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EXHAUST POLLUTANT EMISSIONS FROM SWIRL-CAN COMBUSTOR
MODULE ARRAYS AT PARAMETRIC TEST CONDITIONS
by Edward J. Mularz, Jerrold D. Wear, and Peter W. Verbulecz

Lewis Research Center and
- U. S. Army Air Mobility R&D Laboratory

SUMMARY

Combustor tests were conducted to evaluate three improved designs of swirl-can
combustor modules. The objective of the program was to demonstrate low levels of ex-
haust pollutants while maintaining high combustion efficiency at combustor operating con-
ditions which exist in today's modern gas turbine engines. The combustor, composed of
a seven-module array of swirl-cans, was operated over a range of test conditions using
ASTM Jet-A fuel and the gaseous pollutants were sampled at the combustor exhaust for
each of the swirl-can module array designs. The combustor was operated over a pres-
sure range of 69 to 207 newtons per square centimeters (100 to 300 psia), a fuel-air ratio
range of 0. 015 to 0. 046, at a constant inlet air temperature of 733 K (860° F), and at
reference velocities of 23.9 and 30. 6 meters per second (76 and 100 ft/sec). The emis-
sions from the three combustor module arrays indicates that a sizable reduction in oxides
of nitrogen over conventional combustors is possible while maintaining high combustion
efficiency. The lowest value of oxides of nitrogen emission index at a NASA standard en-
gine takeoff condition was calculated to be 21. 2 using a correlating parameter to extrap-
olate the data. This combustor model had a combustion efficiency greater than 99 per-
cent for practically all conditions tested. However, the oxides of nitrogen emissions
from this swirl-can combustor model are greater than 13 which is estimated to be the
maximum allowable value at full power takeoff to achieve the 1979 EPA standards for
large turbofan engines.

INTRODUCTION

Combustor tests were conducted to evaluate three improved design swirl-can com-
bustor modules in terms of minimum levels of exhaust pollutants and high combustion
efficiency.



Concern over air pollution has drawn the attention of combustion engineers to the
quantities of exhaust emissions produced by gas turbine engines. Two general areas of
concern have been expressed: urban pollution in the vicinity of airports and pollution of
the stratosphere. The principal urban pollutants are unburned hydrécarbons (HC) and
carbon monoxide (CO) during idle and taxi, and oxides of nitrogen (NOX) and smoke dur-
ing takeoff and landing. Oxides of nitrogen are also considered to be the most predom-
inant gaseous emission products formed during altitude cruise of aircraft. Improving
gas turbine combustor designs to m;ake substantial reductions in oxides of nitrogen will
be an extremely difficult task (ref. 1). Oxides of nitrogen are formed during any com-
bustion process involving air. The amount formed is reaction rate controlled and is a
function of flame temperature, dwell time of the combustion gases at high temperatures,
concentrations of nitrogen and oxygen present, and the combustor pressure. Flame
temperatures increase as the combustor inlet temperature increases and as the primary
zone fuel -air ratio approached stoichiometric values. Dwell time is affected by com-
bustor primary zone length and reference velocity. Trends in combustor operating con-
ditions indicate a steady increase in inlet temperature and pressure due to increasing
compressor pressure ratios (ref. 2).

Lewis Research Center is engaged in research directed toward development of com -
bustors with substantially reduced levels of oxides of nitrogen emissions. Combustors
consisting of arrays of combustor modules constitute one phase of this research. Past
studies of swirl-can modular combustors (refs. 3 to 9) indicated that this combustor type
offers several inherent advantages for reducing oxides of nitrogen. These advantages
include:

(1) Short combustor lengths with accompanying short recirculation zones are real -
ized for burning and mixing. Thus dwell time is reduced.

(2) Quick mixing of burning gases and diluent air occurs inasmuch as swirl-can com-
bustors pass nearly all of the air flow through the primary combustion zone. As are-
sult, large interfacial mixing areas exist between combustion gases and airflow around
the swirl-cans.

(3) A more uniform mixture of fuel and air is produced by the large number of fuel
entry points, thereby reducing localized intense burning.

Most of the previous work was limited to pressures far below the levels which com-
bustors encounter in most subsonic jet aircraft gas turbine engines. A number of swirl -
can module designs were evaluated in reference 3 over wide ranges of pressure and fuel -
air ratio. However, these tests were performed using a single swirl-can module and
these results cannot be assumed to be representative of a large array of these modules
since the modules interact with one another when clustered in an array. For this reason
the present investigation was conducted, using a seven-module array of swirl-cans ar-
ranged in a hexagonal pattern in a circular duct. This arrangement still does not fully
simulate an annular combustor since no air diffusion was present ahead of the array as
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would exist in an actual engine. However, it does give the effect of multiple module
burning with a closely packed array of modules typical of the arrangement of an annular
combustor.

The tests were performed using ASTM Jet-A fuel and operating conditions were: a
combustor pressure range of 69 to 207 newtons per square centimeter (100 to 300 psia),
a fuel-air ratio range of 0.015 to 0.046, a constant inlet air temperature of 733 K
(860° F), and reference velocities of 23. 9 and 30. 6 meters per second (76 and 100 ft/
sec).

APPARATUS AND PROCEDURE
Test Facility

The tests in this report were conducted in a closed -duct test facility in the Engine
Research Building of the Lewis Research Center. This facility, shown in figure 1, has
the capability for supplying air to a combustor at flow rates up to 15. 9 kilograms per
second (35 1b/sec) and at pressures up to 310 newtons per square centimeter (450 psia).
This high pressure air may be indirectly heated to 733 K (8600 F) in a counterflow U-
tube heat exchanger using natural gas fired J-47 combustor cans as a heat source. In
these tests, the hot exhaust gases from the combustor were cooled in a water-spray sec-
tion before they entered the facility exhaust ducting. Airflow rates and combustor pres-
sures were-regulated by remotely controlled valves upstream and downstream of the test
section.

Test Combustor

The test combustor was designed for an array of seven swirl-can modules and is
shown in figure 2. A swirl-can module was located in the center with six modules
equally spaced around it. This enabled the modules to be closely packed together for
high geometric blockage across the combustor. A fuel tube for each swirl-can was cen-
tered in each module and the fuel tubes and the swirl-can array were all attached to a
separate flange for ease of removal and assembly. The combustor liner inside wall was
hexagonal in shape at the downstream end-of the swirl-can array and then became cir -
cular with an inside diameter of 20.7 centimeters (8. 15 in.). The liner was 21.3 centi-
meters (8.5 in.) in length and was Rockide coated along the inside wall. The liner was
provided with neither film nor convective air cooling, thus all of the combustor inlet air
passed through the swirl-can array. A 20-joule ignitor plug was inserted through a hole
in the liner adjacent to one of the swirl-can modules.



Swirl-Can Array Designs

A typical swirl-can module is shown schematically in figure 3. Each module con-
sists of three components; a carburetor, an inner swirler, and a flame stabilizer. In
operation, the module performs several functions. Each module mixes fuel with air,
swirls the mixture, stabilizes combustion in its wake, and provides large interfacial
mixing areas between the bypass air around the module and combustion gases in its wake.

Tests were performed on seven-module arrays of three swirl-can designs which are
shown in figure 4. A description of the swirl-can design for each combustor model is
. found in table I. The three models are all characterized by fairly high blockage.

Combustor model A shown in figure 4(a) incorporated concentric swirlers for each
module, with the air swirling in opposite directions from the two swirlers (counterswirl).
Triangular pieces of 6.3 percent open area perforated plate were attached between the
models to increase the blockage. The fuel was injected downstream of the swirlers by
splashing against a 1.9-centimeter- (0.75-in. -) diameter disk attached to the inner
swirler hub, »

Combustor models B and C used only a single swirler per module with fuel splashing
against the swirler hub, enabling a fuel and air mixture to emit from the inner swirler.
A perforated plate provided the necessary blockage for model B (fig. 4(b)) with a hex-
agonal flat plate around each module providing flame stability. Combustor model C
(fig. 4(c)) used a large hexagonal flat plate for each module to provide both blockage and
flame stability. The small holes around the hexagonal flat plates of models B and C were
for cooling purposes.

Exhaust Emissions

Concentrations of total oxides of nitrogen, carbon monoxide, unburned hydrocarbons,
and carbon dioxide were determined with an online sampling system.

Gas sample probe. - The hot combustion gases exhausted into an instrumentation
section in which were located two fixed water cooled gas sampling probes. The probes
were located approximately 25 centimeters (9.9 in.) downstream of the flame stabilizers
of the swirl-can array. This distance was fixed by the design of the instrumentation sec-
tion and does not imply an optimum location for the combustor exhaust station. A photo-
graph and a sketch of a gas sample probe is shown in figure 5. The probes had both
water and steam cooling to ensure adequate quenching of the gas sample. Samples were
obtained at three different radial positions for each probe at centers of equal areas. The
hole size of these sample parts were 0.71 millimeter (0.028 in.) in diameter and the gas
sample pressure inside the probe was kept below 38 newtons per square centimeter
(55 psia) by venting excess sample gas when necessary. The gas sample temperature
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at the probe was also maintained between 394 to 616 K (250° to 650° F). These proce-
dures were followed to ensure that the gas sample did not change in composition after it
entered the probe. The gas samples from each probe were manifolded outside of the in-
strumentation housing to a common sample line for transmission to the gas analyzer
system.,

Gas analysis system. - A picture of the gas analysis instrumentation and a sche-
matic of the system are shown in figures 6 and 7, respectively. The sample collected
by the probes. was transported through 0. 63 -centimeter (1/4-in.) stainless-steel line to
the analytical instruments. In order to prevent condensation of water and to minimize
adsorption-desorption effects of hydrocarbon compounds, the line was electrically heated.
Sample line pressure was nominally maintained at 24 newtons per square centimeter
(20 psig) at the instruments in order to supply sufficient pressure to operaté the instru-
ments. Excess sample was vented at the instruments.

The exhaust gas analysis system is a packaged unit consisting of four commercially
available instruments along with associated peripheral equipment necessary for sample -
conditioning and instrument calibration. The hydrocarbon content of the exhaust gas is
determined by a Beckman Instruments Model 402 Hydrocarbon Analyzer. This instru-
ment is of the flame ionization detector type.

The concentration of the oxides of nitrogen is determined by a Thermo Electron Cor-
poration Model 10A Chemiluminescent Analyzer. The instrument includes a thermal re-
actor to reduce nitrogen dioxide to nitric oxide and was operated at 973 K ( 1290° F).

Both carbon monoxide (CO) and carbon dioxide (COZ) analyzers are of the nondis-
persive infrared (NDIR) type (Beckman Instruments Model 315B). The CO analyzer has
four ranges: 0 to 100 ppm, 0 to 1000 ppm, O to 1 percent, and 0 to 10 percent. These
ranges of sensitivity are accomplished by using stacked cells of 0. 64 centimeter (0. 25
in.) and 34 centimeters (13.5 in.) in length. The carbon dioxide analyzer has two ranges:
0 to 5 percent and 0 to 15'percent, with a sample cell length of 0.32 centimeter
(0.125 in.).

Analytical procedure. - All analyzers were checked for zero and span prior to the
test. Solenoid switching within the console allows rapid selection of zero, span, or sam-
ple modes. Therefore, it was possible to perform frequent checks to ensure calibration
accuracy without disrupting testing.

Where appropriate, the measured quantities were corrected for water vapor re-
moved. The correction included both inlet-air humidity and water vapor from combus-
tion. The equations used were obtained from reference 10.

The emission levels of all the constituents were converted to an emission index (EI)
parameter. The EI was computed from the measured quantities as proposed in refer -
ence 10; this technique measures the fuel-air ratio from the total carbon atom content of
the gas sample. An alternate procedure is to use a simplified equation and the metered




fuel-air ratio when this is accurately known. When this latter scheme is used, the EI
for any constituent X is-given by

where

EL, emission

M molecular'weight of X

ME average molecular weight of exhaust gas

f metered fuel -air ratio, g of fuel/g of wet air

(X) measured concentration of X, ppm of exhaust gas

Both procedures yield identical results when the sample validity is good.

Test Conditions

The swirl-can arrays were each tested at the nominal test conditions shown in
table II. The reference velocity was determined from a reference area taken as the
cross-sectional area inside the combustor at the flame stabilizer axial position of the
swirl-can modules. Not all of the models were tested over the complete spans of pres-
sure and fuel -air ratio of the table, due to facility or gas sampling system limitations.
These test conditions were selected to represent the full power operating condition of
various gas turbine engines. With emissions data at these test conditions, emissions at
actual engine operating conditions may be extrapolated using appropriate correlating
parameters.

Units

The U.S. Customary system of units was used for primary measurements and cal -
culations. Conversion of SI units (System International d'Unites) is done for reporting
purposes only. In making the conversion, consideration is given to implied accuracy and
may result in rounding off the values expressed in SI units.



RESULTS AND DISCUSSION

Results are presented next for the three swirl-can arrays. Pollutant emissions and
combustion efficiency over ranges of pressure and fuel -air ratio and at two reference
velocities are presented and discussed. The gas sample validity is also discussed.
Finally, the NO, emissions results are compared with the NO, emissions of current en-
gines with the use of a correlating parameter.

Combustor Performance

Pollutant emissions. - Combustor exhaust emission indices for swirl-can combustor
models A, B, and C are shown in figures 8 to 10. Data are presented over a range of
combustor pressures for a constant inlet-air temperature of 733 K (8600 F), a fuel-air
ratio of 0.02, and at reference velocities of 23.9 and 30. 6 meters per second (76 and
100 ft/sec). In figures 8(c), 9(c), and 10(c) data are also presented over a range of fuel-
air ratios for a constant inlet-air temperature of 733 K (860° F), a normalized com-
bustor pressure & of 13. 6 atmospheres, and at a reference velocity of either 23.9 or
30.6 meters per second (76 or 100 ft/sec). The normalized combustor pressure § is
defined as the combustor pressure divided by the standard sea-level pressure of 10. 13
newtons per square centimeter (14.696 psia). As expected, the NOX emissions de-
creased with an increase in the reference velocity whereas the unburned hydrocarbons
HC and carbon monoxide CO emissions increased with increased reference velocity.

In addition, chemical kinetic theory predicts that NOX emissions ought to increase with
increasing pressure according to the following relation (ref. 11):

1

0.5
NOx~P

The data presented here show a variation in the exponent on pressure from 0. 13 to 0. 59.
However, other factors such as changing fuel differential pressure and swirl-can recir-
culation zone changes with pressure could explain the differences between the data and
theory, Comparison of figures 8(a), 9(a), and 10(a) shows that combustor model B gave
the lowest value of NOX emission index whereas combustor model C gave the highest
value for a fuel-air ratio of 0. 02.

Combustion efficiency. - Unburned hydrocarbons and carbon monoxide emissions
represent inefficient combustion. Therefore, combustion efficiencies may be calculated
based on pollutant emissions by realizing that a HC emission index of 10 represents a
1 percent combustion inefficiency (assuming all the hydrocarbon emissions are of the
form CH2), and a CO emission index of 42. 5 also represents 1 percent combustion inef-
ficiency. Thus the combustion efficiency My is calculated using the following equation:
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HC co
Ty = 100 - _TEI - 1-2151 percent

The combustion efficiencies for swirl-can cluster models A, B, and C are shown in fig-
ure 11(a) based on the emissions data of figures 8(b), 9(b), and 10(b). All three models
had combustion efficiencies close to 100 percent for all conditions tested. Therefore,

~ the NOX emissions were achieved with combustion efficiencies comparable to the levels

required in an engine. The combustion efficiencies generally increased with increasing
pressure. Figure 11(b) which is based on data from figures 8(c), 9(c), and 10(c) shows
that as the fuel-air ratio is increased, the combustion efficiency first increased and then
began to fall off. This decrease in combustion efficiency at the higher fuel-air ratios is
the result of an increase in CO emissions. As more and more fuel is introduced into the
same combustor volume, eventually the fuel cannot find sufficient oxygen to complete the
combustion process in the given combustor length, thus CO emissions increase. If the
combustor were lengthened the CO emissions would probably be proportionally lower.
The combustion efficiency of model B which gave the lowest NOx emissions is lower than
that of models A and C; however, it is still greater than 99 percent at practically all con-
ditions tested. This lower combustion efficiency is attributed to a lower primary zone
equivalence ratio than that of the other two models. Almost all of the air that bypassed
the swirl-can modules was forced through narrow annular slots between the perforated
plate and each module can. The air then passed around the hexagonal flame stabilizers
and was entrained into the module wakes to a greater degree than with the other two
models. This leaner burning in the primary zone would also explain why the maximum
combustion efficiency of model B occurred at a much higher fuel-air ratio than the other
two models.

Gas sample validity. - Because two fixed gas sampling probes were used to measure
the gaseous pollutants in the exhaust of the combustor, some assurance is needed that the
gas samples are representative of the entire combustor exhaust. Comparing the calcu-
lated fuel -air ratio from gas sampling with the actual metered fuel -air ratio is one
means of determining how closely the gas sample represents the average combustor ex-
haust, The fuel-air ratio is calculated from the gas sample by a carbon atom count us-
ing the emission levels of unburned hydrocarbons, carbon monoxide, and carbon dioxide.
The ratio of the gas sampling fuel-air ratio to the metered fuel -air ratio (FARR) for all
the gas analysis data above is shown in figure 12. Ideally, all the data should have FARR
values of 1.0. The spread of FARR values from 0, 8 to 1. 0 for these data is considered
as acceptable accuracy for the purposes of this investigation.




Comparison of NOX Emissions With Emissions From Current Engines

In order to relate the NOx emissions of the three swirl-can combustor models with
emissions from current gas turbine engines, the emissions of the swirl-can models must
be compared at the operating conditions of the various combustors of these gas turbine
engines. Since the full power operating condition or takeoff condition is different for
each gas turbine combustor, and since data could not be obtained at exactly each com -
bustor's full power operating condition, a correlating parameter has been formulated and
is used to extrapolate the data, Previous correlating parameters have been proposed
(refs. 5, 12, and 13). The correlating parameter used for this report is

T. /T 1.5
c.p =60'5e in”’ °d Tex' in

Vref

where

) combustor inlet pressure normalized to standard sea-level pressure of 10, 13
N/cm (14. 696 psia)

T;,, combustor inlet air temperature, K
Td constant normalizing factor taken to be 288 K

T, combustor exhaust gas temperature, K
V,.ef Combustor reference velocity, m/sec

This correlating parameter has the same functional form for inlet pressure, inlet air
temperature, and reference veloc1ty as the correlating parameter of reference 5. The

combustor temperature rise term.

1.5
Tex - Tin

Ty

is similar to the correlating parameter of reference 13 which used instead fuel -air ratio
to the 1.5 power. The exponent on the normalized pressure was held constant at 0.5 in
spite of the variation in this exponent indicated in the NO emission data. With models
A and C the exponent on normalized pressure was determmed to be less than 0. 5; there-
fore, the use of this correlating parameter is more pessimistic than if the experimen-
tally determined pressure exponent were used.

The NOX exhaust emissions data from figures 8 to 10 for the three swirl-can com -
bustor models are presented as functions of the previous correlating parameter in



figure 13. A linear curvefit of the data for each model has been drawn and extrapolated
to a correlating parameter value of 17.7. The NO_ data follow the linear curvefits as
well as expected considering the fact that gas sampling was confined to two locations of
the combustor exhaust. Model B, in fact, shows very good NOx emission linearity with
the correlating parameter over a wide range,

These linear curvefits of the NOX exhaust emissions as a function of correlating pa-
rameter are also shown in figure 14 for each model with data points removed for clarity.
As mentioned, these lines were extrapolated to a correlating parameter value of 17.7
which represents the full power condition of the computed NASA standard engine model.
This engine, whose characteristics are shown in table III, is assumed to be typical of an
advanced CTOL engine for use as a power plant for the large commercial jet transports.
Comparing the three swirl-can combustors at the NASA standard engine condition,
models A and B are quite close to one another with NOX emission indices of 21.2 and
23.2. Model C is substantially higher with a NOx emission index of 30. 8.

Also shown in figure 14 are the measured NOx emissions from four current gas tur -
bine engines plotted at correlating parameter values which correspond to the full power
takeoff condition of these engines., The JT8D and JT3D are much lower pressure ratio
engines than the JT9D and CF6-50 engines and therefore have correspondingly lower cor-
relating parameter values. The high pressure ratio engines (JT9D and CF6-50) exhibit
substantially higher NO, emission indices than the three swirl-can combustor models,
particularly models A and B, There is also a considerable improvement in NOX emis-
sions between the swirl-can combustors and the lower pressure -ratio JT8D and JT3D
engines,

The Environmental Protection Agency standards for class T2 engines (ref. 14) will
require a NOX emission index value at the 100 percent full power takeoff condition to be
no larger than about 13 (ref. 15). However, these swirl-can combustor models have NOX
emission indices higher than 13 at correlating parameter values representing the JT9D,
the CF6-50, or the NASA standard engine takeoff conditions. Thus the three swirl-can
combustor models exhibited NOx emissions substantially below those of current large en-
gines but not sufficiently low to meet the 1979 EPA requirements.

CONCLUDING REMARKS

A further reduction in oxides of nitrogen emissions is possible by using the pre-
viously described swirl-can designs in the design of the main stage of a two-stage com-
bustor. This might enable the swirl-can modules to be run only during high power oper -
ation such as takeoff and cruise, at operating conditions which would result in lower
values of the correlating parameter and therefore lower NOX. This could be accom-
plished by operating the main stage combustor with a higher reference velocity or with a
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lower fuel-air ratio. For example, if swirl-can combustor model B were used as the
main stage of a staged combustor for the JT9D engine, then from figure 14 a NOX emis-
sion index of 13 could be realized for the main stage at the takeoff operating condition by
reducing its correlating parameter from 11.7 to 10. This could be achieved by increas-
ing the main stage reference velocity by 17 percent. The change in combustion efficiency
would be slight based on data of this model. However, this type of combustor concept is
much more complex than conventional combustors and would require substantial
development.

SUMMARY OF RESULTS

A program was conducted to evaluate three swirl-can combustor module designs.
The results of this program are the following:

1. The seven-module combustor arrays performed with high combustion efficiencies
(>99 percent) at all conditions tested.

2. Using an oxides of nitrogen correlating parameter, the predicted emissions of
NOx for the three swirl-can combustor models when operating at the full power or takeoff
condition of various current gas turbine engines was substantially lower than the current
emissions from these engines. However, the NOX emissions from the swirl-can com-
bustor models are still higher than the maximum allowable level of 13 which is needed to
achieve the 1979 EPA emissions standards for class T2 engines.

Lewis Research Center,
National Aeronautics and Space Administration,
and
U.S. Army Air Mobility R&D Laboratory,
Cleveland, Ohio, January 31, 1975,
505-04.
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TABLE I. - DESCRIPTION OF COMPONENTS OF SWIRI

Sketch of one swirl-can module

Model Percent blockage
Cross section View looking upstream inside hexagonal
liner of 286-cm2
(44. 27-in.2) Cross.
sectional area
A 74.4
4
{ ]
B 72.3
00000000000
00000000000
C 71.0

\
\
X

N




\N MODULES FOR COMBUSTOR MODELS INDICATED

Inner
swirler
description

Flame
stabilizer description

Fuel
injection
description

Note

tamped swirler,
2 blades, 45°
ngle at tips;
wirler face flush
ith flame stabi-
izer; tip diame-
er, 3.34 cm
1.31 in.); hub
jiameter, 1.90cm
0.750 in.); open
rea, 2.30 cm
0.357 in. 2)

Stamped swirler, 24 blades,
45° angle at tips; swirler
blades of opposite rotation
from inner swirler; tip di-
ameter, 5.79 c¢m (2. 28 in. );
hub diameter, 4.57 cm
(1.80 in.); open area,

2.90 cm? (0. 450 in. 2);
swirler shroud diameter,
5.94 cm (2. 34 in. ); perfo-
ated plate, 0.157-cm-
(0.062-in. -) diameter holes
6.3 percent open, attached
to shrouds of cans to provide
additional blockage

Fuel tube attached to
center of inner swirl-
er hub; 0.13-cm-
(0.05-in. -); diameter
orifice through hub;
fuel passes through
orifice and splashed
against 1.9-cm-
(0.75-in. -) diameter
disk mounted 0.15 cm
(0.062 in, ) down-
stream from inner
swirler hub '

Same as
model 10
of ref. 3

lamped swirler,
2 blades, 45° an-
le at tips; swirle
ce flush with
ame stabilizer;
p diameter, 3.25
m (1.28 in.); hub
lameter, 1.59 cm
). 625 in.); open
rea, 2.36 cm

. 366 in. 2)

Hexagon of side L =3.11 ¢cm
(1.221in.); sixty 0.11-cm-
(0.042-in. -) diameter holes
around plate; perforated
plate, 0.157-cm-(0.062-in. -)
diameter holes, 6.3 percent
open located 0.63 cm

(0. 25 in. ) upstream of hexag-
onal flame stabilizer to pro-
vide indicated blockage

Fuel tube centered in
can; 0.13-cm- (0.05-
in. -) diameter orifice
at end of tube 0.32 cm
(0.125 in. ) upstream
of inner swirler; fuel
sprayed against swirl-
er hub and ejected
through inner swirler

Same as
model 2
of ref. 3
except in
number of
holes in
hexagonal
flame sta-
bilizer

tamped swirler,
2 blades, 45°
ingle at tips;
swirler face flush
vith flame stabi-
izer; tip diame-
er, 3.25 cm
1.28 in.); hub
liameter, 1.59cm
0.625 in. ); open
\rea, 2.36 cm
0.366 in. 2)

Hexagon of side Li = 3.48 cm
(1.37 in.); seven 0.11-cm-
(0.042-in. -) diameter holes
at each corner hexagon;

full area, 31.0 cm

(4.88 in. 2)

Fuel tube centered in
can; 0.13-¢m- (0.05-
in. -) diameter orifice
at end of tube 0.32 cm
(0.125 in. ) upstream
of inner swirler; fuel
sprayed against swirl-
er hub and ejected
through inner swirler
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TABLE 0. - SEVEN-MODULE SWIRL-CAN COMBUSTOR OPERATING CONDITIONS

[Combustor inlet air temperature, 733 K (860° F).]

Combustor inlet pressure, N/cm2 (psia). . . . .. ... ... ... 69 - 207 (100 - 300)
Normalized combustor inletpressure, 6. . . ... .. .. .. ........... 6.8 - 20.4
Reference velocity (AREF = 285 cm? or 44,27 in, 2), m/sec (ft/sec) . . . 23.9, 30.6 (76, 100) )
Fuel-airratio ... . . . . . . . . . . . e e e e e e e 0.015 - 0.046

TABLE III. - NASA STANDARD ENGINE

[At 100 percent power sea-level takeoff. |

Thrust, N(Ab) . . .. ................. 222 000 (50 000)
Pressureratio, . . .. ... .. ... ... .......... 30to 1
Combustor inlet pressure, N/ cm2 (psia). . .. ....... 303 (440)
Combustor inlet temperature, K ®°F). . . ... ...... 826 (1028)
Combustor exhaust temperature, K (0 FY.,......... 1644 (2500)
Fuelairratio. ... ............... 0.0249 (Jet-A Fuel)
Reference velocity (typical), m/sec (ft/sec) . . .. ... .. 25.9 (85)




< _ ~ Indirectly fired heat
:)fcartmanger, )/ \ 6’& ” exchanger (below floor)
exhaust  / 4

/ Heat-exchanger

/ air supply ; ) \/

£ Test-section air > M5 g

supply @irflow R

measuring orifice I/I\

located upstream) N " Test-section

Gas sample exhaust/v

probes -

section Exhaust

control

Test _
Combustor — -~

station —

CD-11716-11
Figure 1, - Test facility,
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| —
Fuel tube

A9,

Carburetor Inner Flame
swirler stabilizer

Plate flame i

stabifizer o/ View looking upstream

Cross-sectional view CS-56698

Figure 3. - Typical swirl-can combustor module details.



C-74-1223
(a) Model A.

Figure 4. - Photographs looking upstream of three swirl-can combustor arrays with combustor liner removed for clarity.




C-74-2503

(b) Model B.

Figure 4. - Continued.
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/. o £ C-74-1347

(c) Model C.

Figure 4. - Concluded.
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"~~~ Combustor centerline ‘

Gas sample out
7.31cm
2.9in.)

e 5.72CM
(2.25in.)

Water out

t

i e EE R o T Steam out
{ r—

e
Steam in

t

Water in
CD-11791-11

Section A-A Section B-B

Figure 5. - Gas sampling probe,
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l arbon analyzer

Figure 6. - Gas sampling instrument console.

Two three-point Control-room
waterjcooled typewriter
sampling probes | terminal -
| | On-line
ﬁeated. i [ computer |
line || Bypass Dual- Duel
[} vent — channel channel
| | Bypass recorder recorder
le- | flowmeter
! : Indicating Indicating Indicating Indicating
| | \/ meter meter meter meter
Control Hydrocarbon Carbon monoxide Carbon dioxide | [Oxides-of-nitrogen
valve 4 analyzer analyzer analyzer analyzer
: |
[

Inlet \_1___ Oven —@

pressure

gage Inlet
thermocouple

Figure 7. - Schematic diagram of gas analysis system.
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Model

Model )
—Q0— A —— 8
—-— B
Open symbols denote reference
Open symbols denote reference velocity of 23.9 misec (76
velocity of 23,9 misec (76 fse)
.ﬂ.lsec) Solid symbols denote reference
Solid symbols denote reference veiocity of 30, 6 m/sec (100
velocity of 30. 6 m/sec (100 ft/sec)
ft/sec)
100. 01—
8 *
B 7~
&£ 06 v /5
- 9 —— -
e "o _w U
‘S —_ »
=2 [ 4 D
5 99.2= //g/
s B 4
RS
g 93—
(=]
(&) -
98 4—
S PR R PO N N - T NP P NSO NP S
5 10 15 20 2% .04 .018 .02 .026 .030 .03 .03 .042 .04

Normalized combustor inlet pressure, &

{a) Combustion efficiency as function of
normalized pressure at fuel-air ratio
of 0.02

Fuel-air ratio

{b) Combustion efficiency as function of fuel-air ratio at normalized com-
bustor inlet pressure of 13. 6 atmospheres {200 psia).

Figure 11. - Combustion efficiency as function of pressure and fuel-air ratio for combustor models, A, B, and C at ref-
erence velocities of 23.9 and 30, 6 meters per second {76 and 100 ft/sec) and combustor inlet air temperature of

733K (8609 F).
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Gas analysis fuel-air ratio/metered fuel-air

ratio, FARR

Model
O A
[
o C
Open symbols denote reference
velocity of 23.9 m/sec (76
ftisec
L1— Solid symbols denote reference _
: velocity of 30.6 m/sec (100
ftisec) |
LO— & > L —".— hd —_——
Q &
_% o 9 z - & L 2P'Y g
» o p
TR ¥ 8 rs D
o e *
B ¢+ B ¢ - D
gl—— = 9 e L B v L o
. > [ ” D
'7l|||||l|III'IIIIIIIIBlI
5 10 15 20 25 .015 . 020 . 025 . 030 .035 . 040 045 . 050
Normalized combustor inlet pressure, & Metered fuel-air ratio
{a) Fuel-air ratio ratio (FARR) over all com- (b) Fuel-air ratio ratio (FARR) over all metered fuel-air ratios tested.

bustor pressures tested.

Figure 12. - Fuel-air ratio caluclated from gas analysis sample divided by fuel-air ratio obtained from metered values of fuel and air
for all gas analysis data for combustor models A, B, and C.
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NOy emission index, EI, g Nozlkg fuel

24

16

| ! | I | | l i l 1

24

16

24

(a) Model A.

| I | ! 1 I | 1 l 1 t 1

(b) Model B.

1 l 1 I | | . I L I ! | L | I
4 6

B 10 12 14 16 18
o5 TinfTef p (LS

Correlating parameter, C. P, =

ref
(c) Model C.

Figure 13, - NO, emission data of figures 8 to 10 as functions of correlating parameter for swirl-can combustor models A, 8, and C.
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