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EVALUATION OF AN EXPERIMENTAL SHORT-LENGTH ANNULAR COMBUSTOR:

ONE-SIDE-ENTRY DILUTION AIRFLOW CONCEPT

by Francis M. Humenik and James A. Biaglow

Lewis Research Center

SUMMARY

A test program was conducted to evaluate an experimental short-length annular com-
bustor that uses a one-side-entry dilution airflow concept. The combustor design fea-
tures scoops on the outer liner for controlling the primary- and secondary-zone airflow
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distribution. Combustor inlet total pressures were limited to 62 N/cm (90 psia) with
inlet-air temperatures from 590 K (600° F) to 890 K (1150° F). At the simulated sea-
level takeoff condition a high exit-temperature pattern factor of 0.44 limited testing to an
average exit temperature of 1436 K (2124° F). For the Mach 3.0 cruise condition, a pat-
tern factor of 0.29 was obtained with an average exit temperature of 1450 K (2151° F).
The total pressure losses were 4. 3 percent and 6. 1 percent, respectively, for these test
conditions. Nominal combustion efficiencies of 100 percent were obtained with the ASTM
A-l fuel used for all testing.

A high smoke number of 72 and an oxides-of-nitrogen emission index of 4. 2 grams
per kilogram of fuel were obtained for inlet airflow test conditions simulating sea-level
takeoff at a reduced pressure level. The smoke number decreased to 26 and the oxides-
of-nitrogen emission index increased to 12. 5 grams per kilogram of fuel for inlet airflow
test conditions simulating Mach 3.0 cruise operation. At airflow conditions simulating
idle operation of a high-pressure ratio subsonic engine the combustion efficiency was
near 100 percent, resulting in low exhaust pollutant levels for carbon monoxide and un-
burned hydrocarbons.

o
Combustor altitude relight was obtained at an inlet pressure of 2. 8 N/cm (4. 1 psia)

with ambient inlet-air temperature of 294 K (70° F).



INTRODUCTION

This report presents performance data, including exhaust gas emission levels, for
an experimental short-length annular combustor. This combustor design incorporates a
one-side-entry dilution airflow concept.

Advanced jet aircraft engines (refs. 1 and 2) operate under conditions which produce
. a wide range of compressor exit airflow profiles. These varying airflow profiles can

distort the exit-temperature distribution of a combustor and adversely affect the per-
formance and life of an engine. What is needed is a combustor design insensitive to
changes in the compressor exit airflow profile. One concept that has shown promise as
being insensitive to distorted airflow profiles is the one-side-entry combustor (ref. 3).
This combustor has a "side entry" type design which uses primary and secondary air
scoops on only the outer diameter side to inject high-velocity airflow into the combustor.
Previous rectangular segment tests of the design satisfactorily demonstrated its concept
and are described in references 3 and 4. In the segment tests, intentionally distorting
the diffuser inlet radial airflow profile did not cause any undesirable shift in the radial
exit-temperature profile. Other side-entry-type combustor designs are described in
references 5 and 6. Diffuser devices for correcting radial airflow distortions are sug-
gested in reference 7.

An advanced jet engine combustor test facility described in reference 8 afforded the
capability to investigate the full-annular, three-dimensional flow field of a one-side-
entry combustor at air pressures and temperatures simulating actual engine conditions.
Full-annulus tests are necessary because practical hardware problems such as optimum
ignitor location, fuel strut installation techniques, and combustor scaling may require
design adjustments. In addition, sidewall effects that occur in rectangular segment tests
are eliminated, simulation of the diffuser airflow passage can be exact, and radial and
circumferential airflow distribution effects can be studied.

The combustor was designed for an average exit temperature of 1478 K (2200° F) us-
t\

ing ASTM A-l fuel. Inlet total pressure was set at 62 N/cm (90 psia), and inlet total
temperature varied from 590 K (600° F) to 890 K (1150° F). Diffuser inlet Mach num-
bers ranged from 0.24 to 0. 32 for test conditions from simulated sea-level takeoff to
Mach 3.0 cruise operation. Performance data that were obtained included combustion
efficiency, pressure loss, exit-temperature distributions, and exhaust emissions.
These data are presented for an outer-liner design with primary scoops sized for 30 per-

' cent of total airflow. Idle and altitude relight data are presented for two outer-liner de-
signs with primary scoops sized for 25 percent of total airflow. The inlet velocity pro-

• files were not distorted for the data presented in this report.



COMBUSTOR DESIGN

Side-Entry Concept

The design concept investigated in this test program is referred to as a side-entry
combustor and is shown in figure 1. It is an annular combustor with most of the airflow
injected through an outer-liner wall. Small amounts of airflow are used for cooling of an
inner-liner wall and a firewall, with additional air for swirling with the liquid fuel in-
jected by pressure atomizing nozzles. Scoops attached to the outer-liner wall apportion
diffuser airflow between the primary combustion zone and the secondary dilution zone.
These scoops extend to the full height of the annular passage so that an entire radial ve-
locity airflow sample is captured. Thus, regardless of radial profile distortion, the
combustor airflow distribution does not change. This results in a stable radial exit-
temperature profile at the combustor exit.

Combustor Design Details

The full-annulus side-entry combustor and associated diffuser design used for this
investigation are shown in cross section in figure 1. The diffuser passage contour se-
lected had a steep inner diffuser wall angle of about 50°, as compared to an inner wall
angle of about 24° that was used in the segment tests described in reference 3. This pro-
vided additional outer-liner length of about 5 centimeters (2 in.) for possible air entry
position adjustment. The design exit-to-inlet area ratio of 1.8 was equivalent to the seg-
ment area ratio. Individual inlet chutes, the full height of the diffuser passage, were lo-
cated between each of 32 fuel nozzle positions. These chutes supplied about 18 percent
of the total airflow to the inner liner and firewall for cooling and swirler flows.

Fuel struts were assembled with the parts shown in figure 2. Either a radial or an
axial swirler could be used with this assembly. The radial air swirler which had eight
turning vanes was selected for the final series of tests. A closeup view of the final as-
sembly is shown in figure 3. The minimum flow area for each swirler was 7. 87 square

o
centimeters (1.22 in. ).

Outer-liner designs. - Several outer-liner designs were evaluated in preliminary
testing of this combustor concept. The liner design that was used for evaluating the com -
bustor exit temperature distribution is designated as liner 3 and is shown in figure 4. A
set of 32 scoops injected the primary airflow. A set of 32 secondary scoops, downstream
and in line with the primary scoops, were attached to a set of secondary slots (set 1,
fig. 4) for dilution jet penetration to the hub region. A second set of secondary slots
(set 2, fig. 4) were staggered between the first set of secondary slots for shallow pen-
etration and tip cooling. Airflow to secondary slot set 2 was supplied by the set of hood



slots shown in figure 5. The gaps between the secondary scoops (normal supply path)
were completely blocked in an attempt to improve circumferential airflow distribution.
Short turning vanes along the sides of the secondary slots in set 2 were used for liner
cooling between adjacent slots.

This design differed from the final rectangular segment design of reference 3. Pri-
mary scoop width was increased to flow 30 percent of the total airflow, as compared to
about 21 percent in the segment design. Also, the set of hood slots were not used pre-
viously. These slots do not capture an entire radial velocity airflow sample and thus
violate the original design concept. However, their use with uniform inlet airflow pro-
files was considered acceptable.

Preliminary liner designs 1 and 2, which had primary scoops sized for approx-
imately 25 percent of total airflow, were used for altitude relight tests. Liner design 2
was also used to obtain some engine-idle emission data.

Approximately 82 percent of the total airflow was supplied to the outer liner. De-
sign details for liners 1, 2, and 3 are listed in table I. The final combustor assembly
with nominal airflow splits and pertinent flow areas is shown in figure 6.

Fuel nozzles. - Pressure atomizing simplex fuel nozzles were used in this investi-
gation. Two fuel flow ranges were required. A high-flow-range set of nozzles was
used for the sea-level takeoff, cruise, and idle test conditions; a low-flow-range set of
nozzles was used for the altitude relight tests. Curves of total fuel flow for the com-
bustor (sum of 32 nozzles) as a function of the differential pressure across the fuel noz-
zles are shown in figure 7.

APPARATUS AND PROCEDURE

Test Facility

The full-scale side-entry combustor investigation was conducted in a connected-duct
test facility. A line diagram of this facility is shown in figure 8(a). An isometric sketch
of typical combustor installation is shown in figure 8(b). Airflow rates and combustor
pressures were regulated by remotely controlled valves upstream and downstream of the
test section. Combustor inlet-air temperatures up to 922 K (1200° F) could be obtained
without vitiation.

Additional figures, photographs, and descriptions of the facility are contained in
references 8 to 10.



Instrumentation

Combustor inlet pressures and temperatures were measured at the locations shown
in figures 9 and 10. Combustor exit total pressures and total temperatures were meas-
ured at 3° circumferential increments by three equally spaced traversing five-point
probes. Airflow rates were measured with an orifice installed in accordance with ASME
specifications. Fuel flow rates were measured with turbine-type flowmeters. Thorough'
descriptions of the traversing combustor exit probe system and of the data acquisition
and recording system are contained in references 8 and 9.

Combustor exhaust emissions were sampled by means of two five-point water-cooled
probes located 120° apart at the combustor exit. One probe was used for gas analysis
samples and the other for smoke samples. The gas analysis system detected concentra-
tions of nitric oxide, carbon monoxide, carbon dioxide, and unburned hydrocarbons. De-
tails of the sampling probes and of the smoke and gas sampling systems are contained in
the appendix.

Calculations

Combustion efficiency. - Efficiency was determined by dividing the measured tem-
perature rise across the combustor by the theoretical temperature rise. The indicated
readings of all thermocouples were taken as true values of the total temperatures. The
exit thermocouples were high-recovery aspirating platinum - 13-percent rhodium/
platinum (ref. 11, type 6). The exit temperatures were mass weighted for the efficiency
calculation by the procedure given in reference 9. In each mass-weighted average, 585
individual exit temperatures were used.

Reference velocity and Mach number. - Reference conditions were based on the total
airflow, the inlet-air density using the total pressure and temperature at the diffuser in-

2 2let, and the reference area (6270 cm (972. 5 in. )) as measured between the outer-liner
hood diameter and the centerbody wall diameter at the diffuser exit plane. However,
reference Mach numbers for altitude relight tests were based on a standard combustor

O

reference area of 4484 square centimeters (695 in. ) to simulate the conditions used for
the advanced annular combustor described in reference 10.

Total pressure loss. - Combustor total pressure loss was calculated by mass-
averaging 40 total pressures measured upstream of the diffuser inlet and 585 total pres-
sures measured at the combustor exit. The combustor total pressure loss therefore in-
cludes the diffuser loss.

Diffuser inlet Mach number. - Diffuser inlet static pressure and total temperature
2 2with total airflow and inlet annulus area (1182 cm (183. 12 in. )) were used for calculat-

ing the inlet Mach number.



Radial profile factors. - The radial exit-temperature profile is established from the
circumferential average of the temperature at each radial position and is plotted as a de-
viation from the average exit temperature against radial position. To detect temperature
nonuniformities which may not be evident in the average radial profile, three
temperature-profile quality factors were calculated; they are exit-temperature pattern
factor 6, stator factor 6gtator, and rotor factor 6rotor.

The exit-temperature pattern factor 6 was used to reflect the magnitude of nonuni-
formity caused by the maximum local temperature. This factor is defined as

- T
L (1)

ATav

where T is the maximum individual exit temperature, T is the mass-weighted
average exit temperature, and AT is the temperature difference between the mass-
weighted average exit temperature and the average inlet temperature. To measure the
magnitude of temperature nonuniformity which affects turbine stator vanes, a stator fac-
tor 6 .̂,̂ ,. was defined as

' R, max " R, design'^,,,,G mcix /o\
°stator ~ w

av

To measure the magnitude of temperature nonuniformity which affects turbine rotor
blades, a rotor factor 6rotor was defined as

( TR,av-TR, design^
6rotor - — <3>

av

In these equations, TR max is an individual maximum radial temperature, and TR ay

is an average radial temperature which when compared to corresponding design radial
average temperatures TR <jesign> respectively, yields the maximum positive temper-
ature differences and largest radial profile factors.

Units

The U. S. customary system of units was used for primary measurements and cal-
culations. Conversion to SI units (System International d'Unites) was done for reporting



purposes only. In making the conversion, consideration was given to implied accuracy
and may result in rounding off the values expressed in SI units.

Test Conditions

Test conditions were similar to those used in references 9 and 10 for an advanced
annular combustor designed for Mach 3. 0 cruise operation in engines having low com-
pressor pressure ratios of about 14. Because of facility airflow limitations, reduced
inlet-air total pressures were used to get the required diffuser inlet Mach number for
sea-level takeoff simulation. Test conditions for Mach 3.0 cruise, simulated takeoff,
and intermediate inlet-air temperatures are listed in table n.

The only idle conditions attempted were representative of an engine for subsonic
cruise having a high compressor pressure ratio of about 24. These test conditions are
inlet-air total pressure, 41 N/cm (60 psia); inlet-air temperature, 480 K (400° F);
airflow rate, 40 kg/sec (89 Ib/sec); and fuel-air ratio, 0. 008.

For altitude relight testing, the procedure used was similar to that described in ref-
erence 10. Pressures, temperatures, and airflow rates were set to simulate the re-
quired reference Mach number.

RESULTS AND DISCUSSION

Side-entry-combustor performance data including exit-temperature distributions,
pressure loss, and exhaust emissions are presented for outer-liner configuration 3.
Other data (not obtained with liner 3) were available for preliminary liners 1 and 2.
Thus, engine-idle emission data are presented for liner 2, and altitude relight data are
presented for outer-liner configurations 1 and 2. These data are listed in tables m, IV,
and V. Significant performance characteristics are discussed in the following
paragraphs.

Exit-Temperature Characteristics

Pattern factor. - One of the first requirements for good combustor performance is
uniformity in the exit-temperature distribution pattern. Only small temperature devia-
tions from the average exit temperature can be tolerated. This requires careful control
of the radial and circumferential exit-temperature profiles. A measure of this control
is obtained by calculating an exit-temperature pattern factor 6, which is a ratio which



reflects the difference between the maximum local temperature and the average exit
temperature.

Low pattern factors in the 0.20 range indicate good exit-temperature distribution
and uniformity with no undesirable hot spots. The pattern factor data for the side-entry
combustor are listed in table El. These data are also presented in figure 11, which
shows the pattern factor variation with average exit temperature for several inlet-air

. temperatures. The lowest (best) pattern factors, 0. 27 to 0.37, were obtained with an
inlet-air temperature of 750 K (900° F). High pattern factors, 0. 35 to 0.48, were ob-

. tained with an inlet-air temperature of 590 K (600° F). At 890 K (1150° F) inlet-air tem-
perature, the pattern factor was 0.29 with a mass-weighted average exit temperature of
1450 K (2151° F). At 590 K (600° F) inlet-air temperature, the pattern factor was 0.44
with a mass-weighted average exit temperature of 1436 K (2124° F). Thus, further de-
velopment effort would be required to reduce these pattern factors and improve the exit-
temperature distribution.

The location and severity of concentrated hot zones in the combustor exhaust can be
shown by plotting average circumferential temperatures. Any zone which exceeds the
overall average exit temperature by more than 10 percent of the temperature rise for the
combustor usually yields excessive local temperatures. The characteristic average cir-
cumferential temperature profiles are shown in figure 12 (a) for sea-level takeoff and in
figure 12(b) for cruise conditions. The smaller temperature rise for cruise conditions
resulted in less severe hot zones and lower pattern factors. The circumferential varia-
tion of the profiles indicates some tendency to form alternate hot and cold zones. Im-
proved circumferential exit temperature uniformity is obviously necessary.

An annular display of the exit-temperature distribution by pattern factor zones yields
a map similar to a plot of temperature isotherms, as shown in figure 13. Computer in-
terpolations between adjacent exit-temperature measurements are transformed into pat-
tern factor increments. Grouping of zones in accordance with the pattern factor letter
and number code shows the characteristic gradients around the annulus. Typical char-
acteristics for the final outer-liner configuration are shown in figure 13 (a) for sea-level
takeoff and in figure 13(b) for Mach 3.0 cruise conditions.

Numbered zones represent temperatures less than the overall average, whereas let-
tered zones represent temperatures greater than the overall average. An ideal (well
mixed) combustor output would have relatively few temperature gradient lines. From
this display of the pattern factor map, it is apparent that improved mixing is hecessary
to obtain good exit-temperature uniformity.

Another illustration of exit-temperature distribution by pattern factor range is shown
in figure 14 as a histogram. This distribution (run 357, table HI) is typical for sea-level
takeoff conditions with an average exit temperature of 1436 K (2124° F). Only nine indi-
vidual temperatures out of the total of 585 measurements were above a temperature level
that would produce a pattern factor of 0. 30, and only 12 were above a temperature level
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that would produce a pattern factor of 0. 25. Ideally, a narrow band or grouping of tem-
peratures is desirable since this reflects optimum uniformity of temperature output.

Radial profile factors. - The design radial exit-temperature profile is determined
from turbine stress considerations. Actual proximity to the design radial profile is
measured by calculating stator and rotor factors for the exit-temperature distribution.
The rotor factor is calculated from radial profile temperature differences. The stator
factor is calculated from individual (local) temperature differences. Since high temper-
atures cause turbine stator and rotor deterioration, only positive values for these factors
are of concern.

The radial profile obtained for sea-level takeoff conditions is shown in figure 15 (a).
The mass-weighted average exit temperature was 1436 K (2124° F) with a radial profile
temperature difference of 38 K (68° F), corresponding to a rotor factor of only 0.045.
However, because of an individual (local) temperature difference of 334 K (601° F), the
stator factor was 0. 397.

The radial profile obtained for Mach 3.0 cruise conditions is shown in figure 15(b).
The mass-weighted average exit temperature was 1450 K (2151° F) with a radial profile
temperature difference of 39 K (71° F), corresponding to a rotor factor of 0.071. An
individual (local) temperature difference of 160 K (288° F) produced a stator factor
of 0.289.

A radial exit-temperature profile adjustment to correct the cold-tip characteristic
could probably have been accomplished by techniques such as covering the hood slots and
removing the secondary blockage between scoops. However, the potential improvement
did not warrant further development effort. Thus, no radial profile adjustment was at-
tempted with outer -liner configuration 3.

Radial profile insensitivity. - Some data were obtained with inlet airflow profiles
radially distorted by diffuser inlet flow trip rings. These data with liner 3 revealed
some shift in the radial exit-temperature profile when a tip-peaked radial inlet airflow
profile was used. The shift was attributed to increased airflow through the liner hood
slots. Thus, control of the secondary airflow split was not maintained, resulting in a
substantially colder tip region. Further development of the liner (including elimination
of the use of hood slots) would be required to demonstrate the insensitivity concept of
this combustor design.

Combustion Efficiency

o
Combustion efficiency data with combustor inlet pressures of 62 N/cm (90 psia) are-

included in table m(a). Computed combustion efficiencies were nominally 100 percent
over the range of fuel-air ratios from 0. Oil to 0. 024. The percentage variation among
these data was very small. Characteristic trends with increasing fuel-air ratio were

9



insignificant. Additional data at low pressures (less than atmospheric) are included as
part of the altitude relight performance listed in table V.

Total Pressure Loss

Total pressure loss data for outer-liner configuration 3 are included in table m.
The combustor total pressure loss expressed as the percent of the average diffuser inlet
total pressure is shown as a function of the diffuser inlet Mach number in figure 16. The
two curves shown are data obtained without combustion (isothermal) and with a combustor
temperature rise of about 556 K (1000° F). For a sea-level takeoff condition with an in-
let Mach number of 0. 25 and an average exit temperature of 1436 K (2124° F), the com-
bustor total pressure loss was 4.3 percent. For a Mach 3.0 cruise condition with an in-
let Mach number of 0.31 and an average exi
bustor total pressure loss was 6. 1 percent.
let Mach number of 0.31 and an average exit temperature of 1450 K (2151° F), the com-

Exhaust Emissions: Simulated Cruise and Takeoff

A summary of the combustor exhaust smoke and gas emissions for liner configura-
tion 3 is included in table m(b). The data cover a variety of exit temperatures for inlet -
air temperatures from 590 K (600° F) to 890 K (1150° F). The gaseous exhaust emis-
sions for nitric oxide (NO), total oxides of nitrogen (NO + NOg), unburned hydrocarbons,
carbon monoxide, and carbon dioxide are presented in terms of emission index (grams of
constituent per kilogram of fuel) and parts per million by volume (ppm). Included in the
table as a check on sample validity are the fuel-air ratios as determined by exhaust emis-
sions and the fuel-air ratio as determined by separately measured flow rates of air and
fuel. Smoke densities are presented in terms of a smoke number as defined in refer-
ence 12.

Oxides of nitrogen. - The measured values of emission index for oxides of nitrogen
(NO + NO0) varied from 4.2 grams of NO0 per kilogram of fuel at simulated sea-level

n
takeoff conditions (inlet-air temperature of 590 K (600 F); average exit temperature of
1436 K (2124° F)) to 12. 5 grams per kilogram of fuel at Mach 3. 0 cruise conditions
(890 K (1150° F) inlet air temperature; average exit temperature of 1450 K (2151° F)).
Figure 17 shows the effect of increasing exit temperature for different inlet-air temper-
atures on the formation of oxides of nitrogen. The fairly constant emission index at any
of the inlet-air temperatures was caused by increasing volumetric concentrations being
canceled out by equally increasing fuel-air ratios. Supplemental test data for 590 K
(600° F) inlet-air temperature are included in figure 17 to show the spread in sample re-
producibility for different days.

10



The effect of increasing inlet-air temperatures on the oxides-of-nitrogen formation
for a nominal fuel-air ratio of 0.016 is shown in figure 18. The increase of oxides of ni-
trogen with increasing inlet-air temperatures agrees with the trend previously reported
in reference 13.

Values of the emission index for nitric oxide are listed in table DI(b) and account for
85 to 95 percent of the total concentration of oxides of nitrogen.

Uriburned hydrocarbon emissions. - The concentration of unburned hydrocarbons as
determined by the flame ionization detector was below the instrument accuracy on its
most sensitive scale (±1 percent of 5 ppm C). The "C" denotes that the assumed form
of unburned hydrocarbons were molecules of CHn. The extremely low instrument read-
ings necessitated a careful check of the operating and sampling procedure for sources of
error. It was determined that the calibration procedure and the concentration of span
and zero gases were such that accurate readings below 1 ppm C were impractical.
Therefore, values of unburned hydrocarbons are listed in table in(b) as being present in
concentrations of less than 1 ppm C.

Carbon monoxide emissions. - Emission index data for carbon monoxide are listed
in table in(b); they varied from a high of 29.3 to a low of 3.3 grams per kilogram of fuel.
At simulated sea-level takeoff conditions (run 357), the carbon monoxide emission index
was 21. 8 grams per kilogram of fuel. At Mach-3.0 cruise conditions (run 373), the car-
bon monoxide emission index decreased to 5.0 grams per kilogram of fuel. The effect of
increasing inlet-air temperature for a variety of exit temperatures is shown in figure 19.
Two emission curves for 590 K (600° F) inlet-air temperature are shown in this figure
and indicate the sample reproducibility obtained when the data were repeated on different
days. The effect of increasing inlet-air temperatures for a nominal fuel-air ratio of
0. 016 is shown in figure 20. A steady decrease in carbon monoxide emissions is noted
as the combustor inlet temperature is increased.

Sample validity. - Measured values of CO, COg, and hydrocarbons were used to de-
termine a gas sample fuel-air ratio (f/a)ffg to compare with fuel/air ratios determined
by separately measured flow rates of fuel and air (f/a)m- Agreement between the two
fuel-air ratios would indicate how well the gas sampling probe was obtaining a represent-
ative sample of exhaust products. Gas sample fuel-air ratios within ±15 percent of
measured values are considered to be an acceptable representation of the exhaust emis-
sions, based on the sampling recommendations of reference 14.

Values of gas sample fuel-air ratios varied from 64 to 90 percent of measured fuel-
air ratios and are listed in table m(b). Poorest agreement was obtained at 590 K
(600° F) inlet-air temperature in which the gas sample values varied between 64 and 78
percent of the measured values. Increasing the inlet-air temperature to 750 K (900° F)
improved the percentage agreement to between 82 and 84 percent. However, it was at
inlet-air temperatures of 840 K (1050° F) and 890 K (1150° F) that the most represent-
ative samples of 85 to 90 percent were obtained. Increased mixing due to higher

11



reference velocities (note pattern factor improvement in fig. 11) produced the acceptable
ratios at the higher inlet-air temperatures. The discrepancy between the measured and
sample fuel-air ratios was attributed to the single sampling location and to a circumfer-
ential variation in mixing as illustrated by the exit-temperature profiles of figure 12. /

Smoke number. - The combustor exhaust smoke numbers obtained for a single com-
————^——— n

bustor inlet total pressure of 62 N/cm (90 psia) are shown in figure 21. The smoke
numbers varied from the barely visible region of 26 to 27 at 890 K (1150° F) inlet-air
temperature to regions of high visibility - with smoke numbers reaching 72. 5 at inlet-air
temperatures of 590 K (600° F). Large smoke numbers are an indication of local fuel-
rich regions and insufficient mixing in the primary zone (ref. 2). No attempt was made
to reduce the smoke concentrations of the combustor.

Exhaust Emissions: Simulated Idle

Pollution levels for liner 2 at simulated high-pressure-ratio-engine idle operating
conditions of 41 N/cm (60 psia) inlet pressure, 480 K (400° F) inlet temperature, and
0. 008 fuel-air ratio are shown in figure 22. The low emission index levels of carbon
monoxide, about 28.6, and unburned hydrocarbons, about 3.4, are consistent with the

/

high levels of combustion efficiency, hear 100 percent, reported in table Ws The oxides
of nitrogen shown in figure 22 varied from 2.37 to 3.00 grams per kilogram of fuel and
agreed with the trend of liner 3 data toward low emission levels at reduced inlet-air tem-
peratures. From inspection of the supplementary combustion efficiency data shown in
table V with ambient inlet-air temperatures, it is reasonable to expect that high levels of
combustion efficiency could also be obtained at idle conditions representative of a low-
pressure-ratio engine.

Altitude Relight

Since outer-liner configuration 3 required further development effort to reduce pat-
tern factor and improve exit-temperature distribution, no altitude relight data were ob-
tained with this design. However, altitude relight data were available for previously
tested outer-liner configurations 1 and 2 and are listed in table V(a).

In order to determine the optimum fuel-air ratio for relight, supplementary com-
bustion efficiency data were obtained with ambient inlet-air temperatures for several in-
let pressures below atmospheric. These data for liner 2 are listed in table V(b). Re-
light is most likely at fuel-air ratios which give maximum efficiency (usually at least
50 percent). Such efficiency data help to determine the optimum fuel flow rate for the
most severe operating condition where combustion is still attainable.

12
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The altitude relight data are shown in figure 23. It is apparent that the relight re-
quirements for a Mach 3.0 type engine were easily met. With a reference Mach number

o
of 0.10, relight was obtained at a combustor inlet pressure of 4.2 N/cm (6.1 psia) and
an inlet-air temperature of 300 K (80° F). With a reference Mach number of 0. 05, re-

o
light was obtained at a combustor inlet pressure of 2.8 N/cm (4.1 psia) and an inlet-air
temperature of 294 K (70° F). The potential to operate at even more severe conditions
than the minimum requirement appears feasible.

CONCLUDING REMARKS

Research on the one-side-entry combustor was initiated several years ago at NASA
Lewis Research Center in rectangular segment tests. These segment tests showed good
combustion efficiency, low pressure loss, good pattern factor, and insensitivity to inlet
radial airflow distortion. Based on these results, a full annular combustor was con-
structed. Data from the annular combustor have shown good combustion efficiency; low
pressure loss; and low levels of oxides of nitrogen, carbon monoxide, and unburned
hydrocarbons. However, the full annular design has suffered from high pattern factors
and has shown some sensitivity to distorted inlet radial velocity profiles with the use of
outer-liner hood slots. Circumferential temperature plots and high levels of smoke have
indicated that there is insufficient airflow and mixing in the primary zone. Elimination
of these problems would require further liner development. The potential of the one-
side-entry concept does not appear to be superior to other concepts under investigation,
such as ram induction and swirl-can combustors; therefore, the research program on
the side-entry combustor has been concluded.

SUMMARY OF RESULTS

A full-scale side-entry annular combustor was evaluated using ASTM A-l fuel.
Performance data were obtained with an outer-liner configuration having primary-zone
scoops sized for 30-percent airflow. Altitude relight data were obtained with two outer -
liner configurations having primary-zone scoops sized for 25-per cent airflow. Inlet
Mach numbers ranged from 0.24 to 0.32 for test conditions from simulated sea-level

n
takeoff to Mach 3.0 cruise. Combustor inlet-air total pressure was 62 N/cm (90 psia),
and inlet-air temperatures ranged from 590 K (600° F) to 890 K (1150° F). The follow-
ing results were obtained:

1. Localized hot streaks in the combustor exit-temperature distribution produced
high pattern factors. For simulated takeoff conditions, the best (lowest) pattern factor
with an average exit temperature of 1436 K (2124° F) was 0.44. For Mach 3.0 cruise

13



conditions, the best (lowest) pattern factor with an average exit temperature of 1450 K
(2151° F) was 0.29.

2. Radial average exit-temperature profiles were reasonably good. At simulated
sea-level takeoff conditions with an average exit temperature of 1436 K (2124° F), the
highest positive average temperature deviation from the desired radial profile was 38 K
(68° F), corresponding to a rotor factor of only 0. 045. At cruise conditions with an aver-
age exit temperature of 1450 K (2151° F), the highest positive average temperature devia-
tion from the desired radial profile was 39 K (71° F), corresponding to a rotor factor of
0.071. For these same conditions, individual (local) positive temperature deviations
from the desired radial profile of 334 K (601° F) and 160 K (288° F) produced stator fac-
tors of 0.397 and 0. 289, respectively.

3. The isothermal total pressure losses were 4.1 percent at an inlet Mach number of
0. 25 and 5.9 percent at inlet Mach number of 0.31. With burning, the total pressure
losses were 4.3 percent at an inlet Mach number of 0.25 (simulated sea-level takeoff con-
dition) and 6.1 percent at an inlet Mach number of 0.31 (Mach 3.0 cruise conditions).

4. Computed combustion efficiencies nominally were 100 percent for simulated sea-
level takeoff and cruise conditions with negligible variation (less than 1 percent) over
the range of fuel-air ratios from 0. Oil to 0. 024.

5. At simulated sea-level takeoff conditions (589 K (600° F) inlet-air temperature
O

and 62-N/cm (90-psia) inlet total pressure) and with an average exit temperature of
1436 K (2124° F), a high smoke number level of 72 was obtained, the nitrogen oxide
emission index was 4. 2 grams per kilogram of fuel, the carbon monoxide emission index
was 21. 8 grams per kilogram of fuel, and the unburned hydrocarbon emission index was
less than 0.03 gram per kilogram of fuel. At cruise conditions (890 K (1150° F) inlet-air
temperature) and with an average exit temperature of 1450 K (2151° F), the smoke num-
ber level decreased to 26, the nitrogen oxide emission index increased to 12. 5 grams per
kilogram of fuel, the carbon monoxide emission index decreased to 5.0 grams per kilo-
gram of fuel, and the unburned hydrocarbon emission index was less than 0. 04 grams per
kilogram of fuel.

6. At simulated engine idle conditions, the high combustion efficiency (near 100 per-
cent) resulted in low emission index levels of about 28. 6 for carbon monoxide and about
3.4 for unburned hydrocarbons. The emission index for oxides of nitrogen was 3. 0
grams per kilogram of fuel.

o
7. Combustor altitude relight was obtained at an inlet pressure of 4.2 N/cm (6.1

psia) with an ambient inlet-air temperature of 300 K (80° F) and a reference Mach num-
ber of 0.10. By reducing the reference Mach number to 0. 05, combustor relight was

14
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obtained at an inlet pressure of 2. 8 N/cm (4.1 psia) with an ambient inlet-air temper-
ature of 294 K (70° F).

Lewis Research Center,
National Aeronautics and Space Administration,

Cleveland, Ohio, January 5, 1973,
501-24.
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APPENDIX - EXHAUST EMISSION INSTRUMENTATION SYSTEM

Sampling Probes

Each gas sampling probe consisted of a common sampling tube with five sampling
points located at centers of equal combustor exit area. The probes were water cooled
•by an adjoining U-tube, as shown in figure 24. Heating elements along the sampling line
were capable of maintaining a gas sample temperature of about 450 K (350° F) at the in-
.let to the gas analysis system. This prevented condensation of water and minimized the
adsorption and desorption effects of hydrocarbon compounds.

Gas Analysis System

The instrumentation system for gaseous emissions (fig. 25) provided for continuous
analysis of carbon dioxide, carbon monoxide, oxides of nitrogen, and total hydrocarbons.
The hydrocarbon content of the gas was determined by a Beckman Model 402 Hydrocarbon
analyzer. This analyzer used flame ionization detection, by which hydrocarbon mol-
ecules in the exhaust sample were dissociated to form carbon ions in hydrogen flame.
The hydrogen atmosphere prevented the immediate oxidation of the carbon, and the pres-
ence of polarized electrodes initiated an ionization current. This current is proportional
to the carbon atoms entering the detector and is a linear measurement of the concentra-,
tion of unburned hydrocarbons (assumed to be molecules of CHg) in the sample gas. \

Carbon monoxide and carbon dioxide concentrations were determined by two model
315B Beckman nondispersive infrared analyzers. The analyzers use double-beam opti-
cal paths in which the differential absorption of infrared energy is measured between a
reference cell and a sample cell. The differential energy increment between cells is am-
plified and read as a function of the concentration of the component of interest in the sam-
ple cell. The two analyzers differed only in their appropriate cell lengths and the optical
filters needed to measure the gases of interest.

Oxides of nitrogen (NO ) were measured by a Thermo Electron Model 10A Chemi-
A

luminescent analyzer. This instrument was capable of providing separate measurements
of nitric oxide (NO) and oxides of nitrogen (NO« + NO). The basis of detection in the anal-
yzer is a reaction chamber where sample gas containing nitric oxide molecules mixes
with ozone (Og) molecules. A chemical reaction occurs in which excited nitrogen dioxide
(NO2) molecules are formed and emit light when they lose their excess energy. The re-
lease of light or radiation in the course of a chemical reaction is called chemilumines-
cence. The emitted light passes through an optical filter and is monitored by a photo-
multiplier. The gas sample flow is controlled such that the output from the photomulti-
plier is linearly proportional to the NO concentration. Oxides of nitrogen were

16



monitored in the same way, but the NO« was first converted to NO. The conversion was
accomplished by passing the sample gas through a heated stainless-steel coil of sufficient
temperature to reduce any NOg to NO.

The concentration of exhaust products in parts per million by volume (ppm) was mon-
itored by four indicating meters, two dual-channel continuous recorders, and an on-line
computer. Figure 26 is a schematic diagram of the gaseous exhaust monitoring system.
The on-line computer provided a printout of emission concentrations corrected to a wet
basis in terms of emission index (grams of pollutant/kilograms of fuel). Sample validity
was checked by comparing the fuel-air ratio as determined by exhaust gas analysis to the
fuel-air ratio as determined by separate fuel flow and airflow measurements.

Smoke Measurement System

Smoke emissions from the combustor were determined from the reflectivity of car-
bon stains collected on Whatman No. 4 filter paper. The schematic flow path for obtain-

2ing smoke stains is shown in figure 27. A known flow rate of 1.4x10 cubic meters per
o

minute (0. 5 ft /rain) was passed through the smoke sampling head and allowed to stain a
3. 87-square-centimeter (0.60-in. 2) area of the filter paper. The absolute reflectivity of
the stained filter paper was measured with a Welsh Densichron using a black background.
The Densichron was calibrated with a Welsh Gray Scale. The smoke number was deter-
mined from the following equation:

'\ '\

/1 Percent absolute reflectivity of sample \
• I i — -^ • 1 I
\ Percent absolute reflectivity of clean paper/
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TABLE n. - NOMINAL TEST CONDITIONS

[Nominal inlet total pressure, PTg, 62 N/cm (90 psia); nominal airflow
rate, W, 50 kg/sec (110 Ib/sec). ] I

Test condition

Simulated takeoff
Intermediate
Intermediate
Mach 3. 0 cruise

Diffuser inlet
Mach number

M3

0.25
. 28
.30
.31

Inlet total
temperature

TT3

K

590

750
840

890

°F

600

900

1050

1150

Reference
velocity

Vr

m/sec

22
28'
31

i 33

ft/sec

71
91

101
108

Combustor
reference

Mach number

i M-

0.045

.051

.054

.056
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TABLE m. - COMBUSTOR OPERATING, PERFORMANCE, AND EXHAUST EMISSION DATA FOR LINER 3

(a) Operating and performance data

Run

278

279

260

281
282

283
284

285
286

287

288

289

294

295

296

297
298

299

300

301

302
303

346

347

348
349

350
351
353

354

355

356

357
358

359

360
361

362

363

364

365
366
367

368

369

371

372
373
374

375

376
377

378

Total pressure,
WS

N/cm2

61. 7
61. 5
61.8
61.8
61.8

61.8
62.2
61.5
60.7

62.0
61.7
61.7
61.5
61.6

61.6
61.4
61.8
61.9
61.8

61.9
61.9
61.9
61. 9
62. 0

62.3
62.2
62.9
62. 1
61 7

62.0
62.3
62.0
61.8
62.3

62.2
63.0
62.3
62.1
62.3

61.6
62.0
61.9
62.4

62.1

62.8
62.2
61.5
62.0
41 6

62 3
62 1
63 0
62.3

psla

89. 6
89. 2
89.6
89.6
89.7

89.7
90.3
89.2
88.0

89.9
89.5
89.6
89.2
89.3

89.4
89.1
69.6
89.7
89.7

89.8
89.8
89.7
89. 8
89.9

90.3
90.2
91.2
90. 1
89. 5

90.0
90.4
89.9
89.6
90.3

90.2
91.4
90.3
90.0
90.3

89.3
90.0
89.7
90.5

90.1

91.1
90.3
89.3
90.0
60 3

90 3
90 1
913
90.4

Average Inlet
temperature ,

TT3

K

591

581
587

587

589

590

590
591

590

591

591

591

590
590

590

590
591

591

589

589
591

591

588

586

591

592
592
593
593

595
595

594

595
768

765

764

765
764

765

765

765
843
844

843

846
896

897

896
843

898

848

772
547

°F

604

586
5*T

597

600

602

602
604
603

604

604

604

603

603

602

602
604

605
601

601
604

604
598

595

604

605
606
607
608

611
612

609

612

922

918

915
918

916

917

917
918

1059
1059

1058

1062
1153
1156
1154
1058

1067
929
524

Airflow,
W

kg/sec

49. 6
49. 3
49.7
49.7
49.6

49.5
49.4
49.5
49.6

49.4
49.5
49.5
50.0
50.0

50.0
49.9
49.9
49.9
50.0

49.9
49.8
49.9
50.2
49. 3

49.1
49.0
48.9
49 1
49 0

48.9
48.9
49.0
49.0
48.5

48.6
48.3
48.6
48.5
48.5

48.3
48.6
48.5
48.4

48.4

48.1
48.2
48.4
48.3
32 9

49 1
48 5
49 0
49.3

Ib/sec

109. 3
108. 8
109.5
109.5
109.3

109.1
108.9
109.1
109.2

108.9
109.1
109.0
110.3
110.2

110.1
110.1
110.0
110.0
110.2

110.1
109.9
110.0
110. 7
108. 8

108.2
108.1
107.9
108 3
108 0

107.8
107.7
108.0
108.1
106.8

107.2
106.4
107.1
107.0
106.8

106.6
107.3
107.0
106.7

106.7

106.1
106.2
106.7
108.4
72. 5

108 4
107 0
108 1
108.6

Diffuser
Inlet
Mach

number,

"3

0. 247
247

.246

.247

.246

.246

.244

.248

.252

.245

.247

.247

.250

.250

.250

.250

.248

.248

.249

.248

.248

.248
250

245

.243

.244

.240
245
245

.244

.243

.245

.246

.279

.280

.273

.279

.279

.278

.281

.280

.298

.294

.295

.290

.304

.310

.306

.300

311

297

280
.233

Reference
velocity,

Vr

m/sec

21. 7
21. 3
21.6
21.6
21.6

21.6
21.4
21.8
22.0

21.6
21.7
21.7
22.0
21.9

21.9
22.0
21.8
21.8
21.8

21.8
21.8
21. 8
21. 8
21 3

21.3
21.3
21. 1
21.4
21 5

21.4
21.3
21.5
21.6
27.3 .

27.3
26.7
27.3
27.3
27.2

27.4
27.4
30.2
29.9

30.0

29.6
31.7
32.2
31.8
30. 4

32 3
30 2
27 4
19.8

ft/sec

71. 2
70. 0
70.9
70.9
70.9

70.9
70.3
71.5
72.4

70.7
71.2
71.1
72.1
71.9

71.8
72. 1
71.7
71.6
71.6

71.4
71.4
71.6
71. 5
69.9

69.8
70.0
69.1
70 3
70 6

70.4
70.0
70.5
70.9
89.5

89.7
87.6
89.5
89.5
89.1

89.9
89.9
99.1
98.0

98.4

97. 1
103.9
105.7
104.4
99. 8

106 0
99 2
90 1
64.9

Measured
fuel-air
ratio,

«/*>m

0.0111
.0111-
.0129

.0129

.0147

.0146

.0165

.0164

.0185

.0185

.0200

.0200

.0219

.0219

.0228

.0228

.0236

.0236

.0148

.0149

.0185

.0223

.0168

.0205

.0223

.0235

.0115

.0123

.0142

.0164

.0183

.0202

.0208

.0206

.0192

.0164

.0174

.0189

.0135

.0151

.0161

Average exit
temperature,

TT5

K

1000

1001

1069

1071

1134
1132

1197

1195

1268
1264

1315

1315

1377

1375
1409

1407
1431

1430
1138

1143
1271

1395

1212
1341

1399

1438

1175

1201

1265
1341

1403

1466

1486

1481
1333

1409

1441

1488

1359
1412

1445

1

°F

1340
1342

1464

1468

1582
1578
1694

1692

1822
1816

1908

1907

2019

2015
2076
2073
2116

2115
1588

1597
1828

2052

1722

1955

2059
2129

1656

1702

1817
1954

2066
2178

2214

2205
1940
2077

2133

2219
1986

2082
2141

Mass -weighted
average exit
temperature

K

1002
1004

1071

1074

1136
1134

1197

1196
1267

1264

1313

1313

1373
1371
1404

1403

1426

1425

1139

1144

1270

1392

1213
1341

1397

1436

1179

1205

1269
1344

1406

1487

1487

1483
1338
1413

1445

1492
1364
1417

1450

°F

1344

1348

1469

1473

1586
1582

1695

1694

1821
1815
1904

1904

2012
2009
2068
2065
2107

2105

1591

1600
1827
2046

1725
1953

2056
2124

1663

1709

1824
1960

2071

2182

2217

2209
1948

208S

2141

2227
1995

2092
2151

Pattern
factor,

6

0.370
.363
.381

.352

.371

.359

.403

.395

.427

.423

.436

.445

.480

.479

.462

.477

.467

.484

.416

.464

.471

.416

.383

.403

.429

.437

.372

.339

.320

.307

.274

.305

.319

.325

.343

.318

.319

.341

.320

.335

.294

Stator

factor,
6stator

0.290
.283

.312

.284

.310

.297

.348

.340

.378

.374

.390

.400

.437

.436

.421

.436

.427

.444

.355

.404

.422

.374

.329

.359

.387

.397
.326

.328

.307

.302

.270

.264

.273

.278

.285

.276

.280

.298

.307

.290

.289

Rotor
factor ,
5
rotor

0.073
.073
.046

.045

.033

.033

.031

.032

.036

.037

.048

.047

.063

.062

.069

.068

.072

.073

.035

.034

.028

.046

.036

.029

.039

.045

.093

.082

.064

.045

.033

.029

.028

.028

.075

.054

.050

.040

.088

.080

.071

Combustor
temperature

rise, AT

K

415

417

482

484

546
543

607

605

676

673
723

723

783

781

813
811

836

836
549

554

679

800

619

745
804

840
411

440

505
579

642

703

722
717
494

570

601

647

467

520
554

°F

748

751

868

872

983
978

1092

1090

1216

1211
1301

1301

1409

1406
1464

1460

1505

1505

987

997

1222

1440

1114

1342
1446

1512
741

791

909

1042
1156

1265

1300

1291
889

1025

1082

1164

841

936
996

Combustor
pressure

loss,
iP/P,

percent

4. 05
4. 23
4.18
4.34
4.26

4.22
4.28
4.35
4.65

4.35
4.43
4.51
4.53
4.57

4.60
4.55
4.53
4.53
4.56

4.57
4.49
4.05
4 05

4. 15

4.14
4.15
4.25
3 85
3 93

4.22
4.34
4.32
4.29
5. 17

5.21
5.00
5.28
5.22
5.26

5.49
5.35
5.81
5.76
5.85

5.60
6.00
6.15
6.05
5. 67

5 86
5 35
4 87
3.32

Combustion
efficiency,

1,
percent

102.6
103.4
103.2

103.4
103.4
103.2
103.0

103.2
103.4
103.2
103.4
102.7

102.8
102.8
102.6
102.7
102.9

103.0
103.0

103.9
104. 1
103.9

104. 1
104.6
104.4
104.2
102.9

102.9
103.4
103.5
104.0
104. 1

104.1
104.2
103.1
103.6
103.6

103.7
103.6
103.6
103.7

22



TABLE m. - Concluded. COMBUSTOR OPERATING, PERFORMANCE, AND EXHAUST EMISSION DATA FOR LINER 3

(b) Exhaust emissions data

Run

281
282
283
284

285

287

288

289
294

295

296
297

298
299

300

301

354

355
356

357

358

359
360

361

362

363

364

365

366
367

368

369
371
372

373

Oxides of
nitrogen,

NOX = NO + NO2

ppm

34.0
38.9
39.7
45.8
45.2

SI. 2
55.9
57.7
62. 5
63.0

10.3
10.2
14.2
14. 5
11.1

76.1
46.0
54.9
57.5
59.7

62.0
63.6
67.1
76.2
85.7

85. 6
100.4
96. 8
88.6

103.2

107.9
120.2
110. 1
114.2
123.4

g(N02)

kg fuel

4.91
4.84
4.94
5.01
4.98

5.03
4.88
5.04
5.06
5.10

5.20
5.19
5.28
5.30
5.30

5.23
4.47
4.38
4.22
4.15

8.77
8.42
7.70
7.56
7.65

7.15
7.90
7.69

10.16
10.23

10.09
10.41
13.27
12.30
12.47

Nitric oxide, NO

ppm

27.0
31.0
31.5
36.0
36.5

40.0
46.5
48.0

55.0

62.0
62.5
67.0

70.0

....
43.5
52.5
54.5
56.5

53.5
54.0
58.0
66.5
15.0

81.5
89.0

11.5
91.5

91.5
102.5
97.5

102.0
108.2

g(N02)

kg fuel

3.90
3.86
3.92
3.94
4.02

3.93
4.06
4.19

4.45

4.59
4.62
4.77

4.81

....

4.23
4.19
4.00
3.94

7.57
7.15
6.66
6.60
6.69

6.61
7.00

8.89
9.07

9.12
8.88

11.75
11.00
10.93

Ratio of nitric
oxides to oxides

of nitrogen,
NO/NOX,
percent

79.4
79.7
79.3
78.6
80.7

78.1
83.2
83.2

87.3

88.2
89.0
90.3

90.8

....
94.6
95.6
94.8
94.6

86.3
84.9
86.4
87.3
87.5

85.2
88.6

87.5
88.1

90.4
85.3
88.6
89.3
87.7

Unburned hydrocarbons,
HC

ppm

<1 0

g(CH2)

kg fuel

<0. 044
<. 038
<.038
<.033
<.033

<. 030
<. 027
<. 027
< .025
<. 025

<.022
<. 022
<.022
<. 022
<. 021

<.021
<.029
<. 024
< 022
<.022

<.042
<.040
<. 034
<.030
<.027

<. 024
<. 024
< 024
<.034
<.030

<. 028
<. 026
<.036
<. 032
<. 030

Carbon monoxide,
CO

ppm

87.6
116.4
118.9
171.2
170.3

253.4
370.0
370.2
450.7
459.1

562.9
600.7
628.1
632. 1
694.9

674.7
200.3
344.7
467.3
512.9

46.8
55.0
80.0

126.6
179.4

239.7
276.3
251. 3
64.2
94. 1

116.6
145.9
45.4
66.4
80.0

g(CO)
kg fuel

7.70
8.82
9.01

11.41
11.42

15.16
19.67
19.68
22. 19
22.61

25.36
27.06
27.20
27.38
29.10

28.25
11.86
16.75
20.88
21.77

4.03
4.41
5.58
7.65
9.75

11.83
13.24
12. 15
4.48
5.68

6.64
7.69
3.34
4.96
4.94

Carbon dioxide,
co2

ppm

15540
18332
18210
20308
19 808

22306
24 303
24077
28 910
28760

31624
31 226
31929
32 358
33 294

32590
26361
31001.
34 908
35 162

19202
21435
24658
27 619
31 006

34939
35369
36 013
23943
28319

29 844
32478
24 269
26796
29378

g(C02)

kg fuel

2147
2201
2186
2141
2103

2110
2152
2068
2259
2247

2259
2241
2192
2221
2209

2163
2452
2368
2451
2345

2597
2706
2705
2621
2647

2710
2664
2736
2627
2686

2670
2689
2798
2762
2839

Gas sample
fuel-air
ratio,

gs

0. 0077
.0090
.0090
.0100
.0097

.0114

.0108

.0120

. 0148

.0142

.0159

.0158

.0161

.0163

.0167

.0164

.0129

.0152

.0175

.0116

.0095

.0106

.0122

.0136

.0154

.0172

.0170

.0115

.0124

.0140

.0147

.0161

.0120

.0132

.0145

Ratio of gas
sample to
measured
fuel -air
ratio,
(f/a)gs

69.2
70.0
69.5
68.4
67.0

67.2
65.6
65.1
72.4
72.1

72.7
11.9
10.5
71.5
71.1

69.6
78.0
75.5
78.4
74.8

82.3
85.8
85.8
83.2
84.1

86.2
84.8
87. 1
87.6
85.2

84.7
85.3
88.1
87.5
90.0

Smoke
number,

SN

21.2
37.0

49.5
....

55.5
57.1

63.7

68.0

66.3

68.5

59.0
69.6
72.5

27.5
29.0
32.8
39.4
46.1

55.0
57.0

32.0
37.2

42.2
47.4
27.0
26.4
26.4
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Figure 2. - Fuel strut parts with radial swirler.

C-72-2905

C-72-2585

Figure 3. - Final assembly with radial swirler.
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-Hood

(a) Top view without hood.
View B-B

CD-11415-33

(b) Side view.

Figure 4. - Slot and scoop arrangement for outer liner 3. Dimensions are in cm (in.). For other design details, see table I.
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LSecondary slots 2 3 ••.

C-72-2584

Figure 5. - Top view of liner 3, showing hood slot arrangement.
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Figure 6. - Side-entry combustor airflow distribution with outer liner 3. Flow areas are in cm2 (in.2).
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Figure 7. - Flow characteristics of fuel nozzles.
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(a) Schematic of combustion air and fuel flow.
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(b) Overall view of test section.

Figure 8. - Connected-duct test facility.
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Diffuser inlet
passage _

0°Ref

Total pressure rakes, PTj

a Static pressure taps, PSj

Q Total temperature
thermocouple, 113

^In let struts

CD-11418-33

Figure 10. - Location of combustor inlet instrumentation. View looking downstream. Dimensions are in cm (in.).
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Pattern factor range

590(600) 750(900) 840(1050) 890(1150)
Nominal inlet-air temperatures, K (°F)

Figure 11. - Range of pattern factor variation with nominal test conditions cor-
responding to inlet-airpressure of 62N/cmM90psia) and fuel-air ratios from
0.011 to 0.024.
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Pattern factor

E 0.50 to 0.40
D 0.40 to 0.30
C 0.30 to 0.20
B 0.20 to 0.10
A 0.10 to 0.00
1 0.00 to -0.10
2 -0.10 to -0.20
3 -0.20 to -0.30
4 -0.30 to -a 40
5 -0.40 to -0.50

(a) Simulated takeoff condition: inlet-air temperature, 595 K (612° F); average exit temperature, 1436 K(2124° F); reference velocity, 22 m/sec (71 ft/sec).

Figure 13. - Combustor exit-temperature patterns. Nominal inlet-air total pressure, 62 N/cm2 (90 psia). View looking upstream.

38



wip.i3TV;<?7llllH<iprTr'V-,T"i-
^•nff^?772;)ln 1 Tl 1 ll.' • *T%Tt>ago^:>->
ail iyy aa.ytA. i fA". aa.-.\«; i'«lni

240°

Pattern fador '

D 0.40 to 0.30
C 0.30 to 0.20
B 0.20 to 0.10
A 0.10 to 0.00
1 0.00 to -0.10
2 -0.10 to -0.20 :

3 -0.20 to -0.30 :

4 -0.30 to -0.40
5 -0.40 to -0.50

(b)Mach 3.0 cruise condition: inlet-air temperature, 897 K (1154° F); average exit temperature, 1450 K (2151° F); reference velocity, 33 m/sec (108 ft/sec).

Figure 13. - Concluded.
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. Maximum
/ acceptable

level

-.1 0
Pattern factor

Figure 14. - Exit-temperature distribution by pattern factor range. Simulated takeoff conditions: inlet-air total
pressure, 62N/cmM90psia); inlet-air temperature, 590 K (600° Fl; average exit temperature, 1436 K (2124° F);

reference velocity, 22 m sec (71 ft/sec). Number of individual temperatures out of 585 is indicated above each
group. Reading 357, table III.

Tip 100 —
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•£
§
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Hub 0
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Maximum individual radial temperatures
Design radial profile

100 200 300 400 100
Deviation from average exit temperature, K
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0

200

-200 200 400 600 -200
Deviation from average exit temperature, °F
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(a) Simulated takeoff condition: inlet-air temperature,
595 K (612° F); average exit temperature, 1436 K (2124° Fl;
reference velocity, 22 m/sec (71 ft/secl. Run 357,
table III.

(b) Mach 3.0 cruise condition: inlet-
air temperature, 897 K(1154°F);
average exit temperature, 1450 K
(2151° F); reference velocity, 33 m/sec
(108 ft/sec). Run 373, table III.

Figure 15. - Radial exit-temperature profile characteristics. Inlet-air total pressure, 62N/cm^(90psia).
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Figure 18. - Effect of combustor inlet temperature
on nitrogen oxide emissions at nominal fuel-air
ratio of 0.016 and inlet pressure of 62 N/cm'
(90psia).
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Figure 19. : Effect of combustor exit temperature on carbon monoxide emissions at
various inlet temperatures and nominal inlet pressure of 62 N/cm? (90 psia).
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Figure 20. - Effect of combustor inlet-air temper-
ature on carbon monoxide emission at nominal
fuel-air ratio of 0.016 and inlet pressure of
62N/cm2<90psia).
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Figure 21. - Effect of combustor exit temperature on smoke number at various
inlet-air temperatures and nominal inlet pressure of 62 N/cm' (90 psia).
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Figure 22. - Pollution levels at simulated engine idle
conditions of 41-N/cm2 (60 psia) inlet pressure,
480 K (400° F) inlet temperature, and 19-m/sec
(64-ft/sec) reference velocity.
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Figure 23. - Altitude relight performance of side-entry combustor. Data from table Via).
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Figure 24. - Gas sampling probe.
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Figure 25. - Gas sampling instrument console.
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Figure 26. - Schematic diagram of gas analysis system.
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Figure 27. - Schematic flow diagram of smoke measurement system.
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