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The present invention relates to a method and 
apparatus for producing combustion at high volu 
metric rates, and has particular, though by no 
means exclusive, application to gas turbine opera 
tion andjet propulsion. 

For these applications it is essential to provide 
continuous combustion of fuel and air at ex 
tremely high rates of heat release in a relatively 
confined space. In addition, it may be neces 
Sary, as in the case of gas turbine operation, to 
lower the temperature of the gases entering the 
turbine to a point below the temperature re 
Sulting from combustion at normal fuel-air ratios, 
in order to afford reasonable life to the turbine 
parts. 
Since large volumes of air are required for the 

combustion process the air is generally supplied 
to the combustion apparatus at high velocity, far 
in excess of that permissible for flame propaga 
tion. For Continuous and stable combustion, 
therefore, it is necessary to diffuse or decelerate 
this high velocity air stream to a lower velocity, 
and to provide sufficient turbulence for adequate 
mixing of fuel and air. Since turbulence repre 
sents a loss of mechanical energy of the high ve 
locity entering air, the deceleration should be so 
carried out as to give rise to the minimum turbu 
lence consistent with proper combustion. 
To diffuse or decelerate a high velocity air 

stream with minimum dissipation or degrada 
tion of Faechanical eraergy and at the same time 
effect the production of flames having high sta 
bility and completeness of combustion, it is gen 
erally necessary to divide the entering air into 
separate streams, particularly where the air/fuel 
ratios to be employed lie outside the ratio for a 
combustible mixture. The ratio of division of 
the two streams is usually such that in the pri 
nary or piloting stream, into which the fuel is 
subjected and in which combustion is initiated, 
combustion may proceed without undue cooling 
due to excess air. The two streams are there 
after recombined for mixing and completion of 
combustion at air/fuel ratios which bring about 
the desired exhaust temperatures. 
One method of effecting the required decelera 

tion involves decelerating the two streams as re 
versibly as possible, that is, by expanding the 
streams in Such fashion that no substantial eddy 
ing or turbulence occurs. This may be done by 
limiting the expansion angles to about 7 and 
thereby a Yoiding flow separation and thus mini 
nizing the loss of mechanical energy. To mini 
Inize oSS at the points of Separation and recom 
bination of the streams, the pressure rise in the 

- two streams may be made substantially equal. 
Since, in general, the entering velocities of the 
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two streams will not be the same because of non 
uniform velocity distribution in the supply, the 
pressure rise for each stream may be made identi 
cal by providing unequa expansion ratioS. For 
the stream having the higher entering velocity, 
the expansion ratio will accordingly be less than 
for the stream having the lower entering Welocity. 
Due to the unequal expansion ratios, the two 
streams at the end of the expansion will have 
different velocities, and this velocity difference 
is available to effectinixing. 
The objection to the above aethod, for such 

applications as are contemplated by the present 
invention, is the considerable over-all length re 
quired to carry out the expansion with expansion 
angles that do not exceed approximately 7. 
ACCOrding to the present invention, therefore, 

in order that expansion up to the point of inities 
ation of combustion may be carried out in the 

20 shortest possible axial length consistent with 
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minimum loSS of energy, the piloting stream into 
which the fuel is injected is expanded at angles 
substantially greater than for reversible non 
turbulent diffusion, so that flow separation occurs. 
The consequent recirculation of fue and air per 
mits in a short axial length the formation of an 
ignitable mixture at a region of relatively low 
Velocity. Entrance and exit losses are minimized 
by Selecting expansion ratios such that the pres 
Sure rise for the two streams is made equal. In 
cases where the air stream prior to Separation 
has a non-uniform velocity, it is advantageous to 
perform the separation so that the piloting stream 
has the higher entering, velocity. Thus the 
kinetic energy per unit mass of this stream will 
be higher than for the other stream, and Such 
excess energy is available for mixing with rela 
tively low overal loss in mechanical energy. 

It has been found that the production of stable 
flames is dependent not Only on the degree of 
irreversibility in the expansion of the piloting 
stream, that is, the extent to which mechanical 
energy or total pressure is lost as the piloting 
stream is expanded, but also on the intensity of 
such energy loss. Thus, under conditions where 
the flow separation in the piloting diffuser is 
asymmetrica, the energy loss in the pilot stream 
may be sharply localized so as to provide a high 
intensity of energy loss for a given overall loss, 
with consequent improvement in fame stability 
as compared with a diffuser exhibiting more sym 
metrica Separation With the Same Overa en 
ergy loSS. 

It has also been established that the axial 
length required for turbulent mixing of air atom 
ized liquid fuel is a function of the path length 
which must be traversed by the mixing streams in 
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a direction normal to the stream flow. In gen 
eral, therefore, the scale of the apparatus is de 
termined by the design limitation set on axial 
length. As the scale is reduced, provided no 
appreciable change is made in the droplet size 
of the fuel injected, it becomes necessary to pro 
vide a somewhat greater expansion ratio for the 
piloting stream in order that the time of travel 
of the fuel may remain adequate for vaporization 
and mixing. 
An additional problem is presented where the 

combustion apparatus is to be employed in con 
junction with gas turbines and other devices 
actuated by or exposed to the high temperature 
combustion products. In such applications, not 
only must the average exhaust temperature lie 
below a predetermined limit, but in addition the 
localized variations in temperature must not ap 
preciably exceed the mean temperature So as to 
avoid distortion in the structure due to uneven 
temperature distribution and also So as not to 
exceed at any point the safe temperature limit 
for the material. 
With the above considerations in view, the in 

vention has as one of its objects the provision : 
of a method and apparatus for producing con 
tinuous combustion at extremely high rates of 
heat release per unit of combustion chamber vol 
ume, with minimum expenditure of mechanical 
energy and with minimum heat loss and loss of 
unburned fuel. 

It is likewise an object of the invention to pro 
vide a method and apparatus for producing high 
output continuous combustion with stable flames 
over a wide range of air/fuel ratios, of inlet air 
velocities, and of combustion-chamber preSSures. 
The invention also has as an object to provide 

a method and apparatus for efficiently producing 
stable continuous flame in a confined Space at 
high rates of heat release over a relatively wide 
range of output temperatures with Substantial 
uniformity of temperature over the Outlet flow 
cross-Section. 

It is a further object of the invention to pro 
vide a combustion method and apparatus adapted 
to accomplish the aforesaid objects with air 
atomized as weI1 as with pressure-atOmized . liq 
uid fue. 
With these and other objects in view, as Will 

hereinafter more fully appear, the Present, iMVerl 
tion involves as a feature a method and appa 
ratus for carrying out continuous combustion 
wherein high velocity air is divided into primary 
and Secondary streans which are expanded with 
unequal efficiencies and in unequal ratios. The 
primary, or piloting stream, into which the fuel 
is injected and burned, is expanded at such angle 
or rate and in such ratio as provides sufficient 
flow separation for effective mixing of fuel and 
air, while the Secondary stream is expanded with 
substantial reversibility that is, with as high 
mechanical efficiency as possible. Expansion 
with minimum loss of mechanical energy or total 
pressure may be accomplished, as has already 
been pointed out, by so confining the stream that 
the rate of change of flow CrOSS Section with path 
distance corresponds approximately to that pro 
vided by a cone of about 7° angle of divergence. 
The streams are then recombined, with or with 
out the injection of additional fuel, depending on 
the desired outlet temperature. The method thus 
combines, for compactness, the process of ex 
panding the air for combustion from a high en 
tering velocity to a lower velocity within the 
chamber, with the process of preparing a com 
bustible mixture and stabilizing the flame, 
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4. 
through utilization of the energy in the form of 
turbulence made available from the relatively 
less efficient expansion and larger expansion ratio 
of the primary stream. The design characteriS 
tics governing the division of the entering air 
into primary and Secondary streams, the expan 
sion ratios of the two streams, the degree of 
irreversibility of flow in the primary stream and 
the amount of combustion occurring in the pri 
mary strean prior to recombination with the Sec 
ondary stream are so correlated that entrance 
and exit losses, i. e., those accompanying divi 
SiOn and recombination of the two streams, are 
minimized. Combustion chambers designed in 
accordance with these principles, hereinafter 
more fully explained, are capable of operating at 
high mechanical efficiency and With Substantial 
completeness of combustion at heat, release rates 
measured in milions Of B. t. tu.’s per hOur per 
cubic foot of flame volume per atmosphere of 
pressure. 
The invention likewise contemplates as a fea 

ture the provision of devices which, Without con 
stricting the areas of the flow paths in the Com 
bustion apparatus, and with minimum energy 
loss, insure effective mixing of the recombined 
gases to provide Substantially uniform temper 
atures across the stream after a relatively short 
distance in the direction of foW. 
In the drawing illustrating the combustion ap 

paratus of the invention, Fig. 1 is a diagram 
matic view in side elevation of a combustion 
chamber embodying the principles of the inven 
tion; Fig. 2 is a cross-sectional view of the ap 
paratus shown in Fig. 1 taken along the line 
2-2 of said figure, and Fig. 3 is a plot typifying 
the relation of eficiency to area ratio for a dif 
fuser expansion angle of 30°. To aid in the de 
scription of the apparatus and its mode of oper 
ation, Fig. 1 has been marked with identifying 
letters for convenient reference to the significant 
points in the flow expansion and combustion. 
The apparatus is supplied with high Velocity 

air from a compressor or other Suitable Source, 
not illustrated. The air enters through inlet Sec 
tion 8, which has a length dependent on the 
specific application in which the combustion ap 
paratus is to be employed. For such applications 
as gas turbine operation, where according to con 
ventional practice a plurality of combustion 
chambers may be arranged directly between com 
pressor and turbine in annular fashion around 
the connecting shaft, the overall length of the 
combustion apparatus is generally sharply limited 
by permissible shaft length, with the result that 
the inlet section 8 may be relatively short. In 
the majority of applications, its length will be 
less than that at which the velocity distribution 
or gracent in the air flow becomes substantially 
independent of distance from the Source. m 
The entering air, which may have a velocity of 

several hundred feet per second, is divided at 
point A into inner and outer streams. The inner 
stream constitutes the piloting stream into which 
the fuel is initially injected and wherein com 
bustion is initiated, while the outer or annular 
stream is by-passed around the piloting stream, 
later to rejoin and mix therewith to complete the 
combustion. 
The division of air is effected by the entrance 

Section O of the diffuser-pilot. This section, 
which extends from point A to point C, is posi 
tioned within the outer shell Section 2 So as to 
intercept a predetermined portion by weight of 
the total air stream. The diffuser-pilot may ad 
vantageously although not necessarily be posi 



tioned to intercept that portion of the air stream 
which has the highest velocity. The fuel, which 
is supplied through tube 4 to nozzle f, is in 
jected into the inner stream between points. A 
and D, for example at B. In general, the pre 
ferred location within this region is best deter 
mined experimentally. 
The nozzle 6 may be either of the air-atomiz 

ing or the pressure-atomizing type. In the draw 
ing, 6 is a simple open-ended tube intended for 
air atomization, and is therefore placed in the 

" high velocity region upstream from section C. 
The apparatus has been found to operate with 
high efficiency with air atomization, which is fre 
quently advantagepus, as it permits operation 
with low pressupe differential on the fuel. In 
most designs, and particularly in symmetrical 
chambers, it is preferable, for reasons of flame 

8,585,808. 

plished by means of gradually deepening flutes 34. 
These flutes are so shaped that the cross-sectional 
areas of the piloting and annular passages are 
not appreciably modified, so that no expansion 
Or contraction of flow results. By this construc 
tion, portions of the piloting stream are carried 
into the annular stream, and conversely, portions 
of the annular stream are directed into the pilot 
ing stream, resulting in effective mixing of the 
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stability, to employ an asymmetrical nozzle ar 
rangement, such as a single nozzle feed extend 
ing into the air stream approximately to the 
center of the passage. 
From C to D the inner stream is expanded rap 

idly by the diffuser section 8. It has been found 
that expansion angles of the order of 30, corre 
sponding to an expansion efficiency of approxi 
mately 50% for expansion retics within the range 
generally employed, are required to provide suf 
ficient turbulence for proper mixing of the fuel 
and air in the inner stream for combustion, and 
to provide the flow separation and accompany 
ing recirculation necessary for flame stabiliza 
tion. Appreciably smaller expansion angles do 

20 

25 

30 

not afford adequate flame stabilization, while an 
gles that are appreciably greater than about 30 
result in an unnecessarily large loss of mechani 
cal energy. For chambers of non-symmetrical or 
non-circular cross section, the expansion rate, or 
expansion ratio per unit of chamber length, pref 
erably approximates that provided by a 30 ex 
pansion angle for a substantially conical expan 
silon. 
To initiate combustion of the mixture in the 

inner stream, a spark discharge may be provided 
within the cylindrical extension 20 of the down 
stream end of the diffuser, 8. For this purpose 
electrodes 22 may be supplied with high tension 
current from a source generally indicated at 24. 
Once combustion has been initiated, the spark 
discharge may be discontinued. 
A portion of the combustion takes place in the 

section C-F of the pilot, and in the mixer 26, 
section FG, hereinafter more fully described. 
The combustion continues, with the additional 
air supplied by the outer stream, in the flame 
chamber 30, extending from G to H. In general, 
this portion of the apparatus will be somewhat 
greater in overall length than the diffuser pilot 
section A-G. The design of the flame chamber 
will of course depend on the specific application 
in which the combustion process is to be used. 
In the illustrative embodiment, the end 32 of the 
chamber is formed with an opening of reduced 
size, as for connection to the inlet port of a gas 
turbine. 
The mixing section F-G is arranged to effect 

intermingling of the burning pilot stream with 
the annular air stream so that combustion may be 
completed in the shortest possible distance con 
sistent with low energy loss, and likewise so that 
the exhaust temperatures over the discharge 
cross-section may be substantially uniform. To 
this end, the mixing shield 26 is shaped to pro 
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gress from the cylindrical section 20 of the pilot , 
to a cross-sectional shape resembling a clover 

two streams within the flame chamber. 
The fabrication of the combustion apparatus 

may follow conventional practice, in the use of 
thin-walled material such as sheet metal. Where 
the parts are exposed to high temperatures, par 
ticularly the mixer 26, special heat resistant ma 
terials are used. The pilot-diffuser is positioned 
within the outer section by means of struts 36 
which are preferably so shaped as to offer mini 
mum resistance to the air flow. Such joints as 
may be necessary for the assembly of the various 
sections should be smoothly formed for the same 
eaSO. 
The actual design of the apparatus is dependent 

On the various limitations and requirements of 
the specific application. Thus, for gas turbine 
operation, a limit will generally be placed on out 
let temperature, in Order to prevent premature 
destruction of the turbine rotor. Also, there will 
generally be a limit on the allowable overall 
length, being the distance from A to H, within 
which not only the mixing and diffusing process 
but also the combustion itself must be substan 
tially completed. This limitation influences the 
scale which is adopted for the design. For air 
atomized fuel, or for a given droplet size of pres 
sure-atomized fuel, the flame length and there 
fore the length of the combustion chamber G-H., 
which represents the major portion of the overall 
length A-H, can be made short while retaining 
eficient operation, only by reducing the scale of 
the apparatus and employing a larger number of 
small size units. 
A further limitation usually is present, in that 

the diameter or cross-sectional size of the unit 
must be as small as possible consistent with al 
lowable pressure loss, in order that the maximum 
number of chambers may be arranged on a given 
radius around the shaft connecting the turbine 
and compressor, or nested in a bank in the case 
of jet propulsion applications. Thus a limit is 
placed on the degree to which expansion may be 
carried, even though cross-sectional shapes are 
adopted which utilize as effectively as possible 
the available space. 

In general, therefore, the overall, expansion 
ratio will be fixed in advance of the design of 
the actual chamber, since the maximum cross 
sectional area is fixed and the limitations of the 
air supply determine the cross-sectional area of 
the air inlet. Also, the outlet temperature, or al 
ternatively the ratio of the outlet temperature 
to entering air temperature, will be fixed by the 
requirements of the application in which the 
chamber is to be used. 
The prescribed outlet temperature establishes 

the overall air/fuel ratio for the chamber, based 
on the particular fuel to be used. The appropri 
ate air/fuel ratio may readily be determined by 
reference to a plot of flame temperature vs. 
air/fuel ratio for the specific fuel. 
The air/fuel ratio in the piloting stream is de 

termined by the area of the pilot inlet relative to 
the total area. The air/fuel ratio of the piloting 
stream is chosen to provide flame stability with 

leaf (see Fig.2), this transition being accom- 75 rapid flame propagation, so as to achieve maxi 






