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SUMMARY

Carbon monoxide (CU), total oxides of nitrogen (NUyx), unburned hydro-
carbons (HC), and carpon dioxige (CV,) emissions trom an FlUu(e¢) after-
burning two=-spool turbotan engine at simulated t1ight conditions are
reported herein, Tests were run tor two augmentor configurations - Bill of
Material, a flame holder design, and partial swirl, tlame holder tor fan
duct air and swirled flow tor core air., Emission tests were run at Mach 0.8
at altitudes of 10,%7 and 13,71 km (36 QU0 and 4b 0U0 ft), and at Mach 1.2
at 13.71 km (45 000 ft)., For each flight condition, emission measurements
were made for one, two, or three power levels from intermediate power (non-
afterburning; < hwdugh maximum afterburning. Emission measurements were made
using a single point gas sample proba traversed across the horizontal diame-
ter ot the exhaust nozzle.

The data showed that emissions vary with tlight speed, altitude, power
level, and radial position across the nozzle. Carbon monoxide emissions
were low for intermediate power and partial afterburning, but increased
sharply at maximum afterburning power. At maximum afterburning, there were
regions of N0y deficiency in regions of high CO for both augmentor con-
figurations. Unburned nydrocarbon emissions were low for mast of the simu-
lated tlight conditions. Emissions of COp were proportional to local
fuel-air ratio for all conditions.

INTRODUCT 1ON

Tesving of an FIOU(2) afterburning two-spool turbofan engine was con-
ducted in an altitude facility to determine the oxides of nitrogen, unburned
hydrocarpon, carbon monoxide, and carbon dioxide emissions at simulated
t1ight conditions. Tests were vun for two augmentor configurations, Bill of
Material and partial swirl. For both configurations, emission tests were
run at wmacn 0.8 at altitudes of L0.97 and 13.71 km (36 Q00 and 4% QUO ft),
and at Macn 1.2 at 13.70 km (4% QUU ft). For each simulated t¥1ight condi-
tion, emission measuranents were made tor one, two, or three power levels
from intermediate power (nonatterburning) through maximum afterburning.

tmission measurements from aircraft turbine engines, and in particular
afterburning engines, at nigh-altitude supersonic flight conditions are
neaded to answer questions about the eénvironmental impact of high perfor-
mance aircraft. Other exnaust emissions surveys previously reported on
atterourning turbojet and turbotan engines can be found in references L to 7.

This investigation was conducted in the Propulsion Systems Laboratory
at the NASA Lewis Research Center. The purpose of this study was to measure
and compare the exnaust emissions trom a Bill of Material (flame-holder-
typa) augmentor and a partial swirl (flame nholder for fan auct air and swirl
Tlow for core air) augmentor. The results of an exhaust emission survey of
an F100(1), Bill of Materid)l augmentor, were reported in reference L. As
stated, this survey was made with an F100(¢) engine. The FLUO(2) engine had
increasad cooling flow th the turbine, tailored spray rings, and an extended
exit spliteer  The sinulated flight conditions in these surveys were not °
identicaly tnerefore, the results are not directly conparable.
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APPARATUS

The F100(2) two-spool turbofan engine used in this investigation is
shown installed in the test cell where this evaluation was performed
(fig. 1). The F100 is a 111-kn (25 000-1bf) thrust class, high overall
pressure ratio (23:1), low bypass ratio (0.71:1) engine. This engine has a
mixed-flow afterburner with V-gutter, flame holders, and fuel spray rings.
For the partial swirl augmentor, the core swirl was achieved by cutting back
the turbine exit vanes (recambered fixea exit guide vanes) and removing the
flame holder in the core stream (fig. 2(a)). Photographs of the Bill of
Material and partial swirl augmentors are shown in figures 2(b) and (c),
while the engine instrumentation locations used in this evaluation are shown
1nffigure 2(d). A more complete description of the engine can be found in
reference 8. ‘

INSTALLATION

The engine installation in the altitude test chamber was a conventional
direct-connect type shown in figure 1. Conditioned air required to simulate
the selected flight conditions was provided by the facility and the engine
exhoust pressure Jevel required to simulate flight conditions was main-
tained. Engine exhaust gases were captured by a water-cooled collector to
prevent recirculation in the test chamber. These tests were run using JP-4
fuel (MIL-T-56246).

GAS SAMPLING SYSTEM

A single-point, traversing, water-cooled gas-sample probe was used in
this study. The traversing mechenism was capable of translating the probe
260 cm horizontally end #20 cm vertically from the engine centerline.

A photograph and a schematic of the sensor area of the probe are shown in
fiqures 3(&) and (b). The gas-sampling probe has an inside diameter of
0.72 cm (0.28 in.) and extended 1.9 cm (0.75 in.) forwerd of the probe
support. The gas sample line was water-cooled for a distance of 8 cm
(2.2 in.) from the probe tip. From this point the sample line inside
diameter was 0.82 cm (0.32 in.) and water-cooled an additional length of
30 cm (12 in.).

A total pressure probe was mounted 2.5 cm (1.0 in.) above the sample
probe, and three unshielded iridium/iridium-rhodium thermocoupies were
mounted 2.5 cm (1.0 in.) and 5.0 cm (2.0 in.) below and 5 cm (2 in.) above
the gas sample probe.

A schematic of the gas analysis system is shown in figure 4(a).
Approximately 10 m of 0.95-cm stainless-steel 1ine was used to transport the
sample to the analyzers. To prevent condensation of water and to minimize
adsorption-desorption effects of hydrocarbon compounds, the line was heated
with steam at 428 K. Four heated metal_bellows pumps were used to supply
sufficient gas samplie pressure (17 N/cm?) to operate the analytical
instruments, The aas sample line residence time was less than 2 sec for all
test conditions.



AS ANALYSLS INSTRUMENTATION

Four commercially available instruments, along with associatza periph-
eral equipment necessary tor sample conditioning and instrument calibration
comprised the exhaust-gas analysis system (fig. 4(b)).

The hydrocarbon (HC) content Hf the exhaust gas was measured on a wet
basis, using » Beckman Instruments Model 402 Hydrocarbon Analyzer. This
instrument is of the flame ionization detector type. Both carbon monoxide
(LV) and carbon dioxide (C0y) were measured dry, using analyzers ot the
nondispersive infrared (NDIR) type. These instruments were Beckman Instru-
ments Model 3158. The concentration vf the oxides of nitrogen (NUy) was
measured on a dry basis using a Thermo Electron Corporation Modal 10A
Cnemiluminescence Analyzer. This instrument includes a stainless steel
thermal converter to reduce nitrogen dioxide (NOy) to nitric oxide (NO).
Exhaust gas constituents which were measured on a dry basis (L0, COy, and
NOy) were corrected for inlet air humidity and water vapor from combus-
tion, ana are reported herein on a wet basis.

The exhaust emission vata measured by the analytical instruments were
recordea and B cessed by an on-1line facility computer. This computer was
also used to control the traverse of the gas sample probe and to determine
the nozzle exit diameter.

TEST CONDITIONS ANV PRUCEDURES

Exnaust emission surveys were conducted at simulated altitude condi-
tions of 10,97 and 13.71 km {36 000 and 45 y00 Tt) at Mach 0.8 tor the Bi11
of Material and the partial swirl augmentor configurations. Surveys were
also made at 13.71 km (45 000 ft) at Mach 1.2 for both configurations.
fhese test conditions were representative of typical subsonic and supersonic
aircraft operating points. This choice of conditions gives a variation in
altitude at a constant subsonic Mach number and a variation in simulated
Mach number at a constant altitude for two augmentor configurations. The
test points ana nominal inlet conditions are presented in table l. Condi-
{ioned air was supplied to the plenum at the uesired pressure and tempera-
ture. The test chamber was maintained at the pressure required for true
simulation of the selectad altitude condition. This pressure resulted in
the nozzle being choked for all survey data presented.

Emissions surveys were made at one, two or three power settings at each
simslated flignt condition. Fower levels incluaed intermediate (maximum
power, nonafterburning), partial afterburning (afterburning zones 1, ¢ and
3) and maximum atrterburning (all tive zones of afterburning); see figure
2{d). Gas sampling surveys were made slightly downstream of the nozzle exijt
plane. For the nominal maximum afterburning condition, the nozzle was near
wide open and the axial distance from the nozzle lip downstream to the sur-
vey plane was b.o ci (2.2 in.). At the partial afterburning power level,
the nozzle area decreased from maximum and the axial distance trom ©ne noz-
zle 1ip to the survey plane was b.4 cm (2.5 in.). At intermediate power the
nozzle was near its minimum area and the distance from nozzle 1ip to survey
plane was 8.8 cm (3.5 in.).

The exhaust nozzle diameter was obtained using the survey rake in con-
Jjunction with two nozzle-mounted air jets. Aft-facing high pressure air
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Jels were motnted on two diametrically opposite divergent nozzle leaves
coinciding with the horizontal survey diameter, Just prior to a gas sample
survey a continuous traverse was made and the position of the .ir jets mark-
ing the nozzle exit diameter were noted as pressure spikes sensed by the
total pressure probe of the ourvey rake. The nozzle exit radius (Rg) for
each condition was obtained from these measurements except that at Mach 0.9
and 13.71 km, Bi11 of Material augmentor, the measured exhaust nozzle diame-
ter was not correct, as the emission probe was not in the exhaust stream for
part of the survey. For this case, Rg was adjusted based on examination

of the data (also see next section).

Surveys were made across the horizontal diameter of the exhaust noz-
zle. Twenty-one data points were recorded for afterburning to delineate the
steep gradients in the emission profile. This resulted in a nominal spacing
of 4.8 ¢m (1.9 in.) for maximum afterburning and 4.3 cm (1.7 in.) for par-
tial afterburning. A twenty-one data point traverse required approxmately
30 min to complete. Eleven data points were recorded for nonafterburning as
the gradients in the emission profiles were less steep. The nominal data
point spacing at intermediate power was 6.6 cm (2.6 in.).

RESULTS AND DISCUSSION
Protile Data

Exhaust profile data are shown in figures 5 to 1i. A complete tabula-
tion ot the experimental data obtained in tnis investigation is included in
appendix A. This appendix also contains the average data (mass weighted and
area integrated). A list of symbols used in this report is presented in
appendix B. CU0, CUy, snd NOy concentrations are given as parts per
milljon by volume (ppmv), and the HC concentrations are given as parts per
million carbon by volume (ppmC). The horizontal axes in the tigures are the
radial distances trom the centerline nondimensionalized by the measured
nozzle exit radius (Rg) for each test. This radius varies with flight
condition and engine power level., Note that at Mach 0.8 and 13,71 km, for
afterburning tests with the Bill of Material augmentor, the mzasured Rg
radii were incorrect and have been adjusted. These data are plotted as
dashed (---) lines in the figures. Data are tabulated in appzndix A "as
measured".

Exhaust total temperature. - The total temperature distribution across
the nozzle at each power level is shown in figure 5. At intermediate power,
Lhe temperature distribution is nearly uniform across the exhaust plane.

For partial afterburning, the temperature profiles show twin regions of high
temperature. The low temperature in the center region is only slightly
greater than toe center value without afterburning, and inaicates that there
was very little combustion in the wake behind the centerbody. For maximum
afterburning, the temperature profile is nearly flat at high temperature
levels, indicating radially uniform combustion. The temperature profiles
were not affected significantly by Mach number, altitude, or augmentor
configuration.

Fuel-air ratio. - The local fuel-air ratio (FAREMISS) calculated from
the gr: sample measurements using the relationship in reference ¥ are shown
in figure o, The similarity of the fuel-air ratio and the temperature pro-
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tiles and the increase in the average temperature with increasing power
level was expected, since increasing the fugl-air ratio should increase the
temperature for all fueleair ratios less than stoichiometric. The local
fuel-air ratio profiles wera siot affected significantly by Mach number,
altitude, or augmentor contiguration,

Carbon monoxide, - The variations of carben monoxide (CO) emissions with
flight conditions for each power level are shoyn in figure 7. Except for
two data points, CO emissions tor intermediate and partial afterburning
power were Jess than 2000 ppmv for all simulated 13- jht conditions.

For maximum afterburning, CU emission profiles are highly nonuniform
for all flight conditions as shown in figures 7(c) to (e). Except Tor the
swirl augmentor at Mach 0.8 and 13,71 km, all maximum afterburning CO emis-
sions exhibited twin peaks of approximately 12 000 ppmv in the fan stream.

A maximum CO concentration of 14 400 ppmv was measured in the fan stream ot
the partial swirl augmentor at Mach 0.8 and 14,71 km. It is apparent in
tigures 9{c) to (e) that there are significant differences between the core
stream levels for the two augmentor types with concentration for the swirl
augmentor consistently less than for the Bill of Material augmentor, but
st111 substantially higher than at intermediate power or partial after-
ourning power. Note that the local fuel=-air vatios were approaching
stoichiometric in the high CO concentration regions, and tie high CQ

Tevels may represent an approacn to equilibrium CU, rather than combustion
inefficiency.

Although the data shown in figure 7 are typical, significant differ-
ences in distribution do occur for different engines, flignt speeds, alti-
tuaes, etc., (e.g., the results reported in ref. L which also had a Bill of
Mateqi?W augmentor had very low CO emissions in the center of the exhaust
nozzle).

Hydrocarbon. - Measured hydrocarbon emissions were neae zero for all
radii %or nonaftterburning conaitions (fig. 8(a)). For the partial swirl
augmentor at partial atterburning, the hydrocarbon emissions were near rero
tor all radii (R/Rg) greater than ~0.v or less than 0.8, whereas for the
Bi11 of Material augmentor, hydrocarbon concentrations up to 3000 ppnC were
measurea in this region. As seen in figure 8(b), hydrocarbon emissions
Tevels were typically higher at outboard radii than in the center for both
augmentors. At maximum afterburning, the hydrocarbon emissions were less
g?a?)louo ppm cJr all simulated flight conditions for both augmentors (fig.

c)).

uxides of nitrogen. - The variations of the oxides of nitrogen (N0y)
emissions with Tlight condition at each power level are shown in figure 9.
For intermediate power at Mach 0.8 and 13.71 km (fig. 9{a)), the peak oxides
of nitrogen emissions were about the same for both augmentors. For the same
power level and simulated t1ight speed, rasults from the engine with the
Bill of Material Augmentor showed that as altitude decreased, NOy emis-
sions incraased.

At Mach 1.2 and 13.71'km and intermediate power (nonafterburning), the
NOy emissions were greater for the test with the 8311 of Material aug-
mentor than for the tast with the partial swirl augmentor (fig. Q(b)g. Note
that this is in contrast to the near equality of NUy levels between the
Bi11 of Material and swirl augmentor test at Mach 0.8 and 13.71 km (fig.




9(a)). At intermediate power the NOx emissions increased with Mach number
at 13.71 km for both augmentors (figs. 9(a) and (b)).

‘ For partial afterburning power, the same trends are observed as at
intermediate power NOy emissions for Mach 0.8 at 13.71 km were approxi-
mately the same for both augmentor configurations (fig. 9(c)), but for Mach
1.2 at 13.71 km, the NOx emissions were greater for the Bill of Material
augmentor than for the partial swirl augmentor (fig., 9(d)). NOy emissions
increased with increased Mach number at 13.71 km at partid] afterburning
power for both augmentors. The measured oxides of nitrogen concentrations
at maximum afterburning are shown in figures 9(e) to (g). At maximum after-
burning, there are regions of NOx deficiency in regions of very high CO.
For example, at maximum afterburning, Mach 1.2 at 13.71 km, Bil1 of Material
augmentor, the CO emissions have twin peaks of high CO concentrations, and
high CO emissions at the center of the exhaust nozzle (fig. 7(e)). The
NOyx emissions for Lhis simulated flight condition are near zero for most
racii (fig. 9(q)). The only maximum afterburning condition for which mea-
sured NOy was consistantly high was with the partial swirl augmentor st
Mach 0.8 and 13.71 km. Note in figure 7(d) that CO levels were less than
3000 ppmv 2t all radii for this condition. The correlation between high CO
and low measured NOy is obvious at the other conditions also, and, in

fact, can be seen in the results of previous investigations, for example,
references 1 and 7. Although in the latter, simultaneous NO and NOy mea-
sgrements were made, an¢ NO was used whenever measured NOy was less than
NO.

These results suggest that the Tow NOx Teveis observed in the tests
reported here are a result of interaction with high CO in the thermal con-
verter. Simultaneous NO measurements were not made in this study, thus pre-
cluding &ny further examination or conclusions regarding the source of the
NOx deficiency using the present resuits. With the possible exception of
the NOy concentrations at Mach 0.8 and 13.71 km, we do not believe that
the NOy levels reported here for maximum afterburning are representative
of actual concentratiens in the exhaust.

Carbon dioxide. - The variations of carbon dioxide with flight condi-
tions at each power level are shown in figure 10. The CO2 emission pro-
files are similar, as expected, to the fuel-air ratio profiles (fig. 6) and
showed 1ittle variations with Mach number, altitude, or augmentor configura-
tion. The COp emission profiles are raaially uniform at intermediate
power; however, at partial afterburning, the COy profiles have twin
regions of high emissions. The COp emission profiles for maximum after-
burning are also radially uniform.

Exhaust total pressure, - The total exhaust pressure profiles are shown
in figure TT. At intermediate power, the measured exhaust total pressure,
Ptg, was greater for the partial swirl augmentor; however, for partial and
maximum afterburning power, the Bill of Material augmentor had a higher
exhaust total pressure.

Correlation with Local Fuel-Air Ratio

As discussed previously, the measured values of CO, NOy, HC, anc
COp, at each radial location were used to calculate emission based fuel-
air ratios (FAREMISS; see fig. 6). The mass and area weighted average
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FAREMISS values are consistently lower than the metered fuel-air ratios
(FAABT) as seen in figure 12.

Figures 13 to 16 show the emissions data plotted against the local
fuel-air ratio for all flight conditions and power levels tested. Carbon
monoxide (fig. 13) was low for Tocal fuel-air ratios (FAREMISS) less than
0.%5. but increased sharply for most local fuel-air ratios greater than this

Carbon dioxide emissions increased linearly with increasea values of
Jocal fuel-air ratios (fig., l4) except for deviaticas at high overall after-
burner fuel-air ratios (F/A) in regions of high carbon monoxide.

Hydrocarbons were essentially zern for all intermediate power (non-
afterburning) conditions and showed consideranle scatter in afterburning
(fig. 1b). No correlation between the hydrocarbon emission and local fuel-
air ratio (FAREMISS) is appavent.

The oxides of nitrogen (NO4) emissions increased 1inearly with
FAREMISS at intermediate power conditions (fig. 16). However, this increase
in fuel-air ratio was not observed in afterburning, suggesting that very
little, if any, additional NOx is produced in the augmentor. The low
NUy concentrations at the higher fuel-air ratios are data for the NOy
deficient regions in the protiles at maximum afterburning.

The combustion efficiencies calculated from gas sample data with and
without afterpurning are shown in table 11, The local concentration data
(CO, COy, HC, and NOx) were mass weignted and area integrated to obtain
average concentrations. These average concentrations were used to calculate
combustion efficiencies. For tne test conditions reported the efficiencies
Jid not vary with changes in sinulated flight conditions.

CUNCLUDING REMARKS

baseous emissions were measured at simulated flight conditions for an
F100(2) afterburning two-spool turbofan engine. For each flight condition,
detailed concentration profile measurements were made for one, two or three
engine power levels from intermediate (nonafterburning) through maximum
afterburning. These measurements were made on the horizontal diameter at
the engine exhaust nozzle exit using a single-point traversing sample
prove. The data showed that emissions vary with flight speed, altitude,
power level, and radial position across the nozzle. The principal results
af this investigation are as follows;

L. Total temperature, fuel-air ratio, and CO, emissions showed 1ittle
variations with Mach number, altitudes, or augmentor configuration.

2. The hydrocarbon emissions were near zero for most of the simulatad
flignt conditions.

3. Carbon monoxide emissions were low for intermediate and partial
afterburning power but increased sharply at maximum afterburning.

4, There were significant differences between the core stream CU emis-
sion levels Ffor the two augmentors, with the core stream CO concentrations
consistently pigner tor the 8i11 of material augmentor

5. AL Mach 0.8 and 13.71 km, oxides of nitrogen emissions were nearly
the same tor both augmentors at both intermediate and partial afterburning
power, but at Macn 1,2 and 13.71 km, N0y emissions were less with the
partial swirl augmenter than for the Bill of Material auagmentor for both
intermeaiate and pi2tial atterburning power.
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6. The NO, emissions increased with Mach numier for hath augmentors
for intermediate and partial afterburning power at 13.71 km.

7. At maximum afterburning, there were regions of NOy deficiency in
regions of very high CO for both augmentor configurations,

8. While there were differences between the Bill of Material (flame
holder type) augmentor and the partial swirl augmentor with respect to emis-
sions, these differences were not considered significant.



APPENDLX A - LOMPLETE TABULATION OF EXPERIMENTAL DATA

Tne engine inlet conditions and the exhaust profile data for all flight
conditions and power levels are given in tables A-l to A-VI in this appendix.



TABLE A=l, - ENGINE INLET TEST CONGITIONS AND EXHAUST

PROFILE DATA FOR CONDITION 1
[Mach 0.8 at 10,97 km (36 000 ft); maximum afterburning

power; engine inlet temperature, To = 244 K; engine
Pty = 3,49 N/cme; metered fuel-atr
ratio TAABT = 0.063; exhaust nozzle radius Rg = AR,11 cm;
partial swirl augmentor.]

inlet pressure

COPPM

R/Rg CO,PPM  |HCPPM [NO,PPM | FAREMISS | TTg, | Ptg,
K |N/ew”

~1,00 333 | 16 403 4 14 0.0082 | 561 | 3.05
0.895 | 1004 | 46 759 | 72 40 ,0238 [ 1401 | 8,32
-,794 | 2 397 |103 960 9 | 120 .0548 |1940 | 8.90
695 |11 864 | 90 007 | 257 4 ,0528 11932 | 8.83
-.598 | 6476 |101 450 | 13 1 .0568 |1914 | 8.53
,601 | 1 870 |106 200 0 1 L0557 | 1921 | 8.24
-.401 | 1 642 |1n6 540 0 | 221 ,0857 {1943 | 8.15
305 | 2 379 71i%6 B8O 0 | 23 ,0564 | 1956 | 8,03
- 213 | 3036 |106 400 0 | 206 0565 [1961 | 7.86
115 11 525 1106 560 o | 204 L0667 11980 | 7,80
0.0 582 | 96 016 0 | 202 0495 [1928 | 7.12
106 697 |102 630 0 | 209 .0531 | 1968 | 7.98
201 | 2 124 | 106 760 0 | 224 0562 [1972 | 8.07
.302 | 1 625|107 020 0 | 228 L0560 |1959 | 8,05
.398 | 1 554 |106 860 0 | 229 0559 {1953 | 8.21
L496 | 3438|105 790 0 | 221 0564 | 1947 | 8.53
590 | 8607 | 97 896 | 11 26 L0651 |1936 | 6.82
.687 |12 107 | 89 105 | 148 1 0524 | 1927 | 8,92
,785 |12 532 | 87 629 | 199 1 0518 | 1948 | 8.83
.907 650 | 87 351 0 78 ,0449 [ 1742 | 8,21
1.00 785 | 38 378 3 33 ,0194 | 845 | 6.53
Average | 4 560 |86 198 58 80 ! 0.0396 |=mm= fummm-
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ThiaE A=11, = ENGINE INLET CONDITIONS AND EXHAUST

PROFILE OATA FOR CONDITION 2
[Mach 0.8 at 10.97 km (36 000 ft).]

(a) Intermediate (nonafterburning) power; engine inlet
tamperature T2 = 245 K; engine inlet pressure _
Pty = 3,37 = Njcme; metered fuel-3ir ratio FAABT = 0,012;
exhaust nozzle radius

Rg = 28,89 cm; Bill of Material

augnentor.
RIRG CoPPM COZPPM HCPPM NOxPPM FAREMISS TTB, PtB,
» ‘ K | Nl
-1.00 bl 9 934 3 40 0.0048 4931 8.65
0.801 327 1 17 991 3 67 0090 613 9.73
~:603 824 | 33 223 2 140 0168 7851 10,43
400 923 | 38 127 2 165 0194 8471 10.60
~,195 21 1 37 283 2 165 ,0185 849 10.57
- 005 14 | 37 152 2 165 .0184 844 8.43
201 15 1 37 861 2 165 0188 862 | 10,55
409 1581 37 394 2 147 0184 Ra0 | 10.52
599 21 | 33 480 2 162 0166 7821 10,44
810 51 27 537 2 128 0136 6691 9.97
1.00 9| 17 220 3 74 .0084 65631 18.16
Average 244 | 26 480 2 115 0.0120 | wrwm | mmserem
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(b) Maximum afterburning power; engine inlet tempepature

TABLE A=11. = Concluded.

T, = 245; engine inlet pressure Pty = 3,43 N/¢
fuel-afr ratic FAABT » 0.06)1; exhaust nozzle radius
Rg = 44.25 cmy Bi11 of Material augmentor,

s metered

RIR8 COPPM COZPPM HCPPM NOxPPM FAREMISS | T TB’ PtB,
K Nlcn?

~1,038 999 | 35 183 | 508 32 0.0182 539 | 6.7
-0,928 347 | 83 526 12 81 0427 965 | 8,70
-,838 8 686 | 95 492 41 53 ,0638 | 1053 | 9.27
738 (11 407 | 89 441 | 124 12 .0521 11038 9.42
-, 632 9 677 | 93 950 37 12 L0536 | 1034 | 9,29
537 5 432 | 101 5% 11l 12 ,0663 | 102561 9.04
=, 424 1 452 | 104 600 ] 12 0546 | 1025 | 8.89
-+ 332 4 944 1102 390 9 34 .0564 11030 | 8.79
-, 223 8 962 | 95 143 11 12 .0538 | 1034 | 8.§0
=129 6 984 | 99 201 9 12 0549 | 10481 9,42
-, 035 4 950 | 102 320 8 11 0554 {1058 | 8.95
. 062 6 395 | 100 220 9 11 0551 {1048 | 9.4l
A75 7 447 | 98 186 10 11 .0546 | 1037 | 8.83
265 3 U4 1103 050 8 il 0550 | 1030 | 6.85

. 368 568 | 97 493 8 200 ,0603 | 1000 8.96
Wa7¢ 670 | 98 311 8 212 . 0508 995 | 9,03
569 2 366 |103 460 9 224 .0545 11021 | 9.14
671 7 772 | 97 687 11 35 0545 | 1041 6.84
I 8 466 | 9¢ 321 12 12 .0541 11043 | 7.59
867 889 | 88 670 8 110 ,0457 9471 7.37
1.038 423 1 22 764 12 31 0114 3691 1.91
Average | 4 551 | 89 700 31 64 0811 | e | e
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TABLE A-111. - ENGINE INLET CONDITIONS AND EXHAUST

temperature Tg

PROFILE DATA FOR CONDITION 3
[Mach 0.8 at 13.71 km (45 000 ft).]

(a) Intermediate (nonafterburning) power; engine inlet

= 242 K; engine inlet pressure

Pty = 2.22 N/cme; metered fuel-air ratio FAABT = 0,013;
xhaust nozzle radius Ry = 30.65 cm; partial swirl

augmentor. |

R/R8 COPPM COZPPV HCPPM NOXPPM FAREMISS TTs, Pt8,
K N/cn@

-0,998 118 | 21 728 23 73 0.0107 648 | 12.01
-,816 111 1 27 6l6 16 85 +0137 742 1 13.08
-.622 100 | 31 968 13 108 0158 8041 13.80
w813 1151 34 973 12 131 .0174 8331 16.96
-, 206 118 | 36 947 13 144 ,0184 851 ] 13.04
0.0 118 | 37 148 10 145 .0185 8551 13,53
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(b) Partial afterburning power;

TABLE A=]]], = Continuad,

engine inlet temperature

862

103

i = 240 Ky engine inlet pressure Pty = 2,19 N/cn?; metered
fuel=air ralio FAAST = 0.033; exhaust nozzle radius
Ry = 38,35 cmy partial swirl augnentor.,
$1v] ) Y A . J
R/R8 COPPN COZIIM HECPPM NOXMPM FAREM]SS TTé. Pta,
KN Nlcmﬁ
~0,997 72 (20 314 g4 18 0.0104 659 [14.59
4907 1316 | 30 397 | 3112 8 Q1723 11069 | 8,69
=805 | 1 %40 | 81 808 |1110 5Y 0273 11348 | 7,903
711 1169 | 62 714 | 344 5 0323 11498 | 7.46
=,H94 8 | 66 172 | 66 117 0388 11474 | 2.79
506 608 1 62 1572 3% | 166 0316 1371 | 6.90
=, 400 49 | 57 383 | 32 164 0290 [ 1287 | 7.06
244 A1 | 83 11| 36 | 1g4 0268 [ 1178 | 6.54
- 194 304 1472 524 1 37 | 159 0239 (1083 | 4,86
101 178 1 40 281 ] 26 | 146 0201 999 | 5.88
«, 008 140 | 37 905 | 28 [ 143 0189 943 | 5,10
100 139 1383001 20 | 139 L0191 977 | 5.04
<404 d¢d 1 43 543 8 144 0218 [1081 | 6.41
297 329 1 49 081 | 31 153 0246 | 1167 | 5.3%
408 437 | 55 815 | 29 162 0282 (1273 | 5.01
509 487 | 89 977 | 26 | 168 0304 11373 | 4.95
602 567 | 67 010 | 14 169 0341 11487 | 4,38
wYs 607 | 74 384 Y | 165 0380 | 1582 | 6.55
812 774 | 70 906 17 94 0362 [ 1492 | 7,31
880 L 559 [ 47 929 | 1000 40 0253 11199 | 5.74
997 11041 | 24 865 {1995 20 0138 | 721 | 8.38
Average b2 4724 | 646 0.0240 | ween [wvunnm




Vs AR VTR e el LD TR S e R

(¢) Maximum afterburning power; engine inlet temperature

TABLE A=111. = Concluded.

T, = 245 K; engine inlet pressure Pty = 2,20 N/cnl; motered
fuel-air FAABT « 0.058; exhaust nozzle radius

Ry = 39,16 cm; partial swirl augmentor.

RIR8 CoPPM COEPPM HCPPM NOXPPM FAREMISS TTé, Pta,
K Nlcuf
~1.0 5771 28 831 | 390 21 0.0147 961 | 3.05
0,909 779 | 62 550 24 56 .0319 11543 | 3.86
-:799 1041 | 96 795 9 113 0502 11847 | 1.39
702 2 1391103 730 4 165 .0546 11895 | 3.45
-.615 1 503 |102 660 3 195 .0836 11867 | 3.82
-.500 1197 1100 900 3 205 0525 | 1846 | 4.91
~.399 | 1 335 102 840 3 208 0536 | 1865 | 5.83
313 | 1 884 {104 660 2 207 0549 | 1888 | 5.91
-.2156 | 2 739 | 104 600 q 202 0554 11904 | 8.25
w111 3 166 | 104 600 3 196 +0556 11920} 7.63
-.013 1 952 | 104 620 0 192 .0549 11932 | 6.60
073 14851 95 982 0 190 .0500 1881} 5,93
197 1411 | 100 550 0 187 .0524 11929 | 8.17
282 | 3 464 1104 330 0 193 0556 11925 7.46
.400 | 1 997 {104 340 0 | 195 .0548 1895 | 9.0l
496 1 623 | 103 470 1 197 0541 | 1879 | 8.85
584 1 652 1103 770 0 199 .0543 | 1876 | 8.67
699 | 2 237|104 820 0 200 0552 | 1884 | 8,94
793 4 013 1103 810 0 198 .0557 11904 | 8.80
885 4 677 [ 102 850 0 170 0556 11927 | 8.05
1.0 1 836 | 102 970 0 138 .0540 | 1928 | 8.86
Average| 2 113 93 650 i 11 161 0,0416 | mmmm | momem
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TABLE A-1V. ~ ENGINE INLET CONDITIONS AND EXHAUST

PROFILE DATA FOR CONDITION 4

(a) Intermediate (nonafterburning) power; engine inlet
temperature Ty = 243 K; engine inlet pressure
Pty = 2,32 Njcme; metered fuel-air ratjo FAABT = 0.013;
exhaust nozzle radius

Rg = 29.06 cmy Bil) of Material

augmentor.
R/R8 COPPM COZPPM HCPPM NOXPPM FAREMISS TTS, Pte:
K N/cm‘
-1.002 155 10 617 14 37 0.0052 4941 6.62
+0.794 2 255 | 20 246 13 67 ,0111 6291 7.07
~.600 4 321 | 34 876 11 129 .0195 7831 .30
~.403 186 | 38 001 11 144 0189 826 7.32
-, 186 187 | 36 924 10 138 0184 8241 7.13
0.0 186 | 36 649 10 138 ,0182 817 ]| 5.87
+199 187 ) 37 561 5 140 .0187 826 7.18
.398 . 187 36 731 9 138 .0183 8121 7,15
.608 189 | 31 529 9 132 ,0157 744 1 7.10
811 190 | 24 899 9 96 .0123 620 | 6.83
1.002 193] 13 821 11 51 . 0068 502 | 10,44
Average 954 | 26 179 10 97 0.0122 | —rem | =mmm
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TABLE A-1V, Continued.

(b) Partial afterburning power; engine iplet temperature To w 244 K
engine inlet pressure Pto = 2,22 N/eme; metered fuel-air ratio
FARBT = 0,033; exhaust nozz]a~radiu§ Rg = 45,48 cmy calculated
(adjusted) exhaust nozzle radius R{ = 38,77 cmi Bi1) of
Material augmentor.

ook X
RIR.‘3 RIRQ COPPM COEPPM HEPPM NOXPPM FAREMISS TT8‘ PtB,

K Nlcnp

~0,999 |« wmwa 201 889 8 10 0. 0005 301 | 5.96
W00 | msemmmem 202 948 8 10 . 0005 3021 6.15
~ 804 | wamon 199 8064 9 10 . 0008 302 | 6.79
706 | ~1.000 244 1 12 032 16 16 . 0060 560 116.58

=606 | ~.88) 796 | 23 612 | 4331 23 0142 995 110,27
508 -.768 | 1647 | 50 808 | 1677 49 0271 | 1339 112,19
-, 404 -, 646 771 1 74 410 8 [ 133 0381 {1523 |11.67

29 | -.520 284 | 60 9721 40 | 160 .0308 {1287 111,10
~,195 «, 402 107 | 51 822 | 67 | 157 0258 | 1083 110.58
102 -.292 48 | 43 912} 288 | 145 0220 | 949 110.75

.002 =171 20 | 39 171 [ 1620 ¢ 139 0202 876 [10.27
103 ~-.062 11 | 38 2672294 | 136 0202 | 859 | 9.46

a0 | 088 | 186 | 37 9381303 | 136 .0196 | 856 | 8.69
300 | .18l 34 | 40 0781089 | 138 .0205 | 880 | B.72
A0z | weeo | a7y | a7 6le | 1351 | lad .0246 | 985 | 8.58
495 | .408 | 676 | 58 703| 535 | 155 ,0301 {1130 | 8,02
504 | 524 | 709 | 69 259 | 65 | 171 .0353 | 1314 | 7.75
202 | .650 | B9a | 7930a| 20 | 172 .0406 | 1485 | 7.24
7% | .62 | 774 | 79440 27 | 139 16407 | 1460 | 6.94
001 | .884 | 953 | 59 667| 260 | 77 .0306 | 1199 | 6,68
099 | 1.06 450 | 29 476 | 467 | 36 L0150 | 766 | 9.19

Average | —weam | 544 | AL 311| 506 | 86 | 0.0189 | =wm- | momem :

*Caleulated (adjusted) data.
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TABLE A-1V. Concluded,

(c) Maximum afterburning power; engine inlet temperature T, = 245 K;
engine inlet pressure Pty = 2,16 N/emé; metered fuel-air ratio
FAABT » 0,059; exhaust nozzle radiu R% = 48,76 cmy calculated
(adjusted) exhaust nozzle radius R§ = 43,22 cm; BiN of
Material augmentor,

Ly )
RIRB RIRB CoPPM COapPM HCPPM NOXPPM FAREM1SS TTB, Pta,
K Nlcn?
«1.007 | wiremmw 195 828 93 11 0.0005 297 1 7.01
‘01902 T ol T o lga 2 462 62 11 00013 349 6069
-.807 |~-1,000 | 1478 | 35 099 | 939 206 L0186 | 1002 | 9.00
707 | -0.890 | 1 441 | 60 827 36 66 .0418 | 1672 | 9.86
-, 606 -.779 | 4 904 {100 710 13 131 0645 | 1827 ]110.3%
505 -.668 | 7 1911 97 648 15 132 0541 | 1796 | 10.42
=~ 403 -.586 | 3 883 }101 22) 8 187 .0542 | 1751 {10.33
-+ 305 -.447 1 4 560 {101 040 8 181 054y | 1758 | 9.99
-, 207 -.339 | 9 806 | 92 046 | 104 72 0526 | 1753 | 9.61
4106 ~,220 |12 881 | 83 374 | 369 12 01798 | 1739 [10,53
0,00 | ~.116 {10 180 | 91 206 | 46 | 11 46524 | 1774 | 10.40
093 008 | 7 781 | 96 604 7 10 0539 | 1804 | 10,52
197 JA07 | 9 685 | 92 629 8 10 .0528 | 1774 110,92
297 2171 9 1411 93 564 15 10 .0630 | 1764 | 10.70
. 400 330 | 1 914 | 99 147 5 157 L0619 | 1745 111.40
,601 4421 1087 | 92 838 5 182 .0480 | 1702 | 10.99
594 DH44 | 1 316 | 95 901 4 194 0498 | 1737 110.84
697 058 | 2 768 | 102 400 4 196 0642 | 1796 }10.29
808 J77 1 1 870 | 99 896 4 164 0623 | 1788 110,38
845 87271 1030 | 72 963 6 87 0374 | 1492 | 8.66
1.007 1.000 284 | 16 922 13 24 0084 649 110,79
Average | me-=--| 2 7801 72 450 74 99 0,0331 | =mew | mommm

*Ca]chlated (adjusted) data.
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TABLE A=V, = ENGINE INLET CONDITIONS AND EXHAUST
PROFILE DATA FOR CONDITION &
[Mi\gh 1.2 at 13,71 km (45 000 ft)o]

(a) Intermediate (nonafterburning) poweri engine inlet

tempe\ature Tg

» 278 K} engine inlet pressure

Pty = 3.51 Njomé; metered fuel-air ratio FAABT = 0. 013;
exhaust nozzle radius Ry = 30.7s coy partial swirl
augmentov

R/Ry | COPPM | CO,PPM | HCPPM |NO,PPM | FAREMISS Tige | Ptgs
K | N/en'

-1,013 262 | 19 481 6§ 9 0.0097 | 572 | 7.34
0,799 2411 28 102 51 140 » 0140 730 { 8.36
-.593 306 | 34 73) 5| 177 0173 | 802} 8,77
391 282 | 37 641 4119 0188 | 845 | 9.27
=220 262 | 38 807 1119 .0194 867 { B.80
0196 34| 38431 2 | 186 J0192 | 864 | 5.85
1956 268 | 39 Q0% 1189 0195 866 | 9.10
3972 326 ] 37 626 11 181 0188 | 837 9.38
596 348 | 33 377 1| 157 0167 781 | 8,74
.802 307 | 24 391 01 43 L0121 | o666 8,26
1.0137 356 | 12 5068 1 A8 ,0063 439 | 7.33
Average 273 ( 28 302 2| 122 0,0128 [ mmwe | moremm
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TABLE A-~V, Continued,

{b) Partial afterburning power; engine inlet temperature
T, = 278 K; engine inlet pressure Pty = 3.47 Njcn?y
metered fuel-air ratio FAABT = 0.036; exhaust nozzle radius
Rg = 40.29 cm; partial swirl augmentor.

RIRB coPPM coapPM HCPPM NOXPPM FAREMISS TTB, Pta,
K Nlcmd

-1.00 201 | 27 003 | 279 17 0.0135 833 | 10.69
+.889 589 | 51 259 | 168 35 ,0260 112991 7.50
-, 785 387 | 72 769 12 107 .0370 11657 | 8.06
69 382 1 74 099 5 168 0377 11573 8.23
-,.598 277 | 66 565 5 192 0337 11447 | 8,17
- 487 140 | 60 395 6 194 ,0304 13321 8.18
-, 398 90 | 57 238 7 192 ,0287 [ 1265 | 8.03
287 18 | 52 686 8 191 J0263 | 1173 7.85
-.198 184 | 46 760 8 184 0234 11090 | 7.48
.087 195 | 39 435 2 172 ,0197 981 | 5.9%
0 202 | 38 295 3 168 0191 931 | 2.57
119 1956 | 39 778 2 171 0198 | 1001 ) 6.62
.204 186 | 45 141 7 181 L0226 (1082 ) 7.18
. 2581 111 82 038 8 188 L0260 [ 1190 7.28
410 70 { 67 274 7 192 0287 {1275 | 7.4b
513 128 | 61 802 6 193 L0311 | 13671 7.65
,609 230 ' 69 718 2 191 0353 | 1499 | 7.7]
.692 302 | 80 607 1 176 L0411 11642 | 7.86
810 236 | 83 628 1 108 0426 11599} 7.78
895 881 | 57 210 | 115 34 L0290 11274 ) 7.16
1.00 366 { 28 396 { 689 11 01445 G697 1 5.48
Average 301 ! 60 002 53 129 0,0267 | wwwm | wommm
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TABLE A-V. Concluded,

(c) Maximum afterburning power; engine inlet temperature
Ty = 276 Ki engine inlet pressure Pty » 3.55 Njcné;
metered fuel-air ratio FAABT = 0.066; exhaust nnzzle radius

*

. Ry = 46.99 cm; partial swirl augmentor,
RIRg | COPPM | CO,PPM | HCPPH | NO PP | FAREMISS [ TTg, | Pty
| K| Nrcn?
~1,00 814 | 37 907 | 156 | 18 | 0.0093 |1176] 5.88

0,920 750 | 89 799 | 156 68 0462 | 1826 7.26
~,801 |14 402 | 79 679 |1465 3 0493 118821 7.32
706 113 085 ) 84 980 | 964 1 05)2 118451 7.19
-,610 | 6 579 |101 210 1 0567 1871 | 7.38
620 | 4073 1104 510 1 0561 11898 7.30

1 0557 11980

1

1

]

-421 | 6 145 ] 1CL 690 .
.300 | 7 3381 99 415 0552 | 1867
-.205 | 6 442 |101 110 .0556 | 1868
2110 | 1 732 1103 320 0541 | 1844
0192 838 | 92 974 184 0480 | 1801

101 137 1104 260

2 200 .0548 11872
+195 g 539 | 100 940
4

181 0556 | 1878
0659 | 1875

0560 | 1881
0563 11870

.284 | 5551 1102 640 1

389 814 | 103 54C 1

477 | 7 029 |100 000 1

.597 |11 501 | 90 377 1 ,0527 | 1852

693 |13 624 [ 82 845 | 401 1 .0500 | 1854

.788 |13 377 | 83 993 | 334 i ,0504 | 1889
30

— NS
LOWWwWI B DD
- - - - - - - - - -

CIW OO NN DD IO DWON

PN D~ I NN SO & P e O

—
—
gled

-

- .

887 912 | 95 476 3 0494 11818
. 983 984 | 46 o4 | 47 Q235 | 1018

average | 6716 | 88 602 | 237 | 24 | 0,0017 |eemm | oeeme

e A 2 T
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TABLE A-Vl, - ENGINE INLET CONDITIONS AND EXHAUST

axhaust nozzle radius Rg » 31.93 cm; Bill of Material

PROFILE DATA FOR CONDITION 6
[Mach 1.2 at 13,71 km (45 000 ft).]
(a) Intermediate (nonafterburning) power; engine inlet

temperature T « 278 K; engine inlet pressure
Pty = 3,55 N/cm?; metered fuel-air ratio FAABT = 0,013;

augmentor,
RIR8 COPPM COZPPM HCPPM NOkaM FAREMISS TTB‘ Pta,
’ K Nlan
~1.00 219 4 843 2 33 0.0024 479 | 8.25
0,811 222 | 12949 1| 76 .0064 | 570 7.92
-.607 200 | 31 051 1 128 0154 766 | 8.47
403 211 | 39 677 0 | 260 .0198 | 849 9.62
-, 205 223 | 38 597 0 | 248 0192 | 8491 9.69
0.0 210 | 38 267 3 244 .0191 8481 6.35
o5 | 211 | 3wess| 3 | 2as | ou96 | ssl| 9.60
3% 228 { 39 469 3 246 .0197 8521 9.58
.595 240 | 35 779 3 234 0178 794 | 8.59
798 226 | 28 425 3 181 0141 677 | 8.30
. 995 247 | 15 109 3 87 +0075 536 | 12.26
Average 208 | 25 835 2 164 0.0117 | wamm | msmiem
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TABLE A-V]. Continued.

(k) Partial afterburning power; engine inlet temperature
Ty = 278 K; engine inlet pressure Pl = 3,48 N/cne;
metered fuel-air ratio FAABT = 0.033; exhaust nozzle radius
Rg = 39.2 cmy Bill of Material augmentor,

kIRB COPPM COZPPM HCPPM NOXPPM FARENMISS TTB' thf
K| New

-1,02] 526 | 20 069 |2097 | 21 | 0.0116 | 912
0,934 993 | 34 928 2092 | 33 10103 | 1226
-85 | an|e3ae| 15 | w8l 0376 | 1382

-

732 a15{ 78 657 | 21 | 205 0401 | 1617 .
-.0631 269 | 65 6781 13 | 252 0332 | 1394 '
+H18 107 | 53 644 | 20 260 .0269 | 1164 '
-.429 67 | 48 120 | 32 2h4 +0240 | 1051 '
328 63| 44 016 | 108 | 240 0220 | 971 .
~.829 129 | 42 467 | 323 | 230 0213 941 .
130 166 | 42 355 | 580 226 0214 | 941
~,031 1181 41 241 [ 497 | 225 0218 | 908

072 9% | 419961 393 | 230 0211 | 927 .

171 126 ) 46 1971 183 | 239 0232 | 976
270 165 | 53 799 | 48 | 254 0270 | 1068
+370 165 | 61 4781 10 | 269 0310 11194
478 213 | 68 089 5 1 277 .0344 | 1332
575 252 | 75 6651 10 | 280 0384 | 1474
673 3131 865681 10 | 276 »0443 | 1620

- .

IS NI O DN PO I PO LS N IS T\ e s v AD e 3 O
IO PO D W I G D DA IS v OIS~ =

-

-

NN BO DI I~~~

774 395 ¢+ 83 758 | 16 202 0428 | 1541 .
W71 6165 | 0z 420 | 102 113 0317 | 1259 '
1,020 282 | ¢" b2z | 347 42 0129 | 62l '

Average 406 { 58 804 | 467 182 0.0264 | wmmm | cowem

23




TABLE A=Vl. Concluded.

(¢c) Maximum afterburning power; engine fnlet temperature
Ty = 277 K; engine inlet pressure Pty = 3.50 N/eme;
metered fuel-air ratio FAABY = 0,064} exhaust nozzle radius
Rg = 46,4 cm; Bi11 of Materini augmentor.

R/R8 coPPM COZPPM HCPPM NOXPPM FAREMISS TTh, Pts,
R N/cm

-1.044 | 1052 36 671 ] 205 | 29 0,0188 | 900 | 7.48
-0,907 | 1208} 99624 11 | 106 0518 | 1831 | 7.59
~,836 | 12 595 | 86 846 | 470 10 0516 | 1862 | 7.93

nnnnnnn - - - g o e L Y ]

~.634 | 13 535 | 83 033 | 81l 8 0503 {1814 | 8.13

3 -y

.- - - LY L T o ot a |

423 | 6372|101 40| 15 8 [0556 11837 | 7.75
347 | 10 406 | 92 794 | 109 8 |0534 | 1836 | 7.64

- e Db atedem | e wn | .

135 | 10879 | 91 045 | 31 8 0527 11836 | 6.15

uuuuuuu - - o v b

069 | 10180 | 928a7] 37 | 8 0532 | 1805 | 6,11

P e i e W - Iy f

269 | 9076 | s a22| 35| 8 0546 | 1787 | 7.53
506 | 3309|105 170 12 8 .0560 | 1817 | 7.95
1608 | 10 381 | 92 924 | 79 9 0534 | 1833 | 8.07
766 | 12 768 | 85 583 | 147 9 ,0508 | 1853 | 7.89

1904 05| 77577 12 | 106 .0397 | 1595 | 7,31
1,044 | 1093 34 978 | 335 | 44 0180 | 718 | 2.43
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LUPPM
(U2PPM
FIA

ARBT

F AREMISS
HCPPM
NOxPPM
Pty

Pty
R

APPENDIX B
SYMBOLS

Carbon monoxide concentration, ppmv
Carbon dioxide concentration, ppmv
Overall afterburner fuel air-rativ
Meterad fuel-air ratio

Fuel-air ratio calculated from gas samples
Hydrocarbon concentration, rpmC

Oxides of nitrogen concentrguon, ppmv
Engine inlet pressure, N/cne

Exhaust total pressure, N/cmé

Radius, cm

Exnaust nozzle radius, cmn

Engine inlet temperature, K

Exhaust total temperature, K
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