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EXPERIMENTAT INVESTIGATION OF THE EFFECT OF FUEL-INJECTION-SYSTEM

DESIGN VARTABIES ON AFTERBURNER PERFORMANCE

By Emmert T. Jansen, Wallace W. Velie, and H. Dean Wilsted

SUMMARY

An investigation was conducted on a full-scale afterburner test
rig and two turbojet-englne afterburner configurations to determine
criteris for the design of fuel systems for afterburners. The effect
of various fuel-air ratio distributions at the flame holder on combus-
tion performance was obtained along with the effects of variation in
fuel-system design variables on the fuel-air ratio distrlbution. The
data for the various configurations were obtained for a range of
afterburner-inlet total pressures from 600 to 1600 pounds per square
foot, afterburner-inlet gas velocitles between 380 and 600 feet per
second, and afterburner-inlet gas temperstures between 1550° and
1760° R.

For the afterburner configurations used in this investigation, it
was determined that uniform fuel-air ratio distributlion results in
maximum combustion efficilency over the relatively wide range of
afterburner fuel-air ratio between 0.04 and stoichiometriec. For
afterburner operation at fuel-air ratios leaner then 0.04, high peak
combustion efficiency requires a radisel fuel-alr ratio gradient that
provides rich zones in the vicinity of the flame holder. As would
be expected, fuel-injection bars designed to distribute fuel in
proportion to the radisl gas mass-flow profile at the point of fuel
injection will produce & ressonably flat radial fuel-alr ratio dis-
tribution in the plane of the flame holder. In order to insure
equal fuel flow through equal orifice areas, the flow area of the
fuel-injection bar should be at least twice the total flow area of
the fuel orifices.

INTRODUCTION

The trend of military alrcraft towards higher flight speeds and
higher altitudes demands a more complete exploitation of the thrust
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potentialities of afterburners. Such an exploitation requires the use
of the optimum design criterla for each of the afterburner components.

Considerable research and development have been conducted to establish

afterburner design criteria. The knowledge the NACA had accumulated
with regard to afterburner design variables up to the end of 1950 is
summarized in reference 1. Since then several investigations (refs.
2 to 10) have been conducted to develop afterburners for specific

turbojet engine applications and, although specific in nature, these

investigations contributed to the general knowledge and understanding

of afterburner design varisbles. The amount of work which has been
done specifically on the fuel system is limlted; however, some work
has been reported in references 11 and 12. B i

As part of an over-all afterburning prqgram, the present inves-
tigation was conducted with the purpose of broadening the informastion
avellable concerning afterburner fuel systems by quantitatively in-
dicating the effect of fuel-alr ratio distribution on afterburner
performance and by providing information pertinent to the design of
a satlsfactory fuel-injection system which uses radisl fuel-injection
bars. The effect of radial and circumferential fuel-air distribution
and spray direction on combustion performance was determined along
with the effect of the fuel distribution with respect to air-flow
profile on the fuel-air ratio profile. Partlcular problems concern-
ing the manufacturing techniques of fuel-injectlon bars were also
investigated and discussed. )

The investigation was conducted on a full-scale afterburner = . __

blower rig which is capsble ofsimulsting a range of-afterburner-.
inlet conditions, and on two engine-afterburner installations in -
altitude test chambers. The range of conditions included afterburner-
inlet temperatures between 1550° and 1760° R, afterburner-inlet total
pressures from 60C to 1600 pounds per square foot, and diffuser-
outlet gas velocities from 380 to 600 feet per second. The variations
in fuel distribution near the upstream face of the flame holder were
measured with an NACA fuel-air mixture analyzer.

INSTATIATION AND INSTRUMENTATION
Full-Scale Afterburner Test Rig

The general arrangement of the full-scale afterburner blower
test rig is shown schematically in figure 1. The masln components of
the installation are a preheater, a mixing chamber, and an afterburner
wilth various fixed-area exhaust nozzles. Air was supplied to the
preheater and heated to a temperature of 1250° F before entering the
gas mixing chamber. In the mixing chember the hot gas was thoroughly
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mixed to promote a uniform temperature distribution before it entered

the afterburner diffuser. The diffuser inner body, which was 60.5 inches

long, was designed for a constant rate of ares increase. The flame
holders were mounted 7 inches aft of the rear end of the diffuser
inner body. The longitudinal location of the fuel-injection bars was
29.5 inches upstream of the flame holders. The combustion chamber was
25.75 inches in diameter and approximstely 53 inches long. A general
description of the flame holders investigated, along with pertinent
facts concerning the fuel systems, is given in table I. Details of
the fuel systems will be discussed subsequently.

Full-Scale Englne-Afterburner Installation

The engine-afterburners were installed in similar altitude test
chambers 10 feet in diameter and 60 feet in length. A bulkhead, which
incorporated a labyrinth seal, around the forward end of the engine
permitted the simmlation of desired inlet and exhaust pressures.

Turbojet engine and afterburner I. - The turbojet engine-
afterburner I had s sea-level nonafterburning thrust rating of 5425
pounds at rated engine speed and rated turbine-outlet temperature.

The main components of the configuration were & can-type axial-flow
turbojet engine with an afterburner which had a clamshell~type
variable-area exhaust nozzle (fig. 2(a)). The length of the diffuser
was 45.75 inches and the over-all length of the afterburner (including
diffuser) was approximately 100 inches. The diameter of the com-
bustlion chamber at the flame-holder location was 32.25 inches. The
flame holder was mounted on a rod which extended reasrward from the aft
end of the diffuser inner body and the fuel-injection bars were
located 22 inches upstream of the flame holder (fig. 2(a) and tsble
I). Cooling of the afterburner shell was accomplished by the use of

a liner which extended from sbout 1 inch downstream of the fuel bars
to within 1/2 inch of the fixed portion of the exhaust-nozzle outlet.
The section of the liner between the flame holder and the nozzle exit
was louvered to permit the flow of cooler turbine-outlet gas from the
liner passage into the primary stream,

Turbojet enzine and afterburner II. - The turbojet engine-
afterburner II hid a sea-level nonafterburning thrust rating of 3000
pounds at rated engine speed and rated turbine-outlet temperature.
This engine was, in general, similar to engine I except that it had
an annular-type combustor. The afterburner was also similar to after-
burner I except that it was fitted with e fixed-area exhsust nozzle
(fig. 2(b)). The length of the diffuser was 34 inches and the flame
holder was mounted from the outer shell sbout 3 inches downstream
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of the aft end of the diffuser inner body. The fuel-injection bars
were located 25 inches upstream of the flame holder. The combustion-
chanber diameter at the flame holder was 22.8 inches and the length
was 57 inches.

Afterburner Fuel-Injection Bar Conflgurations

A description of each configuration is presented in table I and
g8 detailed sketch of esch fuel bar used is shown in figure 3. The
varilous fuel-system design variables investigated, along with the
particular configurations on which they were used, are listed in the
following table:

Afterburner Fuel Fuel-system design varilables
configurations | systems
A 1 Effect of various fuel-air ratio dis-
2 tributions on performance
3
B 1 Effect of various fuel-air ratio dis-

tributions on performasnce

c 4 Effect of varilous fuel-sir retio dis-
tributions on performance

D ) Effect of fuel spray direction on
6 combustion efficiency
E 4 Effect of fuel orifice size on con-
5 bustion efficiency
F T Effect of varying fuel orifice size
8 on fuel-alr ratio distribution
g
10
G 11 Effect of varying fuel orifice location
12 on fuel-gir ratio distribution
13
H : 14 Final spray pattern designed to match
15 mass-flow profile

The first five afterburner configurations (A to E) were used to
show the effect of fuel distribution on afterburner performance while
the last three (F to H) show comparisons of some of the design tech-
niques involved in the development of a satisfactory fuel- inJection
system.

3093°
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Instrumentation

The location and amount of instrumentetion at the various sta-
tions of the engines and afterburners are shown in figures 1 and 2.
The pressures at the exhaust nozzle were measured with a water-cooled
rake. The fuel used for all three afterburner configurations was
MIL-F-5624A, grade JP-4. Fuel flow was measured by calibrated
rotameters. :

An NACA mixture analyzer (ref. 13} was used to measure the fuel-
air ratio distribution at the flame holder. A schematic sketch of the
fuel-air ratioc sampling system is shown in figure 4. For all three
afterburners the fuel-air ratio profile was measured as near the
upstream side of the flame holder as was possible. In order to obtain
an accurate fuel-air ratio measurement, care must be tgken to insure
that the fuel-air sample is obtained at free-stream velocity (fig.
5(a)). If the sampling velocity is higher then the free-stream gas
veloclty, then the sampled fuel-alr ratio mixture will be leaner than
‘the true fuel-ailr mixture because of the additional air sucked into
the sampling probe. ILikewlise 1f the sampling 1s done at too low a
veloclity a larger proportionate share of fuel droplets in relation to
alr will enter the sampling probe msking the sampled mixture richer
than the true fuel-air mixture. A second precautlon necessary in
order to obtain accurate fuel-air ratio measurements is that all the
fuel must be vaporized and oxidized before the sample goes to the
mixture analyzer. Figure 5(b) shows the electrical requirement
necessary as supplied by an electric welder to the oxidizer when used
with engine-afterburner I at a £light Mach number of 0.6 and altitude
of 40,000 feet. The oxidizer (fig. 4) was 12 feet long and was
constructed of S/B—inch'heavy-wall Inconel tubing. Insufficient
electrical input to the oxidizer results in an indicated fuel-air
ratio that is lower than the actual fuel-air ratio.

PROCEDURE

For the fuel systems and afterburner configurations of the full-
scale afterburner test rig (configurations A to E), performance dats
were obtained over a range of sfterburner-inlet pressures ranging from
600 to 1400 pounds per square foot and flame-holder inlet gas
-yelocities friom 380 to 600 feet per second with an inlet air tem-
perature of 1710° R. At each similsted afterburner-inlet settling
condition, data were taken over. a range of afterburner fuel-air ratio
for a given fixed-area exhaust nozzle. (The afterburner fuel-air
ratio 1s defined as the ratio of afterburner fuel to unburned air
entering the afterburner.) Where possible, the lean blow-out limits
of the various configurations were determined.
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Data were taken for each configuration of engine-afterburner I at -
a single flight condition and afterburner fuel flow which corresponded = .7~
to an afterburner-inlet total pressure of 1100 pounds per square foot,
average diffuser-outlet gas veloclty of 500 feet per second, and B oLl
afterburner-inlet air. temperature of 1760° R; while for engine- oL
afterburner II data were taken at a single £light condition and after-_“ o ——n
burner fuel flow which corresponded to an afterburner-inlet—total o ; L
pressure of 1590 pounids per sguare foot, diffuser-outlet velocity of . T TRl
560 feet per second, .and afterburner-inlet air temperature of 1550° R.

3093
1

Fuel-alr ratio surveys were taken shead of the flamé holders for . ._ :
each configuration investigated. on both engine-afterburner installa- LE
tions, while surveys on the afterburner test rilg were obtained only
when deemed advisable by the lnvestigators. Two surveys were teken =
on each configuration, one at the flame-holder inlet directly down- _
stream of a fuel-injection bar and the other at the same flame-holder ... B,
inlet location but midway between the projected location of two o
adjacent fuel-injection bars. : = . S

RESULTS AND DISCUSSION . . -

In addition to the optimum fuel-sir distribution, the attalin-
wment of good afterburner combustion performance is dependent, among
other things, upon a stable flame seat, sufficient fuel mixing _
length, and, in general, afterburner-inlet gas velocities at the .. e T
flame holder not in excess of 6800 feet per_secondg. It is therefore - ) .
obvious. that an optimum fuel-air distribution or an adequate flame- =
holder configuration will give good afterburner performsnce only 1f ' L
all other factors. which affect the performance are satisfactory. The -
configurations for which afterburner performance data are presented e
herein (afterburner test rig) had a fuel mixing Jength of 29.5 inches; o
for any glven comparison the flame holder, which generally provided .- I oumiz
a satisfactory flamée seat, remained uncheanged. '

Effect of Fuel-Air Ratioc Distribution on Afterburner Performance R

Typical variations in efterburner-inlet conditions and gas : : -
velocity profile at the diffuser outlet for the full-scale after- o oL
burner test rig which employed a fixed-ares exhaust nozzle are shown ~
in figure 6. The afterburner-inlet total pressure increased and : e
afterburner-inlet velocity decreased as the fuel-air ratio was in- s
creased. These variations in pressure and velocity are substantial ; o
but because no comparisons between configurations are made at two o
different fuel-air ratios, the variations do not affect the com- _ -
parative results. For any given afterburner fuel-air ratio the . .. S
variation in afterburner-inlet pressure or diffuser-outlet gas

e

annusniii.
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velocity among confilgurations was. less than 3 percent and thus would
have essentlially no effect on the afterburner performance comperisons.
Similar variations in afterburner-inliet conditions existed for all
conflgurations investigated on the full-scale afterburner test rig.
However, even though the average gas velocity varied as the after-
burner fuel-air ratio waes varied for any glven fixed-area exhaust
nozzle, the shape of the veloclty profile, which is typical of the
profiles existing in eurrent production afterburners, remained un-
altered.

Circumferential and radial fuel distributions at two ranges of
diffuser-outlet velocities. - Three fuel-air ratio distributions
(fuel systems 1, 2, and 3 of afterburner configuration A} that were
investigated to determine the effect of clrcumferential gnd radial
variations in fuel-air ratio distribution on combustion performance
are presented in figure 7. Fuel system 1 produced a uniform fuel-air
distribution both radially and clrcumferentlally. In order to show
the effect of an adverse fuel-gir ratio distribution, fuel systen 2,
which was otherwlse identical to configuration 1, had every other fuel
bar removed in order to produce lean fuel-sgir ratio regions circum-
ferentially; fuel system 3 was identical to fuel system 1 except that
the pair of fuel orifices gt the location nearest the outer shell was
removed in order to produce lean fuel-air ratio regions at the outer
radial locetion of the annulus. The curves for fuel systems 1 and 3
are representative of two surveys at the flame-holder inlet: one
directly downstream of a fuel bar, and the other midway between the
projected locatlon of two adjacent fuel bars. The two surveys for
fuel system 2 are presented to show the circumferential varistion in
the fuel-alr ratio distribution. The profile of the survey taken
directly downstream of a fuel bar for fuel system 2 is identical to
that of configuration 1 but at a higher level, while the survey taken
between the projected location of two adjacent fuel bars is similar
to the profile for configuration 3.

The effect of the circumferential. and radial variations in fuel-
alr ratio distribution on afterburner performance ls shown in figure
8 for the range of diffuser-outlet gas velocities from 500 to 600
feet per second and afterburner-inlet total pressures from 800 to 980
pounds per square foot. At an afterburner fuel-air ratio higher than
ebout 0.040, a uniform fuel-alr ratio distribution gave the highest
combustion efficiency and exhaust-gas temperatures, but below a fuel-
air ratio of 0.035 both nonuniform fuel-air ratio dlstributions gave
slightly higher combustion efficiencies. This characteristic results
from the fact that with the nonuniform fuel-air ratio distributions
there exist locally fuel-rich regions which are more favorable for
good combustion at these low over-all fuel-alr ratios. These locally
fuel-rich reglons also cause the fall-off in cembustion efficiency at
the higher fuel-air ratioc because the local fuel-glir mixture is
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above stoichiometric. It is therefore evident that a uniform fuel- _ e
alr ratio distribution is desirable except for an afterbiurner developed" . i
primarily for low-temperature-rise operatlon.
The afterburner combustion efflciency for the same three fuel ' S
systems of figure 7 (afterburner. conflguration A) is shown in flgure ) :_ﬁf
9 for the lower diffuser-outlet gas veloclty range (380 to 480 ft/sec)
The uniform fuel-air ratic distribution had the highest combustion -~ _
efficiency above an afterburner fuel-air ratio of sbout Q.04 and the "
relative loss in efficiency between & uniform and a nonuniform radial ) g
fuel-air ratio distribution (above an afterburner fuel-air ratio of
0.04) remained relatively unchanged. The difference 1n_E§rformance
between the nonuniform circumferential fuel-alr ratlo dimstribution
and the uniform fuel-alr ratic distributlion was not so great at the
lower diffuser-cutlet gas velocitles as it was gt the higher gas
velocities with a drop of only about 0.0l to 0.02 in combustion : _
efficiency. The reason that the decrease in diffuser-outlet gas . ce e
veloclity lmproved the performence of the nonuniform circumferential o~
distribution is that the fuel was injected normal to the gas stream o
in a clrcumferential direction. ' Decreasing the gas velocity tended : - =
to increase the penetration and mixing time of the fuel and thus to
decrease the small nohuniform regions of the circumferential dis- _
tribution. Obviously for the nonuniform radial distribution the " [
amount of—increased mixing and penetratlion due to the decrease in gas .
velocity aided very little in moving the fuel out radially to the B
large lean-fuel-air region near the outer shell and the performance _ D
remained relatively unaffected. : - -

For both the uniform and nonuniform circumferential, fuel-air _ .
distribution the fuel-air ratio at which lean blow-out occurred was L ezl
ebout 0.03 for the high velocity range and about 0.027 for the low
velocity range. For the nonuniform radial fuel-air ratio distribution, R,
however, the lean blow-out occurred st fuel-air ratios of 0.024 and o
0.015 for the high and low velocity ranges, respectively. These -
results Indicate that, for an afterburner with a low leen blow-out o
limit, the desired fuel-air ratio distribution is one having a large _
region of rich fuel-amir mixture (such as a nonuniform radial distri- B
bution but continuous uniform circumferential distribution) rather .. R e
than one consisting of a large number of small regions having rich
fuel-air mixtures (such as nonuniform circumferentially).

Bven though & fuel system may be desigred to give a desired fuel-
alr ratio distribution, it is possible that other factors may in- :
fluence the actual dlstribution to a considerasble extent. One of : - =
these factors is the plugging of the fuel bar orifices with foreign .
particles introduced with the fuel or from an unclean fuel system . =
in conjunction with an inadequate fuel filter. A comparison of the
fuel-air ratio distribution and the cowmbustion efficiency both before .. .
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and after foreign particles (iron oxide) plugged some of the fuel
orifices (fuel system 1) is presented in figures 10 and 11. The

small difference in fuel-air ratlo distribution between the uniform
distributions presented in figures 10 and 7 is caused by the difference
in flame-holder 1lnlet gas velocity.

For the comparisons presented in figures 10 and 11, the plugging
of the fuel orifices occurred at the tips of the fuel bare (near the
diffuser inner body); a flow check of the fuel bars after the plugging
occurred indicated that the two fuel orifices located at the tip
of the bar were consistently plugged on all of the fuel bars. There-
fore, the resulting fuel-alir ratioc distribution after plugging by
forelgn materials (fig. 10) is similar to the nonuniform radial
fuel-air ratio distribution (fuel system 3) just discussed except that
the rich region of fuel-alr mixture is at the outer radial location
of the annulus.

Comparing the performance of fuel system 1 after plugging Cfig.
11) and fuel system 3 (fig. 9) with the results obtained with uniform
fuel-air ratic distribution shows almost identical trends in each
case. In both cases the performance with nonuniform radial fuel-air
ratio distribution is conslderably inferior to that with the uniform
fuel-gir ratio distribution above a fuel-air ratio of 0.035. However,
below a fuel=-air ratio of 0.035 the nonuniform radial distributions
are superior in both combustion efficiency and lean blow-out limits.

As has been pointed out, a nonuniform fuel-alr ratio distribution
improves the performsnce of the afterburner in the range of lean fuel-
alr ratio operation. Therefore, fuel system 4 (afterburner configuration
C) was desligned to have a severe radlal fuel-air ratio gradient and
mild circumferential fuel-air ratio gradient (fig. 12). This fuel-air
ratio distribution was accomplished by using 12 fuel bars, each bar
having only four fuel orifices located in psirs at two radisl posi-
tions so as to place the rich reglon of fuel-alr mixture at the radial
position of the single-ring V-gutter flame holder.

The fuel-air ratio at which lean blow-out occurred was 0.0043
and the pesk combustion effieiency of 0.30 occurred at a fuel-air
ratio of 0.01 (fig. 13)}. Above a fuel-air ratio of 0.0l, the com-
bustion efficiency fell off very rapldly to about 0.42 at a fuel-air
ratio of 0.025 and then remained fairly constant as the fuel-air ratio
continued to increase.

Fuel-injection direction. - The effect on combustlion efficiency
of injecting the fuel normal, upstream, and downstream with respect
to the gas flow (afterburner configuration D) from a radial fuel bar
is presented in figure 14. Fuel system 5, whlch gave a uniform fuel-
air ratio distribution both radially and clrcumferentially, was
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used to inject the fuel normal to the gas stream (in two directions
180° apart) and fuel system 6 was used to inject the fuel in either the
upstream or the downstream direction. Because fuel system 6 injected
fuel in only one direction, the number of fuel orifices was reduced -::
by half; therefore, the area of each orifice was approximately doubled.
in order to malntain the fuel injection pressures sbout the same.

Varying the directlon of fuel injection from a normal direction to
elther upstream or downstream injection. decreased the combustion effi-
clency over the entire range of fuel-ailr ratios investigated. For.exam-
ple, combustion efficiency at stolichiometric fuel-air ratio, when elther
upstream or downstream fuel injection was used, was about 0.09 lower
than that obftained with normal fuel injection. These results indilcate
that even though the penetration of the fuel jet into the gas stream ..
mgy be small 1t 1s evident that the direction has a measursble effect
on the fuel-air ratio distribution and should beé considered. Changing
the fuel injection to either upstream or downstream direction from a
normal direction practically eliminated all normal penetration of .-
the fuel so that 1f the same fuel-alr ratio distribution is desired
the nunber ofrfuel basrs will have to be lncreased. Reference 1,
which showed .esseéntially no effect of fuel injectlon direction on
combustion efficlency, used a nonunliform circumferential fuel-air
ratio distribution instead of a uniform distribution as is used in
this report. Close- inspection of the data presented in this refer=- .-
ence, however, lndicates that at the higher afterburner fuel-air ratios
normal fuel Injection direction is superior to either the upstream
or the downstream injection direction.

Fuel orifice area. - The effect of fuel arifice area on com-
bustion efficiency is presented in figure 15 for fuel which is in- ..
jected normal to the gas stream. Fuel systems 1 and 5 (afterburner - .
configuration E) were the same except that fuel system 1 had orifices-
0.030 inch in diasmeter while fuel system 5 had orifices 0.020 inch -
in diameter. The ratio of total fuel orifice area to inside area of —:.
the fuel bar was 0.11 and 0.05 for fuel &ystems 1 and 5, respectively.
These ratios will subsequently be shown to be entirely satisfactary
in order to insure equal fuel flows through each orifice along a fuel
bar. Therefore, the only effect on combustion efficiency caused by
varying the fuel orifice diameter will be due fo the change in fuel
manifold pressures, which in turn affects the degree of penetration of
the fuel into the high-velocity gas stream.

Decreasing the fuel orifice diameter from 0.030 to 0.20 inch
(increasing the fuel manifold pressure tending to increase the fuel
penetration into the gas stream) has very little effect on combustion
efficiency between fuel-sir ratios of 0.055 and 0.07. However, for
the range of fuel-alr ratios from 0.055 to the fuel-air ratio at .
which lean blow-out occurred, the-fuel sgystem having 0.030-1inch-
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diameter fuel orifices gave combustion efficiencies about 5 points
higher than the fuel system having 0.020-inch-diameter fuel orifices.
The improved combustion efficiency at the low fuel-alr ratio range

as the fuel orifice diameter was increased is attributed to a less
uniform fuel-air ratio distribution. The less uniform fuel-air ratio
distribution as the fuel orifice diameter is increased results from the
lower fuel manifold pressures which tend to decrease the penetration
of the fuel and to cause richer local regions of fuel-air mixture
directly bekind each fuel bar.

There are other considerations in the selection of fuel orifice
diameter which may be more important than the effect of orifice diameter
on fuel penetration and fuel-air ratioc distribution. Two of these
effects (for both of which a large orifice area is desirsble) are

orifice plugging due to impurities in the fuel and drllllng of the fuel
orifices.

Techniques and Considerastions In the Development of a
Satisfactory Fuel-Air Ratio Distribution

Because 6f the difficulties in getting good fuel-alr ratio dis-
tributions with nonuniform radial mess-flow profiles leaving the
turbine, considersble attention has been given to the design tech-
niques of a fuel~bar system which will result in optimum fuel-air
ratio distribution at the flame holder. Generally, two techniques
can be employed in the design of a fuel-bar configuration in order to
obtain a desired fuel-air ratio distribution. The first technique
would involve a triasl-and-error method in which an arbitrary fuel-bar
configuration is varied either by altering the fuel orifice diameters
or by altering the fuel orifice radlal locations until the desired
fuel-air ratio distribution is obtained. The second technique requires
an accuraete mass-flow-profile measurement at the fuel-bar location
from which the fuel-bar orifice size and spacing can be calculated so
as to give the desired fuel-air ratio distribution. Actually the
first technique could be used to refine a fuel-bar configuration
designed by the second technique. All three afterburner. series
considered in this section have as a goal the attainment of a uniform
fuel-air ratio distribution both radially and circumferentially at
the flame~holder inlet.

Trial-and-error technique to obtain desired fuel-air ratio
distribution. - The effect of varying fuel-orifice diameter (fuel
systems 7 to 10, afterburner configuration F) on fuel-air ratio
distribution is presented in figure 16. Generally, varying the fuel
orifice diameter while maintaining fixed radial positions for the fuel
orifices does not appear to be a very predictable method in obtaining
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a desired fuel-air ratic distribution. (as will be shown in the follow-
ing discussion). The alteration to-the fuel.orifice diameters from
one fuel system to the next was based on the devietion of the measured
fuel-air ratio distribution from a uniform fuel-air ratic distribution.
Fuel system 7 had the fuel orifices located on equal areas but with
varying orifice diameters in order to produce greater fuel flows in the
regions near the inner and outer surfaces of the annulus. Because :
the fuel-air ratios in the inner and cuter regions of the annulus were
still lean, fuel system 8 was constructed, which satisfactorily en- -
riched the outer region but overcorrected the inner reglon and result-
ed in a hump in the fuel-air ratic profile near the inner body. Fuel~
system 9 was an unsuccessful attempt to remove the hump near the.inner
body. Fuel system 10, which was also designed to remove the hump,
actually overcorrected, resulting in a lean region of fuel-air ratio.
near the inner body and a dip in the fuel-air ratlo profile at the
center of the annulus.

The triel-and-error method of varying the fuel orifice radial

locations in obtaining the desired Puel-air ratio distribution is .~ - -

presented in figure 17. Fuel system 11 was a modification of a fuel . -
system in which the fuel orifices were so located that each pair of .. -
oriflces represented thelr proportionate share of the total area of .
the annulus. IR modifying the fuel system two additional orifices
were added nedr the liner in the outer reglon of the annulus and one
additional orifice (injecting fuel upstream) was added near the inner
body in order to keep the fuel-air ratios in the boundary regions of .
the annulus from being too lean. The._resulting fuel-air ratio dis-
tribution from this fuel system was relatively satisfactory near the ..
boundaries of the annulus, but the distribution.had a dip in the cen-
ter of the passage. In an attempt to remove the dip and decrease

the hump near the inner body, the locations of three sets of fuel
orifices were altered (shown in fig. 3). The resulting profile for
fuel system 12 hed 2z variation in the fuel-air ratioc of less than
+0.005 over approximately two-thirds of the annular passage from

the inner body to the cooling liner. It appears from the number of . . e
attempts made that moving fuel orifices while maintalning conetant -
orifice diameters holds more promise in the trial-and-error design of—

fuel system configurations than doee varylng the fuel orifice diameter

while holding orifice location fixed.

Fuel-injectlon bar deslgned to match weight-flow distribution. -
The first technique in designing a fuel-system configuration which has
been discussed requires. some method of measuring the fuel-alr ratio - -
distribution at the flame-holder inlet in order to determine what ——
modifications to the fuel bar, if any, are required to obtain the
desired fuel-air ratio distribution. The desirable characteristic for
any method of designing a fuel system would be one in which the
resulting fuel-air distrubution would always match the design
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fuel-air distribution. This is possible if the fuel bar is designed

so that the fuel distribution matches the weight-flow profile at the
fuel bar location. By use of the measured weight-flow profile of
engine-afterburner IT (fig. 18), two fuel-system configurations were
designed to produce a uniform fuel-air ratio distribution across the
annular passage. Fuel system 13 had eight fuel orifices located in
palrs at four radial positions along each bar. The resulting fuel-air
ratio profile (fig. 19) was as uniform as any obtained by either of the
first two trial-and-error methods discussed. However, because the
penetration distance of a fuel jet normal to the gas stream is extreme-
ly small for the condition cqvered by afterburner operation, it would
appear more practicable not to locate the fuel orifices in pairs but

to stagger their positions along the fuel bar. This staggering of the
fuel orifices, such as for fuel system 14, would increase the number

of sources of fuel and thus decrease the mixing required between the
fuel and air. A comparison of the fuel-air ratio distribution for fuel

-systems 13 and 14 shows that fuel system 14 produced a smoother dis-

tribution than fuel system 13 and had a fuel-air ratio variation of
less than +0.005 over 75 percent of the annulus. It must be realized
that it is generally difficult to maintain a uniform fuel-air ratio
distribution across the entire annular passage at the flame-holder in-
let because the overlapping effect of the diffused fuel from one
orifice on that from an adjacent orifice is not present on the wall
side of the end orifice on any fuel bar. Thls lack of overlapping
effect is generally deslirable because the afterburner wall would over-
heat if & high degree of combustion took place near the wall.

Effect of fuel-injection-bar dimensional changes and manufacturing
technique on fuel orifice flow characteristics. - In the selection of
the fuel bar and number of fuel orifices per bar to be used, several
factors must be considered. The first precaution to teke in order to
obtain consistent fuel flows 1s to design the fuel bar so that the in-
8ide flow area of the fuel bar is at least twice the total area of the
orifices. Figure 20(a) shows that as the ratio of total fuel orifice
area to fuel-bar flow area is reduced from 0.953 to 0.424, the
maximum variation in fuel f£low through the orifices decreased from
about 44 to 7 percent. The reduction in flow varlation is gaused by
the decrease in velocity head of the fuel moving in the fuel bar. This
velocity head variation both varies the static pressure of the fuel
(a5 shown in fig. 20(b)) and alters the effective flow area or flow
coefficient of the fuel orifices near the fuel-bar shank. The change
in flow area is a result of the inertia of the fuel flowing at right
angles to the orifice axis.

Effort spent on the design of a fuel bar to give the desired fuel-

air ratio distribution can be almost completely offset by inaccuracies in

the actual orifice diameters. In the selection of the orifice dia-
meters to be used, consideration should be given to the fuel-bar wall
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thickness and the technique in the actual drilling of the orifices so
that the orifice~flow-area varlations are held to a minimim. For the
range of- fuel orifice diameters most commonly used in afterburner fuel
systems, decreasing the length-diasmeter ratio of the fuel orifice
elther by decreasing the fuel-bar wall thickress or by lncreasing the
orifice diameter decreased the average flow variation for any set of
fuel orifices (fig. 21). Another technique which tended to reduce the
variation in fuel orifice diameters for any length-dlameter ratio was .
to drill the orifice undersize and then ream to the desired size. As -
shown in figure 21, this technlque produced the greatest uniformity of
flow from one orifice to another.
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CONCLUDING REMARKS

The results of an investigation conducted on a full-seale after-
burner test rig and on two engline-afterburner configurations in an
altitude test chamber show the importance of several design factors -
that must be considered in order to obtain optimum performance from
an afterburner fuel-spray system having radial fuel-injection bars.

Consldering only the fuel system, the value of the design fuel-
alr ratlio will determine the shape of the radlal fuel distribution
curve necessary to produce peak efficlencies at the design point.
Uniform fuel-air ratio dlstribution results in maximum combustion
efficiency over a relatively wide range of fuel-air ratios (from
approximately 0.040 to stoichiometric). For afterburner operation at -
fuel-air ratios leaner than 0.035, high peak combustion efficiency
requires a radial fuel-alr .ratio gradient with the rich zones exlisting
generally in the vicinity of the flame holder. For a given number of _. e
fuel-injection bars;, higher combustion efficlency can be realized by '
injecting the fuel normel to the gas flow than by either upstream or
downstream fuel injection. Increasing the afterburner-inlet—gas
velocity tends to reduce the penetration and mixing time of the fuel,
resulting in less uniformity for any given fuel-air ratio distribution.
When radial fuel-injection bars. are used, the effect of veloecity on
fuel-air ratio distribution is more severe on thé circumferential
variation than on.the radial variation.

Fuel-injection. bars designed to distribute fuel in proportion . L
to the radial gas weight-flow profile at the_point of injection .
produced a radisl fuel-air distribution that was reasonably flat over =~ =
75 percent of the annulus with the fuel-alr ratic falling off near the
inner and outer walls of the annulus. When an attempt was made to
improve the fuel-air profile of an arbitrary fuel-injection system
by a trial-and-error method, the results obtalned by altering the
radial location of_orifices along the fuel-injection bar appear to
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be more effective and predictaeble than the results obtained by changing
the orifice area. This is generally more satisfactory from a product-
ion standpoint because one orifice size can be maintained throughout
the fuel-injection bar.

To insure equal fuel flow through equal orlfice areas, the inter-
nal flow area of the fuel bar should be at least twice the total flow
area of the orifices. The variation in fuel flow through any set of
equal fuel orifices generally can be decreased by either increasing
orifice slze or decreasing fuel-injection-bar wall thickness, which in
turn allows the holding of closer tolerances.

lewis Flight Propulsion Iaboratory
National Advisory Committee for Aeronautics
Cleveland, Chio, November 24, 1953
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TABLE I. - GENERAT, DESCRIPTICHN (F FUEL SYSTEMS AND FIAME HOLIERS

Afterburner Fuel system Fleme holder
config ion Fuel-gystem | Muber of | Maber of | Direction of | Fuel Typs of gutter |Cutter Blocked
configuration| fuel- |orifices Per|fuel injection|mixing ghape | area,
injection |fuel injec- length, percent
bars tion bar in,
u A 1 24 8 Normal 29.5 |Conventionel 2~ring 29
R 2 12 8 29.5 |V-gutter with <
2 3 24 ] 29.5 |rounded tabs
Q
* B 1 24 8 Rormal. 29.5 |2-ring channel — | 28
g 1 24 8 29.5 |gutter
C 4 12 4 Rormal 29.5 |Conventional B:Lugleﬂ 23
g ring V-gutter
D 5 24 B Normal 29.5 |[Conventionel 3~ring 48
.3 6 P4 4 Upstream 28.5 |V-gutter
g 6 24 4 Downstream | 29.5
1
E E 1 24 8 Noxmal 29.5 |Conventiongl 2-ring 29
5 24 B 29.5 |V-gubtter with <
rounded. tabs
F 7 20 18 Hoxrmal, 22 Conventional 2~ring 28
. g 8 20 16 22 V-gutter <
g 9 20 18 2n
§”§ 10 20 18 22
g G h 20 19 Normal 22 Conventional 2~ring 28
12 20 19 22 V-gutter
L B H 13 24 8 Normal 25 Oonventional 2-ring 30
gg E 14 24 7 25  |V-gubter <

9THESH WH VOVN
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Afterhurnsr
]

Gas mixing — ||
Preheater chamher Diffuser Combusticn chamber iﬁ?ﬁt
| i 1 1 i
I R 11 I ] |
Fuel-air
Fuel injection bar iﬂ:ﬁg ) 11.2
Station Station Station 8.1
2 ; - 3 4
22.5 61.5 | [y 2l.2
| I- v I 2.3 7
—— | f .
— — @
—. - HITY
== s R
g 67.5 | <8
) \— |CD-543§
! Flame holder
Station Number of probes
Total Wall end rake Thermcoouple
preagures | statlc pressures
2 18 14 20
3 24 12 -
4 12 2 .

Figure 1. - Schematloc diagram of full-soale afterburner test rig,

(All diwensions are in inches.)
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aul

Station 1

Fngine Afterburrer
] |
1
Diffuser Combustlon chamber
|
| 11 ! -1
Erhausi/

Fuel nogzle
inJeotion
‘bars

Support strub

Antil-whirl
vanseg

Fuel-elr sampling locatlon

Btgtion Number of probes
Total Wall and reke Thermoaquples
Ireseures i gtatlce preasures
1 24 10 12
2
3 24
Diffuser inlet) 15
4 4 -
(Nozgle inlet) 13

(s) Engine-afterburner I,

Flgure 2. - Schematlc dlagrem of engine-afterburner oomfigurations.
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Exhaust 3
Diffuser Cormbustion chamber nozzle
| i |
b P I |
Inner-body
support struta iia B —
il
__—“‘_‘,——/sza>
Vortex S

generators HJ ~
‘t €5 1n,

Fuel Fuel-alir ¥leme bholder
baxrs gempling
locgtion
. 4
Station 2 %
Station Number of probes

Total | Wall and rake |Thermocouple
pressure|gtatic pressure

2
(Diffuser inlet)| &° 4 48

4
(Wozzle inlet)

13 - -

(b) Afterburner II.

:
E
5
H

Figure 2. - Bchematic diagram at engine-afterburner configurations.
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Fuel system
confilguration

1,2

Outer
shell

Distance from outer shell (in.)

v
o

A o &
l Oy go/ '°'/ .r%?w Fuel
— 5 35 )

orifice

sDiffuser

S ins

Ny N

AT
o

g G )

7 >
LA

J— )

Spacing same as
fuel system 1

) O o0 )

"\

Spacing same as
fuel system 1

(@] (@]

21

Section A-A
(fuel systems 1-5)

‘E;a héé
)FT&::=JT§\

inner body

Fuel
orifice
diam,
0.030 in.

Fuel
orifice
diam,
0.030 in.

Fuel
orifice
diam,
0.020 in.

Fuel
orifice
diem,
0.030 in.

Air flow

Section B-B
(fuel system 8)

ZA

Alr flow

(a) Afterburner test rig fuel-injection configurations.

Figure 3. - Details of fuel-injection bar design.
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[42]
(@]
o]
3]
Distance from outer shell (in.)
Fuel system . /
configuration -
7 [o] Bepregents two arifices
= \ % Qs O‘?o 'o 180" apart and normal
S - to gas flows _
Outer Co Fuel e dlsmetex (in. Inner _ note: Fuel-bar inside * .
ghell l!OJ-'ln&:. m ( lbody ——— == -—=-diegmeter, 0.125 in.
T T (fuel systems 7-10) -
Same spacilng as s K C e -
configuration 7 ’
8

Same spacing as C B - - . - A

1 £ e

Section A-A . B
Seme spacing as -~ {fuel systems 7-10)

configura.tion 8

Alx flow . e

o

(b) Engine-afterburner I fuel-injection configurations 7 to 10.
Figure 5. - Continued. Detalls of fuel-injection-bar design.
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Distance fram cuter shell (in.)

Fuel system A
configuration hé
& W ®
NAC S LA
11 gd o 6 0 0 0© a3 Q Regzggenta two grifices
BPBI‘b and normal
L 75" to gas flow
8 —» Imer  gaspyon A4 @ Represents one orifice
Outer Cooling =4 body L.ﬂ/ located on upstream
ghell liner _ side of fuel bar

s
All fuel orifice dismeters,
0.028 in., fuel-bar ingide

diameters, 0.1875 in.
{fuel systems 11 and 12)

Air flow

(211 other orifices
pame as fuel systems
7-10)

(o) Engine-afterburner I fuel-injection configurations 11 and 12.
Figure 3. ~ Continued. Details of fuel-injection bar depign.
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Fuel systenm

configuration A e Distance from outer shell (in.)

R
q a_)

13
Outer shell \%’39 % < )

1 orifice dismeter (ip.) Diffuser
inney
bOdN

- 5.31
A
) Iw’«/ﬁ/ ¥ T
I“%\éz\‘%\%\%"

palad o

O Represents two fuel orifices 180° apart
& Reprepents one fuel orifice
Fuel-bar inside dlameter, 0.25 in.

Bectlon B-B

o
.

gBection C-C

———

e ——

Alr flow

() Engine-afterburner II fuel-injection configurations.

Figure 3. - Concluded. Detalls of fuel-injection bar design.
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Rake actuator

Fuel-injection Flex tub
ﬁ bars =
=

Fuel-gir

sampling probe <
Stream Btatic-\
pressure prob <
T
—_—
Gas flow

Fleme holder <

U~tube “
balance
mancmeter

To electric welder generator ——_———'\\%‘U

Ges oxidizer

(12-foot section of 3/8-inch
heavy-wall Inconel tubing)

[ Needle valve

NACA
fuel-air
mixture
anelyzer

Figure 4. - Schematic sketeh of fuel-air mixture sampling system.
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exhaust
system
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Ratio of measured to true

Ratio of measured to

fuel-air ratio

true fuel-air ratio

1.08
T~
1.00 \\ﬁk
N
\\
.92 A\

.8 .9 1.0 ' 1.1 ' 1.2
Ratia of gas velocity in fuel-air probe to
gas velocity at diffuser outlet

(a) Sampling velocity. True fuel-air ratio,
0.0675; average diffuser-outlet veloclty,

500 feet per second. :

/

True fuel-air
A ratio

-90 / o 0.040

D 064
/ /
1

.80
160 J T 18Q 200 T@gegl ... T 240

Electrical input to fuel-air oxidizer (amperes)
(b) Oxidizer electrical requirements.
Figure 5. - Variables to be considered in design of

fuel-air sampling system. Engine-afterburner I;
altitude, 40,000 feet; flight Mach number, 0.6.

NACA RM ES53K16
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Fuel system
configuration
(o] 1
O 2
<o 3
700
&35
§82¢
v N
+£ O w <
GE35
i g ol
° 500
1000
[ /D—
ﬁ'g Jéj 1},4——f5;:==r-'—15'
38
2o aa
N Y O~
1= P
£ AaH
4 800 |
.02 .04 . .06 .08 .10
Afterburner fuel-air ratio, f/a
(a) Afterburner-inlet conditioms.
o 600
3
H [
> .
s
5
kL) &~
k3 400 g
s ;
5 |
@ k]
& K
5 5
3 200 =
] ard
S
£
Q
mw
&
<
o
A
0 4 8 iz 16

Radial distance from outer wall at diffuser outlet, in.
(b) Typical diffuser-outlet gas velocity profile.

Figure 6. - Typical variations in afterburner-inlet con-
ditions as afterburner fuel-alr ratio is varied, along
with typical velocity profile at diffuser outlet for
full-scale afterburner test rig. Afterburner-inlet
total temperature, 1710° R.
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Afterburner fuel-air ratio, f/a
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Position of fuel- Fuel system Type of fuel-air
alr survey at configuration ... .._._distribution
diffuser outlet - :

Behind and between o

fuel bars 1 Un_iform
Between -
Behind _ = 2 ____A_c}_\_r_er:_az_a circumferentially
Behind and between 3. _ Adverse radially

.08
&f L
p/ H’//<
.06 '
// e y
.04 ! } r g
_'_').
o
o
(/ / oy
c
i o
.02 |
0] 4 8 12 16
Radial distance from outer wall at diffuser
outlet, in. . . . __. . .
L 1 1 1 ]
100 15 50 - 25 . 0

Mass flow, percent

Figure 7. - Effect of fuel-distribution variations on
fuel-alr ratic profile at flame-holder. Afterburner
configuration A; diffuser-outlet gas veloeclty, 520
feet per second; afterburner-inlet total pressure,
940 pounds per square foot; afterburner-inlet total
temperature, 1710° R.
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Afterburner combustion

Afterburner exhaust-gas temperature, ogr

efficiency, T

.90

e
o

.50

3800

3400

3000

2600

2200

b
Fuel system Type of fuel-air
configuration distribution
O 1 Uniform
(] 2 Adverse circumferentially
O 3 Adverse radially

Solid symbols denote lean blow-out limit

LO— o

N

> %N\o\
--“{1“
N

"\

/.

//,I?
é/”

AT

/

1

/

J

oy 04 .06 .08 .10
Afterburner fuel-air ratio, f/a

Figure 8. - Effect of fuel-alr distribution on afterburner
combustion performance. Afterburner configuration A;
diffuser-outlet gas velocity, 500 to 600 feet per second;
efterburner-inlet total pressure, 800 to 980 pounds per
square foot; afterburner-inlet totel temperature, 1710° R.
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Afterburner combustion efficiency, Ty

NACA RM ES3K16

Fuel system Type of fuel-air
- configuration distribution
o) 1 Uniform
O 2 Adverse circumferentially
O 3 Adverse radially’
801id symbols denote lean blow-out limit
i.C
7 LR ~am
o
S~ 0
8 >y >
‘\\2>\\
.6 \\\§k
4 —
0 .02 .04 06 .08

Afterburner fuel—éir'fétio, f/a

Figure 9. - Effect of fuel-alr distribution on afterburner

combustion efficiency. Afterburner configuration A;

diffuser-outlet gas velocity, 380 to 480 feet per second;

afterburner-inlet total pressure, 600 to 800 pounds per
square foot; afterburner-inlet total temperature, 1710° R.
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Afterburner fuel-air ratio, f/a

Fuel system Type of fuel-air
configuration distribution
o 1 Uniform (orifices not
plugged)
| 1 Adverse radielly caused

by orifice plugging

.08

7
g of afterbtirner

.06 1 g \\‘
A
0.

.04
.02 I
0 4 8 12 16
Radial dlstance from outer wall at diffuser
outlet, in.
L ] . { |
100 75 50 25 0

Mass flow, percent

Figure 10. - Effect of fuel-injection-bar orifice plugging
on fuel-air ratio profile. Afterburner configuration B;
diffuser-outlet gas veloclty, 400 feet per second;
afterburner-inlet total pressure, 1350 pounds per square
foot; afterburner-iniet total temperature, 1710° R.
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Afterburner combustion efficiency, T

W NACA RM E53K16

Fuel system Type of fuel-air
configuration distribution

o 1 Uniform (orifices
not plugged)

0 1 Adverse radially
caused by orifice
plugging

S0lid symbol denctes lean blow-
out limit

-
o

N »(“’ﬁ\c\

;/ 4 ~__ AN

0 / N
R

.4 . — . — - :
o .02 .04 .08 .08 .10

Afterburner fuel-air ratic, f/a

Figure 11. - Efféct of fuel-injection=bar orifice plugging
on afterburner combustion efficiency. Afterburner config-

uration B; diffuser-outlet gas veloeclty, 380 to 500 feet R

per second; afterburner-inlet-total pressure, 10680 to 1400
pounds per square fooh; afterburner-inlet total tempera-
ture, 1710° R.
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Afterburner fuel-air ratio, f/a
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|
.08 - 7 i
| ( ;
18
2
o
.06 3
L3
<
o
.04 F \
-02 o ll
Flame-holder
loecation
0 4 8 12 16
Radial distance from outer wall at diffuser
outlet, in.
L L l ! ]
100 75 50 25 0

Figure 12. - Fuel-air ratio profile for loecally rich
fuel-air distribution. Fuel system 4; afterburner
configuration C; diffuser-outlet gas velocity,

450 feet per second; afterburner-inlet total pres-
sure, 1170 pounds per square foot; afterburner-
inlet total temperature, 1710° R.
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1.0 Lean blow-out

r

ol | |

0 .02 .04 .08
Afterburner fuel-air ratio, f/a

FPigure 13. - Effect of lacally rich fuel-
air ratio distribution on afterburner
combustion efficiency. Fuel system 4;
afterburner configuration C; diffuser-
outlet gas velocity, 480 to 540 feet per
second; afterburner-inlet total pressure,
1060 to 1200 pounds per square foot;
afterburner-inlet total temperature,
1710° R.
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Afterburner combustion efficiency, T

Fuel system Direction of fuel injection
configuration with respect to gas flow

S Normal
6 Upstream
6 Dowvnstream
Solid symbols denote lean blow-out limit

<&no

1.0

-
™

.02 .04 .06 .08 .10
Afterburner fuel-air ratio, f/a

Figure 14. - Effect of fuel-injection direction on after-
burner combustion efficiency. Afterburner configuration Dj;
diffuser-outlet gas velocity, 460 to 540 feet per second;
afterburner-inlet total pressure, 1060 to 1350 pounds per
square foot; afterburner-inlet total temperature, 1710~ R.

1.0

. ,1
\o e a
//I}' ™3 18 oP Fuel system Fuel bar orifice
configuration diameter,
in.
1 0.030
5 .020
Solid symbols denote lean and rich
5 blow-out limits

.02 .04 .06 .08 .10
Afterburner fuel-air ratio, f/a

ao

Figure 15. - Effect of fuel-injection-bar orifice dlameter
on afterburner combustlon efficiency. Afterburner config-
uration E; diffuser-outlet gas velocity, 500 to 800 feet
per second; afterburner-inlet total pressure, 1100 to 1300
pounds per square .foot; afterburner-inlet total tempera-
ture, 1710° R.
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Afterburner fuel-air ratio, f/a
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Figure 16. - Effect of varying fuel-injection-bar
orifice diameter on fuel-air ratio distribution
et flame holder. Afterburner configuration F.
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Afterburner fuel-air ratio, f/a
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Figure 17. - Effect of varying fuel-injection-bar
orifice locgstions on fuel-air ratio distribution
at flame holder. Afterburner configuration G.
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Figure 18.
bar locatlon for engine-afterburner II.
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Figure 19. - Fuel-air ratio distribution for two fuel
systems designed to give uniform fuel-air ratio distri-
bution. Afterburner configuration H.
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(b) Fuel pressure variation.

Figure 20. - Flow characteristics of fuel-inJjection bars
having various ratios of total orifice flow area to
fuel-har flow area. Each curve represents averasge
flow from six fuel bars (12 orifices at each position).
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Figure 21. - Effect of fuel-injection-bar dimensional changes
and manufacturing technique on variation of fuel flow.
curve based on measurements fraom six fuel bars (12 orifices

at—each position).
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