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EFFECT OF FLAME STABILIZER DESIGN ON PERFORMANCE AND EXHAUST

POLLUTANTS OF A TWO-ROW 72-MODULE SWIRL-CAN COMBUSTOR

by James A. Biaglow and Arthur M. Trout

Lewis Research Center

SUMMARY

A test program evaluated the effects of four flame stabilizer designs on the per-
formance and gaseous pollutant levels of an experimental full-annular 72-module swirl-
can combustor. Combustor operating parameters, including inlet-air temperature,
reference velocity, and fuel-air ratio, were set to simulate conditions in a 30:1 pres-
sure ratio turbofan engine. Combustor inlet total pressure was held constant at
62 newtons per square centimeter (6 atm) due to the facility limit. Combustor perform-
ance and gaseous pollutant levels were strongly affected by the geometry and resulting
total pressure loss of the four flame stabilizer designs investigated. The addition of
shrouds to two designs produced an 18 to 22 percent decrease in the combustion chamber
pressure loss and thus resulted in doubling the exit temperature pattern factor and up to
42 percent higher levels of oxides of nitrogen. A previously developed oxides of nitrogen
correlating parameter agreed with each model within an emission index of ±1 but was
not capable of correlating all models together.

At simulated subsonic cruise test conditions the use of a flame stabilizer design
incorporating contraswirl produced the lowest oxides of nitrogen emission index level
of 9.1 grams per kilogram of fuel at an average exit temperature of 1468 K. At simu-
lated takeoff, the use of a solid circular flame stabilizer produced the lowest oxides of
nitrogen emission index level of 15. 1 grams.per kilogram of fuel at an average exit
temperature of 1495 K.

INTRODUCTION

Four flame stabilizer designs were investigated in a full-annular 72-module swirl-
can combustor to determine their effects on combustor performance and exhaust gas
pollutants. The tested designs included contraswirl for increased mixing in the wake of
swirl-can modules and shrouds that delayed introduction and mixing of the bypass air
into the module wake.



The performance and exhaust pollutants of aircraft engines are of major concern in
the vicinity of airports and in the stratosphere. The 1979 EPA standards require air-
craft engines to be greater than 99.0 percent efficient during idle and taxi and to reduce
oxides of nitrogen by 75 percent over conventional aircraft. Previous studies of swirl-
can combustors (refs. 1 and 2) have shown the capability of approaching these goals with
greater than 98. 0 percent efficiency at idle and a reduction of 50 percent in oxides of
nitrogen at takeoff. '

Recent single module and seven module swirl-can tests (refs. 3 and 4) have shown
the potential for even further reductions in the level of oxides of nitrogen. These module
tests included various flame stabilizer designs of minimum recirculation zone size with
high recirculation zone strength for reduced NO formation. However, added data were
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needed to determine how effective they would be in a full-scale annular swirl-can com-
bustor. In an effort to apply the single module and seven module results to a full annular
combustor, four flame stabilizer designs were investigated. The test designs included
a solid circular flame stabilizer with and without shrouds and contraswirl flame stabil-
izers with and without shrouds. The solid circular flame stabilizer would provide a
base model for comparing the individual effects of shrouds and contraswirl and also the
combined effect of contraswirl with shrouds. Testing the different designs would also
add valuable information for developing an oxides of nitrogen correlating parameter.

Tests were conducted using a two-row 72-module swirl-can combustor operating
at simulated subsonic cruise and takeoff conditions typical of a 30:1 pressure ratio tur-
bofan engine. Combustor operating parameters except inlet pressure were the same as
in an engine. Operating conditions were as follows: Inlet air temperature, 733 to
858 K; inlet total pressure, 62. 0 newtons per square centimeter; combustor reference
velocity, 30. 5 to 36. 6 meters per second; average exit temperature, 1477 K. All tests
were performed with ASTM Jet A fuel.

APPARATUS

Combustor Design

The combustor used in this program was the swirl-can combustor whose perform-
ance was evaluated at idle conditions in reference 1. A cross-sectional sketch of this
combustor is shown in figure 1. The combustor was installed in an annular housing that
had an outer diameter of 1. 062 meters, an inner diameter of 0. 54 meter, and was 0. 514
meter "long. The inlet diffuser passage of the combustor was 12. 95 centimeters long
and had an exit to inlet area ratio of 1. 2. The diffuser was followed by a sudden expan-
sion region in which the ratio of the annular flow area at the inlet plane of the swirl cans



divided by the diffuser exit area was 2. 85. The swirl-can modules were mounted to
the liners and attached to each other by means of gussets as shown in figure 2. The
fuel tubes entered from the upstream side and were centered in the swirl cans by means
of tabs located on the ends of the fuel tubes.

Combustor Configurations

Four combustor flame stabilizer configurations were investigated:
(1) Model I - circular flame stabilizer design of reference 1 and shown in figure 3
(2) Model S-I with a 1. 27 cm long shroud around the perimeter of the circular flame

stabilizer in figure 4
(3) Model II - a circular flame stabilizer designed to produce a contraswirl around

each swirl can in figure 5
(4) Model S-II with a shroud around the contraswirl flame stabilizer in figure 6
The module designs investigated in this report were similar to those in references

3 and 4 except that the solid flame stabilizers were circular and the contraswirl was
produced by radial tabs rather than vanes. In addition, the shrouds were added to the
downstream edge of the flame stabilizer rather than surrounding the outer perimeter of
the flame stabilizer and extending equally upstream and downstream. The outer diam-
eter of the four flame stabilizers investigated was 5. 71 centimeters. The open area of
the contraswirl flame stabilizer was 2.48 square centimeters. The perforated plate
seen in all four of the previous flame stabilizer figures was added to prevent excessive
airflow to the hub and tip regions of the test combustor. The holes in the circular flame
stabilizers of figure 4 were added to provide localized cooling to the shrouds to main-
tain adequate clearance for air flow between the shrouds and the liners. The physical
blockage of the combustor was a nominal 67. 8 percent for the solid flame stabilizer de-
signs and 62.0 percent for the contraswirl flame stabilizer designs. In calculating the
combustor blockage, the discharge coefficient for the swirlers and cohtraswirlers was
assumed to be 1.0.

Test Facility

The annular swirl-can combustors were evaluated in a connected duct test facility.
A diagram of the facility and a sketch of the installation is shown in reference 5. Air-
flow rates and combustor pressures were regulated by remotely controlled valves up-
stream and downstream of the test section. A more complete description of the test fa-
cility is included in reference 6.



Instrum entation

Combustor-inlet pressures and temperatures were measured at the locations shown
in figure 7. Combustor-exit total pressures and temperatures were measured in 3°
circumferential increments by three equally spaced, traversing, five-point probes.
Airflow rates were measured with an air orifice installed in accordance with ASME
specifications. Fuel flow rates were measured with turbine flowmeters. Descriptions
of the traversing combustor-exit probe and the data acquisition and recording system are
contained in references 6 and 7.

Combustor exhaust gas samples were obtained by means of three five-point travers-
ing probes equally spaced between the combustor-exit temperature and pressure probes.
The exhaust gas samples from the three probes were collected into a common line that
was maintained at a minimum temperature of 422 K. The sample line was connected to
four gas analyzing instruments (fig. 8). The instruments were capable of measuring
concentrations of unburned hydrocarbons, carbon monoxide, carbon dioxide, and oxides
of nitrogen. Figure 9 is a schematic diagram of the gas sampling system. The hydro-
carbon content of the gas sample was measured by a Beckman model 402 hydrocarbon
analyzer. The carbon monoxide and carbon dioxide concentrations were determined by
two Beckman model 315B nondispersive infrared analyzers. Oxides of nitrogen (NO )

A.

were measured by a Thermo-Electron Model 10A Chemiluminescent analyzer. This in-
strument provided separate measurements of nitric oxide (NO) and oxides of nitrogen
(in the form of NO + NO2).

PROCEDURE

Test Conditions

Tests were conducted over a range of fuel-air ratios at combustor operating condi-
tions simulating subsonic cruise and takeoff for a high pressure ratio (30:1) turbofan
engine. All combustor operating parameters except inlet total pressure, which was fa-
cility limited, were as in an actual engine. Nominal combustor operating conditions for
subsonic cruise, takeoff, and intermediate test conditions are listed in table I.

Combustion efficiency. - Combustion efficiency was determined by exit thermo-
couple measurement and by exhaust gas analysis. The thermocouple efficiency was de-
termined by dividing the measured temperature rise across the combustor by the theo-
retical temperature rise. Combustion efficiency by exhaust gas analysis was
determined by using



%s = 10° - °' X EIhc - 42.7

where EIhc and EICQ are the emission index values for unburned hydrocarbons and
carbon monoxide, respectively.

Reference velocity. - Reference conditions were based on the total airflow, the
inlet-air density using the total temperatures and pressure at the diffuser inlet, and the
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reference area (3992 cm ). The reference area was determined by the maximum cross
sectional area between the liners.

Exit temperature pattern factor 6. - The radial profile of exit temperature, which
was established from the circumferential average of the temperature at each radial po-
sition, was plotted as a deviation from the average exit temperature as a function of
radial position. To detect temperature nonuniformities which may not be evident in the
average radial profile, the exit temperature pattern factor was calculated to reflect the
magnitude of nonunif ormity caused by maximum local temperatures. This factor was
defined as

T - Tr- max av
Tav " Tin

where Tmri^ is the maximum individual exit temperature, T0,r the mass-weighted
civ

average exit temperature, and T - T. the temperature difference between the mass-
weighted average exit temperature and the average inlet temperature. Low pattern fac-
tors in the 0. 20 range indicate good exit-temperature distribution and uniformity with no
undesirable hot spots.

Exhaust gas concentrations. - The concentration of measured exhaust gases (in
ppm) was converted to a wet basis, as proposed in reference 8, and recorded in terms
of an emission index (El) parameter. The emission index is determined from

in (1 + f) „
El =— - (x)10~'J

^ mef

where El is the emission index in grams of x per kilogram of fuel burned, mx the
molecular weight of x, m the average molecular weight of exhaust gases, f the me-
tered fuel-air ratio, and (x) the measured concentration of pollutant x in ppm.

Sample validity. - Measured values of carbon monoxide, carbon dioxide, and un-
burned hydrocarbons were used to determine a gas sample fuel-air ratio (f/a)gs- These
values were compared with fuel-air ratios determined by measured rates of fuel and
air. Agreement between the two fuel-air ratios would indicate how well the gas sampling



probes were obtaining a representative sample of exhaust products. A gas sample va-
lidity of ±5 percent between the two fuel-air ratios was considered to be a good repre-
sentation of the exhaust products.

RESULTS AND DISCUSSION

The performance and pollutant emissions for the four swirl-can test combustors
were measured at simulated takeoff and subsonic cruise conditions typical of a 30:1
pressure ratio engine. The test results for the four swirl-can combustor designs are
presented in the following section.

Combustor Performance

The combustor performance, including total combustion efficiency by exit-
thermocouple measurement and gas analysis, pressure loss, average exit temperature,
and combustor exit temperature pattern factor are presented in tables II and HI. Com-
bustion efficiency by both exit thermocouple measurement and gas analysis for the test
combustors was nominally 100 percent over the entire range of test conditions. Results
of the other performance parameters showed a wide variance. Test combustors having
circular and contraswirl flame stabilizers (models I and n) performed with substantially
better exit temperature pattern factors and emissions than the same combustor designs
with shrouds (models S-I and S-n).

Variations in combustor total pressure loss with flame stabilizer design led to
widespread differences in exit temperature performance of the test combustors. The
combustor blockage of the unshrouded flame stabilizer configurations was 67. 8 percent
for the solid circular design and 62.0 percent for the contraswirl design. A nominal
10-percent reduction in pressure loss was expected due only to an increase in the open
area of the flame stabilizer design by the use of the contraswirl vanes. The addition of
shrouds to these two designs did not change the physical blockage of the test combustors.
However, from the plot of isothermal pressure loss against inlet Mach number in fig-
ure 10, the shrouded designs produced an additional 18 to 22 percent reduction in pres-
sure loss at an inlet Mach number of 0. 22. The change in pressure loss was created by
the shrouds and is discussed in details in a later section dealing with their effects. ,

The exit temperature pattern factor 6, which is a measure of the uniformity of the
exit temperature distribution, varied according to the total pressure loss of the model
investigated. The models with the best pattern factor had the highest pressure loss and
those with the lowest pressure loss had the poorest pattern factor. Model I had the
lowest pattern factor, 0. 23 to 0. 32, and the highest pressure loss. Model S-n had the
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highest pattern factor, 0. 57 to 0. 74, and the lowest pressure loss. The high pattern
factors of model S-U were responsible for the lack of subsonic cruise data and the
limited takeoff data obtained for this model. Table IV shows the typical effect of changes
in pattern factor with pressure loss for the four models at a inlet-air temperature of
855 K, inlet Mach number of 0.22, and a fuel-air ratio of 0.0185.

Exhaust Emissions

The exhaust emissions of oxides of nitrogen (N(D ), carbon monoxide (CO), and un-
A.

burned hydrocarbons were measured. A gas sample validity of ±5 percent was main-
tained for most of the data.

Carbon monoxide and unburned hydrocarbons. - Emission index values of carbon
monoxide and unburned hydrocarbons were less than 16. 0 and 0. 90 gram per kilogram
of fuel, respectively. They also followed, as seen from tables H and in, the previously
reported trends (ref. 5) of decreasing with decreasing inlet-air temperature and in-
creasing with reductions in reference velocity.

Oxides of nitrogen. - Data for the total oxides of nitrogen as a function of fuel-air
ratio at simulated subsonic cruise and takeoff are shown in figure 11. The data followed
the previously reported trends of references 5 and 9 with the oxides of nitrogen increas-
ing as inlet-air temperature and fuel-air ratio increased. Figure 11 also shows a sub-
stantial increase in the level of oxides of nitrogen for the shrouded over the unshrouded
flame stabilizer designs. At a fuel-air ratio of 0.0185 the oxides of nitrogen for the
shrouded models, S-I and S-n, were 22 to 42 percent higher than the unshrouded
models, I and n.

Previous studies have shown (ref. 9) that oxides of nitrogen are strongly dependent
on local flame temperature and the length of residence time of the hot gases in the pri-
mary recirculation zone of a combustor. A reduction in these quantities should lead to
a corresponding decrease in the formation of oxides of nitrogen. The use of shrouds
was employed in an attempt to produce a well mixed primary zone followed by a region
into which the bypass air, which was delayed from being introduced into the module
wake by the straight section of the shroud walls, would mix to reduce the local flame
temperature. However, due to the low combustor total pressure loss which occurred
with their use, the shrouds did not adequately mix the bypass air with the premixed
fuel-air mixture and thus resulted in locally higher flame temperatures and increased
residence time that increased the oxides of nitrogen.

NOX correlating parameter. - Previous emission trends (refs. 9 to 11) have shown
that oxides of nitrogen increase exponentially as inlet-air temperature and to a lesser
degree as exit average temperature increase, but the oxides decrease with increasing
reference velocity. Also, oxides of nitrogen increase with increasing combustor inlet



total pressure. The oxides of nitrogen emission index data for the test combustors are
plotted in figure 12 as a function of the correlating parameter

c p
,l/2e

T
in/288

exit
Vref

where

combustor inlet total pressure normalized to standard sea-level pressure of
o

10. 13 N/cm2

Tin inlet-air temperature, K
Texit exit averaSe temperature, K
V f combustor average reference velocity, m/sec

Figure 12 shows two levels of oxides of nitrogen according to whether the test com-
bustor used shrouded or unshrouded flame stabilizer designs. Each level includes a
solid circular and a contraswirl design and follows the correlating parameter within an
emission index of ±1.0. These data indicate that for combustor configurations of similar
geometry, mixing characteristics and residence time, oxides of nitrogen may be ac-
curately predicted at a given set of operating conditions if they are known at another.
However, the two different levels also indicate that the correlating parameter needs to
be further expanded if oxides of nitrogen are to be predicated from one combustor design
to another design of different mixing and residence time. The expanded correlating pa-
rameter might include such quantities as residence time, mixing intensity, and local
equivalence ratio. However, no success was achieved in the present investigation in
determining the exact form for including these factors.

Effect of Shrouds

The shrouds were added to the flame stabilizer designs to produce a well mixed
primary zone and to delay the introduction and mixing of the bypass air into the wake of
the swirl-can modules. Since the rate of formation of oxides of nitrogen in relatively
slow and dependent on local flame temperature, a small well mixed recirculation zone
followed by a quenching of the local flame temperature would result in a lowering of the
rate of formation of oxides of nitrogen.

The shrouds changed the air flow pattern at the flame stabilizer edge significantly
but did not adequately mix the bypass air into the module wake. Each time the shrouds
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were added to a flame holder design the lack of mixing was sufficient to noticeably
lower the combustpr total pressure drop. The lack of mixing also tended to isolate
the swirl cans from each other and prevented a uniform flame path around the combustor
array. The net result was localized hot spots which produce higher exit temperature
pattern factors, increased residence time, and higher levels of oxides of nitrogen. Ta-
bles II and HI compares the effects of the shrouded and unshrouded flame stabilizers on
combustion pressure loss, exit temperature pattern factor, and oxides of nitrogen.

Figure 13 illustrates the different types of mixing that occurred with the unshrouded
and shrouded flame stabilizers. In general, the flow of an air stream through a passage
leading to sudden expansion produces a variety of losses depending on the geometry of
the blockage in the passage. For the case of blockage from a sharp-edged plate, similar
to the unshrouded flame stabilizers, losses are among the highest due to vortex shedding.
This shedding produces powerful eddies and turbulence that dissipate within 8 to 10 hy-
draulic diameters downstream (ref. 12). When the sharp-edged blockage is modified by
the addition of a transition section, such as a bellmouth, ledge, or shroud in the flame
stabilizer case, the entire mixing zone reaction is altered. The resistance to air flow
is lessened producing a lower total pressure loss and a mixing region more character-
istic of two stream shear flow in which the airflow penetrates further downstream.

SUMMARY OF RESULTS

The combustor performance and pollution emissions were obtained for four two-
row 72-module swirl-can combustors concepts operating at simulated cruise and takeoff
conditions typical of a 30:1 pressure ratio turbofan engine. The following results were
obtained:

1. Performance and pollution results were strongly affected by the geometry and
resulting pressure loss of the four flame stabilizer designs investigated. The addition
of shrouds to two designs produced an 18 to 22 percent decrease in combustion chamber
pressure loss resulting in a doubling of the exit temperature pattern factor and a 22 to
42 percent increase in the level of oxides of nitrogen.

2. A previously developed oxides of nitrogen correlating parameter agreed with each
model within an emission index of ±1 but was not capable of correlating all models to-
gether. Additional combustor variables such as residence time, mixing intensity, and
equivalence ratio may need to be determined to develop a correlating parameter to fit
all models.

3. Combustion efficiency was nominally 100 percent for the four configurations in-
vestigated with model I achieving an exit temperature pattern factor of 0. 23 at an inlet-
air temperature of 853 K and average exit temperature of 1457 K.

4. At simulated cruise test conditions the use of a flame stabilizer design incorpo-



rating contraswirl produced the lowest oxides of nitrogen emission index level of
9.1 grams per kilogram of fuel at an average exit temperature of 1468 K. At simulated
takeoff the use of a solid circular flame stabilizer produced the lowest emission index
level of 15.1 grams per kilogram of fuel at an average exit temperature of 1495 K.

Lewis Research Center,
National Aeronautics and Space Administration,

Cleveland, Ohio, January 20, 1976,
505-03.
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TABLE I. - NOMINAL COMBUSTOR

TEST CONDITIONS

[Nominal design average exit tempera-
ture, 1477 K; inlet total pressure,
62. 0 N/cm2.]

Test condi-
tion

Simulated
cruise

Intermediate
cruise

Simulated
takeoff

Intermediate
takeoff

Intermediate
takeoff

Inlet total
temperature,

K

733

733

858

858

828

Reference
velocity,

m/sec

30.5

33.6

36.6

33.6

36.6
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TABLE n. - COMBUSTOR PERFORMANCE DATA

Design
condi-

tion

Cruise

Takeoff

Combus-
tor model

I

S-I

II

I

S-I

II

S-II

Total
pressure,

N/cm2

61.65

62.55
61.65
61.76

61.84

62.23
62.45

62.43

62.63

61.86

62.68

62.95

61.74
62.13
62.29

61.79

62.36

62.53

62.26

62.68
62.35
62.55

62.62
62.72

63.27

61.93
61.92
63.44

61.06

63.03

62.51
63.27
61.97

62.50
62.09

62.35
62.03

62.43

62.62
62.85

62.35

61.83

62.32
61.84

62.13
62.24

Average
inlet

temper-

ature,
K

737

737

733
734
735

736
737

735

736

734
738

736

735
736
735

735

735
735

736

735
734

736

735
737

855

856

858
857

853

863
859

861
860
860

860

861
861

863

862
862
861

863
861
859

828
828

Airflow,

W,

kg/sec

38.96

38.72
39.64
39.49

39.36

40.08
35.48

35.49

35.48

39.87
39.50

36.79

36.39
36.22
36. 13

36.32

40.09

40.07

40.18
36.35
36.80

36.74

36.77
36.81

37. 10

35.83
35.99
34.25

34.13

36.42

36.75

36.69
33.92
33.75

33.94

36.92
37.23
37.01

34. 14

34. 12
34. 15

36.37
36. 11
36.52

38.54
38.52

Diffuser
inlet Mach

number,

M3

0.216

.212

.220

.218

.217

.221

. 199

. 199

. 193

0.221
.216

.200

.201

. 199

. 198

.201

0.220

.219

.221

. 198

.201

.200

.200

.201

0.218

.215

.216

.200

.207

0.215
.219

.216

.203

. 199

.203

0.221
.229

.221

.205

.202

.202

0.219
.221
.220

.227

.226

Reference
velocity,

Vref>
m/sec

33.45

32.79

33.88
33.73
33.61

34.05
30. 11

30.04

29.97

33.96
33.42

31.08

31. 13
30.83

30.66

31.06

33.94

33.86

39. 11

30.63
31. 16

31.05
31.01
31.08

36.06

35.59
35.84
33.24

34.27

35.85
36.30

35.90

33.85
33.36

33.81

36.64
37. 10

36.74

34. 15

33.75
33.67

36.47
35.87
36.47

36.92
36.81

Measured

fuel-air
ratio,

(f/a>m

0.0164

.0190

.0208

.0213

.0214

.0233

.0183

.0208

.0240

0.0182
.0200

.0158

.0171

.0179

.0179

.0201

0.0160
.0179

.0201

.0159

.0157

.0178

.0207

.0179

0.0167

.0185

.0201

.0188

.0177

0.0150

.0163

.0175

.0151

.0162

.0182

0.0152
.0179

.0221

.0142

.0171

.0184

0.0162
.0174
.0187

'.0161
.0171

Mass -weighted

average exit

temperature,
K

1319

1410
1473
1488

1401

1540
1374

1454

1563

1383
1447

1304

1384
1384

1374

1443

1307

1374

1449
1299
1297

1368

1468
1364

1421
1487

1536
1495

1457

1375
1415

1454
1374
1407

1469

1383
1469

1603

1345
1441
1484

1425
1463
1501

1387

1423

Pattern
factor,

6

0.313
.299

.318

.310

.323

.284

.314

.287

.292

0.436

.454

.444

.531

.408

.475

.474

0.414

.402

.456

.449

.414

.436

.412

.467

0.294

.277

.257

.237

.234

0.469
.501

. 526

.479

. 516

.526

0.316
.313

.354

.333

.303

.323

0.567

.693

.742

.656

.715

Combustor
pressure,
(AP/P)10Q,

percent

6. 11

5.84
6. 12
5.97
5.04

6.41
4.95
5.08

4.90

5.38
5.24

.4.34

4.36
4.28
4.32

4.52

5.12
5.18

5.31
4.34

4. 50
4.37

4.36

4.58

6. 12

5.89
5.94
4.99

5.35

4.92
5.22

5.06
4.44
4.32

4.61

5.32
5.43

5.31

4.73
4.47

4.53

4.26
4. 14
4.30

4.58
4.54

Combustion
efficiency,

"x'
percent

102.7

103.7

104.7
104.8

104.6

103.3
101.0
102.5

102.3

103.1
103.2

103.2
102.7

109.4
102.8

102.8

103.0

103.8

104.0
102.4

103.2

103.3
104.0
102. 0

101.0

102.6
102.3
102.3

102.3

100.5
100.6

100.6
100.0
99.9

99.8

101.3
101.7

102. 1

101.3

101.3
101.3

102.3
102.5
102.4

101.7
102.7
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TABLE in. - COMBUSTOR EXHAUST EMISSION DATA

Design
condi-

tion

Cruise

Takeoff

Combus-

tor model

I

S-I

II

I

S-I

II

s-n

Oxide
tro

NOX =

ppm

87.9

113.2
124.2
130.0

132.6
130.1
99.9

118.4

151. 1

130. 1
151.6

116.2
126. 1
136.4

138.1

156.5

74.6
88.7

103.6
79.6
77.9

95.7
116.0
96.0

131.7

156.2
175.1

174.7

149.9

149.3

160.9

178.7

152.7

166.5
188.9

129.4
153.9
203.7

126.2
163.1
174.4

160.6
182.4
191.4
126.9

141.5

s of ni-

gen,
MO + NO2

gN0 2

kg fuel

8.7

9.7

9.7
10.0

10.1

9.2
8.9

9.3

10.3

11.6
12.3

11.9
12.0

12.4
12.5

12.7

7.5
8.04

8.37
8.1
8.0
8.7

9. 1
8.7

12.8

13.7
14.2

15. 1

13.7

16. 1

16.0

16.6
16.4
16.7

16.9

13.7
13.9
15.0

14.4
15.5
15.4

16.0
17.0

17.4
12.8

13.5

Unburned hy-

drocarbons

ppm

6.3

2.5

1.6
1.4

1.2
1.6
3.6
2. 1

1.4

25.0
18.7

20.4
16.4
19.2

18.7

16.5

22.3
15.5

10.8
16.05
16.8
12.1

8.4
10.0

0.9

.7

.6

.5

.5

2. 1
2.0

1.7
1.7

1.5

1.3

1.5
1.2
1.0

2.2
1.4
1.2

1.5
1.4

1.2
4.7

2.9

gCH2

kg fuel

0.20

.10

.03

.02

.02

.03

.09

.05

.03

0.70
.50

.63

.47

.52

.51

.40

0.68
.38

.26

.49

.58

.33

.19

.27

0.03

.02

.01

.01

.01

0.07
.06

.05

.06

.04

.03

0.05
.03
.02

.07

.04

.03

0.04
.04
.03
. 14

.08

Carbon mo-

noxide

ppm

148.4

94. 1

87.3
81.6

84.0

87.9
103.3

80.2
66. 1

267
229

211.6
205.7
202.4
210.7

210.9

256.9
212.1

190.8
208.4
222.9

174.7
145.7
181.6

47.4

36.7
32.9
30.4

38.2

78.7
76.2

69.3
70.4
64.0

62.3

67.7
51.6
50. 1

83.7

48.1
41.3

85.7

80.5
83.4

139. 1

129.2

gCO
kg fuel

8.9

4.9

4.2
3.8

3.9
3.8
5.6
3.8
2.7

14.0
11.0

13.2
11.9
11.2

11.6

10.4

15.8
11.2

9.4
12.9
13.9
9.7

6.9
10.0

2.8

2.0

1.6
1.6

2. 1

5.2
4.6

3.9

4.6
3.9

3.4

4.4
2.8

2.2

5.8
2.8
2.2

5.21

4.75
4.62
8.2

7.2

Carbon dioxide

ppm

33 695
40 370

44 180

45 156
45 289

48 499
37 025
41 771

49 931

39 893
36 773

31 556
34 766
36 206
33 427

36 730

32 721

37 099
41 340
32 522
31 987

34 302

42 126
36 305

34680

38 911
41965
39 919

37 034

30 311
32 682

34 731
30 457

32 380
35759

31 238
36 772
44 760

28906
34 943
37 770

31 648
34025
36 235
31 005

33 178

gco2

kg fuel

3189

3306
3304

3309
3297

3266
3143
3249

3266

3132
3138

3145

3163
3139

2895

2853

3160
3093

3193
3165
3145

3159
3158
3150

3217

3272
3256
3296

3252

3133
3109

3085

3122
3101

3058

3175
3189

3155

3153
3171
3184

3022
3152
3152
2984

3021

Ratio of gas

sample to
measured

fuel-air ratio,

(f/a)gs

(f/a)m

1.014

1.049
1.049
1. 050

1.047
1.037
.997

1.031
1.037

0.916
.911

1.002

1.008
1.000

.982

.987

1.009
.985

1.016

.009

.003

.005

.003

.002

1.020

1.037
1.032

1.045

1.031

0.994
.986

.978

.990

.986

.969

1.007
1.001

.954

1.001
1.005
1.009

0.959
.962
.955
.950

.959

Combustor

gas anal-

ysis effi-
ciency,

"gs-
percent

99.77

99.88
99.90
99.91

99.91
99.91
99.90

99.93
99.91

99. 59
99.69

99.63
99.67
99.69

99.68

99.71

99.56
99.70

99.75
99.65
99.62
99.74

99.81
99.74

99.93

99.95
99.96
99.96

99.95

99.87

99.88

99.90

99.88
99.90

99.92

99.89
99.93
99.94

99.86
99.93
99.94

99.87
99.89
99.89

99.79

99.82
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TABLE IV. - EFFECT OF FLAME STABILIZER

DESIGN ON SEVERAL COMBUSTOR

PARAMETERS AT NOMINAL

INLET CONDITIONS

[inlet-air temperature, 855 K; inlet Mach number,
0.22, fuel-air ratio, 0.018.]

Model
number

I
II

S-I
S-II

Pattern
factor,

6

0.28
.31
.53
.69

Pressure loss,
AP/P,
percent

5.89
5.43
5.06
4. 14

Oxides of nitrogen
emission index,

NOX

13.7
13.9
16.6
17.0

,-r- 36-36 Module array
/"attached to liner struts

Figure 1. - 36-36 Module swirl-can combustor configuration. (Dimensions are in cm.)
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,f-Swirl-can mounting gussets
/

5-73-4151

Figure 2. - 36-36 Module swirl-can mounting technique and fuel tube
centering tabs.

, I v
/ .C-74-1402

Figure 3. - Model I swirl-can combustor with circular flame stabilizer.
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C-74-1602

Figure 4. - Model S-1 swirl-can combustor with circular flame stabilizer and
shrouds.

• Contraswirll

^

X- ' 1 - * * » • - »

1 'A " 1 >
. ' V i,. , & »l^

Figure 5. - Model II swirl-can combustor with contraswirl flame stabilizers.
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C-74-2003

Figure 6. - Model S-II swirl-can combustor with contraswirl flame
stabilizers and shrouds.

Exit plane
PT^ TT5, PS5

and gas sample

- Inlet-air tem-
/ perature, TTj

Combustor
inlet air '

CD-11722-33

Figure 7. - Combustor housing and test section showing axial instrumentation planes. (Dimensions are in cm.)

17



Figures. - Gas sampling instrument console.

Three five-point
water-cooled
sampling probes

Heated
line

Control -room
typewriter
terminal

1
On-line
computer I

Flow

Dual-
channel
recorder

Control
valve

Inlet
pressure
gage

Inlet
thermocouple

Figure 9. - Schematic diagram of gas analysis system.
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S.
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< /i

S 2

.18

Modell

.19
_L

Models-1

• Calculated dlffuser
and sudden
expansion loss

.23 .24.21 .22
Inlet Mach number,

Figure 10. - Combustor isothermal pressure loss against inlet Mach number.

.25

130 i—

110

^ 90
o

= 70
C
O

I 18
QJ

C
O)

S1

Model
O I
DS-I
O II
A S-II

s
X
O

(a) Inlet-air temperature, 733 K.

16

14

12
.015 .016 .017 .018 .019 .020 .021

Fuel-air ratio

(b) Inlet-air temperature, 858 K.

.022 .023 .024

Figure 11. - Effect of combustor fuel-air ratio on oxides of nitrogen at simulated take-off conditions.
Reference velocity, 36.6 meters per second; inlet total pressure, 62 newtons per square centimeter.
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Shrouded flame
stabilizers

z f o
Unshrouded flame
stabilizers

1200 1300 1400 1500 1900 2000

'exirref

2100 22001500 1700 1800
Tin'2!

Correlating parameter, e '"

Figure 12. - Data fit curves of tested combustor designs showing oxides of nitrogen against correlating parameter.

2300
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Carburetor
air flow

Bypass
air flow

Gross mixing
due to vortex
shedding

la) Unshrouded.

Carburetor
air flow

Bypass
air flow

Mixing region more
characteristic of
two-stream shear
flow

(b) Shrouded

Figure 13. - Mixing patter of shrouded and unshrouded flame stabilizers.
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