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1.0 INTRODUCTION

The measurement of emission levels from aircraft gas turbine engines

is influenced, at least to some extent, by the number and location of the

sampling points over the exhaust area. Severe concentration gradients in

the exhaust may require either that a large number of sampling points be

employed, or that a smaller number of sampling points be very carefully

selected so as to obtain an accurate average level of emissions. In either

case, a knowledge of the variation of relevant concentrations over the ex-

haust area is required in order to verify that the selected sampling pattern

produces an average emission level which closely approximates the overall

emission level of the engine being tested.

The Environmental Protection Agency (EPA) has established test procedures

for emission measurements of aircraft gas turbine engines. The procedure guards

against a biased sample by requiring that evidence be provided to show that the

sampling system being used provides a representative sample. Such evidence may

be obtained by using a moving or traversing probe system to obtain emission

data at closely spaced intervals over the engine exhaust area.

The purpose of the test program reported herein is to measure the

variation in concentrations of carbon monoxide (CO), carbon dioxide (C02 ),

hydrocarbons (HC), and oxides of nitrogen (NOx) over the core exhaust area

of a General Electric CF6-50 model engine, and to use these data to develop

emission profiles of the exhaust at several engine power levels.

This program is part of an ongoing effort by the FAA to establish a broad

data base from which regulations can be established to assure compliance with

EPA aircraft emission standards.

1 
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2.0 SUMMARY

The emission levels of a CF6-50 engine were measured, using a traversing

probe system developed for this program. Measurements were taken in a circular

pattern consisting of 5 radial locations and 24 circumferential locations for

a total of 120 sample points at each of three engine power levels. The result-

ing emission data are presented in this report as circumferential profiles,

radial profiles, and, in some cases, as contour maps.

The variations in concentrations over the exhaust area were found to

have certain characteristics which are associated with particular design

features of the current production CF6-50 engine. At idle power, a localized

rich region in the exhaust was observed. This rich zone is caused by locally

higher fuel flow near the ignitors in the combustor, and results in low CO

and HC concentrations and high NO concentrations at this location. Largex

variations in HC concentrations were observed at idle power. These variations

are apparently associated with the bleed fuel flow that is incorporated into

14 of the 30 fuel nozzles of the combustion system. The purpose of this bleed

fuel flow is to prevent stagnation and possible decomposition of the fuel

within these fuel nozzles at the low power engine operating conditions

whiere uniform fueling around the combustor is not used.

In general, except for the rather large variations in HC concentration

at idle power, the emission levels were found to be quite uniform over the

exhaust area. At high power levels, the measured variations in fuel-air

ratio and CO and NO concentrations were characterized by modestly peakedx
radial profiles, while HC concentration variations were insignificant. These

peaked radial profiles are due to the turbine inlet temperature profile which

is similarly shaped due to turbine rotor design requirements.

The EPA-specified 12-point cruciform sampling pattern was found to pro-

vide a good average sample for the CF6-50 engine, in spite of the large vari-

ation in HC concentration at idle power. Based on the results of this study,

it is concluded that, for modern high pressure ratio engines with annular

combustors and with nonmixed core and fan streams, the EPA 12-point cruciform

pattern should produce a representative average sample provided that the

2



fueling pattern is uniform in the combustor. For other types of combustion

systems or if the fueling pattern is nonuniform at some operating conditions,

the emission variations across the nozzle should be determined to assure

that the selected sampling pattern does not give a biased result.
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3.0 ENGINE EMISSION TEST SETUP

The engine emission tests with the traverse probe were run in Evendale

Development Test Cell No. 2 on CF6-50 Engine 455-507/19. The tests performed

on August 15 and 18, 1980, consisted of a detailed 120-point traverse of the

engine exhaust for CO, CO2 , HC, and NO at each of three power settingsx
(ground idle, 30%, and 85%).

This section describes the CF6-50 engine used in these tests, along with

the emissions sampling and analysis system, and emission data reduction

procedures.

3.1 CF6-50 ENGINE DESCRIPTION

The CF6 engine family consists of tw-in-spool, high bypass turbofan

engines used principally to power large, wide-body commercial transports.

The CF6 combines high bypass ratio with high component efficiency and in-

creased turbine operating temperatures to produce low operating costs, low

sound levels, low smoke, and high performance.

The CF6-50 engine series used for the emission tests in the present

program, is a high thrust version of the CF6. A typical CF6-50 installation

is shown in Figure 1. The CF6-50 has a single-stage fan and three-stage low

pressure compressor which are driven by a four-stage low pressure turbine

through a shaft concentric with the core engine. The core engine consists

of a 14-stage axial flow compressor with variable stators, an annular com-

bustor, and a two-stage air cooled turbine.

The combustor configuration used in production CF6-50 engines is a high

performance design with low exit temperature pattern factors, low pressure

loss, high combustion efficiency, and low smoke emissions at all operating

conditions. This annular combustor contains 30 pressure-atomizing, duplex-

type fuel nozzles and two ignitors. Axial swirlers in the combustor dome,

one for each fuel nozzle, provide the intense mixing of fuel and air required

for good combustion stability and low smoke. The current production CF6-50

combustion system is equipped with smoke abatement features, but not with

4
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fvatures which would be required to meet the currently proposed EPA standards

for gaseous emissions (Reference 1).

The CF6-50 engine series (50,000-pound thrust class) has a wide range

of applications which include the three-engine McDonnell Douglas DC-10

Series 30 long range trijet, the two-engine Airbus A300B, and the four-

engine Boeing 747. The military version of the CF6-50, designated the F103,

is being produced for the Boeing E-4A command post version of the 747 air-

craft and has been flown in the Boeing YC-14 short takeoff and landing

vehicle.

3.2 TEST VEHICLE CONFIGURATION

CF6-50 Engine 455-507 is one of several factory engines which are used

for development testing. For the engine emission tests, this engine was

equipped with a fixed, conical primary exhaust nozzle, which is the type

generally used for factory acceptance testing. This nozzle differs from the

flight-type nozzle, which has a larger centerbody extending some distance

aft of the exhaust plane.

This test engine was equipped with an improved combustor, currently in

development. This new combustor configuration has several features which

have been incorporated mainly to improve combustor durability. The emission

characteristics of this development combustor are quite similar to those of

the current production combustor configuration. The fuel nozzles were

standard production parts (P/N 9119M60) consisting of 16 nozzles with both

primary and secondary flow systems and 14 nozzles with secondary flow only.

As shown in Figure 2, the fuel nozzles are arranged in an alternating

pattern, except at the ignitor location where three adjacent fuel nozzles

with primary and secondary flow systems are located. The fuel nozzles are

sized so that, at ground idle speed, only the primary flow systems are open,

resulting in an alternate burning arrangement. This feature was adopted in

order to improve the engine starting characteristics. Secondary valve opening

is scheduled so that, at high power conditions, fuel flow is essentially the

:;amt, from all nozzles. This is necessary to create the roquircd uniform

temperature distribution at the turbine inlet plane.

6
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FIGURE 2. CF6-50 FUEL NOZZLE CONFIGURATION (AFT LOOKING FORWARD).
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3.3 TRAVERSE PROBE SAMPLING SYSTEM

The traverse probe system was originally designed and fabricated by

General Electric for use in CF6-50 engine tests on Phase III of the NASA

Experimental Clean Combustor Program (Ref. 2). For the present program, the

system was modified to obtain individual samples from 40 locations over the

exhaust area of the core engine. The capability was retained for rotation

over 45 degrees about the engine centerline.

A sketch of the traverse probe system is shown in Figure 3. The probe

assembly consists of eight probe arms mounted to a rotatable ring. The ring

is eight feet in diameter and is sized to clear the fan stream of the CF6-50

engine. Each probe arm contains five sample orifices, with each of the 40

orifices connected to a separate solenoid valve. The 40 valves are mounted

in four boxes, which are fastened directly to the rotatable ring. The valve

outlets are connected to two manifolds (20 to each manifold) which are in turn

connected to the electrically heated, flexible sample lines "A" and "B".

Each orifice is connected to the corresponding solenoid valve by stain-

less steel tubing within a steam jacket (Figure 4). The steam jacket is

clamped to the probe arm. The orifices are evenly spaced to span the distance

between the sump vent tube and the core exhaust nozzle of the CF6-50 engine,

as shown in Figure 5.

Figure 6 is a schematic of the entire sampling system, showing the sample

flowpath from the orifices to the gas analysis system. The two lines from the

manifolds on the probe system are each connected tr a separate purge valve

and analyzer valve in such a way that a sample from one orifice can be analyzed

while the line from an orifice in the other manifold is purged. This feature

resulted in saving of considerable test time by minimizing the time required

for sample system equilibration.

Operation of the valving system may be illustrated by reference to

Figure 6. With orifice valves 11 and 31 open, analyzer valve I and purge

valve B open, the sample from orifice 11 is routed up to the analyzer while

the line from orifice 31 is purged. After analysis of the sample from

orifice 11, orifice valve 11 would be closed and 16 opened, while orifice

8
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valve 31 remained open, analyzer valve I closed and 2 opened, purge valve B

closed and A opened. With this valve positioning, the sample from orifice 31

is analyzed and the line from orifice 16 is purged. This sequence of valve

manipulation is continued until all 40 orifices have been sampled.

It might be noted that the sequence of valve operation requires 40 steps,

each of which consists in opening four selected valves while all other valves

remain in their normally closed positions. The four valves consist of two

orifice valves, one analyzer valve, and one purge valve. In the 40 steps,

a particular orifice valve remains open for two consecutive steps, while an

analyzer and a purge valve open on alternate steps.

The sequence of valve operation is controlled by two rotary switches

with three gangs each, wired as shown in Figure 7. Switch A controls 20

orifices and switch B the remaining 20. With switch A in position 21,

voltage is applied to the wiper of switch B. Gang 1 of each switch controls

the analyzer and purge valves, gang 2 activates valves connected to manifold

A, and gang 3 activates valves connected to manifold B.

Clockwise rotation of the switches results in the sampling sequence

shown in Table 1. This sequence is such that successive samples are taken

from opposite sides of the sampling pattern, and the outer orifices are

sampled first.

The main ring assembly on the traverse probe system (Figure 3) rotates

on a system of rollers. Two roller assemblies bear the weight of the ring,

while two additional spring loaded roller assemblies aid in maintaining

alignment of the ring. A separate system of four roller assemblies contacts

the bearing ring located behind the main ring and bear the axial load due to

the drag of the rakes in the exhaust stream.

Rotation of the main ring assembly is accomplished through a linear

actuator consisting of a rotating screw and traveling nut. The screw is

driven by a one-horsepower electric motor and a total linear travel of 43

inches produces 45 degree angular rotation.

The indicator assembly provides an angular position indication. A rack

is brazed to the main ring assembly and engages a gear coupled to a potentio-

meter so that potentiometer rotation is proportional to ring rotation. The

13



To Analyzer Valve #1And Purge Valve "B"

To Analyzer Valve #2A n g ale"A" -

11 1ificeV

1I s 28

14

-19
12 1 24

06 17 0 29
2 I6 1 25

oo o 0-  0 -
165V.A1SWT2 A6 SWITH B0

-.To Trifice Valves
(81 3

34

2 3
7 0 - 40

Gaug 0_ Gang 3 0-0
0- 00

02 _:

11,5 V. AC SWITCH A SWITCH B
(21 Position) (20 Position)

FIGURE 7. WIRING SCHEMATIC FOR SAMPLING SYSTEM SEQUENCING SWITCHES.

14



TABLE 1. VALVE SEQUENCING FOR TRAVERSE PROBE SYSTEM.

Switch Position Orifice Orifice Open Open

To Gas To Analyzer Purge
A B Analyzer Purge Valve Valve

1 - 11 31 1 B

2 - 31 16 2 A

3 - 16 36 1 B

4 - 36 21 2 A

5 - 21 1 1 B

6 - 1 26 2 A

7 - 26 6 1 B

8 - 6 12 2 A

9 - 12 32 1 B

10 - 32 17 2 A

11 - 17 37 1 B

12 - 37 22 2 A

13 - 22 2 1 B

14 - 2 27 2 A
15 - 27 7 1 B
16 - 7 13 2 A

17 - 13 33 1 B
18 - 33 18 2 A

19 - 18 38 1 B

20 - 38 23 2 A
21 1 23 3 1 B
21 2 3 28 2 A
21 3 28 8 1 B
21 4 8 14 2 A
21 5 14 34 1 B
21 6 34 19 2 A
21 7 19 39 1 B
21 8 39 24 2 A
21 9 24 4 1 B
21 10 4 29 2 A

21 11 29 9 1 B
21 12 9 15 2 A
21 13 15 35 1 B
21 14 35 20 2 A
21 15 20 40 1 B

21 16 40 25 2 A
21 17 25 5 1 B
21 18 5 30 2 A
21 19 30 10 1 B

21 20 10 11 2 A
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potentiometer output is connected to a digital voltmeter on the control panel,

and the voltage is selected so that the meter reads the rake position directly

in degrees.

Figure 8 shows the traverse probe system mounted behind the engine in the

test cell. The cell augmentor is in the background. Parts of the traverse

probe system may be identified by reference to Figure 3. Figure 9 is a view

showing the traverse probe sampling orifices and the CF6-50 core engine ex-

haust nozzle.

3.4 EMISSION ANALYSIS SYSTEM

The sample gas is pumped to the gas analysis system as indicated in

Figure 6. The analysis system consists of four separate instruments, manu-

factured by Beckman Instruments, Inc. The CO (Model 865) and CO2 (Model 864)

analyzers are nondispensive infrared instruments. The NO/NOx analyzer is a

Model 951 heated chemiluminescent analyzer with thermal converter, and the HC

analyzer is a Model 402 flame ionization instrument. These instruments con-

form to the EPA requirements for measurement of emissions from aircraft gas

turbine to engines as specified in Title 40, Code of Federal Regulations,

Part 87 (Ref. 1).

As shown in Figure 10, two standard relay racks house the four gas analy-

zers along with the readout devices, flowmeters, flow control valves, and

solenoid operated calibration gas valves. Two double-pen recorders provide a

permanent and continuous record of the instrument outputs. The actual test

values are more quickly and conveniently read from a digital millivoltmeter

which is switched from one analyzer output to the other.

The gaseous emission analyzers were calibrated with certified mixtures

of propane in air, CO, and CO2 in nitrogen, and NO in nitrogen. Each analyzer

was calibrated with four separate mixtures in concentrations such as to cover

the range of concentrations of gas samples from the engine. Each calibration

gas was certified by the vendor to an accuracy of 2 percent of the con-

centration. In addition, the calibration gases were compared at General

Electric to Standard Reference Material (SRM) mixtures which are obtained

from the National Bureau of Standards and are certified accurate within 1

percent. A complete calibration was performed before and after each engine

16
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test. During the course of each test, the zero and span on each instrument

were checked at approximately one-hour intervals.

3.5 EMISSION DATA REDUCTION PROCEDURES

For each individual gas sample obtained, concentrations of CO, C02, HC,

and NO were calculated from the output of each analyzer along with the ana-x

lyzer calibration data. Since an ice trap was used in the sample line before

the CO and CO2 analyzers, the concentrations of CO and CO2 are semi-dry

(contain 0.6% water vapor). Samples to the HC and NO analyzers are not dried

and thus are "wet"; i.e., they contain the true exhaust water vapor concentra-

tion.

From the concentrations of the four species, emission indices, fuel-air

ratio, and combustion efficiency were calculated for each sample. The calcu-

lation procedure used for these parameters is consistent with the method given

in SAE ARP1256A (Reference 3). One exception to the SAE procedure was that

the HC emission index is calculated as methane, as specified by the EPA

(Reference 1) rather than as fuel, as per the SAE procedure.

The emission parameters (concentrations, emission indices, etc.) are

stored in the time-share computer system along with the circumferential and

radial location of each sample. These data can be accessed and used to

construct data tables or used in various kinds of computer plotting routines.

20



4.0 TRAVERSE PROBE EMISSION TESTS

The emission tests were run on August 15, 1980 (idle and 30% power) and

on August 18, 1980 (85% power), with a complete 120-point traverse made at

each power condition. Jet A fuel was used for all tests. This section of

the report describes the emission test procedure and presents the test data.

4.1 TEST PROCEDURE

From 3 to 4 hours of continuous engine operation were required at each

power setting. The longer time was needed at idle power where the HC analy-

sis required additional time for equilibration following the very large

changes in HC concentrations. The same throttle setting was maintained

throughout each test since it was decided that this was the best way to mini-

mize the effects of changes in ambient conditions during a particular test

run. The normal ground idle power setting (approximately 6300 rpm corrected

core speed) was used for the idle test point. Corrected fan speed settings

of 2309 and 3477 rpm were used for the 30 and 85% power settings, respectively.

These latter speeds correspond to the specified thrust settings, as determined

by the most recent CF6-50C2 engine cycle, based on production engine per-

formance.

The normal test procedure involved first the calibration of the analysis

instrumentation as well as heat-up and checkout of the sampling system. The

engine was then started and operational checks were made. This was followed

by acceleration to the appropriate power setting and stabilization at that

setting. Following engine stabilization, emission readings were started.

With the probe system in its initial position, the 40 orifices were each

sampled in the sequence shown in Table 1. The ring structure was then

rotated 15 degrees and the sequence was repeated. The structure was then

rotated an additional 15 degrees and the sequence was repeated a third time

for a total of 120 samples.

During the emission sampling, a complete reading of engine parameters

was made on the Automatic Data Handling (ADH) system at approximately 1/2-

21



hour intervals. Span and zero checks of the emission analysis instruments

were made at approximately one-hour intervals.

4.2 ENGINE TEST DATA

A summary of important engine test parameters is given in Table 2. A

list of nomenclature for this table follows:

XNL (rpm) - fan speed

XNH (rpm) - core speed

FN (lb) - net thrust

FNK (ib) - corrected net thrust

BARO (psia) - barometric pressure

HUM (gr/lb) - humidity

T2 (* F) - engine inlet temperature

P2  (psia) - engine inlet pressure

W 2 (pps) - engine airflow

T3  (4 F) - combustor inlet temperature

P3  (psia) - combustor inlet pressure

W36 (pps) - combustor airflow

WFE (pph) - engine fuel flow

FAR4 - fuel-air ratio at combustor exit

FAR8 - fuel-air ratio at core exhaust nozzle

Fuel T. C. F) - fuel temperature at fuel flow meter

FMP (psia) - fuel manifold pressure

All engine test parameters listed ih Table 2 are measured or corrected values

except for W36, FAR4, and FAR8 which are calculated based on analysis of core

engine performance.

As may be noted in Table 2, engine operation was quite stable throughout

the idle and 30% power test points. However, near the completion of the 85%

power test point, a rainshower occurred. This was accompanied by a decrease

in ambient temperature, which resulted in an increase in engine fuel flow and

thrust.

Fuel analysis results are given in Table 3 and compared to the Jet A

specification. The analysis was performed in the Evendale Plant fuels lab

22
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TABLE 3. JET A FUEL ANALYIS.

Sample No. 9536

Sample Date 8/15/80 Cell 2

Engine CF6-50 455-507/19

Spec i ficat ion
Fuel ASTh D 1655-79
Sample Min Max

Specific Gravity 0.8090 0.7753 0.8398

Net Heat of Combustion, Btu/lb 18,559 18,400 -

Hydrogen, % by wt. 13.94 -

Sulfur, % by wt. 0.080 0.3

Hydrogen to Carbon atom ratio 1.932
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by standard analytical methods. Specific gravity was measured by the hydro-

meter method (ASTM D 1298), net heat of combustion by precision bomb (ASTM D

2382), hydrogen by the lamp method (ASTM D 1018), and sulfur by the lamp

method (ASTM D 1266).

4.3 EMISSION TEST DATA

A complete tabulation of emission data from the 120-point traverse at

each of the three power settings is given in the Appendix to this report.

This tabulation includes concentrations and emission indices (EI) for CO,

HC, and NOR, along with fuel-air ratio and combustion efficiency.

Table 4 gives a summary of emission data from each of the 120-point

traverses. Included in this tabulation are the average values, standard

deviation, and coefficient of variation. The coefficient of variation (CV%)

is the standard deviation divided by the average, expressed in percent.

Also listed in Table 4 are area-weighted averages and, for emission indices,

the overall average. The overall average emission level (EI) is calculated

from the average concentrations while the average El is the average of the

individual values. It might be noted that the area-weighted averages in Table

4 are generally higher than the corresponding average. This is due to the

fact that the radial profiles are generally peaked toward the outside as will

be shown in a later section of this report, while the sampling points are

evenly spaced along a radius. The fuel-air ratio calculated from engine

parameters (average FAR8 in Table 2) is also listed in Table 4. This value

is in excellent agreement (within 3%) of the area-weighted gas sample fuel-air

ratio at all power levels.

4.3.1 Circumferential Distribution

Fuel-air ratio, concentrations, and EI's have been plotted against

circumferential sample location at each radial position. In these plots,

circumferential position is measured in degrees clockwise, aft looking

forward. It should be noted that previous sketches of the traverse probe

(Figures 3 and 6) were forward looking aft.
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TABLE 4. SUMMARY OF DATA FROM 120-POINT TRAVERSE.

Area
Power Std. Weighted Overall Engine
Setting Parameter Avg. Dev. CV% Avg. Avg. FAR8

Idle CO, ppm 768.9 49.0 6.4 776.0
HC, ppm 913.2 247.9 27.1 912.5
NO., ppm 14.9 1.9 12.8 15.2 -

EICO 64.7 6.65 10.3 64.3 64.3
EIHC 46.1 13.4 29.1 45.4 45.4
EINOX 2.12 0.11 5.2 2.12 2.13
FAR 0.01150 0.00093 8.1 0.01169 0.01150 0.01136

30% CO, ppm 32.6 7.2 22.1 33.1 -

HC, ppm 5.6 5.1 91 6.2
NOx, ppm 78.0 4.6 5.9 78.8 -

EICO 2.39 0.56 23.4 2.40 2.38
EIHC 0.24 0.22 92 0.27 0.24
EINOX 9.72 0.36 3.7 9.71 9.71
FAR 0.01316 0.00063 4.8 '0.01331 0.01316 0.01307

85% CO, ppm 23.5 4.1 17.4 22.8
HC, ppm 0.61 0.54 88.5 0.59
NOx, ppm 277.4 17.0 6.1 279.6 -

EICO 1.09 0.20 18.3 1.05 1.09
EIHC 0.02 0.02 100 0.02 0.02
EINOX 22.46 1.01 4.5 22.48 22.47
FAR 0.02053 0.00078 3.8 0.02068 0.02053 0.02107

CV% 100 x Std. Dev./Avg.
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Examination of these circumferential profiles reveals some interesting

characteristics, particularly at idle power. Figure 11 shows the circum-

ferential fuel-air ratio distribution at idle power and indicates rather

uniform fuel-air ratio, except for the peak near 2550, and a slight radial

trend, with fuel-air ratio increasing with radial distance from the center.

The fuel-air ratio peak is apparently due to the three adjacent fueled

nozzles at the ignitors in the otherwise alternate fueled configuration (see

Figure 2). The fueled nozzle locations are indicated in Figure 11. The

peak in the fuel-air ratio is displaced about 90. clockwise from its location

at 1380 in the combustor, due to the overall rotation of the exhaust which

occurs in passing through the clockwise rotating low pressure and high

pressure turbines.

Figure 12 shows the circumferential variation in CO concentration. The

overall variation in CO is from a minimum of 627 ppm to a maximum of 872 ppm.

The minimum CO concentration occurs at an angular location of about 225* which

corresponds to the location of the maximum fuel-air ratio. As is the case

with the fuel-air ratio, considerably greater changes in CO concentration

occur at the outer radial positions as compared to the inner positions.

Figure 13 shows the circumferential variation in HC concentration at

idle power. As with CO, the minimum in HC concentration occurs near 225*

where the fuel-air ratio is a maximum. The relative variation in HC is much

larger than either CO or fuel-air ratio with overall variation from 285 to

1553 ppm. Examination of the Figure 13 data points reveals an apparent

cyclical variation with three maxima and minima around the circumference.

In addition, the maxima and minima at one radial location are displaced

clockwise with respect to the maxima and minima at the next larger radial

location. This holds true for all except the inner radial location where

maxima and minima are not discernible.

Figure 14 shows the NO circumferential distribution at idle power level.x
The overall variation is similar to that of fuel-air ratio (Figure 11) with

the rather prominent peak at 225*. The fuel-air ratio maximum due to the

three adjacent fueled nozzles at idle power level thus results in a corres-

ponding maximum in NO concentration, and minima in CO and HC. The plots of
x
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4.Miab 
.



c- -k

CC

N . c -4 L-C

en , '

C) z

0 4'-

91-

L4-

28z



01 x

N,

cu p

a:. I

LLJ

Cuj

E) Xf 0 C
wn z

z z

Dl 00

C .
w P w cz wU Li

w -4--4

Cd x

ISE ME O 0=

N,, *N- *-

29



,c,

IIx II ID

x

0< >0
a:

zL

ofki
-9LO

0x

x 8aI)

30

4C.



~em

S--.0---- -- ....

z -

lo LU -

z 0
z I.-

-Li

0 e0

Be 0.

92 92 91 -

Wdd'N0l~dN33Q"XEYO

31J



r - - - -- I i 
-  

.. .

El against circumferential location show generally the same variation as the

corresponding concentration and thus the El plots are not presented here.

Figure 15 shows the circumferential variation in fuel-air ratio at 30%

power level. No features are apparent except for the slight radial profile

which peaks somewhat outside the radial center. Both the CO and HC concen-

tration distribution at 30% power level (Figures 16 and 17) contain maxima

near 1800 but no reason for this is apparent, and no significant variation

in fuel-air ratio occurs at this location. Figure 18 shows the circumfer-

ential variation in NO concentration at 30% power. No significant circum-x
ferential features are noted, and the radial trend is similar to that of

fuel-air ratio.

Figure 19 shows the circumferential variation in fuel-air ratio at 85%

power. The overall distribution is quite uniform, with coefficient of

variation only 3.8% for the entire 120-point traverse. Much of the overall

variation is due to the characteristic radial profile which peaks somewhat

outside the radial center. Figure 20 shows the circumferential variation

in CO concentration at 85% power. The distribution is quite uniform with

no significant features. Figure 21 shows the circumferential variation in

NO concentration at 85% power. No significant circumferential features arex
apparent and the radial profile is similar to that of the fuel-air ratio.

4.3.2 Radial Distribution

Fuel-air ratio and concentrations have been plotted against radial

position (inches from engine centerline) at selected circumferential locations.

The circumferential locations selected were at 450, 135, 225* and 315* clock-

wise, aft looking forward. These locations were chosen so as to closely ex-

amine the radial variation at idle power near the peak in the circumferential

fuel-air distribution which was located near 225*. In addition, these four

circumferential locations coincide with the positions of the four arms on

the standard General Electric CF6 manifolded sampling rake, which was used

in a previously conducted FAA-sponsored program (Reference 4).
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Figure 22 shows radial profiles of fuel-air ratio and pollutant con-

centrations at idle power level and at the four selected circumferential

locations. Fuel-air ratio is relatively constant at each circumferential

location except at the 225* location where the fuel-air ratio increases

sharply with radial distance from the engine centerline. As noted previously,

the variation in this area is due to the combustor fueling pattern which

results in a corresponding increase in NO concentration and a decrease inx

CO and HC. In general, CO is relatively constant, as had been noted on the

circumferential plots, while wide variations occur in HC. Except at 225,

the HC variations are apparently not associated with variations in fuel-air

ratio.

Figure 23 shows the radial profiles at the 30% power level. Few signifi-

cant features are noted on these plots except for the tendency for the fuel-

air profiles to peak somewhat outside of the radial midpoint, and a similar

tendency in NO concentration. The variation in CO and HC appear not to be

related to the fuel-air ratio variation, except for the 450 location where

the minimum in fuel-air ratio at the 7.5-inch radial position may be asso-

ciated with the CO peak at the same position.

In Figure 24, the radial profiles are plotted for the 85% power level.

Here the peaked fuel-air profiles are most obvious, with the maximum con-

sistently occurring between 10 and 14 inches radially. The NO profilesx
are similar to the fuel-air profiles both in relative magnitude and in the

location of the maximum. The CO profiles are also peaked but the maxima

are generally somewhat inboard of the corresponding peak in fuel-air ratio.

4.3.3 Concentration and Fuel-Air Ratio Isopleths at Idle Power

As was noted in previous sections of this report, large variations in

fuel-air ratio, CO and HC over the exhaust area occurred only at idle power.

In order to more graphically illustrate these variations, contour maps have

been prepared. Figure 25 shows the iso-concentration plot for HC at idle

power. The three maxima which were observed in the circumferential plot

(Figure 13) appear as lobes on the isopleth at 45, 180' and 315*. The

trough at 220* is coincident with the CO trough and the fuel-air ratio peak.
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The lobes have the appearance of spreading inward and clockwise from the

regions of maximum concentration. The clockwise spreading is in the direction

of engine rotation. It might be noted that, near the exhaust nozzle, very

rapid changes in BC concentration occur where the core stream mixes with fan

air. Thus, the isopleths would be very closely spaced in this region.

Figure 26 shows the CO concentration isopleths at idle power. The gen-

eral features of this map are similar to the HC map although the overall

variation in CO is much smaller. As with the HC map, there are three prominent

lobes and one trough. There is, however, an additional lobe near 260* which

does not appear on the HC map.

Figure 27 shows fuel-air ratio contours at idle power level. This plot

is devoid of features except for the single lobe which is coincident with the

CO and HC troughs. As noted previously, the fuel-air ratio peak is due to the

asymmetric fueling pattern in the combustor resulting from three adjacent

fueled nozzles at the ignition in an otherwise alternately fueled pattern.

In Figure 27, except within the two isopleths shown, all other measured fuel-

air ratios were between 0.010 and 0.012.

4.3.4 Cruciform Comparison

In order to determine if the cruciform sampling pattern is appropriate

for obtaining a representative emissions sample from the CF6-50 engine,

selected 12-point samples were averaged and compared to the 120-point tra-

verse average. The area-weighted traverse average was considered to be the

most accurate average engine value. The cruciform average was obtained by

taking three samples from each of four arms spaced 900 apart. Six such

averages could be obtained from the 120-sample points, with the additional

constraint that the three samples on a particular radius be those closest to

the centers of three equal areas. The radial locations closest to the centers

of three equal areas were at 16.49, 13.52 and 7.58 inches.

Table 5 compares the cruciform averages with the corresponding area-

weighted average from the 120-point traverse for each of the six orientations

of the cruciform (0, 15, 30, 45, 60 and 75*). The cruciform sample is in

general agreement with the 120-point area-weighted average. For CO con-
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centrations at 30% and 60% power, the percentage deviation is quite large at

certain orientations even though the absolute deviation is only a few ppm.

The HC concentration at 30% and 85% power are so low that comparison of the

two averages is not meaningful and the data are therefore omitted from the

table.

It should be noted in Table 5 that, at idle power, the maximum deviation

in fuel-air ratio averages occurs at the 45* orientation of the cruciform,

since at that position the peak in the fuel-air ratio is included in the

cruciform average. It might also be noted that the HC concentration cruci-

form averages at idle are quite representative in spite of the very large

variations in individual sample values. This is due to the fact that high

values on one cruciform arm tend to be balanced by low values on the arm

located in the 1800 opposite position.

Although El's are not listed in Table 5, the relative value can be

inferred by reference to the fact that the El equation includes a term

which is the concentration divided by fuel-air ratio. The total relative

deviation in El is thus the concentration relative deviation minus the rela-

tive deviation in fuel-air ratio. Based on the absolute value of the combined

deviations, the most favorable orientation of the cruciform for CO at idle

power is 600 (-0.8% deviation in El) while the least favorable is 450 (-4.4%

deviation in El). For HC at idle, the best orientation is 750 (+1.2% devi-

ation in El) and the worst is 60* (-3.8% deviation in El). For NO at 85%x

power, the best orientation of the cruciform is 450 (+0.6% deviation in El)

and the worst is 75* (2.5% deviation in El). On an overall basis, there is

but slight improvement in El to be obtained by optimizing the cruciform

orientation. If equal importance is given to idle CO and HC measurement and

85% NO measurement, then the 60* orientation would appear to be the bestx
choice and the 45* orientation the worst choice. It should be emphasized that

this conclusion applies to the particular engine used for these tests since

another engine might have somewhat different concentration distribution.

4.3.5 Discussion

This investigation of the variations in exhaust composition across the

nozzle exit plane of the CF6-50 engine has revealed several significant
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features. The circumferential fuel-air ratio distribution at idle is char-

acterized by a single rich region which is coincident with, and is the cause

of, the minimum in the CO and HC concentration distribution, and the maximum

in NOx concentration. It is quite apparent that this effect is due to the

idle fueling pattern in which there are three adjacent fueled nozzles in a

pattern where all other nozzles are alternately fueled. The relative "rich-

ness" of this region may be judged by noting that 3 of 4 adjacent nozzles are

fueled in the richer region and 2 of 4 adjacent nozzles are fueled in the re-

mainder of the combustor. The circumferential location of this rich region at

the exhaust plane is displaced approximately 90* clockwise from its location

within the combustor. This displacement is in the direction of, and is due

to, the flow of exhaust through the six turbine stages. Thus, the cause of

the maximum in fuel-air ratio at idle, and the consequent effect on CO, HC,

and NOx, is characteristic of the current production CF6-50 fuel nozzle con-

figuration.

The overall variation in HC is relatively much larger than in either CO

or fuel-air ratio, and contains three maxima which are fairly evenly spaced

around the exhaust nozzle area. The large overall variation in HC is appar-

ently associated with the bleed flow in the unfueled nozzles. The purpose of

this small bleed flow is to prevent stagnation and possible decomposition of

the fuel within the fuel nozzle at the low power engine operating conditions.

This bleed flow at idle is more than sufficient to account for all of the HC

emissions, if none of the bleed flow burns. This is because the total bleed

flow is approximately 10% of the total fuel flow at idle, and the average HC El

is 46 lb per 1000 lb of fuel. The fuel entering the combustor as bleed flow

will either burn or not burn, depending on whether the mixing processes within

the combustor expose the fuel to favorable combustion conditions before re-

actions are completely quenched by dilution and cooling air. This situation

might result in large variations in HC concentration. Similar large varia-

tions at idle power have been noted in previous CF6-50 emissions studies at

General Electric where a limited amount of traverse probe data was obtained.

The overall HC variation at idle power thus seems to be associated with the

small bleed fuel flow, but the cause of the three maxima in HC is not apparent.
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It should be noted that low CO/HC emissions combustor designs of the CF6-50

engine currently under development do not utilize bleed flow in the fuel

nozzles.

As engine power is increased from idle, the fuel-air ratio, CO and

NO radial profiles tend toward a pronounced peaked shape with the maximax
near the radial midpoint, as illustrated in Figure 24. Also with increasing

engine power, the relative flow between fuel nozzles becomes more uniform

until at high power levels the flow to each nozzle becomes nearly equal.

This results in a quite uniform circumferential distribution of all species.

This overall trend at high power results from certain design requirements

of the modern gas turbine engine. In order to obtain long life in hot

section parts, the overall temperature level must be compatible with the hard-

ware design and the temperature profile must be carefully controlled to avoid

local high temperature regions. The overall airflow pattern within the com-

bustor results in a temperature distribution at the turbine inlet which is

quite uniform circtmferentially and which is slightly peaked toward the

center of the annular space. An illustration of this carefully tailored

temperature profile is shown in Figure 28 where typical test results on a

CF6-50 combustor are presented. The general shape of the profiles in

Figure 28 is similar to the emissions profiles at 85% power shown in Figure

24. As a result of the practical engine design considerations cited above,

it might be expected that all modern, high pressure ratio engines with

annular combustors would tend to have uniform distribution of exhaust species

at the higher power levels.

Comparison of the 12-point cruciform average with the 120-point area-

weighted traverse average indicates that, for the current CF6-50 engine

configuration, the EPA-specified cruciform sampling pattern will give values

within 1 to 5% of the 120-point average, depending on the angular orienta-

tion of the cruciform. Although the EPA has not defined the criteria for

showing that a sample is "representative," it seems logical that a repre-

sentative sample would be one in which the sampling error is comparable to

the inaccuracies introduced by other factors such as measurement system

errors, test-to-test variation, and engine-to-engine variation. It would
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seem that sampling errors of a few percent are not large compared with

reasonable estimates of these other causes of data inaccuracy.

It is worth noting that one of two situations must apply: either the

variation in concentrations is rather randomly distributed across the ex-

haust area, or there is a definite pattern in the concentration distribution.

If the variation is random, then sampling error will be improved by additional

sampling points. If there is a definite pattern in the distribution, then

care must be exercised to avoid a sampling pattern which would result in

biasing of the results. For example, a four-lobed distribution could result

in considerable sampling error if a cruciform rake were employed. In any

case, detailed traverse data is most useful in establishing that the chosen

sampling pattern will result in a representative average sample.
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5.0 CONCLUSIONS

From the measurement of exhaust composition variation over the nozzle

exit plane of the CF6-50 engine, the following conclusions are drawn:

1. The fueling pattern of the current CF6-50 combustor at idle power

causes a locally rich region in the exhaust at about 225* angular

position (aft looking forward) and a corresponding maximum in NOX

and minimum in CO and HC concentrations.

2. The large overall variation in HC concentration at idle is

apparently associated with the fuel nozzle bleed flow used at L
low power operating conditions in alternately positioned nozzles. i]

3. At higher power levels, the fuel-air ratio, CO, and NO variation
x

is quite uniform circumferentially and the radial profile tends

to be peaked with a maximum near the radial midpoint. This radial

profile is a result of the turbine inlet temperature profile which

is similarly shaped as a result of practical engine design con-

siderations.

4. In general, for modern high pressure ratio engines with annular

combustors and with nonmixed core and fan streams, the EPA-specified

cruciform sampling pattern should be adequate for sampling the core

engine exhaust, provided that the fueling pattern is uniform within

the combustor.

5. For other types of combustion systems or if the fueling pattern

is nonuniform, an investigation of the concentration distribution

should be made to assure that the selected sampling pattern does

not give a biased result.
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APPENDIX

This appendix gives a complete tabulation of emissions data for the

traverse probe tests of the CF6-50 engine. Three separate tables are given:

Table Al lists data at the idle power setting, Table A2 at the 30% power set-

ting, and Table A3 at the 85% power setting. Each table consists of six

pages, with the first three pages giving CO, C02 , HC, and NOy concentrations

along with rake positions (traverse ring position; 0, 15, or 30" clockwise

rotation), switch A and B position (refer to Table 1), and the circumferential

and radial position of the sample point. The last three pages on each table

give the emission indices, fuel-air ratio, and combustion efficiency. The

average, standard deviation, and area weighted average of each parameter is

also given. In addition, the overall average for emission indices and fuel-

air ratio is listed.
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TABLE Al. EMISSIONS DATA FOR 120-POINT TRAVERSE AT IDLE POWER.

TEST - FRA DETRIL TPRV CF6-50 DlATE - 8-15-/80
CELL - 2 PUNr - I FUEL - JETA

CAL TIME = 1115 HUM = 9. A FUEL H.-'C: = 1.92

FPDG 240 POI4T I[L

A C TUAL C ,.r4ALY- I:.?

FAKE SWITCH CO C0-- HC No:P: FO: ITIOH

P.: A B '.EMII-PY SEP I- P'F' ET IET C- I FC UM PRD I L
(PPM) (PC T') (PPM", ,'(IEG, ,;[EG, I U'

0 6 1 802.7 2. 1 732. I:-' 16. a, ( 16.4?
15 7. 797. 7 2.24 1064.62. 15.3 15
30 6 1 866.e 2.2 1519.97 1:Li. ::

0 : 1 8.2.61 2. 21? 146.E0 14. 6 45

15 R: 1 8 07. 6 L' 1 14 2..9 1-. CA I
30 E, 1 82.3 . 1 112:--1. :: .

0829.3 .. 1. E. -

15 1 1 797.7 24 75:27 14 1 ..'

30 1 1 738.- 1: .4 12, 1

0 :: 1 732.0 26:.6' 1 .7 1 5
15 :. 1 719.6 59... 55.9& 15.t 15 :
30) 1 755.7 2.'4 11:.4 1.:.' 165

0 5 1 796. 1 2.2.:3 1:- r69.28 14.5 l:.0

15 5 1 781.4 2.40 1128. 2:- 1 E. 

30 5 1 669.5 3.07 42,-.. 5:? 21. 21':,
0 7 1 647.4 3. 16 284.57 23.1

15 7 1 702.7 2.9 : 4:.. 44 21. 1 24

30 7 1 802.7 2.57 709. 75 16 I .-9
0 2 1 766.9 2.24 7E:3..-: 1 14.

15 , 1 782. 0l 2.19 8:6 .9'7 1
:3 0 i : 1 ,8 : _, .0 2: .2 2 : 1 0 3 :7 '. 4 1 1-,.1 : _: 1

0 4 1 8_:73. 7 2. 24 11 .? 14,-

15 4 1 *a.6 1. 6 2.17 1 0 f4.:..
30 4 1 827.6 2.22 84-.66 1:.: "45
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TABLE Al. EMISSIONS DATA FOR 120-POINT TRAVERSE AT IDLE POWER (CONTINUED).

o 14 1 797.? 2.2: 716.44 15.0 0 13. .
15 14 1 7922.8 2.23 9"90 {. 97 14.9 15
30 14 1 853.0 2.28 1412.80 14.6 30

o 16 1 814.3 .19 1553.41 14.0 45
15 16 1 804.3 2.09 1365.9? 1. 0 60
30 16 1 836.0 2.31 970.8_ 14.:? 75

o 9 1 82..5: 71 15. 5 9(1
15 9 1 79 2 E.19 806. E4 14.4 105
30 9 1 765.3 2. :30 73:. 1: 14.5 120
0 11 1 746.2 2.40 609.3! 15.8

15 11 1 728.9 2.39 E.2J. 7(1 15.7 15(
30 11 1 760.5 2. 3 3  91'.:'0 97 14.9 165

0 13 1 781.4 2. 19 1 . , 14.4 1 C,
15 13 1 770.1 2.49 0 4 16.:.
30 13 1 647.4 3.09 3: 7 22. 1 10

o 15 1 627.1 2.97 .- 4, . 22.0 225
15 15 1 749.4 2.72 5 4' : 240
30 15 1 841.1 2.51 175. 5

0 10 1. 796.1 . 9 7 Q 15. 27 0
15 10 1 792.8 2.21 4 1 - 14. :
30 10 1 872.0 2.26 11 1: 1 . 51 0
0 12 1 847.9 2.21 '54 14.5 :15

15 12 1 85.0 2. 16- 1-.
30 12 1 SE t6 2. 7 '".4" 14. .

0 21 2 810.9 2. 18 85 r 14.c -' I0.55
15 21 2 768.5 2.22 7:3 -71 -': 14.9
30 21 2 77'-'. 2 2.24 9rf, , 15.7:

0 21 4 797.7 Z.19 115. ,:. 15. n 45
15 21 4 807.6 0.06 1546.7 12. :'f
30 21 4 802.7 2.11 142'2. :4 15.-

0 17 1 807. E,:'.21 11""... 14.4 90
15 17 834 2.-:1: 944.1' 1-
30 17 1 726.- 2.1 c- 14.2 12

0 19 1 783.0 2.2k .'c0.1 Q 14.2 1i:

15 19 1 736.7 2.' 1.,. AE . 14. .150
30 19 1 746.2 2.4. 'r_'.44 15. 15

0 21 1 746.2 2.20 8 0 'c. 4 15. 1 '

15 21 1 7 :.0 2 1 1 " 14.2
30 21 1 755.7 2. 17. 1

0 21 3 711 '9 2 6 , 81 1 ::. 1:.
15 21 3 637.2 'E-9 ' 19." 240,
30 21 3 73.6 2. 55 6t6, :. 17.? 255

0 18 1 762. 1 2.4r 7 '70

15 18 1 778.2 2. 4'". 14 1..
30 18 1 786.3 2'. ;25 8 7 14.::-

0 20 1 79E.1 2. V? 114::- 14. 15
15 &o' 1 834.3 2. 18 954. 1- 1'?.
30 J 1 :27.6 2. 1-, E::. 4' 14. 0
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TABLE Al. EMISSIONS DATA FOR 120-POINT TRAVERSE AT IDLE POWER (CONTINUED).

0 21 10 768.5 2.14 964.19 15.1 0 7. 5.::
15 21 1( 76e. 5 2.14 823.5? 14. 0 15
30 21 10 773.3 2.15 80. 49 13.7
6' 21 12 762. 1 2.14 796.79 14.: 45

15 21 121 754.1 2.15 853.71 14.3 6,(
30 21 12 770.1 2.13 1101 .45 1:-.:. 7
0 21 5 781.4 2.0:: 1225.32 13.9 9(

15 21 5 774.9 2.09 1175. 10 1:-R. 5 105 5
3(0 21 5 822.6 2.10 1078.0 1 13.9 120
0 21 7 810.9 2.09 9:: 4 .2,- 13.. is's

15 21 7 786. 3 2.11 9-37.4 f 1. 150
30A 21 7 762.1 2.18 830.27 13.7 165
0 21' 9 746.2 2.20 719.79 14.' i'':'

15 21 9 735.2 2.21 726.49 14. 195
30 21 9 728.9 2.18 867.10 14. C I:' H
o 21 11 750.9 2.18 110: 14 15. 0 2S

15 21 11 732.0 2.20 1014.40 34.rE . '40
30 21 11 72.7 2.30 94 (1.-5 5 15.1 .ss
0 21 6 710.4 2.29 877. 14 15. 

15 21 6 702.7 2.28 84:.E6 14. 2
30 21 6 715.0 2.2' 8 03:':. 49 14.9 300
0 21 8 741.5 2 .26 7EE,. .. 15.t6 -:15

15 21 8 73-.3 2.24 749.9:2 14.F:-:
30 21 8 76E0. .5 2.2A 820. 2,3" 14.2 4 5
0 21 18 704.2 2. 1r 79E,. 79 15.0 C' 4.61

15 21 18 695.1 2.1V? 7-:0.05 1.1 15
30 21 11.? 696. E 2.21 7 70. 01 14. 0 :
-0 21 20 71P.4 2.17 800.14 15.1 45
15 R1 20 715.0 2. E. 7527 14.? E
30 :'1 20 721-. 9 2.14 7 7:3 . 3 .- 13.5 - ._ .575

0 L 1 1 75 0.9 2. 09 85:-:. 71 14. :-: 9
15 c1 1 - 746.2 2.10 9Y 4Q 14.2 1C5
30 i 13 749.4 2. n; S.50. -'1 E 1:":.6

0 21 15 755.7 2.06 947 45 14.0 135
15 21 15 755.7 2.09 1 0. 10 1f ! 3. :?. 150!
3*u 21 15 765.3 2.0 115 5. ' 2' 12.E.6 165
0 21 17 766.9 2.07 10ul.lOi 1: i"

15 21 17 758.9c 2.07 987 6 6 1.5 1'-..
30 21 17 768.5 2.07 1124 .8:-: 1 ,_.5'210
0 21 19 762.1 2.07 994.:3- 1

15 21 19c 750 1. c, .. 9? .. ..4. 19 1 24 ",
3l 21 19 758. 9 2.0 CIE 1124. : 1:. -,

0 21 14 752.-5, 2. 0I7 967.5.: 1 ,.
15 21 14 743.0 2.0:? 94:1.-. 1
30 21 14 73.3 2.09 924.01 1
0 21 16 73? . 2. 0::: ::.53 1 .

15 21 16 722.7 2.12 3.6 1. .
30, 21 16 710.4 2.17 820.2:3 1

768. 9 2.26 13. 19 14.?

TD 'E" 49.(0 0.21 247.:' 1.9

PPEF' IL' AVG_ 776.0 2.30 912.41. :2 ,
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TABLE Al. EMISSIONS DATA FOR 120-POINT TRAVERSE AT IDLE POWER (CONTINUED).

CALCULATED EMI 3C SION' LEVEL':
PAl. E I,IITCH CO HC (Fc " CH4, 'O tJt:: F/ COMI:
F'O A B * L ' L/: 1/OO LEC FUEL ****"'' ArPLE EFF

0 6 1 66.10 35. 96 2.2:? CO. 011 tE._ .6:
15 6 1 66. 6 6 52. .. ,19 0. 0 115 9 .4
30 6 1 70. 30 7:. 3. 1.91 .0111 f; 91.9::

o . 1 1 66.4 - 70.41 . ... 011.
15 e: 1 68.70 7c'. 50 1.'9' 0. 011- 92. 09
30 8 1 6?.5' 5 t . 1.95 0. 011-n' 93.45

0 1 1 0-. 0. 5 ". 1, . f11 . 1 94.?4

15 1 1 67.5 , 3 . 9' 2.1 i4. ", 1 95.12

. 1 1 65 Z 3, .54 1 9$: 0. 'ii ', 95 '
0 - 1 59. 2':. 1 0 1 .: 1

15 1 5c -. 2.16 0. 011:- , 14
30 - 1 6''.n4 5 - 1 n . 114 92.,9

,6 0 t,,. 57l "fl ' "-'

15 1 E. 1.14 E .E2 2.16 .('12?, 94.0ft
s. 7'L:' 16 .4' i . o ' I97.5:-',

0 1 4 ' l, 10. 44 4'0. (1 9

15 1 47. (0' I. r .. 4- 0. '14-. 97.4:=:
30" 7 1 ?. 8' :. . 0 1E:" '

, .1 65.1'-' : 2.07 0.01:: 9.. 16 2
15 2 1 67.74 4.n f.'6 0. 01111 94.67
3.21 71.% 96 ( 1.92 C.1:11.>?

0 4 1 9-' 0, _ 0 -- 2. 0.1157 .

S1 74. 51.5 4 2. 0 0 0. .1 114 9 :?
3: 4 1 70.4': 42.,t 1.94 0.0112:' 94.64
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TABLE Al. EMISSIONS DATA FOR 120-POINT TRAVERSE AT IDLE POWER (CONTINUED).

( 14 1 .6..E' s'=. a. 14 O. 011: n ". "
15 14 1 6.. E6? 49.72 :.14 0. 0114 ' 94. 12S 0 1 -. 1 6.9. 1 :- 68-. 2 5. 0,?- 0. 0118:E5 9..45

S16 1 68. 16 77 .? . 01 0. 01114:'? 91 .6E 1
15 16 1 70.90 71.56 1.'95. 0. 0(10?91 92.12
30 1, 1 6.24 47.2 0A 2. 06:. 0. 01177 94.:'(

0 9 1 67. 41 . 2. 1Q3, 0. 1189 94. ,l"
15 9 1 ... 4. 41.45 a. 12 0. 0111- 94. f:f0
30 9 1 6.45 _6. 20 2. C6 IE . 0115 9.37:

0 11 1 5, . o' 2'. 14.17 ','1197 9,.07
15 1! 1 53i.. 6 " :'.' 16 C'. '119? 9 .04

E0 11 1 E. 4 . 92 . 6_ 0.011:T:- 94. 3.:'.:
S 1- 1 E5.9 ,. - :. 0.011: '9 . 1

15 1 1 5-:. 4E. 47. 0! 1 (I '. 01264 94.55
3n 13 1 41. 07 14. 0Q 41 0. O :. ' 7 ""
0 15 1 4 1. :3: 14. 64 4'? 0. 01451 97. 1

152 1 1 31 2 9 0. 0 1 5 1 9 4
20 15 1 5-. 2- 4.2 S9s. 1:1"2 15 1 6.4. I.'19 :-::4 • 

='-
2.,.: 1':4 (1. (1l1L', f, . ,.. %

0 10 1 6'. 84 .44 .- 14 0. (1 1', 7

15 I0 1 6.1 42. " 7 '4 4.702,n- l '1 55. 67 1.'T .O 1.' 9- 4!:-'
1~I 'j( r- -01147 9.:

30 12 1 71. .7 1 07" 01 164 .C 15
15 1 - 1 ,.3 .9 1 ' : ' .1 0. ,I i ,? - .
30 1? 1 6:?.? -. 9 . o.':l.is5: .94 -f1

( 51 2 7 .41 4 2' 2. 1 U' f. 0I1.0 7 94. 5
15 51 2 '? ..... I. Ol " 1

3 1 a 65.. 4 .17 21. C1 0. 0 1141 4'
0 41 . -. (. 4

15i 1 4 1 .5" 71 .44 1 - q (:'.91
5-n ,.1 4 r,:. 1_,':_-. , 1 '-. C fl. 1 ,r '-91 '::-

0 17 1 1 -. - r ''11 -' 4
15 17 1 7: 45 4 4 1.97 ."109
? 1 17 1 ,.,:r4 41_ 7 2. cv: .'1114 '9'4 I

0 19 1 65.74 .4' .12 0.0114" .9e .
15 19 1 t. 6116 9 5.9 6-:,
3 1.'' '-. 5 15 .21
0 1 1 617 .. 74 0.17 0, 1161 5.10
15 5 1 65.C 89 r.4.0 (i? 0. 114:14

: 21 1 4.74 4 0-. 4:1 9(.4.'

0" 5:'1 3 * = .'2:7 t: E 51 ... 0. 01. 95.715 C1'4t .034 't*"

. . .~ 5.. '... :', (. (1571 96.:
01:-3 1 59.,31 S- .7 ec 0.1315" 95.7

15. I:-: 1 6 :3. 51 .. 6 2 .0 .. 0.0117 95 ".-.,.46,30 1- 1 6..24 41.,: .1 0.1141 94.3 -if
0 51 1 6 1 7.21 '. 1.16 0. ,,. 1? 9-

15 0 1 -2 0 4'. 6. 2. 021 0. (1111 94.
.3"1 t 1 71.71 4f. 2.0: 0. 11 ? 94.3:
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TABLE Al. EMISSIONS DATA FOR 120-POINT TRAVERSE AT IDLE POWER (CONCLUDED).

0 21 10 67. 41 50.':' 2.2E 0. ,' '4. 05
15 21 10 68.03t, 4:1.35 :. r2 4.('1 0 Q4 .4
"0 21 10 63t . 1:3 42. 10 2. '1 0. 0,1 01:4 1 9 4. 7 5

o si 12 67.57 42.012.3 .1:4
1 : 1 12 6E 35 44 .l 2. 1 0.01 9 4. 8'5fir.. 5 - 4.I' 0. Q' 1 n:- . 4 11.30 21 12 67.50 57.4, 2.0 0.0,119 04

0 21 5 69.77 E5. ('2 2. 12 .077 9 72
15 21 5 6Es. :: 0 6.2 . 01 2.04 0.0 1::: .f'
30 21 . 5 73. 01 56. S7 -.11 0. 01 f
0 E1 7 72.5 -' 2.11 0.01075 9-. E

15 21 7 70. 15 49.72 2.0? 0. 0107:? 94. 04
30 21 7 tt. . 4:. 01 2. 03 0. r) 11 14 94.71
021 9 64.64 . 2.1:: 0.0110 9 .27

15 2.1 9 .. .:5 2.11 0. 01112 95.27
s E1 ,3 6. 4r 44.90 2.09 (.(1114 94.62
0 21 11 64.E; 5,E. 72 2.20 0.01117 93.56

15 21 11 62.63 51.63 2. 14 (. 012- I14. 4l:30 21 11 59.:'49 46. 12: 2.1 ,'01V 4611 5,- "4' 4•' 1 :, 6(. 0 11 E "7 q4. E.0
0. 2 1 6 5:: ' - 4'. "r c.: : t'.."11. 5 '4 .;,:

15 21 6 53.75 41.99 2.1 0,.0149 9.93
3 '-'1' 5. 3.1 5 114 ?5 . 14
0 21 6. 4 ' 3::,. 42 2.24 0.01141 950. 2, n.

15 21 E, 62. 71 37.91 2.14 0.01131 95.24
E 5 . 2.1: ? , n 111 F,94. 2

0. 21 1 E- 1. 91 41 .6 2.2 0.1. 9, 94.:1 :
15 2' 1 18 60. , 4 * 2 2.24 0. 9 1 07 95.
30 2 1 1 60.18 39. 5.: .07 0. 01112 .1

0 21 20 2.c-5 41.71 t.6 0.01':"?: 94.9 2
15 21 20 E: 2.9 5 39:. 45 ".c 0,.. .01 ('92 95.:,10{15-* -2 , -) . ._1 f
01 -1 0 64.7' 4. ( 1.4 0.. 0132 04 4
0 L1 .'4 45. 72 " '-- (t: 94 44

15 2 1 .E.. e.::: 4 .94 . 16 0. (7:? 4 10
30 Li 1 4 c.09 ,. 01 17 , 44 4-
C, ' L1 1, ES.' rl:1.2. .' 13:: ' 0 1 T 6 9 ?

15 21 15 67 .-. '. I'75 4-

30 LAE. E: . ?,4 E. 1 .' 7.i~6 C40 21 17 69.4 11 C'. 0 1 06. E .
15 1 17 'c.C :: I-:. 1 Cf : . 01 061 1.
30 1 1 69.1 r. 1( 1 '-' 0. 0106' -.

0 E1 1' 9.1 51 .51: -. u0.'( 10. .'7, .44
5 21 1-' E.7.15 0 : 1 ' 0. 0'1 C 1 9-:. 1

0 LI 14(J.1' 1I'f('.01 fzfl ~
15 21 4 67.3, 5.. 6.7 0 -f. (,I fir1 94 . (
3C( 21 14 0E E.. E 1 49.55 1 .9 01, (6 94. 14

0 21 16 E.91?0 47.96 2.- o.01'E1 94.27
15 I 16 64.62 44.3S 1 12 A.t'17- '94. I-

30 21 16 62.20 42 ... 2.:: ..10, 94.

Ff 64.70 4E.06 "- 12 O015 : 94.4?

OV-EPf, LL .VG 64. 26 45.4 -  -. 1f :. 1 '4 ..

TIT IEV 6. 1 :::' 0. 161 ."-',.0 9 f I2:

APF'EA IT RAVG 64. 32 45.4 E  2. 12 .. 119 4.5

62



TABLE A2. EMISSIONS DATA FOR 120-POINT TRAVERSE AT 30 PERCENT POWER.

TE..ST - FF-, IETRIL TPF4V CFE-50 I, TE -'
CELL - 2 FUN - I FUEL - JETFI
CRL TIME = 1115 HUr : ::-:' 0 FUEL H 1.9

PI'G 24,:" PO I T 0

FiCTIPL G(.: At4L2IT
-'1VE IITCH CO Co0 H'-: ,4 F- ITIO-

Pu.: R : SEM I -tiF"T 'E M I - 'P IOFT HET C, I F Ij Pi PRDIAL
(FP M) (FCT:' PM, , P E r1 , :

S ,. 1 20._ 2 .14.- 2- .. . 16.49
15 E. 1 0. 4 2 . 5.17 ' . 1

1 29. 1 2.::4 14 . 21 .1 E
15 1? 1 2 1 2..1_:. 4 5.17 '. '?0

1 29..4
0 1 1 2 . 4 11

1. 1:. 5,...I 1_' 1 16. 2. :-4L. ,'1: 77 71*-

3 1 4. -, 5. 4'

0 , 1 49. 7 2.77 2:-:.74 7-. :1
15 5 1 63.4 2.70 4 195
:(1 5 1 44.7 2.69 4 f 70.2 210

0 7 1 2:,.- 1.. 2 f,.2 21
1 7. 1 :::: ,. 7 - 4. --. ? 241:,

30 7 1 2. - 2.91 7E.. ,

0 2 1 29 6 2.:6 1.62 -1.::

15 2 1 0.,If 2. *8-:4 6.14 7'.23n ",. 1 -' 1 :'.3 2.:--'91 -'.:2 :n

r0 4 1 28. 4 2. 7.5.
15 4 1 2.? 2.?- 5.:1 1.9 :
-,' 4 1 2 4.91 4.1 4
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TABLE A2. EMISSIONS DATA FOR 120-POINT TRAVERSE AT 30 PERCENT POWER (CONTINUED).

0 14 1 2 ? 2.95 14.21 i4. 2 0 1$.5,
15 14 1 3.4 4.a. o,.1
0 n. 14 1 . . .a:3 :

. 1 E9.1 -41 12. -7 *_. 4515 16- 1 3I. { c.~. 4.52 ~ ;'9 1 t.
I1. 1.. 1 . 2'. ... 75

0 .1 4.4 1.62 1

15 " 1 34.0 2.97 4.20 - 105
CO r4 1 29. 4 2. 0 . : 80. (1 lc_'0

11 1 41 . (2 k7
15 11 1 3a2.6"3 .00 4.52 -: ".,,. :- 5n

O t. 1 64.1 c.,.. :34.23
15 17' 1 62. .. E.46 .
'n 1-4- 1 415 . ,.5. " -
1;9 15 1 35. . . ,:0 10. .,.

15 1 3:1.4 i2 7- C1 -,.: r:.. 54 0

15 . 15 1 .ii. " : "c -' - "*.*-1 'I1.L. s',

S 10 1 :1

n 12 1 2 .8. :.0": 7.4 8: 1 ;:15
15 1 ;' 1 2.5. ' .i1 4. 2_4:- .0 '..- 12 1 .4 : ?.. 4

f, 21 2 2..1 13.2 4"" ft.
2. 7::- 2.. 4 5:.:''10 515 21 2 29.6 ,2 - : '...2::::0 ,

n . 2. 1 4 . ': c.. . 12. -. A45
1 , 4 29.6 ,3,v.f- .'91 -:1.-:,,:

I c 4 3.' E...' c:3-:'
it ? 7 7 34.7 '1 13.

. 0 10 1 .. '0 0.27' -.- ' : 12,
1- 1 " 42.7 'w, C: 1ft.

. .. -O: 2'1 1 :5 4 2E.7'7 130:' '?

-n. 21 1 . 1.54 . - 220

. .3 :3?.9 2.- 1 . ,.

•t " 3 32.1 2.82 2.2 T .* ?

U 1': 1 32 . 4 2.91? 6.14 4 -"

'5 1 .1 . 4 4. 2 :..

I ' .t I 2:::, ," .9:3. :E, n'7 "'*,:, •:*7: c.

2 1 2.' 3.55 . 02 1= 7:"
S?, I i 26.4 245 2.5' 7.".. 345



TABLE A2. EMISSIONS DATA FOR 120-POINT TRAVERSE AT 30 PERCENT POWER (CONTINUED).

0 21 i 31.0 2.72 5.4" 777 7.

15 21 10 2E..:: 2.76 .5.: 78.2 15
ii ,'1 10 cr.4 - t7 :.C .: n

' 2 1 12 4?.1 .54 6. 14 7. •.s 45

15 i 12 .4 79 5:

15 21 5_ :22.6 2.9 2 :._,.."'5$ : : _ ,..4 1 050 21 5 2 9. 8 2.E. 7 ?.a 9
"I 5 21 31.7 2. 2. 7:- 4 1

0 21 7 32.4 2.74 6.46 7.5 3:.
1 21 7 2: 2. 84 2.26 76.9 ' 150
y.I 21 7 31.7 2.74 : !: 75.2 165

0 21 9 29.4 27 6.4 7.
15 21 9 31 .4 71 27.. 195

P, ~~~r o ' .--' 21 9 35l.. E: :.5E 91 7::

ii 11 26.E 2.7 4-' 91 2
5-6. 41:. -.... ..= 1 11 m a:" ."'. ,...- 5::7-' .:.-:c4

0 21 r ' '. 7 (1 -, r .- 7 .

3C' 1 _ .c1. 7 - ' .n

51 21 c-.. 1 .-: 7 .7 15

_-.~~ 7. 2 _ .,''.:: 2.74 ,_c . 5,:-, -,. _:45 =.15 21 1 1.
4,.. 4. 5 4 .C. ,_ 461

1 21 1 0 .. 75 .

0 1 i *I7. 4 0l
" 2 1 15 CC 2. 11-' 7...
301 1 15 2 . . .c , 5 E. c 5

1 ' 1 17 . . 4 2 4 ,' .4. 7Il

30 *c-I 2 17 297.1 2.4 s,':' Q5

15 IA 19 S1.7: c2 c1057

.1 1' -4 .c''75.

15 2' 1 14 r I
S0 1 14 2.5 .

15 21 1 E..32.8 2.65 C4.. 15
30 2 11 *... 3,7, -r 5 :

S. 1 I_ 2 0 4. 5. 4.

0 1 14 1_ 4: c. 4 4 74. i
15 1 14 ... 6

Sn 1 14 1-9. ,.''•I'- -: t,:. ' 1n
0 21 1 4. 1. I -. 5 -' 4 . ::4 *' :.-' _1' .

30 21 I4 31.7 .57 c1 .ct.: 72(.5n 2

..t'.DE" 7.2 0.13 5.11

A1E l21 AVG 3..1. 2.82 6.22: 7 :-"'

R' ..--.....



TABLE A2. EMISSIONS DATA FOR 120-POINT TRAVERSE AT 30 PERCENT POWER (CONTINUED).

CALCLILPTEt EMI:"' I ON:T LEVEL::-'
Fi;z'.-E II]TIH Ca H Crr. C:H4'" Ir o ri',1':: P.l cotif,]

F: A B *..* L0 A-E- ..10 L:- FUEL *#.*.e. Z -r'FLE EFF

0 6 1 1 ?.E 1 (.14 ('. 5e 99.. (1

(I.E., fIfl It1'-':: 4,' ", 
' 

-:4 C,15 . 1 .. I, '.( 1? -1 74

30 6 1 2.1 : 1.14 9. 64 0. 0 1,4u 99. " 4

0 E: 1 . 1 _-0 .4 9. Sn 000' . ft 12:4 ;' ' . ;15 1 1 . : :::: . c:

3l 8: 1 2. 1 . 15 '.4 (I. (1 4 99. 94

70 1 1 2.2: c.. '. . 412. _ .. 1 '?7 ' '0. 9 .51 f. 115 1 1 f..$. r1_4 9I f. 57 . 99 91

3(1 3 1 2.14 14 1 (.7E, . 1 99 94

(1 5 1 I . 251

15 5 1 4 6 . '. 77 Q . 0. 12 9 '.

30 5 1 •- 7 (1 .I a cl . o, I c,

0 '7 1 2., 0. Cl . 4 E I. f "13 9,9.9
15 1 2.4:1' I 9 .4 '. '1.I 1 99. :-:

3C5 7 1 . . - . ' i|, ('- '4 c i  I

15 2 1 2. 1 (1 . l 47' 11 -:.- 4

-1 I.1 "' 
l  1 7 9-: 945

15 4 1 1 - , 9.7 01 -: 99.9 -4
4 1 1.74 0.2 9.70 ('.'.'1z_:- 99.9
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TABLE A2. EMISSIONS DATA FOR 120-POINT TRAVERSE AT 30 PERCENT POWER (CONTINUED).

( 14 1 2. 05 0. 51:1i 9.9 0. CP -4 Q.9'

15 14 1 2,-8. ('. 9.77 0. 01 :
TO 14 1 2.- 0. 13 9.70 0. 0 1405 99.94

0 16 1 2. 0l ('.51 10. 18 0. 01374 19. 91
15 16 1 2.24 0.20 9.79 0. 013*?24 99 93
20 16 1 2. ! 0.13 9.54 P . L13 *7 99.94

0 9 1 2.42 0. 49 9.84 0. 01 6- 9.
15 9 1 2. 2 0. 17 . 0. C14 . r4 9: ::
30 9 1 2.05 0. 1 9. A. 0 1.7 99.94

0 11 1 2. 'E: 0. ::oE.f 0 : (19.90.
15 11 1 2.20 0. 1: 10. 2:- . 0141 :::
30 1 1 2. '2 0.14 I'. 5 A (131:? 99.94

o 1 1 4.ti. 1.4$ 9. i. C. C131 : '.. 7E.
15 "13 1 4.7 2 01.29 8:.54 (. ('1 99. $6
30 13 1 3.14 0.16 9.29 0. (1127 99.91

0 15 1 2.51 0. 42 9.41 f c.11 99.:. 91
15 15 1 2.26 0. 17 .65 .0.1-4 .
30 15 1 2.13 0. 12 9.79 . .11 I' I1 99.94

0 10 1 2.21 0.33 9.6' 0. "1411 99.92-"
3 r. I e'l I I -,,- " f,. 15 . .73 Al 0. ('.135:,  'WL..: '?15 10 1 2.0Q,7 0 .2:31 1175,

30 10 1 1 . 9*7 (1 . I  . 0 0 1 9, . 914 -4

0 12 1 1. 86 0.3: 9. 4 I' (14:' 99.93
15 12 1 1.:e 0. 20 9 . 0. 014C0 99.9 Z4

30 12 1 1.77 01 9 .- 5 01427 m. 5
(i21! 2 1.90 0. I1'. 1 t' ('62 99.91 h

15 21 2 2.11 (' 0.14 '. 0. I 1:352 99.:Z. 94
30 2'1 2 2.17 0. 11 ., -, A. t"j ' 9':1.94

0 21 4 2.05 (.52 10. 5' i i3'?E '?' 91
15 21 4 2.10 0. 12 .. 13 '?. 94

('21 4 2.2 0. 12e: i A(16 9
(1 17 1 2.7 "  0.4$: 9 . mi A, 1', '.' A'

15 17 1 2.29 .16 9. - A. 14E'1 99. ??
30 17 1 2. 1 0.12 9. H' . 0131 : 9?. l

0 19 1 2 A : 9-4 0. 0:4I 99. 9 0
15 19 1 2.45 0.15 9.3$: 0. :" 1'.? 99.'??

10 19 1 2.16 0.11 10.013 0. 01324 99. '4
0 21 1 2.. 11 1.2. 9.97 0.01 1 99. $2

15 21 1 4.57 0.22 E:.72 0. (12$ '
30 21 1 4. ('- 0. 17 . :7 o. 0 12 ': '..

0 ai " 2. 7 , o. 45 95? 0.0: 9. '
15 21 3 .1 0.12 9.65 0. :134'- 9'?. '
30 21 3 2.,71 0. .. 1 (. l 1 9.9 - 04

S1Ell 1 2.19 0.25 9. ,5 .( (9 9.9
15 1' 1 2. 2 2- 0.1$' H 9..4 0. f135
.30 1? 1 2.16 0.13 9.5 0. ('124 .'. $4

o 20 1 1.9 0.3:3 9.7 : 0. 0140$' ?9. 9::
15 2 01 1 1.94 ('.15 9.70 . ('395 99.94
30 20 1 1 •. 0.11 9. $:6 0. 0 !E 99.95
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( 21 10 2.31 (.24 9.:-9 01.O :C c9 .
15,~~~~~~~ 211-.. . 19., .0 6'. 9'9. 94

3 21 10 2.00 0.10 9' • . 0126- .4

0 21 12 .. 44 0.29 10.74 0. 012' 0 99. :9
15 21 1 2 2.11 0. 10 (1. fl I
.:(s "! 12 2.440 0.10 10. :24 0. ('12:.E: 1 99.94

0 21 5 2.04 0.92 . 17 0. 0'3.9 99. "
15 21 5 2.24 0.11 9.47 .01-9 -
30 21 5 2.28 0.10 9._6 0.01:1 99.94

0 21 7 2.39 . 2E.9:- 0. 0129?7 97. 92
15 21 7 2.34 0.10 9.31:9 0. 014:3 9'9.94
30 21 7 2.34 0. 11 9.51 0. 01297 99.94

0 21 9 2. 1 C-. i. 29 9. 0 1 -'9 9
15 21 9 2. ,l ('. 12 .. :, 2:- "CE 9. .
30 21 9 2.82 0. 14 9 .. '" (. 0122 (1

0 21 11 1.99 (.24 .. .7 -. 01'c 99. 9-

15 21 11 2 .2 0.11 9.25 0. (11 9t . .
31 21 11 2.55 0. 10 9. 61 (. I.12.1 5 9. 9":

0 21 6 2.27 0.' 9. :. (21 :' 9 . "92
15 21 6 2.25 0. 11 9. E.: D. 01.- 71 9. 94
'0 21 6 2 . 2:9 0.10 9 :4 0.01' 9?.'4
C 21 E: 2. . (22. 9. 4:. (I. f -I

15 21 6 2. CIE 0'.11 955 ft.(11,: -41.:030 21 e_ 2.06 0. 11 9.71 ot.':' 2'3 9'?.9':4

0 21 1Q .' 0 2:: C. '"'. 0' .-
15 21 1:: 2.31 0. 1(0 9. E4 0.'1 _51 f. 94
30 21 1. 2.27 0.12 '.:4 .. '22':' .'0. . 9.4

0 21 20 2.34 '.. 21 '. 7 0. (1242 99 :".
15 21 20 0 . 06 0.0 9. :. 01263 9.94
30 21 20 - 2._05 I I C1. (1 4 (f. 0 1 2-: '.:.'

"0 21 1:- 2.11 ('.24 . 4 (1. .24 9A9. ?"
1'5 21 1' . . 05. Q. 10 (1 :0 :'5 ' :'9 .94
3 0 21 1 2.11 0. 11 10. ':: . (-44' ?9.94

0 1 1 2;. C' . 2. (I. (I1 ( ,:'11 : . j1
15 1 15 2. I :?: 0. 10 C'4. -74:) . 4 ? 4
30 L1 15 2.24 0.11 14. '4 ,. I12iL.l' 99.94

0 1. ( . ... 86.
15 ,1 1 2 • 2 0.10 .. 0. n 2 ' . 94
30 21 17 2. 0 .11 'P 0 121. 0.0 1 .2 ft

15 21 1' 2.45 O. 10 9. 10l 99. ':i-

30 21 19 2.70 0 .12 2 . " 11:? . ..
0 21 14 2.05 (.22 1 C1. I-12:-2 ,

15 21 14 2.9c, 0.14 . ". ('1214 9'.'2
3 21 14 2.9:-: 0.14 9.45 (1. r: 1 7: 9'. ' _

0 21 16 2. "" ('. 2 ' ? 47 O. I'122": 1C '"-

14 21 16 2.52 0.12 9.4t V. 01:'4:-' Q .
30 21 16 2.5, .1 (19.7F: . ('1 14 ?9. '?

F',3 2.3? • -9.24 ?.,2 0.01 1E 9? '

O'%EPF4LL FI.G 2. :.2 (0.24 9.71 (. 01:- 99.92

¢.TiT tE"5 0.0.22 5E. "36 0. ' - (' . -

F'FI P i.T v'...'' 2.40 (. .27 9. 71 I. I . . ..
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TABLE A3. EMISSIONS DATA FOR 120-POINT TRAVERSE AT 85 PERCENT POWER.

TEST - FAA DETAIL TP.AY C'FE.-5O DATE - S/1S/:1.-
CELL - 2 Ptl - 2 FUEL - JETA
CAL TIME = 7:':0 HUM =I 151.0 FUEL H.-"C = 1.92

P. I3 :i. POINT 85

ACTLIPL G'3- Ar7L": ISY
PAiE SIIITCH CO C .GIs No:: F':.: I T I04
PD"o: A 1: SEMI-DR'Y SEMI-FP,Y hMET WET C I PCUM FALDIJAL

(PP':' (P'C:T) (F'FM (PPM' - :DEG' IN,
0 6 1 22,. 9 4.42 7 29 1 . 6, 16. 4 ?

15 6. 1 21. . 3 4. "-." 0. 6 5 E:::: -'. 1- 15
30 E, 1 14.4 4. ''5 1. ,:3.' "0.4 :. 0

o : 2. 7 4.21 " ( "  -. 45
15 : 1 20.4 4.2a ' 2.". '':'

S . . 4. ' 2 7. 1

o 1 1 24.7 4.4 1 .61 275. .
15 1 1 2 . 4.45 A ., . '
30 1 1 1Ia::. , 4. _.0 : ".32_:,£;- :'. 5, 1 w-'

0 3 1 24.5 4.43 0.97 4: :
15 3 1 22.5 4. ". 23- 1 I
30 --" 1 17. 5 4.56 6. .- , 2 1,

0 5 1 2S . 4.4' .,5 , 9 1
15 5 1 25. , 4. ij . : C . 1 '- . '

_,

3(. 5 1 1 E-. 4 4.40 0. 16.5. 1 2'1 .
i5 7 1 22.7 4.2E 0.5 251. 41,

0 1 14.4 4.' 27 -,=

(' 2 1 2.._. 1 4.4f, 1. 6,1 1-- ,O
1 ,_ . 1 '2(.4 4.3 0r. 32 ,'
30 .2 1 14.2 4.45 0..65 "4.
0 4 1 22.2 4.51 0.97 .". 1 15

15 4 1 21.6 4.45 0.32 ',. 1
30 4 1 13.1 4.45 ('.32 "t 4 .4 5

(1 
t
-I



TABLE A3. EMISSIONS DATA FOR 120-POINT TRAVERSE AT 85 PERCENT POWER (CONTINUED).

(1 14 1 24.3 4.41 0.65 8' 5. 13.52
15 14 1 22. 9 4.4: ('.c47 2-:.2 15
3' 0 14 1 14. 1 4. 37 -'.-29:. 0. 30 5
0 16 1 24.7 4.31 0.32 8 :80. 7 45

15 16 1 20.9 4.31 l.29 ,: " :0 6_
30 16 1 16.7 4.49 0. E,5_ 288.IF' .f 5

0 9 1 27.9 4.5. 0.359(. 2::6 • .8 9 0
15 9 1 24.7 4.50 0.65 2:', 0. 7 105
30 9 1 17.1 4.48.? C. 2?,2. 0 120

I 11 1 26. 3 4.59 0 . 3 21
15 11 1 22. 4 4.4 i3 0.65 2 8 .6 150
3f.I 11 1 18:.? 4.54 0. 2':11 .6,

0 13 1 3 0.2 4.45 0.32 26:.7 1 -'
15 13 1 27.2 4.4E 0.65 1t .. 7 195
3 1? ill 1 20. 2 4.51 0. C....T 210
0 15 1 26.5 4.40 0.32 2. , -

15 15 1 22.9 4.27 0.97 J 240
30 15 1 16.4 4.42 :. 22 c'74. 7 255'
0 10 1 24.9 4.56 .65 ' 2' 270

15 10 1 21.6 4.45 0.97 2 ! '5
30 10 1 15.1 4 .61 0.3:2 1
0 1" 1 26. 3 4.62 0.65 1: 1:-. 5 ., 15

15 12' 1 22. ,..5 4. ('t Q.65 fAt 1 0
30 12 1 12. 2 4.4R ..38' 3: .4.
0 21 2 25 . 4 ' '. "-. 0 15.

15 21 . 22.9 4. 1.29- 15
30. 21 2 2.2 4. 5.2' 0'65 7

o 21 4 20. 0 4 .20-. 2 7 5.,
15 21 4 2 2. 7 4.29 1.29 1 ( 1
301 Li c 4 231 4. *1 0.227
0 17 1 . 4.4 : 7.

15 17, 1 26.8 4.50 1 • 27 7,:1,. I 10
0 17 1 18.4 4.55 ". a:' '.:
0 19 1 28.6 4.54 (1 2:-.3 1:5

15 1'7 1 2_4.5 4. :-R 1.2' 27:. 15
30 I9 1 16.7 4.51 1 . 277.1 165

o 21 1 29.5 4.43 Ct 271.1 1::0
15 21 1 -5' .6 4.22 1 2? -'5 1 15
30 21 1 19. 4. 56 0. 4 2 21
') 21 : 29.5 4.41 1-1. 1 "2

15 LI1 24. '? 4.32 (I .C c55. 4 240
:( A.1 2 0. 4 4.54 0. " 25t . 25
0 1 :: 1 .27.4 4. 45 .

15 1 1 24.0 4..:7 1 .- 4 7 t 15
30 1: 1 17., 4.62 . 65 30,. :

0 20 1 29. 3: 4.6E5 0. 65 $1 n',f'

15 :' 1 24. 4.4"3 1.61 291.6Z. 3I ')
30 20 1 18. 4 4.52 0.65 294. C: 345

70

_ x . . . .. . "



opp - --- -- - -I-"a

TABLE A3. EMISSIONS DATA FOR 120-POINT TRAVERSE AT 85 PERCENT POWER (CONTINUED).

0 21 10 24.5 4.19 0. 27. 5 0 7.5
15 21 10 21.6 4.16 1.61 269.9 15
?, 21 10 2-. 3 4.6 0. 5. 3

21 12 27.0 4.22 0.-,2 27'. 45
15 21 I12 0 23.4 4.12 1.61 267.5.
30 21 12 25.6 4.61 0. 303.5 75

0 21 5 28.8 4. 116 0. 2A:::. 7 90
15 21 5 26.1 4.31 0.97 265.1 105
30 21 5 28.1 4.62 0. 9 120

0 21 7 28.1 4.35 0. 265.1 1 35
15 21 7 84.7 4.28 1.29 ' 26,:..3 15,',
30 21 7 24.7 4.35 0. 280.7 165
o 21 9 25.6 4.22 0 .9 180 (

15 21 9 22.5 4.13 1.29 2 9 195
30 21 9 29. 7 4.41 0. 2: ::::-;. 2 1 0

0 21 11 30.18 4.3: 0 .97 15 I. e:- 225
15 21 11 26.1 4.23 1.29 E.6 24''0
30 21 11 26.5 4.55 =. 1 6 255

0 21 6 28.6 4..25 0. .-2 5E •f 2"7 0
15 21 6 23.6 4.19 1 61 2 1 235
30 21 6 24.9 4.61 0.32 c fJ. 0 ::, 1 Q

0 21 8 26.8 4.42 0.32 2?.4 15
15 21 8 23e.4 4.31 1.61 2-4.4 :-Li
30 21 8 23.4 4.45 0.-2 31-.3 345

0 21 1 . 25.4 4. 0 7 0. -:2 , 0 4.61
15 21 18 21.38 4.11 1.61 Lr..7 15
30 21 1 1 24.9 4.26 (. ' -::: 0

o 1 20 240 .01.32 C2r6 0. 45
,15 21 20 21.8 4.04 1.61 _ 60
30 21 20 27.2 4. 59 0. 75
0 21 13 24.9 4. 02 0.5. 5'.65 . 4 91

15 21 13 22.7 4.13 1.61 &'E1.5 1(5
30 21 13 25.4 4.24 I. 2:. 120

0 21 15 25.4 4.00 0.65 24?.4 1 .: 5
15 21 15 23.4 4.09 1.29 25:-.0 :15f'
30 21 15 27.0 4. 0'3 0. 2'77. 1 1

0 21 17 26.1 4. 05 0. 32 251 '. '':1
15 21 17 22.5 4.09 1.29 256.7 1'.
30 21 17 26.5 4.14 0. r- .'9 21'

0 21 19 27.2 4.02 0.32 245L. 225
15 21 19 25.6 4.(0? 1 2.29 244.6 24',
30 21 19 ....". 8 4.27 0. 2 '.1 

0 21 14 27.4 4. 17 ('.97 -'..
15 21 14 23. 4.14 1.94 c'1 c

30(1 21 14 26.1 4.27 :. f 6
0 21 16 26.1 4.0? 1.97 5 1. 8

15 21 16 22.9 4.18 1.94 6:...
30 21 16 26.1 4.45 0. ("7 :345

AVG 23.5 4 .3 0. 61 277. 4

STD PE' 4.1 0. 17 (. 54 17.0

A'EA bIT AVG 22.8 4.40 .59 27.6
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* TABLE A3. EMISSIONS DATA FOR 120-POINT TRAVERSE AT 85 PERCENT POWER (CONTINUED).

iCALCULATED EMI :,::ION LEVELS'
PAVE Sk,TCH Cl HC(FS CH4) No Nol. FP COME.
P0: A : **** L./1000 LES FUEL ** ** :?Ar.FLE EFF

0 V-i 1 1.05 0.0- 23.3: n. ,'I fT-: 99. 97
15 6 1 0.99 0.02
30 t. 1 0. t.7 0. 01 58 Q:. 0 '2 :: Q *.9:I

0 8 1 1. 09 0. 02 ';'. 14 (. (1'.1 99. ' -7
15 8 1 0.97 .03 23'. 15 0. 0199: 99.-97
30 ,9 1 0. 74 0I.01 22. 64 (1. o2 ]'4 9?. :'?:

0 1 1.13 0.04 2. 04 c '20:"2 99.97
15 1 1 1.07 0. 3: O. 23., 99.9:
30 1 1 0.84 0. 01 22. 11 n f:' :: 9.9:-:

0 3 1 1•.12 0.0:-' '":. . ' . 020:-2 9'..9.

15 3 1 1.04 0. 91 0.02055
30 3 1 0.22. 2142 99C" 9:E

0 5 1 1.31 0. ('2 21. 5, 1207C 9
1 110.11.1: ' '.. r020:'5 99 '-15 5 1 .19 0.01 21.5 01. (1,- fl': 99.97

0 5 1 .75 . 21. 1 c. 020-1 99.9:
0 7 1 1.1 IS 0. 01 21. 1 S C. r!25 99. 97

15 7 1 1.07 0. 012 1 5-7 0. (121.... .4 9:4
30 7 1 0... 0 24.2' '1 .r':'9 91. "::
0 2 1 1 06 0 0 2 .,,: 7 :' 9

15 2 1 C0. 95 I'.I,12: .2 , 0
.

01t.5:' .':.

0.. E-1 0 .0 2 -24 2 (1 ':: -4

(1 4 1 1. 0't 0. 0:- 24. ( 0. (2, 11 9 ' 9.97
15 4 1 0.97 0.01 24.10 C'. :=12 99.119,
31f 4 1 0. 5z 0. (1 24. 01 0. 0209 .
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TABLE A3. EMISSIONS DATA FOR 120-POINT TRAVERSE AT 85 PERCENT POWER (CO'INUED).

0 14 1 1.11 0. 012 ":.17 0. ('12(7 5 99.97
15 14 1 1.':-3 (' 0t" ' .0.u i'? (12 97
30 14 1 0.61 a.02 c..' 0. :2053 99.9C

0 16 1 1. 16 (. ('1 2..201 0. 0 2 02" 9 .
15 16 0.9:" 0.04 22. 1 0. 02r 99.97
30 16 1 0.75 0.02 22. 21 ('.02112 9'9:. 9:.

0 9 1 1 .23 01. 01 22.1:3 0. l9219 -" -. 97
15 9 1 1.11 0.02 22.0 : 0.02 11 . 9.97
30 9 1 0.77 0. 22.2' '.0 l"21,'.  ' ZI "-

0 11 1 1.16 0.01 22.50 0. (215E '
15 11 1 1. 07 .02 22.E1 0. 00:n: 99.97
30 11 1 0.84 0. 27 0.01.: 99:. 9

15 1:3 1 1.2 , 0. 2.9 0.02':'? 99.97
30 13 1 0.91 0. L21 . u 122 9. 9'c

0 15 1 I. 22 0. "1 2 1 12 0A:",:-: 9?. 97
15 15 1 1.:- 0.0 : 21.41 0. 02 2 011 99:. 97
30 15 1 0. 75 0. 01 a1 . 0. 1)0f7::, 9:. 9:

0 10 1 1.1( (1.2 :-3 (i. 0' 14E 99.97

15 10 1 ('.. 0.03 .: : 0..,. :. .97.
3 0 120 1 . 66 .01 4. (7 0. 0'1r6 99* 9:

0 12 1 1.15 0. (2 2.-E. 0. 01 17".7
15 12 1 1.00 0.02 7 0. (-, 14 74974. ?:-:
30 12 1 0.55 0. (1 -4. (7 0. 0 '- 9'?.

0 21 2 1 ? (.01 c:- 10 0. t:1 05 94 97
15 21 2 1.06 0 . 04 0.. 9 0., "4 9,.97
3 0 21 2 0.90 0. 0' 1 .97 0.0 -1 ' 99..-

0 21 4 1.27 0.0 A1 ,_, o.:u i. 92.. 97'
15 21 4 1.07 0. 04 ....:: 0. ('213 9:. 9?
30 21 4 0.97 0.01 .I . :- 0. '25. 9?. 9Z

0 17 1 1.35 0. ci .:: . ':.21092.. '?
15 17 1 1.20 0.04 1 .7'9 0. 021 1 9'---
30 17 1 0.82 0.01 21 - 0. f21-9 9.

0 19 1 1.27 0. 01 2' . 43 0. 0 , 1 : Q ' '?.
15 19 1 1.12 :. 0.04 22. 4 5 (. (1":, 9'?r
30 19 1 0.75 0. 01 21. 7 0. (122 '?". :".
0 21 1 1. 34 0. 21.621 0. 0(:-. 9-'Q. 97

15 21 1 1. 213 0.04 21 . 65 0.'1 :.0 9 7
3 " 1 1 0. .;: 0.01 1'4. 71 0.1214r 9'?. '?, :

0 21 1.35 (1. 2 0.76 0. 0' 9 .5
15 -I . 1.17 (0. (1:: . 0. f nt'' , =.
30 21 3 0. 9,1 (I ('1 ( :3 0. 0 1 :-_ L 9:

0 1 - 1.25 0. 01 2. 0 :? 0. 0.-- 0':4 2 Q C. 99 -
15 1 1 1.11 0.05 2._-. 2:- 0. Ch' 055 -:. 997
30 IS 1 0.76 oI c 0, 2'::. 44 0. 02 17 9'.. 9::

0 ?A 1 1.27 0. ' ,2:.6, 0. 021:':,.9.97
15 20 1 1.12 0.04 2:3.29 0. 02 99. -7
30 20 1 0. 82 0. 02 2:. 1 0. 012126 99.E9
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TABLE A3. EMISSIONS DATA FOR 120-POINT TRAVERSE AT 85 PERCENT POWER (CONCLUDED).

0 21 1( 1.I. 1$. 0 . -', .' 01 .'17 5 '.?.,?? _

15 21 10 1 . (15 0. ' '. 4 0. ':'195:. 9?. 97
"0 21 10 1. 17 0(I. 23 0. ':214: 9,.97

u 21 12 1.29 0.01 r_.7 0.01':1' ,:4 9Q7
1

,15 21 12 1.15 0.05 ,. .Co 1 41. '' '

c-eli, 2 1 12 1 .12 1. 'Th A '2.1 1
0 21 5 1.1"4 0. 1.7 a. ':as, "'. 97

15 21 5 1.2 0.03 21 .73 0. r C '? - 9
30 21 5 1.2 0. 2.. 4 0. 02170 4 9.97

( 21 7 1.:1 0. 21.55 . 0:045 9 "'
15 21 7 1.17 0.04 21.97 0. (2015 99. 97
30 21 7 1.15 0. 2 7'? 0. 02 n4- 9. "
0 21 9. 1.23 0. 3. 09 0. :1

15 21 9. 1.10 0.04 2. 02 .0 1 .9 
30 2, 1 9 1.36 0. 2Z c.0207 .

0 2, 1 11 1.44 0.(r? 2(, 54 0. c' '::" '?. 9#_
15 21 1 1.25 0.04 0.'. .1 0. ('1'91 9. 7
30 21 11 1.01 0. 23. 6:: 0. 021"9 99.97

0 21 6 1 0.01 "1 .31 0. "s':' 9'?.??
15 21 6 1.14 0. 05 21. 8: 02-071 9'. .97
30 21 1.09 0. 01 24. 05 0. f'2167 ".-7

- 21 8: 1.22-0.01 2.. 0? 0. 1:- n7'. 9 9
15 21 : 1.1 0 0. 05 C - t ::j 0. :21:2:- 99.9'.'7
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