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EFFECT OF FLAME STABILIZER DESIGN ON PERFORMANCE AND EXHAUST
POLLUTANTS OF A TWO-ROW SWIRL-CAN COMBUSTOR OPERATED
TO NEAR-STOICHIOMETRIC CONDITIONS
by James A. Biaglow and Arthur M. Trout

Lewis Research Center

SUMMARY

Emissions and performance characteristics were determined for two full-annulus
swirl-can modular combustors operated to near-stoichiometric fuel-air ratios. The
tests were conducted to obtain stoichiometric data at inlet air temperatures from 756 to
894 K and to determine the effect of a flat-plate circular flame stabilizer with upstream
fuel injection and a contraswirl shrouded flame stabilizer with downstream fuel injec-
tion. The contraswirl flame stabilizer did not produce any improvement in combustor
performance or emissions over the simple flat-plate circular flame stabilizer. The
flat-plate circular flame stabilizer reached a maximum average exit temperature of
2140 K with a combustion efficiency of 95.8 percent at a combustor inlet air tempera-
ture of 756 K. At the same exit and inlet air temperatures, the contraswirl flame
stabilizer was 92 percent efficient. At a constant combustor inlet air temperature of
756 K, maximum oxides-of-nitrogen emissions indices occurred at a fuel-air ratio of
0.037 for the contraswirl flame stabilizer and 0.045 for the flat-plate circular design.
The maximum oxides-of-nitrogen level recorded was 32.3 grams per kilogram of fuel
for the contraswirl design at an inlet temperature of 894 K and a fuel-air ratio of 0.037.
Measured emissions also included carbon monoxide and unburned hydrocarbons.

INTRODUCTION

An experimental test program was conducted to evaluate the effects of two swirl-
can flame stabilizer designs on combustor performance and emissions of a combustor
operated to near-stoichiometric fuel-air ratios. Measured emissions included oxides
of nitrogen, carbon monoxide, and unburned hydrocarbons.



The swirl-can combustor has received considerable attention as a combustor de-
sign suitable for reducing oxides-of-nitrogen (NO,) emissions. However, the primary
application for swirl-can combustor technology has always been in engines requiring
very high turbine-inlet air temperatures. Certain design features of the swirl-can
combustor make it suitable for both applications:

(1) An array consisting of a large number of fuel injection/flameholder modules
distributes combustion uniformly across the annulus.

(2) Quick mixing of burning gases and diluent air occurs because the swirl-can
combustor passes nearly all airflow through the primary combustion zone and because
large interfacial mixing areas exist between combustion gases and airflow around the
swirl cans.

(3) Short combustor lengths and small recirculation zones for burning and mixing
tend to limit NOX formation. The short combustor lengths also reduce the required
amount of liner cooling air. For high-temperature-rise applications, small liner cool-
ing airflows are advantageous.

Swirl-can combustors have been investigated for several years at the NASA Lewis
Research Center. Initial tests of a swirl-can combustor to near-stoichiometric fuel-
air ratios are reported in reference 1. More recent studies (refs. 2 and 3) have in-
cluded pollutant emissions measurements at stoichiometric conditions. However, near-
stoichiometric operation in these previous studies was limited to inlet air temperatures
of 589 K only. Three-row and two-row swirl-can combustor configurations were also
tested during Phase 1 of the NASA Experimental Clean Combustor Program (refs. 4
and 5). Results of these tests and a two-row-design investigation (ref. 6) showed no
significant difference in performance or emissions between the two- and three-row
combustors operated to exit temperatures of 1500 K.

A more complete study of two- and three-row combustors operating to near-
stoichiometric fuel-air ratios at inlet air temperatures to 894 K is reported in refer-
ence 7. Results of this study showed that the two-row combustor design produced sub-
stantially higher levels of carbon monoxide (CO) at fuel-air ratios greater than 0. 040.
The CO oxidation in these combustors appeared to be mixing limited. The difference in
CO levels between the two combustors was in part due to flameholder design and the re-
sultant mixing and higher surface-to-volume ratio of the two-row design.

This study expands the investigation of two-row swirl-can combustors operating to
near-stoichiometric fuel-air ratios to include the effect on emissions of flame stabilizer
design and resulting changes in combustor mixing., In particular, .the best two-row
combustor design of reference 8 is compared with the design used in reference 7. The
nominal test conditions include combustor inlet air temperatures of 756, 839, and 894 K;
reference velocities from 29 to 37 meters per second, an inlet total pressure of 6 atmo-
spheres; and fuel-air ratios from 0.020 to 0.055. All tests used ASTM Jet-A fuel.
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Measurements and calculations were made in the U.S. customary system of units.
Values were converted to the SI system of units for this report.

APPARATUS
Combustor Design

The two combustors investigated in the program were two-row designs with
36 modules in each row (fig. 1). Each module consisted of a carburetor, a cone
swirler, and a flame stabilizer (fig. 2). The two combustors differed in method and
location of fuel entry, swirler design,' and flame stabilizer geometry. The flat-plate
circular flame stabilizer (model I, fig. 3) was designed so that its fuel impacted the
center of the cone swirler. The contraswirl design (model II, fig. 4) had its fuel in-
jected downstream of the swirler so that it impacted the upstream face of the circular
disk that was mounted from the swirler face. Table I summarizes the differences be-
tween the two designs.

Model I was chosen as the baseline combustor because of the extensive work con-
ducted on it and similar designs in references 6 to 8. Model II was selected for com-
parison because the single and cluster module evaluations of references 9 and 10 showed
contraswirl and downstream fuel injection to improve mixing and reduce NOX formation
over solid flame stabilizer designs. The triangular blockage tabs of model II were
added when a full-annular version (ref. 8) showed high levels of NOx due to poor mixing
as a result of low total combustor pressure loss. Hence, the blockage tabs were added
to increase the airflow through the swirlers, improve mixing, and reduce NOX forma-
tion through lower local equivalence ratios.

Test Facility

The annular swirl-can combustors were evaluated in a connected-duct test facility.
A diagram of the facility and a sketch of the installation are shown in reference 6. Air-
flow rates and combustor pressures were regulated by remotely controlled valves up-
stream and downstream of the test section. Airflow rates were measured with an air
orifice installed in accordance with ASME specifications. The test facility is described
more completely in reference 11.



Instrumentation

For average combustor exit temperatures below 1700 K, combustor exit total
pressures and temperatures were measured in the exit plane at 39 circumferential in-
crements by three equally spaced, five-point, rotatable probes. At higher exit tem-
peratures, these rakes were removed and three five-point, fixed-position, total-
pressure rakes were installed.

Concentration measurements of nitric oxide, total oxides of nitrogen, carbon
monoxide, unburned hydrocarbons, oxygen, and carbon dioxide were made with an on-
line sampling system. The samples were drawn at the combustor exit plane by means
of three equally spaced (circumferentially), five-point, radially averaged, water-
cooled rotatable probes. The three probes were manifolded to a single sampling line
and provided a 39-point survey of the exit. A total survey of the combustor exit re-
quired approximately 7 minutes.

Gas Sampling System

The gas sampling line and exhaust-gas analysis system are shown in figures 5
and 6. The sampling line was steam heated to 420 K. Sampling-line pressure was
maintained at 6.9 N/ cm2 in order to supply sufficient pressure to operate the instru-
ments. Sufficient sample is vented at the instruments to provide a line residence time
of about 2 seconds.

The exhaust-gas analysis system is a packaged unit consisting of five commer-
cially available instruments along with associated peripheral equipment necessary for
sample conditioning and instrument calibration. In addition to visual readout, elec-
trical inputs are provided to an IBM 360/67 computer for on-line analysis and evalua-
tion of data.

The hydrocarbon content of the exhaust gas is determined by a Beckman Instru-
ments model 402 hydrocarbon analyzer. This instrument is a flame ionization detec-
tor. The polarographic oxygen analyzer is a Beckman Instruments model 778.

The NO, concentration is determined by a Thermo Electron Corporation model 10A
chemiluminescent analyzer. The instrument includes a thermal reactor to reduce NO2
to NO and was operated at 973 K. Both carbon monoxide (CO) and carbon dioxide (COZ)
analyzers are of the nondispersive infrared (NDIR) type (Beckman Instruments model
315B).



Gas Sampling Procedure

All analyzers were checked for zero and span prior to each test run and rechecked
between data points. Solenoid switching within the console allows rapid selection of
zero, span, or sample modes. Therefore, it was possible to check calibration accur-
acy frequently without disrupting testing.

Carbon monoxide and carbon dioxide emissions were corrected for the presence of
water vapor. The correction included both inlet air humidity, which was nominally
0.003 kilogram of water per kilogram of air, and water vapor from combustion.

In order to check the sample validity, a fuel-air ratio based on the measured car-
bon concentrations was compared with metered fuel and airflow measurements. The
carbon-based fuel-air ratios were within 95 to 110 percent of the metered values. For
most test runs the carbon-based values were higher than the metered values. This is
to be expected, as the gas sampling system does not completely cover the exit radial
height and, thus, excludes some liner cooling air. The fuel-air ratios obtained from
the fuel and airflow measurements were used in the computation of all emission in-
dices and are the fuel-air ratios given on all data plots.

The combustor equilibrium temperature rise was computed by using the equilib-
rium program described in reference 12. A modified version of this program was also
used to compute a temperature rise that corresponded with exit emissions measure-
ments. For this purpose, the actual combustion process was assumed to be a constant~
enthalpy, constant-pressure process. A tagged portion of the carbon in the system was
allowed to react only to CO, the remainder to react normally. By increasing the
tagged portion of the carbon, it was possible to force the equilibrium program to con-
sider a ''frozen equilibrium' composition whose CO content was greater than would be
predicted by equilibrium considerations alone. An iteration was performed until the
total CO in the system agreed with the experimental measurement. The temperature
computed for this composition was assumed fo be the average combustor exit temper-
ature. Combustion efficiency was then computed as the ratio of this computed average
temperature rise to the equilibrium temperature rise.

The work of references 1 to 3 relied on a choked nozzle as the primary means to
determine exit temperature and combustion efficiency. Although combustion efficiency
could also be inferred from the emissions measurements of the previous studies, the
results were somewhat restricted as samples were obtained at a single circumferential
location. Because the emissions results presented for this study were obtained with a
rotatable sampling system, combustion exit temperature and combustion efficiency c¢al-
culated from the measured emissions can be considered to be representative of average
exit conditions. This approach eliminated the need for the choked nozzle and its asso-
ciated operational difficulties.



RESULTS AND DISCUSSION

The baseline combustor (model I) was tested to provide emissions and performance
data for comparison with the advanced contraswirler combustor design. Data were ob-
tained with thermocouples installed in the exhaust duct to fuel-air ratios of 0.026 at in-
let air temperatures of 756 to 894 K. For testing at higher fuel-air ratios, the thermo-
couples were removed. Data were obtained with on-line gas analysis, where the intent
was to test to fuel-air ratios approaching the stoichiometric value. Unfortunately, an
internal fuel line broke during tests at 756 K and the combustor was severely damaged.
Therefore, the remainder of the test program was conducted with the model II combus-
tor. However, sufficient data do exist to draw some comparisons and conclusions as to
the effectiveness of the two flame stabilizer designs.

Unburned Hydrocarbons

The emission indices for unburned hydrocarbons as well as all other data for both
designs are listed in table II. In all cases, hydrocarbon emission indices were less
than 0.62 gram per kilogram of fuel for both combustors.

Carbon Monoxide

Carbon monoxide emissions as a function of fuel-air ratio are shown in figure 7.
The overall levels are extremely high as compared with combustors operating at con-
ventional exit temperatures. At the highest fuel-air ratios, the CO emission indices
for the shrouded contraswirl design were 420 to 520 grams per kilogram of fuel depend-
ing on the combustor inlet air temperature. The CO emission levels for the flat-plate
circular flame stabilizer desigh are shown only for the higher fuel-air ratios at 756 K
inlet air temperature. These emission levels were 38 percent less than those of the
contraswirl design operated at the same combustor inlet air temperature and a fuel-air
ratio of 0.045.

Shown for comparison in figure 7 are CO levels predicted for a theoretical equi-
librium composition of the exhaust gas. These levels were computed by using the
method of reference 12. They established the practical lower limit for CO emissions
at the combustor exit and are not indicative of inefficient operation. However, levels
of CO greater than the equilibrium level do indicate inefficient operation. At a given
fuel-air ratio an increase in the exhaust-gas temperature causes an increase in the



level of equilibrium CO. The actual combustor CO emissions decrease with increasing
inlet air temperature, indicating an increase in combustion efficiency.

Oxides of Nitrogen

Measured emission indices for NOX are shown in figure 8. The most striking fea-
ture of the curves is the difference between the rate of change of NOX for the two
models at 756 K inlet air temperature. The contraswirl design was tested to a maxi-
mum fuel-air ratio of 0.055 and shows a fairly steep rise in NO, emissions, with a
peak value occurring at approximately 0.038 fuel-air ratio. The flat-plate circular
flame stabilizer shows a more moderate rise in NOx emissions, which were still in-
creasing with fuel-air ratio to the maximum tested value of 0. 045.

Combustion Efficiency and Average Exhaust-Gas Temperature

The combustion efficiency was determined by taking the ratio of the temperature
rise evaluated from emissions measurements to the equilibrium temperature rise. The
results are shown in figure 9. Combustion efficiency for the two models at all inlet air
temperatures was greater than 99 percent for fuel-air ratios to 0.034. For higher
fuel-air ratios, particularly above 0.040, where the CO level increases rapidly, effi-
ciency falls off and shows a slight dependency on inlet air temperature. As an example,
for the shrouded contraswirl design at 0. 054 fuel-air ratio, combustion efficiency in-
creased from 90.3 to 92.2 percent as the inlet air temperature was increased from
756 to 894 K.

The combustor efficiency is shown as a function of the calculated average combus-
tor exit temperature in figure 10. At an inlet air temperature of 894 K, the shrouded
contraswirl design achieved the highest sustained average exit temperature recorded in
the test program, 2315 K, and an efficiency of 92 percent. The flat-plate circular de-
sign achieved an exit temperature of 2140 K and an efficiency of 95.8 percent at an inlet
air temperature of 756 K.

Comparison of Combustors
The combustors can only be effectively compared by using the data obtained at

756 K over the fuel-air ratio range from 0.02 to 0.055. The major differences are in
the generally lower combustion efficiencies and the higher NO, emissions of model II



relative to model I. As stated previously, the purpose of the contraswirl flame stabi-
lizer design was to force more air into the module wake and to mix and dilute the com-
bustion zone as quickly as possible. Thus, model II had the normally open areas be-
tween modules partially closed by blockage plates to foree air through the swirlers.
This had not been done to a similar combustor reported in reference 8, with the result
that only low airflows passed through the contraswirl flame stabilizer and poor per-
formance was obtained. This added blockage in model II significantly decreased the
open flow area of this design from that of model I. The combustors were, therefore,
tested at operating conditions where the total-pressure loss was held constant. This
means that the reference velocities (table II) of model I were approximately 10 percent
greater than those of model II. In spite of the lower reference velocities, the model II
combustor had lower combustion efficiencies at high fuel-air ratios. The difference in
efficiency is attributable to increases in the CO emission index (fig. 7) rather than to
increases in hydrocarbons. Therefore, the differences in combustion efficiency for the
two models are not attributable to the manner of fuel injection but rather to the mixing
processes occurring in the module wake as related to the flame stabilizer design.

The NOX emissions of the two combustors cannot be directly compared, as shown
in figure 8, because of differences in reference velocity. These emissions have been
compared in figure 11, which uses the correlating parameter of reference 8

ol /ZeTm/ 288T
exit
Vref
where
P inlet total pressure
Tin inlet air temperature
T exit exit temperature
Voef reference velocity

to account for differences in the reference velocity. Two points are obvious from the
figure. First, the NOX emissions of model II are significantly greater than those of
model I at comparable high-exit-temperature conditions. Secondly, the maximum NO -
emissions probably occur at a lower exhaust temperature (or fuel-air ratio as shown in
fig. 8) for model II than for model I. Similar effects have been observed in refer-
ence 7, where differences in module swirler airflow rate were responsible for shifting
the peak of NO, emissions to different fuel-air ratios. While the peak NO_ emission of
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model I was not actually determined, this peak probably occurs at higher fuel-air ratios
than the peak NOX emission of model II. This indicates that forcing more air through
the swirlers of model II did not increase mixing. Had mixing been improved, the max-
imum value of NO < would have occurred at higher overall fuel-air ratios and, in addi-
tion, the NOx emission index should have been lower than that for model I. One can
only conclude that the contraswirl design did not produce the desired effect in the
module wake region. The simpler flame stabilizer design of model I demonstrated a
high degree of mixing between combustion gases in the module wake and air flowing over
the flame stabilizer. This is confirmed by the low NOx emission indices, the higher
fuel-air ratio at the maximum NO . index, and the lower CO emissions.

Why the emissions performance of model II was so poor relative to model I can
only be explained by the fact that the contraswirl design did not achieve the level of
mixing that was expected of it.

SUMMARY OF RESULTS

Emissions and performance characteristics were determined for two swirl-can
flame stabilizer designs in a full-annulus combustor operated to near-stoichiometric
~ fuel-air ratios. The emissions measured were oxides of nitrogen, carbon monoxide,
~ and unburned hydrocarbons. Test conditions included combustor inlet air temperatures
of 756, 839, and 894 K; reference velocities from 30 to 39 meters per second; an inlet
total pressure of 6 atmospheres; and fuel-air ratios varying from 0.020 to 0.055. The
following results were obtained:

1. Downstream fuel injection produced no improvement in fuel atomization or dis-
tribution over upstream fuel injectors, as shown by the low emissions index of unburned
hydrocarbons, which was less than 0. 50 for both designs.

2. Using high blockage and a contraswirl flame stabilizer to increase mixing and to
provide more primary airflow did not lower the oxides-of-nitrogen emission levels
from those obtained with a simple, flat-plate circular flame stabilizer.

3. At a constant inlet air temperature of 756 K, maximum oxides-of-nitrogen emis~
sion levels for the flat-plate circular flame stabilizer had not peaked at its highest fuel-
air ratio of 0.045. Maximum oxides-of-nitrogen emission levels for the contraswirl
design peaked at a nominal fuel-air ratio of 0.037 at all three inlet air temperatures.

4. Maximum exit temperature achieved was 2140 K for the flat-plate circular
flame stabilizer design at an inlet air temperature of 756 K. For the contraswirl



design, the maximum exit temperature was 2315 K at an inlet air temperature of
898 K.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, October 19, 1976,
505-04.
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TABLE 1. - SUMMARY OF DIFFERENCES IN THE TWO FLAME
STABILIZER DESIGNS

[Liner cooling, 11 percent of total cooling. ]

Model | Type of flame stabilizer | Fuel injection | Swirler-flow area, | Blockage,
cm2 percent
I Flat-plate circular Upstream of 2.71 67.8
swirler
1I Circular contraswirl Downstream of 5. 61 75
swirler

2neludes the 2. 9—cm2 flow area of the contraswirl.
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Figure 1. - Full-annular high-temperature combustor having two rows
of swirl cans (72), (Dimensions are in cm.)
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Fuel tube with
centering tabs

CD-11899-45

Figure 2. - Details of a swirl-can module for model II. (Dimensions are in cm.)
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Figure 3. - Sector view of flat-plate circular flame stabilizer (model T) module
array.



C-74-3193

Figure 4. - Sector view of contraswirl combustor (model II) module array showing
contraswirls and blockage tabs.
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Figure 5. - Gas sampling instrument console,
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Figure 6. - Schematic diagram of gas analysis system.
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Figure 7. - Carbon monoxide emissions as function of fuel-
air ratio for a stoichiometric 72-swirl-can combustor.
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Figure 8. - Oxides-of-nitrogen emissions as function of fuel-air ratio for
a stoichiometric 72-swirl-can combustor. Pressure, 6 atmospheres.
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Figure 9. - Combustion efficiency as function of fuel-air ratio for a

stoichiometric 72-swirl-can combustor.
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Figure 10. - Combustion efficiency as function of calculated average combustor exit
temperature for stoichiometric 72-swirl-can combustor.
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Figure 11, -'Oxides-of—ni‘lrogen emissions as function of correlating parameter for a stoichiometric
12-swirl-can combustor.
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