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ORIGINAL PADS IS
OF POOR QUALITY

SUMMA►1Y

Carbon monoxide (CO), total oxides of nitrogen (NUx), unburned hydro-
carbons (HC), and caroon dioxide (GO ? ) emissions from an FIUU(e) after-
burning two-spool turbotdri engine at simulated flight conditions are
reported herein. Tests were run for two augmentor configurations - Bill of
Material, a flame holder design, and partial swirl, Hame, holder for fan
ouct air and swirled flow for core air. Emission tests were run at Mach 0.8
at altitudes of 10I0 and 13.71 km (36 UUO and 4b UUO ft ) j and at Mach 1.2
at 13.71 km (45 OVJ ft). For each flight condition, emission measurements
were made for one, two, or three power levels from intermediate power (non-
afterburning', 1 hrjugh maximum afterOurning. Emission measurements were made
using a single point gas sample prO- ,̂, traversed across the horizontal diame-
ter of the exhaust nozzle.

The data showed that emissions vary with flight speed, altitude, power
level, and radial position acros s 'th e nozzle. Carbon monoxiae emissions
were low for intermediate power and partial afterburning, but increased
sharply at maximum afterburning power.At maximum afterburning, there were
regions of N 	 deficiency in regions 

of high 
CO for both augmentor con-

Figurations. 	 hydrocarbon emissions were low for most of the simu-
f ated fl ight  con d itioils. Emissions of CO,, were proportional to local
fuel-air ratio for all conditions.

INTROUUCTION

Testing of an
	

afterburning tWO -SPOUI turbofan engine was con-
klucted in an altitude facility to determine the oxides of nitrogen, unburned
hydrocarbon, carbon monoxide, and carbon aioxide emissions at simulated
Hight conditions. Tests were run for two augmentor configurations, 13ill of
Material and partial swirl. For both configurations, emission tests were
PUll at MaCh U.8 at altitudes of W.97 and 13.71 km (36 000 and 46 000 ft),
and at Mach I.a at 13.71 kill (4b UUO ft). For each simulated flight condi-
tion, emission measurements were mane for one, two, or three power levels
from intermediate power (nonafterburning) through maximum afterburning.

emission measurements from aircraft turbine engines, and 
in 

particular
afterburning angines t at nigh-altitude supersonic flight conditions are
neeaea to answer questions about the environmental impact of high perfor-
mance aircraft. Uther ex:iaust emissions Surveys previously reported on
afterourninq turbojet and turbotan engines can be hound in references I to

This investigation was conducted in the Propulsion Systoms Laboratory
at the NASA Lewis Research Center. The purpose of this study was to measure
and compare the extiaust emissions from a 011 of Material (flame-holder-
type) augmentor 

and 
a partial swirl (flame nolder for fan ouct air and swirl

flow for core air) augmentor. The results of 
an 

exhaust emission survey of
an P100(1), Bill of Materidl augmentor, were reported in reference 1. As
stated, this survey was matte with 

an 
FlUU(e) engine. The F1UU(e_) engine had

increased cooling flow to the turbine, tailored spray rings, and an extended
exit splitter	 Tne simulated flight conditions in these, surveys were not
identical; there ore, the results are not directly comparable.
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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 P100 is a 11.1-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 fixed 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
in figure 2(d). A more ,omplete 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
exhaust pressure level 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 mechanism was capable of translating the probe
X60 cm horizontally and *20 cm vertically from the engine centerline.
A photograph and a schematic of the sensor area of the probe are shown in
figures 3(a) 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.) forward of the probe
support. The gas sample line was water-cooled for a distance of 8 cm
(3.2 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 thermocouples 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 prone.

A schematic of the gas analysis system is shown in figure 4(a).
Approximately 10 m of 0.95-cm stainless-steel line 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 sample pressure (17 N/cm2 ) to operate the analytical
instruments. The g as sample line residence time was less than 2 sec for all
test conditions.
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QAS ANALYSIS INSTRUMENTATION

Four commercially available instruments, along with associatia periph-
eral equipment necessary for sample conditioning and instrument calibration
comprised the exhaust-gas analysis system (fig. 

I 
4(b)).

The hydrocarbon (HC) content .)f the exhaust gas was measured on a wet
basis., using P Beckman Instruments Model 4U2 Hydrocarbon Analyzer. This
instrument is of the flame ionization detector type. loth carbon monoxide
(W) and carbon, dioxide (CO2) were measured dry, using analyzers of the
oondispersive infrared (NUIR) type. These instruments were Beckman Instru-
ment,s Model 31bB. The concentration of the oxides of nitrogen (NU X ) was
measured 

on 
a dry basis using a Thermo Electron Corporation Model 10A

Cnemiluminescence Analyzer. This instrument includes a stainless steel
thermal converter to reduce nitrogen dioxide (NO? ) to nitric oxide (NO).
Exhaust gas constituents which were measured on a dry basis

	
CO?, anti

NOX ) were corrected for inlet air humidity and water vapor 
*(CO,
rom coill6us-

lion, 
and 

are reported herein 
on 

a wet basis.
The exhaust emission data measured ay the analytical instruments were

recorded and p ...,, ; cessed by an online facility  computer - This computer was
also used to control the traverse of the gas sample probe and to aetarmine
Wt.: nozzle exit diameter.

TEST CONDITIONS AND PRUCEDWES

Exnaust emission surveys were conducted at simulated altitude condi-
tions of 10.97 and 13.71 km (36 000 and 45 uOO ft) at Mach 0.8 for tile Bill
of Matericil and 'the partial swirl augmentor Configurations. Surveys were
(Also made at 13.71 kill (45 OUQ ft) at Mach I.1 for both configurations.
These 

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 

and 
nominal inlet conditions are presented in table I. Condi-

tioned air was supplied to the plenum at the desired pressure and tempera-
Wrts, . The test chamber was maintained at the pressure required for true
simulation of the selected 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
simulated flight condition. Power levels inclutled intermediate (maximum
power, ►ionafterburning), partial afterburning (afterburning zones 1, ? and
3) and maximum afterburning (all five zones of afterburning); see figure
e'(d). Gas sampling surveys were made slightly downstream of the nozzle exit
plane. For the nominal maximum afteruurning condition, the nozzle was near
wide open and the axial distance from the nozzle lip downstream to the sur-
vey plane was 5.6 cm (2.2 in.). At the partial afterburning power level,
the nozzle area decreased from maximum and tile axial distance from -wi z, noz-
zle lip to the survey plane was b.4 cm (e.5 in.). At intermediate power the
nozzle was near it, minimum area and the distance from nozzle lip to survey
plane was 8.8 cm (3.b in.).

The exhaust nozzle diameter was obtained using the survey rake in con-
junction with two nozzle-mounted air jets. Aft-facing high pressure air



jets were mot-nteO 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 survey rake. The nozzle exit radius (R8) for
each condition was obtained from these measurements except that at Mach 0.i ►
and 13.71 kin, bill of Material augmentor, the measured exhaust nozzle dame—
ter was not correct, as the emission probe was not in the exhaust stream for
part of the survey. For this case 118 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 cm (1.9 in.) for maxiiiwin afterburning and 4.3 cm (1-7 in.) for par-

tial afterburning. A twenty—one data point traverse required approximately
JU ruin to complete. Eleven data points were recorded for nonafterbuening as
the gradients in the emission profiles wc-re less steep. The nominal data
point spacing at intermediate power was 6.6 cm (e.6 in.).

RESULTS AND DISCUSSION

Profile Data

Exhaust profile data are shown in figures 5 to Al l. A complete tabula-
tion of the experimental data obtained in this 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. CU, CU2, and NOX concentrations are given as parts per
million 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 tram the centerline nondimensionalized by the measured
nozzle exit radius (R,^) for each test. This radius varies with flight
(:ondition and engine power level. Note that at Mach 0.8 and 13.71 km, for
afterburning tests with the bill of Material augmentor, the measured R8
radii were incorrect and have been adjusted. These data are plotted as
dashed (---)  lines in the figures. Data are tabulated in appendix A "as
measured".

Exhaust totaltemperature. - The total temperature distribution across
eachthe nozzle at 	power level is shown in figure 6. At intermediate power,

► ie 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 tne 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 g;,.;, sample meas irements ►.sing the relationship 

in 
reference 9 are shown

in figure u. The similarity of the fuel-air ratio and the temperature pro-

4



fi l es  and the increase in the average temperature with i ncreas ing power
level was expected, since increasing the fussl-air ratio should increase the
temperature for all fuel .-air ratios less than st+oichiometric. The local
fuel-air ratio profiles were trot affected significantly by Mach number,
altitude, or augmentor configuration.

Carbon monoxide, - The variations of carbon monoxide ( CO) emissions with
}	 flight cond l tons for each power level are shoVjn in figure 7. Except for

two data points, CO emissions for intermediate and p ,7 N'tial atterburning
power were less than 2UUO ppmv for all simulated flijit conditions.

For maximum afterburning, CO emission profiles are highly nonuniform
for all flight conditions as shown in figures 7(c) to (e). Except fOr the
swirl augmentor at Mach U.8 and 1,3.71 km, all maximum afterburning CO entis-O
sions exhibited twin peaks of approximately Ik UOO ppmv in the fan stream.
A maxitnun ► CO concentration of 14 40U ppmv was measured in the fan stream of
the partial swirl augmentor at Mach U.8 and 13.71 kilt, It is apparent in
figures g (c) to (e) that there are significant differences bet ween tile core
stream levels for the two augmentor types with concentration for thte swirl
augmentor consistently less than for the dill of Material augmentor, but
still substantially higher than at intermediate power or partial after-
burning power. Note that the local fuel-air ratios were approaching
stoichiometric in the high CO concentration regions, and t»Me high CO
levels may represent art approach to equilibrium CU, rather than con>uustion
inefficiency.

Although the data shown in figure 7 are typical, significant differ-
nOda in diatr^ibtution do occur for different engines, flight speeds, altiu-
tuues, etc., (e.g., the results reported in ref. 1 which also had a B ill of
Material augmentor had very low CO emissions in the center of the exhaust
nozzle).

Hydrocarbon. - Measured hydrocarbon emissions were near zero for all
radii for non5f rburning conditions (fig. 8(a)). For the partial swirl
augmentor at partial atterburning, the hydrocarbon emissions were near Fero
for all radii (RIRd) greater th an •,O.0 or less than 0.8, where-is for the
dill of Material augu ►entor, hydrocarbon concentration;, up to 3000 ppmC were
measured in this region. As seen in figure 8(b), hydrocarbon emissions
levels were typically higher at Outboard radii than in the center for both
augmentors. At maximum afterburning, the hydrocarbon emissions were less
than IOUO ppm jr all simulated flight conditions for both augmentors (fig.
8(c)).

Uxides of nitrogen. - The variations of the oxides of nitrogen (NUx)
emissions with 	 igit condition at each power level are shown in figure 9.
For intermediate power at Mach 0.8 and 13.71 km (fig. 9 1W), the peak oxides
of nitrogen emissions were about the same for both augmentors. For the same
power level and simulated flight speed, results from the engine with the
bill of Material Augmentor showed that as altitude uecreased, NOx emis -
sions increased.

At Mach 1.2 and 13.71 • kin and intermediate power (nonafterburning), the
NUx emissions were greater for the test with tite still of Material au l-
Mentor than for the test with the partial swirl augmentor (fig. 9(b)^. Note
that this is in contrast to the near equality of NU x levels between the
Hill of Material and swirl augmentor test at Mach 0.8 and 13.71 kin (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 NOx emissions for Mach 0.8 at 13.71 km were approxi-
mately the same for both augmentor configurations (fig. g (c)), but for Mach
1.2 at 33.71 km, the NOx emissions were greater for the Bill of Material
augmentor than for the partial swirl augmentor (fig. 9(d)). NOx emissions
increased with increased Mach number at 1.3.71 km at partial 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, Bill of Material
augmentor, the CO emissions have twin peaks of high CO concentrations, and
high CO emissions at the center of the ehhau,,;t nozzle (fig. 7(e)). The
NOX emissions for this simulated flight condition are near zero for most
ritrii (fig. 9 )). The only maximum afterburning condition for which mea-
surea NOx was consistantly high was with the partial swirl augmentor at
Mach 0.8 and 13.71 km. Note in figure 7(d) that CO levels were less than
3000 ppmv et all radii for this condition. The correlation between high CO
and low measured NO S, 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 NOx mea-
surements were made, ane NO was used whenever measured NOx was less than
NO.

These results suggest that the low NOx levels 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 any further examination or conclusions regarding the source of the
NOx deficiency using the present results. With the possible exception of
the NOx concentrations at Mach 0.8 and 13.7] km, we do not believe that
the NOx levels reported here for maximum afterburning are representative
of actual concentrations 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. b) and
showed little variations with Mach number, altitude, or augmentor configura--
tion. The CO2 emission profiles are racially uniform at intermediate
power, however,at partial afterburning, the CO2 profiles have twin
regions of high emissions. The CO2 emission profiles for maximum after-
burning aro also radially uniform.

Exhaust total pressure. - The total exhaust pressure profiles are shown
in figure 11. At intermediate power, the measured exhaust total pressure,
Pt8 , 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, NOx, NC, anu
COp, at each radial location were used to calculate emission based fuel-
air ratios (FAREMISS; see fig. C). 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 U.

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 local fuel-air ratios (FAREMISS) less than
0.05 0 Out increased sharply for most local fuel-air ratios greater than this
value.

Carbon dioxide emissions increased linearly with increased valves of
local fuel-air ratios (fig. 14) except for deviaticos at high overall after-
burner fuel-air ratios (F/A) in regions 

of 
high carbon monoxide.

Hydrocarbons were essentially zeri) for all intermediate power (non-
afterburning) conditions and showed considerable scatter in afterburning
(fig. lb ). No correlation between the hydrocarbon emission 

and 
local fuel-

air ratio (FAREMISS) is apparent.
'the oxides of nitrogen (NOx) emissions increased linearly with

FAREMBS 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
NOx concentrations at the higher fuel-air ratios are data for the NO,
deficient regions in the profiles at maximum afterburning.

The combustion efficiencies calculated from gas sample data with and
Without afterburning are shown in table 11. The local concentration data
(GO, CO Q, HC, and NOx) were mass weighted and area integrated to obtain
-average concentrations. These average concentrations were used to calculate
combustion efficiencies. For tne test conditions reported the efficiencies
did not vary with changes in simulated f light  conditions.

CONCLUUINb REMARKS

Liaseous emissions were measured at simulated flight conditions for an
FIOO(^) 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
At to r burn in g . These measurements were made on the horizontal diameter at
the engine exhaust nozzle exit using a single-point traversing sample
prooe. The data showed that emissions vary With flight speed, altitude,
power level, and radial position across the nozzle. the principal results
of this investigation are as follows:

1. Total temperature, fuel-air ratio, and COa emissions Showed little
variations with Mach number, altitudes, or augmentor configuration.

Z. The hydrocarbon emissions were near zero for most of the simulated
flight conditions.

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

4. There were signifi6ant differences between the core stream GO emis-
Sion levels ^For tne two augmentors, with the core stream GO concentrations
consistently higher for the dill of material augmentor

6. At Mao U.8 and 13-71 kin, oxides of nitrogen emissions were nearly
the saii,4 for loth augmentors at both intermediate and partial afterburning
power, out at Mach 1.2 and 13,71 Km, NOx emissions were less with the
partial swirl augmentor than for the bill of Material aii9mentor for botil
intermediate and r..tial atterburning power.



G. The NQx emissions increased with Mach number for :nth augmentors
for intermediate and partial afterburning power at 13.11 km.

7. At maximum afterburning, there were regions cf NAx 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.

8



APPENDIX A - LUMPLLTE 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-I to A-VI in this appendix,

t
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TABLE A-1. - ENOINE INLET TEST CONOIIIQNS AND EXHAUST

PROFILE DATA FOR CONDITION I

[Mach 0.8 at 10.97 km (36 000 ft); maximum afterbupnin2
power; engine inlet temperature T2 a 244 K; engine
inlet pressure Pt2 a 3.49 N/cm2 *, metered fuel-Air
vatic ',AABT st 0.063; exhaust nozzle ra(^Ws Ra a 4r-,11 cm;
partial swirl augmentoroj

R/R COPPM Co 2 PPM HCPPM NOX 
PPM FAREMISS TT81

K

Pt8s

N/cn'

-1.00 333 16 403 4 14 0.0082 561 3.05
10.895 1 004 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 1.932 8.83

.598 6 476 101 450 13 1 .0558 1914 8.53

.501 1 870 106 200 0 1 .0557 1921 8.24
-.401 1 542 IN 540 0 221 .0557 1943 8.16
.306 2 370 J.1.F'6	 880 0 231 .0564 1956 8A3

-.213 3 036 106 400 0 206 .0565 1961 7.86
i1a

.I LW 1 .52. 6 106 560
V awv

0 AA10
QVIT

Otal
f	 ;Vr

IdAn
WWW

I ah
! .{7 170, 0

582 96 016
0

202 0495 1928 7.12
.106 697 102 630 0 209 .0531 1968 7.96
.201 2 124 106 760 0 224 0562 1972 8.07
.302 1 625 107 U20 0 228 .0560 1959 8.05
.398 1 554 106 860 0 229 .0559 1963 8.21
.496 3 438 105 790 0 221 .0564 1947 8.53
1590 8 607 97 896 11 26 .0551 1936 8.82
.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 846 6.53

j •verage 4 560 86 198 ,	68 80 0. 0396 ---- I ------
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TP4`1e A-1I. - ENGINE INLV CONDITIONS AND EXHAUST

PROFILE DATA FOR CONDITION 2

(Mach 0.8 at 10.97 km (36 000 ft).3

(a) Intermediate (nonafterburning) power, engine inlet
temperature T2 x 245 K, engine inlet pressure
p t	 3.37 $ N/cm2 ; metered fuel-air ratio FAABT . 030121
exhaust

 is
	 nozzle radius Rii = 28.89 cm; Bill of Material

augmentor.

K/R8
COPPM CO2 PPM HCPPM NOXPPM FAREMISS TT8 ,

K

Pt8,

N/cat(

-1.00 51 9 934 3 40 0.0048 493 8.65
0.801 327 17 991 3 67 .0090 613 9.73
-.603 824 33 223 2 140 .0168 785 10.43
0400 923 38 127 2 165 .0194 847 10.60
-.195 21 37 283 2 165 .0185 849 10.57
0005 14 37 152 2 165 .0184 846 8.43
.201 15 37 861 2 165 .0188 852 10.56
.409 16 37 394 2 1r7 .0185 A4n 10.0
.599 21 33 480 2 152 .0166 789 10.Q4	

i

.810 5 27 537 2 128 .0136 669 9.97
1.00 9 17 220 3 74 .0084 553 18.15

Average 244 1 26 480 1	 2 1	 115 0.0120 ,...,,.. :---

11
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TABLE A-11, - Concluded.

(b) Maximum afterburning power; engine inlet temps ature
T2 . 245; engine inlet pressure Pt2 - 3.43 N/cm^; motered
fuel-air ratio FAABT * 0.061; exhaust nozzle radius
R5 n 44.25 cm; Bill of Material augmentor.

K/88 COPPM CO2 PPM HCPPM NOxPPM FARCMISS TT8 ,

K

Pt8,

N/rn?

-1.038 999 35 183 508 32 0,0152 539 6.27
'0.928 347 83 526 12 81 .0427 965 8.70
-.838 8 656 95 492 41 53 ,0538 1053 9.27
.738 11 407 89 441 124 12 .0521 1038 9.42

-.632 9 677 93 950 37 12 .0536 1034 9.29
•.537 5 432 101 590 11 12 .0553 1025 9.04
-.424 1 452 104 600 9 12 .0546 1025 8.89
-.332 4 944 102 990 9 34 .0554 1030 8.79
».223 8 962 95 143 11 12 .0538 1034 8.80
=.129 6 984 99 201 9 12 .0549 1048 9.42
-1035 4 950 102 320 5 11 .0554 1058 8.95
.062 6 395 100 220 9 11 .0551 1048 9.41
.175 7 447 98 156 10 11 .0546 1037 8.83
.265 3 054 103 650 8 11 00550 iO3u 845
.368 568 97 493 8 200 .0503 1000 8.96
,472 670 98 311 8 212 .0508 995 9.03
.569 2 366 103 460 9 W .0545 1021 9.14
.671 7 772 97 687 11 35 .0545 1041 6.84
.771 8 466 9G 321 12 12 .0541 1043 7.59
.867 889 88 670 8 110 .0457 947 7.37

1,038 423 22 764 12 31 .0114 369 1191

Average 1	 4 551 1	 89 700 31 1	 64 .0411 ---- -----

12
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TABLE A-111. - ENGINE INLET CONDITIONS AND EXHAUST

PROFILE DATA FOR CONDITION 3

[Mach 0.8 at 13.71 km (45 000 ft).]

(a) Intermediate (nonafterburning) power; engine inlet
temperature T2 - 242 K; engine inlet pressure
Pt2 w. 2.22 N/cm2 ; metered fuel-air ratio FAABT - 0.013;
exhaust nozzle radius Rt;	 30.65 cm; partial swirl
augmentor.

R/R8 COPPM CO2 PP11, HCPPM NOxPPM FAREMISS TT8 , NO

K N /cM'

-0.998 118 21 728 23 73 0.0107 648 12.01
•.816 lit 27 616 16 85 .0137 742 13.08
-.622 100 31 968 13 108 .0158 804 13.80
,., .413 115 34 973 12 131 .0i%4 833 16.96
-.206 118 36 947 13 144 .0184 851 13.04
0.0 118 37 148 10 145 .0185 855 13.53

13



TABLE A-111, - Continut4Q,

(u) Partial aiterburning power; engine inlet temperature
- 24U h; engine inlet

duel-air ratio FAABT 0«033;
pressure ' ?

exhaust
^ 2.19 N/cn ►? ;
nozzle radius

metered
I	 30,35 ont; partial swirl augolentor.

k/R f4 COPPM COePPM HCPPM NOx i+PM FAREMISS TT8 , PtB^

K N7 cm?
-0r997

, .907
772

1 316
20 311
30 397

84
3112

18 Q. 0104 059 14.59

-.805
,711

1 MO
1 169

61 t 18 1110 b9 ,0273 1348 7,93
-.594 748

62 714
66 17?

344
66

75
117

.0323

.0308
1498 7.46

.506
-,400

608
494

62 167
57 353

3a
32

166 .0316
1474
1371

7.79
6,90

. ?94
-.199

401
304

63 11?
X17

36
164
1 64

,0290
.0268

1287
1170

7,06
6.54

.101 178
57 4

40 281
37
?G

1.59
146

.0239

.0201
1083

999
5,86

,008
. 106

140
1.39

37 905
a 304

08
20

143
139

10189 943
5.08
5,10

.x'04
•x 97

^ 4
329

4a 5s+3
49 051

8 144
.0191
,0210

877
1081

r,,04

6.41
,408
.1

437 h5 815
31
29

153
16?

.0246
,U282

1167
1273

5.36

.602
407
567

59 977
67 010

j?S
14

11i5
169

.0304 ,1373
4 ,015
4.9a

.698
r81A

607
774

74 384
70

9 165
.0341
.038U

1487
1502

4,38
6.55

.880 1 S59
906'

47 929
17

1090 0 U.0453 i ^^ a.^4,917 1 041 24 865 1996 20 .0138 721 0,313

HIVt>r^9 86P 52 474 646 103 0.0240 »,._.

III



TABLE A-111. - Concluded.

(c) Maximum afterburning power; engine inlet temperature
T2 . 245 K; engine inlet pressure Pt - 2.20 N /cii 2 ; mattered
fuel-air FAABT * 0.058; exhaust noxx.e radius
R8 a 39.15 cm; partial swirl augmentor.

R/R8 COPPM CO2 PPM NCPPM NOx PPM FAREMISS TT89

K

Pt80

N/cm'

-1.0 5>7 28 831 390 21 0.0147 961 3.05
•0.909 779 62 560 24 56 .0319 1543 3.86
-.799 1 041 96 795 9 113 .0502 1847 1.39
.702 2 139 103 730 4 165 .0546 1095 3.45
-.615 1 503 102 660 3 195 .0536 1857 3.82
.500 1 197 100 900 3 20 .0525 1846 4.91

».399 1 335 102 840 3 208 .0536 1865 5.85
,313 1 884 104 660 2 207 .0549 1888 5.91

--.215 2 739 104 600 4 202 .0554 1904 8.25
•.111 3 166 104 600 3 196 .0556 1920 7.63
-.013 1 952 104 520 0 192 .0549 1932 6.60
.073 1 485 95 982 0 190 .0500 1881 5.93
.197 1 411 100 550 0 187 .0524 1929 8.17

or 3 464 104 330 0 133 .10556 1925 7.'46
.400 1 997 104 340 0 195 .0548 1895 9.01
.496 1 623 103 470 1 197 .0541 1879 8.85
.564 1 652 103 770 0 199 .0543 1876 8.67
.699 2 237 104 820 0 200 .0552 1884 8.94
.793 4 013 103 810 0 198 .0557 1904 8.80
.885 4 677 102 850 0 170 .0555 1927 8.05

1-.0 1 836 102 970 0 138 .0540 1928 8.86

r^V^'rcla^' 2 113 1	 93 650 11 161 0.0416 ---- - ^»^--

1, 5
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TABLE A-IV. - ENGINE INLET CONDITIONS AND EXHAUST

PROFILE DATA FOR CONDITION 4

(a) Intermediate (nonafterburning) power; engine inlet
temperature T2 a 243 K; engine inlet pressure
Pt2 - 2.32 N/cm2 ; metered fuel-air ratio FAABT . 0.013;
exhaust nozzle radius R8 % 29.06 cm; Bill of Material
augmentor.

R/R8 COPPM CO2 PPM HCPPM NOxPPM FAREMISS TT89

K

Pt80

N/cmr

-1.002 155 10 617 14 37 0.0052 494 6.62
••0.794 2 255 20 246 13 67 .0111 629 7.07
-.600 4 321 34 876 11 129 .0195 783 7.30
-.403 186 38 001 11 144 .0189 826 7.32
-.186 187 36 924 10 138 .0184 824 7.13
0.0 186 36 649 10 138 .0182 817 5.87
.799 187 37 561 5 140 .0187 826 7.18
.398 187 36 731 9 138 .0183 812 7.15
.608 189 31 529 9 132 .0157 744 7.10
.811 190 24 899 9 96 .0123 620 6.83

1.002 193 13 821 11 51 1	 .0068 502
A

10.44

Average

1

954 26 179 1	 10 1	 97 1	 0.0122 1 ---- -----



TABLE A-IV. Continued.

(b) Partial afterburning power; engine inlet temperature T2 * 244 K;
engine inlet pressure Ptp * 2,22 N/cm ; metered fuel-air ratio
rAABT a 0.033; exhaust nozzle radius	 45.48 cm; calculated
(adJusted) exhaust nozzle radius R 	 8,77 cm, Bill of
Material augmentor.

R/118 It/8 COPPM Cypm 11CPPM NOx PPM FARCMISS T"81
K

Pta,

N cm2

-0,999 201 889 8 10 0.0005 301 5.96
, ,906 ------ 202 948 8 10 .0005 302 6.15

-.804 ------ 199 864 9 10 .0005 302 6.79
-1.000 244 12 032 16 16 .0060 550 16-58

-.606 -.883 796 23 612 4331 23 .0142 995 10,27
.508 -.768 1647 50 808 1677 49 .0271 1339 12-19

-.404 -.646 771 74 410 8 133 .0381 1523 11.67
-.520 284 60 972 40 160 .0308 1287 11.10

-.195 -.402 107 51 522 67 157 .0258 1083 10.58
.102 -.292 48 43 912 288 145 .0220 949 10.75
.002 _,171 20 39 171 1620 139 .0202 876 10.27
.103 -.052 11 38 267 2294 136 .0202 859 9.46
.194 .055 186 37 938 1303 136 .0196 856 8,69
.300 .181 34 40 078 1089 138 .0205 886 8.72
.402 .299 371 47 618 1,351 144 .0446 985 8.58
.495 .408 676 58 703 535 155 0301 1130 8.02
.594 .524 709 69 259 65 171 .0353 1314 7.75
.70? .651 598 79 304 20 172 .0406 1485 7.24
.796 .762 774 79 440 27 139 .0407 1460 6.94
.901 .884 953 59 667 269 77 .0306 1199 6.68
.999 1.06 450 29 476 467 36_ 1_	 .0150 766 1	 9.191

Average 544 41 311 5061 86 0.0189 ---- -----

*C(IlCUlated (adjusted) data.
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TABLE A-IV. Concluded,

(c) Ma0mim afterburning power; engine inlet temperature T ? a 245 K;
engine inlet pressure Pt?, a 2.16 NIW2 ; metered fuel-air ratio
FAABT * 0.059; exhaust nozzle radiuj 	 48.76 cm; calculated
(adjusted) exhaust nozzle radius R x3.22 cm; Bill of
Material augmentor.

R/R 	 I R/R * COPPM CO PPM HCPPM NOx PPM FAR EMISS TT8 ,

K

Pt

N/C11 ►2

-1.007 195 828 93 11 0.0005 297 7.01
------ 194 2 452 62 it .0013 349 6.69

-.807 -1,000 1 478 35 099 939 26 .0186 1002 9.00
.707 -0#890 1 441 80 827 36 66 .0418 1672 9.86

-.606 -.779 4 904 100 710 13 131 .0545 1827 10.3b
1505 -.668 7 191 97 6a8 15 132 .0541 1796 10.42

-.403 -.555 3 883 101 220 8 187 .054? 1751 10.33
-.30b -.447 4 560 101 040 8 181 X54, 1758 9,99

-.207 -.339 9 806 92 066 104 72 .0526 1753 9.61
-.106 -,226 12 881 83 374 369 12 .0198 1739 10.53
0100 -.116 10 180 91 206 46 It 0524 1774 10.40

.093 .008 7 781 96 604 7 10 .0539 1804 10.52
1197 .107 9 685 92 6?9 8 10 .0528 1774 10.92
.297 .217 9 141 93 564 15 10 .0530 1764 10.70
.400 .330 1 914 99 147 6 157 .0519 1.745 11.40
.501 .442 1 087 92 838 5 182 .0480 1702 10.99
.594 .544 1 315 95 901 4 194 .0498 1737 10.84
.697 ,668 2 768 102 400 4 196 .0542 1796 10.29
.806 .777 1 870 99 896 4 164 .0523 1788 10.38
.895 .877 1 030 72 963 6 87 .0374 1492 8.66

1.00,1 1	 1.000 1	 2811 1 16 W 1	 13 1	 24 1	 .0084 1	 649 1 10.79

Average 2 780 1	 72 450 74 99 0.0331

*Calculated (adjusted) data,

I



TABLE A-V. - ENGINE INLET CONDITIONS AND EXHAUST

PROFILE DATA FOR CONDITION 5

[Mach 1.2 at 13.71 km (45 000 ft).]

(a) Intermediate (nonafterburning) power; engine inlet
temperature I? a 278 K; engine inlet pressure
Pt2 a 3.51 N/ciii? ; metered fuel-air ratio FAABT a. 0.013;
exhaust nozzle radius Rt3	 30,7 cm, partial swirl
iau 9mô n tor.

R/R
d

COPPM CO2 PPM licPKI NO,PPM FAREMISS TT8 ,

K

Pt8v

Nlcn'

—1.013 262 19 481 6 90 0,0097 572 7.311
-0.799 241 281.02 5 140 .0140 730 8.36
—.593 306 34 731 5 177 0173 802 8,77, 

391 282 37 641 4 191 .0188 845 9.27
-.220 262 38 807 1 192 .0194 867 P.86

.0196 314 38 431 e 186 0192 864 5.85
11956 266 39 005 1 189 .0195 866 9.10
.3972 326 37 626 i 181 .0188 07 9.35
1596 148 33 377 1 157 .0167 781 8.74
1802 107 24 391 0 43 10121 666 8126

1.0137 356 12 668 1 48 0063 439

Average 273 28 302 2 122 0.0128 ---- -----
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TABLE A-V, Continued,

(b) Partial afterburning power; engine inlet temperature
T2 -, 278 K; engine inlet pressure Pt2 = 3.47 N/cn ►-;
metered fuel-air ratio FAABT a 0.036; exhaust nozzle radius
R8 a 40,29 cm; partial swirl augmentor.

k/RO COPPM CO2 PPM HCPPM NOXPPM FARCMISS TTB ,

K

Pto0

N/cni"

-1.00 201 27 003 279 17 0.0135 833 10.69

1.889 589 51259 168 35 .0260 1299 7.50
-.735 387 72 769 12 107 .0370 1557 8.06
.69 382 74 099 5 168 .0377 1573 8.23

-.598 277 66 565 5 192 .0337 1447 8.17
.487 140 60 395 6 194 .0304 1332 8.18

f-.398 90 57 238 7 192 .0287 1265 8.03
.287 18 52 686 8 191 .0263 1173 7.85

-.198 184 46 760 8 184 .0234 1090 7.48
.087 195 39 435 2 172 .0197 981 5.96
.0 202 38 295 3 168 .0191 931 2.5?
.119 195 39 778 2 171 .0198 1001 6.62

.604 136 45 141 7 181 .0226 1082 7.18
1291 11 59. 035 8 188 .0260 1190 7.28
.410 70 57 274 7 192 .0287 1275 7.46
.513 128 61 802 6 193 .0311 1367 7.65
1609 230 '69 718 2 191 .0353 1499 7.71

.692 302 80 607 1 176 .0411 1642 7.86

.810 236 83 628 1 108 .0426 1599 7.78

.895 581 57 210 115 34 .0290 1274 7.16
1.00 366 28 396 689 11 .0145 697 5.411

Average 301 1	 60 002 53 129 0.0265' ..__ ^ ..^ ._

20
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TAOLC A-V. Concluded,

(c) Maximum aftcrburning power; engine inlet temperature
T4 a. 278 K; engine inlet pressure Pt2 o, 3.55 N/cm2;
metered fuel-air ratio FAABT * 0.056; exhaust nozzle radius
R}3 a 46.99 cm; partial swirl augmentor.

RJR COPPM CO2 PPM HCPPM NOX PPM FAREMISS TT8 ,

K

PtB,

N /cW

-1.00 814 37 907 156 t8 0.0193 1176 5.88
0.920 750 89 799 15 68 .0462 1826 7,26
.801 14 402 79 679 1465 3 .0493 1882 7.32
•.705 13 08$ 84 980 964 1 .0512 1845 7.19
».610 6 579 101 210 25 1 .0557 1871 7.38
-.520 4 073 104 510 6 1 ,0561 1898 7.30
-.421 6 145 101 690 5 1 .0557 1980 7.28
.300 7 334 99 415 4 1 .0552 1867 7.03

-.205 6 442 101 110 4 1 .0556 1868 6.31
.110 1 732 103 320 4 1 .0541 1844 5,42
.0192 838 92 974 4 184 .0480 1801 4.94
.101 2 137 104 260 3 200 .0548 1872 5.56
.195 6 $39 100 940 3 181 .0556 1878 6.60

5 551 102 r;n0 ? 1 .0559 1875 7.02
.389 4 814 103 54C 3 1 .0560 1481 7,2:3
.477 7 029 100 000 10 1 .0553 1870 7.57
.597 11 501 90 377 119 1 .0527 1852 7.79
.693 13 624 82 845 401 1 .0500 1854 7.93
.788 13 377 83 993 334 1 .0504 1889 7.81
.887 912 9$ 476 3 76 .0494 1818 7.34
.983 984 46 164 47 30 .0235 1018 7.52

Fverage 6 716 88 602 237 24 0.0417
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TABLE A-VI, - ENGINE INLET CONDITIONS AND EXHAUST

PROFILE DATA FOR CONDITION 6

(Mach 1.2 at 13.71 kin (46 000 ft).)

(a) Intermediate ( nonafterburning) power -, engine inlet
temperature T? n 278 K; engine inlet pressure
Pt^ it 3.55 N/cin2 ; metered fuel-air ratio FAAGT v. 0.013-9
ex , aust nozzle radius R8	 31.93 cm; Bill of Material
auginentor,

R/11 8 COPPM CO 
2 
PPM HCPPM NOX 

PPM FAREMISS TT8 ,

K

Pt8

N/Cnl'

-1.00 219 4 843 2 33 0.0024 479 8.25
•0.811 222 12 949 1 76 .0064 570 7.92
-.607 200 31 051 1 Iola .0154 766 8.47

- .403 211 39 677 0 260 .0198 849 9462
-.205 223 38 597 0 248 .0192 849 9.69
0.0 210 38 267 3 244 .0191 848 6.35

.195 211 39 285 3 245 0196 861 9.60

.390 228 39 469 3 246 .0197 852 9.58

.595 240 35 779 3 234 .0178 794 8.69

.798 226 28 425 3 181 .0141 677 8.30

.995 247 15 109 1	 3 1	 87 .0075 536 12 . 26

Average 208 25 835 2 1	 164 0,0117 ---- -----

22



TABLE A-VI. Continued.

(b) Partial afterburning power; engine inlettempera ure
T? a 278 K; engine inlet pressure Pt2 a 3,48  N/V;
metered fuel-air ratio FAABT . 0.033 , exhaust nozzle radius
Re - 39.2 cm; Bill of Material augmeniort

k/R 
a

COPPM CO2 PPM HCPPM NOX PPM FAREMISS
TTS ,

K

NO

NICrie

-1.04 526 0 069 4997 C1 0.0116 912 6,Sd
0.934 993 34 928 2992 33 .0193 1226 7.07
_18U 873 63 818 US 91 .0326 1382 7.11
-.732 415 78 657 21 205 .0401 1617 7.95
-.631 49 66 678 13 252 .0332 1394 8.11

107 53 644 20 260 .0269 1164 8.16
-.429 67 48 120 32 254 .0240 1051 8.19
..328 65 44 016 108 240 .0220 971 8.15
-.229 129 42 467 323 230 X213 941 8.29

, .130 166 42 355 580 226 .0214 941 8.44
-.031 118 41 241 497 225 0218 908 5.79
.072 96 41 996 393 230 .0211 927 8.39
.171 126 46 197 183 239 .0232 976 8.23
.27U 156 53 799 48 254 .0270 1068 8.23
.370 165 61 478 10 269 .0310 1194 8.23
.478 213 68 089 5 277 .0344 1332 8.21
-575 252 75 665 10 280 0384 1474 8.10
.673 313 86 568 10 276 .0443 1620 8.09
.774 395 83 758 16 202 .0428 1541 7.72
.871 615 62 446 102 113 .0317 1.259 7.92

1.020 282 522 
1

347
1	

42
1	 I0129 621 1	

2.4

Average 406 58	 8041	
11

467 182 0.0264 ---- -----
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TABLE A-VI. Concluded.

(c) Maximum afterburning power; engine inlet temperalure
TZ a 277 K; engine inlet pressure Pt2 - 3,50 N lcm ;
metered fuel-air ritio FAADT - 0,064; exhaust nozzle radius
R8	 46,4 cm; Bill of ►lateria) augmentor.

11/418 COPPM CO2 PPM HCPPM NOxPPM FAREMISS TT8 ,

K

PtB:

N/cm,

-1.044 1 052 36 671 205 29 0,0188 900 7.48
110.907 1 208 99 624 11 106 .0518 1831 7.59
-.836 12 $95 86 846 470 10 .0516 1862 7.93

-.634 13 534 83 033 Ti 8 0503 1814 8.13

-.423 6 372 101 140 15 w8 .0556 1937 x7.75
n,347 10 406 92 794 109 8 .0534 1836 7,64

____--

•.135

------

10 879

-------

91 045

----

31

-_-

8

------

.0527

-_-_

1836

------

6.15
------

.069

-----

10 180

----- --

92 847

-M -_

37

-__

A

------

.0532

----

1805

-----

 

_ --

6.11

.269 9 076 96 422 35 8 .0546 1787 763
------

.506

------

3 309

-------

105 170

----

12

_...,

8

------

.0560

----

1817

-----

7.95
.608 10 381 92 924 79 9 .0534 1833 8.07

- .	 -....

.766

-_	 __
12768

----

s85 583
----

147

---

9

------

.0508

-

1853

,..^....

1.89
.904 705 77 577 12 106 .0397 1595 7.31

1.044 1 093 34 978 335 44 .0180 718 2.43
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APPENDIX g

SYMBOLS

WPPM Carton monoxide concentration, ppmv
Wd m Carbon dioxide concentration, ppmv
0-A Overall afterburner fuel air-ratio
FAABT Metered fuel-air ratio
I*MEMISS Fuel-air ratio calculated from gas samples
HCPPM Hydrocarbon concentration, rPmC
NOXPPM Oxides of nitrogen concerwtr Lion, ppmv
Pte Engine inlet pressure, N/cw
Pte Exhaust total pressure, N/cm2
it Radius,	 Gill

KH Exhaust nozzle radius, cln.
T^ Engine inlet temperature, K
Tf8 Exhaust total temperature, K

r.5
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Figure b, — local fuel-air ratio (FAREMISS) profile,
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Figure 12. ¢ Comparison of gas s_a_mple and metered luol-air ratio.
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Figure 14. - Variation of carbon ,,,loxide with gas sampletuol-alr ratio,
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o	 Mach1.2 at 13,71 km, partial afterburning, partial swirl
*	 Mach1, 2 at 13, 71 km, maximum afterburning, partial swirl
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Figure 15, . Variation of hydrocarbon with gas sample fuel-air ratio,
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