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NATIONAL ADVISORY CO.MMITTEE FOR AERONAUTICS 

RESEARCH MEMORANDUM 

EXPERIMENTAL lNVESTlGATION OF 'I'ORBOJEr-ENGlllE THRUST AUGMENTATION BY 

COMBINED COMPRESSOR COOLANT JNJECTION AND TAn..-PIPE BURN:rnG 

By James W. Useller and John Ho Povolny 

SUMMARY 

An investigation of combined compressor coolant injection and tail
pipe burning as a means of turbojet-engine thrust augmentation was con
ducted at sea-level, zero ram conditions on a 4000 pound thrust, axial
flow-type turbojet engine. Water - alcohol injection flows from 2 to 
5 pounds per second were introduced into the compressor in conjunctIon 
with tail-pipe burner fuel-air ratios from 0.017 to stoichiometric. 

The maximum augmented thrust ratio obtained during the investigation 
was 1.70,which resulted from a combination of nearly stoichiometric fuel
air ratio in the tail-pipe burner and 2.0 pounds per second compressor 
injection at the engine inlet. Achievement of greater augmentation by 
combination injection rates greater than 2 pounds per second with high 
fuel -air ratios in the tail- pipe burner was precluded by inefficient 
and unstable combustion in the tail-pipe burner. Tail-pipe burner 
combustion temperatures and efficiencies decreased with the addition 
of alcohol and water vapor from the compressor coolant injection. The 
unaugmented thrust loss due to the combined augmentation system components 

was approximately 1 to l~ percent of the thrust. 

INTRODUCTION 

The successful use of coolant inject ion into the compressor and 
t ail-pipe burning as independent methods of a ugment ing t he per formance 
of t he turbojet engine logi cally suggests · the combined applica t i on of 
these methods to obtain even greater augmentation. The large amount 
of additi onal thrust t hat may be anticipated from the combined augmen
tation system would result in improvement of the take-off and climb 
characteristics of current airplanes and would be useful in increasing 
t he acceleration of high-speed aircraft during transonic operat ion . 

The analytical investigation presented in reference 1 cons i ders 
the combined operation of compressor coolant injection and tail -pi pe 
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burning, and indicates that in combination the individual methods of 
augmentation augment each otherj that is, the resultant increase in 
engine performance is approximately e~ual to the product of the aug
mented thrust ratios obtainable with each system. In order to deter
mine experimentally the magnitude of the available augmentation and to 
study the practical limitations of the combined augmentation system, 
an investigation was conducted at the NACA Lewis laboratory during 1950 
on a 4000-pound thrust, axial-flaw-type turbojet engine operating at 
sea-level, zero ram conditions. 

The introduction of the coolant at the engine inlet was used for 
moderate injected flaw rates and compressor interstage injection of the 
coolant was added for high rates of coolant injection (in excess of 
3 lbs/sec or a coolant-air ratio of 0.05). Independent tail-pipe burner 
performance was investigated for a range of fuel-air ratios from approx
imately 0.017 to stoichiometric. The investigation of the combined
augmentation system included a range of compressor injection flow rates 
from 2 to 5 pounds per second for each of several tail-pipe burner fuel
air ratios up to either stoichiometric or the combustion stability limit. 
The thrust augmentation and accompanying li~uid-consumption results are 
presented in addition to the calculated tail-pipe burner gas temperatures 
and combustion efficiencies obtained during the investigation. 

APPARATUS 

Engine. - The investigation was conducted on an early production 
model axial-flaw-type turbojet engine with a nominal military rating 
of 4000 pounds of thrust with a rotor speed of 7700 rpm, and a turbine 
discharge gas temperature of 12000 F at sea-level and zero ram 
conditions. The engine has an ll-stage axial-flow compressor, 8 
cylindrical combustion chambers, and a single-stage turbine. Addi
tional compressor balance air and bearing cooling air was provided from 
an outside source to augment the air bled from the compressor (detailed 
description in reference 2) to prevent contamination of the lubrication 
system by the injected water - alcohol mixture and to insure against 
failure of the bearings. 

Engine installation. - A schematic diagram of the engine installa
tion is shown in figure 1. The engine was mounted on a swinging frame 
suspended from the ceiling of the test chamber. The engine tail pipe 
extended through a diaphragm-type slot in the rear wall into a sound 
muffling chamber, in which the pressure was approximately atmospheric. 
The engine thrust was balanced and measured by a null-type air -pressure 
diaphragm. The greater portion of the engine combustion air was ducted 
from the atmosphere into the air-tight test chamber and measured by a 
26 - inch diameter, long-radius ASME nozzle. The bearing cooling air was 
discharged from the engine into the test cell after fulfilling its 
function and was metered by an ASME flat-plate orifice. 
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Coolant injection systems. - The compressor coolant injection was 
accomplished by inlet and interstage injection of a water - alcohol 
mixture. The inlet-injection system consisted of 34 conventional 
atomizing nozzles installed in a ring at the engine inlet. The 
interstage-injection system used in this investigation was identical 
to the "single-stage" system described in reference 2, and consisted 
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of twenty O.045-inch diameter interstage nozzles installed in the sixth 
stage of the compressor used in conjunction with the inlet injection 
nozzles. 

Tail-pipe burner. - The tail-pipe burner configuration used in this 
investigation was baaed on the design variables found to be desirable 
for optimum operation as reported in reference 3 . . A schematic diagram 
showing the general physical arrangement of the engine and tail-pipe 
burner is presented in figure 2. The standard 21-inch diameter tail 

pipe was replaced by a 2~-inch diameter tail pipe that was approximately 
4 

72 inches long. The tail pipe was connected to the engine by means of 
a 36-inch long diffuser section of 1 to 1.4 area ratio, embodying a 
constant rate of area change with length. The downstream end of the 

diffuser inner cone terminated in a ~-inch diameter blunted section 

that served as a flame seat during operation of the tail-pipe burner. 
There were 12 fuel-spray bars capable of being immersed to various 
depths across the annulus installed 12 inches upstream of the diffuser 
discharge. The basic fuel-spray bar design designated as arrangement A 
is shown in figure 2. Arrangement B provided that the innermost pair 
of orifices be enlarged to 0.060 inches in diameter and that a 0.060-inch 
diameter hole be added to the spray-bar tip. The tail-pipe burner 
ignition system was of the hot streak type (reference 4), which utilized 
an additional fuel nozzle installed midway along one of the primary com
bustion chambers. 

Two flame holders, designated flame holders A and B, were used 
during the investigation. Each flame holder was installed approx
imately 26 inches downstream of the fuel spray bars. Flame holder A 
(fig. 3(a)) was a two-ring, corrugated, V-gutter type that blocked 
31 percent of the tail-pipe burner cross-sectional area. Flame holder B 
(fig. 3(b)) was a two-ring, plain V-gutter type that blocked 36 percent 
of the tail-pipe burner area. 

A series of fixed-area conical exhaust nozzles ranging in exit 
diameter from 18.75 to 25.00 inches were used during most of the inves
tigation. For the nonburning runs and for the combination runs during 
which the water - alcohol mixture was only injected at the engine inlet, 
a variable-area clamshell-type nozzle was used. 

Fuels and coolant mixture. - Fuel conforming to specification 
MIL-F-5624 was burned in the engine primary combustor, and fuel 

L ____ . 
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conforming to specification MIL-F-5616 was burned i n the tai l-pipe 
burner. A water - alcohol mixture containing 30 percent by volume of 
alcohol was injected into the compressor. The alcohol was a blend of 
50 percent ethyl and 50 percent methyl alcohol by volume. The water 
was obtained from the domestic supply. 

Instrumentation. - The locations of the instrumentation for tem
perature and pressure measurement are given i n figure 2. The tem
peratures recorded, and the number, type, and location of thermocouples 
were as follows: 

(a) Total temperature at engi ne inlet (station 1) Tl : average 
of 20 individually recorded thermocouples, 5 in each of 4 rakes 900 

apart at the inlet cowling. 

(b) Gas temperature at turbine discharge (station 5) T5: average 
of IS unshi elded strut-type thermocouples equally spaced around one-half 
the circumference of the diffuser secti on and located approximately 
4 inches downstream of the turbine discharge. 

(c) Gas temperature at tail-pipe burner i nlet (station 6 ) TS: 
average of 8 unshielded strut-type thermocouples equally spaced around 
the circumference of the tail-pipe burner. These thermocouples were 
i nstalled only during runs for which the ta i l-pipe burner was inoperative. 

The pressures measured and the number, type, and location of pres
sure tubes were as follows: 

(a) Total and stat i c pressure at the engine inlet (station 1) were 
assumed equal to test-cell static pressure that was measured as the 
average of two static tubes in a quiescent zone of the test cell. 

(b) Static pressure at exhaust-nOZZle discharge (station 7) P7: 
two static-pressure probes manifolded and installed in the sound-muffling 
chamber in the plane of the exhaust nozzle. 

These and all symbols used in this report are given in appendix A. 

PROCEDURE 

The augmented performance presented herein was determined at sea
level, zero ram cond itions with an average engine - inlet temperature 
of 800 F, a constant engine speed of 7610 rpm, and a constant i ndi cated 
turbine-discharge gas temperature of 12000 F. The range of test con
ditions covered, the exhaust-nozzle diameter, the fuel-spray-bar design 
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and immersion depth across the s!-inch diffuser annulUS (deSignated as 
2 

the distance from the wall of the diffuser inner cone to the tip of the 
spray bar), and the particular flame-holder design used during the 
augmentation runs are presented in the following table: 

Range of Range of Exhaust- Fuel-spray- Fla.me-
tail-pipe compressor nozzle bar design holder 

burner fuel- injection flow diameter immers i on design 
air ratios rates (in. ) depth from 

(lb/sec) cone, (in. ) 

0.017 - 0.020 0, 2.96 - 4.97 18.75 A 1/2 B 
.019 - .024 0, 2.95 - 5.04 19.50 A 1/2 B 
.024 - .036 0, 2.99 - 5.11 20.25 B 3/4 B 
.039 - .059 0, 2.93 21.00 B 1 A 
.038 - .067 0, 2.92 - 4.01 21.00 B 3/4 B 
.058 0 21.75 B 1 B 
.065 0 22.00 B 1 1/4 B 
.067 0 22.50 B 1 3/8 B 
.035 - .064 2.0 variable B 3/4 B 

The tail-pipe burner fuel-air distribution was varied by adjustment 
of the immersion depth of the fuel-spray bars across the diffuser 
annulus and by using one of the two spray-bar designs. Maintenance of 
the proper fuel-air distribution was critical in attaining stable com
bustion in the tail-pipe burner. The problems encountered due to this 
instability will be discussed in a later section of this report. 

For all combination runs a premixed coolant of water and alcohol 
was i njected into the compressor. For the runs during which water -
alcohol mixture was injected at both the i nlet and the sixth stage of 
the compressor, the flow was evenly divided between the stations. All 
the comb i nation runs except those with inlet injection alone were con
ducted with the series of fixed-area exhaust nozzles. For each exhaust
nozzle size the injected flow was set at values wi thin the range given 
in the table and at each injected flow, the tail-pipe burner fuel flow 
was set at a value giving a turb i ne-discharge-gas temperature of 
12000 F. The comb i nat ion runs with inlet i njection were conducted with 
a variable-area exhaust nozzle and at a constant injected flow of 
2 pounds per second. The use of the variable-area exhaust nozzle for 
the complete test program would have been desirable because it would 
have expedited the testing, but unfortunately i t was not made available 
until the l ater phase of the program. For the runs during which the 
variable-area exhaust · nozzle was used, several tai l-pipe burner fuel 
flows were established; and at each fuel flow, the variable-area nozzle 
was closed until the limiting turbine-discharge temperature of 12000 F 
was reached. 
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A series of normal performance runs was made to provide a basis 

of c~parison of the augmented engine with the unaugmented. For these 

runs the standard 21-inch diameter tail pipe was used. The thrust 

losses due to the tail-pipe burner flame holder and fuel-spray bars 

during unaugmented operation with the 2si-inch diameter tail pipe were 

determined with a continuously variable-area exhaust nozzle. 

For the type of engine investigated it is good practice to measure 

the indicated turbine-discharge - gas temperature at a station in the tail 

pipe w~ere the gas has become well mixed and the temperature gradients 

are small. When operating without tail-~ipe burning, station 6 ade

quately fulfilled this re<luirement and was used. During operation with 

tail-pipe burning, station 5 was selected for the turbine-discharge 

temperature measurements since no station downstream of the fuel-spray 

bars could be used because of the danger of either raw fuel impinging 

or flame seating on the thermocouples. Inasmuch as station 5 is located 

in a region of steep and shifting temperature gradients it was necessary 

to determine a temperature calibration of station 5 against the tem

peratures at station 6 for both compressor coolant injection and non

injection runs. This calibration was then used during the combination 

runs i n setting the desired turbine-discharge-gas temperature. 

RESULTS AND DISCUSSION 

Engine Performance 

In the following discussion a comparison is made of the augmentation 

of turbojet-engine performance by compressor coolant injection, tail

pipe burning, and by their combined application. Primary consideration 

has been given to the attainment of maximum thrust augmentation, although 

the li<luid re<luirements necessary to achieve the augmentation are 

presented. in the course of the investigation several fundamental com

bustion problems were encountered and are discussed in detail. 

Augmented engine performance. - The experimentally determined per

formance of an axial-flow-type turbojet engine utilizing the compressor

injection system, the tail-pipe burning system, and the combined

augmentation system is presented in figure 4. Augmented thrust ratio 

(ratio of augmented thrust to normal-performance thrust) is presented 

as a function of augmented li<luid ratio (augmented total li<luid con

sumption to normal fuel flow). The normal performance data used in 

determining the augmented performance were obtained from the standard 

engine configuration exclusive of the tail-pipe burner or compressor

injection components. 

The augmented performance produced by use of the compressor-injection 

system shown in figure 4 is based on the data presented in reference 2. 
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The absence of a variable-area exhaust nozzle during the initial phase 
of this investigation precluded independent investigation of the 
compressor-injection system, but the data compared here were obtained 
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on a similar model engine equipped with an identical compressor-injection 
configuration. The compressor-injection system operating with an engine
inlet air temperature of 800 F produced an augmented thrust rat i o of 
1.22 with an augmented liquid ratio of approximately 7. The nature of 
this curve is such that additional thrust augmentation is attainable only 
at the expense of greatly increased injected flow. 

The performance of the tail-pipe burner system shown was obtained 
with a series of fixed-area exhaust nozzles , each making operation 
possible at limiting turbine-discharge temperature with a different 
tail-pipe burner fuel-air ratio. A maximum augmented thrust ratio 
of 1.51 was obtained at stoichiometric fuel-a i r ratio and an augmented 
liquid ratio of 3.96. This performance favorably approaches the ideal 
performance predicted in reference Ij that i s, an augmented thrust 
ratio of 1.55 i s theoretically predicted for an augmented liquid rat i o 
of 4.00 and stoichiometric combustion. 

The augmented performance obtained by the use of the combined
augmentation system is shown for coolant-injection rates of 2, 3, 4, 
and 5 pounds per second. The curves obtained have been extrapolated 
to the augmentation obtainable with compressor coolant injection 
independent of tail-pipe burni ng, so that each curve represents a range 
of tail-pipe burner fuel-air ratios from zero to the maximum obtainable 
with the combination. The maximum augmented thrust ratio obtained dur
ing this investigation was 1.70 with a fuel-air ratio of 0.064 i n the 
tail-pipe burner and a compressor-injection rate of 2 pounds per second 
giving a combined augmented liquid ratio of 5. 6 . The maximum augmentation 
obtainable with compressor coolant injection decreased with an increase 
of injection rate because of t he greater susceptibility to unstable and 
inefficient combustion with increased concentration of water and alcohol 
in the tail p i pe . Combustion instability increased with injection flow 
rate thereby limiting operation of the combination-augmentation system 
to slightly lower fuel-a i r ratios as the compressor injection flow rate 
was increased. A discussi on of the probable causes and effects of com
bustion instability is i ncluded i n a later section. 

For small requirements of thrust augmentation the compressor
injection system would be desirable due to its simplicity as opposed to 
the more complex tail-pi pe burni ng system. For applications requiring 
moderate amounts of thrust augmentation, augmented thrust ratios up to 
approximately 1.5, the greate st economy of liquid consumption for a 
given amount of augmentation i s attainable with the tail-pipe burning 
system. In order to obtain augmented thrust ratios in excess of 1.5 
i t i s necessary to resort to the combined-augmentation system. Although 
the maximum augmentation obt ained during this investigation was limited 
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to 70 per cent, t hi s system appears t o have potent ial ities of rea ching 
still higher amounts of augment ation provided combustion inefficiency 
and instability can be over come at high injected flow rates . 

A summary of the augmented performance obtained with each of the 
three systems of augment ation is pr esented in figure 5. The locus of 
the experimental l imits obtained by combining various compressor 
injected flows with tail -pipe burning is shown for the combi ned
augmentation system. The locus of the points of maximum augmented thrust 
ratio predicted by a theoretical analysis is shown in order to indicate 
the level of augmentat i on that may be ant i cipated from this system. The 
theoretical maximums curve was determi ned by considering the tail-pipe 
burning system as operating in series with the compressor-injection 
system for several compressor-injecti on flow rates. It i s noted tha t 
the combustion stab i lity limit curve, which represents the greatest 
augmentation obtai ned with approximately stoichi ometric fuel-air ratio 
and with each compressor-injection flow rate , i s l e ss than that indi cated 
by the theoretica l maximums except for t he cond i t i on of 2 pounds per 
second of compressor i njection . This condition i ncluded the minimum 
amount of water - a lcohol injection investigated and nearl y stoichi o
metric fuel -a i r rati o in the tail -pipe burner. With increased injected 
flow rates and therefor e increased augmented li~uid ratios the exper
imental maximums curve deviates more markedly from the theoretically 
predicted performance because of decreasing combustion effic i ency and 
poorer stab i lity wit h i ncrea sing injected flow. From these consid
erations the current appl ications of the combined- augmentation system 
to t urbojet engines and t ail-pipe burners of this design should appar
entl y be l imited to low compressor- injection rates until the combust i on 
problems have been over come . 

Tail-pipe burner combust i on per formance . - The tail-pipe burner 
combustion efficienc i es and temperature s encounter ed during independent 
operat i on a nd i n combination wi th compressor coolant i n jection are pr e 
sented i n f i gure 6 . The tai l - p i pe burner combustion temperat ure and 
efficiency were calculated from measured values of thrust , mas s flow, 
and exhaust-nozzle exit area with t he unburned alcohol pr e sent in the 
tail- pipe burner cons i dered as an e~uivalent fuel. The t ail-pipe burner 
fue l -air r a t i o was based on the unburned air, that i s , t he air t hat was 
available for combustion i n the tail-p ipe burner. The combust ion 
efficiency was computed as a ratio of the a ctual ent halpy r i se across 
the combustor to the heat i nput of the fuel a nd wa s based on t he cal
culated combustion t emperature. The alcohol that r emained unburned 
after the primary combustion process was considered to burn in t he tail
pipe burner and was reduced t o an e~uivalent f uel for t he purpose s of 
the calculation . If the alcohol i nput to the tail-pipe burner was 
considered negligible in the combustion ca lculations, combustion efficiency 
values approximately 25 percent greater than those shown would have b een 
obtained. A detailed explanation of the method of calculation i s 
i ncluded in appendix B. 
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" Considering the effect of fuel-air ratio on the tail-pipe burner 
temperature (fig . 6(a», it will be note that for independent operation 
of the tail-pipe burner the combustion tem rature increased linearly 
with fuel-air ratio to a value of 0.04 above ich the rate of increase 
of combustion temperature with fuel-air ratio b ame less. A maximum 
combustion temperature of about 38000 R was obtai d at stoichiometric 
fuel-air ratio. When the lowest compressor- injectio flow rate 
(2 Ib/sec) was used in combination with the tail-pipe burner, a com
bustion temperature of approximately 36400 R was obtained with a fuel
air ratio of 0.059. 

The combustion -temperature data shown do not include data for all 
the fuel-air ~atios i nvestigated in combination with the compressor
injection rate of 2 pounds per second. The run dur ing which maximum 
augmentation was achieved included a tail-pipe burner fuel-air rat i o 
of 0.064. Sufficient data were not obtained to compute the combustion 
temperature and efficiency for this condition. When i ncreased quantities 
of water - alcohol mixture (3 to 5 Ib/sec) were used in combination with 
tail-p i pe burning, the maximum combust i on temperature obtainable was 
considerably less. The maximum temperature obtainable with the com
bination of 5 pounds per second injection and tail-pipe burning was 
approximately 6700 less than that achieved with independent operation 
of the tail-pipe burner at the same fuel-air ratio. The salient 
decrease in combustion temperature with injection flow rates greater 
than 2 pounds per second resulted from significant changes in the com
position and properties of the products of combustion and also from a 
reduction of the combustion efficiency with the presence of large 
quantities of alcohol and water vapor. 

For independent operation of the tail-pipe burner the combustion 
efficiency reached a maximum value at a fuel-air ratio of approx
imately 0.04 as may be seen in figure 6(b). The peak combustion 
efficiency is shown to exceed ideal efficiency and may be attributed 
to the assumptions made in the method of calculat i on. Although the 
magnitudes are questionable, the relative values of efficiency are 
significant for comparative purposes. 

The combust ion efficiencies calculated for operation of the 
combined-augmentation system decrease with an increase of compressor
injection rate and are as much as 35 percent lower (5 Ibs/sec compressor 
injection) than those calculated for independent operation of the tail
pipe burner. The decrease of combustion efficiency probably results 
from the influence of the water vapor on the combustion process. It 
has been found that the velocity of flame propagation in a fuel-air 
mixture is substan~ially reduced by the additi on of water vapor. Although 
the exact nature of this retarding action is not known, an hypothesis 
has been advanced that it is the result of dissipat ion of the high energy 
of OR radicals and newly formed water molecules through collision with 
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the normal water molecules. In this manner, the concentration of the 
active energy carriers is reduced and consequently, the chemical reac
tion and propagation of the flame is slowed down. This phenomenon 
becomes increasingly important with greater concentration of water 
molecules. A detailed explanation of the process may be found in refer
ence 5. Generalizing, it has been found that increasing the compressor
coolant-injection rate decreases both the combustion efficiency and the 
combustion temperature of the process o 

Thrust losses. - The loss in normal performance due to the 
compressor-interstage-injection system was demonstrated in reference 2 
to be negligible for the "single-stage" compressor-injection system used 
in this investigation. The decrease in thrust attributable to the tail
pipe burner flame holder and fuel-spray bars is shown in figure 7(a) 
where corrected thrust is presented as a function of corrected engine 
speed. The performance shown in figure 7(a) was determined with the 
tail-pipe-burner tail pipe that was larger in diameter than the standard 
engine tail pipe. The data for each curve were obtained with a constant 
exhaust-nozzle area that was set for each series to give rated tail-pipe
gas temperature at rated engine speed. The loss during unaugmented 
operation due to the presence of the 36 percent blocked-area flame 
holder, the larger of the two flame holders used, and the fuel-spray 

components was approximately 1 to l~ percent of the thrust. A plot of 

the corrected tail-pipe gas temperature obtained during the thrust-loss 
determination is shown in figure 7(b) to substantiate the constancy of 
the turbine-d ischarge-gas temperature throughout this phase of the 
investigation. 

Operational Characteristics 

Operation of both the tail-pipe burner system and the combined
augmentation system in the region of stoichiometric fuel-air ratio was 
characteriz~d by combustion instability that took the form of high
frequency vibration. This vibration usually resulted in destruction 
of the flame holder or other components of the tail-pipe burner and 
necessitated i ncreasing the strength of the various parts of the burner 
so much that the resultant component weights became impractical for 
aircraft applicationo Areas where welding had concentrated stresses 
were particularly vulnerable. 

Measurements of the frequency of the sonic vibrations in the engine 
muffler revealed that a range of frequencies from 3500 to 5000 cycles 
per second were encountered with occasional peaks at 6000 cycles per 
second. The vibrations experienced probably are a composite of the 
vibrations of various integral parts and assemblies surrounding the tail
pipe burner and those caused by oscillatory combustion. The combustion 
vibrations could result from oscillations created by instability of the 

• 
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combustion between localized regions of over-rich and combustible fuel
air mixtures. Because these regions are dynamic and therefore are 
alternately capable and incapable of supporting combustion, a form of 
oscillation is established. This hypothesis is supported by the fact 
that the combustion instability is critical at high fuel-air ratios 
where proper mixing of the fuel and ali' becomes increasingly important. 
Further substantiation is offered by the fact that the high-frequency 
vibration was eliminated during independent ope~ation of the tail-pipe 
burner and was eliminated under some conditionB with the combined
augmentation system when the fuel-air distribution to the burner was 
varied. This variation was accomplished in two ways: (1) by moving 
the fuel-spray bars in and out radially across the diffuser) and (2) by 
changing from one design of spray bar to another. With an increase in 
the tail-pipe burner fuel-air ratio it was found that combustion sta
bility was improved by moving the spray bars outward, thus concentrating 
more fuel where the gas stream velocity and available combustion air 
was a maximum. To provide fuel in the air stream near the diffuser 
inner cone, the type-B spray bar, with prOVision for increased fuel 
flow from the end of the spray bar, was used. 

Although it was possible to eliminate the combustion instability 
during independent operation of the tail-pipe burner, this elimination 
was not always possible with the use of the combined-augmentation system 
at high tail-pipe burner, fuel-air ratios. The presence of the unburned 
alcohol from the compressor coolant injection caused a ,poorer distribution 
of the combustible material and air than was present during tail-pipe 
burning alone. In addition, the reduction of the velocity of flame 
propagation due to the influence of the water vapor caused the poor 
distribution to be even more critical, and it was possible to eliminate 
the instability only at the lowest rate of water - alcohol injection. 

Although the current investigation of the combined-augmentation 
system was limited by combustion instability, the range of operation of 
future applications might be extended by providing optimum distribution 
of the combustible material in the tail-pipe burner and available com
bustion air through proper design of the tail-pipe burner components. 

A comparison of the flame holder designs used during the inves
tigation indicated, in general, that more stable combustion at stoichio-

• metric conditions was expyrienced with larger blocked-area flame holders. 
Although the tail-pipe burner alone was operable with an 18 percent 
blocked-area flame holder, a 30 percent or greater blocked-area flame 
holder was required when the combined-augmentation system was used. 

CONCLUDING REMARKS 

The maximum augmented thrust ratio obtained during the investigation 
of the use of combined compressor coolant injection and tail-pipe burning 
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was 1.70, which resulted from a combination of a fuel-air ratio of 
0.064 in the tail-pipe burner and 2.0 pounds per second compressor 
coolant injection at the engine inlet. Achievement of greater aug
mentation by combination of compressor coolant injection rates in 
excess of 2 pounds per second with high fuel-air ratios in the tail
pipe burner was precluded by inefficient and unstable combustion in the 
tail-pipe burner. The loss in unaugmented thrust due to the compressor
interstage i njection system, and the ta i l-pipe-burner fuel-spray bars 

and flame holder was approximately 1 to 11 percent of the thrust. 
2 

The combust i on instability encountered was characterized by high
fre~uency vibrations that usually resulted in destruction of the com
ponents of the tail-pipe burner. Combustion instability increased with 
injection flow rate limiting operation of the combined-augmentation 
system to slightly lower fuel-air ratios with higher compressor coolant 
injection flow rates. In addition, the tail-pipe burner combustion 
t emperature and efficiencies decreased with addition of alcohol and 
water vapor in the compressor. The influence of the water vapor became 
increasingly important with the greater concentrations of water vapor 
accompanying increased injection flow rates. Even though the magnitude 
of the augmentation achieved during this investigation by the combined
augmentation system was conSiderable, it appears logical that even 
greater amounts of augmentation can be made available by improvement of 
combustion in the presence of compressor coolant injection. 

Lewis Flight Propulsion Laboratory 
National Advisory Committee for Aeronautics 

Cleveland, Ohio 

~~--~~--
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APPENDIX A 

SYMBOLS 

A 

A7 exhaust-nozzle exit area, ft2 

cp specific heat at constant pressure, Btu/(lb)(~) 

F measured thrust, Ib 

f/a fuel-air ratio 

g acceleration of gravity, ft/sec2 

R molal enthalpy, Btu/(lb-mole) 

%. enthalpy of air, Btu/lb 

hc,alc heating value of alcohol, Btu/lb 

hc f heating value of primary fuel, Btu/lb , 
hw enthalpy of water, Btu/lb 

J Joules constant, 778 ft-lb/Btu 

m hydrogen-carbon ratio of fuel by weight 

P total pressure, Ib/ft2 

p static pressure, Ib/ft2 

R gas constant, ft/~ 

T total temperature, OR 

Vj jet velocity, ft/sec 

Wa weight of air flow) Ib/sec 

Walc weight of alcohol flOW, Ib/sec 
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Wb tail-pipe burner fuel flow, Ib/sec 

Wf engine fuel flow, Ib/sec 

Wi injected flow to compressor, Ww + Wale, Ib/sec 

Ww weight of water flow, Ib/sec 

r ratio of specific heats 

/ compressor inlet absolute total pressure 
PI 2116, absolute static pressure of NACA standard atmosphere 

at sea level 

/ compressor inlet absolute total temperature 
e Tl 518 .4, absolute static temperature of NACA standard atmos-

phere at sea level 

~a1c alcohol combustion effectiveness 

~b combustion eff i ciency of tail-pipe burner 

Subscr ipt s : 

1 engine i nlet 

3 compressor d i scharge 

5 t urb ine discharge 

6 tail-pi pe burner i nlet 

7 exhaus t discharge 

- -- -- - -----
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APPENDIX B 

METHOD OF CALCUIATION 

Tail-pipe burner combustion temperature. - The tail-pipe burner 
combustion temperature was computed as a function of measured thrust, 
the total mass flow through the engine and tail-pipe burner, and a 
calculated ratio of static to total pressure at the tail-pipe burner 
outlet. The calculated combustion temperature equation has been derived 
from the thrust equation 

(Bl) 

Assuming complete expansion of the exhaust jet and considering the 
fact that only subsonic flow was encountered at the exhaust-nozzle exit 
during this investigation, the combustion-temperature equation is of the 
following form 

T7 = -( 2-r-)-W-g-2 ..... ( ..... :--=~:-L)_F;---"':'--: -)-r-; l-=J 
(B2) 

For the calculations when tail-pipe burning alone was used, the values 
of r and cp for the products of combustion were determined at the 
estimated combustion temperature and precombustion mixture fuel-air 
ratio. The gas constant R was determined !'rom the following 
relationship 

R = J cp (1 - .!) 
r 

(B3) 

The calculation of the combustion temperatures for the combined
augmentation system performance necessitated including the influence of 
the water vapor !'rom the compressor coolant injection on the values 
of r and R used in the computations. The value of R for water 
vapor is only slightly influenced by temperature and has been assumed 
constant at a value of 85.7. The values of r for the water vapor were 
determined from the empirical equation (reference 6), 

(B4) 



16 NAeA RM E5lH16 

The values of r and R for t he gas mixture were assumed to be pro
portional to the weight of the water vapor and combustion gases present 
in the process. A negligible error results in the determination of the 
properties of the combustion gases when the alcohol is assumed as an 
equivalent fuel. 

The total pressure at the tail-pipe burner outlet P7 was not 
measurable so that the ratio of total to static pressure at the exhaust 
discharge (station 7 ) was calculated from 

(B5) 

which assumes that the static pressure at the exhaust-nozzle discharge 
(station 7) is equal to the static pressure in the exhaust muffler. The 
exhaust- nozzle velocity and discharge coefficients were not determined 
in this investigation and have been assumed as ideal for purposes of 
calculation. 

Tail- pipe burner combustion efficiency. - The tail-pipe burner 
combustion efficiency was computed as a ratio of the actual enthalpy 
rise across the combustor (based on the calculated combustion tem
perature) to the heat input of the fuel consumed. Ideal combustion of 
the engine fuel was assumed to take place in the primary combustor. 
To prov-ide an estimate of the alcohol that burned in the primary com
bustor an alcohol- combustion- effectiveness factor was developed and is 
presented in figure 8 as a function of the corrected water - alcohol 
mixture flow rate for the 70 - 30 percent water - alcohol mixture. The . 
alcohol- combustion effectiveness was derived from the consideration of 
a heat balance across the primary engine combustor and included the 
following assumptions: fa) The enthalpy rise through the primary com
bustion chamber is a constant for each injection flow rate, and (b) The 
combustion efficiency of the primary fuel remained unchanged. The values 
of the alcohol- combustion- effectiveness factor have been reduced from 
experimental data and are limited to the particular engine-combustion
chamber configuration investigated . The combustion efficiencies of the 
tail- pipe burner were determined by use of the following equation of 
the enthalpy rise across the combustor divided by the heat inputs of 
the fuels and was based on the discussion of combustion efficiency 
calculation as presented in reference 7. 

-------~~-
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TJ b 

h8 ,al c W~lC ~ - TJalc]+ hc f ~"b 
a ' a 

(B6 ) 

In the determination of the fuel-ai r ratios the alcohol present was 
reduced to an equivalent standard fuel through consider ation of the 
equivalence ratios of the alcohol and tail-pipe "burner fuel. 
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Figure 1, - Schematic diagram of engine installation. 
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Figure 2. - Engine and tail-pipe burner configuration and instrumentation. 
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(a) Flame holder A with 31 percent blocked area. 

Figure 3. - Flame holders for tail-pipe burner. 
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(b) flame holder B wi th 36 percent blocked area. 

Figure 3 . - Concluded . Flame holders for tail- pipe burner . 
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Figure 4. - Turbojet-engine performance with compressor coolant in jec
tion, tail- pipe burning, and combined t a il- pipe burning and compressor 
coolant in j ection at sea- level, zero ram conditions; engine speed 
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coolant injection. 
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Figure 6 . - Combustion performance of tail- pipe burner during independent operation and 
in combination with compressor coolant injection; burner inlet temperature 12000 F, 
sea-level, zero ram conditions. 
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Figure 7. - Effect of tail- pipe burner components on turbojet
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