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THEORETICAL AUGMENTATION OF TURBINE~PROFELTER ENGINE
BY COMPRESSOR-INLET WATER INJECTION, TATIL-PIPE
BURNING, AND THETR COMBINATION

By Reece V. Hensley

SUMMARY

The theoretical performance of the turbine-propeller engine with
augmentation by means of compressor-inlet water Injectlon, tail-pipe
burning, and a combinatlon of the two methods was evaluated. The Inves-
tlgation covered altltudes and Mach numbers representing the most prob-
able range of application for each of the augmentation methods. The
effects on augmentation of variations Iin compressor and turbine effi-
ciency, compressor pressure ratlo, turbine-inlet temperature, and
propeller-plus ~gear effliciency were Investlgeted. The effects of ambi-
ent humldity and temperature and of the degree of evaporation during
compression were also Investigated.

The augmentatlon from elther campressor-lnlet water injection or
tall-pipe burning varled directly as the compressor pressure ratio and
Inversely as the turblne-inlet temperature, compressor efficiency, or
turbine efficlency.

For an engine having an unaugmented pressure ratio of 8, a turbine-
inlet temperature of 2000° R, and normal compressor and turbine poly-
troplc efficiencies of O. 88, augmentations as great as 95 percent with
water Injection and 58 percent wlth tall-pipe burning were obtained.
Greater augmentation was obtalned from water injection than fraom tail-
pipe burning under all conditions except for transonic speeds at an
altitude of about 35,000 feet; at this altitude the augmentations were
comparable but the llgquld consumption with tail-pipe burning was con-
siderebly lower. In the transonic speed range at an altitude of
35,000 feet, augmentations from the individual methods were more than
additive when the methods were used in combination. Iiquid consumptions
for the different augmentation methods were from 3.5 to 9.6 times the
unaugmented consumption. ‘

A large part of the maximm augmentation with water injection at the
compressor inlet would result even if no evaporation occurred during
compression.
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Variations of amblént relative humldlty had slight effect on the
degree of augmentatlion with water injJection.

Compreasor-inlet water Injectlon malntained standard take-off power
with btemperatures as high as 580° R at pressure altitudes up to 7500 feet.

INTRODUCTION

Up to the present time little Interest has been shown in the aug-
mentatlon of turbine-propeller engines because this englne type has been
consldered less desirable than the turbojet engine for high-speed appli-
catlons, and because the take-off performance of unaugmented turbine-
propeller-powered alrcraft 1s generally satisfactory. Consequently , the
augmented performance of turbine-propeller engines hes not been thoroughly
Investigated even though extensive studies of turbojet augmentation have
been made (references 1 to 3).

Theoretical analyses (reference 4) indicate that at moderately high
alrspeeds, turbine-propeller-powered aircraft can operate over consid-
erably longer ranges than can turbojet-powered alrcraft, but that this
superilorlity rspldly diminishes as the alrspeed increaeses. With contin-
ued progress in the development of hilgh-speed propellers, however, the
highest alrspeeds at which the turbine-propeller engine remains compet-
i1tive with the turbojet engine will increase, and these two engine types
may be competitive in the transonic speed range. In addition, augmen-
tation of the turbine-propeller engine may be desirsble for take-off or
climb under adverse conditlons (for example, with high ambient tempera-
tures, pressure altitude considersbly above sea level, or from short
runways). Because of these consilderations , & theoretical evaluation of
turblne-propeller sugmentation was mede at the NACA Tewls laboratory and
is presented herein. The augmentation methods investigated are (1)
compressor-inlet water injection, (2) tall-pipe burning, and (3) combined
water Injectlon end tall-pipe burning. Each method of augmentation is
evaluated at those altitudes and Mach numbers for which it is most appli-
cable. The effects of changes 1n engine deslgn characteristics on aug-
‘mented performance are also shown.

ANAT.YSTS
Scope

Varlatlions 1n compressor efficiency, mass flow through the engine,
and compressor pressure ratlo due to wabter injection at the compressor
Inlet are taken iInto account in the analysls. In other aapects of the
Investigation the analysis 1s restricted to design-point studies. TUnder
this restriction, the points presented depict the performances of &
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group of englnes each of which has the components operating with identi-
cal characteristics, rather than the performance of one particular engine
under varylng operating conditions. The method therefore tends to eval-
uate the potentlalities of the augmentatlion schemes for a flxed set of
engline deslign and operating variebles. Varlations in mass flow, com-
Pressor pressure ratio, component efflclencies, and so forth with the
englne operating conditions are not congldered. The degree of augmen-
tatlon possible has, however, been investigated for different values of
the major component efflciencies and engine design variables; conse-
quently, for a particular engine, If the change in any factor accompany-
ing operation at an off-deslgn point is known, the change in augmentation
resulting from this off-design performsnce can be estimated from the data
presented. hereln.

At the present stage of development, the axial-flow compressor is
considered most sultable for turbine-propeller englne application. As a
result, compressor performance characteristics typical of this unit have
been used in the analysis.

Engine characteristics. - The values of the major engine design
variables and component characterigtics used 1n the analysils are given
In the following table:

Compressor pressure ratio

Roforence value . . . ¢« o « ¢ 2 o 2 o o o o o o« o o o a o s o+ + « . 8

Additional values . . . . . . .t 4 4 . 4 e e s e s e e e e .. 4,16
Turbine-inlet temperature, "oR

Reforonce VRIUSO . +« v o« o ¢« o o s « s o o o o s s o o o o a o » 2000

Additional values . « . ¢« « « « +« ¢ o » « « « o . . 1500, 2500, 3000
Inlet-diffuser pressure loss, percent of

inlet dynamic PresBure. . . &« & & ¢ ¢ ¢ ¢ ¢ + e ¢ o o e o o s+ a2 o 8
Compressor normal polytropic efflclency

Roference vAlUO , . . . . . 4 4 4 ¢ v ¢ o« o o o s o o « o« « . . 0.88

Additional value ., , . . . . . . .. s e u s e e . u..... 083
Turbine polytroplc efficienoy

Reference vlu® . . . . &« v & ¢« « ¢ o ¢« 2 « o« « « « o« « « « « » 0.88

Additional value . . . . e 4« e s s o s 2 s s . s . . 0.83
Combustion efficiency (basic engine) O o I ¥ 4
Combustion pressure ratio, & (Pz/P,)
Reference value,

For P3fPp =8 . v v v o v v v v o o oo o s s s s s o .. .0.985

For PzfPp =4 . v v v v v v v vie o o o i e s e e ... 0.96
For P3/P2 - S Y 2

Heating value of fuel, Btu/lb . . . . . . . . . . . .. . .. . 18,600
Exhaust-nozzle thrust coefficient . . . . . . . . . . . . . .. 0.96

Additlional values used in calculating the augmented performance are as
follows:
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Tail-pipe~burner outlet temperature, R . . « « « « ¢« « « « « . . 3500
Tail-pipe combustion efficiency . . « . « « ¢« ¢ « « ¢« « ¢« « « « o 0.90 .
Tail-pipe-burner inlet Mach number . . . . e e e e e e e o . 0.2 ‘
Tail-pipe friction pressure loss, propor‘bion o:t"

dynamlic pressure head . . . . e s e s s s s s 4 o o o 8 e o ¢ 2

Tempera.tureofinjec’bed.water,oR. e s e 4 o s e e s e epe e o . . 019

Flight conditlions investigated. - Each of the methods of augmenta-
tion was evaluated for the combinations of altitude and £light Mach num-
ber at which it was most effective or most likely to be applied. Com-
pressor-inlet water injection was considered for altitudes from sea level
to 35,000 feet and Mach numbers from O to 1.1l. Tall-pipe burning was used
for the seme altitude range with Mach numbers from 0.6 to 1.1. The com-
bination of water inJjection with tall-pipe burning was evaluated only at
an altitude of 35,000 feet and Mach numbers of 0.9 to 1.1. Augmented
performance at Mach numbers above 0.9 was evaluated only at an altitude
of 35,000 feet.

Methods

Normel engine performance. - The basic unsugmented englne perform-
ance was obbtalned from direct calculations of the performance of the
individual components uging the thermodynemic data and methods of refer- "
ence 5. This method depends on the determination of the state of the
working £luld during its passage through the englne, using the enthalpy
and entropy terms h end ¢ (all symbols are defined in appendix A).
The shaft power was obtalned from the difference between turblne and
compressor enthalpy changes, and the Jet thrust was calculated from the
turbine outlet temperature and the avallable tall-plpe expansion pres-
sure ratio. All equations used in the calculations are glven in
appendix B.

Engine performance was computed. for several divisions of power
between the pure turbine-propeller engine and the turbojet engine in
order that the optimm division of power for each operating conditlon
could be determined.

Porformance with tail-plpe burning. - The performance of the englne
with tail-pipe burning wes determined from the basic unaugmented engine
performence. Tail-pipe pressure losses accompanying the burning of the
additional fuel required to attain a temperature of 3500° R were accounted
for and the corresponding Jet thrust then calculated.

Performance with compressor-inlet water injection. - In the analy-
sis given herein, the compressor performance with water inJjectlon at the

S7ve

inlet was obtained directly from, or calculated using the method of

roference 6. The method used therein to determlne the compressor per-
formence was briefly as follows:
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Saturation at the compressor inlet was assumed for all operating
condltions. Any evaporative cooling upstream of the inlet therefore
Increased the compressor-inlet gas flow in accordance wilth an assumed
variation of the corrected gas flow with corrected englne speed. By
asguming that the turbine nozzles were choked, the lncrease in gas flow
through the compressor due to weter injection (with complete evaporation
upstream of the turbine) uniquely determined the accampanying increase
in compressor pressure ratio. The evaporation of water prior to any point
in the compressor lowered the temperature at that point below the normal
value, with a resultant higher blade Mach number (ratio of blade velocity
to velocity of sound in the air-vapor mixture at that point). The com-
pressor efficiency was then determined by an iterative process, applied
to successive portions of the compression process, which employed an
agsumed variatlon of compression efflclency with blade Mach number. The
over-all compressor performence was then completely defined 1n terms of
the Increased gas flow and pressure ratio and the decreased efficlency.

All water InJected Into the compressor was assumed to be at a tem-
perature of 519° R, and sufficient evaporation upstream of the campressor
was assumed. to maintaln saturatlion at the compressor inlet. Unless stated
otherwise, an emblent relative humidity of 1.0 and continuous sabturation
during compression were implied for all wabter-injectlon performance data
presented hereinafter. .

All other portions of the gas-turblne cycle were calculated using
the deta and methods of reference 5. The only change in the procedurse
as campared with that used for the basic and tall-pipe burning cycles is
the necesslty of Including enthalpy and entropy terms for the waber
vapor contents at all polnts In the cycle.

Performance with compressor-inlet water inJjection plus tall-pipe
burning. - The performance with the combined method of augmentation was
calculated by methods amnalogous to those applied to similar portions of
the individual augmentation cycles, with the inclusion of enthalpy and
entropy terms for the water vapor content for the tail-pipe burning por-
tlon of the cycle.

RESULTS AND DISCUSSION

The calculated performance factors for the turbine-propeller engine
for normal and augmented operation are presented In figure 1 for a range
of £light condltions and engine design varigbles. The factors glven in
figure 1 are the ratios of net thrust to normal alr flow (where the net
thrust 1s defined as the Jet thrust minus the 1lnlet inomenthm), shaft
horsepower to normal alr flow, and liquid flow to normal alr flow. The
data are glven as functlions of the tall-pipe pressure ratio P5/p0. From

these data the engine performance cen be ascertained ag a function of the
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power division between the propeller and the Jet. Any desired propeller
and gear efficlencies may be used to obtain the propulsion potentialities
of the baslc and augmented cycles.

The selected conditlons for which data are shown are considered of
major Interest insofar as the possible applications of turbine-propeller
augmentation are concerned, and have been included in order that perform-
ance factors for power dilvislons and propeller-plus-gear effliciencies
differing from those used in the remaining discussion may be readily
obtalnable.

The genseral manner In which each of the augmentation methods effects
the performance of the turbine-propeller engine is shown in figure 1(b).
Water inJectlion increases the maximum tail-pipe pressure ratio attalnable,
or increases the shaft horsepower avallable at a given value of the tail-
pipe pressure ratio. These effects result from the increase in turbine
gas flow with water injection, which glves a higher compressor pressure
ratio, and from the decreased compressor work required with water injec-
tlon. Tall-pipe burning has no effect on the engine shaft power but
Increases the thrust considerably because of the higher tail-pipe-nozzle
ges temperature. The combined methods affect the shaft power in exactly
the same manner as wabter inJoctlon alone and increase the thrust somewhat
more than does tall-plipe burning alone. This greater thrust increase
results because the pressure losses accompanyling tail-pipe burning are
less important at the higher compressor pressure ratios accompanying
water injectlon. The liquid flow is greatly increased by each method of
augmentation. The smallest increase is caused by taill-pipe burning and
the largest by the combined msthods of augmentetion.

In order to lllustrate convenlently and to discuss some of the more
Important considerations accompanylng the use of augmentation for turbine-
propeller engines, the remainder of the discussion will be limited to
points representing optimm or near optimm divisions of power between
the propeller amd the Jot. The method of arriving at these optimm
values 1s shown by figure 2. In figure 2, the thrust and shaft power
factors of figure 1(b) are combined in a single total thrust term for
geveral different propeller-plus-gear efficlencles and this total thrust
term is plotted over the range of possible power divisions (or tall-pipe
pressure ratios). Data are shown for normal operation as well as for
each of the three augmentation schemes, Optimm thrust values occur for
each of the methods; the magnitude of this optimm varies, of course,
with the value of propeller-plus-gear efficiency as well as with the
method of augmentation. The ratio of the optimum thrust with augmenta-
tlon to the optimum thrust with normal operation, both for the same
propeller-plus-gear efficiency, 1s defined as the augmented thrust ratio
for the particular efficlency involved.

2445
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Reference Engine Augmented Performance

Effect of propeller-plus~gear effliclency. - The augmented thrust
ratios for the reference engine at a typlcal flight comdition (a Mach
number of 0.9 at 35,000-ft altitude) are shown in figure 3 as a function
of the propeller-plus-gear efficiency. The augmented thrust ratio with
tall-pipe burning is larger than that with water iInjectlon for campressor-
plus-gear efficiencies lower than 0.78 for this flight condition. The
percentage thrust augmentation from the combined methods for thls flight
condition 1s approximately 15 percent greater than the sum of the augmen-
tatlions avallable from the two methods applied separately, regardless of
the conversion efficiency. The augmented thrust ratio with compressor-
inlet water injection 1s independent of the propeller-plus-gear effi-
olency in the range covered, whereas the augmentatlion ratlo with elther
tall-pipe burning or the combination of both methods variles inversely as
the efficiency (the actual thrust values vary directly as the efficilency,
however, as can be seen by reference to fig. 2). The constancy of the
augmented thrust ratlo with wabter injection for varying propeller-plus-
goar efficiency can be explained as follows: If the propeller-plus-gear
efficlency decreases, the optimum value of the tall-plpe pressure ratilo
increases (fig. 2). At the higher tail-pipe pressure ratio, the percent-
age augmentation of the shaft power increases as shown in flgure 1, but
concurrently, a smaller portion of the total engine output 1is derived from
the shaft., These two changes are compensatory, with the result that the
aungmented thrust ratlo is essentilally Independent of the propeller-plus-
gear efficlency.

Augmentation by tail-pipe burning alone and 1n combination with
water injectlon may be more attractive as compared with wabter-injJectlon
augmentation if the probable changes in propeller efficliency accompany-
ing augmentation by each of the methods are included. The probable trends
in propeller efficiency can be predlcted from figure 4, where the ratio
of the shaft power with augmentation to the normal shaft power 1s plotted.
The power transmitted to the propeller with augmented operation at opti-
mum power divielon is approximately 33 percent above normal with water
inJection, approximately normgl with combined operation, and about
30 percent below normal with tall-pipe burning. The increased propeller
loading accompanying water-injection augmentetion may therefore decrease
the propeller efficiency.

Fffect of flight condition on augmented performance. - The angmented
thrust retlo for the reference engine characteristics 1s prepented in fig-
ure 5 as a function of altitude amd £light Mach number. With compressor-
inlet water inJjection, ‘the augmentatlon varles directly with the Mach num-
ber and inversely as the altitude. At sea level, the augmentation increases
from Just greater than 50 percent at low Mach pumbers to 95 percent at a
Mach mumber of 0.9. At 35,000 feet, the augmentation 1s 22 percent at a
Mach number of 0.6 and 43 percent ab a Mach number of 1.1. Although not
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shown on figure 5, the augmentation at altitudes above 35,000 feet 1s
approximately equal to that at 35,000 feet. There 1s, however, a slight -
Increase with altitude above the tropopause because the constant temper-
ature with a decreasing pressure in this range results in a proportion-
ately higher vapor partial pressure wilth a resultant slight increase in
the vapor-air ratlos attaineble in the compressor and hence a slight
increase in augmentatilon.

2445

The augmented thrust ratlo for tall-plpe burning is greatly affected
by variations in Mach number, but 1s less sensitive to altitude changes
than is the ratio for water injectlon. Tall-plpe burning is most effec-
tive at low altltudes but 1s much less effectlve under these condltions
than 1s water injection. The maximm augmentation obbtained with tall-
Plpe burning is 58 percent, and occurs abt a Mach number of 0.9 at sea
level; under these conditions water injJectlon glves an augmentation of
95 percent. Only 1n the transonic speed range at altitudes near the tro-
popause does the augmentatlon from tail-pipe burning compete with that
from compressor-inlet water injJection. For all lower speeds-and alti-
tudes, water Injection 1s much syperilor for maximum thrust augmentation.

In the transonic speed rangs at an altltude of 35,000 feet, the aug-
mentation from the combined methods 1s about 15 to 20 percent greater
than the sum of the augmentations from the two individual methods, the
augmentation ratio varying from 1.75 at a Mach number of 0.9 to 2.06 at
a Mach number of 1.l.

The 1iquid-consumption characteristics of the turblne-propeller
engine cycle both with and without augmentation are shown in figures 6
end 7 as funcbions of the flight condition. The liguid consumptlons used
are those corresponding to the optimm division of power for each of the
conditions shown when a propeller-plus-gear efficlency of 0.80 1is used.
The aungmented 1liguid ratio (total fuel flow plus injected coolant flow
divided by the normal fuel flow) i1s given in figure 6. The augmented
1iquid retio exhibits characteristics similar to thogse of the augmented
thrust ratio, increasing with Mach number and decreasing as the altitude
is increased. For water injectlon, the augmented liquid ratio varies
from gbout 3.8 to 9.6 for the range investigated. With tail-pipe burning,
the augmented fuel (or llguid) consumption is alweys lower then that for
water injection at the same flight condition and varies from 3.5 to 4.5
+imes the normal fuel consumption for all the conditions investlgated.
The increase in liquid consumption with combined augmentation is approx-
imately equal to the sum of the increases for the individual methods
applied separately. At an altitude of 35,000 feet in the transonic speed
range, the ratio for the combined augmentation 1s about 7.3 to 8.2.

The specific 1iquid consumption for normal and augmented operation
is presented in figure 7. This paremeter is based on the total propul- .
sive thrust computed for a propeller-plus-gear efficiency of 0.80; this i
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Propulsive thrust is defined as the sum of the Jet thrust and the propel-
ler thrust at a shaft-to-thrust conversion effliciency of 0.80 less the
momentum drag of the inlet air. For normal operation, the thrust speci-
fic fuel consumption for the range investigated lles between 0.5 and 1.0
pound per hour per pound thrust. With tail-pipe burning, the specific
fuel consumption varies from about 1.6 to 2.6 pounds per hour per pound
thrust and, with water injection, the specific liquid consumption varies
from about 1.6 to over 4.5 pounds per hour per pound thrust over the
range showrr. TIn the transonic speed range at an altitude of 35,000 feet,
vhere the augmented thrust gains are approximately equal, the tail-pipe-
burning specific fuel consumption is congiderably lower than the specific
liguid consumption with water injection. The specific liquid consumption
wilth combined augmentation is about 3.0 to 3.6 pounds per hour per pound
thrust in the transonic speed range at an eltitude of 35,000 feet.

The water-injectlon data of figures 5 to 7 were calculated for the
Injection of water alone. As the inlet temperature for part of the flight
range shown 1s below the freezing point, a nonfreezing mixture must be
substituted for the water. The effect of such a change in the inJected
fluild is not Investigated in this analysis, bubt it may be assumed that
the same general results would arise from the substitution in the turbine-
propeller engine as in the turbojet engine. According to references 1
and 3, the substltution of water-alcohol mixtures has slight effect on
the performance of a turbolet engine with liguid injection except to
decrease the fuel flow required as compared with that necessary when
water alone 1s InjJected. If a nonfreezing mixture of alcohol and water
In the correct proportion were used for injection, no increase in fuel
flow above the normal value would be necessary, as the heat of combustion
of the alcohol would compensate for the greater enthalpy rise across the
combustor required with the lower compressor-outlet temperatures and
changed gas properties In the combustor that accompany this method of
augmentation.

As stated previously, the data of figures 5 to 7 are based on a
propeller-plus~-gear efficiency of 0.80. For a different value of this
efflciency, or for a scheduled varlation with Mach nunber, the relative
merits of tall-pipe burning and compressor-inlet injection as discussed
in the preceding paragraphs would be essentially unaltered, as figure 3
shows. For a moderate range of efflclencies about the value of 0.80,
the augmentation with water injectlon would remaln essentlally constant
and thet with tail-pipe burning would vary only a few percent. (This
result would also be true for Mach numbers and altitudes other than
those of fig. 3.) Therefore, the majJor conclusions drawn from figures 5
to 7, which are based on rather large percentage augmentations, would
still be applicebls.
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Effect of Design Changes

Component efficiencies. ~ The effect of changes in compressor and
turblne polytropic efficiencies on the augmented thrust ratio for a Mach
number of 0.9 at an altltude of 35,000 feet is shown in figure 8, EFfi-
clencies of 0.88 and 0.83 are considered. (The compressor polytropic
efficiency ls the normal value. With water injection, the actual effi-
clency 1s decreased because of the evaporative cooling.) With waber
Injection, the augmented thrust ratio for an engine having a normal com-
Pressor efficlency of 0.83 1s about 0.06 greater than for an engine with
an efficiency of 0.88, whereas with taill-pipe burning, the ratio is only
slightly greater for the lower efficiency. The variation of augmentetion
with turbine efficiency is greater; with water injection, the augmented
thrust ratlio is from 0.20 to 0.25 greater for the efficiency of 0.83 than
for 0.88, and with tell-plpe burning the ratio is about 0,07 higher for
the lower efficlency value. The changes resulting from compressor and
turbine efflclency varlations are relatively independent of the value of
propeller-plus-gear efficiency.

S¥¥%2

Although the augmented thrust ratio increases with a decrease in
elther compressor or turbine efficiency, the thrust in elther case
decreases, as can be seen by compering figures 1(b), 1(i), and 1(J). The
increase in augmentation ratio merely indicates that the decreased com-
ponent efficiency decreases the unaugmented thrust proportionately more
than the augmented thrust.

Normal compressor pressure ratio. - The effect on augmented thrust
ratio of variations in the normal compressor pressure ratlo 1s shown in
figure 9 for a Mach number of 0.9 at an altitude of 35,000 feet. For
both augmentation by water inJection and by tall-pipe burning, the aug-
mentation ratio varies approximately linearly wlth the normal compressor
pressure ratio. With water injJection, the augmentation at a pressure
reatio of 16 is about 3.7 btimes the augmentation at a pressure ratlio of
4. With tail-pipe burning, the augmentation at a pressure ratio of 16
i1s 1.5 to 1.7 times that at a pressure ratlo of 4. Because the augmen-
tation with water injection is independent of propeller-plus-gear effl-
clency, whereas that with tail-pipe burning varies inversely with the
efficiency, the relative augmented thrusts attainable by the two methods
at different normal pressure ratios are dependent on the conversion effi-
clency. At a pressure ratio of 5, equal augmentations result if the
propeller-plus~gear efficiency is 0.9 and at lower efficlencles tall-plpe
burning offers greater augmentation. At a pressure ratio of 16, equal
augmentations result when the efficilency is 0.6 and wabter InJection is
the more effective method for any higher effilciency.

Turbine-inlet temperature. - Augmentation available with turbine-~
inlet bemperatures from 15000 to 3000° R is shown in figure 10. A Mach _
number of 0.9 and an altitude of 35,000 feet were used in obtalning the :
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data presented. Augmentation avalleble by bthe use of tall-pipe burning
decreages rapldly es the turblne-inlet temperature is increased. This
trend résults from the decreased tall-pipe fuel additlion required for
the assumed constant Jet-exit total temperature as the turbine-inlet
temperature (and concurrently the turbine-exit temperature) is increased.
The augnentation with water inJjection likéwlse decreases with Increasing
turbine-~inlet temperature, but much less rapidly. As a result, water
InJjection augmentation becomes superior relative to tall-plpe burning as
the turbine-lnlet temperature 1s increased.

Although the augmentatlon ratlios decrease with increasing turbine-
Inlet temperature, the normal thrust and the augmented thrusts all
increasse with turbine-inlet temperature as figures 1(b) and 1(h) show.

Evaporation Effectlveness

For all the data presented previously, complete evaporation of all
the water injJected into the engine inlet, continuous saburation up to
the compressor outlet, and no excess water above the campressor-outlet
saturation quantity were aessumed. Supplemental calculations were made
to evaluate the effects of deviations from these assumptions, and the
results are presented in filgure 11. Because the principal effect of
water injection appears in the shaft power rather than in the jet thrust
(see fig. 1), and the shaft power contribution to the total englne oub-
put when operating with optimm division of power is proportionately
greatest at static conditions, sea-level statlc englne-inlet conditions
were chosen for the calculations. :

In figure 11, the augmented. shaft power ratio for complete expansion
in the turbine, which approximates the optimum division of power under
zero ram conditions, is plotted against the total water-air ratlo for two
asgumed evaporatlion conditlions. The solid curve represents conbtinuous
paturation during compression with the entire water addition occurring
at the compressor inlet. The circled point at m = 0.075 represents
compressor-outlet saturation (that 1s, the condition assumed for all
previously presented water-injectlon data). The dashed curve represents
the eddition of all water at the compressor inlet but with no evaporation
during compression. In both cases contlnuous temperasture equilibrium
between any liquid water present during compression and the alr-vapor
mixture wes assumed. These two conditions represent the possible extremes
of evaporatlon effectiveness.

From the solid curve it is apparent that the relative effectiveness
of weter injection (agsuming complete evaporation during compression of
the water injected) decreases slightly as the amount of water injected
increases to the quantity required for compressor-outleb gaturation.
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The augmentetion with no evaporation is from 40 to 50 percent of
that for continuous saturation for water-alr ratlos up to the satburation
value. For higher water-alr ratios, the difference decreases until at a
ratio of 0.15 the minimum augmentation 1s 81 percent of the maximum sug-
mentation., Because the augmentatlion with no evaporation is a large por-
tlon of the augmentation with complete evaporatlon and any degree of
evaporation would glve an augmentation intermediate between these two
extremes, experimental values might be expected to approach falrly closely
the theoretlcal values for contlinuous saturation.

The trends In the augmentabtion curves of figure 11 can be explained
in the following mamner. The inJection of a given amount of water
results in the same increase in mass flow and compressor pressure ratio
(because the turbine-inlet temperature is constant, the turbine nozzles
are choked and the engine-inlet gas flow 1s independent of evaporation
during compression) whether the water evaporates during compressilon or
not., Both these increases tend to Increase the englne output; the aug-
mentation resulting fram Increases in these two factors 1s represented
by the dashed curve. If evaporation occurs during compression, less work
1s required to produce a glven pressure ratio. Consequently, more of the
turbine power appears as shaft power, with a further augmentatlon of the
engine power. This factor gives rise to the difference between the two
curves of figure 11. As the amount of water injected is Increased, the
evaporative cooling becomes less effective in augmenting the englne as
compared with the increase in mass flow and pressure ratio and the pos-
sible spread in augmenbation with degree of evaporation during compres-
slon therefore decreases.

Varlation of Inlet Conditions

For the data presented up to this point, NACA standard altitude con-
ditions of pressure and temperature and a relative humidity of 1.0 have
been assumed. The effects of variations in these quantities on the
compressor-inlet water-injection augmentation were evaluated and the
results are presented in figure 12. The augmented shaft power ratlo ab
static inlet conditions with complete expansion in the turbine 1s given
as a function of pressure altitude for relative humidities of O and 1.0
with ambient temperatures of 550° and 580° R and with the NACA standard
altitule temperature variation. With the standard temperature varlation,
+the effect of humidity is slight; the augmented shaft power ratio is
gbout 1.48 with a humidity of 1.0, and 1.52 with a humidity of O at sea
level. Both the augmented power ratio and the humidity effect decreasge
with increasing altitude. At the higher constent temperatures and humid-
ity of 1.0, the augmented power ratio is unaffected by changeg in pres~
gure altitude, the augmentation ratio being about 1.62 at 550° R and 1.70
ot 5800 R. With zero relative humidity and constant temperature, the
augmentation increases with pressure altitude as the constent vapor
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partlal pressure glves rise to a higher inlet vepor-air ratio, greater
cooling at the compressor inlet, and a larger increase in inlet gas flow
at the higher pressure altitudes. For the temperature of 550° R, aug-~
mentetion at zero humidity is 0.05 to 0.08 greater than with amblent
saturation. The corresponding difference with a temperature of 580° R
is from 0.13 to 0.17.

/

Inasmuch as NACA standard atmosphere conditions have been assimed
In previously presented data and the effect of humidity is greatest with
statlc Inlet conditions , 1t 1s apparent that the effect of humidity on
the conclusions stated heretofore 1s negligible.

Take-0ff Performance wlth Water InJjection

One probable application of wabter injection augmentation for the
turbine-propeller engine is to malnbain take-off performance under con-
ditlons of adverse embient temperature or from alrports located at altl-
tudes considerably sbove sea level. The effectiveness of water injection
in maintalning sea-level standard take-off performence can be estimated
using the data of figure 12. The data for a relative humidity of 1.0
for the three different temperature relations are replotted in figure 13.
Tnetead of the augmented shaft power ratlo the ratio of the aungmented
shaft power at the conditions specified to the normal shaft power at
WACA sea level standerd conditlons 1s given. This factor therefore
Includes the effects of change in density (and therefore engine mass flow)
due to temperature and pressure variation, as well as the changes in aug-
mentatlion ratlo deplcted by figure 12. At a glven pressure altitude, the
power avallable decreases as the ambient temperature increases, indicab-
Ing that the greater augmentation at high temperatures (:E'ig. 12) is insuf-
flclent to compensete for the decrease in mass flow accompanying
Increasing inlet temperatures. By using compressor-inlet water injection
with compressor-outlet saturation, normal sea-level engine power can be
maintained for pressure altitudes up to 7500 feet with an amblent tem-~
perature of 580° R or up to 10,000 feet with NACA standard altitude con-
ditions. These flgures are for amblent saturation; for lower relative
humldity, water-injectlion augmentation would be even mdre effective in
maintaining normal take-off performance, as 1s apparent from figure 12.

SUMMARY OF RESULTS

The theoretlical analysis of the augmented performence of a mmlti-
stage axlal-flow compressor turblne-propeller englne indlcated that large
augnentations result from either compressor-inlet wabter inJjection or tail-
plpe burning and that their combinstion is more effectlive than either
applled separately. The augmentation from elther compressor-inlet water
InjJectlion or tell-pipe burning varied directly with the compressor pres-
sure ratlo and Inversely as the turbine-inlet temperature, compressor
efficlency, or turbine efficlency.
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The followlng augmentatlion characterlstics were determined with an
agsumed. propeller-plus-gear efficiency of 0.8 for a reference engline
having an uvnaungmented pressure ratio of 8, compressor and turbine poly~
tropic efficiencies (without augmentationj of 0.88, and a turbine-inlet
temperature of 2000° R.

1. With compressor-inlet water injection providing compressor-outlet
saturation, thrust augmentation at sea level varied fram sbout 50 percent
at low alrspeeds to 95 percent at a Mach number of 0.9, The augmentation
varied from 22 to 43 percent for Mach mumbers of 0.6 to 1.1 at an altitude
of 35,000 feet. ILiquid flows varied from 3.8 to 9.6 times the normsl fuel
flow over the flight range investigated.

2. With tail-pipe burning to a temperature of 3500° R, thrust aug-
mentation as great as 58 percent was obtained. This maximum value
ocourred at a Mach number of 0.9 at sea level, where water injection gave
an augmentation of 95 percent. Thrust augmentation campareble with that
from wabter injection was obtalned only in the transonic speed range at
an altitude of about 35,000 feet. Under all other conditions water injec-
tlon was superior. Augmented fuel flows varied from 3.5 to 4.5 and were
always lower than the augmented liquld flow with water injection at the

sams £1light condition.

3. When the two methods were used 1n combination, the augmentations
were greater than additive, glving augmentations of 75 to 106 percent in
the trensonic speed range at an altitude of 35,000 feet. The liquid flow
increeses of the two methods were additive and the resultant liquid flows
for their combinagtlion were from 7.3 to 8.2 times the normal fuel flow.

4, A large part of the maximum augmentation with water injeotion
would result even 1f no evaporatlon occurred during compression.

5. Variations in amblent relative humidity haed sllght effect on the
degree of augmentatlon with water inJectlon, particularly at temperatures.

near NACA standard values.

6. Water injection with compressor-outlet sabturation maintalned take-
off power corresponding to NACA standard sea-level condltlons to p:gessure
altitudes as high as 7500 feet with ambient temperabtures up to 580~ R.

Lewls Flight Propulsion Leborstory
Netional Advisory Comittee for Aeronautics
Cleveland, Ohio, November 1, 1951
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APPENDTX A

SYMBOLS

exhaust-nozzle thrust coeffilcient

specific heat at constant pressure, Btu/(1b)(°R)
drag, 1b

thrust, 1b

fuel-alr ratio

acceleration due to gravity, 32.2 £t/sec?
lover heating value of fuel, Btu/lb
enthalpy, Btu/1b

shaft horsepower

mechanical equivalent of heat, 778 ft-1b/Btu
Mach nvmber

vapor-alr ratio

total pressure, 1b/sq £t absolute

static pressure, lb/sq f+ absolute

gas cor;s'bemt, £5-1b/(1b) (°R)

total temperature, °R

static temperature, °r

mass flow, 1b/sec

ratlo of speclfic heats

incremental value

efficlency

The followlng symbols are used In the calculations and the figures:
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® function of
Y )
@ Fp ar, Btu/(1b)(°R)
Vh (hg-h“‘})(lw), Btu/1b
Subscriptss
a alr
B tall-plpe burner
b combustion
c campressor
e englne
hig fuel
g cambustion gas
1 Inlet
3 ge
P polytropic
t turbline
v water vapor
0 ambient alr
1 engine diffuser Inlet
2 compressor lnlet
3 compressor outlet
4 turbine inlet
5 turbine outlet
6 tall-pipe nozzle inlet

NACA TN 2672
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APFENDIX B
DETAITS OF PERFORMANCE CALCULATIONS

Unaugmented Englne
The compressor-inlet total pressure was obtalned from ‘the relation

%, Py = pg + 0.92(P;-pg) (1)
v vhere y
1
~1 7=
P; = D (1 + L= MZ) (B2)
The correspondling compressor-inlet temperature was obtained from the
equation
-1 2 )
T2=t0<"+ZZ—M) (BS)

The momentum drag of the inlet alr flow was given by the relation

Dy  M+/748 Ryt (B4)
Wy 8
A value of 53.35 foot-pounds per pound per OR was used for Ry.

The compressor performance was evaludted by the methods of refer-
ence 5, using the equatlon

Pa,3 = Pa,2 + 495 ¢ (B5)
where
R P
1 g 3
Ag - — in — (B6)
a,c qc’p J PZ

and the charts of reference 5 to determine the compressor-outlet temper-
ature. 'The enthalpy rise across the campressor was then computed from

Mhy o =Dy 3 - by o (37)

The fuel-alr ratio for a parbticular turblne-inlet tempsrature was.
determined from the relation
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h - h
£, = 7L (B8) .
Th,e B - Bg 4 ~V¥n,4 + b
giv:en in reference 5. §
The turbine performance was evalusbed using the relations “
Pg,5 = Pga + L0g 4 (B9)
and
Ry . Ts
A = - == B10
%t = Tt,p T O3, (B10)

with an assumed value of 53.4 for Ry to determine the turbine~outlet
condition for values of P5/P4. The enthalpy change across the turbine
was then obtalned as

Ahg 4 = hg 5 - hg 4 (B11) .
The engine shaft power was evaluated from
(o) I
W " 550 Ehg’t (1+£,) - Aha’c:l (B12)

The Jet thrust was calculated from the equation
2Ll
Fy 29R Do V4
‘Ta—-_- Cy (l+fe) g(;%yq ’Ts 1- <'I—,E—)' (B13)

for cases where the pressure ratlio across the Jet nozzle wes subcrltical
and from the equation for a convergent nozzle

f% - oy (142,) -2 (B14)
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for supercritical pressure ratios. A value of 53.4 was used for RJ In
equations (BL3) and (Bl4), average values of 7y were employed, and po/P5
was obtained from the pressure ratios across the preceding components.

Tail-Pipe Burning

All quantitles calculated up to the turbine outlet were the same as
for the unaugmented engine.

The tall-pipe fuel-air ratio was calculated from

() (b ghg 5) + £o 0y ¥y 5)

H -’ha’ + hf

fg = (B15)
Mp,B 6 " VYn,6

The Jet thrust was calculated from equation (B13) with the substi-
tution of 3500 for Tg, (fy + fp) for fg, po/Pg for ppy/Ps, and with
the adJustment of the values of 7y <for the higher tail-pipe temperatures.
By including the tall-pipe friction ani momentum pressure drops, pg/Pg

vas obtained from py/Ps. . »

Weter InJection

The compressor performance values were elther ob'baiﬁed. from refer-
ence 6, or were calculated by the method of that reference.

The fuel-alr ratio was given by the equation

(B186)

- Te =

ho,a = Bg 3 mz(hy 4 - By, 3)
+
Th,e B - Ng 4 = ¥ 4 + B Tp,e B

The remalning portion of the cycle was calculated in the same
menner as for the unaugmented engine except that terms were added to
account for the water vapor where required.. The followlng changes were
necessary:

(1) Equation (BY9) was changed to

Nz @y g L1 +mg+ 7T
= + 2
%g,5 = Pg,4 I+t 1+ 1,

= M%giv) (817)
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(2) The value of Ry (for equation (B10)) was

(14£4)53.4 + mz X 85.8
Ry = 1L +f, +myg (18)

(3) Equation (Bll) became

w5 (hy 5-hy 4)

g,5 ~ Bg,4 *+ T+t (B19)

Ahg’.t = h

(4) In eguation (B13), (1L + £, + mg) was substitubed for (1 +£5)
and the average value of 7 was based on the properties of the combustion
gas-water vapor mixbture.

Water Injection Plus Tail-Pipe Burning

The performance with combined methods of augmentation was derived
from the performance with water injection.

The tall-pipe fuel-air ratio was obtalined from

) (1420) (hy g-Ba,5) + Fo(¥h,6-¥n,5) | mg (hy g-hy 5) (

Ty, E "By 5 " Y6t B Mp,p B

£y B20)

The Jet thrust was determ_’uged.° in the manner explained for tall-pipe-
burning augmentation; (f +fp+uz) was substituted for (fo+fp) and the

water-vapor content was considered in determining 7.
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Figure 1. - Augmented performance of turbine-propeller engine.
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Figure 1. - Contimued. Augmented performance of turbine-propeller engine.
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Figure 1. - Continued. Augmented performance of turbine-propeller engine.
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Figure 5. - Variation of augmented thrust ratio with flight condition and
method of augmentation. Reference engine characteristics; propeller-
plus-gear efficiency, 0.80.
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Figure 6. - Variation of sugmented liduid ratio with flight condition and
method of augmentation. Reference engine characteristics; propeller-~
plus-gear efficiency, 0.80.
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Figure 8. - Effect of lowered component efficiencies on augmented thrust
ratio. Flight Mach number, 0.9; altitude, 35,000 feet.
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Figure 12. - Effect of ambient conditions on augmented shaft power
ratio. Reference engine characteristics;. flight Mach number, O.
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