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EESEARCH MEMORANDUM

PERFORMANCE OF 4600-POUND-THRUST CENTRIFUCAL-FLOW-TYPE
TURBOJET ENGINE WITH WATER-AT.COHOL
INJECTION AT INLET

By Philip W. Glasser

SUMMARY

An experimental Investigatlon of the effects of injecting a
water-alecohol mixture of 2:1 at the compressor lnlet of a centrifugal-
flow-type turbojet engine was conducted in an altitude test chamber at
statlic sea~-level conditlons and at an altitude of 20,000 feet with a
flight Mach number of 0.78 with an engine operating at rated speed.

For a ratlio of InjJected liquld to air Fflow of 0.05, an augmented
thrust ratioc of 1.16 weas obtalned at altitudes of hoth sea level and
20,000 fest. A further increase in the ligquid-air ratlo beyond 0.05
dld not glve & camparable Increase In thrust. The augméntation was
accompanied by an Increase in the specific liquld consumption by a
Pactor of 3.35 at sea level and 3.45 at an altitude of 20,000 feet.

INTRODUCTION

Aa part of a program undertaken to Increage the thrust of turbo-
Jot engines by injecting & coolant at the compressor inlet (refer-
ences 1 to 5), an Investigation was conducted at the NACA Lewis
laboratory to compare the effect of compressor-inlet water-alcohol
injection on the performance of a cenitrifugal-flow-type turbelet
engine at sea level and at a simnlated-altitude flight condition.

The results presented hereln Indicate the effect of liquid
injectlion on the over-all performance and on Tthe pressures and the
temperatures through the engine at static sea-level conditions and
with & flight Mach number of 0.78 at an altitude of 20,000 feet.
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APPARATUS AND INSTRUMERTATION

Englne

The J33-A-23 turbol)et engine used in this investigation had =
static sea-level thrust rating of 4600 pounds at maximum engine
gpeed (11,750 rpm) and limiting turbine-outlet temperature of 1700° R.
When operating unier these conditlons with compressor-inlet liquid
injectlion, the engine had & rated static sea-level thrust of
5400 pounds. The engine includes a double-entry centrifugel-flow
compressor, l4 through-flow can-type combustors, a single-ptage
turbine, and a fixed-area exhaust nozzle. Over-sll length of the

engine 1s 107 inches; over-all diameter is 50% Inches; and the welight
i1s 1795 pounds.

The water-alcohol manifold and the nozzle assembly, which was
gtandard equipment on this model englne, consisted of 14 nozzles
equally spaced around both the front and rear compressor-inlet
screens. A slmple orifice-plate-type nozzle was used that had a
capacity of 93.5 gallons per hour and & spray angle of 650 % 100 at
35 pounde per square Inch with an oll having a Saybolt viscosity of
34 seconds at 100° F,

Altitnde Chamber

The engine was installed In an altltude chamber 10 feet in
diameter and 60 feet long (fig. 1). The engine was mounted on &
thrust frame, which was connected through a linkage to a balance-
pressure dlaphragm-type thrust lndlecator. A cowl was mounted
around the engine to prevent heated air, which circulated in the
region of the tall pipe upstream of the bulkhead, from entering the
engine inlet without first mixing with the incoming alr. The tall
plpe extended through the bulkhead, which separated the test mection
from the exhaust section. A flexible seal prevented reclrculatlon
of exhaust gases between the tell pipe and the bulkhead and permitted
freedom of movement of the emnglne so as not to interfere with thrust
readings obtalined on the balance system.

Inlet- and exhaust pressures were controlled by means of butter-
fly valves located upstream and downstream of the chamber, as nobted
in figure 1. Temperature adjustments wore made either by mixing
refrigerated alr at approximately 420° R with combustion air at
approximately 540° R, or by heating a portion of the combustion alr
in & bank of electric hesaters located in & bypass of the alr supply
line, : : -
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Instrumentation

Pressures and temperatures were recorded for several stations
throughout the engine from the cowl inlet to the exhaust-nozzle
outlet (fig. 2). Details of the pertinent instrumentation at each
gtatlon are presented in figure 3. The cowl-inlet thermocouples
(fig. 3(=)) were used in sebting the Inlet tempersture. Tempera-
tures meesured at station 2 (fig. 3(b)) were used as a check on the
cowl-inlet measurements and indicated the temperature distribution
at the compressor inlet. Total-pressure probes Installed on thse
inlet screens at station 2 (fig. 3(b)) were used in setting the
engine-Inlet pressure. Two shtatlc-pressure tubes located in the
exhaust section of the test chember (fig. 2) were used to set
altltude pressure.

The fuel used, gpecification AN-F-32, was measured by &
calibrated varilable-area-orifice flowmeter. Calibrated rotameters
were used to measure the individual rates of alcohol, specification
AN-A-24, and water.

PROCETURE

The Inveatigation was conducted at both sea-level statlc
pressure and a pressure altltude of 20,000 feet with a £light Mach
number of 0.78. The engine was operated at rated speed, 11,750 rpm,
and inlet total temperatures were maintalned at 550° and 503° R at
sea level and 20,000 fest, respectively. Data were obtained over
a range of injected flow rates corresponding to liguld-air ratios
up to 0.053 at sea level and 0.070 at an altitude of 20,000 Peet.

At both altitudes, & water-alcohol ratio of 2:1 by volume was
injoected through the nozzles at the compressor inlet. This particular
ratio bhad been selected so that constent englne speed could be maln-~
tained over a range of injection rates with & nearly constant throttle
setting. The water used was de-~lonlzed to retard deteriorsation of the
engine components. The water and the alcoohol were supplled separately
from storage tanks through the rotameters to a mlxing chamber. The
nirture then entered the injectlion menifolds at the compressor inlet.
The water and the alcohol systems were individuvually operated and the
flow through each could be meparstely controlled.

The data obtained in thls investigatlon were corrected for small
deviatlions in the inlet temperature and pressure from the standard
altitude values. The symbols and the method of calculating the per-
formance perameters used in Pigures 4 to 9 are presented in appen-
dixes A and B, respectlvely.

PR T
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RESULTS AND DISCUSSION

The effect of injecting liquid at the compressor inlet on the
engine performance 1is shown in Tigures 4 to 6, wherein compressor-
outlet and turbine-outlet temperatures end pressures and engine air
flow are shown as functions of the liquid~alyr ratio for Tlight condl-
tions corresponding to static sea level and an altitude of 20,000 feet
at a flight Mach number of 0.78, Increasing the liquid-air ratio
roesulted in a reduction in compressor-outlet and turbine-outlet
temperatures and a rise in compressor pressure ratioc, turbine-outlet
total pressure, and air flow. An increase in liguid-air ratio abovse
& value of about 0.05 haed only a slight effect on each varisble.

Evaporation of liquld during the compression process resulted
in the reduction in compressor-outlet temperature and attendant rise
in compressor pressure ratioc. The reduction in compressor-outlet
temperature accompenying an increase in lignid-air ratlio to 0.05
emounted to 207° R at sea level as compared to 217° R at an altitude
of 20,000 feet. The attendant increeses in compressor pressure ratio
were 9 and 7 percent, respectively. (See fig. 4.) Similarly, with
the increase in ligquid-air ratio to 0.05, the air flow (fig. 5) was
ralged 7 percent at sea level and 5 percent at an altitude of
20,000 feet. The smaller performance variation at an altitude of
20,000 feet than at sea level 1ls atiributed to a decrease 1n evapora-
tive effectlveness as & result of the reduction 1n Inlet temperature.

With an 1lncrease in ligquid-ailr ratioc to 0.05, the turbine-outlet
temperature was reduced 90° R at sea level and 506 R at an altitude
of 20,000 feet, reaching & minimum of 1700° R at both altitudes
(fig. 6). The accompanying increase in turbine-outlet pressure at
these conditions wes 7 and 10 percent, respectively.

The Increasge In augmented net thrust and augmented net-thrust
ratio (ratio of augmented thrust to unaugmented thrust) with liguid-
alr ratio is shown in figure 7. An Iincrease in liquid-air ratilo
from O to 0.05 increased the sea-level thrust 850 pounds above its
unangmented vealne of 4320 pounds. Approximetely half the difference
between the unaugmented thrust and rated thrust le attributaeble to
the high engine~inlet temperature. The augmented thrust ratioc
amounted to 1l.16 at a llgquld-alr ratio of 0.05 for both sea-level
and altitude flight conditions. Use of & varlable-area exhsust
nozzle, which would enable operation at limlting turbine-ocutlet
temperature, would afford a slight sdditional thrust gain. The
rate of Increase In augmented thrust with liquld-eir ratio diminished
above & liquld-alr ratio of 0.05.

SO TTAL
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Simllar increases in the augmented thrust ratlc at the two
flight conditions is the coincidemntal result of kwo different
effects. The alr-flow increase at sea level exceeded that at
20,000 feet (7 percent as compared with 5 percent); whereas the
turbine-outlet pressure, of which the jet velocity is a function,
Increased more at altitude than at sea level in the ratlic of
10 to 7 percent. The combination of these two Increases resulted
in the same increase ln augmented thrust ratio in both cases.

The msaJjor portlon of the thrust galn was contrlibutbted by the
increase in mass flow through the engine, which was approximately
equally divided between lncreased lliquld consumption and increased
alr flow. Only about one-third of the net thruet increase was
attributable to the increased Jet velocity ariging from the Increased
turbine~outlet pregsure. The Increase In jet welocity was computed
from the turbilne-outlet conditlons shown in figure 6, with the
agsunption of expansion to ambient pressure. Thrust-augmentation
results on a 4000-pound-thrust centrifugal-flow-type turbojet
engine (reference 1) at sea level showed an asugmented thrust ratio
of 1.24 for a liquld-alr ratlc of 0.053 with & water-alcohol mixture
of 2:1. On this engine, the Increase in mass flow and Jet velocity
contrlibuted equally to the increase in thrust.

The fuel flow remsined constant ag liquld was injected at the
compressor Inlet, as shown In Plgure 8, indicating that a mixbture
of water snd alcohol of 2:1 was correct for constant-throttle engine
operation with lignid Injection. Because the fuel flow dld remain.
constant, the total ligunid consumptlion Increased epproximately
lineerly with the liquid-air ratio.

The specific liquld consumptlon, which is the total liquld
consumption per pound of thrust, is presented In Ffigure 9 as a
function of liquid-alr ratio. The speclfic liquid consumption
increased spproximately llnearly with liquid-sir ratlo for both
altitudes and reached a value of 4.0 at sea level and 4.7 atb
20,000 feet for a liguid-air ratio of 0.05. The specific liquld
consumption of the augmented englne at this liquid-air ratio is
thus 3.35 and 3.45 times that of the unaugmented engine for altl-
tudes of sea level and 20,000 feet, respectlvely.

SUMMARY OF RESULTS
The following resultes were obtained from the investigation

conducted 1n an altitude test chamber of water-alcchol injection
at the inlet of & centrifugal-flow turbojet engine.

WNETIRETISY
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1. An augmented net thrust ratio of 1.16 was obialned at a
liguid-air ratic of 0.05 at both sea-level statlc conditions with
a compressor-inlet temperature of 550° R and for an altltude of
20,000 feet, with & compressor-inlet-temperature of 503° R and a
flight Mech number of 0.78. Increaslng the liquid-alr ratlo beyond
0.05 did not result in a significant geln in thrust.

2. Increasing the llquld-air ratio to 0.05 increased‘the net~
thrust speclfic liguid consumptlon by & factor of 3.35 at sea level
and 3.45 at an altitude of 20,000 feet.

Tewls Flight Propulsion Laboratory,
National Advisory Committee for Aeromautics,

Cleveland, Ohio.
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APPENDIX A

SYMBOLS

The following symbole were used in this report:
area, s8q £t

Jet thrust, 1b

net thrust, 1b

augmented net thrust, 1b

acceleration due to gravity, 32.2 ft/sec?
total enthalpy minus steatic enthalpy, Btu/lb
mechenical equivalent of heat, 778 ft-1b/Btu
total pressure, 1b/sq £t

static pressure, lb/sq ft

gas constant, 53.3 £5-1b/(1b) (°R)

total temperature, °R

static temperature, °R

velocity, ft/sec

air flow, lb/sec

fuel flow, 1lb/sec .

gas flow, 1b/sec

injected-liguid flow, lb/sec

ratio of epeclfic heats
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Subscripts:

ind indicated

8 seal

0 free-stream conditions

1-7 gtatlionas shown in flgure 2

Prime denotes & quantity introduced by use of reference 6.
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AFPPENDIX B

METHCD OF CAT.CULATTON

Alr flow. - Temperatures recorded by a thermocouplie ring at
stetion 5 (fig. 3(e)}) and pressures recorded by a rake about
1 diameter farther downstream at station 6 (fig. 3(f)) were used In
the celculation of air flow. The temperatures and the pregsures
wore arithmetically averaged to give total and sbtatic tail-plpe
pressures (Pg, Pg) and an indloated tall-pipe total temperature

T5. ing- An average recovery factor of 0.8 was determined from
J
thermocouple callbrations and therefore

The use of the air charts (reference 8) introduced a fictitious
quantity +g5', and required the assumption that

z=1
Ts,ima _ Ts _ (E) 7 (52)
ts5' ts Pg
end that
T5,ind = 5" ¥ T5 - 5 (3)

The statlc temperature was then determined by combining egua-
tions (Bl) and (B3) as follows:

tg = 0.2 Tg ypq + 0.8 b5 (B4)

When the ‘tail-pipe static temperature had been calculated, the gas
flow was determined from the equatlon

._Rg Pg
Wy = == 4"2&1 AHg (B5)

5

The enthalpy was obtained from reference 6. After the fuel and
injected liquid flow were measured, the air Fflow was computed by,

Wy = Wg - Wp = Wy (86)

TR e met e
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The air flow as calculated hereln employed values of Y and R
for NACA standard alr. The alr flow was calculated for the higheat
injection rate investigated using values of ¥ and R, which con-
sidered the injlected lliquld. The air flow thus calculated was less
than 2 percent lower than that calculated For standard alr and the
effoect of change in R and 9 was consldered negliglble.

1389

Thrugt. - The jJet thryst FJ was the balance-frame indicated

value plus & correctlon factor for the pressure differential across
the seal at the rear bulkhesad.

FJ = Fj,i.nd + AS (Pl - po) (B?)

The Inlet momentum of the alr was subtracﬁed from Jet thrust to glve
net thrust:

Wa.vO
Fp =Fy - - (B8)

where

Vo =Af2eT 8B, (B9)
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Figure 3. - Continued. Instrumentation at stations throughout engine.
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