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FLIGHT INVESTIGATION OF THRUST AUGMENTATION OF A V&{fq
TURBOJET ENGINE BY WATER-ALCOHOL INJECTION

By Carl Ellisman

SUMMARY

Thrust augmentatlon by the injection of water-alcohol mlxtures
into the compressor inlets of a turbojet ergine with a centrifugal-
flow-type compressor was investigated in flight at altitudes of sea
level, 5000 feet, and 10,000 feet. The investigation was made to
determine the water-alcohol mixture and the injection rate for
optimum thrust augmentation.

The mixture of 20-percent alcohol by weight and an injection
rate of 1.45 pounds per second produced the maximum thrust augmenta-
tion at an altitude of 10,000 feet. This injection rate is equivalent
to a water-alcohol-to-air ratio of approximetely 0.05 and gave a
2l-percent increase in net thrust. For altitudes below 10,000 feet,
the optimum water-alcohol-to-air ratio was within the range of. 0.03
to 0.05. At gea level, calculations showed that the take-off
distance could be reduced about 15 percent when this mixture was
injected at a rate of 1.3 pounds per second, which is equlvalent to
a water-alcohol-to-air ratio of 0.04.

INTRODUCTION

The injection of water into the compressor is one means of
augmenting the thrust of a Jet engine. Water injection, by reducing
the temperature of the air flowing through the compressor, increases
the mass flow and the pressure ratio through the compressor and there-
fore the thrust of the engine.

With the injection of water alone, an increase in fuel flow is
necessary to maintain maximum engine speed. If the proper amount
of additional fuel, such as alcohol, is injected with the water, a
change in the throttle position 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
desirable.

A sea-level gstatic investigation over a wide range of water-
alcohol mixtures and injection rates has been conducted with a
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centrifugal-flow-type turbojet engine (reference 1) similar to that
used in the Fflight investigation reported herein, . The present flight
invest1ga+1on was conducted at the NACA Clevelard laboratory to
measure the effect of water-alockol injection on.performance at
altitudes of sea le"eL 5000 feet, and 10,000 foet and to determine
optimum mixture and lnjeouio rate fqr,maxluum avgrnientation. The
raage of mixture and injection rates for ‘this investigation was
determined from the results of the gsa-level static investigation.

SYMBOLS

“The following symbols are.used in this reporti.-. ... :: -«

‘Jet thrust, pounds .

o
iy net thrust, pounds
“NA euminp %geeu, rpm .
P totgl pres BT pounus per qq;are ;oot ausolute
pﬁ static pressure, - peunds pem'square Ioot absolute
2 tokal indl ated;temperature,iQR
£ .SUatlc tempéréiu;é;'OR i e
wa air flow, pounds per sechQ'
W*;al *1ject§d water—glgohgi flﬁw,{pounds ggybse?qng
_ Wfi f fuér‘(ke’osene) flow, pbunus p o hour e
" Subscrirts: it
0 ; a@bient
L font'bomprgéégr iqle§
2 ': reé? bcmp?esﬂqf"iﬁ;étvfﬁ_;' |
5 ‘tail-pipe thrust ring' :
ils. ,Jetfsuryey rake
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Correction Factors

All performance data were corrected to NACA standard altitude
conditions by the following correction factors:

_ Compressor-inlet total pressure, Py 2, (1b)/(sq ft absolute)

o) i
Pressure at NACA standard altitude, Pp, (1677(§q bilks) absolutey

Compressor-inlet total temperature, .25 (OR)
~ Temperature at NACA stendard altitude, tg, (OR)

where Py o and Tq o are the average compressor-inlet total pres-
b =iy v ;

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

tion.

The following correction parametvers are the various performnsnce
variables corrected to NACA standard altitude:

FJ/S Jet thrust, pounds

F,/5 net thruet, pounds

N/qfé' engine speed, rpm

P/6 pressure, pounds per square foot absolute
T/G temperature, °r

Wa«[EYB air flow, pounds per second

ww}a1/V§76 water-alcohol flow, pounds per second

Wf/ﬁwfﬁ' fuel flow, pounds per hour

APPARATUS AND PROCEDURE

A twin turbojet engine pursuit airplane (fig. 1) was instrumented
to measure the fundamental characteristics of a turbojet engine in
flight. The right engine was completely instrumented for performance
measurement. The engine has a double-faced, centrifugal~flow-type
compressor and a 12.5-inch-dlameter jet nozzle. The sea-level thrust
rating of the engine is 1600 pcunds at a engine speed of 15,500 rpm.

The water-alcohol mixbtures for thrust augrnentation were introduced
at the compressor inlets by means of 20 spray nozzles mounted on a
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common circular manifold fitted to the compressor casing. Ten
nozzles were equally spaced around each compressor inlet (Fig. 2).
The water-alcohol mixture wag pumped from two drcp tanks that served
as reservoirs for the mixture.

Location of the stations at which instrumentation was installed
is indicated in a cross-sectional drawing of the engine (fdae 3).
Ten ehielded total-pressure tubes,add ten: iron-congtantan thermo-
coup]ws were evenly spaced around the periphory of each compressor
inlet (SLaulonS 1 and 2) In the tail pipe, station 5, two total-

. presisure tubes, two statlc-wéllforifioes, and eight equally spased

chromel-alumel ‘thermocouples served as a calibrated thrust ring.

';Tnis ring 'was calibrated with the tail pipe}and the nozzle for the
) _measuremant -of jeu thrust and. gas flow. '

Ths je+ was su“chad by a rake that moved across the jet 1 dnch
downastream of the exit of the tail ‘pips-for The purpese of determining

- . the jet tempsrature and,preSsure<diﬂtriﬁution,,-&he survey rake

included 12 thermocouples, Z0 total-head tubss, anl 5 static-head
tubes (fig. 4).

The fusl flow to *hc engﬂne vag megsured by a rotating vane-
type meter and wags both recorded and indicated on flight Instruments.
The water-alcohol flow was meagured In the same msnner as the fuel
flow. These flows were indicated on the pilot's instrument penel.
The engine speed was measured by & tachometer geqera+ow that
tranamitted voltages to a recording and indicating 5ns+rumen+e A
NACA standard eirgpeed boom: and .instrument were used to record the

altitude and the airspeed. A calibrated resistance bulb indicated
the amblent-alr tempsrature.. All’ ingtruments were accurate within

. %2 percent with' the exception of the fuel- and water-flow measuring

vnits, which were accurate within £5 psrcent.

A constant ram-pressure ratio: was meintained at the compressor
inlets by flying &8t & constant airspeed with the left ergine used
as a gpeed control. Ssveral rupg were ‘nade ‘during a single flight
to establish the- gtandard performance characteristics of the engine
at thet altitude and thrust-avugmented runs were theh conducted with
varied injection rates at two engine speeds, 16,500 and 15,500 rpm.

The range of water—alcohol injection rate was from 0.5 to
2 pounds per sscond The alcohol in the mixture used was 50-percent
ethyl, 50-percent methyl blend.. The f“eGVLng point of the water-

,_alcohol mixturs was about. 12°. P .and Dermlbted da:e operation to a
NACA standard athtude of 15,000 feet. All data w 26 recorded under
a stabillzed oondltlon.

Vi
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RESULTS AND DISCUSSION

Sea-level static runs over a range of water-alcohol mixturs:
were conducted with an engine similar to that used in the fllght
investigation repcrted herein. "he static runs (reference i)
indicated that an increage of 23 psrcent in thrust had been achieved
with water injection alone at 16,500 rpm and that a mizbure of abcut
20-percent elcohol by weight would permit cperation with injection
without adjustment of the throttle from the normal operating position.

A preliminary ground investigation was made %to check the static
sea-level reasults presented in reference 1, TFlight tests were then
conducted at an altitude of 10,000 feet to determine the optimum
mixture for maximum thrust augnantatlon during flight. Miztures of
17-, 20-, and Z3-percent alcohol to wakter by weight with varying
rates of injection were used. The maximum increase in net thrust was
obtalned with the zZO-percent alcohol mizture, as indicated in fig-
ure 5.

. The subseguent flight runs were made with a 20-percent alcchol
mixture. The u~ ves presented in figures 6 to 9 represent perform-
ance data that have bsen corrected to NACA standard altitude condi-
tions. These data were cbtained at an airspeed corresponding to a
constant compregsor-i let ram-pressure ratio of 1.095., Varied engine
Speeds and wate¢-alu(1 1 injection rates were used.

At an altitude of 10,000 feet and a corrected engine speed of

6,000 rpm, the increese in net thrust due to water-alcohol injec-
tion was about 185 pounds or about 21 percent of the normal thrust
at that engine speed (fig. 6). Over the range of water-alcohol
injection rates used, the variation in thrust with injection rates
was very slight; figure 7 shows an in icreasing amount of thrust
augmentation with increasing weter-alcohol injsction to a rate of
approximately l..u pounds per ascond and then very little change
with additional ter-alcohol injection., This rate was equivalent
to a nater—alcohol-to-air ratio of approximately 0,05.

With the injection of the water-alcchol mixt ure, the fuel flow
increased slightly, as indicated in figure 8, A 4-percenl increase
in fuel flow occurred during the augmented runs, which was abcut
1 pound per minute mcre than ncrwmal at 16,000 rpm. Inasmuch as
this difference in flow rates was beyond the accuracy of whe flow-
measuring instruments, no further attempt was meie to maintain a
congtant fuel flow when the water-alcohol mixture was added to the
engine, A slight throttle adjustment wasg sometimes required to
maintain the same engine speed. In most of the runs the engine speed
dropped slightly with water-alcohol injection, then increased and
stabilized at the original value.
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The taill- pipe temperature was noticeably cooler during the %
augmented runs; the difference in tail-pipe temperatures of the -
normal dry run and the augmented run increased with increasing !
injection rate (fig. 9). More thrust could be obtained if the tall-
pipe temperature was ﬂannualned at its maximum degign limit during
water-alcohol injection. The use of an ad justable-area exhaugt -
nozzle in conjunction with wafe*-aLCehol injection would increase
the amount of thrust augnentation {reference 1) by maintaining
the maximum tail-pipe temperature permitted.

Thé effect of various water-alcohol-to-air ratios upon thruat.
augmentatlon at three altitudes is indicated in.figure 10. - At sea
level, 5000 feet, and 10 Q00 feet, the curves proved to be rather
flat above the water- aleohol ~-to- alr ratlio of approximately 0.04.
These curves indicate that the optimum water-slcohol~to-air rat 1o
was within the range of 0.03 to 0.05 and the higher the altitude;
the less water-alcohol injection is required for maximum avgmenta-.
tion because.at a constant engine setting the alr flow decreases
with altitude. i The specific liquid consumption based on net thrust
was rdlsed about 250 percent during operation at a water: -alcchol-
to-air ratio of about 0.04, This high specific liguid consurmiption
limits operation with waie: -aluohol injection to snort pe“iods of
time.

Thrust augmehuatlon by water -glcohol -injection would be most
applicable for take- of £ by reducing the take-off distance: ' A
series of ground runs were therefore made to determine the injec-.:
tion rate for maximum.thrust augmentation at sea level, using a
20-percent alconol-water mixture.- Thé results presented Nt g
ure 11 indlibate that . at a corrected engine epeed of 16,5?5 rpm ‘this
injection rete would be somewhat higher than 1.3 pounds per ‘second.
Calculations for .the optimum rate.of vater-alcohol injection -
for a twin-engine take-off were made. The take-off distance Tor
lift ~off at ssversl injection rates weve calculated, assuming,an
ideal;:ed airplane hevirg a maximum lift-~drag ratio of 12, a wing
loading of 28.5 pounds per .sguere foot, a take-off "elg“u of
iz OOO pourds plus 30 pcunds of aulnequatlon equipment withia:. -
l-mlnute supply of water-alcohol mixture. The optlmum rate-of water-
alcohol injection wag. about 1.3 pounds per gecond (fig. 12)% 'This
ingeotlon rate was eduevalenc 0 ‘a water-alcohol-to-air-retio of 0y04,

A_anc decreased the take-off distance about 15 pe“cenf for an increase

in the aircraf't weight .of only 2 percent The reiuctlon Jn the take~
off distance was effected by an 1n01ease of 14 percemu 1n thrusu.,

The use of water alcohol 28 a meane of thruet augmeﬁtation
presented several installation problems. The greatest problem was ™
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the contamination of the lubricating oil with water-alcohol mixture,
which resulted in corrosion and breakdown of engine bearings. In
some jet engines, filtered air for atomization and cooling of bearing
oils 1s taken from the compressoir. When water-alcchol mixture is
injected into the compressor, the bearing air, which should be
relatively dry, carries vapors of water and alcchol that condense out
in the bearing oil. Cooling coilg and traps were designed to rid the
bearing air of excessive moisture. These methods were ineffective
and the air for the bearings had to be taken from the left engine
during the augmented runs,

SUMMARY OF RESULTS

From the investigations in which water-alcohol mixtures were
Injected into the inlets of a centrifugsl-flow-type turbojet engine
in flight, the following results were obtained:

1. At a NACA standerd altitude of 10,000 feet and an engine
speed of 16,000 rpm, the mixture and injection rate for optimum
thrust augmentation was found to be 20-percent alcohol to water by
welght injected at & rate of approximately 1.45 pounds per second ,
which was equivalent to a water-alcohol-to-air ratio of 0.05, This
mixture gave a 2L-percent increase in net thrust.

2. The optimum water-alcohol-to-air ratio for thrust augmenta-
tion was within the range of 0.03 to 0.05 at altitudes up to
10,000 feet and engine speeds from 15,960 to 16,525 rpm.

3. Calculations showed that it was possibls to decreage the
take-off distance of an idcalized airplane at sea level approxi-
mately 15 percent by the use of a 20-percent alcohol-water mixture
injected at a water-alcohol-to-air ratio of 0.04.

Flight Propulsion Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio.




8 NACA RM No. E7G29

REFFRENCE

1. Jones, William L., and Dowman, Harry W.: Experimental Investi-
gation of Thrust Augmentation of a 1600-Pound Thrust Centrifugal-
Flow-Type Turbojet Engine by Injection of Refrigerants at
Compressor Inlets. NACA RM No. E7G23, 1947.




NACA RM No.

E7G29

c-18i08
3~10-47

~ Twin turbojet engine pursuit airplane used in flight investigation of thrust augmentation.
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Figure 2. -
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Water-alcohol-injection spray ring fitted to compressor casing.
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Figure 4. - Survey
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Figure 5. - Increase in corrected net thrust for three water-alcohol
mixtures at NACA standard altitude of 10,000 feet and ram-pressure
ratio of 1.095. Corrected engine speed, N/VO, 16,000 rpm.
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10,000 ft and ram-pressure ratio of 1.095. Water-alcohol injection,
alcohol, 20 percent by weight.
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Figure 9. - Decrease in tail-pipe temperature from normal for various
water-alcohol injection rates and two corrected engine speeds at NACA
standard altitude of 10,000 feet and ram-pressure ratio of 1.095.
Alcohol, 20 percent by weight. '
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Figure 12.- Thrust-augmented sea-level take-off distances for idealized
twin-engine airplane 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.



