for noise suppression. 
Finally, a number of abbreviations in FIG. 5 will be 

explained. "M" refers to the blower motors and an on/off 
switch to the motors, "PSH" to an in-line pressure sensor 
that transmits digital information to the controller 300, "PI" 25 

to a visual in-line pressure gauge, "dPS" to a differential 
pressure switch which transmits a digital signal to the 
controller indicating the pressure drop across filter receiver 
212 (which compares the digital signal to a predetermined 
maximum desired pressure drop to determine when the filter 30 

receiver 212 requires cleaning), "dPI" to a visual differential 
pressure gauge measuring the pressure drop across the filter 
receiver 212, "LAH" to an upper level detector that senses 
when the additive is at a certain (upper) level in the hopper 
and transmits an alarm signal to the controller 300, "LAL" 35 

to a lower level detector that senses when the additive is at 
a certain (lower) level in the hopper and transmits an alarm 
signal to the controller 300 and "SV" to a solenoid valve that 
is actuated by an electrical signal from the controller 300. 

Minimum load was reduced from 75% to 47% of rated 
capacity when using only about 20 lb. of the additive 
per ton of coal. 

The cost impact on load dispatch was about $200 K/y, not 
counting the expected increase in unit availability from 
fewer shutdowns to clean the "monkey hole". 

A high-temperature video camera also showed that the 
main furnace is clear when injecting the additive 
(meaning that the coal stays in the cyclone to burn) 
instead of hazy due to unburned fuel when no additive 
is injected. 

The plant confirms that flyash LOI is low and bottom ash 
is acceptable for high-value sale when the additive is 
on. 

While all iron compounds will flux and thicken the slag 
layer when burning low-sulfur coals, the effects are 
improved by incorporating a blend of reduced iron com­
pounds such as Wustite (FeO) and Magnetite (Fe3 0 4). FIG. 
7 shows this effect. This figure shows temperature and 
viscosity data for a typical slag alone (shown as "No 
Additive"), compared to the same slag treated with 9 wt. % 
(of the slag (dry basis)) magnetite or 12 wt. %(of the slag 
(dry basis)) wustite at levels to give the same percent iron in 
the mixture. It can be seen that wustite allows slag flow at 
a lower temperature. Further, wustite contributes iron crys­
tals to the melt (as indicated by the sharp rise in the curve) 

EXPERIMENTAL 
40 at a lower temperature. Wustite is comparatively rare in 

nature, but is a byproduct of the BOF processes. 

The slag viscosity of a cyclone furnace was modeled and 
used to compare the effects of the additive without the 
additive. The elemental analysis of BOF flue dust was used 
as the additive. The slag viscosity model showed that the 
BOF flue dust, when added to the coal to increase the ash 
iron percentage to 30% by weight (dry basis), increased the 
thickness of the slag layer in the cyclone by about 60%. 

The coal used in the model was based on the specifica-
tions for western coal, which is as follows: 

Total ash=about 2-15% (dry basis) of the coal 
Si02=about 20-35% (dry basis) of the ash 
A1203=about 13-20% (dry basis) of the ash 
Ti02=about 0-2% (dry basis) of the ash 
Fe203=about 3-10% (dry basis) of the ash 
CaO=about 18-35%% (dry basis) of the ash 
MgO=about 3-10%% (dry basis) of the ash 
Na20=about 0--3% (dry basis) of the ash 
K20=about 0-1% (dry basis) of the ash 
S03/other=about 6-20% (dry basis) of the ash 
The model also showed that the temperature at which the 

ash would have a viscosity of 250 poise would be reduced 

The present invention can also be applied to eastern 
low-sulfur coals having very high ash melting temperatures. 
FIG. 8 compares the viscosity-temperature relationships of 

45 coal slag alone (shown as "Coffeen (rd.)"), against the same 
coal slag treated with 2 percent limestone (shown as 
"Coffeen+limestone (rd.)") or 2 percent of the additive 
(shown as "Coffeen+ADA-249(rd.)"). The horizontal line 
400 denotes the value of 250 poise. The basis for this 

50 comparison is the T 250 , a slag characteristic used by fuel 
buyers to select the proper coal for cyclone furnaces. This 
value represents the temperature below which the slag will 
not flow out of the cyclone combustor. 

The slag without additive has a T250 of about 2500° F., 
55 which is slightly higher than the maximum recommended 

T250 of 2450° F. By adding 2% limestone, the T250 can be 
lowered into the acceptable range (around 2200° F.). 
However, the same amount of the additive was able to 
reduce the T250 to below 1900° F. Looking at it another way, 

60 the T 250 coal requirement could be satisfied by adding half 
as much of the additive as limestone. Because of the 
increased effectiveness of the additive of the present 
invention, it becomes an economic alternative to limestone 
for eastern bituminous coals. 

by at least 100° F. The temperature is an important indicator 65 

of the minimum temperature at which the slag will flow. If 
the temperature at which the ash has a viscosity of 250 poise 

While various embodiments of the present invention have 
been described in detail, it is apparent that further modifi­
cations and adaptations of the invention will occur to those 
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skilled in the art. However, it is to be expressly understood 
that such modifications and adaptations are within the spirit 
and scope of the present invention. 

What is claimed is: 

12 
12. The method of claim 7, wherein the iron-containing 

additive is a byproduct of steel or iron manufacture and 
comprises wustite. 

13. The method of claim 7, wherein an injection rate ofthe 
1. A method for com busting coal, comprising: 
providing a coal-containing feed material to a coal com­

bustion chamber; 

5 iron-containing additive into the combustion chamber 
ranges from about 10 to about 50 lb/ton coal and the 
iron-containing additive further comprises at least one of a 
flow aid and an abrasive material. contacting the feed material with an iron-containing 

additive, wherein the iron-containing additive is in the 
form of a free-flowing particulate having a P 90 size of 10 
less than or equal to about 300 microns; and 

melting at least a portion of the coal-containing feed 
material and iron-containing additive to form a slag 
layer on at least a portion of a surface of the combustion 
chamber, whereby coal in the coal-containing feed 

15 
material is captured by the slag layer and combusted, 
wherein the coal-containing feed material comprises 
ash and less than about 1 wt. % (dry basis of the 
coal-containing feed material) sulfur, with the ash 
containing less than about 10 wt. % (dry basis of the 
ash) iron, and at least about 20 wt. % (dry basis of the 20 

ash) alkali. 
2. The method of claim 1, wherein the additive further 

comprises wustite. 
3. The method of claim 1, wherein the coal combustion 

chamber is part of a cyclone furnace and wherein the 25 

coal-containing feed material includes coal particles 
entrained in an oxygen-containing gas and the coal particles 
have a P 90 size of less than or equal to about 0.25 inches. 

4. The method of claim 1, wherein the iron-containing 
additive comprises at least about 50 wt. % (dry basis of the 30 
additive) iron and at least about 1 wt. % (dry basis of the 
additive) mineralizer. 

5. The method of claim 4, wherein the mineralizer is zinc 
and the iron-containing additive further comprises at least 
one of a flow aid and abrasive material. 

6. The method of claim 1, wherein an injection rate of the 
iron-containing additive into the combustion chamber 
ranges from about 10 to about 50 lb/ton coal. 

7. A method for combusting coal, comprising: 

35 

inputting a coal-containing feed material to a coal com- 40 
bustion chamber; 

contacting the feed material with an iron-containing 
additive, wherein the iron-containing additive com­
prises at least about 50 wt. % (dry basis of the additive) 
iron and at least about 1 wt. % (dry basis of the 45 

additive) mineralizer; and 
melting at least a portion of the coal-containing feed 

material and iron-containing additive to form a slag 
layer on at least a portion of a surface of the combustion 
chamber, whereby coal in the coal-containing feed 50 

material is captured by the slag layer and combusted. 
8. The method of claim 7, wherein the coal-containing 

feed material comprises ash and less than about 1.5 wt. % 
(dry basis of the coal-containing feed material) sulfur, with 
the ash containing less than about 10 wt. % (dry basis of the 55 

ash) iron, and at least about 15 wt.% (dry basis of the ash) 
calcium. 

9. The method of claim 7, wherein the mineralizer is a 
zinc compound and the coal-containing feed material 
includes coal particles entrained in an oxygen-containing 60 

gas and the coal particles have a P 90 size of less than or equal 
to about 0.25 inch. 

10. The method of claim 7, wherein the coal combustion 
chamber is part of a cyclone furnace. 

11. The method of claim 7, wherein the iron-containing 65 

additive is in the form of a free-flowing particulate having a 
P 90 size of less than or equal to about 300 microns. 

14. A method for combusting coal, comprising: 
introducing a coal-containing feed material to a coal 

combustion chamber; 
contacting the feed material with an iron-contammg 

additive, wherein the iron-containing additive com­
prises at least about 50 wt. % (dry basis of the additive) 
iron and the iron is in the form of a mixture of ferrous 
and ferric oxides; and 

melting at least a portion of the coal-containing feed 
material and iron-containing additive to form a slag 
layer on at least a portion of a surface of the combustion 
chamber, whereby coal in the coal-containing feed 
material is captured by the slag layer and combusted, 
wherein the mineralizer is a zinc compound, wherein 
the coal-containing feed material includes coal par­
ticles entrained in an oxygen-containing gas, wherein 
the coal particles have a P 90 size of less than or equal 
to about 0.25 inch, and wherein the coal-containing 
feed material comprises ash and less than about 1.5 wt. 
% (dry basis of the coal-containing feed material) 
sulfur, with the ash containing less than about 10 wt. % 
(dry basis of the ash) iron, and at least about 15 wt. % 
(dry basis of the ash) calcium. 

15. The method of claim 14, wherein the additive com­
prises at least about 1 wt. % (dry basis of the additive) 
mineralizer. 

16. The method of claim wherein the coal combustion 
chamber is part of a cyclone furnace and at least some of the 
iron is in the form of wustite. 

17. The method of claim 14, wherein the iron-containing 
additive is in the form of a free-flowing particulate having a 
P 90 size of less than or equal to about 300 microns. 

18. The method of claim 14, wherein the iron-containing 
additive is a byproduct of steel or iron manufacture and 
comprises wustite. 

19. A method for combusting coal, comprising: 
providing a coal-containing feed material to a coal com-

bustion chamber; 
contacting the feed material with an iron-containing 

additive, wherein the iron-containing additive is in the 
form of a free-flowing particulate having a P90 size of 
less than or equal to about 300 microns; and 

melting at least a portion of the coal-containing feed 
material and iron-containing additive to form a slag 
layer on at least a portion of a surface of the combustion 
chamber, whereby coal in the coal-containing feed 
material is captured by the slag layer and combusted, 
wherein the iron-containing additive comprises at least 
about 50 wt. % (dry basis of the additive) iron and at 
least about 1 wt. % (dry basis of the additive) miner­
alizer. 

20. The method of claim 19, wherein the coal-containing 
feed material comprises ash and less than about 1 wt.% (dry 
basis of the coal-containing feed material) sulfur, with the 
ash containing less than about 10 wt.% (drybasis of the ash) 
iron, and at least about 20 wt. % (dry basis of the ash) alkali. 

21. The method of claim 19, wherein the mineralizer is 
zinc and the iron-containing additive further comprises at 
least one of a flow aid and abrasive material. 
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22. The method of claim 19, wherein the additive further 
comprises wustite. 

23. The method of claim 19, wherein the coal combustion 
chamber is part of a cyclone furnace and wherein the 
coal-containing feed material includes coal particles 
entrained in an oxygen-containing gas and the coal particles 
have a P 90 size of less than or equal to about 0.25 inches. 

24. The method of claim 19, wherein an injection rate of 
the iron-containing additive into the combustion chamber 
ranges from about 10 to about 50 lb/ton coal. 

25. A method for combusting coal, comprising: 
providing a coal-containing feed material to a coal com­

bustion chamber; 

contacting the feed material with an iron-containing 
additive, wherein the iron-containing additive is in the 
form of a free-flowing particulate having a P90 size of 
less than or equal to about 300 microns; and 

melting at least a portion of the coal-containing feed 
material and iron-containing additive to form a slag 
layer on at least a portion of a surface of the combustion 
chamber, whereby coal in the coal-containing feed 
material is captured by the slag layer and combusted, 
wherein an injection rate of the iron-containing additive 
into the combustion chamber ranges from about 10 to 
about 50 lb/ton coal. 

14 
26. The method of claim 25, wherein the coal-containing 

feed material comprises ash and less than about 1 wt.% (dry 
basis of the coal-containing feed material) sulfur, with the 
ash containing less than about 10 wt.% (drybasis of the ash) 

5 iron, and at least about 20 wt. % (dry basis of the ash) alkali. 
27. The method of claim 25, wherein the additive further 

comprises wustite. 
28. The method of claim 25, wherein the coal combustion 

chamber is part of a cyclone furnace and wherein the 
10 coal-containing feed material includes coal particles 

entrained in an oxygen-containing gas and the coal particles 
have a P90 size of less than or equal to about 0.25 inches. 

29. The method of claim 25, wherein the iron-containing 

15 
additive comprises at least about 50 wt. % (dry basis of the 
additive) iron and at least about 1 wt. % dry basis of the 
additive) mineralizer. 

30. The method of claim 25, wherein the mineralizer is 
zinc and the iron-containing additive further comprises at 

20 
least one of a flow aid and abrasive material. 

31. A slag layer formed by the method of claim 1. 
32. A slag layer formed by the method of claim 7. 
33. A slag layer formed by the method of claim 17. 
34. A slag layer formed by the method of claim 25. 

* * * * * 


