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1 ADVANCED REBURNI NG FOR REDUCTI ON OF [err] EM SSIONS | N COVBUSTI ON SYSTEMS

BACKGROUND The present invention iss directed to processes for control of

[err] emissions. More particularly, the-present inventionis directed to

I mproved reburning processes for reducing [err] em ssions from conbustion

systens such as power plant boilers, process furnaces, and incinerators.

By advanced air and fuel staging techniqqgs, the present invention provides

apparatus and nethods for  optinum conditions for the injection of selective
- reducing agents in the burnout zone and enhances the efficiency of

ADVANCED REBURNING FOR REDUCTION OF NO,
EMISSIONS IN COMBUSTION SYSTEMS

BACKGROUND

The present invention is directed to processes for
control of NO, emissions. More particularly, the present
invention is directed to improved reburning processes for
reducing NO, emissions from combustion systems such as power
plant boilers, process furnaces, and incinerators.. By
advanced air and fuel staging technigques, the pfesent
invention provides apparatus and methods for optimum
conditions for the injection of selective reducing agents
in the burnout zone and enhances the efficiency of
reburning for NO, control.

. 3. Technolpgy-Review .

' Combustion of fossil fuels, especially coals and heavy
oils, produces significant amount of NO, which ultimately
participate in the formation of smog and acid rain.
Combustion modification .boncepts including étaged
~combustion and reburning have been effective in aéhieving
up to Golpercenf_Nq‘reductibns{ Downstream injection of
selective reducing agents, particularly ammonia ("NH;") and
urea ("CO(NH,),"), can produce significant additional
reductions. However, the temperature window over which
these reagents are effective is relatively narrow.

Reburning is a NO, control process which uses fuel to
reduce nitric oxide ("NO")." In the reburning process, a
fraction of the fuel, between 10 and 20 percent of the
total heat input,'is injected above the main heat release
zone to produce an oxygen deficient reburning zone.
. Hydrocarbon radicals from combustion of reburning fuel
react with nitric oxide to fprﬁ molecular nitrogen, thus
reducing NO. This process occurs best in the absence of
oxygen. Subsequently, burnout air is injected downstream
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reburning for [err] control. 3. Technol ogy Revi ew Conbustion of fossi

fuel s;” especially coals and heavy oils, produces significant anmount of
[err] which ultimately participate in the formati on of snpbg and acid rain
Corbust i on nodi fication concepts i ncl udi ng staged conbustion and
reburni ng have been effective in achieving up to 60 percent [err]
reductions. Downstreaminjection of selegtive reducing agents, particularly
anmonia. [err] and urea [err], can produce significant additional

reductions. ¢oHewRMAEt 'th@ tLERS{MnY ef%i‘d%a@’xﬁ@ht\éhla@{a t&&%ﬁ'ef@aaﬁats are

effective is relatlveuy narr ow. Reburnln a Lek control process which
uses fuel to®¥1ting and NH; species 12 eltfe

Previous studies have shown that 60 percent reduction
in NO, emissions can be achieved with natural gas reburning
and that 'most. of the reduction occurs in the reburning
zone. NO, reduction in the burnout zone, via the HCN and
NH; species from the reburning zone, is minimal because of
the high burnout temperature (2200°F-2400°F) and the
presence of excessive amount of carbon monoxide ("co",
above 2 percent at 0.9 stoichiometry). '

In practice, NO, reduction by reburning is considerably
less than the 1limits imposed by thermodynamics on NO
formation wunder fuel-rich conditions. Examination of
equilibrium levels of total fixed hitrogen species- (HCN +
NH;, + NO) as a function of stoichiometry (SR) and.
temperature suggests that, except for high temperatures
(greater than 3100°F) and extremely fuel-rich conditions
(SR < 0.5), the equilibrium levels are less than 10 ppm.
Equilibrium considerations would dictate operation of a
combustor at moderate. temperatures under fuel-rich
conditions, such as the reburning zone, or low temperatures
near stoichiometric conditions.

From the foregoing, it is apparent that what is

~currently needed in the art are methods for optimizing
reburning processes used to control NO, emissions from
combustion systems.

Such methods are disclosed and claimed -herein.

BRIEF SUMMARY OF THE INVENTION
The present invention discloses apparatus. and methods
to enhance the efficiency of reburning for NO, éontrol. The
pfesent invention discloses a technique to enhance the -
burnout zone chemistry for NO, reduction.
Experimental results, discussed in greater detail
below, suggest that the key parameters for the enhancement



reduce nitric oxide ("NO'). In the reburning process, a fraction of the
fuel, between 10 and 20 percent of the total heat input, is injected above
the main heat rel ease zone to produce an oxygen deficient reburning zone.
Hydr ocar bon radi cals from conbustion of reburning fuel react with nitric
oxide to form nol ecul ar nitrogen, thus reducing NO This process occurs
best in the absence of oxygen. " Subsequenfly, burnout air is injected
downst ream 2 to conbust the remaining fuel fragnents and convert the

of burnout zone chemistry are: (a) _.a reaction temperature

in the range from about 1300°F to about 1900°F, and

optimally at abouf 1400~1700°F; (b) a carbon monoxide

concentration below about 0.5 percent; and (c) the presence
- of NH; species. _

Conventional reburning precesses do not provide a
suitable environment for optimizing burnout zone chemistry.
In a typical optimized process within the scope of the
present invention, the burnout air is split into two
streams. The first stream preferably remains at the normal
injection location to reduce the CO concentration to below
a level below about 0.5 percent and preferably below about
0.2 percent. A reducing agent capable of providing a
source of NH; species is preferably added to the second
stream of burnout air and injected downstream at a lower
temperature, i.e. 1500°F, to complete the burnout.

Experimental results show 1little improvement over
conventional reburhing process when no NH; species were.
present at an SR; of 0.99. However, when a source of NH;
species was added with the second stream of burnout air, an

~additional 50 percent reduction was dramatically aéhieved,
resulting in an overall reduction of 85 percent in NoO,
emissions.

Suitable reducing agents which may be added to the
second stream of burnout .air within the scope of the
present invention include an aqueous ammonium sulfate
solution, cyanuric acid, urea, ammonia gas, aqueous
ammonium solution, ammonium formate, aqueous ammonium
formate, ammonium carbonate, aqueous ammonium carbonate,
ammonium bicarbonate, aqueous- ' ammonium bicarbonate,
ammonium'sulfate, and aqueous ammonium eulfate. T h e
results have also shown that the addition of reducing
agents in the reburning zone does not promote the formation
of molecular nitrogen{ However, the addition of reducing
agents, such as ammonium sulfate, in the burnout zone cah



~exiting HCN and [err] species to either NOor [err]. Previous studies have
shown that 60 percent reduction in [err] em ssions can be achieved with
nat;ural gas reburning and that nost of the reduction occurs in the
reburning zone. [err] reduction in-the burnout zone, via the HCN and [err]
speci es fromthe reburning zone, is mniml because of the high burnout
tenperature (2200[err]F-2400[err]F) and {he presence of excessive anmount of
carbon nonoxide ("CO', above 2 percent at 0.9 stoichionetry). In practice,

[err] reduc"‘si’&n?hé&%ﬁ?'é}%éﬁc&% @%h@ghélbﬁséft)bﬁ@ﬁebﬂels' 8bl §, laHesed
by thernodynani cs on ormation under fuel-ri gh% S itions.
r
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emissions. The efficiency of the reducing agent appears to

be dependent upon the local stoichiometry and temperature.

BRIEF DESCRIPTION OF THE DRAWINGS

In order that the manner in which the above-recited
and other advantages of the invention are obtained, a more
particular description of the invention briefly described
above will be rendered by reference to specific embodiments
thereof which are illustrated in the appended drawings.
Understanding that these drawings depict only typical
embodiments of the invention and are therefore not to be
considered limiting of its scope, the invention will be
described with additional specificity and detail through
the usé of the accompanying dfawings.

Figure 1 graphically illustrates experimental tests to
determine the competition between primary NO and oxygen for

hydrocarbon radicals. _

Figure 2 illustrates the influence of reburniné fuel
composition on NO, reduction and the decomposition chemistry
for various reburning fuels.
| Figure 3 illustrates the results of a series of
experiments carried out to investigate the influence of
reburning fuel temperature on NO reduction.

Figure 4 illustrates CO and total hydrocarbon (THC)
concentrations at the reburning zone exit as a function-of
stoichiometry (SR,) within the reburning zone.

_ Figure 5 1llustrates tpe XN speciation at the
reburning zone exit as a function of temperature.

Figure 6 - graphically illustrates the conversion
efficiency of NH; to N, in the burnout zone aé a function of
temperature.

Figure 7 illustrates reduction of NO, as a function of

carbon monoxide concentration in the burnout =zone.



NH3 + NO as a function of stoichionmetry (SR) and tenperature suggests

t hat, “except for high tenperatures (greater than.3100[err]F) and extrenely
fuel-rich conditions (SR < 0.5), the equilibriumlevels are |ess than 10
ppm Equilibrium considerations would dictate operation of a conbustor at
- nmoderate tenperatures under fuel-rich conditions, such as the reburning
zone, or low tenperatures near stoichionetric conditions. Fromthe
foregoing, it is apparent that what is ctrently needed in the art are

T oL oot ToAbe! SO OB RLRE L EEat 18 SN Ohel rdin il s on
of temperature in the burnout =zone for various HCN
compositions. '

Figure 9 compares NO reduction obtained when a
reducing agent (results for cyanuric acid and ammonium

'sulféte are shown) is introduced under 25% excess air and -«
introduced under slightly fuel-rich conditions.

Figure 10 illustrates the NO, reduction obtained when
using an optimized reburning process of the present
invention. _ _

Figure 11 is a representation of two hybrid reburning
processes within the scope of the present invention at 10%

. and 20% gas reburning.
. Figure 12 shows Nbx reduction obtained using the
optimized reburning processes illustrated in Figure 11 with
‘natural gas as the primary fuel.
Figure 13 shows NO, reduction obtained using the
- optimized reburning processes illustrated in Figure 11 with
Indiana coal as the primary fuel. ' R

Figure 14 provides a graphical summary of all of the
pilot scale results and compares them with the bench scale
data for NO, reduction using the optimized reburning
processes of the preéent invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Current combustion modification processes, such as
staged combustion and reburning, have been effective in
achieving up to 60 percent No; reductions, far less than
that predicted by eguilibrium considerations. A study was
undertaken to investigate and define the chemical
constraints which prevént_ higher NO, reductions by
reburning. '

Tests were conducted to examine the formation of N, in
the reburning zone and the conversion of XN species (NO, NH;
and HCN) to NO and N, in the burnout zone. Detailed



BRI EF SUMVARY OF THE | NVENTI.ON The present invention discloses apparatus
and met hods to enhance the efficiency of reburning for [err] control. The
present invention discloses a technique to enhance the burnout zone
chehistry for [err] reduction. Experinental results, discussed in greater
detail bel ow, suggest that the key paraneters for the enhancenent of
burnout zone chem stry are: (a) a reactlon tenperature in the range from
about 1300[err]F to about 1900[err]F and optinmally at about

1400- 1700[ ergd fsutOdefe £ 5000 HQP?éfﬁgh at the reburning zone exit to

characterize unburned hydrocarbons, CO, NO, NH;, and HCN.
The influence of the concentrations of reactive species and
temperature effects for both the reburning and burnout zone
were examined.

The experimental_ results, described below, suggest
that a hybrid NO, control scheme, which uses combustion
modification to provide those conditions which optimize a
selective NO, reduction process, can achieve very low NO,
emission levels that can presently only be achieved by
catalytic reduction.

The advanced reburning process within the scope of the
present invention combines reburning with selective NO,
reduction (SNR). 1In a typical advanced reburning process
within the scope of the present invention, the burnout air
is split into two streams. The first stream preferably
remains at the normal injection location to reduce the CO
concentration to below a level below about 0.5 percent. A
reducing agént capable of providing a source of NH; species, .
Such as ammonium sulfate, is preferably added to the second
stream of burnout air and injected downstream at a lower
temperatﬁre, i.e. 1500°'F, to complete the burnout. Using
this basic process, NO, reductions of approximately 85
percent have been obtained.

Bench scale tests were conducted using two different
25 KW tunnel furnaces. Furnace "A" was a 2.5 meter long,
20.3 centimeter diameter refractory-lined’  Control
Temperature Tower (CTT). The time/temperature profile was
adjusted using backfired heating channels within refractory
wails. The primary fuel, natural gas, was fired at 17.6 kW
using a pfemixed burner.

Furnace "B" was a 2.4 meter long, 15.2 centimeter
diameter refractory lined tunnel furnace. The temperature
was declining at a rate of 225°C/second throughout the
region of interest. The primary fuel, natural gas, was



concentration bel ow about 0.5 percent; and (c) the presence of NH3 species.
Conventi onal reburni ng processes do not provide a suitable environnent for
opti m zi ng burnout zone chem stry. In a typical optimzed process within

t he” scope of the present invention, the burnout air is split into two
streans. The first strean1preferab|y renalns at the normal injection

| ocation to reduce the CO concentration’to belom/a IeveI bel.ow about 0.5
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st r eam.of bminpuandlammodlamwaﬁeaﬂdhﬁMtnrtnﬁnnﬁtwrabw@ﬁst§ﬁp@I@Nuﬂ@, i.e
1500[err]F,t£g 88EEL§&elébglbB%“BHEt—flame NO. The NO values, along
with .all other concentrations, are reported on a dry basis,
corrected for dilution to 0.0 percent 0,.

When the furnaces were operated to simulate staged
combustion, the gases from the first stage, normally fuel-
rich, were mixed with burnout air via a radial injector

'positioned on the furnace axis. The temperatures reported

for the staging location are those of the furnace gas
immediately after the étaginq air has been added and mixed.
When the furnace was operated to simulate reburning, the
reburning fuels were injected with a 90° injector located
at the centerline of the furnace. This injector allowed
the reburning fuel, diluted/transported with argon, to flow
radially outward through four 0.5 cm holes and mix rapidly
with the oncoming primary effluent. Burnout air was also
injected radially.

Exhaust gas samples were withdrawn through a stainless
steel, water-jacketed probe and analyzed for. NO,
(chemiluminescence, O, (paramagnetic), CO/CO, (NDIR), and SO,
'(NDUV). A water-jacketed-probe with an internal water
guench spray near the front end was used for extracting in-
flame samples. Gas phase HCN and NH; species were collected
in a gas washing unit and subsequently analyzed for CN and
dissolved ammonia using specific ion electrodes. Gas
temperatures were characterized with a suction pyrometer.

Pilot-scale experiments were conducted using -a 3.0 MW,
down-fired tower furnace. The furnace was refractory-
lined and waﬁer-jacketed with inside dimensions of 1.2
meter x 1.2 meter x 8.0 meter. The four main,diffusion
burners each consisted of an inner pipe for axial primary
fuel injection and an outer pipe, equipped with swirl
vanes, for the main combustion air. -This four burner array
produced relatively uniform velocity and composition



Experipental results show little inprovenent over conventional reburning
process when no NH3 species were present at an [err] of 0.99. However,
when a source of NH3 species was added with the second stream of burnout
air, an additional 50 percent reduction was dramatically achieved,
resulting in an overall reduction of 85 percent in [err] em ssions.

Sui tabl e reduci ng agents which nmay be adgled to the second stream of burnout
air within the scope of the present invention include an aqueous amoni um

sul fate SO'Uﬁf@ﬁllé¥38ﬁrtﬁeaﬁrdmayyeaon@mﬂmnta gZRe Equeace aombaiine
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injection. The temperature profile was manipulated by
* insertion of cooling panels, positioned against the furnace
walls. The reburning fuel and burnout air injectors were
designed to maintain jet mixing similarity between the
pilot-scale furnace and a full scale boiler based on
empirical correlations for entrainment rate and Jjet
penetration. '

Baseline conditions for the bench scale experiments
were as follows: '

Primary fuel/natural gas at 80 x 103 Btu/hour;
'primary NO, ("(NO,),") = 240 ppm or 600 ppm (dry, O
pércent 0,) by doping with NO; SR, (primary zone

- stoichiometry) = 1.1.

Reburning gas injection at 2550°F (T,): reburning
zone residence time (7,) = 400 ms; SR, (reburning zone
stoichiometry) = 0.9.

Burnout air injection at 2300°F (T,); SR; (burnout
zone stoichiometry) = 1.25. | )

The experiments examined (1) the formation of N, in the
reburning zone, in particular, the avaiiability of CH
radicals, (2) the chemistry of XN conversion in the burnout
zone, and (3) performance under the optimum reburning and
burnout zone conditions.

1. N, Formation in the Reburning Zone

Upon injection to the furnace, the reburning fuel

decomposes to CH radicals:

CH, + OH -+ . . .= CH+ HpO (1)
These radicals can then react with NO to form HCN:
CH + NO - HCN + O (2)

The HCN decays through NCO - NH, » N and ultimately reaches

N, via the reverse Zeldovich reaction:
N+ NO-+ N, + O . (3)



anmoni um bi car bonat e, aqueous amoni um bi car bonat e, ammoni um sul fate,
and aqueous anmoni um sul f at e. T h e results have al so shown that the
addi tion of reducing agents in the reburning zone does not pronote the
formati on of nolecular nitrogen. However, the addition of reducing agents,
such as ammoni um sul fate, in the burnout zone can 4 significantly,
enhance the conversion of XN species to [err] and result in greater than 80

percent overal | rﬁgg8£|on |nf[errlma£p sabonépeclgg ehithi MeY Yaidlfs
reduci ng agent appears
(equation (2) above) activates the reburning process.

Thus, a goal in reburning optimization is to maximize the
exposure of NO to CH and minimize CH interaction with
oxygen via: . _

CH+ 0= CO + H O (4)
To investigate reactant contacting, tests were run with
oxygen and/or NO species, which were usually present in the
primary zone effluent, premixed with the reburning natural
gas prior to furnace injection. The results are shown in
Figure 1. With preferential contacting between the
reburning gas and NO, exhaust NO, emissions were lower than
the basgiine case. When oxygen was premixed with the
reburning fuel, a substantial increase in NO, emissions was
witnessed, regardless of whethef NO, was premixed with the
gases.  Higher primary NO, concentrations resulted in
increased reduction in all cases. The results, which
demonstrated the competition between primary NO, and oxygen-
species for. hydrocarbon radicals, showed that NO,~CH
contacting was not rate limiting. N

The presence of CH radicals is necessary for the
'réburning process to proceed. An approach to improve CH
availability is to use a reburning fuel which favors CH as
a decomposition product. Several gaseous hydrocarbon fuels
were tested to investigate CH generation. The fuels
included acetylene, ethylene (an olefin), isobutane (a
paraffin), and natural gas, which waé primarily methane.
The fuels had an H/C ratio of one to four. The
decomposition chemistry of these fuels is illustrated in
Figure 2.

The experimental results, also presented in Figure 2,
indicate the reduction efficiency with all of the fuels was
similar. Acetylene, the closest stable hydrocarbon to CH
(as illustrated in the decomposition chemistry), -did not
‘appear superior to natural gas as a reburning fuel.



be dependent upon the | ocal stoichionetry and tenperature. BRI EF

.DESCRI PTION OF THE DRAW NGS I n order that the nmanner in which the
above-recited and ot her advantages of the invention are obtained, a nore
part- cul ar description of the invention briefly described above will be
rendered. by reference to specific enbodi nents thereof which are illustrated
in the appended draw ngs. Understanding tRat these draw ngs depict only
typi cal enbodi ments of the invention and are therefore not to be consi dered
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specificity and detail throu B t he _use of the-acconpanying draw ngs. Figure
1 graphi cal | yH 1 P‘ﬁst‘i’oat%%méxg Pi F8NEalCh LTV NI ot °q‘1‘{at1°?" K
solid hydrocarbon fuel, naphthalene (C,;;H;), was selected and
tested as the reburning fuel. Lower reduction efficiency
was obtained with this solid fuel. Figure 2 also shows

results obtained with methanol as the reburning fuel.
Methanol, which favors CO as a decomposition product,
yielded substantially lower reduction efficiency. As
expected, reburning with CO resulted in the lowest
reduction in NO, emissions.

Not only can HCN be formed via CH reaction with NO,
equation (2) above, but HCN may be formed by the reaction
between CH and molecular nitrogen; i.e., the Fenimore
mechanism: -

CH + N, » HCN + N : (5)
The nitrogen which contributes to the Fenimore mechanism
could come from primary combustion air, burnout air, or
rehurning fuel diluent. This mechanism, which causes the
formation of thermal NO,, occurs most readily at high
temperatures. Tests were completed with nitrogen dilution
of the reburning gas and a nitrogen-free pr_imary zone
oxidant composed of argon, oxygen, and carbon dioxide. The
data (not shown) indicated that the primary zone nitrogen
did not contribute to the Fenimore mechanism in the
reburning zone. A slight increase in NO, emissions was
observed when the argon diluent was replaced by nitrogen.
The results implied that the Feﬁimofe mechanism was not
impoftant in the reburning process.

The results discussed above were obtained with the
reburning fuel injected at 2550°F. A series of experiﬁents
was carried out to investigate the influence of temperaturé
on ‘fuel-rich -zone NO reduction. The reburning fuel was
injected at temperatures ranging from 2550°F to 1600°F. At
the optimum stoichiometry of 0.9, the concentrations of NO
were measured at 400 msec (milliseconds) downstream of the



determ ne the conpetition between primary [err] and oxygen for hydrocarbon

radicals. Figure 2 illustrates the influence of reburning fuel conposition.
on,[err] reduction and the deconposition chem stry for various reburning
fuels. Figure 3 illustrates the results of a series of experinments carried

out to investigate the influence of rebyining fuel tenperature on NO
reduction. Figure 4 illustrates CO and total hydrocarbon (THC

concent r at i @ebunilriRe rLERUL R St ZoM e ctnitiions aFigaeei Gnppésehds et ry
[Er] i A DY 20 B 50 LIAUSLL8) ek bes by iy on
reburning zone decreased with temperature, with NO
concentration measured at 2550°F approximately half of that
seen at 1800°F. However, the effect of temperature
diminished when the reburning fuel was injected above
2200°F. It is believed that the formation of thermal NO

would become important at temperatures above 2600°F.

2. XN Conversion in the Burnout Zone
The burnout zone can be considered as an excess-air

"flame" burning the remaining fuel fragments from the
reburning 2zone. Ooxidation of the fuel fragments,
particularly CoO, could generate a significant amount of
radicals via chain branching: '

€O + OH = CO, + H (6)
H+0,=0H+O0 (7)
.0 + H,0 = OH + OH (8)

These radicals play an important role on the conversion of
XN species (e.g., NO, HCN, and NH,) to N, or NO during
burnout. _ _ .

The fuel 'fragments were characterized initially. CO
and total hydrocarbon (THC) concentrations at the reburning
zone exit are presented in Figure 4 as a function of
reburning zomne stoichiometry (SR,‘;) . It can be 'seen that the
amount of CO was considerably higher than THC at all
stoichiometries, indicating extensive destruction of the
natural gas CH constituents. '

XN speciation at the rgburning zone exit was
subsequently characterized and shown in .Figure 5. Thg
concentration of NO decreased with stoichiometry, while the
concentrations of intermediate species rose. When
reburning zone stoichiometry (SR,) was decreased from 0.9 to
0.7 to .form a more fuel-rich environment, the amount of HCN
arose dramatically, while NH; levels exhibited little



Figure, 6 graphically illustrates the conversion efficiency of NH3 to

N2 in the burnout zone as a function of tenperature. Figure 7 illustrates
reduction of [err] as a function of carbon nonoxi de concentration in the
bur hout zone. Figure 8 illustrates the reduction of [err] as a function

of tenperature in the burnout zone for various HCN conpositions. Figure 9
conpares NO reduction obtained mhen a rggucing agent (results for cyanuric

acid and anmoni um
change. This 1is an indication of a lack of oxidizing

radicals available at richer stoichiometries for processing
HCN through NCO to NH,. Primary NO, concentration (600 ppm
or 240 ppm) had only a minor impact on the percént
conversion of NO to nitrogenous intermediates. At a
reburning zone stoichiometry of 0.9, the ratio of NH; plus
HCN to NO was approximately 0.9 for both cases.

Figure 6 is an experimental examination of the burnout
zone chemistry, in particular, the conversion efficiency of
NH; to N,. The fuel-rich zone was assumed to supply 600 ppm
each of NO and NH; or an N to NO ratio of 1.0. Under excess
air conditio_ns, ammonia gas was mixed with various amounts
of CO and injected at temperatures between 1800°F and
2200°F. The solid symbols represent the injection of NH;
‘alone, which is basically a -simulation of Thermal De-NO,.
For the open symbols in Figure 6, 0.2 percent CO was
included with ‘'NH;, thereby yielding a burnout-like
environment. The presence of CO lowered the optimum
temperature for NO, reduction from 1800°F to 1500°F. It is
readily apparent that a reduction in the burnout téﬁper-
ature from the 2200°F-2400°F normally employed would
increase the conversion efficiency of NH; + NO tély becausé
of the presence of CO. However, it was found that the
conversion efficiency was also dependent upon the. concen-
tration of co. As shown in Figure 7, at the optimum
reaction temperature of 1500°F, the optimum CO level was
approximately 0.5 percent, or less, equivalent to a fuel-
rich zone stoichiometry between 0.95 and 1.0.

- Figure 8 shows the correspdnding results for HCN
conversion. From Figures 8 and 6, the NO reductions
obtained with HCN alone were not as high as those with NH,.
Also, the presence of CO lowered the reduction efficiency.
Thus, an amine is a preferred reducing species for the

burnout zone.



sul fate are shown) is introduced under 25% excess air and introduced under
slightly fuel-rich conditions. Figure 10 illustrates the [err] reduction
obt.ai ned when using an optim zed reburning process of the present
invention. Figure 11 is a representation of two hybrid reburning processes
wi thin the scope of the present invention at 10% and 20% gas reburni ng.
Figure 12-shows [err] reducti.on obtainedausing the optim zed reburning
processes illustrated in Figure 11 with natural gas as the primary fuel.

Fi gure 13 shows [Bighree?mumimarigesarnedriesngttexpeninents whisbuvarag

processes iltealhated in REWT fuddedM tlrnace "B" with an initial No
concentration of 240 ppm and a ~N to NO ratio of 1.5. The
solid symbols and dotted lines show results for cYanuric
acid or ammonium sulfate injection under classical "De-
NO," conditions with 25 percent excess air (SR#1.25) and
indicate an optimum reaction temperature of approximately
1000°C as has been reported previously.

Somewhat surprlslngly, however, significantly larger
reductions can be achleved over a broader temperature range
if the selective reducing agent is added under slightly
fuel-rich conditions (in this case SR, = 0.99), and the
final burnout air is added subsequently downstream. The
open symbols and solid lines represent these data, and for
these tests the peak temperature refers to the temperature
at which the final burnout air was added. The selective
reducing agent was added into the fuel-rich zone at 900°C.
Other compounds such ‘as ammonium sulfate, which are
significantly less expensive and potentially less toxic,
can produce even larger reductions than those measured w1th
cyanuric acid. _ '

Kinetic modeling suggests that the fuel-rich zone acts
primarily as a source of CO. At the rich-lean transition,
the CO is oxidized and excess OH is produced by the usual
chain branching reactions described in equatione (6)~(8)
above. For low initial CO concentration the excess
radicals are consumed by:

NH; + OH = NH, + H,0 | (9)
The NH, is then available for reaction with NO to eventually
yield N,.
The above results suggest that the key parameters for
the enhancement of burnout zone chemistry are: .
(1) reaction temperature (1300°F to 1900°F,
preferably about 1400-1700°F)
(2) CO level (0.5 percent or less), and



I ndi ana coal as the primary fuel. Figure 14 provides a graphical summary of
all of the pilot scale results and conpares themw th the bench scal e data
for [err] reduction wusing the optimzed reburning processes of the
present invention. DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENTS
Current conbustion nodification processes, such as staged conbustion and
reburni ng, have been effective in achlengg up to 60 percent [err]
reductions, far less than that predicte y eqU|I|br|un1con5|derat|ons. A

study was undert aken t d the chem cal
constraints which prke entI%[L?e?er!ljr'fg’;’gl Sw é% Sons by reburni ng.

Conventional reburn:mg processes do not provide an optimum

environment.
3. Advanced Reburning
a. Bench Scale Studies

An optimized process was designed and tested, first
using the bench scale furnaces described above and then
using the pilot scéle furnace described above. Results
using furnace "A" described above are presented in Figure
10. In these experiments, the burnout air was split into
two streams. The first stream remained at the normal
injection location to reduce the CO concentration from 2.5
percent to approximately 0.2 percent. The second stream
was injected downstream at a 1lower temperature, i.e.
1500°F, to complete the burnout. Little improvement over
‘the conventional process was obtained due to the lack of NH;
species at an SRy of 0.99. However, when an agueoys
ammonium sulfate solution was added with the second butrnout
air to provide the required_NH3 species, an additional 50
percent reduction was dramatically achieved, resulting in
an overall reduction of 85 percent in NO, emissions.

Figure 11 shows two hybrid schemes with 20 percent and
10 percent gas reburning, respectively using furnace "B"
described above. With 20 percent reburning (SR, = 0.9), the
burnout air was divided into two streams to yield an SR; of
0.99 and an SR, of 1.15. With 10 percent reburning, the
reburning zone étoichiometry (SR,) was 0.99 and the burnout
air stoichiometry (SR,) was 1.15. In both cases, an aqueou_s
solution of ammonium sulfate was atomized with the final
burnout air and injected at 850°C at an N to NO molar ratio
of 1.5.

Figure 11 also illustrates an additional embodiment to
the present invention. This embodiment includes a system
for reducing nitrogen oxides in combustion ~emissions



Tests were conducted to examine the formation of N2 in the reburning zone
and the conversion of XN species (NO [err] and HCN) to NO and N2 in the
bur.nout zone. Det ai | ed 6 nmeasurenents were performed at the reburning
zone exit to characterize unburned hydrocarbons, CO NO NH3, and HCN. The
I nfluence of the concentrations of reactive species and tenperature effects
for both the reburning and burnout zoneldere exam ned. The experi nental

results, described, bel ow, suggest
comprising a means for mixing a reburning fuel with

combustion emissions in a gaseous reburning zone such that
the reburning zone is substantially oxygen deficient. The
reburning zone has a carbon monoxide concentration below
about 0.5 percent. Also, the embodiment includes a burnout
zone in gaseous communication with the reburning zone such
that gaseous emissions pass from the reburning zone into-
the burnout zone. The burnout zone has a temperature in the
range from about 300°F to about 1900°F, and the burnout
zone has means for introducing a stream of burnout air into
the burnout zone. The stream of burnout air includes a
reducing agent capable of providing a source of NH; species.

Figure 12 presents the results obtained with natural.
gas as the primary fuel. The natural gas was doped with NO
to provide two levels of primary NO, ("(NO,),)"), 600 ppm
aﬁd 240 ppm (dry, O percent 0,). Twenty and ten percent
reburning were applied separately in both cases. These
data indicdate that a hybrid process which utilizes 10
percent reburning fuel can achieve similar overall
efficiency to a process using 20 percent reburning. It is
apparent.that'there exists a tradedff_between natural gas
premiums and the cost of ammonium sulfate.

b. Pilot Scale Verification
A series of experiments were first carried out with
natural gas as the primary fuel to define optimum
stoichiometry distribution for the advanced reburning
process within the scope of the present invention at pilot
scale. Measurements of CO and O, concentrations were
conducted at the ammonium sulfate injection location,
approximately at 900°C. Results obtained suggest that in’
order to have an optimum CO level between 1500 and 2000 ppm
(corresponding to approximately 0.7 percent O0,) at the
reagent injection location, it was necessary to increase
. the local stoichiometry from 0.99, as defined in the bench



that a hybrid [err] control scheme, which uses conbustion nodification to
provi de those conditions which optimize a selective [err] reduction
pracess, can achieve very low [err] em ssion |levels that can presently only
be achi eved by catal ytic reduction. The advanced reburni ng process within
the scope of the present invention conbines reburning with selective [err]

. reduction (SNR). In a typical advanced rél#gurning process within the scope
of the present invention, the burnout air is split into two streans. The
first stream prasfle aptydieshmi §9 at- 2hetmorfEPURR| f4 obheoddnise trrteduce

the CO concenty;atiifn 403 bRigMed @Y ebohediwatiions 0i® RRECHINOtA d&sei ng
agent capabl ef(grn%rc%\{l ding a source of [err] species, |

Experiments were subsequently carried out with an
Indiana coal as the primary fuel. The Indiana coal
produced an uncontrolled NO, emission of 800 ppm (dry, O
percent 0,) at 15 percent excess air. The primary NO, at SR,
= 1.13 was 680 ppm. Figure 13 represents the results and
indicate that as seen in the bench scale studies, both
advanced concepts were equally effective in NO, reductions.
Similar results were also obtained with a Utah coal as the
primary fuel (primary NO, = 850 ppm, Figure 14).

Figures 14 and 15 summarize all of the pilot scale
results and compare them with the bench scale data. The
‘ratios of (NO,), to (NO,), are presented as a function of
(NO,), concentrations. It can be seen that for both
conventional reburning (Figure 14) and advanced reburning
(Figure 15), the process efficiency depends on the (NO,),
level, higher efficiencies are obtained at higherl (NO,) ;.
Also, substantial scale effects were observed™ with
conventional reburning ( f‘igure 14). However, with advanced
reburning the effect of scale was much less significant
(Figure 15). Approximately 7 percent loss in -process
| efficiency was observed when scaléd up from 100 X 10° Btu/hr
“to 5 x 10° Btu/hr, a factor of 50 times.

c. By-Product Emissions _

. The injection of ammonium sulfate into the furnace has
a potential of producing unwanted emissions such as NH; and
S0,/S80,. A series of exhaust measurements were made to
evaluate the slip of ammonia using selective ion electrode
and the missions of S0, and 50; via controlled condensation.
Table 1 summarizes measurements made during the Indiana
coal tests. Exhaust NH; concentrations were negligible in
all cases, including those obtained with Utah coal and

natural gas as the primary fuel. Higher SO, emissions were



such -as ammoni um sul fate, is preferably added to the second stream of
burnout” air and injected downstreamat a | ower tenperature, i.e.

1500[ err]F,

reducti ons of approxi mately 85 percent have been obtained. Bench scale
conducted using two different 25 kWtunnel furnaces. Furnace

tests were

to conplete the burnout. Using this basic process, [err]

was a 2.5 neter long, 20.3 centineteriz dianmeter refractory-1ined

Control Tenperature Tower (CITT).

n All

The tine/tenperature profile was adjusted

usi ng - backf iobadh iteal | vgtEhanepsroehbi aef rabtonyngal | stoWewepr, i netiy f uel ,
naural 9as Rl lool 1 8K VA G nRESRENC U Y p A a0

a 2.4 neter

reburnlng due to dllutlon No increase in SO, emissions was.

observed for both cases, suggesting favorable conversion of
the sulfate to S0,.

Table 1
By-Product Emissions With Indiana Coal
Condition : NH, . S0, SO,
ppm ppm ppm
Uncontrolled 0 1380 io
10% Gas Reburning <2 1500 13
20% Gas Reburning <2 1400 9

To prevent an increase in SO, emissions due to' the

injection of ammonium sulfate, it is recommended that 10

percent gas reburning within the scope of the present
invention be used for high sulfur coals and 20 percent gas
reburning be used for low sulfur coal applications. -~

CONCLUSION
In summary, the experimental results described above
suggest that selective reducing agents can be combined with
combustion modification techniques to provide NO, reductions

that are larger-than those that are possible by applying:

the technolggies' simultaneously but separately. By
controlling the stoichiometry associated with reburﬁing to
produce a slightly fuel-rich region for selective reducing
agent ihjedtion, reductions can be achieved at relatively
low temperatures without the use of stainless steel or
other éatalyéts. In principle, this technolegy could have

. broad application to fossil fuel fired furnaces and

boilers, stationary gas turbines, and internal combustion
engines. '



di aneter refractory lined tunnel furnace. The tenperature was declining at
a rate of 225 C/ second throughout the region of interest. The primary
fuel, natural gas, was 7 fired at 15 kWusing a prem xed burner. The
oxi dant was air, and ammoni a was added to the natural gas to provide the
desired | evel of post-flame NO. The NO.values, along with all other
concentrations, are reported on a dry basis, corrected for dilution to 0.0
percent [err]. Wen the furnaces were operated to sinulate staged

The present invention may be embodied in other.

specific forms without departing from its spirit or

essential characteristics. The described embodiments are
to be considered in all respects only as illustrative and

not restrictive. The scope of the invention is, therefore,

indicated by the appended claims rather than by the

foregoing description. All changes which come within the
meaning and range of equivalency of the claims are to be

embraced within their scope.

What is claimed is:



tenperatures reported for the staging |ocation are those of t

i mediately after the staging air has been added and mni xed. Wen the
furnace was operat e%v‘v%n&:ﬁ“h%hﬁRﬁfﬁé”fbﬁ‘QzEﬁti@rﬂﬁbldﬁmm fuel's vere
injected with a 90[ err]| pmijseabfs INccohBUstIOMesYswEMS | i ne of the furnace.
This injector allowed the reburning fu¥?, dil uted/transported w th argon,

to flowradially outward through four 0.5 ¢m hol es and mx r. |dIy w th the
oncom ng pri nary-ef f BuemrocB@snofPrai Fe\ﬁﬁé’lé‘lgso ”il?ﬁ TE&Y ad?ﬁﬁ y.*Exhaust

gas sanpl egoppe tWohndndWR 10N ayglieRts Stakpt £85ng the steps of:

(a) m1x1ng a reburning fuel with combustion

combustion, the gases fromthe first stage, normally fuel- rich _wer '
with burnout air via a radial inj ector positioned on the fur ntﬂ“ﬁﬂ“&!ﬁ“ﬂﬁﬂ‘\m
M *

eﬁissions in a gaseous reburning zone such that the
rebtirning zone is substantially oxygen deficient;

(b) passing the resulting mixture of reburning
fuel and combustion emissions into a. first burnout
zone; |

(c) introducing a first stream of burnout air
into the first burnout zone such that the carbon
monoxide concentration in the first burnout zone is
reduced to a level below'ébout 0.5 percent;

(d) advancing the resulting mixture from the
first burnout zone to a second burnout zone having a
temperature in the range from about 1300°F to about
1900°F; and

(e) introducing a second stream of burnout air
into the second burnout zone, said second stream of
burnout air including a. reducing agent capable of
providing a source of nitrogenous reducing spgcies.

2. A process for reducing nitrogen oxides in
combustion emission systems as defined in Claim 1, wherein
the substantially oxygen deficient reburning zone has a
stoichiometry in the range from about 0.7 to about 1.0.

3. A process for reducing nitrogen oxides in
combustion emission systems as defined in Claim 1, wherein
the reburning zone has a temperature in the range from
about 2200°F to about 3000°F.

4. A process for reducing .nitrogen oxides in
combustion emission systems as defined in Claim 1, ‘wherein
the reburning fuel mixed with the combustion emissions
includes natural .gas'. I

' This Sheet Has B
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st eel , wat er-j acketed probe and analyzed for [err]
(chem-l um nescence, [err] (paramagnetic), [err] (ND R)5
wat er -j acketed probe with an internal water quench spra end
was used for extracting in- flame sanples. Gas phase H El!l&‘m[mﬂ; ll
were collected in a gas washing unit and subsequently a

di ssol ved ammoni a-usi ng specific iion el ectargodes. Gas tenperatures were
characterized with a suction pyroneter.. Pilot-scal e experinents were
conducted using -a 3. 0O NMV down-fired tower furnace. The ‘furnace was -
refractory- |ined d r e t | di | . mejfer X
1.2 neter x 8.0 ne?gr én#%%égiaﬂﬂy%lp¥%§§%g§ urﬂg?§6§§€hq%8%¥%§té%10f
an inner pipe ¢orbusligin enisEipn systems as defined in Claim 1, wherein

the first ‘burnout zone has a stoichiometry in the range

from about 1.0 to about 1.2.

. 6. A process for reducing nitrogen oxides in
combustion emission systems as defined in Claim 1, wherein
the first burnout zone has a temperature in the range froh
about 1300°F to about 3000°F.

7. A process for reducing nitrogen oxides in
combustion emiséion systems as defined in Claim 1, wherein
the first burnout zone has a temperature in the range from
about 1300°F to about 2600°F.

8. A process for reducing nitrogen oxides in
combustion emission systems as defined in Claim 1, wherein

" the carbon mohoxide concentration in the first burnout zone -
is reduced to a level below about 0.5 percent. . )

3. A process for reducing nitrogen oxides in
combustion emission systems as defined in Claim 1, wherein
the second burnout 2zone has a stoichiometry in the range

- from about 1.0 to about 2.0.

10. A process for réducing nitrogen oxides in
combustion emission systems as defined in Claim 1, wherein
the second burnout zone has a temperature in the range from
about 300°F to about 1S00°F.

11. A process for reducing nitrogen oxides in
combustion emission systems as defined in Claim 1, wherein
the reducing agent included with the second stream of
burnout air ingludes ammonium sulfate.

.
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fuel injection and an outer pipe, equipped with swirl vanes, for the main
conmbustion air. This four burner array produced relatively unifor
vel.ocity and conposition 8 profiles at the primary zone exit. The

furnace contai ned seven rows of ports for reburnin m lmumn; air
I nj ection. The tenperature profile was nanlpulatgu“"ﬂ““ﬁ “

cool i ng panels, positioned agai nst the faxnace wal TheLreburﬁlﬁg fuel
and burnout "air injectors were designed to naintaln Jet mxing simlarity

bet ween t he . _
12. A process for reducing nitrogen oxides in

combustion emission systems as defined in Claim 1, wherein
the reducing agent included with the second stream of

burnout air includes cyanuric acid.

13. A process for reducing nitrogen oxides in
combustion emission systems as defined in Claim 1, wherein
the reducing agent included with the second stream of

burnout air includes urea.

14. A process for reducing nitrogen oxides in
combustion emission systems as defined in Claim 1, wherein
the reducing agent included with the second stream of
burnout air includes ammonia gas. '

15. A process for reducing nitrogen oxides in
combustion emission systems as defined in Claim 1, wherein
the reducing agent included with the second stream of
burnout air includes agqueous ammonium solution. .

16. A system for reducing nitrogen oxides in

combustion emissions comprising: _ .

means for mixing a reburning fuel with combustion

emissions in a gaseous reburning zone such that the
reburning zone is substantially oxygen deficient;

a first burnout zone is gaseous communication
with the reburning zone such that gaseous emissions
pass from the reburning zone into the first burnout
zone, said first burnout zone having means for _
introducing a first stream of burnout air into thé
first burnout zone and said first burnout zone having
a carbon monoxide concentration below about 0.5

percent;

is Sheet Has Been Replaced
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pil ot-scal e furnace and a full scal e boiler based on enpirical correl ati ons
for enfrainment rate and jet penetration. Baseline conditions for the bench

scal e experinents were as follows: Primary fuel/natur u W ﬂ‘rﬂ
Bt u/ hour; primary [err] = 240 ppmor 600 ppm (dry, O $ Ilmﬁmﬂu ﬁllng I1

doping with NO, [err] (primary zone stoichiometry) =*1.%. -Reburrfing gas
injection at 2550[err]F [err]; reburning zpne residence time [err] = 400

nms; SR2 (reburning zone stoichionmetry) = 0.9. Burnout air fnjecgion at
2300[err]F (T2); SR3 (bursegtond burnout zone is gaseous communication

with the first burnout zone such that gaseous

emissions pass from the first burnout zone into the

second burncut zone, said second burnout zone having
a temperature in the range from about.300°F to about
1900°F and said second burnout zone having means for
introducing a second stream of burnout air into the
second burnout zone, said second stream of burnout air
including a reducing agent capable of providing a

source of NH; species.

17. A system for reducing nitrogen oxides in
combustion emissions as defined in Claim 16, wherein the '
reburning zone has a stoichiometry in the range from about
0.7 to about 1.0.

18. A system for reducing nitrogen oxides in
combustion emissions as defined in Claim 16, wherein the
reburning zone has a temperature in the range from about
2200°F to about 3000°F.

19. A system for reducing nitrogen oxides in
combustion emissions as defined in Claim 16, wherein the
reburning fuel mixed with the combustion emissions includes.

natural gas.

20. A system for reducing nitrogen oxides in
combustion emissions as defined in Clainm 16, wherein the
first burnout zone has a steichiometfy in the range from
about 1.0 to about 1.2.

21. A system for reducing nitrogen oxides in
combustion einis‘sions as defined in Claim 16, wherein the
first burnout zone has a temperature in the range from
about 1300°F to about 3000°F: '

This Sheet Has Been Reilaced
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zone stoichionetry) = 1.25. The experinents exanined_éi}mLhe_LgLnaLLon_of

[err]

radi cal s,

[err]

[err]
+ NO -

ultimately reachef?"

tn the reburning zone, in particular, the availability of
i (2) the chemistry of XN conversion in the gﬂlumﬂl l ﬂu ﬂl“ll(S)
perfornance under the optinmum reburning and bur nout

Formation in the Reburning Zone Upgs |nject|on to the furnace, the
reburni ng fuel

HCN + O

deconposes to CHradicals: CH4 + CH[err] . . . [err] CH +

(1) These radicals can then react with NOto form HCN. CH
A system (%ngh?eﬁwiqﬁcaYﬁﬂﬂUg%@h NGQdserrinN and

combustion emissions as defined in Claim 16, wherein the
second burnout zone has a stoichiometry in the range from

ébout 1.0 to about 2.0.

23. A éystem for reducing nitrogen oxides in

combustion emissions as defined in Claim 16, wherein the’

reducing agent included with the second stream of burnout

air includes ammonium sulfate.’

24, A system for reducing nitrogen oxides in

combustion emissions as defined in Claim 16, wherein the
"reducing agent included with the second stream of burnout

~air includes cyanuric acid. -

25. A system for reducing nitrogen oxides in

combustion emissions as defined in Claim 16, wherein the

reducing agent included with the second stream of burnout

air includes urea.

26. A system for reducing nitrogen oxides in

combustion emissions as defined in Claim 16, wherein the
reducing agent included with the second stream of burnout

air includes ammonia gas.

27. A sYstem_ for reducing nitrogen oxides in

‘combustion emissions as defined in Claim 16, wherein the

reducing agent included with the second stream of burnout

air includes an agueous ammonium solution.

28. A system for reducing nitrogen oxides in

combustion emissions comprising:

means for mixing a reburning fuel with combustion

emissions in a gaseous reburning zone such that the

This Sheet Has Been RT
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[err] via the reverse Zel dovi ch reacti on: [err] . 3)
9 Reacfion of primary NO species with CH radicals above)
act.i vates the reburning process. Thus, a goal in re Ew““on S
to Taxi m ze the exposure of NO to CH and rrinimzeCl—g aﬂﬂm“)‘m
oxygen via: CH+ Of[err] CO+ H © linvestisgafe
react ant contacti ng tests were run wtba4
reburnlng zone is substantially oxygen deflc1ent the
reburning zone having a carbon monoxide concentration

below about 0.5 percent;
a burnout zone is gaseous communlcatlon w1th the

reburning zone such that gaseous emissions pass from
the reburning zone into the burnout zone, said burnout
zone having a temperature in the range from about
300°F to about. 1900°F and said burnout zone having
means for introducing a étream of burnout air into the
. burnout zone, said stream of burnout air including a
reducing agent capable of providing a source of NH,

species.
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oxygen, and/ or NO species, which were usually present in the primary zone
efflueht, premnmi xed with the reburning natural gas prior to furnace

i njection. The results are shown in Figure 1. Wth preferential
contacting between the reburning gas and NO, exhaust [err] em ssions were
| ower than the baseline case. When oxygen was prem xed with the reburning

fuel, a substantial increase in [err] eR§ssions was w tnessed, regardl ess
of whether [err] was prem xed with the gases. Higher primary [err]
concentrations resARVGANGED | REBIIRNENG cFOR: i REDUCTION ©FscNO;, The results,
whi ch denonstrated the EMDSSIONSONINeCOMBUSTION SYITEMS and oxygen speci es
for. hydrocarbon radicals, -showed that [err] contacting was not rate
limting. ABSTRACT

Techniques for enhancing the burnout zone chemisﬁry for NO,
- reduction are disclosed. The key parameters for the énhancement
éf burnout zone chemistry are: (a) a reaction temperature in the
range from about 1300°F to about 1900°F, and optimally in the
range from 1400-1700°F; (b) a carbon monoxide concentration
below about 0.5 peréent; and (c¢) the presence of nitrogenous
reducing species. 'By controlling the stoichiometry associated
with reburning to produce a 51ight1y fuel-rich region for
. selective reducing agent injection, reductions can be achieved
at relatively low tempefatures which approach those obtained by'
conventional catalytic reducﬁion.

"(Figure 1 to accompany the abstract on publication)



The presence of CH radicals is necessary for the reburning process to
proceetl. An approach to inprove CH availability is to use a reburning fuel
whi.ch favors CH as a deconposition product. Several gaseous hydrocarbon

fuels were tested to investigate CH generation. The fuel s -i ncl uded
acetyl ene, ethylene (an olef in), isobutane (a paraffin), and natural gas,
which was primarily methane. The fuels Z@ an ratio of one to
four. The -deconposition chem stry of th g fuels |s illustrated in

Figure 2. The experinental results, also presented in Figure 2, indicate
t he reduction efficiency with all of the fuels was sinmlar. Acetylene, the
cl osest- . stabl e hydrocarbon to CH
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(as.illustrated in the deconposition chem stry), did not appear superior to
natural gas as a reburning fuel. 10 Anot her nethod to inprove
interaction between NO and CHis to slow the rate of reburning fuel
oxkdation. A solid hydrocarbon fuel, naphthal ene [err], was sel ected and
tested as the reburning fuel. Lower reduction efficiency was obtained with
this solid fuel. Figure 2 also shows results obtained with nethanol as

t he reburning fuel. Methanol, which fav20/rlf CO as a deconposition product,
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yi el ded substantially |ower reduction efficiency. As expect ed,
reburning with-COresulted in the | owest reduction in [err] em ssions. Not
only can HCN be fornmed via CH reaction with NO equation (2) above, but HCN
may be formed by the reaction between CH and nol ecul ar nitrogen; i.e., the
Feni nore nechanism CH + [err] HCN + N : (5) ‘The nitrogen
whi ch contributes to the Feni nore nechapfigm coul d cone from prinmary
conmbusti-on -air, burnout air, or reburning fuel diluent. This mechani sm

whi ch causes the formation of, y at hi gh
tenperatures. Tests were conp|leted with nitrogen dilution
\ SRo =08
100 g o -
A
Cwl \ i
(NOy) /(NOy)p 4 |
PERCENT 60 - N\IW0ylp = 240 ]
6 |
A
40 [ O\A ]
- (NOy)p = soo—//;D
20 - -
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of the reburning gas and a nitrogen-free primary zone oxi dant conposed of
argonr oxygen, and carbon di oxi de. The data (not shown) indicated that the
primary zone nitrogen did not contribute to the Feninore mechanismin the
reburning zone. A slight increase in [err] enissions was observed when the
argon diluent was replaced by nitrogen. The results inplied that the

Feni nore nechani smwas not inportant in reburni ng process. The.results
di scussed above were obtained with the reburning fuel injected at 2550 F. A
series of experinents was carried out to investigate the influence of

tenperature on fuel-rich zone %CLL%FHG%%GH——r?he—TQBUﬁﬁFFg fuel was
injected at tenperatures rangl ng frPoEw% Eq[er%é& to 1600 TI 2550 of
00 closen: (NOy)p = 240 Tp = 2350 F
80 |- - |
. e NO
e
XN/(ROy)p PERCENT 60 1= Na B
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t he opti mum stoichionetry

400 ns®c (mlliseconds) downstream of the
Figure 3 presents these data and indicates that the NO reduction

| ocati on.

of 0.9,

I nj ection

~efficiency in the reburning zone decreased with tenperature, with NO
concentration nmeasured at 2550[err] F approxi mately half of that seen

1800[ err] F. However, t
reburni ng fuel was inject
formati on of thernal
2600[ err] F.

he effect of
ed above 2200[ &/l F.
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2. XN Conversion in the Burnout Zone The burnout zone can be consi dered
as an excess-air "flanme" burning the remaining fuel fragnents fromthe
rehurning zone. Oxidation of the fuel fragnents, particularly CO
coul d generate a significant anount of radicals via chain branching: [err]
These radicals play an inportant role on the conversion of XN species
(e.g., NO HCN, and [err]) to [err] or NO during-burnout. The fuel
fragments were characterized initially. /g) and total hydrocarbon (THC).
concentrations at the reburning zone e>§| are presented in Figure 4 as a
function of
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reburnjng zone stoichionetry [err]. It can be seen that the anmount of CO
"was cohsiderably higher than THC at all stoichionmetries, indicating
ext.ensi ve destruction of the natural gas CH constituents. XN speciation
at “the reburning zone exit was subsequently characterized and shown in
Figure 5. The concentration of NO decreased with stoichionetry, while the
- concentrations of internediate speclfgfp rose. When reburni ng zone
stoichionetry [err] was decreased fromO0.9 to 0.7 to forma nore fuel-rich
environnment, the amount of HCN arose dramatically, while NH3 |evels
exhibited little ' '
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SRy | 12 SR3 | 0.99
Y
SRy | !
e 84%
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12 change. This is an indication of a |lack of oxidizing radicals

avail able at richer stoichionetries for processing HCN through NCO to
[err]. Primary [err] concentration (600 ppmor 240 ppn) had only a

m nor inpact on the percent conversion of NO to nitrogenous

i nt er nedi at es. At a reburning zone stoichionetry of 0.9, the ratio of
[err] plus HCN to NO was approximately 0.9 for both cases. Figure 6 is an
experinmental exam nation of the burnout zone chemistry, in particular, the
conversion efficiency of NH3 to N2. The ¢ -rich zone was assumed to
supply 600 ppm each of NO and [err] or an Nto NOratio of 1.0. Under
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air conditions, ammonia gas was- m xed with various anounts of CO and
injectéd at tenperatures between 1800[err]F and 2200F. The solid synbols
represent the injection of NH3 al one, which is basically a simulation of
Thermal De-NO . - For the open synbols in Figure 6, 0.2 percent CO was
included with NH3, thereby yielding: a burnout-Ilike environnent.

The presence of CO |owered the optinmumtenperature for [err] reduction
from1800[err]F to 1500[err]F. It is reangy apparent that a reduction in
‘the burnout tenper- ature from the 22 err]F-2400[err]F normally
enpl oyed would increase the conversion efficiency of [err] + NOto N2
because of the presence of CO However, it was found that the conversion
ef ficiency was al so dependent upon the concen-
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tration of CO As shown in Figure 7, at the optinmumreaction tenperature
of 1500[err]F, the optinmum CO | evel was approximately 0.5 percent, or |ess,
equi valent to a fuel- rich .zone stoichionetry between 0.95 and 1.0. Figure
8 shows the corresponding results for HCN conversion. From Fi gures 8 and
6, the NO reductions obtained with HCN al one were not as high as those with-
[err]. Also, the presence of CO |l owered the reduction efficiency. Thus, an
anmine is a preferred reducing species for the burnout zone.
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13 Figure 9 sumuarizes a series of experinments which were conducted in the
tunnel *furnace "B" with an initial NO concentration of 240 ppmand a -N to
NOratio of 1.5. The solid synbols and dotted |ines show results for
cyahuric acid or ammoni um sul fate injection under classical "De- [err]"
conditions with 25 percent excess air (SR=1.25) and indicate an optinmm
reaction tenperature of approximtely 1000[err]C as has been reported
previously. Somewhat surprisingly, however, signiffjgantly |arger reductions
can be achi eved over a broader tenperature range If the selective reducing

agent is added under slightly fuel-rich conditions (in this case [err] =
0.99), and the :

OPEN SYMBOLS = 100 X 105 BTU/HR
SOLID SYMBOLS = 5 X 106 BTU/HR
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final purnout air is added subsequently downstream The open synbols and .
solid Tines represent these data, and for these tests the peak tenperature
refers to the tenperature at which the final burnout air was added. The
sel®ective reduci ng agent was added into the fuel-rich zone at 900[err]C.

O her conpounds such as ammoni um sul fate, which are significantly |ess
expensi ve and potentially |less toxic, can produce even |arger reductions
than those measured with cyanuric acid2/K netic nodeling suggests that the
fuel-rich zone acts primarily as a source of CO At the rich-Ilean
transition, the COis oxidized and excess OH is produced- by the usual chain

branching reactions described in equations (6)-(8)
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above. ; fallab ﬁg@%EQnttatlon t he excess radicals are
consumad b? :
redction with N@ .rewe

W 9] The [err] is then available for
I’y“@l”ﬁ #2rr]. The above results suggest that
’ | ’ %? i b t chenmistry are: (1)
the key parameters.for. ;€hihan e urnout zone y
reaction yenperature E(TBOGF “tH@CQQGO[err]F preferably abdmended (2)
1400-1700[err] E;%Lgvel (0.5 pergent or less), and
Yo combust Fhe —remarti

uel fragments and convert the
existing HCN ang NH,; species to either NO or N2;

Previous stﬁdies have shown that 60 percent reduction in
NO, emissions can be achieved with natural gas reburning and
that most of the reduction occurs in the reburning zone. NO,
reduction in the burnout zone, via the HCN and NH; species from
the reburning zone, is minimal because of the high burnout™
temperature 1200°C - 1315°C (2200° F-2400°F) and the presence
of excessive amount of carbon monoxide ('CO", above 2 percent
at 0;9 stoichiometry). '

In practice, NO, reduction by reburning is considerably
less than the limits imposed by thermodynamics on NO formation
under fuel-rich conditions. Examination of equilibrium levels
of total fixed nitrogen species (HCN + NH; + NO) as a function

- of stoichiometry (SR) and temperature suggests that, except for
high temperatures greater than 1700°C (3100°F) and extremely
fuel-rich conditiohs (SR < 0.5), equilibrium levels are less
than .10 ppm. Equilibrium considerations would dictate
operation of a combustor at moderate temperatures under fuel—
rich conditions, such as the reburning zone, or  low
temperatures near stoichiometric conditions.

EP 159492 discloses a technique for reducing pollutants
in furnace fumes by injection'of air and fuel. '

US 4851201 and US 4861567 disclose methods of redu01ng NO

- and SO, emissions from combustion systems. '

From -the foregoing, it is apparent that what is currently
needed in the art are methods for optimizing reburning
processes used to control NO, emissions from combustion
systenms. ' .

Such methods are disclosed and claimed herein.

BRIEF SUMMARY OF THE INVENTION

The present invention discloses apparatus and methods to

enhance the efficiency of reburning for NO, control. The

-present invention discloses a technique to enhance the burnout
zone chemlstry for NO, reduction. '

Experlmental results, discusses in greater detail below,
suggest that the key parameters for the enhancement



14 (3) presence of [err] species. Conventional reburni ng processes do not
provi de an optimum environment. 3. Advanced Reburning a. Bench Scal e

St udi es An optimi zed process was designed and tested, first using the bench
scal. e furnaces descri bed ‘above and then using the pilot scale furnace

descri bed above. Results using furnace "A" described above are presented
in Figure 10. In these experiments, the Burnout air was split into two
streans. The first streamrenained at the normal injection |ocation to

reduce the &5 YHCRALE aFPRm) ¢hemistsy are: (2) a reaCtllgn f;gmperatuz_-e
in the range from about (1300°F) to .about,(900°'H, and

optimally at abouZA{l40 ..17000'1:); (b) a carbon monoxide
concentration below about 0.5 percent: and (c) the presence
of NH; species.

Conventional reburning processes do not provide a
suitable environment for optimizing burnout zone chenistry.
In a typical optimized process within the scope of the
present invention, the burnout air 'is split into two
streams. The first strean- preferably remains at the normal
injection location to reduce the CO concentration to below
a level below about 0.5 percent and preferably below about
0.2 percent. | A reducing agent capable of providing a
source of NH, species is preferably added to: the second
stream of burnouﬁsaér and injeqted downstream at a lower
temperature, i.e./\(;LSOO'l:j, to complete the burnout.

Experimental results show little improvement over
conventional reburning process when no NH; species were
present at an SR; of 0.99. However, when a source of NH,
species was added with the second stream of burnout air, an
additional 50 percent reduction was dramatically achieved,
resulting in an overall reduction of 85 percent in NO,
emissions.

Suitable reducing agents which may be added to the
second stream of burnout air within the scope of the
present invention include an aqueous ammonium sulfate
solution, cyanuric acid, urea, ammonié gas, agqueous
ammonium solution, ammonium formate, aqueous ammonium
formate, ammonium carbonate, aqueous ammonium carbonate,
ammonium bicarbonate, aqueous ammonium bicarbonate,
ammonium sulfate, and aqueous ammonium sulfate. T h e
results have also shown that the addition of reducing
agents in the reburning zone does not promote the formation
of molecular nitrogen. However, the addition of reducing
agents, such as gmmgnium sulfate, in the burnout zone can-



percent to apprOX|nater 0.2 percent. The second streamwas injected

downstr'eam at a |lower tenperature, i.e. 1500[err]F, to conplete the
burnout. Little inprovenent over the conventional process was obtai ned due
tothe lack of NH3 species at an [err] of 0.99. However, when an agueous

ammoni um sul fate sol ution was added with th second burnout air to provide
the required NH3 species, an additional %0 percent reduction was

dramat i Ca'dﬂgtﬂﬁf'i@élﬁglyréﬁ!-ﬂaﬁbgg thid %n%%abh oFd ad I@%@@ie%teehce&'ﬁ in

[err] enlsS|q£§ ure ows two hybr schenes ercen and 10
percent g&£s rﬁf‘ng?rerae‘é%?éc?héél @%sﬁ"h’@cﬁ’lﬁ' n‘&gﬁra @éﬁ?‘i abBv&O, W t h
20 per centemridsiangg (e rdf [ oy 0Fe ther pedticang agendi apgdedrsnte E@D

streans t%éﬁéﬂ&%ﬁ%‘upon %he local stoichiometry and temperatufe.

According to one aspect of the invention there is
provided a process for reducing nitrogen oxides in combustion
emission systems comprising the steps of:

(a) mixing a reburning fuel with COmbustion emissions
in a gaseous reburning zone such that the reburning zone is
substantially oxygen deficient; -

(b) passing the resulting mixture of reburnlng fuel and
combustion emissions into a first burnout zone; .

(c) introducing a first stream of burnout air into the
first burnout zone such that the carbon monoxide concentration
in the first burnout zone is reduced to a level below about 0.5
percent;

(d) advancing the 'resulting .mixture from the fi'rst
burnout zone to a second burnout zone having a temperature in
the range from about 700°C (1300°F) to about 1040°C (1900°F),
and, :

(e) introducing a second stream of burnout air into the
second burnout zone, said second stream of burnout air
including a reducing agent capable of providing a source of
nitrogenous reducing spécies.

According to another aspect of the invention there is
provided apparatus for reducing nitrogen oxides in combustion
emissions comprising:

means for mixing a reburning fuel with combustlon
emissions in a gaseous reburning zone;

a first burnout zone in gaseous communication with the
reburning zone such that gaseous emissions pass from the
reburning zone into the first burnout zone, said first burnout
zone having means for introducing a first stream of burnout air
into the first burnout zone; ' _

a second burnout zone in gaseous communication with the
first burnout zone such that gaseous emissions pass from the
first burnout zone into the secend burnout zone, said second



0.99 and an [err] of 1.15. Wth 10 percent reburning, the reburning zone
-st0|ch10netry [err] was 0.99 and the burnout air stoichionetry [err] was
1.15. In both cases, an aqueous sol ution of ammoni um sul fate was atoni zed
with the final burnout air and injected at [err] at an Nto NO nolar ratio
of '1.5. Figure 11 also illustrates an additional enbodinent to the present
i nvention. This enbodi nent includes a system for reducing nitrogen oxides
i n conbusbuonoerti sxinenhavinyb means for 1ntroduc1ng a second stream of

burnout air into the second burnout zone, and;

reducing agent injection means for injecting a reducing
agent capable of providing a source of NH; species into said
second stream of burnout air; -

said apparatus being suitable for use in a process in
which

(a) said first burnout zone has a carbon monoxide
concentration below about 0.5 percent,

(b) said second burnout zene has a temperature in the
range from about 150°C (300°F) to about 1040°C (1900°F), and

(c) the reburning ‘zone is substantially oxygen
deficient. '

BRIEF DESCRIPTION OF THE DRAWINGS

In order that the manner in which the above-recited and .
other advantages of the invention are obtained, a more
particuler description of the invention briefly described above
will be rendered by reference to specific embodiments thereof
which are illustrated in the appended'drawings. Understanding
that these drawings depict only typical embodiments of the
invention and are:therefore not to be considered limiting of
its scope, the invention will be described with additional
specificity and detail through the use of the accompanying
drawings. . :

Figure 1 graphically illustrates experimental tests to -
determine the competition between primary NO, and oxygen for
hydrocarbon radicals. _

Figure 2 illustrates the influence of reburning fuel
composition on NO, reduction and the decomposition chemistry
for various reburning fuels. _

Figure 3 illustrates the results of a series oOf
experiments carried out to investigate the influence of
reburning fuel temperature on NO reduction.

Figure 4 illustrates CO and total hydrocarbon (THC)
concentrations at the reburning zone exit as a function of
stoichiometry (SR,) within the reburning zone.



conprising a means for mixing a reburning fuel with conmbustion em ssions in
a gaseous reburning zone such that the reburning zone is substantially
oxygen deficient. The reburning zone has a carbon nonoxi de concentration
bel ow about 0.5 percent. Al so, the enbodinent includes a burnout zone in
gaseous communi cation with the reburning zone such that gaseous em ssions
pass fromthe reburning zone into the bt rfout zone The bur nout zone has a
tenmperature in éhe range fron1about 300[err%F t %900 err nd t he
bur nout zone h 1%%5%5 fhtlpstrabesi Hie AL FR %ﬁri utPgi ﬁf% Pée

burnout zoome &kibtsaseanfehcbion oot Eempermtwﬁes a reducing agent capabl e
of providing a goiree ofy NG gpReLED1y Ml G Ruddr S eNithe! Nees P4 Pon

obt ai ned with nat
- efficiency of NH; to N, in the burnout zone as a function of

temperature. '
Figure 7 illustrates reduction of NO, as a function of
carbon monoxide concentration in the burnout zone.

Continued on Page 5



‘gas as the prinmary fuel. The natural gas was doped with NO to provide two
I'evel s "of primary [err] 600 ppm and 240 ppm (dry, O percent [err]). Twenty
and ten percent reburning were applied separately in both cases. These
data indicate that a hybrid process which utilizes 10 percent reburning
fuel can achieve simlar overall efficiency to a process using 20
percent reburning. It is apparent that There exists a tradeoff between

nat ur al gaﬁeaésﬁéﬂaﬁtén@e&%e ﬁ%ﬂe@@@ntﬁ@ %ubh%sngb -zoneP'é:ﬁft a4l e
Verification A serie eriments were first carrjed qQut wth natural

gas as ‘F\’%arﬁ???rﬁﬁe r“tetﬁl YA TRBPPmu P2t H%hitBiret ARYIEEN+ but i on

for the admaec:adflmmalmg the concentrations of reactive species and
temperature effects for both the reburning and burnout zone
were examined. _

The experimental results, described below, suggest
that a hybrid NO, control scheme, which uses combustion
modification to provide those conditions which optimize a
selective NO, reduction process, can achieve very low NO,
emission levels that can presently only be achieved by
catalytic reduction.

The advanced reburning process within the scope of the
present invention cc;mbi_nes reburning with selective NO,
reduction (SNR). In a typical adVanced reburning process
within the scope of the present invention, the burnout air
is split into two streams. The first stream preferably
remains at the normal injection location to reduce the CG
concentration to below a level below about 0.5 percent.' A
reducing agent capable of providing a source of NH, species,

- such as ammonium sulfate, is preferably added to the'sebond :
stream of burnout air and injected downstream at a lower
temperature, i. e,gasoo E) to complete the burnout. Using
this basic process, NO, reductions of approx1mate1y 85
percent have been obtained. _

Bench scale tests were conducted using two different
25 kW tunnel furmaces. Furnace “A" was a 2.5 meter long,
20.3 centimeter diameter refractory-lined’ Control
Temperature Tower (CTT). The time/temperature profile was
adjusted using backfired heating channels within refractory
walls. The primary fuel, natural gas, was fired at 17.6 kW
using a premixed burner.

Furnace "B" was a 2.4 meter long, 15.2 centimeter
diameter refractory lined tunnel furnace. The temperature
was declining at a rate of 225°C/second throughout the
region of interest. The primary fuel, natural gas, was



pfoc’ess within the scope of the present invention at pilot scale. _ _
I\/Easurerrents of CO and [err] concentrations were conducted at the ammoni um
sul'fate injection |ocation, approximtely at 900[err]C. Results obtai ned

suggest that in order to have an optimum CO | evel .between 1500 and 2000 ppm

(corresponding to approximately 0.7 percent [err] at the reagent injection
| ocation, it was neCessary to increase th® Iocal stoichionetry from 0. 99,

udi es, , 03_to account for the
' ? Isn:jte fel pg? el $ t{l (?l.e e Ctr::' thelgrsl(inaa!rey Szgone exJ.t. '1:!he furnace contained
seven rows of ports for reburning fuel and burnout air

injection. The temperature profile was manipulated by
insertion of cooling panels, positioned against the furnace
walls. The reburning fuel and burnout air injectors were
designed to maintain jet mixing similarity between the
pilot-scale furnace and a full scale -  boiler based on
empirical correlations for entrainment rate and jet

penetration.
Baseline cond:LtJ.ons for the bench scale experiments
were as follows: {_31'(“’“

Primary fuel/natural gas at’\@o x 10° Btu/hou:)
primary NO, ("(NO,),") = 240 ppm or 600 ppm (dry, O
percent O,) by doping with NO; SR, (primary zone
stoichiometry) = 1..1.

Reburning gas :Lnjecta at 2550°F (T,): reburru.ng
zone residence t:l.me ( rz) 00 ms). SR, (reburning zone
stoichiometry) = 0.9. V260 °C. | |

Burnout air injection athesoO'l') (Tz) ? SRy (burnout
zone stoichiometry) = 1.25.

The experiments exam:med (1) the format:.on of Nz in the
reburn:.ng zone, in pa,rt:.cular, the availability of CH
radicals, . (2) the chemistry of XN conversion in the burnout
zone, and (3) performance under the optimum reburning. and

burnout zone conditions.

1. N, Formatién in the Reburning Zone

Upon injection to the furnace, the reburning fuel
decomposes to CH radicals: ' ' :

CH, + OH = . . . = CH + H,0 (1)
These radicals can then react with NO to_ form HCN:
CH + NO - HCN + O ) - (2)

'I‘he HCN decays through NCO -+ NH, - N and ultimately reaches
N, via the reverse Zeldovich reaction:
N+ NO-N, +0 : (3)



n1X|ng and higher Co concentrations in the pllot scal e furnace. Experinents
wer e subsequently carried out with an Indiana coal as the primary fuel.
The | hdi ana coal produced an uncontrolled [err] em ssion of 800 ppm (dry,
O percent [err] at 15 percent excess air. The primary [err] at [err] =
1.13 was 680 ppm Figure 13 represents the results and indicate that as
seen in the bench scal e studies, both a#ifanced concepts were equally

O ah conl a5 § ndUIANRR R (BPI HIRFIE I EeBRtt i, BePPR EE) Had g os

14 and 15 sEmMbsi re alowfthae m@teot o§catabumsind sfurd cotistddarhem vt h

the bench 363l H3bBocal®®n fuel, naphthalene (Cy i), was selected and
tested as the reburning fuel. Lower reduction efficiency
was obtained with this solid fuel. 'Figui'e 2 also shows
results obtained with methanol as the reburning fuel.
Methanol, which favors CO as a decomposition product,
-yielded substantially lower reduction efficiency. As
expected, reburning with CO resulted in the lowest
reduction in NO, emissions.

Not only can HCN be formed via CH reaction w1th NO,
equatlon (2) above, but HCN may be formed by the reaction
between CH and molecular nitrogen:; i.e., the Fenimore
mechanisn: '

CH + N, -~ HCN + N o (5)
‘The nitrogen which contributes to the Fenimore mechanism -
could come from primary coﬁbustion air, burnout air, br
reburning fuel diluent. This mechanism, which causes the
formation of thermal NO,, occurs most readily at high
temperatures. Tests were completed with nitrogen dilution
of the reburning gas and a nitrogen—'freel ‘primary zone
oxidant composed of argon, oxygen, and carbon dioxide. The
data (not shown) lndlcated that the prlmary zone nitrogen
did not contribute to the Fenimore mechanism in the
reburning zone. ‘A slight increase in NO, emissions was
observed when the argon diluent was replaced by nitrogen.
The results implied that the Fenimore mechanism was not
important in the reburning process.

The results discussed above were obtained with the
reburning fuel injected at 2550°F)., A series of experiments
was carried out to investigate the influence of témperaturé ,
on ‘fuel-rich zone NO reduction. Eﬁi?re 2{“*%9 fuel was
injected at temperatures ranging from@S550°F to 1600° P? At
the optimunm sto%& iomefry of 0.9, the concentrations of NO
were measured aﬁh 00 msec (milliseconds» downstream of the



ratios of [err] to [err] are presented as a function of [err]

concentr at'i ons. It can be seen that for both conventional reburning
(Figure 14) and advanced reburning (Figure 15), the process efficiency
depends on the [err] level, higher efficiencies are obtained at higher
[err]. Also, substantial scale effects mere observed' wth
conventional reburning (Figure 14). Fbmeve} w t h advanced reburning the

effect of scal e yas %glécggﬁisépélﬁ%q__ fé&q‘%ser oglurazi.éﬁre 3Aﬁ9égéhl€§t @%%ge.

percent |oss i pro Was "0 en scal ed from1l
[err] to 5 x qeta]aadunnmcatf@:tma'@ftlse ¥Q pgadugtion B%ﬁﬂ%ﬁ%'a?YEﬂ@ssﬂms

The i nj ecti on-of, AATRE U@o%léfah%dr‘ﬂa%é&]e ‘ifhaceelipérature, with NoO
concentz;)%g%on measured atA(zsso F) approximately kalf of that
seen at @.800 F). However, the effect of temperature
dlmlnlshed when the reburning fuel was injected above
A@200°F. It is believed that the formation ofoothermal NO

would become 1mportant at temperatures above,\(zsoo H.

2. ~ XN _Conversion in the Burnout Zone |

The burnout zone can be considered as an excess-air
“flame" burning the remaining fuel fragments from the
reburning zone. Oxidation of the fuel fragments,
particularly CO, could generate a significant -am'ount of

radicals via chain branching:

CO + OH = CO, + H , | (6)
H+ 0,=0H+ 0 (7)
o+Hzo=OH+0H (8)

These radicals play an important role on the conversion of
XN spec_les (e.g., NO, HCN, and NH;) to N, or NQ during
bufnout. -

The fuel fragments were characterized initially. €O
and total hydrocarbon (THC) concentrations at the' reburning
zone exit are presented in Figure 4 as a function of

| reburning zone sto:.ch:.ometry (SR,). It can be seen that the

amount of CO was considerably higher than THC at all
stoichiométries, indicating 'extensive destruction of the
natural gas' CH constituents. i

XN speciation at the reburning 2zone exit was
subsequently characterized and shown in Figure 5. The
concentration of NO decreased with stoichiometry, while the
concentrations of intermediate species rose. When
reburning zone stoichiometry (SR,) was decreased from 0.9 to
0.7 to form a more fuel-rich environment, the amount of HCN
arose dramatically, while NH, levels exhibited 1little



a potential of producing unwanted emnissions such as NH3 and [err]. A
series ‘of exhaust neasurenments were made to evaluate the slip of ammonia
using selective ion electrode and the mssions of [err] and [err] via
controll ed condensati on. Table 1 summarizes nmeasurenents made during the
| ndi ana coal tests. Exhaust NH3 concentrations were negligible in all
cases, including those obtained with U ahxoal and natural gas as the
primary fuel. Higher [err] em ssions were 17 obtained with 10 percent
gas reburni nghangdowev@his the an indication of a lack of oxidizing

radicals available at richer stoichiometries for processing
HCN through NCO to NH,. Primary NO, concentration (600 ppm
or 240 ppm) had only a mninor impact on th® percent
conversion of NO to nitrogenous intermediates. At a
reburning zone stoichiometry of 0.9, the ratio of NH; plus
HCN to NO was approximately 0.9 .for both cases.

Figure 6 is an experimental examination of the burnout
zone chemistry, in particular, the conversion efficiency of
NH; to N,. The fuel-‘rich zone was assumed to supply 600 ppm
each of NO and NH; or an N to NO ratio of 1.0. Under excess
air conditions, ammonia gas was mixed with varioué amounts
.&f CO and injected at temperatures between A BOO'F) and -

/\QZOO'F). The solid symbols represent the injection of NH,

alone, which is basically a simulation of Thermal De-NO,.
For the open symbols in Figure 6, 0.2 percent CO was -
included with NH,, thereby yielding a burnout-like
environment. Thg .preser_lce of cqc éoglg;%d the optimum
temperature fpr NO, reduction fro%BOO'F to 1500’F). . It is
readily apparerthtt;%a:_tl a ,,Eeduction in the burnout -temper-
ature from the A 2200'?-2400‘1-‘) normally employed' would
increase the conversion efficiency of NH; + NO to N, because
of the presence of CO. However, it was found that the
conversion efficiency was also dependent upon the concen-
tration of CO. As st%? g in Figure 7, .at the optimum
reaction temperature ofal 00‘1’-),_ the optimum CO level was
approximately 0.5 percent, or less, equivalent to a fuel-
rich zone stoichiometry between 0.95 and 1.0.
' Fig\ire 8 shows the corresponding results for HCN
conversion. From Figures 8 and 6, the NO reductions
obtained with HCN alone were not as high as those with NH;.:
Also, the presence of CO lowered the reduction efficiency.
Thus, an amine is a preferred reducing species for the
burnout zone. '



uncontrol | ed so2 | evel was maintained with 20 percent gas reburning due to
di luti-on. No increase in [err] em ssions was observed for both cases,
suggesting favorabl e conversion of the sulfate to [err]. Table 1 By-Product

Em ssions Wth I ndiana Coal Condition [err] ppm ppm
ppm Uncontrol | ed 0 : 138@s3 10 10% Gas Rebur ni ng <2
1500 13 20% Gas Rebur ni ng <2 -~ 1400 9 To prevent an

increase in [erFigenesi suemdodzes &irerigeal GXRAT HAPRES ighf were | tis
recommended, tbgt+d in the tunnel furnace "B" with an initial Ne

concentration of 240 ppm and a =N to NO ratio of 1.5. The
solid symbols and dotted lines show results fQr cyanuric
acid or ammonium sulfate injection under classical "De-
NO,* conditions with 25 percent excess air (SR=1.25) and
indicate an optimum reaction temperature of approximately
1000°C as has been reported previously.

Somewhat surprisingly, however, significantly larger
reductions can be achieved over a broader temperature range
if the selective reducing agent is added under slightly
fuel-rich conditions (in this case SR; = 0.99), and the
final burnout air is added subsequently downstream. The
open symbols and solid lines represent these data, and for
these tests the peak temperature refers to the temperature
at which the final burnout air was added., The selective
reducing agent was added into the fuel-rich zone at 900°C.
Other._compounds such as ammonium sulfate, which are
significantly less expensive and potentially less toxic,
can produce even larger reductions than those 'mea'sqr-gd ‘with
cyanuric acid. ' .
| Kinetic 'modeling suggests that the fuel-rich zone acts
primarily as a source of CO. At the rich-lean ﬁransition,
the CO is oxidized and excess OH is produced by the usual
chain branching reactions described in equations (6)-( 8)
above. For low initial co. concentrat:.on the excess

radicals are consumed by: , .

 NH; + OH - NH, + H,0 " (9)
The NHZ is then available for reaction with NO to eventually '
yield N,.

The above results suggest that the key parameters for

the enhancement of burnout zone chemlstrxcg 101{0 . '
(1) reaction te:&per 300 F to 1S00° F)
preferably aboutA 6’ 1700 B)
(2) 'CO level (0.5 percent or less), and



percent gas reburning within the scope of the present invention be used for
hi gh sul fur coals and 20 percent gas reburning be used for |ow sul fur coal
applications. CONCLUSION In summary, the experinental results described
above suggest that sel ective reduci ng agents can be conbined with
conmbustion nodification techniques to proy&de [err] reductions that are-

| arger than those that are possible by applying the technol ogies

simul taneously but sef) at prgsence BOLcNH; r 8P€EHESt he st oi chionetry

associ at ed WebRveSRUIIHAW FOLRERENG SpPosbsaBE Hof HEL- el ilRIiaH ¥t imum
sel ective reducing agent injection; Tteductions can be achi eved at
rel atively | 8RVEE] %res without the use of stainless steel or

3. Advanced_ Reburning
a. Bench Scale Studies

An optimized process was designed and tested, first
using the bench scale furnaces described. above and then
using the pilot scale furnace described above. Results
using furnace "A" described above are presented in Figure
10. In these experiments, the burnout air was split into
two streams. The first stream remained at the normal
injection location to reduce the CO concentration from 2.5
percent to approximately 0.2 percent. The second stream

315 g«aas injected downstream at a lower temperature, i.e.

AQ.SOO'_F), to complete the burnout. Little improvement over
the conventional process was obtained due to the lack of NH,
species at an SR; of 0.99. However, when an aqueous
ammonium sulfate solution was added with the second burnout
air to provide the required NH; species, an additional 50
percent reduction was dramatically achieved, resulﬁing in
an overall reduction of 85 percent in NO, emissions.

Figure 11 shows two hybrid schemes with 20 percent and
10 percent gas reburning, respectively using furnace "B"
described above. - With 20 percent reburning (SR, = 0.9), the
burnout air was divided into two streams to yield an SR, of
0.99 and an SR, of 1.15. With 10 percent reburning, the
reburning zone stoichiométry (SR,) was 0.99 and the burnout
air stoichiometry (SR,) was 1.15. In both cases, an aqueous
solution _o'f ammonium sulfate was atomized with the final
- burnout air and injected at 850°C at an N to NO molar ratio
of 1.5. |

Figure 11 also illustrates an additional embodiment to
the present ‘invention. This embodiment inclucies a system-
for reducing nitrogen oxides in combustion emissions



other catalysts. In principle, this t echnol ogy coul d have broad application
to fossil fuel fired furnaces and boilers, stationary gas turbines, and

i nt'ernal conbustion engi nes. 18 The present invention may be embodi ed in
ot her specific fornms without departing fromits spirit or essenti al
characteristics. The described enbodi renft$ are to be considered in al

respects only as illustrative and not restrictive. The scope of the ,

combust:.on emissions in a gaseous reburning zone such that
the reburning zone is substantially oxygen deficient. The
reburning zone has a carbon monoxide concentration below
about 0.5 percent. Alsoc, the embodiment includes a burnout
zone in gaseous communication with the reburning zone such
that gaseous emissions pass from the reburning. zone into
the burnout zbne. The burnout zone has a temperature in the
range from about,\C!OO E? to abourt,\ 15(3'00 Fj and the burnout
zone has means for introducing a stream of burnout air into
the burnout zone. The stream of burnout air includes a
reducing agent c'apable of providing a source of NH, species.

Figure 12 presents the results obtained with natural
gas as the primary fuel. The natural gas was doped with NO .
to provide two levels of primary NO, ("(NO,),)"), 600 ppm
and 240 ppm (dry, 0 percent O,). Twenty and ten percent
reburning were applied separately in both cases. These
data indicate that a hybrid process which utilizes 10
percent reburning fuel can achieve similar overall
efficiency to a process using 20 percent reburning. It is
apparent that there exists a tradeoff between natural gas
premiums and the cost of ammonlum sulfate.

b. Pilot Scale Verification

A series of experiments were first ‘carried out with
natural. gas as the primary fuel to define optimum
stoichiometry distribution for the advanced reburning
process within the scope of the present invention at pilot
scale. Measurements of CO and O, concentrations were
conducted at the ammonium sulfate inj ection location,
approximately at 900°C. Results obtained suggest that in
order to have an optimum CO level between 1500 and 2000 ppm
(corresponding to approximately 0.7 percent 0,) at the
reagent injection location, it was necessary to increase
the local stoichiometry from 0.99, as defined in the bench



I ndi cat ed by the appended clains rather than by the foregoing description.

Al'l changes which cone wi thin the nmeani ng and range of equival ency of the

‘clains are to be enbraced within their scope. What is clained is:

Amended C ai ns: 1. A process for reducing nitrogen oxides in conbustion

em ssion systens conprising the steps ofig(a) m xing a returning fuel

W th conbustion em ssions in a gaseous returning ' :
scale studies, to 1.03 to account- for the finite rate

mixing and higher CO concentrations in the pilot scale

furnace. _
Experimerits were subsequently carried out with an
Indiana coal as the primary fuel. The Indiana coal

produced an uncontrolled NO, emission of 800 ppm (dry, O
percent 0,) at 15 percent excess air. The primary NO, at SR,
= 1.13 was 680 ppm. Figure 13 represents the results and
indicate that a;s seen in the bench scale studies, both
advanced concepts were equally effective in NO, reductions.
Similar results were also obtained with a Utah coal as the
primary fuel (primary NO, = 850 ppm, Fig_'ure 14).

Figures 14 and 15 summarize all of the pilot scale
results and compare them with the bench scale data. The
ratios of (NO,), to (NO,), are presented as a function of .
(NO,), concentrations. It can be seen that for both
conventional reburning (Figure 14) and advanced reburning '
(Figure 15), the process efficiency depends on the (NO,),
level, higher efficiencies are obtained at higher (NO,)p.
Also, substantial scale effects were observed ' with
conventional reburning (Figure 14). However, with advanced
reburning the effect of scale was much less significant
.(Figure 15). Approximately 7 percent loss,, in process
e& ?(JN %y was observed when scalgd up from,100 x 10% Btu/hr) -
to)s x 10 Btu/h:}, a factor of 50 times. '

c.  By-Product Fmissions

The injection of ammonium sulfate into the furnace has
a potential of producing unwanted emissions such as NH,; and
8§0,/805. A series of exhaust measurements were made to
evaluate the slip of ammonia using selective ion electrode
and the missions of'soz and SO; via controlled condensation.
Table 1 summarizes measurements made durihg the Indiana
coal -tests. Exhaust NH; concentrations were negligible in
all cases, including those obtained with Utah coal and
natural gas as the primary fuel. Highe;- S0, emissions were



zone such that the r. returnlng zone i s substantlally oxygen def|C|ent (b)
passi ig the resultﬂhﬂthM&EBemd*ﬁfééurnlng fuel and conbu3%+gn»gn135|ons .

|nto a first burnout i nt.roducing .a first strean&@ﬁhburm.
into the first burno hat the carbon nDnOX|de*concemtxauLSn
the first burnout zone I's reduced to a |evel below 0.5 perCEnTmm%gd;
advancing the resulting mxture from th& ¥irst burnout zone to a second
bur nout zo ng a tenperature in the range from about 150[err] C (130F)

to about 1040[ert]C (80RkeED! ipu@ithd Por RESYITABIEigRId,SeCONd stream of
burnout air into the secopdr®&ttest ¥ CBMBER 1O S EMS tream of burnout air
incl uding a reduci Ng ;2geBteSaP2LE Er Sdudi Y It Biode § Obk £&e 11l IdomBUSRI b

reduci ng s eC| es..
9 p ission systems comprlslng the steps of:

-(a) mixing a reburning fuel with combustlon enissions
in a gaseous reburning zone -such that the reburning zone is
substantially oxygen deficient;

(b) passing the resulting mixture of reburning fuel and
combustion emissions into a first burnout zone;

(c) introducing a first stream of burnout air into the
first burnout zone such that the carbon monoxide concentration
in the first burnout zone is reduced to a level below about 0.5
percent; .

(d) advancing the resulting mixture .from the first
burnout zone to a second burnout zone having a temperature in
the range from about (700°C 1300°F) to about 1040°C (1900°F);
andg, '

(e) introducing a second stream of burnout air into the
second burnout zone, said second stream of burnout air
including a reducing agent capable of providing a sqﬁrcg of
nitrogenous reducing species. _

2. A process for'reducing nitrbgen oxides in combustion
émission systems as defined in claim 1, wherein the
substantially .-oxygen deficient reburning =zone has a
stoichiometry in the range from about 0.7 to about 1.0.

3. A process for reducing nitrogen oxides in combustion
emission system as defined in claim 1, wherein the reburning

~zone has a temperature in the range from about 1200°C (2200°F)
to about 1650°C (3000°F).

4. A pfocess for feducing nitrogen oxides in combustion
emission systemé as defined in claim 1, wherein the reburning
fuel mixed with the combustion emissions includes natural gas.

5. A process for reducing nitrogen oxides in combustion
emission systems as defined' in claim 1, wherein the first
burnout zone has a stbichiometry in the range from about 1.0 to
about 1.2.

' 6. A-process for reducing nitrogen oxides in combustion

. * [ L M S * ’
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from about 700 C (1300 F) to about 1430°C (2600°F).

7. A process for reducing nitrogen oxides in combustion
emission systems as defined in claim 1, whereln the carbon
monoxide concentration in the first burnout zone is reduced to
a level below about 0.5 percent. _

8. A process for reducing nitrogen oxides in combustion
emission systems as defined in claim 1, wheréih the second

burnout zone has a stoichiometry in the range from about 1.0 to

' about 2.0.

9. A process for reducing nitfogen oxides in combustion
emission systemé'as defined in claim -1, wherein the second
burnout zone has a temperature in the range from about 150°C
(300°F) to about 1040°C (1900°F). |

10. A process for reducing nitrogen oxides in combustion

emission systems as defined in claim 1, wherein the reducing-

agent included with the second stream of burnout air includes
ammonium sulfate, cyanuric acid, urea, ammonia gas, .or an
aqueous ammonium solution. ' )

11. Apparatus for reducing nitrogen oxides in combustion
emissions comprising:

‘ ‘means for mixing a reburning fuel with combustion

em1551ons in a gaseous reburning zone; o

a flrst burnout zone in gaseous communlcatlon with the

reburning zone such that gaseous emissions pass from the

reburning zone into the first burnout zdne, said first burnoqt
zone having means for int;oducing a first stream of burnout air
into the first burnout zone; _

a second burnout zone in gaseous communication with the
first burnout zone such that'gasedus emissions pass from the
first burnout zone into the second burnout zone, said second

burnout zone having means for introducing a second stream of

burnout air into the secohd burnout zone, and;
reducing agent injection means for injecting a reducing
agent capable of providing a source of NH; species into said

| |

g nitrogen oxides in conbustion em Ssion
system as. defined in claim 1, wherein thé-returning zone has a tenperature

Roden €B¢TRE™ i kheorbisston



in claiml, wherein the first burnout zone has a stoichionetry in the range
from*about 1.0 tdhabﬂmﬂﬁ&Bﬂm Rgplaced A process f or reducrng thrpqsgwoxh&as
i n ‘combusti on ems I m defined in'claiml1, vvhel‘err‘r “the BEEN

bufnout zone has a n the range from about | 700[ eftfl&CHBI s is
t he repl acenent sho 1 (1300[err]F§ to about 1650[err]C (3000] errTF),
and preferably in the range from about 700[err]C (1300[err]F) to about

1430[ er r$&6c6R808Leeah Fdf BurnoutPaProCESS for reduci ng nitrogen oxides in
conmbustion em ssign éstem as.defined jn.claimil, wherein the second

burnout zone h331% BPBRERFBHePEY Eh THE APHFHef I oW Gbdittt 21 pﬁocess in,

which .
(a) said first burnout zone has a carbon monoxide

concentration below about 0.5 percent, _

(b) said second burnout zone has a tempe;ature in the
range from about 150°C (300°F) to about '1040°C (1900°F), and

(c) the reburning zone is substantially oxygen
deficient. | | _ o

12, Apparatus for reducing nitrogen oxides in

combustion emissions as defined in claim 11, wherein the
reducing agent includes ammonium sulfate, cyanuric acid, urea,
ammonia gas, or an aqueous ammonium solution.

:\
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10. App B T or ADVANCEDG REBORGINY PaR (REDUCTIONTIOFSMNOGN eni SSi ons
conpri-sing: neans for m EMAIGSAONSt ANNCOYBOSEION SYSTEMEOUStL I ON em ssions in

a gaseous returning Z%QeCess'for reducing nitrogen oxides in combustion

emission systems comprising the steps of:

(a) ‘mixing a reburning fuel with combustion emissions

in a gaseous reburning zone such that the reburning zone is

substantially oxygen deficient;.

(b) passing the resulting mixture of reburning fuel and

combustion emissions into a first burnout zone;

(c) introducing a first stream of burnout air into the
first burnout zone such that the carbon monoxide concentration
in the first burnout zone is reduced to a level below about 0.5
percent;

(d) advancing the resulting mixture from the first
burnout zone to a second burnout zone having a temperature in
the range from about 1300°F to about 1900°F; and, "

(e) introducing a second stream of burnout air into_the
"second burnout zone; ‘said second stream of  burnout air
including .a reducing agent capable of prov1d1ng a source of
nitrogenous reducing species.

2. A process for reducing nitrogen oxides in combustion
emission systems as defined in c¢laim 1, wherein the
substantially oxygen deficient reburning zone has a
stoichiometry in the range from about 0.7 to about 1.0.

3. A process for reducing nitrogen oxides in combustion
emission system as defined in claim 1, wherein the reburning
zone has a temperature in the range from about 2200°F to about
3000°F.

4. A process for reducing nitrog'en'oxides in combustion
emission systems as defined in claim 1, wherein the reburning
fuel mixed with the combustion emissions includes natural gas.

5. A process. for reducing nitrogen oxides in combustian
emission systems as defined in claim- 1, wherein the first
burnout zone has a stoichiometry in the range from about 1.0 to
about 1.2.

6. A process for reducing nitrogen oxides in combustion’
emission systems as defined in claim 1, wherein the first

-
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a first burnout zone-i-n—gaseous communication mnth the returning zone such
that\gaseous em ssi ons p fronlthe returning zone |nto"fhe-*"df bur.naus
ai burnout zone; a second bur

zdne, said fFF Sh haV|ng means for |ntrodu0|ﬂg & BilliSt HAS rizsEm
of burnout air out ZUReATED
gaseous connunl e first burnout zone such that gaseous

enm ssi ons pass fronlthe first burnout zéne into the second burnout zone,
sai d second burnout zone having nmeans for |ntrodu0|n% a second st.regm of
burnout aPRTPABE EPReshasna BerpsuetusAein e LAdWEc TFE aglruY ;38 ifon

means fortonals@ﬁt g0 0 Y dushd 0p PEES aBPakl €hef r gy iftiong a@oSer‘lGEDO?fF NH3
speci es 'Q g 5888Qd stream of burnout air.

7. A process for reduc1ng nitrogen oxides in combustion
emission systems as defined in claim 1, wherein the éarbon
monoxide concentration in the first burnout zone is reduced to
a level below about 0.5 percent.

8. A process for reducing nitrogen oxides in combustion
emission systems as defined in claim. 1, wherein the second
burnout zone has a stoichiometry in the range from about 1.0 to
about 2.0.

9. A proéess for reducing nitrogen oxides in combustion
‘emission systehs as defined in claim T, wherein the second
burnout zone has a temperature in the range from about 300°F to
about 1900°F. _

10. A.procéss for-reducinglnitrogen oxides in combustion'
emission systems as defined in claim 1, wherein the reducing
agent included with the second stream of burnout air includes
ammonium sulfate,. .cyanuric acid, urea, ammonia gas, or an
aqueous ammonium solution. | _ .

11. A system for reducing nitrogen oxides in combustion
emissions comprising: '

means for mixing a. reburning fuel with combustion
emissions in a gaseous reburning zone such that the reburning
zone 1is substantially oxygen deficient;

"a first bdtnout zone in gaseous communication with' the
reburning zone such that gaseous 'emissiohs pass from the
reburning zone into the first burnout zone, said first burnout
zone having means for introducing a first stream of burnout air
into the first burnout zone and said'fixst_burnout zone having
a carbon monoxide concentration below about 0.5 percent; ,

a second burnout zone in gaseous communication with the
first burnout .zone such that gaseous emissions pass from the
first burnout zone into the second burnout zone, said second
burnout zone:having é temperature in the range from about 300°F
to about 1900°F and said second burnout zone having means for
introducing a second stream of burnout air into the second

s



23 22. A system for reducing nitrogen oxides in conbustion em ssions
as, defined in CGhad kel Bas BIERSIBedt he second burnout zone! has & st~-9+«em_.01m1ry

i the range fro about 2.0. 23. A systeﬁ1 o *redumlﬁﬁj;'
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reducing agent capable of prov1d1ng a source of NH; species.

12. A system for reducing nitrogen oxides in combustion
emissions as defined in claim 11, wherein the reburning' zone
has a stoichiometry in the range from about 0.7 to about 1.g0.

13. A system for reducing nitrogen oxides in combustion
emissions as defihed in claim 11, wherein the reburning zone
has a temperature in the range from about 2200°F to about
3000°F. '

14. A system for reducing nitrogen oxides in combustion
emissions as defined in claim 11, wherein the reburning fuel
mixed with the combustion emissions includes natural gas.

15. A system for reducing nitrogen oxides in combustion
emissions as definea in claim 11, wherein the first burnout
zone has a stoichiometry in the range from about 1.0 to about
1.2. '

16. A system for reducing nitrogen oxides in combustion
emissions as defihed in claim 11, wherein the first burnout.
zone has a temperature in the range from about 1300°F to about
3000°F. _

17. A system for reduc1ng nitrogen oxides in combustion
emissions as deflned in claim 11, wherein the second burnout
zone has a st01ch10metry in the range from about 1.0 to about

. 2.0. ,

18. A system for reducing nitrogen oxides in combustion
emissions as deflned in claim 11, wherein the reducing agent
included w1th the . second stream of burnout air includes
ammonium sulfate, cyanuric acid, urea, ammonia gas, Or an
aqueous ammonium solution. | '

19. A system for .reducing nitrogen oxides in combustion
emissions comprising: ' '

- means for mixing a reburning fuel with combustion

" emissioris in a gaseous reburning zone such that the reburning
zone is substantially oxygen deficient, the reburning zone
having a carbon'monoxide_concentration below about 0.5 percent;

a burnout zohe in gaseous communication with the
reburning zone such that gaseous emissions pass from the

A




air includes cy system for reducing nitrogen oxides
in gombustion emni ssions as defined in da 16; wherein the:reduc g}“ 'FBTEE‘“

in
i ncI uded Wi th theumml“mm“) ml burnout a| r includes urlekiv281t:

system for redu xi des, in conbustion enijssi onsfﬁsd@fl ned
in Claim16, wherein fhe reduci ng agent” | i ncl uded with the secorrd stream of

bur nout - aldepyafli S ALTORES PRS: pddnout 2 gﬂaaf BaEnbERULLRY ndy LigIen

oxi des in conmbust’i on €m sSrons as
reduci ng &géaPPeAGLYTedini the ttangse Eoom éb@@brﬁQﬂ‘ B&enabeuki 19902F and an

aqueous aREREl WRSWE | @8ne having means - for introducing a stream of
burnout air into the burnout zone, said stream of burnout air
including a reducing agent capable of providing a source of NH,

species.
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28+« A system for reducing nitrogen oxides in conbustion em ssions

conpri si ng: meansrjf_ [II rning fuel with conbustion-emssions in
a gaseous reburni mmmmnummgmthe 24 reburning zone is
substantially oxygeh defitci &nt $§ the reburning zone having a carbon nonoxi de
" concentratiga.bel ow about 0.5 percent; ggburnout zone is gasefignded

conmmuni cat i Wth the reburni ng zone such that gaseous em ssions pass from

1. A process for reducing nitrogen oxides in cpmbustion emissiop systems comprising
the steps of:

(a) mixing a ret‘urning fuel with combustion emissions in a gaseous returning
zone such .that the returning zone is substantially oxygen deficient;

(b) passing the résulting mixture of returning fuel and combustion emissions
into a first burnout zone;

(c) introducing a first stream of burnout air into the first burnout zon_e' such
that the carbon monoxide concentration in the first burnout zone'is reduced to a level below
0.5 percent;

(d) advancing the résul;ing mixture from the first burnout zone to a second
burnout zm:ne having a temperature in the range from about 150°C (130F) to about 1040°C
(1900°F); and

(e) introducing .a second stream of burnout air into the second burnout .zone,

said second stream of burnout air including a reducing agent capable of providing a source

SG

of nitrogenous reducing species. ged ...
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the reburning Zone one into the burnout zone, said burnout zone having a
tenperature int I“M“ﬂm\.lt 300[err]F to about 1900[err]F and said
but nout zone havwm“muﬁ oducing a stream of burnout air into the
burnout zone, sai d st¢r eam Bf burnout air incl udi ng a reduci ng agent capabl e
of provi ding a source of NH3 species. 2p

2. A process for reducing nitrogen oxides in combustion emission systems as defined
" in claim 1, wherein the substantiaily oxygen deficient returning zone has a stoichiometry in -

the range from about 0.7 to about 1.0.

3. A process for reducing nitrogen oxides in combustion emission system as defined
in claim |, wherein the returning zone has a temperature in the range from about 1200°C

(2200°F) to about 1650°C (3000°F).

4, A process for reducing nitrogen oxides in combustion emission system as defined
in claim 1, wherein the returning fuel mixed with the combustion emissions includes natural

gas.

5. A process for reducing nitrogen oxides in combustion emission system as defined
in claim 1, wherein the first burnout zone has a stoichiometry in the range from about 1.0 to

about 1.2.

6. ‘A process for reducing nitrogen oxides in combustion emission system as defined

in claim 1, wherein the first burnout zone has a temperature in the range from about 700°C
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(1300°F) to about 1650°C (3000°F), and preferably in the range from about 700°C

21

(1300°F) to about 1430°C (2600°F).

7. A process for reducing nitrogen oxides in combustion emission system as defined
in claim 1, wherein the second burnout zone has a stoichiometry in the range from about 1.0

to about 2.0.

8 A process for reducing nitrogen oxides in combustion emission system as defined
in claim 1. wherein the second burnout zone has a temperature in the range from about

700°C (1300°F) to about 1040°C (1900°F).

9. A process for reducing nitrogen oxides in combustion emission system as defined
in claim 1, wherein the reducing agent included with the second stream of burnout air
includes ammonium sulfate, cyanuric acid, urea, ammonia gas, or an aqueous ammonium

solution.

10.  Apparatus for reducing nitrogen oxides in combustion emissions comprising:

means for mixing a returning fuel with combustion emissions in a gaseous returning

zone; This is the repla.éemem sheet
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a first burnout zone in gaseous communication with the returning zone such that
gaseous emissions pass from the returning zone into the first burnout zone, said first
burnout zone having means for introducing a first stream of burnout air into the first

burnout zone;

a second burnout zone in gaseous communication with the first burnout zone such
that gaseous emissions pass from the first burnout zone into the second burnout zone, said
second burnout zone having means for introducing a second stream of burnout air into the

second burnout zone, and;

reducing agent injection means for injecting a reducing agent capable of providing

a source of NH, species into said second stream of burnout air.
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ADVANCED REBURNING FOR REDUCTION OF NO;.
EMISSIONS IN COMBUSTION SYSTEMS

ABSTRACT

Techniques for enhancing the burnout zone chemistry for NOy

reduction are disclosed. The key parameters for the enhancement
of burnout zone chemistry are: (a) a reaction temperature in the
range from about 1300°F to about 1900°F, and optimally in the
range from 1400-1700°F; (b) a carbon monoxide concentration
below about 0.5 percent; and (c) the presence of nitrogenous
reducing species. By controlling the stoichiometry associated
with reburning to produce a slightly fuel-rich region for
selective reducing agent injection, reductions can be achieved
at relatively low temperatures which approach those obtained by
conventional catalytic reduction.

(Figure 1 to accompany the abstract on publication)
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