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--69 Method and apparatus for burning a fuel.

@ A method for burning a fuel, containing chemically
bound nitrogen, in a two-stage, rich-lean combustion
process, including; introducing the fuel and at least one
-stream of primary air into a primary combustion region at
a fuel-air ratlo above the stoichiometric ratio and in a man-
ner to intimately mix the fuel and air and establish a sta-
bilized flame adjacent the upstream end of the primary
combustion region, maintaining the flame in the primary
combustion region for a period of time sufficient to produce
Y™ a combustion product mixture containing less than a
< predetermined amount of NO, pollutants and abruptly ter-
~ minating the primary combustion region while introducing
Iﬂ at least one stream of secondary air into the secondary
region in an amount sufficient to reduce the overall fuel-air
@ ratio below the stoichiometric ratio and in a manner to
prevent backflow of the secondary air into the primary com-
bustion region. A method for initiating and maintaining the
combustion process is described as well as apparatus for

I carrying out the combustion process.
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The present invention relates to a method for burning nitrogen-contain-

. ing fuels anc! apparatus therefor.
.
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25 Air pollutYuin has become a major problem in the United States and

b
e
-,

other highly industrialized.86umtries of the world. Consequently, the control

~
.,

and/or reduction of said pollution has*.become the object of major research and

~.,
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development efforts by both governmental and nuingovernmental agencies. It has
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been alleged, and there is supporting evidence, that automnebiles ewploying
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conventional piston-type ernginmes which burn hydrocarbon fuels are a major con-
tributor to éaid pollution. Vehicle emission standards have been set by the
United States Envirormmental Protection Agency (EPA) which are sufficiently
restrictive to cause automobile manufacturers to consider employing altermate
engines Instead of the conventional piston engine.

Another source of such pollution is the exhaust gases from large
stationary installations such as boilers in power plants, and large stationary
ggs turbine engines employed as & driving force in power plants and other lérge

installations. It is anticipated that this portion of the problem will almost

B

certainly be aggravated in the relatively near future by tﬁe necessity to use
lower quality fuels such as heavy petroleum oils, shzle oils, coal liquids, s
etc. which contain relatively large armounts of fuel-nitrogen, €.E-» ﬁp to about

2 weight percent or greater, as compared to presently available fuels which

contain very little, if any, fuel-nitrogen. For example, #4 and #6 petroleum

oils contain about 0.1 to 0.5 weight percent nitrogen, two typical crude shale

oils, hereinafter referred to iIn the specific exanples, contain 1.85 and 1.93

weight percent of chemically bound nitrogen, respectively, and a typical crude,

zolvent refined coal oil contains from about 1.0 to 1.5 weight percent of .
chemically bound nitrogen. By comparison, a typical petroleum-derived #2 fuel

o1l contains about 0.024 welght percent nitrogen. If all of the chemically

bound nitrogen in the fuel is converted to nitrogen oxides, generally referred

to ag “fuel HOXY, 1 percent by weight of nitrogen in a solvent refined coal -
oil, has the potential to produce gbout 1.928 pounds/million Btu or 1,300 ppmv

{parts per millioﬁ'by volume at 3 percent excess oxygen, dry) of nitrogen

oxides (Nox) ghile 1.85 and 1.93 ﬁercent by weight of nitrogen.in crude shale

oils, will potentially producé ebout 3.288 and 3.440 pounds/mfllion Btu (2595

and 2642 ppmv), respectively. In addition, mitrogen oxides, produced by the

hot-air reactions at flame temperatures, and referred to as “thermal NO,",

also contribute to thertotal Nox pollutants in the flue gases from a combustion

process.
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The federal limit for theAq§§charge of nox polluﬁants into the at-
mosbhere from steam generators burning liquid fossil fuel (1974 EPA New Source
Performance Standards {NSPS]) is 0.30 pounds/million Btu (about 230 to 237 PPV
for typical shale oils). Some State liritations are even rore stringent, for
exarple the Californfa standard 4s 225 pprv. These lirits include both fuel
NOx and therral nox. While these standards can be met when burning low nitrogen
(beiow about 0.1%), petroleum-derived fuel oils, serious complications are
encountered when high nitrogen fuels such as heavy petroleur~derived fuel oils,
crude shale oils and crude coal oils are burned under conventional utility
boilers. For example, since thermal xox increases with temperature, modern
utility boilers, which preheat the combustion-supporting air to 600-300°F for
inproved efficiency, produce thermal KO alone which can approach the specified
enission standards. Consequently, in order to meet these standards, the
conversion of fuel nitrogen to ROX enissions, in a fuel having about 2.0 weight
percent bound nitrogen, should not be more than about 5 percent. It has been
reported in the literature that, when shale oils with about 2.0 weight percent
nitrogen are burped in a stationary boiler of an electrical generating station,
Nox enissions on the order of 700 to 900 ppmv can be anticipated and, when
solvent refined coal ofls, with slightly more than 1.0 weight percent nitrogen,
are burned, at least 20 to 50 percent of the fuel nitrogen is converted to ch
emissions (260 to 650 ppmv).

While it has been suggested that high levels of fuel nitrogen can be
reduced by severe hydro-treating, such techniques have not been commercially
developed and, even if available, pilot plant tests indicate that such refining
of crude shale oils and crude coal oils would increase costs by about $3.00 to
§5.00 per barrel.

It has also been suggested that noy emissions from crude, high nitrogen

'S

fuels can be reduced by blending the high nitrogen fuel with low nitrogen
petroleun—derived fuel oils or by burning crude, high nitregen fuels in selected

burners of a boiler while burning low nitrogen petroleum-derived fuel oils in
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other burners. In addition to requiring substant>2al volumes of petr.leim—
derived fuel oils, these techniques require additional equipment for hardling
and blending and/or feeding two separate fuels.

Another suggestion for reducing Nox enissions fron high nitrogen
fuels is the addition of a fuel ‘additive, such as an additive containing
manganese. Obviously, this technique adds the cost of the additlve to the
operation and requires facilitles for handling and blending the additive.

"To date the most promising technique has been a two-stage, rich-lean
combustion process, in which a primary combustion =zone is qperated fuel-rich
and a sécondary combustion region {s operated fuel-lean. However, even witg
the best of these techniques only limited success has been attained ard the
conversion of fuel-nitrogen to ?Ox emigsions 1s still well above the governmental
1imits. For example, it has been reported that the xox level, when burning
crude, solvent refined coal oil containing 1.12 weight percent nitrogen, cannot
be reduced below about 0.4 1b,/=illion Btu without resorting to the additional
techniques of blending with low nitrogen, petroleun-derived fuels or using
additives. Similarly, the best of the two-stage techuiques, heretofore available,
have failed to reduce nox emissions from crude shale oils, contaianing about 2.0

welght percent nitrogen, to values less than about twice the governmental

" maximms.

The major problems in past operations of two-stage, rich-lean com—
bustion processes has been the failure to recognize that control of factors
other than the rich fuel-air ratio is necessary in order to attain nmiaimum nox
production, and that the efffciency of fuel utilization and control of other
pellutants must also be taken into consideration. The almost universal thinking
of those skilled fn the art has bezn that, so long 2s combustion ig initiated in
a fuel-air wixture having a fuel-air ratio above the stoichiometric ratio
{usually referred to as a fuel-air equivalence ratio above 1.0) and the flame is

thereafter diluted with air to reduce the overall fuel-air ratio to below the

i
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stoichiometric ratio (a fuel-air equivalence ratio below 1.0), this is all that
is necessary in order to accomplish the desired result. The ultimate efficiency
of fuel utilizarion and the volume of unburned or partially burned fuel (generally
indicated by the HC and CO content of the flue gases) has also been generally
ignored by such prior art iInvestigators.

Summary of the Invention

It is therefore an object of the present i{nvention to overcome these

shortcomings of the prior art.

'

Yet another object of the present invention is to provide an improved
method and apparatus for burning high nitrogen fuels.

Another and further object of the present invention is to provide an
improved method for the combustion of high nitrogen fﬁels in which the nox
content of the flue gases is substantially reduced.

Yet another object of the present invention is to frovide an improved
metbod and apparatus for the combustion of high nitrogen fuels wherein the Nox
content 1s substantially reduced while concomitantly maintaining high combustion
efficiency. . |

A further object of the present invention is to provide an improved
two-stage, rich-lean combustion method and apparatus for burning high nitrogen
fuels. i

St11l another object of the present invention is to provide an improved
method for initiating and maintaining an effective and efficient, two-stage,
rich-lean combustion process for burning high nitrogen fuels.

‘ As used herein and In the claims, unless otherwise specified, the
terms "fuel—nitrogen", "chemically bound nitrogen”, “organic nitrogen", and
similar terms are employed to refer to nitrogen which is chemically bound into_
the-fuel molecule. Also, as used herein and in the claims, unless otherwise
specified, the terms "fuel-air equivalence ratio", "equivalence ratio” and the

symbol "g" are employed to refer to the ratio of the fuel flow (fuel available)
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to the fuel required for stoichiometric combustion with the air availabie. -
Stated another way, said equivalence ratio is the ratioc of the actual fuel-air
mixture to the stoichiometric fuel-air mixture. For example, an equivalence
ratio of 1.5 means the fuel-air mixture in the zone-is fuel-rich and contains
1.5 times as much fuel as a stoichiometric mixture. |

In accordance with the present invention, fuels containing éhemically
bound nitrogen are burned, in a two-stage, rich-lean combustion process, by
introducing the fuel and at least one stream of primary air into a primary com-
bustion region at a fuel-air ratio above the stoichiometric ratio and in a
manner "to intimately mix the fuel and air and establish a stabilized flame adja-—
cent the upstream end of the primary combustion region; maintaining the flame in
the primary combustion region for a period of time sufficient to produce a com-
bustion product mixture containing less than a predetermined amount of NOx
pollutants and abruptly terminating the primary combustion region while i;tro—
ducingrat least one stream of secondary air into a secondary combustion region
in an amount sufficient to reduce the overall fuel-air ratio below the stoichio-
metric ratic and in a manner to prevent backflow of the secondary air into the
priﬁary combustion region. .

Brief Description of the Drawings

FIGURE 1 is a view, partially in cross section, of a combustor, e.g.,
Combustor A, in ac;ofdance with the invention.

FIGURE 2 is an enlarged view of the upstream end portion of the com-
bustor of FIGURE 1.

FIGURE 3 is an enlarged view, in elevation, taken along the line 3-3
of FIGURE 2 and illustrating one set of tangential entry ports or slots.

FIGURE 4 is an enlarged §iew, in elevation, taken along the line 4-4
of FIGURE 2 and illustrating another set of tangential éntry ports or slots.

FIGURE 5 is a view, in elevation, taken along the line 5-5 of FIGURE l.

FIGURE 6 is a view looking at the upstream side of a variable dome
member, as shown in FIGURE 2, and which can be employed in the combusto¥s of

the invention. ’ i ' .
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FIGURE 7 is an enlarged view in elevation of an element of the dome
member shown in FIGURE 6.

FIGURE 8 is an enlarged view in elevation of another element of the
dome membeé shown in FIGURE 6.

FIGURE 9 i1s a schematic representation of the combustor of FIGURE 1
and sets forth certain design characteristics of said combustor.

FIGURE 10 is an enlarged view, partially in cross section, of a modi-
fication of the upstream end portion of the combustor of FIGURES 1 and 2.

FIGURE 14 1s a perspective view, partially in cross section, of the
variable dome of FIGURES 11, 12 and 13, mounted in the combustor of FIGURE 10.

FIGURE 15 is an enlarged view, partially in cross section, of the
upstream end portion of another combustor, in accordance with the invention.

FIGURE 16 is an enlarged view, partially in cross section, of the
upstream end portion of yet another combustor, in accordance with the invention.

FIGURE 17 is a cross-sectional view of the upstream end portion of the
combustor of FIGURE 15 together with a partial view of a modified central portion
of a combustor which can be utilized with any of the previously illustrated
upétream portions of combustors in accordance with the invention.

FIGURES 18 and 19 are partial cross-sectional views of two modified
central portions of combustors useful in accordance with the invention.

FIGURE 20 is a partial cross-sectional view of a nozzle useful in the
combustors of the invention.

FIGURES 21 and 22 are cross-sectional views, taken along the lines
21-21 and 22-22, respectively, of FIGURE 20.

FIGURE 23 is a diagrammatic illustration of a combustor test installa-
tion and includes Combustor X, another combustor in accordance with the invention.

FIGURE 24 is a diagrammatic illustration in cross section of said
Combustor X, shown above in FIGURE 23.

FIGURES 25-29 are cross-sectional, schematic illustrations of a series
of burners of the present igvention adapted for use in or as process héaters,

industrial furnaces, boilers. -
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FIGURE 30 is a diagrammatic view in elevation illustrating a combus-

tor(s) of the invention installed in the wall of a power plant boiler and

employed in combination with said boiler.

FIGURES 31 and 32 are elevational and top cross-sectional schematic

views of a process heater utilizing burners of the character shown in FIGURES

25-29.

FIGURE 33 is a cross—sectional schematic view of a test furnace

incorporating a burner as illustrated in FIGURES 27 and 28.

FIGURES 34 and 35 are schematic plan and elevational views, respec-

tively, partially in section, of the air supply system utilized for the test

urnace of FIGURE 33.

FIGURE 36 is a cross-~sectional, schematic view of a test furnace

incorporating a burner as illustrated im FiGURES 27 and 28.

FIGURE 37 is a schematic plan view, partially in section, of the air

supply system for the test furnace of FIGURE 36.

FIGURES 38-47, inclusive, are data curves setting forth the results

obtained in the test rums of the working examples given hereinafter.

FIGURES 48-61, inclusive, are data curves setting forth the results

obtained in other test runs of the working examples given hereinafter.

FIGURES 62-69, inclusive, are data curves setting forth the results

obtained in additional working examples of the invention.

FIGURES 70-77 are data curves setting forth the results of prototype

tests conducted in the test furnaces of FIGURES 33 and 36.

Description of the Preferred Embodiments

In its more specific aspects the present invention relates to an

improved method of operating a two-stage, rich-lean process for the burning of

fuéls, containing a high concentration of chemically bound nitrogen, particu-

larly heavy fuels, such as shale oils and coal-derived oils, improved methods

of initiating and maintaining such combustion and improved apparatus therefor.
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In a still more specific aspect, the improved method includes the con-
trolled mixing of a predetermined fuel-rich ratio of fuel and primary air in
the upstream end of a primary combustion region to intimately mix the fuel and
air and establish a stabilized flame adjacent the upstream end of the primary
combustion region and maintenance of the flame in the primary combustion region
for a predetermined minimum residence time sufficient to produce a primary
region combustion product mixture containing a preselected maximum amount of
NOx pollutants; and abrupt termination of the primary combustion region along
with the introduction of secondary air into a secondary combustion region in an
amount sufficient to produce an overall fuel-lean ratio of fuel and air and in
a manner to prevent backflow of the secondary air from the secondary combustion
region into the primary combustion region. |
Various means may be utilized to initially mix the fuel and the air

and establish a stabilized flame in the upstream end of the primary combustion

~8a~
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reglon. | Preferably, a generally axial flow component is established and a

C‘

-~

generally radial flow component is established at a selected eritical ratio.

The axial flow component comprises the fuel or a mixture of the fuel
and a portion of the primary air, introduced in a genérally axial direction, or
one of these in combination with' at least one separate strean of primary air,
introduced 1n a generally radial direction. The fuel or fuel-air mixture is
preferably introduced as an open cone having a 90° apex angle. When an addi-
tional air stream is introduced axially the air is preferably introduced sbout
the fuel or fuel-alr mixture so as to contact the fuel adjacent its point of
introduétion. The latter is preferably accomplished by intreducing the fuel or
fuel-air mixture as an open cone. The separate air strear may be introduced in
a strict axial direction or as a swirling stream in a generally axial direction.
Finally, the separate strean of alr may be introduced through fixed area openings
or through variable area openings to thus Introduce a fixed or a variable
anount of air In the axial direction.

The radial flow component comprises the rerainder of the prirmary air
introduced from a peripheral location about the fuel and In a direction genmerally
inwardly toéard the axis of the combustion zone to contact the axial flow
component and produce a combustible mixture of fuel and air. The radialiy
introduced primary air may be introduced in a strict radial direction or inm a
generally radisl direction as a swirling strean and can comprise 2 pluraliﬁ} of
separate streams spaced along the upstream end of the primary combustion region
and any combination of strict radigi or swirling streams. For example, a
single swirling stream, plural swirling streans, such as two swirling streams
rotating in opposite directions, a single strict radial gtream, plural strict
radizl streams, a single stri;t radial stream and one or more swirling streans,
ete. In the event that no axial air stream is iIntroduced or the axial air .
stream is not variable, it is preferred that ome of the radial air streams be

variable. Best results sre obtained if the most upstream radial alr stream is

-0a
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variable._'?n any case, the wmost upstrean radial ai;str;aﬁ shouldrcontaét }he
fuel substantially fmmediately following the point of introduction of the fuel.

As indicated, the manner of introducing the fuel and prirary air can
assume various forms so long as an axial flow component and a radial flow com—
ponent is established. The ratio‘of the axial flowr compenent and the radial
flow component is also a significant factor in obtaining minimum nox pollutant
production. While the ratio of the axial flow component and the radial flow
component can be attained and maintained by externally adjusting the relative
volumes of fuel and/or air introduéed ir the axial and radial directions, it is
most effective and convenient to have either a variable axial or radial air
strean and adjust the volume of the variable air stream.

Also, irrespective of the rmanner of introducing the fuel and primary
air and irrespective of the adjustment of the variable air stream, it is pre-
ferred that the relstive volumes of fuel and total priﬁary air, introduced into
the pricary combustion region, be sufficient to establish and maintain a selected
critical primary region fuel-air equivalence ratio between 1.0 and about 1.8,
preferably between about 1.2 and about 1.7. The selected pricary region fuel-
air equivalence ratio should be correlated with the ratio of the axial flow
component and the radial flow component. This is best accomplished by varying
the ratio of the axial flow componént and the radial flow component at a plural-
ity of primary reglon fuel-air equivalence ratios within the stated range until
a2 pinimum value of ::ox pollutants is attained.

Irn one aspect of the invention the nixture of fuel and air is con-
stricted to an axial streanm having a diameter szaller than the diameter of the
primary region and is then expanded, either graduzlly or zbruptly, to the full
dismeter of the primary region. Preferably, such constriction occurs frmecdiately
afggr the intréduction of the post upstream radial alr stresm. 1Yore downstfeam

ones of the streams of air may be introduced either into the thus constricted

stream or during the expansion thereof.
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In connectiep with one ecbodiment of the invention, where primary air

is introduced in a swirling or tangentizl manner, the percent swirl or tangential

air (of the total primary air) Introduced dovnstream from the variable air is
desirably maintained between about 35 and 100 percent by volume of the total

primary air. It is also desirable where two swirl air streams are utilized,

that the more downstream one of the two be larger than the other.

The flame thus established and stabilized adjacent the upstream end of
the primary combustion region is maintained in the primary combustion region for
a peribd of time sufficient to prevent the conversion of fuel-nitrogen to NOx
pollutants from exceeding a predetermined maximum amount. Ihe preselected
ampunt of fuel NOx pollutants produced by fuel—nitrogen conversion is less than
about 10 percent. 1In terms of 1lbs. NOx/million Btu, this amounts to less than
about 0.350 1b. fuel_NOx/million Btu for most fuels and a total fuel and thermal
N0, of about 0.450 1b,/MM Btu. The residence time necessary to accomplish this
is uvsually at least about 35 milliseconds. Preferably, the conversion of fuel-
nitrogen to fuel NOx pollutants is less than about 7.5 percent and ideally below
about 5 percent (about 0.270 and 0.180 1b. fuel NOx or 0.365 and 0.275 1b, total
NOXIMM Btu, respectively). It has been found, in accordance with the p;esent
invention, that no significant decrease in the NOX poliutant content of the flue
gas is attained when the residence time in the primary combustion region is 7
above about 100 milliseconds. Therefore, as a practical matter, in order to
maintain the overall length of the combustor within reasonable limits and main-
tain heat losses at a minimum, the residence time in the primary combustion
region should not exceed about 140 milliseconds and preferably about 120 milli-
seconds.

It has also been fognd, however, that once maximum NOX pollutant
reduction has been attained, the primary corbustion region must be immediately
and sbruptly terminated. This also may be accomplished in several different
ways. In general, at least one stream of sgecondary air is 1ntroducéd into the
secondary combustion region in an amount sufficient to reduce the overall fuel-

air equivalence ratio of the cowbustion zone below the stoichiometric ratio

- -11- 7
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{preferably about 0.87) and in a mauner such that backflow of secondary air {nto

the primar;~combustion zone is prevented. The latter may be accomplished by
reducing the diameter of the flame path by mechanical means, such as by locating
at least one annular baffle or a nozzle~type constriction immediately adjacent
and, prefersbly, downstream fron the point of introduction of the secondary air,
The flame, thus diluted with secondary air, is then rapidly expanded into the
secondary combustion region to attain intimate mixing of the .combustion products
of the primary combustion region and the secondary air. .

‘ It has been found that, if the primary region is not abruptly terninated,
the sécbndary alr will tend to backflow into the primary region, thus counter-
acting the advantage of the primary region and upsetting the critical ratio of
the axial flow component and the radial flow component, the critical primary
region fuel-air equivalence ratio and the critical primary region residence
time, and/or a graduval transition from the primary region to the secondary
region results. Such backflow of secondary air, gradual transitign from the
primary t§ the secondary region and/or extension of the pricary region residence
tine beyond the limitsg previously discusséd will result In significant increases
in the Rox pollutant level, Inordinately large volumes of CO in the flue gas
endfor incomplete and inefficient burning of the fuel.

It has also been found, in accordance with the present invention, that
the reéidence tine in the secondary combustion reglon should be greater than
about 15 oilliseconds. This minimum secondary region residence time and the
intimate mixing of the combustion products of the primary combustion region and
secondary alr are necessary in order to complete combustion of unburned fuel.and
parti;lly burned.fuel which result from £he fuel-rich combustion in the prirary
conmbustion region. It has been found that a residence time of 15 milliseconds
or .greater will result in a carbon monoxide content in the flue gas of less than
about 300 ppm by volume. Such a level of CO in the flue gas indicates that
combustion hes been essentially complete and efficient and effective use of the

fuel has been attafned.

-12-
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In additfion to toatrolling the previously-mentioned process varisbles,

®
“ w
*e *

aepe

o~
it has further been discovered that such variables are interdependent and should

- be correlated with one another in practicing the present invention. Specifically,

the manner of introducing and contacting the fuel and primary air in the primary
c0mbustionrregion. the fuel-zir eguivalence ratic in the primary cozmbustion
reglion, the flame residence time in the primary combustion region and the manner
of terminating thé primary cocbustion region, including the volume and manner of
{htroducihg secondary alr, oust all be controlled and coordinated with ome
znother. As will be shown by thé examples hereinafter set forth, the mature of
the fuel, particularl§ its volatility and nitrogen content, and the burner type
and configuration cause the optimus values of these variables to change, both as
to absolute values as well as in their relation to one another, thereby further
eriphasizing the necessity of proper control of such variables and thcir-relatioh—

ship to one another.

This dnterdependence of the operating variables and the preper correla-

" tion of each with the other will be apparent from the following description of

the métbod of initiating and maintaining combustion of a fuel, containiﬁg
chemica}ly bound nitrogen, in a two-stage, rich-lean combustor, in accordance
with the present invention; |

.The combustion process is initiaied by deteréining_the primary com—
bustion region residence time at ﬁhich minicum ﬁox pollutants are produced,
determining the primary combustion region fuel-air equivalence ratio at which
winimm nox pollutants are produced and dete?mining the ratio of the axial flow
conponent and the radial glow component at which minimun Nox pollutants are
produced. Im certain instances, the secoAdary cocbustion region fuel-air equiv-
alence ratio and residence time at which predetermined maximum agounts of CO
zndfor unbursed and partially burned fuel are produced should also be detercined.
The order of ééking the specified determinations may be varied and any two or

wore of szid éeterminations ray be made simultaneocusly without departing from

-13~ .
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the invention. Once the combustiou,progess 1s initiated, :uch combustion nay be
raintained by makiné one or more of the specified determinations and adjusting
the corresponding process variable to a value at which ninimun Nox pollutants
are produced and/or the predetermined maximim amounts of CO and/or unburned and
partially burned fuel are produced.

The primary combustion'region residence time is dependent upon two
major factors, namely; the length of the primary combustion region and the
primary combustion region flow velocity. While the primary combustion region
length, that is the distance between the tip of the fuel injection nozzle and
the midpoint of the means for introducing secondary air, will generally be
fixed, there are certain minimal requirements in accordance with the present
invention. Specifically, the primary combustion region length should be selected
such that a minimum primary combustion region residence time of at least about
35 milliseconds can be attained at practical primary combustion region flow
velocities. As a practicelrmatter, the maximum length of the primary combustion
region will be limited to some extent by the particular enviropment in which the
burner is to Sé utilized and the energy (heat) loss resulting from the utiliza-
tion of the primary combustion region. Accordingly, the length of the primary
combustion region should be as short as possible. The maximum length sghould
therefore be such that a maximum residence time of about 140 milliseconds, and
preferably a maximm residence time of 120 milliseconds will be attained. For
example, in a combustor having an internal diameter of 6 inches, a length of
about 58 inches is considered adequate. For combustors of larger or smaller
diameter the length would be determined by utilizing approximately the same
ratio of length to diameter. Having thus set the length of the primary com~
bustion region, the primary cocbustion region residence time at which minimum
Noi lelutanta are produced is determined by varying ﬁhe flow velocity at each
of a plurality of primary combustion region fuel-air equivalence rat{os between

1.0 and about 1.8. The velocity should be varied within practical limits.

14—
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Olvioucly, if the velocity is too low, mixing of the fuel and air will be poor,
thus produeing a nonhomogeneous or heterogeneous nixture, and, if the velocity
is too high, the flame will go out er will not stabiiize adjacent the upstrean
end of the primary zone. While such velocity may be varied between about 1 and
500 feet/second, practical flow belocities are between about 5 and 100 feet/-
second, and preferably between about 5 and 50 feet/second.

It is apparent that the primar§ combustion region fuel-air equivalence
ratio at whichk minimum Nox pollutants will be produced will be determined to
some extent sinultaneously vitﬁ the determination of the primary combustion
reglon residence time. However, this equivalence ratio 1s generally a rough
approximation. Therefore, the primary region equivalence ratio at thch minirmun
Nox pollutants are produced is preferably determined by varying the equivalence
ratio between 1.0 and about 1.8 at the deternined primary combustion region
residence time,

The ratio of the axial flow cormponent and the radial flow coxponent can
then be determined by varying said ratic at the determined primary repion
residence time and the determined primary region fuel-air equivalence ratio.
However, it is preferred that the ratioc of the axial flow component and the
radial flow component be varied at each of a plurality of éifferent primary
region fuel-air equivalence ratios between 1.0 and about 1.6, to thereby simulf
taneously deterrcine the ratio of the axial flow compoment and the radial flow
component and the primary region fuel-air eguivalence ratioc at which minimm NOx =
pollutants are produced. As a practical matter, the preferred combustor, In
accordance with the present inv?ntion, includes a variable dome surrounding the
fuel injection nozzle and having axislly or radially directed openings which may
be.adjusted. Accordingly, by simply varying the size of the dome openings, the
ratio of the axial flow component and the radial flow component can be varied.

“In those instances where primary air is introduced at one or more points down—

stream from the varisble primary air intreduction point, variation of the dome
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openings will also vary the relative volumes of primarv air introduced at the

o

two points, since all of the primary air is introduced from a single source, the

PR

= pricary combustion region fuel-air equivalence ratio is set and the sizes of the
% .

i% primary air introduction ports dovnstream of the variable primary air intro-
SR duction point are fixed. This is an inmportant factor, since it has also been

found that, when the primary air introduced downstream from the variable primary

Pl
Lol

NPl eat o) ¢

air introduction point is introduced in a swirling or tangential manner, the

~ volume of air introduced through the swirl ports should be maintained between

about 35 and 100 percent of the total air introduced in the primary corbustion

region.

= The secondary combustion region residence time can be determined in

e the same manner as the primary region residence tire. Specifically,.the length

e of the secondary combustfon region should be selected to produce a2 residence

w time of at least about 15 milliseconds at practical secondary combﬁstion region

N 5 - flow velocities. At this equivalence ratio sﬁgstantially corplete combustion

o of unburned and partially bu;ﬁ;d fuel from the prinary combustion region will be
attained. This criterion will generally be met if the flue gas contains less
than about 300 ppmv of CO emissions. For a 6-inch internal diaceter corbustor,
a secondary combustion region length of about 33 inches will be adequate at the

20 deternined primary combustion region flow velocity. Since no significant re-

-~ duction in CO emissions occurs at residence times beyonl about 30 milliseconds,

= and preferably beyond about 25 milliseconds, the lensth of the secondary com—

}% bustion region need not be greater than a value necessary to attain this residence
time. Where the combustor is utilized in e boiler of an electrical generating

25 plant or a like installation, the flame will be expanded directly into the

heated region of the boiler after constriction and dilution with secondary air,

as-specified herein. In this case, the ninimun secondary combustion region

o : residence tinme will be readily met by the volume of the heated region and the
ii total combustion- zone can be shortened to a length just sufficient to include
- -16-

BAD ORIGINAL Cﬂ»



30

| '+ 0073265
the means for constricting the flame and introducing secondary air. Preferably,
the secondary combustion region, in this case, should also include a short .
section of the flame tube to assure intimate mixiné of the’gecondary air vith
the combustion products from the primary coébustion region.

The secondary combustion region fuel-air equivalence ratio is deter-
mined by varying the equivalence ratio between about 1.0 and 0.5 while maintain-
1ﬁg the previously determined variables constant, and selecting the equivalence
ratio at which the CO emissions are below about 300 pprwv. As a practical matter,
a secondary combustion region equivalence ratio of about 0.87 will be g?ed,
since this represents a value of 3 percent excess oxygen (dfy basis) 4n the flue
gas, NOx exigsion limitations are generally measured at this level and this
ratio has been found to produce CO emissions below the specified maximum.

To the extent that wore definitive values of the varisus varlables are
desired, a curve of the variable versus minimum Nox, HC or CO emissions can be
plotted and the critical value of the variable may be selected as the ninimum
Nox, HC or CO.point on the curve.

Once the combustion process has been iﬁitiated, as previously dis-
cussed, there should be no need to make further changes, so long as the same
fuel is utilized. However, should the measured HOx emissions and/or CO emissions
increase significantly from those initially determined, appropriate adjustmentsr
of the previously discussed variables should be made. Vhile any one or more of
the primary combustion region variables may be adjusted, it will usually be
adequate to adjust the variable primsry air, since the volatility of the fuel is
most likely to vary #nd such adjustment of the variable primary air will aslter
the fuel-air mdxing and compensate for variations im fuel vélatility. Fowever,
should the boﬁnd nitrogen content of the fuel change, the primary combustion
rééion fuel-air equivalence ratio should also be adjusted and possiblyrthe
primary zone residence tiwe.

Adjustments of the primary region fuel-air equivalence ratio and the
ratio of the aiial flow coﬁpgnent and the radial flow component can be simul-
tapeously made by adjusting the dome openings at ecach of a plurality of different 7;

-17-
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primary combustion region fuel-air equivalence ratios on either side of the
original ratfo. If it s known, by test, that the nitrogen content is higher
than the initial value, it will generally be sufficient to adjust the dome
openings at each of a series of equivalence ratios above the original ratio. On
the other hand, if it is known, @y test, that the nitrogen content is lower th;n
the initial value, it will ususlly be sufficient to adjust the dome openings at
a plurality of different equivalence ratios below the originﬁl.

Referring now to the drawings, wherein like or similar reference
numerglg are employed to demote like or similar elements, the invention will be
more fully explained.

FIGURES 1-5, inclusive, illustrate a conbustor in accordance with the
invention. Preferably, said combustor comprises a flame tube havipg an upstream
fuel-air mixing gection 11, an intermediate primary cozbustion séction or region
13 located downstreanm from and in communication with said nixing section 11, and
a secondary combustion section or region 15 located downstrean from and inm
communication with said primary combustion section 13. Said flame tube is
provided at its upstream end with a dome member 17. A fuel inlet means 24 ié
provided for introducing a stream of fuel into the upstream end portion of eaid
nixing section 11. As illustrated in FIGURES 1 and 2, said fuel inlet means
comprises a fuel conduit 19 leading from a source of fuel and extending through
fuel flange 21 into cormunication with the central cavity formed ir the down-
strean side of dome member 17 and which is adapted to receive fuel nozzle 24
mounted thereln. An annular orifice means is disposed on the downstrean side of
said dowme member 17. Szid orifice means can be formed integrally with said come
merber or, as here illustrated, can preferably comprise an acnular adapter 26
disposed betveen the downstreanm end of said dome member 17 and the upstream end
of 8aid flame tube. An orifice formed in said orifice neans or adapter 26 can
be considered to define the outlet from said dome member 17 and the inlet into

said wixing section 1l.
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A first air inlet means is disposed in the wall of said flame tube for

admitting a first stream of air into said rixing section 11 in a circular-like
direction adjacent the inner wall thereof. Said first air inlet means preferably
conprises a plurality of tangential slots 28 extending through the wall of the
upstream end portion of said mixing section 11 at a first station in the flame
tube adjacent said outlet from said dome member 17 and upstream from a first
orifice 29. TIn a preferred embodiment a second air inlet means is disposed in
the wall of said flame tube downstresm from said first air inlet means for
adnitting a second stream of air into said mixing section 11 in a circular-like
direction adjacent the inner wall thereof. Said second air inlet means preferably
conprises a plurality of tangential slots 30 extending through the wall of the =
downstream end portion of said pixing section 11 at a second stgtion in the
flame tube adjacent and downstream from said first orifice 29. A second orifice
32 is disposed in said flawe tube adjacent and downstream from said tangential

slots 30. A third air inlet means, comprising at least one opening 34, is

~ provided in the wall of said flame tube at a third station downstrean from said

sécond air inlet means 30 and said second orifice 32 for adnitting 8 streanm of
air comprising secondary air into said secondary combustion section 15. If
desired or necessary diluent air can be admitted through ports 40,

A fourth air inlet means, preferably variable, is provided in saiéd
dome member for admitting a variable volume of a third stream of air through
sald dome member, around said fuel inlet nozzle 24, and into said mixing section -
11 of said flame tube. As described further hereinafter, said variable air
inlet means comprises at least one air passage means of variable cross-sectional
area provided in and extending through said dome member 17 into communication
with gaid mixing sectfon 11, and means for varying the eross-sectional area of
said air passage means and thus controlling the volume of said stream of air
adnitted through said dome menber and into said mixing section.

In some exmbodiments of the invention wherein 2 szid second air inlet

means, e.g., tangential slots 30, is not provided, said first orifice 29 can be
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considered to define the outlet from said mixing section 11 and the inlet to
sald primary combustion section or region 13. In those preferred embodiments
wherein a2 sald second air inlet means, e.g., tangential slots 30, is provided,
sald second orifice 32 can be considered to define the outlet from said nixing
section 11 and the inlet to said primary combustion section or region 13.

Said flame tube can be fabricated integrally if desired. Eowever, for
convenience in fabrication, said flame tube can preferably be formed with the
wvall portion thereof which comprises said mixing section 11 divided iInto separate
sections similarly as here illustrated. Thus, in one preferrec embodiment said
tangential slots 28 can be formed in an upstream first wall section 36 of said
flame tube, preferably in the upstrean end portion of said first wall section
with the downstream wall of said adapter 26 forming the upstream Qalls of said
slots 28. In this preferred embodiment said first orifice 29 is formed in the
downstream end portion of said first wall section 36. In said preferred embodi-
ment said tangential slots 30 can be formed in an intermediate second wall
section 38 located adjacent and downstrean from said first wall section 36.
Pfeferably, said second wall section 38 is disposed with its upstream edge
contiguous to the downstream edge of sald first wall sectfon 36, and said
tangential slots 30 are formed in the upstream end portion of said second wall
gection 38 with the downstream edge of said first wall section 36 forming the
upstream walls of said slots 30. In this preferred embodiment said second
orifice 32 is formed in said second wall section 38 ané adjoins said slots 30
formed therein. Preferably, the inner wall surface of said first wall section
36 tapers inwardly from the downstream edge of said tangential slots 23 to the
upstream edge of saild first orifice 29 to form an imwardly tapered passageway
from said slots to said orifice. Preferably, the inner wall surface of said
second well section 38 extends radislly outwardly from the downstream edge of
gald second orifice 32. The remainder of said flame tube can conveniently
comprise the flanged spools or sections 10, 12, 14, 16, 18, 20, and 22 as i1~

lustrated in FICCRE 1. For econvenience, sajd spools 14 and 18 were provided
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with jackets for circulation of water or other coolant therethrough. Sudﬁu-
cooling permitted operation of the cormbustor through a wide range of operating
éonqitions including stoichiometric fuel-air mixtures without heat damage. A
szall amount of wall cooling air, admitted through ports 42, was used to cool
the unjacketed ;pool 12,

In one presently preferred embodiment a third orifice mesns 46 is
disposed at an intermediate location in said prirary combustion section &nd
downstream of said second air inlet wmeans. Preferably, a fourth orifice means
48 1s disposed in said primary combustion gection upstrearm from and adjacent
said third air inlet means., A fifth orifice means 50 1s disposed in the up-
stream e;d portion of said secondary combustion section downstream from and
adjacent said third air inlet means. Said third, fourth, and f£ifth orifice
means aid in the mixing of the gases flowing through the flame tube and promote
the homogenelty thereof.

- It will be understood that the corbustors described herein can be pro-
vided with any suitable type of‘ignition means and, if desired, means for in-
treducing a pilot fuel to initiste combustion. For example, a sparkplug (not
ghown) can be mounted to extend into first combustion regionm 13.

Referring to FIGURE 1, for example, for the purpose of calculsting
residence time in comnection with the method of the invention, the primary
combustion region can be considered to be the region from the downstream tip of
fuel mozzle 24 to the midpoint of the air inlet ports 34, and the secondary
conbustion region can be considered to be the region from the midpoint of said
ports 34 to the midpoint of the openings 40.

Said first orifice 29 and said second orifice 32 have been illustrated
as being circular in shape and this is usually preferred. However, it is within
thé scope of the invention for either or both of said orifices to have other
shapes, e.g., trisngular. Said flame tube has been illustrated as being cylin-
dricsl iﬁ shape and this 1s usually preferred. However, it is within the scope

of the invention for said flame tube to have any other suitable shape.
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Referring to FIGURES 6, 7, and 8, a variable dome member 17 comprises
a fixed circular back plate 128 centrally mounted in an opening 138 provided in
fuel flange 21 by means of a pair of mounting bars 132. A plurality of spaced
apart openings 134, arranged in a circle, are provided in said plate 128. A stop
pin 136 projects perpendicularly from one of said bars 132. Said opening 138 in
fuel flange 21 is in communicatién with air supply conduit 44 (see FIGURE 2).

A centrally disposed circular boss member 140 projects outwaidly from the
upstream face of said fixed plate 128 for receiving and mounting a front adjust-
able plate 142 thereon.

Said front plate 142 is circular-like, and of the same size as, said
fixed plate 128. A plurality of spaced apart openings 144 are proivided in said
front plate 142 and correspond in size and circular arrangement to that of said
openings 134 in backplate 128. A pair of spaced apart stop pins 146 project
perpendicularly from the side of said front plate 142. An actuator tab 148
projects perpendicularly from one side of said front plate at a location spaced
from said stop pins 146. Push rod 150 is pivotally connected to said actuator
tab 148 in any suitable manner as shown. Said push rod 150 can be actuated in
a back and forth manner by means of roller mechanism 152 mounted on the outside
of fuel flange 21 in any suitable manner. Flexible shaft 154 extends through a
control panel (not shown) and is connected to a rotatable knot (not shown) for
movement.of said shaft 154, said roller mechanism 152, and said rod 150 for
rotating said front plate 142 within the limits imposed by stop pins 146 acting
against stop pin 136.

In assembly, said fuel flange 21 is mounted between adjacent flanges
as shown in FIGURE 2. The upstream end of the flame tube fits to adapter 26
which in turn is secured to the downstream face of dome member 17. Fuel con-
duit 19 extends th;ough said flange 21 and communicates with a central cavity
forﬁed in the downstrear side of dome member 17 which is adapted to receive fuel
nozzle 24 mounted therein. The central opening 156 in front plate 142 fits into
boss member 140 on backplate 128 and said front plate is held in sliding engage-

ment with backplate 128 by wmeans of cap screw 158 and washer 160. Said push
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rod 150, by virtue of the back and forth movement deécfibea'%bofg,'fétateS’EafB
i
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_front plate 142 to bring openings 144 therein into and out of register with
openings 134 in said backplate 128 to thus vary the effective size of opening

provided in variable dome 17 and vary the amount of air passed through said dome
into mixing section 11 and then into primary cozbustion region 13. As shown in

FIGURE 2, said openings 144 and 134 are in full register and the dome member is

completely open. As shown in FIGURE 6, said openings are out of register and the
I

dome member is completely closed.

In the practice of the invention, it is sometimes desirable to control
the effective size of the openings in the variable dome 17 of the combustors of
the invention in aécordance with fuel flow'to the combustor. This can be accom- ¥
plished manually by means of the push rod 150 and associated elements. However,
in coatinuously operaging combustors which operate over a varied range of oper—
ating conditions, it is sometimes desirable that the effective éize of the dome
openings be controlled automatically. Any suitable control means cén be provided
for this purpose, for example, the control means diagrammatically illustrated in
FIGURE 6. Said control means can be adapted to the combustor of FIGURE 1 by
prbviding an ofifice in fuel conduvit 19, operatively comnecting said orifice te
a controller unit 109, and operatively connecting said éontroller unit by a i
suitable linkage 110, to shaft 154 of rack and roller mechanism 152 which moves
push rod 150 back and forth. Thus, controller 109 responds to the flow of fuel
thfbugh the orifice in conduit 19, actuates linkage 110, which is operatively
connected to shaft 154, and programs the back and forth movement of rod 150. The
séecific control means comprising the orifice in fuel conduit 19, controlier 109,
and linkage 110 forms no part, éervse, of the present invention. Said cqntrol
means can be modified or substituted for by any means knéwn in the art. An
automatic contéol means such as described above can be employed on the combustors
of.the.invention when said combustors are gmployed, for example, in a gas turbime
engine, either stationary or mobile. Im a‘mobile installation such 2s a vehicle,

such a control means can be employed to vary the amount of air admitted through

the dome member in accordance with fuel flow as said fuel flow thanges with
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cherged =11 speed of the vehicle. In a stationary installation such as a large

gas turbine engine driving a standby generator in a power plant, such a control

means can be employed to vary the amount of air admitted through the dome member
in accordance with fuel flow when the generator must be put on the line rapidly.

FIGURE 10 shows a modified dome member 17, mixing zone 11 and primary
combustion region 13 for the combustor of FIGURES 1 through 5. In this modifi-
cafion, various elements have been simplified to make the combustor particularly
suitable for the combustion of heavy oils, such as shale oil.

Specifically, the nozzle 24 (referred to in detail hereinafter) is
adapted to thoroughly mix the fuel in air for improved atomization of the fuel.
The remainder of the primary air to the primary region 13 of the combustor is
introduced through conduit 162. Conduit 162 thus supplies primary air through
tangential slot means 28 and 30 and through variable air inlet means 164.

FIGURE 40 also illustrates a suitable ignition means 166. Ignition means 166

is mounted to communicate with mixing region 11 through a passage through dome
member 17. Ignition means 166 includes a'sparkplug 168, a fuel inlet 170 (for
a fuel such as propane) and an air inlet 172.

Referring to FIGURES 11, 12 and 13, the dome member can comprise a
fixed generally cylindrical member 80 (see FIGURE 12) closed at one end and open
at the other end. A plurality of openings B2 are provided at spaced apart
locations around the circumference of said cylindrical member 80 adjacent the
closed end thereof. An opening 84 is provided in said closed end for receiving
a fuel nozzle. The outlet of said fuel nozzle would be positioned similarly as
shown for nozzle 24 in FIGURE 2., Another opening 88 is provided in said closed
end for receiving an igniter means (not shown) which would also extend to a
position adjacent the outlet of the fuel nozzle. Openings 92 are provided for
receiving mounting bolts (not shown) for mounting the dome member onto the
cegtral portion of a fuel flange such as fuel flange 21. Said central portion

of the fuel flange would be adapted to accommodate the fuel nozzle similarly as
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*:-shown in FIGURE 2, and also the igniter means. A mounting fTa ge 94 is con~
nected to and provided around the open end of said cylindrical mezmber 80 for

mounting said member 80 on the upstream end of a combustor flame tube, simi-

e ot

larly as shown in FIGURE 2. A groove 96 is provided in said flange 94 around

5 the open base of said cylindrical member 80. A pair of spaced apart stop pins 98

vt d A

project from said flange 94 perpendicular thereto and adjacent said cylindrical
‘member 80. An orifice 95, preferably tapered inwardly, is prbvided in said

flange 94 adjacent and in communication with the open end of said cylindrical

oy

R I

member 80.

~

10 . The adjustable throttle ring 100 of FIGURE 11 is mounted around said

cylindrical member 80 and is provided with a plurality of sﬁaced apart openings
102 therein of a size, number, and shape and at spaced apart iocations, corres-
ponding to said openings 82 in cylindrical member 80. Said throttle ring fits
into groove 96 in flange 94. An actuator pin 104 projécts outwardly from the
15 outer surface of said throttle ring 100 and coacts with said stop pins 98 to
: 1imit the movement of said ring 100. Friction lugs 106 are provided on the top
and the bottom of said ring 100 for movably bearing against the surface on which
;; cylindrical member 80 is mounted, and éhe bottom of groove 96, respectively.
= FIGURE 13 is a cross section of ring 100 mounted on member 80.
. 20 Any suitable means can be provided for actuating actuator pin 104.
Such actuating means can comprise a Y—shéped yoke which fits around actuator pin

- 104, with the bottom leg of the Y connected to a rotatable control rod which

W

LY

"

extends through the outer housing or casing of the combustor. Rotation of said

C A
L

control rod will pivot the Y-shaped yoke and coact with said pin 104 to cause
25 rotation of throttle ring 100 within the limit of the space between stop pins 98
and thus adjust the register and effective size of the opening provided by open-
ings 82 and 102. As shown in FIGURE 13, said openings 82 and 102 are in direct
register with each other to provide the maximum opening into the dome. When
flange 94 is mounted on the upstream end of a flame tube, such as the flame tube

30 in FIGURE 1, air introduced through openings 82 and 102 will be introduced
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radia:.v, e.g., around and generally perpendicular to the direction of intro-
duction of Zuel. Said openings 82 and 102 have been illustrated as being
circular, and this is usually preferred. However, said openings can be rectan-
gular, e.g., square, if desired. .

FIGURE 14 shows the variable air'inlet means of FIGURES 11, 12 and 13
mounted in the dome 17 of the combustor shown in FIGURES 1 through 5 or that of
FIGURE 10. FIGURE 14 also shows a suitable operating mechaﬁism including pivot
arm 174, control shaft 176 and dome rotation indicator 178. This particular
variable dome member is preferred when burning heavy fuels.

FIGURE 15 of the drawings shows an alternative mixing-primary combus-
tion region 11-13 which can be utilized in the practice of the present invention.
The structure of FIGURE 15, in an overall sense, is similar to that of FIGURE 10
and, therefore, is also well suited for the combustion of heavy oils, such as
shale oil. |

The apparatus of FIGURE 15 differs from that of FIGURE 10 in the manner
of introducing primary air and mixing the fuel and air. Specifically, a neck
section 180 is formed downstream of nozzle 24 to form an annular primary air
chamber 182. Neck means 180 diverges outwardly, in the downstream direction, to
substantially the full diameter of the flame tube, thus forming flared or
diverging section 184. All of the primary air, beyond that utilized in nozzle
24, is introduced through variable dome 164 and slots 186. This means of intro-
duction of primary air causes the air to radially impinge against the stream of
air-fuel from nozzle 24, thus bringing about intimate mixing and stabilization
of the flame adjacent the upstream end of the primary combustion zone.

FIGURE 16 shows still another mixing-primary combustiom region 11-13
which is adapted to attain intimate mixing of a heavy fuel, such as shale o0il,
and air and stabilize the flame adjacent the upstream end of the primary region.
‘ The combustor of FIGURE 16 is similar to the previous eﬁbodiment of
FIGURE 15, except that a single primary air introduction means 188 (in additiom

to the air introduced through nozzle 24) is provided which combines the features
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of a varizble air inlet and tangential air introduction. More specifically, pri-
mary air introduction means 188 includes fins 190, disposed at 45° angles such
that the air entering through the variable inlet enters the mixing regiom 11
tangentially or im a circular mamner, as through the air inlet means 28 and 30 of
FIGURES 1 through 5, 9 and 10. The structure of FIGURE 16 also includes a
flared or diverging section 192, similar to section 184 of FIGURE 15, but
shortens the neck section 180 of FIGURE 15.

In all of the embodiments of the mixing-primary combustion regions 11-

13, previously discussed, intimate mixing is attained in the miéing region 11
and thé flame is stabilized adjacent thé upstream end ofrprima;y combustion
region 13. However, it should be recognized that there is no sharp line of
demarcation separating the mixing region 11 and the primary region 13, since,
as previously stated, the upstream end of the primary combustion region 13 is
considered to begin at the tip of the fuel nozzle 24 and the primary combustion
region flame is established and stabilized at slightly different points in the
upstream end of the primary combustion region in the several embodiments des-
cribed. Hence, the mixing region 11 and the primary combustiom region actually
merge into a single multi-function mixing-primary combustion region, but, in 211
cases, the flame is stabilized "adjacent the upstream end of the primary com-
bustion region". Viewed in another way, the upstream end of the primary com-
bustion region can be said t§ differrin location for differing embodiments and,
in essence, be located approximately at the point along the mixing region-
primary combustion region 11-13 where the primary combustion region flame is
stabilized. In this case, it is then most accurate to say that the flame is
stabilized “adjacent the point where the mixing region 11 and the primary com-
bustion region 13 merge."

. By contraét to the mixing-primary combustion region 11-13, there is,
in fact, a definite, sharp line of demarcation between the primary combustion
region 13 and the secondary combustion region 15. This line of demarcation is

"adjacent the point of introduction of secondary air." Previously discussed
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FIGURES 1 and 10 and FIGURES 17, 18 and 19, illustrate several embodiments of
zombustors adapted to establish an abrupt change from the fuel-air ratio of the
primary combustion region 13 to that of the secondary combustion region 15,

while at the same time preventing back-flow of secondary air into the primary

combustion region 13 and creating intimate mixing in the secondary combustion

region 15.

In the embodiment of FIGURES 1 and 10, the above is accomplished by
converging and then expanding the flame front by virtue of orifices 48 and 50
and the radial introduction of secondary air through radial air inlet ports 34
locatéd between the two orifices.

FIGURE 17 shows a combustor with the specific mixing-primary combus-
tion region 11-13 of FIGURE 15 but a modified means for terminating the primary
combustion region. In this embodiment, the flame front is converged and then
expanded by locating a nozzle in the combustor while simultaneously introducing
secondary air in a radial fashion into the vena-contracta of the nozzle. Speci-
fically, an annular, angular ring 194 converges, in a downstream direction, from.
the full diameter of the primary combustion region 13 to a reduced diameter.
Secondary air is then introduced radially downstream of ring 194 through con-
duit 196 and air inlet ports 198, Still further downstreém, an annular ring or
flange 200, having an inside diameter equal to the inside diameter of ring 194,
is located. The embodiment of FIGURE 17 accomplishes the same results as that
of FIGURES 1 and 10; namely, an abrupt change from the fuel-air ratio of the
primary combustion region 13 to that of the secondary combustion region 15,
prevention of back-flow of secondary air into the primary combustion region 13
and intimate mixing in the secondary combustion region 15, but has the advantage
that sharp corners, where carbon can collect, are eliminated.

FIGURE 18 shows still another means of introducing secondary air to
provide an abrupt change from the fuel-air ratio of the primar& combustion
region 13 to that of the secondary combustion region 15, prevent back-flow Of,

secondary air into the primary combustion region 15 and provide intimate mixing
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in the secondary cczbustion regionf;?. This is accomplisbed ﬁy oroviding
secondary air inlet ports 202 which introduce secendary air radially and at an
angle toward the downstream end Sf the combustor. .An orifice means 50 similar
to that of FIGURE 1 is provided. -

FIGURE 19 illustrates yet another means of introducing secondary air,
in which radially-disposed secordary air inlet tubes 204 extend into the flame
tube to form a reduced diameter central dilution region. Orifice means 50 is
located as in previously discussed FIGURE 1.

FIGURES 20, 21 and 22 show in greater detail the fuel nozzle 24.

In accordance with FIGURES 20, 21 and 22, fuel is introduced through
passage 206 and thence into mixing chamber 208. Air is introduced through
passage 210 and thence tangentially into mixing chamber 208 through air inlet
means 212. The fuel and air are intimately mixed in chamber 208 and then
impinge or blast against impingement or blast plate 214. This particular type

of fuel nozzle is particularly advantageous for use with heavy fuels, such as
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shale oil, since impingement of the fuel-air mixture againstTﬁlﬁfe 214 serves to
break up croplets of the fuel. The particular nozzle illustrated is available
from Delavan Manufacturing Co., West Des Moines, Jowa as an "Air blast nozzle"
and is available for different flow capacities and fuel-air ratios. The plate
214 1s also adjustable so as to alter the exit angle from the nozzle. As used
in the present invention, the exit angle of the fuel-air mixture was selected to
be about 90°. |

In one method of operating the combustor of FIGURES 1-8, a stream of
fuel ;g introduced into the upstream end portion of mixing section 11 via fuel
nozzle 24. Said fuel pozzle can be any suitable type of nozzle, e.g., & spray
nozzle, an air assist nozzle, etc. The type of nozzle employed will depend to
some extent at least, upon the type and properties of the fuel being used. A
first stream of air is introduced into said mixing reéion 11 in.a swirling or
circular-like direction around said stream of fuel. Preferably, said first
strear of air 1is iIntroduced in a circumferential direction, around said fuel,
and tangential the inner wall of said mixing section, as by means of tangential
slots 28.

Preferably, a second streanm of air is introduced into said mixing
region 11 in a swirling or circular-like direction around said stream of fuel.
Said second stream of air will also preferably be introduced in & circucferential
direction, around said fuel, and tangential the inner wall of said mixing sectior,
as by means of tangential slots 30, Said first stream of air, and said second
stream of air when used, can have the same direction of swirl or a different
direction of swirl, e.g, both clockwise, both counterclockwise, or one clockwise
and one counterclockwise. Preferably, the directions of swirl will be opposite
a8 illustrated in FIGURES 3 and 4. Vhen exploying the slots 28 illustrated in

FIGURE 3 the directifon of swirl will be clockwise, looking downstream. When

employing the slots 30 illustrated in FIGURE 4 the direction of swirl will be
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counterclockwise, looking downstream., .I is-also preferred that the volume of

3

said second stream of alr be greater than the volume of said first strear. This
is preferred so as to more effectively counteract or neutralize the swirl of the
first stream of air, as well as the axial component of the stream flowing
axially in the mixing section, and thus provide a more homogenocus mixture of
fuel and air flowing from said mixing region into the primaty combustion regionm.
Said first and second streams of air thus comprise primary combustion air.

Said first stream of air, and/or said second strear of air when used,

and ;aid stream of fuel form a fuel-rich combustible mixture which is passed

o

from said mix;ng region 11 into the primary combustion regiom 13. 1In said
primary combustion region only partial cocbustion of said fuel-rich combustible
mixture is caused to occur and a mixture comprising hot combustion products and
partially combusted fuel i1s formed. Said combustiblé nixture is maintained in
sald primary combustion region for a period of time which is sufficient to
provide a total residence time in gaild mixing region and said primary combustion
region which is sufficient to reduce the conversion of fuel-nitrogen to NOx
enissions.

Said combustion products and partially combusted fuel mixture is then
passed into the.secondary combustion region which is located downstream from and
in comunication with said primary combustion region. A stream of secondary air .
is 4ntroduced into said secondary combustion region via ports 34, located at the

upstream end thereof. In said secondary cozbustion region the combustion is

completed under fuel-lean conditions with the resultant burnout of CO to C02.

-

Thus, the combustors discussed can be operated in a mammer and the
methods of the invention comprise an opera;ion, wherein no axial air is intro-
duced into the upstream end portion of mixing region 11. As shown by the
examples given hereinafter such a method of operation gives good results and is
one preferred method of operation, depending upon circumstances.

Bowever, generally speaking, there will be more situations where it

will be preferred to intréduge a third stream of air into the upstrean end of,
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and generally axially with respect to, saild nixing region, e.g., through dome
pember 17, Thus, generally speaking, such a method of operation ean be said to
be a wore preferred method, again depending upon the circumstances or situﬁtian.
When said third stream of air is used, either one or both of said first and
second streams of air can be useﬁ in combination therewith. When only one of
sald first and second streams ofrair is used, the above-referred to thirg stream
of alr will become the second stream of air introduced into éaid mixing region.

When introducing said third stream of air through a varfable dome
nmmbe? such as dome wember 17, or through a nonvariable done menber, one
presently preferred method of introdu;ing said stream of fuel {s to introduce
same In the form of a hollow cone which diverges from its point of origin. Said
third stream of air is then introduced around the stream of fuel, intercepts
sald cone, and mixes with gaid fuel.

Another preferred method of operation, particularly when using a heavy
fuel, compriges introducing said third stream of air through a variable dome
rember such as that illustrated in PIGURES 11, 12 and 13. 1In such instances
said third stream of air is introduced around said fuel in a generally
radial direction which is generally perpendicular to the direction of intro-
duction of said fuel.

Referring now to FIGURES 23 and 24 there is illustrated another com-
bustor (designated herein as Combustor X) in accordance with the invention.

Said Combustor X comprises an upstream fuel-air mixing section 11', an inter—
mediate primary combustion section 13' located downstream from anéd in cormuni-
cation with said mixing section, and a secondary combustion section 15' located
dovngtream from and in communication with said primary combustion section, Said
mixing sectioﬁ 11' is defined at its downstream end by an orifice plate or wmeans
having an orifice 29' formed therein. A first air {nlet neans comprising
tangential entry ports 28' is provided for introducing a first stream of air

into eaid mixing section 11', similarly as in the combustor illustrated in

~32-



10

15

20

25

s 0073265

FIGURES 1 and 2. Although only one tangential ai; e;try means ig fllustrated in
FIGURE 24, it is within the scope of the invention to provide said Corbustor X
with a second tarngential alr entry means, similarly as in the combustor {llus-
trated in FIGURES 1 and 2.

As {1lustrated in FIGURE 24, said Combustor X is provided with means
for Introducing a second stream of air into mixing section ;1; in adnixture with
the stream of fuel. Said second stream of air is introduced into said stream of
fuel via radial port(s) 52 supplied from the same plenum chamber supplying
tangential entry ports 28'., As illustrated in FIGURE 24, said Combustor ¥ is z
not provided with a variable dome member. However, it is within the scope of
the invention to do so. It is zlso within the scope of the invention for fuel
nozzle 24" in FIGURE 24 to be any suitatle type of fuel nozzle, including an
alr-assist fvel nozzle. Preferably, saild secondary air inlet means can comprise
a plurality of fingers extending into the flame tube.

The operation of said Combustor X is substantially like that deseribed
above and elsewhere herein for the operation of the combustors represented by
FIGURES i and 2. Said operation will be clear to those skilled in the art in
view of the disclosure herein.

In the sbove-described methods of operating the combustors, or com—
bustion zones, of the invention, which introduce air tangentially, in accordance 2
with one embodiment of the invention, the amount of swirl air introduced into
the mixing region 11 or 11' will be within the range of from about 35 to 100
percent of the total air introduce& into said mixing region and then into the
primary combustion region. Stated another way, the zmount of air introduced
through the dome member and/or with the fuel and into said mixing region can be
an smount of up to 65 percent of gaid total air.

- As shown by. the examples given hereinafter, which utilize a light fuel
with high nitrogen content, it has been found that the total awount of air

introduced ints szid mixing region and then Into the primary corbustion region
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should be an amount (relative to the amount of fuel) which i. vnly sufficient to
form a fuel-rich combustible mixture of fuel and air having a fuel-air equiva-
lence ratio within the range of from 1.05 to about 1.7, if one is to obtain a
significant reductien in the amount of fuel-nitrogen which is converted to NOx
emissions, e.g., to 10 percent or, less. When it is desired to obtain a further
reduction in said conversion, e.g., to 7.5 percent or less, said fuel-air
equivalence ratio should be maintained in the range of from aﬁout 1.14 to about
1.56.

As shown by said examples given hereinafter, it has been surprising}y
discovered that there is a definite relationship between said fuel-air equivalence
ratio (@) and the total residence time in said mixing region and said primary
combustion region. It has been found that, for relatively light fuels, éaid
residence time should be maintained within the range of from about 30 to about
120 milliseconds, preferably 45 to 75 milliseconds in many instances, and should
be sufficient, when correlated with said fuel-air equivalence ratio, to signifi-
cantly reduce the conversion of fuel-nitrogen to NOx emissions, e.g., to less
than 10 percent. The correlation or relationship between said fuel-air equiva-
lence ratio and said residence time is discussed further hereinafter in con-
nection with the examples.

It has also been surprisingly discovered that for the best results,
e.g., the minimum conversion of fuel-nitrogen to NOx emissions, when tangentially
introduced air is used, the amount of swirl air used should also be correlated
with saild fuel-air equivalence ratio and said residence time. This correlation
is discussed further hereinafter in connection with the examples.

FIGURES 25, 26, 27 and 28 schematically illustrate burners, in accord-
ance with the éresent invention, which are specifically designed for use in
furnaces, boilers, process heaters and the like. These burners all have in
common the fact that the heated zone of the furnace, heater or boiler becomes

the downstream portion of the secondary combustion zone and, accordingly, the

portion of the secondary combustion zone forming an integral part with the

—34-



10

15

20

25

30

--wary combustion zone is extremely short, generally just of sufficient length
to permit the introduction of secondary air in accordance with the present
invention.

The combustor of FIGURE 25, referred to hééein as combustor J, accom-
plishes intimate mixing of the fuel and a fif;t volume of air or primary air by
means of a configuration of the tyée shown in FIGURE 10 hereinabove described
and the primary combustion zone is abruptly terminated and the:secondary com-

bustion zone initiated by a step-type, abrupt expansion as set forth in U.S.

Patent 4,205,524. Specifically, the main body section 214 of the burner is

o

compriséd of ceramic sections and is attéched to the main heating segtion 216 of

a furnace generally constructed of fire brick. The burner 214 is surrounded by *
air plenum 218 which supplies most of the primary air to the burmer as well as

all of the secondary air. Fuel is supplied at a central location and in an

axial direction by an air blast atomizer, utilizing a part of the first volume

of air or primary air. The fuel nozzle extends into the air plenum and is

surrounded by a wall 222 defining an air introduction or mixing zone. A second

portion of the primary air is introduced through air slots 224, the size of

which are adjus;able by means of damper 226. While the second por;ion of primary

air entering through slots 224 enters in a radial direction, this direction is

changed to axial as the air exits the zone 222 through reduced diameter throat 228.
Thus, the fuel and first portion of the primary air and the second portion of

the primary air form the axial flow component referred to herein. A third :
portion of the>primary air is introduced.through tangential, counterclockwise

primary air slots 230. This air thus introduced in a generally radial direction

then mixes with the fuel and air from the air blast nozzle and slots 224 in

zone 232. Finally a fourth portion of the primary air is introduced through

tangential, clockwise air slots 234. Accordingly, the air entering through

slots 250 and 234 form the generally radial flow component referred to herein.

While section 232 is referred to as a mixing zone, in actual practice when the

Vburner is operating at peak performance the flame will be seated adjacent
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throat 228 of the burner. Fuel rich combustion thus takes place in sections 232
and 214 of the burnmer, resulting in the production of an effluent containing
unburned fuel CO and carbon dioxide and most of the nitrogen in the form of
elemental nitrogen. The flame front leaving section 214 of the burner is then
abruptly expanded into section 238. Section 238 is provided with air slots 240
through which the secondary air‘or the remainder of the air is introduced so as
to produce a fuel lean mixture. A damper 242 is also providéd to adjust the
volume of this air. The air through slots 240 enters radially and is of suffi-
cient velocity to essentially penetrate the flame front to its axis and mix with
the mbving front and effluent from thé primary combustion region. The addition
of air through the secondary air alots 240 thus produces an overall fuel lean
fuel air mixture. This mixture is then again expanded into the heating zomne 216
of the furnace. This expansion completes the mixing of the primary zone effluent
or flame front and the secondary air. By way of example, section 232 has a
length to diameter ratio of about 1. A fuel-air mixing zone forming a part of
zone 236 alsgrhas a length diameter ratio of 1 and, what may be termed the NOx
reduction portion of zone 236, is about 4 feet long at a flow velocity of about
50'feet per secondd. In the operation of this burner the air introduced would
be approximately 2.8 percent to the air blast nozzle, 26.6 percent through
slots 224, 14.1 percent through slots 230 and 21 percent through slots 234, thus
introducing a first volume of air or primary air equal to 64.5 percent of the
total air to combustion system. The remaining 35.5 percent of the total air is
introduced through secondary air slots 240 to produce an overall fuel/air ratio
having 3 percent excess oxygen or a fuel/air equivalence ratio of 0.87. Thus,
under these designed conditions, the fuel/air equivalence ratio in the primary
combustion region or fuel-rich region would be 1.35. As in previous configura-
tions the flame is seated adjacent the constriction 228 (the end of nozzle 220
and the primary combustion as fuel-rich combustion éxtends from fhis point to
the secondary air introduction slots 240.

FIGURE 26 shows yet another embodiment of the present invention speci-

fically designed for use witb.a process heater, boiler or the like. The burner
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of FIGURE 26 utilizes a fuel-primary air mixing configuration similar to that of
FICURE 15 heretofore described and an abrupt termination means for the introduc-—
tion of secondary air and mixing of the secondary air with thé flamerftont of
the character set forth in U.S. Patent 4,205,524,

Specifically, the burner 242 is connected to heated section 244 of a
furnace, boiler or the like. As in the previous embodiment, the heated region
242 comprises the downstream portion of the fuel lean or sec;ndary region of the
combustion system. Burner 242 is surrounded by air plenum 246 which supplies

most of the primary air and all of the secondary air to the burner system. Fuel

m

is supplied by air blast atomizer 248 which utilizes a firsf part of the first
volume of air or primary air. Atomizer 248 extends into mixing section 250 which
is supplied with air through air Introduction slots 252. A second po;tion of the
first volume of air or the primary air is introduced tﬁrough slots 252 and this
volume is controlled by a damper 254. As in the previous embodiment, the air
enters through slots 252 in a generally radial direction. However, in mixing
section 250 and passage through restricted neck portion 256 the second portion

of primary air be;omes an axial flow component along with the fuel and air from
air blast atomizer 248, A third volume of primary air is introduced through

air slots 258 which are controlled by damper 260. The air introduced through
slots 258 is introduced in a true radial direction and becomes the sole radial
flow component. Simplified mixing occurs im this particular arrangement, both
due to the sudden expansions of the air-fuel mixture from orifice 256 and by

the air penetrating toward the core of the mixture in the axial direction from
slots 258. The air-fuel mixture is ignited and the flame seated adjacent the
orifice 256 and the flame front passes through the primary combustion reglon 262
as a fuel—rich.mixture. Effluent from section 262 comprises flue gasesrcontain—
iné_unburned and partially burned fuels. This effluent is then expanded abruptly
into section 264 where it is diluted to a fuel lean overall mixture by the intro-
duction of sufficient secondary air through slots 266. The size of slots 266 is

controlled by damper 268 and the mixture is then further expanded into the
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heating section 244 of the furnace or the like. As in the previous embodiment,
abrupt termination of the primary combustion zone occurs as a result of the
expansion of the flame front in section 264 the radial or axial introduction of
the secondary air through slots 266 and the further expansion into the furnace
proper 244. In this particular burner a typical arrangement would have a fuel-
air mixing section downstream frém slots 258 and having a length/diameter ratio
of about 1 in section 262 of the burner followed by a NOx reduction zone about
4 feet long at a flow velocity of 50 feet per second. To achieve a fuel/air
equivalence ratio in the primary combustion section or zone of about 1.55, air
distribution would be approximately 2.4 percent to air blast atomizer 248, 23.3
percent through slots 252, 30.6 percent through slots 258 and the remainder of
43.7 percent through slots 266, thus providing an overall fuel air equivalence
ratio of 0.87 at 3 percent excess oxygen;

Yet another embodiment of the present invention, specifically designed
for use as a burner with a combustion system in which the heated zone of a fur-
nace, boiler or other heater comprises a secondary combustion zone, is shown in
FIGURE 27. The embodiment of FIGURE 27 includes a fuel and primary air mixing
configuration of the character shown in detail in FIGURE 16 and a means for
abruptly terminating the primary combustion zone of the character previously
described in connection with FIGURES 1,79, 17, 18 and 19. As previously shown
in FIGURES 25 and 26, a rather long primary combustion zone was illustrated.
However, in many instances where the burner is to be utilized in a combustion
system for a heater, boiler or the like, space limitations are a determining
factor and thus a long burner is not acceptable. Consequently, the burner of
FIGURE 27 is designed to fit into a shorter space than the two previous burners
and for this purpose has a substantially larger diameter than the burners of
FIGURES 25 and 26 so as to provide essentially the same residence time in the
primary combustion zone. Since the primary combustion regiom, and thus the
flame front passing through the primary combustion zone, is larger in cross sec—

tion in this particular configuration it is helpful to have the improved abrupt
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of the secondary zone, wherein improved mixing is attained by reducing the
peripheral dimensions of the flame front and iIntroducing the secondary air
either immediately prior to the reduction of the dimensions of the flame front
or into the reduced dimension section of the flame front and then abruptly
expanding, in this case into the heated zone of the furnace or the like. The
burner 270 of FIGURE 27 was designed as anm actual prototype burmer for burning
shale oil with a heat output of 10 million BIU. The burmer 270 is provided
with fuel nozzle 272 having a gas inlet 274, for introducing gas to ignite the
burner, and a fuel inlet 278, in this case a shale oil inlgt, and a steam inlet
280. It is well known that the sensible heat of the steam makes steam superior
atomizing medium for extremely heavy material such as shale oil, as opposed to
air as an atomizing means. However, an air blast atomizer or the like as shown
in the previous embodiments could just as readily be utilized. All of the pri-
mary air is introduced to the burmer 270 through a primary air plenum 282. AIl
of this primary air passes through spin vanes 284 which provide a swirling
motion to the air introdu;ed a generally radial direction. Consequently, in the
configuration illustrated herein, fuel is the sole axial flow component apd the
air through spin vanes 284 is the sole radial flow component. These two flow
components mix in the central region of the air plenum 282 and are passed through 7
necked down orifice portion 286 and abruptly expanded into the primary combustion
zone 288. The volume of air passing through the spin vanes 284 could be adjust-
able by means of a damper, as specifically illustrated in FIGURE 16, but none is
used in the prasent application, control of the volume of air being made upstream
of its introduction into the plenum 282 by appropriate damper means. The flame
front passing through primary combustion region 288 is then gradually reduced
in diameter to the diameter of orifice 290. Thus, the abrupt primary zone
termination means shown specifically is that illustrated in FIGURE 17 as opposed
to that of FIGURES 1 and 9. The reason for this is that this particular con-

figuration is better for a heavy oil or the like which has a tendency to produce
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carbon deposits. By gradually reducing the diameter of che flame front fhe
pockets which would be formed by abrupt reduction to the orifice size are
eliminated, thus reducing the probabilities of carbon deposit and the like. In
this particular instance, secondary air is introduced through a secondary air
plenum 292, separate from the pr%mary air plenum. However, as is obvious to
anyone skilled in the art and as was done in the previous embodiments, a single
air plenum may supply both primary or secondary air or they mﬁy be separate as
in the present case and controlled by external valves or one or both may be con-
trolled by dampers such as the damper 294 on the secondary air slots 296 of the
preéeﬁt embodiment. Secondary air is introduced radially into the reduced
diameter portion of the flame front, thus increasing penetration of the second-
ary air to the central axis of the flame front and enhancing mixing and rapid
conversion from a fuel rich configuration to a fuel lean configufation. The
mixture is then further mixed by abrupt expansion into the heated region of the
furnace proper 298. This particular configuration had a 6-inch diameter throat
286, a primary zome diameter of 28 inches, and a diameter of 20.5 inches for
orifice 290. The length of the primary combustion region from the upstream

edge of the secondary air inlet 296 to the throat 286 was 44 inches and the

portion of the secondary combustion region from the upstream edge of secondary

air slots 296 to the heated zome 298 of the furnace proper was 7 inches. As
previously indicated, damper 294 adjusts the size of secondary air openings 296
which, in the specific case shown, comprise twelve 2-inch diameter holes.

Yet another embodiment, designed as a prototype of a process burner
having a 10 million BTU output, is illustrated in FIGURE 28. The configuration
of the primary air and fuel mixing mechanism is of the general character shown
in detail in FIGURE 15 of the drawings, while the means for abruptly terminating
thé primary combustion region and initiating the secondary combustion regiom or
going from the fuel rich combustion region to the fuel lean combustion region is

specifically the type shown in the previous example and described with respect

to FIGURE 17 of the drawings. Specifically, the burner 300 is provided with a
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fuel nozzle 302 having an ignition gas inlet 304, a fuel oil inlet 306 and a

steam inlet 308. This nozzle extends into a primary air plenmum 310. 1In this
particular embodiment a first portion of primary air is introduced through air
slots 312, which are controlled in size by éamper 314, and a second portion of

the primary air is introduced through air slots 316, controlled by damper 318.

As is obvious from the illustration of FIGURE 28 the air introduced through air
slots 312 is introduced in an initial radial direction but b;comes a portion of

the axial flow component by passing through reduced diameter throat 320 surround-—
ing the downstream end of nozzle 302.' The air introduced through air slots 316 :
then intercepts and mixes with the axial flow component by passage radially

through slots 316. The air-fuel mixture then expands into the primary combustion
region 322, initially gradually and then abruptly. The initial gradual configura—r
tion is simply designed to produce a smooth transition.from the mixing region to

the burner proper and is generally dictated by the thickness of the walls of the
burner, the design being, of course, adapted to prevent formation of carbon,

etc. in this transition zone. However, as in the previous embodiments, the

expansion into-the large diameter primary combustion zone also aids in the

mixing of the fuel and air. The flame front which is generally seated adjacent

the entry to the primary combustion zome then passes through the primary combus-

tion zone, is gradually reduced in diameter and passes through reduced diameter =

orifice 324. All of the secondary air is introduced into secondary air plenum

326 and thence through radial air inlets 328, which are controlled by damper 330.
Finally, the flame front, mixed with sufficient secondary air to provide a lean
overall fuel-air mixture, is abruptly expanded into £he furnace proper 332.
The embodiments of FIGURES 27 and 28, referred to as combustors L and M,
respectively, %ere succes;fully tested for the burning of shale oil, as will bde
hereinafter illustrated by the examples.

FIGURE 29 illustrates a schematic arrangement of the burmer of

FIGURE 28 adapted for commercial use with relative dimensions referred to thereon.

Specifically, burner 334 is provided with a fuel nozzle 336, supplied with fuel

. =
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tﬂrough line 338 and steam throughraine 340. All of the primary and secondar&
air is supplied to common air plenum 342. In contrast to the embodiment of
FICURE 28, burner N of FIGURE 29 does not have dampers eontrolling the volume of
primary and/or secondary air introduced into the burnmer. This would be the usual,
most simplified version of the burner for use in industrial operations. Specifi-
cally, the relative volumes of primary and secondary air would be controlled by
properly selecting the size of openings through which the various streams of air
are introduced into the furnace, thus one would control only the volume of air to
the air plenum so as to produce an overall fuel/air ratio of a predetermined
amount, in most cases 3 percent excess air or a fuel/air equivalence ratio of
0.87. Primary air is introduced through-air inlets 344 and 346, respectively.
The air through inlets 344 becomes a part of the axial flow component by flow
through orifice 348 around fuel nozzle 336. The primary air intfoduced through
inlets 346 is the sole radial flow component in this particular configuration.
The mixture of air and fuel is then expanded into the primary combustion region
350, as in the previous embodiment, and the flame front is then gradually reduced’
in dizmeter to the diameter of orifice 352. Secondary air is then introduced
through air inlets 354 into the reduced diameter flame front and, finally, the
mixture is expanded abruptly into the furnace proper or heated section of an
industrial facility 356.

The following table illustrates the relative dimensions of burners of
the character illustrated in FIGURE 29, designed for heat outputs from 10 million

to 100 million BTU, respectively.

TABLE
A B C D E
Burner Size Fire Box Wind Box Fire Box ¥Wind Box Fuel Gun

MM BTU/Hr. 0.D.,in. Dia.,in. Length,in. Length,in. Extension,in.

10 37 44 56 66 - 19

i5 42 50 62 74 19

18 44 53 66 78 19

25 48 58 73 85 19

40 54 64 83 99 19

60 60 72 85 113 22

80 66 78 105 125 24

100 70 82 113 135 24
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The burner schematically shown in FIGURE 29 is shown in a horizontal
position as opposed to the vertical position shown in FIGURES 25 through 28.
Thus, it is obvious that the burners may be mounted on a furnace or the like in
either direction without, in any way, affecting the operation thereof. In
addition, the burner of FIGURE 29 is a forced draft configuration with an
integral windbox and is operable on either a gaseous or a liquid fuel. Thus, an
extremely simple yet highly effective burner, for use on a wide variety of fuels,
is provided herein which has the capability of reducing NOx pollutants below EPA
standards irrespective of the type of fuel or the amaunts'of fuel bound nitrogen.

Referring to FIGURE 30, there is illustrated a combustor of the inven-
ion employed in combination with a furnace such as the furnace of a bpiler. Any
of the combustors of the invention can be so employed. Said combustor can be
employed with any type furnace éomprising a shell 54 which encloses a heated
region 56. In the practice of this combination of the invention, the flame tube
of at least oﬁe said combustor would be mounted on said shell 54 so as to dis-
charge into said heated region 56. Said combustors can be mounted on said shell
in any suitable manner. Preferably, said combustor will be mounted with a
shortened secondary combustion section on the outside of said shgll in windbox
or plenum chamber 58, as indicated in FIGURE 30, for supply of the primary air
inlets 28 and/or 30, and secondary air inlet 34. If desired, said combustor
can be provided with a varisble dome as described above for the admission of a
variable, peripheral stream of primary air into the mixing region. If desired
said variable dome can also be supplied with air from windbhox 58, or can be
supplied from a separate source of air.

By so mounting the combustor with a shortened secondary combustion
section outside shell 54, and with the combustor discharging combustion products
60 into the heated region 56, said heated region becomes the downstream portion
of the secondary combustion region. There is thus provided a unitary combustion
zone in which the above-described methods of the invention can be carried out

under the operating conditions described herein.
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FIGURES 31 and 32 of the draq}ngs illustrate schematirally an arrange-
ment for utilizing a plurality of burners in accordance with the present inven-
tion in an industrial process heater. Specifically, the illustrated arrangement
could be utilized as a crude 0il heater for a crude oil cracking unit in a
refinery. In accordance with FIGURES 31 and 32, the process heater or furnace
is designated generally as 358. The furnace 358 comprises a primary heated
section 360 which discharges flue gases through stack 362. 'ﬁischarging into
the heated section of the ;urnace 360 are a plurality of burners of the character

illustrated in FIGURES 25 through 29, respectively, in this case comprising 12

‘such burners 364. As in the previous embodiments described, the burners are

each provided with primary and secondary air and fuel and discharge into the
main heating section of the furnace 360 which becomes the downstream portion of
the secondary combustion region of the burners. Both>primary and secondary air
is provided to the burmers through common air plenums 366 and 368, respectively.
Air is supplied to plenums 366 and 368 by appropriate blowers 370 and 372,
respectively. Air to blowers 370 and 372 is drawn in from the atmosphere by
appropriate means controlled by dampers 374 and 376, respectively. The dampers
are in turn controlled by continuocusly or intermittently sampling the exhaust
gas through stack 362 by means of sampling means 378, passing the sample through
oxygen analyzer 380 and utilizing the signal from analyzer 380 for the control
of dampers 374 and 376 through recorder-controllers 382 and 384. In the parti-
cular instance shown, the crude oil to the crude oil cracking unit passes
through heat exchange tubes 386 mounted in heated section 360 of the furnace or
heater. In a typical operation of such a unit, the size of the primary and
secondary air inlets can be predesigned to obtain the desired split between the
volume of primary and secomdary air as in FIGURE 29, or the primary and second-
ary air inlets can be provided with appropriate dampers. In the latter case
the dampers in the primary and secondary air inlets would be adjusted to obtain
the desired split of the total air flow to the burners. The fuel flow would be

established for the level of heat release desired from the burner. Then the
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total zir flow would be adjusted to reach a level .., for example, 3 percent
excess air In the exhaust gas. While 3 percent it typical, more or less can be
tolerated with the lower limit established by exhaust smoke or excessive carbon
monoxide emissions and the higher levels carrying with them a heat loss to the
excess air flowing through the furnace.

Another type of installation would be to place an individual air
Plenum around all of the burners, doing away with the separafe air lines to the
primary and secondary air inlets or the two individual plenums. With more than
one burner, the individual plenums would be manifolded to the central air blower,
or blgwers, with dampers to control tﬂe air split between burners and assure a
balance in the quantity of air flow to each burner. While air flow to the indi-
vidual burners could be judgéd by utilizing the pressure drop across the dampers
and pressure in the plenum chambers, primary control of the furnace would still
rest upon analysis of the exhaust gas to maintain a desired level of excess
oxygen, usually 3 percent as indicated. The design illustrated in FIGURES 30
and 31 shows two major banks of burners firing across the heat exchange tubes.
Separate blowers would supply air to each plenum as indicated to balance air
flows. However, this could be done using one larger blower with the air flow
split by dampers. While not shown, heat exchangers may be utilized to preheat
the inlet air using the exhaust gas from the heater stack. Primary and second-
ary air flows will be split by selective sizing of the openings to the burners
and fuel flow would be adjusted using fuel pressure to balance flows in the
different burners. As before, the overall control of the stoichiometry in the
furnace will be ultimately by maintaining the oxygen level in the exhaust gas
at a fixed level, for example, about 3 percent.

FIGURE 33 of the drawings shows, schematica;ly, a test furnace
arrangement utilized to test the 10 million BTU burners illustrated in FIGURES
27 and 28. In accordance with FIGURE 33, the burner 386 fires vertically
into the furnace proper 388. Thus, the furnace 388 becomes the downstream

portion of the secondary combustion region. The furnace has a 6-inch internal
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liner of fire brick with an outer steel shell. The burner was provided with a
window 390 designed to observe the character of the flame in the furnace. The
furnace had an internal diameter of about 6 feet and a total length of about
16 feet. The furnace discharged into an exhaust stack 392, provided with an
appropriate damper 394. Probes for gas samples, temperature and pressure meas-
urements extended into the stack at point 396.

FIGURES 34 and 35 show, schematically, air supply éystems for the
furnace of FIGURE 33. All air was supplied from an air blower and preheater 398
through conduit 400. Conduit 400 was provided with a 16-inch Venturi 402 and
terminated in an air header 404. From air header 404 the air was split between
a primary air conduit 406 and a secondary air conduit 408. Primary and second~
ary air conduits 406 and 408 were provided with appropriate control dampers 410
and 412, respectively. In addition, primary air suppl& line 406 was provided
with an 8-inch diameter Venturi 414, |

The schematic of FIGURE 36 shows the installation of the test burners
of FIGURES 27 and 28 to fire horizontally into another test furnace arrangement. -
In this particular instance, the burner 416 was designed to fire horizontally
into the furnace so as to provide better access to the controls of the burmer,
etc. The furnace also differed from that of FIGURE 33 to the extent that the
furnace of FIGURE 33 was what could be termed a "hot wall" furnace in that the
furnace shell tended to maintain the temperatures within the furnace and to a
great extent have exhaust gases exiting the furnace at higher than desired
temperatures, thus reconverting some of the therhal nitrogen into thermal NOx.
By contrast,, furnace 418 is referred to as a "cold wall" furnace, to the
extent that it is provided a steel shell with a water wall for cooling.
Furnace 418 di#charges exhaust gases through stack 420, The furnace was pro-
vided with an observation window 322. The wall thickness of the furnace was

approximately 9 inches and the diameter of the furnace about 12 feet. Stack 420

was & feet in diameter and was provided with an appropriate damper 424 and samples

of the gas and the temperature and pressure of the exhaust gas were taken at

point 426 in the stack.
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FIGURE 37 illustrates schematically the air supply system for the fur-
nace of FIGURE 36. In FIGURE 37, air was supplied for both primary and secondary
air to the burner by air blower and preheater 428. .This air was discharged
through a main air conduit 430, provided with a 16-inch Venturi 432 and termi-
nated in an air header 434, The air from air header 434 was then split into a
primary air conduit 436 and a secondary air conduit 438. Thg primary air conduit
is provided with a primary air damper 440 and secondary air cﬁnduit was provided
with an air damper 442. The primary air conduit 436 is also provided with an
8-inch Venturi 444. '

In any of the above-described methods of operation, the relative vol-
umes of the various streams of air can be controlled by varying the sizes of the b
inlet openings therefor, relative to each other. The above-described variable
domes can be employed for controlling the axially or rédially in%roduced air.
Flow meters or calibrated orifices can be employed in the conduits supplying
the other streams, if desired.

As to general operating conditions, it is within the scope of the
invention to operate the combustors or combustion zones employed in the practice
of the invention under any conditidns which will give the improved results of
the invention. For example, it is within the scope of the invention to operate
said combustors or combustion zones at suitable inlet air temperatures of up to
about 1500°F, or higher; at pressures within the range of from about 1 to about

40 atmospheres, or higher; at flow velocities within the range of from about 1 =

—57—



10

15

20

25

30

g . 0073265

to about 500 feet per second, or higher; and at heat Input rates within the
range of from about 30 to about 1200 Btu per pound of air, Generally speaking,
the upper limit of the temperature of the alr streams will be determined by the
means employed to heat same, e.g., the capacity of the regenerator or other
heating means, and materials of construction in the corbustor or combustion
zone, and/or the turbine utilizing the hot gases from the combustor. For a B
furnace type iInstallation, preheating should be limited to 600* to S8DO°F.
Generally speaking, operating conditions in the combustors of the invention will
depend upon where the combustor is employed. For example, when the combustor 4g
employed with a high pressure turbime, higher pressures and higher inlet air
temperatures will be employed in the combustor. Thus, the invention is not
lizited to any particular operating conditions. As a further guide to those
gkilled in the art, but not to be considered as liniting on the invention,
presently preferred operating ranges for other variables or parameters are: heat
input, frox 30 to 500 Btu/lb. of total air to the combustor; coczbustor pressure,
from 3 to 10 atmospheres; and reference air velocity, from 50 to 250 feet per
sécond.

The following examples will serve to further illustrate the invention.

EXAMPLE I

A test program was carried out to inmvestigate the effect of the
equivalence ratio ¢ in the primary conbustion region on the conversion of
fuel-nitrogen to NOx emissions. Sald test program was carried out ermploying
Combustor A, a combustor in accordance vith the invention. Said Cormbustor A
had a configuration essentially 1like that {llustrated in FIGURE 1, and its
design characteristics are set forth in the schematic representation thereof
set forth in FIGURE 2. Said test program comprised eperating the cocbustor
over a program conprising the 10 different sets of test or oﬁerating conditions
set forth in Table ¥ below.

As set forth above, =aid Combustor A was provided with a variable

dome whereby the amount of air (axial air) introduced through said dore into
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the mixing region and then into the primary cozbustion region could be varied.
A5 shovn in a subsequent example herein, the asrount of the swirl air (intro~
duced via the tangential cpenings), reiative to the awount of said axial air,
introduced into the mixing region and then into the pricary combustion region,
hasg an effect on the conve:sioﬂ of fuel-nitrogen to nox. Thus, in each of
sald 10 sets of operating conditions set forth in Table I, éhe anount of swirl
air is the optimum amount for obtaining minimum conversion of fuel-nitrogen to
xox. Said optimum amount was determined by carrying out a series of test
rung, at each of said 10 test conditions, wherein the amount of axial air was
varied by rotating the dome in five degree increments over its entire range (0
to 45 degrees), 1.e., from fully closed to fully open.

In said runs a first strean of tangential air was introduced through
tangential slots 28, a second stream of tangential air was introduced through
tangential slots 30, a third stream of alr (axial-vhen admitted) was intro-
duced through the openings in the dome 17, and a stream of fuel was introduced
via fuel nozzle 24, with all of said streams being introduced into the mixing
region 11 located in the upstream end portion of the combustor. A stream of
secondary air was Introduced via ports 34, and 3 stream of diluticn or gquench
alr was introduced via ports 40. The total amounts of szid streams of air and
fuel zre set forth In said Table I. TFlow velocity in the primary cormbustion '
region was held constant at 50 feet per second so as to maintain the residence
time therein constant st 60 milliseconds. The ecuivalence ratio @ in the
secondary combustion region was held constant at 0.87 so as to achieve three
percent excess oxygen (dry basis) in the exhaust gases. Test conditions 9 and
10 wvere included in the program so as to extend the range of the primary
combustion region equivalence ratio § to 0.87 in order to simulate the opera-
ti;n of 2 single-stage combustor.

The test program included two groups of runs I and II carried out -

under the same conditions as described sbove. 1In the Group I rums a base
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fuel, Philjet A-50 (a kerosine), was used., Said gasé.fuelrcontained zero
percent fuel-nitrogen. In the Group II rums the fuel used was a synthetic
fuel consisting of said base fuel to which there had been added sufficient
pyridine to result in said base fuel containing 2.000 weight percent of fuel-

nitrogen.

During each of said runs the exhaust gas from the combustor was ana-
lyzed under specifically controlled conditions to determinethe concentration
of NOx, €0, and unburned hydrocarbon (HC). Since the base fuel contained no
fuel-nitrogen, the NOx values from the Group I runs were due to thermal NOx
and said Group I runs established a base for thermal NOx produced at each test
condition. Then, since the Group II runs were carried out at the same test
conditions, the NOx values therefrom established the total NOx produced at
each said test condition. The theoretical amount of NOx which would have been
produced from the fuel-nitrogen in the synthetic fuel used in said Group II
runs, if all of said nitrogen had been converted to Nox, was calculated to
establish the theoretical NOx (t NOX). Subtraction of the NOx values in the
Group I runs from the NOx values in the corresponding Group II runs established
the increment'of NOx (i NOx) produced from the fuel-nitrogen at each test
condition. Then, iNOx/NOx X 100.= percent conversion of fuel-nitrogen to NOx
at each test condition.

FIGURES 38, 39, 40 and 41 of the drawings set forth the results of
said runs. Referring to said FIGURE 38, the results there set forth show that
when it is desired to maintain the conversion of fuel-nitrogen to Nbx emissions
at 10 nercent or less, the equivalence ratio in the primary combustion regiom
should be maintained within the range of from about 1.04 to about 1.6; and
within the range of from about 1.14 to about 1.51 when it is desired to
maintain said conversion at less than 7.5 percent. It will be noted that the
miﬁimﬁm conversion of about 6 percent was obtained over the range of 1.3 to

1.4 equivalence ratio, and that above 1.4 the percent conversion increased
!
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rapidly. Referring to FIGURE 39, the curve for the Group II runs (2.0 weight
percent nitrogen in the fuel) shows that over the equivalencg ratio range of
about 1.24 to about 1.44 the total NOx produced was less than the California
maximum of 225 parts per million by volume. TFIGURE 40 shows the level of
unburned hydrocarbons, or HC emissions, in the flue gas and FIGURE 41 the

level of CO emissions in the flue gas.
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Another test program was carried out to further investigate the effect
of the equivalence ratio § in the primary combustion region on the conversion

of fuel-nitrogen to Nox emissions. This test prgram was carried out in essen-

tially the same manner as that described above in Fxample I except that Combus~
tor B, anpther combustor in acc;rdance with the invention was employed. Said
Combustor B was like Combustor A except that the length of spool 14 (see FIGURE 9)
was increased from 18 inches to 24 inches to provide a primary combustion region
having a léngth of 42 inches instead of 36 inches; and the length of spool 18
(see-FIGURE 9) was increased from 12 &nches to 30 inches to provide a secondary
combustion region having a leﬁgth of 36 inches instead of 18 inches. Said
irnicrease in the length of the primar& combustion region increased the rgsidence
time therein from 60 to 70 milliseconds. Said increase in the length of the
secondary combustion section increased the residence time therein from 18 to

36 millisecénds. All other operating conditions were the same as in the runs
of Example I. See Table I.

) FIGURES 42, 43, 44, 45, 46 and 47 of the draﬁings set forth the
results obtained. FiGURES 14 and 15 are representative of the results obtained
vhen the combustor was operated at a given test condition and the amount of
axial air was varied to determine the optimum aﬁount of swirl air to use for
obtaining minimum conversion of fﬁel—nitrogen to Nox emissions at said test
condition (Test Condition No. 5 in Table I). The results set forth in FIGURE &4
show that when it is desiréd to maintain the conversion of fuel-nitrogen to
qu emissions at 10 percent or less, th: equivalence ratio in the primary
combustion region should be maintained within the range of from about 1.08 to
about 1.65; and within the range of from about 1.18 to about 1.56 when it is
desired to maintain said conversion at less than 7.5 percent. It will be

noted that the minimum conversion of about 5.7 percent was obtained over the

range of 1.34 to 1.42 equivalence ratio, and that zbove 1.42 the percent
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conversion increased rapidly. Referrine FIGURE 45, the curve for the Group
II runs (2.0 weight percent nitrogen in the fuel) shows that over the equiv-
alence ratid range of about 1.28 to about 1.51 the total NOx produced was less
than the California maximum of 225 parts per million by volume. FIGURE 47 shows
that the increased residence time in the secondary combustion region was very
effective in reducing the CO emissions and, togethér with FIGURES 44 and 45,
that this was done without any detrimental effect on the NOx emigsions.
EXAMPLE III
In another series of rums carried out in Combustor A under conditions
similar to those used in Example I above (see Table I above), and at an equiva-
lence ratio of 1.4 in the primary combustion region, it was found that the CO
emissions could be reduced to about 160 ppmv by using sufficient excess air in
the secondary combustion region to achieve an equivalence ratio therein of
0.87. This was at 3 percent excess oxygen, dry basis, in the exhaust gases.
Further increases in excess air reduced the CO emissions to about 100 ppmv at
an equivalence ratio of about 0.75. Again? this reduction in CO emissions was
accomplished without detrimental effect on the NOx emissions.
EXAMPLE IV
Another test program was carried out to further investigate the

effect of the equivalence ratio § in the primary combustion region on the con-
version of fuel-nitrogen to NOx emissions, and to evaluate the performance of
Combustor X when operated in a rich-lean combustion process in accordance with
the invention. Said Combustor X had a configuration essentially like that
illustrated in FIGURES 23 and 24. Said test program comprised operating the
combustor over a program comprising the 13 different sets of test or operating
conditions set forth in Table II below.

R Said Comﬁustor X, unlike Combustors A and B, was not provided with
a variable dome. In carrying out said test runs a first stream of air was

introduced via tangential openings 28" into the mixing region 11' located in

54~
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the upstream end portion of the combustor. Said first strearm of alr was
introduced in a swirling direction around an admixture of fuel and a second
strean of air vhich was introduced via nozzle 24' into the upstream end of
sald mixing region in an axial direction with respect thereto. A strean of
secondary air was introduced into the flame tube via finger ports 34'. The
total amounts of said streams of air and fuel are set forth In said Table II
below. Flow velocity in the primary cocbustion region was held constant at 25
feet per second so as to maintain the residence time therein constant at 47
miliiseconds; The equivalent ratio t¢) in the secendary combustion regién was -~
held constant at 0.5 so a2s to achieve three percent excess oxygen {dry basis)
in the exhaust gases. In said Combuster X the amount of said first strean of
air (swirl air) was fixed at 74 percent, and the amount of said second stream

of air (axisl air) was fixed at 26 percent.
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The test program included two groups of runs, Group I and Group IT,
carried out with the base fuel and synthetic fuel respectively, as described
above in Example I, for determining the percent conversion of fuel-nitrogen to
NOx enissions.

FIGURES 48, 49, 50 ané 51 of the drawinés set forth the results of
said runs. Said FIGURE 48 shows that when it is desired to maintain the con-
version of fuel-nitrogen to Nox emissions at 10 percent or less, the equivalence
ratio § in the primary combustion region should be maintained in the range of
from-about 1.04 to about 1.12; and within the range of from abou to about 1.1
percent when it is desired to maintain said conversion at 7.5 percent or less.

Based on the results obtained in the above Examples I, II, III and
IV, the data shown in FIGURES 38, 43 and 48, and other results obtained in
subsequent examples herein, it is concluded that in the combustion of fuels
containing fuel-nitrogen, by two-stage combustion in a combustor having a
primary combustion region and a2 secondary combustion region, the equivalence
ratio in the primary combustion region should be maintained within the range of
1.05 to 1.7 when it is desired to maintaiﬁ the conversion of fuel-nitrogen to
NOx emissions at 10 percent or less, and that said equivalence ratio should be
maintained within the range of from 1.14 to 1.56 when it is desired to maintain
said conversion at 7.5 percent or less.

EXAMPLE V

Another test program was carried out to investigate the effect of
residence time in the primafy combustion region on the conversion of fuel-
nitrogen to NOx emissions. Said test program was carried out employing addi-
tional combustors in accordance with the invention, i.e., Combustors C, D, E,
and F. |

- Said Combustor C was like Combustor A except that the length of

spool 14 (see FIGURE 9) was decreased from 18 inches to 12 inches to provide a
~57-
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prinary corbustion region having a length of 30 inches instead of 36 inches
the length of spool 18 (see FIGURE 9) was increased from 12 inches to 54
inchesto provide & secondary combustion region having a length of 60 inches
instead of 18 inches. '

Said Coobustor E was iiké Conbustor A except that the length of
spool 18 (see FIGURE 9) was increased from 12 inches to 36 iInches to provide a
secondary combustion region having a length of 42 inches instead of 18 inches,

Said Combustor F was like Combustor A except that the length of
spool 14 (see FICURE 9) was increased from 18 inches to.42 inches to provide a
primary-combustion region having a length of 60 inches instead of 36 inches.

A first portion of said investigation of the effect of residence
time comprised changing the length of the primary combustion region a; indicated
above. A second portion of said investigation comprised decreasing the flow
velocity in the primary combustion region from 50 feet per second to 25 feet
per second. In both of said portions of said Iinvestigation the test runs
carried out included two groups of runs (Group I and Group II), carried out
with the base fuel and synthetic fuel respectively, as described above in
Example I, for determining the percent conversion of fuel-nitrogen to Nox
emissions. The test runs wherein the flow velocity in the primary combustion
region was maintained at 25 feet per second were carried out at the test
conditions set forth in Table III below. In analyzing and compiling the data
obtained, pertinent data from previous test runs carried out in Combustors A,
B, and X were included. This compilation of data is set forth in Table IV-
Part 1 and Table IV-Part 2, given below, which summarizes the operating con-

ditions and results obtained.

~58-
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The f;ns sev. forth in Part I of Table IV were carried out with an
eﬁuivalence ratio § of 0.87 in the "primary combustion region". With the
fuels used, this gives 3 percent excess oxygen (dry basis) in the exhaust
gases. Such an operation simulates a one-stage, fﬁel-lean; combustion process
which is common te stationary power plants and thus serves as a base-line
performance representative of tﬂe prior art. The fact that the conversion of
fuel-nitrogen to NOx emissions was only 20 to 30 percent, depending upon the
amount of organic or fuel-nitrogen in the fuel, reflects the superior fuel-air
mixing characteristics of the combustors of the invention. Such superior
mixiﬁg is essential for a "low—NOx combustor". The residence time in the
"primary combustion region" has been designated as zero for data purposes
because the combustors were operated as one-stage combustors in these runs and
there is thus, in effect, no fuel-rich primary combustion region as such, as
there is in a two-stage, rich-lean process.

The rums set forth in Part 2 of Table IV were carried out in accord-
ance with the two-stage, rich-lean combustion method of the invention.

FIGURES 52, 53, 54 and 55 of the drawings set forth the results
obtained. FIéURE 52 sets forth the relationship between the Total Minimum NOx
Emissions (at the optimum @ in the primary combustion region) and Primary
Region Residence Time, and includes all pertinent such data set forth in
Table IV ~ Parts 1 and 2, including the runs at both 25 and 50 feet per second
flow velocities. FIGURE 53 sets forth the relationship between Minimum Fuel-
Nitrogen Conversion To NOx Emissions (at the optimum ¢ in the primary com-
bustion region) and Primary Region Residence Time, and includes all pertinent
such data set forth in Table IV ~ Parts 1 and 2, including the rums at both 25
and 50 feet per second flow velocities. FIGURE 54 sets forth the relationship
between the optimum Primary Region Equivalence Ratio For Minimum Fuel-Nitrogen

Conversion to NOx enissions and Primary Region Residence Time, and includes .

all pertinent such data from Table IV - Parts 1 and 2.
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FIGURE 55 is a replot of the data in FIGURE 53 to which there has
teen added the results of a careful sampling of NOx concentration by quartz
probes inserted through the wall of Combustor E at the locations indicated in
FIGURE 56. During the run in thch said probe tests were made said Cembustor
E was operated at test condition No. 5 in Table I above. It is considered
noteworthy that the results obtained by probing the combustqr are in complete
agreement with the results obtained by varying the length of the primary com-
bustion region and the results obtained by cﬁanging flow velocity in said
primary region. Said probe results clearly illustrate the formation of NOx
from fuel-ﬁitrogen and its subsequent destruction im the fuel-rich primary
combustion region.

EXAMPLE VI

This example sets forth a continuation of the test programs outlined
above in Examples I, II, IV, and V, and completes and establishes the correla-
tion between: (a) the equivalence ratio (@) in the primary combustion region;
(b) the residence time in said primary combustion region; and (c) the percent
swirl air (of the total air) introduced into the nmixing region and then into
said primary-combustion region of a combustor, having downstream tangential
primary air introduction means, when said combustor is operated in accordance
with the two-stage, rich-lean combustion method of this inventiomn.

The results of the test runs of this example are illustrated in
FIGURES 57 and 58 of the drawings. Said runs were carried out in the manner
described in Example V above, an; employing the combustors there described.
Said FIGURES 57 and 58 were plotted from data set forth in the above Table IV -
Part 2. Said FIGURE 57 sets forth the relationship between residence time
in the primary combustion region and the percent swirl air (of the total air)
introduced into th; mixing region and then into said primarx combustion
region, for minimum conversion of fuel-nitrogen to NOx emissions. FIGURE 58
sets forth the relationship between the equivalence ratio in the primary com-~

bustion region and the percent swirl air (of the total air) introduced into
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<he mixing region and then into said primary combustion regilom, for minimum
2gnversion of fuel-nitrogen to NOx emlssions. Referring to said FIGURES 57

and 58, it will be noted that in all instances the percent swirl air is always

at least about 37 percent.

EXAMPLE VII
A test program was carried out to investigate the éffect of the
concentration of fuel-nitrogen in the previously described base‘fuel. Said
test program was carried out employing the above~described Combustor E. Said
test program comprised operating said combustor over a program comprising the
10 different sets of test or operating conditions set forth in Table I above.
Two groups of runs, I and II, were carried out using a base fuel and a synthetic

test fuel, respectively, as described in Example I above. FIGURES 59, 60 and

61 of the drawings set forth the results obtained. The data are summarized in

Table IV-Parts 1 and 2, above.

Referring to FIGURE 59, it will be noted that with all concentrations
of fuel-nitrogen the minimum total Nox emissions was obtained at an equivalence
rafio of about 1.4 in the primary combustion region.

FIGURE 60 shows that, with the exception of the fuel containing only
0.1 percent fuel-nitrogen, the minimum conversion of fuel-nitrogen to NOx
emissions was obtained at an equivalence ratio of about 1.4 in the primary
combustion region.

FIGURE 61 shows that the advantage of the two-stage, rich-lean,
combustion process becomes greater as the concentration of fuel-nitrogen in
the fuel increases. This is advantageous in that it is anticipated that many
fuels in the future will typically contain in the order of 2.0 weight percent
fuel-nitrogen, e.g., fuels from shale oil, liquefaction of coal, etc.

- Referring to the above Table IV, Parts 1 and 2, it will be noted
that the qu emissions concentration in the exhaust gases when using tﬁe fuels

of varying fuel-nitrogen content levels off at about 224 ppmv when using the
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two-stage, rich-lean combustic:- roceas. It is concluded that this indicates
an equilibrium exists between Fhe Nox forrmation and the NOx destruction re-
actions in the fuel-rich primary combusticn regién. ¥o such level-off was
evident in the one-stage, fuel-lean operation vherein the NOx enissions
reached 644 ppov when the test fuel contained 2,000 weight percent fuel nitrogen.
EXAMPLE VIII ]

A series of runs was carried out to investigate the effect of the
orifice 46 located downstream from and adjacent the second air inlet means 30
and the effect of the orifice 48 located in the downstream end portion of the

primary combustion section and adjacent the downstream end thereof, and also

the effect of the orifice 50 located downstream from the secondary air inlet

34 and in the upstream end portion of the secondary combustion section. See
FIGURE 1.

The runs of this example were carried out in Combustor A (see FIGURE
1) and substantially duplicate corbustors in which orifices 46 and 48 vere

removed and in which orifices 46, 45 and 50 were removed. In said runs the

Vcombustors were compared at test condition 5 of Table I above, for the purposes

of this example.

Based on a comparison at a @ of 1.4 in the primary combustion regioﬁ
and a @ of 0.57 in the secondary cormbustion region, the data indicate that
removal of the orifices 46 and 48 from the primary corbustion section of
Cembustor A increased the thermal nox from about 50 to about 85 pprwv. It also
decreased the fuel—NOx from about 160 to about 150 ppmv. The net result was
that the total Nox enissions Increased from about 210 to about 235 ppmv.

Thus, based on said data it is presently preferred that the combustors utilized

be provided with orifices such as said orifices 46 and 48. However, in view

‘of the small effects involved, it is within the scope of the invention to omit

saild orifices.

Said data also indicated that when said orifice 50 in the secondary

corbustion section was also removed, there was a marked increase in the

—
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amount of CO emissions, e.g., from about 220 to about 860 ppmv at said 0.87 ¢
in the secondary combustion section. Thus, based on said data it 1s concluded
that the combustors of the invention should be provided with a said orifice 50
when 1t is desired to abruptly terminate the primary combustion region and
achieve adequate mixing in the secondary combustion section for control of CO
emissions without resorting to excessive air dilution.

Based on the data given in all the above examples it is concluded
that in practicing the method of the invention, using light fuels and the swirl
air cgmbustors, there is a definite relationship and/or correlation between:
(a) the fuel-air equivalence ratio @ in the primary combustion region; (b) the
residence time in said primary combustion region; and (¢) the percent swirl air
(of the total air) introduced into the mixing region and then into said primary
combustion region of a combustion zone when said combustion zone is operated in
a two-stage, rich~lean manner, e.g., with a fuel-rich primary combustion region
and a fuel-lean secondary combustion region.

FIGURES 38 and 44 show that there is an optimum fuel-air equivalence
ratio (#) for the primary combustion region which must be maintained in order
to obtain minimum conversion of fuel-nitrogen to NOX. FIGURES 38 and 45 show
that the same is true with respect to total NOx emissions. Thus, if it is
desired to hold the conversion of fuel-nitrogen below a given level, e.g., 10
percent, one must operate the fuel-rich primary combustion region within a
relatively narrow range of @#. One cannot just maintain the primary combustion
region fuel-rich, as has been suggested by some of the prior art. Also, one
cannot merely maintain the value of @ above a certain value, e.g., above about
1.43 as has been suggested by some of the prior art. This is true because, as
shown in FIGURES 38 and 44, as § increases above the optimum minimum value, the
conversion of fuel-nitrogen to NO_ emissions also increases. Thus, based on
the data set forth in said FIGURES 38 and 44, it is concluded that if the fuel-

rich primary combustion region is operated with too high a value for 8, i.e.,

—66—



10

15

20

25

b 0073265
teo rich, the partial corbustion in said pr;nary region I8 too Incomplete zng
too much partially cormbusted fuel is carried over into the secondary corbustion
region wvhere thermal Nox can form. Also, fuel-nitrogen will be carried over
Into the secondary combustion region where it will be converted to Nox enissions.
Under these eircumstances one is. losing the advantape of a two-stage, fuel-
rich, fuel-lean, process. -

However, the data of the above examples show that one cannot merely
consider only the value of ¢ in the primary corbustion region. It was surpris-
ing to discover that one must also correlate the residence time in the primary
combustion region with the ¢ in said primary region. The data herein show that
tﬁe optirum ¢ in the primary combustion region for minimm conversion of fuel-
eritrogen to RO, increases with increasing residence time in safd primary com-
bustion reglon. ¥IGURE 54 herein shows that said optinun @ is only slightly
fuel-rich (¢ = 1.05 to 1.1) at a residence time of 30 milliseconds.and increases
to very fuel-rich (@ = 1.7) at a2 residence time of 120 milliseconds. Thus,
based on the data herein, e.g., said FIGURES 38, 44, and 54, it is concluded
that one must consider, and correlate, both the value of ¢ and the résidence
time in the primary combustion region im order to operate a two-stage, rich-
lean combustion process so as to obtain reduced conversion of fuel-nitrogen to
Nox enissions.

It is presently believed that saild variables of § and residence time
in the primary combustion region are two of the most important variables in the
operation of & two-stage, rich-lean combustion process, because when said
variables are properly correlated one will obtain markedly reduced conversion
of fuel-nitrogen to NOx enissions. However, when introducing swirl air at a
downstrean lo;ation, the data in the above examples also show that there is a
third important variable which should be considered if one is to obtain the
best results, e.g., to insurevthat one obtaing the nminimum conversion of fuel-

nitrogen to Nox emigsions. Said third variable is the percent swirl air (of
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the total air) introduced into the rixing region an. then into the primary
corbustion region of the combustion zone.

FIGURE 57 shows that the percent swirl air to obtain minimum conver-
sion of fuel-nitrogen to Nox enissions decreases with increasing residence time
in the primary combustion region. FIGURE 58 shows that the percent swirl air
to obtain minimm conversion of fuel-nitrogen to Nox emissi?ns decrezses with
increasing equivalence ratio in the primary combustion rggion. These were
surprising and unexpected results when one also considers: (a) the showing in
FIGURES 38 and 44 that there is an optimum fuel-alr equivalence ratio in the
primary combustion region for minimum conversion of fuel—ﬁittogen to Nox
emigsions; and (b) the showing in FIGURE 28 that the optimum fuel-air equiva-
lence ratio in the primary combustion region increases with increasing residence
time in saild primary region. Thus, it was surprising snd upexpected to dig-
cover that one should correlate the percent swirl air introduced into the
mixing rezion with both the equivalence ratio and the residence time in thei
primary combustion region, 1f one is to obtain the best results, i.e., the
oinimum conve;sion of fuel-nitrogen to Nox emissions.

It is concluded from the results fllustrated in the above examples
that the percent swirl air should be used in the practice of the invention to
complexzent both of said other operating wvariables (a) the fuel-air equivalence
ratio in the primary combustion region and (b) the residence time in said
primary combustien region, so as to obtain the minimum conversion of fuel-
nitfogen to Nox emisgions.

In this manner all three of said interacting operating variables can
be correlated to provide a flexible, efficient method which can be used with a
wide variety of high nitrogen content fuels over a wide range of operating

cohditions to oﬁtain the minimm conversion of fuel-nitrogen to HO’ erissions.
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EXAMPLE IX
In an additicnal series of tests a crude chale oll, desipgnated herein
zs shale o}l A, was used =28 a fuel. The characteristics of this particular oil
are set forth in Table V below:

5 ‘ TABLE V

Shale 011 A -

i Flash Point, °F 215
Pour Point, °F 85
- Vater and Sediment, vol & 1.60
i 10 Carbon Residue on 107 Bottoms, ¥ 2.40
Ash, wt % 0.09
Kinematic Viscosity, cSt
€ 100 F ) 40.0
€122 F 21.6
15 , Specific Gravity, 60/60 °F ) 0.9279
Sulfur, wt Z ' 0.69
. Witrogen, wt Z 1.93
= ' Carbon, wt X B4.47
: Hydrogen, wt Z 11.66
20 Oxygen, wt % 1,18
- Heat of Combustion, Btu/lb 18,427
: Hetal Content, ppm
Fe 75
v 0.38
25 As 29.5
Ni 2.17
b 5.0
Hg 0.13
Ka 18.0
30 In this series of tests, in addition to testing an actual crude shale

0il, as opposed to a light fuel oil doped with pyridine to provide a high
nitrogen coﬁtent. three different burner configurations were also tested and
compared. The cormbustor referred to herein as Combustor G is similar to that

$1lustrated in FIGURES 1 2ud 2 of the drawings but was modified in order to
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adspt the same to the heavy shale 'oil. The specific structure of the fuel—éir
oixing means is shown at FIGURE 10 of the drawings. The fuel oil nozzle 24 was
that shown in FIGURES 20 through 22. This type nozzle was selected in order to
attain as great an atomization of the heavy oil as possible prior to the intro-
duction of the fuel into the flam§ tube. Combustor G also included a wvariable
dome primary air inlet 164 which is illustrated in greater detail in FIGURES
11, 12, 13 and 14 of the drawings. The means for introducing'the air in a
swirling direction through air inlets 28 and 30 was the same as that previously
illust?ated and described in connection with FIGURES 3, 4 and 5. .The combustor
also included the nozzle-type means fo£ introducing secondary air and termi-
nating the primary combustion region shown in FIGURE 17 of the drawings.

The combustor referred to herein as combustor H is shown in:FIGURE 15
of the drawings. In this case, the same fuel nozzle and variable primary air
inlet of Combustor G were utilized as well as the nozzle-type means for termi-
nating the primary zone.

The combustor referred to herein as Combustor I (FIGURE 16) included
the same fuel nozzle of Combustor G and the same general configuration of
variable primary air inlet except that the variable air inlet was the sole
primary air inlet (in addition to the fuel nozzle) and included angular fins
190 designed to introduce the air in a tangential or swirling manner. V

In all instances, the nominal length of the portion of primary combus-
tion region measured from the midpoint of the primary air conduit 162 to the mid-
point of the secondary air orifices was 58 inches and the nominal length of the
secondary combustion region measured from the midpoint of the secondary air
inlet ports to the midpoint of the dilution air inlet ports as shown in FIGURE 1
of the drawings was 33 inches. The maximum internal diameter of the flame tube
including the major portion of the primary combustion region and the major
portion of the secondary combustion region was 6 inches. Obviously, in an

actual commercial burner the flame tube would be larger but it would be scaled
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up In accordsnce with essentially the same ratdio of internal dié:.a‘;er- to--le:a.gth
in order to attain the desired configuration necessary for attaining proper
residence times, proper miwing and optimum reduction of NOX. In this serieé of
tests, the fuel-air equivalence ratio in the primary cowbustion zone was varied
from 0.87 to 1.7. Alr pressure to the fuel atomizer was 100 psig, the air
texperature to the fuel atomizer was 650°F and the fuel teméerature to the fuel
atonizer was 250°F. The average heat input rate for the single stage combustion
{fuel-air equivalence ratio of 0.87 throughout) was 757,000 BTU per hour while
that for the two-stage combustion was 744,000 BIU per hour. The average heat
release rate was 498,000 BTU per hour per cubic foot for the single stage
combustion and 489,000 BUT per hour per cublc foot for the two-stage corcbustiom.

The primary zone residence time was estimated to be 110 wmilliseconds. The

renalning test conditions are set forth in the following Tabhle VI, in which the

-primary zone temperature, the primary zone flow velocity and the secondary zone

temperature are estimated values. The base data for thermal nox was obtained
on #I fuel 01l with OZ unitrogen.

The results of this series of tests are set forth in FIGURE 62 of the
drawings in which the curve for Combustor G represents an average of eight
runs, the curve for Cozbustor E represents an average of ten runs and that for
Combustor I is an average of two runs. Obviously, runs made at a fuel-air
equivalence ratio of 0.87 were single stage runs, since the entire burner was

operated In a conventional fuel-lean manner.

-71~-



0073265

06, 051z £YT°0 0€'0 LS 00v€  S§Z0°0 0L*0 0s 0SL€  TOT*0 L8'0 T°€z 008 4 LY
¢mwu-- 061z <810 0€°0 €9 ooye  Zwo*0 0L°0 .om 0Z6¢ L60°0 00°'T 9°42 oog (42 94
mS 0STz  0€Z*0 0£'0 09 0§26 S§20°0 (8°0 0§ 086€ 960°0 OT°T 8°Lz  OUB Z€ Y
umeu 0SIZ  952°0 O0€°0 “L9° 062 LEL'O I8°0 0s 00G6E 860°0 ,ou.ﬁ. 6°0¢C 008 [43 cw .
.%NHM STz oLz°o o0¢£°0 0L 06LE €%0°0 LU0 0s " 0S8E  660°0 SZ°T S°z€ 008 43 14
mmhﬁu 0STZ  ¥8T°0 0£°0 174 cmnm, 6%0°0 8°0 0s 008 00T*0 0€°T T°%E 008 (42 (4]

cqm pDSTZ  00€°0 0£°0 8L 08L€ 950°0 Ls70 0§ 0SLE  20T'0 SE°T T°9¢ 008 [4% 1%

94%1 0Tz €T1£°C 0L°0 18 06L€ 7900 LB8°0 0§ 004€  TOT'0 . O%°T L°*LE 008 4> 0y
£6T 06Tz  8ZE'0 0t'0 ce 06L&  690°0 L8'0 0s 059€  HUT°0 S%°T §°6E 008 [4% 6¢
191 0512 y9€°0 0£°0 ,mm owun 9L0°0 4370 ]9 009¢€ GOT°0 US'T #°T¥ 008 [4% 8t
69T 0sTZz  T9€°0 0€°0 76 0s4€  £80°0 Le°0 0s oyst  L0T°0 SS°T ¥%°tYy 008 A% Lg
LLx 0STZ  8L£°0 0£°0 86 06L€ T60°0 L8°0 0S 08%€  BOT°0 09°T G&°S¥ 008 A% . 9€
g8T 0STT  96¢°'0 0€°0 £0T 06LE 860°0 £L8°0 0s 0Zy€  OTTI*0 S9°T -L'LYy 008 'A% 14
v6T 0STT  %IP*0 OE'0 801 0GLE  90T°0 L8°0 0s S 09€E TTIT'0 OL°T 6°6Y 008 (A% V2
005/33 <1, do§/qT ¢ o008/13 *d,  985/q1 ¢ 295/313 *do,  998/qT ¢ au/qr *de *aqy d}I*uf UOTITpuad

HToolas  -dusy ATV L37o0Tep  cduoy, ATV L3rooTrop  ‘duaj 1TV Tong “duaf 9ANGEDA] 1891

MOTL 19308 MOTJ 1PI0L HOTA Tw30L Xy T vxadp

3oTux *quod
NOIOTY KROILATIU NOIOTd AUVUNOIIS NOTOZY XMVWINL

AN NADOILIN-TOIH J0 ROTLSAGHOD ¥0L SNOILIGNOD ONILVALLO : ’

IA ATAVL




10

15

25

. 0073265

Several significant observetions can be made by reference to FIGURE 62

of the drawings. First, it can be seen that, for the particular high nitrogen,

Leavy shzle oil tested, thermal NOx alone is substgntially higher than the
Federal limits when a combustor is operate@»as a single stage combustor. Even
vhen operating the combustors in a two—stége, rich~lean manner, and under
indicated operating conditions, the thermal Nox represented nearly one-third
of the total NOx level permitted by Federal regulations. H;wever, with each

of the three burners it was possible to reduce the total NOx content of the

flue gases to values which essentially meet the Federal limitatioms.

By comparing FIGURE 62 with FIGURES 39, 45, 49 and 59 of the drawings,

it is obvious that the minimum NOermiss;ons were obtained at higher fuel-air

equivalence ratios in the primary combustion region while operating with the

heavy shale o0il, as opposed to the previously tested light oil containing essen-

tially the same amountrof nitrogen. Thus, this shift in the fuel-air equiva-~
lence ratio for the primary combustion region can be attributed to the heavier
character of the shale o0il.

It is also interesting to note that minimum NOX emissions were
obtained at slightly different equivalence ratios for the three different
combustors. Thus, since the three combustors differed primarily in the means
for introducing primary combustion air and mixing the same with the fuel, the
necessary equivalence ratio for minimum NOx emissions is obviqpsly dependent
upon the nature of the fuel-air mixing and the iIntimacy of contact attained.

FIGURE 63 of the drawings is a plot of residence time in the primary
combustion ragion versus minimum NOx emissions from the data obtained at a
primary combustion region equivalence ratio of 1.6 (test condition 36). This
was considered to be the optimum equivalence ratioc for Combustor H in the
presently discussed series of rums. It is interesting to note from FIGURE 63
tha; ninimum NOx emissions are obtained when utilizing a primary combustion

region residence time above about 35 milliseconds. However, still better

~73-
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results are obtained at a residence time above about 100 nilliseconds. From
100 milliseconds to 140 milliseconas residence time no noticeable reduction in
NOx emissions occurs. Accordingly, for optimum results, in this particular
combustor operating on this particular shale oil, a preferred residence time is
at least about 100 milliseconds and there is no reason to exfend the residence
time beyond about 140 milliseconds. Thus, in a2 commercial b@rner, there is no
advantage in extending the length of the primary combustion region beyond that
necessary to attain residence times between 140 and 100 milliseconds at accept-
able primary combustion region flow velocities.

Comparing FIGURE 63 with FIGURES 52 and 53 of the drawings, it is to
be seen that the minimum primary region residence times are somewhat higher for
the heavy shale o0il, as compared with the lighter oil doped with pyridine.

EXAMPLE X

The relationship of the primary zone equivalence ratio and the
primary zone residence time is illustrated by FIGURE 64 of the drawings. The
data plotted in FIGURE 6§ are for shale oil A and combustor H. Table VII below
sets forth thé conditions employed in conducting the series of tests summarized
in FIGURE 64. The tests were run by selecting different lengths for the
primary combustion region from zero through seven feet (fuel-air equivalence
ratios from O to 140 milliseconds), maintaining a constant primary region flow
velocity of 50 feet per second and varying the primary zone edﬁivalence ratio

to obtain minimum NOx emissions at the particular primary zone residence time.
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Primary Combustion Region

Residence Time

Length — Feet ~ Milliseconds
0 0
1.0 20
2.0 . 40
3.5 70
5.0 100 -
7.0 140
Inlet Air Pressure 32 in Hg abs
Inlet Air Temperature 800°F
Alr Pressure to Fuel Nozzle 100 psig
Air Temperature to Fuel Nozzle 650°F
Fuel Temperature to Fuel Nozzle 250°F

Heat Imput Rate
Primary Region Flow Velocity

838,000 Btu/hr

(Estimated) 50 ft/sec
Secondary Region Equivalence Ratio 0.87
Secondary Region Temperature

(Estimated) 3750°F

It is to be observed that the curve of FIGURE 64 is quite comparable
in character to that of FIGURE 54. At a residence time of about 35 milli-
seconds, there is a break in the curve which clearly indicates that the minimum
residenﬁe time set forth herein of 35 milliseconds represents a change in
character. From 35 milliseconds to about 100 milliseconds, the curve follows

a gradually increasing path and above 100 milliseconds the curve tends to

flatten out. Thus, the heavier shale oil tends to shift the curve toward

higher residence times when both the equivalence ratio and residence time are

considered. By the same token, FIGURE 64 shows that, for the heavier shale oil,

there is also a shift in the equivalence ratio to higher eguivalence ratios.
EXAMPLE XI
FIGURE 65 of the drawings shows the importance of adjusting the ratio
of the axial flow component and the radial flow component by utilizing a
variable dome air gnlet when operating with heavy oilé. Thg data plotted in
FIGURE 65 was obtained utilizing combustor H and shale oil A. 1Imn this particu-

lar instance, the dome opening was varied from 15 percent open to 97 percent
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open at each of the decignated primary combustion region equivalence ratios.
The data plotted are averasges of rinimum nox emissions obtained in a plurality
of tests under test conditions 34, 3G, 3B, 40, 42 and 44, as previously set
forth in Table VI.

It is to be observed py a study of FIGURE 65 that at low equivalence
ratios, which are too low to obtain optimum Nox enissions, Fhe minirmm NOx
emission is obtained with the dome essentially 100 percent épen. However, as
the optirmm equivalence ratfo 1s approached in this particular case, the curve
begins to flatten out and reverse as shown at an equivalence ratio of 1.5. At
an equivalence ratio of 1.5, minimum'NOx ernissions are obtained at a dome
opening of about 15 percent open. However, the dome opening becomes guite
gignificant at the optimum equivalence ratio of 1.6 (lowest nox ermissions).
This obviously fllustrates the necessity of not only correlatiﬁgrthe operating
variables of primary zome residence, equivalence ratio and dome opening, but of
ajusting these variables for each particular fuel oil. Thus, at the optimur
equivalence ratio, there 1is 2180 a dome opening which attains ninioum HOX
enissions. In this particular instance, this opening occurs at aboﬁt 47
percent copen. Therefore, it is quite obvious that when operating on this
particular heavy shale oil, the adjustment of the variable primary air inlet
i most significant and, in fact, is necessary to the proper operation of the
combustor. Obviously, when a fuel which has not been previougly burzed in a
given two-stage combustor ie to be utilized, in addition to determining the
optimm residence time and the optimum fuel air equivalence ratio, it ie
necessary to determine the optimum dome opeuing for the variable air inlet in
order to attain optimum nixing of the fuel and air in the primary corbustion
region and stabilize the flame adjacent the upstrean end of the prirary com-
Bustion region. It is also important that the variable opening dome be employed
in commercial operations so that adjustments can be made for changes in the

charascter of fuel to be burned as well as changes in the properties of a
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particular fuel. Obviocusly, any given fuel supplied over a long period of time o
will vary to some extent, particularly with respect to volatility. Accordingly,
should the NQX emission level increase at any time, it can normally be brought
back to the desired minimum level by simply adjusting the adjustable dome.
While, as previously iIndicated, the combustors of the present inven-

tion will operate to produce minimum NOx emissions without a variable dome,

it is necessary in such cases to design a burner for a partic&lar fuel and no
adjustments can be made should the fuel be changed or should the properties of
a particular fuel vary during use of the combustor. While adjustments can be
maderin the primary region flow velocit§ and equivalence ratio, it is much
simpler to be able to adjust the variable air introduction means to attain the
desired degree of mixing when only the volatility of the fuel differs.

FIGURE 66 of the drawings is a replot of the data of FIGURE 65 on an
expanded scale at the optimum equivalence ratio of 1.6, so as to emphasize the
importance of adjusting the dome opening, once the optimum residence time and
optimum equivalence ratio have been set.

The adjustment of the variable air can be carried out manually or
automatically. In the latter instance an appropriate controller unit, such as
controller unit 109 of FIGURE 6, would be actuated by a signal from an appro-
priate means for measuring the NOx content of the flue gas.

EXAMPLE XTI

Another series of testé was conducted in which a different shale oil,
having a lower concentration of bound nitrogen, was burned in Combustor H. The
conditions of this series of tests are set forth in the Table VIII below and
the characteristies of this shale oil, referred to herein as shale oil B, are
set forth in Taﬁle IX. 1In order to compare the results obtained with those
obtained in the same combustor (H) and utilizing shale oil A, the plot of
equivalence ratio versus NOx emissions for combustor H and shéle 0il A of

FIGURE 62 was replotted in FIGURE 67 along with the data obtained when operat-

ing on shale oil B.
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It is to be observed that while the two shale nils have essentially

PR |

the same characteristics, including volatilities, the difference in the level
of bound nitrogen has a tendency to shift the optimum equivalence ratio. For
the shale oil containing the lesser amount of bound nitregen, the optimum
equivalence ratio occurs at about 1.5, while, as previously indicated, the
higher nitrogen fuel exhibits optimum results at an equivalence ratio of
about 1.6.

FIGURE 68 of the drawings illustrates the conversion of fuel-nitrogen
to NQx emissions at various equivalence ratios from the data obtaised on shale
0il B. It can be seen that the conversion of fuel-nitrogen to NOX can be

reduced to the desired 5 percent when operating in accordance with the present

invention.

~78-



W L ", " " ]

o

0073265

(d,066T POIBWEIST) (QC°0 = BUOZ UOTINTEU UF OFITY 20udTeRAFNb]

” (Laq ‘uaBAxQ 8600XY LE) [°0 = 2uoz Lxwpuoday uy ofIed aduayeAagnby

. 08 069¢€ L3°0 , e TLC 059 (4

| 0s . 006€ 0T 9¢ £se 059 43

0§ " 006t 11 62 €se 059 z€

0 0g8E z°1 z€ 95¢ . 059 z€

0% 0sLe £°1 113 y9¢ 059 4"

0§ ov9¢e VAN oY 68¢ 059 | (4>

. 0% . mcnn 1 £y 68€ 059 (49

0s 0S€E - 9°T 8y €0y | 059 [49

0¢ ogee LT €S 91y . 089 - z€

0s 001¢ 8°1 8% ey 059 (4

IR ER RV SHETTET J Veanjuiadual, ofIey ay/qr ‘uold ay/qr “soTd Jd feanjvxodud ] 8qe I}l ¥ .

‘K0Tq W7 duoz Lamayad aouateapnby 1ond ATV Axswfad J9Tul X}V " aansgaxy
IUTAd PalawFIsy pelBWls] xouang

€ 110 JIVHS J0 NOLLSNEWOD Y04 SNOTLIANOD ONILVYIIO

ITIA TTUVL )

-79~



10

15

20

25

&’o

TABLE IX

0073265

PHYSICAL AND CHEMICAL PROPERTIES OF SEALE OIL B

Flash Point, °F 160
Pour Point, °F 65
Vater and Sediment, vol ¥ 0.3
Carbon Pesiduve on 10% Bottoms, % 2.11
Ash, wt % 0.01
Kinematic Viscosity, cSt
@ 100 ¥ 30.9
£ 122 F 17.14
Specific Gravity, 60/60 °F 0.9254
Sulfur, wt % 0.45
Nitrogen, wt % 1.85
Carbon, wt Z §2.80
Hydrogen, wt Z 11.09
Oxygen, wt % 1.39
Heat of Corxbustion, Btu/lb 13,4861
Hetal Content, ppm
Fe 37
v 0.79
As 27.1
Ni 1.85
Ph <10
Hg 0.22
Na 6.16

In order to illustrate the necessity of also maintairing a minimum
residence time in the secondary combustion region to attain substantially
complete and efficient combustion of the fuel, data has been plotted as FIGURE
69 for a #4 fuel o0il, doped with pyridine to obtain a 2.07 nitrogen content.
The test conditions are set forth in Table X.

As previously indicated, by maintaining carbon monoxide emissions

below about 300 parts per million, efficient utilization of the fuel can be
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T AMPLE XIV

A series of tests w.c conducted utilizing prototype burner L of
FIGURE 28. This burner had 4-inch thick ceramic walls and was designed to have
a maximum pressure drop of 6 inches of water at its rated heat release of 10 MM
BTU/Hr when operated with an air inlet temperature of 800°F. This burner was
installed in the furnace shown IN FIGURE 33, utilizing the air supply shown in
FIGURES 34 and 35. This air supply allowed preheating of thé air, without
vitiation, to 600°F. Be metering the total air flow to the burner and the air
flow Fo the primary combustion zone it was possible to establish the desired
stoichiometry in both the primary and‘secondary combustion zones.

The performance of this prototype burner during the initial testing
period was found to be acceptable. The burner lit easily and the air-~jet mixing
configuration displayed a stable flame without audible resonance. The pressure
drop across the burner was less than the target of 6 inches of water, maximum,
at the rated heat release (10 MM BTU/Hr). Combustion efficiency was 100 percent
with excess oxygen levels in the exhaust gas down to 1 percent and with no
visible exhaust smoke. The fuel-rich primary zone was free of deposits after
extended operation on No. 6 fuel oil. The burner response to changing primary-
zone stoichiometry is shown in FIGURE 70, i.e., NOx emissions were high when
operated as a one-stage burner (# = 0.87) and decreased markedly with two-stage
operation, reaching a minimum with a primary zone equivalence.ratio of about 1.5.

The performance of prototype burner L of FIGURE 27, in the same furnace
and utilizing the same air system, is also shown in FIGURE 70. This approximates
a high intensity vortex mixing system. While the level of NOx emissions dropped
below that achieved with the burner of FIGURE 28, a high level of combustion
instability wés encountered which was evidenced by intolérable resonance. It is
well known that resonance, or screeching combustion, can accelerate heat and
mass transfer to improve fuel-air mixing.

The uvtilization of the test furnace of FIGURE 33 proved to be an

unfortunate choice because of the relatively high temperatures achieved in the
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furnace which, in turn, resulted in re .- :iv2ly high levels of "thermal NOX". As
a result, testing of the prototype burners in this furnace was terminated at
this point.

EXAMPLE XV

Prototype burners L and M of FIGURES 27 and 28, respectively, were
also installed in a furnace configuration shown in FIGURE 36, utilizing the air
supply system of FIGURE 37. As indicated, the test furnace ;f FIGURE 36 had a
steel wall that was water cooled. As a result, the stack gas temperatures were
reduced significantly, and this decreased the level of thermal NOx to a toler-
able level, as illustrated by the data presented in FIGURE.71. The lower fur~
nace temperature achieved in this environment is characteristic of that existing
in process heaters which is the duty which was sought to be simulated in the
test program. The performance of the prototype burners duringrthis final
period of testing continued to be acceptable, i.e., the burners were easy to
light, the flame was compact, the exhaust gas was clean, there were no problems
with distortion of the air registers or other hardware, and the burners proved
to be durable.

With the burner of FIGURE 28 (burner M) the data obtained burning No. 6
fuel o0il are presented in FIGURE 72. Similarly, the data obtained burning raw
shale oil are presented in FIGURE 73. A statistical analysis of these data was
made to determine the 95 percent confidence interval on the true mean value of
NOx emissions at the minimum levels for each mixture-reéponse curve, and the
results were very acceptable. As an example, for No. 6 fuel oii at an inlet air
temperature of 90°F, the minimum ievel of NOx emissions was observed to be
145 ppmv at an eguivalence ratio of 1.47, and the 95 percent confidence interﬁal
on the true mean value is 149+ 8 ppmv No_ - Similar levels of the experimental
air were found in other test conditions and with other fuels. It should be
noted that no attempt was made during this investigatiPn to optimize fuel-air
mixing by varying the axial and radial components of the primary air flow, nor

was any attempt made to optimize burmer length (residence time) for minimum.NOx
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enissions. Based upon previous operating experience with smaller burners, it is
anticipated that further reductions in NOx emissions could be made if the fuel-
air mixing and the residence time were optimized in the prototype burner.

Burner L of FIGURE 27 was also tested and comparable levels of NOx
emissions were obtained, as showrn in FIGURE 74 for No. 6 fuel oil and FIGURE 75
for raw shale oil. Unfortunately, the operation of this burner was accompanied
by resonant combustion, which varied in intensity from a moderate buzz to an
intense screech. Therefore this burner would be considered unacceptable for
commercial operation. However, modification to eliminate the problem of
resonance is within the skill of one skilled in the art.

Finally, the performance of the prototype burners is summarized in
FIGURE 76 for operation on No. 6 fuel oil and FIGURE 77 for operation on raw
shale oil.

By way of summary, in accordance with the present invention, for most
fuels and the various combustors hereof, the operating variables are within the
limits set forth below.

The primary region fuel-air equivalence ratio should be between 1.0
and 1.8. Preferably, for a light fuel with high concentrations of nitrogen the
equivalence ratio is between about 1.05 and about 1.7 and ideally about 1.14 to
about 1.56. For a heavier oil, such as shale oil, the preferred range is about
1.3 to about 1.7 and ideally about 1.4 to about 1.65.

The residence time within the primary combustion region should be
between about 30 milliseconds and about 140 milliseconds. For a light fuel the
preferred range is about 30 to about 120 milliseconds and ideally between about
45 and about 75 milliseconds.r For heavy fuels the preferred range is about 35
to about 140 milliseconds and ideally about 100 to 140 milliseconds.

- When primary air is also introduced in a swirling fashion at a point,
downstream from the point of Introduction of primary air immediately adjacent
the fuel inlet, the volume»of swirl air should be about 35 to about 100% of the

total primary air utilized.
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The fuel-air eguivalence ratio in égg geggéiary corbustion region :
should be such as to produce an overall fuel-air equivzience ratio between
zbout 0.50 and 1.0, preierably between 0.75 and 0.87 and most preferably 0.87.

The residence time in the secondary combustion region should be at
least about 15 milliseconds and preferably at least about 30 milliseconds.

Stated in terms of the results to be obtained, the fuel nitregen of
the fuel should be converted to not more than 10% NOX, prefe;ably not more than
7.5% and ideally not wmore than 5.0% and the CO content of the flue gas should be
less than about 300 ppmv. ¥For a powdered fuel, such as a typical Western Kentucky
coal, these fuel NO_ limits of 10%, 7.5% and 5.0% represent zbout 0.350, 0.262 *
and 0.175 1b. fuel NOx/Million Btu, respectively. Corresponding values for a
typical crude solvent refined coal oil are 0.216, 0.162 and 0.108, respectively;
for shale oil A, exemplified herein, 0.344, 0.258 and 0.172, respectively; for
shale oil B, exemplified herein, 0.329, 0.247, aznd 0.164, respectively; and for
the light fuel with 2.07% bound nitrogen, exemplified herein, 0.322, 0.242 and
0.161, respectively. Accordingly, the operating variables should be selected
and correlated to reduce the fuel NOx emissions to less than about 0.350 1b./
Million Btu, preferably go less than about 0.290 and ideally to less than 0.180
and the total Nox in the flue gas to less than 0.450, 0.365 and 0.275 1b. total
NOXIMM Btu, respectively.

The term "air" ié employed generically herein and in the claims to
include air and other combustion-supporting gases.

While the invention has been described above in terms of using a
liquid fuel, the invention is not limited to the use of liquid fuels. It is
within the scope of the invention to use vaporous or gaseous fuels, including
prevaporized liquid fuels. It is also within the scope of the invention to use
finely divided solid fuels, e.g., powdered cozl.

- While certain ectodiments of the invention have been described for
illustrative purposes, the invention is not limited thereto. Various other modi-
fications or esmbodiments of the invention will be apparent to those skilled in
the art in view of this disclosure. Such modifications or embodiments are .

within the spirit and scope of the disclosure.
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CLAIMS

1. A method for burning a fuel, including:

(1) intimately mixing said fuel and a first volume of air ‘
to obtain a hohogeneous mixture of fuel and air having a fuel/air

equivalence ratio above the stoichiometric xatio by introducing

e b

all of said fuel as at least a part of a central, axial flow
component and introducing'at least one stream of said first
volume of air as a radial flow'component;

(2) burning a substantial portion, but less than all, of
said fuel under fuel-rich combustion conditions and without the
addition of.air other than said first volume of air to p;oduce
a fuel-rich flame front;

(3) terminating said fuel-rich combustion condiéions, at
least in part, by introducing a sufficient amount of a second
volume of air to produce an ovérall-fuellair equivalence ratio
belowAthe stoichiometric_;gtio aﬁd a fuel-lean flame front; and

(4) continuing the_burning of said fuel under fuel-lean

. combustion conditions.

2. A method in accordance with claim 1 wherein the fuel-rich
combustion cqnditions are terminated and the fuel-lean flame front is
produced zbruptly .

3. A method in accordance with claim 1 wherein the fuel-rich
combustion conditions are terminated and the fuel-lean flame front is

produced abfuptly by introducing the second volume of air into the

2
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fuel-rich £lame front from a peripheral location smaller than the =

periphery of the fuel-rich flame front.

4. A meiﬁod in accor@ance with claim 1 wherein the fuel-rich

combustion conditions are terminated and the fuel-lean flame front is

produced‘abruptly by reducing the éeripheral dimensions of the fuel-rich
flame front introducing the second voluie of air at at least one of

(a) a pointrimmediately prior to said reduction of the peripheral
dimensions of said fuel-rich flame front and (b) a point within the
region of reduced peripﬁeral dimens%ons of said fuel-rich flame front
and then expanding the fuel-lean flame front thu§ produced. -

E;. A method in acco;:dan(.:e with at least one of claims 1 to 4 wherein the fuel/first
'voluﬁe of air ratio is above a fuel/air equiyalence'}atio at ;Bith the.

NOx pollutant content of the effluent from the burning method is below a
predetermined concentration but below a fuel/air equivalence ratio at

which the NOx pollutant content of said effluent from séid burning !

method is below said.predetermined value.

6. A method in accordance with at least one of claims 1 to 5 wherein the peripheral

- dimensions of the mixture of fuel and the first volume of air are

reduced at a point immediately after contact of the axial flow component

‘with the radial flow component and is then expanded to the full

peripheral dimensions of the fuel-rich flame front.
1. Apparatus for burning a fuel, including:
- (1) wmixing means for intimately mixing said fuel and a

first volume of air to obtain a homogeneous mixture of fuel and air

having a fuel/air equivalence ratio above the stoichiometric ratio by

T
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introducing all of said fuel as at least a part of a central, axial
flow component and introducing at least one stream of said first
volume of air as a radial flow component;

(2) an elongat?d fuel~rich combustion means adapted to
burn a substantial poftion, but less than all, of said fuel under
fuel-rich combustion conditions to produce a fuel-rich flame front
and substantially impervious to the ingress of additional air other
than said first volume of air;

(3) air introductio; means adapted to introduce a second
volume of air into said fuel-rich flame front in an amount
sufficient to produce an overall fuel/air equivalence ratio below
the st;ichioﬁetric ratio And a fuel-lean f]ame'front; ané

{(4) fuel-lean combustion means adapted to continue the
burning of said fuel under fuel-lean combustion conditions.

8. Apparatus in accordance with claim 7 wherein the means for
introducing the at least one §tream of the first volume of air as a
radial flow component‘includes means for introéucing said air from a
plurality a peripheral openings inwardly toward the axial flow component.

9. 'Apparatus in accordance with claim 7 wherein the means for
ihtroducing the at least opne stream of the first volume of air includes
means for introducing said air from a peripheral location in a swirling
manner and inwardly toward the axis of the axial flow component.

10. Apparatus in accordance with claim 9 wherein the means for

introducing the at least one stream of the first volume of air in a

O ' BAD ORIGINAL
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swirling manner includes two, spaced means adapted to introduce two

streams of said first volume of air in swirling, opposite directionms.

11. Apparatus in accordance with at least one of claims 7 to 10 wherein the me%ns
- Qr

intimately miaing the fuel and.phe first volume of air includes means for
reducing the peripheral dimeasians of said fuel-air mixture immediately
aftar contact of the axial flow companent with the radial %iow component
and then expanding said fuel-air mixture to the full peripheral
dlmen51ons of the fuel-rich combustlon means.

12. Apparatus in accordance with at least one of claims 7 to 11 wherein the means for
iptroduaing tha second volume of air inclades means for abruptly

terminating the fuel-rich combustion means and initiating the fuel-lean

combustion means.

13. Apparatus in accordaoce with claim 12 vherein the means
for abruptly terminating the fuel-rich coﬁbustion means and initiating
the.fuel—lean combustion means includes means for reducing the peripheral
dimensions of the fuel-rich combustion means and thereafter ekpanding the
péripheral dimensions to the periphéral dimensions of the fnel-lean -
combustion means and means for introducing the second volume of air at at
least one of (a) a point immediately preceding said means for reducing

the perlpheral dimensions of the fuel-r1ch combustion means and (b) a

point W1th1n the means for reduc1ng the peripheral dimensions of the

fuel-rich combustion means itself.
14.. Apparatus in accordance with at least one of claims 7 to 13 wherein the means for
intimately mixing the fuel and the first volume of air includes means for

adjusting the ratio of the axial flow component and the radial flow

component.

BAD ORIGINAL @)

e e



-
15. Apparatus forburning a fuel, particulary for fuel-rich combustion of a fuel and
production of a fuel-lean flame front, including:
(1) mixing means for intimately mixing said fuel and
- a first volume of air to ?btain a-homogeneous mixture of fuel and
air having a fuel/air equivalence ratio above the stoichiometric ratio;
(2) fuel-rich combustion means adapted to £u;n a portion,
but less than all, of said fuel under fuel-rich combustion
. conditions to produce a fuel-rich flame front and substantially im-

pervious to the ingress of additional air other than said first volume

of air;

i T

(3) termination means for terminating said fuel-rich
combustion conditions, at least in parf, by inéroduciﬂg ; sufficien£
amount of a second volume of air to'produée an overall fuel/air
equivalence rétio below the stochiometric ratio and a fuel-lean
flame front; and

(4) discharge means for discharging said fuel-lean flame
front into the heated section of a furnace.

16. Apparatus in accordance with claim 15 wherein the means
for introducing and mixing the fuel and the first volume of air includes
means for introducing said fuel as at least a part of a central, axial
flow ;omponent and means for introducing at least a fi;st stream of said
first volume of air as a radial ilow component.

17. Apparatus in accordance with claim 16 wherein the radial
flow component includes a plurality of air inlets spaced about the
periphecy of said apparatus and adapted to introduce said air inwardly

toward the axial flow component.

P g rmeim -~
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18. Apparatus in accordance with claim 16 wherein the means
for introducing the radial flow component includes means for introducing
the air from a peripharel location in a swirling manner inwardly toward
the axial flow component.

19. Apparatus in accordance with claim 18 wherein tbe means

for ihtroducing the radial flow component includes two spaced means for

introducing two streams of the at least one stream of the first

volume of air from a peripheral location in a swirling manner and in

s

" opposite directiomns.

Apparatus in accordance with at least one of claims 15 to 19 wherein the means

for introducing the second volume of air includes means for reducing the
peripheral dimensions of the fuel-rich combustion meéhs and ihtroducing
said second volume of air at at least one of (a) a point immediately
preceeding said means for reducing the peripheral dimensions of said
fuel rich combustion meams; and (b) a point within the means for

reducing the .peripheral dimensions of the fuel-rich combustion means

itself.
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