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FOR TUROCBJET THRUST AUGMENTATION

By James W. Useller, S. C. Huntley, and Davlid B. Fenn

SUMMARY

Investigations of the use of combined campressor coolant injection
and afterburning in a turbojet engine have revesled that certain baslc
requiremenyvs must be considered in the deslign and operation of each part
of the system to achieve maximum effectiveness of the whole. A dlscus-
sion of same of these requirements and of the application of the sug-
mented performence to high-speed, high-sltitude £light is presented.

Efficient end compatible performance with combined compressor cool-
ant injection and afterburning can be obtained only by selecting a cool~
ant that is suited to the flight operating conditions, introduecing the
coolant uniformly at the most edvantageous locetion in the compressor,
minimizing sny tendency toward reducing the compressor performance, as
well e8 giving proper consideration to the influence of the coolant on
sefterburner performasnce. Because of its high heat of vaporization,
water is a satisfactory compressor cooclant at the normal ailr tempera-
tures associated with sea-level teke-off conditions, while ligquid am-
monis possesses properties favorable for evaporetive cooling at the low
temperstures sssoclated with high-altitude flight. Both water and
ammonla exhlhblted adverse effects on the combustion performence of the
afterburner at high coolant flow rates. For example, with an after-
burner stolchometric fuel-alr ratlo a combustlon limit was reached at an
snmonla-ailr ratioc of 0.04.

An snslysis based on the experimentsl results shows that for a
flight Mach number of 2.5 at an altitude of 35,000 feet, an augmented
net-thrust ratio of 6.9 is possible from the combined use of stolchio-
metric afterburning and s compressor injection ammonia-air ratio of

0.04. Stolchiometric afterburning slone produces an sugmented-thrust
ratio of only 4.4.

INTRODUCTION

Afterburning is the system most often used to sugment standard
engine thrust. Occaslonally, however, it is insufficient to meet the
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thrust requirements durlng take-off, accelerstion, snd climb of the sir-
craft, end additional means of thrust augmentstion are necessary. When
maximum permissible thrust is needed for a short time, a combination of
campressor coolant injection and afterburning is = promising method of
thrust augmentation. Such a combined system of augmentation employs
evaporative cooling before and during the campression stage of the en-
gine and afterburning in the exhaust stage. This use of combined com-
pressor coolant injection and afterburning toc produce a maximum level
of thrust augmentetion has been investigated at conditions simulating
sea-level take-off (ref. 1) and high-altitude flight (ref. 2).

This report summarizes the availgble information on combined aug-
mentetion systems using compressor coolant injection and afterburning
end also discusses the effects of the campressor coolant on component
performance and sfterburning. In sddition, an extrapolation of the
experimental data to high flight speeds has been made, taking into ac-
count the anticipated performance variation or limitation caused by
compressor coolant injectlon.

APPARATUS

Sea-level investigation. - A schematic diagram of the test vehicle
employed for the sea-level Investigation 1s presented in figure 1. The
turbojet engine was an early production model Incorporating an ll-stage
exial-flow compressor, elght cylindrical combustors, and a single-stage
turbine. -The nominsel sea-level static military rating of the engine
was 4000 pounds thrust at a rotor speed of 7700 rpm. The afterburner
was designed to operate at stoichiometric fuel-alr ratlio. The water-
alcohol mixture was injected ahead of the campressor Inlet and at the
sixth stage of the compressor. The lnlet-injection system consisted
of 34 conventlional atomizing nozzles Installed In a ring, while the
interstage system comsisted of 20 individuml nozzles of 0.045 inch
dismeter (details in ref. 1)}. The Interstage nozzles were designed
using the spray characteristlec information contalned in reference 3.
When the inlet and Interstage injection systems were used concurrently,
the coolant flow was evenly divided between the two statioms.

Altitude investigation. - The axisl-flow turbojlet engine used
during the altitude investigetion developed 3000 pounds thrust at sea-
level, zero- ram conditions with an average turbine-outlet gas tempera-
ture of 1625° R and a rotational speed of 12,500 rpm. The primary en-
gine camponents included an ll-gtage compressor with a campressor-outlet
mixer, s double annular coambustor, a two-stage turbine, a shrouded air-
cooled afterburner, and a water-cooled, variable-area exhsust nozzle.

A sectlonal view of the englne, the compressor Injectlon system, and
the afterburner is shown in figure 2. Two asmmonia injection configura-
tions were investigated to determine the effect of dilstribution on the
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augmentation. The ammonia injection system of configuration A consisted
of 20 radial spray bars each having 16 orifices 0.021 inch in dismeter
that were radially speced 1n pairs so as to introduce the smmonie at the
centers of eight equal areas (ref. 2). The spray bars were designed
using the penetration characteristics described in reference 4. Con-
figuration B was comprised of 24 conventlonal atomizing nozzles in-
stalled in s ring. The investigation was conducted in an altitude test
chamber in which & range of desired ram-pressure ratios and altitude
static pressures could be cbtalned.

PROCEDURE

During the sea-level lnvestigation of reference 1, the augmented
performance was determined at zero-ram conditlions with an average
engine-inlet temperature of 80° F. The engine was operated at rated
speed; data at rated turbline-outlet temperature were obtalned at various
injection rates by using a serles of fixed-area exhaust nozzles.

For the altitude investigation of reference 2, the flight condition
simulated was an eltitude of 35,000 feet and s flight Mach number of 1.0
(engine-inlet temperature, 13° F). The engine was operated at rated
speed, and rated turbine-outlet temperature was maeintained by adjustment
of a variable-ares exhaust nozzle. The coolent~- to sir-flow ratio for
the sea-level investigation was varied from O to sbout 0.085, while
coolant- to alr-flow ratio for the altitude investigation was varied
from O to 0.045.

The procedure used in extrapolating the experimental performance
to high flight speeds 1s discussed in the text.

RESULTS AND DISCUSSION

The reported investigations of combined augmentation systems have
revealed certain factors that must be considered 1n the design and op-
eration of such systems in order to achieve maximum effectiveness during
both augmented end unaugmented operation. Therefore, the design and
performance. factors of a compressor coolant system to be used In con-
Junction with afterburning that must be considered, such as type of
coolant, place of injection, and effect of coolant on englne and after-
burner performance, are discussed herein. The first sectlon of the dis-
cusgion compares the experimental results with the theoretical calcula-
tions end points out some of the considerations involved in the selec~
tion of the coolant system. The second section discusses a proposed
application of a speclfic combined augmentation system to high-speed,
high-altitude flight. Whereas theoretical appllications of combinetion
systems to high-speed flight are discussed in previocusly published
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reports, the epplication reported herein 1s an extrspolation of experil-

mentel results of s particular engine-asfterburner-cooclent configuration

and includes the antlcipated performsnce limitations imposed by the com-
pressor coolasnt injection. '

Experimental Performance of Combined System

Thrust sugmentation. - Theoretical calculetions of thrust augmenta-
tion from the combined use of campressor evaporative cooling and stoi-
chiometric afterburning as reported ln reference 8 are compared in figure
3 with date obtained during the experimental sea-level investigation of
reference 1 for sea-level static flight condition. In the celculatlions
of reference 5, a coclant with the heat of vaporization of water was
used and the coolant flows were varled from that sufficient to saturate
the compressor-inlet alr to that required to saturate the campressor-
outlet alr. The coolant used in-reference 1 was g mixture of 70 percent
water and 30 percent alcohol. The experimental results exhiblit the same
trend as the theoretical up to an sugmented ligquid ratio (ratio of total
liguid flow to engine fuel flow requlred for the particular flight con-
dition and augmentation system) of 5.5, with the amount of thrust aug-
mentation being about 5 percent less. However, for augmented liquid
ratios In excess of 5.5 (coolant- to alr-flow ratios greater than 0.033),
the experimental performance was limited to that shown in the figure by
& combustlon Instabllity that wlll be discussed in the section entltled
"Effect of coolant on afterburner performance.™

A similsr comparison of the experimental data (from ref. 2) and a
theoretical calculation are shown for an altitude of 35,000 feet and a
flight Mach number of 1.0 in figure 4. For the simulated flight condi-
tion, liquid smmonia was used as the campressor coolant and was injected
ahead of the compressor. The experimental results are limited to a max-
imum augmented-thrust ratio of 2.13 by combustion blow-out. There wag
no sharp decrease in augmentation when higher ammonia-alr ratios were
investigated, as was the case with water injection, and the experimental
thrust sugmentation was at the most only 3 percent lower than that theo-
retically predicted. The experimentel results of figure 4 agree more
closely with the theoretical results than those of figure 3 because the
afterburner cambustion efficiency assumed for the theoretical calcula-
tions was nearer to the value obtained with the actusl afterburner. (See
appendix B for methpd of computation.)

Introduction of coolant. - The most favorable station for injection
of the coolant is shead of the campressor if the coolant-flow rate is
low enough to permit complete evsporation before campression. This sta-
tion 1s als0 most favorable as to simplicity of installation. If, how-
ever, ccamplete eveporation of the coolant camnot be accamplished ahead
of the compressor, the excess coolant enters the compressor in ligquid
form. Before 1t can evaporate, it is centrifuged out to the campressor
casing where 1t causes thermal contraction that may result in blade
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rubbing and deterioration of engine performance (ref. 6). Because of
this effect of the liquid on the compressor, interstage injection of
that portion of the coolant which cannot be eveporated ahead of the
compressor may be required.

The maximum smount of evaporation of any coolsnt is obtalned from
8 uniform distribution of the coolent in the flow passage. A comparison
of the performances of two injection systems having different distribu-
tion systems 1s presented in figure 5. Configuration A (from ref. 2)
had 320 orifice sources of coolant injection, while configuretion B
(from ref. 7) had 24 atomizing-nozzle sources. Although the actual
distributions were not measured, it is evident that the coolant distri-
bution for configuration A wee more uniform than that for configuration
B, and the thrust augmentation increased as much as 5 percent with the
improved distribution.

Selection of coolant. - Becmuse the thrust sugmentation obtained
from compressor coclent injectlion is a result of the heat absorption
during evaporation of the coolant, the coolant used must be selected
In relation to the atmospheric conditions assoclated with the flight
epplication and from a considerstion of its physical end chemical prop-
erties. The primary factors involved with respect to physicael proper-
ties include heet of vaporizaetion, flammability 1imit, and boiling and
freezing point temperatures. A survey of the physical properties of
various potential coclants considered resulied in the following list:

Coolent Heat of Flemmebility {Bolling poini at
vaporization, |[limit, percent atmospheric
Btu/1b by volume pressure,
Water 1079 Incombustible 212
Hydrogen peroxide 587 Heat of decom- 306
position,
1242 Btu/1b
Ammonise (1liquid) 561 0.16 - 0.25 -27
Ethyl slcohol 408 0.03 - 0.19 172
Methyl chloride 180 0.08 - 0,17 -12
Carbon dioxide (liguid) 110 Incombustible -109
Air (1liquid) 93 Supports com- -320
bustion

The high heat of vaporization of water mskes it the most attractive
coolant. The sddition of alcohol to the water 1s usually necessary to
prevent freezing at lower temperatures and to permit constant-throttle
operation, which is possible because the alcchol aides the engine fuel
in heating and vasporizing the water. For the low temperatures encoun-
tered during altitude operation, water is unsuiteble because very little
evaporative cooling can be obtained inasmuch as small smounts of water



6 NACA RM E54G08

seturate the air. When a water-alcchol mixture was injected at the en-

gine inlet during sn altitude investigation.(ref. 8), evaporation of the

coolant was inadequate as a result of the low inlet air temperature and -
no sugmentation was obtained. In addition, failure of the coolant to

evaporate ahead of the compressor permitted ligquid coolant to enter the
campressor snd adversély affected the coampressor performance (to be dis-

cussed in detall in section entitled "Effect of coolant on compressor
performence™).

Hydrogen peroxide presents a distinct problem since it is spontane-
ously combustible at temperatures approximating the compressor-discharge
temperature. Methyl chloride, liquid air, and liquid carbon dioxide all
have heats of vaporization gpproximately 10 percent of that of water;
thus they can absorb cnly small quantities of heat during evaporation
unless much greater quantities of coolant are used.

TTOoS

The low temperatures encountered at high-altitude flight indicate
the need for a coolant such as ammonia that will evaporate in appreci-
able quasntities gt low temperatures. ILiquid ammonle &lsc has a rela-
tively favorable heat of vaporization, epproximately one-half that of
water, and its combustible nature 1s &lso deesirsble for it would tend
to reduce the primary fuel requirement of the engine. Liquid smmonia
does not have universal spplicetion, however, since it is readily ab-
sorbed by the water vapor present in the air. _This absorption process
is exothermic and would tend to negate the cooling due to evaporatiom.
Since atmospheric humidity is generally highest at sea level, ammonis
would prove an undesirasble coolant for sea-level applications, slthough
1t appears to have pramise for use where the alr i1s relatlvely dry.

ki

Offsetting these adventages is the fact that ammonia is corroslve
in the presence of certaln metals and 1ts use would require that care be
taken not to use metals such as copper eand brass in the ammonia system
or in the englne where the ammonle may have contact with them. Speclal
measures mugt alao be taken that ammonia vapors are not contained In alr
taken from the compressor for cockpit pressurization and bearing cooling.

Effect of atmospheric conditions. - Although the afterburner is
relatively insensitive to smell changes in atmospheric temperature and
humidity, the influence of these condltions on the eveporastive cooling
system can be expected to be more significent. In generel, increased
engine-inlet air temperatures will permit greater cooling and result in
more favorable sugmentation at egquivalent cooclant- to slr-flow ratios.
The increasing sugmented-thrust ratio obtained with inereasing inlet
alr temperature for a coolant- to air-flow ratio of 0.06 during opera-
tion at sea-level zero-ram conditions is shown in figure 6(a). For both .
the centrifugel engine (ref. 9) and the axiasl-flow engine (ref. 8), the '
increases in sugmentation due to increasing inlet sir temperature are
similar. The effects of temperature on sugmented-thrust ratio as found
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in the investigations of references 2, 7, and 8 at coolant-alr ratios
of 0.04 and during sltitude flight operation are shown in figure 6(b)
for water-alcohol and ammonia coolents. The altitude performsnce ex-
hibits the same trends as the sea-level data.

The seg-level investigation of reference 9 indicated that at a
given inlet gir temperature and cooclant-alr ratio, the compressor pres-
sure ratio and resultant thrust decreased slightly with increesing hu-
midity of the inlet air; thils effect became more pronounced as the
coolant-flow rate was increased. The decrease in unsugmented perform-
ance due to high humidity was found to be a result of changes in the
physical properties of the sir (r and cp), end hes been reported in

reference 10 to be quite small in magnitude. The effect of humidity
increases with coolant~-flow rate because as saturation of the air is
epproached less coolant can evaporate and thus less cooling and less
sugmentation are provided. It has already been pointed out that high
bumidity decreased the desirabllity of liquid ammonia as a coolant since
the absorption of water by enhydrous ammonia is exothermic and tends %o
negate any cooling due to the evgporation of the smmonia. Although no
date have been obtalned as to the effects of humidity on the altitude
flight use of cooclant injection, the effects are expected to be smsll
because relatively little moisture can be present at the low tempera-
tures normally encountered st high altitudes.

Effect of coolant on compressor performance. - The mejor influences
of coolant injection are, of course, on the coampressor performance and
the afterburner combustion. For a coolant-flow rate less than that re-
quired to saturate the air at the compressor inlet, the varistion of
campressor performance with lncreasing coolant-flow rate is the same as
the variation that would result from a variation in corrected englne
speed. The variation of adiabatic compressor efficiency with corrected
engine speed is shown in figure 7. The data points indicated are for
calculated compressor efficlency over a range of ammonias-air ratios
from 0.0l to 0.045 (corresponding to corrected englne speeds from 12,800
to 14,700 rpm}, whlle the curve represents the normal compressor effi-
ciency variation without coolant inJjection.

When the compressor-inlet air is satursted and liquid coolant en-
ters the compressor, only limited wverification of experimental data can
be made because of the difficultles encountered in meking accurate tem-
perature measurements at the compressor inlet and outlet (see ref. 11
for qualitative discussion). When a water-alcohol mixture is used as
the cooclent at the compressor inlet, the saturation condition masy be
exceeded even at very low coolant-alr ratios. For example, at the ram
temperature assoclated with sonic flight at an altitude of 35,000 feet
(13° F), the compressor inlet would be satursted with & coolant-air ra-
tio of only 0.003. With unevaporated coolant entering the compressor,
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the compressor actually operates at different Mach numbers and loadings
throughout, depending on stagewise evaporation. Because the stagewise
pattern of evaporation of the coolant was unknown, the compressor was
divided Into four hypotheticgl axial sectlons having equal pressure
ratlos to faclillitate the calculatlon of compressor efficlency when an
aqueous coolant was used. A stepwlse iteration was made to calculate
temperature and efficlency through the compressor based on the assump-
tlon that for each step the adlabatlc compresslon wasg followed by a
congtant-pressure cooling process until gaturation was reached. Equal
compressor efflcliencles were initially assumed for the axlal sectlone of
the compressor, and a campressor-outlet temperature was calculated. This
calculated temperature wae compared with the measured temperature and
the procedure repeated using altered compressor section efficlenciles un-
t1l the two temperatures agreed. The assumed compresgsor efficilency for
the last iteratlion was taken to be the over-all compressor efficiency.
The resultant varlation of compressor efficlency with ratlio of watsr-
alcohol to air 1s shown in figure 8. Whlle the Injection of ammonia
caused no appreciable decrease of compressor efficlency from the nor-
mal performance, the Injection of a 70 percent water - 30 percent al-
coheol mixture resulted in as high as a 20 point drop in compressor
efflciency.

Effect of coclant on afterburner performance. - Unfortunately, most
liquids that have proven satisfactory as compressor coolants exhibit a
negative reaction toward the kineties of the cambustion process. Thils
fact is illustrated in figure 9, which shows the effect of increasing
coolant<air ratio on afterburner tempersture and combustion efflclency
for operation at equlivalence rstios of 1.0 snd 0.8 for both the water-
alcohol mixture (figs. 9(a) and (b)) and the liquid ammonia coolants
(figs. 9(c) and (d)). These date are taken from references 1 and 2,
respectlvely. At an equivalence ratic of 0.8, both water-alcohol and
ligquid ammonia injection tend to decrease the afterburner temperature
and combustion efficlency as the cooclant-air ratlio 1s increased. At an
equivalence ratio equal to 1.0 (stoichiometric mixture) the ammonia hed
relatively little effect on the cambustion efficiency, whereas the
water-alcohol coolant was only slightly less effective than at an equiv-
elence ratio of 0.8. Although bbth coolants, in general, tend to de-
crease the combustion reaction rate, it is believed that the high tem-
perature asssocisted with stoichliometric operation dissoclates the am-
monla into more readily combustible products and thus reduces the infiu-
ence of the smmonia on the reactlon rate. A detailed discuselon of the
influence of water vapor and smmonia on cambustion mey be found in
references 12, 13, and 14.

As appreclable gquantities of a coolant are Introduced, the range
of equivslence ratios over which the afterburner cperates with a rea-
sonable degree of stability narrows. This effect is shown 1n figure 10
where for an equlvelence ratlo of 1.0 the meximum possible coolant-elr

3011
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ratios are 0.045 for ammonia injection and 0.065 for water-alcohol injec-
tion. TIn the investigetions summerized herein (refs. 1 and 2), two
types of combustion instebility were noted. The combustion instabllity
encountered during the sea-level investlgation with the use of water-
alcohol coolant was characterized by high-frequency vibration of a de-
structive nature characterized as screech. Because the afterburner
demonstrated some tendency toward this form of instability-without cool-
ant injection, it is believed that the cooclant tended only to aggrasvate
the condition producing the instability. Although it was possible to
eliminste the instabllity during independent operation of the after-~
burner, this was not elways possible when the combined system was used.
The instability encountered with ammonia took the form of combustlon
blow-out. Although this form was not destructive, it definitely limited
the amount of augmentation obtaeinable from the emmonia injection phase
of the combined system.

Jmprovement of combined sugmentation system performance. - Greater
asugmentation with the combined system obviously necessltates Improved
afterburner performance (see ref. 15) or, at the least, minimized ad-
verse influence of the cooclants on the afterburner performance. A lig-
uid that will qualify as a good coolant snd still possess desirsble cam-
bustion properties 1s difficult to find. An alternative approech would
be the use of an additive in the afterburner fuel to counteract the del-
eterious effects of the coolant. The smalli-scele tests of reference 16
showed that afterburner operation was possible with water-air rgtios of
0.17 when a magnesium slurry composed of 60 percent by weight of pow-
dered magnesium suspended in a hydrocarbon fuel was used. The slurry
(or high-energy) fuel also has the added advantage of greater heat re-
lease and s subsequent higher temperature during combustion. Although
no data heve been obtained as yet, it is believed that the higher tem-
peratures achleved with the slurry fuels would reduce the negetive in-
fluence of the emmonia on the combustion process, and thus it might be
poseible to lmprove the combination performance below stoichicmetric
when sammonie 1is used as the coolant. The use of a slurry fuel presents
several problems of & mechanical nature, however, such as handling, fuel
metering, spray characteristies, and pumping of a staebllized slurry.
These detalls are discussed extensively in reference 17.

Application of Augmented Performsnce to High-Speed Flight

With the foregoing design, operstional, and performence informa-
ticn, the potential application of g combined sugmentation system to
the demands for high magnitudes of thrust augmentatlon envisioned by
aircraft designers may be loglcelly analyzed. The experimentel data
bave therefore been extrapolated to indicate the amount of thrust sug-
mentation available at high flight speeds.
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The potentisl thrust augmentation aveilable to a -hypothetical tur-
bojet engine operating at. hilgh-speed; hipgh-sltitude conditiong heas been
camputéd iiFing "experimental. data obtained from this. campressor coolant
injection: and stolchiametric: afterburning dnvestigation for flight at. |
an altitude of735;000 feet and' f1ight Mach pumbers from 1.0 to 2.5. -
Stolchiometric’ aftetburner. opergtion: with. compressor injectian of em-. ..
mohls st an’ Atmonia-ali ratio wf .04 has been assumed sa:as to keep .
the data in the.reégion of’ stable afterburner operation: determined in
the 1nvestigation—of’ ¥yeferenck’ 2. ' The' ¢amplete evaporation of liquid
ammonis beforé! compressivn_hab:been: asstmed, snd adjustmenta-to the. -
calculgted- atr flows and -variations in' ghe-properties: have been made .-
for ammonisginjecticn,” Whilé>previous théoretical:caleulations have : ..
assumed  cohbtant' tompreszor and! afterburner conbustion efficiencies, .. -
the applieation. presented. herbin Hhs &llowed for: the varistion in. these
efficlencies indicated by avallable data. The analysis has agsumed a
constant turbine-discharge gas temperature which requires the use of a
varisble-ares®eghsust nozzle: to take full sdvantage of the avallable
augmentatibn o ta, iasansn vl--nnhr.-(-\ mn-hn-n—:: hartdmeme af+ d+bs ~ ._':f-.j[-_-,.

ve hevimintm Ltassi ot ta va (RAF “ay gan ) B heat Sl Py

st A 11et7of-the' symbols usedi'ln tie calcitletioms 18 included in. ap~
pehdlix Ai~ ' A detailed explanation of:ithe sssumptions and. extrapolation
of  the: dete’ vfirefertnee: B are’ incluidkd im Eppendix B. The alr-flow
curve 'shown" 1~ Figure- 11° hes been &ssimed. for the hy:pothetical engine
and im typlt¥l of that of currebhtturbojet englnes. It must be recog-
niked that: the slop& of the lihear; portion uf: the curve is closely 're- I
lated't0 the! &ugentatiom achievable}* inasmich as a greater. slope would
provide- largsy aireTlow lncreasssi per:tnit change in corrected speed. A
curve oft-the:pimpyihg charabteristios of the hypothetical ‘engine i shown
in figurkl! 12, -%hibhiPs > alsd bypleal ofspurrent turbojet engines..- Simi- _
larily,” the' rate OF thahde' ofi thé prebsurk ratic with -the. temperature re-
tlowill hl@ﬂ’ficantly ‘rifiuenve ‘the nugmentation actuslly- available. :

cimim Fo ozt e (AR900TT oanBiaadema adt e o bresers mps R omee ep

The TYepulte of the ‘thrust augmentation: calculation' are shown on . .
figure 13, Which prefents e vompsirlson:ofi-the performance obtained with
stoichi ometrit’ afteiburning alohe and with wtoichlometric afterburning
in combina®%ici with a campresporyinlet.dnjection ammonia-air ratioe.of .
0.04 for an altitude ‘of 35,000 feelt and fitght Mach niumbhers from 1.0 .
to 2.5. At a flight Mach number of 1.0 the ammonia injection resulted
in only & 0.22 increase in augmented net thrust over stolchiometric
afterburning.! At & f£light Mach. pumber of 2.5, the mugmented net~thrust
ratio camputed for the combination of ammonia injection and afterburning
was 6U9, While. wWith “afterburning alone 1t was only 4.4,

BRI “Aup eertermamanod . bantdmnon g 0 mobtenblosa et fan b a3 P

‘The- aﬁgﬁéh‘t‘ea. 1igquid ratios assoclmted with: 'bhe deta of f_igure 3.
are presentedin Figure 14, where ~the gigmented diquid - ratio is de:fined
as the" ratlic’ of" totHl liquld *flow "to the ZErigine fuel flow required at __-
the particular flight conditlon for that! pertitular sughtntation system.
The increase in sugmented liquld ratio with flight Mach number results
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from the Increassed engine-inlet alr temperatures which reduce the engine
fuel flow. Wlth the afterburning conflguratlon at a flight Mach number
slightly in excess of 3.0, the ram-temperaturs rise will equal the nor-
mal temperature rise across the engine combustor, and the augmented l1liq-
uid ratio will numerically approach Infinity. With the combination sys-
tem this condition is reached at a flight Mach number of 2.5 because the
ammonia serves as an engine fuel. TFor englnes capable of operating at
higher turbine-Inlet temperatures, this limiting Mach number would occur
at a higher value. Of course, engine operatlon would be limited to some
flight Mach number less than this limlting Mach nuwber by compressor
gtructural conslderations and engine speed control and stabllity. It
should be noted that the rapid rise of the augmented liquid ratio curve
at the limiting Mach number is a result of the decreasing englns fuel
flow requlired with higher Inlet temperatures at the higher Mach numbers
and 1ls not an lndication of the increase In total llguild consumption.
For flight speeds between Mach 2.0 and Mach 2.5, favorable thrust charac-
teristics for application to supersonic aircraft requiring short perlods
of iIncreased acceleration are indlcated.

The engine performance variables (compressor-inlet temperature,
fraction of rated actual alr flow, and exhaust-nozzle pressure ratio)
directly related to the thrust augmentatlon are shown in figure 15.

Both the ailr flow and the exhaust-nozzle pressure ratlc (related to jet
velocity) are shown to increase over the values obtained with after-
burning alone because of the effect of the coolant on engine-Inlet tem-
perature. Although no substantiating data are avallable, it may be
expected that with the hlgh ram temperatures encountered in flight at Mach
numbers of the order of 2.5, aqueous coolants would prove useful. This
might be especlally desirable if afterburner operatlon were limited to
gome value below stolchlometrlic as a result of a compromlise with the
afterburner shell coollng requirements. Water would exert a smaller
negative Influence on the combustlon efficlency than ammonia at the com-
bustlion temperatures assoclated with operation at egulvalence ratilos
less than 1.0. IP the combustion instebility limltation encountered st
an emmonlia-alr ratio of 0.045 could be eliminated to permlt greater
cooling from higher ammonla-flow rates, even greater augmentation could
be antlcipated.

CONCLUDING REMARKS

TurboJet engine thrust augmentation provided by a combination of
campressor evaporative cooling and afterburning has been experimentally
demonstreted to be feaslble. The selection of a sultable coolant for
the compressor Injection Involves primarlly a consldersation of the at-
mospheric conditions assoclated with the flight applicatlon and the
physlcal properties of the coolant.
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Because of 1lts high heat of vaporlzatlon, water 1ls a satisfactory
compreegsor coolant at the normel alr temperetures assoclated wlth ses-
level take-~off conditlons. However, &t the low temperatures encountered
during high-altitude subsonic flight, water is unsatisfactory as a cool-
ant because small amounts of water saturate the alr and very little
evaporative cooling can be obtained. Liquid ammonls, on the other hand,
possegges propertles favorable to evaporative cooling at low tempera-
tures. The greatest increases in alr flow and compressor pressure ratlo
are to be realized from use of coolante whlch glive the greatest reductlon
in temperature entering the compressor. However, 1f saturation ls rea-
lized at the compressor Inlet, stagewlse evaporation 1s bemeficial. TFor
three axlal-flow engines at high coolant-flow rates where complete eva-
poratlion could not take place ahead of the compressaor, the use of inter-
stage Injection in conjunction with the lnlet injection was necessary to
prevent centrifugetion of the unevaporated coolant onto the compressor
caslng and attendant blade rubbing due to differentlal expansion.

Both water and ammonla exhiblted adverse effects on the combustion
performance of the afterburner, and at high coolant flow rates their
presence usually caused gome form of combustlion instabllity. The nature
and severity of thls condition vary wlth the coolant and are a result
of the molecular behavior of the coolant during combustion.

An anelysis bhased on the experimental results extended to include
flight at a Mach number of 2.5 and an altitude of 35,000 feet shows that
an augmented-net-thrust ratio of spproximately 4.4 can be cbtained by
stolchiometric afterburning slone. The addition of compressor coolaent
injection to this stoichiometric afterburning within experimentally deter-
mined combustion limits (0.04 coolsnt-air ratio) will increase the
sugmented-net-thrust ratio to approximetely 6.9.

Lewls Flight Propulsion laboratory
Natlonal Advisory Committee for Aeronautlics
Cleveland, Ohlo, July 14, 1954
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APPENDIX A

SYMBOLS

The following symbols are used in the analysis:

A area, sq ft

p specific heat at constant pressure, Btu/(1b)(°R)}
d smmonia-air ratio, 1b smmonie/lb air

Fj ~ jet thrust, 1b

Fn net thrust, 1b

T fuel-air ratlo, 1b fuel/Ib air

g scceleration due to grevity, 32.17 :E't/sec2

h enthalpy, Btu/lb

be,g Llower heat of combustion of ammonia, Btu/lb
he,p lower heat of combustion of fuel, Btu/lb

N engine speed, rpm

P total pressure, 1b/sq £t

static pressure, 1b/sq ft

total temperature, CR

velocity, £t/sec

weight flow, 1b/sec

ratio of specific heats

o = 5 < ®©§ o”

ratio of totel pressure to statlc sea-level pressure, P/2116

efficiency, ratio of energy increase to ideal energy increase

=

6 ratio of totel tempersture to static sea-level temperature, T/519
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Subscripts:

a air

b afterburner

c compressor

d smmonia

e engine

B gas

m manifold

n vens contracta of jet nozzle

The numbered subscripts refer to stations Indicated in figs. 1 and
2 and the sketch 1n appendix B.

|
—TNe
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APPENDIX B

METHOD OF ANALYSIS

The hypothetical engine under consideration in the extrepolation of
the augmentation data to high speed was assumed to operste at rated me-~
chanical speed with a turbine-outlet gas temperature Ty of 1660° R
maintained constant by the use of an ideal, convergent variable-area
exhgust nozzle. A schematic view of the engine indicetlng the injection
points of emmonia and fuel and slso the various engine stations consid-
ered in the analysis is shown in the following sketch:

Engine —+?—Ai'terburner
{ i i N

B . <
(S Compres 7 Turbine <

sor <
ICombustor i
: ] | ‘/ { |
1 I | 1
Station 1 2 5 8n O

Air flow —*

The followling assumptions are necessary for the analysis:

(1) Inlet pressure and temperature, station 1, corresponded to NACA
standard dtmosphere with ram recovery that is representative of current
supersonic Inlet design.

(2) No pressure loss was incurred with the ammonle injJection equip-
ment, that is, Pp equals P.

(3) The engine total-pressure ratio Pg/P, was a function of the
total-temperature ratio T5/T, as shown in figure 12.

(4) The afterburner totel-pressure friction loss was 0.06 P5, and
wlth stoichiometric afterburning the total-pressure loss including fric-
tion was 0.12 Ps. These pressure losses correspond to the pressure

loss measured for the afterburner in the altitude investigation as pre-
sented in this report.

We VB2

was a function of
B2

(5) The corrected compressor air flow

the corrected engine speed N , as shown in figure 11l.
ez
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(6) The engine combustion efficlency 7ne was 0.97 with no smmonia
injection and 0.62 with an ammonia-air ratio of 0.04.

(7} The afterburner efficiency 1, was 0.92 at a stolchiometric
mixture.

(8) The manifold temperature of the ammonie and fuel was 80° F.
The corresponding lower heats of combustion were 7500 Btu per pound
end 18,725 Btu per pound, respectlvely. The hydrogen-carbon ratio of
the fuel was 0.170.

The totel pressure and total temperature at each station were cal-
culated using the preceding assumptions for three cases: (1) normsl en-
glne performsnce, (2) stoichicmetric afterburning, end (3) combined
stolichiametric afterburning and an ammonia injection ratio 4 of 0.04.

The drop in inlet air temperature from T; to Tp with an ammonia

injection ratio of 0.04 was calculated fram the energy balance between
stations 1 and 2.

he,1 + dbg m(11q) = Pa,2 + dBg,2 ()
Enthalplies of ammonia were determined from reference 18.

The ailr flow was determined from the fraction of rated corrected
speed, which is equivalent to .Aj%_,uusing figure 11. The air flow
2

with smmonia injection was corrected for the difference between density
of armmonia vapor and that of alr in the followling manner:

Wo,2 (1 +1.70d) = Wy 5 =-0.989 Wy 5 (indicated) (2)

where 1.70 is the ratio of density of air to that of ammonis. It was
determined during the experimental Iinvestigations that 98.9 percent of
the indicated alr flow without ammonlae injection could be achieved wlth
en ammonia-gir ratio of 0.04. Therefore, this factor was Introduced to
provide achievable alr flow increases.

The englne fuel-air ratio £, was calculated fram en energy bal-
ance across the engine:

ha,1 + Me (:f'ehc,f + dhc,d) = (1 + fg + d)hg 5 (3)
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and the afterburner fuel-alr ratio P was calculated from the over-all
stolichiometric relation:

0.06875 (4)

fb+fe+md=o.0675

where 0.0675 1s the stoichiametric fuel-alr ratio and 0.1642 is the
stoichliometric smmonis-gir ratlo.

The combustion tempersture Tg was then determined from an energy
balence across the afterburnper:

L+ £, + d)hg,s + 'q-bEl + £o + T + <1)hg,.,_,q - (L + £ + d)hg,sj
= (1L + fo + fy + d)g g (5}

The value of hg,T was determined from the ideal energy modified by

an energy difference to take into sccount the increase in chemical en-
ergy in the products of combustion due to the effect of dissociation.
The value of this energy difference was determined from data contalned
in reference 19.

The jet thrust was calculsted from the following relation:

W
FJ=‘§g‘§'Vn+An (p, - pg) (8)

using the procedure given in reference 20 and
Wg,8 = Wg 31 (1 + £o + B + 4).

The net thrust wees then calculsted:

We,1
Fp = Fy - == T (7)

and the augmented~net-thrust ratios for stoichiometric afterburning and
for combined stoichiometric sefterburning with an ammonis injection ratio
of 0.04 were calculated by dividing the respective net thrust for each
case by that obtained for normsl engine performance.

The thermodynemic properties of the exhaust gas were determined
from the products of an idesl combustion using the weighted averaging
process and values cbteined from reference 21.
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Figure 4. - Thecoretically predicted and experi-
mental net-thrust sugmentaetion with combined
compressor ammonia injection and stolchiometric
afterburning. Engine operation et eltitude
of 35,000 feet and flight Mach number of 1.0.
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Figure 5. - Additional thrust augmentation achieved
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inlet air temperature of 13° F.
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pressor efficiency during injection of 70 percent
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Figure 13. - Augmented net-thrust ratio calculated for hypothetical
turbojet engine operating supersonically at altitude of 35,000
feet using compressor-inlet injection ammonis-ailr ratio of 0.04
and stoichiometric afterburning. Engine operating at rated
speed and rated turbine-discharge temperature. -
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Figure 14. - Augmented liquid retio calculated for hypothetical turbojet
engine operating supersonically at sltitude of 35,000 feet using
compressor-inlet injection ammonis-alr ratio of 0.04 and stoichiometrice
afterburning. Augmented liquid rstios shown are associated with
augmented-thrust ratio data of figure 13.
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