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RESEARCH MEMORANDUM

SIMULATED AFTERBURNER PERFORMANCE WITH HYDROGEN PEROXIDE
INJECTION FOR THRUST AUGMENTATION

By Allen J. Metzler and Jack S. Grobman

SUMMARY

The effect of inJecting high-strength hydrogen peroxide into turbo-
Jet primeary combustors on the combustion performance of three experimental
afterburner configurations was investigated. Afterburner inlet conditions
simulated turbine outlet conditions of & 5.3-compressor-pressure-ratio en-
gine for altitude flight at a flight Mach number of 0.6. The effect of
hydrogen peroxide on afterburner performance was evaluated by comparing
the combustion efficiency and afterburner stability limits obtained with
and without peroxide injection. Similsr afterburner data obtained with
water injection to the primary combustor were also compared.

The experimental data Iindicate that, at a test condition simulating
flight at 32,500 feet, water-air ratios of only 0.04 caused combustion
blowout in the afterburner. For the same conditions, afterburner combus-
tion was stable and 90-percent efficient at hydrogen peroxide injection

rates 7% tlmes as great. Injectlon to peroxide-air ratios of about 0.3

increased combustion efficiency about 5 percent over that for no injection.
Afterburner stability improvements were noted at peroxide-air ratios as
low as 0.1. Two afterburner configurations that limited flame spreading
and reduced combustion time were blowout limited at fuel-air ratlos less
than stoichiometric. At peroxide-air ratios of only 0.1, these units
burned stably at stoichiometric fuel-air ratios of sgbout (.08.

Calculations for an afterburning engine indicated that at an aug-
mented liguid ratlio of about 6, which is the afterburner stability limit
with water injection, the sugmented net-thrust ratio with peroxide injec-
tlon 1s about 6 percent greater than that with water injection. Augmented
liquid ratios as high as 24 may be atteined with peroxide injection, how-
ever, and augmented net-thrust ratlos of 2.1 and 2.8 were calculated at
augmented liquild retios of 12 and 24, respectively.
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INTRODUCTION . .

Afterburner combustion efficiency and combustion stability are ad-
versely affected when high rates of water-alcohol mixtures are injected
for additional thrust augmentation. The lnvestigation reported herein
was conducted to determine the effect of high-strength hydrogen peroxide
when used as a liguid injectant for thrust augmentatlion on afterburner
combustion performance.

68TY

Thrust-augmentation systems are frequently used in turbojet aircraft
requiring short periods of high-thrust-level operatlon. Coolant Injec-
tion into the primery englne, afterburning, or a combination of the two
are thrust-sugmenting systems commonly ueed. High rates of—coolant in-
Jection, however, hinder the combustion process in both the primary en-
gine (refs. 1 to 3) and in the afterburner (ref. 4). The effect of cool-
ant injection on the afterburner combustion process is particularly se-
vere, and major losses in combustion efficiency and stabllity result.

The specilfic role of a coolant such as water in the afterburner com-
bustion process is not clearly defined. The coolant may reduce the rate
of the combustion reachtion directly, or 1t may reduce the oxygen concen-
tration by dilutiom, thue lowering the reaction rate. If the heat of- i
vaporization of the coolant must be compensated by an engine-fuel-flow h
increasgse to maintain turbine-inlet temperature, the oxygen concentration -
of the afterburner inlet geses would be further reduced. Afterburner
operating conditions of high gas velocity, high heat release, and rela-
tively low pressure &re, st begt, difficult conditions for combustion.
Therefore, the addition of a coolant to such & system results in a more
pronounced deleterious effect than is encountered in the combustion sys-
tem of the primary engine.

Reference 3 indicates that combustion problems of the primary-engine
combustors may be overcome if high-strength hydrogen peroxide 1s used as
the liquid injectant. Not only can a greater mass be injected, but com-
bustion efficlency and stability are slsc improved over that for con- .
ventional coolant injection. Afterburner combustion problems arising from
coolant injection might be similarly overcome. Furthermore, the oxygen
released by the peroxlide decompositlion could be utilized in the aefterburn- - -
er to attaein higher outlet temperatures, and hence, high thrust-
augmentation ratios.

For thils investigation, the test installation consisted of a primary
combustor, into which augmenting fluids were injected, and & simulsted
afterburner installation. Three afterburner configurations were tested .
to determine the effect of peroxlde injection on afterburner combustion
with and without a flamebolder, and on afterburner combustion with re-
duced length. Afterburner inlet pressure and temperature approximated v
turbine outlet conditions of an engine with a 5.3 compressor pressure
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ratio opersting at rated engine speed, a flight Mach number of 0.6, and
altitudes of 32,500 and 45,000 feet. Date obtained with no liquid injec-
tion, with water injection, and with hydrogen peroxide injection are com-
pared at these conditions. Afterburner performance was evalusted on the
basis of the combustion efficlency and the combustion stability range of
the configuration.

APPARATUS AND INSTRUMENTATION
Test Apparatus

The basic afterburner and diffuser configuration used for this in-
vestigation is shown in figures 1 and 2. The shell of the diffuser was

a section of & cone, 17% inches long with an inlet diameter of 8 inches

and an outlet diameter of 10 inches. The diffu.er centerbody was a hol-

low, bullet-nosed body 3%% inches in diameter at the diffuser exlt and

18 inches long. The diffuser-area change over its total length was ap-
proximately 33 percent. Three fuel injectors were equally spaced cir-

cumferentially 32 inches from the upstream end of the diffuser. The in-

jectors were 1/8-inch Inconel tubes with two 1/32-inch holes drilled near
the tube end and were positloned for fuel injectlion in a plane normal to
the diffuser axis. Fuel injection was at a point l/8-inch from the sur-
face of the centerbody. Representative afterburner inlet temperabures
were obtained from a thermocouple rake positioned as shown in figure 2(a).
The gas strean entering the afterburner was sampled by two 4-polnt sam—
pling rekes positioned in the same plane as that of the inlet
thermocouples.

A simple, single V-gutter, annulasr flameholder was positioned at the
downstream flange of the diffuser. The flameholder is detailed in figure
1 and is also shown in figure Z(b). The blocked areas of the flameholder
and the diffuser centerbody, based on the 10-inch afterburner inside
diameter, are listed in the following table:

Blocked aresa,|Diffuser
. sq in. outlet area
blocked,
percent
Centerbody 11.6 14.7
Flameholder 25.8 32.8

Three afterburner configurations were investigated. The basic con-
figuraetion A, as shown in figure 1, had a 10-inch inside diameter, was 36
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inches long, and approximately scaled to a full-scale unit described in -
reference 5. The second configuration B was identical o that shown in

figure 1 except that no flameholder other than that provided by the 4irf-

fuser centerhody waes used. Configuration C bad a& 10-inch inside diameter, -
was 18 inches long, and had the basic V-gutter flameholder instaelled. For

all configurations tested, the afterburner section was water cooled to

prevent burnout.

Installation and Imstrumentation

6ST¥

The afterburner was installed as shown diagrammaticelly in figure
3(a). A single combustor from a J47 engilne was used as the primery com-
bustor into which augmenting fluids were injected. A perforated plate,
installed at the J47 outlet, simulated turbine pressure drop, thus per-
nitting this couwbustor to be operated at inlet pressures and veloclties
approximately similar to those reported in reference 3, although the
afterburner inlet pressures were only about one-third as high. The dif-
fuser and the afterburner were instelled lmmediately downstream of the
perforated plate. Afterburner combustion was quenched at station 7 (fig.
3(a)) by a four-bar, ailr-astomized water spray positioned normsl to the
gas flow. The uniformity and effectiveness of the quenching was observed n
through a window located approximetely 14 inches downstream of the spray
bars. Followlng mixing, the bulk ges temperature was measured at station .
8. -

Combustion air flow was metered at the inlet of the test facility
by means of a varisble-area-orifice installstion. Combustor-inlet ailr
flow and afterburner inlet pressure were controlled by remote-operating
throttle valves.

Augmenting flulds, water or 90-percent hydrogen peroxide, were in-
Jected into the primery combustor at statlon 3. The ligquid-injection
system was 1ldentical to that described in reference 3 and utilized the
production water manifold that was integral with the combustor housing.
Fluid flow was controlled by throttle valves and was metered by vane-type
flowmeters. Fuel flow to both the primary combustor and tc the after-
burner was metered by calibrated rotameters, The fuel used was MIL-F-

5624C, grade JP-4 (table I).

Instrumentation detalls are indicated in figure 3(b). Inlet tem-
peratures and pressures were measured at stations 1 and 2 by a bare-wire,
iron-constantan thermocouple and a static-pressure tap, respectively.
Outlet gas temperatures from the primary combustor were measured at sta-
tion 4 with 32 bare-wire chromel-alumel thermocouples positioned at cen-
ters of equal areas of the 8-inch-diameter duct. Afterburner inlet static
pressure was measured at station 5; bulk gas temperature at station 8 was .
measured with 12 baré-wire chromel-alumel thermocouples positioned as
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shown in the figure. All temperatures were indicated on self-balancing
potentiometers and were not corrected for radiation. All pressures were
indicated by mercury manometers. Oxygen concentration of the afterburner
inlet gases was measured by a Pauling meter.

PROCEDURE
Test Conditlons

The inlet operating conditions for the afterburner with no liquid-in-
Jection are listed in the following table:

Test condition

1 2
Air flow rate, lb/sec 4.3 2.5
Inlet static pressure, in. Hg sbs 20.5 11.5
Inlet temperasture, OF : 1200 1200
Afterburner reference velocity, ft/sec 520 520
Over-all fuel-air ratio Stoichiometric | Stoichiometric

The afterburner Inlet test conditions 1 and 2 approximated turbine
outlet conditions of an engine with a 5.3 compressor pressure ratio oper-
ated at rated engine speed at a flight Mach pumber of 0.6 at altitudes of
32,500 and 45,000 feet, respectively. The fuel-air ratio of the primary
burner with no liquid inJjection approximeted that of the engine at the
flight conditions. Afterburner data were also cbtained at inlet tempera-
tures of 10000, 12000, and 1400° F at over-all fuel-air ratios ranging
from 0.04 to 0.09 for the air flow rates and inlet pressures shown in the
table.

All afterburner-performance datea with liquid inJection were obtained
et stoichiometric conditions. The inlet pressures and temperatures speci-
fied in the table are the values for zero liquid injection; with liquid
injection, afterburner inlet pressure and inlet temperature were adjusted
to values higher than those indicated in the table to approximate turbine
outlet conditions calculated for the condition of liquid injJectlon into
an englne.

Operating Procedure

For all test data, with or without liquid injection, afterburner in-
let temperature, pressure, and fuel flow were set to predetermined values
and the water-quench flow rate was set to maintain a bulk gas temperature
of espproximately 600° to 700° F at station 8. Data were recorded after
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temperature equilibrium had been established. With peroxide inJjection,
however, actual run time was limited by the peroxide storage facility to
a maximum of S minutes. Bince bulk gas temperature, after quenching, was
maintained constant at the preset value, 1little error should have resulted
from fallure to wmaintain thermal equilibrium in the heat-balance section
even though fuel flow was necessarily increased along wlth the peroxide
inJection to maintain stoichiometry. With peroxlide injection, the calcu-
lated afterburner inleit pressures could not be maintained because of the
limits of the test facility; however, they were within spproximately 1.5
inches of the calculated values for an énglne having liquid augmentation
to the primary combustor.

Combustion-Efficiency Determinatilon

For equivalence ratios less than stoichiometric, combustion efficien-
cy of the primary burner and afterburner was calculated by the method of
reference 6 as the ratlo of the actusl enthalpy rise to the theoretical
enthalpy rise. Above stoichiometric, combustion efficiency of the after-
burner was calculated as the ratio of the actual enthalpy rise to the heat
content of the total fuel injeeted. For such mixtures, since the total
heat content includes fuel that cannot be utilized for heat release, the
highest efficiency obtainsble 1s less than 100 percent. The actual enthal-
py rise for the primary burner was calculated from the average of 32 indi-
vidual temperatures measured at station 4. The actual enthalpy rise for
the afterburner was calculated from a heat balance based upon inlet gas
enthalpy, heat rejection to the water Jacket, and heat absorption by the
water-quench spray according to the reletion

AH = Aby + £hg + Dby

where
LH total measured enthalpy rise, Btu/lb air

Ah,  enthalpy rise of quench water, Btu/lb air
Ohg enthalpy rise of exhaust gas, Btu/lb alr

Ah enthalpy rise of jacket cooling water, Btu/lb air

For mixtures richer than stoichiometric, AH was corrected for excess fuel
by the method of reference 7 by adding a fuel enthalpy term,

(£ - fst)[(Q"’)ti * op,m (55 = ty)]

65T¥
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where
(f - £ ¢) fuel-air ratio in excess of stoichiometric

(Qv)ti heat of veporization of fuel &t inlet temperature

(te - t;)  fuel temperature rise, inlet to exhaust-gas tempersture, OF

cP m mean specific heat of fuel at constant pressure over tempera-
? ture range

Afterburner theoretical enthalpy rise was based on the afterburner fuel
flow plus the unburned fuel. entering the afterburner from the primary
burner. For those date with peroxide injection, complete decomposition
in the primary burner, as indicated in reference 3, was assumed. Hydro-
gen peroxide enthalpy data were obtained from reference 8.

RESULTS
Afterburner Performaence with No Liquid Injection

Combustion efficiencies obtained with afterburner configuration A
(36-in. length with flameholder) at various afterburner fuel-air ratios
and at inlet pressures of 11.5 and 20.5 inches of mercury absolute are
shown 1n figure 4. Data were obtained st inlet temperatures of lOOOO,
1200°, and 1400° F. Afterburner fuel-alr ratios for over-all stoichiome-
try are indicated by arrows on the figure for the three inlet temperature
conditions. The dashed curve shown in figure 4 represents complete com-
bustion for fuel-sir mixtures richer than stoichiometric. As previously
indicated, the highest efficiency obtainable for such mixtures is less than
100 percent. :

The afterburner configuration tested favored lean operation. Com-
bustion efficiencies generally decreased rapidly at afterburner fuel-air
ratios greater than 0.035 for all inlet conditlions investigated. Combus-
tion efflciency decreased approximately 10 percent at an inlet pressure
of 20.5 inches of mercury a@bsolute (fig. 4(a)) for fuel-air ratios ranging
from 0.035 to stolchiometric. The trend 1s similar at lower pressures
(fig. 4(b)), but the efficlency decreased sbout 13 percent for a similar
fuel-air-retio raenge. Richer mixtures caused further losses in combustion
efficiency and resulted in eventual combustor blowout. At an inlet tem-
perature of 1200° F, the rich limit was reduced from an afterburner fuel-
air ratio of sabout 0.075 to 0.052 when the inlet pressure was reduced
from 20.5 to 11.5 inches of mercury sbsolute. Similar reductions in rich-
limit operation were noted at inlet temperatures of 1000° and 1400° F.
Nevertheless, even at the more severe pressure condition, stable operation
at over-all stoichiometric fuel-air ratios was possible.
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The combustion-efficierncy losses noted with rich opersastion probably
result from uneven fuel distribution in the flameholder region. A rich
pilot zone in the wake of the centerbody is suspected to have existed with
the fuel-injection system used. More even fuel distribution at the flame-
holder cross section may have ilmproved conbustion efficlencies at the
richer-mixture conditions; however, other injector designs were not
investigated. - B

As shown in figure 4, increasing the inlet gas temperature resulted
in reduced afterburner combustion efficiency at afterburner fuel-alr ra-
tlos greater than 0.04. The effect was not clearly defined at leaner
fuel-air ratios, however. At the constant-air-flow conditicons of these
tests, changing the Inlet temperature altered both the afterburner Iinlet
oxygen concentration and inlet veloclty. For inlet temperatures ranging
from 1000° to 1400° F, afterburner inlet oxygen concentrations varied
from sabout 16.5 to 14 percent, respectively, and inlet reference veloc-
ities from 440 to about 608 feet per second, respectively. The decreased
oxygen concentration and increased mixture velocity at the higher- temper-
ature hinder the combustion reaction. Also, although increased inlet tem-
perature favors fuel vaporization and chemical reaction, it may also slter
the effective fuel-air ratio in the region of the flameholder and cause
localilzed overenrichment.

Coubustion efficiencg obtained with configurations A, B, and C at an
inlet temperature of 1200 F and at an inlet pressure of 11.5 inches of
mercury absolute is shown in figure 5. The severity of .the conditions
for the combustion process was increased in configurations B and C by the
removal of the flameholder and by reducing the combustor length, respec-
tively. With configuration B, flame seating could occur only in the wake
of the diffuser centerbody, and flame spreading could thus occur only from
this region. Configuration C represented a 50-percent reduction in com-
bustor length, and, hence, in combustion time. The more severe combustlon
conditions, as represented by these configurations, resulted in generally
poorer afterburner performance. When the flameholder was removed from
configuration A, combustion efficiency decreased 9 to 14 percent and rich-
1limit blowout occurred at an afterburner fuel-air ratio of only 0.038
(over-all, 0.059). Thus, with configuration B, stable operation was lim~
ited to over-all fuel-alr ratios less than 87 percent of stoichiometric.

A 50-percent reduction in combustion length (or combustion time) from that

of configuretion A also resulted in efficiency losses and In restricted
operating limits. Efficiencies of only 83 percent were obtained with con-
figuration C as compared with about 97 percent for configuration A. The
fuel-air ratio for rich-limit operation was greater than that for com-
figuretion B, but was still less (0.085) than that required for stoichi-
ometric operation. - Afterburner operation near the fuel-air-ratioc 1limit
was unstable and was characterized by partial blowout and relight.

ESTY
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Comparison of the curves of figure 5 indicates the combtribution of
increased flame spreading and of combustion time to afterburner perform-
ance. Increased flame spreading from suitably situated flameholders not
only improved combustion efflciency, but also contributed eppreciably to
the stability of the combustor. On the other hand, combustion time, as
represented by combustor length primarily affected the efficlency of the
combustion process.

Afterburner Performance with Water Injection

Stoichiometric afterburning with water Iinjection was possible only
with configuration A operating at test condition 1. The date are shown
in figure 6. Water injection to a water-air ratio of 0.04 caused a 5-
percent loss in combustion efficiency. At this point, combustor opera-
tion became unstable, and blowout occurred shortly thereafter. At the
lower pressure of test condition 2, water injection at water-air ratios
of less than 0.01 caused blowout of test configuration A at an over-all
stoichiometric fuel-air ratio. Similarly, although the operating char-
acteristics of configurations B and C precluded water Injection at stoi-
chiometric conditions, water-air ratlos of less than 0.01 caused after-
burner blowout at over-sll fuel-air ratlos of only 0.05. Generally, the
weter-injection limits were improved either by increased afterburner pres-
sure or by reduced over-all fuel-air ratios. However, such Improvements
were not major, and configurations B and C were still limited to water-air
ratios less than 0.03 even at over-all fuel-air ratios of 0.05 and after-
burner inlet pressures of 20.5 inches of mercury absolute.

Afterburner Performance with 90-Percent Hydrogen Peroxide Injection

Afterburner combustlon efficiencies with hydrogen peroxide inJjection
are shown in figure 7 for the three test configurstions investigated.
Data are shown for test conditions 1 and 2 for afterburner configuration
A. Al]l other data are for test condition 2 only. For all data, over-all
stoichiometric fuel-air ratios were spproached. Thus, with peroxide in-
Jection to peroxide-air ratios of 0.1 and 0.3, over-all fuel-air ratios
of approximately 0.08 and 0.11, respectively, were maintained. For com-
parison, the water-injection date of figure 6 are included in figure 7.

For all afterburner configurations investigsted, hydrogen peroxide
injection Increased afterburner combustion efficiency. The efficiency of
configuration A at the high-pressure test condition 1 was 90 percent at a
peroxide-air ratio of 0.3 as compared with 84 percent with no liquid in-
Jection. The efficiency of the high-flow data point (injectant-air ratio
of 0.32) for this configuration is estimated to be sbout 3 percent high
since the over-all fuel-air ratio for this point was below stoichiometric.
Lower rates of injection resulted in correspondingly smeller efficiency
increases.
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Similar results were obtained for all afterburner configurations at -
the low-pressure test condition 2. Injection to peroxide-ailr ratios of
0.3 resulted in efficiency increases of at least 5 percent over thatfor
no injection. At the more severe combustion conditions in configurations
B and C the increases were greater. Although these configurations were
normally inoperable at stoichiometric conditions with no liquid inJection,
injection to peroxide-air ratios of 0.3 resulted in combustion efficiencies
of 82 and 84-—percent, respectively. ' ’

Although stable operation of afterburner configuratlon A with water
injection was possible at the stolchiometric conditions of test condition
1, rapid efficiency lose and combustor blowout resulted from such injec-

tion. At the same test conditionm, 7% times as much S0-percent hydrogen

peroxide was injected without encountering combustion blowout in the after-
burner. Injection was limited to a peroxide-zir ratio of about 0.3 by the
system storage capacity, test=facility capacity, and run time rather than
by combustion stability limits. At the low-pressure test conditlon 2,
stoichiometric coambustion with water injectlon was impossible with any of
the afterburner configurations investigated. However, all confilgurations
burned stably with hydrogen peroxide injection to injectant-air ratios as
high as 0.3. Even at peroxlde-alr ratios as low as 0.1, the stability of
configurations B and C was greatly improved. With rno inJjection, combus-
tion blowout occurred with configurations B and C at fuel-alr retios less
than 0.0675 (fig. 5), but with hydrogen peroxide injectlon to an injectant-
air ratio of only 0.1, combustion was stable tao an over-all stoichiometric

fuel-air ratio of 0.08.

-

DISCUSSION
Effect of Hydrogen Peroxide on Combustion Performance

The effect of hydrogen peroxide injection on the performance of a
turbojet combustor and on the performance of a slmulated afterburner hsas
been evaluated at two simulated flight conditions. Performance data for
the primary combustor are reported in reference 3, and these resulis
showed that st least three tlmes as much peroxide as water could be in-
Jected without suffering penalties in combustion efficlency or stablility.
The results of the present afterburner-performance investigation showed
similar results. Although even low rates of wabter injection could not
be tolerated by the afterburner, it was possible to inject hydrogen per-
oxide &t a rate limited only by the test facllity without penallzing

afterburner efficiency. .

Combustor performance, then, of either the primary engine combustor

or of the afterburner doces not limit the amount of hydrogern peroxide that -

may be injected for thrust-augmenting purposes. Combustor performance

651T¥
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was, in fact, improved for both the engine combustor and for the after-
burner. Afterburner stability, especlally, was improved by peroxide in-
Jectlon. Even low rates of hydrogen peroxide inJection stebilized com-
bustion in normally inoperative afterburner configurations. Such marked
improvements in afterburner performance resulting from hydrogen peroxide
inJection may permit the design and efficient operation of afterburners
having a higher inlet veloclty, lower internal drag, and shorter over-all
lengths than those now in use. Appreciable improvements in powerplant
welght and over-all performance might thus be realized.

Effect of Peroxide Injection on Engine Thrust

The thrust of & turbojet engine may be increased by increasing either
the fluid mess of the Jjet or by increasing its temperature. An idesl
augrmentation system would increase both without attendant losses in com-
bustion efficiency or combustion stability to compromise the mass increase.
Hydrogen peroxide approaches such an ideal liquid inJectant for thrust aug-
mentation since both mass and temperature of the jet may be increased with-
out incurring large coumbustion performance losses as are incurred with
weter injection.

Fluid mess increase. - Since hydrogen peroxide injection does not
penalize combustion in elther the primary combustor or in the afterburner,
large quantities may be injected, and, hence, large increases in Jet fluid
mass may be attained. Also, since the decomposition of the peroxide in-
creases the afterburner inlet oxygen concentration as shown in figure 8,
fuel flow to the afterburner msy be increased accordingly. Stolchiometric
fuel-air ratio for JP-4 fuel increases from 0.0675 with no peroxide in-
Jection to 0.104 at a peroxide-air ratio of 0.3 since 0.123 pound of ad-
ditional fuel is.required to burn the oxygen released by 1 pound of S0-
percent hydrogen peroxide. Thus, even greater increases in mass may be
attained. A practical limit for peroxide injJection, however, is imposed
by compressor surge and occurs near a peroxide-air ratio of 0.32 for a
typical 5.3-compressor-pressure-ratio englne at rated speed, zero Mach
number, and sea level conditions. This may be compared with the injec-
tion limit imposed by combustion instability at a water-air ratio of 0.065
with water-alcohol injection at stoichiometric conditions (ref. 9).

Equilibrium temperature increase. - A comparison of the effect of
vater or hydrogen peroxide on the calculated equilibrium temperature for
a stoichiometric JP-4 fuel - air injectant sysiem is shown in figure 9.
These curves were calculated by the method of reference 10 for an initial
reactant temperature of 437° R and include the effect of product dissocla-
tion. With peroxide Injection, the reaction temperature increases as a
result of the heat of decomposition of the peroxide, the increased oxygen
concentration, and, hence, increased fuel flow at stoichiometry. With
water injection, combustion temperature falls sharply, since fuel flow is
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constant (f = 0.0675), and heat 1s absorbed by the heating and vaporilze- .
tion of the injected water. Thus, at the compressor-llimited peroxide-air

ratio of 0.32, the reaction temperature approaches 4290° R as compared

with 37000 R at a stability-limited water-air ratio of 0.085. In prac- -
tice, however, the temperature difference between the two systems would

be even greater al these points-—because of the combustion -efficlency

losses associsted with water injection.

Augmented net-thrust-ratio increase. - The asugmented-net-thrust ra-
tio was calculated for liquid imjection to a 5.3-compressor-pressure-
ratioc engine with an afterburner. The results are shown in figures 10
and 11. ZFor these calculations, the following assumptions were made:
rated engine speed at altitude at a flight Mach number of 0.6; choked
turbine and exhaust nozzle; primary cowmbustor pressure loss, 5 percent;
afterburner pressure loss, 12 percent; complete ram-pressure recovery;
theoretical equilibrium resction temperatures (fig. 9), and experimentel
afterburner combustion efficiencies (fig. 7) with stoichiometric after-
burning. The data are plotted on the basils of augmented liguid ratio,
defined as the ratio of the total liquid consumption to the primary-
combustor fuel flow with no liquid augmentation.

a8sTy

The results of these calculations using the data from test configura- = -
tion A for an altitude of 32,500 feet with water and hydrogen peroxide
injection are shown in figure 10. Tor comparison, an additional calcu-
lated point-for stoichiometric afterburning of a magnesium—slurry fuel is
included.

At an augmented ligquid retio—of about 6, the augmented net-thrust
ratlio of an afterburning englne with water injection is limited to about
1.68 by combustion blowout in the afterburner. With peroxide injectiom
at the same sugmented liquid ratio, the augmented net-thrust ratic is
about 1.79, which is 8 percent greater than that with water injection.
However, at injection rates limited by compressor surge {augmented liquid
ratioc, 24) for peroxide injection and limited by afterburner instability
(augmented liquid ratio, 6) for water injection, the augmented net-thrust
ratio of 2.78 attaimable with peroxlde injection 1s 65 percent grester
than that calculated for water injection.

The thrust advantage for peroxide Injection is apperent from an exam-
ination of the slopes of the two curves of figure 10. Efflcient high-
temperature afterburner performasnce with peroxide injection is the prime
factor contributing to the ilncreased slope of that curve; thus, appreci-
ably more favorable thrust - liquid consumption ratios are calculated for
peroxide injection than for water injection. At higher rates of liquid
consumption, the difference in thrust cobtainable with these two systems
alsc increases since combustion losses attendant with water injection be-

come Increasingly severe. -



4159

NACA RM E56G27a S i3

Figure 11 shows the results of similar calculations for sltitude
flight at 45,000 feet for peroxide augmentation of the three afterburner
configurations tested. At this condition, measurable quantities of water
could not be injected without causing afterburner blowout in eny of the
test configurations. The calculations for configurations B and C are
further restricted to fuel-air ratios less than stoichliometric because
of afterburner instability. With peroxide injection, however, the cal-
culeted augmented net-thrust ratios for all three configurations tested
are closely similar and are within approximately 10 percent of the theo-
retical ratios calculated for this flight condition.

SUMMARY OF RESULTS

The effect of the injection of water or 90-percent hydrogen peroxide
Tor thrust augmentation on the combustion performence of three different
afterburner configurations was determined at simulated altitude flight
conditions. The following results were obtained:

1. With no ligquid injection, increased afterburner inlet pressure,
increased afterburner length, and improved flame spreading with flame-
holders generally increased afterburner efficiency and fuel-air-ratio
range for stable operation. At an inlet pressure of 11.5 inches of mer-
cury &bsolute, the maximum fuel-alr ratios for stable operation for an
afterburner with a flameholder, one having no flameholder, and one re-
duced. in length by 50 percent were 0.075, 0.052, and 0.065, respectively.

2. At afterburner inlet conditions simulating flight at 32,500 feet
with stoichiometric afterburning, water injection to a water-air ratio of
0.04 cgused combustion blowout in the afterburner. Reduced pressure,
limited flame spreading, or reduced combustion time limited water injec-
tion rates to water-air ratios less than 0.01.

3. At least 7%-times'as much hydrogen peroxide as waler could be in-

jected into all configurations tested without the occurrence of after-
burner instability or combustion blowout. Even injection to peroxlide-sir
ratios as low as 0.1 stabilized combustion in normally unstable after-
burner configurstions having limited flame spreading or limited cowbus-
tion time. : :

4. Hydrogen peroxide injection to peroxide-air ratios of 0.3 resulted
in combustion efficiencies of 82 to 90 percent, representing an increase
of at least 5 percentage points over that for no injectlon.

CONCLUDING REMARKS

High-strength hydrogen peroxide has been proposed as & liquid in-
Jectant superior to water for injection into engine combustors for thrust
augmentation. Conmbustion tests recently concluded have indicated that
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combustion performance losses assoclated with water injection do not ocecur -
when peroxide is used as the inJectant. The combustion efficlency of both

the primexry combustor and of the afterburner increases with peroxide in-
Jection. However, improvements in cowbustion stability with peroxide in- -
Jection are especially great. Thus, even low rates of peroxide injection

may greatly improve the performance of normally unstable combustors.

Calculations have indicated that, with peroxide injection, large in-
creases in augmented net-thrust ratios are possible because of improved
combustion performance. However, at maximum rates of liquid augmentation
of. .an afterburning engine with hydrogen peroxide, total liquid consumption
mey increase by & factor of 6 over that for stoichlometric afterburning
alone, so that up to 42 percent of the total fluild passing through the o
powerplant would be Tuel and peroxide. This must necessarily be consid-
ered s portion of aircraft gross welght and may unduly peunalize alrcraft
performance. Therefare, because of the weight penalty, for a given flight
plan, 1t may be more advantageous to operate below maximum attalnable
thrust to minimlze the attendant weight penalty associated with liquid
augmentation. For the case of augmentation on takeoff only, the penalty
may not be as severe, since the additional fluid weight would be dissi-
pated by the time the aircraft is airborne.

68STY

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohlo, July 31, 1956
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TABLE I. - FUEL ANALYSIS

MIL-F-5624C,
grade JP-4

A.8.T.M. Distillation D86-46, OF
Initial boiling point
Percent evaporated

5

10

20

30

40

50

60

7C

80

g0

95

Final boiling point

Regidue, percent
Loss, percent

Reid vepor pressure; lb/sq ia.
Specific gravity, 60°/60° F
Hydrogen-carbon ratio

Net heat of combustion, Btu/lb
Aniline point, OF

152

214
239
257
270
282
294
305 -
317
334
356
379
421
1.0
0.5

2.6
0.763
0.17L

18,710
135.7

68T¥
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TABLE II. - AFTERBURNER COMBUSTION PERFORMANCE DATA

After- Com- After- After- Pri- After-|After-|Over-all] Injec~|Injectant-{ After- |After-~ | Figure
burner bustor {burner burner |mery burner|turner |fuel-alr| tant alr ratio |burner |burner
econfigu-|inlet |inlet inlet burner | fuel fuel- |ratlo Lflow corbus- |refer-
ration air pressure, |tempera-|fuel- |Iflow air rate, tion ence
flow, |in. Hg abs|ture, alr lbfﬁr ratioc 1b/hr effi-  f{ve-
ib/sec op ratio ciency, |loeity,
percent |ft/sec
No 1liquid injection
A 4.32 20.5 1005 0.0148 730 ;0.0508( 0.0656 85.1 4586 4(a)
%.31 20.5 - 1010 .0148] 1100 .0708 .0857 64.0 464
4.32 20.5 1000 .0150 520 .0334 .0484 g2.1 445
4.32 20.6 1000 .0152 330 .0212 .0364 83.6 440
4.33 20.6 1200 0172 760 .0488 .0658 88.7 515
4.36 20.7 1195 .0170 763 .0486 .0656 84.0 515
4.29 20.3 1200 .0171| 1075 .0696 .0867 §1.1 527
4.30 20.4 1200 .0172] 520 0336 .0507 96.2 509
4.31 20.5 1200 0172 295 0190 .0363 97.8 548
4.30 20.5 1205 .0172 775 .0501 .0873 85.4 516
4.32 20.5 1200 .0171 520 .0334 .0505 96.5 509
4.32 20.5 1200 .0172 308 .0l1g98 0370 97.6 502
4£.32 20.5 1210 .01721 1048 0674 .0846 64.4 529
4.31 20.5 1400 .0207 725 L0487 0674 85.1 578
4£.31 20.5 1400 .cl98 455 .0300 .0428 g2.7 564
4.30 20.5 1400 .0199 615 .0397 .0597 87.1 5735
4.30 20.5 1400 .0199 760 .0491 .0690 TT.7 567
4.30 20.5 1400 0199 238 0608 .0805 85.1 584
A 2.50 11.3 995 .0189| 308 | .0342} .0531 94 .2 470 4(b)
2.50 11.6 1000 .0176 440 .0488 .0665 82.1 485
2.50 11.5 1000 0174 302 .0336 .0510 95.5 462
2.50 11.7 1000 0173 480 0533 0707 TT7.7 A83
2.49 11.8 1000 0170 510 0415 .0584 92.0 452
2.48 1l.8 1000 .0170 370 .0450 .0879 92.4 454
2.50 11.7 1000 0173 490 .0544 .0717 Blowout
2.53 11.85 1190 .0207 415 0456 .0663 79.9 536
2.51 1l.8 1190 0206 460 .0509 0715 74.8 530
2.5 11.4 1185 .0207 310 0544 .0552 97.4 527
2.50 11.8 1200 0201 428 .0476 .0676 83.8 520
2.49 11.5 1200 .0202 320 .0357 .0559 83.1 526
2.50 11.8 ‘1200 .Q201 375 0417 .06817 87.0 517
2.49 11.7 1200 . 430 0480 .Q068¢ 79.9 523
2.50 11.8 1200 .0201 475 .0525 0726 Blowout
2.50 11.3 1400 .0238 385 0428 .0665 . 608
2.50 11.5 1400 .0229 405 0450 0679 79.7 598
2.5 11.S5- 1405 .0229 350 .0589 .QE18 87.2 596
2.50 11.6 1405 .0229 300 .0333 .0562 93.0 588
2.50 11.5 1400 .0229 414 .0450 .0688 Blowout
B 2.47 11.1 1200 -0197 200 .0225 0422 78.8 533 5
2.5 11.6 1200 .0196 285 .0317 .0513 871.0 521
2.50 -4 1200 .0194 3 .0378 .0572 81.7
2.52 1l1.8 1200 4 .0185 315 0547 0542 88.5 525
2.50 11.5 1200 .0201 325 .0361 .0562 81.9 528
2.51 11.86 1210 .0201 285 .0283 .0495 89.6 525
c 2.53 11.6 1200 0206 322 .0354 .0560 80.6 530 5
2.54 11.6 1200 .0205 392 0429 .0633 73.8 535
2.53 11.6 1205 .0206 380 0417 .0623 77.4 534
2.5 11.6 1205 .0208 395 0439 .0644 77.98 529
2.52 11.5 1200 .0205 320 -0353 .0S57 85.3 5352
Water inJection . .
A 4.32 21.1 1200 .0202 730 0469 .0671 [417.3 0.0288 82.9 515 &
4.31 21.5 1200 .0219 695 .0448 .0667 [|579.8 0374 g2.2 509
4.30 21.0 1195 0200 738 0475 .0675 |579.8 .0245 79.6 516
4.30 21.3 1190 0232 830 0446 .06877 |599.8 .0387 77.5 510
4.32 21.0 1200 .0217 690 L0444 .0660 499.8 .03521 81.8 519
Hydrogen peroxide injection
A 4.30 29.0 1235 .0181 | 1180 .0769 487 7
4.32 25.5 1205 .0183 855 .0614 508
4.31 27.0 1225 .Q185 | 1155 0744 481
2.50 14.5 1200 .0216 530 .0589 466
2.50 18.5 1210 .0221 745 .0828 439
B g.g% 17.0 12% .0229 T45 .0824 476 7
. 3.5 1 . 0223 540 .0585 T
2.50 18.0 1256 .0224 | 745 | .0827 % 7
2.52 14.3 1205 .0216 538 .0593 482
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Figure 1. - Afterburner test configuration A and inlet diffuser sectiom showing details
of mseembly, injection, and instrumentation. (All dimensions in inches.)
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(e) Diffuser section showing fuel-injector positiona.

Figure 2. -~ Diffuser section and Sfi-inch V-gutter flsmeholder used for test configurations A and C.
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(b) Single V-gutter amnular flameholder.

Figure 2. = Concluded. Diffuser section and 3/4-inch V-gutter
flameholder used for test configurations A and C.
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Figure 4. - Performance of afterburner configuration A for three inlet
temperatures and two inlet pressures. No liquid injection.
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Figure 5. - Comparison of performance of afterburner configuretions A,
B, and C. No liquid injection; Inlet pressure, 11.5 inches of mercury
absolute; inlet temperature, 1200° F.
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FPigure 6. - Combustion efficiency of test configuration A
with water injection at over-all stoichiometric fuel-air
ratio at test condition 1. ’
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Figure 7. - Combustion efficiency of test configurations A, B, and C at
over-all stoichiometric fuel-air ratio with hydrogen peroxide inJjectlon.

Inlet temperature, 1190° to 1240° F.
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Figure 8. - Typical variation of afterburner inlet
oxygen concentration with hydrogen peraxide
injection.

27



Combustion temperature, °r

PR NACA RM E56G2Te

4800
/
//
//”””’
4200 // -
4000
Q .2 .4 .6 .8 1.0
Bydrogen-peroxide - air ratio
(a) Hydrogen peroxide injectlan.
4200
4000 \\
3800 T N~
N
N
3600 I~
\\
3400
0 .02 04 .06 .08 10

Weter-alr ratio

(b) Weter injection.

Figure 9. - Theoretical stoichiometriec combustion tempersture
of.JP-4 fuel and air with hydrogen peroxlde or water as the
1liguid injectent. Base temperature, 137° R.
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Figure 10, -~ Comparison of calculated net-thrust ratio for test configura-
tion A with water and hydrogen peroxide injection. ZEngine compressor
pressure ratio, 5.3; englne speed, 7950 rpm; flight Mach number, 0.6;
altitude, 32,500 feet; afterburner efficlency from figure 7; liquid
injection into combustor; choked turbine and exhaust nozzle.
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Figure 11. - Compdfison of celculated net-thrust ratios for three test after-
burner configurations with hydrogen peroxide injJjection into primery engine
combustor. Engine compressor pressure ratio, 5.3; engine speed, 7950 rpm;
flight Mach number, 0.6; altltude, 45,000 feet; turbine and exhesust nozzle
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