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(57) A process and apparatus for combustion of a
fuel/oxidant mixture in which at least a portion of the
fuel is preheated (21a) and, thereafter, burned (21b) with
any remaining portion of fuel in a flame having fuel-rich
zones, thereby forming soot within the resulting flame
(22) to produce a luminous, high heat transfer, low NOx
flame.
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(87) Abstract

A process and apparatus for combustion of a fuel/oxidant mixture in which at least a portion of the fuel is prehcatéd (21a) and,
thereafter, burned (21b) with any remaining portion of fuel in a flame having fuel-rich zones, thereby forming soot within the resulting
flame (22) to produce a luminous, high heat transfer, low NOx flame.
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HIGH-HEAT TRANSFER, LOW-NOx COMBUSTION SYSTEM

BACKGROUND OF THE INVENTION
FIELD OF THE INVENTION

This invention relates to a process and apparatus for oxygen-enriched
combustion of fuel, preferably natural gas, in which the fuel is preheated and burned
in a manner which enhances in-flame soot formation and flame luminosity.

DESCRIPTION OF PRIOR ART

New environmental requirements are a major driving force today for the
development of new combustion methods and apparatuses. Manufacturers are being
forced to reduce emissions, all the while striving to control costs and maintain product
quality. For example, the glass industry is faced with the need to reduce NO,
emissions significantly. In response thereto, advanced combustion systems, oxygen-
enrichment, and oxygen-fuel combustion are being developed. In those instances
where fuel and oxygen are essentially free of nitrogen, NO, emissions can be
significantly reduced. However, nitrogen is often found in fuel as well as in oxygen
produced by more cost efficient processes. Raw material feed stocks, such as glass
mixing feed stocks, and air infiltration into an industrial furnace can also introduce
nitrogen into the flame. As a result, all of these sources of nitrogen can result in
increased NO, emissions, thereby negating part of the NO, reduction benefit derived
from using oxygen in the combustion process. In addition, because of the high cost
of oxygen and the absence of highly effective heat-recovery from the flue gases,
operating costs can also increase. Accordingly, in applications using oxygen-enriched
fuel combustion, there is a clear need for reducing NO, emissions by improving heat
transfer from the flame to the load being heated, and recovering heat from the flue
gases exhausted by the combustion process.

U.S. Patent No. 5,057,133 and U.S. Patent No. 4,909,727 both teach
modification of a fuel by preheating to produce a reformed and/or cracked fuel which
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is subsequently introduced into a combustion chamber for bui‘nin‘g. The '133 patent
teaches the use of furnace waste heat from an oxygen-enriched glass melting furnace
to heat a reformer for partially reforming a fuel to produce a synthesis gas which is
subsequently burned in the glass melting furnace. The '727 patent teaches a
combustion process in which a portion of the fuel to be burned is cracked using
oxygen-enriched air producing a cracked fuel, including soot, which is subsequently
introduced into a combustion chamber with a second portion of fuel, producing a
highly luminous flame. U.S. Patent 5,216,968 teaches reduction of NO, emissions
in a combustion process by preheating a fuel gas in a chamber separate and apart from
a main combustion chamber to a temperature above the ignition temperature of the
fuel gas and introducing the preheated fuel gas into the main combustion chamber
where it mixes with an oxygen-containing gas and is burned.

Other methods of reducing NO, emissions from combustion processes
are taught by U.S. Patent 5,139,755 which teaches a reburning process for reducing
NO, emissions in which reducing agents are introduced into a reburn zone of a
combustion process, said reducing agents including fuel, to produce an oxygen
deficient reburn zone and U.S. Patent 5,180,300 which teaches a low NO,
regenerative burner having a regenerative bed for preheating combustion air in which
fuel is burned in stages and flue gases generated by the combustion process are
recirculated into the combustion zones.

U.S. Patent 4,488,866 teaches a process and apparatus for burning high-
nitrogen, high-sulfur fuels in which the fuel is first treated to remove SO, precursors
and the resulting fuel is then burned in a two-step process, a first fuel-rich stage
followed by a second fuel-lean stage. U.S. Patent 5,043,232 teaches a fuel processing
system suitable for gas and liquid fuels for use in connection with fuel cell power
generation systems in which the fuel is preheated in a heat exchanger for use in the

fuel cell power generation system.
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U.S. Patent 5,161,366 teaches a gas turbine catalytic'combustor having
a preburner in which combustion products from the preburner are mixed with a
hydrocarbon fuel in the presence of a combustion catalyst to ignite and initiate a
catalytic combustion reaction after which the preburner is then shut down. Finally,
U.S. Patent 3,975,138 teaches an oil burner in which the liquid fuel is thermally
cracked to produce gaseous hydrocarbons which are subsequently burned.

None of the prior art references cited hereinabove simultaneously
address the combination of reduced NO, emissions and improved heat transfer from
a flame using industrial oxygen for fuel preheat.

SUMMARY OF THE INVENTION

Accordingly, it is an object of this invention to provide a process and
apparatus for combustion producing enhanced flame luminosity.

It is another object of this invention to provide a process and apparatus
for combustion of a fuel which produces low NO, emissions.

These and other objects of this invention are achieved by a process for
combustion of a fuel/oxidant mixture comprising preheating at least a portion of the
fuel, nuxmg the preheated fuel with any remaining portion of the fuel and at least a
portion of an oxidant required for complete combustion of said fuel, and burning the
resulting mixture in a manner whereby fuel-rich zones, in which at least a portion of
the fuel is further heated to above about 2000°F in the absence of sufficient oxygen
for complete combustion, thereby cracking a portion of the fuel to form soot, are
formed within the flame. These zones are created through controlled mixing of the
primary oxidant and the fuel within the flame which forms soot within the resulting
flame. The formation of soot within the flame results in a flame having enhanced
flame luminosity, thereby increasing the heat transfer from the flame to the load being
treated and reducing NO, formation. In accordance with a preferred embodiment of
this invention, the fuel is natural gas and the oxidant is oxygen or oxygen-enriched

air.
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Preheating of the fuel is accomplished in accordance with this process
in a furnace heat recovery system, that is, by exchanging heat with flue products
exhausted from the combustion process and/or by preburning a portion of the fuel
with an oxidant and transferring at least a portion of the heat in the resulting
precombustion products to the remaining portion of the fuel indirectly through a heat
exchanger and/or directly by mixing and mixing the resulting precombustion products
with the remaining portion of fuel.

An apparatus for combustion of a mixture of fuel and oxidant in
accordance with this invention comprises preheat means for preheating at least a
portion of said fuel, mixing means for mixing preheated fuel with at least a portion
of an oxidant required for complete combustion of said fuel, and combustion means
for combustion of said preheated fuel and said oxidant and any remaining portion of
said fuel, whereby soot is formed within a flame, enhancing flame luminosity, thereby
increasing heat transfer from the flame to the load being treated, and reducing NO,
formation.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other features and objects of this invention will be better
understood from the following detailed description taken in conjunction with the
drawings wherein:

Fig. 1 is a schematic side view of a high-heat transfer, low-NO,,
oxygen-fuel combustion system in accordance with one embodiment of this invention
where preheating of the fuel is accomplished by a precombustor;

Fig. 2 is a schematic side view of a high-heat transfer, low-NO,,
oxygen-fuel combustion system in accordance with another embodiment of this
invention where the fuel is preheated by a precombustor in the form of a cyclonic
chamber;

Fig. 3 is a schematic side view of a high-heat transfer, low-NO,,

oxygen-fuel combustion system in accordance with another embodiment of this
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invention where secondary oxidant is supplied in stages to proﬁote formation of soot
within the flame;

Fig. 4 is a schematic side view of a high-heat transfer, low-NO,,
oxygen-fuel combustion system in accordance with another embodiment of this
invention where all of the fuel is preheated; and

Fig. 5 is a schematic diagram of a portion of a regenerative industrial
furnace having the system shown in Figs. 1 or 2 and further showing preheating of the
fuel by the furnace heat recovery system.

DESCRIPTION OF PREFERRED EMBODIMENTS

The use of preheated fuel in accordance with the process of this
invention produces reduced NO, emissions in the presence of nitrogen, improves the
rate of heat transfer from the resulting flame to a load being processed, and reduces
heat losses resulting from the ejection of high temperature flue gases from the
combustion process. Preheated fuel, in particular natural gas, produces a more
luminous flame, thus improving heat transfer and reducing flame temperature which,
in turn, results in NO, formation reduction. Improved heat transfer provides benefits
such as increased productivity and, eventually, smaller, more cost effective furnaces.
These benefits increase even more where heat recovery from the flue gas is used for
preheating fuel alone or in combination with a recuperator to produce hot partially
reformed fuel.

Fig. 1 shows a schematic diagram of an oxygen-fuel burner design
utilizing the process of this invention in which a portion of the fuel to be burned is
burned separately within a burner space using oxygen in a precombustion zone. Hot
gases 5o produced are used for preheating the remaining portion of the fuel stream in
a preheating zone. The preheated fuel is then supplied to a furnace for combustion.
This type of fuel is capable of producing soot when firing with an appropriate amount
of industrial oxygen resulting in a significant increase in flame luminosity, improved

heat transfer and reduced NO, emissions.
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In particular, in accordance with one embodiment of this invention, a
first portion of the fuel to be burned in the combustion process is introduced through
precombustor fuel inlet 23a into precombustor 25 and precombustion oxidant,
preferably oxygen or oxygen-enriched air, is introduced through precombustor
oxidant inlet 24a into precombustor 25 in which the resulting oxidant-fuel mixture is
burned, forming fuel precombustion zone 20. The remaining portion of fuel to be
burned in the combustion process is introduced through primary combustion fuel inlet
23b into a first fuel preheat zone 21a and then into a second fuel preheat zone 21b
where it mixes with precombustion products from fuel precombustion zone 20,
resulting in preheating of the remaining portion of fuel. The preheating of fuel in first
fuel preheat zone 21a and second fuel preheat zone 21b may be enhanced by utilizing
a combustor in which said zones are formed by metallic walls which are protected
from overheating by the flowing fuel and oxidant. The resulting preheated fuel is
subsequently mixed in main combustion zone 22 with primary combustion oxidant
introduced into main combustion zone 22 through primary combustion oxidant inlet
24b. To further enhance combustion efficiency, the primary combustion oxidant
introduced through primary combustion oxidant inlet 24b may be preheated by
indirect means in oxidant preheating zone 21c. By controlling the mixing of the
primary combustion oxidant and the preheated fuel, soot is formed within the flame
in main combustion zone 22 to produce a highly luminous flame having enhanced
heat transfer characteristics. Also, due to the formation of soot within the flame, as
well as the enhanced heat transfer from the flame to the load being processed, flame
temperature is maintained generally below the level required for significant formation
of NO, emissions. By controlled mixing, we mean a slow, generally non-turbulent
mixing as opposed to a rapid, highly turbulent mixing whereby fuel-rich zones are
created within the flame in which at least a portion of the fuel is further heated to
above about 2000°F in the absence of sufficient oxygen for complete combustion,

thereby cracking a portion of the fuel to form soot.
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In an alternative embodiment of this invention, éyclonic chamber 30 as
shown in Fig. 2, is employed as a precombustor, fuel and oxidant being premixed
and/or directly introduced into cyclonic chamber 30 in a manner which imparts a
swirtl to the combustion products. Using cyclonic chamber 30 as a precombustor in
accordance with one embodiment of this invention produces high intensity, efficient
combustion, low levels of NO, emissions within cyclonic chamber 30, and high heat
transfer to the combustor walls énd in the fuel preheating zone due to the swirling
patterns within cyclonic chamber 30.

Fig. 3 shows a schematic diagram of an oxygen-fuel burner design
utilizing the process of this invention in accordance with yet another embodiment of
the burner of this invention. In accordance with the embodiment shown in Fig. 3, the
secondary oxidant introduced through oxidant inlet 24b is provided to main
combustion zone 22 in stages, a first portion of said oxidant mixing at an upstream
end of main combustion zone 22 proximate the exit of the combustor and a second
portion of said oxidant mixing downstream thereof as shown by arrows 26 and 27,
respectively. The temperature of the preheated fuel/oxidant mixture at the exit of the
combustor is preferably in the range of about 1800°F to 2400°F. Operation within
this temperature range is important for minimizing the formation of NO, within the
flame. In addition, introducing the secondary oxidant into main combustion zone 22
in stages produces a fuel-rich zone within the center portion (core) of the flame,
thereby promoting the formation of soot within the flame, and an oxidant-rich zone
surrounding the flame core, thus ensuring complete combustion of the fuel. This
represents one example of controlled mixing of fuel and oxidant in order to enhance
soot formation within the flame and produce a luminous flame.

Fig. 4 shows a schematic diagram of an oxygen-fuel burner design
utilizing the process of this invention in accordance with yet another embodiment of
the burner of this invention. In accordance with this embodiment, in contrast to other

embodiments, all of the fuel is introduced into the combustor in a single stage and
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mixed with a portion of the oxidant required for complete combustion of the fuel,
resulting in partial combustion of a portion of the fuel and preheating of the remaining
portion of the fuel. The temperature of the resulting mixture of products of partial
combustion and preheated fuel proximate the exit end of the combustor is preferably
in the range of about 1800°F to 2400°F. Secondary oxidant is then introduced into
the combustor through oxidant inlet 24b and passes in an annular region surrounding
cyclonic combustion chamber 30 to the exit end of the combustor, enveloping the
mixture of products of partial combustion and preheated fuel so as to form soot in
main combustion zone 22 and enhance luminosity of the resulting flame.

Fig. 5 is a schematic diagram of a regenerative glass melter employing
a high-heat transfer, low NO, oxygen-fuel combustion system as shown in Fig. 1 as
an example of a furnace with heat recovery utilizing combustion air as the main
oxidant. In accordance with this embodiment of the invention, fuel used for firing in
regenerative glass melter 40 is preheated up to 1000;’F in heat exchanger 42 utilizing
waste heat from regenerators 41 and then injected into the burner as two separate
streams. One stream is used for firing with oxidant within precombustor 25 to preheat
the other stream to temperatures up to about 2000°F. The resulting fuel is then mixed
with combustion air within main combustion zone 22 and burned. It will be apparent
to those skilled in the art that this invention is employable in other types of furnaces
with heat recovery, such as recuperative furnaces.

While in the foregoing specification this invention has been described
in relation to certain preferred embodiments thereof, and many details have been set
forth for purpose of illustration, it will be apparent to those skilled in the art that the
invention is susceptible to additional embodiments and that certain of the details
described herein can be varied considerably without departing from the basic

principles of the invention.
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CLAIMS
1. In a process for combustion of a mixture of fuel and oxidant in which a portion of the
fuel to be burned is preheated, and said preheated portion of fuel is mixed with any
remaining portion of said fuel and at least a portion of an oxidant required for complete
combustion of said fuel and ignited, forming a flame,
characterized in that
said preheated portion of fuel is preheated by preburning a first portion of said fuel to be
burned with a preburn oxidant having an amount of oxygen greater than the amount of
oxygen in air, forming precombustion products,
said preheated fuel is mixed with any remaining portion of said fuel, at least a portion-of an
oxidant required for complete combustion of said fuel, and said precombustion products,
and ignited, forming said flame, and
then forming soot within said flame to produce a luminous flame. .
2. A process in accordance with Claim 1, wherein said fue‘}is natural gas.
3. A process in accordance with Claim 1, wherein said oxidant is selected from the group
consisting of oxygen and oxygen-enriched air.
4. A process in accordance with Claim 1, wherein said fuel in preheated in a furnace heat
recovery system.
5. A process in accordance with Claim 1, wherein said fuel is preheated in stages, a first
stage comprising preheating in a furnace heat recovery system and a second stage
comprising preheating by said preburning of said at least a portion of said fuel from said
first stage with said preburn oxidant having an amount of oxygen greater than the amount of
oxygen in air, forming said precombustion products, and mixing said precombustion
products with said remaining portion of said fuel from said first stage.
6. A process in accordance with Claim S, wherein said fuel is preheated up to 1000°F in said
first stage. A
7. A process in accordance with Claim 1, wherein formation of said soot vi(ithin said flame is
achieved by controlled mixing. : j

[
8. A process in accordance with Claim 1, wherein said fuel is preheated to a temperature

between about 700°F and about 2400°F. i ;o
4
9. A process in accordance with Claim 5, wherein said precombustion is carried out in a

cyclonic chamber.

° AMENGED SHEET
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10. A process in accordance with Claim 1, wherein at least a portion of said oxidant is
preheated.

11. A process in accordance with Claim 10, wherein said oxidant is preheated up to about
1000°F.

12. In an apparatus for combustion of a mixture of fuel and oxidant having preheat means
for preheating at least a portion of said fuel, mixing means for mixing preheated fuel with at
least a portion of an oxidant required for complete combustion of said fuel and combustion
means for combustion of said preheated fuel and said oxidant and any remaining portion of
said fuel,

characterized in that

said preheated means comprises a furnace heat recovery system or a precombustor, said
precombustor being a premixed cyclonic oxygen/natural gas chamber, and said combustion
means comprising means for controlling mixing of said preheated fuel and oxidant so as to

form soot within a flame generated by said combustion m'?ans.

-y T
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