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A steam generator system employing a fired burner with a flue gas recirculation system with low NOx emission Is disclosed. A
method to retrofit fired burners for low NOx emission Is also disclosed. In the system, the flue gas recirculation system Is configured
to include a pre-mixer, and the recirculated flue gas (RFG) is routed to the stage of the pre-mixer for mixing with a portion of the fuel
stream, forming a secondary RFG fuel mixture. The secondary RFG fuel mixture Is routed to the secondary stage of the burner via
a plurality of injector ports. The injection of the second RFG fuel mixture results in a reduction of temperature for the NOx emission

to be less than 5 ppm at 3% O, dry basis.
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LOW NOx COMBUSTION METHOD AND APPARATUS
ABSTRACT

A steam generator system employing a fired burner with a flue gas recirculation

system with low NOx emission is disclosed. A method to retrofit fired burners for low NOx

emission is also disclosed. In the system, the flue gas recirculation system 1s configured to
include a pre-mixer, and the recirculated flue gas (RFG) 1s routed to the stage ot the pre-
mixer for mixing with a portion of the fuel stream, forming a secondary RFG fuel mixture.
The secondary RFG fuel mixture is routed to the secondary stage of the burner via a plurality

of injector ports. The injection of the second RFG fuel mixture results 1in a reduction of

temperature for the NOx emission to be less than 5 ppm at 3% O,, dry basis.
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LOW NOx COMBUSTION METHOD AND APPARATUS

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims benefit under 35 USC 119 of US Provisional Patent
Application No. 62/024689 with a filing date of July 15, 2014. This application claims
priority to and benefits from the foregoing, the disclosure of which is incorporated herein by

reference.

TECHNICAL FIELD
[0002] This technology relates to a heating system in which combustion produces

oxides of nitrogen (NOX), and specifically relates to a method and apparatus tor

suppressing theproduction of NOX.

BACKGROUND

[0003] Certain industrial processes, such as heating a load in a furnace or generating
steam in a boiler, rely on heat produced by the combustion of fuel and oxidant in a
combustion chamber. The fuel is typically natural gas. The oxidant is typically air, vitiated
air or air enriched with oxygen. Combustion of the fuel and oxidant in the combustion
chamber causes NOx to result from the combination of oxygen and nitrogen. It may be
desirable to suppress the resulting emission of NOx in the products of combustion (tlue gas).

[0004] Flue gas recirculation (FGR) is known as a technique to lower NOx emission
from burners. One approach is to use the combustion air blower to recycle some amount of
the flue gas from the exhaust stack and to mix it with ambient air before delivery into the
burner. Another approach is to use a separate blower to recycle the flue gases tfrom the
exhaust stack and introduce them into the furnace.

[0005] Some once-through steam generators (OTSGs) in the prior art employ fired
burners with flue gas recirculation (“FGR”) by inducing products of combustion (“POC”)
into the flame from the furnace. Some fired burners employ the FGR technique by using the
POC from the exhaust system to mix with gas or fuel which reduces tlame temperature.
Some employ the FGR technique along with fuel staging to reduce NOx. These are otten
referred to as ultra-low-NOx burners (ULNBs). In ULNBs, flue gas is internally recirculated

using the pressure energy of fuel gas, which dilutes the fuel / air mixture and results in lower

burning rates and reduced flame temperatures and subsequently, lower NOx emission levels.
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[0006] The normal solution in the prior art to reduce the NOx emission of OTSG’s 18
by complete replacement of the burner, and installation of larger than current combustion air
blower to support the need for the addition of 15 to 30% FGR, as well as additional system
retrofits and installation of additional system instrumentation.

[0007] There is a need for improved FGR techniques and burners that result in
optimal NOx reduction, e.g., less than 5 ppm level. There is also a need for low cost

methods to retrofit existing burners, including ULNBs, for optimal NOx reduction.

SUMMARY OF THE INVENTION

[0008] In one aspect, the invention relates to a burner system having low NOx
emission of less than 5 ppm dry gas volumetric basis corrected to 3% O, (1.e., <5 ppm at 3%
O,, dry basis). The burner system comprises: a structure defining a combustion chamber;
sources of
primary fuel, combustion air, and secondary fuel; a premix burner having a port facing into
the combustion chamber; a flue that draws products of combustion from the combustion
chamber; a plurality of staged fuel injectors each having a port facing into the combustion
chamber, wherein the staged fuel injectors are circumferentially arranged adjacent to and
around the premix burner port; a premix injection apparatus configured to inject an unignited
premix of secondary fuel and flue gas into the combustion chamber through the plurality of
staged fuel injectors; a reactant supply and control system including means for conveying
primary fuel from the primary fuel source to the premix burner, means for conveying
combustion air from the combustion air source to the premix burner for mixing with the
primary fuel, means for conveying secondary fuel from the secondary fuel source to the
premix injection apparatus, and means for conveying flue gas from the flue to the injection

apparatus for mixing with the secondary fuel.

[0009] In a second aspect, the invention relates to a method for operating a burner
system to reduce its NOx emission. The method comprises: feeding a fuel stream and an air
stream to a pre-mixer, wherein the fuel and air streams are mixed to form a first mixture at a
fuel to air equivalence ratio of less than 1; injecting the first fuel air mixture via at least a
primary port into a primary combustion zone of a combustion chamber, wherein the first fuel
air mixture is substantially combusted forming primary products of combustion (“POC”);

introducing the primary POC into a secondary combustion zone of the combustion chamber;

feeding a second fuel stream and a stream of recirculated flue gas (RFG) to a pre-mixer,

wherein the second fuel and recirculated flue gas streams are mixed to form a second fuel
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mixture; injecting the second fuel mixture into the secondary combustion zone of the
combustion chamber via a plurality of injectors circumferentially arranged about the primary
port; wherein the second fuel mixture is substantially combusted forming secondary POC;
recirculating a portion of the combined primary POC and secondary POC for use as the RFG
for mixing with the second fuel stream in pre-mixer; wherein the injection of the second tuel
mixture into the secondary combustion zone of the combustion chamber results in a reduction
of temperature in the combustion chamber for the NOx emission to be less than 5 ppm.
[0010] In a third aspect, the invention relates to a method of retrofitting a steam
generator employing at least a fired burner with a flue gas recirculation system, wherein a
recirculated flue gas (RFG) is injected with a fuel stream into a primary stage ot the burner,
the retrofit is to reduce NOx emission to less than Sppm. The method comprises: configuring
the existing flue gas recirculation system to include a pre-mixer; routing the RFG from the
primary stage to the pre-mixer for mixing with a portion of the fuel stream forming a
secondary RFG fuel mixture; routing the secondary RFG fuel mixture to an existing
secondary stage of the burner via a plurality of injectors for the injection of the second RFG

fuel mixture results in a reduction of temperature for the NOx emission to be less than 5 ppm.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Figure 1 is a schematic view of an embodiment of a heating system of the
invention.

[0012] Figure 2 is a flow diagram schematically illustrating the operation ot a heating
system in the prior art without any staged fuel, and with flue gas recirculation (“"FGR™).

[0013] Figure 3 1s a flow diagram schematically illustraﬁng the operation of a heating
system in the prior art with staged fuel and without FGR.

[0014] Figure 4 is a flow diagram schematically illustrating the operation of a heating
system in the prior art with staged fuel, without FGR, and with the fuel system comprising
natural gas and sour gas.

[0015] Figure 5 is a flow diagram schematically illustrating the operation of a heating
system in the prior art with staged fuel, without FGR, and with waste gas being part ot the
staged fuel.

[0016] Figure 6 is a flow diagram schematically illustrating the operation ot a heating
system in the prior art with staged fuel and with FGR.



10

15

20

25

30

CA 02897422 2015-07-15

[0017] Figure 7 is a flow diagram schematically illustrating the operation of a heating
system in the prior art with staged fuel, with FGR, and with the fuel system comprising
natural gas and sour gas.

[0018] Figure 8 is a flow diagram schematically illustrating the operation ot a heating
system in the prior art with staged fuel, with FGR, and with waste gas being part of the staged
fuel.

[0019] Figure 9 is a flow diagram schematically illustrating the operation of a heating
system in the prior art with staged fuel, with FGR, with the fuel system comprising natural
gas, sour gas, and waste gas, and with waste gas being part of the staged tuel. B

[0020] Figure 10 is a flow diagram schematically illustrating the operation of a
heating system according to one embodiment with staged fuel, which system is a retrofit of
the heating system of Figure 3.

[0021] Figure 11 is a flow diagram schematically illustrating the operation of a
heating system according to another embodiment with staged fuel and a fuel system including
a sour gas feed, which system is a retrofit of the heating system of Figure 4.

[0022] Figure 12 is a flow diagram schematically illustrating the operation of a
heating system according to another embodiment with staged fuel and a fuel system including
a sour gas and a waste gas feed, which system is a retrofit of the heating system of Figure 9.

[0023] Figure 13 is a flow diagram schematically illustrating the operation of a
heating system according to another embodiment with staged fuel and a fuel system including

a waste gas feed, which system is a retrofit of the heating system of Figure 5.

DETAILED DESCRIPTION

[0024] As used through this specification and in the claims, the term “air” or
“combustion air” is used interchangeable with the term “oxidant,” meaning atmospheric air,
oxygen, oxygen enriched air, another suitable oxidant or combinations thereot can be used to

form a combustible mixture with a fuel, such as natural gas, propane, refinery fuel gas, and
the like.

[0025] The term “fuel” refers to fuels (primary constituent comprising hydrocarbons),
which can be in a gaseous, liquid or solid state. Examples include natural gas (e.g., methane,
propane, etc.), sour gas, waste gas, and mixtures thereof. The terms sour gas and waste gas
refer to fuels containing some proportion of either, or both, H,S and carbon dioxide (CO,)
constituents, these terms are often interchangeable and are typically differentiated based upon

the heating value of the fuel, lower heating value fuels are often described as waste gas.
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[0026] “Fuel staging” refers to the combustion in burners 1n two or more stages, e.g.,
one stage being fuel-rich and the other stage(s) being fuel lean. In fuel staging, fuel gas is
injected into the combustion zone in multiple stages (e.g., primary and secondary), creating

fuel lean zone and delaying rate of combustion completion. The staging keeps combustion

away from the stoichiometric mixture of fuel and air where flame temperature peaks. The
secondary fuel can be the same or a different type of fuel as the primary tuel, with the amount
of secondary fuel to primary fuel in the system ranging from 0:100 to 50:50. Combustion
staging can be accomplished by air staging or fuel staging with a premix staged combustion
burner. Fuel staging is best suited for fuel gas-fired burners. In some embodiment, one or
more stage is added with the same or different fuel from the fuel going into the primary and /
or secondary stage, e.g., the use of waste gas for the tertiary stage.

[0027] A reference to NOx emission concentration of less than 5 ppm retfers to NOx
emission concentration of <5 ppm at 3% O,, dry basis.

[0028] The primary fuel has a higher heating value of 500 to 1200 Btu/sct 1in one
embodiment; and from 900 to 1180 Btu/scf in a second embodiment. The secondary fuel has
a higher heating value of 500 to 1200 Btu/scf in one embodiment; and a higher heating value
of 900 to 1180 Btu/scf in another embodiment. In one embodiment, the primary fuel and the
secondary fuel have different higher heating values. In one embodiment, the primary fuel
and the secondary fuel are configured to have a volumetric ratio resulting in a primary zone
adiabatic flame temperature less than 2600°F (1427°C); and a primary zone adiabatic flame
temperature less than 2500°F (1371°C) in yet another embodiment.

10029] In one embodiment of the invention, a method to retrofit existing burners,
including ULNBs, is disclosed, with minimal changes to existing burner equipment or
controls, and minimal impact to the existing flame detection systems / burner management
systems (BMS), for a NOx emission of less than 5 ppm. In another embodiment, the method
allows for the decoupling of the FGR control equipment, allowing the existing burners to
function the same way and reducing FGR control functionality to simple loop control with
little or no 1mpact on internal burner fuel / air ratios.

100307 In one embodiment, the steam generators and burners equipped are retrofitted

to handle flue gas recirculation (FGR) and minimize NOx emission in a scheme called
“Large-Scale Staged Recirculation” (LSR). In this LSR system, the FGR 1s not routed
through either the combustion air blower or the burner itself. Rather the FGR 1s driven by a

smaller, dedicated FGR blower, and 1s delivered to the furnace via discrete injection ports

(injectors). The FGR is premixed (e.g. with a fuel stream 1n a premix / diffusion tube (pre-
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mixer), or equipment known in the art), and the premixed stream is then introduced 1nto the
furnace. In one embodiment, the system comprises a (premix) injection apparatus
configured with a plurality of fuel injectors to inject unignited premix of FGR and tuel into
the furnace chamber without stabilization. In the absence of a stabilized flame at the premix
injection apparatus, the furnace can operate with diffuse combustion more uniformly
throughout the furnace chamber and thus less NOx formation. In one embodiment, the
injection apparatus in the system is configured to inject an unignited mixture of secondary
fuel and flue gas into the combustion chamber at a controlled volume ratio for the products of
combustion to have a NOx concentration of < 5 ppm at 3% O,, dry basis.

[0031] The amount of FGR ranges from 15-30 vol. % of the total amount of POC
(flue gas). In one embodiment, the FGR is removed directly from the tlue stack and mixed
with the secondary stage fuel (or secondary fuel) with little or no addition of combustion air
(i.e., sub-stoichiometric amount of oxygen), before being introduced into the secondary
combustion region as a low momentum stream to suppress the production of NOx. The
premixing of FGR with secondary stage fuel helps obviate the formation ot localized high
temperature regions in the furnace if FGR and secondary fuel are fed as separate streams and
with separate injectors.

[0032] In one embodiment, all of the FGR is mixed with secondary reactant stream
(secondary fuel). In another embodiment, the FGR is split with a portion being introduced
with the secondary fuel, and a portion being introduced into the furnace with the primary tuel
and / or the tertiary fuel, with the ratio of FGR going into the primary stage or the tertiary
stage ranging from 0 to 40% of total FGR.

[0033] In one embodiment, the mixture of FGR and secondary stage tuel 1s injected
into a plurality of staged gas ports positioned around the primary stage gas port(s), forming a
secondary flame envelope peripherally surrounding the primary flame envelope. In one
embodiment, the gas ports are positioned to aim radially inward, e.g., at an injection angle
from O to 35 degree angle. In another embodiment, each gas port (nozzle) forms at least an
orifice, e.g., from 1 to 8 orifices, each in communication with the combustion chamber. Each
gas port can also be formed with an inlet tube which is directed inward toward the primary
combustion zone or the primary flame envelope defined by the primary stage.

[0034] In one embodiment of a method to retrofit ULNBs (with FGR), the retrofit
comprises the installation of a pre-mixer and rerouting the FGR to the pre-mixer, wherein 1t 1s
mixed with the secondary fuel. The mixture is then introduced to the burner in the secondary

stage. In another embodiment for the retrofit of an existing system without FGR, the retrofit
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is for the recirculation of a portion of the flue gas to the system as FGR, comprising the
installation of an FGR blower / control system, and a pre-mixer. The FGR is mixed with the
secondary fuel from a fuel distribution system 1in the pre-mixer prior to being injected into the
combustion chamber in the secondary stage through existing injectors.

[0035] In one embodiment, at least one of the injectors is for injection of a mixture of
primary fuel and the combustion air, and at least one of the injectors 1s for injection ot a
mixture of the secondary fuel and the products of combustion. In one embodiment, a
sufficient amount of combustion air is provided for the POC to have an O, concentration
ranging from 0.4 to 3% on a wet basis; and an O, concentration ranging from 0.75 to 1.5% on
a wet basis in yet another embodiment.

[0036] In one embodiment, the injection apparatus is configured to inject an unignited
mixture of secondary fuel and flue gas into the combustion chamber at a volume ratio of
secondary fuel to flue gas of 1:4 to 1:20 in one embodiment; and 1:5 to 1:10 1n a second
embodiment. In another embodiment, the injection apparatus is configured to inject an
unignited mixture of secondary fuel and flue gas into the combustion chamber through 3 to &
staged fuel injectors; and from 4 to 6 staged fuel injectors in another embodiment. In one
embodiment, the staged fuel injectors are circumferentially arranged adjacent to and around
the premix staged combustion burner.

[0037] Example: The following illustrative example is intended to be non-limiting,

In this example, existing secondary gas inlets to a gas-fired combustion unit to provide low-
quality, high pressure wet steam for an enhanced oil recovery operation were replaced with a
premixed inlet of recycled flue gas and natural gas, with the total fuel input remains the same.
The flue gas was removed directly from the stack and pertectly mixed with the fuel stream
before it was introduced into the secondary combustion zone of the burner through a simple
open pipe. The lean primary combustion zone remains unchanged.

[0038] Experimental data were collected from the steam generator, including ambient
air flow rate, temperature, and fuel flow rate, temperature, and tlue gas composition. Data
collection was also made in the furnace radiant section at longitudinal locations with radial
measurements taken from the furnace wall to the center of the steam generator. At each
location, extractive sampling was utilized to measure O,, CO, NO and NO; concentrations as
well as temperature and pressure.

[0039] Computational fluid dynamics (CFD) model was carried out, including
simulations of the far field domain (i.e., beyond the exit of the primary fuel / oxidizer

injectors for the primary combustion chamber and beyond the end of the secondary injectors
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in the radiant section). The simulations show that the well-mixed stream of natural gas and
FGR that is fed through the injectors creates a diffuse (e.g. flame-less like) combustion zone
where heat release is distributed, resulting in temperatures that are too low for thermal NOx
formation in the region downstream of the secondary injectors with the local gas temperature
having the strongest impact on NOx formation.

[0040] References will be made to the figures that illustrate the prior art and ditferent
embodiments of the invention. The figures include examples of how a person ot ordinary
skill in the art can make and use the claimed invention. It is described here to meet the
enablement and best mode requirements of the patent statute without imposing limitations
that are not recited in the claims. The various parts of the illustrated apparatus, as shown,
described and claimed, may be of either original and/or retrofitted construction as required to
accomplish any particular implementation of the invention, and all or part of each
embodiment can be used in combination with all or part of any one or more of the others.

[0041] Figure 1 refers to an embodiment ot a steam generator system 10, or a boiler.
The boiler apparatus includes a radiant heater 12, enclosing an elongated cylindrical
combustion chamber 15, with elongated cylindrical side wall 18, a longitudinal central axis
19, and a pair of axially opposite end walls 20 and 22. Reactants (e.g., tuel, combustion arr,
etc.) are delivered to the combustion chamber 15 such that products of combustion generated
within the chamber 15 will flow axially from the first end wall 20 to the second end wall 22,
and outward to a flue 24 through an exhaust port 25 in the second end wall 22. This enables
heat to be radiated outward along the length of the side wall.

[0042] A reactant supply and control system includes lines and valves to convey
reactants to the combustion chamber, i.e., the premix burner 40 and fuel injectors 44. The
system comprises a fuel control source 62 and a combustion air source 60, which includes an
air blower 64 to provide streams of those reactants along respective supply lines 66 and 68.
The combustion air supply line 68 extends directly to the premix burner 40, and has a

combustion air control valve 70. In one embodiment and alternatively, an adjustable speed

controller (not shown) is used in combination with the air blower 64). A first branch line 72
extends from the fuel supply line 66 to the premix burner 40, and has a primary fuel control
valve 74. A second branch line 76 has a secondary fuel control valve 78, and extends from
the fuel supply line 66 to a fuel distribution manifold 80. The manifold 80 provides
secondary fuel to the combustion chamber through fuel distribution lines 82.

[0043] The premix burner 40 delivers the combustion air and primary fuel to a

~ primary combustion zone of combustion chamber 15 through premix burner 40 and port 41.
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In one embodiment as shown, the port 41 is centered on the longitudinal central axis 19 of the
chamber 15. In another embodiment, the mixture of combustion air and primary tuel 1s
delivered through a plurality of multiple premix burners instead of the single premix burner
40, with the premix burners forming a concentric circle around the longitudinal central axis
19. In one embodiment, the premix burner 1s a mixing tube.

[0044] A portion of the flue gas 24 is recirculated back to the system in FGR line 84.
The FGR line has a blower 88 and a control valve 90 (or alternatively, utilizes an adjustable
speed controller in combination with the blower 88), distributing FGR through FGR manifold
86 and line 92. The FGR 92 is mixed with the secondary fuel from distribution lines 82 1n
gas pre-mixer 50, prior to being injected into a secondary combustion zone of the combustion
chamber through injectors 44. In one embodiment, the gas mixing chamber 1s a mixing tube.

[0045] The injectors 44, two of which are shown in Fig. 1, are located adjacent to the
premix burner 40. In one embodiment, the injectors are arranged in a circular array centered
on the longitudinal axis 19 surrounding port 41. Each fuel injector 44 has a port 45 facing
into the chamber 15 along a respective axis 47. The axes 47 of the fuel injectors 45 are
parallel to the axis 19, but in one embodiment, one or more could be inclined to the axis 19 to
inject secondary fuel in a skewed direction.

[0046] The system in one embodiment further comprises a controller 100, which 1s
operatively associated the air supply and control system 60, fuel control system 62, and
blower 64 and the valves 70, 74, 78 and 90 to initiate, regulate and terminate flows through
the valves 70, 74, 78 and 90. Specifically, the controller 90 has combustion controls in the
form of hardware and/or software for actuating the blower 64 and the valves 70, 74, 78 and
90 in a manner that can cause combustion of the reactants to proceed axially downstream
through the chamber 15 in generally distinct stages. The controller 100 shown schematically
in the drawings may thus comprise any suitable programmable automation controller or other
control device, or combination of control devices, that is programmed or otherwise
configured to perform as described and claimed.

[0047] In one embodiment, combustion air is delivered to the combustion chamber 1n
a single stage as part of the primary fuel. In another embodiment (not shown in the tigures),

the combustion air is blended in with the mixture of FGR and secondary fuel. The tuel is
delivered in primary and secondary stages simultaneously with delivery of the combustion
air.

[0048] In operation, the controller 100 actuates the combustion air control valve 70

and the primary fuel control valve 74 to provide the premix burner 40 with a stream of
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combustion air and a stream of primary fuel. Those reactant streams mix together inside the
premix burner 40 to form premix at a fuel to air equivalence ratio of less than 1 (i.e., fuel
lean). The premix is delivered to the combustion chamber 15 as a primary reactant stream
from the port 41 along the longitudinal central axis 19. Ignition of the premix occurs within
the premix burner 40. This causes the primary reactant stream to form a primary combustion
zone that expands radially outward from the port 41 as combustion proceeds downstream
along the axis 19.

[0049] The controller 100 actuates the secondary fuel control valve 78 to provide a
stream of secondary fuel through manifold 80. The controller 100 also actuates the FGR
control valve 90 to provide streams of flue gas recirculation to mix with the secondary fuel 1n
pre-mixer 50. The mixture is injected from secondary ports 45 located radially outward of
the primary port 41, forming products of combustion that recirculate in the upstream corner
portions of the combustion chamber 15. Auto-ignition of that combustible mixture creates a
secondary combustion zone that surrounds the primary combustion zone at the upstream end
portion of the chamber 15 and throughout the longitudinal length of the combustion chamber
15. With the FGR being part of the mixture, relatively lower combustion temperatures are
achieved and the production of NOx is suppressed accordingly.

[0050] In one embodiment to operate the steam generator system, the controller 100
can further suppress the production of NOx by maintaining fuel-lean combustion throughout
the two zones. For example, the controller 100 can actuate the valves 70, 74, and 78 to
deliver fuel and combustion air to the combustion chamber 15 at target rates of delivery that
together have a target fuel to oxidant ratio, with the target rate of oxidant being provided
entirely by the combustion air in the primary reactant stream, and with the target rate ot fuel
being provided at first and second partial rates in the primary reactant stream and the
secondary fuel streams, respectively.

[0051] Figures 2-9 are flow diagrams schematically illustrating various embodiments
of heating systems in the prior art, including systems with and without tlue gas recirculation
(“FGR”). Figures 10-13 schematically illustrate how the various embodiments ot heating
systems in the prior art are retrofitted to reduce the NOx level to less than five parts per
million on a dry gas volumetric basis corrected to 3% O, (< Sppm at 3% O, dry basis).

[0052] Figure 2 is a flow diagram schematically illustrating the operation ot a
heating system in the prior art without any staged fuel, and with flue gas recirculation
(“FGR”). Combustion air and fuel are fed to a premix burner at a sub-stoichiometric fuel to

air ratio having from 0.5% to 4% of excess O,, to ensure complete combustion of all

10
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combustible fuel constituents. The mixture is fed into the combustion chamber where the
fuel is substantially combusted, producing a combustion chamber jet to heat a process tluid
(e.g., water to produce steam) and products of combustion (“POC”) or tlue gas which goes to
flue stack.

[0053] Figure 3 is a flow diagram of a heating system in the prior art without tlue gas
recirculation (“FGR”), but with staged fuel, wherein a portion of the fuel source 1s directed to
a second stage. Combustion air and fuel are fed to a premix burner in the first stage at a fuel
lean ratio (e.g. a fuel to air ratio of less than 1, ranging from 0.4 to 0.7). The products of
combustion (“POC”) or flue gas from the first stage is induced into the second stage. All ot
POC i1s directed to the exhaust stack.

[0054] Figure 4 is a flow diagram of a variation of the prior art heating system 1n
Figure 3, wherein sour gas provides a portion the total fuel source to both stages of the
heating system. In one embodiment, the amount of sour gas provides from zero (0%) to
100% total fuel to the system.

[0055] Figure 5 is a flow diagram of a variation of the prior art heating system 1in
Figure 3, wherein waste gas provides a portion the fuel source to the heating system for a
third stage. In one embodiment, the amount of waste gas ranges from zero (0%) to 35% total
fuel to the system. The maximum proportion of waste gas is related to the amount of non-
combustible constituents contained within the waste gas constituents, and the value of total
fuel may vary from the proportion indicated above.  As shown, the waste gas 1s employed
as part of the staged fuel system with the waste gas being directed to the third stage, and the
POC from the second stage is induced to the third stage. All of the POC 1s directed to the
exhaust stack.

[0056] Figure 6 is a flow diagram of a variation of the prior art heating system 1n
Figure 3, but with flue gas recirculation (“FGR™). A portion of the POC is recirculated and
mixed with the combustion air for subsequent mixing with the fuel source for a fuel lean mix
to the primary stage. The amount of FGR that is recirculated typically ranges from 15 to
30% of the total POC from the system.

[0057] Figure 7 is a flow diagram of a variation of the prior art heating system in
Figure 5, wherein sour gas provides a portion the total fuel source to both stages of the
heating system. In one embodiment, the amount of sour gas ranges from zero (0%) to 100%

total fuel to the system.
[0058] Figure 8 is a flow diagram of a variation of the prior art heating system 1n

Figure 5, with flue gas recirculation (“FGR”) and waste gas providing a portion the fuel
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source to the third stage. A portion of the POC is recirculated and mixed with the
combustion air for subsequent mixing with the fuel source for a fuel lean mix to the primary
stage. The amount of FGR that is recirculated ranges from zero (0%) to 30% of the total
POC from the system.

[0059] Figure 10 is a flow diagram schematically illustrating a retrofit ot the heating
system of Figure 3, with a portion of the POC being recirculated and mixed with the
secondary fuel, for injection into the secondary stage.

[0060] Figure 11 is a flow diagram schematically illustrating another retrofit of a
prior art heating system, the system in Figure 4. A portion of the POC 1s recirculated and
pre-mixed with the fuel for feeding into the secondary stage.

[0061] Figure 12 is a flow diagram schematically illustrating another retrofit. The
prior art heating system of Figure 9 is retrofitted for a portion of the POC 1s recirculated as
flue gas recirculation. The FGR is premixed with a fuel stream in a pre-mixer and
introduced into the furnace through secondary injection ports.

[0062] Figure 13 is a flow diagram schematically illustrating a retrofit of the prior art
heating system of Figure 5. A portion of the POC from the third stage is recirculated. The
FGR is pre-mixed with the fuel for feeding into the secondary stage.

[0063] The description sets forth the best mode of carrying out the invention, and
describes the invention so as to enable a person skilled in the art to make and use the
invention, by presenting examples of elements recited in the claims. The patentable scope of
the invention is defined by the claims, and may include other examples that occur to those
skilled in the art. Such other examples, which may be available either before or after the
application filing date, are intended to be within the scope of the claims if they have

structural or method elements that do not differ from the literal language of the claims, or 1t

they have equivalent structural or method elements with insubstantial differences from the

literal language of the claims.
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CLAIMS

1. A furnace system comprising;

a structure defining a combustion chamber;

sources of primary fuel, combustion air, and secondary fuel;

a premix staged combustion burner having at least a port facing imnto the combustion
chamber;

a flue that conveys products of combustion (POC) from the combustion chamber;

a plurality of staged fuel injectors each having a port facing into the combustion
chamber;

an injection apparatus configured to inject an unignited mixture of secondary fuel and
flue gas into the combustion chamber through the plurality of staged fuel injectors;

a reactant supply and control system including means for conveying the primary fuel
from the primary fuel source to the premix staged combustion burner, means for conveying
the combustion air from the combustion air source to the premix staged combustion burner
for mixing wﬁh the primary fuel, means for conveying the secondary fuel from the secondary
fuel source to the injection apparatus, and means for conveying the flue gas from the flue to

the injection apparatus for mixing with the secondary fuel.

2. The furnace system of claim 1, wherein at least one of the staged tuel injectors
is for injection of a mixture of primary fuel and the combustion air, and at least one of the

staged fuel injectors is for injection of a mixture of the secondary tuel and the POC.

3. The furnace system of claim 1, wherein the combustion air to the furnace

system is provided to the premix staged combustion burner at a sufficient rate for the POC to

have an oxygen concentration ranging from 0.4 to 3% on a wet basis.

4. The furnace system of claim 3, wherein the combustion air to the furnace
system is provided to the premix burner at a sufficient rate for the POC to have an oxygen

concentration ranging from 0.75 to 1.5% on a wet basis.

5. The furnace system of claim 1, wherein the injection apparatus 1s contigured

to inject an unignited mixture of secondary fuel and flue gas into the combustion chamber at
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a controlled volume ratio for the POC to have a NOx concentration of < 5 ppm at 3% O, dry
basis.

0. The furnace system of claim 5, wherein the injection apparatus is contigured
to inject an unignited mixture of secondary fuel and flue gas into the combustion chamber at
a controlled volume ratio for the POC to have a NOx concentration of <3 ppm on a dry gas

volumetric basis corrected to 3% O, (< 3 ppm at 3% O», dry basis).

7. The furnace system of claim 1, wherein the injection apparatus is configured
to inject an unignited mixture of secondary fuel and flue gas into the combustion chamber at

a volume ratio of secondary fuel to flue gas ot 1:4 to 1:20.

8. The furnace system of claim 7, wherein the injection apparatus is contigured
to inject an unignited mixture of secondary fuel and flue gas into the combustion chamber at

a volume ratio of secondary fuel to flue gas of 1:5 to 1:10.

9. The furnace system of claim 1, wherein the injection apparatus is contigured
to inject an unignited mixture of secondary fuel and flue gas into the combustion chamber

through 3 to 8 staged fuel injectors.

10.  The furnace system of claim 9, wherein the injection apparatus is configured
to inject an unignited mixture of secondary fuel and flue gas into the combustion chamber

through 4 to 6 staged fuel injectors.

11. The furnace system of claim 1, wherein the primary fuel has a higher heating
value of 500 to 1200 Btu/sct.

12.  The furnace system of claim 11, wherein the primary fuel has a higher heating
value range of 900 to 1180 Btu/sct.

13.  The furnace system of claim 1, wherein the secondary fuel has a higher

heating value of 500 to 1200 Btu/sct.
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14.  The furnace system of claim 1, wherein the secondary fuel has a higher

heating value of 900 to 1180 Btu/sct.

15.  The furnace system of claim 1, wherein the primary fuel and the secondary

fuel have different higher heating values.

16.  The furnace system of claim 1, wherein the primary fuel and the secondary

fuel are configured to have a volumetric ratio resulting in a primary zone adiabatic flame

temperature less than 2600°F (1427°C).

17.  The furnace system of claim 16, wherein the primary fuel and the secondary

fuel are configured to have a volumetric ratio resulting in a primary zone adiabatic flame

temperature less than 2500°F (1371°C).

18. A furnace system comprising:

a structure defining a combustion chamber;

sources of primary fuel, combustion air, and secondary fuel, wherein the primary fuel
and secondary fuel are different, and wherein the primary fuel and secondary fuel each has a
higher heating value of 500 to 1200 Btu/sct, and wherein the primary fuel and the secondary
fuel are configured to have a volumetric ratio resulting in a primary zone adiabatic tlame
temperature less than 2600°F;

a premix staged combustion burner having at least a port facing into the combustion
chamber;

a flue that conveys products of combustion (POC) from the combustion chamber;

a plurality of staged fuel injectors each having a port facing into the combustion
chamber;

an injection apparatus configured to inject an unignited mixture of secondary tuel and
flue gas into the combustion chamber through at least 3 staged fuel injectors, wherein the
injection apparatus is configured to inject an unignited mixture of secondary tuel and flue gas
into the combustion chamber at a controlied volume ratio for the POC to have a NOx
concentration of < 5 ppm on a dry gas volumetric basis corrected to 3% O»;

~ areactant supply and control system including means for conveying the primary fuel

from the primary fuel source to the premix burner, means for conveying the combustion air
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from the combustion air source to the premix burner for mixing with the primary tuel, means
for conveying the secondary fuel from the secondary fuel source to the injection apparatus,
and means for conveying the flue gas from the flue to the injection apparatus for mixing with

the secondary fuel.

19.  The furnace system of claim 18, wherein the injection apparatus is configured

to inject an unignited mixture of secondary fuel and flue gas into the combustion chamber at

10

15
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30

a volume ratio of secondary fuel to flue gas ot 1:4 to 1:20.

20.  The furnace system of claim 1, wherein the staged fuel injectors are

circumferentially arranged adjacent to and around the premix staged combustion burner.

21. A method for operating a furnace system with a reduced NOx emission, the
furnace system is equipped with a combustion chamber, a premix staged combustion burner,
a flue, a plurality of staged fuel injectors, an injection apparatus, and a reactant supply and

control system, the method comprising:

feeding a fuel stream and an air stream to the premix staged combustion burner,
wherein the fuel and air streams are mixed to form a first fuel air mixture at a fuel to air

equivalence ratio of less than 1, and wherein the first fuel air mixture is free of recirculated
flue gas (RFQG);

injecting the first fuel air mixture via at least a primary injector into a primary
combustion zone of the combustion chamber, wherein the first fuel air mixture 1s

substantially combusted forming primary products of combustion (“POC”);

introducing the primary POC into a secondary combustion zone of the combustion

chamber;

feeding a second fuel and a stream of recirculated flue gas (RFG) to a pre-mixer,

wherein the second fuel and recirculated flue gas streams are mixed to form a second RFG

fuel mixture;

injecting the second RFG fuel mixture into the secondary combustion zone of the
combustion chamber via the plurality of staged fuel injectors, wherein the second RFG fuel

mixture is substantially combusted and mixed with the primary POC forming tlue gas POC;

recirculating a portion of the flue gas POC for use as the RFG for mixing with the

second fuel to form the second RFG fuel mixture;
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whereby the injection of the second RFG fuel mixture into the secondary combustion
zone of the combustion chamber results in a reduction of temperature in the combustion

chamber for the NOx emission to be less than 5 ppm on a dry gas volumetric basis corrected

to 3% O, (< 5 ppm at 3% O,, dry basis).

22.  The method of claim 21, wherein the fuel for forming the first fuel air mixture
has a higher heating value of 500 to 1200 Btu/sct.

23.  The method of claim 22, wherein the fuel for forming the first fuel air mixture
has a higher heating value of 900 to 1180 Btu/sct.

24.  The method of claim 21, wherein the second RFG fuel mixture is substantially

combusted forming a secondary POC, for subsequent mixing with the primary POC forming

the tlue gas POC.

25. The method of claim 21, wherein the second RFG fuel mixture is mixed with

the primary POC prior to being substantially combusted to form the tlue gas POC.

26.  The method of claim 21, wherein the second RFG fuel mixture is injected 1nto

the secondary combustion zone of the combustion chamber via 3 to 8 staged tuel injectors.

27.  The method of claim 21, wherein the second RFG fuel mixture is injected into

the secondary combustion zone of the combustion chamber via 4 to 6 staged fuel injectors.

28.  The method of claim 21, wherein the plurality of staged fuel injectorsare

circumferentially arranged adjacent to and around the premix staged combustion burner.

29. The method of claim 21, wherein the injection apparatus is configured to
inject an unignited mixture of the second fuel and flue gas into the combustion chamber at a
controlled volume ratio for the flue gas POC to have a NOx concentration of <5 ppmon a

dry gas volumetric basis corrected to 3% O».
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30.  The method of claim 21, wherein the injection apparatus is configured to
inject an unignited mixture of a secondary fuel and flue gas into the combustion chamber at a
controlled volume ratio for the products of combustion to have a NOx concentration of <3

ppm on a dry gas volumetric basis corrected to 3% O, (< 3 ppm at 3% O, dry basis).

31.  The method of claim 30, wherein the secondary fuel has a higher heating value
of 500 to 1200 Btu/sct.

32.  The method of claim 31, wherein the secondary fuel has a higher heating value
of 900 to 1180 Btu/sct.

33.  The method of claim 21, wherein the injection apparatus 1s configured to
inject an unignited mixture of a secondary fuel and flue gas into the combustion chamber at a

volume ratio of secondary fuel to flue gas ot 1:4 to 1:20.

34.  The furnace system of claim 33, wherein the injection apparatus is configured
to inject an unignited mixture of a secondary fuel and flue gas into the combustion chamber

at a volume ratio of secondary fuel to flue gas ot 1:5 to 1:10.

35. A method of retrofitting a furnace system equipped with a combustion
chamber and a steam generator employing at least a fired burner with an existing tlue gas
recirculation system, wherein a recirculated flue gas (RFG) is injected with a fuel stream 1nto
a primary stage of the burner, the retrofit is to reduce NOx emission to less than 5 ppm at 3%
O,, dry basis, the method comprising;:

configuring the existing flue gas recirculation system to include a pre-mixer;

routing the RFG from the steam generator flue to the pre-mixer for mixing with a
portion of the fuel stream forming a second RFG tuel mixture;

routing the secondary RFG fuel mixture to an existing secondary stage of the burner
via a plurality of injectors for the injection of the second RFG fuel mixture;

whereby the injection of the second RFG fuel mixture into the plurality of injector
ports results in a reduction of temperature for the NOx emission to be less than 5 ppm at 3%

O,, dry basis.
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36. The method of claim 35, further comprising configuring the plurality of
injectors to inject an unignited mixture of a secondary fuel and flue gas into the combustion

chamber at a volume ratio of secondary fuel to flue gas of 1:5 to 1:10.

37.  The method of claim 35, further comprising configuring the plurality of
injectors to inject an unignited mixture of a secondary fuel and flue gas into the combustion
chamber at a controlled volume ratio for the products of combustion to have a NOx

concentration of < 3 ppm on a dry gas volumetric basis corrected to 3% O, (< 3 ppm at 3%

O,, dry basis).

38.  The method of claim 35, further comprising configuring the plurality of
injectors to inject the second RFG fuel mixture into a secondary combustion zone ot the

combustion chamber via 3 to 8 staged fuel injectors.

39.  The method of claim 35, further comprising configuring the plurality ot
injectors to inject the second RFG fuel mixture into a secondary combustion zone of the

combustion chamber via 4 to 6 staged fuel injectors.
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