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RESEARCH MEMORANDUM

EFFECT OF INLET TEMPERATURE AND HUMIDITY ON THRUST
AUGMENTATION OF TURBOJET ENGINE EBY
COMPRESSOR-INLET INJECTION

By Thomas B. Shillito and James L. Harp, Jr.

SUMMARY

An Investigation has been conducted at conditions of zero ram
and sea-level pressure to determine the effect of inlet temperature
and humidity on turbojet-engine performance with injection of water
and water-alcobol mixtures at the compressor inlet. The inlet-air
temperature was varied by mixing atmospheric ailr with exhaust gases
recovered from the exhaust Jet of the engine, and the inlet humidity
was varied by evaporating water in the exhaust gas used for heating
the inlet air. It was found that at a given engine speed and tail-
pipe temperature, both the thrust and total masss flow for the com-
plete range of compressor-inlet temperstures, compositlion of injected
mixtures, and injected flows Investigated were functlons only of the
compressor-pressure ratio. The pressure ratio, and hence the aug-
mented thrust, increased with injected flow and at a constant injected
flow decreased with compressor-inlet temperature, The effect of inlet
temperature on compressor pressure ratio and thrust became less pro-
nounced as compressor-Iinlet injected flow increased. The augmented
thrust ratio increased wilth compressor-inlet temperature at a con-
stant total liquid flow. At a total liquid flow of 5 pounds per
second, the augmented thrust ratio obtained at rated engine speed
and tsil-pipe ges temperature (as permitted by use of a variasble-
area exhaust nozzle) increased from 1.26 to 1.62 as the compressor-
inlet temperature was increased from 60° F to 200° F. At a given
inlet temperature and injection rate, the thrust decreased slightly
with incressing humidity, the effects being more pronounced at the
higher injection rates.

INTRODUCTION

A simple method of increasing the thrust of turbojet engines
is by the injection of refrigerants at the compressor inlet. The

s
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results of experimental investigations of this method of thruet aug-
mentation for centrifugal-flow engines, which included the injection
of water and water-alcohol mixtures, are reported in references 1
and 2. These investigations, however, were conducted without con-
trol of inlet temperature or humidity. An investigation, therefore,
has been conducted to determine the effect of compressor-inlet tem-
perature and humidity on engine performance with injectlon at the
compressor inlet, and the results are reported herein.

For this lnvestigation, which was conducted at conditions of
zero ram and sea-level pressure, the inlet temperature was controlled
by mixing atmospheric air with exhaust gases recovered from the
exhaust Jet of the engine used for the tests. By this method of
heating, the compressor-inlet temperature was varied over a range
from 60° F to 230° F. The performance of the engine wes determined
for no Injection and over a range of injection rates from 1 to
4 pounds per second for various mixtures of water and alcohol. Both
fixed-area and varisble-area tall-pipe exhaust nozzles were used.
Rated engine speed and tail-pipe temperature were maintained for all
operating conditions while using the variable-area nozzle, and,
depending on operating conditions, either rated speed or rated tail-
plpe temperature was maintsined while using the fixed-area nozzle.
The effect of specific humidity of the inlet air on both unaugmented
engine performance and engine performance at two injection rates was
investigated over a range from 50 to 280 graimns per pound at two
compressor-inlet temperatures. For these tests, the inlet humidity
was varied by evaporating water in the hot exhaust gases used for
heating the inlet ailr.

APPARATUS

ne. - The engine used in this investigation wes a J33
centrifugal-flow turbojet engine with a sea-level, static-thrust
rating of 4000 pounds when operated at a speed of 11,500 rpm and
tail-pipe temperature of 1200° F. Both a 19-inch conical fixed-ares
and a clamshell-type variable-area exhaust nozzle were used.

Engine installation and bleedback system. - As shown in fig-
ure 1, the test egquipment was enclosed in two adjacent chambers:
& closed cell containing the engine proper, and a muffler into which
the exhaust Jet was discharged. The engine and inlet cowl were
mounted on a frame suspended from the ceiling of the test cell by
rods with ball-bearing ends, and the engine tail pipe moved freely
through a sliding seal in the wall separating the cell and muffler.
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The mounting frame was thus free to move through a linkage system
agalnst the balancing cell of a thrust-measuring system,as shown in
figure 1. The methods by which this system was used to determine
Jet thrust are outlined in appendix A. Also shown in figure 1 is
the main air-flow measuring nozzle and the alr-supply diffuser.

The equipment used to control the compressor-inlet temperature
consisted of an exhsust-gas bleedback system in which part of the
exhaust gases were bled back and mixed with the fresh-eir charge in
the test cell. Directly behind the engine exhaust nozzle was an
exhsust gas bleedback scoop into which exhaust gas was rammed
(fig. 2). The exhsust gas was bled back through & circular duct and
wes emitted Jjust ashead of the imlet cowl through longitudinal slots
on the inner surface of a scroll-shaped manifold (fig. 3). The
bleedback exhaust flow was measured by means of a bellmouth measuring
nozzle and the flow rate was controlled by & hydraulically actuated
butterfly valve. A circular deflection plate slightly larger than
the inside diameter and loceted epproximately 8 inches ahead of the
exhaust-gas outlet manifold aided the mixing process and prevented
serious stratification of temperstures in ths compressor-inlet
charge.

Injection system. - Water and alcohol were injected into the
two sides of the compressor inlet from separate manifolds, as shown
in figure 4. Each manifold was equipped with 28 tubes (14 for each
side of the compressor inlet) leading to commercial spray nozzles
that were directed radiaslly into the compressor inlet. Flow rates
in each manifold were measured by means of calibrated sharp-edged
orifices.

Fuel and injected liquids. -~ The fuel used in the engine was
JP-1. The water injected into the compressor inlet was obtained
from domestic supply lines and the alcohol was 2 mixture of S50-percent
methyl and 50-percent ethyl by weight. The injected fluid ranged in
composition from water slone to & mixture of 40-percent water and
60-percent alcohol by weight.

Humidifying system. - The water nozzles used to control the
humidity of the inlet air were located in the bleedback duect approx-
imstely 12 inches downstream of the butterfly valve. Flow of this
water was measured by means of a calibrated sharp-edged orifice.

Instrumentation. - Compressor-inlet temperatures were measured
on four, five-thermocouple rakes spaced 90° apart and located in a
plene cutting the front of the forward inlet of the compressor
(fig. 4). These thermocouples were connected to give either five
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individual readings of a 4-point average at a given radius or a
gingle reading of s 20-point averasge over the entire flow area.
Compressor-discharge temperatures were measured on two, four-
thermocouple rakes located in diametrically opposite combustion-
chamber adepters. Englne exhaust-gas temperatures were measured on
eight strut-type thermocouples located in & normel plsne through

end spaced at equal angles around the straight sectlon of the engine
teil pipe. Other temperature megsurements included those of the mein
air supply in the measuring nozzle and the bleedback gas at the
entrance to its measuring nozzle.

The statlc pressure inside the test cell was measured by a flush
tap on the wall. Compressor-inlet total. pressures were taken on four,
Five-tube rakes spaced equally around and in the same plene of the
englne cowl as the inlet-temperature thermocouples. Compressor-
discharge total pressures were measured on two,four-tube rekes located
in dlametrically opposite combustion-chember adapters. Total pres-
sures were measured on an eleven-tube rake across the tail-pipe |
diameter at a polnt gpproximately 24 inches shead of the fixed-sres
nozzle discharge plane and approximately 36 inches aliead of the
variable-aree nozzle discharge plane. Static pressures in the muf-
fler were measured in the vicinity of the exhaust-nozzle discharge
and on the wall separating the test cell and muffler.

PROCEDURE

Investigation of performance parameters. - The first phase of
the Investigatlon consisted of an experimental verification of the
performance parameters used to generalize Jet-engine performance
data. For this phase, the engine was equipped with & 19-inch-diam-
eter fixed-area conical nozzle and operated normally (no injection)
over the range of engine spseds and compressor-inlet temperatures
indicated in the following table:

Indicated Average compressgor-

engine speed inlet temperature
(zrpm) (°r)
. 8,900 66, 87, 127, 160, 182
10,000 68, 91, 126, 16l
10,500 161
11,000 70, 92, 128
11,250 70, 95, 125
11,300 125
11,500 71, 93

¢
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The spread of Individusl temperatures measured at the compressor
inlet did not exceed #15° F for the conditions in the preceding table
or for any other conditions covered in the p?esent investigation.

For this and all other phases of the investigatlion except the
varigble Inlet-humidity rums, the inlet humidity was not controlled
and varied from 35 to 115 grains per pound of air.

Augmented engine performsnce with varisble-area exhaust nozzle. -
The effect of inlet temperature on thrust augmentation for operation
with & verliable-area exhaust nozzle was investigated for injection
of severasl water-slcohol mixtures at the compressor inlet. The fol-
lowing table summarizes the conditions covered during these tests:

Indicated |[Tail-pipe|Injected Water Alcchol Compressor-inlet
engine tempersa- flow (percent (percent tempera-
speed ture |[(1b/sec)|by weight)|by weight) ture
(rpm) (°F) (°F)
11,500 1200 0 J|ewmecmcmccolecaceacmaa 61-200
11,500 1200 1 100 0 37-198
11,500 1200 2 100 0 57-196
11,500 1200 3 100 0 108-193
11,330 1200 3 100 0] 73
11,500 1200 2 80 20 71-209
11,500 1200 4 80 . 20 73-216
11,500 1200 2 60 40 72-185
11,500 1200 3 60 40 72-199
11,500 1200 4 60 40 73-174
11,500 1200 .2 40 . 60 80-212
11,500 1200 3 40 60 87-173
11,500 1200 4 40 60 88-230

The runs with zero inJjected flow were made for the determination
of normal engine performsnce on which to base the thrust augmentation
obtaineble through injection. These runs were made at frequent
intervals throughout the investigation to provide, if necessery, a
time history of decrease in engine-performance efficlency.

All runs with the varisble-area nozzle were conducted at a2 lim-
iting engine speed of 11,500 #75 rpm and limiting tail-pipe tempera-
ture of 1200 *10° F, except for the injection of 3 pounds per second
of 100-percent weater and inlet temperatures below sbout 110° F where
the engine fuel system was of insufficient capacity to maintain speed.
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investigated because of combustion blowout that was encountered on

gseveral occasions at injection rates of about 3.5 pounds per second.

Augmented engine pérformance with fixed-area exhaust nozzle. -

1304

The effect of lnlet tempersture on thrust sugmentation for operation
with a fixed-area exhaust nozzle was Investigated for the injection
of water alone at the compressor inlet.
rizes the conditions covered during these tests:

The following table summs-

Compressor-inlet

Indicated |Tall-pipe|Injected Water Alcohol
engine tempera-~ flow {percent (percent tempera-
speed ture |(1b/sec) [by weight)|by weight) ture
(rpm) (°F) (°F)
11,500 or} 1200 or
below below (O D et bttt 85-137
" " 1 100 o} 89-168
" " 2 100 0 94-180 N
" " 3 100 0 99-178

At a given injection rate with the fixed-area exhaust nozzle,
operation at simultaneocus limiting conditions of engine speed and
tail-pipe temperature was possible only for one inlet tempersture.
Consequently, operatlion with the fixed nozzle was limited to either
e speed of 11,500 rpm and reduced teil-pipe temperature, or & tail-
pipe temperature of 1200° F and s reduced engine speed, depending

on the injection rate and inlet temperature.

The exact limits of

operation will be further illustrated and discussed in a subsequent

section.

Bffect of humidity. - The following teble summarizes the con-

ditions covered during the investigation of the effects of inlet-
alr humidity:

Compressor- Injected Humidity
inlet water flow (grains/1lb-air)
tempersture (1b/sec)
(°F)
125 o] 52-254
125 1 55-253
125 2 62-208
150 0 64-266 )
150 1 72-276
150 2 83-248 -
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During this -investigation, the engine was equlpped with the
variable-area exhaust nozzle to permit operation gt the limiting
conditions of 11,500 rpm and 1200° F tail-pipe temperature. The
injected fluid was 100-percent water and the injected flow was
limited to 2 pounds per second hecause of the inability to maintain
combustion at higher rates of injection for the higher range of
humidities, The compressor-inlet humidity was determined from meas-
urements of the flow of water inJjected into the bleedback duct, the
bleedback exhaust flow, the fuel flow, the water injected into the
compressor inlet (the portion recirculated), and wet and dry bulb
temperatures inside the test cell. Detalls of the method used to
determine the humidity are outlined in sppendix B.

SYMBOLS

The following symbols are used in this report:

A flow area, (sq in.)

¢, specific heat at constant pressure, (Btu)/(1p)(°R)
D compressor impeller diameter, (£t)

F . jet thrust, (1b)

g  acceleration of gravity, (ft/sec?)

J  mechanical equivalent of heat, 778 (£t)(1b)/(Btu)

- ¥ork per pound X g

&)

N compressor or engine rotative speed, (rpm)

K compressor slip factor,

P total pressure, (1b)/{sq in. sbsolute)
static pressure, (1b)/(sq in. ebsolute)

R gas constant, (£t-1b)/(1b)(°R)

T total temperature, (°R)

T'  total temperature, (°F)
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8
t static temperature, (°R)
velocity, (ft)/(séc)
weight flow, (15)/(sec)
v ratio of specific heat at constant pressure to specific heat
at constant volume
8 P/14.696 .
4] adigbatlic efficiency
e T/518.4
density, (Ib)/(cu ft)
Subscripts:
a air
al alcohol (injected into compressor inlet)
-b bleedback |
£ fuel
h weter injected into ﬁleedback systém
N main alr measuring nozzls
n exhsust nozzle
s superheated steem in the computation of humidity
T turbine
w water (injJected into compressor inlet)
(o} cowl inlet
1 compressor Inlet
2 compressor discharge
3 burner inlet
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4 burner exit

5 turbine-nozzle throat

86 turbine discharge

7 tail pipe shead of exhaust nozzle

8 exhaust Jet expanded to amblent pressure

The data obtalned in the investigation of normsl performance
parameters for turbojet engines were generalized to obtain the
following conventional parameters:

corrected engine speed

corrected thrust

corrected fuel flow

=
"}s sl

l—l
5
l—l

H
~J

corrected tail—pipe'temperature

In eanelyzing the data obtained in the investigation of augmented
turbojet engine performance the compressor-inlet temperature, and
hence 65, was retained as & prime variable and no generalizations

involving €, were attempted. The factor &y was, however, included

in the performance parameters to permit adjustment of values to a
common inlet pressure of 14.896 pounds per square inch; generaliza-
tion of these data for wide ranges of inlet pressure is not intended.
For this investigation the followlng generalized or edjusted values
were used:

T adjusted thrust
51

E%E adjusted alcohol flow
1
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— adjusted water flow
— adjusted fuel flow

= adjusted air flow

RESULTS AND DISCUSSION
Normgsl Engine Performance

The results of the runs to verify experimentally the generalized
turbojet performance parameters are presented in figure 5. Corrected

thrust F/Bl, corrected fuel flow Wf/&lhfel and corrected teil-
J

pipe temperature T7/91 are plotted against corrected engine

speed N/;«G . The data for both varlable speed and variable inlet

temperature fall on a single curve for all parameters presented
indicating that normal engine performance date may be generalized by
use of the temperature correction 6; over a range of compressor-

inlet temperatures from 70° F to 180° F, Data illustrating the
applicatlon of these generalization methods for lower compressor-
inlet temperatures are presented in reference 3. The range of
compressor-inlet pressures covered by the data of figure 5 was too
small to constitute an investigation of generalizatlon by use of 51.

At a corrected engine speed of 11,500 rpm, the corrected thrust
(fig. 5) was sbout 3400 pounds as compared with the nominal rating of
4000 pounds for this type englne. This lower thrust is attributable
to use of an over-size exhaust nozzle, which resulted in a corrected
tall-pipe temperature of 1620° R (40° F lower than the nominal
1200° F) and to the fact, as will be subsequently illustrated, that
the compressor dld not operate as efficlently &s in the nominsgl

engine. .

The introduction of the exhaust geses into the inlet &ir by the
bleedback system introduced both & varistion in humidity and a con~

tamination of the inlet air. For the renge of temperatures presented,

the variation of humidity amounted to sbout 15 grains per pound of
air; as is shown later, this variation in humidity has no apprecilsble
effect on engline perfo:mance. Theoretical considerations also

.

-y
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indicate that the effects on performance due to variation in phys-
ical properties of the inlet air caused by exhaust-gas contamination
are negligibly small,

Performance with Wegter-Alcohol Injection

Engine equipped with varisble-area exhaust nozzle. - In fig-
ure 6, the compressor-pressure ratio P,/P; 1is plotted against

the inlet temperature T’y . for & range of adjusted injected flows
(Wél + Wﬁ)/ﬁl from O to 4 pounds per second varying from 100-percent

water to a mixture of 40-percent water and 60-percent alcohol. These
data were obtained at limiting conditions of 11,500 rpm and 1200° ¥
tail-pipe temperature through adjustment of the exhaust-nozzle area.
For e given compressor-inlet temperature, the nozzle ares was reduced
as the injected flow was increased, and for a given injected flow,
the nozzle area was Increased as the inlet temperature was increased.

As would be expected, the curves all show a downward trend of
pressure ratio with increesing inlet temperature although the rate
of decrease becomes less with increasing injected flow. At & con-
stant compressor-inlet temperature, the pressure ratio increases with
injected flow throughout the range investigated. This increase 1is
a maximum with 100-percent water and becomes progressively smaller
es the percentage of alcohol in the Injected mixture is increased.
This effect is particularly spparent at Injected flows of 3 and
4 pounds per second but not at 2 pounds per second as the data scatter
is greater than the trend. The curves for an injected flow of
2 pounds per second were falred in a manner consistent with the trends
at 3 and 4 pounds per second., Only 1l00-percent water was injected at
the rate of 1 pound per second.

With inJection of 3 pounds per second of 100-percent water at
compressor-inlet temperatures below 110° F, the engine fuel system
could not supply sufficient fuel to maintain an indiceted engine
speed of 11,500 rpm and an indicated tall-plipe temperature of 1200° F.
When this condition occurred, the tall-plpe temperature was main-
tained constant at the expense of engine speed snd the results are
denoted by the dashed portion of the curve in figure 6., This limit
for any other engine would, of course, depend upon the fuel system
design and the condition of the fuel straziners in the system.

Figure 7 presents the adjusted Jet thrust F/Sl plotted

ageinst the compressor-pressure ratio for the dats presented in fig-
ure 6, All data for the entire range of injected flows, mixture
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composition, and inlet temperatures correlate on a single line., The
corrected thrust increases linearly from 1850 pounds at a compressor
pressure ratio of 3.0 to about 3900 pounds at & compressor pressure by
ratio of 4.0. It is shown in appendix C that if engine speed, tall- Rt
pipe temperature, compressor-inlet pressure, and exhaust-nozzle

embient pressure are held constant, the Jet thrust 1s primarily

dependent upon the compressor-pressure ratio whether with or without

injection at the compressor inlet. The deshed line in figure 7,

which is a theoretical curve based upon constants applicable to the

engine used in the investigation and obtained from the equations

presented in appendix C, is in good agreement with the experimental

.curve, The experimental correlation of both normal and augmented

-thrust with compressor pressure ratio together with the good agree-

ment with theory are particularly significant in performance estime-

tion with inlet injection invelving an engine using a variable-area

exhaust nozzle, The results Indicate, for exampls, that augmented

engine performsnce for a wide range of conditions can be determined

from brief engine tests without injection and component tests of

compressor performance with injection.

Figure 8 shows the sdjusted totel weight flow -
(Wa4-W514-W*-+Wf)/61 plotted ageinst compressor pressure ratio for

the seme date used in consiructing figures 6 end 7. As in figure 7,
there are no epparent itrends with inlet tempersture or inlet injec-
tion, with all of the data for the emtire range of injected flow,
mixture composition, and inlet temperature correlating on a single
line. The adjusted total weight flow incresses linearly from

59.5 pounds per second at a pressure ratio of 3.0 to 80 pounds per
second at a pressure ratio of 4.0. The theoretical dashed curve
shown on figure 8, which nesrly coincides with the experimental
curve, is based upon the seme constants and sources of information
used in constructing the theoreticeal curve shown on figure 7.

At a compressor-inlet temperature of 60° F, the normal
compressor pressure ratio (fig. 6) is about 3.7. At e compressor-
inlet temperature of 60° F, an engine speed of 11,500 rpm, and a
tail-pipe temperature of 1200° F, which correspond to rated condi-
tions, the compressor pressure ratioc should be about 4.0 for this
type engine., It is interesting to note also that &t a compressor
pressure ratlio of 4.0 the Jet thrust from figure 7 is 3900 pounds
and the total welght flow of gases through the engine from figure 8
is 80 pounds per second. This thrust and weight flow closely cor-
respond to the obtalnable values at rated conditions for an efficient -
engine of the type used and indicate that low compressor efficiencies
for the engine used in the runs reported herein were responsible for
the low normel thrusts obtained. .-
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The adjusted total liquid flow, which consists of the injected
water and alcohol plus the fuel flow, is presented as a function of
compressor-inlet temperature and injection rate in figure 9. For
all injection rates and mixture compositions, the total liquid flow
decregses linearly with increasing compressor-inlet temperature. At
& glven compressor-inlet temperature, the total liquid flow Increases
with Injected flow and, for a given injected flow, decreases as the
percent alcohol in the mixture is increased., This decrease in total
ligquid flow with increased alcohol content is caused primarily by
the fact that the alcohol tends to burn snd thus replace some of
the fuel that would otherwise be reguired if no alcohol were present
in the injected mixbture. Inspection of flgure 9 reveals that for
injected mixtures containing sbout 70-percent water and 30-percent
alcohol, the fuel flow at a given compressor-inlet temperature is
nearly constent for sll injection rates.

Inasmuch as the total liquid flow 1s a useful parameter to use
in comparing methods of thrust augmentation, the results obtained in
this Investigation are presented on this basis in figure 10,which :
shows the adjusted Jet thrust as a function of compressor-inlet tem-
perature with total liquid flow as & parameter. The data of fig-
ures 6, 7, and 9 were used in the construction of this figure. When
considered on this basis, all data for the various injected mixtures
at a glven total liquld flow defined & single curve. These results,
which indicate that the thrust at a given compressor-inlet tempera-
ture is independent of injected liquid composition, are not in com-
plete agreement with the results given in reference 2. The effects
of injected liquid composition indiceted in reference 2 were, how-
ever, very smell and any such trend in the present data mey have been
cbscured by the date scatter. The fact that 2ll mixtures defined a
single curve in figure 10, is, however, consistent with the results
previously presented inasmuch as thrust was a functlion only of the
compressor~-pressure ratio and,at a constant injected flow and inlet
temperature, en increase in alcohol concentration decreased both
Po/P; (and hence F/8y) and the total liquid flow. In figure 10,

" the curve lebeled "normal" (mo injection) ie not for a fixed value

of total liguid flow but is for the normal fuel flow of the engine
at 11,500 rpm and 1200° F tail-pipe temperature over the range of
compressor-inlet temperatures presented. As expected, the thrust
at & given compressor-inlet temperature incresses with totel liquid
flow. At a constant total.liquid flow, the rate of decresse of
thrust with increasing compressor-inlet temperature becomes pro-
gressively less as the totel liquid flow increases.
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The augmented thrust ratio (the ratio of thrust with injection
et a given compressor-inlet temperature to the normal thrust at the
same compressor-inlet temperature) as a function of compressor-inlet
temperature is shown in figure 11l{(a). Two sets of curves are shown;
the sollid curves are for constaent values of total liquid flow and
the dashed curves are for constant values of augmented liquid ratio
(the ratio of the total liquid flow to the normsl fuel flow). As
the inlet temperature is increased, the augmented thrust ratlio is
increased, perticularly at the higher temperatures. The rate of
this increase of augmented thrust ratlo is progressively greater et
higher values of both total liquid flow and augmented liguid ratio
and is more pronounced for a constant total ligquid flow than for a
constant augmented liquid retio, For en increase in compressor-
inlet temperature from 60° F to 200° F, the augmented thrust ratio
increased from 1.26 to 1.62 at a total liguid flow of 5 pounds per
second and from 1l.30 to 1.54 at an augmented liquid ratioc of 5. The
augmented thrust ratlo ag a function of compressor-inlet temperature

"at constant ratios of injected water flow to air flow is presented
on figure 11(b)}. The data of figures 6, 7, 8, and 9 for the injec-
tion of 100 percent water were used in the construction of this
figure. As shown on figure 11(b), the trends of augmented thrust
retio with compressor-inlet temperature st constent values of water-
alr ratio are simller to the trends at constant totel liquid flow
and sugmented liquid ratio shown on figure 11(a).

It should be remembered that the sugmented thrust ratios presented
herein are for an engine with & relatively inefficient compressor and
msy be higher than would be cbtalned on an engine with normel com-
pressor efficiencies.

Fngine equipped with fixed-area exhaust nozzle. - A plot of Jet
thrust, engine speed, and teil-pipe temperature against compressor-
inlet temperature for the runs with water injection during which the
engine was equipped with a 19-inch fixed-aree exhaust nozzle is
shown in figure 12. As previously mentioned, for these runs the
engine was operated at the limiting condition imposed by either a
speed of 11,500 rpm or a tail-pipe temperature of 1200° F. As can
be seen from the speed and tall-pipe temperature curves in figure 12,
for a glven injection rate there is only one compressor-inlet tem-
perature at which the engine can he opsrated at limiting conditions
of both speed and tail-pipe temperature, In the low inlet-tempera-
ture region, limiting speed was accompanied by less than rated tail-
pipe temperatures, and in the high inlet-temperature region, limiting
teil-pipe temperature wes accompanied by less than rated engine
speed. The compressor-inlet temperature for simultaneous operation

——

1304
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et both limiting engine speed and tail-pipe temperature increased
with injection rate. The characteristic downward trend of thrust
with increasing compressor-inlet temperature becomes less pronounced
as injection rate is increased. TFor the curve representing normal
performance, & limiting compressor-inlet temperature is reached at
approximately 145° F, At this temperature, which was obtained by
extrapolaetion of generalized normal performsnce deta, a region of
operation is encountered in which the tendency of the tall-pipe
temperature to exceed the limiting value of 1200° F as in the inlet
temperature is further Increased can no longer be compensated for
by reductions in engine speed. A similar limiting Inlet temperature
would probebly alsoc be encountered for each injection rate, although
not reached in this investigation.

Figure 13 presents the total liquid flow as a function of
compressor-inlet temperasture and injection rate for the runs using
the fixed-area exhaust nozzle. At a given compressor-inlet tempera-
ture, the total liquid flow increases as the Injected flow is
increased; at a fixed value of inJected flow the total liquid flow
decreases linearly with incressing compressor-inlet temperature.
These trends in total liquid flow with compressor-Inlet temperature
and injected flow are similar to those obtained (fig. 9) with the
variable-ares exhsust nozzle.

The adjusted jet thrust is presented as a function of the
compressor-inlet temperature and the total liquid flow in figure 14.
This figure is a cross plot of figures 12 and 13. The Jjet thrust
increases with total liquid flow at a constant compressor-inlet
temperature and decreases with compressor-inlet temperature at con-
stant total liquid flow. These trends in thrust with compressor-
inlet temperature and total liquid flow are similar to those obtained
with the variable-ares exhsust nozzle. For no injectlicon, the decrease
in thrust with increasing compressor-inlet temperature is much more
pronounced for the Tfixed-ares nozzle than for the variable-area
nozzle, however, and as the total liquid flow increases, approaches
the rate of decrease for the varlieble-ares nozzle.

The augmented thrust ratio as a function of compressor-inlet
temperature 1s presented on figure 15 for several values of total
liquid flow and augmented liquid ratio. These curves are similar
to those obtained for the variable-area exhaust mozzle in figure 1l(a)
except that the increase of augmented thrust ratio with increasing
compressor-inlet temperature is much more pronounced for the filxed-
ares nozzle than for the varlable-area nozzle. This greater effect
of compressor-inlet temperature on the augmented thrust ratio is a
reflection of the greater decrease in normal thrust for the engine

e
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equipped with a fixed-area nozzle then with the variable-area nozzle
together with the fact that the effect of inlet temperature on thrust
becomes more nearly equal for engines equipped with fixed- and
varlable-arees nozzles as the rate of injectlon is Increased. The
curves are limited to a compressor-inlet temperature of approximately
145° ¥ because normal operstion (without injection) at temperatures
higher than this was not possible. At a total liquid flow of 4 pounds
per second, the sugmented thrust ratio increases from 1.16 at a
compressor-inlet temperature of 70° F to 1.71 at a compressor-inlet
temperature of 145° F. These values of augmented thrust ratio are
slightly lower than were obtained with the variable-asreas exhaust
nozzle at 70° F but are about 27 percent greater at 145° F. The
actual sugmented thrust is, however, generally lower for the fixed-
area nozzle than for the varilable-area nozzle for the ressons pre-
viously discussed. '

Effect of humidity. - The variation of compressor pressure ratio
with compressor-inlet humidity is shown in figure 16 for constant
rates of injection into the compressor inlet of O, 1, and 2 pounds
per second of water and for compressor-inlet temperatures of 125° F
and 150° F. The range of specific humidities, from about 50 to
280 grains of water per pound of gir, gave relative humidities less
than 50 percent for all conditions showm on figure 16. In all cases,
the compressor-pressure ratio decreases slightly with increasing
humidity and the effects are somewhat more pronounced as the injec-
tion rate is increassed. The decrease in pressure ratio with increas-
ing humidity for no injection 'is in agreement with computed effects
due to changes in phyeicael properties of the air (R and cp).

These results, together with the thrust correlation of figure 7,
show that incressing the inlet humidity from 60 grains per pound to
260 grains per pound results in thrust losses ranging from a minimum
of 3.5 percent at a compressor-inlet temperature of 125° F with no
injection to 7.7 percent at a compressor-inlet temperature of 150° F
with the InJection of 2 pounds per second at the compressor inlet.
Because both the normal and augmented pressure ratio (hence thrust)
decrease with increasing humidity, the augmented thrust ratlioc remsins
about constant for all conditions except for the injection of

2 pounds per second at a compressor-inlet temperature of 150° F for
which a slight decrease in augmented thrust ratio is noted. These
results showing, within the data scatter, a small effect of humidity
on sugmented thrust ratio, are in agreement with other unpublished
data obtained at the Lewis leboratory on a similsr type of engine.
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SUMMARY OF RESULTS

An investigation at zero ram, sea-level pressure conditions
was conducted to determine the effects of compressor-inlet tempera-
ture and humidity on performance with inJection of water-alcohol
mixtures at the compressor inlet of a centrifugel-flow-type turbojet
engine equipped with both fixed- and variable-area exhsust nozzles.
Water-elcohol mixtures injected contained 40, 60, 80, and 100 percent
water and the injected rates were 1, 2, 3, and 4 pounds per second.
Compressor-inlet temperatures ranged from 60° F to 230° F and
compressor-inlet specific humidity ranged from S50 to 280 grains per
pound of air. The following results were obtained in this
investigation:

1. Normal engine performance (no injection) with a fixed-area
exhaust nozzle was generglized by use of conventional performance
parameters over a range of compressor-inlet temperatures from
70° F to 180° F.

2. At a given engine speed and tail-pipe temperature both the
thrust and total weight flow for the complete range of compressor-
inlet temperatures, injected mixtures, and injected flows investi-
gated were functions only of the compressor pressure ratio. These
resulis were substantiated by theoretical considerations.

3. The compressor pressure ratlio, and hence the thrust, for

the wvariable-area exhaust nozzle increased with injected flow and
decregsed with compressor-inlet temperature. The effect of inlet
temperature on pressure ratio and thrust was less at high inJjection
rates than at low injection rates. For & given injected flow, the
compressor pressure ratio decreased with increasing alcochol content,
but for a given total liquid Plow (fuel plus injected coolant) the
pressure retio was Ilndependent of composition of the injected ligquid.

4. For each injected flow, operetion at simultanecus conditions
of limiting speed and tail-pipe tempersture with a fixed-area exhaust
nozzle were obtalned at only one compressor-inlet temperature. With
& variable-areas nozzle, however, limiting conditions of speed and
tall-pipe temperature, and hence maximum thrust output, could be
meintained over the complete range of inlet temperatures of the
investigetion.

5. The sugmented thrust ratio (ratioc of asugmented to normal

thrust) was greatest at high inlet temperatures and injected flows.
For a given inlet temperature and injected flow, the augmented thrust
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ratio was higher for the flxed-area exhsust nozzle than for the
variable-area nozzle but the sctuael thrust produced was generally
less for the fixed-area nozzle then for the varisble-area nozzle.

_ 6. At & total liquid flow of 5 pounds per second, the augmented
thruat retio obteined when a variable-area exhaust nozzle was used
increased from 1.26 to 1.62 as the compressor-inlet temperature was
increased from 60° F to 200° F.

7. At & given inlet temperature and injection rate, the com-
pressor pressure ratlio decreased slightly wilth increasing humidity
of the inlet air with the effects becoming more pronounced at the
higher inJjection rates.

Lewis Flight Propulsion Leboratory, _
National Advisory Commititee for Aercnautics,
Cleveland, Ohio.
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AFPENDIX A

DETERMINATION OF JET THRUST

For the investigation covered in this report, the wvalues of
thrust measured by the thrust measuring system had to be corrected
for the Influence of the exhaust-gas outlet menifold and deflection
plate located shead of the inlet cowl in order to cobtain values of
Jet thrust. The exhaust-gas ocutlet manifold and deflection plate,
which were mounted rigldly to the test cell floor, created a loss
in totel pressure of the air entering the inlet cowl, resulting Iin
a cowl-inlet momentum lower than that in the test cell which is
customarily used as a reference in determining Jjet thrust. These
thrust corrections asre equal in megnitude to the product of the
cowl inlet area and the difference between the cell static pressure
and the average total pressure in the plane of the cowl inlet, and
were subtracted from the value obtained from the thrust mechanism,

It was found by calibration that there were no measurgble differences

between the cowl-inlet and engine-inleit total pressures and these
letter pressures were used for computation of the corrections. The
magnitude of this thrust correction ranged from 60 to 250 pounds
for the test conditions covered.
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APPENDIX B

COMPUTATION OF INLET-ATR HUMIDITY

The inlet-air humidity, for the investigation of the effects
of this variable, was determined by measurement of all factors that
influenced the amount of water vepor entering the cowl inlet. The
following equation was used for this determination:

| (5

W —

SNEY (%
+I.l

ws,h + N — + Ws,l +W5,f
Ve,
WN Pﬂ a)
+ Ws
1+ =22
Va

Ws,o weight flow of superheated water vapor entering the cowl,

(1v)/(sec)
L total weight flow through engine, (1b)}/(sec)
Wy total weight flow through bleedback system, (1b)}/(sec)
Ve h weight flow of water in,jecte_d into bleedback system, (1b) /(sec)
WN weight flow of air and wa.ter va,por through main air measuring
nozzle, (1b)/(sec)
W

22 specific humidity of Wy, (lb-water)/(1lb-air)

Wg,p weight of water vé.por formed by fuel combustion, (1b)/(sec)

Wg,1 welght of water injection fnto the compressor inlet, (1v)/ (sec)

1504
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All terms appeasring in this equation except Ws,a./wa and
Ws,f were measured directly. Ws,a/wa was obtained from a psy-
chrometric chart by use of wet and dry bulb temperatures and Ws,f

was taken as 1.237 times the fuel flow. The factor 1.237 results
from the chemical equlilibrium of combustion of g fuel with a com-
position of CjgHpg at an assumed combustion efficiency of S0 per-

cent, The series eppearing in the first brecket on the right hand
side of the previous equation accounts for the continued recirculatlion
through the engine and bleedback system of a portion of the wvarious
humidities. Because the series converges for all values of W,/Wy

less then one, the recirculation reached a stabilized wvalue.
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APPENDIX C

BASIS FOR GENERALIZATION OF THRUST AND WEIGHT-FLOW DATA
WITHE INJECTION AT THE COMPRESSOR INLET

Generalization of the thrust dats for the compressor-inlet
-injectlon investigation with the varisble-ares exhaust nczzle was

supported by the following analytical treatment in which the changes

occurring in the physical properties of the working fluid from sta-
tion to station in_the engine are temporarily neglected.

The Jet thrust is glven by

where
Wo = W pS'A'SVS _ PSASVS (2)
7775 T TI4E T TRt
_and
it
Pg 7
Vg = 2Ny gJ‘cp Tel 1 - —P—;> (3)

The turbine-nozzle-throat velocity Vs may be expressed as

=1
. Py 7
Vs = ZngP Ts | 1 - -E (4)
At stgtion 5, isentfopically
pd
4
P
tg = Tg (;) (5)
S ' 5 . : o

1304
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Combining equations (2), (4), and (5) gives

1 2-1
7 D 7
s () e\ 2 - ()
W =

If the mechanical work of frietion, oill and fuel pumping, etc. are
neglected the turbine work equels the compressor work, or

(6)

Wy Joy (Tg - T1) = Vg Jeg (T5 - T) (7)

From continulty

Ws =W2+Wf

W
Wo {1 + W (8)
2
From the adisbatic work of compression

DN 2
= x'u‘so , (9)

Je D (T2 - Tl) =

Combining equetions (7), (8), and (9) yields

gzD_N?Z .
K 20 = (1 + w—i—) Jey, (Ts - T7) (9)
or

2
K | 2N
60) (98.)

ngp 1+ iﬂ;)

Combining equations (1), (3), (6), and (9a) and substituting

Py > Pz) Fs .
14.696 14,696 -P—l 'P—z' for P5 yields
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1 7-1]
) &)ES (3 ) &)
14.696 2Jb n T 1l -
.F__ = As =
S
. o K<’_‘_D__N
R T7 + €0
Joo (1 wf)
8dCy + -ﬁ-é-
(10)
In equation (10), pg/P; may be expressed as
P
S (11)

T REE

An expression to eliminate P7/P5 from equation (11) (and hence
from equation (10)) mey be obtained as follows:

By definition

. P7
T5-T7=“TT5 1l - "rg (12)

Combining equations (9a) and (12) yields
-
K (KDN 2
- 60
We

g eaa))

(13)
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Equations (10), (11), and (13) can be combined to give the following
functional relation:

P P. P P, W
-511 = f(‘P—?:, T7, K, N’ D’ Es, P—Z” p_;-, '.w._z, T}T’ As, Tin’ cP, 7’ B)

(14)

If the turbine nozzles are choked, Pg /p5 would be dependent only

upon the physical properties at station 5 in the engine. If the
turbine nozzles are not choked Ps/ps would be a function of Po;/Ps

and hence, as equation (13) shows, a function of terms already
eppearing in equation (14). For a given englne, D and As can be

eliminated as constants. PS/PZ would be primerily dependent upon

the construction of the burner and the regime of operation of the
turbine nozzles; a secondary function would be the temperature ratio
across the burner, which would be a function of Wf/WZ. Thus, P5/P2

is a function of terms already appearing in equation {(14) as was
the case for Pg/ps. The turbine efficiency =7y 1is a function of

the turbine tip speed Tg and P7/P5 and hence, as cen be seen
from equations (12) and (13), is finally dependent only on N, T,
Wf/WZ , and the physical properties at stetion 5; these terms already

appear in the functional relationship of equation (14). The exhaust
nozzle efficiency 17y can be considered as constant.

Equation (14) could therefore be simplified to the form

P We P
-g-; = f(—P—Jz-:, T?’ K’ N, W_:, F;:'} cp, 7, B) (143)

It would be expected that only minor trends would be introduced by
the varisbles wf/wz s the physicel properties of the working fluid,

and K. Thus at constent values of N, T;, and Pq/pg, (character-

istic of variable-area exhaust nozzle data presented in this report)
the gbove equation suggests that F/sl is a function primarily of

P,/P;.

The weight flow through the engine can be handled in a similar
menner, Combining equations (6) and (9a) and substituting
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Pl Pz Ps

1 z-1
P P 4
© 14.696 Tf-) (;)G,’éy As \[2 gdc, |1 - (1;5)
Wo 1 2 5 5
By 2
x (28
RA |T7 +

(o)
chp 1+ ﬁ;

Equation (15) and application of reasoning similar to that following
equation (14) leads to the following simplified functional relation:

(15)

W7

P2 We
5—1 = T E, T7, K, N, E, cp, 7 R) (16)

Thus, at constant values of N, T7, and Py/pg, as for thrust,
equation (16) indicates that W7/81 is primarily dependent upon

Pz/Pl.

By substitution of Ps/Pz = 0.95, 7 =1.34, c = 0.27, Ay = 122,
My = 0.95, T7 = 1660, Py = pg, Ny = 0.80, K = 0.95, xDN/60 = 1500,
We/W, = 0,016 in equations (10), (11), (13), end (15) and assuming
choked flow through the turbine nozzles, the following expressions

may be obtained:
_ = 2875 1 269
254

W P
5—7=200 Pz)
1 1
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These expressions are applicable to the engine used and conditions
encountered in the tests covered in this report and were used to
obtain the theoretical curves shown on figures 7 and 8.
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