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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

RESEARCH MEMORANDUM 

EXPERIMENTAL INVESTIGATION OF TAIL-PIPE-

BURNER DESIGN VARIABLES 

By W. A. Fleming) E. William Conrad) and A. W. Young 

SUMMARY 

The results of several experimental tail-pipe-burner investi
gations conducted at the NACA Lewis laboratory during the past few 
years are summarized to indicate the effects of tail-pipe-burner 
design variables on the performance and operating characteristics. 
Numerous tail-pipe-burner configurations were investigated, many of 
which formed orderly series that permitted studying the effect of a 
single design variable. Most of the configurations were investigated 
over a wide range of altitudes and flight Mach numbers. 

The data presented indicate the effect of changes in the principal 
design variables on tail-pipe-burner performance and, within the limits 
of present knowledge) indicate the desirable design features of a tail
pipe burner that will operate with high combustion efficiency and 
exhaust-gas temperature up to an altitude of approximately 50)000 feet. 

INTRODUCTION 

The advent of tail-pipe burning for thrust augmentation of turbojet 
engines has introduced many new problems in turbojet - engine research. 
One of these problems is to determine the effects of tail-pipe-burner 
design variables on the burner performance and operating characteristics. 
Designers of tail-pipe burners have been handicapped by a lack of 
specific information that would aid in selecting suitable burner 
dimensions) flame-holder geometry and size) diffuser shapes) exhaust 
nozzles) fuel systems, and ignition systems. As a result, designers 
have often had to resort primarily to trial-and- error experiments based 
on a meager background of combustion research . 
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The following requirements must be considered in designing a 
tail-pipe burner for a given application: 

l. Maximum thrust 5. Minimum size 

2. Maximum operable range 6. Low internal-pressure losses 

3. High combustion efficiency 7. Adequate cooling 

4. Minimum weight 8. Good control 

Each of these requirements conflicts with one or more of the others 
and the relative importance of each varies with the particular burner 
application. Maximum thrust, operable range, and combustion effi
ciency would logically be obtained under optimum conditions for com
bustion; that is, when the velocity of the gas entering the combustion 
zone is low, when there are suitable sheltered regions in which the 
initial phases of combustion can be sustained, and when the combustion 
chamber is sufficiently long to permit completion of combustion before 
the gases leave the exhaust nozzle. On the other hand, minimum weight 
and size require a burner of small diameter, which will increase the 
gas velocity, or a short burner length, which will reduce the time avail
able for combustion of the mixture within the burner. Low internal
pressure losses require a good diffuser design, low gas veloCities, and 
the smallest possible f lame holder. Provision for cooling requires 
additional weight and may result in some performance loss. Good control 
requires a dependable ignition source and a satisfactory continuously 
variable exhaust nozzle, which poses a formidable problem in regard to 
cooling and ejector performance. 

In order to provide information that would assist designers in 
selecting the proper configuration to satisfy these burner requirements 
for a particular application, a research program on tail-pipe burning has 
been in progress at the NACA Lewis laboratory. Experimental investiga
tions have been conducted on several types of engine with numerous tail
pipe-burner configurations. Some of the results are presented in refer
ences 1 to 8. Many of the burner configurations formed orderly series 
that demonstrated the effect of changing a single design variable, and 
most of the configurations were investigated over a wide range of simu
lated altitudes and flight speeds. 

Data obtained in the altitude wind tunnel with a representative 
number of these configurations are summarized in this report to show as 
clearly as possible the effect of several design variables on the perform
ance characteristics of the tail-pipe-burner arrangements investigated, 
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and to point out the desirable features in the design of a tai l -pipe 
burner. The variables discussed are flame-holder design, fuel distri
bution, burner-inlet velocity, combustion-chamber length, tail-pipe 
cooling, tail-pipe diffusers, variable-area exhaust nozzles, and 
ignition systems. Over-all performance of a tail-pipe burner that 
included a number of the desirable design features is also shown. 

APPARATUS 

Installation 

All of the investigations reported herein were conducted with 
axi al-flow-type turbojet engines installed on a wing section in the 
altitude wind tunnel. A typical engine and tail-pipe-burner instal
lation is shown in figure 1. Dry refrigerated air was provided to the 
engine through a duct from the tunnel make-up air system. This air 
was throttled from approximately sea-level pressure to the desired 
pressure at the compressor inlet, while the static pressure in the 
tunnel was so maintained as to correspond to the desired altitude. 
The duct was connected to the engine by means of a slip joint with a 
labyrinth seal that permitted engine thrust measurements to be made 
with the tunnel scales. 

Burner Configurations 

A typical tail-pipe burner is shown in figure 2 to illustrate 
the location of the burner components . The fuel injectors were located 
in the diffuser section . Sheltered regions for seating the flame were 
provided by the downstream end of the diffuser inner body and by the 
flame holders, which were installed from 3 to 6 inches behind the 
diffuser inner body. The tail-pipe combustion chambers were cylindri
cal, except for one series of configurati ons, and were approximately 
4 feet in length, except for those cases in which the effect of 
combustion- chamber length was being investigated . For most recent 
investigations , variable - area exhaust nozzles of the clamshell type 
were used; however, most of the configurations discussed herein were 
investigated with a fixed coni cal exhaust nozzle with the area selected 
to give approximately limiting turbine- outlet temperature when operating 
with an exhaust-gas temperature of 30000 to 35000 R. An internal liner 
was installed in some of the burner confi gurations to provide cooling 
of the outer shell . This l iner extended the full length of the burner 
section and to within about 2 inches of the exhaust - nozzle outlet. 
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Two types of fue l injector shown in figure 3 were used. 
The injectors consisted of flattened radial spray tubes which injected 
the fuel in impinging jets or in solid jets directed normal to the 
tail-pipe gas f l ow. Fuel injectors of these types were selected 
becau s e it was felt that they would provide the desired fuel and a ir 
mixtures with a minimum obstruction in the diffuser passage. In 
addition) such spray tubes can be quickl y constructed or modified 
without machining operations) permitting convenient control of fuel 
and a ir di stribution) and requiring no internal fue l manifold. With 
t he first type of spray tube (fig. 3( a )), fuel was injected through 
impinging jets that provided a flat spray at fue l -supply pressures as 
l ow as 20 pounds per square inch. With the second type of spray tube 
(fig . 3(b)), fuel was injected in solid jets normal to the direction of 
gas f l ow. The fue l used in the tai l -pipe burners was unleaded gasoline, 
conforming to specification AN-F-48b, grade 80 ) and the fuel used in the 
engines conformed to specification AN-F-32. 

The large number of flame holders u s ed in the investigations can 
be grouped into five general types. Four of the flame-holder types, 
i llustrated in figure 4) comprised a two -ring V-gutter type flame 
holder , a r adi al-gutter type flame holder, a semitoroidal type f l ame 
holder) and a stage-type fue l - cooled f lame holder. These types of flame 
holder were u s ed in conjunction with the f lame seat at the downstream 
end of the inner cone. The fifth f lame-holder type comprised only the 
inner-cone f lame seat) which i s referred to as the pilot cone. 

The two -ring V-gutter f lame holders consisted of two annular 
gutters joined together by four r adial gutters. Flame holders of this 
type were designed to provide good coverage of the combustion-chamber 
area without allowing f lame to seat near the burner shell. The radial
gutter f l ame holder cons i sted of a single annular gutter from which a 
number of r adial gutter s extended both toward the center of the burner 
and toward the outer shell . This type of f lame holder was designed to 
block approximately the same area as the two-ring V-gutter flame holders 
and at the same time to offer a maximum perimeter from which vortices 
and circulation could emanate. The s emi toroidal flame holder consisted 
of a s ingle ring having a semicircular cross section with the arc 
upstream and the downstream s ide clo sed . This f l ame holder b l ocked 
approximately 0 . 60 as much area as the two-ring and r adial -gutter flame 
holders and consequently caused less pressure l oss. 

The s t age-type fuel-coo~ed f lame holder wa s designed to produce 
burning in three stages ) with each downstream ring part l y immersed in 
f lame from the preceding ring. Thi s f lame holder was cooled by fuel 
supp l ied to each of the rings through the mounting tubes. The fuel was 
then injected into the gas stream through orifices located at the 
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l eading edge of the rings . Preliminary experiments indicated the 
desirability of locating the largest of the three rings upstream. 
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With the order of the r i ngs reversed, that is, with the large ring 
downstream, not only wa s the burning l ength for the large ring less, 
but the blocki ng effect of the small forward rings forced the air flow 
toward the outer shel l and thereby increased the gas velocity in the 
region of the l arge ring, where it was already highest. 

The pertinent dimensions and details of the configurations 
di scussed herein are given in t able I . These configurations are con
s idered representative of the l arge number of configurations investi
gated . 

PROCEDURE AND INSTRUMENTATION 

Each configuration was evaluated over a range of altitudes and 
f l ight Ma ch numbers a t r a ted engine speed . Because a variab l e - area 
exhaust-nozzl e that woul d withstand extended periods of tail -pipe 
burning wa s not ava i labl e at the beginning of the program, fixed-area 
exhaus t-nozzl es were used to investigate the des ign variables. A 
variabl e - area exhau st-nozzle wa s used in the l ater phases of the pro
gram to determine the over - all performance of a burner that included 
a number of the desirabl e design feature s . In order to make the data 
generally appl icabl e, the operating conditions of the tai l -pipe burners 
are expres s ed in terms of burner-inl et total pressure, total tempera 
ture , and vel ocity . At each simulated f l ight condition, the burner 
was operated over a r ange of t a il-pipe fuel - air r atios from approxi
matel y l ean bl ow-out to the fuel - air r atio that gave limiting turbine
outl et tempera ture . Ta i l -pipe fuel -air r atio is defined as the ratio 
of t a i l -pipe fuel f l ow to unburned a ir f l ow entering the tai l pipe, 
assuming complete combustion of the engine fue l (equation (8), appendix). 

The tail- pipe burners were instrumented at the location shown in 
figure 5 . A comprehens ive total -pressure and temperature survey was 
made at the turbine outlet with four to s ix rakes, depending on the 
particul ar engine inst allation. Static pressure wa s mea sured at the 
burner inlet with four wall orifices , and a water - cooled survey rake 
wa s instal led at the exhaust -nozzl e outlet to mea sure total and static 
pressures . Air flow was determined from a survey of total pressure, 
tota l temperature, and s t atic pres sure a t the engine inl et. Engine and 
t a i l -pi pe fue l f l ows were indivi dually mea sured with calibrated rotam
eters . The manner in which tail - pipe burner per forma nce was calcula ted 
from the se measurement s i s discussed in the appendix . 
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RESULTS AND DISCUSSION 

Burner-Inlet Conditions 

Typical variations of burner-inlet total pressure, total tempera
ture, and velocity with tail-pipe fuel-air r atio during operation with 
a fixed-area exhaust nozzle are shown in figure 6 for several altitudes 
and two flight Mach numbers. Burner-inlet total pressure s and tempera
tures are considered equal to the values measured at the turbine outlet. 

At a given altitude and flight Mach number, an increase in tail
pipe fuel-air ratio resulted in a rise in burner-inlet total pressure 
and total temperature accompanied by a slight reduction in burner
inlet velocity. An increase in altitude or reduction of flight Mach 
number at a given tail-pipe fuel-air ratio lowered the burner-inlet 
total pressure and raised the burner-inlet velocity. For some other 
engines, a variation in flight conditions had no appreciable effect 
on burner-inlet velocity. Because the variation of burner-inlet total 
temperature with altitude and flight Mach number i s primarily dependent on 
the tail-pipe combustion efficiency, the trends of burner-inlet tempera
ture with altitude and flight Mach number shown in figure 6 are not 
general for all configurations . 

The exhaust-nozzle area for each series of configurations was 
chosen, as mentioned previously, to give limiting turbine - outlet tempera
tUre when operating at exhaust -gas temperatures of 30000 to 35000 R. 
At low tail-pipe fuel-air ratios, therefore, where the turbine- outlet 
temperature was 2000 to 4000 F below the limiting value, the combustion 
efficiencies obtained may be lower than those obtainable with a 
variable-area exhaust nozzle that would permit operation at limiting 
turbine-outlet temperature for all tail-pipe fuel-air ratios. Perform
ance near limiting turbine-outlet temperature was unaffected, however, 
and comparison of trends of the data obtained with each series of burner 
configurations having the same exhaust-nozzle area is valid. 

In the succeeding figures, the maximum fue l - air ratio represents 
operation at approximately l imiting turbine-outlet temperature with the 
particular size exhaust-nozzle used, and the minimum fuel-air ratio 
represents operation near the lean blow-out limit . Except where other
wise noted, the burner operating conditions in the succeeding figures 
are expressed as the range of burner-inlet pressures and the average 
burner-inlet velocity between these fuel-air r at io limits . 

-I 
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Flame Holders 

Effect of flame - holder arrangement . - In the des i gn of a tail
pipe burner, flame -holder des i gn is one of the primary factors to be 
considered . study of this design variable included an evaluation 
of a large number of flame holders having different geometries and 
b l ocked area s . The performance of seven configurat i ons ( series A and 
B, t able I ) are summarized in figure s 7 to 9 to i ndicate the effect 
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of f l ame -holder des ign on burner performance . The four series A 
f l ame holders were investigated in a 29 - inch-diameter t ail-pipe burner 
having an inl et velocity of approximately 420 feet per s econd, and the 
three series B f l ame holder s were investigated in a 32 - inch- diameter 
burner ( i nstalled on a different engine ) with burner- inlet velocities 
from 425 to 515 feet per second. 

Becaus e of the difference in burner - inl et velOCity, compari sons 
between the da t a of figures 7 and 8 are not val id; however, comparisons 
of the dat a within either figure may be made to indicate the effect of 
f l ame -holder type on combustion efficiency. At burner- inl et total 
pressures of 2500 to 3400 pounds per square foot (fig . 7( a )) the peak 
combustion efficiencies obtained with the four types of f l ame holder 
were withi n about 0 . 05 of ea ch other . It is noted that the peak 
efficiency with the stage-type fuel - cooled flame holder occurred at 
a t ail-pipe fuel - air r atio of approximatel y 0 . 029, wherea s the peak 
efficiency of the other f l ame holder s occurred at tai l -pipe fuel- air 
r atio s in the region of 0 . 04. Thi s trend wa s more apparent in da t a 
not incl uded , which showed tha t the combustion efficiency of the fue l 
cooled f l ame hol der r apidl y decreased in compar ison with those of the 
other f l ame hol der s at fue l - a ir r atios above approximately 0 . 035. Thi s 
decreas e in combustion efficiency wa s probabl y due to fue l being 
injected cl ose to the gutters, thereby producing a stoichiometric mix
ture in tha t region a t relativel y low over-all t a il -pipe fuel - a ir 
r atiOS, whereas for the other flame holder s fuel wa s more uniformly 
di stributed at a s t ation s ome distance up stream. The r apid decrease 
in combustion efficiency above a t a i l -pipe fue l - air ratio of 0 . 035 
pr ec l udes operation of the fuel - cooled type of flame holder at high 
fue l - a ir r atios with high exhaust-ga s temperature . 

When burner-inl et total pressure wa s reduced, corresponding to 
operation a t higher altitudes, the effect of flame -holder design became 
more apparent . Reducing the burner - inlet total pressure to va l ues 
between 400 and 600 pounds per square foot (fig. 7(b )) slightly lowered 
combustion efficiency of the two- r i ng V- gutter type f l ame holder , 
markedl y l owered combus tion efficiency of the semi tor oi dal flame holder , 
and resul ted in a very weak f l ame with attendant low combustion effi 
ciency for t he pilot- cone flame holder . Combustion was not obta inable 
with the fue l - cool ed flame holder at thes e pressures . 
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The combustion efficiencies obtained with the configurations 
operated at burner-inlet velocities of 475 to 515 feet per second 
(fig. 8) were similarly reduced as burner-inlet pressure was lowered. 
At inl et pressures between 1275 and 1400 pounds per square foot, 
the two-ring V-gutter had the highest combustion efficiency and the 
pilot-cone f lame holder had the lowe st. 

During operation at burner-inl et pressures between 425 and 
525 pounds per square foot, a sudden rise in combustion efficiency some
times occurred from a l ow to a considerably higher l evel , and the 
two-ring V-gutter and the r adi al - gutter {lame holders could be 
operated over a r ange of fuel- air r at ios at two levels of combustion 
efficiency, as shown in figure 8(b). This phenomenon is explainable 
from observations of the f lame through a periscope; these observations 
indicated that immediately following a start at l ow burner-inl et 
pressures with low tail-pipe fuel - air r atios , the flame seated only 
on the pil ot cone with the r adial-gutter f l ame holder inst alled, and 
on the pilot cone and inner ring of the f lame holder with the two-ring 
V-gutter type f lame holder installed. As the t a i l -pipe fue l - air ratio 
was increas ed, with an attendant rise in burne~-inlet temperature and 
pr essure, conditions for combustion were progressively improved until 
the flame propagated outward to the remaining f l ame-holder surfaces, 
re sulting in a marked improvement in combustion efficiency. With the 
f lame then seated on the entire f lame holder, it was possible to reduce 
t a i l -pipe fuel - air r atio to relativel y low values at the higher 
combustion-efficiency level . Such operation at the higher efficiency 
level and reduced tail-pipe fuel-air ratios probably resulted from the 
higher burner-inlet temperature and pressure and the beneficial effects 
of the hot metal surfaces of the flame holder and the burner liner. The 
pilot-cone flame holder was inoperative at burner-inlet pressures 
between 425 and 525 pounds per square foot. 

Performance of the several flame-holder types is compared in 
figure 9, in which the variation of peak combustion efficiency with 
burner-inlet total pressure is shown for each flame holder. As indi
cated by these data, higher combustion efficiencies were obtained with 
the two-ring V-gutter type flame holders having a blocked area of about 
30 percent than with any other type investigated, particularly at the 
lower pressures. At low altitudes corresponding to burner-inlet 
pressures above approximately 2000 pounds per square foot, combustion 
efficiency was not greatly affected in most cases by flame-holder type. 
As might be expected, the pilot-cone flame holder having the same fuel 
system used with each of the other flame holders (except the fuel-cooled 
flame holder) had the lowest combustion efficiency at all altitudes. 
Nevertheless, flame holders having low blocked area, such as the pilot
cone or semi toroidal flame holders, may be most suitable for .installa
tions requiring tail-pipe burning only at take-off or at low ·altitudes. 
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With such an installation,the slight sacrifice in combustion efficiency 
at these operating conditions may be outweighed by the reduced tail-pipe 
pressure losses during the remainder of the flight with the burner 
inoperative. It should be noted that as the burner-inlet total pressure 
was raised above approximately 2200 pounds per square foot, a slight 
reduction in combustion efficiency occurred with some of the flame 
holders. The reason for this reduction is not fully understood, 
although it is attributed to a change in the fuel-air ratio distribution 
with altitude as a result of the variation in fuel injection pressure 
and turbine-outlet flow distribution. 

Effect of gutter width and gutter angle . - With the two-ring 
V-gutter type flame holders, which were shown to have higher combustion 
efficiencies than the other flame holders investigated, it has been 
found that gutter s ize and gutter angle affect the performance and 
operating limits . In several investigations at the Lewis laboratory, 
it has been observed that V gutters measuring l! to 2 inches across 

2 
the open end had significantly higher combustion efficiencies and 
higher altitude operating limits than smaller gutters . An isolated 
investigation with a 3-inch gutter indicated no further improvement in 
performance. 

The effect of gutter angle on combustion efficiency, shown in 
figure 10, was investigated by operating a tail-pipe burner with three 
different two-ring annular V-gutter flame holders which were identical 
except for the included angle of the gutters. Annular V gutters having 
included angles of 200 } 350 , and 500 were used for the three flame 
holders} with the width across the open end of the gutters maintained 
at l~ inches; consequently each blocked approximately 30 percent of the 
combustion-chamber cross - sectional area . At burner - inlet total pressures 
of 1275 to 1475 pounds per square foot (fig. 10(a)),variation in gutter 
angle had only a slight effect on combustion efficiency, but at inlet 
pressures of 425 to 525 pounds per square foot (fig. lO eb)) the com
bustion efficiency with a 500 gutter angle was considerably below that 
with the other two gutter angles . For most conditions,the highest 
efficiencies were obtained with a 350 gutter angle. These data are 
summarized in figure 11, in which variation in peak combustion effi
ciency with gutter angle is shown . The gutter angle giving the highest 
combustion efficiencies decreased from approximately 350 to 250 as the 
average burner-inlet pressure was reduced from 1400 to 500 pounds per 
square foot . The decrease in combustion efficiency that accompanied 
a reduction in burner-inlet pressure became more pronounced as the 
gutter angle was increased. 
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The data thus far presented have indicated that at low burner-inlet 
pressures the best performance characteristics can be obtained with a 
two-ring V- gutter type flame holder having a gutter angle of 250 to 350 , 

a blocked area of 30 percent of the combustion- chamber area, and measur
ing lt to 2 inches across the open end of the gutters. This general 
flame-holder arrangement was selected for the investigation of the other 
tail-pipe burner variables discussed in this report . 

Fuel Distribution 

After a flame holder has been selected, it is necessary to establish 
the fuel distribution that will give maximum combustion efficiency . 
Because maximum combustion efficiencies at high fuel-air ratios can be 
expected with a perfectly homogeneous mixture, the attainment of maximum 
exhaust-gas temperature, which requires high efficiency at approximately 
stoichiometric fuel-air ratio, would require that fuel be so injected 
that the air and fuel mixture is uniform across the burner. Attainment 
of such a mixture requires that the fuel distribution across the burner 
be tailored to each engine, because the velocity profile near the tur
bine outlet, and consequently at the burner inlet, differs from one 
engine make or model to another. Some typical velocity distrtbutions, 
measured near the turbine outlet of three different engines, are shown 
in figure 12 . In general, the velocities were highest near the outer 
wall of the tail-pipe diffuser and decreased near the inner wall, 
requiring a corresponding radial variation in fuel distribution to 
obtain a uniform fuel and air mixture. 

Another factor taken into account in selecting the fuel distri
butions used in this investigation was the provision of a layer of 
fuel-free gas at the burner inlet for the purpose of cooling . Part of 
this layer passed between the liner and the burner shell and part along 
the inner wall of the cooling liner. Further refinements in tail-pipe 
cooling techniques may obviate the need for such a layer of fuel-free 
gas along the inner wall of the liner . 

Effect of radial fuel distribution. - The effect of radial vari
ations in fuel distribution on tail-pipe performance is summarized by 
the data obtained with two series of injector configurations that were 
progressively altered to give more nearly homogeneous fuel-air ratio 
distributions. Location of the fuel-injection orifices for these con
figurations i s shown in figures 13 and 14, which are drawn to scale , 
and the performance with these locations are compared in figures 15 and 
16. For one series of configurations (fig. 13), fuel was injected into 
the annular diffuser through 12 streamlined spray tubes, similar to those 
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i llustrated in figure 3) located loi inches upstream of the flame 

holder. Injection of fuel f a irly close to the inner cone with these 
two configurations resulted in a rich fuel - air mixture at the center 
of the burner. This rich zone was found desirable for providing a 
stable f lame on the pilot cone. For the other series of configura
tions , a conical diffuser was inserted between the outlet of the 
annular diffuser and the burner inlet. The fue l injectors (fig. 14) 
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were installed in the conical diffuser 2~ to 2~ inches upstream of 
the flame holder. This slight difference in mixing length among the 
three configurations of s eries E was cons idered to have no s ignificant 
effect on the performance. With this series of configurations , fuel 
wa s injected through 20 conical spray nozz l es for configuration El 
and through 20 streamlined spray tubes for configurations E2 and E3. 
With the D series of configurations (fig. 13), the gas velocities were 
highest near the outer wall of the diffuser, whereas, with the E s eries 
(fig . 14), the highe st vel ocities were near the center of the flow 
passage due to flow separation at the juncture of the annular and 
conical diffuser sections. 

Progressively altering the inj ectors for both series of con
figurations so as to obtain a more homogeneous fuel and air distri
bution raised the peak combustion efficiency at each burner-inlet 
pressure and shifted the region of peak combustion efficiency to a 
higher fuel-air ratio (figs. 15 and 16). Both factors contributed 
to the attainment of higher exhaust-gas temperatures. The improved 
performance at high fuel-air ratios was obtained, however, with 
a sacrifice in combustion efficiency at the low fuel-air ratios. 
Thes e trends indicate the necessity of a dual fue l -injection system 
if high combustion efficiencies are required over a wide r ange of fuel
air r atios . Such a dual injection system should provide l ocally rich 
mixture s in the region of the flame-holder gutters for low fuel- a ir 
r atio operation and a uniform mixture for high fuel- air r atio operation. 

Effect of direction of fuel injection. - In order to determine 
whether the direction in which the fuel was injected into the gas 
s tream by the spray tubes had any effect on combustion efficiency, fue l 
wa s injected in an upstream direction, a downstream direction, and from 
either side of the spray tubes normal to the direction of flow. The 
resul ts obta ined (fig . 17) indicated no apparent effect of the direction 
of fue l injection on combustion efficiency. Absence of any effect i s 
indicative of poor penetration of the fue l jets injected ups tream or 
normal to the gas f l ow because of the high stream ve l ocity. A relatively 
large number of spray tubes may therefore be required to obtain circum
ferential uniformity of di stribution. 
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Effect of IDlxlng length. - It was felt that increasing the mixing 
length between the fuel injectors and the flame holder, thereby allow
ing more time for vaporization of the fue l , mi~ht improve combustion 
efficiency. The effect of so increasing the fuel mixing length from 

171 to 2~ inches is shown in figure 18. At burner-inlet total pres-
2 2 

sures of 1200 to 1425 pounds per square foot, the peak combustion effi
ciency was raised only about 5 percent by this increase in mixing length; 
however, at burner-inlet total pressures of 450 to 525 pounds per 
square foot,the peak combustion efficiency was raised 35 percent, indi
cating the desirability of long mixing lengths, particularly at low 
burner-inlet pressures. 

Burner-Inlet Velocity 

The detrimental effect that high vel ocities have on combustion 
efficiency is recognized. Uncertainty has existed, however, concerning 
what velocities might be considered high for a tail-pipe burner and how 
serious high inlet velocities are. In order to investigate the effect 
of burner-inlet velocity, three cylindrical tail-pipe combustion chambers 
4 feet long and 2S, 32, and 34 inches in diameter, respectively, were 
successively installed on an engine. Ea ch combustion chamber included 
a two-ring V-gutter flame holder that blocked 27 to 30 percent of the 
combustion area and had a gutter width of approximately l~ inches. All 
configurations were operated with the same exhaust -nozzle area. In 
addition, the 29-inch-diameter burner configuration was operated on 
another engine of different design. Data for three of these configura
tions with inlet velocities from 420 to 555 feet per second are shown 
in figure 19. 

Within the accuracy of the data, no significant change in com
bustion efficiency was caused by increasing burner-inlet velocity from 
420 to 510 feet per second, except a t low t a i l -pipe fuel-air ratios. 
At low inlet pressures, however, the combustion efficiency was con
siderably reduced when burner-inlet velocity was further increased to 
560 feet per second . Although the performance data are not available, 
operation with the fourth configuration at burner - inlet velocities 
slightly above 600 feet per second was possible at inlet pressures as 
low as approximately 900 pounds per square foot. Combustion appeared 
to be unstable at this condition and no operation was possible with 
this inlet velocity at a burner-inlet pressure of 600 pounds per 
square foot. 

The effect of inlet velocity on tail-pipe burner performance is 
summarized in figure 20, in which the varia tion of peak combustion 
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efficiency and total -pressure-loss r atio with burner-inl et velocity are 
shown for s everal inl et pressures . These data show that at l ow burner
inlet pressures, maximum combustion efficiencies were obtaineQ when the 
burner-inl et vel ocity did not exceed 450 to 500 feet per second. At 
a given burner-inl et vel ocity, the difference in momentum pressure loss 
between high and l ow burner-inl et total pres sures was apparently within 
the a ccuracy of the da t a , permitting over-all total-pressure-loss r atio 
to be represented by a singl e curve . In addition to the reduction in 
combustion efficiency with increa sed burner-inlet vel ocity, there wa s 
an appreciable ri se in tota l -pressure-loss r atio . This increa se in 
total -pressure- l os s r atio with increased burner-inlet velocity would 
be refl ected in a l ower augmented thrust for a given exhaust-gas 
temperature. Also, with the burner inoperative, the attendant rise in 
friction pressure loss would reduce the availab l e thrust. It is there
fore des irable from considerations of both combustion efficiency at 
high altitude and pressure los s to maintain burner-inlet velocity as 
low as pos sibl e. 

At high burner-inl et pressures, corresponding to operation at sea 
l evel or at l ow altitudes and high flight speeds, low-frequency flash
back into the diffuser or high-frequency screaming combustion sometimes 
occurred . Operation with s creaming combustion has resulted in very 
severe pres sure pulsations that caused damage to the burner. In some 
instances the flame seated in flow- s eparation regions on the diffuser 
inner cone or on the l ee side of the struts , thereby immers ing the flame 
holder in flame and causing it to burn out. These problems may be 
aggravated in burners designed to operate at low inlet velocities, 
inasmuch as low velocities near the diffuser exit are conducive to 
flashback . Methods of eliminating flashback or screaming combustion 
are not yet available; however, improved diffuser design may relieve 
these conditions_ A dual fuel-inj ection system may also be required 
to optain the advantage of upstream inj ection for high-altitude opera
tion and to reduce the tendency for flashback by injection near the 
flame holder at low altitudes. Burning on the lee side of the struts 
has been eliminated by shortening the chord of the struts and so 
relocating the fuel injectors tha t fuel was injected downstream of the 
strut trailing edges. 

Combustion- Chamber Length 

The effect of combustion-chamber l ength on tail -pipe combustion 
efficiency, shown in figure 21, was investigated by using nominal 
lengths of 2, 4, and 6 feet in otherwise identical burner configura
tions . These burners were 32 inches in diameter, included a two-ring 
V-gutter flame holder, and were operated at burner -inlet vel ocities of 
470 to 525 feet per second . At inlet pressures of 1300 to 1450 pounds 
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per square foot, only slight reductions in combustion efficiency resulted 
from decreasing the length from 6 to 4 feet, whereas at inl et pressures 
of 425 to 575 pounds per square foot, this reduction in burner length 
lowered peak combustion efficiency 33 percentage points. A further 
reduction in length to 2 feet decreased the peak combustion efficiency 
approximately 11 percentage points at inlet pressures of 1300 to 1450 
pounds per square foot, and at inlet pressures of 425 to 575 pounds per 
square foot the peak combustion efficiency was only 11 percent. 

The effect of combustion-chamber length on peak combustion effi
ciency and total-pressure-loss ratio is shown in figure 22. At burner
inlet total pressures from 1350 to 2150 pounds per square foot, an 
increase in burner length from 2 to 4 feet resulted in an increase in 
peak combustion efficiency of approximately 11 percentage points. A 
further increase in burner length from 4 to 6 feet produced only slight 
additional improvements in combustion efficiency. At burner-inlet total 
pressures from 425 to 525 pounds per square foot, however, where the 
combustion efficiency was only 11 percent with a 2-foot burner l ength, 
increases in nominal burner length from 2 to 4 feet and from 4 to 6 feet 
raised the combustion efficiency to 25 and 58 percent, respectively. 
As would be expected, total -pressure-loss r at io rose only slightly, 
apprOximately 0.006, as combustion-chamber length was increas ed from 
2 to 6 feet . The increase in t ail-pipe combustion efficiency tha t can 
be obtained by lengthening a combustion chamber will therefore be 
accompanied by only a negligible l os s in augmented and unaugmented thrust. 

Ta i l -Pipe Cooling 

In attempts to obtain maximum thrust and consequently maximum 
exhaust - gas temperature with t a i l -pipe burning, cooling of the tail
pipe shell and the exhaust nozzle becomes an important consideration. 
One method of cooling the tai l -pipe shell is to provide a layer of 
unburned gases at approximately turbine-outlet temperature along the 
ins i de of the burner shell . Such a l ayer of relatively low-temperature 
gases can be obta ined by so distributing the fuel and positioning the 
f lame holder tha t no burning take s place near the outer wall. This 
method of cooling is satisfactory when maximum thrust augmentation is 
not required, such as operation with a center-pilot or single ring 
flame holder. For operation at maximum obta inable exhaust-gas tempera
tures, particularly at high altitudes where the fuel i s injected well 
upstream of the f lame holder to obtain improved combustion efficiency, 
control of- fuel di stribution so as to keep the burning away from the 
outer shell was difficult . In such cases, the exhaust nozzle and the 
downstream portion of the burner shell often became overheated. 
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I t wa s fe l t that a solution to thi s problem might be inst allation 
of a liner i ns i de the burner shell, a s shown in f i gure 2, with a small 
r adial space between the liner and the shel l through which gas at 
approximately turbine - outlet temperature could be di rected . Severa l 
such liners wer e investigated i n a t a i l -pipe burner 4 feet in l ength 
incorporating a conical exhaust nozzle . Operation with several liners 
having r adia l spa cings of 1/ 2 to 1 inch between the l iner and the 
burner shell, and extending upstream 2 to 4 feet from the burner outlet 
indicated that most effective cooling was obtained with a liner extend
ing from the burner inl et to wi thin 2 inches of the exhaust-nozzle 
out l et a nd h aving a r a dial s p a cing between the l iner and burner shell 
of approximately 1/ 2 inch . A radial spacing of less than 1/ 2 inch 
apparently would be satisfactory from cooling consi derations , but 
structural considerations of t he installation dictated this dimens ion 
as a practical minimum. 

Typi cal t a i l -pipe burner - shell and l iner temperatures measured at 
the downstream end of the burner are compared with exhaust-gas tempera
ture in figure 23. The liner extended from the burner inlet to within 
2 inches of the exhaust - nozzl e outl et with a r adial space of 1/2 inch 
between the l iner and burner shell. Approximately 6 percent of the 
t a i l -pipe gas f l owed through the r adial spa ce . Because a fixed- area 
exhau st nozzle was u s ed) turbi ne - out l et temperature increa sed with 
exhaust - gas temperature ; the resul t s are therefore presented as 
functions of turbine - outlet temperature. As exhaust - gas temperature 
was increased to 2900 0 R, with an attendant rise in turbine-outl et 
temperature to 16800 R, temperatures of the burner shell and burner 
l iner rose to 14600 and 2120° R, respectively . Although the downstream 
portion of the inner l iner reached tempera tures at which the metal 
strength was greatly reduced) the l ow s tress on the l iner precl uded 
r apid fai l ure . 

Later investigations at exhaust-gas temperatur es up to 3500° R 
with a cooling liner extending the full length of a tai l -pipe burner 
and fixed portion of a variable - area exhau st nozzle i ndicated that 
sufficient cooling wa s pr ovided to prevent any porti on of the outer 
shell from exceeding a temperature at whi ch it glowed a dull red in 
darkness . Metal temperatures were not mea sured during these later 
investigations; however , it wa s observed that during such operation the 
inner l iner appeared to be at a yellow heat for a few inches upstream 
of the exhaust - nozzl e outlet . This cooling liner , which is shown in 
figure 24, was still in satisfactory condition after approximately 
40 hours of operation over a range of conditions) including a number of 
runs at exhau st-ga s temperatures between 30000 and 35000 R. 
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Particular attention must be given the method of supporting such 
a liner because of differential expansion between the liner and the 
burner shell, and because over a portion of the liner a higher pres 
sure exists in the cooling passage than in the burning region. After 
investigating several methods of support , it was found that the use 
of interlocking , longitudinal stringers along the burner shell and 
inner liner, as indicated in fi gure 24 , vlas most satisfactory. This 
arrangement maintained the liner at the proper distance from the burner 
shell, yet permitted di fferential expansion in both the longitudinal 
and circumferential directions . Because the longitudinal forces on 
the liner were in the rearward direction, the liner vlas prevented from 
shifting longitudinally in the burner shell by the convergence of the 
exhaust nozzle . 

It should be pointed out there there was some heat transfer from 
the tai l-pipe burners to the external air stream, which varied in 
tempera~ure from 00 to 1000 F and flowed over the burner shell at 
velocities of 25 to 75 feet per second . In addition , there was some 
radiation to the tunnel wall. Therefore, although the results indi 
cate ~~at an inner liner will provide adequate shell cooling for an 
exposed installation operating at exhaust - gas temperatures up to 
35000 R, it is possible that some external cooling may also be 
required when the burner is enclosed in a shroud or a nacelle . 

I gnition Systems 

I gniting the mixture of fuel and ai r in the tail- pipe burner has 
proved to be a troublesome problem. TYro of the many arr angements of 
spark plugs and pilot fuel nozzles that have been used are shown in 
fi gure 25 (a). One ignition system consisted of a very small ram jet 
located just ahead of the main flame holder . The ram jet had its ovm 
inlet diffuser , fuel nozzle , spark plug , and flame holder, and was 
intended to send a jet of flame back to the main flame holder . A 
number of different modifi cations of this arrangement proved com
pletely unreliable . Another arrancement consisted of a spar k plug 
located in a depress ion at the end of the diffuser inner cone . The 
spark plug was used to i gnite fuel supplied to the pilot region by 
a separate nozzle i n the pilot zone or fuel supplied from the main 
fuel - spray tubes . This system was effective up to altitudes of 
30,000 to 40 , 000 feet ,.,hen the spark plug operated but it was diffi 
cult to maintain high-voltage insulation inside the tail pipe . vfuen 
the i gnition system did not operate, the stand-by method of i gni.ting 
the tail-pipe burner fuel was a rapid acceler ation of the engine, 
".,hich resulted in a burst of fle.me into the tail pipe. This method 
proved effecb.ve but is not good operating procedure. 
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The most satisfactory scheme for igniting the tail- pipe-burner 
fuel was an o~tgrowth of the use of engine accelerations for ignition. 
Hith this scheme (fig . 25 (b)), as soon as fuel was introduced into 
the tail- pipe burner, additional fuel was injected into one of the 
engine combustors for 1/2 to 5 seconds in sufficient quantity to 
approximately double the fuel-air ratio in that combustor. The momen
tary rich mixture in the combustor produced a streak of flame in the 
tail pipe sufficient to i gnite the tail-pipe burner fuel; hence the 
names "hot - streak" or "hot-shot" by ,{hieh it is known. The location 
at which the additional fuel is injected does not appear to be impor
tant . In some installations the flow through one of the main engine 
fuel nozzles was momentarily increased, and in other installations 
the fuel was injected either in a solid jet from an orifice or from 
a spray nozzle directed through a hole midvray down the combustor liner. 

Dependable ignition with a number of tail-pipe burner configura
tions has been obtained with this system at altitudes up to 53,000 feet . 
As many as 100 to 300 starts have been made on each of several engines 
using this system for 1/2- to 5-seconds duration . As a result of the 
thermal lag of the metal surfaces momentarily exposed to the ignitor 
flame, there has been no sign of damage to the engines on which it was 
used. Use of the hot-streak i gnitor at this laboratory has been con
fined to engines having can-type combustors; however, satisfactory 
operation has been obtained elsewhere with engines having annular-type 
combustors. 

With the use of specification AN-F-58 fuel in tail-pipe burners, 
consistent autoignition has been obtained at turbine -outlet tempera
tures above 11500 F at an altitude of 25,000 feet and at approximately 
13000 F at 50,000 feet . With one burner, the fuel- air ratio required 
for i gnition in this manner was approximately 0.01 at an altitude of 
25,000 feet and above 0.03 at an altitude of 50,000 feet. Similar 
trends were obtained with another burner, although autoignition could 
be obtained with a slightly lower fuel - air ratio at an altitude of 
50,000 feet. Ignition under these conditions is possible because of 
the relatively low surface-ignition temperature of specification 
AN- F- 58 fuel, 4950 F . The fuel previously used almost exclusively 
in tail-pipe burners at the Lewis laboratory, unleaded gasoline con
forming to specification AN- F- 48b, has a surface ignition tempera
ture of 5700 F. Autoignition was not obtained with AN-F-48b under 
the minimum conditions at which AN- F- 58 ignited. Further experience 
with autoignition of specification AN-F- 58 fuel is necessary to deter
mine whether there are any objectionable characteristics of this 
ignition scheme such as explosive ignition. 
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Tail- Pipe Pressure Losses 

One factor of importance in selectine a tail-pipe-burner design 
is the loss in unaugmented thrust. This loss is induced by increased 
total-pressure losses across the tail-pipe burner and by reductions 
in effective nozzle-velocity coefficient. The effect of tail-pipe 

P4-P6 
total-pres sure-loss ratio ~ on the ratio of unaugmented net 

thrust with no tai~-pipe total-presuure losses is sho,'ll in £igure 26 
for several values of effective nozzle-velocity coefficient. These 
results, ,vhich were calculated for an altitude of 30,000 feet and a 
fli ght Mach number of 0.8, are based on performance values of current 
engines operating at normal rated cruise conditions. As shown in fig
ure 26, an increase in total-pres sure-loss ratio of 0 . 05 results in a 
loss in net thrust of approximately 2.5 percent, and a decrease in 
velocity coefficient of 0 . 05 results in a net-thrust loss of approxi
mately 7 percent. Calculations for other flight speeds and altitudes 
indicate that the results are affected only slightly by changes in 
fli ght conditions. As fli ght Mach number is increased, the effect 
of velocity' coefficient on the thrust ratio increases slightly and 
the effect of pressure loss remains about the same. As altitude is 
i ncreased, the effect of these variables on the thrust loss is 
decreased slightly. 

Variable-Area Exhaust Nozzles 

One of the items required for efficient thrust modulation of a 
tail-pipe burner is a continuously variable-area exhaust nozzle. At 
the present time one of the most promising is the clamshell-type nozzle. 
The tvro most important considerations in designing a clamshell nozzle 
are its efficiency in producing thrust and its durability. High effi
ciency can be obtained by using a nozzle having a planar outlet and by 
eliminating leakage between the fixed and movable portions of the 
nozzle, as discussed in reference 9. Durability can be obtained by 
providing cooling , by designing the nozzle so that it does not warp 
or jam, and by providing adequate sealing between the movable and 
fixed portions of the nozzle. 

Several clamshell-type continuously variable-area exhaust nozzles 
of different designs have been used on tail-pipe burners at this 
laboratory . Four of the nozzles that have been used are shown in 
figure 27 ; nozzles A and B were commercialyy designed, and nozzles C 
and D are of NACA desi gn. Nozzles A, B, and C were sealed by thin 
spring metal strips welded to the fixed portion of the nozzles and 
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making contact v1i th the movable lips . For nozzle D, the movable lips 
retracted into the space between the outer shell and cooling liner of 
the nozzle. Sealing was provided by Inconel braid attached to the 
outer surface of the movable lips . 

\~en closed or partly closed the outlet of nozzle A was non
planar, which resulted in considerable spreading of the jet parallel 
to the major axis of the outlet . As a result, considerable thrust 
l oss ilas encount ered \·l i t h this nozzl e a s compared ,vi th tha t for a f ixed 
conical nozz l e (reference 9). In addition, warpage and inadequate 
sealing were encountered with this nozzle. After a few minutes of 
operation 'tTi th tail-pipe burning, it became impossible to operate the 
movable lips because of warpage of the nozzle. 

For nozzle B, which had a planar outlet in both the open and 
closed positions, and for which the sealing was improved over that of 
nozzle A, the effective velocity coefficient was approximately the 
same as that of a fixed conical nozzle (fi g . 28(a)). The effective 
velocity coefficient is defined as the ratio of thrust measured with 
the tunnel balance to thrust calculated from rake measurements obtained 
a short distance upstream of the outlet of the fixed portion of the 
exhaust nozzle. Although the effective velocity coeffi cient is 
slightly higher than the velocity coefficient obtained in the usual 
manner from pressure measurements at the nozzle inlet , it is felt that 
the difference is small . Other work indicates that nozzle velocity 
coefficients are primarily dependent on the manner in which the jet 
leaves the nozzle exi t, therefore, because the differences in nozzle 
geometry between the fixed- and variable - area nozzles occur downstream 
of the survey plane , the comparisons are considered valid . When the 
pressure ratio across the exhaust nozzle was subcritical, below 
approximately 1.8, the effective velocity coefficient was lmvest near 
the intermediate nozzle position. where the outlet was nonplanar. At 
supercritical pressure rat i os , nozzle position had no apparent effect. 
This nozzle was used for approximately 8 hours of tail-pipe-burning 
operation without structural failure . For a given presuure ratio 
across the exhaust nozzle, the thrust was considerably higher ,nth 
nozzle C than with nozzle A, and was nearly as high as with a conical 
nozzle (reference 9 ). Nozzle C also provided reasonably good sealing 
and was undamaged after 40 minutes of tail-pipe burning. 

Nozzle D, vlhi ch was designed to provide sealing between the fixed 
and movable portions of the nozzle in a relatively cool region, is most 
most promising with respect t o j.nstallat i on in a nacelle or fuselaGe 
stTucture where space is limited in the region of the exhaust nozzle. 
Effective velocity coeffi cients for this nozzle and a fixed conical 
nozzle are compared in fi gure 28 (b). Although scatter of the data 
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prevent accurate determination of the effecttve velocity coefficients, 
the mean value at each pressure ratio appears to approximate that of 
the fixed conical nozzle. Unlike the other nozzles , sealing between 
the fixed and movable portions of this nozzle is not essential 
because any leakage flow passing betvleen the fixed and movable por
tions is exhausted in a rearvard direction. Warpage of the cooling 
liner near the nozzle outlet occurred after approximately 1 hour of 
operation vri th tail- pipe burning; hOvlever, considerably longer life 
should be obtainable by improved design of the cooling- liner support 
in the exhaust-nozzle section. 

Diffusers 

Because turbine-outlet gas velocity is for most engines \-lithin 
the range shown in fi gure 14, the flov must be diffused to approxi
mately half of the turbine-outlet velocity to obtain acceptable burner 
performance and operation. Design of the tail-pipe diffuser to obtain 
maximum pressure recovery is therefore important in minimizing losses 
in both augmented and unaugmented thrusts. The task of efficient dif
fusion is usually complicated by a radial velocity gradient at the 
turbine outlet and by the requirement that a minimum length be used 
for diffusion. 

Variation of the over- all friction total-pressure- loss ratio vith 
corrected engine speed m.easured vith the burner inoperative is shovm 
in fi gure 29 for a tail-pipe burner having two different diffusers 
installed. The diffuser having the long inner cone was used in config
ura t i on 31 for vhich over-all performance data are presented . A tvTO 

ring V- gutter flame holder blocking 30 percent of the cross-sectional 
area vas installed in the burner . Also included in figure 29 are the 
friction total- pressure-loss ratios for the standard engine tail pipe , 
the friction total-pres sure - loss ratios for one of the diffuser-
burner combinations \-lith no flame holder installed, and sketches 
shoving the lines of the diffusers and standard engine tail pipe. 
The areas of both diffusers increased gradually at the forward end 
where the velocities vlere highest , and the inner cones follovTed the 
same lines to the station at vhich the area ratio was 1.3, after whi ch 
the short cone had a much more rapid area change than the long cone. 
Area ratio is defined as the ratio of the flow area under considera
tion to the inlet flow area . The over-all area ratio of the diffusers 
was 2.10, which gave an average burner-inlet velocity of 465 feet per 
second at rated engine speed. The diffuser configurations and the 
standard engine tail pipe were used with an exhaust nozzle that per
mitted operation at approximately limiting turbine-outlet temperature 
at rated engine speed vith no tail- pipe burning . 
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Comparison of the data for the two configurations with the flame 
holders installed indicates that shortening the inner cone and enlarg
ing the pilot zone at the end of the inner cone raised the over- all 
total- pressure- loss r atio at 97 . 5 per cent of rated speed from 0.046 to 
0 . 053 , whi ch corresponds t o a net - thrust reduct i on of less than 
0.5 per cent . Hith the flame holder removed from the burner having t he 
short cone diffuser, the t otal - pressure - los s ratio at r ated speed was 
lowered to 0.031 , which was approximately the same as for the standard 
engine tail pipe . Although installation of the burner in place of the 
standard tail pipe had a negligible effect on the tail- pipe pressure 
losses , install ation of the f lame holder r aised the total- pressure - loss 
ratio of the diffuser-burner combination by 0 . 02 with an attendant 
reduction in net thrust of about 1 . 0 percent. 

Typical Performance Characteristics 

The over- all performance of a tail- pipe burner including a number 
of the desi rab le design features thus f ar di scussed was obtained from 
reference 7 and is shovm i n fi gure s 30 and 31 for altitudes of 25,000 
and 45 , 000 feet and several fli ght Mach numbers . Details of the 
burner, I'Thi ch included a V- gutter type f lame holder, r adial spray 
tubes, a continuously var iable- area exhaust nozz l e, and a cooling 
liner, a r e given in table I (configur at ion Jl) . The maximum tail-pipe 
fuel- air ratios repr esent operation near limiting turbine- outlet tem
perature "lith the var i able - area exhaust nozzle completely opened, 
except at fli ght Mach numbers above 0 . 59 at an altitude of 25 ,000 feet 
vrhere overheating of the burner shell occurred, and at f l i ght Mach 
numbers E,bove 1. 08 at an al t i tude of 45 , 000 feet 'vhere maintaining 
the test condi tions became exceedingly di f fi cult . The minimum tail
pipe fuel - a i r r atios at each fli ght condition are vTell above the 
lean blovr- out l imi t . 

At each altitude and tail - pipe fuel-air r atio , the increases in 
turbine- outlet pressure that a ccompanied increases in fli ght Mach 
nwnber raised. combustion efficiency and thereby increased exhaust - e;as 
temper ature . At a given fuel - air r atio , the augmented thrust rat i o 
also increa sed ilith f light Mach number . At an altitude of 25 , 000 feet 
and fuel - air r atios above 0 . 045, fli ght Mach number had no apparent 
effect on specific fuel consumption; at an altitude of 45 , 000 feet, 
hovrever , the spec i fic fuel consumption ,.;as reduced a s flight Mach num
ber vTaS increased . Peak combustion efficiencies occurred at tail- pipe 
fuel- ai r r at ios betlveen 0 . 04 and 0 . 05 and decreased only sliGhtly at 
hi Gher fuel - air r atj,os . The t rends of exhaust - ga s temperature and 
augmented thrust r at io therefore i ndicate that further increases in 
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augmented thrust would be obtained .nth a larger exhaust nozzle , which 
,vauld permit operation at higher fuel - air ratios . Peal~ combustion 
effi ciency decreased from approximately 0 . 88 to 0 .71 as burner-inlet 
total pr essure Vias reduced from 2254 to 772 pounds per square foot . 
A further reduct i on in inlet pressure to 592 pounds per s quare foot 
Im'lered the peak efficiency to 0 . 58 . The hie;hest exhaust - gas tem
peratures obtained vith this configuration were approximately 35000 R 
at an altitude of 25 , 000 feet and 33000 R at an altitude of 
45 , 000 feet, loTi th corresponding combustion efficiencies of approxi 
mately 0 .78 and 0 . 71 . 

Typical Operating Limits 

The lean blmf- out limit shmm in figure 32 for a tail - pipe burner 
oper ating at a fli ght Mach number of 0 . 19 indicates the typical lean 
limi t encountered i>li th a series of tail-pipe burners incorporating the 
desirable desiGn features previously dis cussed. These burners vlere 
similar t o configuration Jl for vhi ch per formance data are pr esented, 
having slight variations in flame- holder and fuel - injector locations . 
Adjustment of the variable -area exhaust nozzle permitted the lean 
blmV'- out limits to be obtained vThile operating near limiting turbine 
t emperature . lm j.ncrease in altitude raised the tail-pipe fue l - air 
ratio at vThi ch lean blovT- out occurred; operation vTaS possible , 
hovTever , at fuel - air r atios as 10'l,T as 0 . 004 at an altitude of 
15 ,000 feet and 0 . 013 at 50 , 000 feet . 

Wi th confiGurations of this type , r ich combustion bloVi-out 'faS 

not encountered . MaximuIn tail- pipe fue l - air ratio vas limited i n most 
ca ses by operation at limiting turbine temperature vith the variable
area exhaust nozzle fully opened . For some configurations, where at 
high altitudes the exhaust- Ga s temper ature reached a maximum near 
stoichiometric fuel - air ratio and no further rise 'fas obtainable at 
higher t ai l - pipe fuel - ai r ratios, operat i on was not attempted at mix
tures richer than that corresponding to the peak exhaust - ga s 
temperature . 

CONCLUDING REMARKS 

The data presented herein indicate , Viithin the limits of present 
knowledge, the selection for each de s ign var iable appearing necessary 
for a tail- pipe burner that will operate vith comb~stion efficiencies 
from approximately 85 percent at 1mV' altitudes to approximately 
75 percent at an altitude of 45 ,000 feet. Such a tail-pipe burner 
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should include a V- gutter flame holder blocking approximately 30 per
cent of the cross- sectional area, with the gutters having an included 

1 
angle of 2S0 to 3So and measuring 12 to 2 inches across the open ends. 

A sheltered region at the end of the diffuser inner cone will provide 
improved flame stability. It is desirable to have a burner-inlet 
velocity of no more than 4S0 feet per second, and a constant burner 
diameter for a distance of 4 to 6 feet downstream of the flame holder. 
Introducing the fuel as close to the turbine outlet as possible with 
a spray pattern that gives a nearly homogeneous mixture of fuel and 
a i r is extremely beneficial in raising the combustion efficiency at 
high fuel- air ratios and low inlet pressures. The design should 
include a cooling liner inside the burner shell to provide maximum 
shell cooling . In order to obtain efficient thrust modulation, a 
workable , continuously variable - area exhaust nozzle is offered by 
the clamshell desi gn ~Ti th either external or internal eyelids. 
Finally, a hot - streak i gnitor installed in one of the engine combus
tors will provide dependable tail- pipe -burner i gnition. 

For t nstall ati ons requiring tail - pi pe burning only at take -off 
or at low altitudes , the burner design requirements are modified. 
Flame holders such as the pilot-cone flame holder or a single- ring 
flame holder , blocking lS to 20 percent of the burner cross - sect i onal 
area, may be most sui table because of the 10"l-T- pressure - loss charac
teristics ,-Then the burner is inoperative . Also , less emphasis need 
be placed on burner- inlet velocity, burner length , and fuel 
distribution . 

LeHis Flie;ht Propulsion Laboratory, 
National Advisory Committee for Aeronautics, 

Cleveland, Ohio 
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APPENDIX - CALCULATIONS 

Symbols 

cross-sectional area, sq ft 

balance scale force, lb 

effective vel ocity coefficient, ratio of scale jet thrust to 
rake jet thrust 

external drag of installation, lb 

drag of exhaust -nozzl e survey rake, lb 

jet thrust, lb 

net thrust, lb 

cceleration due to gravity, 32 .2 ft/sec 2 

total enthalpy, BtU/lb 

enthal py of fuel components in products of combustion, Btuilb 

lower heating value of fuel, Btu/lb 

total pressure, lb/sq ft 

static pressure, lb/ sq ft 

universal gas constant, 53 . 4 ft - lb/ lb oR 

total temperature, ~ 

static temperature, oR 

velocity, rt/ sec 

we i ght f low, lb/ sec 

r atio of specific heats for gases 

combusti on effi ciency 

. I 
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p density, slugs/cu ft 

Subscripts : 

a air 

e engine 

f fuel 

g gas 

m fuel manifold 

t tail-pipe burner 

x inlet duct at slip joint 

0 free-stream conditions 

1 engine inlet 

4 turbine outlet 

5 burner inlet 

6 exhaust-nozzle outlet 

Methods of Calculation 

Exhaust-gas temperature. - Exhaust-gas total temperature was 
calculated from the tail-pipe rake pressure measurements and the mass 
gas flow through the tail-pipe burner using the concept of flow con
tinuity, where 
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(2) 

Combustion efficiency., - Tail-pipe combustion efficiency i s 
defined as the ratio of enthalpy rise through the tail-pipe burner to 
heat content of the tail-pipe fuel, disregarding dissociation of the 
exhaust gas . 

Tlb,t (3) 

Because differences in turbine-outlet instrumentation among the 
several engines used resulted in varying accuracy of the turbine - outlet 
temperature measurement, the enthalpy at the turbine outlet was 
expressed as 

( 4) 

assuming complete combustion in the engine combustor . The enthalpy 
at the exhaust-nozzle outlet can be expressed as 

(5) 

The enthalpy of the fuel components in the products of combustion H'f,6 
was determined from the hydrogen-carbon ratio of the fuels by the method 
explained in reference 10 . Substituting equation (4) and (5) into 
equation (3), and thereby crediting the tail-pipe burner only for the 
enthalpy rise due to the tail-pipe fuel gives 

= Wa (Ha ,6 - Ha,l) - Wf,e hc,e + (Wf,e + Wf,t) (H'f,6 - Hf,m) ( 6) 

Wf,t hc,t 
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Burner - inlet velocity . - Velocity at the burner inlet was calcu
lated from the expression for flow continuity using the static pressure 
measured immediately upstream uf the flame holder and assuming no 
total-pressure or total- temperature chauge between the turbine outlet 
and the burner inlet . 

( 7) 

Tai l-pi pe fuel-air ratio . - Tail -pipe fuel -air ratio is defined 
as the weight ratio of tail-pipe fuel flow to unburned air entering the 
tail-pipe burner . In obtaining the following equat i onJ complete com
bustion of the engine fuel was assumed: 

(f \ = ___ W_f-,J:.....t-:-__ 
\:. A 3600 W WfJe 

a - 0 . 067 

(8) 

The value of 0 . 067 is the stoichiometric fuel- air ratio for the fuel 
used . 

Augmented thrust . - The augmented net thrust was calculated by 
subtracting the free - stream momentum of the inlet air from the jet 
thrust of the installation . 

( 9) 

Complete free - stream total pressure recovery was assumed at the engine 
i nlet . 

The jet thrust used in this equation was determined from the 
balance scale measurements in the following manner: 

(10) 
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The last two terms in the equation represent momentum and pressure 
f orces on the installation at the slip j oint in the inlet-air duct . 
The external drag of the i nstallation D was determined over a range 
of test-section veloc i ties with a blind flange installed at the engi ne 
inlet to prevent a i r flow through the engi ne . A calibrated balance 
p i ston was used to measure the drag of the exhaust-nozzle ou tlet 
rake Dr' 

Standard engine thrust. - The standard engine net thrust was cal
culated in the same manner as the augmented net thrust . 

F· -J, e 
WaVO 

g 
(11) 

The jet thrust obtainable with the standard engine at rated engine 
speed was calculated from measurements of turbine - outlet total pressure, 
total temperature, and gas f low obtained during tail- p i pe burning opera
tion. 

(12) 

Experimental data from previous operation of the engine indicated that 
the total -pressure loss across the standard-engine tail pipe between 
stations 4 and 6 was approximately 0.032 P4 at rated engine speed; 
therefore, PI6 = 0.968 P4' The coefficient Cj was determined from 
calibration of the engine with a standard tail pipe and fixed conical 
exhaust nozzle. 
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TA BLE I - SUMMARY OF' CONFIGURATION DETAILS 

[Values of par'l:lmster under investigation indi c ated by br8ces ~ 

Series Con- Combustion Flame holder Pllot - Fuel system Refer-
f1g- chamber cone ence 
ur8 -

Diamoter Length Type Blocked Included Refer- diamete r Location Number Direction figure 
tlan 

(In. ) flame .. areas gutter ence (In. ) (in . fo r- of of spray holder 
leading (percent) angle flBure wa:-d of spray 

:~:u;~-
(deg) flame tubes 

nozzle 
holder) 

inlet 
(ft- 1n . 

A Al 29 3'1~" r"" } 29 35 6 ~ l~ 12 Side 4 
Somitoro l dal 19 lq 12 Side A2 --

I 
A3 PIlot cone 0 -- 7 12 Slde 
A4 Fuel cooled 59 35 0 -- Forward 

B Bl 32 3 1 1~1I r"" J 
30 35 7 14 17~ 12 Side 

17~ B2 Radial gutter 29 35 

~ 53 Pilot cone 0 --

C C1 32 3'1~ " 2 -r1ng V 30 

{~~} 
8 17~ 12 Side I 

C2 
C3 

D D1 29 3 ' 1~" 2- rlng V 22 35 8 l~ 12 Aft 13 

D2 

E E1 -- b4 ' ll~" 2 - ring V 22 35 2~ c20 Aft 14 

E2 -- 2~ 
E3 --

F' F'l 29 311~" 2 -rin8 V 23 35 ~ l~ 12 rt 

} 

4 
F'2 Side 
F3 Forward 

G G1 32 3 Il~" 2-rin8 V 30 35 14 l7~} 12 Side 

G2 2~ 

H Al 

{~;} 
3 1 1~" 2 - rlng V 29 35 s.l; 1~ 12 Aft 

4 

H2 28 8 17~ Side 

H3 30 
H4 2 7 

I 11 32 l ll ~' 2- ring V 30 35 14 17~ 12 Side 

12 3 1 1~" 
1" 

13 5'102 

J J1 32 4 's" 2 -rl ng V 30 35 8 27~ 12 Side 1 ~- ----- -

SBased on combustion-.chamber croslS- sectional area. 

bPlame holder mour.ted 1n diffuser . 

c Conical s pray noz :l.l elS . 

J:.xnsust -
nou.le 

diameter 
(in . ) 

2~ 

2~ 

2~ 

20ft 

2~ 

I 2~ 

I 
2~ 

2~ 
2~ 

2~ 

Variable 

8S0 2 

Remarks 

Fuel-spray bars at 
same axial locatIon; 
pilot cone ~ In .. up-

stream of flame holder 

Fuel spray bars at S8me 
axial locatIon; pilot 
cone 12 In. upstream 
of flame holder 

tad ial fuel - SPr&j 
pattern varied 

eue1-Spray pattern J 
varied; converging 
combustion chamber 

I 

~ 
-

(N 
o 

~ o 
;t> 

~ 
t.:z:J 
(J1 

~ 
C\l 
C\l 
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Figure 1 . - Typical installation of engine with tail- pipe burner in a ltitude wind tunnel. 
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DIFFUSER FUEL INJECTORS 

COMBUSTION CHAMBER 
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SHELL 

FLAME HOLDER 
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Figure 2. - Cutawa y view of a typical tni l-pipe burner. 

LINER 

NACA 

~ 
;t> 

~ 
t:z:j 
Ul 

~ 
N 

(.N 
(.N 





Diffuser wall 
It 

I diam. 
4' 

Gas 

32 

~ " j 

2058 

I Q 

f Ga s flow 
r0ICO 

t 
0 

Q 

Diffuser wall 

~ 
~ 
l:z:J 
(J1 

~ 
N 
N 

(a' Impinging j et.. ~ (b) Side spray. 

Figure 3. - Details of fuel-injector tubes. ~ 
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(a) Two-ring V-gQtter flame holder . 

(b) Radial gQtter fla~e holder . 

FigQTe 4. - Flame-holder types investigated . 
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(c ) Semi toroidal flame holder . 

(d ) Fuel- cooled flame holder . 

Figure 4 . - Concluded. Flame- holder types investigated . 
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Station 4, 
outlet 

~tation 5, 
\ burner inlet 

< 

< 

< 

< 

Station 6, cxhaust
nozzle outlet 

Figure 5. - Location of tail-pipe-burner instrumentation. 
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Figure 6. - Typical effect of tail-pipe tuel-air ratio on burner-inlet conditions. Fixed
area exhau.t nozzle. 
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Figure ~ - Effect of flame-holder design on tail-pipe combustion efficiency. 
Small pilot cone. 
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(b) Burner-inlet total pressure, 425 to 525 pounds per square foot; 
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Figure 8. - Effect of flame-holder design on tail-pipe combustio~ efficiency. 
Large pilot cone. 
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Figure 9 . - Variation of peak tail-pipe combustion efficiency with burner- inlet total 
pressure for various flame - holder types . 
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(b) Burner-inlet total pressure , 425 to 525 pounds peT square foot ; 
burner-inlet velocity, 560 feet per second . 

Figure 10. - Effect of included gutter angle on tail -pipe combustion ef~i c iency . 

Two -ring V-gutter flame holders . 
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Figure 13. - Fuel patterns used with configurations Dl and D2. 
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(a) Locations of conical spray nozzles, configuration El. 
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Figure 14. - Fuel patterns used with configijI'ations El, E2, and E3. 
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Figure 15. - Effect of radial fuel distribution on tail-pipe combustion efficiency. 
Series D configurations (fig. 13). 
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(c) Burner - inlet total pressure, 2900 to 3500 pounds per square foot; 
burner-inlet velocity, 450 to 500 feet per second. 

Figure l~ - Effect of radial fuel distribution on tail-pipe combustion efficiency . 
Series E configurations (fig. 14) . 
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Figure 24 . - Installation of liner in tail- pipe burner . 

61 

~ 
C·24818 





( 'Uel injectors 

r ~park-plug 19nit or 
) 

~-j.t '~7 

(a ) Tail- pipe systems . 

2058 

Figure 25. - Schematic diagrams of t a il- pipe burner ignition systems . 
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Figure 25. - Concluded. Schematic diagrams of tail-pipe-burner ignition systems. 
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