COMPARISON OF VARIOUS METHODS OF THRUST AUGMENTATION
By Eldon W, Hall

Lewis Flight Propulsion Laboratory

INTRODUCTION

The previous papers covered both theoretical and experimental
results on the performance of verious thrust-augomentation methods.
Coaputations, guided by the experimental results, are used to com-
pare the relative efficiency, addibional weight, and applicability
of each thrust-augmentation method over a range of flight condi-
tions., The wethods considevred are tail-pipe burning, water injec-
tion at the compressor inlet, a combination of tail-pipe burning
plus water injection,; and bleedoff with water injection. The tail-
pipe-burning plus water-injection method, although not previously
discussed, is also considered to be of interest and is included to
show what might be expected of this method. Because rocket-assist
units have been used to a large extent in assisting the take-off of
conventional aircraft, their performance is compared with that of
the other methods on the basis of liquid consumption, A more com-
plete descripiion of the systems, methods of analysis, and results
are presented in reference 1.

THRUST -AUGMENTATION ANALYSIS

The comparison of augmentation methods was made for altitudes
of sea level and 35,000 feet and for flight Mach numbers of 0, 0,85,
1.50, and 2.50, The thrust augmentation of the engine was determined
from step-by-step calculations of the performance of both the normal
and the avgmented engine. The efficiencies chosen were polytropic
and are for the cocmpressor, 0.80; for the turbine, 0.85; for the
exhaust nozzle, 0.95; and for the inlet diffuser, 1,00, 0.85, 0.80,
and 0.70 for flight Mach numbers of 0, 0.85, 1.50, and 2.50; respec-
tively, Tle primery combustlion-chamber total-pressure loss was
agsumed to be 3 percent of the combustion-chamber-inlet tchal pres-
sure. The drag coefficient of the tail-pipe burner (ratio of total-
pressure loss to inlet velocity head) was assumed to be 0.5, Two
fixed engines, -one having a constant compressor work input of
85 Btu per pound of air and the other having twice the work input
or 170 Btu per pound of air, were assumed to operate over the entire
range of altitudes and flight speeds. These values of work input
give compressor pressure ratios at sea-level sgtatic conditions of
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about 4 and 1l and correspond to one- and two-stage centrifugal com-
pressors, respectlvelyQ. The exhaust-nozzle area was assumed to be
adjusted for all cases to give tail-pipe temperatures of 1650° R for
the engine with the low-pressure-ratio'compressor and 1500° R for the
engine with the high-pressure-ratio compressor. These values give
turbine-inlet temperatures of about 1960 and 2100° R, respectlvely

With tail-pipe burning, the tail-pipe area was assumed to be
double the normal tail-pipe area in order to establish a reasonable
burner-inlet velocity; charts, which account for the effects of
dissociation, were used to calculate the temperatures for various
tall-pipe fuel-air ratios. Calculations were made for fuel-air
ratios up to stoichiometric.

For the water-injection calculations, the component efficiencies
were altered to bring agreement between theoretical and experimental
results by the same methods as previously discussed in the fifth paper
on the analysis of water injection, For each flight condition, cal-
culations were made with varying amounts of water injected at the
compressor inlet to the point where the compressor-outlet alr was
saturated.

With bleedoff the amount of augmentation for a given liquid
injection increases rapidly with an increase in the awmount of air
bled off. Bleeding off large quantities, however, increases the
magss flow of air through the comnressor and also the pressure ratio
across the turbine and may result in large decreases in the effi-
cilencies of these components. It was found from theoretical con-
giderations that by maintaining the: area of the primary-engine exhaust
nozzle the same as for normal engine operation at sea-level static
conditions the change in the operating conditions of these components
was very small (less than the change with only water injection at the
compressor inlet. For each flight condition, bleedoff was considered
for the case where just sufficient water was injected at the com-.
pressor inlet to saturate the air at the compressor outlet.. .In all
cases, the turbine-outlet temperature was maintained at the assumed
value by adjusting the amount of air bled off for each amount of water
injected in the combustion chamber, The.ratios of water flow injected
in the Drimary combustion chamber to bleedoff flow were calculated
theoretically. The values obtained gave lower values of the bleedcff
flow for a given ligquid flow than were obtained experimentally. The
bleedoff or auxiliary burner was assumed to onerate w1th a gtoichio=-
metric fuel-air ratio in all cases.

The rockets were assumed to have a specific impulse of 190 pounds-
gseconds per pound for all conditions of altitude and fl;ght gpeed.




Baeed upon these assumptions, the values of augmentation to be
. presented are somewhat hlgher than the values obtained experimentally
at the present time from the various methods. The relative values
of the. max1mums are, however believed to be 1ndlc¢t*ve of wna+ may
bb expected in actual Dractlce.'

RESULTS AND DISCUSSION
Thrust Augmentation 5

-On the basis of the given assumptions and methods of analysis,

figure 1 shows a comparison of the thrust-augmentation methods.
' The ratio of augmented thrust to normal thrust is plotted against
‘fthe ‘ratio of totdl liquid consumption of the augmented engine to fuel
‘Consumption of the ncrmel engine. The results are for the engine
with the low-pressure-ratio compressor, Because tle engine was
assumed to operate at a constant rotor speed, the compressor pres-
sure ratio changes with change in flight conditions and with the

injection of water., The range 'of pressure ratios obtained with
the low-pressure-ratio compressor (fig. 1l(a)) is from 4.3 to 5.0 at
sea-level static.conditions. The pressure ratio of 4.3 is obtained
with the normal engine and theé pressure ratlo of 5.0 is obtained
-w;th water ingoctlon.

 With water injection, a thrust ratio of 1.32 can be obtained
at.a liquid ratio of 5.0 when .injecting sufficient water to saturate
the air at the compressor ‘oatlet. The condition for which Just
sufficient water is injected to saturate the air at, the compressor
inlet 1s represented by the lowest cross (fig. l(a » The most
economlcal method is. tavl-plpe burning, which can prov1de a meximum
thrust ratio'of 1.55 at a liquid ratio of 4.0; this thrust ratio is
comparable to 1,32 with. water inaeotion at this liguid ratio., The circle
(on the tail-pipe-burning curve fig. 1{a)) represents a stoichiometric
fuel-air ratio and'is the meximum thrust ratio that can be obtained
with tail-pipe burnlng. Large increases in thrust can be obtained
by adding water injection to the tall-pipe-burning method when the
over-all fuel-air ratio remains at stoichiometric. A thrust ratio
of 2.05 at a liquid ratio of 8.0 can be obtalned by this method
vhen saturating the air at the compresgor outlet. The cross on the
water-injection curve (fig.l{a)) represents the condition for which
‘Just sufficient water is injected to gaturate the air at the com-
pressor 1nlet

Bleedoff is less efficient than tail-pipe burning or the com-
bination of tail-pipé burning and water injection, inasmuch as a
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higher ligquid ratio 1s reguired for the same thrist ratio. . A higher
ratio is possible, however, with bleedoff. For example, a thrust
ratio of 2. 60 can be obtained with bleedoff as’ compared to a maximum
of 2.05 for the combination of tail-pipe burning and water injection.
Higher values of the thrust ratio are not possible with bleedoff
because stoilchiometric fuel-air ratio was reached in the primary com-
bustion chamber. If the amount of water injected at the compressor
inlet is limited to that amount required to saturate the air at the
compressor inlet instead of the outlet, the maximum thrust ratio of
% o) 1s(reoresented by the. cross below the curve for bleedoff

Pla. L(a))

The‘rocket-assist:method is the least efficient inasmuch as it
requires the highest liquid ratio for a given thrust ratio..: The
rocket-assist method, however, has no theoretical limit, The specific
“impulse of 190.assumed for the rockets is an average value for current
rockets Values as high as 220 © are obtamned on some commer01ally
avallable unlts -and values of 350 can be obtalned theoretically with
liguid oxygen and hydrogen. .The: specific fuel consumption is 1nversely
Droportloﬁal to the specific Impulse, For a thrust ratio of 2,05,
which can be obtained:by the combination of tall-plpe burning and water
injection,. the ‘bleedoff 'and rocket-assist methods requlre from 2 to,

2.5 times the llquld sratio. i

The results for the same conditions, except at a fllght Mach
number of 0.85, arve shown in figure 1(b). The compressor pressure
ratio was reduced to. 3.7.7at a flight Mach number of 0.85 asg compared
to 4.3 at a fllght Mach number of 0 because of the higher air tem~ .
perature at the compressor inlets  The curves obtained are sinilar
to those for a flight Mach: number of zero except that greater values
of the thrust ratio are obtained for the same values of the llquld
ratio. For example, at a. liguid ratio of 8.0, a thrust ratio of 2.90
can be obtained with the combination of tall-plne burning plus. water
“injection as compared $0-2.05 at a flzgh* Mach number of zero.. Water
injection with saturation at the compressor inlet is more effective.
because .of .the higher compressor-inlet- temperature at the higher
flight Mach number‘ A maximum thrust ratlo of 3,70 at a liquid ratio
of 31,5 can. be obtalned w1th bleedofl.

In order t0.. shcw the comparison of the varlous methods at hlgh
a1+1tudes, Tigure 1(c) presents the results for an altitude .of
35,000 feet. The flight Mach number ‘for this case is 0.85.. The
trequ are similar to those for sea level. Both the maximum thrust
ratio and the thrust ratio for a given liquid ratio are, nowevexn,
less for each-.method., A maximim thrust ratio of 1.32 can be obtained:
with water injection at & liguid ratio of 4.5, Water injection with
only sufficient water to saturate the air at the compressor inlet is
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much less effective at the higher altitudes because of the lower
inlet-air temperaturé. With tail-pipe burning, ‘the maximum thrust

“ratio is 1.92 at a liguid ratio of'3.5. Adding water 'injection to

tail- -pipe burning 1qcreases the maximum taxust ratic to 2.36 at a
quuld ratio of 705/ Bleeuoff can prov1de a max1mum thrust ratio
of” 2 .88 at a llquld Iatlo of 26,0 ; i

‘The results for a fl“ght Mach number of 2: 50 at 35,000 feet
are ‘given in figure l(d) With an increase in flight Mach rwmber
from 0,85 to 2,50, the maximum thrust augwentation obtained from
each method is increased about five times. The effectiveness of water
injection 1s wmore rapidly 1ncreased than the effectiveness of the
other methods by an increase in flight Mach number. Saturating the
air at the comnreSSUr inlet gives a thrust ratio of 2.4 with water
injection at a liguid ratio of 9.6, The maximum thrust ratio obtained
Wlth water injection is 3.5 at a llquld ratio of 18.6. With tail-~
plne burnlﬁg, the maximm thrust’ ratlo is 5.5 at'a liguid ratio of 6.0.

eAddxng ‘water 1n3ectlon to tail- pife burning until the compressor-

inlet alr is saturated results in a thrust ratio of 8.2 at a 1lgu1d
ratio of 15.0 and increasing the water-injection rate results in a
maximum thrust ratio of 9.3 at' a 11qu1d ratio of 22, The maximim
thrust ratio with bleedoff is 10.4 at a liquid ratLO of~58, It |should
be noted thdt the high thrust ratios at a flight Mach number of 2.50
are primafily dve to the low thrust of the normal engine., The high
liquid ratios for the methods involving the injecticn of water are

due to the large quantities of water that can be evaporated at the
high Mach numbers because of the high inlet-air temperature.

" The effect of altitude on the maximum thrust ratic ig more clearly
shovn in figure 2. The maximum thrust ratio of each method is plotted
ageinst altitude for a flight Mach nuaber of 0.85, All methods show
a moderate decrease in maximum thrust ratio as the altitude is increased
to 35,000 feet., Because of the constant air temperature above the
tropopause (approximately 35,000 feet); the augmwentation remains about con-
gtant. The maximum thrust ratlo with water injection decreases from

© 1,59 to 1,32 asg the altitude is increased for sea level to 35,000 feet.

Tall-nlpe burning is affected to a swaller extent by altitude than
any of thie other methods; the maximum thrust ratio decreases from

"2,12 to 1.92. The combination tail-pipe burning plus water injection

decreases from 2,90 to 2.36 and bleedoff decreases from 3.70 to 2,88
as the altitude incredses from sea level to 35,000 feet.

. In order to show the effect of flight Mach number on the augmen-
tation more clearly, the maximum thrust ratio of each method is
plotted against flight Mach number in flgace 3 for an altitude of
35, LOO feet. The flight Mach number ranges from 0,85 to 2,50. All



methods show an increase in the maximum thrust ratio as the flight
Mach number is increased; although, as shown in figure 1, the increased
thrust ratios are obtained at the' expense of large 1ncreases in the
liquid ratios. Increasing the flight Mach number from 0.85 to 2.50
increases the thrust ratio with bleedoff from.2.88 to 10.4 and with

the combination of tail-pipe burning plus water injection from 2.34

to 9.3. At & fllght Mach number of 2.50, the liquid ratio with
bleedoff is about ten times that for: tall—pipe burning, and with
tail-pipe burning plus water injection, .the liquid ratio is about

four times that for tail-pipe burning. i

The preceeding results are all for an engine having the low-

_pressure-ratﬂo COmpressor, The performance of the high-pressure-

‘ atlo~compressor engine is presented in figure 4 along with the
performance of the low—pressure-ratlo—compressor engine for compar-
ison. The thrust ratio is plotted ‘against the liquid ratio for sea
level and a flight Mach mumber of 0.85. For these flight conditions
the high-pressure-ratio compressor has a normal pressure ratio of 9.9,
which is increased to 14.3 with water injection. In the range of
liquid ratios covered by the low-pressure-ratio-compressor engine,

 there is little difference between values of the thrust ratio for a
given ligquid ratio for the low- and high-pressure-ratio-compressor

engines, Higher values of the thrust ratios are possgible with the

high-pressufe-ratio-compressor engine, but at higher values of the
liquid ratio, The greatest increase in thrust ratio is obtained
with the methods involving water injection. For example, the
cmaximum thrust ratio with the combination of tail-pipe burning plus

" water injection increases from 2.90 to 4.36, whereas with tail-pipe

burning alone the maximum increases from 2,12 to 2.26. The maximum

thrust ratio with bleedoff increases from 3.70 to 4.98.

Weight Analysis

In addition to the weight of the liquid consumed by each method,
the weight of the added: egquipment required by each method is also
of importance. Figure 5 shows a comparison of the additional weight
of equipment required by the thrust-augmentation methods. The addi-
tional weight of equipment divided by the additional thrust or the
gpecific weight of augmentation equipment is plotted against the
thrust ratio. The values of the additional thrust and the thrust
ratio are for gea-level static conditions. The increased weight is
the weight of equipment only and doces not include any additional
liguide. The equipment weight was estimated from the weight of
existing experimental equipment by taking into account any modifi-
cations required for airplane installation. For all the methods,

e
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the specific weight decreases as the thrust ratio increases. The
minimum specific weight is approximately the same for all methods
(0.05 to 0.07) at the maximum values of thrust ratio. When all the
methods are considered at a constant thrust ratio, the water-
injection method entails the least additional weight followed by the
tail-pipe burning method. The specific weights of bleedoff and of
the combination of tail-pipe burning plus water injection are about
equal and have the highest values. The specific weight of an average
normal engine ig included for reference. It is apparent, however,
that adding the additional augmentation equipment to an engine is

equivalent to adding an additional engine having a very low specific
weight, except for the additiocnal liquid consumed.
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Both the weight of the liguids consumed and the weight of
equipment of the various methods have been compared. Neither of these
comparisons is adequate inasmuch as the weight of the liquids con-
sumed is a function of the time of operation and the equipment weight
is fixed. Calculations were therefore made of the total propulsive
weight (weight of engine, liguid consumed, and auxiliary equipment)
for each method. Figure 6 shows the ratio of the total propulsive
weight of an augmented engine to the total propulsive welght of a
larger unavgmented or normal engine (both engines producing the same
thrust) plotted against the thrust ratio of the augwented engine.

The ratio shown is for 5 minutes of operation of each engine at an
altitude of 35,000 feet and a flight Mach number of 0.85., The normal
engine total propulsive weight is 1, Values less than 1 indicate a
reduction in the weight of the augmented engine, equipwent, and
liquids from that of a normal engine for the sawe value of thrust.
For the tail-pipe-burning method the total weight of the augmented
engine decreages asg the thrust ratio increases and reaches a value

of less than sevenwtenths;the normwal engine total welght. For the
water-injection and the tail-pipe-burning plus water-injection
methods, the total weight first decreases to a minimum and then
increases as the thrust ratio increases. With bleedoff for 5 minutes
of operation the least total weight occurs at the lowest thrust ratio
and is approximately equal to the total weight of a normal engine.
For shorter periods of operation with bleedoff;, 3 minutes for example,
the lowest total weight occurs at the maximum thrust ratio and is
about 0.85 times the normal engine total weight.

Load ~Range Characteristics
Because of the high thrusts for a given engine size and weight,

engines equivpped with the thrust-augmentation methods way be desir-
able for high-speed flight in gpite of their high ligquid consumption.,
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A study was‘therefore‘madefof‘the performance of the complete air-
plane for a flight Mach number of 1.50 at which the engine was
assumed to be operatirig in the augmented configuration for the entire
time of flight. 'The details of this study and method of analysis

aré similar to those in reference 2 in which various engine types
are compared in terms of &irplane load-range characteristics.

‘ In figure 7‘theiairplane digposable. load per pound of gross
welght is plotted against the liguid rate per mile per ton of gross
-weight. This comparison is for an altitude of 35,000 feet and a
flight Mach number of 1.50.° The perfoimance is calculated for
level flight only and does not include the take-off and climb
requirements., The disposable load is equal to the gross weight less
the weight of the airplane structure and the engine and may consist
of liquid weight or liquid 'and cargo weight. A wing lift-drag ratio
of 7 was assumed and the airplane. structure weight was assumed to
be 30 percent of the gross weight. The normal engine specific weight
at sea-level static conditions was assumed to be 0.45 and the weight
of the additional equipwment was the same as that presented in fig=-
ure 5, The engines were assumed to be installed in nacelles. The
nacelle &nd fuselage-drag and the drag of the additional equipment
were deducted from the engine thrust in calculating the gross weight
. from the lift-drag ratio. ' All calculations were based on an engine
having a normal thrust at sea-level static conditions of 10,000 pounds
and weighing 4500 pounds. ‘The engine frontal area was taken as

lZ%-square feet. Each point ‘on the curves in figure 7, therefore,

represents a different’ airplane, because the airplane becomes larger
as the augmentation and the thrust increase.

Operation with the normal engine is shown by the cross in the
lower left cornér. The various lines represent the differeiit methods
with varying amounts of augmentation. The numbers on the curves are
values of the thrust ratio. The ratio of ordinate to abscissa and,
therefore, the glope of the slanting lines connecting the points on
the curves with the origin represent the maximum range of the airplane
when all the disposable load ig fuel. These slopes have been labeled
directly in texrms of range on the outer scale. The normal engine, for
example, has a maximum range of 233 miles. The initial point for tail-
pipe burning at a thrust ratio of 1 is at a lower disposable load and
range than the normal engine because of the loss in thrust and the
increase in drag when the engine is equipped for tail-pipe burning.
As the augmentation by tail-pipe burning is increased to stoichiometric,
the ratio of disposable load to gross weight and the range are increased
without much increase in liquid rate per unit gross weight. The liquid
rate per ton mile remains nearly constant with augmentation by tail-pipe
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burning in spite of the increase in specific fuel consumption for the
following redson: .One of the important factors that affects this
quantity is the liguid rate per Lour per pound of net thrust where
the net thrust is defined as the difference between the engine thrust
and the engine nacelle drag. By augmentation the engine thrust is
increased without an increase in nacelle drag and hence the percentage
increase in net thrust is greater than the percentage increase in
engine thrust. This effect tends to offget the increase in fuel rate
per pound of engine thrust to give an approximately constant liquid
rate per pound of net thrust (and hence gross weight) with increase
in augmentation by tail-pipe burning.

At the point of maxiwum augmentation by tail-pipe burning the
gross weight is approximately 3.5 times thée gross weight for normal
operation. The decrease in range that is obtained with tail-pipe
burning by decreasing the gross weight to the same value as for
normal operation is also shown: (fig. 7). Although the range is
decreased sbout 100 miles. by decreasing the gross weight, the range
is still considerably greater than:-with the normal engine. The maxi-
mum range with tail-pipe burning is 590 miles. Adding water injec- =
tion to tail-pipe burning increases the disposable load but the
increase in liquid rate per unit gross weight results in a slightly
shorter maximum range than with tall-pipe burning alone. Water injec-
tion alone results in about the same maximum range as the normal
engine. The. principal effect of bleedoff is to increase the dis-
posable load per unit gross weight with an Increase in liquid rate
per unit gross weight and some decreasge in maximum range. From
these curves, it may be concluded that for a flight Mach number of
1.50, tail-pipe burning is tlie only method when used for the entire
flight that will increase the range over that of a normal engine.

These results are based on rather conservative estimates of
engine verformance. In order to determine whether the tail-pipe-
burning or the tail-pipe=-burning plus water~injection method
increases the range of a normal engine when the engine is much more
efficient, these methods are compared for two different engines in
figure 8. The results for engine A are the same as those presented
in figure 7. For engine B both the compressor and turbine efficiencies
were Increased 5 percent and the inlet-diffuser efficiency was
increased from 0.80 to 0.965. Somewhat lower values for the engine
weight and frontal area were also assumed, The maximum range of the
engine B without tail-pipe burning is 750 miles. As, the augmentation
increases, the maximum range increases to 1000 miles, Maintaining
the same gross weight for the augmented engine as for the normal
engine gives amaximum range of 940 miles for engine B with augmentation.




Although this increase in range with the addition of tail-pipe
burning is ' not as greau ag for engine A, it appears gsafe to con-
clude that even‘with a hlghly efficient engine the addition of tail-
pipe burning increases the‘max1mum range.

. SUMMARY OF RESULTS

From & theoretical comparison of various methods of thrust aug-
mentation, it may be stated that either bleedoff or rocket assist
offers the possibility of large thrust increases at the expense of
high values of specific liquid consumption. For small increases in
thrust, water injection offers the advantage of extreme simplicity
and light weight. Tail-pipe burning offers the advantages of light
welght with thrust increases intermediate between those for water
injection and bleedoff and of the lowest. values of gpecific liquid
congumption. Tail=pipe burning may, however, involve some loss of
thrust dvring unaugmented cperation. The combination of tail-pipe
burning plus water injection permits a flexible system, eilther
providing large amounts of augmentation with a moderate specific
liguid consumption or smaller amounts with a low specific liquid
consumption. For continued operation at supersonic speeds, tail-
pipe burning appears to be the only augmentation,method of those
considered that increasges the maximum range over that obtalned with
the normal onglne.
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Flgure 7. - Load-range characteristics of airpleng powered by
turbojet engines with various methods of thrust augmentation,
Altitude, 35,000 leet; Ilight Mach number, 1,50,
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Figure 8. - Comparison of. load-range cheracteristics of airplane

with two different engines. Altitude, 35,000 feet; flight
Mach number, 1.50.
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