SYSTEM AND METHOD FOR CONTROLLI NG FI RED HEATER OPERATI ONS FI ELD OF THE

| NVENTI ON 100011 The present invention relates to nethods and systens for

Isafel y andI reliably reducing NOx emissions in fired heaters using fuel gas.
n particu : esent invention relates to the cont ired

heat er prov‘?gémtsoé?g%nd reliable operation while reduci n}é&'@f}(}gﬁ&@@g{l ons.

BACKGROUND OF THE | NVENTI ON 100021 Conbusti on devices in chem cal

processi ng and petrochem cal production and refining operations are a major

source of NOx em ssions. Adiabatic flane tenperature reduction is one

met hod of reducing NOx em ssions. Efforts to reduce flane tenperature, such

as increasing the aj I ' | miﬁ ' to the
flame can lead to %yﬁgﬁﬁé&lfg@g%@ﬁll{% Xt nd?:tﬂﬁ)lﬁlérﬁglr{gﬁgﬁg&g ow out t hat
can create potentially dangerous opeORHERNIIEEYI tions (e.g., flooding of

t he conbustion device with unspent fuel).

FIELD OF THE INVENTION

[0001] The present invention relates to methods and systems for safely and reliably
reducing NOx emissions in fired heaters using fuel gas. In particular, the present

invention relates to the control of the fired heater provide safe and reliable operation

while reducing NOx emissions.

BACKGROUND OF THE INVENTION

[0002} Combustion devices in chemical processing and petrochemical production and
refining operations are a major source of NOx emissions. Adiabatic flame
temperature reduction is one method of reducing NOx emissions. Efforts to reduce
flame temperature, such as increasing the air/fuel ratio and introducing flame diluents
to the flame can lead to unstable flames, flame extinction, or flame blow-out that can
create potentially dangerous operating conditions (e.g., flooding of the combustion

device with unspent fuel).

[0003) Flame stability or instability sensors have been developed, and their use in
combustion system control systems has been proposed. Increasing the air flow to
provide fuel lean operation of the combustion device has also been proposed.
However, exclusive reliance on air to reduce flame temperature presents its own set of
challenges. For example, air contains a significant amount of oxygen, which is an
oxidizing agent. If fuel is introduced to the air stream at an inappropriate location,

this can create conditions for flame instability and/or a “flame out” to occur. In



100031 Flame stability or instability sensors have been devel oped, and
their use in conbustion systemcontrol systens has been proposed.
Increasing the air flow to provide fuel |ean operation of the conbustion
devi ce has @hS@oReag, Proposed. However, exclusive reliangg,®oRlobeskP reduce
flame tenperature presents its own set of challenges. For exanple, air
contains a significant anount of oxygen, which is an oxidizing agent. If
fuel is introduced to the air streamat an inappropriate location, this can
create conditions for flane instability and/or a "flame out” to occur. In
unstabl e and/or "flanme out" conditions, the flame is either partly or fully

exti ngui shed L@gﬁﬁgh S hE.; or '
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NOx em ssi ons. re“renal ns nee hi eve "NOx reduction in

combust! on devieaRiolobific B B MLdikar3b AbhiEss Tl AIBR0L BRLis, GPapAL ! NG

condi tions for e conpustion devi ce. THE | NVENT
scheme being employed to reduce NOx emissions.

[0004] There remains a need to achieve NOx reduction in combustion devices while

maintaining a stable flame and safe operating conditions for the combustion device.

SUMMARY OF THE INVENTION

[0005] 1t has been found that NOx reduction can be achieved via use of flame
diluents, while maintaining stable operation when the process control strategy is
constrained by a flame stability sensor (e.g., Wavelength Modulated Tunable Diode
Laser (TDL) sensors, pressure sensors, machine vision sensor systems, and other
technologies that can be used detect flame instability). The present application
provides a method for controlling the operation of a fired heater, which provides for
safe operation of the heater while reducing NOx emissions and avoiding flame out
conditions. The method includes by providing a flow system with means to control
the flow of fuel and diluent at a determined volume ratio to a flame in the combustion
device, providing a flame stability sensor to generate a measurement of a direct or
indirect characteristic of a flame or flames related to flame stability, controlling the
determined volume ratio of fuel:diluent fed to the combustion device as constrained
by at least one of (i) a threshold value from at least one measurement from at least one
flame stability sensor and (ii) a threshold volume ratio of fuel:diluent as measured

from at least one flow sensor on each of the fuel source and diluent source in the flow

system.



[ 00051 It has been found that NOx reduction can be achi eved via use of
flame diluents, while maintaining stable operation when the process control
strategy is constrained by a flanme stability sensor (e.g., \Wavelength

Modul at ed Iwang%7£%9de Laser (TDL) sensors, pressure SEeNSHS gﬁ 5ne

vi sion sensor systens, and ot her technologles t hat can be useg ect flame
instability). The present application provides a nethod for controlling the
operation of a fired heater, which provides for safe operation of the
heater whil e reducing NOx em ssions and avoi ding flame out conditions. The
met hod i ncl udes by providing a rom1systen1mﬁth means to control the flow
of fuel and di at_a erm vol t fla t he
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application provides a conbustion sy ten1that i ncl u es a conpustion device,

a fuel source, iy 2'sér}§%st§19%f‘e8’to Rohi &Wnéavfﬁg&%}&e&@mba%m e th the

fuel source and the dil tent source to provi flow of fuel” and~dil uent at
a determ ned vahunes [i@icbReshOnding lodiRred i bsGRNHRLMLAR, devi ce, a flane
stability sensor to generate a neasurenment of "'a direct” or indirect
characteristic of the flame that changes as a function of flanme stability,
flame instabil{poor) Aiotiepisptdior MRpFRa ApplRatidio i@ WRYbdiod Hstendiheh at | east
one controller to control the determ ned volume ratio of fuel:diluent as
constrai ned byndAudes aRBmBisabh Hévide, § Rieesdudeda NidlehBsolice vatldvesys@darinved from one
or nore flane stability sensors and/or a volune ratio of fuel:diluent
threshol d val uenéifhicdesh Fitlome &el b@Rctan@iie diluetw s6 @S RIprévideentdv of futihe f uel
source and diluent source in the flow system The conbustion system
control s the cpedbdn®on aQfetckimed v6lete RRRLEE NaMS M the BEMbRtiGAIRi@PLNakd ON
whi | e reduci ng NOx em ssi ons.

stability sensor to generate a measurement of a direct or indirect characteristic of the

flame that changes as a function of flame stability, flame instability, and/or the

approach to lean blowout (LBO), and at least one controller to control the determined



BRI EF DESCRI PTI ON OF THE DRAW NGS 100081 Figure 1 sets forth information
about a wavel engt h-nul ti pl exed, wavel ength nodul ated TDL Sensor that can be
used in nmethods and systens of the present application. [00091 Figure 2

provi des a W8RsoleHsht N9 exanpl e of a combustion device t |
di fferent pre?erreg tap locations for various flane staﬁ?ﬁ??%ﬁggggﬁﬁ types.

[ 00101 Figure 3 shows the results of CO and NOx em ssions of a conbustion
device, as increasing anounts of the diluent carbon dioxide is fed to the
flame. [00111 Figures 4A and 4B plot the anmount of NOx em ssion and the
instability output, F, based on the fraction of CO2 added to the fuel

stream The i nghahibidYequ cohdirafieh by 8darht AmilienTRolSAN3E descri bed
in Figure 1,. ?@8@55t§f5ﬁ3%9§k2yﬁfg?§§ thyenfssioﬁégnéésufﬁg fr6n1the flue
gas of a combugfj QM AGH F&n b oridird AliTe SEERAPNsERork URk/of #4d1GRe ratio of

fuel:diluent threshold value derived from at least one flow sensor on each of the fuel

source and diluent source in the flow system. The combustion system controls the

operation of the fired heater resulting in safe operation while reducing NOx

emissions.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Figure 1 sets forth information about a wavelength-multiplexed, wavelength

modulated TDL Sensor that can be used in methods and systems of the present

application.

[0009] Figure 2 provides a non-limiting example of a combustion device that depicts

different preferred tap locations for various flame stability sensor types.

[0010) Figure 3 shows the results of CO and NOx emissions of a combustion device,

as increasing amounts of the diluent carbon dioxide is fed to the flame.

[0011] Figures 4A and 4B plot the amount of NOx emission and the instability
output, F, based on the fraction of CO; added to the fuel stream. The instability

output, F, is derived from the TDL Sensor described in Figure I.

[0012] Figure 5 exhibits NOx emissions measured from the flue gas of a combustion

device for various steam to fuel ratios.

[0013] Figure 6 displays normalized flame instability outputs derived from pressure

sensors and a machine vision sensor system employing a high-temperature furnace
4



[ 00131 Figure 6 displays nornmalized flame instability outputs derived from
pressure sensors and a machine vision sensor system enploying a
hi gh-tenperature furnace 4 canmera used to nonitor flame stability in'a

combusti on @auj 7‘/&‘0’%h i ncreasing fractions of steam adqecq el gas,
as set fortﬁ/ [ gure 5, over tinme. DETAILED DESCRI PTI ON /ﬁﬁ%ﬁgﬁegﬁ%’mml ON

Definitions

camera used to monitor flame stability in'a combustion device with increasing

fractions of steam added to the fuel gas, as set forth in Figure 5, over time.

DETAILED DESCRIPTION OF THE INVENTION

Definitions

[0014] As used herein, the term “diluent” refers to any fluid that is not flammable
(or in one embodiment, substantially not flammable) and is not an oxidizing element
or agent, or any mixture of fluids that does not contain a flammable component and
does not contain an oxidizing element or agent as a component. Because air generally
contains about 21 vol% of oxygen as a component, which is an oxidizing element, it

is understood that air is not a diluent as that term is used herein,

[0015] As used herein, the term “fuel” refers to any fluid that is flammable material.
Non-limiting examples of fuels include, but are not limited to, natural gas, refinery
gas, gasoline, flammable or combustible volatile organic compounds or other
flammable/combustible waste products from a chemical processing or petrochemical
refining operations, biomass-derived fuels, coal gas or other hydrocarbon-based

flammable/combustible substances.

[0016] As used herein, the “volume ratio of fuel:diluent” excludes air. As noted
above, air is not a diluent as that term is used in this application. The volume ratio of
fuel:diluent is the volume of all fuels fed to the flame for a given time period

(numerator) / the volume of all diluents fed to the flame for that same given time



100141 As used herein, the term"diluent” refers to any fluid that is not
flammabl e (or in one enbodi nent, substantially not flammable) and is not an
oxidizing el ement or agent, or any mxture of fluids that does not contain

a fIannabIeW%%gRﬂﬁﬁﬁy and does not contain an oxidi zing f&fﬁﬂ%&bﬂﬁ&m?ge”t as
% O

a conponent. Because air generally contains about 21 vol oxygen as a
conponent, which is an oxidizing elenent, it is understood that air is not
a diluent as that termis used herein. [00151 As used herein, the term
"fuel" refers to any fluid that is flanmable material. Non-ltmting
exanpl es of fuels include, but are not limted to, natural gas, refinery

gas, gasoline, fla bl e or. Cﬂgp [} I ) r ot her
f1 ammabl e/ conb&StT g“ﬁ%%@%)prodﬁﬁ%g P%gélQﬂ%hgﬁ¥ggﬁﬂ%%§§%§§3% o?thg
petrochem cal refini ratik.ons, biomass-derived fuels, coal gas or other
hydrocarbon-baggﬁ"?fggﬁggﬁg%%g%gustibIe substances. [0016] As used herein,
the "volune ratio of fuel:diluent" excludes air. As noted above, air is not

a diluent as t_*[‘ﬁin{]e,&méeé h&SR%hE rih P& ARREd(GRLbO et 2 WAV MBRK BbhO Of
filel:diluent is the volume of all fuels fed to the flame for a given tine

period (nuneratgn)ol ke bekUmeuRf all diluents fed to the flame for that
sane given tinme period (denomnator.). This definition also applies to the
converse relationship for the volune ratio of diluent: fuel.

[0018] As used herein, the term “flame stability sensor” refers to any device or
collection of devices configured to provide an actionable signal that gives an
indication as to the state of stability, instability, and/or likelihood of a flame to be
extinguished or blow-out based on a measured characteristic, either directly or
indirectly, of a flame or flames by the sensor and/or sensor system used. The devices
include but are not limited to optical sensors, acoustic sensors, and machine vision
sensors. Although the present specification describes specific examples of flame
stability sensors below, it is understood that such descriptions are provided for
purposes of illustration and is not limited to the examples given. In various
embodiments of the present application, any flame stability sensor, including flame
stability sensors and/or flame monitoring sensors known in the art and yet not
discussed herein, can be used in the methods and systems of the present application.
It is also contemplated that the devices described herein may be used alone or in
combination with each other (e.g., multiple optical sensors, multiple pressure sensors,
machine vision sensors (e.g., camera), optical sensors in combination with pressure
and/or machine vision sensors, pressure sensors in combination with acoustic and/or

optical sensors, etc.) to produce the effect of safe operation and NOx reduction.

[0019] Reference will now be made to various aspects of the present application in



10017] As used herein, the term"near-infrared region" refers to a

wavel ength fromabout 0.7 nmto about 1.6 him [0018] As used herein, the
term"flame stability sensor” refers to any device or collection of devices
configured BloR¥rge an actionable signal that gives andmeealdee,as to
the state d@egtaaﬁrﬁty, instability, and/or I|ikelihood of'éﬁglane to be
extingui shed or bl ow out based on a neasured characteristic, either
directly or indirectly, of a flane or flanes by the sensor and/or sensor
system used. The devices include but are not |imted to optical sensors,
acoustic sensors, and machi ne vision sensors. Although the present

speci fi cation descrdbessReel occ XAMRLSS 19 e AMESbAPbLIGYcAENSOr & el ow,
it is understood that® Suc aescrrpplons dre provided for purposes of
illustration and..s. not..limted to the.ex I I Vien,....k novar i .

enbodi ment s of gﬁbéﬁtﬁf_r 8?sérﬁ%t£gg%lcla8§’? iu(sz)egj,lgtgﬁ;g&gg%#géngtdag%ﬂlb? fhf%étlggg%}r?d _

i ncl udi ng f'a”%n%E%P}'5LMm%§$§%ESSQE%L%Ed&h%%Eh pitoring sensors known in
the art and yet ot oI 8cu¥se erein, can Be used Tn the methods and
systens of the present application. It is also contenplated that the

devi ces descri beBoNEhElPedBY thredi SnfHo AR pPdvided a GRARIIBRbpRAiNYAL N each

other (e.g., multiple optical sensors, nultiple pressure sensors, machine

Vi Si On Sensors q{ @y Grion GAARNAY., a AL boAENSEH that RsAQMPL RAE bRParith bhy Pressure
and/ or machi ne vision sensorS, pressure sensors in conbination with

acousti ¢ and/ ot i8R{dnGANCREATRIRs BlCmdthdLnPLAdYsRidiiEa b 8EuePindsaf €

operation and NOx reduction. 100191 Reference wll now be nade to various

aspects of the t ' ' ki | find Qe dntelicO@RsovdlIRYE- I N
addition, it ionePRd oAb iy B o Y A Alend Dieflfcl fevicE proviciky

"instability" gan. BiHSREndoMoSerbAR SRR YerRtdd o e darRAsHNE 1RAMEndRs] I ed
function for a "flame Stability sensor” as described herein. [0020] One

aspect of the pLRIGHS ARABRM &altain@@tapmigymf&onaom% e deRimiaRey Arhd'@tid of
conbustion device (e.g., a furnace, a boiler, etc.) that results in a safe

operation and gl @Hliat dsQBndBinDEy KNERE6HRIE ((J D ArdREIAVEIUE BEMUE S R6RVI ding a
flow of fuel and diluent at a deternm ned volune ratio to a flane in the

conbustion deviggurdifeai finNehedr flopd Bansd @%ﬂnhy 53hs§1€ BSO(i) b ChreBORINVAIBneA

neasurenent of a characteristic of the flane that varies as a functi on of

flame stabil it yiodntheF@NfehOdsnedghrdd ®orf 8 1B4sIb b w hsb¥Bn Eathi of tHRf fuel .
fuel :diluent as constrained by at |east one of (i) a threshold value from

one or nore Negm-GHE BilSent RN Me AowIEemS | ane stability sensors and (ii)
a threshold volunme ratio of fuel:diluent as neasured fromat |east one flow

sensor on each of the fuel . source and diluent source in the flow system
[0021] The diluent generally is a substance that is inert and is not flammable and is
not an oxidizing element or agent. Examples of suitable diluents include one or more
of the following substances, nitrogen, steam (e.g., superheated steam), carbon dioxide,
recycled combustion gas or a combination thereof. In one embodiment, the diluent
comprises at least 80% by volume of nitrogen. In an alternative embodiment, the
diluent component of the volume ratio of fuel:diluent comprises at least 1% by

volume of carbon dioxide. In one embodiment, the fluid is selected from one of, or

two of, superheated steam, recycled combustion gas and nitrogen.

[0022] As noted above, the flame stability sensor generally includes any device



[ 0021] The diluent generally is a substance that is inert and is not
flammabl e and is not an oxidizing el ement or agent. Exanples of suitable

di luents include one or nore of the follow ng substances, nitrogen, steam
(e.g., supgpheahRshsgt eam, carbon dioxide, recycled compggiv@modassPr 2a
conbi nation thereof. In one enbodi nent, the diluent conprises at |east 80%
by volune of nitrogen. In an alternative enbodi nent, the diluent conponent
of the volume ratio of fuel:diluent conprises at |east 1% by vol une of
carbon di oxide. In one enbodinment, the fluid is selected fromone of, or
two of, superheated steam recycled conbustion gas and nitrogen. [0022] As

noted above, t@&,ﬁf%{ug% Shaht bl h¥icSeRSeto Qzﬁé‘%s@dblil(}%/ bmémﬁ@ A2¥aRE Yt ce

configured to pro e an indication as to state stability or instability

of a flame or ﬁé@@mp%%ﬁhgsd LM@%ﬁmcﬂm@é to_aoe;em{g%isﬁéd érlb@&w.gmtbqséae

ext i ngui shed or w-out based on a direct or indirect measure

char act eri Sti ¢o0f ofkdl bATRRY mblsAIE Sha GO ML EE SscRC! ude. one or

nore of: flame 1onization, ane shape, flane color, flame Intensity, flane

M Xi ng pat t er Ngy, ol A0 GRIRASHE sﬂnorffok;%e%&magr@tﬂ%@ shapEDiEnARRRCT at ed

with the flame, acoustic noise, and/or light emtted froma flane or flames

and/ or bur ner ﬁ;rkeeimem%r, HENH &gﬁ%&%%@ﬁamyco%@sim& fihrh&ehprahife, RbkL al

sensors, acoustic sensors, an chine vision sensors. For exanple, but not

limtation, thgddame.st abinkint YacSROS Rbisd, Snddt 1QRE difiRtbd BEA3AameIHAm&S an
optical sensor that includes a laser. Preferably, the optical sensor

enpl oys one or, Ry SuhkiAb! ehLdeQR8s meRes Sut brkloBimidN8dphiQl &nRs:E w8Qls8Lt ed
wavel engt h or wavel engths in the near-infrared region, such as those

wavel engt hs ¢ Odchéord) A AGhideQidi s ARBO N 'e%l:flee, BhiHoe Bmitdtibnihe FRRE her
enbodi ment, the flane stability sensor is an acoustic sensor, such as a

pressure sensOfpil @érﬁéﬁpgﬁ/eptkglese&ro?,%&ﬁﬁ an %?K%ﬁf sehsor thaflinkhugéenbiep! pressure

sensor that is |n§?enented to nmonitor statistical fluctuations of acoustic

noi se froma foaREbRY tHeloBli®S s rpIR s 6ARURIrE QRaKIE Hio8&1asdr (BN RAEJ
enbodi nent, the flanme stability sensor is a machine vision sensor system

having at | east spnestRRNAvelbRHE 3 wh elBEth€ infthOfeal-BHRAR GBS, 3 a8 Hiokabl e to
control and/or constrain the volume ratiro of fuel:diluent using at |east

one ”EaSUFe”Eﬂ&émkhgﬂl&ﬂ%g&ﬁdﬁ@&@ﬂ&baﬂﬁqﬁkﬁhﬁhﬁéYJﬁﬁﬁéﬁﬂﬁrmﬁ&ﬁhﬁ&ﬁﬂp|91 t he
process control can include decreasing the volune ratio of fuel:diluent as

limted by a Rr&HSh&shBiNgdetsbt ik AoubticAdBsor, R8dHARalprdsYurd EHnQ&htheram?, one
non-limting enbodiment, the flame instability threshold (FThreshold) is a

predet er m ned @prd@uitQkhbL af difdrRal redsttel sORsoPthatds frhRAeRentddABintonttyr f actor,
F, which in this exanple, is
statistical fluctuations of acoustic noise from a flame or flames within a combustion

device. In another embodiment, the flame stability sensor is a machine vision sensor

system having at least one camera.

[0023] A variety of techniques are suitable to control and/or constrain the volume
ratio of fuel:diluent using at least one measurements from one or more flame stability
sensors. For example, the process control can include decreasing the volume ratio of
fuel:diluent as limited by a predetermined critical flame instability threshold. In one
non-limiting embodiment, the flame instability threshold (Frareshola) 1S @ predetermined

value derived from calculation of a flame stability factor, F, which in this example, is



a conputed result fromthe analysis of frequency content in the neasured

signal of a flanme stability sensor via the foll ow ng equati on: Were F
is the flame stability factor, also defined as the fraction of frequency
content valwghRvagHation I, is determ ned by the rati gp@fydhR0ssse3 Of

frequency content for two specified frequency ranges froma frequency
spectrum fi to J, andfinin tofmaxl such thatfinin <l; <fh<fmax. Ris a
time varying neasurenent signal fromthe flame stability sensor system FT
denotes a short-tine Fourier transformperformed on Rfroma rolling
initial point in time of the neasurenent, ti, to arolling final point in

time of the mggb‘:ﬁ:@ﬂ?ﬁgﬁf%m{r&m%%Eal&ﬁ@&fﬁéqﬁg@ggrg?&ﬁ{t?rﬂ'h;@ﬁﬁ%u?ed%ig%gladf%r val ue

that can be us ate the anplitu whi ch can vary
functionall'y A¥ame stability sensor via the following equation:

S
cx S |FrY (R)l
/i
Jnax

2

fmin

F oc

Equation (1)

FT(R)

Where F is the flame stability factor, also defined as the fraction of frequency content
value for equation 1, is determined by the ratio of the sum of frequency content for
two specified frequency ranges from a frequency spectrum, f; to f;, and fiin 0 fiax,
such that fin < /1 </h < fmax. R is a time varying measurement signal from the flame
stability sensor system. F7 denotes a short-time Fourier transform performed on R
from a rolling initial point in time of the measurement, ¢;, to a rolling final point in
time of the measurement, f; such that 1; <ty Crepresents a scalar value that can be

used to manipulate the amplitude of F, which can vary functionally as:

fmnx

Cocz

FY::/ (R)' Equation (2)
./;nin

Where the role of C can be used to normalize or scale F or cancel out the function of

the denominator defined in Equation 1.

In one non-limiting embodiment, a flame instability threshold (Frheesnola) is based on

the ratio, R, of the demodulated signals from one or more of the TDLs:

Rec2f/1f Equation (3)



FT:f (R) Equation (2)

WO 2010/077307 PCT/US2009/006562

Where If and 2f refer to the signals detected at the first and second harmonic,
respectively, of the modulation frequency. In one non-limiting example, F is
computed as ~ 0.02 for stable flames using Equation 1, where R follows Equation 3, C
=1, f; and f, are 1 and 5 Hz, respectively, fmin and fnee are 1 and 2,000 Hz,

respectively, and F is ~l when the flame approaches LBO.

[0024] A flame instability threshold value, Fruresnold, can be derived via several
methods from the measurement output of at least one flame instability sensor. In one
non-limiting embodiment, a minimum criterion to define an Fryeshoid value is based
upon three times the standard deviation of the measurement output from the flame
stability sensor under stable operating conditions with or without diluent addition.
Preferably, the stable operating condition to base the definition of Fruceshold is in an
operation with diluent addition and comprises at least 10 seconds of measurement
data. Alternatively, the minimum Fryeshoid Value is based on six times the standard
deviation of the measurement output from at least one flame stability sensor during a
stable operation period of the combustion device. In practice, a larger Fryresnold may
be required to minimize detection of spurious events for a given combustion device.
In the example cited above with F ~ 0.02 for a stable flame, an Frureshola OF
approximately 0.03 could provide a control constraint on the volume ratio of
fuel:diluent fed to the flame such that a potentially unsafe condition would be

avoided.

[0025] In an alternative non-limiting embodiment, an Fryreshols Value is defined based
on the knowledge of the system response over the range of operation from stable to

LBO. In the example above, where the stable flame is characterized by F~0.02 and

10



Where the role of C can be used to nornmalize or scale F or cancel out

function of the denom nator defined in Equation I
a flanme instability threshold (FThreshol d)

enbodi nent ,

rati o, R Ovaotzﬁfo/o(:}%’?dm ated signals fromone or nore Ofpéf)ﬁsﬂ%éssz

LBO occurs at F~0.10, a value of Frreshord €an be chosen between these values to
ensure both low NOx emissions and safe operation. In a preferred embodiment of this
example, Frhreshoid ~ 0.03-0.05. More generally, if the flame response between stable
and LBO operation is normalized on a scale between 1 and 10, with Frormatizea = 1 for a
stable flame and Frommalizea=10 for LBO, Frnreshold is chosen in a preferred embodiment

to be between 1.5 and 5 on this normalized scale.

[0026] In an alternative non-limiting embodiment, the control of and/or constraint of
the volume ratio of fuel:diluent includes adjusting the flow of the fuel from a fuel
source and/or adjusting the flow of the diluent from a diluent source. Preferably, the
control of the fuel:diluent ratio is performed in real-time and is constrained by a
threshold measurement obtained from one or more flame stability sensors (i.e., a
Finreshold value of 0.03 as measured by a Wavelength Modulated TDL sensor). More
preferably, the control of the fuel:diluent ratio is performed in real-time and is to be
constrained by (i) a threshold measurement from one or more flame stability sensors
and (ii) a threshold volume ratio of fuel:diluent as derived from at least one flow

sensor on each of the fuel source and diluent source in the flow system.

[0027] In accordance with another aspect of the present application, a combustion
system is provided that includes a combustion device (e.g., a fumace, boiler, etc), a
fuel source, a diluent source, a flow system in communication with the fuel source
and the diluent source to provide a flow of fuel and diluent at a determined volume
ratio to a flame in the combustion device, at least one flame stability sensor generates
one or more measurements of at least one characteristic of a flame or flames, and at

least one controller to control the determined volume ratio of fuel:diluent based upon

11

In one non-limting
i s based on the
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R cc 2f /1.fEquation (3) Where If and 2f refer to the signals detected at
the first and second harnonic, respectively, of the nodul ati on frequency.

I n one non- Iiniting exanple, F is conputed as - 0.02 for stable flanes
usi ng Equat re Rfollows Equation 3, C =1, fi and 5
Hz, respectw ?,, and f...v are 1 and 2,000 Hz, re@%ﬁgéﬁagﬂ0§§6}and F
is -lwhen the flane approaches LBCl 100241 A fl ane instablllty t hreshol d
val ue, FThreshold, can be derived via several nethods fromthe neasurenent
out put of at |east one flanme instability sensor. In one non-limting

enbodi nent, a mninumcriterion to define an FThreshold val ue i s based upon

nEr TS enogpE bR pddy P kOB Ohed R URACHAGTROS: AL Bkl GBS N2, | 2T

stability sensdrYg ab era co ions w or w di | uent

SR T e S T
et 35 o o FRIEUCRUREL S0 LB B TR T ol
e e e
e, TR LA TS o g

FThreshoId_of wﬁafﬁ&Xﬂgcgﬁmﬁﬂ%bgyﬁ%?v'de a control constraint on the

volume ratio o uent fe ame such that a potentially
unsafe condition mnuld be avoided. 100251 In an alternative non-limting

embodi ment, an §bBy &S RAhdhe/ALiHG descriRl LOSA, RaasH: Qibilifi8edboulsedan of the
systen1response over the range of operatlon fromstable to LBO In the
exanpl e above, MRS Ed hfe &ntRb€onlsy @8R chsbs Rahapbed drzRdihYonkm@n6i2 and
limitation, an optical sensor operating at a preselected wavelength or wavelengths,
including ultraviolet, visible, and infrared (i.e., near-, mid-, or far-), corresponding to
a spectroscopic absorption feature derived from any characteristic product from the
full, partial, or incomplete combustion of a fuel and/or from any component or
components present in the fuel or diluent supplied to a flame in the combustion device
that can be used to derive, either directly or indirectly, a measure of flame stability or
instability. Preferably, the optical sensor includes a laser, such as a wavelength
modulated tunable diode laser (TDL) sensor system tuned to a pre-selected
wavelength or wavelengths. In a preferred embodiment, the pre-selected wavelength
or wavelengths are in the near-infrared region. More preferably, the pre-selected

wavelength or wavelengths are between about 1349 nm to about 1395 nm.

Alternatively, the preselected wavelengths are about 1.4 pm.

[0029] The diluents used in the combustion system are as described above.
Preferably, the controller in the combustion system provides real-time control using a

threshold measurement from at least one flame stability sensor. In one embodiment,
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LBO occurs at F-0.10, a value of FThreshold can be chosen between these
val ues to ensure both | ow NOx em ssions and safe operation. In a preferred
enbodi ment of this exanple, FThreshold 0.03-0.05. Mdre generally, if the
flame resp n stable and LBO operation is nor i cale
bet ween 1 gﬁ@%@%%?h Fnormalized -= 1 for a stable fr?rréeﬁgﬁg&@rqgsf?ml i zed=
10 for LBO FThreshold is chosen in a preferred enbodi nent to be between
1.5 and 5 on this normalized scale. [00261 In an alternative non-limting
enbodi nent, the control of and/or constraint of the volume ratio of
fuel :diluent includes adjusting the flow of the fuel froma fuel source
ancUor adj usti the flow of the diluent n: i -eferabl y,
the control of ' C@“V?}L?Irg%ﬁ“faﬁeegﬁge Yog‘frp%ralﬂ(s) Oéé}g@é@ﬁ@ Lﬁﬁlﬂ%%%?%?%ﬁ%erg{ﬁ%di s
constrai ned by a.threshol d . urement obtained from. : e, f;Lame
tabi |ty senesriee PERE oo RPEERET B rudptan of v 0 ulE Enfla Bl Sy
Wavel engt h Modul ated TDL ,sensor). re.pr r . af the
fuel : di luent r&FP y?gwﬁéﬁj?”gph%%gﬁlaﬁé\gr)%%bﬁ)et?q% l%lrgl}(’j%lhss&‘pge é‘gﬁléé%ﬁlsl?e?ai ned by
(i) a threshol d . peasurenment..from.one or I ki psors and
(ii) a thr eshoICHt’??gﬁﬁrﬁ%mlstﬁﬁlth ‘g’iﬂs}%"&“g?":”c‘ff‘f%ﬁgsﬁ‘fg‘Iggg‘g‘ér%itoggéh#%?nﬁgt | east one
fl ow sensor on _each. of . t.he fuel .sour [ ewldn 1158 {J ow
system 10027] ﬂfl%u%boé%lrn a’r%)caebsg\nnppﬁn %hﬁgat%ﬁgrg&atggé}ég E}%ﬁaﬁ]ftﬁwe&presentt §
application, a conmbustion systemis provided that includes a combustion
device (€. 9., o] PARCIarAGRTof iR nfothoddinf YRtenPAUE&RribA fithdiBRbwWTOUT Ce, a
co

flow systemin nication wth the fuel source and the diluent source to
provide a fl ow.Q ofuglinandiddi Lident 1idladndet erm ned volune ratio to a flane

in the conbustio evice, at |least one flane stability sensor generates one
or nore neasurenents of at |east one characteristic of a flanme or flanes,
and at | east ORgeCOMidn®RaBHs 4Rl Opdthiional Jeasideradiows ML G omnbhbstioh Dafidep Of

fuel : dil uent based upon and/or constrained by at | east one threshold val ue
fromone or nore neasurenents fromone or nore flane stability sensors

and/ or a t hreshi3d] ¥ohota®abiont,ithe ©fm Fdibkndigkneeaily imdudenfisids tdt 9y nett | east one
fl ow nmeasurenment from each of the fuel source and the diluent source. The
conbust i on sysfflaimniable &6rdn bokagmidinhdnly, shbantielfsen flammakln) andrerqradvkidemes af e,
reliable and stabl e operation of the flanme while reducing NOx em ssion from
t he conbusti oneckysitent age6BAR] sphsifickityndd e invbidheid Tesdpichid! dvosteoluniee f 1 ame
stability sensor or sensors enployed in the conbustion system can be, for
pur pose of il | usios dad harincunid tiodmdunnoft at thaing inalmdesiph ihedbedste tiedtamspethat | ng at
a presel ected wavel ength or wavel engths, including ultraviolet, visible,
and infrared (kombystioredavice. i mbrson of ofdamary) skiltinrthespendetagninoamingisbct r oscopi ¢
absorption feature derived fromany characteristic product fromthe full,
partial, or inéeipilencratarbbssgtonofor ofanmpld, thelcombtion déviesrnsethgndehapriwent or
conponents present in the fuel or diluent supplied to a flanme in the
conbusti on devitedud!hsdd iv g combugtied dedcalend anequniofiairdncludadde theyfeegrto the
indirectly, a neasure of flane stability or instability. Preferably, the
opti cal sensor flamel udes a | aser, such as a wavel ength nodul at ed t unabl e

di ode |l aser (TDL) sensor systemtuned to a pre-sel ected wavel ength or

wavel engths. In a preferred enbodi nent, the pre-sel ected wavel ength or
wavel engt hs ar €033 Earexsraple.-and it scerdancsgyidrpne RBPIiBFUPE FIgRrssent e

pre-sel ected wavel ength or wavel engths are between about 134 t o about

1395 nm Al t er rRlicgtisnythe plamgog diducat fed i tha flame KFoRY 1t © 2By "/QOTAhe

volume of fuel fed to the flame (excluding air). Accordingly, in one particular

embodiment, the fuel:diluent volume ratio can range from about 2 to about 100,
More preferably, the volume of diluent fed to the flame is about 10% to about 40% of
the volume of fuel fed to the flame, thus the fuel:diluent volume ratio can range from
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[ 0029] The diluents used in the conbustion systemare as described above.
Preferably, the controller in the conbustion system provides real-tine
cont rol using a threshol d neasurenent fromat |east one flane stability

sensor. ment, the controller decreases th 0 of
fuel : dlluen asﬁ%BQ ed by a predetermned critical flaﬁ%¥ﬁk§$§%m%%
threshol d, FThreshold. In one non-limting enbodi nent, which enploys a
wavel engt h nodul at ed tunabl e di ode | aser sensor, the predetermned critical

flame instability threshold corresponds up to about 0.06 as derived from
fluctuations in H20 absorption characteristic to flane instability between

fur t her Hﬁg b P 53”{38@03“ 3 EYPrTn agf%aﬁ?p?gﬁ”?" B o il o SR B S | et
Ra 0031
no%ggsaggvecpfh &% &%ﬁQ (WhgﬂﬁoﬁégH%ﬁQFF§ﬁ§ﬁF$§H%§ %ﬁﬂgg %‘nghnot

fl bl nbodi t t fI bl d t
oxi G 2ing 6l emeREEeGHIgRATE: P ORRec PIEA Y300 not | nalude air.

Therefore, fuel:diluent volune ratlos do not include the anobunt of air that

is included in [6(’3@][%10%%1‘ 9% dsf%]?de'vﬁehﬂ 819%3]%# ngr\é%e%?a AC',R%ESOI’I of

ordinary skill etermne an Tniti ratlo

based on, for %%ﬂﬁﬁLﬁhd&ﬂﬁmﬁ%ﬁ@%%ﬁb@&n W iR o Shiche S0nt NG Qﬁéﬁ£@“QJ the

fuel used in the combustion anount of air 1nc in the feed
to the flane. flame results in a relatively stable feed, thus operating far away from the lean blowout

(LBO) limit. Thus, for example, the fuel:diluent ratio can initially be set relatively
high (e.g., around 100), or alternatively there can be no initial diluent flow to the
flame. The combustion device operating under such conditions can provide a stable
flame assuming appropriate oxidizer flow, yet such operation is also likely to provide
high flame temperatures and higher NOx emissions. The stability of the flame and

the temperature depend on the fuel/air ratio.

[0034] Once flame stability has been assured, the amount of diluent fed to the flame
can be increased (or the amount of fuel fed to the flame can be decreased) in order to
move closer to the LBO limit for a combustion device. Although it is desirable, from
a NOx emission standpoint, to operate as close as possible to the LBO limit,
practically there should be a margin of error to ensure that the LBO limit is not
actually reached to provide safe operation. In order to provide a safe operating
margin, a “flame instability threshold” from one or more flame stability sensors can
be established based on the LBO limit, which can be determined empirically, and the
minimum acceptable cushion for safe operation of the combustion device can be
defined so as to avoid unsafe conditions such as flame blowouts. More preferably, a

safe operating margin is additionally ensured with constraint on the volume ratio of
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[ 0032] For exanple, and in accordance with one enbodi nent of the present
application, the volune of diluent fed to the flane is about 1%to about
50% of the volunme of fuel fed to the flanme (excluding air). Accordingly, in

one partic ment, the fuel:diluent volune rati rom
about 2 tougﬁ uﬁﬂﬁgﬂk Nbre preferably, the volume of dlﬁ? 2@%@9§%£the
flame is about 10%to about 40% of the volunme of fuel fed to the flane,
thus the fuel:diluent volune ratio can range from about 2.5 to about 10.
Even nore preferably, the volune of diluent fed to the flane is about 20%

to about 30% of the volune of fuel fed to the flame, thus the fuel:diluent
vol unme ratio can,r e fro about perating a

conbust i on devi‘%dﬁ§%58dﬁh WB?ﬁﬂﬁgh%P“%ﬁémﬂnggﬁﬁmﬁgﬁl %ﬂJTWPO he initial
fuel :dil t ti t t fed t
BT e reou t g eoregtaed {SPup e e et %‘mLFas ref‘#?n»s’hefe FRGRY from ©
t he | bl t o) t t
EREECEME N e et A T
can be no initial diluent flowto the flame. The conbustion device

operating undeg %ﬁygnl ogqgn%éa 207 AR ppgSQan@mﬂh@g\Le@dﬁ‘} 18‘%%1{1%1’3%

ﬂ.ppl’hO]E):’l ate OXI et Su operation Is Vlhde

t
G 1 e oMot 3 L NPT A o bl 1o
stability has E’tﬁﬁﬂ AR T egxfe ﬂ%uellrﬁ@g{& thPJslhcqa #s%ﬁ%aéh@&i. ﬁx%fehzﬂﬁé? E}leama can be

i ncreased (or nDun to t can eased) in

order 1o Move Ghi0REn kAyblGnbBiilok etfueganue%t GAPRUALIAR deylicg Al though it

i s desirable, em ssi on standpoint, to operate as cl ose as

possible to th‘rane%sggn}e!nmftﬂmf% sBBhint Abh nf.J‘f%Enedu%Em%Q iD&ich Rl gf error to

ensure that the I's not ‘actually reac to provide sa

operation. In &Egﬁlélltfges}@cp\ﬂe%c@ed%ﬁg erhé)ﬁﬁ@'lts 'oBé}at 4 | Rloselto tHe! LEBr@hmxt)

instability thres romone or nore flame stability sensors can

established b al?h%ﬁi th%rfuéljagfénggt&)'cgﬁ be i W@és@@ &%Qo gﬁv%ta%@og&%e&gg%fnpal l Y

and the m ni num accept abl e cushlon e operation of 't ustion
devi ce can be defined so as to av0|d unsafe conditions such as fl ane

bl owout's. Mor e[gps&f @AM enbodiictt IRRS BEdeRUnVEREEN, thd fSclafidedtiraidad | y ensured

with constraint on the volune ratio of
initially set relatively high and then lowered as to approach the LBO limit until, based
upon flow measurements from the flow system (i.e., at least one flow measurement
from the fuel source and at least one flow measurement from the diluent source), a
predetermined threshold for the volume ratio of fuel:diluent is obtained such that the
L.BO limit is not actually reached. Preferably, the adjustment and/or constraint of the
volume ratio of fuel:diluent is based on real-time measurements from the flow system
that is constrained by a threshold volume ratio of fuel:diluent as well as an additional
constraint based on a flame instability threshold from at least one real-time
measurement by a flame stability sensor. If either the flame instability threshold or
the threshold volume ratio of fuel:diluent is exceeded (i.e., the flame is operating too

close to the LBO limit), then the fuel:diluent ratio should be increased so as to return

the combustion device to a safe operating margin.
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fuel:diluent fed to a flame, such that under normal operation the vol une
rati o of fuel:diluent cannot exceed a value (i.e., less than about 1 to
about 2) where the flame instability threshold value fromthe fl ane
stability sgpS9{o0hd be reached. 100351 In one enbodi ngAdu@bhodidigsspr €sent
invention, the fuel:diluent ratiois initially set relatively high and then
| onered until, based on the output of one or nore flane stability sensors,
the flame instability threshold is approached. Preferably, the adjustnent
and/ or constraint of the fuel:diluent ratio is based on a real-tine
measurenent of flame stability. Once the filet diluent ratio is such that
the flanme stabig;idelt FRusthahd | s exceeded (i.e., the flane is operating too
close to the LBOTim1t), then the fuel:diluent ratio can be increased so as
to provide a sgdE7ppeE alichdfefitoghdHamd IR bmbistian atned caf BB aiotedet i0f t he
present invention, the fuel:diluent ratio is initially set relatively high
and then | ower gebandic EicaRAKO&E) of & HeBEMbinsd Witk heifliel/a ag&eh pHRmo f | ow
measurenents fromthe flow system (i.e., at |east one flow neasurenent from
the fuel sourcen@adcth tb 8@ FlameNBukleaNorePRs tilRiBtarh tadohkie offinlosethtin SOUr Ce) |
a predeterm ned threshold for the volume ratio of fuel:diluent is obtained
such that the LBO:dmpbntnti(&gNOiast datdpyrhefardiech andiredyeleabbibustitiegaaylj ust nent
and/ or constraint of the volune ratio of fuel:diluent is based on real-tine
measurenents fromthe flow systemthat is constrained by a threshold vol une
rati o of fuel: @@U38pAtprafsratadiluemsn tin padelit bppdicaiondosistnn, anant plofesabdy on a f | ame
instability threshold fromat |east one real-tinme neasurenent by a flane
stabil ity senseuperichtedsteher Atshenfl pefierednidtailpisiredyylet horelmisobrdgasy whikle
threshold volune ratio of fuel:diluent is exceeded (i.e., the flame is
operating too cbose lagelylEniuBgEn, carbdn) diotithe and Waerfwagdr. di | uent rati o shoul d
be increased so as to return the conbustion device to a safe operating

margin. Diluent Feed Streans
Flame Stability Sensors

[0039] A variety of technologies currently exist or could be developed by those
skilled in the art to generate a measure of flame stability, flame instability, and/or the
likelihood of LBO from a flame within a combustion device derived from the direct
and/or indirect measure of one or more flame characteristics. As used herein, a flame
stability sensor or flame stability sensor system is used to generate a measure of flame
stability, flame instability, and/or the likelihood of LBO through direct and/or indirect
interrogation of one or more flame characteristics. For purposes of this application,
any measure of flame instability or indication as to the likelihood of LBO derived
from such a device or series of devices for the purpose of monitoring, controlling,
constraining, and/or optimizing ;1 method or system for reduction of NOx emissions in
fired heaters with the addition of a diluent to fuel falls within scope of this
application, including the implementation of at least one of any type of flame stability
sensor. Current technologies applicable as flame stability sensors include optical
sensors (i.e., laser-based sensors), acoustic sensors (i.e., pressure sensors), and
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[ 00371 The diluent feed to the flanme of the conbustion device can be
introduced in a separate dedi cated stream or can be conbined with the
fuel/air streamprior to introduction to the flanme. Furthernore, the

di | uent strgamfdAfeensi st of nore than one conponent ( ep@Epys2809osdssll € Of
super heated steam and recycl ed conbustion gas). [00381 A preferred dil uent

in the present application is steam nore preferably superheated steam A
second preferred diluent is recycled conbustion gas, which consists largely
of nitrogen, carbon dioxide, and water vapor. Flane Stability Sensors

[ 00391 A variety of technologies currently exist or could be devel oped by

those skilled i °Bim9vﬁ£’§’|5?‘§g€§ﬁ‘§‘r“%- f,q g O&?H&ﬁprﬁfnfg{a'c%ﬁ%raﬁ& %ge}gtg ¥ flane

instability, and/or t od' o roma flame within a conbustion
devi ce derived(ﬁﬁgghﬁﬂﬁ)direct and/ or indirect nmeasure of one or nore flame
characteristics. As used herein, a flame stability sensor or flame
stability sensor systemis used to generate a neasure of flanme stability,

flame instabilijgoso) pRE:Sly, iRhelsiakilty RAQE @fhd fRehtuppi@Rotlire @str-taed/ or
indirect interrogation of one or nore flanme characteristics. For purposes

of this applicapii@nsenddtsyBAaSsHRoyhg £ili@BEone THILAR AdolisticWasdddhdatysem as to
the likelihood of L130 derived from such a device or series of devices for

the purpose of compiidiQy dtMst hOPleksikd deAhr, 0 AIALBhE BN s@REY YEre@Pt | M zi ng a
met hod or system for reduction of NOx em ssions in fired heaters with the

addi tion of a dbAsk®nf of A IdabBIne tahdrs, Mdrt PicherStPPRighferigttdBura Bithdce aihan,
i ncluding the inplenentation of at |east one of any type of flanme stability

sensor. Curr entrht &58610 hRYLE SscaRPnt 62HIc8mBHatidnaBR., Spi@ai dehtof vidRSAIstc-i ncl ude
optical sensors (i.e., |aser-based sensors), acoustic sensors (i.e.,
pressure SensoOmbgked sédék and/or machine vision sensor). Regardless of the sensor type, data

processing can be performed on a processing component within a field mounted

sensing device and/or an independent electrical component common to one or more

sensing devices, with or without direct communication to the one or more sensing

devices, and be located either in the field or in an enclosure (i.c., an analyzer shelter,

control room, etc.). Any combination of two or more flame stability sensor types or

sensor systems also falls within scope of this application (i.e., one of a laser optical

sensor system and two of machine vision sensor systems, etc).

[0041} In general, changes in signal from flame stability sensors result from a change
in at least one flame characteristic over time. The change in a flame characteristic or
flame stability sensor signal over time can be characterized in the frequency domain
by performing a Fourier transform on the sensor output prior to further alteration over
a specified amount of sampling time (i.e., 10 seconds). The available frequency
information contained within an output for a given sensor type is limited to one half
of the device sampling rate. Thus, a frequency range or subset of frequency ranges

can be defined that contains a sufficient amount of information useful in the measure
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machi ne vi sion sensor systens (i.e., a systemconprising a canera to
generate an optical imge). [00401 Preferably, flanme stability sensors in
the present application are | aser-based optical sensor systens enploying at
| east one Ty @h7aePusti c-based sensor system conpri si ngafslo@apéscPNe
pressure sensor, and a machi ne vision sensor system consisting of at |east
one canera, nore preferably a high-tenperature furnace canera. The sensors
may be used alone or in conbination (e.g., optical sensor with
acousti c- based sensor and/or machi ne vision sensor). Regardless of the
sensor type, data processing can be performed on a processing conmponent

within a field pRupt ﬁ%iﬁ%;&ﬁ&x@ﬂﬂﬂ&%ﬁ&iﬁt?S#QJex%plk\?mﬂfr%%H%Qﬁon?!a ebsutecal

conponent common to one nore Ssensi ng dadevl ces, or wthout direct

communi cati on tsa'lsgnﬁat(?{bgrcﬁrdaﬁ?f?z BB BOIIGYGHS ﬂuﬁlﬁﬁﬁiiogguﬂ Raated i ther in

the field or in an enclosure (1.e., an analyzer shelter, control room

etc.). Any conkyj [ 11k IhkYor or
) y mb{ﬂ‘g% 'tr?gﬁfﬁn I sgéon'apliteprgs]s?'g?%é tabit b Ypre& iR Huchuiitie

sensor systens a W thin scope o I's application (i.e., one of a

|aser optical senaelisyRIAMARGHING o8l IMRDIAS oI5/, REASNen SieND, erc).

[00411 In gener anges in signal fromflame stability sensors result
froma change iyealonfbi@ih sggl?én,fah@eanmam@évﬁ@ ?Bds?e;i&\é?? sdidcBortidh6r tshange in

a flame characteristic or ane stability sensor signal over time can be

characterized kgndiRemt HRGHARFYordiANBIeN 1 BYHPEMLOHIIRG oRall @4tk Fretn the S Or m on
the sensor output prior to further alteration over a specified anount of

sanpling time (inmerime 40mSBERRARY preddife RYRE LAYeQsdd 6 MEBALY sthflfi@r Mat i on
contained within an output for a given sensor type is limted'to one half

of the device §aERhiInd/@ifkelitdad$s LBOS ﬁ@gﬁ&&_@)&n&@@%&rpo&mﬁtdﬂ frequency
ranges can be definéd that contains a sufficient anmount of information

useful in the F@f?ﬁa‘tﬁ’d@:y a el stBIMRy Shadiubd thfoPRIMhstidi BifRIclcPidnaBhlainby . For

exanpl e but no imtation, a pressure sensor that records data at 22 Hz

can resol ve prgaaMige ddpte tigadll ORSdIER of Senddr dife, NfndQMFdeSontbudtibafRuige, on 10
seconds of pressure data reveal S that pressure fluctuations characteristic

to flame instalididric¥ymBssivh systent &8 bk ARGENiIREd absdiQoftlz hAbdiRodliayY BNthSERSOr type,
conmbustion system and conbustion device. Thus, either a select portion of

the signal in §NRHepPANRESHhsSIONB al({enor datd vPa §dlecOforBorbotignsoflifid may al |
data fromthe signal in the time domain fromthe pressure sensor can be

used to nMeasurg: bkl hbdsitre e b@billyi frifvid @Il b quhickabiteashtefn $80. In
practice, the portion or portions of data generated by a flane stability

sensor useful %g&a&haﬁahégs&a&hhhhxm49ggg1ion contai ned within the out put
signal, regardless of sensor type, flame source, conbustion device, and/or
conbustion system can be determ ned as set forth. In addition, as in the
case wWith the j90&Araiesesiomputiidrh@ethadslcugenlyaxistatcauldrbea@esddped by porti on
of sensor data may be used to neasure flanme stability provided an adequate
measur enent cathodeakiled érht edtd gznerhiea vglue end/ciobefskivonwily stretatioh@42] A
variety of conputation nethods currently exist or could be devel oped by
t hose skill ed flamddwbilaytflane igeddlitptadar dallitelitend 6Dt BOsdenoted iakinasaw t h
correlation to flanme stability, flame instability, and/or the |ikelihood of
LBO, denot ed hitanei smbaity facfdrafighas tsaletiléd fyorh and @moréoutpitatfromsonder moed from
one or nore outputs fromone or nore flanme stability sensors, described
above i n Par agitaapstdbfl0d8nsord desaeibed atedte imoPerdgrapht{ @] ex pngitrecdofonsuch a
conput ati on net hod has been described in Paragraph [0024]. O her preferred
conput at i on netnigds exangladesudongnipatation method hat icst desatibedan Pabgresh (i . e.
standard devi ati on, variance, etc.) on the neasured outputs of flane
stability send0dtl]. Regapdfcasd cohpwoivpmaliddemchngt hodputaionaf eharatiealand/ or
sof twar e

variables (i.e., standard deviation, variance, etc.) on the measured outputs of flame

stability sensors. Regardless of computation method, a hardware and/or software
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based filtering nethod or nmethods (i.e. high-pass filter) and/or a data
aver agi ng net hod or nethods nmay be incorporated as part of the conputation
~of a flame stability factor. Wthin spirit of this application, a flane
stability fgebgfo78hates to any information or value derl;étﬁgi% 535 | east
one neasured signal or any conbi nati on of measured signals obtalned by one
or nore flane stability sensors, regardl ess of type, that could be used as
the basis for a control action, either manually or automatically, for
controlling, optimzing, and or constraining the volume ratio of

fuel :diluent and/or mtigation of flane instability via any nmethod to

| norease the v ahuegaid fafla Sebicl(HERt phaTUILAG 1B RERNRE of di uent

fromthe strean1fed to e conbusti on devi ce. i cal Sensors [0043] As

used herein, it %@{%h&ﬁgy ﬁeﬁnwﬁ&aé@&ﬁfaﬁ &%@B%ﬁ%@réd&% transmits,

receives or Ot erw se uses or a lirght source (e.g., alight emtting

di ode (LED), T bngt 08¢, wam sﬁH?-&ttng‘a%me haselatit Roort r@a@§ﬁ)ea'h§'a' n

qualities or aracteristics of a flanme that are indicative of

correlated to H 1i8% B0 allet dérivdd BIFE ad IDRE GHinhelalufed ﬁ%}ﬁ{ &anly ragmin'ngt%n'o'?OOd of

LBO. Such optical sensors are not limted to thos at transmt, receive
or use near-infLan,at sllg gﬁ'tobtaﬂl%d BPbACH mdrd BiRe SEH9 SehsoR Sreb8ss It t)tplae

pr esent appllcatlon i ncludes sensors that transmt, receive or

otherw se | ighty, ébuid‘t?e ds@é ésatfl@gasﬁlfa)aco\ﬂr&'al%& eMeﬁ)mndd %axat%atcaﬁ , or
any conbination of W, VIS, and IR radiation. 41 AS disclosed in U S.

Patent No. 7, Oﬂﬁcmﬁylxm@ﬂb&mmgha%a%pyonls@&m?%%ﬁq,e%or&ff@a%n&&t hiW/drt S
entirety, a UV flame sensor typically detects radiation emtted in the

mitigation of flame instability via any method to increase the volume ratio of

fuel:diluent, including the removal of diluent from the stream fed to the combustion

device.

Optical Sensors

[0043] As used herein, the term optical sensors refers to any sensor that transmits,
receives or otherwise uses light or a light source (e.g., a light emitting diode (LED),
TDL, globar, and quantum cascade laser (QCL)) to ascertain qualities or
characteristics of a flame that are indicative of and/or correlated to flame stability,
flame instability, and/or the likelihood of LBO. Such optical sensors are not limited
to those that transmit, receive or use near-infrared light, as optical flame sensors, as
used in the present application, and includes sensors that transmit, receive or
otherwise light in the infrared (IR), visible (VIS), Ultraviolet (UV), or any

combination of UV, VIS, and IR radiation.

[0044] As disclosed in U.S. Patent No. 7,019,306, which is hereby incorporated by

reference in its entirety, a UV flame sensor typically detects radiation emitted in the

19



200 to 400 nmrange. Optical sensing devices incorporating a UV detector to
sense the presence of the augnentor flanme in gas turbine engi nes sense W
radiation emtted fromthe augnentor flane agai nst the background of hot
metal , in ayBhefbagperature environment and under heavypcidhadolofdss [ 0045]
O her non-limting exanples of optical sensors that can be used in
accordance with the nethods and systens of the present invention include,
but are not Iimted to, the sensors described in U S. Patent No. 7,334,413,
6, 127,932 4,709, 155 and 3,689, 773 each of which are incorporated by
reference in their entirety. 100461 A preferred but non-limting optical

sensor 10 asceniyighoblAtEns! Afld LhshDALGANDBoUARL, LY L 0rRIBads of the

present application in ane st Ity sensors that enploy a | aser

As used herein géd?&ergf%romhleﬁﬁ%%rh&ffﬁ% ih gzrs%%f?lggﬁgqgés SBRENRS rafRlidd mat ed beam

of light at a I ned wavel e or wavélength range. A preterred type of

opti cal sensor ohial floRChyaSedio BIBE absnsPrbBYRLAO 5 HEPAULRLSeLHNabI e
V\E}Cﬁlsg E)e%a%bgﬁowc?r %IP%

di ode | aser sensor, escri pur poses o0 ustration

but not limtaty - e Di ode Laser (TDL) Sensors
td ratu%é’r@u?ﬂx?&m DR ARGy ViBRabY.

[0047] In an enbodi nment o e present application, a tunable diode |aser
sensor is enployed to determ ne gas tenperature based on neasuring

l'i ne-of - si ght (de@§) Owet fIn-IMARAE c:ARHN:RE btital BNREGhAtICAELSRRE HIRBG arlcB t Ur n
provi des a neasure for establishing flanme stability..Nonintrusive

wavel engt h- mul G kiRxedhdde ARE §atekis @ f IR PEER IR BitRnIAIR, BN afeMdt RitddPHe Wat er
vapor absorptions can be enployed, whereby such absorptions can be fromtwo

nei ghbor i ng or HaQEshRIdedheEd MA. Demtent NbI233RG 1§ N, 7,930 aved i spam of water
vapor. Commercially available tel ecommunication fiber-coupled tunable diode

| asers and opt b ggd, 7BUABIHENKISh £ MdBRoridal b9 yedrehdt il Bleireafiggr s. Such
[0046] A preferred but non-limiting optical sensor to ascertain flame stability that can
be used in the methods of the present application includes flame stability sensors that
employ a laser. As used herein, the term laser refers to a coherent and/or collimated
beam of light at a defined wavelength or wavelength range. A preferred type of
optical sensor that includes a laser is a wavelength modulated tunable diode laser

sensor, which is described below for purposes of illustration, but not limitation.

Wavelength Modulated Tunable Diode Laser (TDL) Sensors

[0047] In an embodiment of the present application, a tunable diode laser sensor is
employed to determine gas temperature based on measuring line-of-sight (LOS) water
vapor absorption, whose time dependence in turn provides a measure for establishing
flame stability. . Nonintrusive wavelength-multiplexed temperature measurements
based on two or more water vapor absorptions can be employed, whereby such
absorptions can be from two neighboring or non-neighboring near-infrared (NIR)
transitions of water vapor. Commercially available telecommunication fiber-coupled

tunable diode lasers and optical components can be employed in TDL sensors. Such
20



techni ques can be enpl oyed successfully in part because H20 is an optically
absor bi ng conbustion product of hydrocarbon fuels. In an alternative
nonlimting enbodi nent, a wavel ength nodul ated tunabl e diode |aser, with or
wr t hout wa \gb%ggg 3‘3’7" tr pl exi ng, can be used as a fl ane '2569;0\565%?nsor
for the measurenentand eval uation of any wavel ength in the near-infrared
regi on corresponding to a spectroscopi c absorption feature derived from any

characteristic product fromthe full, partial, or inconplete conbustion of
a fuel source or fromany conponents present in the fuel or diluent
supplied to a flame in a conbustion device (i.e., furnace or boiler),

i ntenti onal 1y SEMARCH ecetn'rrarre SURARHMy Pk Bal3F A i B C oLy ce.
[ 00481 A non-|ijmt.i.n a h ns din the
met hods and syégld%“§§°@ﬁ1 esen(%%ﬁmbﬁgﬁgﬁgﬂﬁcn%% gQ§§§g§?§¥ escri bed

by Li et al. t rd Un versit | j. s n Journal , Vol
45, No. 2, Febr ua? d’i ’7a Wave en @dn%%'éa?edq a%E dlo e?gfeg'tkr!aﬁgﬁ]@gr ated by

reference in i LR é?”gq{ar%@{rpreﬁg cag%§ ggedd War'n??tgbrgé s%rllsng%or ?Hé méa?urg%gﬁd on

noni ntrusi ve neasur nperature usin

wavel engt h- md'ﬁnd’ié\}aﬂl trc?l_rp%%k)énglﬁfeqméth( 1W rg%nﬁﬁ%fed %%Eo%%hh?ﬁoﬁ&ﬁ% Qrget a HoO

l'ine palr near aroun oweve tenp rature

changes, parti gyl ALl it HIBSIAL HRuLARNGPROk P%B%rﬂ%?rh?csﬂr?&ﬁﬁﬁ&ﬂ ¥ hihe

burned gas, are nore inportant t te value o etermi ned
t t d f
Fast Tenper at u%mééﬁ“géé pe Uk ses&rf?fm%* s SO R HER L Sae
Laser, " Appl | e?Le %}& eﬁtsﬂxhﬁﬁeﬁﬁéa @E&g &atr%fo);suo}{% vieBde, Mnac2or 6HRD; PP-

711- 722 which 1's ere y in ora eference Inits entirety.

100491 In anot g)%rugn,g gbﬁﬂcﬁhﬁ&u@?{?ﬁ%ﬁ,?&dn & N arlih BITE a%h@hl lehdidh rﬁﬁ9?§0f

enpl oys three ers tun sorptron wavel engt e.Jg.

1349 nm 1376 | Hh@&ﬂ)% gm@g%t JTRe gwfﬁgtggﬁgrptron features with different
tenperature sensitivities enab he pro ing of tenperature fluctuations
and other flanme characteristics that may fluctuate within the flanme (e.g.

fl ame shape) ¥g £Rgi-N Wk AhpIOBE SRR LERECGHR ah Be BRNERUM the methods
(1f- nornalrzedwﬁdﬁs 2f) ﬁ@?%g 1 #requency nultrplexeﬁﬁ%efgctor with up to

3MHz bandwi dt haf ik diethd oBE Frefedt Bhentidn HEMRIBd ensdfs debi@ibs€PSLT et gl 8f €M 30 i s
set forth in Figure I. In one non-limting enbodinent, a single | aser can

be used for 0nsta@fbrdmxeerla@?ana%aswh%%esAIAQAmlrara/cfrlzerrﬁoqr Fdoraies i nside a
conbustion device. The present invention is not intended to be limted to

the use of a spougl §. BAE898, whith REheretBNBeRBorited By leRS&ICS indts@nfRASIGIRr ed to be
well within the scope of t he present invention. Furthernore, a neasure of

flame stabilitynseidbsaded ByamMeeADIs BYicd Gn QOMnLsivVEN QsdraBeits SAS0rs targeting
a single absorption band (i.e., H20) is within scope of the present
invention. 100&@berafardithe@iROMeaRATcIO gH-ROARARHEPEcBRPbY CRM)Bad 2he Tl ame
instability threshol d* based on output froma Wavel engt h- Ml ti pl exed,

Wavel engt h Modgdreatieslthitiaabl £H0 Retpaiafer arqubidl)4 BERNRGY ndt&l, Beweket, ingled. The
flame instability threshold is primarily based on the tenperature
fluctuations Wekmbérarutd@ahdeS patticORriQtengicedting chanbisah tHemétiesdfgiohlofedeuat i ons of
fl ame shape that nay cause the flame to stray outside of the LOS. In one
non-1limting esdbad dagnate myvdapdrtadthbiibe QBS hitdlv B Falie Gtcgiiled Gapdranirl a
particul ar frequency range characteristic to flame instability (e.g., 1 - 5
Hz) constitutimng aadifisraciétan, 2k ZhbeguentyeveRpinemtiof a Fast tiB@peraareleasir€sr t han a
given threshold (e.g., greater than 0.02, or greater than 0.03 or greater

t han 0. 06) theporhthgtidd @i8es UKisg aBinglel Bunable Diode Laser,” Applied Physics B (Lasers

and Optics), Vo}. 81, No. 5, 2003, pp. 711-722, which is hereby incorporated by

reference in its entirety.
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t hreshol d, FThresholth has been reached. Such fluctuations in the sensor
signal can correspond to one or any conbination of fluctuations within the
flane characteristics. Mire particularly, in one enbodi mrent when F, as that

value is d LS s set forth above, is greater than, , 0.02
A PR RUAIRGE, |

then the FThres as been reached and the volune ratio ent
shoul d be increased. [00511 The present invention will now be described in
greater detail in connection with Fig. 2. Fig. 2 is a schematic diagram of

a conbustion device 1 in accordance with the present invention. The
conmbustion device 1 includes a housing 10 having a burn plate 11. At | east

fl - [ : s I : 12 i
operat 1 vel y. coluadt sfetOath i REMEE L ALE by M AR IS e
fuel d di e M t 12
conbi ned and 1 S48 BeDB B MR s e e AR R g 10

further 1 ncl udess b A0S ¥Rblsodfoudi eGSR ARBAE M LRl DG PLRSRRRe nvent] on

t he housing 10 1n des east one tap Ich a sensor may be

| ocated in ord : pgg@ I C LS t he
conbustign dev%%gk%?éﬁﬁgﬁégpﬁgle tgi chg%kfggﬁggp@%%g%gﬁbéﬁﬁﬁ%g$%onbustion
device 1 near hhDRu{dANRifRcEntAy.o e SO WS eilleitiBaliher abl y | ocat ed

a point just a e burn plate e flane sources 12. Tap holes 22

and 23 may be LHQG%S%’%" ippér%‘?mﬁ%{ lg—ngxln?atliged} ;vVﬂflg-Z?)lﬁg‘ngclglfeﬁﬁﬁr{gg-tnyuhﬁﬁe)&ae flame

sources 12. At least one tap 4 may be provi sing 10 in close

proximty to tggagﬁkggﬁﬁﬁg?gﬁ%ﬁmh&mgév%ﬂ?%&ﬂphﬁﬁeﬂshﬂﬁﬁﬁEGPmpﬁﬁﬁﬁnt.

invention is not iInten imte ese | Ocations; rather i1t is

contenpl at ed t fafer LI Lot kARAR FRAT: AT HORS]-ARHRY chlﬁ%p@ﬁewg& bin¥t 1BAr2ah NE

scope of the present invention,” including but not [imted to spaced
l'ocations al ong, hgpdht o ox’i RS SGRIBYSHEAD D GRlahe RERMRENN GG  burn

plate 11 and the bri dgewal 3. The present 1nvention utilizes one or nore

of the fol | oW gl @lRIcHEEDHd frlscRERAioP N HoPRnd 10 801imTl 0hd Riebral one or

i n conbi nation: opt sensor system 30, acoustic sensor system 40, and a

machi ne vi si ongsa0RaL- SHSf M dlnord Mers YR BABdAL o BRFeAtiME e é‘c%{s%ted to a
controller 60, as shown in Fig. 2, which receives the sensed output from

the systens 30pe 4Rsen?hvBRBnPRLAREre! DR NELSTIRNY sEBilif dTHA GRS T egarding
flame stability and any necessary corrections to the diluent: fuel ratio to

establ i sh and 185%@% SheSRhford ia_?é?"s’exﬁ&@rté}%étﬁéiaﬂnhfé;ab ion®ahd Qle!, BLOPR MY
control either directly or indirectly the operationof the supplies 14 and

15 to provide {f¥6n 8&pESEAE Yredink HRBLtHonf UEl ratio. [0052] In accordance with
one enbodi nent of the present invention utilizing an optical sensor system
30. At |east one optical sensor system30 is located in the tap hole 21.
The use of theoosy) thohesmbblindnk 6fEe pfefdh® Biptisatdn, Badilameciaibing tatshopt'i cal
energy fromthe sensor systemthat has passed through a flame or flanes at
| east one ti Mebapddsdn ARV GofmhewhleisigthsunipRxdd Wavelengle Mddolatsddabiabee of t he
flame characteristic within the conbustion device 1. Preferably, the
conbusti on devbiege Lasen@DL) Sensabis@sthblzfed MEhefflaf@Enssadil(tg ehrdsBold W grtinasileh  an
arrangenment, the tap holes 21 are |ocated such that the optical energy
transm tted andsddamehaeahpbynirdBucoptibaalitte s @OSSYiat-ofrsgid]) whischindlideough one
or nore flanmes fromthe flanme sources 12. It is contenplated that the

opti cal ener gyldcruatiorshé fls@e siape sysheytalte thaflaie ieestiay beidé phHihe A0S gl e t ap
hol e 21 and received by the sensor system 30 |ocated in another tap hole
21. It is al soneaoi-nptimateatotitennpihte Alcts@insoin senssi @gnaBOcchointa parteolam t and
receive optical energy froma single tap hole 21 followi ng at | east one
refl ection of fequapy rangk characteristic to flame instability (e.g., 1 — 5 Hz) constituting a

fraction of frequency content, F, that is greater than a given threshold (e.g., greater

than 0.02, or greater than 0.03 or greater than 0.06) then the flame instability
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beam Inforrnation fromthe sensor system30 is transmtted to the
controller 60 to determne the fuel:diluent ration described above and
reconmend and/or inplenent and nodifications to the ratio (i.e., nodify

fuel suppl yugh 4kl uent supply) to nmaintain a stable
characteri SYVﬁ EH()?A{\)(r’:/z)ustlc Sensors [0053] In accordance véét g(goﬁgsrﬁzaspect

of the present invention, an acoustic sensor system 40 nay be used to
ascertain at |least one flanme characteristic. As used herein, the term
acoustic sensor refers to any sensor that transmts, receives or otherw se
uses an acoustic source (e.g., a pressure sensor, m crophone,

accel eromet o1 ALY Aol FbSedh binas ;‘sglgitsph&uﬁnmﬁﬁéseg P SEhALAPteri Stic

of a flane or f[}frames Td""SP")S ive of flane

stability, flagg pﬂétﬁg'o rta%g&ﬁlg iRk oﬁq%?ﬂtét&a%ohmmn% B@ chadGhideQust i c

I
€S
sensors are not I-|r transmt, receive or use acoustics,

such as the prgps %‘{;l ar{:&{?zﬂ@h In o%%%&%bcﬁ%gm'%e% 'i}easRBﬁsvglﬂé isHIREhHEd A foﬂf.‘d

i ncl udes sensors smt, recelve or therw se acoustic si gnal s

above, is greater than, for example, 0.02 then the Frnreshod has been reached and the

volume ratio of fuel:diluent should be increased.

[0051) The present invention will now be described in greater detail in connection
with Fig. 2. Fig. 2 is a schematic diagram of a combustion device 1 in accordance
with the present invention. The combustion device 1 includes a housing 10 having a
burn plate 11. At least one flame source 12 is located on the burn plate 1 1. The flame
source 12 is operatively connected to a fuel gas source 14 and a diluent source 15.
The fuel gas and diluent may be individually fed to the flame source 12 or combined
and fed as a single stream to the flame source 12. The housing 10 further includes a
bridgewall 13. In accordance with the present invention, the housing 10 includes at
least one tap hole through which a sensor may be located in order to sense and
measure the flame characteristic of the combustion device 1. One or more tap holes
21 may located in the combustion device 1 near tthe flame source 12, The tap holes
21 are preferably located a point just above the burn plate 11 and the flame sources
12, Tap holes 22 and 23 may be located in the burn plate 11 in close proximity to the
flame sources 12. At least one tap hole 24 may be provided in housing 10 in close
proximity to the bridgewall 13. It is contemplated that the present invention is not
intended to limited to these locations; rather it is contemplated that other locations are
considered to be well within the scope of the present invention, including but not

limited to spaced locations along the wall of the combustion device | between the
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[ 00541 A preferred but non-limting type of acoustic sensor to ascertain
the state of flame stability and/or instability that can be used in the

nmet hods of the present application include flane stability sensors that
enpl oy a PreaSiofrsgnsor. As used herein, the tern1prengﬁﬁgﬁﬁﬂﬁﬁ&%gefers
to a device useg ?or t he purpose of neasuring pressure inside the
conbustion device. A preferred type of pressure sensor is a differential
pressure sensor, which is described bel ow for purposes of illustration, but
not limtation. [00551 A differential pressure sensor 40 is enployed to
measure draft in a conbustion device 1, whose tinme dependence in turn

provi des a nea t i Shi I : RS / i ility.
Pl are ot ani |1y rple Gl LR @by BRLa0 1 At AR LY el R be
enpl oyed, wher 3. i I GaSi I ' -near. the
onset of fIane%ﬁﬁgﬁﬁgﬁﬁéégﬁqgﬁg%%Egﬁgﬁéﬂ%gﬁggﬁ@ig}?§£§€3¥Ia% elggﬁéSure

sensors WHIN SLaldyplchedtlsy @Ry SbusROGRAT SOucrh BE LHEL RACATOR G0 der

differential, gauge, or Ut é neasurenent outputs, can be enployed as an

acousti c-bas e.d st‘te%ﬁr?o. Sh?quhér;ly arg %P&gﬁvalﬁ/ﬁ%gﬁﬁ t%%h:%h%%? 60,38 SIR)%VUQHE li%zy,e d

successfully in part because statistic ysis of acoustics wthin the

combust i on_devife, TRASKL B0 sBed (nd BRHAhe /s M AAI0Y siind @EBShE He, can be

used to conpute 1 dentifiable and actiona aracteristics of both stable

and unstabl e Cg&‘éksta &%errgfna@orfslr%;ﬁ%%%tynk%ﬁity Ln'ﬂi a@l? n@ée@@a@%&@on@@pom ment,

a differential pressure sensor a statistical analysis package can

be erpl oyed s dil, iR 1ABI L1 SPHRMainUASEE Mime Shildhaklicatnanal ysi s

and/ or other data analysis nethods can be I nplenented on an | ndependent

lectronic devi . s of fLan =H
electronic evg%'grohgr éii)%%/‘ljc?m@ol ﬁé%’%ﬁg or nlo"?‘x!?&lysth@l%e'rdtﬁo}{otgfd% §6d]p9ﬁé’s 14

instability ba on an put fromt sensi ng device. | A "flane

instability thEﬁ?hﬂB%&nﬂﬁﬁhp Cgf&gghkﬁaﬁglgﬁﬁed on the filtered, averaged,
0 rom

and nornmal i zed outpu raft Ive differential pressure sensors. The
flame instability threshold is primarily based on pressure fluctuations

wi thin the conmfpest) onadendhie withloat eMBodimbR oRHIPSRER firventinBSiSiEing an Wien
fluctuations in sensor signal occur constituting a change in a statistical

paramet er (i . eopticiBehaRS@lent STALA d 18asO6 R EE] b1 sqistéth Be i béutiSh@ledar €. 0. ,
greater than 0.1, or greater 0.12, or greater than 0.2), then the flane

instability thrsbpl the [Ebf @6 bplidles haslihRamnERRGHEShd r&tedhind dfuptitiat i ons i n
the pressure sensor signal are derived froma neasure of at |east one flane

characteri sti Cenegyt g thdisE6# dyyte@rthdtmal Fae&etltyroughhnaflanty drglafiat &Seds ¢ei n t he
conmbusti on

time just above the flame source 12 in order to measure of the flame characteristic

within the combustion device 1. Preferably, the combustion device 1 includes more

than one flame source 12. With such an arrangement, the tap holes 21 are located

such that the optical energy transmitted and received by the optical sensor systems 30

pass through one or more flames from the flame sources 12. It is contemplated that

the optical energy from the sensor system 30 can be emitted from a single tap hole 21

and received by the sensor system 30 located in another tap hole 21. It is also

contemplated the optical sensor system 30 both transmit and receive optical energy

from a single tap hole 21 following at least one reflection of an optical

beam.Information from the sensor system 30 is transmitted to the controller 60 to
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device. Mire particularly, in one enbodi nent when the filtered, averaged,
and nornmalized variance of the neasured draft is greater than, for exanple,
0.12 then the FThreshol d has been reached and the volune ratio of
ftiel:dilu be increased. [00571 Alternatively, ;
instabilitiaﬁﬁég@ﬁgﬂa" may be established based on outpu?éyy%%ggﬁamz
differential pressure sensor. The flanme instability threshold .is primrily
based on pressure fluctuations within the conbusti on device. Wen
fluctuations in sensor signal occur in a particular frequency range
characteristic to flame instability (e.g., 2 - 5 Hz or 2 - 10 Hz)

constituting a change.i Statistical .parameter (i.e..,standard deviation)
fromthe sum ofdegﬁﬁlﬂf {%@ei'dﬁk‘ﬁé‘.‘ rago’&lg?sf:rhée)eg a?%lv §ad fe(ﬁoxpﬁlgﬂ%%ng%) St rp%lel?’?rgquency

spectrumthat is greater t a.given threshold, (e..g. ..qareater,than 0.05 or
greater than 5)"¢ &’gﬁ’%ﬁ{é‘m? F%gtﬁ%raflﬁgteaﬁ?qdﬁy T RPRYHEPET dlﬁ%ﬁr&é’%& %ﬁ’) has been

reached. Wen the stangg%q%g%%ha ion.of the acoustic frequency spectrumis
I"OW

t
sunmed from 2 YIRS d"%gvgﬂfation of a short-tinme fast Fourier

transformfor 10 seconds of previously neasured pressure data, is greater

t han, for exangkﬁuﬂgfgﬁrﬁpen the F-rhreshoki has been reached and the

volunme ratio o nt shoul d be increased. [0058f Wth reference to
Fig. 2, the pressure differential sensors 40 are located in at |east one

tap hole 21, 239053pin #8ordddce Wil GndRASLHEIE Me BEseMNn ABOHS lah Gcobbt@hsot r om
Wi thin the conbustion device. The sensor system 40 may be | ocated in cl ose

proximty to asfdexiBo MY b fsed 2 dsBertaitPat Mak@%e Adme INLacELREOTASKEE Betid0 may be
| ocated in a tap hole 24 in close proximty to the bridgewall 13. The

sensor system 4 1&@yacofstil @6Rbed el to Any fRsdI Mal trddne, rbdte/ b UF RBErwiRkate 11 at
a location equidistant frommnultiple flanme sources 12 or within closer

proximty to oBgaddu@tiiBosRE (&L, AbreRuledphsbhficréphond, Rcateahétanemtiwved t he
present invention, any nunber of conbinations of tap holes 21, 22, 23 and

24 may be util e#8 isQértdihg 16Hsf §rRIcRithdiétstip bESHAECOrTRARS IS & MdHetly,
Information fromthe sensor system40 is transmtted to the controller 60

to determ ne t b fswRlicatlld bfeMime saibilRp, MAGRGistddaMy, ah@vetha NkeIhesOFMEBBl and/ or
i npl enent and nodifications to the ratio (i.e., nmodify fuel supply and/or
di luent suppl yBudhco®iid bdisérs areSotlinfed th@ktRe tHabAGinR) deSdivelor use acoustics,

such as the pressure sensor described in the present application, and includes sensors

that transmit, receive or otherwise acoustic signals.

[0054] A preferred but non-limiting type of acoustic sensor to ascertain the state of
flame stability and/or instability that can be used in the methods of the present
application include flame stability sensors that employ a pressure sensor. As used
herein, the term pressure sensor refers to a devicé used for the purpose of measuring
pressure inside the combustion device. A preferred type of pressure sensor is a
differeﬁtial pressure sensor, which is described below for purposes of illustration, but

not limitation,

[0055] A differential pressure sensor 40 is employed to measure draft in a combustion
device 1, whose time dependence in turn provides a measure for establishing flame
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Machi ne Vi sion Sensor System [00591 In accordance with another aspect of
the present invention, a machine vision sensor system 50 may be used to
ascertain at |east one flame characteristic. As used herein, the term

machi ne vi sy@n,aaRsRy system 50 refers to any sensor sysgemidblookdsgnsmts,
receives or otherw se uses an optical image (e.g., a video canera, etc.) to
ascertain at |east one characteristic of a flame or flames, directly or
indirectly, that is indicative of flame stability, flame instability, -
and/or the likelihood of LBO within a conbustion device. Such nmachi ne
vision systens 50 are not limted to those that transmt, receive or use
visible (VIS lsfaglh%y ax;[ac‘itpolrgﬁ&%{al‘: defl“]%g%%} ﬂity'ngggsgﬁe?nefn?srbagéd ne oPmbfed:  as used

in the present ap;l)1 I C es’sensor systens that transmt,

(N R i rar e epHiEssePBi BB RaHREY SEE e il il RobBE QOAGHE "N R
and IR radiati Qlir t)%egcgl??t]of ﬁgug£ ﬁlrségllhgy antd}?)?LgBC }aogﬁnew[iéli ﬂ/aﬁﬁ;@éﬁgsﬁrﬁzt em

includes a flane's ity sensor systens that enploy a canera. used

herein, the t e%{nsgxg:m{hasta'{i?tfcgr aﬁmafy?iﬁ glac%gégtsciﬁc]g&g th%?er wi&lh@ft@féﬁ@ﬁ,sﬁ%% IDrSEd of

obtai ning an opti I'mage fromi he conbusti on device c0O

light. A preferged t %Efsg%f{%‘{ﬁ%”% bah 13 empgﬁfi& %ﬁ?}gﬁ@t}sgé-gasfeﬁrﬂﬁ Qgta@gﬁ,gr a

operating in the visi i at'l oh spec escri be w for

purposes of il lséﬁ%rr %bﬁ@chﬁﬁeggﬁhﬁ e%‘r@oé/g& Eallgﬁels(sgt?]xffg glrl‘%rtl%regz{u% ﬁ?ls}’walt he

machi ne vi si on sensor syste erature furnace canera

t bt ai i i fr.am wi t hi . ; LUt
i ﬁ 1('.) ur ﬁl _Br gCi ggédl}gsﬂn(g‘g‘g@g_ %Sr"g‘g‘rs‘;} %}C?‘gﬂ{sﬁg@ﬁw&ﬁgﬁégﬁ%ﬁwy%n%?rééggﬁéfy out pu
instability, apdhr>ihA,!dKel hJaz??odco%Imeggwﬁg@e HRELNREOH ShABesRSer System

50 may utilize one Or nore caneras, tectabl e changes 1 n an
optical inmage [ ' : A0S ANsat 195n hila@vi nstability
and/ or LBO. Co%%rsg?gﬁmgg%%ﬁ%%?lggﬁbgh-taerrprerature frhrnacevcamaras can be

enpl oyed as pagt,ofim@n PGiRk RGN irggeisﬁﬁle Qﬂ?cﬁq'ltfhl)\ﬁ%ta%ﬁcgl Ma‘y)!i_s%@&%@é canystem

50. Machine vision sensor syste are also typically conprised of a central

processing uni, égplr%dmsq f%hé‘ééhilﬂi s%géo%ywmb& st@RiiddBAEysANALNS bfeRRGKage,

or both. Such syste can be enpl oye successi‘ully in part because flane

intensity, or |Lighi Mg&fa%sﬁ eym)gﬁ#&xghgdton%n GRBRMEL SR AN &Sick Alddee FRasUr ed

by the sensor system direct ndirectly, and exhibit identifiable and
actionabl e Chaﬁlggstu?erdﬁfahﬁ%tagflit)balﬂ%ﬁ;iﬁsﬁ%%i@Béjse&‘9§E@Qiltﬁutff}oﬁ%e $dndhgs, as
o .

well as indication to the approac
device.
[0056] A “flame instability threshold” may be established based on the filtered,
averaged, and normalized output of draft from five differential pressure sensors. The
flame instability threshold is primarily based on pressure fluctuations within the
combustion device relative 1 to atmospheric pressure. When fluctuations in sensor
signal occur constituting a change in a statistical parameter (i.e., variance) that is
greater than a given threshold (e.g., greater than 0.1, or greater 0.12, or greater than
0.2), then the flame instability threshold, Fryresnold, has been reached. Such
fluctuations in the pressure sensor signal are derived from a measure of at least one

flame characteristic, either directly or indirectly, that originates within the combustion
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[00621 In a preferred enbodi ment, a machine vision system 50 conprised of a
hi gh-tenperature furnace canera positioned in or near the tap hole, a
central processing unit or controller 60 which contains an inage anal ysis
package an statistical analysis. The controll i a
measur e of dwpg?rfé)%g@%i lity, instability, and/or I|ikeli hg%%’ﬁg%zq@@&é{%gsed on
one or nore outputs fromthe analysis of an optical inmge obtained by the
canera. The controller 60 can then determ ne the fuel:diluent ratios

descri bed above and recommend and/or inplement and nodifications to the
ratio (i.e., nodify fuel supply and/or diluent supply) to maintain a stable

1 ame charact el 8t GrorbBR03a. Ty ARSHLARNGE Meb bR APRRGIB g e Present

i nvention, the ane | abr'l hr es erm ned

controll er 60 g@%%g%c%%ﬁgnc%‘é?Eh%gngeggfremgﬁist &%r%@@zfé%é%m‘ﬂ%?&ﬁ‘gﬁ{% gRULpUt S

from anal ysi s 1 cal 1 rmages al ned ard an y a machine vision
sensor system enpl ow | r . T e

not abi )ty ¢ hy SO et sPleARt drpTRE Al W DR R LA b PRer Bt 1 ons
fromflanmes within a conbustion device captured in a series of optical

i mges and _anatdﬁ%ﬂdAQéfnétﬂély”?@ﬂn%néfébﬁlii@_Ehr@s%@l%lﬁ’Fna§B@Es‘%iﬂli_sNéh%st'oHCt uations
in sensor signal (e.g., light intensity in selected portions of an opti cal

i mage) occur cgRshitdM & BigfeRnGNIRGGr EenforStral hshd BahbiR8T BFBIOR is blimBrily
variance) that is greater than a given threshold (e.g., greater than 0.002,

or greater 0. 2p,sed ogpRa&LR IUcRBRorbwilhiteMe EOBLUsli@ R vicBS Wakh lnbEtfadohs gshol d,
FThreshol d) has been reached. Such fluctuations in the sensor signal are

derived from asdiRasiEhS REurdh a bsastaRuidca iR BRrRctiShd Siflate ithdbay | Y OF
indirectly, that originates within the conbustion device |I. \Wen the

variance of the dreassped: 9RtioGH) cbidfi@ASd 4 ¥hankd iaRtaBsRAr fdret@f(i.4.he opti cal
image is greatgr t han, fgr exg%%fe,lo.d%z tﬁ%n t he FThr%éhold(has been

reached and t h@aneddui¥Riafiéh) fRonPhe EMBbf AbidHlds 5B B nEtErah HEH RSRPustit 00641 I n
accordance with another aspect of the present invention, a "flame

instability thgemb@lydped@nP@sadg@iet ish 4 %iU@] HRPMHRN, Ro4edr a8 0afs R

predet erm ned nunber of outputs from analysis of optical inages obtained

from the systegraéh thafd)Ghenl thaNahyaeabily thloehof RO Bls bebh reddiRd f hae®
instability threshold is primarily based on the magnitude of optical

intensity fl uckheabhdRSddviadioh bl dBRsudd Rdgledc) @pdeaiiBusiunghedi®omh ge.10\en a
decrease in sensor signal occurs characteristic to the approach of
following calculation of a short-time fast Fourier transform for 10 seconds of

previously measured pressure data, is greater than, for example, 0.05 then the Fryreshold

has been reached and the volume ratio of fuel:diluent should be increased.

[0058] With reference to Fig. 2, the pressure differential sensors 40 are located in at
least one tap hole 21, 22, 23, 24 allowing measurement of an acoustic signal from
within the combustion device. The sensor system 40 may be located in close
proximity to a flame source 12 in tap holes 21. The sensor system 40 may be located
in a tap hole 24 in close proximity to the bridgewall 13. The sensor system 40 may be
located in a tap hole 23 on the burner plate 11 at a location equidistant from multiple
flame sources 12 or within closer proximity to one flame source at a tap hole 22, In

accordance with the present invention, any number of combinations of tap holes 21,
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flame instability or LBO (e.g., from50 to 20 or 60 to 25 or 100 to 30)
constituting a change in the optical intensity neasurenent (i.e., decrease
in light intensity) fromanalysis of optical imges |ess than a given
threshol d gg %mvmhﬁﬁﬁ than 20 or less than 25) then the gdraBocsioaakd ity

t hreshol d, ? reshol d, has been reached. \Wen the average intensity val ue
froman average of thirteen outputs froma machi ne vision sensor systemis
| ess than, for exanple, 25 then the FThreshol d has been reached and the
volune ratio of fuel:diluent should be increased. [0065] In accordance with
yet anot her aspect of the present invention, two "flanme instability

t hreshol ds" ba on e _ayver.age, of .tin Rendant fanom anal ysi s of
bot h overall igﬁg%§PQ%bgﬁﬁ ?%qgﬁ%% wald%gﬁgﬁ?ons F?%%ﬁ%%??éﬁl i mages

pptained 11 om | ACqSxSt St B0 &l AIAL YERGiRY b IR GARNICPLD Bldelfnind N

. . i
flame instabil reshol ds “are ‘base n e sanme principles as set forth

i n precedi ng paragraphs uc ni HeCH i as the
machi ne vision3§2%%§ﬁk?§?gg%1 %ggaﬁ%gggg%g%ﬁPﬁy toaéigéﬁ%gagﬁgior nor e

anal ysi s met hods .an one re porti I 1 t Al by the
canera. As sch?m%‘Eanﬁgﬂiggﬂlé?%%fﬁgﬁggg%ggﬁ&nggﬁggaggﬁwg?fﬁgﬁggﬁaIysis
nmet hods, an FTgrqs 9'9029k55Q%; system has been reached and the vol une
rati o of fuel: f?%en SREUIG e i ncreased. [ 00661 In accordance with an
aspect of the invention utilizing sensor system 50, optical inmages from

w thin the co%gﬁgngwig@ryg&gogs:% be captured at any one of tap holes 21,
22 and 24 by a"tamera. The optical inmages are preferably obtained from

| ocations offering the st clear unobstructed view of the flane(s).
Preferably, thgokeagascoddacORtinbivat: Bypetiai teraant Zivesion22 mathisnvision e
preferably, one or nore tap holes 24 would be utilized to obtain the

i mages. The presedtsydtdhy 80tHapBe LsedR@hscerdiendest ont dlaine chdraitérisdc.t As asedi ngl e
tap hole location; rather, any conbination or |location of tap holes is

cont enpl at ed t gerbig, Melckm Wiathih&visie sasongsteh 50 hdeptesgntnsonsysrmtbat. [ 00671
In a preferred enbodi nrent of the present application, a select portion or
portions of anyftieatceivingeotbamisdsd abypticahincige (eg.\d Si@capenser.) ®yst em 50
are utilized and processed by the controller 60 to derive a neasure of
flame stabilit yscerkdhbitagist drle)harafichshit of i Rehé drdbthesfdileBQ. orNdiecthy, dfagisabl y, a
sel ect portion or portions of an optical image can be utilized for analysis
that provi des mdih@reagfiame stabilityyraasae idtabibiry, andd@elbd likebhdddanté- BSowitlveawi t hi n a
conmbustion device, particularly in multi-flame source conbustion devices.
Even nore pref gindikiyon d@RicopSiadhahachimagaicnaystires Y ok et lauted © s thitx porti ons
for analysis of each respective flanme source fully viewed by a canera. The
si x portions i pglsheiereodiee Geise okibtey [8)dight, itmemtrareyopsea ihages far flame

sensing, as used in the present application, and includes sensor systems that transmit,
receive or otherwise optical images comprised of light in the near-infrared (NIR),
infrared (IR), Ultraviolet (UV), or any combination of UV, VIS, NIR, and IR

radiation.

[0060] Preferably, the machine vision sensor system includes a flame stability sensor
systems that employ a camera. As used herein, the term camera refers to a device
used for the purpose of obtaining an optical image from inside the combustion device

comprised of light. A preferred type of camera is a high-temperature furnace camera

28



enconpass two halves of the flame source, one set of two conplinentary
sections that enconpass two halves of the flanme source rotated 90 degrees
with respect to two halves selected in the first set, one portion that is
ci rcumscri bggd By, dH%,1 nner dianeter of the flame source, p@fdsRRFoRRLL | ON
that circunscribes the outer dianeter of the flanme source. In preferred
non-limting enbodi nents, one or nore portions, including any and al

conbi nati ons thereof, of the optical inmage can be utilized for analysis
wi th the machi ne vision sensor systemto generate a flame stability signa
to be used in the nmethods set forth in the present application. Exanples

100681 The present . .application j.s. further descri

exanpl es, pr eseor?f’rgangfglltftl)CV\‘/f'SIH'lﬁéadlﬂ%lém(%?ecgrﬂrgh\”@ﬁ%ﬁﬁi %gb%)dgbeﬁfﬁ)zp ?‘%’? %e\ggfonl y
and in no way |.jm¢ts e gpe. and neani ng of the invention or of any
exermplified tefh%“??%%gQrm?ET i'S™application is not linited to any
particul ar preferred enbodi nents descri bed herein. |Indeed, many

modi fi cations 6}96’61Y¥Feifé}£l§l§2q}?ﬁ rﬁéch%rﬁﬁ/iéi&vs%m&fr ARt 40 utliGesAPRA-Gpefafurt hOSE

skilled in the 'art "upon rea i's specification. The invention is to be
under stood by t,1e5E08 obiG aﬁBP@&g%gQ :ﬁ%}éx%itlﬁﬂ PO idh dehRefi Uvhostcope  of

equi valents to Ich the clains are entitled.
output in turn provides a means for establishing flame stability, flame instability,

and/or the likelihood of LBO. The machine vision sensor system 50 may utilize one
or more cameras, whereby detectable changes in an optical image or images arise at
or near the onset of flame instability and/or LBO. Commercially available high-
temperature furnace cameras can be employed as part of a machine vision based
flame stability sensor system 50. Machine vision sensor systems are also typically
comprised of a central processing unit 60 with a visual display unit, an image analysis
package, or both. Such systems can be employed successfully in part because flame
intensity, or light intensity, within the combustion device can be measured by the
sensor system, directly or indirectly, and exhibit identifiable and actionable
characteristics of both stable and unstable flame states, as well as indication to the

approach of LBO.

[0062] In a preferred embodiment, a machine vision system 50 comprised of a high-
temperature furnace camera positioned in or near the tap hole, a central processing
unit or controller 60 which contains an image analysis package and performs
statistical analysis. The controller 60 derives a measure of flame stability, instability,
and/or likelihood of LBO based on one or more outputs from the analysis of an
optical image obtained by the camera. The controller 60 can then determine the

fuel:diluent ratios described above and recommend and/or implement and
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Exanple 1 100691 Refinery gas (e.g., typically containing CH4, C3H3, H2
and CQ2) and Tul sa natural gas was supplied to a single commercial grade
~Utra Low NOx Burner at a firing rate of about 11 MBTU hr and 7 NBTLVHr for

the refinery @Zﬂg 7 MBTU hr for the Natural Gas. Flang. Q; %%
measur ed mntﬂ Tength Mul ti pl exed, Wavel ength Nbdulate una D ode
Laser (TDL) Sensor based on the protocol set forth above. Carbon di oxi de at
anbi ent conditions was added to the fuel to sinulate the addition of

recycl ed conbustion gas. During the tests, between 0 and 5000 SCFH
(standard cubic feet per hour) of CO2 was added as illustrated in Figure

3. CO(ppm ang, JQ¢LORM e TR ONRoR/ #egggd%%uems I3 (Rl AT € Set

forth in Flgure e en155|o re 0 rom sens l'ocated 1n the
flue stack. Ass%@P%ﬂnmchma i 3 NOx en1SS|ons decreased as the anount of
carbon di oxide s increase fold NO reductions can be achi eved upon
addi tion of dlluent [00701 Based on results fromthis exanple, N

em ssi ons and j‘ F'ac&ﬁ"hé}ﬁe @tthtoh@asfpka%?th%s%aﬁ mv@x?tloqetth@r‘mrﬂaeﬂstmﬁ@d on the
protocol set f ove, was plotted against the fraction of CO

Fi gures 4A andtrﬂa%h?rd?%a%tmr%e@f;?thgrcam@kewonsa@&of&aa%%%age@f&&e%hene Of the

fuel. Sone air ed to the flanme as an oxidant. The results in Figures

4A and 4B Shownme%pénhatfah%b@%ﬁomg%yagef«sam &Y bBtafmel axeﬁa@@ge&@/g he

greatest reduction 1 n NOX hé greatest instability signal (F). This
dermonstrates anstial ﬁ%ﬁn%ﬁ&r@?%erﬁeﬁl'blotyln%%lhlghn@ﬁlﬁahtlufetﬁﬁmtagg&%?g dHean be

defined and this signal can bé used feedback control strategy to limt

the diluent flqunt le{abf?lt)bt‘}\fé@ﬁcfld lsrbrﬁ{aﬂ;'i%rbars&i i Fﬁle‘ﬂmé‘%hﬁp@rﬁeﬁ'ﬂl on while
achieving the lowest possible NOX em ssions. 100711 Flane instability

acconpani es NOy, 804 @tih @RomBRHort fdvicelcBsth@Rid 4 §¥ied Sf pabE @dadlY addalydsd ease
use of diluent. It is possible to identify a critical threshold value of F,

by the machine vision sensor system. When fluctuations in sensor signal (e.g., light
intensity in selected portions of an optical image) occur constituting a change in a
statistical parameter (i.e., variance) that is greater than a given threshold (e.g., greater
than 0.002, or greater 0.2, or greater than 1) then the flame instability threshold,
Frhreshold, has been reached. Such fluctuations in the sensor signal are derived from a
measure of at least one flame characteristic, directly or indirectly, that originates
within the combustion device 1. When the variance of the measured optical intensity
within a portion of the optical image is greater than, for example, 0.002 then the

Frhreshold has been reached and the volume ratio of fuel:diluent should be increased.

[0064] In accordance with another aspect of the present invention, a “flame instability
threshold” is based on the time dependant average of a predetermined number of
outputs from analysis of optical images obtained from the system 50, which
isanalyzed by the controller 60. The flame instability threshold is primarily based on
the magnitude of optical intensity fluctuations from flames within the combustion

device. When a decrease in sensor signal occurs characteristic to the approach of
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Frh"shol d, that identifies unstable operation well before bl ow out or
extinction occurs, particularly, for exanple, in enbodi nents enpl oyi ng
“real-time feed back or feed forward control based on use of a sensor

descri bed iqoblom8yAMPl € using at | east one mavelengthlkgwﬁﬁ&@%&g@; flame
instability, or a sensor enconpassed by any of the clains of the present
application. Exanple 2 100721 Refinery gas (e.g., typically containing
Cl-14, C3118, H2 and CO2) was supplied to a three comercial grade Utra
Low NOx Burners at a firing rate of about 6 MBTU hr. Flane stability was
measured with a set of five pressure sensors and a machine vision sensor
stctions wi thi furbdsshFRRS Ol HEREE AR R A DO AFERAMEELS (e
average and norymaliz var . Of | r . f ] e of
sensor, inc|udf%ﬁg%mﬁg?wﬁg?@@%ﬁgia*ﬁ%gﬁgﬁgﬁéw??F?%?T‘%@g@ﬁ?ﬁgzhﬁ ded to the
fuel to reduce [ .b%% 1,881 i I i Y det ect ed.
During the tes?,sggg%ggﬁa ggghggé@aﬁﬁga%ﬁhgﬁggﬁ?ﬁé?g%@Q%Fé%%g was added.
NOX (ppm em ssi 2 1M nd t he t Je N Figure
5. The enissio§QQQ§V§§§§?§§%§@9“?§%%@5gﬁ?%%g&gﬁgﬁFgﬁﬁ?ﬁ'ﬁﬁ%’%?ﬁép¥%ack. As
shown in Figur . 1,.SSI steam was
i ncreased. Tmﬁl{eglflg% % e(ﬁj?z‘i %ﬁaégﬁg%‘ﬁg%ﬁﬁg@gahgﬁraﬁ%uﬁ ivgfotnest Q{anon
addi tion of di - s fr | ARl Ghe NOX
em ssions and %Jﬁgg{'lﬁ'&gg%ﬁgo'%ﬁfﬁlg%l tggrrit%sgﬁ’?ﬁ'fr'dg{% g%hgeea? Er m hec? based on

t he protocol sg@uégkﬁgcfﬁgﬁ&hﬁﬁgﬁoﬁhgghgga%%rsus time with increasing

vol une ratios o eam e the steamwas gradually increased as a
fraction of the fuel. Sonme air is fed to the flane as an oxi dant. The

results in Fi gig085/9nabchrdaniih et ahaMertabiRte St ftGhaatentibg ald egighd i on
| evel s correspond to the greatest reduction in NOx and to the greatest

instability siggabilifyFhresHoR@2bak&8S tHefav&BNSAtinte)RFenddhtioStpd8 TRASIEREIES A
strategy whereby a critical instability threshold can be defined, as

illustrated i Noffgofidverdd ihiefisitd @8E Inkabity/BucB Al PRSRSM optltdl itk dblgialrosan be
used in a feedback control strategy to constrain the diluent flowto the

burner in ordefhe tRdiRbMiA e SlaBREELYORE ERHioQE 600 IThe flagbiRibilgy thiehdi@west
possi bl e NOx
are based on the same principles as set forth in preceding paragraphs. Such
techniques are successful in part as the machine vision sensor system has the
capability to execute one or more analysis methods on one or more portions of optical
images obtained by the camera. As such, when the Frieshold has been reached for

either analysis methods, an Frpresnoid for that system has been reached and the volume

ratio of fuel:diluent should be increased.

[0066] In accordance with an aspect of the invention utilizing sensor system 50,
optical images from within the combustion device 1 may be captured at any one of tap
holes 21, 22 and 24 by a camera. The optical images are preferably obtained from
locations offering the most clear unobstructed view of the flame(s). Preferably, the
images are obtained by tap holes 21 or 22. Even more preferably, one or more tap

holes 24 would be utilized to obtain the images. The present invention is not intended
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em ssions. [00741 Flane instability acconmpani es NOx reduction, and this
instability is caused by the increase use of diluent. It is possible to
identify a critical threshold value of F, FThreshold, that identifies

unst abl e opgpahiaB-4e! | before bl ow out or extinction OC%%?SZ?@@BE#EEL\; Lly,

for exanple, in enbodi nents enploying real-tinme feed bac

control based on use of a sensor described in this exanple using an
acoustic sensor or machine vision sensor systemto determ ne flane
instability, or any type of flame stability sensor enconpassed by any of
the clains of the present application. [00751 The present invention is not

to be limted it&beslﬁ'ﬁi?e% t@%{ Is%gg t%&%ﬁ%l%&a%on,%%@é%‘n%g%ﬁ&?& 19&90#% tg% n.

| ndeed, various np I ca elnvention’in addition to t

described herejp, .slc%ntgrﬁélg{gﬁto%%lﬁ()itthiﬁBwetsb(%%g)fﬁlléigl’és%ﬂé Vniidye art fromthe

foregoing descriptio e acconpanyi ng ure nodi fi cations are
intended to fall within the scope of the appended clains (e.g., a

vavel engt h Modyjogy b a PrbfetE\GMoafiEAl Qﬁfthél?re%l WpRERiohaVRleN@ibnf@r Measuring
flame stability wwth or wi thout wavel ength-nultipl exi ng, through the

i mpl ement at i on,QkioNEdriaR Bt ARG E Bnle MBIMIaLHI RN NG Rh&r BFstédnsd 4& nodul ation
frequencies, and various strategies for manipulating raw data to arrive at

a val ue indi catjiyRqdQhd froaieath AR dohtrlier bb & @rivOs hdRiukd dfflanRREbMHy, | | kel i hood
for LBO . Wiile the present invention has been described in connection wth

a conbusti on dg¥ia68inl ahdlordike 8ldoRloN DB MAE PRIEr A, aREIGQPSHIoNGr ARRbs@AL I ON,
the applicability of the present invention is not intended to be so

limting. It i§n@mgﬁnﬁ%@éa%emnﬂzedtf&eanm@%aaratprbm&ratdh@;racteﬁwc%am fdrzed in
any conbustion device utilizing a fuel gas as a fuel source including but

not limted to,RQWel MARREEEEE Rlthin 3 eRbidHBE abvid! PAGAArBNn aftti-EBE &uEden,

gl ass production and paper production.
combustion devices. Even more preferably, an optical image can be broken down
into six portions for analysis of each respective flame source fully viewed by a
camera. The six portions include one set of two complimentary sections that
encompass two halves of the flame source, one set of two complimentary sections that
encompass two halves of the flame source rotated 90 degrees with respect to two
halves selected in the first set, one portion that is circumscribed by the inner diameter
of the flame source, and one portion that circumscribes the outer diameter of the
flame source. In preferred non-limiting embodiments, one or more portions,
including any and all combinations thereof, of the optical image can be utilized for

analysis with the machine vision sensor system to generate a flame stability signal to

be used in the methods set forth in the present application.

Examples
[0068] The present application is further described by means of the examples,

presented below. The use of such examples is illustrative only and in no way limits
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100761 It is further to be understood that all values are approxinmate, and
are provided for description. [00771 Patents, patent applications,
publi cati ons, product descriptions, and protocols are cited throughout this

applicatio | osures of each of which is incorp by
ref erence RWOE@S en irety for all purposes. CLAINM g%%IEQMQB&SEPd of

controlling the operation of a flame combustion device with reduced NOx

em ssi ons conpri sing: providing a flow of fuel froma fuel source and
non-fl ammabl e, non-oxidizng fluid diluent froma diluent source at a
determ ned volune ratio to the flanme in the conbustion devi ce;

the scope and meaning of the invention or of any exemplified term. Likewise, this
application is not limited to any particular preferred embodiments described herein.
Indeed, many modifications and variations of the invention will be apparent to those
skilled in the art upon reading this specification. The invention is to be understood by
the terms of the appended claims along with the full scope of equivalents to which the

claims are entitled.

Example 1
[0069] Refinery gas (e.g., typically containing CHa, C3Hg, H and CO5) and Tulsa

natural gas was supplied to a single commercial grade Ultra Low NOx Burner at a
firing rate of about 11 MBTU/hr and 7 MBTU/Hr for the refinery gas and 7 MBTU/hr
for the Natural Gas. Flame stability was measured with a Wavelength-Multiplexed,
Wavelength Modulated Tunable Diode Laser (TDL) Sensor based on the protocol set
forth above. Carbon dioxide at ambient conditions was added to the fuel to simulate
the addition of recycled combustion gas. During the tests, between 0 and 5000 SCFH
(standard cubic feet per hour) of CO, was added, as illustrated in Figure 3. CO (ppm)
and NOx (ppm) emissions were determined and the results are set forth in Figure 3.
The emissions were obtained from sensors located in the flue stack. As shown in
Figure 3, NOx emissions decreased as the amount of carbon dioxide is increased. 3-

fold NOy reductions can be achieved upon addition of diluent.

(0070] Based on results from this example, NOx emissions and the “F” value of the
flame sensor, as determined based on the protocol set forth above, was plotted against
the fraction of CO, in Figures 4A and 4B, where the CO; gradually increased as a
fraction of the fuel. Some air is fed to the flame as an oxidant. The results in Figures
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providing at | east one flanme stability sensor to generate a neasurenent of

a characteristic of the flame; and controlling the determ ned vol une
ratio of fuel: diluent based upon at |east one of (i) at |east one threshold
val ue fronr ? one nmeasurenent fromthe at |east operfds ility

sensor, Ieast one fl ow neasurenent fronreach of t e fué$ source

and diluent source to operate the flanme conbustion device at a
predeterm ned critical flame instability threshold in the region of the

| ean bl owout (LBO |imt but belowthe LBOIlimt and in which the

fuel : di |l uent volune rati o does not exceed a value at which the instability

Lhreshol d val ug, CEPIBLNE, A heRBAcs0B8, IdiRfiR 1RERRIDINAE MRred:syy [ SaChed,

2. The nethod 0O ast one ane sta ty sensor

I S at least o ne dr(ljcgctror‘%1 Qréﬁg%ﬁg@‘!o tﬁeh%gz%s? m@'@gﬁﬁw& V\ﬁ-‘gs?ﬂ§ Q%rﬂmgatés qrac hi ne

VI SI On sensor. rern e opti cal sensor

conprises at | §4% hg‘ré:k) §§{1 ical QB g!ylthr@&ofd &fi bk KR d andhis s?g?lﬁltcaf?@@

detector, and a JﬁYa UF STETOR AN processi ng systemthat produces an

acti onabl e si gnak ; (?u%ls L&t s(?ra%gyfloqm?rg)e %g&txﬁ ?N)vll% thb @uﬁalexdin ofdel e control

of the fuel: dr?uen laim 3, wherein the

optical sensor |g., %@o\feeégp% ép \Jﬁﬁgbﬁhfeg%g the iBRB: osq{b@IQO;( 288GioksIDL) sensor

with at |east one Taser tuned to at t one pre-selected wavel ength with
or w thout wavel ength-multi pl exing. 5. The method according to claim

2, wherein theyggy) Bass i@y REGNRhRPNOKIYILE SRS BFd th idlabARPUSdabed SENSOr .
the increase use of diluent. It is possible to identify a critical threshold value of F,
Frireshold, that identifies unstable operation well before blow-out or extinction occurs,
particularly, for example, in embodiments employing real-time feed back or feed
forward control based on use of a sensor described in this example using at least one
wavelength to determine flame instability, or a sensor encompassed by any of the

claims of the present application.

Example 2
[0072] Refinery gas (e.g., typically containing CHa, CsHs, Hz and CO,) was supplied

to a three commercial grade Ultra Low NOx Burners at a firing rate of about 6
MBTU/hr. Flame stability was measured with a set of five pressure sensors and a
machine vision sensor system with one high-temperature furnace camera and thirteen
analysis sections within the optical image. Computation of flame stability was the
average and normalized variance of all measurements from each type of sensor,
including a software-based high pass filter. Steam was added to the fucl to reduce
measured NOx emissions until flame instability was detected. During the test,
between 0 and 0.23 Ibs of steam per lb of fuel was added. NOx (ppm) emissions were
determined and the results are set forth in Figure 5. The emissions were obtained
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6. The nethod according to claim5, wherein the acoustic sensor is a
pressure differential sensor. 7. The nmethod according to claim?2
“wherein the at |least one flanme stability sensor is a machine vision sensor.

8. The neth&éﬁgﬁgéﬂtng to claim?7, wherein the nachinepxkﬁ%g&ma&ggpr

i ncl udes at™ T« camer a. 9. The nethod of cla wherein the
diluent conprises a fluid selected fromnitrogen, steam carbon dioxide,
recycl ed conbustion gas or a conbination thereof 10. The met hod of

claim9, wherein the diluent conprises superheated steam

from sensors located in the flue stack. As shown in Figure 5, NOx emissions
decreased as the amount of steam was increased. Two-fold NOy reductions was

achieved during this test upon addition of diluent.

[0073] Based on results from this example, NOx emissions and the “F” value of the
flame sensors, as determined based on the protocol set forth above, was plotted versus
time with increasing volume ratios of steam:fuel, where the steam was gradually
increased as a fraction of the fuel. Some air is fed to the flame as an oxidant. The
results in Figure S and Figure 6 show that the highest steam addition levels
correspond to the greatest reduction in NOx and to the greatest instability signal (F),
regardless of sensor type. This demonstrates a strategy whereby a critical instability
threshold can be defined, as illustrated in Figure 6 for descriptive purposés, and this
signal can be used in a feedback control strategy to constrain the diluent flow to the

burner in order to maintain stable operation while achieving the lowest possible NOx

emissions.

[0074] Flame instability accompanies NOx reduction, and this instability is caused by
the increase use of diluent. It is possible to identify a critical threshold value of F,
Frnreshold, that identifies unstable operation well before blow-out or extinction occurs,
particularly, for example, in embodiments employing real-time feed back or feed
forward control based on use of a sensor described in this example using an acoustic
sensor or machine vision sensor system to determine flame instability, or any type of

flame stability sensor encompassed by any of the claims of the present application.
[0075] The present invention is not to be limited in scope by the specific
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11. The method of claim9, wherein the diluent conprises at |east 80% by
vol unme of nitrogen. 12. The nmethod of claim9, wherein the diluent
conprises at |east 1% by volunme of carbon di oxide. 13. The met hod of

claim1l, wherein the conbustion device is one of a furn iler.
14. The rret%%&‘n?{?%é(%ai m 1, wherein controlling the det e?ﬁﬁr‘r’ggﬂ?@qég

embodiments described herein. Indeed, various modifications of the invention in
addition to those described herein will become apparent to those skilled in the art
from the foregoing description and the accompanying figures. Such modifications are
intended to fall within the scope of the appended claims (e.g., a Wavelength
Modulated TDL sensor employing only one wavelength for measuring flame stability
with or without wavelength-multiplexing, through the implementation of various
wavelength modulation waveforms and/or modulation frequencies, and various
strategies for manipulating raw data to arrive at a value indicative of flame stability,
flame instability, and/or likelihood for LBO). While the present invention has been
described in connection with a combustion device 1 ir; a refining/petrochemical
processing application, the applicability of the present invention is not intended to be
so limiting. It is contemplated that the present invention may be utilized in any
combustion device utilizing a fuel gas as a fuel source including but not limited to
power generation, steel/metal production and processing, glass production and paper

production.

[0076] It is further to be understood that all values are approximate, and are provided

for description.

[0077] Patents, patent applications, publications, product descriptions, and protocols
are cited throughout this application, the disclosures of each of which is incorporated

herein by reference in its entirety for all purposes.
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ratio of fuel:diluent is perfornmed in real-tine based upon at |east one of
(i) at least one threshold value fromat |east one neasurenent from at

| east one flane stability sensor and (ii) at |east one flow nmeasurenent
fromeach of the fuel source and diluent source. 15. The nethod of claim 14,
wherein the controlling the determ ned volume ratio of fuel:diluent

i ncl udes decreasing the volune rati €loAIMSel : di | uent until a predeterm ned

clri tical flame instability threshold is reached. 16. The met hod of
claim1l, whereipn the controlling the determ ned volune rat. o .of .

fuel : dil uent intluded %ﬁ}’ﬁgtoifﬁ@gté?lﬁp%g]%et ORI YK O{ﬁﬁ COWOTUSHRR dEVEE £ om a
fuel sourcg;RAGEOENDxRMiSiodshenfhisignt from the diluent source. 17.
The net hod éccorudl ng to clﬁgé?% 1%@%& n the flane stability sensor

conpri ses a devproeiditead flgendifatlesormn fopk jouede andepa-fanamabls, mingexifizag,
wherein th .8i Itized i e is processed b controller that ca; nerate
a thr e.sholﬁu1 éﬁ&gmt%oraie\‘n?‘g?eé’ﬁts‘i"%f% ab%t%\%?gﬁ}%?é’lgfuén%gaémutﬁst %ﬁaén % at%g
condi t i onscakisREPYdG&; an out put to control the volume ratio of
fuel : di |l uent.
providing at least one flame stability sensor to generate a measurement of a
characteristic of the flame; and
controlling the determined volume ratio of fuel:diluent based upon at least one
of (i) at least one threshold value from at least one measurement from the at least one
flame stability sensor, and (ii) at least one flow measurement from each of the fuel
source and diluent source to operate the flame combustion device at a predetermined
critical flame instability threshold in the region of the lean blow-out (LBO) limit but
below the LBO limit and in which the fuel:diluent volume ratio does not exceed a

value at which the instability threshold value from the at least one flame stability

sensor is reached.

2. The method of claim 1, wherein the at least one flame stability sensor

is at least one of an optical sensor, an acoustic sensor and a machine vision sensor.

3. The method of claim 2, wherein the optical sensor comprises at least
one laser, controlling electronics, at least one detector, and a data acquisition and
processing system that produces an actionable signal transmitted to a process

controller to aid in the control of the fuel:diluent ratio.

4. The method of claim 3, wherein the optical sensor is a wavelength
modulated tunable diode laser (TDL) sensor with at least one laser tuned to at least

one pre-selected wavelength with or without wavelength-multiplexing.

3. The method according to claim 2, wherein the at least one flame

stability sensor is an acoustic sensor.
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18. The nmethod according to claim1, wherein the flame stability sensor
conprises a device that neasures a tinme varying flanme characteristic either
directly or indirectly indicative of flame instability, whereby a control
signal is generated. 19. The method according to claim4, wherein
the predetermned critical flanme instability threshold corresponds to power
fluctuati ons upbto 0TBG mathadhecdordiggenayjaispacvhensin thenadoustid serspl on aof
frequency conten%%%naLéfis between 0.5 to 10Hz in the nunerator and 0.5Hz

to 2kHz i nPFHE" FONEt 5P or the | aser sensor. 20. The use of a
flame stability sensor-controlled systemfor reducing NOx em ssions in a
fl ame conbustion device by: providing a flow of fuel froma

fuel source and7non- Thammiktde acensding xtiodelpinh g, fwhdreindthe i nleastrene Haaiel uent

source at det erm ned_vol rati % the flanme in the conbustion device;
provi di ng %?Mﬁ{é?n&gﬁ%aypgﬁgggFggV%P(g'sensor to generate a measurenent of
a characteristic of the flanme; and

8. The method according to claim 7, wherein the machine vision sensor

includes at least one camera.

9. The method of claim 1, wherein the diluent comprises a fluid selected
from nitrogen, steam, carbon dioxide, recycled combustion gas or a combination

thereof.

10.  The method of claim 9, wherein the diluent comprises superheated

steam.

11. The method of claim 9, wherein the diluent comprises at least 80% by

volume of nitrogen.

12. The method of claim 9, wherein the diluent comprises at least 1% by

volume of carbon dioxide.

13. The method of claim 1, wherein the combustion device is one of a

furnace and a boiler.

14. The method of claim 1, wherein controlling the determined volume
ratio of fuel:diluent is performed in real-time based upon at least one of (i) at least one
threshold value from at least one measurement from at least one flame stability sensor
and (ii) at least one flow measurement from each of the fuel source and diluent

source.

15. The method of claim 14, wherein the controlling the determined
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controlling the determ ned volune ratio of fuel:diluent based upon at | east
one of (i) at |least one threshold value fromat |east one neasurenent from
the at |east one flanme stability sensor, and (ii) at |east one flow
measurenent fromeach of - 39 - the fuel source and diluent source to
operate the flanme conmbustion device at a predetermned critical flane

i nst abi | i t yoluheastobffuehdilixmt ieduden doéreadieg theawlbhowtiow! f0elBDuchi witil but
below the LBO |limt and.in Wwhich the fuel:diluent volunme ratio does not
exceed a v%Pﬁ@eanHHSEHUWﬁébpﬁéP%ﬂFﬁpTyﬁ?Wﬂg§H@Pﬂ“@aIue fromthe at |east
one flame stability sensor is reached. 21. The use according to claim
20 in which the optical sensor conprises at |east one laser, controlling

el ectronics, atlé.easthomsthpdicdctanm, 1, avhgrean thetcantielding $he ddermynet ylowessi ng

system t hat_,.pr es, an .actionabl e signal tra | t.t ed r.oce

control | erfatng Ogic%ﬁglidﬁlufeﬁem‘glgﬂ?sr usglf’gta gea?tu%ezogﬁ%gﬁw Ortlatﬁ? gqé? fromt g%ﬂ. The
use accor didiged dch@ldwatthd dilushi bmtthedid@int S@lrcsensor is a wavel ength
nodul at ed tunabl e di ode | aser (TDL) sensor with at | east one |aser tuned to

at | east one pre-selected wavel ength with or w thout
wavel engt h-rmul t{pl ex4g ,eihod according to claim 1, wherein the flame stability sensor

comprises a device that generates an optical image that is digitized, wherein the
digitized image is processed by a controller that can generate a threshold value to
differentiate between stable and unstable flame conditions and provide an output to

control the volume ratio of fuel:diluent.

18.  The method according to claim 1, wherein the flame stability sensor
comprises a device that measures a time varying flame characteristic either directly or

indirectly indicative of flame instability, whereby a control signal is generated.

19.  The method according to claim 4, wherein the predetermined critical
flame instability threshold corresponds to power fluctuations up to 0.06 in the
frequency spectrum from the fraction of frequency content analysis between 0.5 to

10Hz in the numerator and 0.5Hz to 2kHz in the denominator for the laser sensor.

20. The use of a flame stability sensor-controlled system for reducing NOx

emissions in a flame combustion device by:

providing a flow of fuel from a fuel source and non-flammable, non-
oxidizing fluid diluent from a diluent source at a determined volume ratio to the flame
in the combustion device;

providing at least one flame stability sensor to generate a measurement
of a characteristic of the flame; and

controlling the determined volume ratio of fuel:diluent based upon at
least one of (i) at least one threshold value from at least one measurement from the at
least one flame stability sensor, and (ii) at least one flow measurement from each of
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23. The use according to claim 20, in which the diluent conprises a fluid
sel ected fromnitrogen, steam carbon dioxide, recycled conbustion gas or a
conbi nati on t hereof 24. The use according to claim20, in which the
determ ned volune ratio of fuel:diluent is controlled in real-tinme based
upon at |least one of (i) at |east one threshold value fromat |east one
measur enenthef fiksatirck eagdt ditweat fsbame tot afzirdte ttfte SMs0 comhdstioni Jevate heast one

fl ow nmeasurenent from each_ of the fuel saur nd djilu our 25.
The use acBisdeerpingd cefigalHavee staRite shesno! «f/eﬂ a}?ere,g% %‘n {‘9?% 5‘0&’ Pent is
det ei m ned% O PRI 'bggvxl i€ 1Y Hﬁﬁt %rﬁ‘lt 1'nQVfﬂEh {Hé%elddl déﬁNolHﬁE Irhti®does
predeterm ned critical 'ame 1 nstability threshol IS reached

not exceed a value at which the instability threshold value from the at least one flame

stability sensor is reached.

21.  The use according to claim 20 in which the optical sensor comprises at
least one laser, controlling electronics, at least one detector, and a data acquisition and
processing system that produces an actionable signal transmitted to a process

controller to aid in the control of the fuel:diluent ratio.

22. The use according to claim 21, in which the optical sensor is a
wavelength modulated tunable diode laser (TDL) sensor with at least one laser tuned

to at least one pre-selected wavelength with or without wavelength-multiplexing.

23.  The use according to claim 20, in which the diluent comprises a fluid
selected from nitrogen, steam, carbon dioxide, recycled combustion gas or a

combination thereof.

24.  The use according to claim 20, in which the determined volume ratio
of fuel:diluent is controlled in real-time based upon at least one of (i) at least one
threshold value from at least one measurement from at least one flame stability sensor

and (ii) at least one flow measurement from each of the fuel source and diluent source.
25.  The use according to claim 20 in which the volume ratio of fuel:diluent

is determined by decreasing the volume ratio of fuel:diluent until a predetermined

critical flame instability threshold is reached.
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