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[57] ABSTRACT 

New combustors, and methods of operating same, 
which produce lower emissions, particularly lower 
emissions of nitrogen oxides. 

5 Claims, 10 Drawing Figures 
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COMBUSTION METHOD WITH CONTROLLED 
’ "FUEL MIXING ‘ 

This invention relates to improved gas turbine com 
bustors and methods of operating same. 
Air pollution has become a major problem in the 

United States and other highly industrialized countries 
of the world. Consequently, the control and/or reduc 
tion of said pollution has become the object of major 
research and development effort by both governmental 
and nongovernmental agencies._ Combustion of fossil 
fuel is a primary source of said pollution. It has been al 
leged, and there is supporting evidence, that automo 
biles employing conventional piston-type ‘engines are a 
major contributor to said pollution. Vehicle emission 
standards have been set by the United States Environ 
mental Protection Agency which are sufficiently ,re 
strictive to cause automobile manufacturers to con 
sider employing alternate engines instead of the con 
ventional piston engine. ‘ 
The gas turbine engine is being given serious consid 

eration as an alternate engine. However, insofar as we 
presently known, there is no published information dis 
closing realistic and/or practical combustors which can 
be operated at conditions typical of those existing in 
high performance engines, and which will have emis 
sion levels meeting or reasonably approaching the stan 
dards set by said United States Environmental Protec 
tion Agency. This is particularly true‘ with respect to ni 
trogen oxides emissions. . 
Thus, there is a need for a combustor of practical 

and/or realistic design which can be operated in a man 
ner such that the emissions therefrom will meet said - 
standards. Even a practical combustor giving reduced 
emissions (compared to the combustors‘of the prior 
art) approaching said standards would be a great ad 
vance in the art. Such a combustor would have great 
potential value because it is possible the presently very 
restrictive standards may be relaxed. 
The present invention solves the above-described 

problems by providing improved combustors, and 
methods of operating same, which produce emissions 
meeting or reasonably approaching the present strin 
gent standards ‘established by said Environmental Pro 
tection Agency. ' 
Thus, according to‘the invention, there is provided a . 

combustor comprising, in combination: a ?ame tube; 
air inlet means for introducing a swirling stream of air 
into the upstream end portion of said ?ame tube; and 
fuel inlet means for introducing a stream of fuel into 
said ?ame tube in a direction which is from tangent to 
less than perpendicular, but non-parallel, to the periph 
ery of said stream of air. ' ‘ 

Further according to the invention, there is provided 
a method for reducing the amount of nitrogen oxides 
formed in the combustion of a fuel in a combustor, 
which method comprises introducing a swirling stream 
of air into the upstream end portion of a combustion 
zone; forming and introducing an annular stratum of 
said fuel around said stream of air and in a direction 
which is from tangent to less than perpendicular, but 
non-parallel, to the periphery of said stream of air so as ‘ 
to effect controlled mixing of said fuel and air at the in 
terface therebetween; and burning said fuel. 
FIG. I is a view in cross section of a combustor in ac 

cordance with the invention. 
FIG. l-A is a schematic representation of fuel and air 

introduction in accordance with the'invention. 
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2 
FIG. 2 is a cross section taken along the line 2—2 of 

FIG. 1. 
FIGS. 3, 5, and 6 are views in cross section of the 

?ame tube portion of other combustors in accordance 
with the invention. The outer housing or casing and 
other elements of these combustors is substantially like 
that shown in FIG. 1. , 
FIG. 4 is a view in cross section taken along the lines 

4—4 of FIG. 3. 
FIG. 7 is a cross section along the line 7—7 of FIG. 

3. 
FIGS. 8 and 9 are views in cross section of other clo 

sure members or dome members which can be em 
ployed with the ?ame tubes of the combustors de 
scribed herein. - 

Referring now to the drawings wherein like reference 
numerals are employed to denote like elements, the in 
vention will be more fully explained. In FIG. 1 there is 
illustrated a combustor in accordance with the inven 
tion, denoted generally by the reference numeral 10, 
which comprises a ?ame tube 12. Said ?ame tube 12 
is open at its downstream end, as shown, for communi 
cation with a conduit leading to a turbine or other utili 
zation of the combustion gases. A closure member, des 
ignated generally by the reference numeral 14, is pro 
vided for closing the upstream end of said ?ame tube. 
Said closure member can be fabricated integrally, i.e., 
as one element, if desired. However, it is presently pre 
ferred to fabricate said closure member 14 as two or 
more elements, e.g., an upstream element 16 and a 
downstream element 18. An'outer casing 20 is disposed 
concentrically around said ?ame tube 12 and said clo 
sure member 14, and spaced apart therefrom to form 
an annular chamber 22 around said ?ame tube and said 
closure member. Said annular chamber 22 is closed at 
its downstream end by any suitable means such as that 
illustrated. Suitable ?ange members, as illustrated, are 
provided at the downstream end of said ?ame tube 12 
and outer housing 20 for mounting same and connect 
ing same to a conduit leading to a turbine or other utili 
zation of the combustion gases from the combustor. 
Similarly, suitable ?ange members are provided at the 
upstream end of said ?ame tube 12 and said outer 
housing 20 for mounting same and connecting same to 
a conduit 24 which leads from a compressor or other 
source of air. While not shown in the drawing, it will be 
understood that suitable support members are‘ em 
ployed for supporting said ?ame tube 12 and said clo 
sure member 14 in the outer housing 20 and said up 
stream end ?ange members. Said supporting members 
have been omitted so as to simplify the drawing. 
A generally cylindrical swirl chamber 26 is formed in 

said upstream element 16 of closure member 14. The 
downstream end of said swirl chamber 26 is in open 
communication with the upstream end of said ?ame 
tube 12. A ?rst air inlet means is provided for introduc 
ing a swirling mass of air into the upstream end portion 
of said swirl chamber 26 and then into the upstream 
end of said ?ame tuabe. As illustrated in FIGS. 1 and 
2, said air inlet means comprises a plurality of air con 
duits 28 extending into said swirl chamber 26 tangen 
tially with respect to the inner wall thereof. Said con 
duits 28 extend from said annular chamber 22 into said 
swirl chamber 26. ‘ 
A fuel inlet means is provided for introducing a 

stream of fuel in a direction which is from tangent to 
less than perpendicular, but non-parallel, to the periph 
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cry of said stream of air. As illustrated in FIGS. land 
2, said fuel inlet means comprises a fuel conduit 30 
leading from a source of fuel, communicating with a 
passageway 32, which in turn communicates with fuel 
passageway 34 whichis formed by an inner wall of said 
downstream element 18 of closure member 14 and the 
downstream end wall of said upstream element 16 of 
closure member 14. It will be noted that the inner wall 
of said downstream element is spaced apart from and 
is complementary in shape to the downstream end wall 
of said upstream element 16. The direction of the exit 
portion of said fuel passageway 34 can be varied over 
a range which is intermediate or between tangent and 
perpendicular, but non-parallel, to the periphery of the 
stream of air exiting from swirl chamber 26. Varying 
the direction of the exit portion of fuel passageway 34 
provides one means or method for controlling the de 
gree of mixing between the fuel stream and said air 
stream at the interface therebetween. As illustrated in 
FIG. I, the directionof the exit portion of fuel passage 
way 34 forms an angle of approximately 45° with re 
spect to the periphery of the air exiting from swirl 
chamber 26. Generally speaking, in most instances, it 
'will be desired that the exit portion of said fuel passage 
way 34 has a direction which forms an angle within the 
range of from about l5°vto about 75°, preferably about 
30° to about 60° with respect to the periphery of the 
stream of air exiting from swirl chamber 26; In most in 
stances, it will be preferred that the fuel from fuel pas 
sageway 34 be introduced in a generally downstream 
direction. However, it is within the scope of the inven 
tion to introduce said fuel in an upstream direction. 
Shim 36 provides means for varying the width of said 
fuel passageway 34. Any other suitable means, such as 
threads provided onthe walls of upstream element 16 
and downstream element 18, can be provided for vary 
ing the width of said fuel passage 34. As will be under-' 
stood by those skilled'in the art in view of this disclo 
sure, the shape of the upstream inner wall of said down 
stream element 18 and the shape of the downstream 
end wall of said upstream element 16 can be changed, 
but maintained complementary with respect to each 
other, so as to accommodate the above-described 
changes in ‘direction and width of said fuel passageway 
34. . 

A plurality of openings 38 is provided at a ?rst station 
in the downstream portion of said ?ame tube 12 for ad 
mitting a second stream of air into said ?ametube from 
said annular chamber 22. In the combustor of the in 
vention illustrated in FIG.- 1, said second stream of air 
will principally comprise .quench air for quenching the 
combustion products before passing same on to the tur 
bine. 
Referring now to FIG. 3, there is illustrated the ?ame 

tube portion and closure member therefor 'of another 
combustor in accordance with the invention. It will be 
understood that the complete combustor will comprise 
an outer housing or casing 20 and suitable ?ange mem 
bers substantially as illustrated in FIG. 1. The ?ame 
tube 12’ ofthe combustor of FlG..3 is substantially like 
?ame tube 12 of FIG. I. A closure member 40 is 
mounted on the upstream end of said ?ame tube 12’ in 
any suitable manner so as to close the upstream end of 
said ?ame tube except for the openings provided in said 
closure member. A generally cylindrical swirl chamber 
42 is formed in said closure member 40. The down 
stream end of said swirl chamber is in open communi~ 
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cation with the upstream end of said ?ame tube. An air 
inlet means is provided for introducing ‘a swirling mass 
of air into the upstream end portion of said swirl cham 
ber 42 and then into the upstream end of said ?ame 

‘ tube 12’. As illustrated in FIGS. 3 and 4, said air inlet 
means comprises a plurality of air conduits 44 extend 
ing into said swirl chamber 42 tangentially with respect 
to the inner wall thereof. Said conduits 44 extend from 
an annular space 22, similarly as in FIG. 1. The fuel 
inlet' means in the combustor of FIG. 3 comprises a fuel 
supply conduit ‘46 which is in communication with 
three fuel passageways 48, which in turn is in communi 
cation with an annular fuel passageway 51 formed in 
the downstream end portion of said closure member 
40. A plurality of fuel conduits 49 extend from said pas 
sageway 51 into a recess 50, also formed in the down 
stream end portion of said closure member, tangen 
tially with respect to the inner wall of said recess. As 
illustrated in FIGS. 3 and 4, said air inlet conduits 44 
are adapted to introduce air tangentially into swirl 
chamber'42 in a clockwise direction (when looking 
downstream), and said fuel inlet conduits 49 in FIG. 7 
are adapted to introduce fuel tangentially into said re 
cess 50 in a counterclockwise direction. This is a pres 
ently preferred arrangement in one embodiment of the 
invention. However, it is within the scope of the inven 
tion to reverse the directions of said air inlet conduits 
44 and said fuel inlet conduits 49, or to have the direc 
tions of both said air inlet conduits and said fuel inlet 
conduits the same, e.g., both clockwise or both coun 
terclockwise. 
Referring now to FIG. 5, there is illustrated the ?ame 

--tube portion and closure member therefor of another 
combustor in accordance with the invention. The ?ame 
tube 52 of the combustor illustrated in FIG. 5 is sub 
stantially like ?ame tube» 12 in FIG. 1 except that the 
series of air inlet openings 38 has been moved in an up 
stream direction and a second plurality of openings 54 
has been provided at a second station in the down 
stream portion of said ?ame tube 52, spaced apart from 
and downstream from said ?rst plurality of openings 
38, for admitting a second stream of air into the interior 
of said ?ame tube for an annular chamber 22 like that 
shown in FIG. 1 when an outer housing or casing is pro 
vided around said ?ame tube. Closure member 14 for 
?ame tube 52 is like closure member 14 in FIG. 1. 
Referring now'to FIG. 6, there is illustrated the ?ame 

tube portion and closure member therefor of another‘ 
combustor in accordance with the invention. The ?ame 
tube 56 of the combustor of FIG. 6 is like ?ame tube 
12’ of FIG. 3 except that said ?ame tube 56 has been 
lengthened and a second plurality of openings 54 has 
been provided at a second station in the downstream 
portion of said ?ame tube, downstream from and 
spaced apart from said first plurality of openings 38, for 
admitting a second stream of air into the interior of said 
?ame tube 56 from an annular space like annular space 
22 when an outer housing or casing is provided around 
said ?ame tube, as in FIG. 1. Closure member 40 in, 
FIG. 6 is like closure member 40 in FIG. 3. _ 
Referring now to FIGS. 8 and 9, there are illustrated 

other types of closure members which can be employed 
with the ?ame tubes of the combustors described 
above. In FIG. 8 closure member 78 is similar to clo 
sure member 40 of FIG. 3. The principal difference is 
that in closure member 78 a conduit means 80 is pro 
vided which extends through said closure member 78 
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into communication with the upstream end portion of 
?ame tube 12, for example. At leastone swirl vane 82 
is positioned in said conduit means 80 for imparting a 
swirling motion to the air passing through said conduit 
means 80. In FIG. 9, closure member 84 is similar to 
closure member 14 of FIG. 1. The principal difference 
is thatin closure member 84 an annular conduit means 
88 is provided which extends through the body of said 
closure member’84 into open communication with the 
upstream end of the ?ame tube 12, for example'At 
least one swirl vane 90 is provided in said conduit 
means 88 for imparting a swirling motion to the air 
passing through said conduit 88. 

In the drawings certain closure members have been 
employed with certain ?ame tubes. However, it will be 
understood that the combustors of the invention are 
not limited to the particular combinations illustrated. It 
is within the scope of the invention to employ any of 
the above described closure members'with any of the 
above described ?ame tubes. ' ‘ 
In'one presently preferred method of operating the 

combustor of FIG. 1, a stream of air from a compressor 
(not shown) is passed via conduit 24 into annular space 
22. A portion of said air then passes through tangential 
conduits 28 into swirl chamber 26. Said tangential con 
duits 28 impart a helical or swirling motion to the air 
‘entering saidswirl chamber and exiting therefrom. This 
swirling motion creates a strong vortex-action resulting 
in a reverse circulation of hot gases within ?ame tube 
12 upstream toward said swirl chamber 26 during oper 
ation of the combustor. 
A stream of fuel, preferably prevaporized, is admit 

ted via conduit 30, passageway 32, and fuel passageway 
34. Fuel exiting from fuel passageway 34 is formed into 
an annular stratum around the swirling stream of air ex 
iting from swirl chamber 26. This method of introduc 
ing fuel and air effects a controlled mixing of said fuel 
and air at the interface therebetween. Initial contact of 
said fuel and air occurs upon the exit of said air from 
said swirl chamber 26. Immediately after said initial 
contact the fuel and air streams (partially mixed at said 
interface) are expanded, in a uniform and graduated 
manner during passage of said fuel and air through the 
?ared portion of member 18, from the volume thereof 
in the region of said initial contact to the volume of said 
combustion chamber at a point in said ?ame tube 
downstream from said initial contact. Said expansion of 
fuel and air thus takes place during at least a portion of 
the mixing of said fuel and said air. The resulting mix 
ture of fuel and air is burned and combustion gases exit 
the downstream end of ?ame. tube 12. A second stream 
of air, comprising quench air principally, is admitted to 
the interior of ?ame tube 12 from annular space 22 via 
inlet openings 38 in the downstream portion of said 
?ame tube. 

In one presently preferred method of operating the 
combustor of FIG. 3, the method of operation is similar 
to that described above for the combustor of FIG. 1. A 
stream of air is admitted to swirl chamber 42 via tan 
gential inlet conduits 44 which impart a helical or swirl 
ing motion to said air. A stream of fuel, preferably 
prevaporized, is admitted via conduit 46, fuel passage 
ways 48, and tangential fuel conduits 49 into recess 50 
formed at the downstream end of said closure member 
40. Said fuel is thus formed into an annular stratum 
around the swirling stream of air exiting from swirl 
chamber 42. This method of introducing fuel and air 

6 
also effects controlled mixing of said fuel and air at the 
interface therebetween. _ 

In one presently preferred method of operating the 
combustor of FIG. 5, the operation is similar to that de 
scribed above for the combustor of FIG. 1. A principal 
‘difference is that in addition to the stream of air admit 
ted from annular space 22 via openings 38 into the in 
terior of ?ame tube 52, another stream of air is admit 
ted to the interior of said ?ame tube via openings 54. 
The amounts of the various streams of air admitted 
through tangential openings 28, openings 38, and open 
ings ‘54 can be ‘controlled by varying and/or correlating 
the size of said openingsrelative to each other as de 
scribed‘ further hereinafter in connection with the ex 
amples. , 

The method of operation of the combustor of FIG. 6 
is substantially like that described above for FIG. 5, 

~ taking into consideration that closure member 40 in 

20 
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FIG. 6 is like closure member 40 in FIG. 3. 
The following examples will serve to further illustrate 

the invention. 

EXAMPLES 

A series of test runs was made employing combustors 
of the invention described herein, and a typical “stan 
dard’’ or prior art combustor as a control combustor. 
The same fuel was used in all of said test runs. Proper 
ties of said fuel are set forth in Table I below. Design 
details of the combustors of the invention are set forth 
in Table II below. Said design details, e.g., dimensions, 
are given by way of illustration only and are not to be 
construed as limiting the invention. Said dimensions 
can be varied within wide limits so long as the improved 
results of the invention are obtained. For example, the 
formation of nitrogen oxides in a combustion zone is an 
equilibrium reaction. Thus, in designing a combustion 
zone, attention should be given to the size thereof so as 
to avoid unduly increasing the residence time therein. 
It is desirable that said residence time not be long 
enough to permit the reactions involved in the forma 
tion of nitrogen oxides to attain equilibrium. In said 
Table II thecombustors have been identi?ed by a num 
ber which is the same as the ?gure number of which 
they are illustrated. 

Said control combustor basically embodies the prin 
cipal features of combustors employed in modern air 
craft-turbine engines. It is a straight-through can-type 

' combustor employing fuel atomization by a single sim 
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plex-type nozzle. The combustor liner was fabricated 
from 2-inch pipe, with added internal de?ector skirts 
for air ?lm cooling of surfaces exposed to the ?ame. 
Exhaust emissions from this combustor, when operated 
at comparable conditions for combustion, are in gen 
eral agreement with measurements presently available 
from several different gas turbine engines. Said control 
combustor had dimensions generally comparable to the 
above described combustors of the invention. 
Each of said combustors of the invention and said 

control combustor was run at 12 test points or condi 
tions, i.e., 12 different combinations of inlet-air tem 
perature, combustor pressure, ?ow velocity, and heat 
input rate. Test points or conditions 1 to 6 simulate 
idling conditions, and test points 7 to 12 simulate maxi 
mum power conditions._ The combustors of the inven 
tion were run using prevaporized fuel. The control 
combustor was run using atomized fuel. Analyses for 
content of nitrogen oxides (reported as NO), carbon 
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Volume, cubic inches 37.751 

' monoxide-and hydrocarbons (reported as carbon) in 
the combustor exhaust gases were made at each test' 
condition for each combustor. Each pollutant mea 
sured is reported in terms of pounds per 1000 pounds 
of fuel fed to the combustor. The results from test con- 5 
ditions l to 6 are set forth in Table 111 below. The re 
sults from test conditions 7 to 12 are set forth in Table 
IV below. 

TABLE I 
10 

PHYSICAL AND CHEMICAL PROPERTIES OF TEST FUEL 

Philjet A-SO 

ASTM Distillation. F ' ' 

Initial Boiling Point 340 15 
5 vol % evaporated 359 
10 vol % evaporated 362 
20 vol ‘7: evaporated 371 
30 vol ‘it evaporated 376 
40 vol ‘7c evaporated 387 
50 vol ‘7: evaporated 398 I 
60 vol ‘7: evaporated 409 20 
70 vol % evaporated . 424 
80 vol % evaporated 442 
90 vol % evaporated 461 
95 vol ‘7:. evaporated . 474 
End Point 496 
Residue. vol ‘72 0.8 I 
Loss. vol ‘7: _ 0.0 25 

Gravity, degrees APl I ' 46.6. ' 

Density, lbs/gal ' 6.615 
Heat of Combustion. net, Btu/lb 18,670 
Hydrogen Content, wt % 14.2 
Smoke Point, mm 27.2 
Sulfur, wt ‘71' 0.001 _ 

Gum, mg/100 ml 0.0 30 
Composition,.vol ‘7c - 

Paraffins > 52.8 

Cycloparaf?ns ' . 34.5 

Ole?ns , 0.1 
Aromatics . 12.6 

Formula (calculated) (CuHu) 35 

Stoichiometric Fuel/Air Ratio. lb/lb 0.0676 

TABLE 11 

COMBUSTOR DESIGN 

Combustor Number 

Variable . l 3 5 6 

Closure Member (14 or 40) _ ~ 

Air lnlet Diameter, inches _ 0.875 1.250 0.875 1.250 
lnlet Type ' Tangent Tangent Tangent Tangent 

' Hole Diameter, inches ' 0.250 0.281 0.250 0.281 
Number of Holes 6 6 6 6 
Total Hole Area, square inches ' 0.295 0.373 0.295 0.373 
percent Total Combustor Hole Area 10.554 12.983 5.571 6.942 

Fuel Slot. inches ' I 0.005 — 0.005 — 

_ Fuel Tube Diameter, inches ‘ — '12-0.062 — 12—0.062 

Exit Type -— Tangent — Tangent 
Flame Tube ' - - 

First Station (38) 
Hole Diameter, inches ‘5/16><1* 5ll6><l - ‘ 5/16><1 5/16X1 
Total Number of Holes 8 8 8 8 
Total Hole Aremsquare inches 2.500 2.500 2.500 2500 
Percent Total Combustor Hole Area 89.446 87.017 47.214 46.528 

- Second Station (54) ' I . 

Hole Diameter, inches , —— — 5/l6><1 5/16X1 
Total Number of Holes — — 8 8 

Total Hole Area. square inches — — 2.500 2.500 
Percent Total Combustor Hole area — — 47.214 46.528 

Total (‘ombustor Hole Area, square inches I 2.795 2.873 5.295 I 5.373 
Combustor Cross Section Area, square inches ‘ 3.355 3.355 3.355 I > 3.355 

Percent Cross Sectional Area ‘ 83.293 85.616 157.777 160.101 

Combustor Inside Diameter, inches 2.067 2.067 2.067 I 2.067 
Primary Zone Length, inches 7.125 I 6.125 4.625 6.125 

Volume, cubic inches 23.909 20.554 15.520 20.554 . 
Comhustor Length. inches 11.250 1.0.250 11.250 12.750 

34.395 37.751 42.784 

' Holes are 5/16 inch diameter all ends; slots are 1 inch long. 
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TABLE lll ’ 

900 900 

250 250 
200 275 

COMPARISON OF EMISSIONS FROM COMBUSTORS AT IDLE CONDITIONS 

Comhustor Operating Variables 

Temperaturevv Inlet Air. F. 
Pressure. in. Hg abs. 
Velocity. Cold Flow, ft/scc. 
Hcablnput RutmBtu/lb Air 

NITROGEN OXIDES 

37.4. 20I 1.03. 202 2. 9. 8 30] 4. 1 3. 302 4.94 305 
o. 1 

N C 3. 
Combustors 

Control Com hustor 
Combustor 
Comhuslor 

2 4. 1 5 0.7. 22 6 8. 3.7.. I2 56 Comhustor 
Comhustor 

lbs/I000 lbs Fuel CARBON MONOXIDE 

0.0.3 073 b 1 1 860 10.0 
100.2 
70 2 Ncl. 

' Comhustors 

Control Com hustor 
Comhustor 
Comhustor 

6b 22 29. 48 56 Combustor 
Combustor 

lbs/ I .000 lbs Fuel HYDROCARBONS 

3A8. 000 4. 1 3 004 92!. 000 4.2!“ 000 7.1]. 000 6.2.... 000 oCI3 
Combustors 

Control Combustor 
Combuslor 

. Combustor 

I2 

I100 
I I0 
400 
300 

IIOO 
I I0 
400 
225 

Test Conditions 

I0 

I I00 I 100 
1 10 I 10 
250 400 
300 I50 

lbs/I000 lbs Fuel 

TABLE IV 

1 r00 | 100 
1 10 l 10 
250 250 
150 22s 

Cornbustor 
Combustor 

COMPARISON OF EMISSIONS FROM COMBUSTORS AT MAXIMUM POWER CONDITIONS 

Combustor Operating Variables 

‘Temperature. lnlct Air, F. 
Pressure, in‘. Hg ahs. 
Velocity. Cold Flow. ft/scc 
Hunt-Input Rate. Btu/Ib.Air 

Combustors No. 
Control Combustor 
Comhustor 

NITROGEN OXIDES 

0.0.2. 0028 9 7. 4. 961: o. 4. 4. 024 14. 5. 7.6.2 066 .l 2 
Comhustor 

9.4. 44 4.1 34 62 55 37 5.4. 6. 4. 400 56 Combustor 
Comhustur 

lbs/ I 000 lbs Fuel CARBON MONOXIDE 

Cumbustors 
Control Com hustor 
Comhustor 0.2.0. 040 0.30. 074 0 

8 
4 

0. 0.0. 039 028. 054 0.6.2 097 2 
Comhustor 

0.0 
0.0 

4 
0.0 

I5 I 
3.0 

0.0 
0.0 

4 
0.0 5 .6 

Comhustor 
Combustor 

lhs/I000 lbs Fuel 

8 
0.0 

No. 

HY DROCARBONS 

Comhustors 
Control (‘om busl‘or 
Comhustor 116. 000 Comhustor 

2. 1 00 22. 00 I3 00 33 00 56 Comhustor 
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Referring to the above Tables III and IV, the data 

there given clearly show that allthe combustors of the 
invention gave results superior to the results obtained 
with the control combustor. Combustor No. 1 gave out 
standing results at substantially all test conditions with 
respect to nitrogen oxides emissions, the pollutant most 
difficult to control. Said data also show that all the 
combustors of the invention can be operated at idle 
conditions to give not more than about 1.8 pounds of 
nitrogen oxide emissions per 1000 pounds of fuel 
burned, and not more than about 5 pounds of nitrogen . 
oxide emissions per 1000 pounds of fuel burned at 
maximum power conditions. Such operating conditions 
would benpreferred operating conditions. ‘ 
Under some ‘of the test conditions, combustors 1 and 

3 tend to give high carbon monoxide emission. This sit 
uation was alleviated by combustors 5 and 6 which 
maintained low levels of nitrogen oxide emissions while 
reducing the carbon monoxide emissions. It should be 
noted that this result ‘was obtained by changes which 
are completely contra to current concepts of combus 
tor design. In the operation of combustors 5 and 6 the 
total amount of air to the combustor was maintained 
constant, e.g., the same as to combustors 1 and 3. How 
ever, the amount of air to the primary combustion zone 
of combustors 5 and 6 was ‘decreased by increasing the 
amount of secondary and/or quench air admitted to the 
downstream portion of the ?ame tube. This was accom 
plished by adding the second set of inlet slots 54 down 
stream from the ?rst set of inlet slots 38. This had the 
effect of enriching the primary combustion zone, which 
would increase carbon monoxide emissions from atypi 
cal prior art combustor. ‘ 
The operation of saidcombustors 5 and 6 embodies 

presently preferred methods in accordance with the in 
vention. In accordance with said methods the volume 
of air utilized as primary air is decreased in an amount 
sufficient to enrich the fuel to air ratio in the primary 
combustion zone, and’ the volume of the remaining air 
which is introduced downstream of the primary com. 
bustion zone is increased. Said remaining stream of air 

' of increased volume is divided into a ?rst stream com 
prising secondaryv air and a second stream comprising 
quench air. Said ?rst stream comprising secondary air 
is introduced into'a‘ ?rst region, e.g., slots 38, down 
stream from'the primary combustion zone and said 
stream comprising quench air is introduced into the 
?ame tube of the combustor at a second region, e.g., 
slots 54, spaced apart from and downstream from said 
?rst region. In practicing said preferred methods of the 
invention, good results have been obtained when the 
volume of the stream of primary air is decreased by an 
amount within the range of from about 25 to about 75 
per cent'by volume of'the volume'of primary'air at 
which the combustor would normally be operated. The ‘‘ 
remainder of the air to the combustor is then divided 
into a stream comprising from about 70 to about 30 
volume per cent thereof and used as said stream com 
prising secondary air, and a stream comprising from 
about 30 to about 70 volume percent of said remaining 
stream of air and used as said stream comprising 
quench air. ' 

In the examples, the fuel to the combustors of the in 
ventionwas prevaporized. However, the invention is 

‘ not limited to using prevaporized fuels. lt is within the 
scope of the invention to employ atomized liquid fuels. : 
For comparison purposes, all the runs set forth in the 
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12 
above examples were carried out under the conditions 
of inlet air temperature, combustor‘pressure, flow ve~ 
locity, and heat input rate set forth in Tables lll and IV. ’ 
The invention is not limited to the values there given 
for said variables. It is within the scope of the invention 
to operate the combustors of the invention under any 
conditions which give the improved results of the in 
vention.‘ For example, it is within the scope of the in 
vention to operate said combustors at inlet air tempera 
tures within the range of from ambient temperatures or 
lower to about l500°F. or higher; at combustor pres 
sures within the range of from about 1 to about 40 at 
mospheres or higher; at ?ow velocities within the range 
of from about 1 to about 500 ft. per second or higher; 
and at heat input rates within the range of from about 
30 to about 1200 BTU per second of air. 
The term “air" is employed generically herein and in 

the claims, for convenience, to include air and other 
combustion supporting gases. 
While the invention has been described, in some in 

stances, with particular reference to combustors em 
ployed in combination with gas turbine engines, the in 
vention is not limited thereto. The combustors of the 
invention have utility in other application, e.g., boilers. 
While certain embodiments of the invention have 

been described for illustrative purposes, the invention 
obviously is not limited thereto. Various other modi? 
cations will beapparent to those skilled in the art in 
view'of this disclosure. Such modi?cations are within 
the spirit and scope of the invention. 

We claim: . 

l. A method for reducing the amount of nitrogen ox 
ides forrned in the combustion of a fuel in a combustor, 
which method comprises: 
introducing a swirling stream of air into the upstream 
end portion of a combustion zone as the sole 
stream of primary air introduced into said combus 
tion zone; _ 

forming and introducing an annular stratum of said 
fuel around said stream of air by introducing said 
fuel in a direction toward and which is from tan 
gent to less than perpendicular, but non-parallel, to 
the periphery of said stream of air so as to effect 
controlled mixing of said fuel and air at the inter 
face therebetween to produce an annular fuel-air 
mixture; 

passing said fuel-air mixture into said combustion 
I zone asthe sole fuel and air supplied to the up 
stream portion of said combustion zone; and 

burning said fuel. 
2. A'method according to claim 1 wherein the com 

bustion gases produced in said combustion zone by 
burning the thus mixed fuel and air and exiting from 
said combustion zonehave a nitrogen oxides content, 
calculated as N0, of not more than 5 pounds per 1000 
pounds of said’fuel burned. ' 

3. A method according to claim 1 wherein said fuel 
and said air are expanded during at least a portion of 
said mixing thereof, and said expansion of said fuel and 
said air is initiated immediately after the initial contact 
at said interface therebetween. 

4. A method according to claim 3 wherein: 
said stream of air is initially introduced into a swirl 

zone. having a diameter less than the diameter of 
said combustion zone; 

said initial contact between said fuel and said air oc 
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curs upon the exit of said air from said swirl zone; 
and 

said expansion of said fuel‘and said air occurs in a 
uniform and graduated manner from the volume 
thereof in the region of said initial contact to the 
volume of said combustion chamber at a point in 
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said combustion chamber downstream from said 
initial contact. ' V 

5. A method according to claim 2 wherein a second 
stream of air comprising quench air is introduced into 
said combustion zone downstream from the point of in 
troduction of said swirling stream of air. 

* * * * * 


