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United States Patent Office 3,175,361 
Patented Mar. 30, 1965 

3,275,361. 
TFTURBO SETT ENGINE AN TETS BEPERATTEON 

Robert M. Schirmaer and Ellsworth H. Fromm, Bartles 
vide, Gka, assignors to Philips Petroleum Company, a 
corporation of Delaware 

Original application Aug. 5, 1959, Ser. No. 831,788. 
Diyided and this application July 27, 1962, Ser. No. 
215,762 

4 Claimis. (Cil. 60-39.69) 

This invention relates to improved turbojet engines. In 
one aspect it relates to construction of improved com 
bustors employed in turbojet engines. in another aspect 
it relates to construction of afterburners employed in 
turbojet engines. In yet another aspect it relates to a 
method for the operation of turbojet engines. 

This application is a division of our copending applica 
tion Serial No. 831,788, filed August 5, 1959, now aban 
doned. 

In the usual combustor of turbojet engines, fame is 
initiated in a stream of high velocity air. Mechanism 
must be provided to decelerate at least a portion of the 
stream of air below effective flame velocity in the com 
bustible mixture in order to pilot and to maintain a steady 
flame in the apparatus. Addition of fuel is made either 
directly to the high velocity stream of air upstream of the 
deceleration device or in the region of a quiescent zone 
downstream of the deceleration device. In such engines 
combustion is maintained in a flame tube which complete 
ly surrounds the flame and openings in the flame tube are 
provided for the addition of sufficient air for the forma 
tion of a near stoichiometric mixture of fuel and air. The 
loss of pressure in an apparatus of this type is considerable. 

in combustion apparatus commonly employed in gas 
turbine power plants it is necessary to achieve stable and 
efficient combustion of fuel and air at high rates of heat 
release in a relatively confined space through which a 
stream of air is moved at high velocity. It is desirable in 
such a combustion system that the pressure loss be as 
small as possible, that the temperature distribution over 
the cross section of flow be uniform, and that stable and 
efficient combustion be maintained over a wide range of 
fuel-air ratios and severity of inlet conditions. 
An object of this invention is to provide apparatus for 

use in turbojet engines. Another object is to provide a 
method for operating such jet engines at an extremely high 
level of thrust without overheating the turbine. Another 
object is to provide a turbojet engine operating cycle in 
which the first or primary combustor is operated in such a 
manner as to discharge combustion gases having a rela 
tively low temperature. Still another object is to operate 
the primary combustor of a turbojet engine at a sufficiently 
low temperature that turbine blades disposed immediately 
downstream of the combustor can be employed for long 
periods of operating time without deterioration or failure 
due to high temperatures. Other objects and advantages 
of this invention will be realized upon reading the follow 
ing description, which taken with the attached drawing, 
forms a part of this specification. 
We achieve these and other objects and advantages by 

operating the first or primary combustor under fuel-rich 
combustion conditions to produce sufficient energy at a 
relatively low temperature for driving the turbine and 
compressor without undue deterioration of turbine blades, 
and a second combustion chamber or afterburner posi 
tioned downstream from the turbine. The stream of 
compressed air from the compressor is divided into two 
portions, one portion being employed in the partial com 
bustion operation in the primary combustor and the other 
portion being used to complete the combustion of the ef 
fuent gases from the primary combustor in the secondary 
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combustion chamber. The major portion of the com 
bustion and thrust development takes place in the second 
ary combustion chamber. 

In the drawing, 
FIGURE 1 illustrates, in diagrammatic form, a flow 

diagram employed in the practice of this invention. 
FIGURE 2 is a longitudinal view, partly in section, of 

a primary combustor of our invention. 
FIGURE 3 is a sectional view taken on the line 3-3 

of FIGURE 2, 
FIGURE 4 is a sectional view taken on the line 4-4 

of FIGURE 2 
FIGURE 5 is a sectional view taken on the line 5-5 

of FIGURE 2, 
FIGURE 6 is a sectional view taken on the line 6-6 

of FIGURE 5. 
FIGURE 7 is an elevational view, partly in section, of 

the general structure of the turbojet power plant employ 
ing the combustor and method of our invention. 
FIGURE 8 is a sectional view taken on line 8-8 of 

FIGURE 2, 
In FIGURE 1 is illustrated broadly the method of 

operation of our jet engine. In this figure reference nu 
meral i? identifies a conduit for inlet of air to a com 
pressor 13. A portion of the compressed air is passed 
through a conduit 15 into a primary combustor 21 for the 
partial combustion of fuel therein added through a fuel 
inlet line 19. Surrounding combustor 2 is a shell 23 
which bounds the outside of an annular space 22 (FIG 
URE 2) which is separated from the combustion zone by 
wall 24. Combustion gases from the combustor 2 pass 
through a conduit 27 into a turbine 29. As is known, in 
Such engines the function of the turbine 29 is to drive a 
compressor 73 (FIGURE 7). The second portion of air 
is passed through shell 23 in indirect heat exchange with 
the combustor; in this manner the combustor temperature 
is maintained at a relatively low level while this stream of 
air is heated. The stream of air thus heated is passed 
through a conduit 25 into a secondary combustor or 
afterburner 33 into which also is introduced the effluent 
combustion gases from the turbine through a conduit 31. 
Substantially fully burned gases issue from combustor 33 
through an outlet nozzle 35 with the development of 
thrust for the engine. 
The structure of the combustor 21 and heat exchanger 

jacket, as illustrated in FIGURE 2, comprises the com 
bustor wall or shell 24 surrounded by shell 23. Shell 23 
is sufficiently greater in diameter than shell 24 to provide 
an annulus 22 therebetween for passage of air undergoing 
heat eXchange with the combustor 21. On the interior 
of the shell 24 is disposed a flow constrictor 37. This 
flow constrictor as illustrated herein is merely a short 
section of combustor wall having a smaller diameter than 
the diameter of the remainder of the combustor shell 24. 
However, this flow constrictor can be a separate annular 
element welded or otherwise rigidly attached to the inner 
wall of the shell 24. The purpose of this constrictor is 
to mix gases flowing through the combustor. 
A portion of the annular space 22 is closed by a plate 

25 at the downstream end of the combustor, the remain 
ing portion of this annular space being open, and this 
space is identified in FIGURE 8 by reference numeral 28. 
Turbine blades 77 are illustrated immediately at the out 
let end of the combustor 2. Open space 28 is an outlet 
for the portion of air passed through heat exchange an 
nulus 22. Opening 28 actually discharges into a conduit 
79 (FIGURE 7) which conducts this air from opening 
28 to the secondary combustor orafterburner 30. Con 
duit 79 is bounded by a curved plate 79a and the adjacent 
portion of the wall of shell 87. 
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At the inlet end of combustor 2 is disposed a block 
69, as illustrated. This block contains numerous open 
ings which serve purposes as follows. A recess 65 is 
provided in the surface of the block facing the interior 
of the combustor 2. A tube 47 extends from outside 
this combustor to block 69 and communicates with duct 
47a as illustrated. This tube and duct are for passage 
of a pilot fuel into the combustor adjacent a spark plug 
53 or other suitable ignition means. A conduit 49 leads 
air from upstream of the combustor through the block 
to a conduit 63 extending part way around within block 
69. This conduit or manifold is identified by reference 
numeral 63 in FIGURES 2 and 3. Several openings 55. 
are provided in block 69 to direct air from manifold 63 
into the recess 65 in a direction substantially tangential 
to the cylindrical wall of the recess. The specific posi 
tioning of these inlet openings 51 is clearly illustrated 
in FIGURE 3. A conduit 4 leads from tube 35 into 
block 69 and communicates with an annulus 43 which, 
in turn, communicates with a fuel inlet ring 45. This 
fuel inlet ring 45 is annular in shape and is intended to 
direct the fuel flowing into the combustor as an annulus 
of fuel along the inner surface of wall 24. Annulus 43 
is merely a distributor manifold for distributing fuel 
entering from conduit 45 so that fuel can be introduced 
uniformly through the entire ring 45. The shell 23 ex 
ends upstream from the inlet end of this combustor and 
serves as an air inlet duct 55. From this air inlet duct a 
portion of the air passes through conduit 49 to the tan 
gential inlet 5 for supporting combustion within the 
combustor 2. The remainder of the air from inlet duct 
55 passes into and through the annulus 22. Dispose 
in the annulus 22 are a number of vanes 57 which are 
so disposed as to direct air flowing between them in a 
helical direction in the annulus toward the outlet end of 
the combustor. The position of these vanes is best illus 
trated in FIGURES 3 to 6. It is intended that the air 
entering the annulus 22 pass through this annulus as a 
rotating helix in order to serve as a more efficient coolant. 
In case the constrictor 37 is made as a small diameter 
section of the wall 22, as illustrated in FIGURE 2, the 
enlarged space 32 serves to mix or stir the air flowing 
through the annulus 22 so as to increase the effectiveness 
of the air as a heat exchange medium. Reference nu 
meral 59 identifies the combustion gas outlet of this 
combustor. 

In FIGURE 7 the combustor is illustrated in its nor 
mal position in the general assembly of a turbojet en 
gine. It is realized that there is a plurality of combustors, 
such as combustor 21, disposed around the periphery of 
the engine, with the turbine and compressor shaft ceil 
trally located with respect to the combustors. Shell 87 
surrounds the afterburner section while shell 89 sur 
rounds the combustor section of the engine. The com 
bustor wall 24 is illustrated as showing the constrictor 
37. Wall 23 is spaced from the combustor 24 to provide 
the heat exchange annulus 22 as hereinbefore described. 
Air inlet duct 55 is illustrated as being a passage for air 
from compressor 73 to the inlet end of the combustor. 
Reference numeral 7s identifies the air inlet end of the 
engine. Tubular rings 33 and 85 conduct fuel and pilot 
fuel, respectively, from a source or sources not shown, 
to the respective fuel inlet pipes 39 and pilot fuel inlet 
tubes 47. 

In the operation of the apparatus hereinabwe described 
it is intended that all of the fuel burned in the engine 
shall be added through pilot tubes 47 and fuel pipes 39 to 
the primary combustors. As mentioned hereinbefore, 
the fuel from pipe 39 flowing through conduit 41, an 
nulus 43 and fuel inlet ring 45 enters the combustor as 
an annulus of fuel flowing longitudinally downstream in 
the combustor along its inner wall. The air for combus. 
tion of this fuel is introduced through openings 51 which, 
as mentioned, are so positioned in block 69 that the air 

5 

0 

20 

30 

40 

45 

50 

55 

60 

65 

70 

A 
enters the combustor substantially tangentially to the 
cylindrical wall 57 of the recess 65 and from this recess 
the helically flowing air flows toward the Gutlet end of 
the combustor. Combustion takes place at the shear 
surface between the annulus of fuel and the rotating helix 
of air. In this manner combustion is quite complete as 
regards the air and only a small amount of oxygen re 
mains by the time the gases reach constrictor 37. Còn 
passing through this constrictor the gases are rapidly and 
thoroughly mixed so that by the time the gases reach the 
outlet end 59 of the combustor there is substantially very 
little free oxygen remaining. At this point in the com 
bustor it is desired that substantially all of the free oxy 
gen be consumed so that free oxygen will not be present 
at the combustion outlet temperature because turbine 
blades made of material most suitable for turbine service 
deteriorate at high temperatures in the presence of free 
oxygen. Thus, by making certain that substantially all 
of the free oxygen is removed from the gases before they 
contact the turbine blades, the blades are useful for ex 
tended periods of service. Furthermore, the constrictor 
37 assists in mixing all of the gases passing through the 
combustor in order that the gases issuing from the com 
bustor will be at a relatively uniform temperature. As 
will be realized in the combustor upstream of constrictor 
37 the interface between the annulus of fuel and the helix 
of air is the highest temperature area. The temperature 
of this interface is considerably higher than along the axis 
of this portion of the combustor. Thus, by use of the 
constrictor 37 the gases are mixed for substantially con 
plete consumption of the free oxygen and for providing 
uniform temperatures. Deterioration of the turbine 
blades is reduced to a minimum. 

Only sufficient air is introduced into this primary com 
bustor to provide sufficient combustion for the production 
of only sufficient energy for operating the turbine. By 
employing a fuel-to-air ratio in this primary combustor of 
from about 2 to 6, preferably about 4, times the stoichio 
metric ratio of fue to air for complete combustion, sub 
stantially no carbon is laid down in this combustor. The 
inner walls of the combustor and the turbine blades are 
thus maintained clean as regards carbon deposition. The 
portion of air passed through annulus 22 for heat ex 
change purposes, as mentioned hereinbefore, passes on 
into the secondary combustor to complete the combus 
tion of the fuel entering the secondary combustor from 
the primary combustors. The gases produced by the par 
tial combustion in combustors 21 are still highly com 
bustible and serve as the fuel for the secondary com 
bustor of the engine. The over-all stoichiometric fuel 
to-air ratio is approximately 1. 

In the following example a stable operation was ob 
tained employing the type of combustor illustrated in 
FIGURE 2 by using a fuel-air ratio to approximately 3.7 
times the stoichiometric ratio of fuel to air for complete 
combustion at a mass rate of flow of 125,000 pounds of 
air per hour per square foot of combustor cross section. 
A typical exhaust gas from such a combustor operated 
tinder these conditions employing normal hexane as a 
fuel is as follows: 

Component: Volume percent 
H2------------------------------------- 6.9 
CO ------------------------------------ 15.6 
CO2 ----------------------------------- 2.9 
O2 ------------------------------------- 2.7 
N2 ------------------------------------- 63.6 
CH4 ----------------------------------- 4. 
C2H6 ----------------------------------- 1.2 
C24----------------------------------- 2.5 
C2) ----------------------------------- 0.5 

As will be noted, the combustible constituents of this com 
bustion gas, and particularly the hydrogen, carbon mon 
Oxide, and acetylene, are constituents which have extreme 
ly rapid rates of flame propagation. The production of 
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these gases in the partial combustion area of our engine 
promotes flame stability in the complete combustion area, 
i.e., the secondary combustor. As mentioned hereinabove, 
there is no build-up of coke or carbon on the walls of 
this combustor. Pyrolytic carbon was not formed at 
the conditions of operation of this combustor. 

In this example normal hexane was the fuel which 
yielded the combustion gases as given, but it is realized 
that any suitable fuel can be used. 

Although the combustion apparatus of our invention 
is primarily employed in continuous combustion type gas 
?turbine power plants, including auxiliary as well as jet 
engine power plants, the combustion apparatus is not 
limited to these applications but can also be employed 
in furnaces or similar oil burning installations employed 
for other purposes. Since substantially no pyrolytic car 
bon is produced by the operating conditions herein illus 
trated because of the high combustion efficiencies ob 
tained, the combustion apparatus is particularly adapted 
for use in congested urban areas where air pollution due 
to smoke, smog, etc., is a problem. The apparatus can 
also be employed for carrying out chemical reactions in 
volving combustion. 

If desired, a second turbine can be employed following 
the afterburner in ground installations for more nearly 
complete utilization of the power of the engine. How 
ever, in such an installation a second compressor Would 
be required following the blades 77 of the primary tur 
bine. 
While certain embodiments of the invention have been 

described for illustrative purposes, the invention obviously 
is not limited thereto. 

That which is claimed is: 
1. A combustor comprising, in operable combination, 

an elongated flame tube open at its downstream end, a fuel 
inlet means adjacent the upstream end of said flame tube, 
said fuel inlet means having an opening near the inner 
wall of said flame tube and being adapted to admit an an 
nulus of fuel in a downstream direction along the inner 
periphery of said flame tube, means for admitting air ad 
jacent said upstream end of said flame tube, this latter 
means being adapted to introduce air as a helix along the 
axis of said flame tube and within said annulus, an outer 
elongated tube disposed concentrically around said flame 
tube in such a manner as to provide an annulus therebe 
?tween, the upstream end of said outer tube extending in 
an upstream direction beyond the upstream end of said 
flame tube, a plurality of vanes in this latter annulus 
intermediate the outer periphery of the inlet end of said 
flame tube and the adjacent inner wall of said outer tube, 
the axes of said vanes being mutually parallel and dis 
posed as helices in said annulus intermediate said tubes, 
a segment of said annulus intermediate said tubes being 
open and the remainder of said annulus being closed at 
the downstream ends of said combustor, and an annular 
constriction around the inner surface of said flame tube 
intermediate its ends and downstream from the point of 
initial contact of said fuel and said air in said fiame tube, 
said segment of said annulus being adapted for passage of 
gas from said annulus. 

2. A combustor comprising, in operable combination, 
an elongated flame tube open at one end, a closure at 
the other end, an annular groove in the face of said clo 
Sure facing the interior of said fame tube, a conduit ex 
tending through said closure and communicating with said 
groove for passage of fuel to said groove, said closure 
having a recess in said face, said recess being concentric 
with and having a smaller diameter than the diameter of 
said groove, said recess having an enclosing sidewall and 
a closed end intermediate said face and the end of said 
closure opposite said face, means in said sidewall for ad 
mission of a gaseous oxidant as a helix along the axis 
of said fame tube, a conduit extending through said 
closure and communicating with this latter means for 
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6 
passage of said gaseous oxidant to Said latter means, an 
ignition means extending through the closed end of said 
recess, a conduit in said closed end terminating adjacent 
said ignition means for introduction of pilot fuel, an outer 
elongated tube disposed concentrically around said flame 
tube in such a manner as to provide an annulus therebe 
tween, the upstream end of said outer tube extending 
in an upstream direction beyond the upstream end of Said 
flame tube, a plurality of vanes in this latter annulus inter 
mediate the outer periphery of the inlet end of said flame 
tube and the adjacent inner wall of said outer tube, the 
axes of said vanes being mutually parallel and disposed 
as helices in said annullus. intermediate said tubes, a seg 
ment of said annulus intermediate said tubes being open 
and the remainder of said annulus being closed at the 
downstream end of said combustor, and an annular con 
striction around the inner surface of said flame tube inter 
mediate its ends and downstream from the point of initial 
contact of said fuel and said air in said flame tube, said 
segment of said annulus being adapted for passage of gas 
from said annulus. 

3. A combustor comprising, in operable combination, 
an elongated flame tube open at its downstream end, a 
fuel inlet means adjacent the upstream end of said flame 
tube, said fuel inlet means having an annular groove open 
to the interior of said fame tube in such a way as to 
admit an annulus of fuel in the downstream direction 
along the inner periphery of said flame tube, an annular 
conduit having an annular opening, said annular groove 
having an annular opening opposite the interior of said 
flame tube, the annular opening of said annular conduit 
being in unobstructed cominuinication with the annular 
opening of said groove, a second conduit communicating 
with said annular conduit for passage of fuel thereto, said 
annular conduit being adapted to distribute fuel uni 
formly from said first conduit to said annular groove, 
means for admitting air adjacent said upstream end of 
said flame tube, this latter means being adapted to intro 
duce air as a helix along the axis of said flame tube and 
within said annulus, an outer elongated tube disposed con 
centrically around said flame tube in such a manner as 
to provide an annulus therebetween, the upstream end of 
said outer tube extending in an upstream direction beyond 
the upstreatin end of said flame tube, a plurality of vanes 
in this latter annulus intermediate the outer periphery of 
the inlet end of said flame tube and the adjacent inner 
wall of said outer tube, the axes of said vanes being mu 
tually parallel and disposed as helices in said annulus in 
termediate said tubes, a segment of said annulus interme 
diate said tubes being open and the remainder of said 
annulus being closed at the downstream ends of said com 
bustor, and an annular constriction around the inner sur 
face of said flame tube intermediate its ends and down 
stream from the point of initial contact of said fuel and 
said air in said flame tube, said segment of said annulus 
being adapted for passage of gas from said annulus. 

4. A combustor comprising, in operable combination, 
an elongated flame tube open at its downstream end, a fuel 
inlet means adjacent the upstream end of said flame tube, 
said fuel inlet means having an opening near the inner 
Wall of said fame tube and being adapted to admit an 
annulus of fue in a downstream direction along the inner 
periphery of said flame tube, means for admitting air 
adjacent said upstream end of said flame tube, this latter 
means being adapted to introduce air as a helix along the 
axis of said flame tube and within said annulus, an outer 
elongated tube disposed concentrically around said flame 
tube in such a manner as to provide an annulus therebe 
tween, the upstream end of said outer tube extending in 
an upstream direction beyond the upstream end of said 
flame tube, a plurality of vanes in this latter annulus in 
termediate the outer periphery of the inlet end of said 
flame tube and the adjacent inner wall of said outer tube, 
the axes of said vanes being mutually parallel and disposed 
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as heices in said annuis interrimediate said ttbes, a Seg 
ment of said annulus intermediate said tubes being open 
and the remainder of Said annulus being closed at the 
downstream ends of said combustor, an annular con 
striction around the inner Surface of said fame tube inter 
mediate its ends and downstream from the point of initial 
contact of said fuel and said air in said fans tube, said 
segment of said annulus being adapted for passage of gas 
from said annulus, said annular constriction being a sec 
tion of said flame tube having a smaller inside diameter 
and a smaller outside diameter than the remainder of the 

flame tube thereby providing air enlarged annual space 
adjacent the otterwall of said flame tube at the position 
of said constriction. 
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