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THEORETICAL ANALYSIS OF VARIOUS THRUST-AUGMENTATION CYCLES FOR TURBOJET
ENGINES

By Bruce T. Luxpix

SUMMARY

The results of analytical studies of tail-pipe-burning, water-
injection, and bleedoff methods of thrust augmentation are
presented that provide an insight inlo the operating character-
istics of these augmentation methods and summarize the per-
formance that may be obtained when applied to a typical
turbojet engine. A brief description of the principles of oper-
ation of each augmentation method is given, together with
curcves that illustrate the effects of the principal design and
operating variables of the augmentation system on the thrust
and the liguid consumption of the engine. _

The necessity of designing tail-pipe burners with a low
burner-inlet velocity, a low burner drag, and a high diffuser
efficiency in order to obtain a high thrust augmentation and to
minimize the loss in engine performance during wonburning
operation is illustrated. The ratio of augmented to normal
thrust produced by a ftypical tail-pipe burner at sea-level
altitude increased with flight llach number from a ralue of
nearly 1.5 at a Mach number of 0 to over 3.0 at a Mach number
of 2.0 and decreased with increasing altitude for supersonic
Fight Mach numbers.

Water injection is considered for injecfion into the com-
pressor inlet and for injection into the engine combustion
chambers. With sufficient water injection info the compressor
tnlet to saturate the air at the compressor outlet, the ratio of
augmented to normal thrust at sea level increased from 1.4 at
a Mach number of 0 to nearly 2.6 at a Mach number of 2.0.
The injection of wafer info the combustion chambers of an
engine having compressor characteristics typical of an arial-
How compressor provided slightly less thrust augmentation than
the compressor-inlet-injection method and the specific liguid
consumption was about twice as great.

The thrust augmentation provided by the bleedoff method was
the highest of the three methods studied for engines with com-
pressor characteristics typical of either eentrifugal- or axial-
flow compressors. The marimum augmented thrust at a flight
Mach number of 0 and sea-lerel altitude for the centrifugal-
flow-type engine, which was somewhat higher than for the arial-
How-type engine, was about 2.8 times the normal thrust of the
engine. This thrust augmentation was, however, obiained ai
the expense of a high rate of liguid consumption and required
that stoichiometric combustion be maintained in the engine
combustion chambers.

INTRODUCTION

Methods of increasing the thrust of turbojet engines for
short periods of time are of importance in increasing the
effectiveness of this type of airerafi power plant. Thrust-
augmentation methods find principal application in improving
both the take-off and eclimb characteristics of jet-propelled

aireraft, as well as the combat and the high-speed performance
Three different methods of thrust

of many military aircraft.
augmentation that are of current interest and that have
been the subject of recent analytical and experimentsl
investigations are tail-pipe burning, water or water-aleohol
injection, and bleedoff. In order to obtain an insight into
the operating characteristics of these three thrust-
augmentation methods, an analytical study of the perform-
ance of each method was made at the NACA Lewis labora-
tory during 1949°and the results are presented herein.

The three methods of thrust augmentation are treated.

separately and are applied to turbojet engines having com-
ponent efficiencies and operating conditions that are repre-
sentative of those'in current use. A brief description of the
principles of operation of each augmentation method is given,
together with curves that llustrate the effects of the prineipal
design and operating variables of the augmentation system
on the thrust and liquid consumption of the engine. For the

tail-pipe-burning method of thrust augmentation, particular

attention is given to the effect of the burner-design parameters

on both sugmented- and normal-engine performance.
The variation of engine performance with flight conditions is

presented for a representative burner design. Two methods
of water injection sre considered: injection into the com-
pressor inlet, and injection into the combustion chambers
of the engine.
performance is presented for a range of injected water-air
ratios and for several typical flicht conditions. The perform-
ance of the bleedoff cycle of thrust augmentation is investi-
gated for a wide range of bleedoff flow rates for zero-ram,

sea-level flight conditions; results are presented for engines

having both constant- and variable-area exhaust nozzles and

For each method, the augmented-engine

with compressor characteristics typical of both axial- and

centrifugal-flow compressors.

A continuation of this study in which the performance of
various thrust-augmentation methods are compared on the
basis of airplane performance for several flight conditions is
presented in reference 1.
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SYMBOLS

The following symbols are used in the analysis and in the
presentation of the results:

C; tail-pipe-burner drag coefficient, defined as drop in
total pressure across burner due fo friction divided by
burner-inlet dynamic head

exhaust-nozzle velocity coeflicient, deﬁned as ratio of
actual to theoretical jet velocity

(]
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1—(F)
n: adiabatic turbine efficiency, T‘.,_l
P\ 7
1~
P,
P compressor-inlet total temperature, T}

standard NACA temperature at sea level, 518.4° R
6, effective temperature of ﬂmd passing through com-

pressor
F  net thrust, (Ib)
f  over-all fuel-air ratio Subseripts:
¢  acceleration of gravity, (ft/sec?) 0 free stream
M flight Mach number 1  compressor inlet
N  compressor speed, (rpm) 2  compressor outlet
P tota.l pressure, (Ib/sq ft) 4  turbine inlet
p  static pressure, (Ib/sq ft) 5  turbine outlet
R gas constant, (ft-Ib/(b)(°R)) 6 tail-pipe-burner inlet
T  total temperature, (°R) 7  tail-pipe-burner outlet
¢ static temperature, (°R) 8  exhaust-nozzle outlet
vV velocity, (ft/sec) e augmented engine
W engine air flow, (Ib/sec) j  exhaust jet expanded to a.tmosphere
Y ratio of Spec.lﬁc heats . . n normal engme
7, adiabatic tail -pipe-burner-inlet diffuser efficiency,
.
Y oy Rta[ _139) 7 __1] TAIL-PIPE BURNING
Y L\Ps )
1 ANALYSIS
5 (V=7
P 11 The tail-pipe-burning method of thrust augmeniation, or
(—’) afterburning as it is sometimes designated, consists of infro-
7. adiabatic compressor efficiency,~—5—— ducing and burning fuel between the turbine and the exhaust
T ~1 nozzle of the engine. The inecrcased temperature of the
! vt exhaust gases thus produced results in an increase in the jet
_111)—7—_ { velocity and hence an increase in the thrust. A schematic
. . . . . Po diagram of & turbojet engine equipped for tail-pipe burning
ne  adiabatic engine-inlet diffuser efficiency, y—1 M is shown in figure 1. Because the velocity of the gases in the
2 tail-pipe burner must be sufficiently low to avoid excessive
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FIGURE 1.—Schematic diagram of turbofet engine equipped for tail-pipe burning.
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pressure losses and to insure satisfactory combustion, &
diffuser is provided between the turbine outlet and the tail-
pipe-burner inlet. Fuel is injected into the tail-pipe burner
upstream of flame holders that provide the stagnation
regions and the turbulence necessary for combustion. A
suitable length of tail pipe is provided downstream of the
flame holders to permit completion of combustion before
reaching the exhaust nozzle, The eshaust nozzle must be of
the variable-area type, either two-position or continuously
variable, in order to provide for operation under both non-
burning and augmented conditions. A more detailed dis-
cussion of the tail-pipe-burning method of thrust augmenta-
tion, together with a generalized method of the analysis of
the cyele, is presented in reference 2.

The net thrust of the engine F, which is equal to the change
in momentum of the gases passing through the engine, may
be expressed as

F=%: [Vl +H—Vd )

The ratio of the augmented net thrust to the normal net
thrust, which is herein designated the augmented thrust
ratio, may be written as

Fa ?j,a(l +f¢)— T"TO
Fu o 'r_f, u(l +fn) - ]70 (2)

The values of the effective jet velocity 17; for both the
augmented and the normal engine were determined by con-
ventional step-by-step calculations through each of the
engine components. For subsonie flight speeds, an engine-
inlet diffuser efficiency 7, of 0.91 was assumed; for supersonic
speeds, total-pressure ratio recovery factors P[P, of 0.95,
0.93, and 0.88 were assumed for flight Mach numbers of 1.0,
1.5, and 2.0, respectively. The compressor pressure ratio
was taken as 4.0 af seadlevel saltitude and a flight Mach
number of 0. For other flight conditions, the pressure ratio
was varied to meet the condition of constant work input per
pound of air. The compressor efficiency 5. was assumed to
be 0.80 and the turbine efficiency 7, was assumed to be 0.85.
A pressure loss in the primary-engine combustion chambers
of 0.03 of the total pressure at the compressor outlet was
used in all the calculations. Both the augmented and normal
engines were considered to be operating at a copstant turbine-
inlet temperature T, of 2000° R. Because a constant
turbine-inlet temperature is assumed, it is implied thet the
exhaust-nozzle area is adjusted to the proper value at all
operating conditions. The normal engine was assumed to
have no tail-pipe pressure losses; that is, the exhaust-nozzle-
inlet total pressure was assumed equal to the turbine-outlet
total pressure. The tail-pipe burner is considered as a
constant-area duct in which the over-all pressure drop is the
sum of the friction and momentum pressure drops; the friction
pressure drop between the turbine outlet and the exhaust-
nozzle inlet was determined from the burner-inlet diffuser
efficiency and the burner drag coefficient, as previously
defined, and the momentum pressure drop in the tail-pipe
burner was calculated from considerations of the change in
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momentum of the gases due to combustion. The exhaust-

nozzle velocity coefficient C, was assumed to be 0.975 for
both the augmented and normal engines. A combustion
efficiency of 0.95 was used in the ealculations of fuel flow to
both the primery combustion chambers and the tail-pipe
burner. Dissociation was also considered in the calculations
of fuel flow to the tail-pipe burner.
Calculations were made to determine the effect of tail-pipe-
burner-outlet gas temperature 7%, turbine-outlet velocity
’s, burner-inlet velocity V5, burner-inlet diffuser efficiency
1, and burner drag coefficient C'; on the performance of the

engine under both augmented and unaugmented conditions.

For each set of calculations, one of these variables was
systematically varied while all the others were held constant
at the following reference values:

Tail-pipe-burner-outlet gas temperature, Ty, °R______________ 3800
Turbine-outlet veloeity, V5, ftfsec_ o oo o 750
Tail-pipe-burper-inlet veloeity, V5, ftfsec . o ____. 400
Tail-pipe-burner-inlet diffuser efficiency, #p-cccooooeom____ 0. 80
Tail-pipe-burner drag coeffieient, Cg. oo oo ____._ 1.0

RESULTS AND DISCUSSION

Tail-pipe-burner-outlet temperature,—The effect of the
tail-pipe-burner-outlet temperature on the augmented thrust
ratio is shown in figure 2 for a range of burner-inlet velocities
from 200 to 750 feet per second. These results are for sea-
level altitude and a flight Mach number of 0. The turbine-
outlet temperature associated with the 2000° R inlet tem-
perature and the assumed values of compressor pressure ratio
and efficiency (that is, compressor work) is 1730° R and is
indicated in figure 2 by the vertical dashed boundary line at
this value of burner-outlet temperature.
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FiGURE 2.—Variation of augmented thrust ratio obtained by tail-pipe burning with tail-pipe-
burner-outlet temperature for various tafl-pipe-burner-inlet velocities. Turbine-outlet
velocity, 750 feet per second; tail-pipe-burner-inlet diffuser efficiency, 0.80; tail-pipe-burner
drag coefficient, 1.0; flight Mach namber, 0; altitude, sez level.
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The augmented thrust ratio increases with increase in
burner-outlet temperature as a result of the accompanying
increase in jet velocity and decreases with increase in burner-
inlet velocity because of mncreased friction and momentum
pressure drop across the burner. The performance -with
neither friction nor momentum pressure losses in the tail-
pipe burner, which is an idealized case of a burner-inlet
velocity of 0, is included for comparison as the upper dashed
curve. For burner-inlet velocities below about 700 feet per
second, a maximum burner-outlet temperature of slightly less
than 4000° R is reached when the over-all engine fuel-air
ratio is stoichiometric. At high burner-inlet velocities, the
maximum burner-outlet temperatures that can be reached
without affecting the engine operating conditions are limited
by thermal choking. At a burner-outlet temperature of
3800° R and & burner-inlet velocity of 400 feet per second,
the augmented thrust ratio is 1.47. The values of augmented
thrust ratio of less than 1.0 at a gas temperature of 1730° R
represent a loss in unaugmented-engine performance due to
the pressure losses in both the tail-pipe-burner-inlet diffuser
and in the tail-pipe burner itself. The effect of the various
burner-design parameters on this loss in unaugmented
performance, as well as on the augmented-engine perform-
ance, is illustrated in greater detail in subsequent figures.

Turbine-cutlet velocity and diffuser efficiency.—The aug-
mented thrust ratio is plotted against the turbine-outlet
velocity in figure 3 for a burner-outlet temperature of
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FIGURE 3.—Variation of augmented thrust ratio obtained by tail-pipe burning with turbine-
outlet velocity for various feil-pipe-burner-inlet diffuser efficiencies for unsugmented and
augmented operation. Tail-pipe-burner-inlet veloeity, 400 feet per second; tail-pipe-burner
drag coefficient, 1.0; flight Mach number, 0; altitude, sea level,

3800° R and diffuser efficiencies of 1.0, 0.8, and 0.6. A
similar set of curves is included for a gas temperature of
1730° R in order to illustrate the performance at nonburn-
ing or unaugmented conditions.

For a diffuser efficiency of 1.0, both the augmented and
unaugmented thrust remain constant with change in
turbine-outlet velocity; for the more realistic values of diffuser

efficiency, however, the performance progressively decrea ¢

with increased turbine-outlet velocity and decreased diffuse
efficiency. For example, with a diffuser efficiency of 0.8,
an increase in the turbine-outlet velocity from 750 to 1200
feet per second results in about a 3-percent decrease in
thrust for augmented operation and about a 2-percent de-
crease in unaugmented thrust. With a diffuser cfficiency
of 0.6, the adverse effects of increased turbine-outlet velocity
are even greater.

These results illustrate the desirability of designing the
turbojet engine with a low turbine-outlet velocity in order
to obtain high thrust augmentation and to minimize pen-
alties arising from pressure losses in the tail-pipe burner
during nonburning operation. Alternatively, if the engine
has a high turbine-outlet velocity, every effort should be
made to obtain a high diffuser efficiency.

Burner-inlet velocity and drag coeflcient.-—In figure 4,
the augmented thrust ratio is plotted against the burner-
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FIGURE 4.~ Variation of augmented thrust ratio obtained by tail-pipe burning with tafl-pipe-
burner-inlet velocity for various tail-pipe-burner drag cocfftelents for unzugmented and
augmented operation. Turbine-outlet velocity, 750 feut per sccond; tall-pipe-burner-Inlet
diffuser efficiency, 0.80; flight Mach number, 0; altitude, sea level.

. inlet, velocity for a range of burner drag cocfficients and for

burner-outlet gas temperatures of 3800° and 1730° R. An
increase in the burner-inlet velocity results in a considerable
decrease in the augmented thrust ratio for all values of
burner drag coeflicient for augmented operation and for the
higher values of drag coefficients for nonburning operation.
The greater effect of burner-inlet velocity on augmented
operation than on nonburning operation is due to the faet
that for. augmented operation, the pressure losses in the
burner are the result of both the burner friction and the
momentum change of the gases, whercas for nonburning
operation, only the friction pressure drop occurs. As might
be expected, the augmented thrust ratio is comparatively
unaffected by an increase in the burner drag coefficient at
low burner-inlet velocities, but at the higher velocitics, the
adverse effects of a high drag coefficient are of significant
magnitude. For example, at an inlet velocity of 600 feet
per second, an increase in the drag coefficient from 1.0 io
3.0 reduces the augmented thrust ratio from 1.33 to 1.09
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for augmented operation and from 0.25 to 0.82 for the non-
burning condition. At 400 feet per second, which may be
considered & desirable design value for the burner-inlet
velocity, the loss in performance is only about 40 percent
of that at 600 feet per second and, for a drag coefficient of
1.0, provides an augmented thrust ratio of 1.47 for aug-
mented operation and 0.97 for unaugmented operation.
Although a low drag coefficient is advantageous for max-
imum thrust, some drag is necessary for satisfactory combus-
tion, particularly for high-altitude operation. A low burner-
inlet velocity may therefore be desirable to compensate for
8 high burner drag coefficient and to obtain both a high
thrust augmentation and to minimize the loss of unaugmented
or nonburning thrust. In addition, a low inlet velocity may
also be required for satisfactory combustion efficiency and
stability. A reduection in the burner-inlet velocity, however,
requires an increase in the diameter of the burner that may
often be limited by aireraft-installation considerstions.
Effect of flight conditions.—The effect of flight Mach
number on the augmented thrust ratio is shown in figure §
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FIGURE 5.—Variation of normsal thrust ratio and avgmented thrust ratio obtained by tail-
pipe burning with fiight Mach npumber., Turbine-cutlet velocity, 750 feet per second;
tail-pipe-burper-inlet velocity, 400 feet per second; tail-pipe-burner-inlet diffuser efficiency,
0.80; tail-pipe-burner drag coefficient, 1.0,

for altitudes of both sea level and 35,000 feet. Included for
reference are curves of the normal thrust ratio, where this
thrust ratio is equal to the thrust of the normal-engine con-
figuration divided by the thrust obtained at sea-level altitude
and a flight Mach number of 0. The augmented-thrust
curves of this figure are based on the performance of a tail-
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pipe burner having the same design and operating variables
as were used for the reference values in the previous figures.

.Additional calculations for other than these values of tail-

pipe-burner parameters at several flight speeds indicated that,
in general, the effect of the various burner-design parameters

on the augmented thrust ratio is slightly greater at low flight

speeds and somewhat less at superaomc speeds than they are
at a flight speed of 0.

For both sltitudes considered, the thrust of the normal
engine decreases slightly as the flight Mach number is first
increased and then increases as the flight speed is inereased
above a flight Mach number of about 0.5. This variation
of thrust with flight Mach number is the result of the com-
bined effects of changing air fiow, pressure ratio, propulsive
efficiency, and inlet diffuser efficiency that sccompany the
changes in flight Mach number. The thrust at an altitude
of 35,000 feet is from 55 to 60 percent lower than at sea level,
prmc1pa11y because of the decreased air density at high altitude.

The augmented thrust ratio, shown by the upper curves
of figure 5, increases considerably with increase in flight Mach
pumber but is not greatly affected by altitude for subsonic
Machnumbers. Forsea-level altitude, the augmented thrust
ratio increases from nearly 1.5 at & Mach number of 0, to 2.0
at & Mach number of 1.0, and to over 3.0 at a Mach number
of 2.0. At a flight Mach number of 2.0, inereasing the alti-
tude to 35,000 feet decreases the augmented thrust ratio to
about 2.5.

The corresponding specific fuel consumptions for both the

normal and augmented engines are shown plotted against

the flight Mach number in figure 6 for altitudes of sea level
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FreUrE 6.—Variation of specific fuel consumption with flight Mach number for normal and
augmented operation with tail-pipe burning. Turhine-outlet velocity, 750 feet per second;
tail-pipe-burner-inlet velocity, 100 feet per second; tail-pipe-burner-inlet diffuser efficiency,
0.80; tafl-pipe-burner drag coefficient, 1.0.
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and 35,000 feet. The specific fuel consumption of the
augmented engine increases with an increase in flight speed
up to a Mach number of about 0.8 and then decreases with ,
further increase in flight speed. For the normal engine,
however, the specific fuel consumption increases continuously
with increased flight speed throughout the range of speeds
presented. The increase in specific fuel consumption due to
operation of the tail-pipe burner above that of the normsl
engine therefore becomes reduced as the flight speed is in-
creased. For example, at sea-level altitude, the augmented
specific fuel consumption varies from 2.2 times the cor-’
responding normal fuel consumption at a Mach number of
0 to about 1.4 times the normal consumption at a Mach
number of 2.0. At an altitude of 35,000 feet, the augmented
specific fuel consumption is about 17 percent lower than at
sea level at subsonic flight speeds and about 12 percent lower
at high supersonic flight speeds.

Unaugmented performance at cruise engine operation.—
The results presented in figures 2 t6 6 are, as previously
indicated, for a turbine-inlet temperature of 2000° R and
thus may be considered representative of engine operation at
maximum rated conditions. In order to determine the effect
of the tail-pipe-burner installation on the unaugmented-
engine performance at cruise conditions, additional calcula-
tions were made based on engine conditions typical of
reduced-speed operation at a thrust of about 70 percent of
the rated value. These calculations indicated that the
thrust losses. caused by the tail-pipe burner at eruise condi-
tions for flight Mach numbers in the range of 0.5 to 1.0 are
within 1 percentage point of those iHlustrated in figures 2 to 4 -
for rated-engine conditions. This small change in the effect of
burner pressure losses with change in engine operating con-
ditions is a result of the counteracting effects of a decreased
burner pressure drop at cruise conditions because of the
reduced burner-inlet velocity and an increased influence of &
given burner pressure drop on the jet velocity when the
exhaust-nozzle pressure ratio is small (as exists for reduced-
thrust engine operation).

WATER INJECTION AT COMPRESSOR INLET

ANALYSIS

The effect of water injection at the compressor inlet of
an engine may be illustrated by a schematic plot of typical
compressor characteristics, as shown in figure 7. In figure 7,
the compressor pressure ratio is plotted against the com-
pressor air flow for two values of the corrected compressor
speed N/+/6,,; where N is the actual rotor speed and 6, is
an effective temperature of the fluid passing through the
compressor. The evaporation of the injected liquid extracts
heat from the air and thus reduces the temperature of the
fluid passing through the compressor below that of the dry-
compression process. For constant compressor speed N,
the decrease in the fluid temperature 6,,, caused by this
evaporation of the injected liquid results in an increase in_
the corrected compressor speed N/+46,; As indicated in
figure 7, this increase in corrected compressor speed tends
to increase the compressor air flow, which, together with
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the injected water, increases the total mass flow. In order
to pass this increased mass flow through the turbine nozzles,
the turbine-inlet pressure must be increased with the result
that the equilibrium running condition between the turbine
and the compressor is obtained at a higher pressure ratio.
The change from normal to augmented operation of the
engine may thus be represented in figure 7 as a shift from
point 1 to point 2. This increase in both the compressor
pressure ratio and the air flow is reflected. throughout the
engine as an increasc in both the total mass flow and the
exhaust-nozzle pressure ratio, both of which inerease the
thrust produced.

As in the analysis of the tail-pipe-burning method of
thrust augmentation, the compressor cfliciency was assumed
to be 0.80, the turbine efficiency was assumed to be 0.85,
and the turbine-inlet temperature was maintained constant
at 2000° R. A compressor pressure ratio of 4.0 was also
assumed for the normal engine at sca-level altitude and a
flight Mach number of 0. For all augmented conditions, as
well as for the normal engine at other flight speeds and alti-
tudes, the compressor work input was mainfained constant
at the value corresponding to that of the normal engine at
the condition of sea-level altitude and a flight Mach number
of 0. Other necessary assumptions of inlet diffuser offi-
ciency, combustion-chamber pressure drop, and exhaust-
nozzle velocity coefficient were also the same as for the
tail-pipe-burning analysis. In addition, an ambient relative
humidity of 50 percent was assumed for all cases considered.
The thermodynamic properties of the working fluid for the
various operating conditions were obtained from ecurves
presented in reference 3.

The compressor performance for the wet-compression proe-
ess was determined in accordance with the methods de-
veloped and described in reference 3. These methods in-
volved the evaluation of the temperature and the water
content of the saturated mixture at the compressor inlet
from a psychrometric chart that was developed for wide
ranges of pressure and temperature conditions. The per-
formance of the mechanical part of the wet-compression
process was then determined from a Mollier diagram for
saturated air that was specifically prepared for this appliea-
tion and that is similar in prinecipal to the familiar Mollier
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diagram for steam. By using initial conditions correspond-
ing to the saturation temperature and water content at the
compressor inlet, the compression process was traced on this
diagram for the assumed values of compressor work and
adiabatic efficiency; the pressure and the temperature at the
end of the wet-compression process were read directly from
the diagram. For conditions where the injected water was
completely evaporated before the end of the compression
process, the compressor performance was calculated by as-
suming that the process consisted of two steps: (1) compres-
sion of the wet mixture as previously discussed; and (2)
adiabatic compression of the gas mixture calculated according
to the usual thermodynamic relations. This procedure for
determining the compressor performance with injection is,
in effect, equivalent to the evaluation of a new effective fluid
temperature 8, for the compressor and hence the determina-
tion of the pressure ratio associated with the increased com-
pressor corrected speed, as illustrated by point 2 of figure 7.
The increase in total mass flow for the augmented condition
was then caleulated from consideration of the flow through
the constant-area turbine nozzles for the assumed turbine-
inlet temperature and the turbine-inlet pressures correspond-
ing to the various compressor-outlet pressures. With the
compressor-outlet conditions and the mass flow through the
engine thus determined, the performance of the complete
engine was calculated by conventional analysis of the per-
formance of the other engine components.

The fuel flow for all sugmented conditions was considered
to be the same as for normal-engine operation. Although
an increased quantity of fuel is required to provide the addi-
tional energy for vaporization of the injected water, & prac-
tical means of providing this extra fuel has been found to be
the addition of aleohol to the injected water. By using the
proper mixture of water and alcohol, augmented operation
may therefore be obtained with the same primary fuel flow
as used in normal operation with resulting simplification of
operational procedures. Insofar as the thrust augmentation
is concerned, the thrust produced has also been found to be
relatively umnaffected by the amount of alcohol in the in-
jected mixture. The values of thrust augmentation pre-
sented herein for water injection are therefore considered
applicable to either water injection alone or to the mixtures
of water and alcohol that are of practical interest; values of
total liquid consumption are, however, applicable only to the
mixtures of water and alcohol that permit operation with
the same fuel flow as normal operation.

RESULTS AND DISCUSSION

The variation in the compressor pressure ratio, the air
flow, and the augmented thrust ratio with injected water-
air ratio are shown in figure & These results are all for
conditions of sea-level altitude and a flight Mach number
of 0; to illustrate the effect of inlet-air temperature, curves
are shown for NACA standard air by the solid lines and for
Army summer air (40° F higher than NACA standard air) by
the dashed lines. As the water-air ratio is increased from 0,
the condition of saturation of the air at the compressor

inlet is first reached, which is indicated by the triangles on
956646—351—39
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FicURE 8.—Variation of compressor pressure ratio, air flow, and augmented thrust ratio with
water-air ratio for injection at compressor inlet fuor NACA standard air and Army summer
air. Flight Mach pumber, 0; altitude, sea level.

the curves. Further increases in the water-air ratio result
in saturation of the air at some point during the mechanical-

compression process until saturation occurs at the compressor

outlet, which is indicated by the circles on the curves.

As previously discussed, the cooling effect of the evapo-
rating water results in a continuous increase in both the
compressor pressure ratio and the compressor air flow up to
the point of saturation at the compressor outlet. At the
point of saturation of the compressor-inlet air, the changes

in compressor performance, and hence the thrust augmenta-

tion produced, are very small because the inlet air can

evaporate only a small amount of water at these flight con-.

ditions. TFor saturation at the compressor outlet, however,
the water-air ratio for NACA standard air is about 0.048,
which produces an increase in pressure ratio from the normal
value of 4.0 up to 4.9 and an associated increase in gir flow
of about 15 percent. Although the actual magnitude of
both the pressure ratio and the air flow is lower at the higher
air temperature, the percentage increase in both these
variables with increasing water-air ratio is greater than for
NACA standard air and the condition of saturation at the
compressor outlet oceurs at & higher water-air ratio. The
augmented thrust ratio, shown in the upper part of the
figure, increases continuously with increased water-air ratio
and, for saturation at the compressor outlet, reaches a value
of slightly over 1.40 for NACA standard air and a value of
1.50 for Army summer air. Although the augmented thrust

ratio is greater for the higher air temperature, the actual
augmented thrust produced is lower because of the lower

normal thrust for this condition. -
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These. water-air ratios are the ideal ratios for thermo-
dynamic equilibrium between the air and the water through-
out the compression process. The water-air ratios required
in actual operation have been found to be somewhat higher
than these. ideal values .and, unlike the other thrust-
augmentationmethods considered herein, the computed values
of thrust augmentation are somewhat optimistic compared
with actual experience. Although the cause of this departure
of the actual process from the ideal one is not completely
understood, a lack of equilibrium between the air and the
water and increased losses in the compressor due to the
presence of the water are probably contributing factors.

The effect of injected water-air ratio on the augmented

thrust ratio is further illustrated in figure 9 for several
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FiGURE 9.—Variation of augmented thrust ratio with water-air ratio for infection at com-
pressor inlet at various flight Mach numbers and altitudes with NACA standard air.

flight Mach numbers and for altitudes of sea level and 35,000
feet. For these calculations, ambient conditions correspond-
ing to NACA standard air were used. The salient characteris-
tic of these curves is the large increase in both the augmented
thrust ratio for a given water-air ratio and in the water-air
ratio at which saturation at the compressor outlet is reached
with an increase in flight Mach number. For example, at
sea-level altitude, the augmented thrust ratio for compressor-
outlet saturation increases” from a value of 1.4 .at a
flight Mach number of 0.up to nearly 2.6 at a flight Mach
number of 2.0 with an attendant increase in the water-air
ratio from 0.048 to 0.115. For saturation at the compressor

outlet, the thrust augmentation at an altitude of 35,000
feet is slightly over 0.5 times as great as at sea level and the
required water-air ratios are about 0.7 times as large.
Although the thrust augmentation provided by saturation
of the inlet air is insignificant at a flight Mach number of 0,
an appreciable amount of water may be evaporated ahead
of the compressor at high Mach numbers and large increascs
in thrust may be thus obtained.

The specific liquid consumption (including both injected
water and fuel flow) is plotted in figure 10 as a function of the
injected water-air ratio for the same range of flight conditions
as in figure 9. For all flight conditions, the specific liquid
consumption increases almost linearly with injected water-air
ratio, increases with flight Mach number, and decreases as
the altitude is increased. For sea-level altitude, the specifie
liquid consumption for conditions of saturation at the com-
pressor outlet increases from 3.2 to 8.8 pounds per hour per
pound of thrust as the ﬁlght Mach number is increased from 0
to 2.0. At these maximum water-air ratios, mcroasmg the
altitude to 35,000 feet decreases the specific liquid consump-
tion about 30 percent for the range of flight speeds presented.
These values of specific liquid consumption at sca-level al-
titude are 2.9 and 5.2 times the specifie fuel consumption of
the normal engine for flight Mach numbers of 0 and 2.0,
respectively.
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THEEORETICAL ANALYSIS OF VARIOUS THRUST-AUGMENTATION CYCLES FOR TURBOJET ENGINES

WATER INJECTION INTO COMBUSTION CHAMBERS
ANALYSIS

The effect of water injection into the combustion chambers

on the engine operating conditions may also be illustrated by
reference to a typical compressor-characteristic curve, as
shown in figure 11. In this figure, the relation between the
compressor pressure ratio and the compressor air flow is
shown for one compressor speed and the surge limit of the
compressor is represented by the dashed line. Point 1 is
considered as the normal-engine operating point.
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FIGURE 1I.—Ty¥pical compressor characteristics ilustrating effect of water injection inte
engine combustion chambers on compressor operating point.

For conditions of choked flow through the turbine nozzles
with a constant turbine-inlet temperature, the total mass flow
through the engine is dependent only on the turbine-inlet
pressure (neglecting the less-important effects of the thermo-
dynamic properties of the fluid). Because of this limitation
on the total mass flow, the injection of liguids into the com-
bustion chambers tends to decrease the air flow through the
compressor. This decrease in air flow, however, is accom-
panied by a simultaneous increase in the compressor pressure
ratio, as illustrated by the compressor-characteristic curve of
figure 11. Because the corrected compressor speed is con-
stant, the new compressor operating condition may be repre-
sented by point 2 on the curve. This increase in pressure
ratio, in turn, permits an increase in the total mass flow
through the turbine with the result that a new equilibrium
running point of the engine having @ lower compressor air
flow, a higher compressor pressure ratio, and a higher total
mass flow is obtained. The thrust augmentation produced
therefore depends on the operating characteristics of the com-
pressor and is  result of both the increased total mass flow
and the higher jet velocity provided by the increased pressure
ratio. In addition to these effects, the increased gas constant
and specific heat of the water-air mixtures also contribute, to
a smaller degree, to an increase in the turbine-outlet pressure
and hence in the jet velocity. From the diagram of figure 11,
it is obvious that the amount of water that may be injected
will be limited by compressor surge.

The analysis of the combustion-chamber-injection method
of thrust augmentation is based on a compressor having the
characteristics illustrated in figure 12. These characteristics
were established in a somewhat arbitrary -manner from the
test resultsof a full-scale compressor but are considered typical
of current axial-flow compressors. The use of combustion-
chamber injection with a compressor having an essentially
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flat characteristic, such as that of current centrifugal-flow

compressors, is not considered of practical interest
because of the very limited obtainable inerease in pressure
ratio, and hence in engine thrust.
operation is considered to be at & constant compressor speed
N, the corrected speed N/+/6 for various flight conditions is

Because all engine

inversely proportional to the square root of the compressor- .

inlet temperature. The five constant-speed curves of
figure 12, varying in the value of N//0
74.6 percent of the rated value, thus represent the compressor
operating line for flight Mach numbers of 0, 0.5, 1.0, 1.5, and
2.0 at sea level, respectively. The pressure ratio of this
compressor was set at a value of 4.0 for normal operation at
sea-level altitude and a flight Mach number of 0 to be con-
sistent with the other thrust-augmentation methods con-

sidered. The normal-engine operating line for a constant

9 from 100 percent to

turbine-inlet temperature and for flight at various Mach

numbers was established from considerations of equilibrium-
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Fi6uRE 12.—Compressor characteristics assumed for analysis of thrust augmentation by
water injection into engine combustion chambers.

flow conditions between the compressor and the turbine.
This operation at constant turbine-inlet temperature for a
range of flight speeds (or corrected compressor speeds) may,
of course, require the use of a variable-area exhaust nozzle.
In addition to the assumption of this compressor character-
istic, a compressor efficiency of 0.80, a turbine efficiency of
0.85, and a turbine-inlet temperature of 2000° R were
assumed. This assumption of constant compressor efficienicy
requires that the compressor work per pound of air, and hence
the compressor s]ip factor, be varied as the operating point of
the compressor is varied along a constant corrected-speed
line. Based on a study of the actual characteristics of
several axial-flow compressors, this assumption of constant

efficiency is considered to be a fairly accurate idealization of

actual performance for the range of operating conditions
involved in the analysis. Conversely, a slight reduction in

efficiency is normally encountered when the corrected com- -

pressor speed is reduced from the design value; the error
introduced in the computed thrust augmentation at the
various flicht speeds considered by the assumption of a
constant efficiency is, however, small because both the

augmented and normal thrust are affected by the compressor
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efficiency in about the same manner. Other assumptions of
inlet~diffuser efficiency, combustion-chamber pressure drop,

and exhaust-nozzle velocity coefficient were also the same as .

for the other thrust-augmentation cycles previously pre-
sented. For each flight condition and hence_each com-
pressor operating line of interest, the equilibrium running
point between the compressor and the turbine was de-
termined for various injection rates by graphically super-
imposing the compressor- and the turbine-flow. character-
istics. By using the compressor pressure ratio and air flow
thus determined, the performance of the complete cycle was
computed using conventional thermodynamic methods of
analysis. As for the calculations of compressor-inlet injec-
tion, the fuel flow was considered to be the same as for normal-
engine operation and the thermodynamic properties of the
mixture passing through the turbine and the exhaust nozzle
were obtained from the data presented in reference 3.

RESULTS AND DISCUSSION

The variation of the compressor pressure ratio, the air flow,
the total mass flow, and the augmented thrust ratio with
injected water-air ratio are shown in figure 13. The simul-
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F1cURE 13.—Varlation of comprossor pressure ratio, air flow, total mass flow, and augmented
thrust ratio with water-air ratio for injection into engine combustion chambers, Flight
Mach number, 0; altitude, sea level.

tancous increase in the pressure ratio and the decrease in the
air flow resulting from the assumed compressor characteristics
are shown by the two lower curves. The assumed compressor
surge line limits the injection rate to a water-air ratio of
about 0.16, at which point the pressure ratio has increased
to 4.65 and the air flow has decreased to about 95 percent
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of the normal value. The total mass flow through the
engine, which is equal to the sum of the air flow, the fuel
flow, and the injected water, increases from & normal value
of about 1.018 times the air flow to a maximum value of 1.12
times the normal air flow, or an increase of 10 percent. The
augmented thrust ratio resulting from these changes in
pressure ratio and mass flow increases almost linecarly with
increased water-air ratio and reaches a value of 1.32 at the
assumed compressor surge point.

The thrust augmentation provided by combustion-
chamber injection is shown in figure 14 for a range of flight
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FicuRE 14.—Variation of augmented thrust ratio, water-air ratle, and specifio quld con-
sumption with flight Mach number for combustion-chamber und compressor-iniet Injeetion
at sea-level altitude. Combustion-chamher injection for surge-limited compressor opora-
tion and compressor-inlet injection for saturation st comprossor outlet.

Mach numbers at ses-lavel altitude; performance of the
compressor-inlet-injection method is included for com parison.
The water-air ratios and the specific liquid consumption
associated with cach of these two methods of injection are
shown in the upper part of the figure. For cach flight Mach
number, the injection at the compressor inlet wus assumed
sufficient to saturate the air at the compressor outlet and
the injection into the combustion chambers was taken as the
limiting value at the compressor surge poinl. Although
engine operation at the compressor surge point is recognized
as being an impractical mode of operation, the results arc
presented on this basis in order Lo illustrate, for the assumed
compressor, the limiting or maximum values of tlirust
augmentation obtainable.
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The augmented thrust ratio obtained by combustion-
chamber injection rapidly increases with flight Mach number
and reaches & value of about 2.40 at a flight Mach number
of 2.0. For the range of flight speeds considered, these values
of sugmented thrust ratio are from 6 to 12 percent lower than
those obtained by injection at the compressor inlet. The
water-air ratios for combustion-chamber injection also in-
crease with increased flight speed and reach a value of about
0.28 at a Mach number of 2.0. These water-air ratios are
about 3 times as great as for compressor-inlet injection at low
flight speeds and about 2.5 times as great at high flight speeds.
Because of the difference in augmented air flows for the two
methods, however, the actual water-injection rates are
roughly twice as great for the combustion-chamber-injection
method as for the compressor-inlet-injection method.

The specific liquid consumption for combustion-chamber
injection inereases from a value of about 8 pounds per hour
per pound of thrust at a flight Mach number of 0 to about
15 pounds per hour per pound of thrust at a Mach number
of 2.0. - These values of specific liquid consumption are 2.4
and 1.7 times as great as for compressor-inlet injection and
about 7.0 and 8.9 times the specific fuel consumption of the
normal engine for flight Mach numbers of 0 and 2.0, respec-
tively.

BLEEDOFF

ANALYSIS

In the bleedoff cycle of thrust augmentation, the secondary
combustion or dilution air, which is normally required to
prevent the turbine-inlet temperature from exceeding per-
missible values, is bled off from the combustion chambers

Primary fuel
rnozzle - 4 e

Watfer and
alcohol noz:zles

—~— —Bleedoff manifold
~ —Water nozzles
-7 . —Primary combustion chamber
i

-~ ———Primary engine-—
N

(or compressor outlet) and ducted to an auvxiliary combustion
chamber where it is burned to a high temperature and dis-

charged through an auxiliary exhaust nozzle.
is bled off is replaced with water that vaporizes in the com-
bustion chamber and passes through the turbine as steam.
Thus, in essence, the dilution air is replaced with steam and

603

This air that

at the same time a high-pressure air supply for an auxiliary

jet is made available. The injection of water into the com-
pressor inlet, as previously discussed, is also considered as a
part of the bleedoff cycle of operation in order to take advan-
tage of the increased compressor pressure ratio and air flow

obtained by this method. A schematic diagram of & turbojet _

engine equipped for thrust augmentation by the bleedoff
method is presented in figure 15. This bleedoff engine may
be considered as consisting of two main components, the
normal turbojet engine, which is fitted with a bleedoff mani-

fold and the necessary water-injection nozzles, and an auxil-

iary engine that consists essentially of the auxiliary combus-

tion chamber and exhaust nozzle. For convenience of termj-
nology, the turbojet-engine component shall be designated
the primary engine and the auxiliary combustion chamber
and its exhaust nozzle shall be designated the secondary
en.glne A shut-off valve is provided in the ductmg connect-
ing these two engines, which is maintained in the open posi-
tion for bleedoff operation and may be closed to return the
engine to normal operating conditions.

The analysis of the bleedoff cycle of thrust augmenta.txon .

was made for two different types of compressor characteris-
tic. One of these characteristics was similar to that of the
typical axial-flow compressor assumed for the combustion-
chamber-injection analysis end the other was typical of
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FIGURE 15.—Schematie diagram of turbojet engine equipped for bleedof.
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current centrifugal-flow compressors. - These two character-
istics, together with the assumed surge limits, are illustrated
in figure 16. The particular values of pressure ratio and
air flow shown in this figure will be discussed in a subsequent
paragraph. For convenience in terminology, engines having
these two types of compressor shall be denoted as the axial-
flow and centrifugal-low engines.
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FIGURE 16,—Compressor characteristics assumed for analysis of thrust augmentation by
bleedoff. Water-gir ratio of compressor-inlet injection, 0.03; rated compressor speed; flight
Mach number, §; altitude, sea level.

For each type of engine, several modes of operation are
possible depending on the manner in which the area of the
exhaust nozzle on the primary engine is permitted to vary.
For the present analysis, the performance of both the axial-
and centrifugal-flow engines was determined for both a
constant- and a variable-area exhaust nozzle. For the case
of the variable-ares nozzle, the area was selected as the value
that provided the largest combined thrust of the primary and
secondary engine for a given total liquid consumption or,
conversely, the minimum liquid consumption for a given
total thrust. This mode of operation shall be considered as
occurring with an optimum-area exhaust nozzle. In ad-
dition to the preceding four cascs, results are also presented
for a variation of the exhaust-nozzle area that provides a
constant compressor air flow, and hence constant pressure
ratio, for all conditions of bleedoff operation. This operation
at a single compressor operating point, which shall be
designated the constant air-flow case, is considered of interest
because the results will be. applicable to engines having any
type of compressor characteristic.

For the axial-flow engine, the compressor efficiency was
assumed to be constant at a value of 0.80, which, as previously
discussed in connection with the combustion-chamber-
injection analysis, results in a variation of the compressorslip
factor, and hence, in the compressor work, as the operating
point of the compressor is varied. For the centrifugal-flow
engine, however, the compressor efficiency was assumed to
be 0.80 only at the point of zero bleedoff and for all other
conditions was varied to satisfy conditions of constant slip
factor. This assumption of constant efficiency for the axial-

flow compressor and constant slip factor for the centrifugal-

flow compressor was based on a study of the actual charac-
teristics of several typical compressors and is considered to
be & fairly accurate idealization of the characteristics of each
type of compressor over the range of operating conditions
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involved in the present analysis. TFor all ealeulations, the
turbine efficiency was assumed to be 0.85 and the turbine.
inlet temperature was maintained constan{ at 2000° R.
The injection rate at the compressor inlet was assumed to
be sufficient to maintain a constant water-air ratio of 0.03,
except for one example in which it was increased sufficiently
to obtain saturated air at the compressor outlet. The fucl
flow to the primary engine was obtained for the various
combustion-chamber water-air ratios and temperature rises
from the charts of reference 4. The secondary-engine fuel-
air ratio was assumed to be stoichiometric for all eonditions
presenfed and the effects of dissociation were considered in
the determination of the outlet gas temperature. The com-
bustion efficiency of both the primary and secondary engines
was assumed to be 0.95. The pressure loss in the bleedoff
ducting was taken the same as the pressure drop in the pri-
mary combustion chambers; that is, the total pressure al
the secondary-engine inlet was the same as the turbine-inlet
pressure. The velocity coefficient of both the constant-
and variable-area exhaust nozzles on the primary engine,
as well as the exhaust nozzle of the secondary engine, was
assumed to be 0.975. The maintenance of these assumed
operating conditions implies that the proper size of exhaust
nozzle is provided on the secondary engine for the speeified
flow conditions at every operating point. All calculations
were made for a flight Mach number of 0 and sea-level alti-
tude. -

The compressor pressure ratio and the compressor mass
flow for injection at the compressor inlet were first determined
by the compressor-inlet-injection analysis previously pre-
sented; by using these values as the normal operating point
of the compressor, the desired compressor-characteristic line
to be used for various bleedofl and combustion-chamber-
injection rates was drawn through this point. For an inlet

"injection of a water-air ratio of 0.03, the pressure ratio is

4.65 and the compressor mass flow (air flow plus inlet water
injection) is about 1.15 times the normal air flow. As
illustrated in figure 16, this operating point is common fo
both compressor characteristics. The range of air flow and
pressure ratio illustrated by the extent of the lines in figure
16 represents the range of compressor operating conditions
accompanying the range of bleedofl and water-injection rates

. covered by the analysis.

Various values of bleedoff flow and combustion-chamber-
injection rates were then assumed (requiring variations in
the exhaust-nozzle area) and, for each pair of values, the
relation_between turbine-inlet pressure (also compressor-
outlet pressure) and compressor mass flow was established
from the flow conditions through the choked turbine nozzles.
This relation between compressor-outlet pressure and mass
flow based on the turbine charactcristics was superimposed
on the .desired compressor characteristics; the equilibrium
engine operating condition for the assumed bleedofl and
water-injection flows was determined by the intersection of
the twa ‘curves. The compressor work, the turbine work,
and hence the turbine-outlet conditions and the primary-
engine thrust, as well as the secondary-engino t(hrust, wero
computed by conventional thermodynamic methods of
analysis.
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The preceding method was repeated for wide ranges of
both bleedoff flow and combustion-chamber-injection rate
and, for each case, both the various parameters of engine
performance and the primary-engine exhaust-nozzle size were
determined. Plots of the engine-performance variables
against exhaust-nozzle size were then made from which
cross plots for either the constant-area nozzle or the desired
type of area variation could be made. The constant-area
exhaust nozzle was, of course, of the same area as for normal
or unaugmented engine operation. A check calculation was
also made, which indicated that the exhaust-nozzle area for
inlet injection alone at a water-air ratio of 0.03 was also the
same as for normel operation. The results of the present
bleedoff analysis at the point of zero bleedoff therefore cor-
respond with the results of the inlet-injection analysis pre-
viously presented at a water-air ratio of 0.03.

RESULTS AND DISCUSSION

Bleedoff and water-injection rates.—The relation between
the bleedoff-flow rate and the water-injection rate into the
primary-engine combustion chambers for both the axial-
and centrifugal-low-{ype engines is shown in figure 17.
Both the bleedoff flow and the injection rate are presented
as a ralio of the flow rate to the air fiow of the normal, or
unaugmented engine, and shall be designated the water-
injection ratio and bleedoff-flow ratio, respectively. For
the constant-area exhaust nozzle, presented in figure 17(a),
the required water-injection rate increases almost linearly
with an increase in bleedoff flow for both the axial- and
centrifugal-flow-type engines. The amount of water injec-
tion required, however, is considerably greater for the
centrifugal-flow engine than for the axial-low engine with
about 0.6 pound of water required to replace each pound of
bleedoff air for the centrifugal-low engine as compared to
only 0.4 pound of water per pound of air for the axial-flow
engine. For both engines, the maximum operable bleedoff
flow is reached when the fuel-air ratio in the primary-engine
combustion chamber becomes stoichiometric. These maxi-
mum bleedofi-flow ratios, shown by the end points of the
curves, are about 0.48 and 0.65 for the centrifugal- and
axial-flow engines, respectively.

The performance with the optimum-area exhaust nozzle for
each type of engine, as well as the condition of constant air
flow, is presented in figure 17(b). The variation in the
exhaust-nozzle area for each case is also included in the
upper part of the figure. With the optimum-area exhaust
nozzle, the relation between the bleedofi-fiow rate and the
water-injection rate is similar for both types of engine, with
somewhat lower bleedoff flows being obtained with the
centrifugal-flow engine than with the axial-flow engine. With
both types of engine, & considerable amount of air can be
bled off without injection into the combustion chambers
(with increases in the exhaust-nozzle area), representing the
optimum conditions of minimum liquid consumption. A
further increase in thrust, however, requires water injection
with the amount increasing in approximately direct propor-
tion to the bleedoff flow, as illustrated by the rising portion
of the curves. At the maximum bleedofi-flow ratios of 0.5
for the centrifugal-fiow engine and 0.57 for the axial-flow
engine, the fuel-air ratio in the primary-engine combustion
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chamber becomes stoichiometric. Further increases in
thrust are, however, possible by reducing the bleedoff flow
to provide the primary engine with more air and making up
the resulting decrease in secondary-engine thrust by increas-

ing the water injection in the primary engine, as illustrated.

by the uppermost portion of the curves. This decrease in
bleedoff flow and increased injection rate shifts the com-
pressor operating point to higher pressure ratios until the
limiting condition of compressor surge is reached at a bleedofi-
flow ratio of 0.39 for the centrifugal-flow engine and 0.23 for
the axial-flow engine. At this limiting condition, approxi-
mately 0.85 pound of water is required for each pound of air
that is bled off for the centrifugal-flow engine and about 1.60
pounds of water per pound of air are required for the axial-
fiow engine. The apparent anomaly of the optimum-area
nozzle requiring greater water-injection rates than the
constant-area nozzle (see fig. 17(a)) for a given bleedoff-
flow ratio in the region of high bleedoff flows is explained by
the correspondingly greater thrust provided by the primary
engine under these conditions, as will be illustrated later.

For the case of constant compressor air flow, about 0.75
pound of water is required to replace each pound of bleedoff
air. Because both the compressor air flow and the turbine-
inlet pressure and temperature are constant for this condi-
tion, the replacement of water for air in the primary com-
bustion chambers differs from a direct 1:1 ratio only
because of the changing thermodynamic properties of the
mixture ~passing through the turbine. The maximum
bleedoff-flow’ ratio for these conditions, which occurs at
stoichiometric fuel-air ratio, is about 0.415.

The variation in size of the optimum-area exhaust nozzle,
shown in the upper part of the figure, is within about 10
percent of either side of the normal area for both types of
engine over the range of operable bleedoff flows. During
the phase of bleedoff without water injection, an increase in
the nozzle size is necessary to prevent an increase in the
turbine-inlet temperature. With an increase in water in-
jection accompanying the increased bleedoff, however, the
nozzle size is decreased because both the turbine-inlet
pressure is increased and the pressure drop across the turbine
is decreased by the water injection. For the constant-air-
flow condition, the exhausi-nozzle area decreases almost
linearly with increased bleedoff flow and reaches a value of
about 0.95 times the normal area at the maximum operable
bleedoff low. This variation in nozzle area is a result of the
decrease in both exhaust mass flow and turbine pressure
ratio caused by the changing thermodynamic properties of
the working fluid.

Performance of primary engine.—The variation of both
the total liquid flow and the thrust of the primary engine
with bleedoff flow is presented in figures 18(a) and 18(b) for
the constant- and variable-area exhaust nozzles, respectively.
For all operating conditions presented, the total liquid flow
exhibits characteristics very similar to those of the combustion-
chamber-injection flow illustrated in figure 17 because the
other liquid flows involved (fuel flow and inlet-injection flow)
are approximately constant and of relatively smaller magni-
tude. At zero bleedoff flow, the liquid flow is about 5.8 per-
cent of the normal-engine air flow, which consists of the
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engine fuel flow and the compressor-inlet injection. Ior the
constant-area exhaust nozzles (fig.18(a)), the liquid flow in-
creases almost linearly with increased bleedoff flow and reaches
values of approximately 39 and 80 percent of the normal air
flow at the maximum bleedoff conditions for the centrifugal-
and axial-flow engines, respectively. The maximum liquid
flows for the optimum-area exhaust nozzles (fig. 18(b)) are
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41 and 46 percent of the normal air fow for the centrifugal-
and axial-flow engines, respectively, at which condition the
primary-engine combustion chambers are operating stoichio-
metrically and the compressors are operating at the surge
limit.

The primary-engine thrust with the constant-area exhaust
nozzle (upper part of fig. 18(a))} decreases approximately
linearly as the bleedoff flow is increased for the exial-flow
engine and is nearly constant for the centrifugal-flow engine.

For the axial-flow engine, the thrust varies from 1.28 times

the normal thrust at zero bleedoff (effect of inlet injection
2lone) to about 0.75 times the normal thrust at the masimum
bleedoff-flow ratio of 0.65. In spite of this decrease in
primary-engine thrust, the utilization of the bled air in the
secondary engine results in an increasing total thrust output,
as will be illustrated later. The much larger reduction in
thrust with bleedoff flow for the axial-flow engine than for the
centrifugal-flow engine is a direct result of a shift in the
operating point of the axial-flow compressor to lower pressure
ratios as the bleedoff flow is increased, as compared with the
approximately constant pressure-ratio characteristics of the
centrifugal-low compressor. The resulting reduction iIn
turbine-inlet pressure tends to reduce the engine thrust by
the combined effects of the reduced pressure itself, a lower
mass flow through the turbine, and an increase in the work
per pound of fluid that must be extracted by the turbine.

For the optimum-area exhaust nozzle (fig. 18(h)), the
thrust of both the centrifugal- and axial-low engine decreases
very rapidly with increased bleedoff flow in the region of low
bleedoff and zero water injection because of the attendant
decrease in mass flow and turbine-outlet pressure, as pre-
viously discussed. Although these values of thrust with the
optimum-area exhaust nozzle are lower than with the
constant-area nozzle (fig. 18(2)) in the region of low bleedoff
flows, they will be subsequently shown to be superior oper-
ating conditions. For bleedofi-flow ratios greater than
about 0.3 (fig. 18(b)), the thrust of both engines increases
slightly with increased bleedoff flow because the air that is
bled off is almost exactly replaced by the water injection and
the higher values of the gas constant and specific heat of
the water-air mixture passing through the turbine results
in a slight increase in the turbine-outlet pressure. After
stoichiometric combustion is reached in the primary com-
bustion chamber (at the maximum bleedofi-flow ratios), the
thrust increases very rapidly because the bleedoff flow is
decreasing and the water injection is increasing, both of
which increase the total mass flow through the engine.

For the constant-air-flow condition, the thrust imcreases
slightly with increased bleedoff flow because of the decrease
in the turbine pressure ratio, and hence the inerease in the
turbine-outlet pressure and jet veloeity, as previously
discussed.

Performance of secondary engine.—The thrust and the
total liquid (fuel) flow of the secondary engine is shown for
the same range of bleedoff flows in figure 19 for the axial-
and centrifugal-flow engines and for the constant-and variable-
area exhaust nozzles. Because " the secondary engine
was assumed to be operating at stoichiometric fuel-air ratio,
the liquid-flow curve is simply a straight line with a slope of

956646—51——40

LE
.
3.2 el
$': ’ Centrifugal-flow engine 4\ P L1
e |~
g.g 8 /4/
< 7
NH A
S // “Ax.al-flon ergme
£« = .
g | | A
a
& o5
3
Qic.o4 "
i3 /./
5 8'03
RN |1
L a2 -
S0 {a) L]
INERY
olf =
s 9
L2
E. Centrifugal-flow engine | L7 ~
L
® g 2
E 2 ) LFZF Axial-flow engine
& s
L ,
2 -~
s L
a
——— Qotimum exhoust-nozz’e area
% Constant air flow
N
21 .04
l:\f S L1
8.03
e —
g8 %) |+
[
E%.OI \/
2Is
< g / 2 3 < 5 & 7
o Bleedof T flow . -

Normot-engine air flow

(a) Constant-area exhaust nozzle.
(b) Variable-ares eshaust nozzle,

F1eURE 19.—Variation of fuel fiow and thrust of secondary engine with bleedoff flow. Flight
Mach number, 0; altitude, seq level.

about 0.068. The thrust increases approximately linearly
with bleedoff flow at about the same rate for all the various
engine and exhaust-nozzle types considered and varies from 0
at zero bleedoff to a maximum value of 1.3 times the thrust
of thenormalengine at the maximumbleedofi-flowratioof0.65
(axial-flow engine with constant-area exhaust nozzle).
For bleedofi-flow ratios of slightly less than 0.5, the secondary-
engine thrust is the same as the normal-engine thrust.

axial-flow engine as compared with the centrifugal-flow
engine is a result of the lower compressor-outlet pressure of

the axial-flow engine at high bleedoff flows and hence lower

inlet pressure to the secondary engine.

The
somewhat smaller thrust per pound of bleedoff flow for the
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Performance of complete engine.—The performance of the
complete cngine is shown in figure 20 as a plot of the aug-
mented thrust ratio against the augmented liquid ratio (ratio
of total liquid flow to normal fuel flow). An auxiliary
abscissa scale of the ratio of total liquid flow to normal-
engine air flow is included for reference. Five curves are
shown in this figure, which represent the performance of
both the centrifugal- and axial-flow engines, each with con-
stant- and optimum-area exhaust nozzles, and the case of
constant compressor air flow. The specific liquid consump-
tion, which is equal to the augmented liquid ratio divided by
the augmented thrust ratio times the normal specific fuel
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consumption of the engine, is shown by the straight lines
superimposed on the thrust curves. The occurrence of
stoichiometric fuel-air ratio in the primary-engine combus-
tion chamber and of compressor surge are also noted where-
ever applicable by the circle and triangle symbols, respec-
tively. The square symbol represents the condition of suffi-
cient injection at the compressor-inlet to saturate the air at
the compressor outlet for the constant-air-flow case. The
condition of zero bleedoff is represented by the point where
all five curves became coincident at an augmented thrust
ratio of 1.28 and an augmented liquid ratio of 3.30.

* nozzle.
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For all five cascs considered, the augmented thrust ratios
at a given augmented liquid ratio are of aboui the same
magnitude and, except in the region of maximum liquid
ratios with optimum-area exhaust nozzles, inerease in an
approximately linear manner with an increase in the aug-
mented liquid ratio above the point of zero bleedofl. For
augmented liquid ratios greater than about 12, the aug-
mented thrust ratio is slightly higher for the centrifugal-flow
engine than for the axial-flow engine for both types of exhaust
This superior performance of the centrifugal-flow
engine, which is in opposition to the results obtained by
combustion-chamber injection alone, is, as previously dis-
cussed, a result of the approximately constant-pressurc-ratio
characteristics of this compressor over the operable range of
bleedoff flows as compared with the decreased pressure ratio
of the axial-low compressor with inereased bleedeff flow.
For both the centrifugal- and axial-flow engines, the aug-
mented thrust ratios are about the same with both the con-
stant- and oplimum-area exhaust” nozzles for most of the
operating range but, for the axial-flow engine, operation at.
higher augmented liquid ratios is possible with the optimum-
ares exhaust nozzle. Thus, for all operating conditions
for the centrifugal-flow engine and for augmenied thrust
ratios below about 2.0 for the axial-flow engine, the use of &
variable-area exhaust nozzle is of little advantage; the
principal advantage of the variable-arca nozzle is that, for
the axial-flow engine, a higher maximum value of thrust
augmentation may be reached.

For the axial-flow engine with the constant-area e\hausl
nozzle, the maximum augmented thrust ratio is slightly over
2.0 and the associated augmented liquid ratio is about 19.
With the optimum-area exhaust nozzle on this engine, the
maximum augmented thrust ratio is slightly over 2.2 when
the augmented liquid ratio is about 25. For the centrifugal
flow engine, the maximum augmented thrust ratio is about
2.3 at an augmented liquid ratio of nearly 24 for both the
constant- and optimum-area cxhaust nozzles. The cou-
dition. of constant air flow, which requires a variable-arca
exhaust nozzle, results in engine performance that is very
nearly the same as that of the optimum-area nozzle on the
axial-flow engine. The muximum augmented thrust ratio
for this condition of operation, which ean be oblained with
any type of compressor characteristic, is slightly over 2.2,
A comparison of this curve with the square symbol indicates
that, at a given augmented liquid ratio, an increase in the
water injection at the compressor inlet from a water-pir
ratio of 0.03 to that required for saturation at the compressor
outlet (0.048) resulted in an increase of only about. 1 percent
in the augmented thrust ratio.

At the maximum operating condition, the speeifie liquid
consumption varies from 10.5 pounds per hour per pound
of thrust for the axial-flow engine with the constani-arca
exhaust nozzle up to about 13 pounds per hour per pound
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of thrust for this engine with the optimum-area exhaust
nozzle. The specific liquid consumption of this method
of thrust augmentation at the maximum operating condition
is thus from 9.5 to 11.8 times the specific fuel consumption
of the normal engine.

The maximum values of augmented thrust ratio indicated
in figure 20, which are for a flight Mach number of 0 and
sea-level altitude, are considerably higher than are possible
by any of the other thrust-augmentation methods presented.
Thus, the method of air bleedoff provides very large take-off
thrust augmentation but at the expense of high rates of
liquid consumption. The practical attainment of these
high values of thrust augmentation requires, however, that
combustion be maintained in the engine combustion chambers
at high fuel-air ratios and for relatively high rates of water
injection.

SUMMARY OF RESULTS

The following results were obtained from a theoretical
investigation of the application of tail-pipe-burning, water-
injection, and bleedoff methods of thrust augmentation
to turbojet engines representative of current design practices
and operating conditions:

Tail-pipe burning.—In order to obtain bhigh thrust aug-
mentation and to minimize the loss in engine performance
during nonburning operation arising from pressure losses
in the burner, the tail-pipe burner should have a low burner-
inlet velocity, a low burner drag, and a high diffuser efficiency
(especially for engines having a high turbine-outlet velocity).
For a typical tail-pipe-burner design, the ratio of augmented
to normal thrust for sea-level operation increased with flight
Mach number from a value of nearly 1.5 at & flight Mach
number of 0 to over 3.0 at a Mach number of 2.0. The
thrust augmentation was comparatively unaffected by
altitude at subsonic flight speeds but decreased appreciably
as the altitude was increased from sea level to 35,000 feet
at high supersonic speeds. The total specific fuel consump-
tion for augmented operation at sea-level altitude was 2.2
times the normal consumption at a flight Mach number of
0 and about 1.4 times the normal consumptlon at s Mach
number of 2.0.

Water injection.—VWith water injection into the compressor
inlet, the evaporative cooling of the air resulted in an
increase in the corrected compressor speed and an associated
inerease in both the compressor pressure ratio and the air
flow. The thrust augmentation produced increased con-
siderably with increased flight Mach number and decreased
with inereasing altitude. With sufficient water injection to
saturate the air at the compressor outlet, the ratio of aug-
mented to normal thrust at sea level increased from 1.4
at a flight Mach number of 0 to nearly 2.6 at a Mach num-
ber of 2.0 with an attendant increase in the water-air ratio
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from 0.048 to 0.115. The total specific liquid consumption
for these conditions of operation was 2.9 and 5.2 times the
specific fuel consumption of the normal engine for flight
Mach numbers of 0 and 2.0, respectively. The injection of
water into the combustion chamber was shown to cause a
shift in the compressor operating point to a higher pressure
ratio, which in turn increased the total mass flow through
the turbme. The maximum thrust augmentation produced
by combustion-chamber injection for an engine having com-~
pressor characteristics typical of an axial-flow compressor
was slightly less than that obtained by compressor-inlet

injection; the specific liquid consumption was about 2 times

as great.
Bleedoff.—The ratio of augmenfed to normal thrust

obtained by the bleedoff method increased almost linearly

with total liquid fow for both axial- and centrifugal-fow-type
engines and was the highest of the three systems studied.
For the centrifugal-flow-type engine, which had a relatively
flat compressor characteristic, the maximum augmented
thrust at a flight Mach number of 0 and sea-level altitude
was about 2.3 times the normal thrust with either a constant-
area exhaust nozzle or a variable-area exhaust nozzle
set at the optimum area. For the axial-flow engine, which

had a steep compressor-characteristic curve, the maximum .

augmented thrust at these flight conditions was slightly
over 2.0 times the normal thrust with a constant-ares ex-

haust nozzle and about 2.2 times the normal thrust with a _

variable-area exhaust nozzle (2t optimum ares).
specific liquid consumption at these maximum operating
conditions was from 9.5 to 11.8 times the specific fuel consump-
tion of the normal engine. These high values of {hrust
augmentation were thus obtained at the expense of very
high rates of liquid consumption and require that stoichio-

The total.

metric combustion be maintained in the engine combustion

chambers.
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