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ABSTRACT

This report presents a set of correction factors for variations
in turbine aircraft HC, CO, NOX and smoke emissions due to non-standard
day ambient temperature, pressure and humidity developed for the United
States Environmental Protection Agency, Ann Arbor, Michigan, under EPA
Contract No. 68-03-2159. These correction factors are based on data from
three EPA-sponsored full-scale engine tests, two EPA-sponsored combustor rig
tests, and additional data solicited from industry sources. Key corre-
lating parameters in this analysis were combustor inlet temperature,
combustor inlet pressure, and ambient humidity. The correction factors
have been developed using a multiple least sduares regression analysis
approach using functional emissions models based upon theoretical con-
siderations and an extensive review of current ambient effects literature.
Emphasis has been placed upon relating correction factor coefficients
within a general engine class to various operating characteristics of each

individual engine,

pede
febo
e



Section

TABLE OF CONTENTS

Title

ABSTRACT .

LIST OF TABLES
LIST OF FIGURES
LIST OF APPENDICES

SUMMARY AND CONCLUSIONS

INTRODUCTION
2.1 EPA-Sponsored Data e e e e e
2.2 Contributed Data
2.3 Engine and Test Descriptions
2.3.1 TPE331-5-251
2.3.2 GTCP85-98CK APU
2.3.3 ALF502 Full Scale Engine
2.3.4 ALF502 Combustor Rig
2.3.5 CFM56 Combustor Rig
DEFINITIONS

SUMMARY OF AMBIENT EFFECTS LITERATURE

4.1
4.2
4.3
4.4

Oxides of Nitrogen
Hydrocarbons . . . . . . .
Carbon Monoxide

Smoke Number .

CORRECTION FACTOR APPROACH

5.1
5.2

5.3
5.4

5.5

Theoretical versus Empirical Emissions Models .

Correlating Parameters - Ambient versus
Combustor Inlet

Simple versus Complex Emissions Models

Data Variability .

5.4.1 Test-to-Test Variability e
5.4.2 Engine-~to-Engine Variability
Regression Models and Correction Factors

INDIVIDUAL ENGINE EMISSION MODELS

v

Page No.

iii
vii
ix

xiii

1-1

5-1
5-4
5-7
5-8
5-9
5-9

6-1



TABLE OF CONTENTS (Cont.)

Section Title - : Page No,
6.1  CFM56 Combustor Rig - Raw Data Plots . . . . . . .. 6-1
CFM56 Combustor Rig - Summary Statistics by Mode . . 6-2
CFM56 Combustor Rig - Regression Summary Ce . 622
7 GENERALIZED CORRECTION FACTORS . . . . . v v v v v v v . . 7-1
7.1 Oxides of Nitrogen e e e e e e e e e e 7-4
7.1.1  Temperature Correction Factor . . . . . . . 7-4
7.1.2  Humidity Correction Factor . . . . . . . . 7-8
7.2 Hydrocarbons I T 7-9

7.3 Carbon Monoxide . . . . . . . . . . . . . ... 7-11

7.4 Smoke Number e e e e e e e e e e e e e e e e 7-12

7.5 Correction Factor Sensitivity Analysis . . . . . . 7-14

7.6 Correction Factor Performance Analysis . . . . . . . 7-17
8 REFERENCES  + « + + v v o v e e e it e e e e e e B2
9 TABLES O - S |
10 FIGURES e L R |

vi



LIST OF TABLES

Table No. Title ’ Page No.
1 Engine/Combustor Rig Summary - EPA-Sponsored Data . . . . . 9-3
2 Industry Contributed Data - Selected Experimental

Design FEatures . . . « « v v v v v v v v v e s . 9-4
3 Ambient Test Conditions - TPE331-5-251 and GTCP85-98CK APU. 9-5
4 TPE331-5-251 Engine Load Conditions . . . . . . . . . . . 9-6
5 GTCP85-98CK APU Engine Load Conditions . . . . . . . . . . 9-7
6 Ambient Test Conditions - ALF502 Full Scale Engine . . . . 9-8
7 Ambient Test Conditions - ALF502 Combustor Rig . . . . . . 9-9
8 Ambient Test Conditions - CFM56 Combustor Rig . . . . . . 9-10
9 CFM56 Combustor Rig Replicate Analysis 22 9!
10 TPE331-5-251 Full Scale Engine Replicate Analysis . . . . . 9-12
11 © Test-to-Test Variabilify - Mean Idle Coefficient of ‘
Variation by Engine o R X
12 CFMS6 Combustor Rig - Summary Statistics by Mode . . . . . 9-14
13 CFM56 Combustor Rig - HC Regression Summary . . . . . . . 9-15
14 CFM56 Combustor Rig - CO Regression Summary . . . . . . . 9-16
15 CFEM56 Combustor Rig - NOX Regression Summary . . . o+ . .« o« 9-17
16 CFMS6 Combustor Rig - Smoke Regression Summary . . . . . . 5-18
17 NOX Correction Factor Coefficients - Tabular Summary ‘; .. 9-19
18 NOX Correction Factor Coefficients - Summary Statistics . . 9-20
19 HC Correction Factor Coefficients - Tabular Summary c .. 9-21
20 HC Correction Factor Coefficients - Summary Statistics ... 9-22
21 CO Correction Factor Coefficients - Tabular Summafy v oeo. 9-23

vii



Table No.

22

23

24

Cl

Cc2

D1

D2

LIST OF TABLES (cont.)

Title

CO Correction Factor Coefficients - Summary Statistics

Smoke Number Correction Factor Coefficients - Tabular
Summary

Smoke Number Correction Factor Coefficients - .
Summary Statistics . . . . . . . . 0 0 . w0 e e e

NOX Regression Coefficients vs. Model Formulation -
GE CFM56 Combustor Rig, Idle to Takeoff

NOX Regression Coefficients vs. Model Formulation -

Pratt & Whitney JT9D-7A Pilot Lot Data, Idle to Takeoff .

ALF502 Rig-Engine Correlation Analysis -
Regression Summary e e e

ALF502 Rig-Engine Correlation Analysis -
Coefficient Confidence Bound Summary

viii

Page No.

9-24
9-25

9-26

C-7
C-8
D-6

D-7



Figure No.

10

11

12

13

14

15

LIST OF FIGURES

Title

Variation of Oxides of Nitrogen (NOX) EI with Ambient
Temperature - ALFS502 Combustor Rig, Approach Mode .

Data Overview - EPA Aircraft Emissions Ambient
Effects Program

Burner Inlet Temperature versus Ambient Humidity -
TPE331-5-251 e e e e e e e e

Effect of Engine Pressure Ratio and Equivalence Ratio
on NOX Temperature and Humidity Correction Factors
(from Blazowski)

Analytically Predicted Ambient Temperature Correction
Factors for Hydrocarbons (from Blazowski and Marzewski)

HC EI versus CO EI - CFM56 Combustor Rig @ Idle
and 1.5 Idle C e e e e e e e e e e

Natural Log of HC EI versus Natural Log of CO EI -
CFM56 Combustor Rig @ Idle and 1.5 Idle . . . . . . .

General Correction Factor Development Overview

Combustor Inlet Temperature versus Ambient Temperature -
CEMS56 Combustor Rig at Idle .

Natural Log of HC EI versus Combustor Inlet Temperature -
CFM56 Combustor Rig at Idle (Pressure and Humidity Fixed)

Natural Log of CO EI versus Combustor Inlet Tempecrature -
CFM56 Combustor Rig at Idle (Pressure and Humidity Fixed)

Natural Log of NOX EI versus Combustor Inlet Temperature -

CFM56 Combustor Rig at Climb (Pressure and Humidity Fixed).

Natural Log of NOX EI versus Ambient Humidity -
CFM56 Combustor Rig at Climb (Pressure and Temperature
Fixed) . e e e e e s

Ambient Effects Program - Regression Model Summary

Replicate Analysis - Coefficient of Variation for CFM56
Combustor Rig HC Idle Data e e e

. . . 0 . L3 . 3

ix

Page No.

10-3

10-4

10-5

10-6

10-7

. 10-8

. 10-9

10-10

10-11

10-12

10-13

10-14

10-15

10-16

10-17



LIST OF FIGURESY(cont.)

Figure.No. Title Page No.
16 Correction Factor Structure . . . . . . . . « . «. . . . . . 10-18
17 HC EI versus Combustor Inlet Temperature - CFM56

Combustor Rig, Idle to Takeoff . . . . . . . . . . . .. . 10-19
18 Natural Log HC EI versus Combustor Inlet 'Temperature -

CEM56 Combustor Rig, Idle to Takeoff e e e e e e e lo-20
19 €O EI versus Combustor Inlet Temperature -

CFM56 Combustor Rig, Idle to Takeoff e e e e e e e ... 10-21
20 Natural Log CO EI versus Combustor Inlet Temnerature -

CFM56 Combustor Rig, Idle to Takeoff .. . . . . . . . . . 10-22
21 - NOX EI versus Combustor Inlet Temperature -

CFM56 Combustor Rig, Idle to Takeoff A ¢ R
22 Natural Log of NOX EI versus Cumuvustor Inlet Temperature - :

CFM56 Combustor Rig, Idle to Takeoff e e e e e e e . l0-24
23 NOX EI versus Ambient Humldlty - CFM56 Combustor Rig;

Idle to Takeoff . . . . . . . . . . ... . . .. 10-25
24 Natural Log of NOX EI versus Ambient Humidity - -

CFM56 Combustor Rig, Idle to Takeoff e e e e v e . . l0-26
25 " Smoke Number versus Combustor Inlet Pressure -

CFM56 Combustor Rig, Idle to Takeoff. C e e e e e e e e l0-27
26 Natural Log of Smoke Number versus Combustor Inlet Pressure -

CFM56 Combustor Rig, Idle to Takeoff e e e e e e e+ . . 10-28
27 Regression Coefficient Summary - CFM56 Combustor Rig ... 10-29
28 Correction Factor Coefficient versus Engine Operatlng -

Parameter - Development Approach e e e e e e ey e . 10-30
29 Correction Factor Nomenclature . {1 EC ) |
30 T3MEAN versus Rated Pressure Ratio PR - ,

Ambient Effects Data Base . 1 R YA
31 NOX Combustor Inlet Temperature Coeff1c1ent T3COEF

versus Combustor Inlet Pressure P3MEAN . . . . . .. . .. 10-33



Figure No.

32

33

34

35

36

37

38

39

40

41

42
43
44
45
46

47

48

LIST OF FIGURES (cont.)

NOX Emissions Index as a Function of Compressor Discharge
Temperature - Production Engines (Reference 13)

NOX Temperature Coefficient versus Combustor Inlet
Pressure P3MEAN - Confidence Bounds

NOX Combustor Inlet Temperature Coefficient T3COEF
versus Rated Engine Pressure Ratio PR

NOX Combustor Inlet Temperature Coefficient T3COEF
versus Mean NOX Emission Index NOXMEAN

Mean NOX Combustor Inlet Temperature T3MEAN versus

Title

Mean NOX Emission Index NOXMEAN

NOX Emission Index versus Combustor Inlet Temperature -
Uncontrolled and Controlled Engines

HC Combustor Inlet Temperature Coefficient T3COEF

versus Engine Idle Pressure Ratio IPR .

CO Combustor Inlet Temperature Coefficient T3COEF
versus Engine Idle Pressure Ratio IPR

Smoke Number Combustor Inlet Pressure Coefficient P3COEF
versus Rated Engine Pressure Ratio

Smoke Number Combustor Inlet Pressure

versus Mean Smoke Number SMKMEAN

NOX Temperature Correction Factors

NOX Humidity Correction Factors

HC Temperature Correction Factors
CO Temperature Correction Factors
Smoke Pressure Correction Factors

Correction Factor Sensitivity Analysis -

NOX Temperature Correction

Correction Factor Sensitivity Analysis -

NOX Humidity Correction

K

3

Coefficient P3COEF

Page No.

10~ 34
10-35
10-36
10-37
10-38
10-39
10-40
10-41
10-42

10-43
10-44
10-45
10-46

10-47

- 10-48

10-49

10-50



.Figure No.
49
50
51

52
53
54

55
56

Cl
C2
D1

F1
F2
F3
F4
F5
F6
Gl

G2

LIST OF FIGURES (cont.)
Title
Correction Factor Sensitivity Analysis -

HC Temperature Correction .

Correction Factor Sensitivity Analysis -
CO Temperature Correction

Correction Factor Sensitivity Analysis -
Smoke Pressure Correction

NOX Ambient Effects Correction Summary
HC Ambient Effects Correction Summary
CO Ambient Effects Correction Summary

Smoke Ambient Effects Correction Summary
Hypothetical Emission Index Correction .. . . e e e e
CFM56 Variance Map - Equation: LNNOX=f(T3)

CFM56 Variance Map - Equation: LNNOX=f(T3, HAMB)

Graphical Interpretation of ALF502 Rig-Engine Correlation .,

Uncorrected HC Emissions Index versus Combuétor Inlet
Temperature - CEMS56..Combustor Rig, Idle

Corrected HC Emissions Index versus Combustor Inlet
Temperature - CFMS56 Combustor Rig, Idle , . . . . . . .

Uncorrected CO Emissions Index'versus Combustor Inlet
Temperature - CFM56 Combustor Rig, Idle and 1.5 Idle

Corrected CO Emissions Index versus Combustor Inlet
Temperature - CFM56 Combustor Rig, Idle and 1.5 Idle

Uncorrected NOX Emissions Index versﬁs Combustor Inlet
Temperature - CFM56 Combustor Rig, Idle to Takeoff.

Corrected NOX Emissions Index.versus.Combustor Inlet
Temperature - CFM56 Combustor Rig, Idle to Takeoff

Measured Fuel Flow versus Ambient Pressure -
CFM56 Combustor Rig, Idle to Takeoff

Corrected Fuel Flow versus Ambient Pressure -
CFM56 Combustor Rig, Idle to Takeoff

xii

Page No.

. 10-51
. 10-52

. 10-53
. 10-54
. 10-55
. 10-56

. 10-57
10-58
C-9

C-10

D-8
F-3
F-4 .
F-5
F-6
F-7
F-8
G-3

G-4



LIST OF APPENDICES

Appendix No. Title Page No.
A DATA BASE SUMMARY . . . . . . . . . « « ¢« v o « o« A-1
B COMBUSTOR INLET CONDITIONS RELATED TO

AMBIENT CONDITIONS . . . . . . « ¢ « ¢« « v v o o B-1
C MULTICOLLINEARITY AND AIRCRAFT EMISSIONS DATA . . . C-1
D COMBUSTOR RIG - FULL-SCALE ENGINE CORRELATION . . . D-1
E COMPARISON OF TWO LINEAR BIVARIATE '

REGRESSION LINES e e e e e e e e e e e e E-1
F SAMPLE EMISSION INDEX CORRECTION . . . . . . . . . F-1
G COMPUTATION OF EPA EMISSION PARAMETER (EPAP)

FROM EMISSION INDEX AND SPECIFIC FUEL CONSUMPTION . G-1

xiii.



1)

2)

3)

4)

5)

SUMMARY AND CONCLUSIONS

The effect of variations in ambient temperature, pressure
and humidity on hydrocarbon (HC), carbon monoxide (CO) and
oxides of nitrogen (NOX) emission indices as well as on EPA
smoke number (SMOKE) have been investigated and a set of

general purpose correction factors developed.

The key correlating parameters in this analysis were combustor
inlet temperature, combustor inlet pressure, and ambient

specific humidity.

A regression analysis approach guided by a review of current
ambient effects literature and theory indicates that the
following emissions models can be used to predict the variation

in aircraft emissions due to non-standard day ambient conditions:

Natural Log HC EI

f(Combustor Inlet Temperature)

Natural Log CO EI f(Combustor Inlet Temperature)

Natural Log NOX EI

f(Combustor Inlet Temperature, Ambient Humidity)

Natural Log Smoke Number = f(Natural Log Combustor Inlet Pressure)

While various alternative correlating variables could have been
chosen, it was felt that the above variables adequately describe
the major portion of aircraft emissions variation due to ambient

conditions required by a general correction factor system.

The functional forms of the proposed emission index correction
factors are:
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T3COEFH * (T3 REF T3M S)
HCcoRrecTED = HOMEASURED * © c EA

COcoRRECTED ™ COMEASURED * ©

T3 COEFpoy * (T3ner - T3ueas) . HAMBCOEF oy * (HAMBgep - HAM )
NOXcorrecTeD = NOXMEASURED * @ Nox REF " T“MEAS' , g NOX REF Bmeas

P3COEF
P3 SMOKE
SMOKECORRECTED=SMOKEMEASURED'<EWSE§;>

where T3 = (Combustor Inlet Temperature
P3 = Combustor Inlet Pressure
T3COEF = Combustor Inlet Temperature Coefficient
HAMBCOEF = Ambient Specific Humidity Coefficient
P3COEF = Combustor Inlet Pressure Coefficient
Ref = Reference Value
Meas = Measured Value
6) The temperature, pressure and humidity correction coefficients

for a particular engine are determined using the rated (PR)

and idle (IPR) pressure ratios:
Applicable Modes

T3COEFHC = f(IPR) IDLE
T3COEFCO = f(IPR) IDLE
T3COEFN0X = f(PR) IDLE’TO TAKEOFF
HAMBCOEFNOX = CONSTANT = -19.0 IDLE TO TAKEOFF
P3COEFSM0KE = CONSTANT = -1.0 IDLE TO TAKEOFF
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7)

8)

9)

10)

11)

The correction coefficients for newer technology low emissions
designs frequently vary from older design engines. In general,
newer design engines exhibit decreased NOX temperafure sensitivity
(see Section 4 for discussion of '"sensitivity') and increased HC
and CO temperature sensitivity when compared to older technology

engines of similar idle and rated pressure ratios.

The NOX combustor inlet temperature coefficient (T3COEF x) was

NO
found to increase approximately linearly with rated engine
pressure ratio.

The HC and CO combustor inlet temperature coefficients (TSCOEFHC
and TSCOEFCO) were found to increase in a negative direction

with idle pressure ratio.

The high variability in measured smoke data makes the application
of a general purpose smoke correction factor tenuous. While
reasonably consistent trends were found between the pressure
correction coefficients for various engines, only a small
reduction in variability was observed when measured smoke data

were corrected to standard day conditions.

A comparison of uncorrected and corrected emissions data
indicates the proposed correction factor approach should

provide the following expected reduction in emission index

variability:

Expected Reduction
Emission Index Variability

Pollutant . Percent

NOX EI 70

HC EI 58

CO EI 63

SMOKE NUMBER 37

1-3



2. INTRODUCTION

The Clean Air Act Amendments of 1970 specified that the Federal
Aviation Administration (FAA) promulgate regulations enforcing aircraft
engine standards established by the Environmental Protection Agency (EPA).
During the period since the enactment of this legislation, EPA has estab-
lished standards for hydrocarbons {HC), carbon monoxide (CO), oxides of
nitrogen (NOX), and smoke number applicable to variety of both new and
in-use aircraft engines. A description of these standards and required test

procedures is provided in Reference 1 and subsequent amendments.

In recognition of the influence of ambient conditions on aircraft
engine emissions, EPA has conducted a program aimed at evaluating these
effects and at formulating correction factors fof adjustiﬁg.measured
emissions to standard’ day conditions (ambient temperature = $9°F, ambient
pressure = 29.92 in Hg, and specific ambient humidity = 0.00634 1b sz/lb
dry air). The need for suitable ambient effects correction factors is
demonstrated by Figure 1 which presents the variation of oxides of nitrogen
(NOX) emission index for the ALF502 combustor rig operating at approach power
versus ambient temperature at a fixed ambient pressure of 29.92 in Hg .
and a fixed specific ambient humidity of .0037 1b H20/1b dry air. As seen
in this figure, NOX emissions increase from 4.9 1b NOX/1000 1b fuel at an
ambient temperature of 19 °F to 6.1 1b NOX/1000 1b fuel at an ambient
temperature of 85 °F. This 25% variation difference in NOX emission iﬁdex,
due solely to ambient temperature, clearly points out the desirability of
developing ambient effects correction factors so that engine certification
tests can be performed under a variety of nonstandard day conditions ‘
and the results compared to EPA emissions standards based on engine perform-
ance under standard day ambient conditions. This report summarizes the

development of such a set of ambient effects correction factors.

*In this report, 'standard'" and "reference'" day conditions are used inter-
changeably to indicate ambient temperature = 59°F, ambient pressure = 29.92
in Hg, and specific ambient humidity = 0.00634 1b’H20/1b dry air.
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2.1 EPA Sponsored Data

The ambient effects program was divided into two main tasks --
data collection and data analysis. Figure 2 presents an overview of these
two tasks. The data collection task of the program can be subdivided into

four phases:

o} Full Scale Engine Tests -- Controlled Ambient Conditions
0 Full Scale Engine Tests -- Uncontrolled Ambient Conditions
0 Combustor Rig Tests -- Controlled Ambient Conditions

o Contributed Test Data from Industry

The first phase involved the testing of two small aircraft engines
operating under controlled ambient conditions., These engines, tested by
AiResearch in Phoenix, Arizona, under contract to EPA, were the P2 class
TPE331-5-251 turboprop and the APU class GTCP85-98CK. A complete descrip-
tion of this portion of the test program can be found in the test contractor's
final reports, References 2 and 3. By testing these engines under controlled
ambient conditions, it is possible to explore the effects of a wide range of
ambient conditions not practically available by relying solely on naturally

occurring ambient variation.

The second phase of the data collection process, on the other hand,
involved testing the Tl class ALF502 full scale engine under uncontrolled
ambient conditions. These tests, also sponsored by EPA, were performed by
AVCO Lycoming Division in Stratford, Connecticut. When testing under
uncontrolled ambient conditions, ambient effects are deduced from emission
response to naturally occurring changes in ambient conditions over a period
of time. The results of limited CFM56 full scale engine testing by General
Electric, scheduled as part of this phase of the test program, were not
available for inclusion in the analysis encompassed by this report due to
test scheduling difficulties. The omission of this small quantity of data
is not expected to alter the findings of this report. Instead, it was
intended to (1) supplement the limited smoke data currently available,

(2) provide an additional source of data to validate combustor rig/engine

correlations, and (3) provide additional large jet engine emissions data.
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The third phase of the data collection process was performed in con-
junction with phase two outlined above. During these test programs, the T1
class ALF502 and T2 class CFM56 combustor rigs (the ALF502 was previoﬁsly
tested as a full scale engine in Phase 2) were tested under a wide range of
controlled ambient conditions. The main objectives of this portion of the
program were (1) to provide a data source useful in establishing rig/engine
correlating factors, and (2) to provide an extensive ambient effects‘data
base on small (ALF502) and large (CFM56) gas turbine engines. The ALF502
combustor rig tests were performed by AVCO Lycoming and the CFM56 combustor
rig tests were performed by General Electric in Cincinnati, Ohio. Both these
test programs were performed under contract to EPA. Final contractors'

reports have not been issued as of the publication date of this report.

Table 1 summarizes the EPA sponsored test:programs. As shown in
this table, the EPA sponsored data base represents over 900 tests on
(1) a turboprop, (2) an auxiliary power unit, (3) a small jet engine, and
(4) a large jet engine. These engines are representative of many engines
currently in use in general and commercial aviation today. Also presented in
this table is a comparison of emission levels of engines in the EPA sponsored
test program with 1979 emissions standards. As demonstrated by this portion
of Table 1, the test engines are representative of designs which are below,

or relatively close, to 1979 emissions standards.

2.2 CONTRIBUTED DATA

In order to further generalize theldata base used to develop ambient
effects correction factors, EPA solicited test data from a variety of engine
manufacturers and government agencies. The purpose of this contributed data
was to supplement the EPA sponsored data base in order to provide wider input
into the correction factor development process. Appendix A briefly summarizeé
the complete ambient effects program data base. Shown in this appendix are
the engine, EPA class, number of tests, data source, availability of smoke
data, power modes, and general comments. Approximately 2000 emissions tests
on 30 engines were received during the data solicitation phase of the program.
For the most part, the contributed data consists of emissions tests on several

different full scale engines of the same model type operating under uncontrolled

ambient conditions.
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The Pratt § Whitney JT8D and JT9D pilot lot emissions tests are representa-
tive of this type of data. In addition, uncontrolled ambient conditions were
used to extensively examine the ambient response over a period of several
months of an individual engine such as the TF30. Finally, the contributed
data includes parametric tests on combustor rigs where temperature, pressure
or humidity are varied independently in a controlled fashion in order

to investigate the independent effects of each ambient variable. Frequently,
parametric test points do not correspond to a normal engine operating mode,
such as idle or takeoff. As a result, care must be exercised when comparing
the results of analyses using parametric experiments with data gathered while
an engine is functioning in a normal operating mode. Parametric rig data,
however, is particularly useful in evaluating the impact of changing engine
operating parameters (e.g., idle pressure ratio) on correction factor
coefficients. For instance, the T56 combustor rig was operated in a
controlled environment at four simulated idle pressure ratios (IPR = 2, 3, 4, 5).
An examination of the HC, CO and NOX correction factor coefficients determined
at each idle pressure ratio provides valuable information in assessing the
impact of this particular engine operating parameter on the magnitude of

these correction factor coefficients. Table 2 briefly summarizes the salient
features of the three basic experimental designs included in the contributed

data base.
2.3 ENGINE ANP TEST DESCRIPTIONS

In this section, a general description of the test matrix for each
engine in the EPA sponsored data base will be provided. In addition, any
deviation from normal engine operation resulting from either test facility
limitations (e.g., maximum airflow), test engine limitations (e.g., maximum
turbine temperature), or test procedures (e.g., incorrect parameter adjust-.
ment) will be noted where these deviations could be expected to influence
the determination of ambient effects. The test description data for each

engine will include four basic types of information:

Engine Description
Ambient Test Conditions

Engine Power Conditions

o O & ©

Data Anomalies
2-4



2.3.1 TPE331-5-251

The TPE331 series turboprop is a single-shaft gas turbine engine
that operates at essentially constant rotor speed over a range of_fligﬁt
power settings. At ground idle and taxi, however, operation is reduced to
65 percent of rated engine speed to minimize noise and fuel consumption.
Taxi-idle power is 5 percent of the takeoff rating. Accordingly, for
purposes of this emission measurement program, the idle, 1.5 times idle,'
and 2 times idle, test conditions were performed at 65 percent rated engine
rpm. All other power settings were operated at 100 percent rated speed.
In conformance with EPA emission standards for P2 Class (turboprop) aircraft
engines, the power settings for approach, climboﬁt, and takeoff, are at 30, 90
and 100 percent of rated shaft horsepower. The turboprop engine cruise condi-
tion is limited by exhaust gas temperature and varies as a function of
altitude, ambient temperature, and flight speed. As related to static test
conditions, cruise power would be 85 percent of the takeoff-pbwer rating.
An intermediate power setting of approximately 70 percent of rated takeoff-
power was selected to represent the cruise operating condition. The normal cruise
setting is only 5 percent less power than climbout and the intermediate power
setting provided a more favorable test point distribution for data interpolation.
The TPE331 is the prime propulsion engine for business aircraft such as the
Turbo Commander 690, and Swearingen Metro Liner. The turboprop combustor
system, commonly used for engines in the 500 to 1000 eshp range, is a
reverse-flow annular configuration. The fuel injection system is composed

of 5 radial start and 10 axial main simplex fuel injectors staged through a
single flow divider.

The engine inlet ambient conditions for the TPE331 are shown in
Table 3. This table also represents the ambient test matrix for the GTCP85-98
APU. Turboprop engine emissions, for each engine inlet ambient condition,
were measured for gaseous and smoke emissions at each powef'setting-
described in Table 4. Two replicates or a total of three data'ppints
were provided at each power/ambiént test condition.
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Several comments should be made concerning the humidity control system
used to simulate the varying ambient humidities required by the test matrix.
The humidification technique employed used the injection of fine water droplets
immediately upstream of the engine inlet. While this approach assured an
accurate measurement of water introduced into thé_engine, it was not a true
simulation of humidity since the liquid water had to absorb heat from the
engine to reach a vapor state. This process lowered the compressor discharge
temperature as '"humidity'" increased. In addition, total flow through the
engine was slightly increased and the air specific heat changed to a small extent.
The decrease in compressor discharge temperature (also referredito as burner
inlet temperature) with increasing humidity is illustrated for the seven TPE331
test modes in Figure 3. The magnitude of this temperature change (approximately
5-10 percent over the range of simulated humidities), however, does not substan-
tially alter either the nature of the functional relationships between the
TPE331-5-251 emission indices and the correction factor correlating parameters
(Section 5), or the magnitude of these relationships (Section 7). In addition,
the NOX temperature and humidity coefficients for the TPE331-5-251 (Table 17)
are consistent with the general coefficient trends observed for other engines

in the test program.
2.3.2 GTCP85-98CK APU

The GTCP83 series pneumatic and shaft power gas turbine engine is
designed for ground and on-board aircraft auxiliary power. The single-shaft
engine provides mechanical shaft power driving aircraft accessories such as an
alternator when airborne, provides pneumatic bleed-air power for starting main
aircraft engines and for aircraft cabin air-conditioning when on the ground,
and provides cooling air for engine lubricating oil and for the engine enclosure
at all times. Typical aircraft applications for the 85 Series APUs include the
Boeing 727 and 737 and the Douglas DC-9 commercial jetliners. The APU combus-
tion system consists of a single-can combustor with a dual orifice fuel injector,
oriented tangentially relative to the engine axis. This is a typical combustor

configuration for the 200-350 eshp size APU.

The ambient conditions at which the engine was tested were identical to
those presented in Table 3 for the TPE331-5-251. APU engine emissions,. for each
engine inlet ambient condition, were measured for gaseous and smoke emissions at

each power setting described in Table 5. Two replicates or a total of .three
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data points were provided at each power/ambient test condition. The same

humidity control limitations encountered during the testing of the

TPL331-5-251 are also applicable to the APU test program.

2.3.3 ALF502 Full Scale Engine

The ALF502 is a two-shaft, high bypass ratio, geared turbofan

engine in the 6500 1b thrust class. This engine is aimed primarily at the
commercial light transport and executive market. The combustor is a folded
annular atomizing burner with the turbine parts packaged concentrically
within it. This arrangement provides a shorter, compact engine design

and permits reduced casing temperatures.

Limited emissions tests were performed on an ALF502 full scale engine.
These tests were performed under uncontrolled ambient conditions at seven
different thrust levels and seven ambient test conditions. Table 6 summarizes
the ambient test matrix. As shown in this table, only a limited range of

ambient conditions are present in this data.source.

2.3.4 ALF502 Combustor Rig

In addition to the full scale ALF502 engine tests discussed in
Section 2.3.3, tests were performed under controlled amhient conditions
on an ALF502 combustor rig. Table 7 summarizes the ambient test matrix and
power levels run during this phase of testing. Only the three low power
levels (idle, 1.5 idle, and approach) were used during these tests. Certain
anomalies exist in the test data on the ALF502 combustor rig which have a
bearing on how ambient effects were deduced from this data. These anomalies
are manifested in part by higher observed HC and CO emission indices at 1.5
idle than at idle. These findings were traced by AVCO to an eleven percent
difference in airflow at idle and 1.5 times idle between the engine and rig
tests. Although AVCO could not determine conclusively the reason for this
variation, it is probable that an error in calculating the rig points was
the cause. The likely error involved a subtraction of twicé the proper amount
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of cooling air from the total core flow at idle and the lack of subtraction
of any cooling air from the 1.5 times idle point.‘ As a result of this
discrepancy, the ALF502 combustor rig idle and 1.5 idle data sets were
generally analyzed separately. Airflow levels at approach power agreed with

those used during the full scale engine testing.

2.3.5 CFM56 Combustor Rig

The CFM56 is a two-shaft turbofan, high bypass ratio (6:1), high
pressure ratio (25) engine in the 22,000 1b thrust class. .Although this
engine has not yet been certified for use, the proposed applications include

the BAC-111, DC-9, 727, 7N7, 7X7, 707 and DC-8. The combustor type is a
straight flow annular design.

Extensive tests under controlled ambient conditions were performed
by General Electric in Cincinnati on a single CFM56 combustor rig. Table 8
presents a summary of the ambient effects test matrix whicﬁ included 22
ambient conditions at each of 5 power settings. Of these 110 different test
conditions, three could not be reached due to limitations on the air heater
temperature, These were at simulated take-off conditions at 105 °F ambient
temperature and 175 grains per pound humidity, and were well outside the
operating limits of the CFM56 engine. Thus, instead of the planned 220
readings (2 replications each of 110 test conditions), there were 214 readings
for which data were obtained. In addition, the highest power conditions,

climbout and takeoff, were run at reduced pressure due to facility limitations.
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below:

DEFINITIONS

A list of abbreviations used throughout this report is presented

Abbreviation _Meaning - Units

TAMB Ambient Temperature ' Deg F

PAMB Ambient Pressure IN HG

HAMB Ambient Specific Humidity 1b H20/1b Dry Air
P3 Combustor Inlet Pressure PSIA

T3 Combustor Inlet Temperature Deg F

HC HC Emission Index 1b HC/1000 1b Fuel
co CO Emission Index 1b C0/1000 1b Fuel
NOX NOX Emission Index 1b NOX/1000 1b Fuel
SMOKE EPA Smoke Number

LN Natural Logarithm (Prefix)

e.g. LNHC = NATURAL LOG HC EI

T3COEF T3 Temperature Coefficient
P3COEF P3 Pressure Coefficient
HAMBCOEF Ambient Humidity Coefficient
PTHRUST Percent Rated Thrust

FA Fuel Air Ratio (overall)
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4. SUMMARY OF AMBIENT EFFECTS LITERATURE

Emissions from aircraft turbine engines are affected by the ambient
levels of pressure, temperature, and humidity. Consequently, certification
of such engines for compliance with established standards, if it is to be
meaningful, must properly account for the effects of local test conditions
on measured emissions. The obvious approach would be to determine correction
factors which could be applied to the measured data to reduce it to an agreed
upon set of standard conditions. This section of the report summarizes
selected correction factor techniques representative of those found in the

ambient effects literature.

The purpose of including these summaries, which are not intended to
fully cover all the research performed to date, is twofold. First, they
provide examples of parameters which other researchers have found useful
in correlating emission variation with changes in ambient conditions.
Second, they provide guidance (theoretical in most cases) on how correction
factors change with macroscopic engine operating variables such as pressure
ratio. For instance, theoretical analysis proves useful in addressing
questions such as:

0 Should the HC, CO or NOX emission index temperature

sensitivity change with rated or idle cngine pressure ratio?

o Should the NOX emission index humidity sensitivity

change with rated engine pressure ratio?

An important distinction should be made concerning the use of the
word "sensitivity." In the above context, sensitivity refers not to the
magnitude of a particular emission index but, rather, to how the rate of
change of that emission index changes with respect to a given correlating
parameter. Thus, while it is well known that the magnitude of NOX emission
levels increase with increasing combustor inlet temperature (T3), sensitivicy
analysis asks the question "How does the rate of change of NOX emission

levels change with temperature?" It is this concept of rate of change which
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is important in analyzing the changes in emission levels induced by variation

in ambient conditions.

From a historical viewpoint, a considerable body of data was collected
on aircraft turbine engine exhaust emissions in engine test cells under uncon-
trolled ambient conditions during the early 1970's. Because of the narrow
range of variability in local pressure, temperature and humidity during these
tests and the large variability in the test data, the effects of ambient condi-
tions on emissions could not be quantitatively determined (Reference 4). More
recently, emissions test data have been collected under controlled conditions
where pressures, temperatures and humidities can be regulated over a broad
range. Such tests have been conducted using complete turbine engines
as well as turbine combustor rigs. The latter configuration utilizes only the
combustor (or a single combustor can) and offers many practical advantages
(e.g., cost, simplicity, ease of parameter variation) over the use of a
complete turbine engine. It is necessary, however, to verify the representa-
tiveness of combustor rig data and the ability to translate the data to the
case of a complete engine. In the following, summaries of selected research

on each regulated pollutant, NOX, HC, CO and Smoke are presented.

4.1 Oxides of Nitrogen

The response of oxides of nitrogen (NOX) emission levels to changing
ambient conditions is unquestionably the best understood of the four regulated
pollutants. Numerous NOX correction factor techniques appear in the ambient
effects literature. Several representative approaches are outlined below.

A key consideration in selecting the techniques presented in this report is
their usefulness in predicting (1) how correction factor sensitivity changes
with engine operating variables and (2) the functional relationships between

NOX emission levels and engine operating parameters.

The relationship between NOX correction factors and engine operating
parameters has been investigated by Blazowski and his co-workers at AFAPL

(Reference 5). This analytical work on NOX emissions is based principally
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on the now well known fact (originally documented by Lipfert using plotted
data, Reference 6) that these emissions correlate well with combustor inlet
temperature. Blazowski therefore proceeds to determine how combustor inlet
temperature is influenced by ambient factors (temperature, pressure and

humidity) and engine operating parameters (pressure ratio, compressor effi-

ciency, combustor residency time, equivalence ratio, etc.).

Assuming ambient air temperature and pressure conditions at the
compressor inlet (dry air), together with a range of compressor pressure
ratios and compressor efficiencies, a set of corresponding combustor inlet
temperatures (T3) and pressures (P3) were obtained (a methodology for per-
forming this calculation is given in Appendix B). From these inputs,
the adiabatic flame temperature was calculated and this, in turn,
permitted computation of the equilibrium concentrations of the significant
combustion products. Using the equilibrium concentrations of 0, N and N2,
the concentration of NO was computed from a relation based on the Zeldovich
mechanism. This relation involves reaction rate constants dependent on
temperature. NO concentrations were also dependent on the time the gas

remained in the combustor.

Using empirical data on a T56 combustor rig, Blazowski solved his
relations for residency time and found it to be substantially constant at a
value of 0.6 msec. In addition, he found his assumed equivalence ratio,
¢ = 0.9, in the NO formation zone to be valid. Using this mathematical model,
NOX emission indexes were calculated for a wide range of combustor inlet
temperatures. These results were in general agreement with published test data.
Blazowski postulated, however, that a consideration of combustion efficiency

variations may be required to achieve better prediction of idle NOX variation.

Figure 4a illustrates Blazowski's NOX temperature correction factors
as a function of engine pressure ratio (PR) and equivalence ratio (P). A key
finding illustrated by this figure is that for a constant equivalence ratio,
NOX temperature sensitivity increases with increaéing pressure ratio. This
increased temperature is manifested by an increase in the temperature correc-
tion factor (CT) slope as pressure ratio increases.
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Humidity correction factors, CH’ were also computed and graphically
depicted in Figure 4b. This figure shows the strong dependence of NOX emissions
on specific humidity. Presence of water vapor changes the specific heat of
air in such a way that reduced flame temperatures result and, hence, reduced
emissions. Higher pressure ratios result in higher combustor inlet tempera-
tures (other factors being equal) and, therefore, higher cmissions. An
equivalence ratio of 0.9 is considered represcntative of current day engines,
and corresponds to a favorable combination of tempecrature and available oxygen
radicals for the formation of NO (future designs of engines are expected to
opcrate at @ = 0.6). A noteworthy feature of Figure 4b is the theoretically
predicted variation in the NOX humidity correction factor with pressure ratio.

As pressure ratio increases, an increascd NOX humidity sensitivity is predicted.
Blazowski hypothesized that a potential cause for this changing NOX sensitivity

is that low pressure ratios have less NOX suppression with humidity because of

the large portion of thc emission which is prompt NO. This contribution is less
sensitive to temperature changes than kinectically formed NO. Prompt NO is produced
primarily in the initial stages of combustion and represents an empirically derived
contribution to total NOX formation which attempts to account for the ditfercnce

between NOX levels predicted by kinetic equilibrium analysis and those actually
observed.

An alternative NOX cmissions model has been developed at Pratt § Whitney
by Sarli et al (Reference 7). This model is based on plug flow kinetic analysis

and is summarized below:

NGX EIcorrected = NOX hImeasurod * CF
where:
P3 1/2
“ref 0.00313 (T: -T2 ¢ -0. 3
CF = R 13 (I?ref szeas) el) (HAMBmeas 0.00634).
P3
meas

Verification of this equation was performed using JT9D production
engine data (the JT9D pilot lot data used as part of the present analysis
and outlined in Appendix A) as well as JT9D altitude data. An important

feature of this model is the use of combustor inlet temperature and pressure
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(as opposed to ambient temperature and pressure) as the NOX correlating
parameters. In addition, the Sarli analysis predicts the following func-

tional dependence between NOX emissions and combustor inlet parameters.

NOX EI oL P3 or LN(NOX EI) oC LN(P3)

NOX EI ex eTS or LN(NOX EI) &K T3

NOX EI oC eHAMB or LN(NOX ET) o€ HAMB
where LN( ) indicates the natural logarithm.

These theoretically predicted NOX models were extensively inves-
tigated using empirical data during the devclopment of the correction factor
system proposed in this report. Sections 5, 6 and 7 summarize and discuss

this analysis.

4.2 HYDROCARBONS

Considerably less resecarch than on NOX has been performed on
analyzing the formation of hydrocarbon emissions in aircraft turbine engines.
Three factors however (Reference 8) are generally agreed to have major influ-
ence on the formation of unburnt hydrocarhons from idling aircraft engines.
First, low combustor inlet air temperatures cause quenching to occur
thus terminating combustion before its completion. Second, low fuel air
ratios (fuel lean combustion) results in low equivalence ratios in the
primary zone of the combustor thus reducing burning intensity. Finally,
low fuel and air flows at low power idle operation result in poor fuel
atomization and distribution. An increasing amount of research is being
reported in the literature which explores both the influence of engine
operating parameters and the comparative significance of ambient temperature,
pressure, and humidity on HC emissions. The results of two representative

approaches are outlined below.
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Blazowski and Marzewski (Reference 9) have studied the influence
of ambient conditions on idle HC emissions using a T56 single combustor rig.
With the aid of an analytical global reaction model of hydrocarbon consumption,
they developed HC correction factors which compared favorably with their T56
model validation test data. Figure 5 illustrates the correction factors
developed with this analytical model for engine idle pressure ratios in the
range 2 to 5. A significant feature of this figure is the predicted increase
in hydrocarbon temperature sensitivity as engine idle pressure ratio increases.
This increased sensitivity is manifested by an increase in the slope of the
correction factor curve. Lastly, a small ambient pressure correction was

predicted.

An alternative approach to HC emission correction is typified by the
results presented by Sarli, et (Reference 7) where an empirical correction of

the form

P3
_“meas

D
ISref

HC EI HC EI

corrected measured

was proposed. Two features of this approach are noteworthy. First, HC
emissions are correlated with combustor inlet rather than ambient test
conditions. Second, is the basic simplicity of the technique. This use of

a simplified HC correction factor is predicated less on the grounds that it
fully explains all the variation in HC emissions but, rathef, as other
researchers have found, that it represents a reasonable approach to explaining

a significant portion of the variation in highly variable hydrocarbon emissions.

A basic HC model of similar structure but with combustor inlet
temperature as the independent variable served as a guideline in the devel-

opment of the correction factors proposed in this report.
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4.3 CARBON MONOXIDE

The behavior of carbon monoxide emissions is closely related in
many aspects to that of unburnt hydrocarbons discussed in Section 4. 2.
In particular, the influence of engine idle pressure ratio is especially
significant because combustion at higher pressures enhances the CO--CO,
reaction rate., In addition, the higher combustor inlet temperatures i
associated with this higher pressure increase the fuel droplet evaporation
rate, thereby enhancing hydrocarbon reactions. Finally, the higher pressure
into the combustor permits a greater pressure drop across the fuel injectors
which can be used to shatter fuel drops. As a result, carbon monoxide
emissions have been found to sharply decrease with increasing combustor
inlet temperatures and pressures. The ratio of CO to HC emissions,on the
other hand, tends to increase as the efficiency level increases (e.g., as
higher power levels are approached). This finding is consistent with the
chemical kinetics of combustion reactions: which predict that HC compounds
should be consumed faster than CO with the result that as gas turbine effi-
ciency is increased, any remaining equilibrium products of combustion tend
to exist mainly as CO. This phenomenon is demonstrated in Figure 6
where the HC emission indexes for CFM56 combustor rig idle and 1.5 idle data
are plotted versus the corresponding CO emission indices. Figure 7 presents
the same data in logarithmic form and suggests a linear relationship between
LN(CO) and LN(HC) or, alternatively, that the HC emission index is propor-

tional to the CO emission index raised to a power.

This interrelationship between HC and CO suggests the possibility of
a parallel correction factor structure for HC and CO. An empirical correction
factor used by Pratt § Whitney and discussed in Reference 7 demonstrates the
use of such an approach. This reference postulates a CO correction factor

of the form:

P3
meas

CO EI measured P3 .
ref

corrected = C0 EI
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This model, analogous to the HC model presented in Section 4.2, re-
emphasizes the basic tradeoff between complex emissions models which are
typically optimized for a particular engine design configuration and
simpler models which attempt only to explain the major portion of emission

variation.

4.4 SMOKE NUMBER

Smoke emissions represent the visible segment of particulate
emissions from gas turbines which result when particles of carbonaceous
material formed during the combustion process agglomerate to sizes that
are in the range of the wavelength of visible light (0.45 to 0.65 micro-
meters). These carbonaceous particles are caused by the incomplete combus-
tion of hydrocarbon fuels and the thermal cracking of fuel in hot regions
of the combustor with locally insufficient oxygen. One of the major
influences on smoke emissions has been found to be fuel selection (Reference
10).

Only a limited body of data (mostly empirical) currently exists
on the response of visible smoke emissions to ambient conditions. The

results of several test programs are summarized below.

As part of their pilot lot test program, Pratt § Whitney analyzed
the smoke emissions from 18 JT3D engines tested in 1973 and 1974. A
moderate temperature effect was found with EPA smoke number decreasing as
ambient temperature increased. A similar analysis on nine JT8D pilot lot
engines tested from 1973 to 1976 revealed a similar temperature sensitivity
with the JT8D EPA smoke number decreasing from approximately 27 at 35 Deg. F
to around 18 at 85 Deg. F. The data scatter (+5 SN) exhibited by these
data, however, makes the determination of a strong temperature cffect diffi-
cult. Similar pilot lot JT9D test data did not reveal significant ambient

effects.

An alternative approach to the assessment of smoke emissions is

reflected in rig/engine correlation factors used by General Electric, where:
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1.5

P3 .
Smoke Number = Smoke Number « | - cngine
corrected measured Psrig

In this model formulation, smoke number is assumed to increase as combustor
inlet pressure increases. Considering the high positive correlation between
combustor inlet temperatures and pressures, the Pratt § Whitney and General
Electric findings appear contradictory if one assumes that combustor inlet
temperatures and pressures are the only determinant of smoke production.

The small magnitude of the corrections predicted by both manufacturers'
approaches and the high degree of variability present in smoke emissions
however suggests that the choice of an ambient effects smoke model of broad
applicability is open to debate and that the major sources of smoke variability

rest in other areas.
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5. CORRECTION FACTOR APPROACH

This section of the report outlines the general approach used to
develop the correction factors for aircraft engine emissions variations due
to non-standard day temperature, pressure and humidity proposed in this report.
Three major considerations were addressed before the design of this correction

factor system was undertaken. These considerations were:

o Use of Theoretically vs. Empirically Derived Correction Factors
0 Choice of Correlating Variables - Ambient vs. Combustor Inlet
o Model Structure - Simple vs. Complex

A brief discussion of each of these topics is presented below.

5.1 THEORETICAL VS. EMPIRICAL EMISSIONS MODELS

The first question addressed in selecting a correction factor
development approach was whether a theoretical or an empirical approach
should be used. Ambient effects literature as outlined in Section 4
provides reasonably successful examples of both theoretical and empirical
correction factors. In general, for a single engine the performancc of
both approaches is comparahle with NOX correction factors reasonably well
defined, HC and CO corrections considerably less refined, and Smoke Number
corrections relatively unknown. An empirical approach using regression
models based on current theoretical literature was selected for the study
described in this report. Figure 8 outlines the general steps used to

develop this general correction factor approach.

5.2 CORRELATING PARAMETERS - AMBIENT VS. COMBUSTOR INLET

In the review of current literature outlined in Section 4, two sets
of variables were commonly used to correlate emission response to varying

temperature, pressure, and humidity. These two sets of variables are:

5-1



o Ambient Conditions

o ambient temperature (TAMB)
o} ambient pressure (PAMB)
0 ambient humidity (HAMB)

0 Combustor Inlet Conditions
o] combustor inlet temperature (T3)
0 combustor inlet pressure (P3)
0 combustor inlet humidity

(assumed equal to ambient humidity)

Combustor inlet parameters were chosen as the correlating parameters for

this study. The reasons for this choice are summarized below.

The major objective of a correction factor system is the ability
to relate emissions levels measured under non-standard ambient temperature,
pressure and humidity to those which would have been mecasured under standard
day conditions. Combustor inlet temperature and pressure can be directly
related to ambient temperature and pressure, This relationship is presented
in Appendix B. For a given engine, ambient conditions, engine pressure ratio
and compressor efficiency determine the corresponding combustor inlet condi-
tions. This direct relationship between ambient and combustor inlet conditions
is also illustrated in Figure 9 where combustor inlet temperature is plotted
versus ambient temperature for a subset of CFM56 combustor rig data. The
data presented in this figure were taken at idle power and at a constant

ambient pressure of 29.31 in Hg.

In addition, combustor inlet pressure, temperature, and humidity
adequately predict emission levels, This observation has been clearly demon-
strated in the ambient effects literature (References 5, 6, 7, and others).
This correlation is further demonstrated in Figures 10 to 12 where the natural
logarithms of CFM56 combustor rig HC, CO, and NOX emission indices (lb
pollutant/1000 1b fuel) are plotted versus combustor inlet temperature. The

HC and CO data in these figures were taken at idle power while the NOX emission
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data corresponds to climb power. Ambient humidity and pressure were held
constant during this phase of testing. Figure 13 presents NOX climb data
versus ambient humidity for fixed ambient (also combustor inlet) temperature

and pressure. For the purposes of this report, ambient and combustor inlet
specific humidity are assumed equal. The natural logarithm of the emission
indices was selected as a correlating parameter over the emission indices
themsclves because of the linear relationship which exists between the emission
index logarithm and combustor inlet temperature, and because of the theoretical

dependence discussed in Section 4.1,

In the above, the relationship between ambient and combustor inlet
conditions has been summarized and the ahility to correlate aircraft emission
levels with these combustor inlet parameters has also been demonstrated for
a sample data set. Neither of these observations alone, however, provides a
sufficient rationale for sclecting combustor inlet over amhient parameters as the
basis for a general correction factor system. The primary reason for this
choice is that the use of combustor inlet parameters opens the possibility
for a more direct comparison of correction factors developed for engines of
differing pressure ratios, compressor cfficiencies,classes, etc. Since
combustor inlet conditions are the primary determinant of ultimate emission
levels, their use as the correlating parameter avoids confounding effects
due to compressor differences between engines and permits data from combustor
rigs to be directly incorporated into the scarch for a generalized correction
factor system. It should be noted, however, that the use of combustor inlet
parameters as the only determinant of emission levels does not directly admit
the possibility that changes within the combustor itself (changes which do
not affect combustor inlet pressure and temperature) can effect emission levels.
These internal combustor modifications are encorporated into the correction
factor system through the use of a 'technology''paramecter which permits engines
of more advanced designs to use different correction factor coefficients.

This variation in correction factor is discussed fully in Section 7.
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5.3 SIMPLE VS. COMPLEX EMISSIONS MODELS

Figure 14 presents the emissions models selected as the basis for
the general correction factor system proposed in this report. These models
are reformulated in terms of the emission indices themselves and summarized

below:

AMBIENT EFFECTS PROGRAM REGRESSION MODLEL SUMMARY

al*TS
HC EI = ay * e

b, * T3
COET = byxe

c, * T3 o, x HAMB
NOX EI = c * e * e

0]
d
SMOKE NUMBER = d * P3
where ay, a,, by, by, ¢4, ¢, cyy dy, d)

are coefficients determined from regression analysis.

T3 = Combustor Inlet Temperature (Deg. F)
P3 = Combustor Inlet Pressure (Psia)
HAMB = Ambient Specific Humidity (1lb HZO/lb Air)

The models were selected after an extensive examination of a variety of
regression models which werc applied to both the five EPA sponsored test
engines and the approximately 30 engines in the industry contributed data base.
A variety of reasons led to the final selection of these models; scveral of

the more important are summarized below.

An examination of Figure 14 reveals that in each proposed emissions
model, either the combustor inlet temperature (T3) or the natural logarithm

of combustor inlet pressure (LNP3), but never both, appear in the regression
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model. The primary reason for this aspect of model formulation rests in

the high degree of interdependence between combustor inlet temperature

and pressure. The correlation coefficient between T3 and P3 provides a useful
measure of this interdependence. The range of the correlation coefficient
e is (-1<€ 9 € +1). A value of Q = 0 indicates that T3 and P3 are not
linearly related. A value of Q? that approaches (-1) reflects a very close
inverse linear relationship. As G’ approaches (+1), a positive linear
relationship between T3 and P3 is indicated. For the test data encompassed
by this study, the correlation between combustor iniet temperature and
combustor inlet pressure was typically in the range between 0.95 and 0.98.
As a result, a knowledge of either T3 or P3 permitted the other to be deter-
mined. Similarly, a knowledge of cmission variation with respect to either
T3 or P3 alone was sufficient to determine the major influence of ambient
variations. In fact, the inclusion of both T3 and P3 in a regression analysis
can lead to a variety of analytical problems commonly referred to as multi-
collinearity. These problems make the determination of reliable and stable
correction factor coefficients impossible. A basic description of multi-
collinearity and illustrations of this problem'in aircraft emissions data

is presented in Appendix C. Combustor inlet temperature was selected as

the primary correlating variable for the HC, CO and NOX models since it
provided a slightly better fit to the observed data. On the other hand,
combustor inlet pressure represented the hest predictor of visible smoke

emissions.

Further examination of Figure 14 emphasizes the relative simplicity
of the basic models selected. While more complicated emissions models
involving multiple independent variables (e.g., inclusion of fuel air ratio
for HC and CO, ambient humidity for CO, etc.) were found to give a small
improvement in the ability to explain emissions variations for selected
engines, neither the magnitude of this improvement nor its general applica-
bility warranted the use of more terms in the regression models selected.
Instead, it was felt that the development of a general empirical correction
factor scheme required the least complicated emissions models in order to

gain correction coefficient stability and to demonstrate general trends.
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The overall performance of the emissions models selected is remarkably
good considering the number and diversity of engines in the test data
analyzed. A common statistic used to evaluate regression models is the
coefficient of determination or R%. This statistic expresses the fraction
of the variation in a given set of test data explained by the regression model
chosen. An R2 value of 0, for instance, would indicate that Q percent of the
variation in emission levels was explained by the emission model selected.
A value of 1 on the other hand, says that 100% of the variation in emission
levels was explained by the regression model. The average Rz values for the

approximately 30 regressions examined for each pollutant are summarized below.

AMBIENT EFFECTS REGRESSION MODELS 5
MEAN COEFFICIENT OF DETERMINATION (R7)

(Sample Size s 30 Regressions/Pollutant)

Model Mean @i_
LNHC = £(T3) 0.82
LNCO = f(T3) 0.86
LNNOX = f(T3,HAMB) 0.9l
LNSMK = f(LNP3) 0.60

These performance figures should be judged in light of the inherent

variability in the test data. This comparison is presented in Section 5.4.

The minimal increase in model performance which typically can be
achieved by including additional terms in the regression model selected is
demonstrated by the TF30 carbon monoxide regression statistics below. Shown
in this summary is the increase in the coefficient of determination (Rz)

which is achieved by adding new terms to the CO regression model.
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TF30 CO REGRESSION MODEL SUMMARY

LNCO=£f( )
. . 2 . 2
Variables in Model R Increase in R
T3 .9820 -

+ LNP3 .9896 .0076

+ HAMB L9911 , .0015

+ P3 .9937 .0026

+ FA .9938 .0001

5.4 DATA VARIABILITY

An important consideration in assessing the performance of the
ambient effects emissions models proposed in the preceding section is the
variability observed in aircraft emissions data. A typical question which
might be asked is: How does the variability in measured emissions data compare
to the magnitude of a correction factor for a particular pollutant? For
instance, the application of a 5 percent correction factor to data with an

observed variability of 20 percent is of dubious value.

Variability can be usefully divided into two components:

0 Test-to-Test Variability

0 Engine-to-Engine Variability

Test-to-test variability is manifested by the fact that replicate
tests on a particular engine ostensibly operating under identical test condi-
tions do not give the same results. This aspect of emissions variability is
due in part to such factors as instrumentation errors, slight variation in
engine power setting, test site, test sequence, etc. An extensive discussion
of many of the causes of test-to-test variability in aircraft engine emission
measurements is provided in References 11 and 12. Engine-to-engine varia-
bility on the other hand provides an additional source of variation in emission
data. This phenomenon occurs when several engines of a particular model are
tested. A discussion of each source of variability is given in the remainder

of this section.



5.4.1 Test-to-Test Variability

Three test programs were used to assess test-to-test variability.
First, each of the 112 test points for the TPE331-5-251 was repeated twice for
a total of 3 measurements/test point. Second, each of the 107 test points for
the CFM56 combustor rig was repeated once for a total of 2 mcasurements/test
point. Finally, each of the 7 idle tests for the ALF502 full scale engine was

repeated once for a total of 2 measurements/idle test point.

A measure of repeatability can be obtained as follows:

Consider a particular engine tested in a given mode and compute the mean

Xk (k =1,...,N) of the replicate measurements. Then compute the variance
of the replicates as follows:
c 42
A 2 i Ry = %)
5.7 = >
i=1 N=1

. . th . th . .
where Xik is the i replicate measurement for the k test point and N is
the number of replicate measurements (2 for CFM56, 3 for TPE331-5-251, 2 for

ALF502 engine).

~n
The coefficient of variation or CT;/xk represents a useful measure

of the relative repeatability of the emissions measurements.

If the coefficients of variation for each test point in a given mode
are computed and averaged, a measure of the average repeatability of emissions
measurements for a given pollutant and mode can be obtained. Figure 15 illus-
trates this process for the 22 CFM56 combustor rig idle HC test points where
a mean coefficient of variation of .2232 was determined. This parameter A
indicates that for HC CFM56 rig measurements the test-to-test variability (Ti
is approximately 22% of the mean HC idle emission index. Tables 9 and 10
summarize the mode-by-mode coefficient of variation analysis for the CFM56
and TPE331-5-251 engines. In both these tables, high thrust HC and CO values
were omitted because of the very low emission levels at these thrust levels.
Of particular note is the high degree of repeatability (approximately 3-4%)
obtained for NOX emission levels. Conversely, the repeatability for CFMS6

smoke measurements was found to be around 40%. It should be noted that the
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above analysis does not include the engine-to-engine variability which can

only be estimated by measurements on multiple engines.

A similar analysis was undertaken on the AVCO ALF502 full scale
engine data using the two idle measurements presented for cach test. These
two idle settings represent the same nominal thrust level except that the
first was taken just after start-up (TAXI-OUT) and the second after descending
from full power (TAXI-IN). As such, this ALF502 data provides a measure of
the test-to-test variability in this data. Table 1l presents a summary of
the mean IDLE coefficient of variation for each of the four pollutants.
Similar data presented in Tables 9 and 10 for the CFM56 and TPE331-5-251 is

repeated for comparison.

5.4.2 Engine-to-Engine Variability

An evaluation of engine-to-engine emissions variability requires that
different engines of the same model be tested under identical test conditions:
Unfortunately, insufficient data was available in the ambient effects data base

to adequately evaluate this aspect of emissions variability. In most instances,

the test data consisted of multiple tests on a single engine or combustor rig.
In those cases such as the Pratt § Whitney JI8D and JT9D pilot lot data

where multiple engines were tested, varying ambient conditions for each engine
limited the ability to segregate the effects of engine-to-engine variability.
Some guidance in this area is provided by Reference 4 which concluded that
engine-to-engine variability is on the same order of magnitude as test-to-test

variability.

5.5 REGRESSION MODELS AND CORRECTION FACTORS

Figure 14 summarized the general regression models used to assess
emission response to ambient effects. From these equations, correction
factors can be derived as shown in Figure 16. The specific equation presented
in this example has been derived from the CFM56 combustor rig NOX emissions

data discussed fully in Section 6. The correction factor (CF) is defined as:
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EMISSIONS AT STANDARD DAY CONDITIONS

CF = MEASURED EMISSIONS

The corrected emissions indices at standard day conditions are then given as:

EMISSIONS(corrected) - EMISSIONS(measured) e
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6. INDIVIDUAL ENGINE CORRECTION FACTORS

This section presents a comprehensive example which illustrates the
methodology used to develop correction factors for a single engine. The CFM56
Rig data was chosen for this example because it was sampled under controlled
ambient conditions and it adequately represents the problems encountered in

analyzing aircraft engine emissions data.
6.1 CFM56 Combustor Rig - Raw Data Plots

Figures 17 through 26 present CFM56 combustor rig data plots for the
four pollutants and selected explanatory variables. Each pollutant and the
natural log of that pollutant are presented to demonstrate the general pattern
of the data and the effect of the log transformation upon the data. Figurcs 18
(LN{(HC) vs T3), 20 (LN(CO) vs T3), and 22 (LN(NOX) vs T3) are of pérticular
interest. The purpose of the log transformation is to make the data amenable
to linear regression techniques. Ideally, the proper transformation would
orient the data in a straight line when the dependent variable (say LN(NOX))
is plotted against the appropriate explanatory variable. In Figure 22, it is
evident that the log transformation on the dependcnt variable works quite well.
The remaining nonlinearities in this data plot are due primarily to humidity
variation. A comparison of this plot with those for HC and CO (Figures 18 and
20) reveals a linearization of the data in only the portion of the curve wherc
T3 is less than 500°. This portion of the curve represents the data for the
idle and 1.5 idle modes and is the data used in developing the HC and CO
correction factors. The other data points where T3 is greater than 500° were
not used in developing the correction factors because the levels of HC and CO
in this range were considered to be an insignificant contribution to the LTO
cycle. Thus the HC and CO correction factors developed in this report are only
applicable to the idle modes. No IIC or CO correction is applied to the higher
powered modes. Figures 23 and 24 show the decrease in the NOX levels as the
ambient humidity increases. The data for all five test modes are presented in
this plot. Figures 25 and 26 show a relatively large data scatter in the
Smoke vs P3 data with perhaps a slight increase in smoke levels as P3 increases.

The low smoke numbers for the CFM56 rig data are partially the result of facility
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limitations which necessitated running the rig tests at reduced P3 levels.
As a result of these limitations, conditions favorable to high smoke produc-

tion were not included in the test matrix,

6.2 CFM56 COMBUSTOR RIG - SUMMARY STATISTICS BY MODE

Summary statistics by mode for the CFM56 combustor rig data are given
in Table 12 . This table demonstrates the response of the dependent and
independent variables to changes in thrust. The constant values for HC in
CLIMB and TAKEOFF modes are the result of nominally setting the HC values
to .01 for small values of HC. Of particular interest in this table is the
coefficient of variation (C.V.) or the ratio of one standard deviation in the
data to the mean value of a particular data set. This statistic provides a
measure of the relative scatter in a given set of data. Since the percent
rated thrust (PTHRUST) is essentially constant in these mode-by-mode statistics,
the coefficient of variation provides a good measure of the relative variation
in the emissions data which is primarily due to ambient variation. Several of

the more important modal coefficients of variation are summarized below.

CFM56 EMISSION INDEX MODAL COEFFICIENT OF VARIATION (C.V.)

Pollutant Mode C.V. %

HC EI IDLE 98

CO EI IDLE 25

NOX EIX TAKEOFF 19

SMOKE TAKEOFF 31
6.3 CMF56 COMBUSTOR RIG - REGRESSION SUMMARY

Section 5 discussed the rationale for selecting the general form of
the regression equations. Figure 27 summarizes the equations derived for
the CFM56 Combustor Rig data. Tables 13 through 16 present selected
regression statistics for these equations. It is useful here to explain some

of the statistics presented in the regression summary.
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We can begin by identifying the specific equation or model used in
the least squares regression approach. (The reader is reminded that because
the natural logs of the emissions are used instead of emissions themselves,
only the log data will have the least squares properties such as the sum of
the residuals equal to zero.) For example, the form of the equation chosen
for the NOX model is given as:

LN(NOX) = aO + a1 T3 + a2 HAMB

where a,, a;, a, are the least squares parameter estimates, T3 is the

combustor inlet temperature in degrees F, and HAMB is the specific humidity
in 1b H20/1b dry air. Thus in Table1l5 we find under the heading '"ESTIMATE"
the values 0.46742286, 0.00250325 and -20.70200748 for ays a1

respectively. It is possible to perform a statistical test to determine if

and ays

the parameter estimates are significantly different from zero. Obviously,

if we cannot say that the parameter estimates for the T3 and HAMB coefficients
are different from zero, we have been unable to establish a statistically valid
model for the relationship we assumed between LN(NOX) and the explanatory
variables T3 and HAMB. The statistical test on the parameter estimates is

carried out as follows:

i) Select a significance level (typically .05 or .01),
that is, the probability of rejecting the hypothesis
that the parameter equals zero when in fact it actually

is zero.

ii) .If the value under the heading "PR) |T| " corresponding
to the parameter of interest is less than the significance
level, we will reject the hypothesis that the parameter
equals zero. The |T| represents the absolute value of

a t-statistic with appropriate degrees of freedom.

In Table 15, the value under the heading "PR)|'FP'corresponding
to the T3 parameter is 0.0001. Assuming a level of significance of .05

we will reject the hypothesis that the T3 parameter equals zero.
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Testing the parameter estimates is also referred to as testing fdr_significance
of regression. Another method of testing for significance of regression is

to use the information given under the heading "PR ) F". This is referred

to in the literature as an F-test for significance of regression. 1In a

manner analogous to that for the parameter estimates, if the value under the
heading'ﬂﬂ() F" is less than the significance level chosen, we reject the
hypothesis that the regression is not significant. While it is important

to know whether or not a parameter estimate is different from zero, it is also
useful to have an idea of how much we might expect that parameter estimate to
change if we were to calculate it for another set of CFM56 rig data taken
under identical conditions. An approximate measure of the variation in a
parameter estimate can be found by taking the estimate plus or minus two times
its standard error. In Table 15 then we find that our T3 estimate will vary
over the range 0.00250325 + 2 (.00002079) or from 0.002462 to 0.002544,

The information presented under the heading '""SUM OF SQUARES'" provides
insight into how well the model fits the data. Suffice it to say that the
CORRECTED TOTAL SUM OF SQUARES is a measure of the overall variation in the
data. This total variation can be segregated into two parts: the first is
the MODEL SUM OF SQUARES and the second is the ERROR SUM OF SQUARES. The
MODEL SUM OF SQUARES is a measure of the portion of the total variation that
can be attributed to the regression equation we have chosen. The ERROR SUM
OF SQUARES is a measure of that portion of the total variation that is not
accounted for by the regression equation. In general, we would like to see
as much of the total variation in the data attributed to the model chosen.

Thus if we have selected a reasonable model:
LN(NOX) = aO + al T3 + 32 HAMB

we would expect to reduce the "ERROR SUM OF SQUARES'" to some minimal value,

but never to zero because NOX formation is most probably a function to a
limited extent of variables other than combustor inlet temperature and ambient
humidity. As noted earlier, we would like to see the MODEL SUM OF SQUARES
approach the value of the CORRECTED TOTAL SUM OF SQUARES which will conse-
quently reduce the ERROR SUM OF SQUARES. We can write the relationship between
the various sums of squares in equation form:
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CORRECTED TOTAL SUM OF SQUARES = MODEL SUM OF SQUARES
+ ERROR SUM OF SQUARES

Another measure of how well the model fits the data is to examine the ratio:

R2 = (MODEL SUM OF SQUARES)/(CORRECTED TOTAL SUM OF SQUARES)
noting that R2 (R - SQUARE) will approach unity for a '"good" fit. Referring
again to Table 15 , we see that a significant portion of the CORRECTED TOTAL
SUM OF SQUARES (86.73) is allocated to the MODEL SUM OF SQUARES (85.55)
indicating that the model fits the data quite well. 1In fact, under the
heading '"R-SQUARE" we see that 98.64 percent of the total variation in the
LN(NOX) data is attributable to the regression model we have chosen (e.g.,

variation in T3 and HAMB).

The statistic provided under the heading "C.V." expresses the variation
in the data as a percentage of the mean of the data. This measure is called

the coefficient of variation:
T
C.v. = —— * 100 percent
L

where g
AL

the standard deviation of the data

the mean of the data

Thus we see in Table 15 that the cocfficient of variation for the idle to
takeoff LN(NOX) data equals 3.8478 percent. It.is interesting to compare this
degree of variability in the LN(NOX) data to that presented in Section 6.2 for
the untransformed NOX data where a coefficient of variation of 19% was found
for the takeoff mode only. This reduction in variability is one of the
properties of the logarithmic transformation which linearizes and rescales the
test data by '"compressing' the higher valued emission indices.

Comparing the regressions in Tables 13 to 16 we see that the best fit
is with the LN(NOX) data -- this is reflected in both the MEAN SQUARE and
the R-SQUARE values. The major reasons for this are (1) the effect of the
log transformation in linearizing the data, and (2) the relatively low level

of variation in the LN(NOX) data as reflected in the small coefficient of
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variation. The regression fits for LN(HC) and LN(CO) are still quite acceptable.
Note that the error bounds on the parameter estimates (+ 2 +# STD ERROR OF
ESTIMATE) are relatively small). Only for the LN(SMOKE) data do the regres-
sion statistics indicate a poor fit of the data. In Tablel6 we see that

only 4.99 percent (R-SQUARE) of the variation in the data is attributable

to the model chosen. The parameter estimate for LN(P3) is significant,
indicating a relationship between LN(P3) and LN(SMOKE),. but the reasons for
the poor R-SQUARE value are due to (1) the large amount of variation inherent
in the LN(SMOKE) data as demonstrated by a large (66.39 percent) coefficient
of variation, and (2) the low values of smoke number measured. Table 12, for
instance, indicates the mean takeoff power smoke number was only 4.12. Due

to the above limitations in the CFMS56 smoke data, alternative data sources
such as JT8D, JT9D, RB211-22B, SPEY 511 and the ALF502 were used to develop
the smoke model, LN(SMOKE) = f(LN(P3)) which was chosen as the most represen-
tative predictor of variation in smoke number due to ambient and combustor

inlet conditions.

In summation, this section of the report has presented a fairly
comprehensive example illustrating the development and the performance of
the emissions models developed for the CFM56 combustor rig. The intent of
this section has been to illustrate, using extensive data from a single
combustor, selected important facets of the data analysis process which are
representative of many of the problems encountered and techniques applied
to the entire ambient effects data base. Of particular importance in terms

of overall representativeness are:

0 The relative degree of variability in HC, CO, NOX

and smoke emissions

NOX Co SMOKE HC
(Least Variable - - - - - - - Most Variable)
o The emission response to combustor inlet conditions

as expressed by the functional emissions models chosen.

(See Figure 14.)

0 The comparative degree of fit by the regression models for

the four pollutants.

NOX Co HC SMOKE
(Best Fit - - - - - - - - Poorest Fit)



7.0 GENERALIZED CORRECTION FACTORS

This section of the report summarizes the results of the generalized
correction factor study for each of the four regulated pollutants - HC, CO,
NOX, and EPA Smoke Number. Figure 28 illustrates the four basic steps used
to develop these correction factors. First, regression analyses using the
functional models discussed in Section 5.3 were performed on test data for
each engine in the data base. Section 6 provides a detailed example of how
these regressions were performed and an assessment of how well they typically
predict emission response to changing combustor inlet conditions. For each
engine (assuming data for each pollutant was available), five regression

coefficients were determined.

Pollutant Coefficient Description
HC T3COEF HC combustor inlet temperature coefficient
co T3COEF CO combustor inlet temperature coefficient
NOX T3COEF NOX combustor inlet temperature coefficient
HAMBCOEF NOX ambient humidity coefficient
SMOKE P3COEF Smoke combustor inlet pressure coefficient

The NOX combustor inlet temperature and ambient humidity coefficients,

for example, are derived from a rcgression analysis of the form:

LN(NOX) = CONSTANT + T3COEF = T3 + [IAMBCOEF =* [IAMB, or

- e(LONSTANT) N e(TSCOEF*TS) N e(HAMBCOF.F * 1HAMB)

NOX
where LN (NOX) = the natural logarithm of the NOX emission index
CONSTANT = constant term in regression
T3 = combustor inlet temperature (Deg. F)
HAMB = ambient humidity (1b H20/1b day Air)
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The T3COEF for NOX,therefore,provides a measure of the increase in the natural
logarithm of the NOX emission index which should result from a one Deg. F
increase in combustor inlet temperature. The effect of such a one degree
change on the emission index itself is computed as exp (T3COEF). Similar
analyses are applicable to both the HC and CO combustor inlet temperature

coefficients and the NOX ambient humidity coefficient.

The smoke combustor inlet pressure coefficient P3COEF, on the other

hand, developed using a model of the form:

LN(Smoke Number) = CONSTANT + P3COEF * LN(P3)

or
Smoke Number = eCONSTANT . P3P3COEF
where
LN(Smoke Number) = the natural logarithm of the EPA smoke number
CONSTANT = constant term in regression
P3 = combustor inlet pressure (PSIA)

The P3COEF for smoke, therefore,provides a measure of the increase in the
natural logarithm of the smoke number which should result from a one unit

increase in the logarithm of combustor inlet pressure.

The final step in the development of the proposed correction factors
was to summarize salient engine operating parameters for each engine and
relate these parameters to the combustor inlet regression coefficients
determined above. Of particular interest in this phase of analysis were the
rated engine pressure ratio (PR) and the idle pressure ratio (IPR). Although
the usefulness of a variety of other engine parameters such as rated thrust
and bypass ratio were analyzed, better correlation was found between the
combustor coefficients and rated and idle pressure ratio. Primary outputs
of this phase of the analysis are plots illustrating the variation in a

particular coefficient as a function of rated or idle pressure ratio.

7-2



Each point plotted in these figures represents the results of one regression
analysis on a given engine. The number of data points used to determine the
regression line for each engine varied from approximately 10 to around 200.
It is important to remember that the coefficients plotted in these figures
represent the temperature, humidity or pressure sensitivity (slope) of a
particular emission index or smoke number as a function of PR or IPR and not
the magnitude of that emission index. Thus, while it is well known that the
NOX emission index generally increases with rated engine pressure ratio,

a plot of the NOX temperature coefficient T3COEF versus engine pressure ratio
. indicates how the slope of the NOX EI vs PR curve changes with rated pressure
ratio. This slope is indicative of the response of a particular pollutant

to the small changes in combustor inlet parameters commonly introduced hy

variations in ambient test conditions.

In the following, the results of the general correction factor
analysis are summarized for each pollutant. Six hasic types of information

are presented:

o Correction Factor Coefficients in Tabular Form

o Correction Factor Coefficients Plotted versus Engine

Operating Parameters

o} Proposed Generalized Correction Factors
0 Theoretical Background for Proposed Correction Techniques
o Relationship between Newer Technology Engines and

Proposed Correction Techniques

o} Sensitivity and Error Analysis

Figure 29 provides the nomenclature used throughout the presentation
of this summary. A word of explanation is in order with regard to two
parameters, T3MEAN and P3MEAN, which are used in this presentation. As stated
earlier in the introduction to this section, the rated engine pressure ratio
(PR) and idle pressure ratio (IPR) are used to correlate the correction factor

coefficients with engine operating parameters. Since selected engines in the
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data base were not tested while operating in close proximity to ''rated"
standard day test conditions (e.g., the RB211-22B altitude data was run

at a simulated 10,700 M pressure), two alternative parameters, T3MEAN and
P3MEAN were introduced which are analogous to rated engine T3 and P3

but which also account for anomalies in the test data due to specifics

of how the engines were tested. For example, the RB211-22B rated pressure
ratio is 25. When this engine is operating in close proximity to standard
day rated conditions, a P3MEAN of approximately 350 PSIA is observed.

The same engine tested under high altitude conditions, however, exhibits

a P3MEAN of approximately 260 PSIA. Similarly, a T3MEAN value of around

900 Deg. F is found for normal engine operation while a T3MEAN of 850 Deg.F
is observed during altitude testing. In short, the use of T3MEAN and P3MEAN
facilitates the correlation between correction factor coefficient and engine
operating parameter by eliminating some of the confounding effects attributable
to the fact that the engines analyzed were tested under a relatively diverse
set of experimental designs. Figure 30 illustrates the relationship between

T3MEAN and rated pressure ratio (PR) for the engines in the test data base.

7.1 Oxides of Nitrogen

Table 17 presents a summary of the NOX emission index correction
factor coefficients developed for the model LN(NOX EI} = f(T3,HAMB). A
description of the variables listed in this table was given in Figure 29,
Summary statistics for these coefficients are provided in Table 18, The
temperature and humidity correction factors developed from these data are

presented and discussed below.

7.1.1 Temperature Correction Factor

In order to assess the potential influence of engine operating
parameters on the‘NOX combustor inlet temperature coefficient T3COQEF, this
coefficient was plotted versus P3MEAN. Figure 31 illustrates the results of
this analysis. Each point in this figure represents the T3 regression

coefficient determined for a given engine. In selected cases, this plotted
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point represents the regression results for only a single operating mode
(e.g., CFM56 Idle). As shown in this figure, the calculated combustor
inlet temperature coefficients (T3COEF) rise linearly with P3MEAN. As
combustor inlet pressure increases, therefore, the natural logarithm of
the NOX emission index becomes more sensitive tolchanges in combustor inlet

temperature.

A useful approach to analyzing the data presented in Figure 31
is to compare the results illustrated to those developed by Lipfert (Refer-
ence 6) and summarized in Figure 32 (Reference 13). In this figure, the
NOX emission index for a variety of production engines is plotted versus
compressor discharge temperature (T3). The slope of the Lipfert curve in
log space represents the combustor inlet temperature coefficient T3COEF.

LN(NOX EI) - LN(NOX EI)
T32 TSl

T32 - T31

T3COEF =

where T32> T.'Sl Deg. F.

In the Lipfert analysis, a constant NOX combustor inlet temperature
coefficient of approximately 0.00385 was determined. This constant value of
T3COEF is plotted as a horizontal line in Figure 31 and corresponds to
approximately the mean value of the combustor inlet temperature coefficients

determined in the present study.

In order to assess whether the observed NOX T3COEF trend is statis-
tically significant (not necessarily significant from an engineering standpoint),
the 95% upper and lower confidence bounds on the computed combustor inlet

temperature coefficients were computed as follows:

Let: T3COEF = NOX combustor inlet temperature coefficient
t.OS = t statistic at .05 significance level
(=2 for sample sizes greater than 30)
T3STD = T3COEF standard error
UCB = Upper Confidence Bound
LCB = Lower Confidence Bound
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Then:

UCB

T3COEF + t.OS * T3STD

LCB

T3COEF - t * T3STD

05

A confidence interval was constructed of the form:
LcB € T3COEF < UCB

The results of this analysis are presented in Figure 33 where the
combustor inlet temperature coefficient and the corresponding upper and lower
confidence bounds are plotted versus P3MEAN. A word of explanation is in
order concerning the interpretation of these confidence intervals. The
"true'" value of T3COEF is a constant, not a random variable. In reality,
therefore, this true T3COEF either is or is not contained in the confidence
interval computed above. It is the interval as computed from the sample data
which statistically varies. Both its midpoint and its width depend on the
number and particular values obtained in the sample. If repeated regression
analyses were performed on NOX data from a particular engine, and a confidence
interval computed for the T3COEF determined from each, approximately 95%
of the intervals so constructed would contain the "true" T3COEF. It is in
this sense that the confidence intervals presented in Figure 33 should be
interpreted. With this in mind, an examination of Figure 33 reveals that
even when the confidence bounds on T3COEF are considered, a well defined
upward trend between T3COEF and P3MEAN is evident.

Using theoretical analyses, Blazowski et al (Reference 5) also
predicted an increasing temperature sensitivity with increasing combustor
inlet pressure. This analysis was previously summarized in Section 4.1
and in Figure 4 where the required NOX temperature correction increased

as rated engine pressure ratio increased from 10 to 25.

Figure 34 presents the NOX temperature coefficient plotted versus

rated engine pressure ratio. The data presented in this figure provide the
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basis for the proposed NOX temperature correction factor. A least squares
equation was determined which relates T3COEF to rated engine pressure ratio

(PR). This equation is summarized below and plotted on Figure 34.

NOX T3COEF = .001735 + .000107 * PR

R2 = 0.77

Standard Errors of Regression Coefficients

Intercept = .000139
PR .000010

The proposed NOX temperature correction factor is therefore a function of

rated engine pressure ratio. In equation form, this temperature correction

factor (CT3 ) can be expressed as:
NOX
N _
CT3 = eT?’COhF (TSReference TSMeas)
NOX
where
T3COEF = .00175 + .000107 * PR

Figure 35 illustrates the variation in T3COEF as a function of
NOX MEAN (see Figure 29 for definition). As shown in this figure, the
computed temperature coefficient rises uniformly with mean NOX levels. The
only exception to this trend is the highly temperature sensitive SPEY 511,
an older design engine, with high HC and CO emission levels but comparatively
low NOX emissions. Also of note in this figure is the JT9D-7 Vorbix
which employs an advanced technology staged combustor to reduce emissions.
A comparison of the JT9D-7 Vorbix temperature coefficient with those of the
conventional JT9D-7A and JT9D-7F engines reveals that the newer technology
Vorbix exhibits a decreased NOX combustor inlet temperature sensitivity.

An alternative method of presenting this finding is illustrated in Figure 36
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where T3MEAN is plotted versus NOXMEAN. As seen in this figure, two basic
engine groupings appear which roughly correspond to the levels of technology

employed to control NOX emissions.

The first groups represents newer technology engines such as the
JT9D-7 Vorbix, the CFM56 combustor rig, and the T63-A-5A advanced combustor
engines. A primary objective of an NOX emission control strategy is the
ability to operate at a given combustor inlet temperature and pressure
and still reduce NOX emission levels. 1In simplified terms, the modification
required to achieve this objective can involve lowering the NOX emission
index vs combustor inlet temperature curve as shown in Figure 37. Two
features on this curve are important. First, for a given combustor inlet
temperature (T3) controlled engines exhibit a lower NOX emission index.
Second, and more importantly, to achieve this reduced emission index, the
temperature sensitivity (slope of the NOX vs T3 curve) must also be decreased.
This phenomenon is manifested in Figures 35 and 36 for the JT9D-7 Vorbix
and JT9D-~7 conventional engines. Additional insights into the reduced NOX

temperature sensitivity of new technology engines is provided in Reference 14.

The second group of engines in Figure 36 are representative, for
the most part, of conventional engine designs with limited NOX emission
controls. These engines typically exhibit a higher NOX temperature sensitivity

for a given NOX emission level than the newer technology engines.

7.1.2 Humidity Correction Factor

Ambient humidity variations have a significant impact of NOX
emission levels. This ohservation was illustrated in Figure 1 where a
25 percent change in the ALF502 NOX emission index was induced by changes
in ambient humidity. As ambient humidity increased, NOX emission levels
decreased, primarily because of the resulting reduced combustor inlet

temperatures.

In developing a NOX EI humidity correction factor, attempts were

made to determine the influence of engine operating parameters on the
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ambient humidity regression coefficient HAMBCOEF presented in Table 17.
Theoretical insights provided by the research of Blazowski (Reference 5

and summarized in Section 4.1 and Figure 4) indicate that the NOX humidity
coefficient should increase with rated engine pressure ratio. No evidence
of this phenomenon could be found in the test data analyzed. Instead,

it is felt that the mean value of the observed humidity coefficients provides
a useful guideline in the choice of a humidity correction coefficient.

This mean value was found to be -18.3 + 8.0 (95% confidence level) for the

10 engines for which adequate humidity variation permitted computation of a
humidity coefficient. This predicted range in the NOX humidity coefficient
is comparable to that found by Shaw (Refcrence 15) of -22 +8 and is close to
the frequently quoted value of -19. The proposed NOX humidity correction

factor is therefore:

eHAMBCOEF * (HAMB - HAMB )

C = Reference - Meas
HAMBNOX
where
HAMBCOEF = 18.3 + 8.0
HAMBReference = .00634 1b HZO/lb Dry Air
7.2 HYDROCARBONS

Table 19 presents a summary of the HC emission index correction
factor coefficients developed using the model LN(HC EI) = f(T3). A descrip-
tion of the variables listed in this table was given in Figure 29. Summary
statistics for these coefficients are provided in Table 20. The proposed HC
temperature correction factor developed from these data is presented and

discussed below.

Efforts were made to correlate the HC combustor inlet temperature

T3COEF with a variety of engine operating parameters. The most successful
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of these engine correlation parameters was the Idle Pressure Ratio (IPR).
Figure 38 presents a plot of the HC combustor inlet temperature coefficient
versus engine idle pressure ratio. Two features of this figure are of
importance in developing a generalized correction factor for hydrocarbons.
First, as idle pressure ratio increases the HC temperature sensitivity

as reflected in T3COEF increascs in a negative direction. Since the HC

combustor inlet temperature is defined as:

LN (HC EI)T32 - LN(IIC EI)TSI

T3COEF =

T32 - Tf’)l

where T32> T3, Deg. F.

the observed negative increase in T3COEF indicates that higher idle pressure
ratio engines exhibit larger decreases in HC emission levels for a given
increase in combustor inlet pressure. This observation is consistent with
the theoretical analysis presentcd by Blazowski et al (Reference 9 and
summarized in Section 4.2 and Figure 5) where he demonstrates that a larger
HC temperature correction factor is required for higher idle pressure ratio

engines than for lower pressure ratio engines.

The second feature of Figure 38 of interest is the relationship
between the coefficients determined for older technology engines with those
of newer technology engines such as the JT9D-7 Vorbix and the CFM56 combustor
rig. By an argument analogous to that presented in Section 7.1.1 where
decreasing NOX temperature sensitivity was hypdthesized for newer engines,
an increasing HC temperature sensitivity would be expected for newer
technology engines. Since hydrocarbon emissions are inversely proportional
to combustor inlet temperature, a low HC emission engine designed to operate
at a given idle pressure ratio could be expected to show more temperature
sensitivity than an older technology engine. An examination of Figure 38
reveals that the JT9D-7 Vorbix and CFM56 combustor rig do, in fact, demonstrate

high combustor inlet temperature sensitivity.
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The data presented in Figure 38 form the basis for the proposed HC
temperature correction factor. A line was drawn which represents the general
coefficient trend between the HC temperature coefficient T3COEF and idle
pressure ratio (IPR). This line is shown in Figure 38. The proposed HC
temperature correction factor is, therefore, a function of engine idle
pressure ratio and can be expressed as:

eT3COEF * (T3

C = Reference TSMeas

TSHC

where T3COEF is determined from Figure 38 and the appropriate idle pressure

ratio.

7.3 CARBON MONOXIDE

An analysis similar to that outlined in Section 7.2 for hydrocarbons
was also performed for carbon monoxide (CO). Table 21 presents a summary
of the CO emission index correction factor coefficients developed using the
LN(CO EI) = £(T3). A description of the variables listed in this table was
given in Figure 29. Summary statistics for these coefficients are provided

in Table 22. The proposed CO correction factor is outlined below.

Figure 39 presents a plot of the CO combustor inlet temperature
coefficient T3COEF versus rated engine idle pressure ratio. Comments similar
to those presented in Section 7.2 for HC are generally applicable to data
presented in this figure. First, CO temperature sensitivity increases with
rated engine pressure ratio. Second, newer technology engines tend to
exhibit more temperature sensitivity for a given IPR. This observation is
demonstrated by the high degree of CO temperature dependence found for the
JT9D-7 Vorbix. It should be pointed out, however, that HC and CO correction
factor coefficients do not always parallel each other. This observation is

demonstrated by the relationship hetween the CFMS56 combustor rig HC coefficient
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which is quite large and the CO coefficient which falls on the general trend

line for engines of comparable idle pressure ratio.

The data presented in Figure 39 form the basis for the proposed CO
temperature correction factor. A line was drawn which represents the general
coefficient trend between the CO combustor inlet temperature coefficient
T3COEF and idle pressure ratio IPR. This equation is plotted in Figure 39.
The proposed CO temperature correction factor is, therefore, a function of
engine idle pressure ratio. In equation form, this temperature correction

factor (CT3 ) can be expressed as

co

eTZCOEF * (T3 )

- T3
C = Reference T Meas

TSCO

where T3COEF is determined from Figure 39 and the appropriate idle pressure

ratio.

7.4 SMOKE NUMBER

Table 23 presents a summary of the EPA smoke number correction
factor coefficients developed using the model LN (Smoke Number) = f(LN(P3)).
A description of the variables in this table is given in Figure 29. Summary
statistics for these coefficients are provided in Table 24. The proposed

smoke number correction factor is outlined below.

Efforts were made to find a suitable engine operating parameter
which correlated with the smoke number combustor inlet pressure coefficient
P3COEF. Figure 40 presents a plot of this pressure coefficient versus rated
engine pressure ratio (PR). Although a general trend of decreasing pressure

coefficient with increasing rated pressure ratio is evidenced, this trend is
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for the most part the result of the smoke coefficient for a single engine,
the ALF502 which exhibits a high smoke coefficient. The remaining engines
in this figure represent large gas turbines (Class T2, T4) and have smoke
coefficients in the range 0.5 to 1.5 with a mean P3COEF. of approximately 1.0.
These figures can be compared to the G.E. smoke coefficient of 1.5 which was

discussed in Section 4.4.

An additional facet of the behavior for the smoke number combustor
inlet pressure coefficient is provided in Figure 41 where the P3COEF is plotted
versus SMKMEAN or the mean maximum power smoke number. As mean smoke emissions
rise, combustor inlet pressure sensitivity also rises. Of note in this

figure are the smoke levels exhibited by the JT9D-7 Vorbix.

The discussion above and the data in Figures 40 and 41 provide the
basis for the proposed smoke correction factor. Using the smoke pressure

coefficient which is defined in general terms as:

LN (Smoke Number)P3 - LN(Smoke Number)p3

P3COEF = ,
IN(P3)) - LN(P3))

where P3, > P3,  PSIA .

The smoke number correction factor (C ) can be expressed as

P3Smoke

p3 P3COEF
C - Reference

P:I’Smoke P3Meas

where P3COEF = 1.0.
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7.5 CORRECTION FACTOR SENSITIVITY ANALYSIS

In this section of the report, the sensitivity of each proposed
correction factor will be analyzed in light of a variety of sources of error.
Several of the more important considerations in analyzing these sources of

error in ambient effects data correction are listed below:

o Test-to-Test Variability
o} Engine-to-Engine Variability
0 Model Formulation Error

0 T3, P3, HAMB Coefficient Selection Error

Test-to-test and engine-to-engine variability were previously
discussed in Sections 5.4.1 and 5.4.2. Model formulation error represents
the inaccuracy introduced into the correction factor process because of the
use of relatively basic emissions models as outlined in Figure 14. The errors
introduced by these fundamental models can be assessed by examining mean
RSQ (Rz) values presented in coefficient summary Tables 18, 20, 22 and 24.

R2 or the coefficient of determination provides a measure of the percent of
the variation in a given set of data explained by the regression model
selected. For the regressions performed in the present study, the mean R2
values are summarized below. Also included in this summary is the estimated
test-to-test variability. This test-to-test variability provides a reference

against which to judge the overall performance of the regression models

selected.
MODEL FORMULATION ERROR ASSESSMENT
Pollutant Model Percent Variation Explained Estimated
RZ * 100 Test-to-Test
MIN MAX MEAN Variability %
HC LNHC = £(T3) 21 99 82 16
co LNCO = £(T3) 17 99 86
NOX LNNOX = £(T3,HAMB) 73 99 91 3
SMOKE LNSMK = f(LNP3) 5 96 60 33
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A quantitative discussion of coefficient selection error is
presented below. Correction factors for EI's are given as follows:

For example, let:

A0 » p3 P3COEF

Smoke Number

where:
Smoke Number = EPA Smoke Number
P3 = Combustor Inlet Pressure (PSIA)
The smoke pressure correction factor would then be:
P3COEF
P3Reference
S S I S
“Measured
where:
P3 = Combustor Inlet Pressure at standard
Reference ..
day conditions
P3
Measured = Combustor Inlet Pressure as measured
under non-reference conditions
In a similar manner, a temperature correction factor can be
generated:
NOX EI = A0 * ¢ ~COEF * T3
where:
T3 = Combustor Inlct Temperature (Deg. F)
Then:
o * -
CFT3 = eT3C0EF (TsRcference TSMeasured)

An ambient humidity correction factor is generated in a manner

similar to that for T3.
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HAMBCOEF * (HAMB - HAM

CF Reference BMeasured)

HAMB

A sensitivity analysis can be performed on the correction factors
by selecting values for the correction coefficients and allowing the inlet
(P3, T3) and ambient (HAMB} conditions to vary over ranges typically exper-
ienced by production engines. Plots of correction factors as a function
of inlet and ambient conditions are given in Figures 42 through 46. For
example, Figure 42 demonstrates NOX combustor inlet temperature correction
sensitivity. The values selected for the parameter T3COEF cover the range
of T3 coefficients found for the various engine regressions done in this

study. T3 represents the difference hetween reference

Reference” | ‘Measured
and measured combustor inlet temperatures which typically occur when testing
engines at other than standard day conditions. Thus if TS(Reference]

.T3 = -100, one would find a range of tcemperature correction factors
{Measured)
of (0.905 - 0.607) corresponding to a range of (0.001 - 0.005) for the T3

coefficient.

Figure 47 shows the percent error in the NOX temperature correction
factor as a result of using an incorrect T3 coefficient. In this case, it
is assumed that the true value of T3COEF is .002, bhut a value of .004 was
used to calculate the correction factor. The range of T3 cocfficients for
NOX regressions for the data used in this study is approximately .001 to .005.
If we had picked a single T3 coefficient (to use for all engines), say .003,
then the maximum difference between the '"true' coefficient and .003 would he
.002. This plot, then, represents the maximum error due to incorrect tempera-
ture coefficient selection one might expect to find if a general model of the

- *
form NOX EI = A0 *e(TSLOEF T3) is used for a group of engines.

Figures 48 through 51 give similar plots for HC and CO temperature

correction, NOX humidity correction, and SMOKE pressure correction.
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7.6 CORRECTION FACTOR PERFORMANCE ANALYSIS

Figures 52 through 55 indicate representative performance figures for
both the single engine correction factor coefficients and the general trend
line coefficients. Data are presented in these tables for the CFM56 combustor
rig and the ALF502 combustor rig. The reduction in emissions variability
achieved for these engines is comparable to that found when multiple tests are
performed on a single engine. 1In other words, the major sources of variability
in the emissions measurements for data presented in these tables are ambient
conditions and test-to-test variability. The specific performance figures used
to assess the correction factor performance are the uncorrected data coefficient

of variation or

v _ O uncorrected
uncorrected ,l( uncorrected

and the corrected data coefficient of variation

cv - CS—Eorrected
corrected {{ corrected
where (O = the standard deviation of the emissions data
AL = the mean of the emissions data

Ideally, since the correction factor process attempts to reduce

a

corrected corrected
correction to standard day conditions. The primary limitations on the

as much as possible, CV will approach 0 for perfect

ability to achieve this ideal correction have been discussed in previous

sections and are amplified below. First, the inherent test-to-test variability
in emissions data which is typically on the order of magnitude of 5% for NOX,
10% to 20% for HC and CO, and 40% for SMOKE provides a lower bound on the
achievable reduction in emissions variation. Second, the use of simplified
emissions models provides a further limitation on the correction factor performance.
Finally, the correction coefficient selection error introduces a final major
limitation on the correction process. This coefficient selection error is illus-
trated by the differences in performance between data correction using a correction
coefficient developed for a specific engine and data correction using a general
trend line coefficient.
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The effect of these limitations on the emissions correction process
can be further illustrated by Figure 56 where a hypothetical emission index Y
(e.g., NOXEI) is plotted versus a typical correction factor correlating
parameter X (e.g., T3). As shown in this figure, the uncorrected or measured
emission data increases linearly with the correlating parameter. This
phenomenon can be expressed in equation form as Y = a + bX where a and b
are regression coefficients. The principal effect of the data correction
process is to transform this emissions data so that the corrected emission
index is independent of the correlating parameter. Graphically, the ideal
correction should transform the corrected data onto a perfect horizontal line.
(See Appendix F for sample emission index corrections.) The use of simplified
emissions models and test-to-test variability, however, provide limitations on
how much reduction in variability can be practically achieved. The nature
and extent of these limitations can be evaluated in quantitative terms

as follows:

.th c .
let y;, = 1 uncorrected emission index measurcment
.th .
xi = 1 correclating parameter measurement
N = number of measurements
Then
A 2
Gy = variance of uncorrected emission indices
2 v, -V
~ i
N -1
A2

9

variance of the uncorrected emissions indices
around the computed cmission index line
(residual variance)

-

2. by - v°

1

N -2
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where: Y Estimate of the emission index Yy computed

from the regression equation

Y = a + bx.
1

Mean uncorrected emission index

A
The relationship between (Y; and G;x can be shown to be:

y

- 2 N-1
Op =S J1-% w2
where R = Correlation coefficient between y and x
R2 = C(oefficient of determination (see Section 5.3)
é§;x2 Provides a measure of the variance in the

emissions data not accounted for by the
regression model chosen and principally includes
the effects due to test-to-test variability and
the use of simplified emissions models. The
effect of coefficient selection error provides

an additional source of variability in this
analysis. An assessment of the magnitude of

this error component was presented in Section 7. 5
and Figures 47 to 51.

The residual variance component as shown in the lower half of Figure
56 will remain even after the emissions data is corrected to reference condi-

tions. The relationship between CVincorrected and CVcorrected (assuming

AL yncorrected = Acorrected’ N is large, cr;y‘ﬁ’CYZorrected)

can be expressed as

Vcorrected N 1-R Cvuncorrected

In order to assess the implications of the above relationship on the correc-
. - 2 .
tion factor process, the mean, maximum and minimum R” values presented in

Section 7.5 for the entire emissions data base were used to compute the range
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of expected reduction in emission index variability for each of the four

pollutants.

Vuncorrected ~ “Vcorrected . .
100%

fl

Percent Reduction v
uncorrected

= (1 - ,/1 - R%) * 100%

Percent Reduction

Mean R2 Emission Index
Pollutant Statistic Variability
MIN MAX MEAN
NOX EI .91 48 90 70
HC EI .82 11 90 58
CO EI . 86 9 90 63
SMOKE NUMBER .60 3 80 37

A comparison of the above expected percent reduction in emission
index variability with that actually computed for the CFM56 and ALF502 combustoy
rigs for NOX, HC, CO and Smoke in Figures 52 to 55 rcveals the following.
First, the CFM56 and ALF502 NOX, HC and CO emissions corrections for the
specific engine coefficients (NOX = 68%, HC = 54%, CO = 54%) and the NOX
and HC general coefficients (NOX = 65%, HC = 53%) provide reductions in
emission index variability close to the mean percent reduction expected for
each pollutant. Second, correcting the CFM56 rig CO data using the general
coefficient provides substantially less reduction in emission index variability
(e.g., at idle, 24% reduction vs 52% reduction) than use of the coefficient
developed specifically for this rig. The principal reason for this occurrence
as seen in Figure 39 is the difference between thc specific engine CFM56 CO
temperature correction coefficient and that predicted by the general trend line.
Finally, the ALF502 smoke number corrections (5-9% reduction in variability)
perform significantly poorer than the mean expected percent reduction for smoke

number emissions, 37%. The small and highly variable smoke numbers (due
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primarily to the availability of only low power data) measured for this engine
provide an explanation of the performance of the smoke correction on this

particular data set. In general, a reduction in smoke number variability

on the order of 30-40 percent can be expected.
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Table 1

ENGINE/COMBUSTOR RIG SUMMARY — EPA SPONSORED DATA

(1) EPA TEST TEST RATED

ENGINE/RIG TESTS CLASS CONTRACTOR TYPE POWER
TPE331-5-251 336 p2 AiResearch Controlled 706 SHP(2)
GTCP85-98CK 240 APU AiResearch Controlled 260 HP(S)
ALF502 Engine 56 Tl AVCO-Lycoming Uncontrolled 6,500 1b thrust
ALF502 Rig 66 T1 AVCO-Lycoming Controlled 6,500 1b thrust
CFM56 Rig 214 T2 General

—_— Electric Controlled 22,000 1b thrust

912

(1)Test is defined as a given thrust/ambient condition combination
(e.g., Idle represents one test, 1.5 Idle represents a second).

(Z)Derated from 840 SHP.

(S)Maximum power operation (45.7 SHP + 214.3 Bleed-Air HP).

EPAP SMOKE
ENGINE HC Cco NOX NUMBER
TPE331-5-251 1979 Standard 4.9 26.8 12.9 47
MeasuredA 3.6 12.8 8.9 15
(1b/1000 hp-hr/LTO)
GTCP85-98CK 1979 Standard 0.4 5.0 3.0 None
Measured 0.2 7.5 6.4 -
(1b/1000 hp-hr)
ALF502 1979 Standard 1.6 9.4 3.7 34
Measured 1.5 12.5 3.0 23
(1b/1000 1bf/hr/LTO)
CFM56 1979 Standard 0.8 4.3 3.0 23
MeasuredD 1.7 12.8 4.7 -
(1b/1000 1bf-hr/LTO)
LTO = Landing Takeoff Cycle
Taxi - Idle operation with primary atomizers only, Reference 2

Reference 2

o O W P

ALF502 Test Data - TAMB=63°F, PAMB=29.88 in Hg, HAMB=0.0088 1b HZO/lb Air

PFRT baseline engine reported in Reference 13; no smoke number reported
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Table 2
INDUSTRY CONTRIBUTED DATA — SELECTED EXPERIMENTAL DESIGN FEATURES

Single Engine

0 Generally uncontrolled ambient conditions (e.g., TF30).

o Provides a measure of test-to-test variability if

replicates included.

o] Test points correspond to normal engine operation (e.g.,

Idle, Takeoff).

Multiple Engine

o} Generally uncontrolled ambient conditions

(e.g., Pratt § Whitney JT8D and JT9D Pilot Lot Data).
o Provides a measure of engine-to-engine variability.

o} Test points correspond to normal engine operation
(e.g., Idle, Takeoff).

Parametric Tests

o Always controlled ambient conditions

(e.g., T56 Rig and T63-A-5A Rig).

o Independent pressure, temperature or humidity variation.
o Combustor rigs only.
o Test points generally do not correspond to normal engine

operation (e.g., Idle, Takeoff).
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Table 3

AMBIENT TEST CONDITIONS
TPE331-5-2561 AND GTCP85-98CK APU

Temperature Humidity Barometric Pressure
Test Grams H,0/ Grains H20/
Point °C °F Kilogram Air Pound Air Mm Hg Inches Hg
1 -7.0| 19 1.0 7.0 f A
2 -7.0 19 2.0 14.0
3 4.0 39 2.0 14.0
4 4.0 39 5.0 35,0
5 15.0| 59 2.0 ' 14.0
6 15,0 59 | 5.0 35.0
7 15.0 59 7.5 52.5 Hold constant at
8 15.0 59 10.0 70.0 standard condition as
9 33.0 91 - 10.0 70.0 specified in the Unit-
10 33.0 91 15.0 105.0 1 ed States Standard
11 33.0 91 20,0 140.0 Atmosphere, 1962 for
12 33.0| 91 25.0 175.0 the test cell altitude.
13 15.0| 59 7.5 52.5 580 22.83
14 15.0 59 7.5 52.5 650 25.98
15 15.0) 59 7.5 52.5 740 29,13
16 15.0 59 7.5 52.5 500 19.69
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crams PRSP

Table 4

TPE 331-5-251 ENGINE LOAD CONDITIONS
(CORRECTED TO 59°F AND 29.92 IN. HG ABS)

) .
. Corrected
Condition Load ?ii;g“;oggr Total Shaft
: ‘ Horsepower
1* (Taxi) Idle 5 .3
53
2* 1.5 x Idle 7.5
3% 2.0 x Idle 10.0 76
4 Epproach 30.0 212
5 Cruise 70.0 494
6 " Climb-Out 1 90.0 635
7 *x Talkkeoff 100.0 706
*Engine operation on primary fuel atomizers only.
**A derated takeoff load of 766 shp//08 was necessary to protect
the engine from turbine inticrstage overtemperature,




Table 5

GTCP85-98CK APU ENGINE LOAD CONDITIONS
(CORRECTED TO 59°F AND 29.92 IN. HG ABS)

Hor sepower
Condition Load

Shaft Bleed-Air Total
1 TIdle - - -
2 Pure Shaft Power 79.5 0 79.5
3 Rated Pover 198.6 0 198.6
4 Pure Blced - 245.0 245.0
5 Combinatirn 45.7 , 214.3 260.0
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Table 6

AMBIENT TEST CONDITIONS - ALF502 FULL-SCALE ENGINE
UNCONTROLLED AMBIENT CONDITIONS

Anbient Ambicont
Temperature Pressure
S in 6

77 30.00
71 30.00
76 29.80
78 29.75
73 29.70
78 29.75
63 29.85

7 Power

1)

2)
3)
4)
5)
6)
7)

Levels for Lach Ambient Test

IDLE

a) Taxi-Out
b)
1.5 IDLE
Approach
40% Rated
50% Rated
CLIMB (90% Rated)

TAKEOFF (100% Rated)

Taxi-In

(30% rated)

Ambient
Specific Humidity
Lb Watexr/Lb Pry Air

.01445
.01632
.01530
.01770
.01725
.01582
.0089

Condition



Table 7
AMBIENT TEST CONDITIONS - ALF502 COMBUSTOR RIG

AMBIENT AMBIENT AMBIENT
TEST’ TEMPERATURE PRESSURE SPECIFIC HUMIDITY
°F in HG Grains H20/1b Air
0 59 29.92 44 (Reference Day)
1 19 25.98 25 '
2 19 29,92 25
3 19 32.28 25
4 39 20.92 25
5 39 20.92 25
6 59 25.98 52.5
7 59 20.92 25
8 59 29.92 52.5
9 59 20.92 70
10 59 32.28 52.5
11 85 29.92 25
12 85 29.492 52.5
13 85 20.492 105
14 85 20,92 175
15 105 25.98 25
1o 105 25.98 175
17 105 29,92 25
18 105 29.92 52.5
19 105 29.92 105
20 105 29,92 175
21 105 32.28 25
22 105 32.28 175
3 Power Levels for Each Ambient Test Condition
1} IDLE 5% Rated
2) 1.5 IDLE 7.5% Rated
3) APPROACH 30% Rated
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Test
Point

«

13N

LI

o

10
1l
12
13 .
11
15
16
17
18
19
20

214 -

Table 8

AMBIENT EFFECTS TEST CONDITIONS - CFM56 COMBUSTOR RIG

Temperature

o op
-7 19

4 39
15 09
29,0 85
40 105
4 K3y
15 54
29,5 &5
40,5 165
15 0o
20.5 a5
40,5 106
29,5 85
40,56 Y05
-7 14
15 3
40,6 105
10,0 1056
-7 14
4] L9
40,5 105
40,5 105

Hupidity

Grivns HyO Tor
Fitorvam Ao

-

NN

Test points - given above,

Power settings = idle, 1-1/2 times jdle, approseh, c¢livhout, takeoflf,

Grains 1,0
Por Pomd Ay
14
14
14
141
14

[
HRLD

62,0

h2.,5
14
175
14
62,5
14
175

Pressure

Eva, Inches N
Hold constanl

{

specificed in the

United States
Stondavd Al

Srhere

1062 for the teunt
Cell Altitude
V
109,32 32.28
109,32 32,28
109,32 az.,z28
109,32 34,28
68 25,98
88 25,98
88 20,98
88 25,98

Replication of cach tost point - Faeh puinl will thecelore, be run

twice.,

Total measurements (22 x 5 x 2 = 220) Less O unrcalizable takcoff points.
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Table 9
CFM56 COMBUSTOR RIG REPLICATE ANALYSIS

MEAN REPLICATION COEFFICIENT OF VARIATION BY MODE
2 REPLICATES/TEST POINT, 22 TEST POINTS/MODE

~
Coefficient of Variation for Test Point = a-&/i‘

where 3ZK = mean value of the 2 replicates

A
Ok = standard deviation of the 2 replicates

Pollutant
HC co NOX ]

MODE

(% Rated) EI £l EI SMOKE
IDLE .2232 .0365 .0401 . 4467
(5)

1.5 IDLE . 1872 .0393 .0277 .3676
(9

APPROACH .1941 - .1413 .0355 .5743
(30)

CLIMBOUT - - .0336 . 2656
(85)

TAKEOFF - - L0351 . 2186
(100)

TOTAL L2015 .0724 .0344 .3746
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Table 10
TPE331-5-251 FULL SCALE ENGINE REPLICATE ANALYSIS

3 REPLICATES/TEST POINT, 16 TEST POINTS/MODE

S
Coefficient of Variation for Test Point = 01,/3{‘
where ik_= mean value of the 3 replicates
& - standard deviation of the 3 replicates
Pollutant HC o NOX

MODE
(% Rated) El El EI | SMOKE
IDLE . 1086 .0363 L0365 .1430
(5) —_—
1.5 IDLE . 0843 L0276 0340 . 1594
(7.5) P —
2.0 IDLE .0969 .0325 . 0302 .1710
(10) —
APPROACH .1510 .0522 .0223 . 0649
(39) ——
CRUISE - - L0176 .0556
(70)
CLIMBQUT - - .0181 L0605
(90)
TAKEOFF - - .0159 .0584
(100)
TOTAL .1102 . 0372 .0249 .1018
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MEAN IDLE COEFFICIENT OF VARIATION BY ENGINE

Table 11

TEST TO TEST VARIABILITY

MEAN COEFFICIENT OF VARIATION

NUMBER NUMBER HC co NOX
ENGINE TESTS REPLICATES EI El El SMOKE
TPE331-5-261 FULL SCALE 16 3 .1086 0363 0365 1430
CFM56 COMBUSTOR RIG 22 2 2232 0365 0401 4467
ALF502 FULL SCALE 7 2 0771 .0315 .0070 .3646
WEIGHTED AVERAGE 45 1597 0357 .0338 " .3259
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¥1-6

VARIABLE

PTHRUST
P3

T3

FA

co

HC

NOX
SMOKE

PTHRUST
P3

T3

FA

co

HC

NOX
SMOKE

PTHRUST
P3

T3

FA

co

HC

NOX
SMOKE

PTHRUST
P3
T3
FA
co

P3

44
44
44
44
44
44
44
44

44
Al
LY
a4
44
44
44
44

44
44
24
44
14
44
44
44

44
44
44
44
44
44
44
44

38
38
38
38
23
38
28
28

MEAN

5.78414891
48.33931813
362.67498864
2.71575455
25.68772727
1.308363636
3.153585182
2.72272727

8.97213636
£3.397845453
437.41599C82
I.9148.54553
12.946552391
P.155356354
4.12759%99
<.61R3625

3. 5377098
138.%3081313
654.18V32727

7.31758864
2.95272727
9.9155503;
7.47568182
2.24318182

§5.9C739233
165.95581818
918.43:52953

§.02375382
2.74113635
3.815808L7%
13.19318i82
3.2652:3629

103.92+23684
171.56657895
958.381581658
g.892714474
3.96852632
£.91732857
15.235500%9
4.11578947

STANDARD
DEVIATION

f.10116185
3.16793998
43.97538157
5.73478959
6.435545644
1.28119434
T.47999021
1.12361517

$.22135828
4.14-43954
5£7.47538219
7.90352998
3.82442714
F.17234274
3.72°.9164:0
5.91:94553

T.007338777
4.122992772
52.85725233
0.95295313
2.6476887"
3.81538302
1.227134'9
1.397z3943

8.9,°:08973
172.868748324
83.2937729.7
2.,37151893
n.82779962
3.50530293
2.39343945
1.77223342

B.80181832
2.42613713
68.65312981
&.98164213
1.96758887
J.85 Jra80
2.87716241
1.2767221

Table 12
CFM56 COMBUSTOR RIG - SUMMARY STATISTICS BY MODE

IDLE

MINIMUM
VALUE

5.513290282
42.36709993
292.00793992
A. 914109039
15.82008094¢
8.17298383
2.36770200

MAXY IMUM
VALUE

5.B5R2AGR0
53.25460000
427 .78°0878€
¥. E\ISGCGP

4.3 7"'fr;7ﬂan

3.20.:5508093 5.5Q0CHRD
1.5IDLE
8.57732307 9.3254200%
55.0909305L7 78.92 ¢80
352.29292993 496.33%¢C90 Cf’

3.9136£32%2
9.11998907

3.BsI
2.74; a
B.237398033

23 ATIFeRTT
122.73929303
Ss7.0873387Y

9.0 822937

1.659884K54
g.91772929
5.39:/80039
0252034087

83.53723237
146.4593923.7
731.20978803

3.92298220
1.39908%
g.9177238573

APPROACH

J.71
21. 8f7ﬂbﬂur
0,81 70600
5. 7E""’fﬂ.(.""'Y
4.78320005

2I.BCTELRET
154 . 82049505
718 20N InN
o053 RN S LM
4. EST00LL0H
Iy BB'WHﬂF&

a5.00vpLIT
1C4.07! T
Q4. RESOLCEY
B.@zazoily
4.59030GT
g.LcirTgEra

9.8233£97%7 18500600
1.582230583 [y sl il i i) R
TAKEOFF
108.90230383 178.304A53288
152.510000808 191.972300008
8402.503000889 1849.88.70000%
B.B2412008 P.82940008
1.44920009 5.4300A000
G.91770809 S5 WU
ll 97238788 41.91C“UCH”
L 78I03837 L3BIIDIT

VARIANCE

#.81823372
18.93584371
1933.92213617
2.00080662
42.966204L2
1.64122833
2.22952743
1.43668976

£.54926988
17.19296L%4
2254.2%173272
B.R33P97s
©.208532
BG.0298857¢
M.52485457
7.84446089

O.gRony:
23.3473338%
3487 .75325045
a.6000827 2
.41939794
S.ERE2358
1,48872743C
1.95227851

B.BRragassy
118.409208353
4652.M2718354
2.E0380251
g.6B219352
2.80708377
5.72355243
3.16415962

2.8:"801£4
198.7P433661
4714.62553322
0.980L02743
1.18283215
B80S
8.2730€635!
1.63591422

STD ERROR
OF MEAN

#.A1525872
#.47738492
6.62968837

AZ311994
B.97777814
2.19313375
2.87222557
2.18769819

§.83346297
J.62799923
7.15778618
2.2R39CH45
£.4573368BY
§.82596321
5.10912451
©.13833625

B.CxlBargy
1.27526251
8.89221692
£.89912937
J.937639863
J.7232058
J.18394215
0.21264177

5.587395973
1.6412362%3
18.28249385
£.9532289¢
£.12473193
4.B93299957
36052457

ﬂ.25816547

P.APT16519
1.69134279
11.13862835
B.90026539
f.17542891
5.0g323:537
B8.46573737
9.25731135

1.773
6.551
11.896
5.812
25.249
98.272
15.182
44.823

2.474
6.548
19.855
4.0953
23.435
114.565
17.567
35.160

2.000%
6.568
8.028
4.797
21.933
92.78¢
16.321
62.288

2.998
6.559
7.426
5.897
39.19¢C
b.983
18.141
44 .852

g.981
6.877
7.164
5.950
35.536
g.903
18.8688
31.920
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DEPENDENT VARIABLE:
SOURCE

MODEL

ERROR

CORRECTED TOTAL

PARAMITER
INTERZEPT
T3

Table 13
CFM56 COMBUSTOR RIG - HC REGRESSION SUMMARY

GENERAL LINEAR MODELS PKOCEDURE

LNHC NATURAL LOG(HC)
L TUM 0O SQUARES M:AM 3SQUARE F VALUE PR > ¢ R-3QUARE
M 135.02251252 155.022%1253 584.17 0.00C} 0.87167%
86 22.82196483 0.26527168 $VD DzVv
87 177.844477141 0.51514239
EXTIMATE 0 PR ST?S$§:§§EOF
B.23545584 2..85 0.0001 C.39525633

~0.0z:48582 -24.i7 0.0001 ¢.00C9717,

€.V.
342.14895
LNHC MEAN
-1.22217993
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Table 14

CFM56 COMBUSTOR RiIG - CO REGRESSION SUMMARY

DEPENDENT VARIABLE: LNCO

SOURCE jud
MODEL 1
EKROR 13
CORRECTED TOTAL 87
PARAMETER ESTIMATE
INTERCEPT §.47590815
T2 -0.0064425%

NATURAL LOG(CQ:

SUM OF SQUARES

11.86575459
2.97552238
14.641686F3

TOFOR 3

PARAMETeR=0

-
(Y

ww

o]
2.35

TENERAL

MIAN SQUARE
11.66575450

G 03450286

PR > ITI

0.0001
0.0001

LINEAR MODELS PROCEDURE

F VALUE
337.12

STD ERRJIR OF
USTIMATE

0.142:8231
€.00035089

PR > F R-SQUARE
0.000! 0.73E7149
STD DEV
D.1B302114

c.v.
6.4658
LNCO MEAN
2.87699378
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DEPENDENT VARIABLE: LNNOX

SOURCE
MODEL
ERROR
CORRECTED TOTAL

PARAMETER
INTERCEPT
T3

HAMB

Table 15

CFM56 COMBUSTOR RIG - NOX REGRESSION SUMMARY

OF
2
211
213

ESTIMATE
0.46742286

0.00250325

-20.70200748

NATURAL LOG(NOX)

SUM OF SQUARES
85.55307798
1.17695298
86.73003096

T FOR HO:
PARAMETER=0

30.28
120.40
-32.91

GENERAL LINEAR MODELS PROCEDURE

MEAN SQUARE F VALUE
42.77653899 7668.83
0.00557798
PR > ITI STD ERROR OF
ESTIMATE
0.0001 0.016543587
0.000t 0.00002075

0.0001 0.62901159%

PR > F
0.0001

STD DEV
0.0746858S

R-SQUARE
0.986430

c.v.
3.8478
LNNOX MEAN
1.94101868
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DEPENDENT VARIABLE:

SOURCE
MODEL
ERROR
CORRECTED TOTAL

PARAMETER

INTERCEPT
LNP3

Table 16

CFM56 COMBUSTOR RIG - SMOKE REGRESSION SUMMARY

LNSMK NATURAL LOG(SMOKE?}

DF
1
212
213

ESTIMATE

-0.31230670
0.27750009

SUM OF SQUARES
4.64120782
88.26363650
92.90484432

T FOR HO:
PARAMETER=0

-0.81
3.34

MEAN SQUARE
4.64120782
0.41633791

PR > 1TI

0.4207
0.0010

GENERAL LINEAR MOGELS PROCEDURE

F VALUE
11.15

STD ERROR OF
ESTIMATE

0.38714494
0.08311332

PR > F
0.0010
STD DEV
0.64524252

R-SQUARE
0.049957

c.v.
66.3910
LNSMK MEAN
0.97188252



Table 17
NOX CORRECTION FACTOR COEFFICIENTS - TABULAR SUMMARY

NOX CORRECTION COEFFICIENT SUMMARY

61-6

C H

. H a A H N

E A N T “ A T ] 0

N " c " s 3 T B M 3 3 X

c o L P T ¢ 3 c 8 M ] M

1 D A L A 0 s 0 S R E E E

N £ s E N £ T E T S A A A p

E s s s T F D F D Q N N N R
GTCPB5-98CK APU BLEED & SHAFT APU 9  1.0507 0.001677 0.000331 -22.84 2.360 0.7859 357 56.4 §5.20 4.00
T56 STANDARD JETA PR=2 P2 16 0.0120 0.001785 0.000292 . . 0.7278 190 30.0 1.43 2.00
TS6 LEAN JETA PR=2 P2 16 0.3258 0.002018 0.000181 . . 0.8993 188 30.0 2.04 2.00
T56 STANDARD JETA PR=3 P2 16 0.0567 0.002853 0.000220 . . 0.9232 283 45.0 2.42 3.00
TS6 LEAN JETA PR=3 P2 16 0.5212 0.001469 0.000193 . . 0.8054 282 45.0 2.56 3.00
T56 STANDARD JETA PR=4 P2 16 0.3925 0.001945 0.000199 . . 0.8722 3585 60.0 2.99 4.00
T56 LEAN JETA PR=4 P2 16 0.3400 0.002173 0.000208 . . 0.8867 356 60.0 3.09 4.00
156 STANDARD JETA PR=5S P2 16 0.6065 0.001627 0.000210 . . 0.8107 417 75.0 3.65 5.00
T56 LEAN JETA PR=5 P2 16 0.1884 0.002699 0.000166 . . 0.9499 417 75.0 3.81 5.00
T63-A-5A VALL FILM(FA IN EQ) ®2 9 -9.9541 0.003030 0.001026 . . 0.9478 622 60.7 5.33 6.20
T63-A-5A PRES ATOM(FA IN EQ) P2 9 -5.2671 0.001999 0.000622 . . 0.8229 600 60.2 5.83 6.20
T63-A-5A AIR BLAST(FA IN EQ) P2 3 -5.3716 0.001925 0.000487 . . 0.8827 600 60.5 5.51 6.20
PT6A-50 IDLE TO TAKEOFF P2 15 0.7037 0.002668 0.000072 . . 0.9906 637 126.0 11.17 8.70
ALLISON 501K LOV RPM P2 7  0.3612 0.003046 0.000369 . . 0.9317 403 66.3 5.02 9.40
ALLISON 501K HIGH RPM GT 90X RATE P2 13 0.5855 0.002882 * 0.000292 . . 0.8514 599 135.9 20.23  9.40
TPE331-5-251 APPROACH TO TAKEOFF P2 192 0.5517 0.002864 0.000301 -14.13 0.094 0.7584 655 142.0 10.56 10.37
TYNE IDLE TO CRUISE P2 28 0.4647 0.002602 0.000486 -17.83 1.580 0.8413 700 180.0 7.70 13.50
ALF502 COMBUSTOR RIG IDLE TO APPROACH 71 66 0.5328 0.002725 0.000097 -20.09 1.220 0.9316 456 75.0 4.99 5.1I
JTISD-4 P&W CANADA  IDLE TO TAKEOFF I 12 0.3697 0.003205 0.000109 =-24.35 5.040 0.9898 624 152.0 9.44 9.65
ALF502 ENGINE IDLE TO TAKEOFF TI 56 0.7147 0.002400 0.000051 -15.01 3.100 0.9773 698 154.0 8.19 10.70
TFE731-2 IDLE TO TAKEOFF TI 28 0.4411 0.002936 0.000097 . . 0.9722 754 186.0 15.88 13.00
TFE731-3 IDLE TO TAKEOFF TL 14 0.5427 0.002881 0.000125 . . 0.9780 792 197.0 18.49 14.60
CFM56 COMBUSTOR RIG  IDLE T2 44 0.5638 0.001994 0.000189 -17.96 0.970 0.8954 370 48.4 3.16 .

. CFM56 COMBUSTOR RIG  1.5*IDLE T2 44 0.5989 0.002267 0.000171 -21.55 0.940 0.9289 437 63.4 4.12 .
CFM56 COMBUSTOR RIG  APPROACH T2 44 1.0522 0.001744 0.000165 -21.38 1.080 0.9062 654 139.0 7.48 .
CFMS6 COMBUSTOR RIG  CLIMB T2 44 0.5770 0.002352 0.000114 -19.31 0.910 0.9356 918 i66.0 13.19 .
CFM56 COMBUSTOR RIG  TAKEOFF T2 38  0.4949 0.002425 0.000121 -16.95 1.350 0.9292 958 171.6 15.24 .
CFMS6 COMBUSTOR RIG  IDLE TO TAKEOFF T2 214 0.4674 0.002503 0.000021 -20.70 0.630 0.9864 958 172.0 15.24 11.70
TF30 10CE TO TAKEOFF T2 178 0.2605 0.003324 0.000036 -12.01 1.340 0.9801 740 210.0 12.44 14.20
SPEY 511 {DLE TO TAKEOFF T2 120 -0.8503 0.004674 0.000142 . . 0.9016 626 265.0 8.02 18.90
JT9D-7 VORBIX PILOT FA LT .009 T2 61 -0.5154 0.003514 0.00012S . . 0.9301 887 314.0 13.99 20.40
JT90-7A IDLE TO TAKEOFF T2 1Bl -0.1987 0.004156 0.000048 -19.94 2.370 0.9771 845 258.7 24.68 20.40
JT90-7F IDLE TO TAKEOFF T2 94 -0.3103 0.004422 0.000081 ~-16.12 4.240 0.9714 820 268.9 27.45 21.20
JT9D-7 OVERHAUL IDLE 10 TAKEOFF T2 114 -0.4312 0.004307 0.000064 . . 0.9760 899 283.0 34.19 22.30
RB211-22B COMBUST #1 IDLE TO TAKEOFF Tz 51 -0.6017 .0.004290 0.000093 . . '0.9888 907 - 351.0 27.98 25.00
RB211-228B COMBUST #2 IDLE TO TAKEOFF T2 16 -0.7541° 0.004412 0.000133 . . 0.9874 901 341.0 27.13 25.00
RB211-228 ALTITUDE  IDLE TO TAKEOFF 72 21 =0.7016 0.004357 0.000119 . . 0.9857 849 260.0 20.89 25.00
JT8D-9 IDLE TO TAKEOFF T4 134 0.3033 0.003204 0.000082 . . 0.9209 719 198.4 20.94 16.90
JT8D-17 IDLE TO TAKEOFF _TA - BS5 .0.4502 . 0.002989 0.000109 . . 0.9013 740 207.8 15.27 17.00



VARIABLE

SAMPLES
CONSTANT
T2COEF
T3STD
HAMBCOEF
HAMBSTD
RSQ
T3MEAN
P3MEAN
NOXMEAN
PR

Table 18

NOX CORRECTION FACTOR COEFFICIENTS - SUMMARY STATISTICS

NOX CORRECTION COEFFICIENT SUMMARY

LABEL

SAMPLE SIZE
REGRESSION CONSTANT

NOX TEMPERATURE COEFFICITNY

T3COSF STANDARD ERROR

NOX HUMIDITY COEFFICIENT

HAMBCOEF STANDARD ERROR

COEFFICIENT OF DETc<MINATICN(?-SQUARED)
MEAN COGMZUSTOR INLET TEMPZRATURE(L:H.F )
MEAN COMBUSTOR INLET PRIZSURI(PSIA:
MEAN NOX EMISSION INCEX

RATED ENGINE PRESSURI RATIO

N

MZAN

55.00000000
-0.43273824
0.00232826
0.00021138
-18.30200000
2.19749020
0.81305471
519.88235234
152.98411765
11.99441176
11.53029412

STANDARD
DEVIATION

61.56888234
2.18601102
0.00090634
0.00020130
3.866780935
1.56617611
0.07437623

225.39094131
$7.11157888
9.05046330
7.32116131

MIRIMUM
VALUE

7.00000000
-9.95410930
0.001452300
0.00002100
~-24.35000000
0.09400000
0.72730040
188.06000000
30.01000000
1.42020000
2.0820000v

MAXIMUM
VALUE

214.00000000
1.08070670
0.02467%1D
0.00102500

~12.0100GC 0y
5.04000700
0.93960 30U

958.00000000

351.000000%9

34.1306000u¢
25.000000.0

NOTE: ONLY CFM56 IDLE TO TAKEOFF COEFFICIENT FROM TABLE 17 INCLUDED IN ABOVE SUMMARY

RANGE

207.00C00000
11.00480050
¢.0232050u
0.70100500
£2.24000000
4.9450007°
U.26280000
770.00000000
321.25000000
32.76000000
23.00000CzN
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ENGINE

GTCPB5-98CK APV
T63-A-5A

T63-A-5A

ALLISON 501K
PT6A-50

TPE331-8

ALF502 COMBUSTOR RIG
JT15D-4 P&W CANADA
TFE731-2

TFE731-3

ALF502 ENGINE

SPEY S11

TF30

CFM56 COMBUSTOR RIG
RB211-22B COMBUST #2
RB211-22B ALTITUDE
JT90-7 VORBIX
JT9D-7 OVERHAUL
JT9D-TA

JT9D-7F

JT86G-9

JT8D-17

Table 19

HC CORRECTION FACTOR COEFFICIENTS - TABULAR SUMMARY

MODES

BLEED & SHAFT
WALL FILM INJECTION
PRESSURE ATOMIZER
HIGH RPM LT 30XRATED
IDLE TO APPROACH
IDLE

IDLE TO APPROACH
IDLE TO APPROACH
IDLE TO APPROACH
IDLE TO APPROACH
IDLE TO APPROACH
T3 LE 600 DEG.F
IDLE & APPROACH
IDLE & 1.5 IDLE
IDLE

IDLE & APPROACH
PILOT FA GE 0.009
IDLE & APPROACH
IDLE

IDLE

IDLE

IDLE

HC CORRECTION COEFFICIENT SUMMARY

CLASS

SAMPLES

CONSTANT

9.5625
34.4800
16.3600

6.0081

6.2118

6.6488

3.8194

6.9240

4.4835

4.4715

4.4205

6.7523

§5.6067

8.2555

7.3528

9.8035

6.4740

8.7491

7.6726

8.3483

5.3951

5.9328

T3COEF

-0.029100
-0.010745
-0.008126
-0.009915
-0.019231
-0.017719
-0.008304
-0.016619
-0.006693
-0.008575
-0.011038
~0.009061
-0.012370
-0.023486
-0.010160
-0.014348
~0.018116
-0.015041
-0.011815
-0.014810
-0.911670
-0.014036

T3sTD

0.004059
0.003386
0.003307
0.001105
0.000619
0.002916
0.000486
0.002718
0.000618
0.002653
0.000387
0.000343
0.000378
0.000972
0.001919
0.000607
0.004094
0.000397
0.000839
0.000748
0.001033
0.001049

RSQ

0.8801
0.8232
0.8034
0.8091
0.9938
0.2064
0.8201
0.9035
0.9214

0.7231

0.9690
0.9029
0.9362
0.8717
0.8236
0.9929
0.4825
0.9599
0.8083
0.9378
0.6659
0.8404

HCMEAN

0.49
4.68
0.69
2.32
12.04
1.54
5.22
2.84
20.58
8.96
5.16
121.50
12.45
1.30
50.09
66.96
1.46
27.00
23.48
17.87
16.56
10.37

PR

4.00
6.20
6.20
9.40
8.70
10.30
5.11
9.65
13.00
14.60
10.70
18.90
14.20
11.70
25.00
25.00
20.40
22.30
20.40
21.20
15.90
17.00

IPR
4.00

2.20
3.20
1.73
1.85
1.87
2.00
2.30
2.20
2.70
3.40
3.50
3.50
3.95

3.95

3.95
3.95
2.24
2.47
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VARIABLE

SAMPLES
CONSTANT
T3COEF
T3STD
RSQ
HCMEAN
PR

IPR

Table 20

HC CORRECTION FACTOR COEFFICIENTS SUMMARY STATISTICS

HC CORRECTION COEFFICIENT SUMMARY

LABEL N
SAMPLE SIZE 2
REGRESSION CONSTANT 22
HC TEMPERATURE COEFFICIENT 22
T3COEF STANDARD ERROR 22
COEFFICIENT OF DETERMINATION(R-~SQUARED) 22
MEAN HC EMISSION INJEX 22
RATED ENGINE PRESSURE RATIO 22
IDLE PRESSURE RATIO 19

MEAN

32.72727273
8.35147727
<0.01368032
0.00157409
0.82160000
18.79818182
14.08454545
2.89263158

STANDARD
DEVIATION

28.24077063
6.40408561
0.00543549
0.00129571
0.18049226

28.33646257
6.47804845
0.85054731

MINIMUM
VALUE

4.00000000
3.81940000
-0.02910000
0.00034300
0.20640000
0.49000000
4.00000000
1.73000000

MAX IMUM
VALUE

88.00000000
34.48000000
~0.00669300
0.00409400
0.99380000
121.50000000

25.00000000

4.00000000

3
RANGE

84.00000000
30.66060000
0.02240700
0.00375100
0.78740000
121.01000000
21.00000000
2.27000000
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ENGINE

GTCP85-98CK APU
T63-A-5A

T63-A-5A

T63-A-5A

ALLISON 501K
PT6A-50

TPE331-5-251

TYNE

ALF502 COMBUSTOR RIG
JT15D0-4 F&W CANADA
TFE731~-2

TFE731-3

ALF502 ENGINE

SPEY 511

TF30

CFM56 COMBUSTOR RIG
RB211-~22B COMBUST #1
RB211-22B COMBUST #2
RB211-228 ALTITUDE
JT9D0-7 VORBIX

JT9D-7 OVERHAUL
JTIOD-7A

JT9D-7F

JT8D-3

JT8D-17

Table 21

CO CORRECTION FACTOR COEFFICIENTS TABULAR SUMMARY

MODES

BLEED & SHAFT

WALL FILM(FA IN EQ}
PRES ATOM(FA IN EQ)
AIR BLAST(FA IN EQ)
HIGH RPM LE 30X RATE
IDLE TO APPROACH
IDLE TO 2.9 IDLE
IDLE TO CRUISE

IDLE TO APPROACH
IDLE TO APPROACH
IOLE TO 50X RATED
IDLE TO 50X RATED
IDLE TO APPROACH
IDLE TO TAKEOFF
IDLE TO TAKEOFF
IDLE & 1.5 IDLE
IDLE TO TAKEOFF
1DLE TO TAKEOFF
IDLE TO TAKEOFF
PILOT FA GE 0.009
IDLE & APPROACH
IDLE TO APPROACH
IDLE TO APPROACH
IDLE TO APPROACH
IDLE TO APPROACH

CO CORRECTION COEFFICIENT ANALYSIS

CLASS

APU
P2
P2
P2
P2
P2
P2
P2
T1

SAMPLES CONSTANT
3 5.8608

9 21.7700

9 16.1700

9 16.5900
22 5.3696
8 5.1577
144 4.9222
28 7.1201
66 4.7618
6 5.51583
1€ 5.4579
8 5.5458
28 5.3600
150 6.7451
180 5.8252
88 5.4769
49 7.2056
15 7.2690
21 8.1424
23 7.7941
62 7.9885
68 7.8671
31 7.5716
79 4.9610
43 4.8839

T3COEF

-0.008326
-0.006354
-0.004859
-0.003449
-0.005739
-0.008222
-0.006378
-0.009577
-0.004177
-0.005613
-0.005752
-0.006097
-0.006459
-0.007242
-0.007146
~0.006443
-0.007024
-0.007149
-0.007864
-0.014862
-0.010337
-0.009779
-0.010320
-0.(n5638
-0.005335

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

OCO0O0OO0OO0OCOOCO

T3STD

.000881
.0015623
001742
.000738
.000829
.000186
.001201
.001243
.000267
.000213
.000458
.000798
.000171
.000157
.000073
.000351
.000220
.000474
.000287
.001809
.000388
.000354
.000659
.000182
.000155

RSQ

0.9274
0.8734
0.7019
0.9116
0.7056
0.9969
0.1657
0.6953
0.7923
0.9943
0.9184
0.9068
0.9822
0.9349
0.9820
0.7967
0.9559
0.9459
0.9753
0.7627
0.9222
0.9203
0.8942
0.9287
0.9667

COMEAN

18.15
16.17

10.79

PR

4.00
6.20°
6.20
6.20
9.40

IPR
4.00

2.20
3.45
4.00
1.73
1.85
1.87
2.00
2.30
2.20
2.70
3.40
3.50
3.50
3.50
3.95
3.95
3.95
3.95
2.24
2.47
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VARIABLE

SAMPLES
CONSTANT
T3COEF
T3STD
RSQ
COMEAN
PR

IPR

LABEL

SAMPLE SIZE

CO CORRECTION FACTOR COEFFICIENTS SUMMARY STATISTICS

Table 22

CO CORRECTION COEFFICIENT ANALYSIS

REGRESSION CONSTANT
CO TEMPERATURE COEFFICIENT
T3COEF STANDARD ERROR

COEFFICIENT OF

DETERMINATION(R-SQUARED)

MEAN CO EMISSION INDEX
RATED ENGINE PRESSURE RATIO
IDLE PRESSURE RATIO

MEAN

46.84000000
7.65326600
-0.00720564
0.00061436
0.86217200
48.16280000
14.18520000
2.98619048

STANDARD
DEVIATION

4B.54726782
4.21369507
0.002401591
0.00051998
0.17264962
39.39699402
6.65251840
0.85584155

MINIMUM
VALUE

6.00000000
4.76180000
-0.01486200
0.00007300
0.16570000
9.90000000
4.00000000
1.73000000

MAXIMUM
VALUE

180.00000000
21.77000000
-0.00344900

0.00180900
0.99690000

163.42000000

25.00000000
4.00000000

RANGE

174.00000000
17.00820000
0.01141300
0.00173600
0.83120000
1583.52000000
21.00000000
2.27000000
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ENGINE

GTCPB5-98CK APU
TPE331-5-251

ALF502 ENGINE

CFM56 COMBUSTOR RIG
SPEY 511

JT9D-7 VORBIX
JT9D-~7A

JT9D-7 OVERHAUL
RB211-22B COMBUST #1
RB211-228 COMBUST #2
JTED~-9

JT8D-17

MODES

BLEED & SHAFT
APPROACH TO TAKEOFF P2 192

Table 23
SMOKE NUMBER CORRECTION FACTOR COEFFICIENTS TABULAR SUMMARY

EPA SMOKE NUMBER CORRECTION COEFFICIENT SUMMARY
CLASS SAMPLES

APU 15

IDLE TO TAKEOFF Tl -1
IDLE TO TAKEOFF T2 214
IOLE TO TAKEOFF T2 120
PILOT FA LT 0.009 T2 24
IDLE TO TAKEOFF T2 69
IDLE TO TAKEOFF T2 36
IDLE TO TAKEOFF T2 42
IDLE TO TAKEOFF T2 13
IDLE TO TAKEOFF T4 94
IDLE TO TAKEOFF T4 61

CONSTANT

1.237S
-0.5323
-6.9848
-0.3123
-0.3525
-3.4921
-3.6831
-3.5236
-0.8485
~3.2239
-3.8398
-4.3727

P3COEF

0.6394
0.6471
2.0754
0.2775
0.7771
1.1907
0.9507
0.9207
0.4992
0.9097
1.3038
1.4063

P3STD

0.1964
0.1011
0.0940
0.0831
0.0445
0.0793
0.1439
0.1937
0.0729
0.1803
0.0285
0.0640

RSQ

0.4492
0.1774
0.9020
0.0500
0.7780
0.9112
0.3945
0.3993
0.5357
0.6984
0.9579
0.8929

SMKMEAN

41.49
14.06
23.50
4.12
17.15
29.84
6.04
7.80
8.67
10.60
21.26
22.95

PR

4.00
10.37
10.70
11.70
18.90
20.40
20.40
22.30
25.00
25.00
15.90
17.00
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VARIABLE

SAMPLES
CONSTANT
P3COEF
P3STD
RSQ
SMKMEAN
PR

Table 24

SMOKE NUMBER CORRECTION FACTOR COEFFICIENTS SUMMARY STATISTICS

LABEL

N
SAMPLE SIZ¢ 12
REGRESSION CONSTANT 12
SMOKE PRESSURE COEFFICIENT 12
P3COEF STANDARD ERROR 12
COEFFICIENT OF DETERMINATION(R-SQUARED) i2
MEAN EPA SMOKE NUMBER 12
RATED ENGINE PRESSURE RATIO 12

EPA SMOKE NUMBER CORRECTION COEFFICIENT SUMMARY

MEAN

77.91666667
-2.49400833
0.96646667
0.10680833
0.59554167
17.29000000
16.80583333

STANDARD
DEVIATION

66.45635387
2.32255414
0.47964638
0.05789169
0.30652553

11.07448993
6.49695377

MINIMUM
VALUE

13.00000000
-6.98480000
0.27750000
0.02850000
0.05000000
4.12000000
4.00000000

MAX IMUM
VALUE

214.00000000
1.23750000
2.07540000
0.19640000
0.95790000

41.49000000
25.00000000

RANGE

201.00000000
8.22230000
1.79790000
0.16790000
0.907%0000

37.37000000
21.00000000



10. FIGURES

10-1



¢-01

ML B Z2OOUTM XOZ

W

~-r—mac™m

w
.
™

A TAMB = 85°F

A  TAMB = 59°F

A TAMB = 39%

AMBIENT HUMIDITY = 0.0037 Ib H20/|b AlR
AMBIENT PRESSURE = 29.92 IN Hg
COMBUSTOR INLET PRESSURE (P3) = 75 PSIA
TAMB = AMBIENT TEMPERATURE DEG. F

A  TAMB = 19°F

"T3 = COMBUSTIR INLET TEMPERATURE’DEG. F)

Figure 1 VARIATION OF OXIDES OF NITROGEN (NOX) EMISSION INDEX WITH
- AMBIENT TEMPERATURE — ALF.502 COMBUSTOR RIG, APPROACH MODE



W

FULL SCALE COMBUSTOR CONTRIBUTED
ENGINE TESTS RIG TESTS TEST DATA
FROM INDUSTRY

CONTROLLED UNCONTROLLED CONTROLLED

AMBIENT AMBIENT AMBIENT

CONDITIONS CONDITIONS CONDITIONS

AIRESEARCH AVCO AVCO GE

GTCP85-98CK TPE331-5-251M ALF502 ALF502 CFM56
APU P2 T T T2

DATA ANALYSIS

Figure 2 DATA OVERVIEW - EPA AIRCRAFT EMISSION AMBIENT EFFECTS PROGRAM

10-4



=01

amze»Cw®

MICAPPOMOVIIN- oL

omc 1

"

0.8000E+03

Q.T7400E+03

0.6200E+02

0.6200E+03

0.5600E+03

0.5000E+03

0e4%00E+NH3

0.33200£+03

0,3200E+03

0.,2600E+03

0.2000E+23
D0

TPE 331-65-251

FESLABERBREI B EL AR LB A S REB LR SRR RS EERB L ER SR LRSS S S EF R R SR AR R AR AR+ SR SRR R R R SR BEB B SRR B4 SR RRR R SR 9B R AKX SR KRB ¢

* -
L Y
* *
* *
* +*
* *
* -
* *
* 1 1 *
+ 1 1 1 *
* 1 1 1 1 1 *
» 1 1 1 1 1 *
* 1 1 1 1 1 1 *
* 1 1 1 1 1 1 *
« 1 1 11 TAKEOFF .
* 1 CLIMB *
. ! CRUISE .
. APPROACH
* *
- *
* *
* *
x *
L 4 +
x *
. *
*x *
* *
+ +*
* »
E 3 *
* *
» *
> +
- *
= L ]
* 1 1 * -
- 1 1 1 1 1 *
+ 1 1 1 1 1 +
x  J
1 ! ! 11 , 20 IDLE .
. 1 1.5 IDLE *
* IDLE *
+ +
* *
* *
* -
* x

FEEARREE KRS A AE AR ARSI R L AR RI NI A RSB IR R S RRM AT FE R4 R KRR BB+ R R SRR R E KRR AR R SRR RRA SRR ISR ERE 4
0.6000E-02 0.1200€E-01 0.1800€-01 0.2400t-01 0.3000£~01

AMAT ENT HUMIT DI TY - L2 “# ATER/Z L S8 DR Y AlR

Figure 3 BURNER INLET TEMPERATURE VERSUS AMBIENT HUMIDITY - TPE 331-5-251



AMBIENT TEMPERATURE (°F)

0 40 0 120
[ 3 S gt St et At s 2t SR
PR=25

STANDARD DAY
:/'* CONDINION
'

[ 1 I B e i |
240 130 320 360

AMBIENT TEMPERATURE ("K)

Ambient temperature correction factors (0 = 0.9 and o - 0.6).

{a)

3o T T T Y T

20

1.0

o (1] 03 [ 1]

GM H,0
AMBIENT HUMIDITY‘ 2
SMDRY ATR)

Ambient humidity correction factors (0= 0.9 and o = 0.6).

(b)
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Figure 14 AMBIENT EFFECTS PROGRAM REGRESSION MODEL SUMMARY
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HC ElI 3848.5668 » @ 023486 « T3

CO El 239.1063 + @ ~006443 + T3

NOX El = 15956+ e 002503 » T3 - e'20.7 « HAMB

SMOKE = .7318 » p3-2775

WHERE

P3 = COMBUSTOR INLET PRESSURE - PSIA
T3 = COMBUSTOR INLET TEMPERATURE - DEG F
HAMB = AMBIENT HUMIDITY - LB H20/LB DRY AIR

Figure 27 REGRESSION COEFFICIENT SUMMARY CFM56 COMBUSTOR RIG
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REGRESSION
ANALYSIS

PERFORM REGRESSION
ANALYSIS FOR
SINGLE ENGINE

USING BASIC
MODELS

LNHC = (T3)
LNCO = f(T13)

LNNOX = f (T3, HAMB)
LNSMK = f(LNP3)

SUMMARIZE COEFFICIENTS FOR
EACH ENGINE AND CORRELATE TO
ENGINE OPERATING PARAMETERS

X
Nox X X X X
T3COEF I_"

PR
SUMMARIZE SUMMARIZE ENGINE
REGRESSION OPERATING
COERFICIENTS PARAMETERS FOR
FOR SINGLE ENGINE EACH ENGINE
HC - T3COEF +——{ PRESSURE RATIO
co - T3COEF IDLE PRESSURE RATIO
NOX - T3COEF
HAMB CO EF

SMOKE - P3COEF

CONTINUE FOR EACH <

ENGINE IN DATA BASE

Figure 28 CORRECTION FACTOR COEFFICIENT_AV'E‘RS;US ENGINE OPERATING
PARAMETER - DEVELOPMENT APPROACH




ENGINE

Engine or Rig used to develop regression equation.

MODES = Power modes included in analysis.

SAMPLES = Number of test points in analysis.

CONSTANT = Constant term in regression equation (based on T3 data in Deg. F

of P3 data in PSIA)
T3COEF = Combustor Inlet Temperature Regression Coefficient
(input T3 data in Deg. F)

T3STD = Standard Error of T3COEF

HAMBCOEF =  Ambient Specific Humidity Regression Coefficient
(input HAMB data in 1b HZO/lb dry air)

HAMBSTD =  Standard Error of HAMBCOEF

P3COEF = Combustor Inlet Pressure Regression Coefficient
(input P3 data in PSIA)

P3STD = Standard Error of P3COEF

RSQ = Coefficient of Determination for Regression, 0 € R <1.

T3MEAN = Mean Combustor Inlet Temperature (T3) in Deg. F of test data

and defined as follows:
HC: Mean Idle T3
Co: Mean Idle T3
NOX: Mean Takeoff T3

Note: Where NOX takeoff data was not available, T3MEAN
corresponds to mean T3 at highest thrust level
(c.g., approach, climb, or cruise). for which data
was available.

P3MEAN = Mean Combustor Inlet Pressure (P3) in PSIA of test d

and defined as follows:
HC: Mecan Idle P3
COo: Mean Idle P3
NOX: Mecan Takcoff P3 |
SMOKE: Mean Takeoff P3

Note: Where Takeoff data was not available, P3MFAN
corresponds to mean P3 at highest thrust level
(e.g. approach, climb, or cruise) for which data
was available.

HCMEAN = Mean Idle HC EI.

COMEAN = Mean Idle CO EI

NOXMEAN = Mean Takeoff NOX EI -- Note: If Takeoff data unavailable
NOXMEAN corresponds to mean NOX EI at highest power
setting measured.

SMKMEAN =  Mean Takeoff EPA Smoke Number -- Note: If Takeoff data unavailable
SMKMEAN corresponds to mean EPA Smoke Number at hxghest
power setting measured.

PR = Rated Pressure Ratio -- Note: If Takeoff data unava1lable,
PR corresponds to P3MEAN/14.7 PSIA

IPR = Idle Pressure Ratio (computed from engine test data)

CLASS = EPA Engine Class Designation

Figure 29 CORRECTION FACTOR NOMENCLATURE
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ENGINE MODE UNCORRECTED CORRECTED
v (%) CV (%)
Specific Engine General
Coefficient Coefficient
% 0
%
Reduction Reduction
CFM56 RIG IDLE 15 6 60 6 60
1.5 IDLE 18 5 72 7 61
APPROACH 16 7 56 10 35
CLIMB 18 5 72 6 67
TAKEQFF 19 5 74 6 68
ALF502 RIG IDLE 13 4 69 3 77
1.5 IDLE 13 3 77 3 77
APPROACH 11 4 64 3 73
15 5 68 6 65
Cv Coefficient of Variation = ——
where a standard deviation
A mean value

Figure 52 NOX AMBIENT EFFECTS CORRECTION SUMMARY
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ENGINE MODE UNCORRECTED CORRECTED
Cv (%) CV (%)
Specific Engine General
Coefficient Coefficient
% %
Reduction Reduction
CFM56 RIG IDLE 98 34 65 .31 68
ALF502 RIG IDLE 48 18 62 20 58
1.5 IDLE 36 23 36 24 33
61 25 54 25 53
a
CV = Coefficient of Variation = ——
AL
where (§ = standard deviation
_AL. = mean value

'Figure 53 HC AMBIENT EFFECTS CORRECTION SUMMARY
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ENGINE MODE UNCORRECTED CORRECTED

CV (%) CvV (%)
Specific Engine General
Coefficient Coefficient
Reduétion Redu%tion
CEM56 RIG IDLE 25 12 52 19 24
1.5 IDLE 23 15 35 24 -4
ALF502 RIG IDLE 23 6 74 7 70
1.5 IDLE 15 6 60 8 47
APPROACH 20 10 50 11 45
21 10 54 14 36
o
CV = Coefficient of Variation = ——
Al

standard deviation

,421 = mean value

)

where

Figure 54 CO AMBIENT EFFECTS CORRECTION SUMMARY
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ENGINE MODE UNCORRECTED CORRECTED

CV (%) CV (%)
Specific Engine General
Coefficient Coefficient
% %
Reduction Reduction
ALF502 IDLE 79 76 4 78 1
1.5 IDLE 90 83 8 87 3
APPROACH 31 gg_ 16 g§. 10
67 ' 62 9 64 5
. . . L )
CV = Coefficient of Variation = ——
<L
where () = standard deviation
A{_ = mean value

Figure 56 SMOKE AMBIENT EFFECTS CORRECTION SUMMARY’
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HYPOTHETICAL
EMISSION
INDEX

HYPOTHETICAL
EMISSION
INDEX

<!

Y =a+bx

Y
|
UNCORRECTED
|
|
I
l
I
I
+ X
REFERENCE
CORRECTION FACTOR CORRELATING PARAMETER
Y
CORRECTED
X

REFERENCE
CORRECTION FACTOR CORRELATING PARAMETER

Figure 56 HYPOTHETICAL EMISSION INDEX CORRECTION
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eV

ENGI
ALF S

NE
02

ALFS502 RIG

JT1§

D-4

TFE731-2
TFE731-3
CFM56 RIGC

JT790
JT90

-7A
-7F

JT90-7 OVERHAUL
JT9D0-7 VORBIX

RB211-22B COMBUST #1
RB211-22B COMBUST #2

RB211-228B

SPEY S11

TF30
JT80
JT8D

-9
-17

ALLISON 501K
PT6A-50
TPE331-5-251
TPE331-8

TYNE
756
756
756
756
786
766
756
7586

T63-A-5A VWALL FILM
T63-A-5A PRES ATOM
T63-A-5A AIR BLAST

RIGC
RIC
RIG
RIG
RIG
RIG
RIG
RIG

STANDARD
LEAN
RICH
STANDARD
LEAN
STANDARD
RICH
STANDARD

CTCP85-98CK
CTCPB5-98BCK
CTCPBS-98D
GTCP85-129
GTCP660-~4
TSCP700-4

CLASS TESTS

APPENDIX A
DATA BASE SUMMARY

ENGINE SUMMARY BY CLASS
SMOKE MODES

SOURCE

AVCO (EPA SPONSORED DATA)
AVCO .(EPA SPONSORED DATA)
PRATT & WHITNEY CANADA
GARRETT

GARRETT

GE (EPA SPONSORED DATA)

PRATT & WHITNEY

PRATT & WHITNEY

BRITISH MINISTRY OF DEFENCE
NASA CLEAN COMBUSTOR PROGRAM
ROLLS-ROYCE (SEA LEVEL DATA)
ROLLS~-ROYCE (SEA LEVEL DATA)
ROLLS-ROYCE (ALTITUDE DATA)
ROLLS-ROYCE

ALLEN-SLUSHER FAA DATA

PRATT & WHITNEY

PRATT & WHITNEY

DETROIT DIESEL ALLISON

PRATT & WHITNEY CANADA
GARRETT (EPA SPONSORED DATA)
GARRETT

ROLLS ROYCE

USAF AFAPL (JP4 .TEMPERATURE)
USAF AFAPL (JP4 ,TEMPERATURE?
USAF AFAPL (JP4 ,TEMPERATURE)
_USAF AFAPL (JETA,TEMPERATURE)
USAF AFAPL (JETA,TEMPERATURE)
USAF AFAPL (JP4 ,PRESSURE)
USAF AFAPL (JP4 ,PRESSURE)
USAF AFAPL (JETA,PRESSURE?
DETROIT DIESEL ALLISON
DETROIT DIESEL ALLISON
DETROIT DIESEL ALLISON
GARRETT (EPA SPONSORED DATA)
GARRETT

GARRETT

GARRETT

GARRETT

GARRETT

ZXEERBERA A XA ZARAEIZTERREAET AT XA LXETLCETLXL AL LXLCLERRSC

" IDLE

IDLE
IDLE
IDLE
I0LE
IDLE
IDLE
IDLE
IDLE
IDLE
IDLE
IDLE
IDLE
IDLE
IDLE
IDLE
IDLE

10500 RPM,13800 RPM

TAKEOFF
APPROACH
TAKEOFF
TAKEOFF
TAKEOFF
TAKEOQFF
TAKEOFF
TAKEOFF
TAKEOFF
TAKEOFF
TAKEOFF
TAKEOFF
TAKEOFF
TAKEOFF
TAKEOFF
TAKEOFF
TAKEOFF

IDOLE TO TAKEOFF
IDLE TO TAKEOFF
IDLE TO TAKEOFF
IDLE TO CLIMB

IDLE
IDLE
IDLE
IDLE
IDLE-
IDLE
IDLE
I10LE
N/A

N/A

N/A

BLEED+SHAFT,OTHER

BLEED+SHAFT
BLEED+SHAFT

- BLEED+SHAFT

BLEED+SHAFT
BLEED+SHAFT

COMMENTS

LIMITED HUMIDITY VARIATION
NONSTANDARD AIR FLOW AT IDLE & 1.5 IDLE

REDUCED P3 AT TAKEOFF

PILOT LOT DATA

PILOT LOT DATA

BRITISH ENGINE OVERMAUL LTD.

MODEL 27€, PILOT FA ABOVE/BELOW 0.009
LIMITED HUMIDITY RANGE

LIMITED HUMIDITY RANGE

10700 METER SIMULATED ALTITUDE

FIXED AREA EXHAUST REPLACES AFTERBURNER
PILOT LOT DATA

PILOT LOT DATA

STATIONARY GAS TURBINE

QATER(HUH!DITV) NOT FULLY VAPORIZED

PARAMETRIC RIG TEST
PARAMETRIC RIG TEST
PARAMETRIC RIG TEST
PARAMETRIC RIG TEST
PARAMETRIC RIGC TEST
PARAMETRIC RIG TEST
PARAMETRIC RIG TEST
PARAMETRIC RIG TEST
PARAMETRIC RIG TEST
PARAMETRIC RIGC TEST
PARAMETRIC RIG TEST
WATER(CHUMIDITY) NOT FULLY VAPORIZED
MAXIMUM POWER
MAXIMUM POWER
MAXIMUM POWER
MAXIMUM POWER
MAXIMUM POWER



APPENDIX B

COMBUSTOR INLET CONDITIONS RELATED TO AMBIENT CONDITIONS

The compressor discharge temperature (or the combustor inlet tempera-
ture) of a jet engine that corresponds to a particular discharge pressure
or pressure ratio depends also upon overall compressor efficiency and inlet
temperature to the compressor. Its computation is based upon the definition
of overall compressor efficiency, which is the ratio of ideal isentropic
change of enthalpy (energy) of the air as it passes through the compressor

to its actual change.

Gas tables1 have been prepared that aid in the computation of dis-
charge enthalpy and the related discharge temperature. Their use for this

purpose can be explained best by example using typical values for compressor

characteristics:
Given: Pressure ratio = 20
T2 inlet temperature = 580°R
,ZC efficiency = 0.85

Procedure: Look up 580°R in the table for air and note the
corresponding value for h, enthalpy, and Pr’ relative
pressure, a computation parameter:

hy

]

138.66 Btu/lb and Pr =1.78
2

Compute P =P X pressure ratio = 35.6
3 T2

Look up T3 and h3 corresponding to Pr '
3

T3 = 1333°R h3 = 325.47 Btu/lb.

B-1



These are the ideal values for state 3. To find the

actual values, use the definition of /?c’

A h - A h_ideal
actual /2C

325.47 - 138.66

8% = 219.78 Btu/1b

Then h = 219.78 + 138.66 = 358.44 Btu/lb
actual

Look up TSa that corresponds to the value of

h

ctual

actual

; o
Sactual 1459 °R.

The computation of accurate values for actual T3, such as is done
for performance analysis, requires this kind of procedure. However, a simpler
method exists, which may suffice for some purposes. In fact, evidence of its
use can be found in the literature2 of the gas turbine industry. This is
manifested by a simple formula for T3, which is based upon the definition

for ,Z o and the assumption of a constant specific heat for air. Its

derivation follows:

fl _ ZX hideal - Cp (Tsideal - T2) 1)
c
A Ractual Cp (T3 actual ~ T2)
k-1
P3 k
and T3idear = T2 (ﬁ) (2)

where P3/P2 is simply the compressor pressure ratio, k is the ratio of

specific heats for air, and Cp is the specific heat at constant pressure,
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Substituting Eq. (2) into Eq. (1) and solving for Tsactual, we get:
k-1
T2 (PS) K
- 55 -1 + T2
Tyctual  ~ 4c P2

The error incurred by using this formula increases with temperature,
i.e., pressure ratio. In order to evaluate this effect, discharge temperature
was computed using both methods over a range of pressure ratios and the results

are presented in a table below.

ERROR DUE TO FORMULA FOR DISCHARGE
TEMPERATURE T2 = 580°R,/zc = 0.85

sre Ratio Tsactual Tsactual Percent Error
Press by formula, °R by table, °R

10 1215.0 1196.7 1.51

15 1376.8 1345.5 2.27

20 1503.6 1459 2.97

Note that the purposes of this report, T2 is equivalent to TAMB,
the ambient temperature of the testing chamber.

e

Keenan, J.H. and Kaye, J., Gas Tables, J. Wiley § Sons, Inc., 1963.

2For example, see Shaw, H., ''The Effects of Water, Pressure, and Equivalence
Ratio on Nitric Oxide Production in Gas Turbines," Trans. of the ASME,
J. of Eng. for Power, July 1974,
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APPENDIX C

MULTICOLLINEARITY AND AIRCRAFT EMISSIONS DATA

One problem which can arise in the development of regression models
to predict the effect of changing combustor inlet conditions on emission
levels is that of multicollinearity. Multicollinearity arises whenever,
either in the population or in the sample, various of the explanatory
variables stand in an exact or almost-exact linear relation to each other,.
When multicollinearity occurs, it is as if members of a subset of explanatory
variables always act in unison. As a result, the data lack sufficient
independent variation to allow one to sort out the separate effect of each
independent variable. The greater the degree of multicollinearity that
exists, the more arbitrarily and unreliably does least squares regression
allocate the sum of the unexplained variation among the individual
explanatory variables. This phenomenon therefore can result in coefficient
estimates which are particularly sensitive to changes both in the model

specification and data used to develop the model.

Table C1 has been constructed to analyze the impact of multi-
collinearity on a subset of the ambient effects program test data.
Presented in this table are the correlation coefficients for LN(NOX), T3,
LN(P3) and HAMB (ambient humidity), and the regression coefficients and
their standard errors for a variety of NOX model formulations. The data

used to develop this table is the CFM56 combustor rig, all thrust levels.

The first point of note in this table is the high degree of correla-
tion (.91507) between combustor inlet temperature T3 and the logarithm of
combustor inlet pressure LNP3. This situation suggests that a model using
both these terms may be subject to multicollinearity problems. In order to
analyze the impact of this potential problem, five regression models were
developed and are summarized in Table Cl. In the first model (LNNOX=f(T3)),
a T3 coefficient of .002481 was determined. Similarly, the model
LNNOX=f(LNP3) yielded a LNP3 coefficient of 1.1177., When both T3 and LNP3

C-1



are used together to predict LNNOX as in regression #3, a substantial change
in the estimated coefficients occurs. The T3 goes from .002481 to .001670,
a change of -32.7%, and the LNP3 coefficient changes from 1.1177 to 0.4101,
a change of -63.3%. This volatility in the estimated T3, LNP3 coefficients
and the high correlation between these two variables suggests that multi-

collinearity is present to a considerable degree.

On the other hand, the addition of the HAMB to the equation represents
a substantial "real'" improvement in the estimation process. As shown in
Table C1 the correlation between T3 and HAMB is only 0.03248 and the
correlation between LNNOX and HAMB is -0.23270. Ambient humidity therefore
represents a reasonable predictor of NOX emission levels that is not as
highly related to T3 as is P3. The inclusion of the HAMB term results in a

substantial reduction in the residual sum of squares (SS ) and only

error
changes the T3 coefficient from .002481 to .002503 (0.9%). In this case,

multicollinearity does not pose a serious problem.

The trends illustrated by the above example were also demonstrated
by the contributed data analyzed during the program. In fact, since much
of the contributed data had relatively small sample sizes and was collected
for the most part in undesigned experiments, the degradation in the
coefficient standard errors was more pronounced than in the CFM56 data.
Table C2 presents a summary of NOX regression coefficients and standard
errors for the Pratt § Whitney JT9D-7A Pilot Lot data. As shown in this
table, the addition of combustor inlet pressure adds little to the predictive
ability of the equations (same R2) and the LNP3 standard error (.1075)
indicates that the LNP3 coefficient (.0109) is not significantly different

from zero.

While the above examples illustrate the instability which can he
introduced in the estimation of T3 and LNP3 regression coefficients, they do
not necessarily imply that independent combustor inlet temperature and pressure
correction factors can never exist. Had sufficient test data existed in the
data base for a variety of engines whose engine control strategies result in
independent T3 and P3 variation, separate correction coefficients for both T3

and P3 could have been developed and P3 coefficient trends established,
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However, only a limited number of engine tests were available in which both
temperature and humidity were held constant while pressure was allowed to vary

independently.

In order to establish representative values for potential HC, CO
and NOX combustor inlet pressure correction coefficients, small subsets of the
CFM56 combustor rig data were analyzed in which both ambient temperature and
humidity were held constant and ambient pressure permitted to vary from 26.0 in
Hg to 32.3 in Hg. Each of these data sets contained six observations.

Regressions were performed using the functional models:

LNHC =  f(LNP3)
LNCO =  f(LNP3)
LNNOX =  f(LNP3)

with TAMB, HAMB constant.

- These models imply a P3 correction factor of the form

P3 COEF
meas

P3ref

P3 Correction Factor =

where P3COEF is the LNP3 regression coefficient determined above.

For HC, a statistically significant P3 effect could not be established.
For CO, on the other hand, a combustor inlet pressure coefficient of -1.46 was-
found. For ambient pressures in the range 26.0 to 32.3 in Hg, the magnitude of
this coefficient implies a CO pressure correction factor ranging from 1.24
to 0.89. For the range of ambient pressures typically experienced during
emission testing (e.g., 29.92 *1 in Hg), this CO pressure correction coeffi-
cient provides correction factors from 1.05 to 0,95 or a maximum correction
of 5 percent. Similar analyses were performed on the NOX data and a combustor
inlet pressure coefficient equal to 0.34 was determined, A correction
coefficient of this magnitude will provide NOX pressure correction factors
ranging from 0.95 at 26.0 in Hg to 1.03 at 32.3 in Hg or a 5 percent maximum

correction.



While the above analysis of small subsets of the CFM56 combustor rig
data suggests that independent T3 and P3 correction factors for CO and NOX may
be applicable to this particular engine, an independent P3 correction factor
could not be established for other engines in the data base which for the most
part were subjected to less extensive testing than the CFM56 rig. Since the
magnitude of the CFM56 pressure correction factors for CO and NOX cited above
were less than 5 percent for normal pressure excursions from reference day
conditions, only a combustor inlet temperature coefficient was employed in the

development of correction factors presented in this report.

Still another effect of multicollinearity problems can be demon-
strated by examining variance maps for the data in question. A brief discussion

of variance mapping is given below.

In general, the linear model which gives the true emission level, vy,

of a particular engine is given by:
y = é% 1 f1 + EBZ f2 + 5 f3 + --- + e (1)

where GB i i=1,2,3.. are constants, fl,fz,f3 ... are basis functions of
combustor inlet temperature (T3), combustor inlet pressure (P3), ambient

humidity (HAMB), and e 1is the random error.

Since e 1is a random variable, the responses observed at each
(T3, P3, HAMB...) point also constitute a random variable. As a result

it is only possible to obtain from the observations an equation of the form:

N .
Y = b £+ b, £, 4 b £ * L (2

where <> is an estimate of y and bi’ i=1,2,3 ... is an estimate of égi,
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The variance function is controlled by three considerations:

1) The type of basis functions employed in the

regression model.

2) The positions in T3, P3, HAMB space, called
design points, at which emission measurements are

taken, and

3) The magnitude of the error variance cy'z at each

design point.

Var (48 varies at different coordinates in T3, P3, HAMB space.
At some points the response can be estimated with relatively little error;
at other positions the error can be quite large. The variance in the esti-
mated response at a point P in T3, P3, HAMB space is given by

Var & = X (X')()"l x' 0"'2 (3

where X 1is a vector obtained by evaluating each of the basis functions
at the particular point P and X'X is matrix of the least squares normal
equations. Therefore, for every point P, Var 63 is actually a variance

function. By dividing both sides by cj‘z, one can obtain the function in
normalized form:

var )/ g~° = x (x'07! xo (4)

This emission index variance function can be viewed as a response surface
generated by evaluating the function at given increments over any region
of interest. The propagation of error over T3, P3, HAMB space can be
considered relative to the basis functions used and the design points
chosen by examination of Var (y)/(}‘z, the variance function in normalized
form. The actual magnitude of the variance at any point can be examined

by evaluating Var (§5 » which includes a scalar multiplication by the
error variance CT'Z'
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One should observe that the normalized variance (equation 4) is a
function of the inverse of the X'X matrix. The effect of multicollinearity
presents itself by noting that, as the dependence between explanatory
variables increases, the diagonal terms in (x'X)-1 matrix corresponding to
these variables tend toward infinity. 1In more practical terms, this means
that the variance function itself increases with the degree of multi-
collinearity. In addition, the variance (standard errors) of the regression
coefficients are directly related to the (X'X)_l matrix. As terms in this
matrix increase, due to multicollinearity problems, the magnitude of the

coefficient standard error also increases.

The increase in the variance function due to multicollinearity in
the explanatory variables T3 and P3 is demonstrated as follows.
Figures C1 and €2 are variance contour maps for the CFM56 data as a
function of (1) T3 and (2) T3 and P3. (Note that in Figure Cl the
contours are constant with respect to P3 because it was not included in
the basis function for this map. The variance contours are plotted vs T3

and P3 in this figure for consistency only.) The contour lines trace a

constant value (as indicated on each line) of Var%éh/’cyz in the T3, P3
space. It can be shown that the value of the function Var(y)/(y'2 always
has its minimum value at the mean values of the explanatory variables.

In Figure Cl1, the minimum value of Var()))/oz is approximately .005
and it occurs at the mean value of T3 (650 deg), while in Figure C2 the
minimum value is approximately .005 and it occurs at the mean values of A
P3, T3. The effect of the multicollinearity between P3 and T3 upon Var(y)/‘;--2
is seen by examining the contours as one moves away from the minimum.

For example, in Figure Cl, the value of the variance function at T3 = 1250

deg ranges from .05 to .5 while in Figure C2 it is between .03 and .04.
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TABLE C1

NOX REGRESSION COEFFICIENTS VS. MODEL FORMULATION
GE CFM56 COMBUSTOR RIG - IDLE TO TAKEOFF
(214 Observations)

MODEL COEFFICIENT/STD ERROR
CONSTANT LNP3 T3 HAMB SSERROR R?
(1) LNNOX=£(T3) .3049 - .002481 - 7.22 .9168
(.0361) (.000051)
(2) LNNOX=f(LNP3) -3.2315 1.1177 - - 11.43 .8682
(0.1393) (0.0299)
(3) LNNOX=f(T3,LNP3) -1.0584 .4101 .001670 - 5.57 .9358
(0.1754) (.0519) (.000112)
(4) LNNOX=f(T3,LNP3,HAMB) -.3971 .2567 .001994 -19.28 0.56 .9936
(.0578) (.0169) (.000036) ( 0.44)
(5) LNNOX=f£(T3, HAMB) .4674 - .002503 -20.70 1.18 .9864
(.0154) (.000021) (0.63)

CORRELATION COEFFICIENTS

LNNOX T3 LNP3 HAMB
LNNOX 1.00000 0.95748 0.93176 -0.23270*
T3 1.00000 0.91507 0.03248
LNP3 1.00000 -0.05482
HAMB : 1.00000

*
When effect of varying thrust levels is removed by fitting LNNOX=f(T3), the HAMB-LNNOX correlation

is -0.91437. () = Coefficient Standard Error



TABLE C2 NOX REGRESSION COEFFICIENTS vs MODEL FORMULATION

PRATT § WHITNEY JT9D-7A PILOT LOT DATA, IDLE TO TAKEOFF
(181 Observations)
MODEL COEFFICIENT/STD ERROR RZ
CONSTANT LNP3 T3 HAMB
(1) LNNOX=f(T3,LNP3,HAMB) -.2319 .0109 .004122 -19.73 L9771
(.3289) (.1075) (.000340) (3.16)
(2) LNNOX=f(T3,HAMB) -.1987 - .004156 -19.94 L9771
(.0362) (.000048) (2.37)
CORRELATION COEFFICIENTS
LNNOX T3 LNP3 HAMB
LNNOX 1.00000 .98386 .97840 .06671
T3 1.00000 .98231 .16356
LNP3 1.00000 .03893
HAMB 1.00000
( ) = Coefficient Standard Error
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APPENDIX D

COMBUSTOR RIG - FULL-SCALE ENGINE CORRELATION

This appendix summarizes investigations undertaken to analyze the
correlation between combustor rig and full scale engine emissions. This

analysis attempts to partially answer two interrelated questions:

1) Can emissions from combustor rigs operating at lower
combustion inlet pressures than corresponding full scale
engine be related to emissions from the full scale

engine itself?

2) Is it reasonable to include correction factor
coefficients developed using data from combustor
rigs in the development of general full scale engine

correction factors?

In order to investigate these questions, EPA-sponsored data
on the Tl class ALF502 combustor rig and full scale engine were
analyzed to determine the nature and extent of the rig-engine correlation.
The ALF502 data was selected for this analysis since it represents the
only data source for which sufficient ambient effects tests were performed

on both the full scale engine and corresponding combustor rig.

The approach taken to assess the rig-engine correlation is suggested
by several commonly used correlation methods summarized below which
emphasize the role of combustor inlet pressure P3 (or its equivalent T3)

on the emissions process.
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SELECTED RIG-ENGINE CORRELATION TECHNIQUES

NASA
P3_.
c = HC rle
engine rig P3 .
engine
Psri §
o . = Co_, |z
engine rig | P3 .
engine
GE
Psri -0.37
X . = NOX_. g
engine rig 3 .
engine
Psrig -1.5
SMOKE . SMOKE ; .
engine engine

In the analysis taken, individual equations of the form

LN(Pollutant) = f£(1, LNP3)

were developed for HC, CO and NOX for both the engine and rig data. The
natural logarithm of combustor inlet pressure LNP3 was selected for this
analysis rather than combustor inlet temperature T3 so that direct compari-
sons with NASA and GE correlations could be made. Table D1 summarizes

the results of these regressions. This regression analysis approach was used
in the analysis since test data with the rig and engine operating under the

same ambient conditions was not available.



The approach used to assess the degree of rig engine correlation
is graphically illustrated in Figure D1 which presents the LNHC vs LNP3
rig and engine regression lines. The combustor rig and full scale engine
can be correlated if the rig data operating at a combustor inlet pressure
P3rig can be extrapolated to determine the emission levels of the full

scale engine operating at P3 where P3 In mathe-

engine engine> p3rig )
matical terms, the ability to correlate rig and engine emissions can be
established if both the slope (P3COEFF} and intercept (CONSTANT) of the
rig and engine regression equations are equal. Under these conditions,
the low combustor inlet pressure rig data can be treated as an extension
of the full scale engine data. Since the slopes of the rig and engine
equations are equal, the same emissions variation in response to changing
ambient conditions can be expected even though the absolute emission levels
may differ. Under the above circumstances, it is reasonable to include the
rig correction factor coefficients in the development of a general correc-

tion factor scheme.

In order to assess the equality of rig and engine intercepts and
slopes, Table D2 has been constructed. This table presents the 95%
confidence bounds for the CONSTANT and P3COEF regression terms presented
in Table Dl. A comparison of the degree of overlap between the confidence
bands suggests that a meaningful difference cannot be found between the
rig and engine coefficients. For example, the confidence limits on the

rig and engine CO pressure coefficients could be illustrated as follows:

LOWER CONFIDENCE P3COEF UPPER CONFIDENCE
BOUND BOUND
-1,.3537 -1.1741 -.9945
L | |
G
RI | | '
-1.4711 -1,1987 -,.9263
ENGINE | i l
| 1 l

ALF502 CO PRESSURE COEFFICIENT CONFIDENCE LIMITS
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As seen in this illustration, a considerable degree of overlap exists
between the two CO coefficient confidence limits with the result that a
meaningful difference between rig and engine does not exist. Similar

conclusions can be drawn about the other confidence limits presented.

It should be noted that the confidence band analysis presented above
is not a rigorous test for the equality of slopes and intercepts of two
regression equations. Instead, it is presented as a satisfactory approxi-
mation relying to a great extent upon an engineering assessment of the
practical significance of any small differences found in the model coefficients.
A more rigorous analysis using the data from Table D1 and the method for
comparing two linear bivariate regression lines presented in Appendix F
was performed and also confirms the hypothesis that ALF502 rig and full scale

engine emissions can be correlated.

To determine a suitable pressure correlating factor for HC, CO, and
NOX, the weighted averages (based on sample size) of the rig and engine

pressure coefficients were determined and are summarized below:

P3COEF (Weighted Average)

HC -2.36
co -1.18
NOX 0.76

ALF502 RIG/ENGINE WEIGHTED AVERAGE PRESSURE COEFFICIENTS

The method used to compute engine emissions from rig emissions is

illustrated in Figure D1 for the representative case of HC.

LNHC, . = INHC; - 2.36 (LNP3_ -LNP3 . .
: P3_
= LNHC . - 2.36 IN —SR&
rig P3 .
rig
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Taking inverse logarithm

p3 -2.36
HC = HC_. « eng
eng rig P3
rig
or
P3 . 2.36
Hceng = HCrig * e
pseng
The corresponding CO and NOX rig engine correlations are summarized
below:
P3 . 1.18
o . = CO_. rig
engine rig
engine
p3 -0.76
NOX__ . = NOX_, rig
engine rig
engine
CONCLUSIONS

Using the limited data available on the ALF502, the ability to
correlate combustor rig and full scale engine emissions has been demonstrated.
Of particular importance in this analysis has been the ability to demon-
strate that the response to changes in ambient conditions (as seen in
P3COEF) is of equal magnitude between the rig and full scale engine

even though the absolute emission levels between fig and engine may differ.
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HC
EI

Cco
EI

NOX
El

TABLE D1
ALF502 RIG-ENGINE CORRELATION ANALYSIS
REGRESSION SUMMARY
LN(POLLUTANT) = CONSTANT + P3COEF+*LNP3

Rig Engine

Observations 66 21
Constant 9.8189 10.7168
Std Error .6809 1.2174
P3COEF -2.2855 -2.5894
Std Error L1773 .3404
Mean Square Error L2271 .0199
Variance (LNHC) .8041 .0766
RZ .7218 .7528
Observations 66 21
Constant 7.8733 7.9157
Std Error .3448 .4869
P3COEF -1.1741 -1.1987
Std Error .0898 .1362
Mean Square Error .0582 .0032
Variance (LNCO) .2105 .0154
R2 .7276 .8031
Observations | 66 28
Constant -1.5512 -1.8299
Std Error 1752 .0791
P3COEF 0.7289 0.8196
Std Error .0456 .0210
Mean Square Error .0150 .0012
Variance (LNNOX) .0738 .0673
R? .7994 9832
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TABLE = D2

ALF502 RIG-ENGINE CORRELATION ANALYSIS
COEFFICIENT CONFIDENCE BOUND SUMMARY

XL = 0.05
CONSTANT P3COEF
HC RIG 8.4571 to 11.1807 -2.6401 to -1.9309
EI ENGINE 8.2820 to 13.1516 -3,2702 to -1.9086
co RIG 7.1837 to 8.5629 -1.3537 to -.994S
EI ENGINE 6.9419 to 8.8895 -1.4711 to -.9263
NOX RIG -1.9016 to -1.2008 .6377 to .8201
EI ENGINE -1.9881 to -1.6717 .7776 ta .8616
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APPENDIX E

COMPARISON OF TWO LINEAR BIVARIATE REGRESSION LINES

Given two regressions:

Y1 = b1 X; *ay n,o= number of points for Regression 1
Y2 = b2 X, + a, n, = number of points for Regression 2
Test the hypothesis that: b1 = b2

. 2 2
given that (@ yx)l’ (qy yx)2 are unknown and unequal.

The test statistic t is given as:

and is compared to a t distribution with Vt D.F.

2 2
S S
2 SOl Sl
S = —_— + —_—
Dy s 5,
1 2
where
le = Var(xl) . (n1 - 1)
sz = Var(xz) . (n2 -1
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S
70

S

DECISION RULE:

2

(g yx)'l |

= estimate of

2

@)

= estimate of

1
T2 2
K/V1+(1-K) /v2
2
(s"..) S
i yxXTy X,
2 2
(s yx)1 sz (s yx)2 Sx

is the pooled variance estimate of bl’ b

Residual Mean Square 1

Residual Mean Square 2

2

and the degrees of freedom are weighted by

their respective variances.

IF toalc <:tvt Accept Hypothesis eg b, = b,

IF 1:calc 2 tV

REFERENCES ;

t

Reject Hypothesis eg bl f b2

1. Documenta Geigy, Scientific Tables, ed. by K. Diem & C. Lenther,
Geigy Pharmaceuticals, Division of CIBA-Geigy Corp.,

7th edition,
Ardsliey, New York

10502.

2. Intro. Engineering Statistics, Guttman & Wilks.
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APPENDIX F

SAMPLE EMISSION INDEX CORRECTION

This appendix illustrates the steps required to correct the emission
indices for a particular engine. For the purposes of this illustration, the
HC, CO, and NOX CFM56 combustor rig emission indices will be corrected using
the coefficients developed specifically for this engine. The correction

coefficients used in this example are:

HC: T3COEF = -0.023486

CO: T3COEF = -0.006443

NOX: T3COEF = 0.002503
HAMBCOEF -20.70

The reference engine conditions to which the emission levels were
corrected are:

Reference Engine Conditions

Mode % Rated T3 (Deg. F) P3(PSIA)
Idle 6 353 48.6
1.5 Idle 9 417 63.7
Approach 30 628 139.0
Climb 85 890 148.4
Takeoff 100 - 941 168.6

These reference conditions were obtained from the manufacturers'cycle deck

for the rig operating under the following reference conditions:

59 DEG. F
29.31 IN HG
0.0075 1b H20/1b Air

Ambient Temperature

Ambient Pressure
Ambient Humidity

It should be noted that the correction to "standard day'" reference conditions

is identical to the process outlined in this appendix except that values of
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TSref and Psref

ambient humidity of 0.00634 1b H20/1b Air are used.

corresponding to an ambient pressure of 29,92 IN HG and an

The corrected emissions indices are generated on a mode-by-mode

basis using the following expressions:

- -.023486 * (T3 - T3 )
HCCORR = HCMEAS Ref Meas
-.006443 * (T3 - T3 )
= *
COCORR COMEAS Ref Meas
.002503 * (T3 T3 )% . -20.7(HAMB -HAMB )
= * - e
NOXCORR NOXMEAS e Ref- "Meas Ref Meas
where TSRef is different for each mode.

Tables F1 through F6 present plots of both the measured (uncorrected)
and the corrected HC, CO and NOX CFM56 rig emission indices. The vertical
lines in these figures correspond to the reference combustor inlet temperatures
to which the data were corrected. Ideally, the corrected emissions data

should be a horizontal line with a minimum vertical spread.
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APPENDIX G

COMPUTATION OF EPA EMISSION PARAMETERS (EPAP) FROM
EMISSION INDEX AND SPECIFIC FUEL CONSUMPTION

The EPA Emission Parameter, or EPAPi, for each gaseous emission
component is computed from the Emission index (EIij) for each component
and operating mode and from the specific fuel consumption for the
corresponding mode after it has been corrected to standard conditions.
Thrust specific fuel consumption (TSFC) is used in the case of a jet or
fanjet engine, and brake specific fuel consumption in the case of a
propjet engine (BSFC). The EPAP is, of course, a cumulative result
obtained by summation over the complete EPA operating cycle of taxi/idle,

takeoff, climbout, approach and taxi/idle.

EPAP is specified in units of pounds of pollutant per 1000 poundsof
thrust-hr. EI is defined in units of pounds of pollutant per 1000 pounds
of fuel burned. SFC is defined as fuel flow rate, pounds per hour
per pound of thrust, or pounds of fuel per brake horsepower-hour. The
commonality of terms among these parameters suggests that they are related
and an expression for this is written by incorporating the time-in-mode

of operation (TIM), as follows:

J
3t ey
EPAP. = EI.. SFC. —
; (B1;5) (SFC;) (—=D)

The subscript i indicates the specific pollutant and j denotes the

prescribed mode of operation or power level.

SFC based upon measured values for actual fuel flow rate and thrust

or power is corrected to SFC at standard conditions by the relation:
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Fl:meas/ ‘Y\j S} _ SFCmeas

SFCcorr. = Thrustmeas/y \J_E;-

, Ambient Temperature °R . Ambient Pressure PSIA
where Y = = P and Y =

519 14.7

because the standard ambient temperature is 519 °R and standard pressure

14.7 psia.

Figures Gl and G2 illustrate a typical application of the above SFC
correction formula for the case of the CFM56 combustor rig. In Figure Cl
the measured fuel flow in 1b/hr for each of five modes is plotted versus
ambient pressure. As shown in this figure, uncorrected fuel flow rises
significantly with increasing pressure. Figure G2 presents comparable data
after the fuel flow has been corrected using the ambient temperature and
pressure method outlined above. The corrected fuel flow as desired is
independent of the ambient pressure. A similar plot versus ambient tempera-

ture also demonstrates the effectiveness of this correction method.
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