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CROUND IDLE PERFORMANCE IMPROVEMENT OF A DOUBLE-ANNULAR COMBUSTOR
BY USING SIMULATED VARIABLE COMBUSTOR GEOMETRY
by Donald F. Schultz

Lewis Research Center

SUMMARY

A test program was undertaken to determine if variable combustor geometry could
be used to reduce exhaust emissions of a low-pressure-ratio jet engine operating at
ground idle conditions. Three techniques for varying combustor geometry were
simulated. They included use of a simulated translating outer exit transition liner,
simulated flapper valves on the combustor snout inlet, and a simulated distorted dif-
fuser inlet-air velocity profile. All these modes were designed to increase combus-
tion efficiency by passing air around the primary zone and thus reducing the refer-
ence velocity in the primary combustion zone. Other techniques for improving en-
gine ground idle combustion efficiency that were evaluated were radial fuel staging
and use of preheated fuel.

When simulated variable combustor geometry was employed with radial fuel
staging, combustion efficiency at a fuel-air ratio of 0.01 was increased from 77 to
95 percent, and exhaust emissions of unburned hydrocarbons and carbon monoxide
were significantly reduced. Fuel preheated to 410 K increased combustion efficiency
as much as 12.8 percent at low efficiencies but had little effect when combustion

efficiencies were greater than 90 percent.

INTRODUCTION

A test program was undertaken to determine if variable combustor geometry
would improve the ground idle performance, and thus reduce exhaust emissions,
of a double-annular combustor operating at a simulated ground idle condition com-



parable to that of a low-pressure-ratio fan or turbojet engine. In order to meet the
1979 Environmental Protection Agency standards for carbon monoxide and unburned
hydrocarbons (ref. 1), engines must idle with combustion efficiencies in excess of
99 percent. At present no low-compression-ratio engine has an idle combustion
efficiency near 99 percent. Combustion efficiency is low at the low-compression-
ratio idle condition because of the low combustor inlet pressures and temperatures
encountered at this condition (typically of the order of 2 atm and 370 K, at fuel-air
ratios of 0.008 to 0.012) . These severe operating conditions result in high emissior
of carbon monoxide and unburned hydrocarbons.

Previous work in this area is described in reference 2, which discusses the ef-
fects of fuel nozzle spray angle, radial fuel staging, and axial as opposed to radial
inflow air swirlers. Reference 3 shows the benefits of air-atomizing splash-cone fu
nozzles in reducing idle emissions. The investigation described in this report wen!
a step beyond previous work by using variable combustor geometry to reduce
primary-zone reference velocity in an effort to reduce exhaust emissions of carbon
monoxide and unburned hydrocarbons, which are a function of reference velocity.
In addition, the variable-geometry techniques employed increased the primary-zone
fuel-air ratio and thus raised the primary-zone average temperature. This higher
temperature in turn réduced emissions of carbon monoxide and unburned hydro-
carbons. Six variable-geometry configurations were tested as well as the unmodifie
combustor.

All configurations were full-annular combustors. The simulated variable-
combustor-geometry techniques were all designed to bypass air around the primary
zone of the combustor. Techniques investigated included use of a simulated trans-
lating combustor exit transition liner, simulated flapper valves on the combustor
snout inlet, and a simulated distorted diffuser inlet-air velocity profile. Radial fuel
staging was employed as well as fuel heated to 410 K. No attempt was made to build
any functional variable-geometry hardware. These tests were conducted at an
inlet total pressure of 20.2 newtons per square centimeter, an inlet temperature
of 378 K, a reference velocity of 22.7 meters per second, and overall fuel-air ratios
of 0.008 to 0.012.



APPARATUS AND PROCEDURE

Test Combustor

Combustor design. - The combustor used in this program is referred to as a

double-annular, ram-induction combustor. It was designed for Mach 3.0 cruise
operation. The double-annular design permits a considerable reduction in combus-
tor length while maintaining an adequate ratio of length to annulus height. The ram-
induction principle utilizes the kinetic energy of the inlet air to provide rapid mixing
both in the primary zone and in the secondary zone. The advantages of this combus-
tor are a shorter combustor length, a shorter diffuser length, a reduction in the
film-cooling-air requirement, and radial fuel staging capability. A cross-sectional
sketch of the combustor in its nonidle configuration may be seen in figure 1. Fig-
ure 2 shows photographs of the combustor in this configuration. The combustor has
64 fuel nozzles, 32 in each annulus. One size of simplex fuel nozzle was used. The
fuel flow from each nozzle was 7.71 kilograms per hour, *2 percent, with a fuel
nozzle differential pressure of 103.4 newtons per square centimeter.

The combustor has two igniters located in the outer annulus, 180° apart. Each
igniter was supplied by a 20-joule capacitance discharge power supply. References
2, 4 to 6, and 12 supply additional details of combustor design and performance.

Combustor configurations. - Six combustor configurations plus the unmodified

combustor were tested in all. Table I is a summary of the configurations tested.
The primary variable -geometry concept tested for improving engine ground idle
performance was a simulated translating outer exit trangition liner section. Figure 3
shows inside and outside views of this simulated translating liner in the open or
engine idle mode. Three other modifications were used to complement this concept.
These were variable combustor snout blockage, simulated by welding punched plates
across the snout inlet as shown in figure 4; a distorted diffuser inlet profile, which
would be made into a uniform profile during other engine operating conditions by
use of diffuser bleed (ref. 7); and the use of axial-flow or radial-inflow air swirlers.
Figure 5 shows the inlet distortion plates installed in the combustor diffuser inlet
and a plot of the resulting inlet-air velocity profile.

Figure 5(c), a plot of the inlet-air velocity profiles used, is for a simulated
takeoff condition rather than idle; however, the inlet Mach number is about the same



(0.243 for takeoff compared with 0.221 for the idle condition). Naturally the inlet
pressure and temperature at takeoff are also higher than at idle, but they have little
effect on the velocity profile.

The axial-flow and radial-inflow air swirlers used in these tests are shown in
figure 6. The three best configurations and the original are shown in cross section
in figure 7. In each configuration the primary technique employed to increase com-
bustion efficiency, and thus reduce exhaust emissions, was to reduce the effective
primary-zone reference velocity by passing air around the primary and secondary
combustion zones and dumping this bypassed air into the combustor at the upstream
end of the outer exit transition liner. The punched plate on the combustor snout
and the inlet-airflow distortion plate increased the bypass flow and thus further
reduced the effective combustor reference velocity. Radial fuel staging was also
employed. With radial fuel staging the entire fuel flow is supplied to only one annu-
lus, and thus twice as much fuel is introduced into each fuel nozzle for the same
overall fuel-air ratio. The higher fuel flows require higher fuel nozzle differential
pressures, which result in better fuel atomization. Other performance improvements
due to radial fuel staging are documented in reference 6. Both radial-inflow and
axial-flow air swirlers were also tested, since the type of air swirler can signifi-

cantly affect the mixing of air and fuel (ref. 2).

Test Conditions

All testing was done at test cénditions simulating operation of a low-pressure-

- ratio eng'ine; An inlet-air total pressure of 20.2 newtons per square centimeter,
temperature of 378 K, and reference velocity of 22.7 meters per second were used.
The fuel-air ratio was varied from 0.008 to 0.012. The fuel temperature was ambient
except for a few test points taken with fuel heated to 410 K. Table Il is a listing of
the test data obtained.

Testing Procedure

All variable-geometry combustor configurations were simulated by using fixed

geometry hardware to simplify testing and configuration changes. When the required



inlet-air conditions were attained, fuel was supplied first to both annuli and then

to either the inner or outer annulus only. In each case the overall fuel-air ratio was
varied from 0.008 to 0.012. However, with single-annulus operation a 0.012 fuel-
air ratio was unobtainable because the single set of simplex fuel nozzles used in
these tests could not accommodate the required fuel flow within the fuel pressure

limit of the fuel system.

Test Facility

This research program was conducted in a closed-duct test facility at the Lewis
Research Center. A schematic of this facility is shown in figure 8. Airflow rates for
combustion from 2.3 to 136 kilograms per second could be obtained. Pressures from
1.7 to 113.8 newtons per square centimeter could be obtained. Air temperature
could be controlled over a range of 265 to 922 K without vitiation before entering the
combustor.

Fuel was available for the tests at temperatures from ambient to 410 K and at
pressures up to 700 newtons per square centimeter. A 79-newton-per-square-

centimeter steam heat exchanger was used for indirectly heating the fuel.

Instrumentation

Measurements to determine combustor operation and performance were recorded
by the Lewis central automatic data processing system (ref. 8). Control-room
readout instrumentation (indicating and recording) was used to set and monitor the
test conditions and the operation of the combustor. Pressures were measured and
recorded by the central digital automatic multiple pressure recorder and by strain-
gage pressure transducers (ref. 9). Iron-constantan thermocouples were used to
measure temperatures between 240 to 675 K, and Chromel-Alumel thermocouples
measured temperatures between 240 and 1560 K. High temperatures, to 1920 K, were
measured with platinum-13-percent-rhodium - platinum thermocouples. The indi-
cated readings of all thermocouples were taken as true values of the total tempera-
tures. The platinum-13-percent-rhodium - platinum thermocouples were of the
high-recovery aspirating type (ref. 10, type 6).

Airflow rates were measured by square-edge orifices installed according to ASME

specifications. Fuel-flow rates were measured by turbine flowmeters with frequency-
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to-voltage converters for readout and recording.

The axial locations of the combustor instrumentation stations along the test sec-
tion are shown in figure 5 (a). Instrumentation at inlet station 3 is shown in figure 9.
Inlet-air temperature was measured by eight Chromel-Alumel thermocouples equally
spaced around the inlet at station 3. Inlet-air total-pressure was measured by eight
five-point total-pressure rakes equally spaced around the inlet at station 3. The
pressure rakes measured the total-pressure profile at centers of equal areas across
the inlet annulus. Static pressure at the inlet was measured by 16 wall static-
pressure taps, 8 on the outside and 8 on the inside walls of the annulus. The dif-
fuser inlet velocity profile was measured by four five-point pitot-static tube rakes
located at station 3.5.

Combustor outlet total temperature and pressure at instrumentation station 4 were
measured at 3° increments around the exit circumference. At each 3° increment
five temperatures and pressures were measured across the annulus. The sensors
were located at centers of equal areas across the annulus. The water-cooled probe
assembly containing the five temperature and pressure sensors is shown in fig-
ure 10. Three of these probes, each on an arm 120° from the others, rotated 120°
and provided full coverage of the circumference. Water-cooled shields protected
the probes when not in use at three fixed points in the exhaust stream. Temperature
and pressure were not measured at these points. The probes were made of platinum-
rhodium alloy where exposed to the hot exhaust gases. Also located at station 4 were
eight wall static-pressure taps and four randomly spaced five-point fixed steam-
cooled gas sample probes which were used for most gas samples. Late in the pro-
gram three five-point rotating gas sample probes were used in place of the fixed
probes. In all cases all the gas sample probes were manifolded together before the

analysis was made.

Calculations

Combustion efficiency by thermocouple measurement. - Efficiency was determined

by dividing the measured temperature rise across the combustor by the theoretical
temperature rise. The theoretical rise was calculated from the fuel-air ratio, fuel
properties, inlet-air temperature and pressure, and the amount of water vapor

present in the inlet airflow. The exit temperatures were measured with five-point
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raversing aspirated thermocouple probes and were mass weighted for the efficiency
alculation. The indicated readings of all thermocouples were taken as true values
f the total temperatures. The mass-weighting procedure is given in reference 11.
n each mass-weighted average, 585 individual exit temperatures were uéed .

Combustion efficiency by exhaust gas analysis. - Efficiency was determined by

1easuring the exhaust products carbon dioxide, carbon monoxide, and unburned
ydrocarbons. Multiple gas samples were obtained as described in the section
nstrumentation. An analysis was made 39 times for each data point. The derived
ombustion efficiency was validated by determining the combustor fuel-air ratio from
he exhaust analysis. This fuel-air ratio was divided by the metered fuel-air ratio

0 compare their agreement. Values of this ratio of fuel-air ratios of 1.0+0.05 were
onsidered acceptable. Most values fell in this range (table II).

Reference velocity and diffuser inlet Mach number. - Reference velocity Vref

or the combustor was computed from the total airflow, the diffuser inlet total pres-
ure and temperature, and the maximum cross-sectional area between the inner and
uter shrouds. Diffuser inlet Mach number was calculated from the total airflow, '
he total temperature and the static pressure measured at the diffuser inlet, and the
nlet annulus area. ‘
Total-pressure loss. - The total-pressure loss AP/P was calculated by mass

veraging total pressures measured upstream of the diffuser inlet and at the com-
ustor exit. The total-pressure loss, therefore, included the diffuser loss.
Diffuser inlet velocity profile. - The diffuser inlet velocity profile was deter-

nined by calculating the average position velocity at each of the five radial positions
rom data taken by the four pitot-static tube rakes at station 3.5.

Units

The U.S. customary system of units was used for primary measurements and
alculations. Values were converted to SI units (Systeme International d'Unités)
or reporting purposes only. When the conversions were made, consideration was
riven to implied accuracy, so that some of the values expressed in SI units were
ounded off.



RESULTS AND DISCUSSION

Figures 11 to 13 illustrate the effects of simulated variable combustor geometry
combined with radial fuel staging. Combustion efficiency and exhaust emissions
of carbon monoxide, unburned hydrocarbons, and oxides of nitrogen are discussed
in this section along with supplementary data related to exit temperature profile,
total-pressure loss, the use of fuel preheated to 410 K, and durability.

Combustion Efficiency

Combustion efficiency was determined by exhaust gas analysis and verified by
thermocouple measurement. All data figures were prepared by using the gas-
analysis measurements. ‘ .

Figure 11(a) compares combustion efficiency as a function of fuel-air ratio with
combustion in the inner annulus only for the unmodified and three vafiable—geometry
combustor configurations. Since all the fuel was supplied to only one annulus, the
local fuel-air ratio in the annulus - was double that which would exist if fuel were
supplied to both annuli. Substantial improvements in combustion efficiency were
obtained at all fuel-air ratios by employment of variable geometry with radial fuel
staging. A combustion efficiency of 95.2 percent was obtained with model 6C (model
with short liner and inlet-air distortion). This compares with only 88.6 percent
for model 6A (unmodified model) at a similar fuel-air ratio. A 6.6-percentage-point
improvement in combustion efficiency was obtained by using variable combustor
geometry. The inlet-airflow distortion, which simulates a tip-peaked compressor
flow in model 6C, diverts more air around the outer annulus to the simulated trans-
lated outer exit transition liner. This air diversion further reduces the effective
reference velocity in the inner annulus and increases combustion efficiency .

At an idle fuel-air ratio of about 0.008, however, model 6D (mddel with short
liner, snout blockage, and axial-flow rather than radial-inflow air swirlers) out-
performed model 6C by attaining 95.1 percent combustion efficiency compared with
93.2 percent for model 6C, as shown in figure 11(a).

Figure 11(b) shows combustion efficiency as a function of overall fuel-air ratio
with combustion in the outer annulus only. Model 6C performed best by attaining

a combustion efficiency of 95.3 percent at a fuel-air ratio of 0.0101. Model 6D was
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not tested with combustion in the outer annulus only because of liner durability
problems encountered while testing models 6B and 6C.

For comparative purposes figure 11(c) shows combustion efficiency as a function
of fuel-air ratio for the four combustors with combustion in both annuli. Comparing
figures 11(a) and (c) shows that a 19.2-percentage-point increase in combustion
efficiency was obtained by using model 6C (model with short liner and inlet-air dis-
tortion) with combustion in the inner annulus only compared with model 6A (unmod-
ified model) with combustion in both annuli at a fuel-air ratio of 0.0096. The fuel-
air-ratio range covered with single-annulus burning was narrower than that with
burning in both annuli because of the limited fuel-flow range of the simplex fuel
nozzles.

In all three modes of operation, combustion in both annuli, inner annulus only,
or outer annulus only, substantial improvements in combustion efficiency were ob-

tained by using variable-combustor -geometry techniques.

Exhaust Emissions

Unburned hydrocarbons. - Figure 12 shows the unburned-hydrocarbon emission

index as a function of fuel-air ratio and the effects of radial fuel staging for the dif-
ferent variable-geometry combustor models tested. Figure 12(a) shows a substantial
reduction in unburned-hydrocarbon emission index as fuel-air ratio was increased
from 0.008 to 0.01 for all models. Of course, this improvement is reflected in the
efficiency data shown in figure 11. In addition, figure 12(a) shows a dramatic re-
duction in unburned hydrocarbons by the use of variable combustor geometry .
Model 6C (model with short liner and inlet-air distortion) had an emission index
of only 24 grams per kilogram of fuel at a fuel-air ratio of 0.0096 compared with
75 grams per kilogram of fuel for model 6A (unrhodified model). Comparing figures
12(a) to (c) shows that the greatest reduction in unburned-hydrocarbon emission
index occurred with model 6C with combustion in either annulus (values as low as
24 g/kg fuel in both cases). .

Comparing figures 12(a) and (c) shows that a 93-percent decrease in unburned-
hydrocarbon emission index was obtained by using model 6C with outer-annulus
burning only compared with model 6A with burning in both annuli at an overall fuel-

air ratio of 0.008. Thus, model 6C provides a substantial reduction in unburned-



hydrocarbon emission index. In this case (fig. 12(b)) variable combustor geometry
reduces unburned-hydrocarbon emission index an additional 43 percent from that
obtained by using radial fuel staging only .

Carbon monoxide. - Figure 13 shows carbon monoxide emission index as a func-

tion of fuel-air ratios and shows the effect of radial fuel staging for the different
variable-geometry combustors tested. Carbon monoxide emission index decreased
with increasing fuel-air ratio except with model 6B (model with short liner and snou
blockage) when radial fuel staging was used with combustion in the outer annulus
only. In this case (fig. 13(b)) carbon monoxide emission index increased from

103 to 114 grams per kilogram of fuel while fuel-air ratio increased from 0.008

to 0.01. Figure 13(a) shows a carbon monoxide emission index of 91 grams per kilo
gram of fuel for model 6D (model with short liner, snout blockage, and axial-flow
air swirlers) at a fuel-air ratio of 0.0095 with combustion in the inner annulus only.
This value compares with a carbon monoxide emission index of 169 grams per kilo-
gram of fuel for model 6A (unmodified model) at the same condition. Comparing
figures 13(a) and (c) shows that carbon monoxide emission index was reduced from
170 grams per kilogram of fuel (model 6A, fig. 13(c)) to 91 grams per kilogram fuel
(model 6D, fig. 13(a)) by using radial fuel staging and variable combustor geometry
at a fuel-air ratio of 0.0095.

Oxides of nitrogen. - The oxides-of-nitrogen emission index remained below

1.35 grams per kilogram of fuel for all models and test conditions covered. Model 6A
had the lowest oxides-of-nitrogen emission index of 0.72 gram per kilogram of fuel
with combustion in both annuli. Because of the low inlet-air temperature and pres-
sure and low exit temperature, oxides of nitrogen became an insignificant exhaust
emission problem at the ground idle condition of this investigation.

Exit Temperature Profile

Exit temperature profile at ground idle is not normally a significant design con-
sideration because of the low fuel-air ratios and consequently low temperatures in-
volved. However, when variable combustor geometry or radial fuel staging or both
are used, normal exhaust dilution will likely not occur. Therefore, the exit tem-
perature profile must be evaluated to determine if there is a problem of unusually

high exit temperatures which could cause stator vane or turbine deterioration.
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Model 6C, the model with the highest combustion efficiency with radial fuel
staging, also had the highest average radial and peak exit temperatures. Table III
lists these temperatures at idle for combustion in both annuli, in the inner annulus
only, and in the outer annulus only for models 6C and 6A. The table also gives the
average radial and peak temperatures encountered at takeoff and cruise for the un-
modified combustor, model 6A. Data for models 6B and 6D are not given in table III
because their highest average radial exit and peak exit temperatures fell between
those of models 6A and 6C. The data show that with radial fuel staging to the inner
annulus only, the peak exit temperatures approach those of takeoff and Mach 3.0
cruise. However, these temperatures should result in minimal turbine cooling prob-
lems because of the relatively cold combustor inlet air available for stator and tur -
bine cooling at idle.

Combustor Total-Pressure Loss

Table IV shows the combustor total-pressure loss including the diffuser loss for
the combustor models tested. It should be noted that all models will have a pressure
loss comparable to that of model 6A upon acceleration from idle once the variable-
geometry components have moved to their nonidle position. Model 6C, the model
with the lowest overall exhaust emissions, shows a moderate 0.6-percentage-point
increase in pressure loss above the 4.6-percent pressure loss of model 6A.

Effects of Preheated Fuel

Combustion efficiency of model 6C was increased substantially, from 77.0 to 89.8
percent, at a fuel-air ratio of 0.008 with combustion in both annuli when 410 K fuel
was used in place of ambient-temperature fuel. However, when radial fuel staging
was used with combustion in the inner annulus only at an overall fuel-air ratio of
0.008, 410 K fuel increased combustion efficiency by only 0.1 percentage point, from
93.2 to 93.3 percent. Peak exit temperatures decreased slightly when the 410 K fuel

was used.
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Durability

The unmodified combustor, model 6A, experienced no durability problems. All
the simulated variable-geometry models experienced damage to the outer liner
primary-zone scoops except when combustion was maintained in the inner annulus
only. The damage to the outer liner primary scoops resulted from the fact that these
scoops received their airflow solely from the total pressure head available. The stat-
ic pressure was nearly equal on both sides of the outer liner in the region of the pri-
mary scoops. Therefore, slight airflow disturbances were sufficient to cause mo-
mentary interruptions in airflow through these scoops with resultant overheating
and damage. Therefore, it is necessary to confine combustion to the inner annulus
only with these types of variable-geometry modifications whenever the combustors
are in the idle geometry configuration or redesign the outer liner shroud to increase
airflow to the outer primary scoops. Redesign of the outer liner primary scoops may
also be necessary.

Table V summarizes the airflow distribution between the combustor shrouds as
defined in figure 1. This table shows that about 30 to 40 percent less air flows in
the outer shroud air passage than in the inner. If the outer liner air shroud were
extended upstream a few millimeters, the inner and outer shroud flows could be
brought into baiance without reducing the bypass flow significantly. It should be
noted that five to eight times as much flow is bypassed than is needed to increase
the outer shroud flows to bring them into balance with the inner shroud flows. This
modification would likely stop the outer liner scoop damage that was encountered
with combustion in the outer annulus only. The resulting reduction in bypass air
from this modification may increase exhaust emissions. However, since the outer
annulus is more lightly loaded (lower space heating rate) than the inner annulus,
exhaust emissions may continue to decrease even with the reduced bypass flow.
And, of course, the peak exit temperatures are small with combustion in the outer
annulus only compared with those with combustion in the inner annulus only, as
indicated in table III.

12



SUMMARY OF RESULTS

Significant improvements in low-pressure-ratio engine combustor ground idle
performance were obtained by utilizing variable combustor geometry and radial fuel
staging. A simulated variable geometry combustor model with a translating outer
exit transition liner and an inlet velocity profile distorted toward the outer diameter
(model 6C) increased combustion efficiency to 95.2 percent at an overall fuel-air
ratio of 0.01 with combustion in the inner annulus only. This efficiency compared
with only 88.6 percent at the same operating condition for the unmodified combustor
(model 6A) with combustion in the same annulus. Exhaust emissions of unburned
hydrocarbons and carbon monoxide decreased significantly as a result of this im-
provement in combustion efficiency.

The tests demonstrated the potential of variable combustor geometry in conjunc-
tion with radial fuel staging to aid in meeting Environmental Protection Agency ex-
haust emission standards.

Exit temperature profile, though greatly increased in severity because of radial
fuel staging, remained within acceptable levels. Total-pressure loss increased
0.6 percentage point with model 6C compared with model 6A.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, October 16, 1974,
505-04.
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TABLE I. - COMBUSTOR CONFIGURATIONS TESTED

Model | Swirler | Transition Snout Inlet-airflow
liner blockage, distortion
percent

6A Radial Standard None None

6B Radial Short 75 None

6C Radial None Tip-peaked

6D Axial 75

6E® | Radial None

6F* | Radial 58

6G? | Radial 25

2Combustor performance was poor and is not
presented in detail in this report.
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TABLE I
Run | Model Inlet-air conditions Combustor operating conditions Annulus
supplie:
Velocity Total Total Air- Diffuser | Reference | Fuel- | Average Inlet Fuel with
profile pressulz‘eY temper- flow inlet velocity, air outlet fuel nozzle fuel
N/em ature, kg/sec Mach m/sec ratio | temper- | temper- differ-
K number ature, ature, ential
K K pressure,
N/cm2
940 6A Flat 19.8 372 18.3 0.222 23.0 0.010 673 290 180 Both
944 19.8 360 19.5 . 223 22.17 L0119 748 291 275 Both
945 19.9 359 18.7 . 222 22.6 .008 446 291 114 Both
946 19.9 358 18.6 . 221 22.4 .008 632 291 507 Inner onl
947 19.9 361 18.5 . 221 22.5 . 0096 690 293 743 Inner onl
948 20.0 364 18.4 .219 22.5 . 0099 708 295 747 Outer onl
949 19.8 365 18.5 . 222 22.8 .0082 648 295 475 Quter onl]
950 19.8 365 18.5 . 222 22.8 .008 641 408 581 Outer on]
966 19.9 370 18.3 . 222 22.8 . 0082 534 300 115 Both
981 6C Tip-peaked 19.8 367 18.2 0.228 22.7 0.0121 97 291 263 Both
983 19.8 367 18.3 . 229 22,1 .0102 712 292 180 Both
984 19.6 368 18.1 . 229 22.17 . 0082 597 292 111 Both
986 19.7 369 18.0 . 227 22.6 . 0082 660 293 515 Inner onl
987 19.8 370 18.2 .228 22.7 . 0096 721 294 4 Inner onl
989 19.8 372 18.2 .228 22.9 . 0101 750 295 729 Outer onl
999 19.7 369 18.1 . 227 22.6 . 0082 660 4017 135 Both
1000 19.4 370 18.1 .232 23.0 . 0083 667 414 615 Inner onl:
1001 ] 19.5 370 18.1 . 230 22.9 . 0081 675 414 567 Outer onl
1149 6D Flat 20.0 368 18.3 0.221 22.17 0.0081 586 300 119 Both
1151 20.0 366 18.3 .219 22,4 .0101 721 299 190 Both
1152 20.1 366 18.2 .218 22,2 .0122 455 300 284 Both
1156 20.0 367 18.3 .218 22.3 . 0095 731 301 755 Inner onl;
1158 20.0 368 18.3 .220 22.5 .008 675 417 633 Inner onl:
1523 6B Flat 20.7 370 18.1 0.211 21.7 0.0083 664 294 105 Both
1524 20.5 375 18.2 .215 22.3 . 0083 666 105
1525 20.6 373 18.7 .220 22,7 .010 745 170
1526 20.7 369 18.9 .220 22.5 . 0099 737 170
1551 20.4 369 17.9 .211 21.8 . 0084 644 282 100
1552 20.1 370 18.2 .214 22.2 . 0104 748 284 164
1553 20.3 369 17.9 .213 22.1 .0124 835 285 240
1554 20.4 369 18.1 .212 21,9 . 0081 665 286 447 Inner onl
1555 20.2 369 18.2 .215 22.3 . 0102 746 287 737 Inner onlj
1556 20.3 370 18.1 .213 22.1 . 0083 683 288 435 Quter onl
1557 20.3 370 18.2 .215 22.2 .0102 753 289 690 QOuter onl
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TEST DATA

Combustor performance characteristics

Pattern | Stator | Rotor | Combustor | Combustor | Combustion | Combustion | Oxides-of- Carbon Hydrocarbon Ratio of
factor factor | factor average pressure efficiency efficiency nitrogen monoxide emission gas-analysis
temper- loss, (by thermo- | (by exhaust emission emission index, to metered
ature percent couples) analysis) index, index, g CHZ/kg fuel-air
rise, g NO,/kg g CO/kg fuel ratio
K fuel fuel
0.43 0.376 | 0.004 301 4,47 74,2 77.7 0.72 169.3 183.3 0.957
.522 . 451 .007 387 4.80 82.8 81.1 .80 185.9 145.8 1.030
675 .T61 .254 144 4.55 44,5 54.4 .82 180.1 413.6 1.017
1.18 1.17 .60 274 4.60 84.5 86.9 .96 184.5 88.3 1.112
1,28 1.27 .55 329 4.67 85.7 88.6 .94 167.9 74.9 1.05
1.81 1.7 .35 344 4,54 86.6 92.2 .97 136.4 45.9 .905
1.54 1.42 .33 284 4,59 85.7 91.2 1.13 156.5 51.4 .941
1.38 1.26 .34 276 4,69 84.7 92.4 .61 124.3 46.4 .867
.61 .810 .188 164 4,67 50.1 56.0 .47 160.8 402.1 1.039
0.80 0.879 | 0.189 429 5.24 91.9 92.7 0.84 120.3 | 44,9 0.984 .
.85 .941 .239 345 5.22 86.8 89.4 .95 127.0 76.4 .993
.87 1.046 .315 229 5.18 70.2 77.0 .90 153.9 193.5 1.011
2,40 2,54 .938 291 5.33 98.4 93.2 1.12 115.8 40.9 1.003
2.29 2.40 .929 351 5.18 102.9 95.2 1.09 103.1 24.3 .994
1.07 1.07 .144 378 5.10 94,2 95.3 1.18 95.3 24,4 .949
.18 . 856 .292 291 5.19 87.6 89.8 LT 121.0 73.4 1.012
2,34 2,47 .931 297 5. 47 89.3 93.3 .74 116.6 39.3 1.026
? .882 .838 .106 305 5.37 92.7 94.8 .86 95.4 29.6 1.00
0.84 0.87 0.342 218 7.04 68.5 70.8 0.78 136.3 260.4 1.013
. 720 .12 .357 354 6.98 88.0 87.0 .89 113.4 103.0 .998
.67 .67 .349 455 6.99 98.1 93.4 .93 90.0 45,2 .987
1.42 1.43 .637 364 6.89 95.2 94.8 1.04 91.5 30.2 .96
1.32 1.34 .622 307 6.97 95.1 94.9 1.12 121.6 36.2 .981
0.67 0.77 0.309 294 6.06 87.17 83.6 0.79 138.3 131.7 0.91
.66 .76 .312 291 6.33 86.9 83.7 .84 157.6 125.7 .951
.69 .68 . 291 372 6.63 93.8 90.7 .91 138.5 61.0 .914
.M .1 . 289 369 6.63 93.3 90.5 .89 142.8 61.5 .81
.645 .759 .348 275 6.16 81.0 81.8 1.17 150. 4 146.5 1.027
.31 .724 .338 378 6.43 91.6 90.5 1.35 138.9 62.5 1,016
.16 .T10 .330 466 6.20 96.7 94.3 1.42 115.6 29.4 1.017
1.72 1.7 .675 296 6.19 98.2 89.5 1.32 152.7 69.1 1.037
1.70 1.69 .646 377 6.22 102.1 ©92.1 1.17 121.4 50.6 1.010
.72 .63 .135 314 6.24 94.9 92.2 1.20 103.2 53.4 .949
.84 L1 .137 384 6.28 95.4 93.1 1.15 114.1 41.8 . 960
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TABLE II. - COMPARISON PEAK EXIT TEMPERATURES

Pt

Simulated Model | Annulus | Overall | Highest Peak Ideal
test supplied | fuel-air' | average exit average
condition’ with ratio radial tem- exit
-fuel tem- per- tem-
per- ature, per-
ature, K ature,
K K
(a)
Engirie idle 6A Both 0.01 684 800 735
6C Both 780 998
6A Inner 860 1108
6C Inner 1006 1521
6A Outer 856 1326
6C Outer 840 1145
Takeoffb 6A Both 0.0258 1514 1641 1478
Mach 3.0 cruiseb 6A Both L0172 1502 1586 1478

24 ctual average exit temperature is less than this value when
combustion efficiency is less than 100 percent.
bFrom ref. 12,

TABLE IV. - TOTAL-PRESSURE LOSS
INCLUDING DIFF USER LOSS

[Inlet total pressure, 20.2 N/cmz;
inlet temperature, 367 K; ref-
erence velocity, 23 m/sec;
overall fuel-air ratio, 0,008;
diffuser inlet Mach number,

0.225.]
Model Total-pressure loss,
percent
6A 4.6
6B 6.1
6C 5.2
6D 7.1
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Typical scoop
{end view)

Width

/ Length

7
’—Turning vanes

Diam., Diam.,

8.8 7.1

TABLE V. - COMBUSTOR SHROUD

AIRFLOW DISTRIBUTIONS

[No data available for model 6C. ]

—_

T

/
[
£tyel nozzles and

radial-inflow air
swirlers

|

Model | To bypass | To outer | To center To inner
passage passage passage passage
Airflow, percent

6A 2.0 26.2 49.2 22.6

6B 39.8 9.8 36.3 14.1

6D 44,2 10.7 26.4 18.7

51.5
30.5
/ /—lgniter

,~Outer shroud
/ air passage

/- Bypass passage

/

/
L Center air passage

/ liners

\
. ¥ Exit transition

L1nner shroud
air passage

CD-11294-28

Diam.,

69.9

Figure 1. - Cross-sectional sketch of double-annular ram-induction combustor. (Dimensions are in centimeters. )

Diam.,
89.9

19



C 71-1998
(a) View looking upstream.

C-71-1995

(b) View looking downstream outside.
Figure 2. - Test combustor in nonidle configuration with exit transition liners removed.
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Outer exit

transition #5=

liner —~

Outer

combustor ¥

liner —~
Primary

air scoop =G

Center
secondary
air scoop—

Outer exit

transition
liner
Air gap
Primary
air scoop
- Air gap Qutﬁr
: airflow
shroud
g Secondary
air scoop
& Snout

Fuel strut § e
opening—7

C-73-2104
(a) View looking upstream inside.

(b) Side view looking downstream.

Figure 3. - Simulated variable-geometry exit transition liner in open idle position.
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Outer Primary scoop =~ =@ oo—
airflow hoods to in-
shroud crease airflow N

Punched plate / Inlet-air-diffuser
on snout inlet — strut cutout

Figure 4. - Simulated variable-geometry snout blockage using
punched plates welded to snout inlet.



%ﬁ

~ Outer wall
/

4.83

_—Station 3
f/ (P3. 03)

10.2

T [~
1. 286

N
/

Punched plate: 29 percent/

open area; 0.061 cm /

/

thick; 0. 0838 cm holes —/

Support

m+‘mm
-

/

T3 backing plate -/

21.6 _~ Diffuser inlet
" plane, station 3.5

(P3.5,p, o

\ A\
\
%

\
- Inner wall

rFuel nozzles
\
Station 3.5 \

Ta Py

|7

e Exit probe
shields

[ Exit probe

Combustor
inlet air

Airflow
distortion /
plate —

_~ Diffuser

i
l,’ inlet plane
(PB. 5, 03 5)

(a) Cross-sectional view showing axial location of plate. (Dimensions are in centimeters. )

~-13-2103

(b) View of plate looking downstream.

Figure 5. - Views of diffuser inlet airflow distortion plate used to simulate a tip-peaked
compressor exit airflow profile and plot of resulting airflow profile.
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Inlet annulus height, percent

Inlet velocity profile

O Flat
O Tip-peaked

80—

60—

40—

0 | l | | I
-6 -4 =2 0 2 4 6

Average position velocity - average velocity
Average velocity

(c) Airflow profile resulting from use of plate.
Simulated takeoff; inlet-air conditions: total
pressure, 62 newtons per square centimeter;
total temperature, 589 K; reference velocity,
30. 5 meters per second; average velocity,

115 meters per second; Mach number, 0. 243.

Figure 5. - Concluded.

Airflow Airflow

C-73-3159

(a) Radial inflow. (b) Axial flow.

Figure 6. - Comparison of radial inflow and axial-flow air swirlers
used in this study.



£Fuel nozzles
and radial-
inflow air
swirlers

(a) Model 6A (unmodified combustor).

~ Quter transition liner air gap

< 75-Percent
\\snout blockage

ion

inflow air swirl
air swirlers CD-11204-28

(b} Model 6B (short liner and snout blockage).
Figure 7. - Combustor configurations tested.
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Outer transition

‘ I Igniter liner air gap

 Short liner

\

I
!
|
|
I
: \

/
— ] {- Exit transition

\ liners
\

Ve
£ Inlet-airflow distortion /77 0 SSw
punched plate

inflow air swirlers

(c) Model 6C (short liner and inlet-air distortion).

—Outer transition
/,—Igniter { fliner air gap
|

/

‘l v Short liner
| \
\ \
\ \
|
75-Percent | L \
snout blockage 7 Y \
=5y L
/
/
E&xit transition
\ liners

flow air swirlers
CD-11294-28

(d) Model 6D (short liner, snout blockage, and axial-flow air swirlers),
Figure 7. - Concluded.
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Inlet flow
control valve

Indirectly-fired preheater;
temperature rise when used,

Air-measuring 117 to 300 K
"J”ﬂce \/\ Combustion air available
260 to 311 K, up to 136 ka/sec,
L ' uptoll38 Nlcm5

[ Heat exchanger:

| temperature rise
/ when used, 139 to
/333K (250% o 600° )

/_ 157

J with afterburner

Flow-
straightening
plates

Fuel available: 289 to 306 K,

-

0 to 700 Nicm®
jet engine
79-Nlcm?
steam line
Altitude or
Igﬁmn \ atmospheric
\ exhaust
v Exhaust
Water control
dilution valve

Figure 8. - Schematic of test facility combustion air and fuel,

@ss5s

®

Pitot-static tube rake  (Station 3.5)
Total-pressure rake i
Wall static pressure tap [ (Station 3)

Total-temperature thermocouple

Figure 9. - Diffuser inlet instrumentation at station 3.
View looking downstream,
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Cooling wate\r§

connections A

e ~ C-70-1831
S~ Total-pressure probe 1

Figure 10. - Five-point total-temperature and total-pressure water
cooled probe assembly.



Combustion efficiency, percent

98

¢ao

94

(a) Combustion in inner annulus only.

FAN
90 / Tailed symbol denotes ratio of gas-analysis to

Model

6B (short liner and snout blockage)

6C (short liner and inlet-air distortion)

6D (short liner, snout blockage, and
axial-flow air swirlers)

6A (unmodified)

metered fuel-air ratio with deviation
greater than 0.05 from 1.0

| | |

98 —
—O
94 —
90 l I I 48 I
.008 .009 .010 .011 .008 .009

Fuel-air ratio

(b) Combustion in outer annulus only.

Figure 11. - Combustion efficiency as function of fuel-air ratio. Inlet total
inlet temperature, 367 K; reference velocity, 23 meters per second.

.010 .01 012

(c) Combustion in both annuli.

.013

pressure, 20.2 newtons per square centimeter;
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