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(0 SUMMARY

An experimental program was vonducted to Investigate techniques and do-

velop tachnology .o reduce emlsslons from duet burner~type augmentors suigah '

for use on an advanced supersonle erulge afreraft, The tests wore periormed
In a rectangular sector test rig, 194 mr high and 412 mm wide, at fpler tom-
perature and pressure condltions simulating true f1ighy nditlors,  Twolve
test configuratlons were sereened for emisglons characteristics, and detaf lod
data were taken on selected conf {gurations at test conditions corresponding
to takeoff, transonic climb, and supersonic cruise,

The bastie approach used for the duct burner designs was a staged system,
The flrst stage was a atable pilot, using conscervative suirl cup technology
derived from turbine engine main combustors. The second, or main, stage con-
8isted of flameholder arrays downstream of the pilot stage. The basic tech-
nology for derining workable staged combustion configurations with roosongbla
performance came from extensive duct burner experimental investigatious on
similar configurations directed toward military applications that had Feen
conducted at General Electric in prior years., To minimize the oxides of
nitrogen (NOx) emissions level, which had not been an object of tle previcus
duct butner investigations, most of the fuel was burnca in the iy stag.
a8 a lean, premixed stream. Two types of main stage lomeodgar WTAVE wers
used. The first type consisted of circumferential V-ju.-ov | laneholders
similar to those of turbojet afterburners. The secon: tyvire cousisted of
swept radial flameholders patterncd after those developed o madn combistors
in the NASA/CE Experimental Clean Combustor Progran,

The most attractive configuration identified in this program featured
the use of a swept re'ial flameholder array extending both inward and outward
from a central annular pilot, With this configuration, the bost overall
mission performance was obtained at all operating conditiona. At the supor-
sonic cruise vperating conditions, with the main stage air uniformly
carbureted for optimum emissione performance, a NO, emission index of 1.19,
and a combustion efficiency of 977 were measured compared with the program
soals of 997 combustion efficlency and 1.0 #/kg fuel for NOy, It was de-
termined from individual gas siamples that much of the combustion inefficicncy
was due to quenching near the film-cooled liners. 1f future development
efforts are successful ia eliminating this wall quenching, overall combust{on
efficiency levels above the 997 measured in the central part of the stream
should be achievable., At these 997 efficlency vonditions for the central
part of the stream, NOx emission index levels of 1.10 at takeoff and 1.17 at
supersonic cruise werce measured, closely approachlng the program goals,

While the best emiswions performance at supersonie crulse was obtained
at a fuel/air ratio of 0.0324, a supersonic crulse fuel/air ratio of 0,020
i3 indicated for optimum mlssion specific fuel consumption and capabl ity of
achleving the required wide fuel/air ratio operating range from takeoff to
cruise. At the 0.020 fuel/air ratio, emlgslions performance was depraded,




Staging techniques to maintain optimum fuel/air ratios locally in the stream
were inveatigated, with only limited success, These techniquas included
carburetion of the main-stage air on only one side of the pilot, somatimes
coupled with axial displacement of the uncarbureted flameholders. At a
supersonic cruise fuel/air ratio of 0.020, a combustion efficiency of 94% and
a NOx emission index of 1,3 were measured.

Variations in fuel injection techniques produced only moderate effects
on emissions performance. These variations included two different axial
injection stations, alternative atomizing techniques including high pressure
air atomization, and vapor fuel injection.

Future development work on duct burners should include efforts to reduce
combustion-driven resonance, which was present in all configurations at the
highest fuel/air ratios, Efforts to minimize wall quenching and efforts to
increase performance with fuel staging for wida fuel/air ratio capability
should also be included.
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2.0 INTRODUCTION

The purpose of this program was to investigate techniques and develop
technology to raduce the pollutant emissions levels of duct burner-type aug-
mentors suitable for use on an advanced supersonic cruise aircraft, This
effort focused on reducing emissions of NOyx, carbon monoxide (CO), unburned
hydrocarbons (HC), and smoke at all flight conditions, with particular em~
phasis on reduction of these emissions during superscnic cruise at high
altitude, These reductions in pollutant emissions were to be accomplished
with minimum and acceptable sacrifices in duct burner performance require-
ments such as combustion ¢fficiency, total pressure loss, and altitude
relight capability. Performance and pollutant emissions goals were defined
for three flight conditions: supersonic cruige, takeoff, and transonic climb,
as shown in Table 1, These goals emphasized high combustion efficiency and
extremely low NOy emission.

Duct burners must achieve good performance levels at severe burning con-
ditions., The burner inlet alr temperativres are generally low, ccmparable to
those of main combustors at idle conditions., These temperatures are much
lower than those of main combustors at full power and are also lower than
those of afterburners. At the same time, duct burners generally must operate
in a minimum passage height in order to minimize the overall engine diameter
and, hence, the aircraft drag. This latter consideration results in flow
reference Mach numbers through the burner that are highar than those in main
combustors. While more combustion length 1s available than in main com-
bustors, the achievement of extremely high combustion efficiencies is never-

theless difficult because of the adverse operating conditione of duct burners.

Previous duct burner development work did not emphasize the attalnment
of low NOy emission levels. High combustion efficiercy, however, has always
been an important objective in development work., Combustion efficiency is
frequently optimized by providing nearly stoichiometric fuel/air ratios in
the burning zone. The resultant high flame temperatures do not result in
lowest NOy formation., To approach the low NOx pgoals of this program, the
combustion must take place at lean conditions where the flame temperatures
are low. The achievement of high combustion efficlency at these lean
conditions is very difficult. Thus, although high combustion efficiency can
be achieved in duct burnere, the simultaneous achievement of high combustion
efficiency and low NOy emission levels was the primary challenge in this
development test investigation.

In recent years, duct burner designe have involved some sort of axial
staging of the combustion process. The staging procesa helps achleve good
performance in minimum passage helghts. For the past seven yeara, the staged
duct burner development work at General Electric has concentrated on concepts
utilizing a pilot burner for the first stage with flamehclder arrays for the
second (main) stage. The experimental investigations have included many
variations on the exact features. For the pllot burner, these variations in-
cluded airflow fraction, fuel/air ratio, length, and specific swirl cup and




TP e S R e

TR

Table I,

Flight Condition
Emission Index, g/kg fuel

Oxides of Nitrogen (Nox)
Carbon Monoxide (CO

Total Hydrocarbons (HC)

Combustion Efficiency, %

SAE Smoke Number

Total Pressure Loss (Including
heat addition loss) (Percent
of inlet total pressure)

Program Goals.

Supersonic

Cruige

1.0
30

2.5

99

15

6.5

Sea Level

Takeoff

1.0

'}

Transonic

Climb




i dilutton alr Introduction features. For the main atage flameholder arrays,
these variations Ineluded flameholder width, spacing, and slope, as well as
the effect of arrays on only one or hoth sides of the pilot compared with
arrays on both sides, including the effect of axial astagger of the flame-
holders between the two sides. Thia work was directed toward achieving
gatisfactory operating characteristice for military engines, including
combustion efficiency at hig' fuel/air ratios, but did not include any de-
velopment to reduce NOx emission levels. Thus, this work provided a sound
basis for selecting, for this emissions reduction program, configurations

: known to be operable and to have reasonable characteristics for lightoff end

| combustion efficiency at high fuel/air ratios. This buckground also provided
guidance in optimizing compustion efficiency at the lean conditions known to
be important for achieving low NOx.

Recent NASA-sponsored work on the development of low emissions for main
combustors conducted at General Electric under the Experimental Clean Com-
bustor Program, Contract NAS3-18551 (Reference 1), has identified that com-
bustion of a second stage can be achieved with very low NOy levels. The
general approach to achieve these low NOx levels is to burn most of the fuel
in a very lean, relatively premixed state. Thus, this low NOx technology
from main combustor investigations, together with the extensive duct burner
experience, provided the background for the selection of configurations to be
tested in this duct burner emissions reduction program.

In this experimental program, variations on two different flameholding
approaches were investigated, both of which were coupled with a first-stage
pilot. One concept involved circumferential flameholdera similar to those
commonly used in afterburners. The other concept usad sloped radial flame-
holders similar to those recently investigated for main combustors under
Contract NAS3-18551. Both design concepts were suitable for the envelope and
operating conditions of a baseline engine designed to cruise at Mach 2.4 and
16.7 km altitude. Screening tests omn 12 configurationa were conducted, with
more detailed measurements made on gelected configurations. All tests were
conducted in a rectangular sector test vehicle simulating a portion of a full
annular burner and utilizing true inlet air temperature and prassure con=
ditions.
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3.0 DUCT BURNER TEST CONFIGURATIONS

3.1 Design Requirements

For the purpose of defining geometry features and cycle conditions for
this investigation, a baseline duct-burning turbofan engine was selected,
This engine, designated GE21, was designed for a supersonic cruise mission.

Supersonic cruise was defined at Mach 2.4 and 16.74 km (54,900 faet) altitude
on a standard day.

3.1.1 Baseline Engine Description

A schematic of the GE21 duct-burning turbofan engine and pod configura-
tion is shown in Figure 1, Sea level static characteristics and key
dimensions of this engine are listed in Table II.

The duct burner of the GE21 engine is used during takeoff, climb, and
cruise, For study purposes, the engine has an advanced technelogy retract-
able chute-type noise suppressor in the duct stream only. At takeoff, the
duct stream is limited to an average temperature of 1198 K to maintain
suppressor metal temperatures within uncocled limits. The duct burner nozzle
inlet temperature is limited to 1310 K at all other flight cenditions. This
temperature was selected to meet a study requirement thrust/drag ratio of 1.2
and to minimize the nozzle cooling requirements.

Engine cycle parameters pertaining to the duct burner are listed in
Table III for four key operating conditions: guea level takeoff, transonic

climb, supersonic cruise, and altitude relight, The tests conducted in this
program were based on these conditions.

3.1.2 Temperature Rise Requirements

The maximum desired temperature rise of the baseline engine is 856 K,
which occurs at the sea level takeoff operating condition. Since the fuel/
air ratio is only 0.024, which is only 35% of the stoichiometric fuel/air
ratio, efficient burning can best be accomplished by confining the combustion
process to only a portion of the atrstream. This permits the air not
required for combustion to bypass the high pressure losses of the flame-
holding region and mix in later, downstream of the duct burner, through low-
pressure~loss apertures. In addition, the air bypassing the duct burner need
not be diffused down to the low reference Mach numbers desired for stable,
efficient, and low-pressure-loss burning; this results in a minimum total
required passage height and permits the overall diameter of the engine to be
sized for minimum aircraft drag.
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Table II, GE21/F2.4 Duct Burning Turbofan Engine Specifications.

Sea level static characteristics:

Bypass Ratio 1.5
Inlet Airflow 431 kg/sec
Fan Pressure Ratio 4,0
Overall Pressure Ratio 22.5

Maximum Turbine Rotor Inlet
Temperature 1810 K

Maximum Duct Exit Temperature 1310 K
Key dimensions:

Inlet Flange Diameter (OD) 1800 mm

Maximum Diameter (OD) 2130 mm

Length, Front Face to Plug

Nozzle Tip (Supersonic inlet
not included) 5690 mm

PRECEDING PAGE BLANK NOT FILMED
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At the supersonic cruise operating conditlon, the duct burner fuel/air
racio is only 39% of that required for takeoff, Modulation of the burner
over such a range of fuel/alr ratios requiras fuel staging such that some
part of the air that is carbureted at takeoff is not carbureted at cruise.

1.1.3 Envelope and Flow Requirements

The fan discharge Mach number of the baseline engine 18 0.41, nearly
constant at all flight conditions. sufflcient space is available to diffusc
the fan duct stream to an average reference Mach number of 0.146., Approxi-
mately half of the duct stream is assumed to bypass the duct burner at a Mach
number of 0.22. The internal duct burner reference Mach number is thus only
0.10, with an annulus height of approximately 180 mm.

The fan duct of the baseline engine extends from the fan discharge plane
to the fan stream nozzle, the throat of which is located in the plane of the
low pressure turbine. Some of this length is required for the fan discharge
diffuser, and some is required for a mixing chamber to mix duct burner dis-
charge gas with bypass air ahead of the nozzle. The remaining length
available for the duct burner is approximately 850 mm.,

3.2 Duct Burrer Designs

two duct burner design concepts were investigated in this program. Both
concepts used a pilot burner stage plus main stage flameholder array. The
two concepts differed principally in the design of the main stage flame-
holders. Concept 1, depicted in Figure 2, used circumferential flamecholders
derived trom turbojet afterburner technology. Concept 2, depicted
in Figure 3, used swept radial flameholders derived from the NASA/GE Experi-
mental Clean Combustor Program. In each duct burner concept, the pilot
burner operates with only a small percentage of the total air. Through its
piloting action, this pilot burner provides stability for the main stage
flameholders. From upstream fuel injectors, the main stage burner is supplicd
with carbureted air in a uniform premixed condition. The fuel/air ratio of
the maln stage is regulated so that combustion tomperatures are high enough
for CO and HC to be cleaned up in the relatively long 600-mm final burning
gection, yet low cnough to avoid NOx generation.

31.2.1 Duct Burner Concept 1

Duct burner Concept 1 cousisted of an annular pilot stage located
centrally fn the duct, with circumferential main stage flameholders located
both Inslde and outside of the pllot discharge mnvlus. This arrangement is
illustrated in Flgure 2.

The pilot stage burner was patterned after the main combustor designs
evolved in the NASA/GE Experimental Clean Combustor Program (ECCP),

1
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(References 1 and 2), The pillot burner used two~stage coaxial awirlera for
each fuel nozzle, conservative atacked=-ring cooling liners, and little or no
diluclon air,

The fuel nozzles were of the presaure-atomizing simplex type, fitted
with a boattailed alr shroud to prevent carbon buildup on Lhe nozzle face.
Except for the nozzle flow coefficiont, this was Lhe same nozzle design as
that sclected for rhe ECCP Phase I11 double annular combustor (Reference 1).
Circumferential nozzle spacing was 76.2 mm.

The primary and secondary air swirler designe were identical to thosc of
the outer dome of the ECCP Phase III double annular combustor (Reference 1).
Each primary swirler had an effective metering area of 87 mmZ and imparted a
swirl of 37°. The primary swirler discharged through a ventursi to prevent
carbon deposition. Each secondary swirler had an effective flow area of 129
mm? and imparted a counterrotating swirl of 60°.

The swirlers discharged into barrels which were mounted in a dome pro-
tccted by flat (rather than conical) splash platea. Dome height was 63.5 mm.

The pilot stage flame zone was contained by stacked-ring-type film
cooled liners, Cooling air was metered into the plenum of each cooling slot
by a circumferential row of small holee. Slot flow was smoothec by an
overhanging lip. Panel length was 46 wum, and the pilot was three panels
long., The design cooling flow was 4.8 mg/(mz-Pa-s) at the supersonic cruise
condition,

For the firet duct burner test cenfiguration, dilution ailr was intro-
duced through a single row of holes in the first liner panel. Hcle diameter
was 4.8 mm,

The pilot stage was designed initially to accept 10% of the burner
airflow under the liners at the flameholder plane, and to operata with a
pilot fuel/air mase ratio of 0.03.

The piloted flameholder of duct burner Concept 1 used technology drawn
from afterburner design experience: the ring V-gutter flameholder has been
used effectively in the J47, J79, J93, and GE4 augmented turbojet engines.
Two concentric circumferential flameholders were placed at the pilet burner
discharge plane, connected to the pilot by short, slightiy swept radial
spokes in line with each pilot fuel nozzle. This arrangement is indicated
in Figure 2.

A flameholder width of 19 mm was selected for the circumferentinl
gutters based on previous succeseful experience in laboratory flame tunnel
tests of plloted duct burner configurations. The radial spokea were 25 mm
wide,

14
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The pllot burner discharge annulus height was determined by gas dynamic
caleulattond, Tt was assumed that 107 of the air emerged from the pilot,
heated to 1522 K. The balance of the air at 595 K flowed through the flame-
holder gaps with a discharge coefficlent of 0,94, The blockaga was adjusted
go that the total pressurc loss was 37 after the alr streams and wakes mixed
to uniformity in the duct downstruam wlthout further heating, and with a
reference Mach number of 0,1, This calculation predicted a total-to-static
pressure drop of 5,67 at the pilot discharge plane, which was used to define
the pilot flow metering area. The pilot discharge height appropriate for a
passage height of 160 mm was 33 mm,

The design sclected for the standard main stage fuel injectors was a
radial splash plate spraybar, illustrated in Figure 4, The spraybar outside
diameter was 6.3 nm. The fuel orifice, sized for a maximum pressure drop of
2 MPa, directed the fuel jet upstream against the downstream surface of the
splash plate suspeaded 3.2 mm ahead of the spraybar. Atomization occurred
first as the fuel sheet spread away from the point of impact of the jet on
the plate, and then-as the air stream sheared the fuel sheet away from the
edge of the plate. In duet burner Concept 1, the spraybare contained one
splash plate each and were located in the high velocity stream flowing around
the widest part of the pilot cowl, in both the inner and outer passage.
Circumferential spacing between spraybars was 43 mm,

3.2.2 Duct Burner Concept 2

Duct burner Concept 2 consisted of an annular pilot stage with swept
radial main stage flameholders. TIn one configuration, the pilot stage wus
located against the inner wall of the duct, with the flameholders extending
outward to the outer wall. This arrangement is illustrated in Figure 3.

L. other configurations, the pilot stage was centered In the duct, with the
flameholders extending both inward and out rard.

The pilot stage burners used in duct burner Concept 2 were similar to
those used in Concept 1, described above, The fuel nozzles, primary and
sccondary swirlers, and domes were identical to those of Concept 1. The
pilot cooling liners were somewhat diffcerent: the Concept 2 pilot liners
were only two panels loug, and the panel length was 53 mm., Dilution holes
6.3 mm in diameter were used in the firat panel of some configurations., The
Concept 2 pilots were designed initially to accept 10% of the burner airtlow
under the liners at the flameholder plane and to operate with a pilot stage
fuel/air ratio of 0.03, These parameters were modified during the test
program, as described below in Sectlon 3.3.

The matn stapge of duct burner Concept 2 used swept radial flameholders
patterned after the main stage of the radial-axisl combustor configuration
tested In the ECCP (Reference 2).  In principle, the swept radlal flameholder
concept of fers a greater length of flameholder edge and shorter flamespreading
distances than does a circumferential flameholder array having the same
effective blockage,

15
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A swoep angle of 60° and a semicircular gutter cross section were
selected for the flamcholder array., The number of flameholders was set at

two per pilot fuel nozzle, i.e. the flameholder spacing was 38 mm, half the
pilot nozzle spacing.

The appropriate flameholder blockage was calculated by a momentum
balance across the mixing chamber downstream of the flameholder array. The
nominal total pressure drop was 3% with a reference Mach number of 0.1, inlet
temperature of 595 K, and the pilot atream (10% of total flow) hecated to 1522
K. The discharge angle of the flow from the swept flameholder array was
calculated by balancing axial and transverse momentum, assuming that the
flameholder drag :force acts normal to the flameholder edge. The discharge
coefficient for the semicircular flameholders was assumed to be 1.0. From
these calculations, a flameholder width of 24 mm was selected, with a pilot
burner exit height of 51 mm for the one-sided configurations and 54 mm for
the symmetric configurations, in the 160-mm duct height. The total-to-static
pressure drop at the pllot discharge was calculated to be 5.4%.

Some configurations of duct burner Concept 2 used radial splash plate
spraybars for main stage fuel injection, located in the high velocity stream
flowing around the widest part of the pilot cowl. With a central pilot,
these spraybars were ldentical to those used with Concept 1, described
above. When the pilot was located against the inner wall of the duct, the

spraybars extended from the outer wall only and contained two splash plates
cach, instead of one.

Variations of the standard fuel injector design were tested with Concept
2, These variations will be identified in the descriptions of the individual
test configurations following.

3.3 Duct Burner Test Configurations

Twelve duct burner test configurations were defined for evaluation in an
existing 194 by 432 mm rectangular sector test rig. Originally, the con-
figurations were defined to be six variations each of the two duct burner
concepts, Because of early hardware damage on Concept 1 and good emissions
results from Concept 2, more configuration variations of Concept 2 than of
Concept 1 were Iinvestigated. As 1t developed, three of the configurations
represented variations of duct burner Concept 1; the remainder represented
Concept 2. Only the burner region itself was simulated in the tast rig.
Neither the fan discharge diffuser nor the bypass air stream with its specific
liner and downstream mixer region was part of the test models.

The test rig was equipped with upper and lower multijet-type cooling
liners used in previous test programs. The nominal height under these liners
was 160 mm  The multijet liner design has film ailr injected through rows of
discrete holes aimed parallel to the panel surface, without plenum or over-
hang. Each row had 1.9-mmn holes spaced 2.5 mm on centers. Panel length was
38 mm,
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The sector endwalls were protected b slave liners cooled by unheated
auxillary afr downstream of the main stage flameholders. The standard
endwall liner was a simple flat plate with a narrow backside passage for
convectlon cooling, Some §ilm protection was provided by rows of holes
drilled perpendicularly through the plate and covered by baffles. Special
endwill liners were used with Configurations 4 and 5.

Upstream of the main stage [lameholders, the sector endwalls were pro-
tected by closing the Pilot cowls and liners to form a box.

All duct burner configurations were mounted with the pilot burner dome
splash plates in a common axial position, 760 mm from the tunnel exit.

The 12 test configurations are described below. Key features are
summarized in Table 1v.

3.3.1 Configuration 1

Configuration 1, shown in Figure 5, was the basic representation of duct
burner Concept 1, Circumferential main stage flameholders were mounted
symmetrically above and below the centrally mounted pilect, at the same axial
statlon. The gap between each flameholder and the adjacent liner was main-
tained at 11 mm by a spring attached to the liner. Standoffe on the flame-
holder compressed the s8pring to compensate for expansion and stackup toler-
ance. The burning length from the main stage flameholders to the tunnel oxit
was approximately 600 mm,

Main stage fuel was injected from standard radial splash plate spraybars
located 200 mm zhead of the flameholders. The nominal flow of the pilot
spray nozzles was 2.1 g/s at 690 kPa pressure drop.

3.3.2 Configuration 2

Configuration 2, shown in Figure 6, represented duct burner Concept 2
with the pilot located against the fnner wall of the duct. The burning
length from the main stage flameholders to the tunnel exit varied from about
630 mm at the pilot discharge to 480 mm at the outer wall.

Main stage fuel wvas injected from standard splash plate spraybars
located as shown., The pilot fuel nozzles were enlarged to 3.0 g/s at 690 kPa
to relieve clogging problems cxperienced in testing Configuration 1,

3.3.3 Configuration 3

Cont iguratlion 3 repregented the variation of duct burner Concept 2 using
a central pilot with swept radial flamehelders above and below. The upper
(outer) flameholders wore displaced downstream 150 mm from the lower flame-
holders, as shown in Flgure 7. The purpose of this arrangement was to prevent

18
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Flowpath.




21




‘yiedsold ¥ pue ¢ suorIeIndyyuo) L a2andt g

22




premature quenching of the combustion from the lower main stage flameholders
by the mixing of uncarbureted air jets from the upper flameholders at the
supersonic cruise operating condition, where only half the main stage is

carburceted, The burning length for the lower flameholder array was ahout 600
mm,

Main stage fuel was injected from standard splash plate spraybars
located as shown in Figure 7. The pilot fuel nozzles were enlarged to 3,7
g/s at 690 kPa in the process of repairing damage from previous testing,

Configuration 3, like Configurations 1 and 2, used simple sector endwall

cooling liners consisting of a flat plate cooled by a strong backside flow of -
cold air, some of which bled through baffled holes for film protection.

3.3.4 Configuration 4 .

Configuration 4 was identical to Configuration 3 except for the sector
endwall cooling liners. Configuration 4 was built up using alternate
existing endwall liners with a longer spacing between the film baffles than
for Configuration 3, 89 mm versus 38 mm, in an attempt to achieve improved
resonance suppression, This particular liner had seemed to provide resonance
suppression in a previous duct burner test program. However, with Configura-
tion 4, only minor changes in resonance characteristics were encountered,

After Configuration 5 was tested, the original endwall liners were reinstalled
in the sector test rig.

3.3.5 Configuration 5

Configuration 5 (Figure 8) was derived from Configuration 4 by replacing
the standard splash plate type main stage fuel spraybars with speclal air
blast spraybars., The air blast spraybar consisted of two 6.35-mm OD tubes.
The front tube carried fuel injected through two 0,635-mm orifices angled 45°
aft. Unheated 650 kPa alr was injected from two I.32~mm orifices In the rear
tube, angled 45° forward and aimed to {mpinge on the fuel jets.

J+3.0 Configuration 6

Configuration 6, illustrated in Figure 9, represented duct burner Concept
2 using a central pllot with swept radlal main stage flamcholders. Both Lhe
upper and lower flamcholders were located at the same axial station, with o
burning length of about 600 mm,

Main stage carburetion was provided by standard radial splash plate
spraybars located 200 mm ahead of the flameholders.
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Conflguration b wua tested with an extension fitted to the pilot burner
cowl.,  This extension moved the pilot air intake upatream to a point ahead of
auxillary fuel injectors located in the test rig inlet bellmouth., The cowl
extensfon and upstream fuel injectors ware used for derivatives of Configura-
tion # but were not used in testing Configuration 6 itself. . However, con~
striction of the maln stage airflow past the upstream injectors increased the

maln stage alr passage pressure drop, causing additional air to be diverted
through the pilot,

The pilot was modified in an attempt to improve its stability and therehy
reduce combustor resonance. All dilution holes were closed, and one-fourth
of the secondary swirler passages were blocked. The net effect of the pllot
modification and the pllot cowl extension was estlmated to be a reduction in

pilot airflow from 10Z to 9% of the duct burner airflow under the liners at
the flamcholder station.

3.3.7 Configuration 7

Configuration 7 (Figure 10) was derived from Configuration 8 by adding a
throttle plate to the pilot cowl air intake and removing the unused radial
splash plate spraybars, The resulting configuration included a central pilot
modified by closing all dilution holes and one-fourth of the secondary
swirler passages, swept radial main stage flameholders at the same axial
station, and a pilot cowl that extended upstream into the test rig inlet
bellmouth where main stage fuel was injected from circumferential splash

plate spraybars. Only the lower passage spraybar was used in testing
Configuration 7,

The pilot intake throttle plate contained five 28.5-mm diameter holes.
Its function was to balance the main stage alr passage pressure drop caused
by the circumfercntial spraybars, so that the pressure drop across the pilot
liner would be in correct proportion to the pressure drop across the main
stage [lameholders. The pilot airflow was estimated to be 7% of the duct
burner airflow under the liner at the flameholder station.

3.3.8 Confipuration 8

Configuration 8 (Figure 11) was geometrically identical to Configuration
6. The difference between the two was the Injector used for the main stage
fuel. 1In Configuration 8, the main stage fuel was injected from circumferen-
tial splash plate spraybars located fn the teat rig inlet belimouth 590 mm
upsitream from the flameholders. Tie spraybar configuration was linearly
scaled from the standard splash plate spraybar design (Figure 4) to
a spraybar diameter of 9,5 mm.  The fuel orifices were spaced 29 mm apart
along the bar., A pilot cowl extension was used, as shown f{n Figure 11,
te prevent main stage fuel from entering the pilot and to provide high air
velocity past the spraybars.
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Vapor Tuel spraybars located just ahead of the circumferential splash
plate spraybars and stuandard radlal spraybars located further downstream were
inatalled during the tosting of Conflguration 8 but were not uaed.

3.3.9 Configuration 9

Conf Lpuratfon 9 (Flpgure 12) was geometrically lfdentical to Configuration
M. For Conflguration 9, the fucl wasa heated to 590 K, a temperature calcu-
lated to fully vaporize the fuel at burner preesure,and intected from one (the
lower) or both of the elrcumferential vapor spraybars located in the test rie
inlet bellmouth, Each spraybar contained two rows of 1,3-mm orifices spaced
13 mm apart, dirccting tuel jets normal to the airflow, The circumferential
splash plate spraybars used for liquid fuel were retained just downstream of
the vapor fucl spraybars but were not used.

3.3.10 Configuraction 10

Configuration 10 was derived from Configuration 7 by adding a narrow (6-
mm wide) crossiire gutter at the downstream end of the upper swept radial
f lamcholders, next to the liner, as shown in Figure 13. The intent of this
modif fcation was to promote the burning of a streak of raw fuel previously
observed near the liners.

vonf iguration 10 thus included a central pilot, modified by closing all
dilution holes and one-fourth of the secondary swirler passages, and
cquipped with an extended cowl with a throttle plate at the intake, and
Concept 2 swept radial flamehbolders at the same axial station, the upper one
of which was equipped with a crossfire gutter next to the liner. Main stage
fuel was {njected oither from the upper circumferential splash plate spraybar
only, or from both upper and lower spraybars equally, at different test
points,

3.3.11 Confipuration 11

Configuration 11, [llustrated in Figure 14, represented duct burmer
Coneept 1 with a central pilot stage and clrcumferential main stage flame-
holders,  The upper flameholder was displaced 180 mm downstream from the
lower flameholder, with the upper pllot cowl and liner extended accordingly.
Upper liner cooling slots ahead of the {lameholder were covered, The upper
{ lameholder was huag From the upper liner by hooks of a length to maintain
the ©lamcholder-to-{iner gap at 11 mm.  The lower flamcholder-to-ltiner gap
was 9 mm, maintained by a spring and standoff arrangement similar to
Configuration 1. Burning length from the lower main stage flameholder to the
tunnel exit was about 60U mm.
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Figure 13, Configuration 10 Flowpath
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The pllot cowl was not fitted with an upstream extenaion. The pillot
dilution holes were closced, but all secondary swirler passages were left
Upeno

Main stage fuel was injected from standard splash plate spraybars
located as shown in Figure 14.

3.3.12 Configuration 12

Configuration 12 (Figure 15) was derived from Configuration 11 by adding
a splitter plate to delay the mixing of lower liner cooling air with burning
gases from the lower main stage flameholder. Configuration 12 thus re-
presented duct burner Concept 1 with a central pilot and circumferential main
stage flameholders, the upper of which was displaced 180 mm downstream from
the lower. Main stage fuel was injected from standard splash plate spraybars
located abreast of the pilot swirlers.
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4.0 TEST FACILITIES ANR FQUIPMENT

4.1 Pressure Sector Tegt Rig

The duct burner test configurations were evaluated in a rectangular
secior test rig. The rectangular duct (duct burner housing) had a 194= by
432-mm cross section and housed the inlet bellmouth, the cooling liners, and
the duct burner assembly. The duct was enclesed in an 860-mm diameter pres-
sure vessel designed to permit test operation up to 310 kPa gage pressure.
The enclosing vessel was fabricated in three pleces to facilitate assembly of
the duct and service leadouts for instrumentation, fuel systems, cooling air,
etc, An adapter plate was utilized at the inlet section of the test rig to
provide attachment to the test cell alr supply. The inlet bellmouth extended
forward of the adapter plate into the air supply pipe. The rig exhaust
section, including a water quench section, was designed for attachment to the
test cell exhaust ducting. A sketch of the assembled pressure tank is shown
in Figure 16.

The pressurizing tank completely encapsulated the duct burner housing
and all of its service requirements, such as thermocouples, fuel injection
manifolds, igniter components, gas sampling traversing probes, and slave
cooling air systems. To prevent damage in the event of a leak from a fuel
line or manifold, the pressurized space between the augmentor duct and the
pressure vesscl was purged with steam, A baffle was placed at the exhaust
plane of the augmentor duct to limit recirculation of exhaust xases Into the
purged cavity. The fuel lines leading through the inlet adapter plate to

the injectors located in the inlet bellmouth were double-walled conduit, with
the space between walls steam~purged and vented into the pressurized space
downstream. Provisions were made in the design for sealed access ports

through the forward sectlon of the pressure vessel for all required elecvtrical,
gas, and liquid service lines. Additionally, a sealed traversing rod was
provided to allow traversing of the combined total pressure and gas sampling
probes across the burner exit planc,

The test rig was mounted on two dollies. The forward section of the
pressurizing tank, the front adapter plate, and the duct burner housing
assembly initially were mounted in the forward dolly. All burner service
contections were checked for leaks, electrical continuity, etce. before the
second section, mounted on the aft dolly, wias installed.

4,2 Services

Afr was supplied to the test rig compressed and heated to conditions
fully representative of the baseline engine tan digcharge alr stream.
Compression was accomplished by centrifugal compressors with water-cooled
aftercovlers.  Heating was done after compression in a nonvitiating heat
exchanger,  Temperature control was accomplished by bypassing the heater with
part of the airflow, which was mixed with heared air before being metered to
the test rig, Alr humidity was not controlled.
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Sector Test Rig.

Figure 16. Pressure




- e’

Imheated auxiliary akr was used for coollng the sector end wall liners.
The atrflow to the two liners was regulated at 2,86 kg/s per megapaacal of
teat pressure. Of this, about 8% was bled into the burner as film air, and
the rest was dumped {rom the aft end of the panela into the exhaust chamber,
Auxiliary alr was also used for protection of the dynamic preesure transducers,

JP=5 fuel from bulk storapge was pressurized by a positive-displacement
pump, then distributed to the various fuel manlfolds through a system of
contrul valves and redundant flowmeters, The fuel system ls shown schemat-
1cally in Flgure 17. Nitrogen was used to purge residual fuel from the lines
and manifolds after system shutdown to avold coking of spraybars and nozzles,

For one configuration (Configuration 9), the fuel heater shown schemat-
ically in Figure 17 was used to vaporize the main scage fuel, For this
configuration, all main stage fuel was drawn from only one of the two main
stage fuel systems, Initial heating was done in a steam heat exchanger.

Final heating was done in an air heat exchanger by an unvitiated hot auxiliary
air supply. The fuel was maintained at supercritical 'pressure in the heater,
then flashed to vapor acvoss a throttle valve downstream. The vapor fuel was
piped directly to the vapor fuel injectors, one of which could be turned off
by a gate valve when necessary.

City water supplied from high pressure centrifugal pumps was used to
quench the combustion gases at the burner exit and also to cool the burner
exit survey rakes and the dynamic pressure gages.

The quenched exhaust gases passed into the exhaust ducting through a
butterfly valve ("blast gate") used to regulate the test rig pressure. From
the exhaust ducting, the gases were released to the atmosphere through a
silencer.

Steam for purging dead spaces within the pregsure vessel, for heating
, fuel, and for tracing gas sample lines was supplied saturated at 1.0 MPa
L pressure,

Ignition energy was supplicd from an aircraft engine type of capacltor-
discharge ignition exciter.

4.7 Instrumentation

The various airflows were metered by ASME standard thin-plate orifice
flowmeters., The heated test alr was measured downstream of the temperature
and flow control valves using a 177.17-mm orifice in a 603-mm 1D pipe. The
auxiliary airflow to the sector end wall liners was measured by a 51, 16-mm
orifice in a 102-mm pipe. Airflows were calceulated from the measured
pressure drops across these orifices using the procedures of Reference 3.
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Fuel flows were measured by turbine~rype flowmeters, calibrated within
sEx months by time and weight methods using the same fuel type as used in the
test,  The measured {lows were corrocted for variations In fuel specifie
gravity, Flowmeter speed was measurcd by an c¢lectromagnetic pickup, which
produced an electrical signal with a frequency proportional to meter spoed,

Temperatures were measured with metal-sheathed chromel=alume!l thermo-
couples.  Sheath diameter was, typlcally, 1.6-mm, For measuring pas tempora-
tures, the sheaths were sealed over the thermocouple junctions to protect
them.  For measuring structure temperatures, the sheaths were stripped back
for a short distance and the thermocouple wires spotwelded directly to the
metal surface, Thermocouple signals were referenced to a single controlled-
temperature bath, and the calibration and zero signals were processed through
the same bath, The alloy=to-copper junctions were made in a stabilized
thermal sink, and the output of the low-level switch was processed through
the same sink and then referenced to the controlled reference temperature
before going to the low level amplifier and analog-to-digital converter.

Time=averaged presscores were measured by electrical transducers con-
nected to the test rig through scanning valves., Cas stream total pressures
were measured by simple impact tubes aimed againat the expected flow direc-
tion, Static pressures were measured by tubes attached to small holes
drilled perpendicularly through the duct wall,

Axlal measurement stations were designated by their distance in centi-
meters from the front edge of the inlet bellmouth,

The duct burner inlet total pressure and temperature were measured by
two rakes located in the inlet bellmouth, [Iach rake spanned the 160-mm

radial height of the duct, and contained four total pressure tubes separated
by three thermocouples.

The pilot fuel nozzle pressure drop was defined as the pressure dif-
ference between the fuel pressure in the line outside the pressure vessel and
the average stream total pressure at the augmentor exit plane. The main
stage fuel fnjector pressure drop was taken as the difference between fyel
line pressure and average augmentor inlet total pressure.

Test air humidity was measured by an on-line mositure monitor which
provided a continuous Indication of the dew point of an air sample drawn from
the supply ducting ahead of the test rig. This meter was used for Conf igura-
tions 7, 9, 10, 11, and 12, For other configurations, the air humidity was
assumed to be 3.57 g/ky for data reduction purposes.

Dynamic pressure was measured at up to four locations in the scetor test
rig by piczoelectric cryvstal transdicers (Kuliteg). The transducer fnstalla-
tion is {llustrated in lFigure 18. T.c fnstalled package consisted of an
adapter section, a coolii, unit, an eiclosure, an infinite line, and the
transducer.  The adapter section, from the point of entry fnte the augmentor
chamber to the face of the transducer, was the same for all units. The
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constant atandof { distance wias necessary to synchronlze phasing, f.e., the
phase change through cach atandoff tube was constant provided the alr tempera-
ture was the game In cach tube., The atandoff tube separated the transducer
from the hot combustion chamber, and the cooling unit prevented overheating
of the air through which the dynamlc pressure si.nal passed between the
comhbust lon chauber and the face of the transducer. Since the transducers
were located within the steam-purged cavity, air passing threugh the en-
closure further cooled the temperature-sensitive crystal. The cnclosure
provided protection from external shocks and handling. The 12-meter infintte
coll allowed attenuation of all dynamic pressure signals and was sealed to
backpressure the signal passage. The transducer's electrical signals were
displayed on oscilloscopes and recorded on magnetic tape,

The fonr dynamic pressure sensing points were:

1, Inside pilot cowl, on sector endwall, adjacent to the pilot
swirlers.

2. Ingide pilot liner, on sector endwall, 50 mm downstream of pilot
dume .

3. Upper main stage liner, 368 mm from exit, 89 mm off sector center-
line.

4. Sector endwall liner, 137 mm from exit.

Configurations 1 and 2 contained only points 1 and 4. In Configurations
4 and 5, the sensing tube at point 4 did not penetrate the endwall liner,

The duct burner exhaust gas composition and total pressures were
measured using two exhiaust gas sampling rakes, each containing seven sampling
elements and attached to a common traversing bar. The two rakes were tra-
versed across the long dimension of the duct exit, and measurements were
taken at the discrete locatiens shown in Figure 19. All performance data
were based on measurements in the proximity of the center o the exit cross
section, and thus there was reascnable assurance that the poerformance measure-
ments were free of effects from the sector endwalls,

The exhaust gas sampling probes were double-jacketed to provide steam
heating of the sampling lines and water cooling of the probe housing. The
gampling lines were steam-heated to maintain pgas sample temperatures high
enough to aveid condensation of hydrocarbons prior to analysis. An illustra-
tion of the sample probe construction is shown In Figure 20,

The sample line from cach rake element was routed to a heated valve bozn
containing manually=operated valves by which each clement could be connected
to the gas analyzers lndividually, or gseveral elements could be manifolded
together for analysis. The valves dlso permitted the sample lines to be shut
of f for total pressure measurement, or routed to the smoke measursment
console.
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Oxygen-Free Copper
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Note: Dimensions in millimeters.

Gas Sample Line

Steam Heating Jacket
Jacket

Water Cooling
Jacket

51 .
r_- Sect, A-A

Figure 20,

(Copper Tips Delected for Clarity.)

Duct Burner Exhaust Gas Sampling Rake.
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The exhaust gas emissions data were obtalned with an on=line gas analysis
gystem, With this system, exhaust gas streams were continuously processed
and the C02, CO, HC, smoke, NO, and NO concentrations calculaced., A flow
diapgram of the system is shown in Figu;e 21, The four baaic instruments for
measuring gaseous emissions concentrations in this on-line system were a
flame ionization detector (FID) for measurements of the total HC concentra-
tions, two nondispersive infrared (NDIR) analyzers for measurements of the CO
and CO2, and a heated chemiluminescence analyzer for measuring NO and NO2.

The flame ionization detector was designed specifically for determining
the total HC concentrations in gas turbine engine ehxaust gases. It consisted
of a heated inlet sample line, an ionization analyzer module, and an electro-
meter amplifier module.

The nondispersive infrared (NDIR) analyzers used a double~beam optical
system to measure the differential absorption of infrared energy. An ice-
bath water trap was installed upstream of the analyzers to provide dry
samples for analysis. The two amalyzers used had different reference
absorption cells, one for CO reference and the other for COp reference.

In the chemiluminescence analyzer, the NO in the sample gas was measured
directly, The internal temperature of the analyzer flowpaths was controlled
at about 328 K to prevent moisture condensation within the system. The
measurement of the total NOx concentration of the exhaust gas was accomplished
by use of a thermal ccnverter. This Is a device that reduces NO2 in the gus
sample to NO and oxygen as a result of heating the sample to a prescribed
temperature for a given period of time. When the sanple leaving the
converter is passed through the NO analyzer, a reading is obtained that is
equal to the NOx concentration (the sum of the newly-formed NO plus the NO
present in the original stream).

None of the foregoing gas analyzers measured quantitatively without
being calibrated. There is no electrical calibration signal that can be used
to simulate an actual reading, such as millivolt simulation for temperature
in the case of thermocouples. The standard General Electric analyzer
calibiacion procedures were used throughout the program. These calibration
procedures invo.ved thc use of calibration gases having nominal concentra-
tions of CO, NO, NU2 and propane in nitrogen and oxhgen mixtures which were
obtained from an appropriate vendor. The vendor prepared the mixture of the
gases by the use of partial pressures or gravimetrically and then analyzed
the gas in the bettle., The precision of the calibration procedure was
obtained by requiring the supplier tu guarantee that all of the constituents
in the bottle were within five percent of the nominal value specified and
that the accuracy of the analyses met the following criteria:

Constituent Concentration Range Analysis Accuracy
10 - 15% %t 2% Relative
50 ppm - 10% + 37 Relative

I+

10 ppm - 50 ppm 5% Relative
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In addition, helium, argon, and other impurities were held to a minimum
and were to be listed in the chemical analyses if over 10 ppm,

The zero on each NUIR lnstrument was set by using dry nitrogen which had
been checked for the absence of H2, CO, CO2, and NO. All of the NDIR dual-
cell Instruments had three full-scale ranges per cell, which made a total of
six scale ranges available., The C02 analyzer was a single=cell instrument
having only three scale engine ranges available. The first range 7as the
least sensitive, the second stage could be set up to three times the first
range, and the third range could be set up to nine times the first range.

The zeto of the FID analyzer was set by using ultrapure breathing air.

Smoke emissions were measured using the standard General Electric filter
stain method, With this method, a measured volume of sample gas is drawn
through a filter paper. The smoke particulates filtered out of the sample
gas leave a black stain on the white paper. The "blackness" of the spot is
measured on a reflection densitometer., The densitometer is calibrated
against absolute reflectance standards. Readings are converted to a sample
flow flux of 0.0016 kg of exhaust gas per square cm of fllter paper before
computing to provide a smoke emission value in terms of SAE Smoke Number.
The entire smoke measurement system is packaged into a portable console that
also contains a pump, control valves, and flow metering devices. A flow
diagram is shown in Figure 22. This smoke measurement technique i{s in
conformance with SAE ARP 1179 (Reference 4).

Throughout this program, the combustor test data (except smoke emission
data) were recorded by a digital data acquisition system. This apparatus
scanned each of the measured parameters in sequence, controlling the position
of pressure scanning valves when required, converted the amplified DC signal
of the measurement to digital form, and recorded the value on a perforated
paper tape suitable for input to a time-sharing computer through a teletype
terminal. During each scan, the overall voltage accuracy was checked against
a precision potentiometer that had been calibrated in the standards labora-
tory, The digital voltmeter and low level amplifier were of sufficient
quality that voltages were accurate to 0.02 percent of full scale in the 0 to
10 millivolt range.

All connections between data sensors and readout instrumentation, and
all programming of the sequencing and control circuitry, were accomplished
through interchangeable program boards. The test setup included its cwn
prewired, preprogrammed front panel for rapid changeover from one circuit
configuration to the next. A schematic of the data acquisition fnstallation
setup is shown in Figure 23,
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5.0 EXPERIMENTAL PROCEDUREY

5.1 Test Methods

The methods described below are typical of those used in this program,
Varlations occurred from configuration to configuration as techniques were
improved or test emphasis shifted. When these variations affected the test
results, they are noted where the results are reported.

Preliminary procedures prior to each test included a "pressure check"
in which the blast gate was closed and sufficient unheated air was admitted
to the test rig to pressurize it. All pressure measurements were then
recorded and examined. With little flow, the pressure throughout the test
rig was known to be essentially uniform, so that any pressure measurement
deviating from the others indicated an instrumentation error, which was
corrected before proceeding.

In each test, the airflow, temperature, and pressure were gstablished
prior to introducing fuel to the test rig. The pilot fuel flow was always
established and ignited before the main stage fuel was admitted. Changes
in fuel flow required changes in blast gate position to maintain burner

inlet pressure at specified values. When changing air conditions, the main
stage fuel was usually turned off,

5.1.1 1Ignition Tests

All duct burner ignition tests were performed at the air temperature
and reference velocity of the "altitude relight' operating condition (Table
111). Most tests were performed at a pressure slightly lower than the 142
kPa of the altitude relight condition to relieve the necessity of manipulating
the blast gate when ignition occurred.

To conduct the test, the alrflow and temperature were established with
the blast gate open. Then the spark igniter was turned on and the pilot
fuel flow increased slowly until {gnition occurred. lgnition was detected
by displaying pilot fuel flow, injection pressure drop, and scveral pilot
liner surface temperatures as a function of time on a multichannecl strip-
chart recorder. Ignition appeared as an abrupt increase in liner temperature,
When ignition occurred, the igniter was turned off, the fuel “low was held
constant, and an instrument rcading was taken with a manifolded gos sample

as described below. This reading documented the fuel/air ratio and tempera-
ture rise at ignition.

5.1.2 Atmospheric Pressure Performance Tests

For some configurations, combustion performance and emissions were
measured at alr temperature and reference velocity corresponding to the
supersonic cruise operating condition (Table 111), but with the exhaust

50




BT AT WERMRY, P Sal e SRR e

L T TR

et S Pl

system hlast gate left open, so that the duct burner pressure wis essen-
tially atmospheric., The reasons for using this expedient tesat method were:
test conditions could be established more rupidly, since the blast gate
need not be adjusted when the exhaust gas temperature was changed; and
resonance, when encountered, was not as dedtructive as at high pressure.
Atmospheric test data were used to evaluate the relative effects of changes
in burner fuel/air ratlo and fuel staging on performance parameters, in
order to select operating conditions for subsequent evaluation at full
pressure,

The test condition was set by establishing air temperature and flow at
predetermined values. The airflow was determined from an a priori estimate
of the duct burner pressure drop. The pilot fuel flow was ignited and set
at the desired value; then one or both of the main stage fuel flows were
set, as required. The exhaust gas sampling rake was back-purged with air
during adjustment of the test conditions to avoid loading the sample system
with unburned fuel,

When all test flows were stabilized, the exhaust rake assembly was
moved to a position where the left rake (aft looking forward) was 140 mm
from the left sector endwall and the right rake was 254 mm from the wall,
and all sample valves were turned off, All flows, temperatures, and pres-
sures were then recorded, including the total pressure measured by the
rakes, and the dynamic pressures, The gas sample valves were then manip-
ulated to manifold all elements of one or both rakes together, and the
resulting gas sample was directed through the analyzers. When the analyzers
stabilized, the gas analysis parameters were recorded.

5.1.3 Full Pressure Performance Tests

Tests at full pressure were performed in a manner similar to that of
the atmospheric pressure tests, except that the exhaust system blast pate
was adjusted to provide the specified duct burner inlet total pressure.

For some test points, gas somples were drawn from several or all of the

rake elements simultancously and manifolded together for a single analysis.
For selected test points, the sample from each rake element was analyzed
individually to provide information on the gas composition protfiles in the
exhaust stream. The rakes were traversed botween analyses so that the
sampled points formed a pattern across the exhaust stream.  The sampling
patterns are described below. In each case, the rake total pressure measurc-
ments were made before beginning the analysis, with the rakes in a single
position,

For the points in which the samples were Individually analyzed, a
smoke sample was alse drawn from all elements of one rake, manifolded,
located 254 mm from the left endwall of the sector (aft looking forward).
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5.1.4 Gas Sample Survey Pacterns

The patterns in which individual and manifolded samples were drawn
from the duct burner exhaust stream changed from time to time during the
program as better test techniques evolved, The various patterns used are
indicated schematically in Figure 24, The exact location of each sample
element may be obtained from the rake stop diagram shown previously, Figure

19. The specific pattern used for each data reading is given in the test
summary table in Section 6.0.

5.2 Emissions Data Reduction Procedure

The voltage responses of the €0, CO2, HC, and NOy analyzers were
recorded at each traverse position of a test condition by the test cell
digital data acquisition system. These data were then transmitted directly
to an on-line data reduction computer for calculation of the exhaust emission
concentrations, emission indices, combustion efficiency, and fuel/air ratio
of the gas sample at each traverse position. The equations used for these
calculations were basically those contained in ARP 1256 (Reference 5),

Before the .ariou: emission parameters were calculated, the concentra-
tions of CO, CO2, HC, and NOx were determined from the gas sample measure-
ments. The true concentrations of these constituents, however, were not
necessarily those measured by the analyzers, due to the removal of some of
the water from the various samples before analysis, Samples for the CO and
CO0p analyzers were measured "semi-dry"; that is, the sample was passed
through a 273 K ice bath {n which the water content of the sample was
reduced to about 3.9 g water/kg air (or 0.00602 moles/mole). The samples
for the HC and NO; analyzers were measured "wet", with no water removed
before analysis., A step-by-step discussion of the emissions calculation
procedures used for all the data reduction is presented below.

At the beginning of each test, each of the four gas analyzers was
calibrated over three overlapping concentration ranges, using gas mixtures
of known composition, For each range of each instrument, the millivolt
response of the instrument to a given concentration of its particular gas
was characterized by a calibration equation, the coefficients of which were
evaluated by a least-squares fit of the calibration data. During most of
the program, the calibration equations were of the form:

Concentration = A} x (Millivolts - AO)A2 (la)

Twelve sets of values of the coefficients Ap, A1, and Ay were derived,
representing three ranges for each of four instruments. Note that when

Az = 1, this equation is linear. The responses of the (0 and C02 analyzers,
in particular, were nonlinear at high concentrations, so thag appropriate
vildues of A2 # 1 were required to accurately represent the instrument cali-
brations. Part way through the program, an alternate calibration equation
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was adopted, which could be fitted more closely to the calibration data for
high concentrations of CO and C02. The alternate form of the calibration
equation, used for Configurationa 9, 11, and 12 waa:

Millivoles - Aq (1b)
Concentration = Al + A2 (Millivoits - Ap) .

Note that this e
calibration equa
levels,

quation is also linear when A2 = 0, so that the change of
tions had little effect on lean mixtures with low contaminant

]
The concentrations of CO and C02, calculated from Equations 1, were

then corrected for the removal of water (both from the products of combustion

and the inlet humidity) before the sampl

es reached the various analyzers,
To correct for the water removed, two parameters were defined:

Kq = 100 (2)
1.00602n Co
and
200 = v (1 + n/2)
Ko = Kq Ka yo 1.00602 CO (3)
200 - y + 3 (1 R T S

where the CO and COy concentrations are the measured
tiona (PPM and percent, respectively),
the inlet air (percent by volume),
atom ratio. Then,

(semi-dry) concentra- |
y represents the humidity content of |
and n 1s the fuel hydrogen~to-carbon

(co)ﬂtt " 1.00602 x kv x (co)anlanrod (seni-ary) (4) |
(col)wot ® 1.00602 x Kw x (coﬂ)lillured (semi-dry) (s)
(Bc’wut " (“c)-ollurod (6)

(Nox)wot - (Nui’nollurod ¢ )]

Once all measured concentrations were conv
Equations 4 through 7, the respective emisaion
and combustion efficiency were calculated from
concentrations refer to wet concentrations):

erted to wet concentrations from
indices, sample fuel/air ratio,
the following equations (all
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2,801 (CO
£, - . — @
(12,01 4+ 1,008 n) (co + Co. 4 HC )
104 27 ot

0.100 (H
Blee "(co"' - %_‘

c

H (o)
=2+ Co, 4 —‘-‘-)
10 10

4,801 (NO )
Bl ® X
NO, (10)
x (12,01 4+ 1.008 n) fcCO HC
~ + 002 + -3
10 10
£+ co, 4 K
¢ = 12,01 + 1,008 n 10 10 1)
8 28,966 100 - £9 (3 +3Y. co &
T d\2 4) 2 'q
10
El El
" = 1 - 0.2334 .._9.59 - ._“g x 100 (12)
10 10

where the constant 0.2334 is the ratio of the heating value of CO to that
of fuel.

Since JP-5 fuel was used throughout these tests, a typical value for n
(fuel hydrogen-to-carbon atom ratio) of 1.92 was used.

These detailed equations (8 through 12) were used to calculate the
emission indices, gas sample fuel/air ratio, and combustion efficiency at
each sample location of a test condition. The overall average emission
indices, sample fuel/air ratio, and combustion efficiency for the test
condition was then determined by weighing the level determined at each
traverse position, using the following equations:

J
T,
i=}

8“‘ 3 (13)
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where the subscript i denotes the value of the quantity at each of the j
traverse positions, and rhe subscript X is used to denote CO, HC, or NOy.
The quantities defined in Equations 13 through 15 were then designated as
the average values for the specific test condition.

The average burner exit total pressure was similarly determined from
values measured at each rake element:

:, "[ a i%1 (16)
avg 3

Burner inlet total pressure and temperature were measured by rakes
located in the inlet duct. The individual pressure measurements were
averaged by Equation 16 and the temperature measurements by:

J
PN
1z}
TIV‘ - 3 (17)

Reference velocity was computed as the one-dimensional velocity of the
heated duct burner inlet airflow through the effective area of the empty
test duct (0.0823 m“).

The burner exit temperature was computed from inlet temperature and
pressure, average fuel/air ratio, and combustion efficiency, using standard
thermodynamic calculation procedures for dissociated combustion products.
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5.3 Effects of Test Alr Humidity on Measured NOx FEmissiona

The teat air humidity was measured on Reading 113 and all subsequent
readings. On earlier readings, the dew point meter was not available, so
the air was assumed to have a humidity of 3.57 g water per kg dry air.

The emisaions for Reading 113 were calculated using both the measured
and the assumed values of air humidity in the formula for including the
water removed in the ice trap ahead of the CO and CO2 analyzers (Equation
3). The assumed humidity produced a mean sample fuel/air ratio of 0.0225%
and a NOy emission indax of 1,09, as reported in Table VIII. The measured
humidity was 7.31 g/kg, which produced a mean sample fuel/air ratio of
0.02246 and a NOx emission index of 1,10,

The test air humidity was, in general, different from the humidity of
the air that the engine would ingest in flight. The humidity difference
might be expected to influence the NOy emission of the burner by reason of
its influence on the rate of generation of NOx in the flame. A correction
is frequently applied to main combustor NOx data to adjust the measured
value to the value expected at standard takeoff humidity conditions
(Reference 1):

H - 6,20
(Elnox)std = (Elmx)nea' oxp (W) (18)

The highest measured humidity was that of Reading 113, 7.31 g/kg,
which would have produced a correction factor of 1.019 by Equation 18. A
similar correction derived for the dry air encountered at high altitude
would have been 1.147 for this test air humidity level, The lowest test
air humidity measured in subsequent tests was 0.59 g/kg, which would have
produced a takeoff correction factor of 0.898., Since these corrections
were not large, and since they could not be uniformly applied because the
dew point meter was unavailable during the first part of the program, the

data reported here have not been extrapolated to standard atmospheric
humidity,
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6.0 TEST RESULTS

A summary of the test program is presented in Table V. The information
presented includes the data readings taken on each duct burner test cop-
figuration, the flight conditions simulated (see Table III), the types of
measurements made, the exit survey pattern (from Figure 24) where appli=-
cable, and comments pertinent to interpretation of the data.

In the paragraphs that follow, the results of the emissions measure-~
ments for each configuration are presented along with a brief narration of
the test events, Subsequently, the measured ignition characteristics, the
measured exhaust smoke levels, and the fluid dynamic performance characteris-
tics are presented.

6.1 Pollutant Emissions

Exhaust gas sampling for emissions determination was done by two
different methods: point sample surveys and manifolded samples. In the
Point sample survey method, up to 14 gas samples were drawn from individual
rake elements distributed across the stream, and the results of the indi-
vidual sample analyses were averaged to determine overall performance. In
the manifolded sample method, samples from some or all of the rake elements
were analyzed together. The latter method was faster, as the number of gas
analyses required for each reading was less; but the accuracy of the measure-
ment is not regarded as highly, because the averaging across the exit
stream profile was a function of the flow coefficients of individual sampling
elements, which were not well controlled,

The overall emissions performance of all configurations, as measured
by the point sample survey method, is presented in Tables VI, VII, and VIII
for the sea level takeoff, transonic climb, and supersonic cruise flight
conditions, respectively, In these tables, P76 and TT6 are the total
pressure and temperature measured by rakes located 60 mm from the duct
inlet, as described previously., DP/P ig (PT6~PT148) /PT6, where PT148 is
the exit rake total pressure (1480 mm from the duct inlet). The "F/A UNDER
LINER" values are the ratios of the indicated measured fuel flows to that
part of the measured airflow exclusive of the main stage liner cooling air.
The frection of the total airflow by the main stage liners was estimated
from the nominal effective flow area of the liners and the pressure drop
measured for each configuration. The FTOT vaiues are overall fuel/air
ratios measured by the flowmeters (not including endwall liner air) and the

gas sample analyses. TT148 was calculated from the sample analyses, as
explained before.

A smoke sample was drawn from the duct burner exit survey rakes during
each reading in which performance was measured by the point sample survey
method, and these samples showed very low smoke emission levels for all
configurations. Only two of the smoke samples indicated SAE smoke numbers
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preater than 1,0, One of these was Reading 21, Configuration 2y tested o
the sea Tevel takeott operating conditlon.  The measured smoke number wis
6.9, The other sample was Readlnyg 74, Conflguration 9, axaln at sea level
takeoff. The smoke number was 5,7, Both of these vilues wiere well boelow
the goal of 15,

6.1.1 Configuracion )

Configuration 1, being the first tested, endured more than fts share
of experimental difficulties. Rake damage was discovered after Reading 10,
The two lower sampling tips on one rake and the three lower tips on the
other wore burned away, and three other tips were damaged. This water-
cooled rake, which had been used in previous test programs, did not show
any detficiencies in its pretest checkout. The rake was repaired and sure
vived the remainder of the program undamaged, 7The fuel pressure in the
Tower main stage spraybars was abnormally high during all tests of
Confignration 1, Visual checks indicated one or two spraybars not flowing,
located in the corners of the sector. The problem was subsequently traced
to a tight fit of in-line strainers used in the manifold pigtails, and was
vi.rected by the use of tubing with thinner walls.

Pilot fuel nozzle clogging was also experienced. The test facility
fuel system was unable to supply enough flou for full simulation of the sea
level takeoff condition, so these points were tested with proportionally
reduced air flow and pressure.

The rake actuation mechanisms failed during Reading 14. Readings 15
and 16 were taken with the rake fixed in one position.

Inspection after Reading 17 revealed substantial damage to the test
configuration, presumably due to resonance. The flameholder gap springs
were flattened, cracked, and nibbled. Half the lower spring was torn awav
and recovered from the test rig exhaust section, It appeared Lo bave e ld
flame awhile, then impacted a rake or quench bar. The lower main stap
liner was distorted in the center near the flameholder. The center prilot
fuel nozzle was missing its air shroud. The pilot burner was ripped alony
the coollug air metering holes of the second panel, upper amd lower,

Emissions measurements made by the point sample survey methiod were
shown previously in Tables VI through VITL. Measurements made with manifold
sumples are presented in Table 1X. Data from this table, representing the
transonic climb flight condition, are plotted in Figure 25, Only combustiong
efficiency is plotted rather than CO and HC emission indices. Eff fcieney
is related to €O and HC by LEquation 15. At this condition, the pilor
efficiency was near 997, and the pllot NOyx was less than 2 sfky fuel. With
the makn stage operating near the estimated operating fuel/air ratio,
ef ficlency fell to 94 or 95%, and NOy increased to near 3 g/kg. At the seq

Teve! takeoff and supersonic cruise operating conditions, only isolated
data points were taken.
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Combustion Efficiency,

Nox Ermission Index, g kg
=
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Figure 25, Configuration 1 Performance, Transonic Climb
Condition, T = 438-444 K, P = 213 kPa.
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‘ Prof fles measured at the eransonle ¢limb econdit!on are shown In Figure
: 26,  The fuel distribucion was not uniform, due perhaps to vhe spraybar

g clogplng problem, Profiles measured at the sea level takeoff condicion are
5 shown In Figure 27, This survey was Incomplete, but the odge of a rich
streak near the lower liner 1s evident, and the loecal NOy emlssion Index s
above 2,0 throughout the astream,

Prof lles measured at the supersonic crulse condftlon arce shown In

! Figures 28 and 29, These two test polnts differ primarily hy the pilot

[ fuel flow., Sinee the crulse condition requires a low fuel/alr ratio, only
: the upper maln stage flameholders were fueled, Some fuel is scen to have
migrated, poorly burned, to the lower hal® of the duct, High local NOy

is associated with this lean, inefficlent region.

6.1.2 Configuration 2

Configuration 2 was tested at the altitude relight and the sea level
condetions., At the design fuel/air ratio of the latter condition, the
duct burner emitted audible resonance, and a high dynamic pressure level
was ovbserved at a point 137 um from the duct burner exit. The main stage
fuel flow was immediately reduced 20%, at which point the dynamlc pressurc
decreased to a level judged acceptably low, and the resonance audibly sub-
slded. After an exhaust survey was performed, the main stage fuel flow was
turned off, then reestablished from alternate injectors located 200 mm
farther upstream, Audible resonance was again apparent, and after a minute
or 80 at this condition, the duct burner blew out and could not be relightoed,

Subsequent disassembly and examination disclosed severe damage to
the pilot dome and liner. The air shrouds were missing from all five pilot
fuel nozzles, and all swirlers had broken lovse. Fuel evidently had been
released and ignited ahead of the dome, as one swirler was badly burned and
a large hole was burncd in the dome. The pilot liners were burned, bhroken,
and buckled downstream from this area. Vibration damage was sustained by
the flameholders, the second-stage cooling liners, the pilot cowl, and
other test rig parts.

The point sample survey reading was fncluded in Table VI, and the
remaining data are summarized i{n Table X. The combustion efficlency was

quite high (99%). The measured duct burner exit profiles are shown in
Figure 30.

| 6.1.3 Configuration 3

Prellminary testing of Configuration 3 was performed with the outer
pressure vessel, quench section, and sampling rakes removed in order to
facllitate audio=-visual observation. The purpose of this technique was to
explore the operating limits of the duct burner imposed by resonance, under
conditions where resonance would not be destructive when encovntered. The
conditions tested are shown in Table XI.
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Revere resonance was apparent at fuel/air ratios less than originally
eatinated for the sea level takeofl f operating condition. Although the
number of dynamle pressure plekups lind been increased for this test, Instru-
ment malfuncelons prevenced full documentation of the resonance levels
observed,  Testing of Configuration 3 was terminated at this polint in favor
of Conflguracion 4, In hopes that reduced resonance would result from use
of the alternate scector endwall liners that were Installed for Configuration

4. Configurations 3 and 4 were expected to have identical emissions
performance,

The cemissions performance of Configuration 3 was not measured.

6.1.4 Configurations 4 and 5

l.ike Configuratlon 3, Configuration 4 was first tested without the
vuter pressure vessel, quench section, and sampling rakes, at the conditions
indicated in Table XII as Readings 29 through 34. The new endwall liners
were audibly judged to quliet the burner somewhat, but dynamic pressure
measurements did not substantiate this judgement.

Additional tests of Configuration 4 at atmospheric pressure were per-
formed with the rakes and quench bars installed, At the supersonic cruise
inlet temperature, emissions measurements were made over a range of total
fuel/air ratios at two different pilot fuel flows: with only the lower
secondary passage carbureted, and with both passages carbureted equally,
These data are included in Table XT1 and are plotted in Figure 131,
Although the emissions performance scemed to improve with increasing fuel-
air ratio, the duct burner could not be tested at fuel/air ratios higher
than shown because of dangerous resonance amplitudes.

Based on these data, a pilot fuel {low 207 higher than normal was
selected for testing Configuration 4 at the full-pressurc supersonic cruisc
condition, with only the lower main stage flamcholders carbureted. The
results are included in Table V1II, shown previously, and the measured pro-
files are shown in Figure 32, The low combustion efficiency (967) socmed
to be dee malnly to the uncarbureted upper {lameholder region. lean and

inefficient regions, which also had high NOy emission index, were observed
in the upper half of the tunnel.

At the sea level takeoff temperature, few data were obtained because a
Tow frequency (1 to 2 Hz) flow oscillation Wits encountered at atmospheric
pressure which repeatedly blew out the burner. At full pressure, the
maximum fuel/air ratio that could be set without excessive 300 Hz resonaneo
was 0,076 (under the liner) with both passages fveled. This was cons tderably
below the originally estimated operat ing fuel/air ratio of 0.050. The
profiles measured for Conflguration 4 at this con'ition are shown in Figure
33, The upper main stage fuel burned poorly with high local NOx emissions.

Conbipuration % was derived Yrom Cont iguration 4 by repiacing the

standard splash plate spravbars with spraybars using air jets to atomfze
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Figurc 31. Configuration 4 Performance, Supersonic Cruise

Condition, T = 58B8-502 K, P = 106-109 kPo,
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the fuel. Prelimlnary tosting was performed at atmospheri: pressure and

the supersonfe crubse alr temperatures.,  The resublts are shown fn Table X1
and plotted In Figure 34, Emlsslond were measured by manifolded samplos
usbng three pllot fuel (lows and a varlety of main stage fucl and atomizing
alr conflpurations, In general, the resules compare closcly with those of
¢onf Lguratlon 4,

Threo fuel flow combinations wore selected for evaluation of Configura-
tion % at full=pressure supersonie crulse conditions, wsing single=palint

gample surveys.  In all combinidions, only the lower madn stape {Lmeholders

were carbureted, and the atomlzing alr was on.  The first wwo vonbinations

used the nominal total fuel/air ratdo (0.020) and different pilot fuel

flows. The third combination used a higher total fuol/air ratvio (0.025),

The results are inctuded in Table VI1L, and the profiies are plotted in -
Figures 35, 36, and 17. The highest efffefomey and the highest ROy level

woere produced by the Ligher fuelfair ratlo. At the lower fuel/alr ratio,

the fuel that migroted into the upper flaweholder region was poorly burned.

High local NOyx concentrations were found in these lean, incefficient reglious.

A lean streak containing high HC concentration was present next to the

lower liner in all surveys.

A . the scva level takeoff condition, the maximum safely-attainable
fuel/air ratio for Configuration 5 was 0,036 under the liner, about the
same as for Configuration 4, The results of these pointe-sample survey
measurcements are included in Table V1, and the profiles are plotted in
Figure 38. The upper main stage fuel was poorly burned. 1In Configuration
5, the upper flameholders were located 150 mm downst.eam {rom the lower
f lameholders, so that combustion length was shorter, and much more pilot
liner film air was injected next to the upper flameholders.

Posttest Inspection showed damage to be limited to one ripped pilot
liner cooling slot, broken tack welds on two pilot swirlers, and a broken
film slot on one sector endwall 1iner.

6.1.5 Configuratlons 6 through 19

Tests o Configurations 6 through [0 are reported together, as these
configuratlons shared the same basic pilot and flameholder desinpns,

Preliminary testing of Configurations 6 and 8 was perforned with the
vuter pressure shell, quench section, and sampiing rakes removed and the
air temperature adjusted to the sea tevel takeoff value. This testing was
done to explore the fuel/air ratio rames over which the augmentor coun bd
be operated without excessive resonance.  The conditions tested are lIsted
as Readings 75 through 90 {n Tables XIV and XV, Netrther contiguration
could be operated at the originally estlmated sea level takeotf tuel/alr
ratio.

The emigsions performance of Configurations 6 and B was measured only
at the supersonis: crulse operating comdition, mestly at atmospheric pressure

82



"

T
e

€22 Seé"iez EL"g22
BE°Y eeTiel LE"YL2
EE"Y cétest e
eS8 &5Tee ®x 00
bR L%l vetiB
388 Iu':xS d8T2e
Ok €2%xel 27 °Ls
%2 c¥Tes 9Lce6
€eTec éL"ct  &n°LE
£8°% (e el éd*e2i
5C"Y  20L%xSL oL"L9t
&L e%*. 72
eL*: £."¢ é7r%6i
ee"L 3”4 b EE
2CR T [+ ]

‘T30 3 SH49 “I3
*sapdueg

1

‘6771
*GEti
*2d%4
*6Exi

"5l
*y241
%L
TESLL
“BFe
“£56
“Ste
"fie

g7l

29724
oy Ly
96°8L
05" %
25" 98

Ui te
671°5¢
76 L6
ox"Co
GE°Se

T8
6205
4 -1
BL 86

13d
vi3

se) paproITuRy Wolj

'35 1)
SEEUcL
£92U°u
122g=o
120"

LeLu”u
¥id0°u
Ut2uu
Cieu*y
tSLL°d

22ty
L2ueu
¥EUOTY
(S YT ]

d¥S
1G4 4

PRANSEd) IVUPUICIIAS ‘€ uoTiRAN3TIuc) ‘Alcmung eieq

?2:L0%0
2CL0%0
$920°D
2Ledtu
2Lz0%

ULLUTU
HFATIRY]
Leds®o
QeLd*o
ULty

VY NHRT
FAY Y
LelUdy
Fetid®uU
“u

13w
iCLd

PAGE I}
QUALITY

ORIGINAL
OF POOR

LY0"0
24500
122 0%0
L8200
£9<0%0

LUty
UL
L0¢uty
FuiLt
454U%0

£510%3
SruU
dtueuwtd
LEUuTD

"y

IvioL

061070
$SLU°U
2EL0°0
02za*o
g2zu*0

*310°0
LU0
bZLu*d
69LU°0D
LEtu"0

Ve o

U
"0
"y
‘0

43N0

43NIT ¥IONE /3

221L0°0
Y910°0
7EM0°D
*C
G

‘0
*y

o
*u
‘0

Y

Y3ddN

70J%0
FHUQ°U
STALTY
2rJJ4%L
Frid*u

Frid U
Srddu
2rudu
Lrxdd®0
srUd*L

Liuwc”™
6rJu"U
6rdd" 0
Jeud©d
*d

1011

y290°0
24450%0
#$59°0
Jasu*u
TS0

L SRR ]
PR TANT
2674%0
LESCTU
desu®d

ESYs*L
Ziruu
ELT0%Y
UE7u
Jeruto

dfal

”9%°%?
*8°SYy
a5 vy
usTsy
448 Y

A A & ]
LT 9y
9%y
WY
EaTsy

£r Y
.97
Lu*v7
NHRA S
Sute?

Sin
idie A

"U6sS  TLiLL e
"6ES “Jit o9
“#es  “6li 89V
TS Ll £@
*tes  “6Lis  §S
“268 5% 49
LES  "Hue 29
is3 "dJL &9
158 “6ul <¢®
*e6s  TEub L©
*268 “tui L9
“L63 "Lt 6%
"LeS  "Lubk BS
TLes  T9UL  «£§
“i6%  9LL $s
A Tax
Fii fYac 3¢

“1IIX 219el

3

L]



84

on Index, g’kg
-9

3
wd
N
i 2
[~
® 1
2
0
120
110

100

@®
o

Combustion Efficiency,
percent
-3 ©
[~ <

=
=

Pllot F/A = 0,0040
Pilot F/A = 0,0037-0,0042

§ Pllot P/A = 0,0044-0,0048

L I B

Spraybar Alr On
Spraybar Alr 01

Totul Fuel-Air Ratio Under Liner
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with manlfolded samples,  The data are Hsted in Tables X1V and XV and
platted In Flgures 39 and 40, With only the upper maln stage {flameholders
ciarbureted, the efffeleney peaked at a total fuel/falr racio under the

Hner ot about 0,627, bt the NOg Inercased rapldly with fuel/atr raclos
above 0,021, The Jarge difference in maln stage fuel premixing length
between Configurations 6 and 8 had a relatively small effect on performance,

ST T TR T T, T, T

Performance measurements made by the point sample survey method at
full pressure for Conflguratfons 6 and 8 are Included in Table VILI, and the
profiles are pleotted in Figures 41 through 45, Some tests were made with
only the upper main stage f{lamcholders carburcted, and some were made with
only the {ower flamcholders carbureted. At fuel/air ratios near nominal
for the supersonlc cruise condition, these configurations provided NOy and
CO emissions ¢loscely approaching the program go: 1s.  Fuel migrating into
the uncarbureted side of the duct was burned more efficiently than in
Configurations 4 and 5. The high HC levels were due primarily to a lean,
inefficient streak adlacent to the liner on the carbureted side.

Configurations 7 and 10 were subjected to extensive parametric vari-
ation at full pressure, with enissions performance measured by manifolded
samples. The data are listed in Tables XVI and XVI1, Figurc 46 illustrates
the minor effect of pilot fuel/air ratio on the performance of Configuration
7 at supersonic cruise. Flgure 47 shows the performance of Configuration
10 at supersonic cruise, The NOx level is comparable to Configuration 8
(Flgure 40), but the efficiency is lower.

Figure 48 shows the effect of reference velocity on Configuration 7 at
supersonic cruise., NOy improves and efficiency falls with increasing
velocity, The data at 47 n/s are the same as Figure 46 and do not cor-
relate perfectly with the combustion efficiencies measured at other veloci-
ties, The efficiencles of Configuratlon 10 (Figure 47) correlate better.

Figure 49 shows the performance of Configuration 10 at the transonic
climb condition, and Figure 50 shows the performance at sea level takeoff
at two reference velocitles, Both NOyx and efficiency are lower than at the
higher temperaturc supersonic crulse condition.

Configuration Y was tested only at supersonic cruise. Measurcments
made with manifolded samples are listed in Table XV11I and plotted in
Figure 51. The performance is comparable to the liquid-fueled configura~
tions, although the rate of increase of NUOx with fuel/air ratio §s somewhat
less. Configuration 9 seemed to be less prone to resonance than others
with liquid fuel injection.

Point sample surveys at the burner exi{t stream were performed on Con-
figurations 7, 9, and 10 at selected operating conditfons. These data are
Included In Tables VI, VIT, and VI11., The measured profiles are plotted in
Figures 52 through 61. The local fuelfalr ratios shown for Readings 103,
137, 154, 169, 171, and 175 have been corrected upward to compensate for a
leak that admitted air to the sample system. The data generally showed
that with only onc main stage flameholder fueled, the fuel that penetrated
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to the opposite side purned less efficiently than with Conf lgurations 6 and
8, With both flameholders fueled nnd the fucl/air ratlo high enough for
effective flame propagation, the local combustion efficiency was generally
satisfactory except adjacent to the liners,

Reading 137 was taken on Conf iguration 10 at the supersonic cruise
operating condition with both main stage flameholders carbureted equally.
Figure 55 shows lean reglons contalning raw fuel next to the liners, even
the upper liner where the small circumferential flameholder was located to
agsist flame spreading. When the outer four samples were disregarded,
Reading 137 produced a combustion efficiency of 99,15% with CO, HC, and NO,
emission indices of 8,43, 6.54, and 1.17, respectively. The lean, ineffi-
cient region next to the upper liner could be seen in a survey made with
pilot fuel only (Reading 157, Figure 57) suggesting that the cause was air
intrusion downstream from the flameholders, rather than maldistribution of
the main stage fuel approaching the flameholders. To determine the extent
of this streak, a survey was made in Reading 165 using only the upper
sampling element of each rake. The results, shown in Figure 62, indicated
that the streak was confined to the upper left corner (aft looking forward)
of the surveyed region of the burner exit.

Posttest inspectlon revealed the test hardware to be in excellent con-
dition. The pilot liner showed evidence of a hot streak on the upper
centerline opposite the igniter, but was undamaged. Some pilot nozzle flow
coefficlents had deteriorated as much as 28%, so that the pilot was probably
operating somewhat lean in the centetr. Thus, the exact cause of the concen-
trated nature of the streak of inefficiency remains unidentified.

6.1.6 Configurations 11 and 12

Configuration 11 was tested at full pressure at all operating conditions.
Emissions performance measurements made with manifolded samples are listed
{n Table XIX and plotted in Figures 63, 64, and 65.

Figure 63 shows the performance of Configuration 11 at the supersonic
cruise operating condition, as a function of fuel distribution. Little
effect of pilot fuel/air ratio was found at the nominal total fuel/air
ratio, so a high pilot fuel/air ratio was selected for further testing.
with only the lower main stage f Lameholders carbureted, the combustion
ef ficlency appeared high and varted 1ittle with fuel/air ratios. The NOy
wias much higher than measured with previous configurations at comparable
fuel/air ratios, and increased steeply with fuel/air ratio. With both
f lamcholders carburceted, NOy was improved, but efficiency was low.

The effect of reference velocity at the supersonic cruise condition is
shown in Figure 64, The intermedlate velocity data are the same as Figure
63, and the other data were acquired later. A downward efficiency shift
appears to have oceurred in the interim. The high reference velocity
produced less NOy.
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Measnrements msle at Che transonlc climb and sea level takeoff copditlons
are shown 10 Flgure 6%, Combustlon ol leleney was poor at both conditions,
amd ot the hilgher pressure, very hipgh Ny was measured at low fuel/falr
ratlos.  Resonmance dbd not permlt testing at total fuel/air ratios higher
than 0,04,

Pofnt sample surveys were made at two condftions. Thesce data are in-
eluded in Tables VI and VI, and the proftles are shown in Figures 66
amd 67, At the supersonfe crulse condition, the point sample survey con-
firmed the manifolded samples, exeept that from two of the sample elements
located 34mm from the upper liner on the uncarbureted side, the instrument
responded to an apparently very rich €O streak. Since no sign of this
streak was seen In nearby sample polnts or in manifolded samples before or
after this polnt survey, nor in subsequent testing of Confliguration 12,
these two sample results cannot be considered typleal of this configuration
and were, therefore, omitted from the caleulated averages. At the transonic
climb condition, the fuel distribution on the upper flameholders was non=
uniform, and the combustion efficiency was low in that area.

Conf iguration 12 was tested at the supersonic crulse operating condition
only. The emissions performance, measured with manifolded samples, agreed
clusely with that of Conf iguration 11. These measurements are listed in
Table XX and plotted In Figure 68,

Point sample surveys were made with two fuel/air ratlios. These data
are included in Table VIIL. At the nominal cruise fuel/air ratio, with
only the lower flamcholders carbureted, the very heavy CO streak observed
in the unfueled side of Configuration 11 was absent, as shown by the pro-
files in Figure 69. A raw fuel streak next to the lower liner, which the
splitter plate was intended to correct, was still present. With both
flameholders carbureted, combustion was inefficient in the upper part of
the duct, as shown In Figure 70,

Posttest inspection revealed that most of the splitter plate had
burned away, together with part of the lower circumferentlial flameholder
from the center to within 75mm of the left wall (aft looking forward). The
center radial spoke [ lamcholder was also burned away, and a hot streak was
visible on the pilot cowl cxtending at't from the spark igniter. This was
the only configuration that showed evidence of filamcholding from the igniter.
Configuration 12 did not carry flameholder temperature instrumentation.

6,2 Ignitfon Characteristics
Altltude {gnition characteristics woere measured only on those configura-
tions which Llncluded changes to the pilot design,  The fgnition tests were
made at the altltude relight operating condleion, as described previously.
For Conflgurations 1 and 2, an attempt was made to regulate the duct

burner pressure during the ignition test, using the blast gate. It was
found that a step change in pressure occurred upon ignitfon, requiring

123




-

S ——

{1 t X

4 S A i

X -

"e9T0°0 = V/J [1eI310 PIIIIAK ‘BdY 662 = d ‘Y I6C < 1l ‘uwoTiypuc) asina;
dtuosiadng “ggy Buipeoy ‘yr uorjerndyyuo) ‘sariyoad 1ixg Jauang 1ong °*99 aiandrg

*1ong 33,3 juaoaad ‘Lduatoryry .l.
‘on reooy uoTISNQEOD [edoq OT1BH ITV/Tang tedo]
OT 8 9 ¥ Z 0 O00I 06 08 OL 09 OS 800 900 F¥0'0  20'C 0
L] 1 ) ) L] T ) T L] ] T F T T L 8&.&8

- 0 - 4 - =X {et o

0
X
¥ W = B g
{
t

zt W
b
- o - - - 0O X 11 ¥ m iy
3
z m
- X 1 XOjor ¢ °
R l X - ot le - t
i ox {1 ® 1 I s 1
1 2 1 g n i 'l i i P [ QO.F ,*_r
t ¢ .
O X a}




*CEE0°0 = ¥/3 TIB49A0 PaXsldK ‘edy 0TZ = d ‘M Gbk = L ‘uOoT1Ipuod qurid
Jtuosuell ‘goz Juipesy ‘UL uorieandiyuo) ‘salrjyodd IIXF Jouang 1dond L9 aindig
ong 333 juadzad ‘Ad2uaT101fid
“Eox 1eaot 20TISNAWO) [E20T oyiey I1V/190d (22071
o1 8 9 ¥ Z ¢ 00T 06 08 OL 09 0S5 80°0 90°0 #¥0°0 2070 0
T T T T T T T ¥ T T T T 1 \ =013 10d
- OX - - - OxX x LA
- X X 1 X0 {et o
i _ﬁ L OX - - x 1zt ¢
! o 2 1 | X0 ju v
- ox X O 1 T 3 o qot e
9 . b4 0 - L b 4 O 46 2
- X - X O - - ¥ DO s 1
dolL
' § [ 'l 2 § 2 M A Il I ] ¢ ] * *
0OXxX

‘ON jusuwatyd evey

125




e s  22°02

Ee®ett CetLiL

£6%e LT

€5°LLks 5J766
SL"¢k 922y
87%ui 222
LTy i 92

H o2
2%/ *12

108
‘L5t
*E9L

“dis
*Cui
692,
“t6ei
T3

b
8¥iii

i9°8%
P ]
1% 60

£16°54
«3°5%0
c?*ud
T

‘saydaes se9) PapIOJIUB Wolj

§525°0
us2C®y
soLL "y

ISty
veil Y
BLEL T
Lyec*u

k¥ 5
FE VW

652U°C YSicT0
652L"y LY
ruuu LeJate
Glew v oTid"L
£7:4%0 674070
&l y tueutJd
ccly®d zecl"Q

"- .L

L3a IvLoL

asi0°0
22i0*3

LI
-«

6BUY"D
BLLO Y
LaLd*0
cBLu"d

*J

§3mM27

£5L5°0 553"

S
62L0°5 L525°U §
d 9

*0 esue”

"0 55270
/I R YVH ]
0 2suutu
*d ossudty
s -y

¥3d4d 10 1d

2N 408N w24

painsed); DULWIOIIS ‘ZT uoTIEANS1IIUOD

WtL oJE e

TE78%0 Ty
€970 87
VITuTL FET9T
LR ISV WhPS B

JBeu™D ¥s*97 °

S/
dlfetll 338 A

‘iiTumng eleq

25C%0 9E%er *

168 192 s
£os i vi2

V]
62U%L TiTer 265 "i€2 f4é

0% 2% 212
+08  “EFC 142
oy  "2%¢ Jied
cos  T2¥e 832
b3 TTI92  LJe

i1 ¥ig R4

XX 2149%l

o
N
-




Lower Syatem Only

Both Systems

amission Index, E/kg

x
-
T

NO_E
I

120

110 -
100 - o fo ~
e '

60 } [l 1 [ |
0 0,01 ¢,02 0.03 0.04 0.05 0,08

Total Puel-Air Ratio Under Liner

percent
w
=]
I

Combustion Efficiency,
3
T

Figure 68, Configuration 12 Performance, Supersonic Cruise
Condition, T = 591-593 K, P » 281-263 kPa,
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further adjustment of the blast gate before the temperature rise could be
measured,  Since the pressure at the aledtude relight conditton is only
s1ightly above atmospherle, Lt was decided to perform the remaining fgnftion
tests with cthe hlast gate open,  The alfrflow was reduced to provide the
corroect reference velocity.

For each pilot desipn, Ignition was accompllshed at the nominal refer-
ence veloclty using the spark igniter, although fuel flows gsomewhat higher
than nominal were usually required, The minimum fuel/alr ratios required
for Lgnitlon, and the temperature rise calceulated from manifolded gas
samples, are listed in Table XXI.

6.3 Y¥luid Dynamic¢ Performance

Measured duct hurner performance parameters in addition to thoese
related above included fan stream total pressure loss, fuel injector pressure
drop, and dynamic pressure, frequency, and amplitude. The results of these
measurements are summarized {n this section.

6.3.1 Duct Burner Pressurc Drop

Selected total pressure drop measurements made with only the pilot
stage operating are summarized in Table XX11. Where they are available,
measurements made at the supersonic cruise inlet conditions are presentod
as this was the primary design condition. The measured pressure drop
includes the flamcholder drap loss, fuel Injector drag loss, and friction
losses in the high velocity passages ahead of the flameholders. ‘The data
in Table XXII include losses assoclated with mixing of the uncarbureted
main stage air with hot pilot discharge gas but do not include heat addi-
tlon less assoclated with the main stage combustion. Pressure loss data
were also Included in Tables VI through XX; these data include heat addition
loss where appropriate.

Table XX11 includes caleulated values of reference velocity head (1)
and the ratio of total pressure drop Lo velocley head (DP/Q). Theoretically,
DP/Q should be almost independent of reference veloelty, so it is more
useful than DR/P as a pertformance characterization parameter.

Configuratfons 6 and 7 (which are also characterlstic of Conf fgurations
8, 9, and 10) show higher pressure drop than other configurations because
of the pilot snout ecxtensfon, which required the main stage air to negot fate
foug, high veloceity passages containing high-blockage fuel Injectors,
Without the snout extension, the dry pressure loss was typlceally 4% of the
tnlot total pressure at the nominal reference veloelty, or 6 reference
velocity heads.
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Table XXI.

Ignition Test Results.

Pre
KPa

145

143

108

111

115

112

Tre F/A Under
X Liner
360 .0080
n ,0047
369 .0072
368 .0084
a7s 0044
367 .0083

at Supersonic Cruise Operating Condition,

Rdg
1l 4
2 19
4 37
6 92
7 115
11 206
Table X¥IIL.
CON RDG PTS 176
FlG KPA K
1 1?7 261, 6592.
2 20 384, 454,
L 52 266. 592.
s §% 107. 590,
5§ SS9 107, S91.
6 1058 260, S97.
7 117 264, 46402,
7 118 261. S59%2.
7 119 261, 594,
11 178 276, 594,
19 179 275. 6592,
11 180 276, 59,
12 21% 2483, 572,

V REF
m/s

4B,52
41.20
46,23
46.07
46,14

47,92
4?7.18
47.20
47.33
44,57

65443
45.59
47 .14

Q REF
KPA

1.806
2.503
1.673
0.668
Q. 649

1.742
1.704
1.71%
1.71%
t.612

1.6M
1.691
1.720

FTOY oPY bP/P
METY KPA
60,0027 .583 0,0406

10
0.N027 15,855 0.0413%
10

0.0031

«235 0.0385

0.n0Y 4,464 0,0419
n.c03? 4,441 0,047

0.0042 21,656 0,0833
0.0017 21.009 0.079%
0.0N28 22,182 0.0850
0.0038 21,875 0,0838
0.0029 7.872 0,02RS

0,0035 8.792 0,06320
0.0043 7.669 0,0278
0.0N43 10,390 0,039%

ORIGINAL PAGE 18

OF POOR

QUALITY

Temp .
Rise

206
156
240
186
114

185

Total Pressure Drop Data Summary, Pilot Stage fmly

bP/ G

S.R62
6335
6,117
6.6R2
6,637

12,432
12,332
12,947
12,757

4.BA%

5262
4a536
6.042
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6,%.2 Fuel Injectlon Pressure Drop

Fuel {njection pressure drop was monftored for all three fuel systems,
When Liguid fuel was used, the parameter W/ /AP was computed and compared
with the value resulting from pretest fnjector flow checks, Theoretically,
this parameter should remain constant.  An increasce from one reading to
another was taken as evidence of a fuel line leak, and a decrease was taken
as evidence of fuel Injector clogging., No leaks were dotected during the
program. Several instances of injector clogglng were encountered and have
been related previously,

The measured values of the fuel Injector pressure drop parameter are
listed in Table XXIII.

6.3.3 Dynamic Pressure

ALl of the configurations tested in this program encountered resonance
as f[uel/air ratio was increased. To embark on major efforts to eliminate
this resonance was beyond the scope of this program. In the earlier con~
figurations tested, the resonance levels reached high amplitude levels that
resulted in damage to the hardware. In subsequent tests, Configuration 3
through 12, fuel/air ratios were not increased beyond levels where resonance
reached double amplitude levels in the range of 7 to 14 kPa, Practically
all of these later data points, therefore, had amplitudes below 7 kPa, and
many of the points below the maximum fuel/air ratio had no strong discrete
frequencies present,

The resomance frequencies, when present, were in the range of 150 to
350 Hz and were axial modes. ‘The radial modes and circumferential modes in
the sector test rig would involve much higher frequencies. In a full
annular duct burner, however, the circumferential mode would be closer to
these axial mode frequencies. In a full annular duct burner, the circum-

ferential mode would, therefore, be expected to oceur coupled with the
axial mode,

The measured freguency spectrum typical of the resonance encounterod
is {1lustrated In Figures 71 and 72 for Configuration 10. Figure 71
is at a fuel/adir ratio of 0.0325 at supersonic cruise showing strong resonant
peaks at 240 and 260 Hz. Other conditions may peak at only a single discreto
frequency, Leaner conditions, such as a fuel/air ratio of 0,021 (Figure
72) showed considerably less activity in the resonant frequency range.

Specific development effort to introduce resonance suppression features
into the design could be expected to provide designs with emissions per-
formance similar to that documented here but without the presence of exces-
sive resonance at the maximum tuel/air ratios of interest,
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Table XXIIT,

DG

WD O

10

13
14
15
16
17

19
20
21

Fuel Injection Pressure Data Summary,

Values of Parameter WF/SQRT(DP),
Kg/S*SQRT(PA).

PILDTY

FUEL MANIFOLD

UPPER

CONFIGURATION 1

0.13%50-04
0.1338E-04
0.13006-04
0.1303F-04
Qe 12RRF-04
0.12776-04
0.1261t-04
0.1165E-N4
0.9661F-05
0.8960F-05
0.8073t-05
0.8296E-05
0.861RF-05

0.,1372€-03
0.1296E-03
0.1295€~-03

0.1211€-03

FONFIGURATION 2

0.1%03%F=-04
0.1806F-04
G.1R12F-04

COMNFIGURATION 4

0.2616F~04
0.25R2E-04
0.2499€E-04
0.2499F~04
0.2483F-04
Va2426F=-04
0.23%8F=04
0.245TE-04
O0.0199F=04%
0.2771F=-04
0.2356F~04
0.7445€E-04
0.2352¢--06
0.2328E-04
0.2425F-04
0.2388F~04
0.2506F-04
0.2370F-04
0.72199€-04%

0.2171€~-0)3
0.1663E-03
0.1664F-03
0.1965F=-03

0.2183E-03

0.2188F-03
0.2117F-~03

LOKER

0.1024E-03
0.1063E~-03
0.1024E-03

0.9777€-04
0.9784E~04

0.2690E~-03

0.1983E-03
0.167T0£~-03
0.1476E-03
0.1568F-03
0.1453F-03

0.1977€~-03

0.2016E~03
0.2108€E~03
0. 1904£-02
0.1865F~03
0.1911¢~-03
0.2799€-03
0.1917€-03
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Table XX111%.

RDG

53
54

57
58
59
60
61
62
63
64
6%
6b
67
68
69

n
12
73
14

75
76
71
78
79
a0
81
A2
a3
92
94
9%
06

98

Fuel Injection Pressure Data Summary,

values of Parameter WF/SQRT(DP),
Kg/S*SQRT(PA) (Continued),

PILOY

FUEL MANILFOLD

UPPER

CONFIGURATION 4

0.2183F=04
0.2199F-04

0.1351€--03

CONFIGURATION 5

0.2306F~-04
0.2394F=04
0.240TE-04
0.2119E-04
0.2228F-04
0.20785-04
0.2361F~-04
0,204 7F 04
0.2311F-04
0.2?735F-04
0.2450F-04
0.2269E-04
0.2289F-04
0.2194E-04
0.2150E-04
0.2145E=0%
0.2149E-04
0.21556-04

0.1957€-03
0.1813E-03
0.1749E-03

0.1309€-03

CONFIGURATION 6

0.7 150E-0%4
0.2507€-04
0.2437E-04
0.2508F=04
Q.7 46 TE-0%
0.2420F=04
0.2448F=0%
0.2385F-04
0.?2H6F-0#
0.2235£=04
0.231 RE~00
0.2249F-04
0.2225F =04
N.2224E-04

0.2644E-03
0-19585‘03
0.1 776E-02
0.1981E-03
N.1755F-03

0.%5280E-03
0.2100E-03

LOWER

0.1365E-03
0.1321€-03

0.2005€E-03
0.2258€E-03
0.1837E-03
0.1886F-03
0.1803E-03
0.1943E-03
0.1589F-013
0.1540F~-03
0.2491€E-03
0.2031€E-03
0.1679E'03
0.1366E-03
0.1370£-01
0.1352€-03
0.1354E-03

0.1810£-03




Tahle XXITI.

RNG

99
100
101
102
103
105
106
107
tos

115
117
118
119
120
121
122
123
124
125
126
127
138
139
140
141
142
143
144
145

Fuel Injectfon Preasure Data Summary,

Values of Parameter WF/SQRT(LP),
Kg/S*SQRT(PA) (Continued).

PILOY

FUEL MANTFOLD

UPPER

CONFIGURATION &

0.2226E~-04
0.2202F=-04
0.219BE-04
0.2171E-04
0.2193E-04
0.2122E=-04
0.2111E-04
0.2103F-04
0.2104F=-04

0. 1Rb64E-03
0.1648€6-03
0.17356-03
0.1658E-03
0.1818€-03

0.1742€-013
0.1468E-03
0.1700€-03

CONFIGURATION 7

0.2190F-04
0.1987F-04
0.[981F-O4
0.1975F=04
0.1940F-04
0.1983E-04
0.1969F~04
0.2206E-04
0.1974E-04
Nel1986E~04
0019“4F-0‘
0.2229F-04
Oel1984F-04
0.1977F-04
0.2014E-04
0.1%379E-04
0.1633€=-04
D4 1934E-04
0.1941E-04%
0.1936F-04

CONFIGURATION 8

0.2302€-04
0.7369€E-04
0.2375F=-04
0.2410F=-04
N0.2401LF-04%
0.23R2E-04

0.2883E-03
0.‘5&65-03
0.2091E-03
0. 108B6E-03
0.1745€-03
0.1508€E-03

LOUWER

0.3705F-03

0.1098E-03
0.1105€-03
0.1113F-03
0.11076-03
0.1097€-03
0.1088E~-02
0.1085F-03
0.1097¢-03
D.1262F-03
0.1239€-03
0. 1244€-03
0.1219F=-0%
0.1231€E~-03
0.1225€-03
0.1248F-03
0.1225F-03

0.2308€E-03
0.2219€-03
0.,2017€-03
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Table XXI11.

RDG

90
109
110
111
112
113

i¢8
169
170
171
172
173
174
175
176

128
129
130
131
132
134
135
136
137
146
148
L49
150
151
152
193
154
156
157
158

Fuel Injectifon Pressure Data Summary,

Values of Parameter WF/SQRT(IY),
Kg/S*SQRT(PA) (Continued),

PILNTY

FUEL MAN[F (LD

UPPEn

CONFIGURATION B

0.2399E-0ﬁ
0.,2190F~-04
0.2193E-04
0.2098F~04
0.2113€-04
0.210R8C=04

0.1411E- 03
0.2034L-03
0. 1599E-03
0.1426F-03

CONFIGURATION 9

0.2140F-04
0.2138E-04
0.2109F=04
0.2108E-0#
0.,2112E-04
0.2113E-04
0.2107F-04
0.2104E-04
0.2104E-04

’/
0.2987E-03
0.3061E-03
0.2991E-03
0.3101FE--0D3

CONFIGURATION 10

0e1964F-04
0.1959E~-04
0.2183F-04
0.1963F-04
0.1959F-04
0.1958F-04
U.1960F-04
0.19%3F-04
0.?190E‘04
0.19728-04
0.2251E-04
0.2239F =04
0.2218F-04
0.7227t-04
0.2233F-04
0.2229€-04
0.2226€E-04
0.2174E-04
0.216%9E-04
0.2143F-04

0.1409E-03
0.1263E~-013
0.1253€-03
0.1292€-03
0.132RE-03
0.1288E“03
0.127T6E-03
0.1270€-03
0.1354FE-03

0.1771F-03
0.1581E- 03
0.1425E-03
0.1400FE-03
0.1373e~-03
0.1372¢--03

0.1374E-03

LOWER

0.14546E~-03
0.1460E-03

0.4204F-03%
0.4175€6-03
Oe4116E~0D3
0.4091F-03
0.3933£-03
0.3693E-03
0.3642E-03
0.3532€-03
0.34T4E-03

OOIZRSF-OB
0.1265F-03
0.1258E-03
0.1258F~-03%
0.,1261E-03

0.1530E-03
0.1413€E~-03
0.1325E-03
0.1291E-03
0.1277E-03
0.1260F~03

0.1257F-03




Table XX11LI,

RNDG

159
160
161
162
163
164
165

178
179
180
181
182
183
194
185
186
187
118
189
190
191
192
193
194
196
197
198
199
200
20¢
202
204
206

20H
200

Fuel Injection Pressure Data Summary,

Values of Parameter WE/SQRT(DE),
Kg/S*SQRT(PA) (Continued),

PILOT

FUEL MANIFOLD

UPPER

CONFIGURATION 10

0.2142F=04
0.2130F~04
0.2136E-04
0.2129E-04
0.21355-04
0.2133€E-04
Ve2127E~-04

0.1359E-03
0.133A%--0%
0.1332E~03
0.1328€-03
0.1356F-03
0.1 340E-03
0. 1339E-03

CONFIGURATION 11

0.2366F-04
0.2357€-04
0.2326E-04
0.23'95“04
0.2348E~-04
0.2330t-04
0-2331E-0§
0.?230%E-04
002337E-04
0.2344F=04
0.2354E-04
0.2355E-04
Ce2339E~-04
0.2408F=04
0.7454E-04
N.2374E-04
0.2359€-04
0024‘55‘04
0.2370E-04
0.2432E-04
0.24724E-04
Ce2357E~04
0-2417E-04
0.,24T0F-04
0.2“1“6-04
0.25137-04

0.1703€-03
0.1627F-03

D.1665E~03
0. 1666E-03
0.1491E-03
0.1483F- 03

0.1577F=03
0.1457€-03

CONFIGURATINON 12

0.2205F-04
0.?210E-06

LOWER

Ue1254F-03
0.1245£--03
0.1248F-03
0.12%6F-013
0.127[E-03
0« l266E-01
0-1259E—03

0.1631€6-03
0.1554€-03
0.1460E-0%
0.1596F=-03
0.1438€-03
0.1420E-03
0.1554E~-03
0.1514F-03
0.1546E-03
0.1508E-03
0.1485F~03
0.1556E-03
0.1415€-03
0.1502E~03

0.1495€E-03
0.1476E-03
0.13199F-03
0.1405F-013

0.1419F-03
0.1401€~03

0.1343F-03
0.1408€E-03
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Table XXI1I,

DG

210
211
212
213
214
215%
216

Fuel Injection Pressure Data Summary,

Values of Parameter WF/SQRT(DP),
Kg/S*SQRT(PA) (Concluded).

PILOTY

FUEL MANIFNOLD

UPPER

CONFEGURATION 12

0.72236E-04
0.2204F-04
0.2211E-04
0.2256F-04
0.2220E-04
0.2232E8-04
0.2216E-04

0.1632€-03
0.1715E-03
0.1707€~-03

LOWFR

0.1394F-03
0.1429€E-03
0.1487F-03

0.1430E-03
0.1382E-03
0.1385€-03
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7.0 DISCUSSION OF RESULTS

7.1 Emission Levels Status

This experimental investigation has resulted in significant progress in
the development of technology for obtaining the pollutant emission levels
with duct burners. The first configuration tested in this program achieved a
NOy emission index of 3.4 and a combustion efficiency of 94% at the supersonic
cruise conditions, compared with the target goals of 1.0 for NQy emission
index and 99% for combustion efficiency. The NOy emission level for this
configuration was near the level expected from previous duct burner experi-
ence. Because of the lean operating fuel/air ratio needed to achieve this
NOx level, the combustion efficlency was lower than for previous duct burners
at their optimum fuel/air ratios. The configuration with the overall best
emissions performance, Configuration 10, had a NOyx emission index of 1.2 and
a combustion efficiency of 97% at the supersonic cruise inlet conditions at
the optimum fuel/air ratio, Furthermore, it was possible to identify the
major cause of the remaining combustion inefficiency and, from that knowl-
edge, to suggest that ultimately even higher combustion efficiencies, near
99%, could be achieved. The NOx emission index and combustion efficiency
regults for the best configuration, Configuration 10, are discussed below.

Figure 47 shows the emission trends with fuel/air ratioc at the super-
sonic cruise inlet conditions. The data were calculated from gas samples in
which 14 individual rake probes were manifolded together, The results show a
trend of both increasing NOy and increasing combustion efficiency with in-
creasing fuel/air ratio. The leaner data were obtained with fuel feeding
only the top half of the main stage flameholder array. The richer data were
obtained with fuel feeding both the top and the bottom halves., Thus, two
distinct curves exist. The richer curve results in the closest approach to
the NASA goals. With only one half of the main stage airfl-ow carbureted,
quenching in the lean portion of the burner significantly limits the combus-
tion efficiency that can be achieved. The emissions levels are very sensitive
to fuel/air ratio, thus requiring a very narrow fuel/air design range for
supersonic cruise.

Figure 50 shows the trends measured at takeoff conditions with this same
test configuration. The NOyx levels and combustion efficiencies again in-
crease with fuel/air ratio. Because of the lower inlet temperature, the NOy
levels do not rise to the level of 1.0 until a fuel/air ratio is provided
that is higher than that associated with the supersonic cruilsc operating
conditions.

Figure 49 presents the data obtained at the transonic climb conditions.
The trend of increasing combustion efficiency with increasing fuel/air rattio
is still strong. The rich end of the curve is of importance here since there
is no NOx requirement for this climb condition.
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Pigure 55, containing detailed traverse data from 14 individual probe
locations, shows an additional important feature concerning the combustion
efficiency. An appreciable portion of the measured inefficiency is due to
the gas samples taken near the top and bottom liner walls. Quenching from
the liner cooling air 18 believed to be responsible for these inefficient
conditions. It is probable that future development work directed at this
wall quenching problem could eliminate a considerable portion of this par-
ticular source of inefficiency. If the samples closest to the walls are
omitted from a calculated average, as presented in Table XXIV, combustion
efficiencies above 99% are calculated for all three flight conditions. Thus,
insofar as the wall quenching can be reduced, the concept is potentially even
closer to meeting the target goals than is suggested by Figures 47 through
50.

Further reduced NOx levels may come from the use of an alternate pilot
stage design, since a significant portion of the N0y at supersonic cruise is
believed to be generated in the pilot itself. This is 1llustrated in Figure
46, which shows the performance of Configuration 7 at the supersonic cruise
conditions. The pilot alone produced values of NOx emission index of 4.7 to
6.2. If the main stage fuel produced no NOx, the pilot NOx would be diluted
to an emission index range of 0.6 to 1,1 at a total fuel/air ratio of 0.021.
Since the actual measured NOx at 0.021 fuel/air ratio was only about 1.1,
relatively little additional NOx was generated in the main stage at that
fuel/eir ratio.

In advanced supersonic transport preliminary design studies, the base=-
line engine generally operated with very little change in reference Mach
number through the fan duct over the mission. However, the cffects of refer-
ence Mach number at supersonic cruise were documented in this program. These
results are presented in Figure 48, The effects were found to be moderate.
As should be expected, both the NOy level and the combustion efficiency
increased with the increased residence time corresponding to lower reference
Mach numbers.

7.2 Fuel/Air Modulation

Table XXIV summarizes the emissiona levels achieved and compares the
NASA goals with the calculated emissions performance at an optimum fuel/air
ratio for each of the three flight conditions. These emissions levels were
calculated from individual probe samples rather than from the manifolded
samples used in Figures 47 through 50. The method involving individual probe
sample calculations is considered to be the more accurate of the two methods.
In addition to the values calculated from 14 individual samples from the two
seven-element rakes, the emissions levels calculated from an average that
omitted the four samples next to the top and bottom liners are also pre-
sented. The results at all flight conditions show a close approach to the
NASA emissions goale, but each condition requires a narrow fuel/air ratic
operating range.
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The optimum fuel/ale ratio for cach f1iyht condition from an emissiona
gtandpoint s not necessarily the same fuel/air ratio desired for the air-
eraft misslon, As a gulde to a reallstlie fuel/alr range that might be re-
quired, a single supersonle crulse alreraft mission with a specific study
enpine was selected in the original design effort as 18 described in Section
3.1, A very wide range of fuel/alr ratios was required for this mission,
from 0,01 at supersonice cruise to 0,024 at takeof{ and acceleration Since
the baseline ongine was sized for noise requirements at takeoff, it generally
had no need for fuel/air ratlos higher than about 0.024. This wide range of
required fuel/alr ratios was very Influential in establishing the development
approaches favestigated in this program.

The original duct burner concept involved some of the fan air bypassing
the duct burner to permit the fuel/air ratlos to be optimized. To achieve the
optimum fuel/air ratio of C.032 at the supersonic cruise condition, from an
emissions standpoint, two-thirds of the fan air should byrpass the duct burner.
However, wfortunately, to achieve the deslred takeoff and cruise thrust with
two-thirds of the air bypassing the duct burner would require local duct
burner fuel/atr ratios 2.4 times as high, L.e., 0.077, which is above stoi-
chiometric. 1f, instead, the quantity of duct burner airflow for takeoff is
optimized first, perhaps 407 of the air should bypass the duct burnevs with
some of this air reentering the duct burner through the cooling liners. Then
some additlonat duct burner design features would be needed to accommodate
the supersonfc crulse operating condition. Tor supersonic cruise, carbure-
tion of only one-half or less of the duct burner airflow by using only one
side of the main stage s one approach for providing this needed staging.
Unfortunately, this technique ot carbureting only one=half{ of the duct burner
was found to result in reduced combustion effletency.

Two other techniques can also be considered.  All oadvanced supersonic
technology aircraft under recent study have tour engines. I only two of
these engines had their ductburners operating at supcersonfc cruise, this
would permit the duct burners to operate i favorable fuel/fair ratios from
the standpoint of reduced emissions tevels. However, this technique would
result in a net fnercase in sfce, The thrust from one engine is not linecar
with fuel flow but ivcreases approximately with the square root of the duct
burner exhaust temperature, Therefore, engines operating at two difforent
duct burner exhaust temperatures will require more total fuel for a given
total thrust than if the two burners were operated at equal exhoust tempera-
tures. A sceond possible stapiop technique, which has been ovatuated for use
in main combustors For emissions control at idle, Involves sector burning in
all of the enpgines. With sector buwrning, oniy a portion of the circumfoerence
is carburceted,  Apain, however, the thrust effectiveness of the carbureted
soctors would suffer the same sfe disadvantages due to exhaust temperature
ponuniformity as occurs when operating only two of the duct burners in the
four enpines.  This effect Bs, of course, not object fonabte tn the case of
main combustors at idles I addition, vombustion officioney losses at the
cdges of the burning sectors due to gquenching amd some pressure Toss due Lo
alrtlow adjwstment around the eircumference wonld oceur. Thas, while sector
burning might achicve the desired range of fuct/alr ratios to optimize

114




emissions, the resulting increase in afc may be an even greater penalty than
the combustion inefficiencies indicated for Configuration 10 at a fuel/air
ratie near 0.020,

As discussed in Section 7.3, below, attempts to improve the combustion
efficiency when only one half of the duct burner main stage is carbureted, by
introducirg axial stagger between the flameholders on the top and bottom of
the pilot, did not result in satisfactory combustion efficiency when both the
top and che bottom halves were carbureted.

7.3 Staggered Main Stage Flameholder Arrays

In order to minimize quenching from the uncarbureted side of the pilot
stage, configurations with the uncarbureted main stage flameholder region
staged axially downstream were investigated. It was hypothesized that this
frature would permit the combusticn process to progress further before the
cuenching effects began.

The effects of stagger for the sloped radial flameholders can be identi-
fied by comparing data from Configuration 6 with Configuration 4 data. At
supersonic cruise conditions near 0.02 fuel/air ratio, the axially staggered
version (Configuration 4) encountered lower combustion efficiencles and
higher NOyx levels, The axial stagger also resulted in lower combustlon
efficienciea at higher fuel/air ratio operating conditions with both sides of
the pllot stage carbureted.

For the circumferential flameholders, Configurations 11 and 12 can be
compared with Configuration 1. The combustion efficiencies of Configuration.
11 and 12 at 0.020 fuel/air ratio at supersonic cruise were measured at 98,47
and 98.8%, respectively, very close to the 99% goal and 4 to 5% higher than
for Configuration 10. Eliminating the gas samples near the top and bottom
liners containing the liner quenching effects from the caleulated average,
combustion efficiencies of 99.0% and 98.9% were calculated for these two
configurations. Thus, these configurations avoided the quenching from the
uncarbureted portion of the flameholder array which had limited the other
configurations to well below 99% combustion efficiency at these partially
carbureied lean conditions. While this technique was successful in improving
combustion efficiencies at partially carbureted supersonic cruise condltions,
at high fuel/air ratio conditions with both sides of the pilot stage carbure-
ted, combustion efficiencles were lower than with the unstaggered configura-
tion. The flame spreading from the lean upstream main stage flamcholder
region into the downstream region was apparently much inferior to that in-
duced by the undiluted pilot gases. This effect occurred both with circum-
ferential flameholders and with sloped radial {lamcholders.

7.4 Main Stage Fuel Injector Variations

Uniform fuel distribution is important for achieving minimum NOx levels
at a reasonable combustion efficiency. Thus, it is commonly assumed that
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aptimizing the fuel Injectlon scheme will be an Important variable in achiev-
ing low emisstons levels In combustors and augmentors,  Howewver, the differ-
ences found fn this Iavestigation for various fuel injection techniques were
surprisingly small, Some of these can be geen by referring to Table V11T,
which vontalns a summary of polnt sample survey measurements {rom differeot
configurations at the supersonfe crulse aperating condltion,

The effect of axial locatfon of the main stage fuel injectors is i1lus-
trated by comparing Configurations 6 and 8. Conflguratlon 8, like Configura~
tion 10, used Injectors locared well ghead of the flameholders, in the test
rig inlet bellmouth, Configuration 6 used injectors located 390 mm farther
downstream, coloser to the flamcholder. The combustion efficiency at a
supersonic cruise fuel/air ratio of 0.020 was only slightly lowered, 96.5%
versus 97.4% for Configuration 8, 7Two additional fuel injection techniques
at the downstream axial station were also evaluated in Configuration 5. 1In
place of the standard splash plate spraybars, the use of conventional after-
burner injectors having simple orifices at a 45° imgle to the airstream was
one technique used in Configuration 5. A second technique involved the
addition of an air blast acvaizer to these orvifices. At a supersonic cruise
fuel/air ratio of 0.020, the air atomization decrcased the NOx emission index
from 2.7 to 2.3 but simultancously decrcased the combustion efficiency from
91.9 to 90.4%. A comparison with splash plate fuel injectors in Configura-
tion 4, using the data in Table V111 based on point sample surveys, showed
essentially no diffcerence between use of the splash plate and the air blast
atomizing spraybars.

A test with vapor fuel, Configuration 9, was also conducted. This may
represent the ultimate in atomization fineness and uniformity. The test
results showed poorer resnlts than with liquid fuel. At a supersonic cruise
fuel/air ratio of 0,021, the combustion efflcicency was lower (92,57 versus
93,6%) and the NOx cmission index was higher (1.4 versus 1.3) than those
shown in Table XXil for Conflguration 7, the most directly comparable con-
figuration.

7.5 Main Stage Flameholder Type

Without the axial stagger, the circumferential type of flameholder,
Configuration 1, demonstrated a slightly higher combustion efficiency at
supersonic cruise than the sloped radial flamcholders, but alao a higher NOy
level. Some hypotheses that may help explain these effects are discussed
below,

There are two mechanisms that may be responsible for the effects on NOx.
The Tonger time ft takes to spread the flame through the carbureted stream in
the circumferential contiguration (s one mechanism that may be responsible
for the Incrvascd Nog,  There is more flamcholding source lenpth in the
gloped configuratfons, and the pap boetween flameholders is onlv 377 of the
distance between the pilot and the circumferential flamcholder, The time
perfod fn which fuel Is Igniting and generating radicals may be the time of
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maximum NOy generation; this may result In more NOyx for the longer flame
spreading time. A second possible explanation of the higher NOy may be the
reduced intensity of mixing, Imperfect fuel distribution will be slowoer to
mix toward uniformity in less intense mixing; this may permit locally high
fuel/air ratios, with their accompanying high NOy mencratfon rates, to exist
for a longer time.

The combustion efficiency might bhe expected to be lower for the longer
flame spreading time, but the quenching from the uncarbureted side of the
pilot is the most important factor at supersonic crulse, The penetrating
character and intense mixing of the airflow coming through the sloped flame-
holders results in more rapid quenching and, hence, lower combustion effi-
clency.

7.6 Prospects of Further Improvements in Future Development Work

The prineiple of achieving low NOy emission levels by burning fuel in a
lean premixed condition in piloted duct burner designs has been demonstrated.
The levels achieved closely approach the target lovels for NOx at supersonic
cruise. The combustion efficiency levels, while quite high, are below the
99% target. However, sources of the major portion of the combustion in-
efficiency have been identified. Because of this knowledge, it would be
possible to dircct future work at these specific causes with a relatively
high probability of ultimate substantial improvement. This is not to sugpest
that major improvement should be expected from cne or two tests of additional
configurations. A substantial experimental development program is indleated
to adequately demonstrate the desired and potential performance improvements,
In addition to emissions reduction, development work on the resonance resis-
tance of these configurations is also indicated. Previous development pro-
grams at General Electric on similar duct burner configurations in which the
effects of resonance suppression liners were investigated have resulted in
substantial increases in the resonance registance of such conflpurations,
including satisfactory operation up to stoichiometric fuel/aiv ratios. Such
work was beyond the scope of this program.

. For increasing combustion efficiency, initial work on minimizing the
effects of liner wall quenching would be reasonably straightforward. The
cooling liners used in the present Investigation were already available and,
in addition, were selected to be very conservative in desipn to minimize
hardware risk in the test program and assure that any desfred test condltion
could be investigated. Thus, optimization of this cooling liner desipn to
minimize quenching i8 an obvious inftial development dirccetion.  The possible

! achievable potential from this development work was indicated previously In
Table XXiV. 1f these potential improvements were achicved, the combust jon
efficlency and NOg targets for all three flight conditions - tikeolf, tran-
sonic climb, supersonic cruise = could be met with a specifle fuel/atr
operating renge specified for cach. While combustion efficfency tarpgots
would be met, Table XXIV suggests that the specific emtscion ingredients
asgoaciated with the inefftetencies may tnvolve HC emissions above the “nper-
sonic cruise target levels and CO emfssions below the target levels.  Some of
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the HC emissions in the central portion of the stream may have mixed to that
region from the inefficlent liner regions. Thus, the development improvements
that eliminate the 1iner quenching may also reduce the amount of HC present in
the central portion of the stream, thus meeting the HC targets along with the
combustion efficiency gonls,

$imultaneous achievement of low emissions and the thrust modulation
required for the supersonle cruisge mission will require improved staging
techniques. 1f apecific fuel consumption can be compromised in order to
achleve minimum emission levels at supersonic cruise, carburetion of only
portions of the burner circumference OT duct burning in only two of the four
engines on the alrcraft could provide the reduced average fuel/ailr ratio
appropriate for the supersonic cruise thrust. 1If, on the other hand, specific
fuel consumption is equally as important as emission levels, then further -
work on techniques for carbureting less of the total burner alr without
involving as much engine exit temperature nonuniformity would be appropriate.
Treating the quenching from the uncarbureted side of the pilot is not as
straightforward as treating the liner quenching. While previous vork at
General Electric has shown promise for maintaining high combustiun efficiency
using axial stagger of the flameholder array, the lean conditions required in
this advanced supersonic technology duct burner tO achieve low NOyx level
greatly aggravated the problem of maintaining high combustion efficlency in
the presence of fuel staping. The specific techniques of staggering the
flameholder array tested in this investigation were not as successful as
originally hoped. However, additional investigation of staggering techniques
for achieving the desired fuel/air ratio operating range would be expected to
yield improvements cver the present performance status.

Further improvements in NOx level may come from alternative pilot stage
design characteristics, since a significant portion of the NOy at supersonic
cruise is believed to be generated in the pilot itself.

Aircraft engine applications utilizing these low emissions duct burners
will need to schedule fuel flow and mission plans that allow the duct burmers
to operate within relatively narrovw fuel/air ratio bands. Both the quantity
of fan ajr bypassing the entire duct burner and the ratio of air between the
ineide and outside of the pilot stage will be selected to fit the specific
fuel/air ratio range needs of particular advanced supersonic technology
englne cycles and missions.
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8.0 CONCLUSIONS

An experimental program was conducted to fnvestigate techniques and
develop technology to reduce the pollutant emissions levels of duct burner-
typc augmentors suitable for use on an advanced supersonic cruise alrcraft.
The experiments were performed using a 194 by 432 mm rectangular sector test
rig with inlet air temperatures, pressures, and velocities fully represcnta-
tive of the engine fan stream at all important flight conditions.

Screening tests of 12 configurations identified a low emissions duct
burner configuration. This low emissions duct burner exhibited emissions
levels that were very sensitive to the fuel/air ratio, with NOx and combus-
tion efficlency increasing as fuel/air ratio increased. Much of the combus-
tion inefficiency, which is made up of CO and HC emissions, was due to
quenching near the liner walla, If this local inefficiency near the liner
walls could be eliminated through future development work, combustion effi-
ciencies would improve at optimum fuel/air ratios from the demonstrated
levels near 974 to the target level of 99%. At these 99% efficiency condi-
tions for the central part of the stream, NOy emission index levels of 1.10
at takeoff and 1.17 at supersonic cruise were measured, closely approaching
the program goal of 1.0.

To obtain the desired fuel/air ratio range over an advanced supersonic
transport mission, the supersonic c¢ruise fuel/air ratio should be leaner
than that found for optimum emissions. At the desired leaner conditions, a
combustion efficiency of 94% and a NOy; emission index of 1.3 were measured,
Since attempts to maintain the optimum fuel/air ratio from an emissions
standpoint by carbureting only a portion of the circumference result in
specific fuel consumption increases, several of the screening tests included
features selected specifically to investigate wide fuel/air ratio modulation
techniques. However, additional development of configuration features would
be required to closely approach the goals with one configuration at both the
lean supetrsonic cruise conditions and the richer takeoff conditions.

Altitude relight characteristics and smoke emissions were both satis-
factory. Smoke measurements on all configurations were well below the SAE
smoke number goal of 15, For all configurations, the pilot stage ignited
reliabily at low temperature rise using a standard engine spark igniter.
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