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FLIGHT INVESTIGATION OF THRUST AUGMENTATION OF A
TURBOJET ENGINE BY WATER-ALCOHOL INJECTIOR

By Carl Ellisman

SUMMARY

Thrust augmentatlion by the injection of water-alcohol mixtures
into the compressor Inlets of a turbojet engine with a centrifugal-
flow-type compressor was Investigated in Flight at altitudes of sea
level, 5000 feet, and 10,000 feet. The investigatlion was made to
determine the water-alcohol mixture end the injection rate for
optimum thrust avugmentation.

The mixture of 20-percent alcohol by weight and an injJection
rate of 1.45 pounds per second produced the maximum thrust augmenta-
tion at an altitude of 10,000 feet. This iInJection rate 1s equivalent
to a water-alcohol-to-alr ratio of approximetely 0.05 and gave a
21-percent increase in net thrust. For altitudes below 10,000 feset,
the optimum water-alcchol-to-alr ratlo was within the range of 0.03
to 0.05. At sea level, calculations showed that the take-off
digtance could be reduced about 15 percent when thie mixture was
inlected at a rats of 1.3 pounds per second, which is equivalent to
a water-alcohol-to-alr ratlo of 0.04.

INTRODUCTION

The InJection of water Into the compressor is one means of
augmenting the thrust of a jet englne. Water injection, by reducing
the temperature of the alr Flowing through the compressor, increoases
the masg flow and the pressure ratio through the compressor and there-
fore the thrust of the engine.

With the Injection of water alomne, an increase ip fusl flow is
nacegeary to maintein maximum engine speed. If the proper amount
of additional fuel, such as alcohol, 18 injected with the water, a
change In the throttle poslition is unnecessary. A mixture of water
and alcohol that would give the maximum thrust increase and would
not require a change in throttle setting during flight is therefore
deairsble.

A sea-level static investigatlion over a wide range of water-
alcohol mixtures and injection rates has been conducted with a
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2 NACA BM No. E7G28

contrifugal-flow-type. turbojet englne (reference 1) similar to that
used in the £light investigation reported herein.  The present flight
investigation was conducted at.the NACA Clevelard laboratory to
measure the effect of water-alcochol injection on performence at
altitudes of sea level, 5000 feet, and 10,000 feet and to dstermine
optinmum mixture and inJecuion rate for maxiuum _augmentation. The
renge of mixture and Injection rates for thise 1nvest¢gat*on wasd
determined from the results of fthe gea-level static lnvestlgatlon.

STMBOLS

e, follow*ng symbols are used 1ln this repo“t

FJ o Jeu thrust, pounds ’

Fn .net thrust, pounds .

N englne speed, rpm

o 'totalapfeseurs, pounds per square fgot absolute
P ‘static pressure;wpdunds'ﬁer.squarg_foqt absolute_.
T"'J :utotal indicated temnerature, °R

t fuu‘statiu tempe*ature, QR_. B

Wé o air flow, pounds nef aecond

Ww,al injected water-alcohol flow, pounfs per second

W . ‘fuel (kerosene) flow; 'poiinds per hour -
Subscripts‘fl.i-~

O = ambiemt . - .
1 front compressor inlst | . | :
2 " ?eér,éompfeSEdr inlet: ¢ < e ..

5§ - tatl-pipe thrust ring.: -

7 " ‘Jetrsurvey rske
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Correction Factors

All performance data were corrsected to NACA standard altitude
conditions by the following correctlon factors:

5 . Compressor-inlet total pressure, P 2, (1b) /{eq ft absolute)
Pressure at NACA standard altitude, Pqg, (1b)/.wq It absolute)

Compressor-inlet total temperature, T1 2, (°r)
Temperature at NACA stendard altitude, tg, (CR)

where Pl,z and Tl,z are the average compressor-inlet total pres-

sure and temperature, respectively, for the engine without augmenta-
tlon.

The followlng correction parameters are the varlous performuence
varlables corrected to NACA standard altitude:

FJ/S Jet thruset, pounds

F/8 net thruet, pounds

N/V?i '.Ené;ne‘épéed, rpm.

P/ﬁ pressurs, pounds per sgunare foot &bsolute
T/0 témperatui*e, Or

LANEYS alr flow, pounds per second

Wﬁ,aljvzﬁﬁ water-alcohol flow, pounds per second

Wf/%@ré' fuel flow, pounds per hour

APPARATUS AND PROCEDURE

A twin turbojet engine pursuilt airplane (fig. 1) was instrumented
to measure the fundamental characteristics of a turbolet engine In
flight. The right englne was completely instrumented for performance
measurement. The engine has a double-faced, censrifugal-flow-type
compressor apd a 1l2.5-lnch-diameter Jet nozzle. The sea-Yevel thrust
rating of the engine is 1600 pounds at a engine speed of 15,500 rpm.

The water-alcochol mixtures for thrust augmentation were introduced
at the compressor inlets by means of 20 spray nozzles mounted on a°
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comuon . circular menifold fltted to the compressor ceesing. Ten
nozzles-were equilly .spacded around each ctumpressor inlet (fig. 2).
The watér-alcoliol mixture was pumped fzom two drop tanks that served
as reservoire for bhe mixture... . . .- : S

. Location of the stations ab which instrumsntation was installed
1s 1ndicated in e cross-secticnal drawing of the engine (fig. 3).
Ten shlelded total-pressure tubes .and.ten lrom-constanian thermo-
.- couples were evenly spaced ground. the periphory -of ‘each compressor
inlet (stations 1l'and 2}.” Th thé tail pipe, station §, two total-
pressurs tubes, two statlic-y=mll corifices; and elight equqlly spasced
chromel -alumel thermocouples gerved as a calibrated thruet ring,
Thls ring was calibrated with the tall pipe and the nozzle for the
measurement of Jjet thrust and gas flow, )

The Jjet was asurveysd by”a‘rake that moved acroes the Jet 1 inch
dowvnstrean of the exlt of the tail pipe.for che purpcse of determlning
the jo't tempsrature and preesure distribuiion. The survey rake
included 12 thermocouples, 20 total-head tubes, and 5 static-head
tubes (fig. 4). '

The fuel flow %o the sngine vag msasu*ed by a rotating vano-
type meter and was both recorded and Indlcated on-flight. Instruments.
The waterraltohol flow wab leasured in the same mauner as the fuel
flow. These flows were Indicated on the pllot’s instryvment panel.
The englne speed was measured by a tachometer generator that
transmitted voltages to a recording and indicatling Iinstrumsnt. A
NACA standard alrepeed boom .and . instrument wore used to record the
alvitude and the alrepeed. ‘A calibrated resistance bulb indicated
the ambilent-air temperatura.. All.ingtruments weie accurate within
+#£2 percéent with the exceptlopn of the fuel-: and water-flow me&suring

unAtS, which: ware accurate within i5 psrcent -
.o A constan+ TEm- pressure ratio was ma;ntained at fhe eompressor
.»inlets by -Flying ‘at a Gonstant airspeed with the left érgine ussd

'__as a’ apdead:.control. ueveral runs were made during a gingle f1 ight

to establish the standerd perrlormance characterilwtics 'of the englne
a% that altitude and thrust-augmented rups wsre thern conducted with

”; varied -injection rates at twd englne speeds, 16,500 and 15,500 rpm.

The range of water-slcohol injectlon rate was fram 0.5 to
2 pounds per seconi. The alcohol in the mlixture used was 50-percent
ethyl, 50-percent methyl blend. The freezing point of the water-
alcohol mixbture was about 12° F and permitted safe operation to a
NACA standard altitude of 13,000 feet. All data were recorded under
a gtabllized condition.
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RESULTS AND DISCUSSION

Sea~level static runs over e range of water-alcohol mixbtures
were ccniucted with an éngline similer to that used in the flight
investigation reported herein. "he static runs (reference 1)
indlcated that an increase of 23 percent In thrust had been achleved
wlth water irnjJectlon alone at 135,500 rom and that a mizture of apout
Z20-percent alcohol by wsight would permit cpsravion with injectvion
without adjustment of the throttle from ths normal operating position.

A preliminary ground investligatlon was mads +to check the static
sea-levsl resilts presented in reference 1. Flight tests were then
conducted at an sltituds of 10,000 feet to determine the ovtimum
mixture for maximom thruet sugmsntation during flight. Mirtures of
17-, 20-, and Z3=percent alcohol to waker by waight with varying
ratea of injection were used. The marimum increase in net tarust was
obtained with the ZO-pevcent alcohol miiuurs, es 1nuicated in fig—
ure 5. .

The subseguent.flight runs werse made with a 20-percent alcchol
mlxture. The curves presented in figures & to 9 represent perform-
ance data that have been corrected to KACA standard.altitude condi-
ticns. These data were cblained at an alrgpeed corrsesponding to a
constant comgressorminlet ram-pressure ratic of 1.095, Varied engine
speeds and water~alcohol Injectlon rates were used.

At an esltitude of 10,000 feet and a corrected engine speed of
16,000 rpm, the lincrease in net thrust due ito water-alcochol injec-
tion was sbout 185 pounds or about 21 percent of the normal thrust
at that englne speed (fig. 6). Over the range .of waier-alcchol
injection rates used, the variaticn in thrust with injegtulon rates
was very slight; figure 7 shows an Incresslng amount of thrust
augmentation with increasing water-alcohol injection to a rate of
approgfimately 1.45 pounde por ascond and then very little charnge
with additionsl water-alcohol injection. This rate was equivalent
10 a water-alcohol-to-air ratio of approximately 0,05.

With tke injection of the water-alcchol mixtura, the fuel Tlow
increased slightly, ayg inflcated 1n Tlgure 8. 4L é-psrceal increass
in fuel flow occurrsd during the augmsnted ruans, which was abcut
1 pound per minute mcre than norwmal at 16,000 rpm. Indam:ch as
this difference in flow rates waes beyond tns accuracy of ths flow-
measuring instruments, no furither sttervt was meie to malntain a
constant fuel flow when the water~alcohol mixture was added to the
engine. A glight throttle adjustment was somstimes required to
meintaln the same engine spsed. In most of the runs the engine speed
dropped slightly with water-alcohol inJaction, then increased and
stabllized at the origlnal value.



6 TR NACA RM No. E7G29

The. tall-pipe temperature.mae notjceably cocler during the e
augmented runs; -the difference in tall-pipe tempevatures of the
normal 4ry run and the. augmented run incressed .with increasimg .
injectlon rate (fig. 9)._ More thruset could be obtained 1f the tail-
pipe. temperature was main talned at ita maximum dee*gn.limit during. -
water~alcohol injection. -The use of an. adjuetable-area exhaust -
nozzle in conjunction with water-alcchol injection would "increase

..the amount of thrust augmentation . \refarence 1) by maintainlng
the maximum tail—pipe temperature permitted.

‘The effect of varioue wa+er~alcohol to air ratios upon thruSt
sugmentation -at three.altitudes is indicated 1n figure 10. At sea
level, 5000 fest, and 10,000. feet, the curves proved to be rather
flat ahove the water-alcohol to-air ratlo of approximately 0 04,
These curves indicate that the optimum water-alcohol-to-air ratio
was wlthin the range of 0.03 tco 0.05 and the higher the altitude,
the less water-aleohol Injectlon le regulred.for maxlimum augmenta-
tlon.because at a conetant englne setting the alxr flcw decreases
with altitude. | The specific liguid consumption besed on net thrust
was raised about 250 percent curing operation at a water-alrohol--
_to-air ratio ‘of about 0.04. This high specific, liquid consumption
limits operation with vate_ -alcohal indection to ahort periods of i
time.

Thrust sugmentation by wate*—alcohol ‘Injection would be most
appllicable for fake-off, by,reducﬂng the Jtake- off distance. AL
series of ground ruuns were. thsrafore ma&e Lo determine the 1njec—
tion rate for mazimm thrust augmeptation at gea level, using &
zo-peruent alﬂohol-waterlmixtu“e. The. resulte presented in. fig--
ure 11 indlecate.tlat at a -corrected engine epeed -of: 15, 525 rpm thie
injection ratae would. bse somewgat higher ‘than 1. 3 peunde -per second.

Calcula fons for the optimum-rate_of waterfa;coholjinjectign,
for a twinnengine take-off were made. The take-off diestance for
liTt=of?. at meveral injectlon. rates were calculated, assuming an
idealized airplane heving a maxrimm lift-drag ratlo of 12, .a. wlng
losding of 28.5 pounge Der sgquare foot a take off welght of ... . .
12,000 pouris plus 30 peunds of augmentation equapmenu mith a R
1-mlnute supply.cf water —aloonol mixture. The .optimum rate of water-
alcohol injection was about 1.3 pounds per secomd (fig..12). This
injection rate was egulvslent to a water-alcohol - go-air ratio of 0.04,
ané decreased the take~off distance.sbout.lS per cent for an inﬂreaee
_in the aircraft.wsight of only 2 ,percent. . The veduction in the. take-
- off distanue wes effected by -an increasa of 14 percent 1n thrust. -

The use of water alcohol a8 & means of thrust augmentation
Presented several installatlon problems, The greatest problem was
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the cantanination of the lubricating oil with water-alcohol mixture,
which resulted ln corroslon ard rreakdown of engine bearings. In
soms Jet engines, Iiltered air for stomication and coolling of bearing
oile is taken from the compressor. Wnen water-alcchol mixture is
injected .into the corpressor, the bearing air, which should be
rolatively dry, carries vapors of water and alcohol that condense outb
in the bearing oil. Coolling colls and traps were designed to rid the
bearing sir of excessglve moisture. These methode wore Ineffectlve
ard the sir for the bearings had to be taken from the left engine
during the angmented runs.

SUMMARY OF RESULTS

From the investigatlcns in vhilch water-alcohol mixtures were
Injected into the inlets of a centrifugal-flow-type bturbojet engine
in flight, the followlng results were obtained:

1. At a NACA standard altitude. of 10,000 feet and an englne
speed of 16,000 rpr, the mixture and injectvion rate for optlmum
thruat augmentation was found to be Z0-percent alcohol to water by
wolght injected at.a rate of approximeteliy 1.45 pounds per second,
which was eguivalenu to a.water-alcchol-to-alr ratio of 0.05. This
mixture gave a 2l-percent incréssge in net thrust.

2. The optimum water-alcchol-~to-air ratio for thrust augmenta-
tion was within the rangs of 0.03 to 0.05 st altitudes up to
10,000 feet arnd eonglne speeds from 15,560 to 16,525 rpm,

3. Calculations showed that 1t was possible to decrease the
take-off distance of an idoallzed silrplans at sea level approxi-
mately 15 percent by the use of o 20-percent alcchol-water mixture
Injected 'at a water-alechol-to-air ratio of 0.04.

Flight Propulslon Ressarch Iaboratory,
National Advisory Committee for Aercnautics,
Cleveland, Ohio.
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Figure 3. - Instrumentation and Injection equipment for turbojet engine.

"ON ™ YOUN

62943

¢ 614



309

NACA RM No.

E7G29

Fig. 4

G-!‘!HO
103046
Figure 4. - Survey rake installed behind tail-pipe exhaust nozzle.
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Alcohol, 20 percent by weight.
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Figure 12.- Thrust-augmented sea-level take-off distances for idealized
twin-engine airpiane as affected by various water-alcohol (20-percent
alcohol by weight) injection rates. Maximum lift-drag ratio, 12; wing
loading, 28.5 pounds per square foot; take-off weight, 12,000 pounds.
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