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SUMMARY 

An investigation of turbojet-engine thrust augmentation by 
means of tail-pipe burning has been conducted in the NACA Lewi s 
altitude wind tunnel. Results presented in this report were 
obtained with a tail-pipe burner designed for fuselage i nstallation 
in a specific airplane. Characteristic features of this tai l-pipe 
burner were a converging conical burner section preceded by a 
conical diffuser section. Three different fuel patterns and t hree 
flame holders were investigated to determine the effect of f uel 
distribution and flame-holder design on the tail-pipe-burner per
formance and operational characteristics over a range of simulated 
flight conditions. A conical fixed-area exhaust nozzle was used 
throughout the investigation. 

The most efficient burner performance and the widest r ange of 
operable fuel-air ratios were obtained with configurat i ons in which 
fuel i~jectors that gave a homogeneous distribution of the t ail-pipe 
fuel-air mixture were used with annular-V-gutter type flame holders 
blocking about 30 percent of the burner cross-sectional area. The 
tail-pipe combustion efficiency was more severely reduced by decreas
ing turbine-outlet pressure below approximately 1000 pounds per 
square foot than at higher pressures. An increase in flight Mach 
number from 0.27 to 1.OS at an altitude of 25, 000 feet and a turbine
outlet temperature of 16500 R increased the ratio of augmented to 
normal thrust from 1.43 to 1.64, with an attendant increase in 
exhaust-gaa temperature from 30300 to 32900 R and an increase in 
combustion efficiency from 0.74 to 0.89. At the same conditions, 
the specific fuel consumption increased from 2.37 at a flight Mach 
number of 0.27 to 2.43 at a flight Mach number of 0 . 65 and then 
decreased to 2.32 at a flight Mach number of 1.OS. At a flight 
Mach number of 0.27, the operable ran@6 of tail-pipe fuel-air ratios 
narrowed as the altitude was increased above 35,000 feet. The use of 
an internal cooling liner extending throughout the length of the 
burner section provided adequate shell cooling at all flight con
ditions investigated. 

J 
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INTRODUCTION 

In an extensive research program on thrust augmentation being 
conducted at the NACA Lewis laboratory, i nvestigations (references 1 
to 4) have shawn that uti l ization of the tail-pipe-burning cycle is 
a practical means of increasing the thrust of turbojet engines. As 
part of this research program, an investigation of the effect of 
tail-pipe-burner design variables on burner performance and 
operation over a wide range of simulated flight conditions was 
conducted in the Lewis altitude wind tunnel. One phase of this 
investigation is summarized in reference 5 and another phase is 
presented in this report. 

In order to obtain information that could be applied in the 
design of tail -pipe burners, a study was made to detemine the effect 
of flame -holder design, method of fuel injection, and burner 
dimensions on the following burner ,requirements: 

1. Maximum thrust with high combustion efficiency 

2. Stable burner operation over a wide range of fuel-air 
ratios and flight conditions 

3. Adequate tail-pipe cooling 

4. Dependable starting 

5. Minimum loss in thrust with burner inoperative 

The investigations reported in references 1 to 4 were largely 
exploratory and primary consideration was given to burner requirements 
1 and 2 . The results of these exploratory investigations provided the 
necessary background for investigations in which all the afore
ment ioned burner requirements are considered. 

The performance and operational characteristics of a tail-pipe 
burner having a converging conical burner section of 29~-inch maximum 
diameter on a J35-A-5 turbojet engine were determined and are reported 
herein. The geometry of the tail-pipe burner was dictated by the 
design requirements for fuselage installation in a specific airplane. 
Three f uel systems, three flame holders, a cooling liner, and a tail
pipe ignition system were investigated in this burner with a fixed
area exhaust nozzle. With each configurat ion, data were obtained over 
a range of simulated flight conditions and tail-pipe fuel-air ratios. 
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Comparative data are presented to show the effect of fuel dis
tribution and the type and the size of flame holder on tail-pipe 
burner efficiency and exhaust-gas temperature. Data are presented 
to show the performance variation with altitude and flight Mach 
number for the configurations investigated that had the highest 
combustion efficiency. The over-all performance of these configu
rations is compared with that of a similar configuration of the 29-
inch-diameter cylindrical tail-pipe burner reported in reference 5. 
The altitude blow-out characteristics, tail-pipe shell cooling, and 
tail-pipe fuel ignition are also discussed. 

APPARATUS 

Engine 

The J35-A-5 engine used in this investigation has a sea-level 
static thrust of 4000 pounds at a rated engine speed of 7700 rpm and a 
turbine-outlet temperature of 12500 F (17100 R). At this operating 
condition, the air flow is approximately 75 pounds per second and the 
fuel consumption is 4400 pounds per hour. The over-all length of the 
engine with the standard engine tail pipe is about 15 feet and the max
imum diameter is about 3S inches. The main components of the engine 
are an II-stage axial-flow compressor, eight cylindrical direct-flow
type combustion chambers, a single-stage turbine, a tail pipe, and a 
fixed-area exhaust nozzle. The rated operating condition of the 
standard engine was obtained with a 16±-inCh-diameter exhaust nozzle. 

S 

Fuel conforming to specification AN-F-32 with a lower heating 
value of lS,550 Btu per pound and a hydroeen-carbon ratio of 0.155 
was used in the engine. Fuel conforming to specification AN-F-48b, 
grade SO, unleaded gasoline with a lower heating value of 19,000 Btu 
per pound and a hydroeen-carbon ratio of 0.lS6 was used in the 
tail-pipe burner. 

Installation 

For this investigation, the standard-engine tail pipe was replaced 
by a tail-pipe-burner assembly attached to the downstream flange of the 
turbine casing. The engine and the tail-pipe burner were mounted on a 
wing section that spanned the 20-foot-diameter test section of the 
altitude wind tunnel (fig. 1). In order to provide accessibility for 
instrumentation and mod if ication, no cowling was installed. 

-- -----
___ I 
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Engine-inlet air pressures corresponding to altitude flight 
conditions were simulated by introducing dry refrigerated air 
from the tunnel make-up air system through a duct to the engine 
inlet. Air was throttled from approximately sea-level pressure 
to the desired pressure at the engine inlet while the static 
pressure in the tunnel test section was maintained to correspond 
to the desired altitude. A slip joint with a labyrinth seal was 
used iL the duct, thereby making possible thrust and installation
drag measurements with the tunnel scales. 

Tail-Pipe-Burner Assembly 

The shape of the t a il-pipe burner discussed in t his report was 
designed to accommodate fuselage installation in a specific airplane. 
The over-all length of the engine and the tail-pipe burner "ras approx-

imately 21 feet. The tail-pips-burner assembly , 11 feet ) 7~ inches 

long) consisted of three sections: (1) a diffuser section consisting 
of an annular diffuser and a conical diffuser separated by a short 
cylindrical section; (2) a burner section consisting of a conver~ing 
conical section followed by a cylindrical section; and ( 3) a conical 
exhaust nozzle. The shell thickness was 0 . 38 inch for the diffuser 
and burner sections and 0.062 inch for the exhaust nozzle. Important 
dimensions of the assembly are shown in figure 2. The flame holder 
was located 6 inches upstream of the burner-section maximum diameter. 
The ratio of area at the plane of the flame holder to area at the 
turbine outlet was 1.65. A variable-area exhaust nozzle that would 
operate satisfactorily vrith tail-pipe burning was unavailable at the 
time of the investigation; a conical exhaust nozzle vrith a fixed 

outlet diameter of 2~ inches was therefore used. 

Three different fuel systems and three flame holders were inves
tigated in the five configurations discussed in this report . Details 
and photographs of the fuel systems are shown in figures 3 and 4 ) 
flame-holder details and photographs are shown in figures 5 and 6. 
The combination of fuel system and flame holder used in each config
uration is presented in the follovring table: 

- j 



NACA RH E9I16 5 

Con- Tail-pipe fuel system Distance Flame Flow area 
figu- from fuel holder blocked 

ration spray to by :flame 
flame holder 
holder (percent) 

(inches) 
co 

A I - Conical spray nozzle 20~ Medium. two-V 29.1 
8 

B II - Impinging-Jet injectors 23!2 
8 

Medium two-V 29.l 

c-

C III - Impinging-jet injectors 23~ Medium two-V 29.1 
8 

D III - Impinging-jet injectors 23§ Large two-V 30.3 
8 

E III - Impinging-jet injectors 23;2 
8 

Octagonal 18.6 

Two other configurations also investigated are not discussed because 
the performance and the operational characteristics were unsatis
factory. In one of these configurations, the octagonal flame holder 
was used with fuel system I. In the other configuration, a semi
toroidal flame holder blocking 16.3 percent of the flow area was 
used with fuel system I combined with two rows of auxiliary conical 
Sp:L'uy nozzles located on the surface of the inner body of the 
annular diffuser. Each row contained 20 nozzles rated at 40 gallons 
per hour. 

Fuel-systems. - Fuel system I (fig. 3(a» consisted of a l3~-inch
diameter ring of 20 conical spray nozzles rated at 40 gallons per 
hour at a differential pressure of 180 pounds per square inch. Fuel 
system II (fig. 3(b)) consisted of a set of 20 fuel injectors each 
containing two sets of impinging jets. The jets were so located 
that a reasonably uniform fuel-air mixture could be obtained over the 
flame holder and over-heating of the burner shell could be prevented 
by keeping the region near the pheriphery essentially free of fuel. 
In fuel system III (fig. 3(c)), five of the injectors of fuel 
system II were replaced by injectors having an additional set of jets 
at the center of the burner to improve flame stability. Fuel was 
injected in the downstream direction with each system. 

Flame holders. - The three flame holders used in this investi
gation (figs. 5 and 6) are designated large two-V, medium two-V, 
and octagonal flame holders. These flame holders are identical to 
flame holders of the same designations described in reference 5. 



6 NACA RJ.\1 E9Il6 

The medium and large two-V flame holders each consisted of two 
annular-V-type gutters joined by four radial gutters between the 
annuli and supported by four radial struts secured to the tail
pipe skin. The octagonal flame holder had a semicircular cross 
section that was flat on the downstream side. This flame holder 
was designed to simulate the semi toroidal f l ame holder described 
in references 3 and 4. 

Tail-pipe-burner cooling . - In order t o provide a method of 
tail-pipe shell cooling that would be practical for fli ght instal
lation, a liner made of 0 .062 -inch Inconel was installed ins ide 
the tail-pipe-burner shell, as shown i n fi gures 2 and 6(a). The 
radial width of the space between the liner ana the burner shell 
was approximately 1/2 inch. About 6 percent of the tail-pipe gas 
flowed through this space at approximate ly turbine-outl e t t emper
ature to cool the burner shell. In conf igurations A and B, the 
liner extended from the maximum diameter, 6 inches downstream of 
the flame holder, to the exhaust-nozzle i nlet. In conf igurations 

C, D, and' E, the liner was lengthened t o extend f rom 2~ inches 
2 

upstream of the flame holder to the exhaust-noz zle inlet. More 
extensive experimental results of cooling-liner investigations, 
including methods of oonstruction, are discussed in refe rence 5 . 

Ignition system. - In order t o provide an i gnition flame for 
t he tail-pipe burner, a spark-ignition pilot burner similar t o 
one described in reference 5 was installed, as shown in fi gur e 2. 
A sheltered ignition re gi on was provided at t he downstream end of 

t he diffuser inner body by a semispherical depression 6 ~ inches i n 
4 

d iameter and a 2-inch extension. A spark plug was installed 
through the extension and a 10-gallon-per-hour conical fuel-s pray 
noz zle was installed in the center of the pilot burner. Addit i onal 
f uel was supplied when necessary by a supplementary f uel system 
consisting of 20 conical spray nozzles rated at 40 gallons per hour 
and located on the surface of the diffuser inner body . 

When failure of the spark plug rendered t he pilot burner 
inoperative, it was necessary to use a stand-by method of igni t ion 
in which the tail-pipe fuel was ignited by means of a r a pid engine 
acceleration of about 500 rpm. 
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Instrumentation 

Pressure and temperature instrumentation was installed at 
several measuring stations in the engine and the tail-pipe burner. 
Cross sections of the measuring stations indicating the location 
of the instrumentation are shown in figure 7. Engine air flow was 
measured by the use of survey rakes mounted at the engine inlet, 
station 1. A complete pressure end temperature survey was 
obtained at the turbine outlet, station 6, and static-pr essure 
measurements were made at the burner-section inlet, station 7. A 
total-pressure survey was obtained 1 inch upstream of the exhaust
nozzle outlet, station 8, with a water-cooled survey rake. 
Engine fuel flow and tail-pipe-burner fuel flow were measured by 
calibrated rotameters. 

PROCEDURE 

All tail-pipe-burner performance data were obtained with the 
engine operating at rated speed, 7700 rpm. Each tail-pipe-burner 
configuration was operated over a range of fuel-air ratios at the 
follOWing simulated flight conditions: 

Altitude Average Configuration 
(ft) Flight Mach 

number, 
MO 

5,000 0.27 A B C D E 
15, 000 .27 B C D 
25 ,000 .2 7 A B C D E 
25,000 .90 A B C D E 
25 ,000 1.06 B C D 
35,000 .27 A B C D E 
45,000 .26 B C D E 

Dry refrigerated air was supplied to the engine at the stand
ard temperature for each flight condition except that the minimum 
temperature obtained was about -200 F. Total pressure at the 
engine inlet was re gulated to correspond to the pressure that would 
exist with complete free-stream ram-pressure recovery at each 
flight condition. 
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1m. approximate check on the performance of each configuration 
was made at intervals during the j.nvestigation. If the check 
indicated that the performance of the configuration was relatively 
good at two or three flight condltions,and provided the operational 
characterisitics were satisfactory, further data were then 
obtained over a wide range of flight conditions. Data obtained 
with each configuration are given in table I. 

Because all the data were obtained with a fixed-area exhaust 
nozzle, limiting turbine-outlet temperature could be obtained with 
each configuration at only one value of tail-pipe fuel-air ratio 
at each flight condition. The burner performance presented for 
each configuration therefore does not represent the performance 
that might be obtained with a variable-area exhaust nozzle. The 
use of a fixed-area exhaust nozzle, however, provided the most 
expeditious means of comparing the performance of the various 
modifications. Over-all performance is presented as a function 
of flight Mach number at a turbine-outlet temperature of 16500 R. 

Augmented-thrust measurements were obtained from the balance 
scales and also from the pressure survey at the exhaust-noz zle 
outlet. The values of au~ented thrust presented were determined 
from balance-scale measurements and therefore include the effect 
of losses in the exhaust jet. Exhaust-gas temperatures presented 
were calculated from total-pressure measurements at the exhaust
nozzle outlet by using an experimentally determined flow 
coefficient. The combustion efficiencies presented are based on 
these temperatures. 

Symbols used in the report and methods of calculation used 
for the reduction of the data are presented in the appendix. The 
probable limits of error in the calculated values of jet thrust, 
exhaust-gas temperature, and combustion efficiency are ±l~, ±3, 
and :5 percent, respectively. The jet-velocity coeffiCient, which 
accounts for velocity losses in the exhaust jet, was calculated 
from scale jet thrust and rake jet thrust and is presented in the 
appendix as a function of nozzle pressure ratio. 

RESULTS AND DISCUSSION 

Tail-pipe-burner performance variables, which include com
bustion efficiency and exhaust-gas temperature, and burner-inlet 
conditions, which include the burner-sect ion-inlet velocity and 
the turbine-outlet total pressure and temperature, are presented 
as functions of tail-pipe fuel-air ratio. The tail-pipe fuel-air 
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ratio used herein is defined as the ratio of tail-pipe fuel flow 
to unburned air flow entering the tail-pipe burner, as shown in 
the appendix (equation (7)~. Over-all performance at a turbine
outlet temperature of 1650 R is presented showing the variation of 
the augmented-thrust ratio, exhaust-gas temperature, tail-pipe com
bustion efficiency, and specific fuel consumption with flight Mach 
number. Combustion blow-out limits, which determine the operable 
range of tail-pipe fuel-air ratios, are presented as a function of 
altitude. 

Comparison of Configurations 

Fuel distribution. - The effect of changes in the fuel dis
tribution on combustion efficiency and exhaust-gas total temper
ature i.s shown in figures 8 and 9, respectively. At all altitudes 
investigated, the more uniform mixture of fuel and air afforded by 
configurations Band C gave peak combustion efficiencies that were 
0.03 to 0.13 higher than for configuration A, in which the fuel 
distribution was stratified. Improving the uniformity of the mix
ture also raised the tail-pipe fuel-air ratio at which the peak 
combustion efficiency occurred from a range of 0 .020 to 0.025 for 
configuration A to a range of 0.035 to 0.040 for configurations B 
and C. At fuel-air ratios above 0.025, the combustion efficiency 
was as much as 0 . 05 higher with configuration C than with configu
ration B. The effect of fuel distribution on exhaust-gas total 
temperature (fig . 9) was similar to the effect on combustion 
efficiency . At f uel-air ratios above 0.030, the highest exhaust
gas total temperature at all altitudes was obtained with con
figuration C. 

Flame holders. - The combined effect of flame-holder type and 
blocked area on combustion efficiency and exhaust-gas total temper
ature is shown in figures 10 and 11, res pectively. At all altitudes 
the greater flame-holding surface afforded by configurations C and 
D, which had the two-V flame holders, resulted in peak combustion 
efficiencies 0 .07 to 0.10 higher than for configuration E, which 
had the octagonal flame holder. Peak combustion efficiencies were 
obtained at tail-pipe fuel -air ratios from 0 .035 to 0.043 . 
Increasing the blocked area by 1.2 percent from t he med ium to the 
large two-V flame holder caused a variation of less than 0.02 in 
tail-pipe combustion efficiency. The effect of flame-holder 
changes on exhaust-gas total temperature (fig . 11) was similar to 
the effect on combustion efficiency . At all fuel-air ratiOS, the 
highest temperatures were obtained with configuratiOns C and D at 
all altitudes . 
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Tail-Pipe-Burner Performance 

Data for configuration C are presented in figures 12 to 15 
to show the variation of tail-pipe-burner-inlet conditions with 
altitude and flight Mach number and to demonstrate the effect of 
the burner-inlet conditions on the combustion efficiency and 
exhaust-gas total temperature. 

Effect of altitude.- As the tail - pipe fuel-air ratio was 
increased at each altitude , the burner-section-inlet velocity 
increased slightly, the turbine-outlet total t emperature increased 
measurably, except at an altitude of 45,000 feet, and the turbine
outlet total pressure increased slightly (fig. 12). At a constant 
value of tai l-pipe fuel-air ratio, increasing altitude from 5000 to 
45,000 feet at a flight Mach number of 0 . 27 had no effect on burner
inlet velocity but reduced the turbine-outlet total temperature 
c~nsiderably and decreas ed the turb ine -outlet total pressure approxi
mately in proportion to the change in altitude pressure. 

As the fuel-air ratio was increased at altitudes from 5000 to 
25,000 feet, the combustion efficiency (fig. 13(a)) rapidly increased 
to a peak value and remained relative ly constant over a range of tail
pipe fuel-ai r ratios from 0 .030 to 0.045. This trend also existed 
at an altitude of 35,000 feet, although data were not obtained at 
the low fuel-air ratios. At an altitude of 45,000 feet, however, 
the combustion efficiency decreased stead ily as the fuel-air ratio 
was increased from the minimum to maximum limits of operation. At 
a given tail-pipe fuel -air ratio, reducing the turbine-outlet pres
sure by increasing the altitude lowered the tail-pipe combustion 
efficiencYj at turb ine -outlet total pressures below 1000 pounds 
per square foot this effect was more pronounced than at higher 
pressures. At a fuel -air ratio of 0.036, the combustion effi-
ciency (fig. 13 (a) ) was r educed from 0.83 to 0 .72 when the turbine
outlet total pressure (fig. 12(c)) was decreased from 3300 to 
1050 pounds per square f oot by increaSing the altitude from 5000 
to 35,000 feet at a f light Mach number of 0.27j at the same fuel-
air ratio , further decreasing the turbine-outlet total pressure 
from 1050 to 575 pounds per square foot by increasing the altitude 
from 35,000 to 45,000 feet lowered the combustion efficiency from 
0.72 to 0.56. 

The exhaust-gas tot al temperature (fig 13(b)) increased with 
tail-pipe fuel-air ratio at all altitudes except 45,000 feet. The 
effect of changes in altitude and the attendant changes in turbine
outlet t otal pressure on exhaust-gas total temperature was similar 
to the effect on combustion eff i ciency , with the highest temperatures 
for a given fuel-air ratio occurring at the highest t urbine -outlet 
total press ure. 
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Effect of flight Mach number. - Tail-pipe-burner-in1et con
ditions are plotted against tail-pipe fuel-air ratio for a range 
of flight Mach numbers at an altitude of 25,000 feet in figure 14. 
As the flight Mach number was increased from 0.27 t9 1.06 at a 
constant tail-pipe fuel-air ratiO, the burner-section-in1et velocity 
remained constant, the turbine-outlet total temperature increased 
about 200 R, and the turbine-outlet total pressure increased approxi
mately in proportion to the compressor-inlet total pressure. Vary
inB the turbine-outlet total pressure by changing the flight Mach 
number at a constant fuel-air ratio had the same effect on the tail
pipe combustion efficiency and exhaust-gas total temperature 
(fig. 15) as variations in turbine-outlet total pressure due to 
changes in altitude (fig. 13). Reducing the turbine-out l et total 
pressure from about 3050 to 1700 pounds per s~uare foot at a fuel
air ratio of 0.036 by changing the flight Mach number from 1.06 to 
0.27 at an altitude of 25,000 feet (fig. 14(c)) reduced the tail
pipe combustion efficiency from 0.87 to 0.76 (fig. 15(a)) and 
decreased the exhaust-gas total temperature from 30000 to 27600 R 
(fig 15(b)) . 

Over-All Performance 

Over-all performance obtained with configurations C and D, 
in which two-V flame holders were used, is presented in figure 16 
for a turbine-outlet total temperat~e of 16500 R, the highest 
temperature at which data were available for cross-plotting . 
These results are compared with data from reference 5 for the per
formance obtained with the large two-V flame holder in a tail
pipe-burner assembly 8 feet, 9 inches long with a 29-inch-diameter 
cylindrical burner sectlon. The 29-inch-diameter tail-pipe burner 
had the same exbaust-nozzle-outlet area as configurations C and D. 
The performance data presented are Significant only for the size 
exhaust nozzle used in this investigation. With a larger exhaust
nozzle-outlet area at the same turbine-outlet temperature, hi gher 
thrust and exhaust-gas total temperature could be obtained; higher 
tail-pipe fuel-air ratios would be required; and the specific fuel 
consumption would also increase. 

The augmented-thrust ratio is shown in figure 16(a) for a 
range of flight Mach numbers at an altitude of 25,000 feet. The 
augmented-thrust ratio is defined as the ratio of net thrust 
obtained with tail-pipe burning to the net thrust obtained with the 
standard-engine tail pipe. At a flight Mach number of 0.27, the 
augmented-thrust ratio of configurations C and D was 1.43 as com
pared with 1.45 for the 29-inch-diameter burner. At a flight 
Mach number of 0.90, the ratio had increased to 1.63 with con
figurations C and D as compared to 1.66 with the 29-inch-diameter 
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burner. Tfle augmented-thrust ratio for configurations C and D was 
1.64 at a flight Mach number of 1.06. T.1e augmented-thrust ratio 
was lower for the converging conical tail-pipe burner than for the 
29-inch-diameter cylindrical burner because the greater tail-pipe 
length and the converging shape of the burner section caused an 
increase in the total-pressure-loss ratio. At the operating con
ditions shown in figure lS, the pressure loss wa~ about 0.085 of 
the turbine-outlet total pressure in configurations C and D as 
compared to 0.055 in the 29-inch-diameter cylindrical tail-pipe 
burner. 

Exhaust-gas total temperature is shown in figure lS(b) for a 
range of flight Mach numbers at an altitude of 25,000 feet. The 
exhaust-gas total temperature with configurations C and D increased 
from 30300 R at a flight Mach number of 0.27 to 31500 R at a flight 
Mach number of 0.90, and to 32900 R at a flight Mach number of 
1.06. Over the range of flight Mach numbers from 0.27 to 0.90 , the 
temperature with the 29-inch-diameter burner increased from 3160 to 
32900 R. Tail-pipe combustion efficiency at the aforementioned 
conditions is shown in figure lS(c). As the flight Mach number 
increased from 0 .27 to 1.OS, the combustion efficiency for configu
rations C and D increased from 0.74 to 0.89. Combustion efficiency 
for the 29-inch-dia~eter burner was approximately 0 .81 at all flight 
Mach numbers from 0.27 to 0.90. 

SpeCific fuel consumption based on net thrust is shown in 
figure 16(d) for a range of flight Mach numbers at an altitude of 
25,000 feet. The specific fuel consumption for configurations C 
and D increased from 2.38 to 2.43 as the fli ght Mach number 
increased from 0.27 to 0.S5 and decreased to 2 .32 at a flight 
Mach number of 1.OS. The specific fuel consumption obtained with 
the 29-inch-diameter burner increased from 2. 38 to 2.48 as the 
flight Mach number increased from 0.27 to 0.90. The specific 
fuel consumption obtained with the standard-engine tail pipe 
increased from 1.18 to 1.33 as the flight Mach number was raised 
from 0.27 to 1.OS. 

Operational Characteristics 

Combustion limits. - Tail-pipe fuel-air ratios at which com
bustion blow-out was encountered at altitudes from 5000 to 45,000 
feet ani a flight Mach number of 0.27 are shown for configurations C, 
D, and E in figure 17. At altitudes up to 35,000 feet, the r~Dge of 
tail-pipe fuel-air ratios over which the burner could be operated 
with the fixed-area exhaust nozzle extended from fuel-air ratios 
at which lean combustion blow-out occurred to f uel-air ratios at 
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which the turbine-outlet total temperature approached the limit
ing value. At altitudes above 35,000 feet, the range of operation 
extended from fuel-air ratios at which lean combustion blow-out 
occurred to fuel-air ratios at which rich combustion blow-out was 
encountered. At each altitude, the lean combustion limit occurred 
at about the same fuel-air ratio for all configurations. Fuel-air 
ratios for lean blow-out varied from about 0.021 at an altitude of 
5000 feet to 0.014 at an altitude of 35,000 feet and 0.037 at an 
altitude of 45,000 feet. Rich combustion blow-out with configu
ration C was encountered at a tail-pipe fuel-air ratio of about 
0.076 at altitudes of 37,500 to 45,000 feet; rich blow-out with 
configuration E occurred at fuel-air ratios of 0.064 and 0.053 at 
35,000 and 42,500 feet, respectively. No rich combustion blow-out 
data were obtained for configuration D. 

By use of a variable-area exhaust nozzle, the turbine-outlet 
temperature limit might be shifted to higher fuel-air ratios by 
increasing the exhaust-noz zle -outlet area. It is also poss ible 
that the lean blow-out limits would be shifted to lower fuel-air 
ratios by decreasing the exhaust-nozzle-outlet area and thereby 
maintaining higher pressures and temperatures at the tal1-pipe
burner inlet. 

Tail-pipe cooling. - Although the conical shape of the burner 
section complicated the fabrication and the installation of the 
cooling liner in this tail-pipe burner, the cooling provided com
pared satisfactorily with that obtained in the cylindrical burner 
section reported in reference 5. Measurements indicated that 
about 6 percent of the turbine-outlet gas passed through the 
1/2-inch space between the burner shell and the cooling liner . 
By this method of cooling, shell temperatures lower than 17000 R 
were maintained at all flight conditions investigated. The tempera
ture of the liner was considerably higher than the temperature of 
the shell; because it was not required to carry any appreciable 
stresses, the liner was able to withstand very high temperatures. 

Several failures of the liner encountered in the early stages 
of the investigation indicated that the liner should not be rigidly 
secured to the burner shell because differential expansion between 
the two surfaces resulted in severe warpage of the liner. In 
subsequent phases of the investigation, methods of supporting the 
liner were found that allowed the liner to "float" inside the 
burner (reference 5). Occasional buckling of the liner was also 
caused by a pressure differential that forced the liner to collapse 
inwardly. 
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The maximum life of the cooling liners used in the configu
rations d i scus sed was about 10 hour s of t a il- pipe burner operat i on . 
In l ater investigations , improvement s in design and suppor t of t he 
liner extended t he life to about 20 hours. 

Tail-pipe fuel ignition . - The pilot burner in the diffuser 
inner body, which included a fuel spray nozz le and a spark plug, 
was operable at reduced engine speeds up to an altitude of 
32,000 feet. Ignition of the tail-pipe fue l was accomplished by 
the pilot burner at 25,000 feet with an engine speed of 7000 rpm 
and at 30,000 feet with an engine speed of 6000 rpm. Use of the 
supplementary fuel system was not required for ignit i on at alti
t udes above 25,000 feet. The pilot-burner spark plug often failed 
from vibration and high temperature ; consequently, this ignition 
system was unreliable. 

The stand-by method of igniting the tail-pipe fuel, which 
consistently provided ignition at all flight conditions, consisted 
of a rapid engine acceleration of about 500 rpm resulting in a 
burst of flame through the turbine and i nto the tail pipe. Ignition 
of the tail-pipe fuel by this method occasionally resulted in blow
out in the engine combustion chambers at an altitude of 45,000 feet . 
Although this method was satisfactory for experimental work, it is 
unsuitable for tactical use. From experience with this method, 
however, a reliable and suitable tail-pi pe-burner ignition system 
was developed and is reported in reference 5. 

SUMMARY OF RESULTS 

The following results were obtained from an investigation of 
a tail-pipe burner with a converging conical burner section and a 
fixed-area exhaust nozzle on a J35-A-5 turbojet engine in the NACA 
Lewis altitude wind tunnel: 

1. The most efficient burner performance and the widest range 
of operable fuel-air ratios were obtained with configurations in 
which fuel injectors that gave relatively unifor.m distribution of 
the tail-pipe fuel-air mixture were used with annular-V-gutter type 
flame holders blocking about 30 percent of the burner cross
sectional area. 

2. With a given tail-pipe fuel-air ratio, lowering the 
turbine-outlet total pressure, either by an increase in altitude 
or by a decrease in flight Mach number, reduced the tail-pipe 
combustion efficiency and the exhaust-gas total temperature. 
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Tail-pipe combustion efficiency was adversely affected to a 
greater extent by reductions in turbine-outlet pressure below 
about 1000 pounds per square foot than at higher pressures. 

3. At an altitude of 25,000 feet and with a turbine-outlet 
temperature of 16500 R, the ratio of augmented thrust to normal 
thrust increased from 1.43 at a flight Mach number of 0.27 to 

15 

1.64 at a flight Mach number of 1.06. Over the same range of 
flight Mach numbers, the exhaust-gas temperature increased from 
30300 to 32900 R and the tail-pipe combustion efficiency increased 
from 0.74 to 0.89. The specific fuel consumption based on net 
thrust increased from 2.37 at a flight Mach number of 0.27 to 
2.43 at a flight Mach number of 0.65 and then decreased to 2.32 
at a flight Mach number of 1.06. 

4. At a flight Mach number of 0.27, the operable range of 
tail-pipe fuel-air ratios narrowed as the altitude was increased 
above 35,000 feet. At 45,000 feet, the operating range of the 
best configuration was limited to fuel-air ratios between 0.037 
and 0.076 by lean and rich blow-out limits. 

5. The use of an i nternal cooling liner extending the full 
length of the burner section (approximately 60 in.) with a l!Z-inch 
space between tbe liner and tbe burner shell provided adequate sbell 
cooling at all flight conditions investigated. 

Lewis Flight Propulsion Laboratory, 
National Advisory Committee for Aeronautics, 

Cleveland, Ohio. 
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APPENDIX - CALCULATIONS 

Symbols 

cross-sectional area, sq ft 

thrust scale reading, lb 

flow (discharge) coefficient, ratio of effective flow area 
to measured area 

jet-velocity coefficient, ratio of actual jet velocity to 
ideal jet velocity after expansion to free-stream static 
pressure 

thermal-expansion ratio, ratio of hot-exhaust-nozzle-outlet 
area to cold-exhaust-nozzle-outlet area 

external drag of installation, lb 

drag of exhaust-nozzle survey rake, lb 

jet thrust, lb 

net thrust, lb 

fuel-air ratio 

acceleration due to gravity, 32.2 ft/sec2 

total enthalpy, Btu/lb 

lower heating value of fuel, Btu/lb 

Mach number 

total pressure, lb/sq ft absolute 

total pressure at exhaust-nozzle survey station i n 
standard-engine tail pipe, lb/sq ft absolute 

static pressure, lb/sq ft absolute 

gas constant, ft - lb/(lb)(DR) 

total temperature, DR 
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Ti 

t 

V 

Wa 

Wc 

Wf 

wf/Fn 

Wg 

r 

Tib 

p 

indicated temperature, ~ 

static temperature, 0R 

velocity, ft/sec 

air f'low, lb/sec 

bearing cooling-air f'low, lb/sec 

fuel f'low, lb /hr 

specif'lc fuel consumption based on t otal f'uel flow and net 
thrust, lb/(hr)(lb thrust) 

gas flow, lb / sec 

ratio of specif'ic heats for gases 

combustion efficiency 

static density, slugs/cu ft 

Subscripts: 

a air 

e engine 

f fuel 

g gas 

j jet 

m fuel ma.ni:fold 

s scale 

t tail-pipe burner 

x inlet duct at labyrinth slip Joint 

0 free-stream conditions 

I engine inlet 

~-- I 
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3 engine combustion-chamber inlet 

6 turbine outlet (di:ffuser inlet) 

7 burner-section inlet, si inches upstream of flame-holder 

plane 

8 exhaust-nozzle total-pressure survey plane , 1 inch 
upstream of outlet 

9 exhaust-nozzle outlet 

Methods of Calculation 

Flight Mach number and airspeed. - Flight Mach number and 
equivalent airspeed were calculated fram ram-pressure ratio by the 
following equatiOns with complet e pressure recovery at the engine 
inlet .assumed: 

11- 1 

11 

Mo = 7:-1 G~) -1 

11- 1 

11 

Vo = Mo 71sRT1 (~{) 

(1) 

(2) 

The equivalent free-stream total temperature was assumed equal to 
the compressor-inlet indicated temperature. The use of this 
assumption introduces an error in airspeed of les8 than 1 percent. 

Air flow. - Air flow at the engine inlet was determined from 
pressure and temperature measurements obtained with four survey 
rakes in the inlet annulus. The following equation was used for 
calculation of air flow: 

(\ 
(J 
roo 
roo 
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(3) 

Bearing cooling air was bled. from the compressor in a quantity 
approximately equal to the engine fuel flow. The air flow entering 
the engine combustion chamber was therefore calculated as follows: 

(4) 

Temperatures. - Static temperatures were calculated from 
indicated temperatures by the adiabatic relation between tempera
ture and pressure, using an impact recovery factor that had been 
determined aa 0.85 for the type of thermocouple used: 

Ti 
t = --------~------~ 

1 +0.85 fm¥· 11 
(5) 

Tail-pipe gas flow. - The tail-pipe gas flow was determined 
by calculating the weight flow entering the tail-pipe burner, as 
follows: 

(6) 

Tail-pipe fuel-air ratio. - The tail-pipe fuel-air ratio used 
herein is defined as the weight flow of fuel injected in the tail
pipe burner divided by the weight flow of unburned air entering 
the tail-pipe burner from the engine. Weight flow of unburned air 
was determined by assuming that the fuel injected in the engine 
was completely burned. By combining air flow, engine fuel flow, 
and tail-pipe fuel flow, the following equation for tail-pipe fuel
air ratio is obtained: 

Wf,t 
(f /a) t = -----'-'---~

Wf ,e 
3600 Wa ,3 - 0.067 

where 0.067 is the stoichiometric fuel-air ratio for the engine 
fuel. 

(7) 
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Turbine-outlet temperature. - Because the temperature meas
urements at station 6 were unreliable when the tail-pipe burner 
was in operation, the turbine-outlet temperatures listed in table I 
were calculated by means of the following relation: 

(8) 

An engine combustion efficiency ~ of approximately 98 percent 
'o,e 

at rated engine speed was determined from experiments with the 
standard engine using more reliable temperature instrumentation 
at the turbine outlet. After calculating lis by equation (8), 
turbine-outlet temperature TS was determined from lis and. fuel
air ratio by use of enthalpy-temperature charts. 

Burner-section-inlet velOCity. - VelOCity at the burner
section inlet was calculated by using static pressure measured at 
station 7, ai-inChes upstream of the flame holder, and. by assuming 
constant total pressure and. total temperature from turbine outlet 
to burner-section inlet. 

(9) 

Combustion efficiency. - Tail-pipe combustion efficiency was 
obtained by dividing the enthalpy rise through the tail-pipe 
burner by the heat content of the tail-pipe fuel. 

= 

(10) 
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The engine fuel was assumed to be burned completely in the engine; 
inasmuch as the engine combustion efficiency has been found to be 
approximately 98 percent, this assumption involves less than one
hali' of 1 percent error in the value of tail-pipe combustion effi
ciency. The enthalpy of the combustion products was determined 
from the hydrogen-carbon ratio of the fuels by the method explained 
in reference 6, in which dissociation is disregarded. 

Exhaust-gas total temperature. - The total temperature of the 
exhaust gas was calculated from exhaust-nozzle outlet pressures and 
gas flow by means of the following equat1on: 

(11) 

Exhaust-nozzle static pressure P9 was determined by consid
ering critical pressure ratio as follows: 

'19 

'1 -1 

wben G:)< (792+1) 9 

P9 = PO (subsonic flow) 

'19 

'1 -1 

and wben G:) >\9tf 

P9 = -----
'19 

(sonic flow) 
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Exhaust-nozzle-outlet Mach number M9 was determined from 
jet Ms.ch number M j by assuming constant total pressure in the 
exhaust jet. 

M 2 2 
j = )'9-1 

)' -1 
9 

- 1 

When Mj < 1, Mg = Mj (subsonic flow); when Mj > 1, Mg = 1 
(sonic flow) because the exhaust-nozzle outlet is the minimum area 
in the flow path. 

The values of Cd and CT for the exhaust nozzle used were 
determined from the following relations, which were experimentally 
obtained: 

1.00 

.. 
~ ..... 
~ .95 

l 
] 
rz. .90 

1.0 

1000 

/ 
V 

~ 
~ 

---------
/ 

V 

1.5 2.0 2.5 3.0 3.5 4.0 
Exhaust-nozzle pressure ratio, Pe/po 

\ I I 
1500 2000 2500 3000 3500 4000 

Exhaust-~s total temperature, T9, '1\ 

The ratio of specific heats Y9 and the thermal-expansion ratio CT 
were based on an estimated value of exhaust-gas temperature deter
mined from the scale-thrust measurement. 

;1 
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Augmented thrust. - Actual jet thrust ws determined from the 
balance-scale measurements by use of the following equation: 

(12) 

The last two terms of this expression represent momentum and pres
sure forces on the installation at the slip joint in tbe inlet-air 
duct. External drag of the installation ws determined from 
experiments with a blind. flange installed at the engine inlet to 
prevent air flow through the engine. Drag of the exhaust-nozzle 
survey rake ws measured over a range of jet Macb numbers by a 
bydraulic-balance-piston mechanism. 

Equivalent free-stream momentum of the inlet air ws sub
tracted from scale jet thrust to determine net thrust as follows: 

(13) 

Normal tbrust. - The augmented-thrust ratio and the engine 
spec:ific fuel consumption were based on the net thrust obtainable 
at rated engine speed witb tbe standard-engine tail pipe. The 
standard-engine thrust ws calculated from measurements of total 
pressure and temperature at the turbine outlet obtained during 
the progress of tbe tail-pipe-burning program. 

~ 
1'-1 gRTs 

1'6-1 

1'6 

1 - (p:~ ) 
(14) 

Experimental data indicated that the total-pressure loss through 
the standard tail pipe from station 6 to station a ws approxi
mately 0.01 P6 at rated engine speed. The total pressure Pa' is 
tberefore equal to 0.99 P6. A jet-velocity coefficient Cj of 
0.97 ws used for tbe calculation of tbe results presented. This 
value of C j ws obtained from calibration of the engine with tbe 
standard-engine tail pipe and exhaust nozzle • 

. -. 
: ~ 
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Rake jet thrust. - Jet thrust may be calculated from exhaust
nozzle-outlet pressure, assuming constant total pressure in the 
exhaust jet. 

(15) 

The terms on the right-hand side of equation (15) were determined 
in the same manner as for equation (11) . Thus, the equation 
becomes as follows for subsonic and sonic flow, respectively: 

Pa 
= 1, and P9 = -----::~ 

1'9 ' 

t~+ly9-1 

- p o 

(lSa) 

(15b) 

Jet-velocity coefficient. - For the exhaust nozzle used, the 
jet-velocity coefficient may be expressed as the ratio of scale 
jet thrust (equation (12» to rake jet thrust (equation (15» 

C = actual V j = ~ 
j ideal V j F 9 

j, 

c
o 
r 
r 

I 

~ 
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The relation of jet-velocity coefficient with tail-pipe burning to 
nozzle-pressure ratio is shown· by the following curve, which was 
calculated from fa ired values of jet thrust: 

.. 
(.) 1.00 

.90 
1.0 

/' 
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1.5 

~ 
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TABLE I - PERFORMANCE DATA 

Run Altitude Flight Free- Englne- Engine-inlet Engine Tail-pipe Jet Net Air flow 
(ft) Mach stream inlet total fuel fuel flow hrust thrust VIa 

numbe r pressure total temperature flow Wf,t Fj Fn (lb/sec) 
MO (1~9sq 

pressure Tl IIIf,e ( lb!hr ) (lb) (lb) 
Pl (OR) (lb!hr ) 

ft abs.) (lb/sq 
ft abs.) 

Configuration A 

1 5 , 000 0.280 1748 1842 482 25 70 3020 31 52 2536 67.33 
2 5,000 . 270 1752 1839 479 2990 3940 3860 3267 67 . 56 
3 5,000 . 280 1745 18 U 480 3200 4700 U58 3547 67 . 58 
4 5 , 000 . 280 1755 1853 480 3770 7319 4964 4333 58 . 00 
5 25,000 . 305 775 828 459 1140 1310 1395 1082 31 .48 
6 25 , 000 . 275 779 820 4 60 1400 1950 1694 1619 31 .13 
7 25 , 000 . 275 775 616 451 1600 3520 2441 2165 31.47 
6 25 , 000 . 280 762 624 453 1880 507lJ 2532 22 51 31 . 69 
9 25,000 .270 779 816 454 1775 5600 2400 2132 31 . 36 

10 25 , 000 . 910 782 1334 481 1710 2450 3165 1791 48 . 88 
11 25,000 . 91 5 793 1 363 477 2230 3630 4022 2605 50.27 
12 25 , 000 . 905 766 1339 479 2440 4540 4304 2 \)26 49.22 
13 25 , 000 . 910 782 1334 477 2610 5600 4512 3136 49 .19 
14 25 , 000 . 900 793 1341 476 2710 6340 4 60 6 3232 49 . 52 
15 35,000 .280 497 52.5 47 6 765 1000 964 766 19.10 
16 35 , 000 .290 497 527 476 900 1500 1165 982 19.16 
17 35,000 . ~15 500 535 477 1000 2000 1325 1125 19.42 
18 35,000 .270 490 515 478 900 3020 1196 1031 18.66 

Configuration B 

1 5,000 0 . 275 1748 1841 502 2540 40 70 31 65 2 5 64 64 .98 
2 5,000 . 265 1748 1836 495 2900 4520 3739 3154 65.55 
3 5 , 000 . 270 1 759 1850 501 3500 56 90 4 62 9 4031 65.38 
4 5 , 000 . 270 1748 1838 504 3720 6527 4922 433 5 64.64 
5 15,000 . 265 1194 1254 492 20 30 3300 2710 2 309 45.05 
6 15,000 . 255 1188 1243 483 238 0 4000 3200 28 15 45.39 
7 15,000 . 270 11 91 1253 490 2 540 4 540 34 60 3052 45.14 
8 15,000 .270 1188 1248 486 2760 5300 3733 3330 45.26 
9 25,000 .260 782 819 464 1180 2020 1952 1693 30. 9 0 

10 25,000 . 270 782 822 465 1 500 2500 20 54 1785 30.93 
11 25 ,000 . 265 775 813 470 1710 3019 2332 2071 30.36 
12 25 , 000 . 285 769 · 8 14 466 18 50 3630 2545 22 59 30 . 57 
13 25,000 .915 77 5 1330 508 1700 3240 3188 18 41 46 . 44 
14 25,000 . 915 782 1344 508 2140 36 00 3662 2496 46.94 
15 25 , 000 . 915 766 1354 505 2 610 48 00 4 581 3202 47. 50 
16 25,000 . 675 614 1339 510 26 70 59 57 4016 3512 46. 58 
17 25 , 000 . 695 796 1339 503 3090 7353 5155 3615 47.18 
18 25 , 000 1 . 080 762 1588 507 1900 3900 3921 2066 55 . 55 
19 25 , 000 1.070 769 1621 503 2 360 4170 4709 2629 57 .12 
20 25,000 1. 065 782 1600 510 28 40 5026 5348 3508 55 . 62 
2 1 25 , 000 1.055 789 1595 504 338 0 6527 6057 422 7 56. 07 
22 35 ,000 . 255 497 519 457 710 1010 863 706 19.55 
23 35,000 . 260 493 516 458 880 1500 11 64 1003 19 . 37 
2 4 35 ,000 . 255 497 519 459 1070 2040 1473 1316 19.46 
25 35 ,000 . 275 486 512 456 1140 2350 1572 1402 19.32 
26 45 , 000 .280 309 326 500 520 10 70 631 526 11.20 
27 45 , 000 . 255 309 323 503 560 1490 679 585 11.03 
28 45,000 . 275 298 314 500 540 1800 588 588 10.78 

Confi gura tion C 

1 5,000 0 . 270 1752 18 43 519 2 500 3870 3053 2 4E 6 63.07 
2 5 ,000 . 255 1752 1835 514 2790 4120 3510 2952 63 . 40 
3 5 ,000 . 270 1766 1858 514 3180 5000 41 55 3561 64.19 
4 5 ,000 . 265 1759 1846 514 3 600 6111 4719 4145 63.79 
5 1 5 ,000 . 270 1166 1249 474 2165 3410 2919 2512 46 . 26 
6 15,000 . 2 75 118 4 1247 475 2440 4020 3300 2685 46.12 
7 15,000 . 270 1166 1250 477 2650 4 620 3605 3194 46.09 
8 15,000 . 260 1168 1245 481 2600 5140 3816 3425 45 . 61 
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OBTAINED WITH TAIL-PIPE BURNING 

Specific fuel Total lra1l.-pipe Tail-pipe Turbine- Turbine- Burner- Exhaust- Exhaust_ Run 
consumption fuel-air uel-air combustion outlet outlet section- nozzle gas total 

(Wf ,e+Wf .t)/Fn ratio ratio efficiency total total inlet total temperature 
(lb/{hr) {lb f/a (f/a)t TJb,t pressure tempera- static pressure T9 

thrust) ) P6 ture pressure P8 (O R) 
{lb/sq T6 P7 (lb!sq 
ft abs.) (OR) (lb/sq ft abs.) 

ft abs ) 
Configuration A 

2.204 0.0233 0.0150 0.602 2917 1246 2691 2702 1756 1 . 
2.121 .0288 .0202 .699 3149 1349 2926 2909 2100 2 
2.227 .0329 .0240 .693 3271 1414 3003 3010 2266 .:; 
2.559 .0460 .0398 .613 3584 1560 3361 3286 2646 4 
2.264 .0219 .0138 .535 1309 1189 1195 1209 1624 0 
2.069 .0303 .0218 .694 1468 1353 1358 1344 2137 6 
2.457 .0477 .0418 .632 1686 1568 1081 1534 2718 7 
3.088 .0620 .0606 .474 1733 1610 1628 1583 2776 8 
3.459 .0664 .0665 .393 1680 1563 1571 1536 2624 9 
2.323 .0239 .0165 .572 2010 1187 1848 1844 1729 10 
2.250 .0328 .0250 .696 2359 1354 2197 2164 2246 11 
2.386 .0400 .0330 .633 2433 1454 2277 2225 2450 12 
2.618 .0471 .0415 .566 2510 1520 2363 2290 2573 13 
2.800 .0515 .0471 .548 2584 1542 2433 2353 2666 14 
2.240 .0260 .0177 . 587 850 1278 782 784 1856 15 
2.444 .0352 .0276 .524 912 1402 845 832 2124 16 
2.667 .0435 .0372 .544 995 1489 918 899 2426 17 
3.802 .0592 .0574 .368 952 1425 886 872 2371 18 

Configuration B 

2.578 0.0286 0.0211 0.544 2907 1282 2708 272 5 1908 1 
2.352 .0318 . 0239 . 665 3094 1362 2908 2893 2186 2 
2.329 .0405 . 0329 .798 34 6.5 1550 3274 3208 2754 3 
2.364 .0447 .0378 .806 3562 1 621 3364 3290 2954 4 
2 .308 .0333 .0255 .706 2175 1385 2045 2027 2297 5 
2.266 .0396 .0320 .746 2 348 1511 2217 2175 2632 6 
2.320 .0443 .0374 .777 2456 1 584 2326 2262 2873 7 
2.420 .0503 .0448 .767 2558 1 664 2430 2357 3096 8 
1.890 .0291 .0219 .506 1343 1230 1243 1258 1840 9 
2.241 .0365 .0287 .713 1540 1420 1443 1422 2427 10 
2.283 .0440 .0370 .706 1 629 1565 1533 1484 2735 11 
2 .426 .0506 .0453 .703 1711 1 642 1604 1559 2971 12 
2 .683 .0299· .0232 .542 2001 1239 1855 1858 1932 13 
2.378 .0356 .0283 .732 2284 1404 2146 2113 2433 14 
2 .314 . 0440 . 0373 .828 2555 1574 2420 2354 2944 15 
2.513 .0535 .0491 .804 2670 1699 2541 2463 3302 16 
2.737 . 0626 .0613 .731 2794 1758 2653 2572 3465 17 
2.805 . 0293 . 0230 . 510 2330 1199 2150 2162 1848 18 
2 .308 . 0321 . 0249 .712 2634 1319 2467 2449 2246 19 
2.242 . 0399 . 0326 . 890 2905 1509 2751 2695 2857 20 
2 .344 . 0499 .0443 .954 3236 1668 3074 2996 3425 21 
2.436 .0247 .0171 .508 826 118 4 761 770 1685 22 
2 .373 .034 6 . 0270 . 626 92 4 1358 861 855 2216 23 
2.363 .04 51 . 0387 . 673 1031 1 533 970 948 2705 24 
2.489 .0511 . 0460 . 659 1065 1 609 1007 974 2897 2 5 
3 . 023 .0400 .0335 .4 68 543 1414 506 502 2186 26 
3.504 .052 4 .0486 .383 556 l4\J3 519 512 2331 27 
3.980 .0 611 .0598 .280 533 1475 498 491 2199 28 

Configura tion C 

2 .583 0.0283 0 . 0207 0.459 ---- 1300 ---- 2637 1828 1 
2.341 .0307 .0225 .704 3049 1380 2856 2829 2206 2 
2 .297 .0359 . 0278 .794 329 7 1486 3102 3045 2558 3 
2.343 .0429 .035 6 . 837 3456 1 609 3322 3234 2936 4 
2.219 .0339 .0259 .722 2261 1399 2131 2090 2341 5 
2.239 .0395 .031 ? .768 2408 1 509 2281 2215 2651 6 
2.276 .0445 . 0375 .795 2526 1591 2399 2321 2914 7 
2 .318 .0491 .0432 .el1 2595 1 667 2468 2385 3135 8 

~. _. ___ J 
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TABLE I - PERFORMANCE DATA OBTAINED 

Run Altitude Flight Free- Engine - Engine - inlet Engine Tail-pipe Jet Net Air now 
(ft) Mach stream inlet total fuel fuel flow thrust thrust VIa 

number pr essure total temperature flow Wf,t FJ Fn (lb/sec) 
HO PO pressure Tl Wf,e (lb/hr ) (lb) (lb) 

(lb/sq PI (OR) (lb/hr) 
ft abs.) (lb/sq 

ft abs.) 

Configura tion C - Concluded 

9 25,000 0 . 280 782 825 458 1180 2100 1516 1234 31.40 
1 0 25,000 .275 779 820 45 6 1520 2480 2076 1800 31.37 
11 25 ,000 . 270 789 830 455 1740 2990 2349 2072 31.79 
12 25,000 .275 779 8 21 4 58 1920 3670 2636 2357 31.26 
13 25 ,000 .885 779 1299 503 1870 3210 3386 2097 45.75 
14 25,000 .885 775 128 7 496 2150 3660 3862 2583 45.89 
15 25,000 . 880 779 1292 497 2510 4500 4397 3116 45. 99 
16 25 ,000 . 890 782 1306 501 2660 4990 4571 3271 4 6.19 
17 25,000 . 870 782 1282 498 2810 5470 4634 3379 45.55 
18 25,000 1.065 775 158 5 49 6 2605 4380 5070 3229 56.51 
19 25,000 1.060 789 1605 499 2720 4600 5161 3306 56.95 
20 25,000 1.060 779 1 582 499 2925 5100 5471 3645 56.10 
21 25 ,000 1 . 060 782 1590 502 3370 6451 6057 4223 56.11 
22 35,000 .270 497 523 44 3 1060 1810 1446 1272 20 . 20 
23 35,000 . 285 490 518 444 1180 2200 1588 1409 19 . 93 
24 35 , 000 .285 493 521 442 1300 3020 1766 1585 20.14 
25 45,000 .270 305 321 484 580 1140 703 601 11.35 
26 45,000 .280 309 326 482 625 1700 777 670 11.59 
27 45,000 . 255 305 319 481 610 2050 754 658 11.36 

Configuration D 

1 5 , 000 0.270 1748 1837 520 2970 4500 3734 3139 62.72 
2 5 , 000 . 280 1748 1844 523 3405 5590 4412 3812 62.63 
3 5 , 000 . 265 1752 1840 519 3680 6441 4788 4212 62 .94 
4 15,000 .280 1190 1255 484 2195 3525 2966 2545 45.67 
5 15,000 .275 1190 1253 48 1 2475 4050 3344 2929 45.89 
6 1 5 , 000 . 270 1190 1252 481 2570 4400 3500 3089 45.86 
7 15,000 . 285 1188 1256 479 2680 4750 3664 3233 46.16 
8 25,000 . 270 77 5 8 15 4 60 1 550 2510 2151 1880 30 . 94 
9 25 , 000 . 280 786 829 459 17 60 3000 2389 2106 31.52 

10 25 , 000 . 275 775 816 464 1900 3570 2568 2286 30.80 
11 25 ,000 . 915 786 1356 509 2450 4220 4345 2966 47.26 
1 2 25 ,000 . 915 786 1356 51 7 2570 4640 4469 3100 46 . 57 
13 25 , 000 .915 779 1337 512 2660 5100 4 602 3252 46.32 
14 25 , 000 1. 060 789 1·602 520 2550 4350 4847 3028 54.70 
15 25 , 000 1. 065 786 1 604 523 2940 5250 5331 3509 54.51 
16 25 , 000 1. 060 793 1510 515 3010 5400 5495 3658 55.51 
17 35 , 000 . 270 497 523 455 800 1370 1058 886 19.76 
18 35,000 . 270 497 523 4 56 920 1610 1239 1067 19.72 
19 35 , 000 . 280 497 525 458 1120 1990 1528 1349 19.72 
20 35 , 000 . 260 497 521 458 1200 2350 1620 1455 19.57 
21 45,000 . 265 302 317 471 675 1360 636 736 11.50 
22 45 , 000 . 265 302 317 474 700 1820 847 747 11.42 
23 45,000 .245 302 315 476 700 2200 857 765 11.31 

Confi gura t10n E 

1 5 , 000 0.257 1741 1823 517 2380 4040 2786 2233 62.57 
2 5,000 . 273 1752 18 45 515 2870 4910 3591 2996 63.56 
3 5,000 .267 17 52 18 42 509 3380 6000 4398 3613 64.16 
4 5 , 000 . 276 1752 18 47 505 3760 7305 499 6 4390 64.78 
5 25 , 000 .270 782 823 453 1160 2130 1502 1227 31 .66 
6 25 , 000 . 267 782 822 454 1400 2510 1928 1656 31.52 
7 25,000 .915 780 1341 512 1!l60 3420 29.40 1583 46.45 
8 25,000 .911 789 1350 505 2140 4170 3826 2459 47.37 
9 2 5 , 000 .917 780 1342 508 2560 5180 4487 3125 46. 83 

10 25 , 000 . 908 786 1340 497 2860 6267 4845 3483 47 . 68 
11 35 , 000 . 273 490 51 6 443 1070 2190 1493 1320 19.92 
12 35,000 . 263 490 514 442 1170 2690 1611 1445 19 . 88 
13 35 , 000 .2 63 490 514 443 1070 3500 1514 1346 19.84 
14 40 , 000 .278 385 406 486 740 1990 989 856 14.41 
1 5 42 , 500 . 257 344 360 489 600 1670 720 611 12.72 
16 45 , 000 . 243 309 322 490 520 1190 645 553 11.27 
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WITH TAIL-PIPE BURNING - Concluded 

Specific fuel Total Tail-pipe Tail-pipe Turblne- Turbine- Burner- Exhaust- Exhaust- Run 
consumption fuel-air fuel-air combustion outlet outlet section- nozzle gas total 

(Wf,e+Wf,t)/Fn ratio ratio eff1ciency total total inlet total temperature 

(lb/(hr) (lb ria (f/a)t '\')b,t pressure tempera- static pressure T9 
thrust) P6 ture pressure P8 (OR) 

(lb/sq T6 P7 (lb/sq 
ft abs.) (OR) (lb/sq ft abs.) 

ft aba.) 

Configuration C - Concluded 

2.658 0.0293 0.0223 0.457 1351 1208 1259 1259 1776 9 
2.222 .0359 .0281 .704 1555 1410 1463 1428 2382 10 
2.283 .0419 .0346 .754 1694 1527 1 602 1 546 2724 11 
2.372 .0506 .0450 .736 1755 1649 16H 1610 3043 12 
2.422 .0312 .0239 .673 2104 1311 1969 1940 2163 13 
2.249 .0356 .0281 .768 2269 1418 2140 2086 2484 14 
2.250 .0430 .0360 .814 2465 1 558 2339 2259 2891 15 
2.339 .0468 .0405 .818 2547 1622 2424 2341 3061 16 
2.450 .0513 .0461 .789 2583 1688 2460 2365 3196 17 
2.163 .0348 .0271 .795 2768 1404 2609 2548 2485 18 
2.214 .0361 .0286 .842 2859 1431 2701 2637 2618 19 
2.202 .0403 .0330 .839 2937 1516 2779 2698 2810 20 
2.326 .0495 .0437 .892 3202 1664 3041 2947 3309 21 
2.256 .0401 .0326 .712 1038 1476 9 77 954 2570 22 
2.399 .0479 .0418 .718 1091 1599 1033 1000 2894 23 
2.726 .0607 .058 6 .619 1161 1700 1103 1059 3123 24 
2.862 ~0427 .0362 .566 580 1483 543 530 2444 25 
3.470 .0566 .0537 .410 604 1534 566 552 2486 26 
4.042 .0660 .0660 .328 610 1530 552 540 2424 27 

Configuration D 

2.380 0.0335 0.0253 0.741 3134 1448 2952 2894 2384 1 
2.360 .0405 .0328 .817 3384 1575 3194 3108 2801 2 
2.403 .0454 .0385 .801 3510 1649 3325 3227 2990 3 
2.248 .0352 .0273 .727 2291 1425 2155 2096 2409 4 
2.228 .0401 .0323 .777 2426 1534 2296 2222 2696 5 
2.256 .0429 .0356 .806 2504 1570 2365 2287 2857 6 
2.298 .0455 .0386 .783 2543 1606 2413 2331 2932 7 
2.160 .0370 .0291 .747 1571 1442 1480 1440 2499 8 
2.260 .0427 .0353 .758 1687 1552 1 597 1542 2760 9 
2.393 .0502 .0445 .749 1738 1659 1 650 1589 3049 10 
2.249 .0398 .0323 .832 2488 1516 2343 2274 2788 11 
2.326 .b437 .0368 .854 2542 1 590 2396 2324 2991 12 
2.386 .0473 .0412 . 824 2587 1627 2443 2365 3107 13 
2.279 .0355 .0279 .818 2756 1437 2588 2516 2574 14 
2.334 .0424 .0353 .944 3004 1568 2839 2753 3094 15 
2.299 .0427 .0357 .903 3026 1568 2873 2781 3042 16 
2.449 .0309 .0235 .515 889 1269 829 819 1921 17 
2.371 .0361 .0287 .647 967 1375 906 885 2302 18 
2.305 .0445 .0376 .730 1064 1566 1005 971 2786 19 
2.440 .0512 .0460 .717 1101 1649 1043 1007 3021 20 
2.792 .0505 .0452 .562 617 1619 582 562 2698 21 
3.373 .0623 .0611 .532 649 1660 612 589 2954 22 
3.791 .0725 .0748 .381 628 1672 592 573 2755 23 

Configuration E 

2.875 0.0288 0.0216 0.424 2782 ' 1275 2590 2595 1782 1 
2 .597 .0344 .0269 .618 3094 1400 2900 2859 2242 2 
2.460 .0413 .0340 .709 3367 1540 3175 3105 2655 3 
2.520 .0482 .0424 .740 3595 1630 3402 331 5 2975 4 
2.681 .0292 .0224 .382 1.332 1195 1234 1238 1670 5 
2.361 .0349 .0276 .509 1480 1335 1382 1363 2127 6 
3.158 .0301 .0241 .455 1956 1190 1813 1803 1802 7 
2.566 .0375 .0307 .666 2320 1390 2170 2122 2409 8 
2.477 .0466 .0407 .772 2545 1565 2399 2332 2960 9 
2.620 .0540 .0500 .739 2687 1650 2548 2470 3170 10 
2.470 .0461 .0402 .623 1042 1495 980 957 2635 11 
2.671 .0548 .0511 .555 1078 1590 1017 987 2 783 12 
3.390 .0650 .0646 .396 1041 1500 980 961 2574 lZ> 
3.189 .0534 . 0498 .425 734 1490 686 678 2432 14 
3.715 .0503 .0463 .364 617 1410 576 574 2201 15 
3.092 .0427 .0370 .347 523 1400 488 490 2024 16 
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Figure 1. - Installation of engine and tail-pipe-burner assembly in altitude wind tunnel. 
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Figure 2. - Schematic d i agram of tail -pipe-burner assembl y. 
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4 

L--Tail - pipe shell, 
7" 23- I.D. at fuel-spray plane 
8 

conical spray nozzle 

(a) Fuel sys t em I; fuel-injection pattern with 40 gallon-par-hour conical spray nozzles. 

Figure 3. - Schematic diagr~ of fuel systems. 

37 



38 

Tail- pipe 
shell ---' 

Detail A, 
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Number Diameter of 
of j ets holes (in.) 

20 0.045 

15 0.040 

5 0 . 040 

(b) Fuel system II j fu~l-injection pattern and detai ls of impinging- jet fuel injectors. 

Figure 3 . - Continued . Schematic diagrams of fuel systems . 
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5 injectors 
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(c) Fuel system III; fuel-injection pattern and details of impinging-jet fuel injectors. 

Figure 3 . - Concluded. Schematic diagrams of fue l systems. 
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(al Fuel system I. 

~ 
c· 20823 
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(b) Fuel system III. 

Figure 4. - Fuel systems; looking upstream . 
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1< 
-+-+.+-- - --A--9I"----

8 L<::fo 
--..L-__ < 

Flame holder Dimension A(in.) 

Medium two-V 

Large two-V 

(a) Two-V flame holders. 

lets 
2ll 

4 

2" a 
I 

7" ---fi-;;+----l~ -- - ------

(] 

(b) Octagonal flame holder. 

Figure 5. - Schematic diagram of flame holders. 
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(a) Medium two-V flame-holder installation in configuration C; looking downstream. 

Figure 6. - Photographs of flame holders. 
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(b) Octagonal flame holder. 

Figure 6. - Concluded. Photographs of flame holders. 
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o Total-pressure tube 
• Static-pressure tube or wall orifice 
• Thermocouple 

tt.. ---- Engine-combustion-chamber center line 

(a) Engine inlet, station I, 
1/4 inch downstream of 
engine-inlet flange. 

f 

(c) Burner-section inlet, station 
3 7, 84 inches upstream of flame 

holder. 

(b) Turbine outlet (diffuser 
inlet), station 6, lO~ 
inches downstream of turbine
outlet flange. 

(j) 

t 
I 

t 
I 

(d) Exhaust nozzle, station 
8, 1 inch upstream of 
outlet. 

Figure 7. - Location of temperature and pressure instrumentation 
installed in engine and tail-pipe burner; looking downstream. 
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Figure 8. - Effect of ta i l-pip e f u e l distr ibution on relation between 
tai l-pipe combus tion efficiency a n d t a i l-pipe fuel-air ratio. 
Medium two - V flame holder: simula t e d f light Mach number, 0.27. 
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I<'igure 9. - Effect of tail-pipe fuel distribution on relation between 
exhaust-gas total temperature and tail-pipe fuel-air ra tio. Medium 
two-V flame holder; simulated flight Mach number, 0.27. 
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Figure 12. - Effect of altitude on tail-pipe burner-inlet conditions in config
uration C. Simulated flight Mach number, 0.2? 
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figuration C. Simulated flight Macb number, 0.27. 
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Figure 14. - Effect of flight Mach number on tail-pipe burner-inlet con
ditions in configuration C. Altitude, 25,000 feet. 
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Figure 15. - Effect of flight Mach number on tail-pipe-burn er perfor
mance of configuration C. Altitude , 25,000 feet. 
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Figure 16. - Concluded. Relation between over-all performance charac
t eristics and flight Mach number. Turbine-outlet total temperature, 
1 6500 R; altitude, 25,000 feet; exhaust-nozzle-outlet area, 296 square 
inches. (Data for 29-inch-diameter tail-pipe burner obtained from 
r eference 5.) 
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