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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
RESEARCE MEMORANDUM

ANAIYTICAT, AND EXPERIMENTAYL, INVESTIGATION OF THRUST AUGMENTATION OF
AXTAL- AND CENTRIFUGAL-COMPRESSOR TURBOJET ENGINES BY
INJECTION OF WATER AND ALCOHOL IN COMBUSTION CHAMBERS

By David S. Gebriel, Harry W. Dowmen and
William T,. Jones

SUMMARY

An investigetion of thrust sugmentation by injection of water
and wabter-alcchol mixtures in the combustion chambers has been con-
ducted at gsea-level zero-ram flight conditions on 4000-pound-thrust
axial-flow and centrifugal-flow turbojet engines. The engines
were equipped wlth variable-area exhaust nozzles that were used to
maintain constant turbine-outlet temperatures during injection.

The thrust augmentatlon, compressor characteristics, fuel flow,

and turbine-outlet-temperature distributions are presented for
various injJectlon rates and water-slcchol mixbtures. The thrust
augmentation obtalned by combustion-chamber injection is compared
wlth results of both inlet injection and interstage inJection

from other Investigations for the axlal-flow-type engline. A method
of computing the thrust asugmentatlion by injection into the combus-
tion chambers 1s also presented and is compared with the results of
the experimental Investigation of the axial-flow engine.

A maximm ratio of augmented to normal thrust of 1.18 was
obtained for the axial-flow-compressor englne by the injectlon of
0.78 pound per second of alcohol and 4.6 pounds per second of water
into the combustion chamber. The computed augmented-thrust ratios
were wilithin 1 percent of the experimentel results. No appreciable
thrust augmentation was obtalined with the cenbrifugal-flow-type
engine by inJection of water Into the cambustlion chamber. This
result is explalned by the shape of the compressor-characteristic
curves for this engine.
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INTRODUCTION

As a part of a general research program of thrust augmentation
of turbojet englnes, several investigations of injJectlon of water
and water-slcchol mixturea have been conducted at the NACA lLewls
labhoratory. Results of Inveastigations of injJection of water and
alcohol into the compressor inlets of both axilal- and centrifugal-
flow englnes are presented in references 1 to 3. Interstags
inJection into the compressor of an axial-flow engine was also
investigated (reference 4).

An investigation of water and water~alcohol injection into the
combustion chambers of 4000-pound-thrust axlal- and centrifugal-flow
sngines at sea-level, zero-ram conmdlitlions 1s reported herein., Simil-
lar injection systems were used on both the axial- and centrifugal-
flow engines; four different arrangements of injection nozzles were
investigated on the axlal-flow engine. Both englnes were equipped
with varishle-area exhaust nozzles to provide control of the
exhaust-gas tempereture independent of injectlon rate and engine
speed. The investigation with the axial-flow engine was conducted
at limiting conditions of speed amd exhaust-gas temperature and
covered a range of injJection rates from O to 4.6 pounds per second
of water with 0.8 pound per second of alcohol and a somewhat smaller
range of inJection rates with water alone. The investigation with
the centrifugal~-flow engine was conducted over a range of engine
speeds and was confined to the Injection of 1 and 2 pounds per
second of water alone.

The thrust-augmentation and fuel-flow data, compresaor charac-
teristics, and turbine-cutlet temperature distributions are glven
for the various Iinjection-nozzle arrangements used ln the axial-
flow engine. For the centrifugal-flow engine, thrust data and
compressor characteristics are presented. The thrust augmen-
tation of the exial-flow engine is compared to that obtained with
inlet inJjection and interstage injection. A method of computing
the thrust augmentation by combustion-chamber injection is also
presented and is compared with the experimental results for the
axial-flow engine.

APPARATUS

Engines. - The investigation was conducted on J35 and J33
engines. e J35 engine hag an ll-stage axlal-flow compressor,
eight cylindrical combustion chambers, and a single-stage turbine.
The nominal militery rating of the engine is 4000-pounds thrust at
a rotor speed of 7700 rpm and zero-ram, sea-level conditions.
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The J33 engine has a double-entry centrifugal-flow compressor,
14 cylindrical combustion chambers, and a single-stage turbilne.
The nominal military rating of the engine ls 4000-pounds thrust
at 11,500 rpm and zero-ram, sea-level condltlons.

Engine instsllation and ocomponent parts. - The general arrange-
ment of the Installation of the J35 engine in the test chember is
shown in figure 1. The J33 setup was simllar in most details. The
engine was mounted on & swinging framework suspended from the ceil-
ing of the test chamber; the engine thrust was balanced and measured
with an air-pressure diaphragm. Ingine air entered the nearly air-
tight chamber through two l8-inch-diemeter A.S.M.R. nozzles that
were used to measure the.alr flow. The engine speed and the fuel
Tlow were measured with standard instrumentation.

A spherical clamshell-type varieble-area exhaust nozzle was
ingtalled at the end of & tall pipe 30 inches in length, which pro-
vided for discharge of the exhaust gas outside the test chamber.

A cowling was Iinstalled at the engine inlet to facllitate measure-~
ment of the engine inlet-air temperature.

Liguids. - For this investigation AN-F-32 (Amendment-3) fuel
was used., The alcohol used was a mixture of S50-percent methyl amd
S0-percent ethyl alcchol by volume. The water was obtained from
Cleveland city mains.

Water-alcohol injection systems. - For the investigation in
the J35 englne four modifications of the water- and alcohol-
injection nozzles, designated nozzle arrangements A, B, C, and D,
were used. The locations and the detalls of installeation of the
nozzles are shown in figure 2. The number, size, type, and
location of inJection nozzles used are listed in the following
table: .
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Nozzle Type|Nozzles| Throat| Dlastance
arrange-| spray| per dia- from
ment chamber| meter upstream
(in.)| flange of
chamber, (in.)
Water nozzles
A Hollow 2 0.182 15-12'-
cone
B |Hollow| 3 .149 155
cone
c Hollow| 3 .073 15%-
cone
D |Soua 3 073 1532L-
Jet
Alcohol nozzles
A |Bollow| 2 |o.089 17%-
cone
B Hollow| 3 .073 17%
cone )
c Hollow| 3 .055 17%:
cone
D Solid 3 .055 17%
Jet .

On the basis of preliminary investigatlons conducted on a
single combustion chamber (reference 5), the liguids were inbtroduced
at approximately the midpoint of the combustion chamber into the
primary combustion zone near the liner walls. The injJected liguids
entered the nozzles tangentlially; the swirl thereby induced
& fine hollow cone spray for all of the injection systems except D.
Systen D utilized nozzles with stralght through flow to obtain a
solid Jet. In all configurations the water was introduced upstream
of the alcohol.

Only one Injection system was used on the J33 engine. One

solid Jet and three hollow-cone water-injection nozzles (similar
to those used on the J35 engine) were attached to each burner at

JdEnnasan |

1216
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the locations shown Iin figure 3. The nozzles were located as near
es possible to the midpoint of each combustlon chember. The number,
size, type, and location of nozzles used in the J33 engine are
summarized in the following table:

Type |Nozzles|Throat| Distance
sprey| 7per dia- from
chamber|meter upstream
(in.)| flange of
chamber, (in.)

Hollow| 3 3/16 12
cone

Solid 1 3/1s 12
.Jet

The single solid-jet-type nozzle (used in each combustion
chamber) was installed on the outer periphery of the engine in an
effort to eliminate a high-temperature region at the root of the
turbine blades.

Tempsrature and pressure instrumentation. - The locabtions of
temperature and pressure Instruments on both englnes are shown in
figure 1. The number, type, and locatlion of thermocouples in the
J35 engline were as follows: :

(a) Totel temperature at engine inlet (station 0) Ty: Average
of 20 thermocouples, five in each of four rakes 90° epart,
at entrance to inlet cowling

() Total temperature at campressor outlet (station 2) To:

Average of 20 thermocouples, five in each of four rekes
located upstream of combustion chambers 2, 4, 6, and 8

(¢) Turbine-outlet-temperature survey downstream of the com-
bustion chembers (station 5) Tr: four rakes of four
thermocouples each located at four radil downstream of
center lines of combustion chambers 2, 4, 6, and 8.

The four thermocouple readings at each radius were aver-
eged to obtain an average radial tempersture disgtribution.
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(&) Turbine-outlet-temperature survey between combustion
chambers (station 5) Tg': four rakes of four thermo-
couples located at four radii downstreem of midpoints
between buwrmers 2 and 3, 4 end 5, 6 and 7, and 8 and 1.
The four thermocouple readings at each radlus were aver=-
aged to obtain an averasge radial temperature distributlion.

(e) Temperature at tail-pipe inlet (station 7) T,: Average
of eight strut-type thermocouples equally spaced circum-
ferentially and 4 inches from tail-pipe wall

The number, type, and location of pressure tubes in the J35
engine were as follows:

(a) Total pressure at engine inlet (station O) P,: ome open-

end tube in gquiescent zone of test chamber

(b) Total pressure at compressor outlet (station 2) Pp:

Average of 12 total-pressure tubes, three in each of
four rakes upstream of combustion chambers 1, 3, 5,
and 7 .

Similar instrumentatlion was used for the J33 engine.

PROCEDURE

The investigation of engine performance with water and alco-
hol injection in the combustion chambers of the J35 engine was con-
duocted for the following Injection flows:

Nozzle |Water flow| Alcohol flow
arrange-| (1b/sec) (1v/sec)
menb
A,B,C,D 0 0
A,B,C,D 0.8 0,0.8
A,B,C,D 1.6 0,0.8
4,B,C,D 2.4 0,0.8
A,B,C)D 3.2 008
A,B,D 3.2 0
A 4.0 0.8
C 4.25 0.8
D 4.8 0.8

1216
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All runs were made at an indicated engine gpeed. of 7700 rmm with

an indicated tail-pipe temperature of 1660 R (maintained by exhaust-
nozzle adjustment). The runs with zero water amid alcchol injection
were conducted perlodically during the course of the Investligation
in order to provide normal performence data npon which to base the
thrust augmentation.

Injection into the combustion chembers of the J33 engine was
investigated over an engine-speed range from 10,500 to 11,500 rpm.
Two series of runs were conducted, one with an exhaust-nozzle size
providing an indicated tail-pipe temperature of 1685° R at 11,500
rom and the other with an exhaust-nozzle size providing an indlcated
tail-pipe temperature of 1660° R at 11,500 rpm (both maintained by
exhaust-nozzle ad justment) with water-injection flows of 1.0 and
2.0 pourds per second, respectively. The reeson for operating at
two tail-pipe temperatures will be subsequently discussed. Normal
performance deata were &lso obtalned over a range of engline speeds
with the exhaust-nozzle size providing an indicated tail-pipe tem~
perature of 1685° R at 11,500 rpm upon which to base the augmentation.

CORRECTION AND ADJUSTMENT OF DATA

All performance data presented were corrected to standard sea-
level conditions by use of the conventlional generalization parameters
in order to adjust for small varlations in inlet conditions that
occurred during the investigation. These factoras, although unveri-
Fled by experiment for applicetion to combustion-chamber injection
data, are believed accurate for the small renges of inlet conditions
encountered in this investigation; they should not be used, however,
to extrapolate the present data to altitude conditions without
further experimental verification.

The corrected englne-performance pereameters ares
F/ & thrust
N/./6  engine speed
®/ & pressure
T /0 temperature

L /8 air flow
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ww,,/ g :

5 injected~water flow
w '\/ 2]

8’15 injected-alcohol flow

x :
WK fuel flow
5 ne
where
8 compressor-inlet total pregssure

NACA standard sea-level pressure

e compressor-inlet total temperature

NACA standard sea-level temperature
All the symbols used in this report are defined in appendix A.

The correction factors spplied to the injected-water and
-alcohol flows are the same ag those appllied to the air flow in
order to maintain the seme water-air and alcochol-air ratios before
and after data correction. The factor K included in the correc-
tion to engine-fuel flow serves to maintaln a heat balance from
uvncorrected to corrected conditions. The factor K 1is defined
ag follows:

W, W

1200 "w al

Eel+ (280U ¥ _g,.35 22} (6 - 1)
(ﬂfhf Ve “f)

vhere hp 1is the heating value of the fuel and 17y 1is the com-

bustion efficlency. The value of 0.35 in the equation is the
offective ratio of the net heating wvalue of the alcohol to the
net heating value of the fuel and was obtained from analysis of
the deta reported herein. The value of 1200 accounts for the
enthalpy rise of the water during vaporization.

Because the Investigation of the axial-flow engine was con-
ducted at various amblent conditions, the deta were not obtalned
at exactly the game corrected engine speeds and tall-plpe tempera-
tures. Additional adjustment of the data was therefore made to
reduce the results to a constant corrected engine apeed of 7550 rpm
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and a tail-pipe temperature of 1580° R. These adJustments were
mede by using the slopes of curves of the corrected engine-
performance parameters plotted against engine speed for nonaug-
nented operation. Although this procedure mey not be exact, the
resultant error for the small range of engine speeds involved
(7400 to 7700 rpm) is believed to be negligible.

ANALYSIS

The effect on englne operation of inJjection of liguide inbto
the combustlon chamber may be illustrated by reference to the
compressor-characteristlcs curves of flgure 4, which were obtained
on the axlal-flow engline. Because the flow through the turbine-
nozzle throat is sonic and the area l1s fixed, the ratlic of total
gas flow to turbine-inlet (or compressor-outlet) pressure is
constant for & given turbine-inlet temperature if the change in
physicel propertiea of the working fluild with injection of water
1s neglected. The Injection of water and alcohol therefore tends
t0 produce a decrease in compressor alr flow. This slr-flow
decrease, however, 1s accompanied by & slmulteneous increase in
compressor-pressure ratioc, as shown by the compressor-characteristic
curves for a given engine speed. A new equilibrium operating point
of the englne, having a lower compressor air flow, a higher
compressor-pressure ratlo, and hence a higher total gas flow
through the turbine, 1s thus cbtained. The thrust augmentation
produced therefore depends on the operating characteristics of the
compressor and ls & result of both the increased 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-zlcohol-air mixture contribute, to a smaller
degree, to an increase in the turbine-outlet pressure and conse-
quently in the Jet velocity.

The foregoing dlascussion of the fundamental effects of
combustion-chamber injJectlion on the engine cycle indicates that
the thrust augmentation may be calculated from a kmowledge of
the compressor characteristics. Calculetion of augmented-thrust
ratios (ratio of augmented to normal thrust) was therefore made
based on the experimental compressor-characteristic curve (fig. 4)
for the engine. For this analysis, the new equilibrium running
point between the compressor and the turbine was determined for
various injection rates by graphically superimposing the compressor-
and turbine-flow characteristics. (See appendix B.) Using the .
compressor-pressure ratio and air flow thus determined, the per-
formance of the complete cycle wes computed from valuwes of
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compressor efficiency computed from unaugmented test data, an
agsumed value of turbine efficlency, and conventional thermodynamic
methods of analysis. The analysls was made for a range of water-
injection rates from 1 to 5 pounds per second and for alcahol-
injection rates of O and 0.78 pound per second. Calculations of
thrust augnrentation were made using values of thermodynamic proper-
ties of the working fluld (> and R) taking into account the changes
in these properties caused by the lnJected water and alcohol, and
additional caloulations were made neglecting these changes in gas
properties. Further detalls of the method of analysis and the
equations used are glven In appendix B.

RESULTS AND DISCUSSION

The resulte of the investigetions with the axlal- and
centrifugal-flow englnes are presented separately anmd a comparison
of combustlon~chamber inJection with other injection methods 1s
given for the axial-flow englne.

Performance of Axial-Flow Engine

Compressor operating characterigtics. - The shift in the engine
operating point with combustion-chamber injection (previously dia-
cugsed) is 1llustrated in figures S and 6. The air flow and
compressor-pressure ratio for nozzle-arrangement C are plotted
againat the total liquid flow for constant corrected engine speed
and tall-pipe gas temperature. Figure 5 shows that the alr flow
decreases alightly with increased liquid-injection rates. Although
the scatter in the data 1s relatively large, the trend was con-
firmed by data from other nozzle arrangements. The small change
in alr flow .is accompenied by a relatively large change in
compresgor-pregsure ratloc, as shown by the data in figure 6. The
curve of pressure ratlo predicted from the measured air flow and
the compreasor-characteristic curves of figure 4 is shown by the
dashsd llne in figure 6. The departure of the dashed curve from
the experimental points is attributed to discrepancies In the air-
flow data. '

Experimental thrust sugmentation. - The avgmented-thrust ratios
experimentally obtained for the four inJectlion-nozzle arrangements
are plotted in flgure 7 as a function of corrected total liquid flow
for O and 0.78 pound per second of corrected injected-alcohol flows
and for a corrected engine gpeed of 7550 rpm and & corrected tail-
pipe temperature of 1580° R. All the date correlate, indi-
cating that within the accuracy of the data the amount
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of augmentatlion avallable for a given total liguid flow was inde-
pendent of both the nozzle arrangement and the mixture of wabter and
alcohol injected. The maximum injJection rate of water alone was
limited by the capaclty of the englne fuel system to a flow of 3.2
pounds per secord. For this conmdlition, the augmented-thrust ratio
was 1.12 with a total liquid flow of 4.6 pounds per sscond. For

the water-alcohol mixture, the maximum iInjected flow rate was 4.8
pourds per second of wabter plus 0.78 pound per secomd of alochol

as limited by hot streaks and overheatlng of the engine tall pipe.
The maximum angmented-thrust ratio obtained at this point was 1.18
with a total liguid flow of 6.63 pounds per second. The augmented-
thrust ratio showed no tendency to drop off with increased Injected
flow rate. This result indlcates that higher augmentatlons might
have been obtained with an improved inJjection system that would per-
nit operation with higher flows. Operation of the englne became
increasingly impaired, however, as the injected flows were increased,
as will be subsequently discussed.

Fuel flow. - The corrected fuel flow obtalned with nozzle-
arrengement C is plotted agalnst corrected injected-water flow for
0 and 0.78 pound per second of Injected-alcohol flow in figure 8.
The fuel flow increases rapidly as the injected-water flow increases
and decreases with InjJected-alccohol flow. With an alcohol flow of
0.78 pound per second and a water flow of 2.687 pounds per second,
the fuel flow 1s egual to the fuel flow without injection. The mix-
ture of water and alcohol for constant engine fuel flow is therefore
23-percent alcohol by welght. The datae are insufficient to deter~
mine whether the englne could be operated at thie constant fuel flow
for other inJjected flows with this mixture.

An increese in the injected-alcohol flow from 0 to 0.78 pound
per second decreased the fuel flow regulired by approximately 0.27
pourd per second. Calculetions based on these flow rates and on
heating values of 18,700 and 10,900 Btu per pound for fuel and alco-
hol, respectively, and for & fuel combustion efficiency of 95 percent
indicate that 56 percent of the heating wvalue of the alcohol is
released in the combustion chambers.

Turbine-outlet temperature surveys. - Temperature surveys at
the turbine outlet for various rates of water and alecohol injection
with nozzle-arrangement D are shovn in figure 9. The temperature
distributions for nozzle-arrengements A, B, and C were similar to
those for arrangement D, and no significant differences were obtained
by the changes made in the nozzle arrangement. Curves are shown
for the average radial distribution between burners and directly
downstream of the burners. (See section entitled "Temperature and
Pressure Instrumentation" for location of thermocouple rakes.)
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All the date are for the same over-all average tall-plpe gas tem-
perature (1660° R). The radial temperature gradient is about the
geme for all inJection rates; increasing the injected-water and
~alcohol flow decreased the temperatures between the combustion
chambera (fig. 9(a)) by about the same amount a8 it increased the
temperatures directly downstream of the burmer (fig. 9(b)}). The
change in temperature was approximately 300° R for an inJjection

of 4.6 pounds per second of water and 0.78 pound per second of
alcohol. Inssmuch as the gas temperature for unaugmented operation
was higher directly downstream of the cambustion chambers, injection
had the effect of lncreasing the highest temperatures and decreasing
the lowest temperatures.

Operating characteristics. - Visunal observations of the englne
during this investigation showed that water-injection rates above
3 pounds per second caused hot streaks to appear on the tail cone.
In general, the hot streaks became brighter with increases in
injected -water flow. The addition of alcochol to the injected mix-
ture also caused the stresks to become more pronounced, possibly
due to afterburning of the alcohol through the turbine. No sig-
nificant difference was observed for any of the nozzle arrangements
inveatigated, and because of these hot streaks the maximm
Injected flow was limited to 5.4 pounds per second.

Immedletely after operatiom with injectlion of 4.6 pounds per
3econd of water and 0.80 pound per second of alcohol during the
Investigation of nozzle-arrangement D, a turbine blade was found
to be broken off at a point about one-thixd of the blade length
from the tip. The warped condition of a number of the blades in
the turbine-nozzle dlaphragm after this fallure is shown in
figure 10.

The exact cause of these fallures was not determined, but it
is probable that the fallures were caused by prolonged operation
at maximum turblne-inlet temperature and engine speed wilith frequent
changes in temperature distribution caused by variable rates of
injection encountered while setting test conditions.

Comparigson with other inJection methods. - A comparison of
thrust avgmentation by water Injection at the campressor inlet amd
by interstage inJectlon with that obtained by combustion-chamber
inJection 1s shown in figure 1l. The data for inlet injection
(reference 2) and for interatage injection (reference 4) are
compared with combustion-chamber-injection results on an
uncorrected basls because of the uncertainty of the correction
methods for inlet injection in an exial-flow-compressor englne.
The comparison showa that Injection at the compressor inlet

1216
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produces greater thrust sugmentation than combustion-chamber
injection throughout almost the entire range of flows investlgated.
The use of compressor-inlet injection &t total liguld flows above
3.5 or 4.0 pounds per second, however, has been found to result in
sufficient centrifugal separation of the ligquid and air and atten-
dant uneven temperature distributions in the compressor to produce
rubbing of the compressor blades on the casing (reference 2). In
view of this limitation to the applicability of compressor-iniet
injection, 1t appears that for augmented-thrust ratios above about
1.14 the combustion-chamber injectlon system is superior to that
of inlet inJjectlon. Imnbterstage injectlion produces a greeter thrust
augmentetion over the entire range of liquild flows than combustion-
chamber inJjection. The meximum difference is gbout 5 percent of
the normal thrust at a total liquid flow of 5.5 pounds per second.

Calculated augmented-~-thrust ratioc. - The augmented-thrust rebtio
calculated by the method dliscussed In the sectlion entitled "Analysis"
end outlined in appendix B ig shown in figure 12 and is compared
with the curve of experimental augmented-thrugt ratlic taken from
figure 7. Calculated curves are shown for two cases: (1) neglecting
and (2) accounting for the effect of the presence of water and
alcohol on the gas properties (y amd R). As previously discussed,
the analysis was made for a range of Injected-water flows from 1 to
S pounds per second and for Injected-alcohol flows of O and 0.78
pound per second; for simplicity, i1t was assumed that all the
injected alcohol and fuel burned. On thls basils, the augmented-
Tthrust ratio as a function of total liquid flow was independent of
the water-alcohol mixture for the range investigated and therefore
the results for the various water-alcohol mixtures are not dis-
tinguished in figure 12. If a SO-percent combustion efficlency
for the alcohol hed been essumed (as indicated by the experimental
results), an increase in total liguid flow of gbout 3 percent at
the same augmented-thrust ratlios would bave been obtalned for the
conditions with alcchol injection. The curve of augmented-thrust
ratio calculated by accounting for changes in gas properties with
Injection is sbout 1 percent higher than the experimental curve.

The curve for calculated augmentation neglectlng the changes in

ges properties 1s considerably lower than the experimsntal curve,
particularly at the higher totel liquld flows. Resulis of the
analysis further show that gbout one~fourth of the auwgmentation
produced ls due to changes in thermodynemic propertlea of the work-
ing fluid and of the remalnling three-fourths, half ls due to increased
mass flow apd helf to lncressed Jet velocity resulting from the
higher compressor-pressure ratio. The thrust augmentation obtained
by combustion-chamber inJjection may thua be calculated with good
accuracy if the changss In gas propertlies are consldered.
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Porformance of Centrifugal-Compressor Engine

The results of the investigatlons conducted with the
centrifugal-flow engine are summerized in figure 13, in which the
corrected thrust is plotted againat the corrected engine spesd for
two tall-pipe-temperature settings at meximm engine speed. The
maximm injected-water flow with the varisble-area nozzle set for
a tail-pipe temperature of 1685° R was limited to a flow between
1.5 and 2.0 pounds per second by compressor surge. Inssmuch ag
the thrust inocrease shown by the line for an inJjection rate of 1.0
pound per second was small, very llttle further increase could be
expected up to surge. As an alternative method of operation, the
tail-pipe gas temperature was reduced to 1660° R at maximum speed
by lincreassing the exhaust-nozzle area to permit a higher total mass
flow and an attendant higher injectlon rate, which was accompanied
by a favorasble chenge in gas properties before surge was encountered.
The inJjected-water flow at this tall-pipe-temperature setting was
limited to a flow between 2.0 and 2.5 pounds per second by compressor
surge. The augmented thrust for a tail-pipe temperature of 1860° R
and an Injected-water rate of 2.0 pounds per second was, however,
about the same as the normal thrust at a taill-pipe temperature of
1685° R. Thus for both conditions ‘investigated, the thrust augmenta-
tion was very small,

1218

The small increase in thrust with water injection is explained
by the compressor-characteristic curves for a similar centrifugal-~
flow-type engine, which are replotted from an unavailable publi- -
cation in figure 14. Also shown in this figure are the operating
points for two rates of water injection. It is apparent that the
shift in the compressor operating polnt with Increased injection
rate produces very little incresse In compressor-pressure ratlo
due to the very flat compressor characteristic and, consequently,
the compressor-outlet pressure is nearly comstant for all injection
rates from normal operation to surge. Because the campressor-outlet
pressure is nearly conastant (fig. 14), the mass flow through the
engine was also nearly constant; hence the thrust produced is
approximately constant.

SUMMARY OF RESULTS

The following resulis were obtained in the sea-level, zero-
ram investigation of thrust augmentation of 4000-pound-~-thrust
axlal- and centrifugal-compressor turbojet engines by injJection
of water and water-alcohol mixtures in the combustion chambers:
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l. The inJection of liquids into the cambustion chamber
cauged a shift in the eguilibriuvm running polnt of the englne to
& lower air flow, a higher pressure ratlo, and & higher total mass
flow rate. This shift in running conditlions of the engine was a
regsult of the flow limltatlons imposed by the turbine nozzles and
depended in magnltude upon the compressor characteristics of the
engine. ZFrom & knowledge of the compressor characteristics, the
thrust augmentation produced could be calculated with & good degree
of accurscy provided that changes in thermodynamic properties of
the working fiuld were properly accounted for. In a sample cal-
culgtion, the computed augmented-thrust ratio was within 1 percent
of the experimental results.

2. A maximum augmented~thrust ratio of 1.18 was obtained for
the axisl-flow-compressor englne for a maximm injJectlon rate of
0.78 pound per second of alcohol and 4.6 pounds per second of wabter;
the total liquid flow including fuel at this condition was 6.63
pounds per second.

3. Within the range of conditions investigated, the thrust
augmentation of the axlal-flow engine for e given total liquid flow
was unaffected by the injectlon-nozzle arrangement used or by the
mixture of water and alcohol inJected.

4, For the four nozzle arrangements used on the axlal-flow
engine, the intensity of hot streaks in the tall pips during
operation with high total liguild flows was consldered sufflclently
gevere to 1limlt the amount of inJected flow to values less than

about 5% pounds per second.

5. The increase in compressor-pressure ratlio with injection
rate for the cenbtrifugal-flow engine was small due to the flat
compressor characteristic at the operating point. 4As a result,
the total mass flow through the englne was nearly constant and
the thrust lncrease was smell. The Injected-water flow for this
engine was limited to smell guantities by compressor surge.

6. Because combustion-chamber injection permitted operation
et higher liguid flows then the operational limit with compressor-
inlet inJection, it is considered superlor to inlet injeotion for
the axial-flow engine for total liguld flows asbove 3.5 to 4.0
pounds per second. Compressor-interstage injection produced
bhigher thrust augmentation than combustion-chamber injection over
the entire range of liguid flows Investigated.
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7. Injection into the axial-flow engine had little effect on
the radisl turbine-outlet-temperature profile. The normally present
circunferential temperature gradlents, however, became more severe
with Increased injection rate, with the temperatures directly down-
stream of the combustion chambers increasing as much as 300° F end
the temperatures between combustion chambers decreasing as much as
3000 F ag the injection rate was Increased up to 5.4 pounds per
aecond. Inesmich as the temperature without injection was higher
downstream of the combustion chamber, inJection had the effect of
increasing the hilghest temperatures and decreasing the lowest tem-
peratures. Changes 1in the injection-nozzle arrangement had little
offect on the temperature distributions.

Lewle PFlight Propulsion Leboratory
National Advisory Committee for Asronautics
Cleveland, Ohilo.
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APPENDIX A

SIMBOIS

Ay effective turblne-nozzle-throat area, sg £t

C constant

-~ Cy exhaust-nozzle veloclty coefficlent

cp specific heat at constant pressure, Btn/(1b)(°R)

F normal Jet thrust (without injection), 1b
Fp  augmented Jet thrust (with injection), 1b
e mess conversion factor, ft/sec?
be  lower heeting value of fuel, Btu/1b
J mechenical equivalent of heat, £t-1b/Bbu
N engine speed, rmm
P total pressure, 1b/sq in. sbs.
D static pressure, 1b/sg in. abs.
R gas constant, £t-1b/(1b)(°R)
T total temperature, °R
v velocity, ft/sec
Wy,  air flow, 1b/sec
Wy, injected-alecohol flow, lb/sec
. Wg  engine fuel flow, 1lb/sec
Wy, flow of gas mixture passing through turbine, 1b/sec
W,  injected-water flow, 1b/sec |
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B function of properties of water-alr mixture
r ratio of speciflc heat
8 compressor-inlet total pressure

NACA standard sea-level pressure

(P compreasor adiebatic efficliency
e combustion effliclency

N4 turbine edlabatic efficlency

e compressor-inlet total temperature
NACA standard sea-level temperature

Subscripts:
A augmented
At augmented neglecting changes in gas properties

Art augmented accounting for changes Iin gas properties

a air
g gas
J Jet
m mixture passing through turbine
S standard |
w water
cowling or compressor inlet
2 compresgoyr outlet

4 turbine inlet

5 turbine outlet
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APPERDIX B

METHOD OF CALCULATING AUGMENTED-THRUST RATIC FOR
COMBUSTION~CHAMBER INJECTION OF WATER AND ALCOHOL
The following values were agsumed constant throughout the
calculation:
¢p,a 0.24 Btu/(1b)(°R)

(°p,m)g  0.275 Btu/(1bB)(°R)

. Ry 85.8 £t-1b/(1b)(°R)
Ty 0.81
%a 1.4
m,S 1.336

For the engline speed consildered, calculations of compressor
efficiency 1, from the unaugmented test data (the data from which

the compressor-characteristic curve was determined) showed that the
efficlency was nearly constant at a value of 0.84. This value was
accordingly used in the analysis.

The equilibrium rumning point of the engline for verious rates
of inJectlon into the combustion chamber ls determined by super-~
imposing the compressor and turbine operating characteristies.

For supercritical-pressure ratlo across the turbine nozzles,
the mass flow of mixture through the turbine 1s gliven by

Y+l

7.=1
W, = A P o & Z\® (1)
m 4 RmT4: 7m+l




20 i NACA RM E9K29
From zero-rem sea-level conditions
Py = 2116 1b/sq £t (2)
When pregsure losses in the combustlon chamber are nsglected,
P2 = P4= ) (3)

By use of equations (2) and (3), equation (1) may be written

7m+l
Ym—t

W_ = 2116 P2\Tm 8/ 2 (1)
m" At P RnT4 7m+1

A factor B 1is defilned as

(5)

For these computations, the fuel flow and the inJected-alcohol
flow are neglected in evaluating pB. For a constant gas temperature,
8 1s therefore a function of only the water-air mixture passing
through the turbine.

For simplicity, the turblne-inlet temperature T; 1s con-
gidered constant for that part of the analysis concermed with estab-
lishing the operating point of the engine. For the rest of the
enalysis, the turbine-outlet btemperature 1s assimed to be constant,
and the turbine-inlet temperature varieble. Check calculations
reveal that this simplifying assunption produces negliglble error.

Because T, 1is considered comstant, a constant C may be

defined as
C = 21186 At,,[% (8)

where Ay 1s evaluated from analysis of normal engine performance
dats,.

1216
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By substituting equations (5) and (6) into eguation (4)
=Cp — 7
W = CB (7)
From conservation of mass for standerd conditions
and for augmented condlitlons
W), = (W), + (W), +WV + W, (9)

For a nted conditilons, substitution of equation (9) in
equation (7) therefore gives

P
(Wo)p + (Wp)p + Way + W, = CB 172— (10)
Rearrangement of eguation (10) glves |
P2
(W,), = cB n " wa)A LU+ wa_i] (11)

Thia equation expresgses the turbine-flow characteristics in
terms of conventlonal compressor characteristics, that 1is, W,
and Pp/Pg.

Assumed values of W, and W, permit determination of corres-

ponding values of f. Assuming the temperature rise in the cambustion

chember to be constant for all operating condlitions and a combustion
efficiency of 100 percent serves &s a basls for evaluating the fuel
flow Wy from the charts of reference 6, which includes the heating

value of the alcohol. With all factors of eguation (1l1) except

P,/P, thus determined or assumed, :PZ/I’0 is calculated for several

values of W,, and the points thus obtained are plotbed on the same
coordiinates as the compressor-characteristic curve; the intersection
of the two curves thus establishes the equlilibrium running point of
the engine. The <flnal operating curves are shown in figure 15,

where the compressor-characteristic curve for a corrected engine
gpsed of 7550 rpm and the turbine-flow characteristics for a range

of water- ani alcohol-injection rates are illustrated.
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When the running points of the engine for wvarlous injection
rates and mixtures have been established by the foregoing pro-
cedure, the augmented-thrust ratlos may be calculated by means
of the following equations. '

The temperature rise through the compressor is determined
from the pressurs ratio establlished by thils procedure from

7&"1

m, T-—E‘-o-fg-ya
2-0—1']0 Po

-1 (12)
Because the compresasor and turbine work are equal
Wa Cp’a (Tz - To) = Wm Cp,m (T4 - Ts’

Solving for the turbine-temperature ratic glves

T W, ¢ (To - Tp)
_4i=l+ap,a. a [8]

T W. T (13)
5 n %p,m *5

Expressing the turbine pressure ratlo in terms of the tem-
perasture ratio and substituting from equation (3) gives

"m
=1l
Ps  Fs [ 14 \I's (24)

The exhaust-nozzle pressure ratlo may be determined from the
compressor and turbine pressure ratios as follows:

s
P5 \Pp/\P¢ \Py,

Inasmuch ag pg = PO at zerowram sea-level conditions, eguation

(15) reduces to
P P
2 _%2.) (152)
5 S

1216
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The expression for the jet thrust for zero-ram sea-level
conditions 1is

F= Bv (16)
g J
Where
7 =T
27 ym
m 0
V=0 _l.ngT 1-C_> (17)

5

Expressing the engine performance ln terms of the augmented
thrust -ratlo and canceling llke terms glves

— T
)
7.
7m> _(90) m/A
I;Al [ - wm,A' [ § 7m“ A Rm,A 3 5/ptt (18)

s s N
e en ), O

For the case where the change in thermodyneamic properties
due to injection are neglected, equation (18) reduces to

—

7m S

Tar | Vg L \Ble (1s)

Fs  Wps Ym~1
a®
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The specific heat of the alr, water, fuel, and alcohol mix-
ture is determined from the law of mixtures, as follows:

= Wy = Wy Wy,
®p,m = Cp,g <_w ) * %p,w (20)
m m

where Cp,g’ 98 well as R_ to be used later, are determined from

8
curves of specific heat of geses for various fuel-air ratios and

temperatures prepared from the data of reference 7. The injected
alcohol was considered as fusl in the fuel-alr ratlo used in these
charts. The specific heat of the water vapor °p,w is obtalned

from the following empirical equation of reference 8:

- - 597 , 7500
Op,w = 19.86 = Zpo + Im (21)

Similarly, the velue of the gas constant R, is determined
from

Wy, =~ W W,
- m "~ My .4
R, = R, (_.ﬁ.__> +R, o (22)
m m
The value of the speclific heat function is determined from

Jdc
= P

AR
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Figure 4. -~ Compressor-characteristic curves for varlous exhaust-nozzle
sizes on axial-flow engine.
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Figure S5, - Variation of corrected alr flow with corrected total liquid consumption for O and
0.78 pound per saccnd of Injectsd slechol flow for nozzle~arrangement ¢ on axial-flow engine.
Corrected engine speed, 7550 rpm; corrected tall-pipe temperature, 1580° R.
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Fiiure 6, - Variatlion of compressor-pressure ratlic with corrected total

1quid consumption for O and 0.78 pound per second of iInjected alcchol
flow for nozzle=arrangement C on axial-flow engine, Corrected englne
speed, 7550 rpm; corrected tall-pipe temperature, 1580° R,
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engine speed, 7550 rpm; corrected tall-pipe temperature, 1580° R,
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Noxzle arrangement
o ¢ Water injection In combustion chawmbers
+ C Water and alechol injection in combustiom
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o . D Water injection in combustion chambers
A D Water and alcchol Injectlon in combustion
chambers
—_—— Water Iinjection at compressor inlet (reference 2)
1.24- — Interstage injection of water-alcchol mixture —
containing 45 percent aloohol (refersnce 4) T -
/
1.8 Interstage - A/
13 injection .~
=5
& v e
D. 1.1% - i _— ==
ol L
b ]
a =T A ~
- Inlet injectlon 11 e §
@ L ] "
E L~ .-/ "'/
2 & — o %
] +
2. - 4 o
L] 4
2 4 ’,/ /{ + Combusation-cghamber injection
B / é f
E J( yd -1
1.0 i
- / /
+
[ A g
g o -::EE?E;;-
1. : -

1.0 105 2-0 2-5 3.0 3.5 4-0 4.5 5-0 5.5 6.0 605
Total liquid flow, Wy + Wgy + Wp, 1b/sec

Figure 1l. - Comparison of augmented-thruat ratio for water-aleohol injeotion In the combustion
chamber with that for water injection at the compressor inlet and for water-alcohol injecilon
interstage on axisl-flow engine., Uncorrected engine speed, 7635 rpm; unceorrected tail-pipe
temperature, 16659 R; engine-inlet temperature, 548° R,
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