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THE EXPERIMENTAL CLEAN COMBUSTOR PROGRAM -

DESCRIPTION AND STATUS TO NOVEMBER 1975

by Richard W. Niedzwiecki

National Aeronautics and Space Administration
In	 Lewis Research Center
00

	 Ohio

SUMMARY
4

The Experimental Clean CombustOr Program is a multi-year contract cf-
fort. Primary program objectives are the generation of technology for the de
velopment of advanced commercial CTOL ,aircraft engines with lower exhaust
emissions than current aircraft, and demonstration of this technology in full-

s	 scale engines in 1976. The program is administered by the NASA Lewis
Research Center and is being conducted by two contractors. Low pollution
engine-combustors are being evolved by the General F'leetric Company for the
CF6-50 engine and by Pratt & Whitney Aircraft for the JT9D-7 engine.

The program is being conducted in three phases.. Phase I, already com-
pleted. consisted of screening tests of low pollution combustor concepts.
Phase If, currently in progress, consists of test rig refinement of the most
promising combustor concepts. Phase II test results form the major basis of
this report. Phase III, also currently in progress, consists of incorporating
and evaluating the best combustors as part of a complete engine. Engine test
plans and pollution sampling techniques are described in this report.

Program pollution goals, specified at engine idle and take-off conditions,
are idle emission index values of 20 .end 4 for carbon monoxide ('CO) and total
unburned hydrocarbons (TIIC:), respectively, and at take-off are an oxides of
nitrogen (INZOx) emission index level of 10 and a smoke number of 15., Pollution
data were obtained at all engine operating conditions. Results are presented in

s:

terms of emission index -tmd also in terms of the Environmental Protection
Agency's 1979 Standards Parameter (EPAP);

In Phase II, each contractor investigated two combustor concepts. All
combustor concepts incorporated multi-burning zones, produced substantial re
ductions of gaseous pollutants and achieved the ,goal smoke level, General Elec-
tric evaluated double/annular and radial/.axial combustor concepts. The best
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cioublc/annular confil;uration exceeded the idle .pollution goals producing cmis-
:pion index values of CO.and T11C of 10 and 2.2, respectively. Although the NOx
goal was not achieved, a substantial reduc tion -of over 50 percent, compared to
the reference production C:F6-50 engine, was achieved. On an I PAP basis, this
configuration paoduced values 01A. 01 for CO, 0.31 for TI1C, and -1. 15 For 'N(
In addition, this configuration demonstrated altitude relight characteristics com-
parable to the reference design, did not appear to have any carboning or dura-
bility problems and did not appear to havedulyu nsolvable exit temperature; chstri- 	 v

.d
bLltioll problems. Radial/axial combustor pollutant reductions while substantial,
were not as large as those of the dOL1ble/ann Lila r design. This combustor cx
pericneed flashback and durabilit^v problems. Chi the basis of these results, the
dOClble/anliula r combustor teas selected as the most promising concept and the

I	 one most re idily adaptable to engine installation.
Pratt & WhitnCN' ctvaluatcd a vorbix Qtaid .a hybrid combustor concept. The

befit vorbix configuration approached tho CO and NOx goals and exceeded the
TIIC goal Emission indcX values c.^1' ' (i. 4i for CO, 3. 5 for '1711 C, and lei. 0 for
NOS were demonstrated. On an EPAP basis, this configuration produced values
of 6.25 for CO, 0. 64 for T1IC. and :;.48 for N0X. Ira addition, the vorbix com-
bustor prodLicecd altitude relit lit characteristics comparable to J'TM-7 rig cda'ta
and did not appear to have any Luisolvable durability or exit temperature distri-
bution problems. The hybrid .combustor ,Produced comparable pollutant rezluc-
tions but zlernonstratecl poor altitude relight characteri s'tics,. On the basis of
these results, the vorbix combustor was selected as the most promising concept
and the one most readily adaptable to engv-to installation.

Up to the present, all combustor testing has been in component test rigs.
It appears that tiwo promising low-pollution combustor designs, the General Llec
trio double/annular design and the Pratt & Whitney vorbix design, sUuitable for
engine installation have been developed. However, ` verification of the; pollution
reductions achieved .as well as the practicality of the designs await the Phase III
engine ,demonstration tests wherein the lore pollution combustors will be CValu-

ated as components of the Ch6-50 and tiie JT9D-7 engines.

IN' TROD UCTION

This report describes the results of combustor component testing obtained
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program's objectives, program plan, schedule, pollution and performance
goals, the pollution reduction approaches investigated, and future program
efforts emphasizing demonstration tests of low-pollution combustors installed
in full-scale engines.

While considerable progress has been made in reducing the smoke levels
of gas turbine engines, no combustors for current aircraft incorporate design

b

	

	 features specifically for the reduction of gaseous pollutants The Environ-
mental Protection Agency has published standards which require substantial
reduction of gaseous pollutants by 1979. The pollutants in question are oxides
of nitrogen formed primarily during high power engine operation and carbon
monoxide and total unburned hydrocarbons formed primarily during low power
engine operation.

It appears that substantial reduction of pollutants can be attained. The
concepts for pollution reduction now exist. However, although the mechanisms
of pollution production as well as techniques for reducing pollutants are gener-
ally known, application of these techniques to specific engine-combustor de-
signs have not yet demonstrated the anticipated pollutant reductions without

k

	

	 compromising other combustor . parameters. Thus additional technology was
needed to apply these concepts. Therefore, the "Experimental Clean Combus-
tor Program" was initiated since no other program aimed at timely evolution
of "clean" combustors existed.

The program aim is to develop this required pollution reduction technology.
This will be accomplished by evaluating the most promising pollution reduction
techniques through combustor component resting, solving interface and per-
formance problems which low pollutant combustor designs create for engine
installation, and demonstrating the pollution reductions in high pressure ratio
(''TnT. -no-inr±c in 197(;_

The "Experimental Clean Combustor Program" is a multi-year contract
effort administered by the NASA-Lewis Research Centel and conducted by two
contractors-, The General Electric Company of Evendale, Ohio; Pratt & Whitney
Aircraft of East Hartford, ,Connecticut. The program's primary objectives are
the following:

6i
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	 1. To generate and demonstrate the technology required to develop ad-

vanced commercial CTOL aircraft engines with lower exhaust pollutant emis-

sions than are possible with current technology.

2. To demonstrate the emission reductions in full-scale .engines in 1976.

Although pollution raduCtion investigations are being conducted with com-i	 bustors sized to fit within the GE CF6-50 and the P&W JT9D-7 engines, the

^y
	 program is aimed at generating technology primarily applicable to advanced

commercial engines with overall compressor pressure ratios of 20 to 35.

This technology should also be applicable to military engines. Specifically,

the program emphasizes pollution reduction through combustor design. Gas-

eous pollutant reductions are emphasized since commercial engines currently

produce smoke emissions which are below visible thresholds.

i
f	 Program Plan

F

The program is being conducted in three sequential, individually funded
phases. The planned program schedule is shown in table I. Program phases
consist of the following:

Phase I: Combustor screening. - Phase I efforts were initiated in Decem-
ber 1972, and have been completed. Phase I consisted of component combustor
test rig screening of various combustor designs to determine the most promising
combustor concepts based on pollutant emission characteristics and perform-
ance. Interim Phase I program status is described in reference 1. Phase I
program results are detailed in the Contractor Reports contained in references 2
and 3. Results of combustion noise addendum studies performed concurrent
with Phase I testing are contained in references 4 and 5.

Phase II Combustor refinement and optimization. = Phase II efforts were
initiated in July 1974, are currently in progress and are nearing completion.
Phase II results form the major basis for this report. This phase consists of
refinement and optimization of the best. Phase I combustor designs through test
rig component evaluations in order to establish required overall combustor per-
formance, durability, Pnd engine adaptability.

Phase III: Combustor-engine testing. - Phase III efforts were initiated in
June 1975, and are scheduled for completion in 1976. Phase III consists of

`

	

	 tests of each contractor's best Phase II combustor as part of a complete engine.
Engine testing is aimed at authentication of pollution reductions as well as de-
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termination of low-pollution engine-combustor acceleration/deceleration char-
acteristics.

Program Goals
i
i(

Inasmuch as smoke emissions have been reduced to below the visible
threshold on current commercial engines, ,program focus is directed towards
reduction of gaseous pollutants of oxides of nitrogen, total unburned hydro--

a	 carbons, and carbon monoxide. However, further reductions in smoke and
particulate emissions are also sought. These pollutant reductions must be
accomplished with a minimum and acceptable sacrifice of conventional combus-
tor performance parameters.

Pollution goals. - Criteria used for selecting pollution goals were the
following: The goals represent optimistic projections of achievable pollutant
reductions. The goals are currently beyond combustor design state-of-the-
art, and, in order to be achieved, require pollutant reductions by factors of
three to seven for the (.F6-50 and the JT9D-7 engines.

Combustor exhaust pollutant goals in terms of engine operating iniodes are
listed in table Il. Gaseous pollutant goals for oxides of nitrogen or NOx
(NOO = NO + NO2), carbon monoxide, CO, and total unburned hydrocarbons,
THC, are expressed interms of emission index. Emission index is the ratio
of grams of pollutant formed per kilogram of fuel consumed. Smoke and par-
ticulate concentrations are expressed in terms of the SAE smoke number. Idle
and take-off` operating modes represent standard day engine operating condi-
tions. Pollution data obtained during combustor component testing (program
Phases T and II) at simulated engine conditions but of reduced pressure, require
extrapolation to indicate concentrations at engine conditions.

For comparative purposes, the Environmental Protection Agency 1979
Standards for T-2 class engines, estimated on an emission index basis, are
also included in table II. T-2 class engines have been defined by the Environ
mental Protection Agency as turbofan or turbojet engines with 8000 pounds
thrust or greater, excluding the JT-3D and the JT-8D model families as well
as supersonic transport engines." The NO emission index value was back
calculated from the EPA Standard by assuming that NOx emission index values
at taxi-idle and approach conditions are unchanged and that climbout values
equal 75 percent of the computed take-off value. A comparison of standards
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and program pollutant values show that the idle pollutant values are quite
close. The major variance occurs in the NO  value where the program goal
is lower, 10 as opposed to 1 for the 1979 EPA standards.

Also contained in table II are engine emissions data for the JT9D4 and the
CF6-50 engines. These data indicate that redactions by factors of three to
seven are required to achieve program goal values.

The Environmental Protection Agency parameter values (EPAPS) for CO,	
R

Tf1C, and NO  are contained in table III. Listed are the 1979 EPAP required
values for T-2 class engines, current EPAP values for the CF6-50 and
JT9D-7 engines, and the percentages that current engine values exceed the
required values. As can be seen, substantial reductions are required for
all pollutants. Subsequent report sections describe emissions data both in
terms of emission index and EPAP.

Performance goals. - Key combustor performance goals are listed in
table IV. With the exception of combustion efficiency and possibly patter fac-
tor, these goals represent values achievable with current aircraft engines.
Thus, these goals represent limits up to which these values can be increased
in pursuit of the pollution goals. With current aircraft, combustion efficiencies
of 99 percent are not achieved at the taxi-idle condition. Combustion efficien-
cies of 99 percent or higher are required at all engine conditions to achieve the
program pollution goals.

Program Approaches to Pollution Reduction

The greatest concentrations of gas turbine pollutants are formed at the two
extremes of the engine operating, power range. Thus, pollutant control involves
minimizing pollutant formation at both low power conditions as typified by engine
idle as well as at high power or take-off. If pollutant formation canbe, signifi-
cantly reduced at the extreme engine operating modes, then corresponding re-
ductions in pollutants could be realized at intermediate engine operating modes
such as descent, cruise, and climbout. For the above reasons, pollution goals
were selected at and combustor evaluations were conducted primarily at simu-
lated engine idle and take-off conditions in Phase I. In Phase H, cc nbustors
are being evaluated at conditions simulating, all engine operational riodes.

Idle pollutants. - Incomplete combustion is , the principal cause of idle pollu-
tants The principal, pollutants at idle are carbon monoxide, CO, and unburned

r

}

,F	
^	 '



r	 -

x

1
as

t	 7

hydrocarbones, THC, either as raw fuel or as partially oxidized fuel. The
latter are primarily responsible for the characteristic odor common to all air-
ports (ref. 6). Aircraft combustors are designed for maximum performance at
tntke-off and cruise conditions. Operation at low power conditions generally re-
sults in lower combustion efficiencies and, as a result, in higher pollutant emis-
sions. Typical combustion efficiencies at idle vary hutween 88 and 96 percent;,

n	 the actual values are dependent on engine size, type, and age, as well as oper-
ational procedures such as the amount of power extracted and the amount of
compressor air bleed used.

Low combustion efficiency at idle results primarily from the poor burning
conditions encountered. Low combustor inlet air temperatures, typically 366 to
466 K cause quenching to occur thus terminating combustion before completion.
Low pressures, typically 2 to 4 atmospheres, reduce burning intensity. The

t	 low fuel-air ratios required at idle, typically 0.010 to 0.013, result in low pri

i mary zone equivalence ratios reducing burning intensity as well as causing
poor fuel atomization and distribution. Equivalence ratio is the ratio of local
fuel-air ratio to the fuel-air ratio at stoichiometric combustion which is 0.0676
for ASTM jet A fuel. In addition, the low volatility of commercial aircraft
kerosene fuel further aggravates the problem.

High power pollutants. - Combustor pressure, inlet air temperature, and
fuel-ail: ratio increase as the power level of a gas turbine engine is increased.
At full power, the combustion efficiency is nearly 100 percent and negligible
levels of carbon monoxide and unburned hydrocarbons exist. However, the
higher temperature and pressure levels within the combustor lead to the gener-
ation of smoke and oxides of nitrogen..

Reduction of smoke and particulate matter has received a great deal of
attention in recent ,years and new gas turbine engines generate little, if any,
visible smoke. Smoke reduction was accomplished principally by reducing
combustor primary zone fuel-air ratio thereby eliminating large; fuel-rich
zones.	 -

Redesigning gas turbine combustor so that they produce significantly re-
duced oxides of nitrogen levels is a difficult taste. Oxides of nitrogen are na-
tural products of combustion forming during all combustion processes involving
air. The formation of oxides of nitrogen in combustors is relatively well un-
derstood and has been the subject of many technical reports (refs. 7 to 9). The	 1

amount formed is controlled by the chemical reaction rate and is a function of
the flame temperature, residence time of combustion gases at the highest tem-
peratures.', the concentrations of oxygen wid `nitrogen present, and, to a lesser
extent, the combuc,, yr r pviess ure.
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Combined pollution considerations. - Table V highlights some of the diffi-
culties encountered in applying pollution reduction. techniques. Because of the

F

large changes in combustor environment between low . power and high power
engine operating modes, and also because of differences in mechanisms for

{	 production of the pollutants at these operating modes, techniques which reduce
pollutants atone condition can increase pollutants at the other condition, An
exception is improvement in fuel preparation and distribution which could pro-
duce better control of the combustion reactions thereby reducing pollutants at
both power modes.

Program pollution red_ uction approaches. - Three main pollution redue-
tion approaches are being pursued in this program. Each approach appears to

`

	

	 contain the potential for reducing pollutants at all engine operating conditions.
The approaches are being investigated individually and in combination. The

j	 approaches are:
I

	

	 Multiple Burning Zones: In this approach combustion is split into two
burning zones, a pilot burner optimized for low power operation, and a main
burner optimized for high power operation. Pilot burner equivalence ratios
are near 1 at idle with mixing of combustion gases with diluent air delayed.
Main burner equivalence ratios are 0.5 to 0.8 at take-off with increased and
quick mixing of combustion gases and diluent air. Only the pilot burner is
fired during operation at low power conditions. Both burning zones, with fuel
reduced to the pilot burner, are fired during high power operation.

Two types of multiple burning zone combustors are being_ investigated. In
one type, each burning zone operates independently of the other. In the other
type, burners are coupled. For example, hot gases from the pilot.burner are
used to increase combustion stability and vaporize fuel for the main burner.

Improved Distribution and Preparation of Fuel: The purpose of fuel dis-
tribution and preparation studies are to provide fuel ,systems which. better con-
trol fuel-air mixture uniformity as well as mixture strength. The following

f	 methods are being employed:
1. Increased number of fuel sources.
2. Advanced fuel-air atomization techniques.
3. Premixing of fuel and air upstream of th.e burnin g ,zones. ,
4. P revaporization of fuel upstream of the burning zones.

Fuel staging is also being investigated. fuel is being staged radially; axially,
and incombustor sectors at love power conditions. Staging fuel consists of,M

supplying fuel to some but not all of the fuel injectors. Staging fuel improves	 ? .
Not	 p

.	 YYom_
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,ltomization, increases local burning intensities, and minimizes quenching inter-
faces between combustion ,gases and diluent air.

Combustor Air Distribution: Effects of •combustor air staging are being de-
termined by proportionating airflow with combustor blockage to produce optimum
pollution reduction conditions at either low or high power conditions.

Program applications of these techniques are described in the next section

A
	 of this report.

ENGINE- COMBUSTOR CONCEPTS

Reference Engine-Combustors
t

All of the low-pollution combustion concepts investigated in this program
were configured to fit within the contractors engine-combustor envelope, and
designed to operate at engine envivonment coindi,tions. Contained below are
descriptions of the Pratt & WAtney JT9D-7 engine and the General Electric
CF6-50 engine. More detailed descriptions are contained in references 2 and 3.

JT9D-7 eng -combustor. - the JT9D-7 engine is an advanced, dual-spool,
axial flow turbofan engine designed with a high overall compression ratio and
a high bypass ratio. The mechanical configuration is shown schematically in
figure 1. Since its. introduction Lnto commercial service, this engine has ac-
quired widespread use as the ,powerplant for both the Boeing 747 and the Douglas
DC-1 1040 aircraft.

The engine consists of five major modules: a . fan and low-pressure com-
pressor nlodiuile, a combustor module, a high-pressure turbine module, and a
low-pressure turbine module. The low-pressure spool consists of a single
stage fan and a three-stage, low-pressure compressor driven by a four-stage,
low-pressure turbine. The high-pressure spool consists of an eleven-stage, high-
pressure compressor driven b y a two-stage, high-pressure turbine The acces-
sort' gearbox is ;driven through a 'towershaft located between the low- and high-
pressure compressors. Selected key Specifications for the JT9D-7 engine are
listed in table III;

The mechanical design of the JT9D-7 reference combustor is shown sche-
matically in figure 2. The combustor i's annular in design with an -overall
length between the trailing edge of the compressor exit.guide vane to the leading
edge of the turbine inlet guide vane of 0. G meter. The actual. burning length be-
tween the fuel nozzle face and the turbine inlet guide vane leading edge is 0. 45	 ;
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meter. Itiey performance parameters of the JT9D-7 reference combustor are
summarized in table VII.

CF6-50 engine-combustor. - The CF6-50 engine is a duel-rotor, high-bypass
ratio turbofan incorporating a variable stator, high-pressure ratio compressor,
an annular Combustor, an air-cooled core engine turbine, and a coaxial front
fan with a low-pressure turbine. The CF6-50 engine is in commercial service
as the powerplant for the McDonnell-Douglas DC-10 Series 30 Tri-Jet long a
range intercontinental aircraft and the Airbus Industrie A300B aircraft.

Basic engine sections are shown in figure 3. The engine consists of a fan
section, compressor section, combustor section, turbine section, and acces-
sory drive section. This high bypass turbofan engine: has a high thrust-to-
weight ratio and favorable fuel economy characteristics. The key overall
specifications of the CP6-50 engine are presented in table VIII.

The mechanical design of the CF6-50 reference combustor, as installed in
the engine, is shown schematically in figure 4. The key features of this com-
bustor are its low--pressure loss step diffuser, its carbureting Swirl cup dome
design, and its short burning length. Several of the more important design
parameters of this combustor are presented in table IX.

Low-Emission Combustor Concepts

Contained below are descriptions of the combustor concepts evaluated in
program Phases I and 11.

Pratt & Whitney JT9D- 7 combustor concepts. 900 sectors of combustors,
of the JT9D-7 engine-combustor size were evaluated in both program phases.

Phase I Combustor Designs: Thirty-two configurations of three distinct
combustor concepts were evaluated. The concepts are shown schematically in
figure 5 and are described below. r

1. Swirl-can Combustor - As in all swirl-can combustors, all combustor
airflow exclusive of liner coolant air, passes either through or around the
combustor modules and thus through the primary burning zone. Each swirl-
can consists of three major components; ,a carburetor, swirler, and a flame
stabilizer. In operation, fuel and air enter the carburetor, mix in passing	 i
through the swirler, and burn in the wake of the flame stabilizer.. The combus-

y`	 for consists of a 3-grow 'array simulatini; 12 .0 swirl-cans for the entire annulus.
Module diameters vary between rows with the largest modules placed on the

yt,
i
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outer row. This arrangement provides maximum stability and corresponding
minimum carbon monoxide and unburned hydrocarbon emissions during low-
power operation where only the outer module row is fueled.

Combustor modifications included variations in the three module compo-
nents as well as variations in fuel entry techniques and swirl--can equivalence
ratios.

2. Staged Premix Combustor - This combustor consists of multiple burning
zones; a pilot or low-power burner, and a :Hain burner. Each burner has its
own fuel injectors, premix passage, flameholder, and combustion volume.
The main pollution reduction features contained in this combustor are the pre-
mix passages. Their purpose is to control .fuel-air mixture uniformity and
strength.

Idle power is furnished by supplying fuel to orly the pilot burner. Both
burners are fueled at high power. The two premix passages and combustion
zones are axially displaced with the pilot zone located upstream of the main
zone. This placement avoids rapid quenching of the pilot zone combustion
gases by main zone air.

Combustor modifications empha.sized staging of fuel and air between the
combustion zones as well as varying the diluent air.

3. Vorbix Combustor This combustor also employs two burning zones, a
pilot, and a main zone, located along the combustor axis. Air and fuel splits
between zones are configured so that the pilot burner only is fueled at idle con-
ditions. At high-power conditions, main burner fuel is introduced at the exit
of the pilot zone where it is vaporized. Air required for main zone burning is
introduced through swirlers located on both combustor liners. Modifications
emphasized fuel and air splits between burning zones as well as location and
number of main zone fuel sources.

Detailed test results for all three combustor concepts are contained in ref-
erence 3. Although all program goals were not achieved with any of 'the con..
cepts, all concepts produced significant pollutant reductions.

Lowest emissions .at idle engine conditions were obtained with the staged
premix combustor. The carbon monoxide emission index level was 55 percent

' below t1he goal, and the total hydrocarbon emission index level was 75 percent
below the goal. The vorbix combustor approached but did not meet the goals.
The swirl-can combustor provided significantly higher idle emissions that Nvere



r	 -

w	

t

t^

12

i At sea-level take-off conditions, although none of the combustors was able
to meet the goal for oxides of nitrogen, several combustor configurations pro-
vided significant reductions relative to the production combustor. The best
results were obtained with the vorbix and the swirl-can combustors, both of
which provided approximately 60 percent lower emissions of nitrogen oxides
than the current production JT9D-7 combustor, All three combustor concepts
met the smoke goal.

Combustor performance data indicated the need for substantial improvement.
The vorbix u-id swirl-can combustors operated with combustion efficiencies of
99. 5 percent or higher at take-off conditions. The staged premix combustors

(	 had lower efficiencies at take-off conditions. Both the swirl-can and the staged
rpremix combustors require development to meet the current JT9D-7 engine

altitude relight requirements..
Phase II Combustor Resigns; Based on Phase I results, two combustor

concepts were selected for Phase II evaluation. These combustors are described
below.

1. Vorbix Combustor - The Phase II vorbix combustor design is shown
schematically in figure 6(a) and pictorially in figure 6(b). This design evolved
from Phase I testing and incorporated several modifications. These are; the
pilot burner length was increased to reduce carbon monoxide and unburned hydro-
carbon emissions; to reduce oxides of nitrogen formation, the main burner length
was shortened, liner height was reduced, and the throat height connecting the
pilot and main burners was reduced. A listing of the Phase II vorbix configura-
tions evaluated to date is contained in appendix A. Data tables for all evaluated
configurations are contained in appendix B.

2 hybrid Combustor The hybrid combustor is shown schematically in
figure 7 (a) and pictorially in figure 7 (b) . This design represents an attempt to
combine the best features of two of the Phase I :designs: a staged premix pilot
burner which produced low pollutants at idle conditions; a swirl-can main burner
which produced low pollutants at take-off conditions. A listing of evaluated
Phase_ 11 hybrid configurations is contained in appendix A. Data tables for eval-
uated configurations are .contained in appendix C.

To date, the Pratt & Whitney Phase II test program is approximately two-
thirds !complete. Both combustor designs have been evaluated and the vorbix
design has been selected as the one most promising and most .readily adaptable
for engine installation. Further Phase 11 testing will be used to optimize this
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General Electric CF6-50 combustor concepts, - Full-annular combustor
designs, conforming to CF6-50 dimensions, were utilized to determine pollu-
tion levels and combustor performance. Sector rigs were also utilized for spe-
cialized testing: altitude relight tests were performed in a 60o sector; high.-
pressure durability and carboning tests were performed in a 13 0 sector.

Phase I Combustor Designs: Thirty-four configurations of four combustor
concepts, including specialized testing of the CF6-50 design, were investigated.
The combustor concepts are shown schematically in figure 8 and are described
below.

1. Specialized testing of the standard CF6-50 combustor was undertaken
to validate test facility pollutant sampling techniques and to assess the effec-
tiveness of various fuel and air staging techniques in reducing low-power
pollutants.

2. Single Annulus Lean Dome Combustor - The standard CF6-50 combustor
was modified to produce extremely lean primary zone equivalence ratios. This
was accomplished by eliminating the diluent air and passing all of the combus-
tor airflow through the primary zone. The lean primary zone tests, along with
the reference Ch6-50 _sits, evaluated the potential of incorporating variable
geoinetiy into st.,undard combustor designs.

3. Swirl-can Combustor - A 2-row swirl-can combustor was evaluated by
General Electric.. Combustor features are similar to the Pratt & Whitney design
differing principally in the reduced number of swirl-cans and swirl-can rows in
the array, General Electric evaluated arrays consisting of 60, 72, and 90
modules

4. Radial/Axial Staged Combustor: - This combustor incorporates multiple'
burning zones; a pilot burner of conventional design, and a main burner incor-
porating a premix passage. Combustor operation is staged with only the pilot
burner fueled at low-power conditions and both burners fueled at high -power
conditions. Main zone burning is stabilized by V-gutter-type chutes located at
the end of the premix passage. Combustion gases from the pilot burner are
used to enhance main burner combustion stability, permitting operation to'.ow
main zone equivalence ratios.

5. Double Annular Lean Dome Combustor - This combustor incorporates
two parallel burning zones. In operation, only the outer annulus is fueled at
low-power -conditions. Both annuli are fueled at high-power conc lItions. Com-
bustor modifications emphasized fuel nozzle type, fuel and air distribution. and
diluent air introduction.

r
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Phase I detailed test results are contained in reference 2. All program
jgoals were not achieved with any of the combustor concepts. CF6-50 combustor
} tests demonstrated that substantial pollutant reductions apporaching goal values

are achievable at engine idle by sector burning the fuel. No NO O reductions at
take-off were obtained. Swirl-can combustors produced only minimal pollutant

t	 reductions at both idle and ta pe-off conditions. The double/annular and radial/
A

axial combustor designs achieved idle pollution goal values and reduced NOO

baseline take-off levels by approximately 50 percent.

Phase II Combustor Designs; Based on Phase I results, the double/
annular and radial/axial combustors were selected for Phase II evaluation.

The Phase Il designs incorporate minor modifications of the Phase I designs
and are discussed below.

t
1. Double Annular Combustor - The Phase, II double/annular combustor

t is shmm schematically in figure 9(a) and pictorially in figure 9(b). Figure 9(c)
j	 is a photograph of the 600 altitude relight sector which illustrates the combus-

tQr's 'front end. A listing of Phase II configurations .s contained in appendix A,
Data tables for all evaluated configurations are contained in appendix D.

2. Radial/Axial Combustor - The Phase II radial/axial combustor desipi
is show^i schematically in figure 10(a) and pictorially in figure 10(b). A listing
of the Phase II configurations is contained in appendix A. Data tables for all
evaluated configurations are contained in appendix E.

The General Electric 'Phase II test program has been completed. Both
combustor designs have been evaluated and the double/annular design has Senn
selected as being the most promising and most readily adaptable to engine in-
stallation.

TEST CONDITIONS, PROCEDURES, AND DATA ANALYSIS

Test Conditions

Combustor pollution and performance testing were performed at actual
engine operating conditions, simulated engine' operating conditions and para -

metric variations about the reference engines operating conditions. In these
tests, the combustor inlet temperatures, reference velocities, fuel-air ratios,
and turbine cooling air extraction rates of the reference combustors we-cc .ex-
actly duplicated. Combustor inlet pressure levels were .also duplicated at the

P
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fidle condition. Ilowever, pressure levels were reduced, relative to those of

the reference engines, at approach, climbout take-off and simulated cruise

clue to test rig airflow/pressure limitations. In these cases, airflow rates

F	 were correspondingly reduced to -maintain the true reference velocities.

Pratt & Whitney test rig conditions are shown in table X. General

Electric test rig conditions are shown in table XI. Also included in these

tables for comparison are the reference engine-combustor cond t!3ns where

Il	 they differ from the test rig conditions.l	

1
Altitude relight testing was conducted at conditions simulating the engine=

combustor relight map. Relight factors investigated were lean blowout, relight.

and cross-fire.

Data Acquisition
I	 `

Data acquisition procedures were designed for expedient data acquisition
4

for all engine operating modes. I^ollution data were obtained at the combustor,
exit plane by utilizing multi-point traversing rakes. Samples were recorded
by on--lima gas analysis equipment consisting of Beckman Model 402 flame ioni-
zation detectors for total unburned hydrocarbon measurement, nondispersive
infrared (NDIR) instruments for measur^merit of carbon monoxide and carbon
dioxide, and chemiluminescence analyzers for measurement of nitric oxide and
nitrogen dioxide. Smoke emissions were measured by filter strain methods.

Combustor exit temperature distributions were determined by multi-point
traversing rakes'. Sufficient combustor instrumentation was provided to assess
combustor performance 'and'status during test runs. All data were recorded

by on-line computing systems. Additional details regarding instrumentation,	 }
sampling techniques, probe designs, procedures, etc. and contained in refer-
ences 2 and 3.

Y Data Analysis

Test rig data are contained in appendixes B through E in sections entitled'
"1. Test Rig Data.'. In setting test point conditions; it was rarely possible

to operate precisely at the design point fuel-air ratio. Thus, when more than 	 j
one fuel-air ratio was investigated at a`test condition, the general procedure

a
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used was to plot the emissions against fuel-air ratio and determine emission
levels at the design point fuel-air ratio by interpolation. When only one fuel-
air ratio was investigated at a test condition, emission levels at that value are
reported.

Combustion efficiencies were calculated from concentrations of carbon
monoxide and total unburned' hydrocarbons in the combustor exhaust gases.
A carbon monoxide level of 42.7 is equivalent to a 1-percent combustion hn- 	

I

efficiency, An unburned hydrocarbon level of 10 is .equivalent to a 1-percent
combustion inefficiency. Exhaust gas sample validity was constantly moni-
toned during test runs by comparing calculated carbon balance fuel-air ratio
values with metered values.

Data Correlation Procedures

I

Correlations extrapolating test rig data to reference engine conditions
were required in order to permit comparisons of test rig reGults with program
goals. EPAP requirements, and with current reference engine levels.	 Corre-
lations were required for the following reasons:

1, In the test rigs it was not possible to duplicate engine pressure levels
greater than idle.

2. `nice it was rarely possible to set design point values precisely in the
test rigs, it was necessary to normalize the data to the design points.

Generally, pressure correlations from test rig to engine values, especially
a

for higher engine power points, produced large differences in pollution data.
Normalization of test rig to engine parameters of inlet temperature, reference
velocity, inlet-air humidity, and combustor exit temperatures for NO x corre- r;
lation produced small differences, in. the aggregate ordinarily within several
percentage points, with the exception of inlet-air humidity corrections of the x
Pratt & Whitney rig data. Pratt & Whitney inlet-air humidity corrections pro-
duced NOS reductions' of 8 to 10 percent.

Test rig data extrapolated to engine conditions are contained in appendixes
B through 'E under sections entitled 11 2.	 Data corrected to ,engine pressures",
and are discussed in succeeding report sections. 	 The correlations used are
described below.

Oxides of nitrogen correlation. - The NO  correlation parameter used has
been previously; described in references 3 and 10 and is given below:

w

Y



Eng	 engine design point values

Rig	 test rig values

I	 P

Vref
G

Texit

Tinlet

Il

inlet total pressure, atm

reference velocity, m3sec

combustor exit average temperature, K

combustor inlet temperature, k

inlet-air humi,clity (normalized to a humidity level of 6.29 g/kg which
corresponds to 60 percent relative humidity on a standard day)

n	 inlet pressure ratio exponent, (--=0, 2 or 0. 5)

Two values were used for the inlet pressure ratio exponent n. - For the majority
of the data, exclusive of engine approach data where only the pilot was fired, the
exponent was 0. 5 This value is consistent with the value used in references 3
and 10. For approach data with the pilot only fired, an exponent of 0,2 was used.
This exponent was derived from Phase II data by General Electric personnel and
resulted from a statistical analysis of test data. Verification data for,this ex-
ponent are contained in table XII`and figure 11. 0

Total unburned hydrocarbon correlation. - Total unburned hydrocarbons
were correlated from test rig to engine pressures by the following. expression:

THC Eng ._ THCig
F 

gEn 

M

- -L7	 r
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inlet, Eng - Tinlet, Rign	 ,!Eng V ref, Eng	 exit, En,g	 288NUxIJng = (NO Rig)	 ^ e	 ,
PRig ^Vref, Rig Texit, Rig `	 r

	

0	 ^

F -0.0018(6.29-fl 	 )
x e	 Rig

where subscripts:
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Verification data for this expression, developed by General Electric personnel
with Phase II data, are contained in table XII and figure 12. No correlations
except the inlet-pressure correction were made to the total unburned hydro-
carbon data.

Carbon monoxide correlation. - Test rig carbon monoxide levels were cor-
related to engine pressure levels by the following expression:

N
COEng = CO RigP Rig

P Eng

where

/CO \-U.7
N=x!-1

t	 100 J
and x equals 0. 6 for pilot only operation, and 0.2 when both burning zones
are filed. Verification data for this expression, developed by General Electric
with Phase IL data, are contained in table XII and figure 13. Only inlet-pressure
corrections were made to the carbon monoxide data.

EPAP Calculations

The data and calculations presented below were obtained from General
Electric and Pratt & Whitney, This material describes the data inputs and cal-
culations required for calculating EPAP values for the CF6-50 and JT9D-7 engines.

General Electric EPAP calculation. - Production engine. CF6-50 standard
tz

day status cycle data are presented in table XIII. The idle data were obtained
from a status deck matched to 109 production engines. The high-power cycle data
were obtained from a cycle deck matched to 17 production engines.

EPAP Calculation Procedure: A standard procedure for calculating emissions	 j
levels, in terms of the parameter (EPAP) used by the EPA in defining standards
for the test configurations has been developed. The prescribed procedure is:

r

7



?	
.AA

^i

it

19

i

I /t\ Wr
} 	 (Elie).

6U f 1000

t.

60,1 '.1000

where

El	 emissions index (g/kg fuel.)

EPA.P	 emissions pai-.meter (g/kg thrust-hr)

A FN	net thrust (KN)

t	 prescribed time (min)

Wh	 fuel flow rate (g/'s)

and the subscripts are

i	 type of emissions (CO, HC, NO

j prescribed power level (idle, approach, climbout, and take-off)

For a particular engine cycle, equation (1) can be 'reduced to

l

	

EPAPi	(Cj)(EIIj)	 (2)

where	
E
{

60 1000`

t.	 rN.!

^t;0) .1000r i
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Z
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The coefficients (C^) for the CF6-50C cycle are derived in table XIV and equa-
tion (2) becomes

EPAP i = 0. 1365 (EIi, idle) + 0.0912 (EIi, approach) + 0. 1487 (EIi, climb)

f	 + 0.0571 (EI	 )	 (4)^	 z, terse-offu
ii

Alternately, equation (2) can be expressed as

_..i

EPA	
EL.

P. (EPAP.	 1j(	 i	 i, std) 	, 	 (5)

1 	
EPAP i, std

t

	_. 	 Cl	 rr,

where (EPAP• } is the standard for each type of emissions. For thei, std
CF 6-50C, equation. (5) becomes

EPAP	 4. 3 1 ^EICO, idle ' + El CO, approach +	 I CO, _climb,
CO	 31.49	 47.15	 28.'91

	+ r EICO, take-off`	 -(6a)
75.30

E'PAP	 U. $ I' IIIC, idle	 LI11C, approach r E IIIC, climb
IIC	 5.859	 8.771	 5.379	 I

j

	+ EIHC. take-off	 (6b)
14.01.

w	 ,
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4
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EPAP	 3.0 EINOx , idle + EZN Ox, approach + EIN^. climb
Nix	 21.97	 32.89	 20.17

	+ EINOx, take-off i	 (6c)
52 53	

/

In this form, each term in the summations is the fraction of the standard pro-
j

	

	 duced at that operating mode. Calculations based on equation (6) and measured
emission indices are used to calculate the EPAP.

Production engine CF6-50 standard day dry EPAP values and the engine
1	 mode pollutant contributions to the valves are presented in table XV.

Pratt & Whitney EPAP calculations. - Production engine JT9D-7 standard
day status cycle data are presented in table XVI. The NOx, CO, and THC data
were obtained from an 18-engine pilot lot data base with JP4 and Jet A fuel.
Multiplication of the emission index for CO, THC, and NO x by the EPAP coef-
ficient at each engine mode yields the EPAP contribution for that engine mode.
A summation of the EPAP contributions gives the EPAP value:

Current production JT9D-7 emission. index values and EPAP values are
'	 contained in table XVII.

Report EPAP calculations. - All of the EPAP data contained in this report
were computed using the methods and coefficients described above. Where com-
bustion efficiencies were less than values assumed for the EPAP coefficient cal-
culation, coefficient terms were not .re-calculated.	

s

RESULTS AND DISCUSSION

Presented in this section are summaries of pollution and performance test	 x
rig results for the combustor concepts evaluated in Phase II.

r

Pratt & Whitney Combustor Concepts'

Since the Pratt & Whitney Phase II test program is still in progress, final
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assessments regarding the combustors cannot be made at this time. Results
obtained to date are given below.

Pollution results. - Total unburned hydrocarbon goals were achieved with
both the vorbix and hybrid combustors. Carbon monoxide and oxides of nitrogen
goal values were not achieved. However, substantial reductions of both pollu-
tants, compared to reference JT9D-7 engine levels, were realized and pro-
gram goals and 1979 EPA standards were approached. Smoke levels were low
for both combustors.

Vorbix Combustor: Vorbix combustor test results, for all configurations
evaluated., are contained in appendix B. A summary of these results is con-
tained in table XVIII. Listed are the EPAP values including the EPAP con-
tribution at each engine operating :mode extrapolated to engine conditions, the
1979 EPAP standard values, and production JT9D-7 engine pollution levels.
Three sets of test point combinations are presented for each configuration;
those producing the lowest NO EPAP, those producing the lowest CO and THC
EPA, PS and those producing the lowest combined EPAP Js for all three pollu-
tants. Data points are identified by configuration numbers which are defined in

F	 the appendix.
The greatest single factor limiting achievable pollutant reductions with the

vorbix combustor: is CO formation in the pilot burner.	 This is especially true
at the engine idle condition where prograin CO goal values were not achieved.
At higher power points, NO 	 reductions were also limited by pilot burner per-
formance.	 In order to obtain high-combustion efficiencies. the pilot buriner re-
quired a greater percentage of fuel than was desirable for low NQx formation.

The vorbix combustor did demonstrate one operational feature which was
not demonstrated by any other Phase II combustor. 	 That is, at the approach
condition, high-combustion efficiency performance was obtained with both the
pilot and main burners fully fueled.	 This feature eliminates unnecessary fuel

f	 staging and should make achievement of required acceleration/deceleration per-
formance easier to attain:

The bext vorbix combustion pollution data were achieved with configura-
tions S-11 and S-20. 	 These results,are contained in table XIX. 	 Configuration
S-11 produced; the lowest NO , TjjC, and bled idle .CO EPAP values. 	 Con- ro
figuration S-20 produced the lowest CO EPAP value but at the wibled idl¢ con-
dtion.	 The unbled idle condition, at .which the production JT9D-7 is evaluated,

s

is less severe than the bled condition since cornbustor'inlet temperatures and
pressures are higher. 	 Thus it appears that configuration S-11, although it was '°
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not evaluated at the unbled idle condition, should be capable of producing the best
vorbix pollution results.

Also included in table XIX are simulated cruise performance data. S-11
cruise results are not representative of attainable vorbix cruise pollution levels
since the data were obtained at a non-optimum pilot-to-main burner fuel split.
Configuration 5-20 is more indicative of achievable cruise pollution levels. Two
sets of cruise data are presented. They differ in that different amounts of fuel
were supplied to the pilot burner. The higher CO, lower NOx values were ob-
tained with a smaller amount of fuel supplied to the pilot burner and a greater
amount supplied to the main burner.

Hybrid Combustor: Hybrid combustor test results are contained in appen-
dix C. A summary of test results is contained in table XX.

j

	

	 Major factors limiting the pollutant reductions which could be achieved
with the hybrid combustor are the narrow combustion stability range of the pre-
mix pilot boiner and the quick quench of the main burner. The pilot burner,
while producing excellent idle performance, did not operate efficiently at reduced
pilot fuel-air ratios for higher engine power points when both burners were fired.

t	 In addition, at the approach condition, efficient combustion was not achievable
with both burners fired, although efficient approach bulmin.g was achieved with only
the pilot burner fired.

The best hybrid combustor pollution data were achieved with configurations
fl-5 and Il-(i. These data are contained in table XXI.Configuration 31-5 produced
the lowest NOx EPAP value. Configuration It-5 produced the. lowest CO and THC
values.

Combustor performance results. In most cases the vorbix combustor pro-	 i
duced better performance results. The vorbix combustor demonstrated test rig
relight capability comparable to the reference JT9D-7 -engine-combustor. The
hybrid combustor altitude relight was unsatisfactory with blowout and maximum
relight occurring below required values.

Both combustor concepts produced pressure loss levels comparable to the
reference combustor. Both combustors also produced radial average exit tem-
perature profiles which, while not identical to the reference combustor profile,
indicated that the reference combustor profile was 'achievable with additional
effort.

Pattern factors measured for both combustor concepts at high-power con-
ditions were higher than the reference combustor being 0.4 to 0.7 as compared
to 0.42 for the reference combustor. However, it appears that with sufficient

-	 y
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added effort pattern factors for both- concepts could be reduced to acceptable
levels. At low-power conditions, vorbix combustor pattern factors were accept-
able. Hybrid values were not, generally being (greater than 1. While uneven
temperature distributions are not generally a problem at low power conditions,
gross rnaldistributions could have an effect on turbine life.

While combustor durability was riot extensively investigated, potential
durability problems ,appear to exist in both combustor concepts. The hybrid
combustor pilot experienced flashback into the premix passage and some cro-
sion occurred in the main stage swirlers. The vorbi..x combustor "throat"
which joins the pilot and main burners appears to be particularly succeptable
to hot spots and will require additional coolant air in the engine-combustor
design.

Pollution and performance combustor assessments. - Based oh the pollu-
tion and performance data obtained to date, the vorbix combustor was selected
as themore promising concept and the one most readily adaptable to engine
installation. Thus further Phase II testing will be restricted to the vorbix
combustor and eaigine-combustor hardware will be designed and fabricated for
Phase III engt-ie testing.

Remaining Phase It testing will emphasize optimization of pollution reduc-
tion features, patter factor and radial exit temperature tailoring, and further
altitude relight assessments.

General Electric Combustor Concepts

The General Electric Phase II test program has been completed and the
results obtained are givon in the succeeding sections.

Pollution results. - Carbon monoxide and total unburned hydrocarbon goals
were achieved with several of the GE combustors. Oxides of nitrogen goal values
were not achieved. However.,substantial NO reductions, compared to reference
CF6-50 engine levels, were realized. Smoke levels were low for all combustor
configurations investigated.

Double/,Annular Combustor, Double/annular combustor, results for all
configurations are contained in appendix D. A summary of these results is con-
tained in table XXIL As can be seen, 1979 required EPAP values for CO and
THC were achieved and surpassed for all of the latter configurations. However,
it Nvas not possible to operate this combustor at approach conditions with both
burning zones fully fueled.

Ys,
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The best double/annular pollution data obtained are shown in table XXIII.
Configuration D/A-13 produced the lowest EPAP values for all pollutants. Two
sets of EPAP values are shown. These include two different fueling modes at
approach; the pilot only fueled and the pilot and one-half the main burner sec-

t for fueled. The polotonly mode produced the lowest CO and THC EPAP values.
The pilot and one-half the amain sector fueled produced a lower NO x EPAP while
still exceeding CO and THC EPAP requirements. Of the two modes, the pilot

A

and one-half main fueling mode appears preferable since this mode will facili-
tate engine acceleration.

Configuration D/A 13 utilized all available combustor airflow for combus-
tion and dilution, leaving none for tailoring of exit temperature distribution.

I	 Configuration D/A-10 has approximately 5 percent of the combustor airflow
available for exit temperature and thus would probably be a more realistic
configuration for engine installation. This configuration produced lower CO

I	 and THC EPAPs but a higher NOx EPAP.
Although NOx 1979 EPAP standard values were not achieved with the double/

annular combustor, values of 4 to 4.5 have been achieved. These values repre-
sent substantial reductions compared to the reference CF6-50 engine value of
7.7 The NOx EPAP requirement is particularly difficult to attain with the
CF6-50 combustor because of its high pressure ratio of 30:1. The high-
pressure ratio results in high combustor inlet temperatures and pressures both
of which increase NOx formation. The magnitude of these effects can be esti-
mated by consideration of the NO correlation parameter described in a prior
section.

Radial/Axial Combustor; Combustion and pollution results for all radial/
a.xal'combustor configurations are contained in appendix E. A summary of pol-
lution results are contained in table XXIV. As can be seen, it was not possible
to Operate with high combustion efficiency at the approach condition with both
burning zones fueled. Only the unburned hydrocarbon 1979 EPAP standard was
achieved with this combustor. Decreases in NOx levels were generally accom- 	 1
panned by increases in CO.

The best radial axial combustor pollution data were obtained with configure
v,

tion Il/A-2 and are given in table XXV. Two sets of data at climbout and take-
off are included. These represent different pilot fuel-air ratios for the same
O(Verall fuel-air ratio. Reducing pilot fuel-air ratio typically produces lower

Z

No EPAP values but accompanying higher THC and CO values. .Cruise data for
two different fueling modes are also included. By fueling only one-half the main

.,1
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burner, NOx EPAP values can be reduced by 1.5 without significantly affecting
I	 CO and THC emissions.
4 Combustor performance results. - Both the double/annular and the radial/

axial combustor deinon.strated pressure loss levels comparable to the reference
CF6-50 combustor. Both combustors produced radial average exit temperatui

E	 profiles which, while requiring addi+ional tailoring to achieve reference values,
indicated that reference values were achievable. Both combustors also demon-
strated good altitude relight, cross-fire, and blowout capability. Relight
assessments were made in a 600 sector rig and religtt improvements were in-
corporated into the full-annular hardware as testing progressed.

k

	

	 Extensive carboning-durability assessments were made in another sector
-rig. Tests were conducted with heavy distillate fuels at increased pressures.
Results indicated that the double/annular combustor does not appear to have
any durability-ca.rboning problems. The radial axial combustor, conversely,

Y

experienced upstream burning in the main stage premix passage with resulting
°	 hardware damage.

C

	

	 Pattern factors for both combustors were higher than desirable. At high-
power conditions, pattern factors typically were between 0. ' 35 to 0. 50 as com-
pared to the reference combustor value of 0. 25. Double/annular pattern fac-
tors at low-power conditions of idle and approach were high - generally near l..
Thus additional efforts are sq uired to reduce pattern factor values, especially
for the double/annular combustor at low-power conditions. These efforts will

I

	

	 be conducted in the earn phases of the Phase III program where the engine-
combustor hardware will be evaluated in the full-annular test facility prior to
engine installation.

Pollution and performance combustor assessments. -Based on the Phase II
pollution and performance .data, the double/ annular combustor was selected as
the most promising comcept and the one most readily adaptable to engine
installation. This combustor concept has been desigped and will be fabricated
for Phase III engine testing.

PHASE III - ENGINE DEMONSTRATIONS

Up to the present, all testing conducted under the "Experimental Clean Com-
bustor Program" has been in test rigs at reduced pressure conditions. It appears
that two promising low-pollution combustor designs, the GE double/annular design

E^ IA
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and the Pratt & Whitney vorbix design, suitable for engine installation have been
developed. However, verification of the pollution reductions achieved as well
as the practicality of the designs await the engine demonstration tests wherein
the low-pollution combustors will be evaluated as components of the CP6-50 and
J'r9L-7 engines.

To date, the Phase III effort has been initiated and the engine demonstra-
tions will be completed in 1976. The Phase III program consists of several
efforts. These are described in succeeding sections.

Design Efforts

Design of combustor hardware was initiated in Phase 11 with final comple-
tion and solution of engine-combustor interface problems occurring in Phase III.

In, addition to combustor hardware, engine fuel control systems capable of
providing fuel distribution for multi -burning zone combustors are also being
designed. The fuel control must satisfy all engine fuel handling requirements
including acceleration, safety, and draining requirements. The control will be
a breadboard design which will not include control of vane or bleed scheduling.

Engine Tests

A series of three test sequences will be conducted. These consist of the
following:

Shakedown tests. The purpose of the shakedown tests is to determine that
the engine, combustor, and instrumentation are in proper working order for
subsequent testing. 'hi addition assessments will be made regardin g fuel flow
splits and their effect on engine acceleration. Testing will be primarily at idle
and sub--iidle power levels.

Steady-state performance/emissions tests. - The engines shall undergo a
series of tests at actual engine operating conditions. Test objectives consist
of the following:

1. Optimization and combination of engine/ combustor hardware and fuel
splits between burning zones.

2. Documentation of pollution and performance characteristics.
- 3.. Assessments of pollution; sampling techniques.

a
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1
Data will be obtained at the engine power points listed in table XXVI. 	 Two

types of engine test points are indicated. 	 Test points of primary interest are
} designated as main power points and consist of idle, approach, climbout, and

take-off.	 Three fuel flow splits shall be investigated for each of these power
settings.	 Variations in fuel flow splits will be utilized in asssessing tradeoffs
between combustion efficiency and emission levels.

In addition to the main power points, pollution and performance data will
also be obtained at the six secondary power points listed in table XXVI. 	 Data

' obtained at the secondary power points will be utilized to better establish
engine ,pollution and performance characteristics.

( Three techniques will be utilized to obtain engine exhaust pollution data.
Implementation of these techniques is shown in table XXVI and is discussed
below:

9 12-Point fixed Sampling:	 The first technique will utilize the 12-point
} cruciform rake described in the Federal Register of July 17, 1973, volume 38,

number 136 - Part Il entitled "Control of Air Pollution from Aircraft and
Aircraft Engines". 	 This technique will be used at the main engine power points
at the optimum fuel splits.

24-Point Fixed Sampling: The second technique also consists of fixed_
sampling and is the primary pollution sampling technique. It shall be utilized
for all test points.	 This technique also consists of a cruciform rake with double
the number of arms, 8 instead of 4 	 The arms will be located 45 0 apart with
each arm containing three probe sampling positions at the centers of equal areas..

Traverse Sampling- 	 Traverse sampling consists of rotati ng the	 robe de-p	 g	 g	 p	 ^

scribed above and obtaining samples at 50 intervals.	 Traverse data will be ob-
tained at the main engine power points at the optimum fuel splits.

Acceleration and deceleration tests. - Acceleration /deceleration engine
tests will be made with several pilot to main burner fuel splits. 	 The cut-in point
of the main burner, once the eiagine has been started with the pilot burner, will
also be investigated. 	 Testing will be compatible with the designi and construction
requirements for transient engine operation as set forth in the Code of Federal
Regulations of January 1,' 1974, Subpart E 	 paragraph 33.73, "Power or Thrust
Response'.	 The 5-second power or thrust response, !stated in the reference is
considered a goal for engine acceleration rate. .Acceleration testing will proceed
as a series of progressively more rapid accelerations, starting from a relatively
gradual rate and approaching the goal "snap acceleration" rate.



1. Richard W. Niedzwiecki, and Robert E. Jones, "The Experimental Clean
Combustor Program Description and Status." NASA TM X-71547,
April 1974. Presented at the SAE Air Transport Meeting, Dallas, Texas,
May 1974

2, D. W. Bahr, and C. C. 'Gleason, "Experimental Clean Combustor Program,
Phase I Final Report." GE 74 AEG 380, General Electric Company,
(NASA CR-134737), June 1975.

`i. R. Roberts, A. Peduzzi, and G. E. Vitti, "Experimental Clean Combustor
Program, Phase I Final Report." PWA-5153, Pratt & Whitney Aircraft
Division, United Technologies Corporation, (NASA CR-134736), October
1975.

5

4. J. J. Emerling,-"Experiaental Clean Combustor Program, Noise Mea-
surement Addendum, Phase I Final Report." GE 75 AEG 315, General

t Electric Company, (NASA 134853), July 1975.

`	 5.. T. G. Sofrin, and D. A. Ross, "Noise Addendum, Experimental Clean
` Combustor Program, Phase I Final Report." PWA-5252, Pratt&

Whitney Aircraft Division, United Technologies Corporation, (NASA
CR-134820), October 1975.

6. David A. Kendall, and Philip L. Levins, "Odor Intensity and Character-
ization of Jet Exhaust and Chemical Analytical Measurements. " ADL-
74443, Arthur D. Little,. Inc., (NASA. CR-121159), March 1973.

7. Y. B. Zeldovich, "Oxidation of Nitrogen in Combustion Explosions;"
Acad. des Sci. de VURSS - Comptes Rendus (Doklady), Vol. 51, No. 3,
(1946) , pp. 217-220.

8, C. P. Feinmore "Formation of Nitric Oxide in Premixed Hydrocarbon
Flames," Symposium (International) on Combustion, 13th, Pittsburgh, _ F

1971, pp. 373 -379.

9. Craig T. Bowman; "Investigation of Nitric Oxide Formation Kinetics in r
Combustion Processes - The Hydrogen-Oxygen-Nitrogen Reaction."
Comb. Sci. Tech., Vol. 3, (1971) , pp. 37-45. r{

10. Richard W. Niedzwiecki, and Robert E. Jones, "Parametric Test Results
of a Swirl-Can Combustor." NASA TM X-68241, June 1973. Presented
at the AIChE Seventy-Fifth National Meeting, Detroit, Michigan, June
1973.

Y

,1



x	 u.
"*k

t

	

,t	

39
A

APPENDIX A

i

This appendix contains description of combustor configurations evaluated

	

i

	 in Phase II of the Experimental glean Combustor program. Only the configura-
tions evaluated for pollution. reduction are described. Not contained are con-
figurations evaluated for diffuser performance, altitude relight, and carboningd
durability performance. These will be contained in subsequent contractor and
NASA reports

Vorbix Configurations

Pratt & Whitney evaluated 11 vorbix combustor configurations to date.

E	
The baseline design is shown in figure 6. Configurations are described in

(	 table A-1. Airflow splits are contained in table A-II.

Hybrid Configurations

t

	

	 Seven hybrid combustor configurations have been evaluated by Pratt
Whitney. The baseline design is shown in figure 7. Configuration descrip-
tions are contained in table A-III. Airflow splits are contained in table A-IV.

Double/Annular Configurations

General Electric evaluated 14 double/annular combustor configurations.
The baseline design is shown in figure 9. Configuration descriptions are con
twined in table A-V. Airflow splits are contained in table A-VI.

Radial/Axial Configurations

Seven radial/axial combustor configurations have been evaluated by 	 a
General Electric. The baseline design is shown in figure 10. Configuration
descriptions are contained in table A-VII. Airflow splits are contained in table
A-VIII.

t
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TABLE A-I - PP.ASE II VORIM COMRJSTOR CONFIGUFATIONS, PRATT & IdP.I'_^PiEY

COMIG.
NO.	 MODIFICATIONS	 afIGN INTENT

BASELINE DESIGN: REFWWCED TO PEASE I CONFIGURATION S-10
1. Throat annular height reduced, 1. Provide better separation between. burning zones.

8-11 2. Increased pilot burner volume - axial length increased 3.8 em. 2. Contain idle burning in pilot.
3. Reduce main burner cross-sectional area. 3. Reduce main burner residence time,
4. Add cooling air scoops to throat; incorporate improved main burner

-
nozzle seating arrangement to eliminate liner -nozzle interference.
-	 -	 ---------	 -	 ----

4. Durability improvements.

1. Insta l l alternating right and left hand main burner swirlers. 1.
-------------------------------- ------------------------------ —

Enhance main burner quick mixing.
S-12,13 2. Configuration S-13 - Utilize 7 (alternate) instead of 13 main

burner fuel injecto - •s. 2. Improve part power combustion efficiency.

1.
------------------------------------------------ ----------------------------------

Install low pressure drop fuel injectors in main burner. 1.
---^---------------------------- ------------------------------- --

Optimize fuel injection system.
2. Configuration S-15 - Utilize 7 (alternate) instead of 13 main

burner fuel injectors.

---	 ---	 ---	 -----------
2. Improve part power combustion efficiency.

1. Add blockage rings to pilot swirlers.
----

1.
-----------------------------------------------------------------

Optimize idle performance at design point fuel -air ratio.
2. Dilution air added downstream of main burner swirlers, 2. Improve part power combustion efficiency.
3. Install co-rotational swirlers in main burner. 3. Reduce quick quenching in main burner.
--------------------------------------------------- --------------------

Install aerating pilot nozzles in pilot fuel injectors.
---- -----------------------------------------------------------------

Fuel injection study.

Pilot burner redesigned with increased volume.
-	 -	 - -	 -	 ------------------------

Increase pilot zone residence time.
S-17 aerating pilot nozzles retained.

------------- ------ - ------- 	 -----------:------------------------
Install pressure atocu^i 	 pilot nozzles

---- -------------------------------------------°--^^. ----------
Improve idle performance.

------------------------------------------------------------------ °------- -----------------------------------------------------------------

----------------------------------------------
Increase pilot airflow so equivalence ratio is 0.8.

------------------------- ---- ----------------------
Reduce equilibrium CO values.

------------------------------
Main burner fuel injection system redesigned. Premix passages prov-
ided.

S-14, 15

S-1b

B-17

5-18

S-19

S-20

S-21

M

W

	 y ^

F+

1

i
Reduce NOx formation throw premixed fuel preparation.



TABLE A-II. - VORBIX BURNER AIRFLOW SPLITS

i
i

Location S-11 S-12 S-13 S-14 5-15 S-16 S-17 5-18 S-19 S-20

Pilot r1ozz le 3- 16 5.68

Pilot Swirler (SVV) 13.32 13.37 13.37 13.37 13.37 1.94 2.15 5.68 4.0 14.1

I-llot Std Cool 1.208 1.21 1.21 1.21 1.121 1.25 1.39

Main 'M' ID 25-91 28.23 28.23 28.23
---

26.17

28.23

26.17

24.08 28.06
60.12 62.0 50.9

Main SW OD 28.88 26.17 26.17 31.53 28.85

I D Dil 4.05

4.71

4.01

4.54

3.21

3.35

3.0

'3.0

4.0

3.9c:D Di 1

Main Nozzle Cool 0.95 0.95 0.95 0.95 1. 14 1.05 1.14 1.0 1.2

l^iL';heed Cool 2.688 2.69 2.6(14 2.69 2.69 2.78 3.09 2.53 3.0 2.8

Finwall Cyl 2.658 2.29 2.29 2.29 2.29 2.23 2.54

V i nwa 11 ID 1.249

1.344

1.08

1.11►

1.06

1.14

1.08

1.14

1.08

1.14

1.05 1.19

E i nwn l l OD 1.38 1.37

ID Cool 6.655 7.76 7.76 7.76 7.'(6 7.37

10.86

7.94

4.92

8.79

10.26

8.0

1.0

7.6

10.8OD Cool 10.556 9.70 9.70 9.70 9.70

s1(iuwall Cool 4.914 5.407 5.40 5.40 5.40 5.62 5.75 . 4.94 5.0 4.8

10
.p

go

:4RN



BASELINE DESIGN: Rr"IF^CED TO PHASE I PREMIX AhD SWIR_CAN CONFIGURATIONS
1. Premixed pilot from Phase I configuration P-3,

H-1 2. Swirl-can main burner with outer swirler flameholders as:d fuel

splashplate.
j.

------------------------------------------------------------------------------------
Main burner diffuser inserts.

H-2 Install counter rotating inner and outer mair. burner swirlers

1.
------------------------------------------------------------------------------------

Block outer flow path on main burner and add dilution air on the o.d.
H-j 2. Provide staged main burner fuel system.

H-4
-----------------------------------------------------------------------------------

Install pilot spray cone pilot fuel nozzles.

H-5 1.
------------------------------------------------------------------------------------

Install configuration H-1 with reduced pilot premix passage airflow.

2. Increase current dilution airflow levels.
-------------------------------------------------------------------------------
H-6	 Pilot dilution air eliminated and flow diverted to pilot premix

passage and main b•irner bulkhead.
----------------------------------------------------------------------------

H-7	 Install configuration H-6 with solid cone pilot nozzles

HYBRID TEST PROGRAM STOPPED AFTER CONFIGURATION H-7

cc
'17 :0
b G'^

^ar

TABLE A-III. - PHASE II HYBRID CO'KBDSTCR CONFIGURATIONS, PRATT & V6117NEY

CONPIG.
NO.	 MODIFICATIONS

	
DESIGN M E2P

t

Combine two Thee I combistor conceptes low idle pollutants
with the premix pilot burner; low NOx production with the
swirl-can main burner.

Enhance mixing and reduce NOx.

1. Reduce maLn burner residence time by quick quench. 	
N

2. Investigate staging of fuel at part power points.
---------------------------------------------------------------^

Fuel injection study.
------------------------- ------------------- ------------------
1. Permit operation at part and high power with reduced req-

aired pilot fuel flow.
2. Maintain pressure drop.

Permit part and high power operation with reduced pilot w
fuel flow; eliminate quick-quench eifects.

Fuel injection study.

w
w	 X
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TABLE A-IV. - HYBRID BURNER AIRFLOW SPLITS

Ilo.

-0 1

f

F__
Location H-1 H-2 H-3 H-4 H-5 H-6 H-7

Pilot F. H. 18.14 16.30 18.0 18.0 12.46 12.46 12.46

Pilot F. H. Weep 4.85 4.40 4.0 4.0 3.61 3.51 3.51

Pilot F. H. Cool (I. D.)
Main outer Sw.

-----
24.00

-----
24.50

0.6
----

0.6
----

0.47
34.16

0.47
34.16

0.47
34.16

Main inner Sw. 20.34 20.80 15.8 15.8 18.85 18.85 18.85

Bulk. Cool 3.94 4.00 4.4 4.4 3.87 3.87 3.87

Dilution I. D.
Dilution O. D. (1)
Dilution O. D. (2)

10.64
-----
-----

11.00
-----
-----

12.7
15.7

9.2

12.7
15.7
9.2

9.83
-----
-----

9.83
-----

I -----

9.83
-----
-----

Finwall (I. D.) 0.82 0.82 1.0 1.0 0.73 0.73 0.73

F inwall (O. D.) 0.99 1.00 1.3 1.3 0.89 0.89 0.89

I. D. Cool 4.88 5.00 6.1 6.1 4.50 4.50 4.50

O. D. Cool 6.30 6.90 5.6 5.6 5.99 5.99 5.99

Side wall 5.1 5.40 5.5 5.5 4.72 4.72 4.72

0



TABLE A-V. - PHASE II DOUBLE/ANNTJLAR COMBUSTOR CONFIGURATION, GENERAL ELECTRIC

1

CONFIG.
NO.	 MODIFICATIONS

Hla'EkENCED To it ASE I BASELINE DESIGN D/A -II-16
1. Centerbody extended 3. 17 cm.

D/A-1 2. Install pilot swirlere from Phase T configuration III-2.
3. Provide main burner dome dilution holes: 60 0 0.95 cm diameter

1.
-------------------------------------------------------------------------------------

Install stronger pilot secondary swirlers.
D/A-2 2. Add mixing section (barrels) to main burner swirlers.

3. Move main burner dome aft 1.45 cm.

1.
-------------------------------------------------------------------------------------

Install higher flow primary and secondary a:r ewirlers on main burner.
D/A-3 2. Centerbody shortened to original length.

3. Recove liner air dilution holes.
-------- -------

1.
--------------------- -------------------------------------------------
Install new pilot burner nozzle-swirler aseembiy - 6C',o axial secondary
swirlers, 90	 simplex nozzles.

D/A-4 2. Reduce pilot burner liner coolant 3396.
3. Modify main burner nozzle swirler - primary swirler imm-ersion decreased

from . 89 to . 13 cm; pressure atomizing fuel nozzles installed.

D/A-5 1
- -------,-----------------------------------------------------------------------

Add barrel extensions to pilot burner swirlers.

2. Pilot burner dome and centerbody moved downstream 1.8 com.

D/A-6 1.
-------------------------------------------------------------°----°----------•-------

Add 120- .056 em dia. dilution holes to first pilot burner liner panel.
2. Close main burner dilution holes, put air through first liner panel.

1.
-------------------------------------------------------------------------------------

Enlarge pilot burner liner dilution holes
D/A-7 2. Primary and secondary swirlers from D/A 1,2 installed in main bu.-mer

and liner dilution holes enlarged.
3. Centerbody slotted in one location (3.8 long by 2,5 cm wide).

1.
------------------------------------------------------------------------------------

Pilot burner dilution holes moved from first to second liner panel.
D/A-8 2. Main ourner dilution holes moved to fourth liner panel

3. Install lower flow rate simplex fuel nozzles. 	 Pilot burner rozzlee
reduced from 20 to 17 kg/hr; main burner nozzles reduced from 50
to 20 kg/hr.

D/A-9
-----------.-------------------------------------------------------------------------

Main burner fourth panel dilution holes closed, first panel holes
enlarged.

D/A-10

- ---------------

D/A-7 main burner configuration rebuilt,^^____^__

D/A-11 1. Main burner dilution holes moved to fourth liner panel.
2. On main burner, move 30 dilution holes located between swirl cups from

first panel to second panel.

DESIGN INTENT

1. Provide be*ttr sheltering for idle burning.
2. Best available from Phase I.
3. Provide leaner main burning; approach design pressure lees.

1. Improve pilot fuel-air atomization and mixing.
2. Improve fuel-air mixing.
3. Accommodate No. 2; re(.uce dome to dilution length 20%.

1 ,2. Provide leaner main bu-ier micture and burning.

3. Provide leaner train burner; improve idle perfcrmaace.
------- ---------------------------------------------------- - --
1. Provide increased pilot burner cup air-fuel mixing.

2. Eliminate excess coolant.

3. Increase mixing within swirl-cup.

--------------°----------------------------- 
s1. Promote mixing, 

2. Accommodate modification no. 1.

1. Produce more favorable stcichiometry - reduce idle pollutants.
2. Promote more effective mixing for NOx reduction.

1. Optimize pilot design - reduce NO emissions.

2. Improve main burner stability.
3. Improve cross -fire characteristics.

1. Reduce idle emissions.
2. Achieve better combustor mechanical design

3. Permit mere -variability in fuel staging.

1. Produce more rapit main burner quenching.

Determine if low NOx emissions of D/A -7 can be reporduced.

1. Develop better combustor mechanical design.

2. Promote more effective mixing, evlove better mechanical
design.

A►



TABLE A-Y. - DOUBLE/ANI'M IUR C(rYJSTOR CONFIGURATIONS Cont.
CONFIG.

	

NO.	 MODT.FICATIONS
------------------------------------------------------------------------------

1. Main stage seoond panel dilution holes moved back to first panel

	

D/A-12	 2. New pilot b;u-ner primary swirler/venturi installed

3. Pilot burner secondary ewirler flow aroma reduced by 17%.

4. New pilot burner fuel nozzles installed
----------------------------------------------------------------------------------

1. Main burner aft profile trim holes in 4th liner panel closed and
first liner panel dilution holes enlarged.

	

DA-13	 2. Thimbles added to main burner first panel dilution holes to increase
diluent penetration.

1. Main burner 4th panel liner trim holes opened.
2. Main burner liner thimbles removed.

	

D/A-14 	 3. Pilot burner liner dilution hole diameter increased from .67 cm to
.71 cm.

4. Pilot burner liner first panel coolant increased from 0.9 to 2.8 %.
----------------------------------------------------------------------------------

	DfA-14b	 Engine prototype fuel nozzles installed on pilot biu-ner stage.

LESIGN INTENT
-----------------------------------------------------------------
1. Second liner panel location produced higher NOx levels.
2. Design passed carboni.,W tests and met altitude relight

requirements.
3. Design matches flow- area of the Phase III engine-combustor

design.
4. Design matches Phase III engine-combustor design.

-----------------------------------------------------------------

1,2. Obtain lower NOx valaes by better mixing, quenching and
leaner bu--ring.

4
1. Provide more open area and lower pressure Ices.	 y
2. Not practical for engine installation.

3• Simi.ate cooling airflow distribution of the Phase III
engine-combustor.

4. Simulate Phase III engine-combustor design.

Simulate engine-combustor design.

DOU9: E. ANNi7I.AR TES i PROGRAM CCI4P1X= FOR PHASE II

F tR

1

i

i
I

I
1	 .

1
i
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CO?:F'IGliRATION I1-4 II-8 11-9 II- 111 II-13 II-16 Dl D2 D3 D4 DS D6 D7 D8 D9 D10 DI  D12 DI D;4 Engine
Design

OUTER SWIRL CHIPS

i "el Nozzle^%roud 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.9 0.1 0.8 0.8
Primary S,:rler 3.4 3.4 3.4 3.4 3.6 4.0 3. 5 3.6 3.6 3.7 - 3.6 3.5 3.6 3.6 3.6 3.6 3.6 5.2 5. 1 4.7 4.6
Secondary Swirler 28.4 14.1 14.1 14.1 13.5 7.3 8.8 7.1 7.2 9.0 9.0 8.8 8.8 8.8 8.8 8.8 8.8 7.4 7. 3 6.7 ;.2

Total Q.7 18.4 18 . 4 18.4 18 . 0 12.2 13 . 2 11.6 11 . 7 12.8 12.7 12.4 12.5 12.S 12.5 12 . 5 12.5 13.4 12.5 12.d 12.6

INNER SWIRL CUPS

Fuel Nozzle : iroud 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.: 0.1 1. 5
Primary S •A:r1cr 3.4 3.4 3.4 3.4 3.6 4.0 3. 5 3.6 9.5 9.6 9.6 9. 3 3. 6 3.6 3.6 3. 6 3.6 3.5 3. 5 3.2 4, cI	
-	 ^ecundary Sirler

i
28.3 14.1 28.7 28.7 30.0 32.1 29.1 29.6 38.3 39.0 38.6 37.6 29.8 29.8 29.6 29.8 29.7 29.5 29.3 27.0 26,9

1	 TotalI 32.7 18.4 33. 0 33.0 34.5 37.0 33.5

-

34. 1 48.7 48.7 48.3 47.0 33. 5 33.5 33. 5 33, 5 33.4 33.1 32.9 30. 3 33.0

1 DILCTION
Outer L.	 Panel 1 0 0 0 0 0 0 0 0 0 0 0 3.2 4.7 0 0 0 0 0 0 0 0
Outer Liner, P..nel 2 0 14.9 0 0 0 0 0 0 0 0 0 0 0 4.7 4.7 4. 7 4.7 4.7 4.6 3.9 4.5
Inner Dome 0 0 0 0 0 0 4.8 4.9 4.9 5.0 5.0 0 4.9 0 0 4.0 0 0 0 0 0
la.ivr L.ner.	 P-tel 1 0 0 0 1 3.8 17.S* 18.7' 16.9' 17. 3 * 0 0 0 4.3 10.9 10.9 16.1 10.9 S. 5 10.8 17.0* 15.7 10.6

1	 inner Li .e r,	 Panel _ 0 13.7 1 3.8 0 0 0 0 0 0 0 0 0 0 0 0 0 S. 5 0 0 0 0
inner Liner, Panel 3 0 0 0 0 0 0 0 0 0 0 0 0 0 4.9 0 0 4.9 4.9 0 4.4 2.0

Total 0 28, b 1 3. 8 1 3. 8 17. 5 18.7 21.7 22.2 4. 9 5. 0 5. 0 7. 5 20.5 20.5 20. 8 20. S 20.6 20.4 21 . 6 25.1 17.1

i:GOLiX^.
Outer Liner 11.2 11.2 11.2 11.2 8.0 8.5 7.7 7.9 7.6 7.5 8.2 8.0 8. l 8.1 8.1 8.1 8.1 8.0 8.0 9.4 I s.4
Outer Dunk 4.2 4.2 4.2 4.2 4.4 4.7 5.1 S. 3 5.3 4.6 4.6 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.4 4.1 7.1

cn:erhot:} 3.1 3.1 3.1 3.1 3.3 3.6 3.9 3.9 4.0 4.1 4.0 3.9 4.0 4.0 4.0 4.0 3.0 3.9 3.9 3.6 3.1
In-,er Dumc 3.9 1.9 3.9 3.9 4.1 4.3 5.0 4.9 4.9 4.2 4.2 4.1 4.1 4.1 4.0 4.1 4.1 4.1 4.1 3.7 3.3
Inner Liner 10.8 10.8 11.0 11.0 8.7 9.4 8.4 8.b 11.4 11.6 11.5 11.1 11 . 3 11.3 11 . 3 11.3 11.3 11.2 11.1 10.2 10.8
Seal Leakage 1.4 1.4 1.4 1.4 1. 5 1.6 1. 5 1.5 1.5 1.5 1.5 1. 5 1. 5 1 . 5 1. 5 I. S 1.5 1. 5 1.5 1.4 1.4

Total	 I 34. a A. t. -i ,- 34. 8 30.0 32.1 31.6 32.1 34.7 33.5 34.0 33.1 33. 5 33.5 33.4 33. 5 33. 5 33.2 33.0 32.4 37.3

W

TABLE A-VI. - AlliFLOW DISTRIBUTIONS, ALL DOUBLE/ANNULAR COMBUSTOR CONFIGURATIONS

Thtmbled Dilution Hole.
n.r

Q
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TABLE A-VIII. - AIRFLOW DISTRIBUTTONS, RADIAL/AXIAL-STAGED COMBUSTOR

Configuration Engine
R1. k'2 R:3 114 KS 1,61

_
N7 Design

Pilot Cups

Fuel Nozzle Shroud 0.9 0.9 0.9 0.1 0.1 0,1 0,1 0.8

Primary Swirler 3,2 3.2 3.2 3.2 3.9 3.3 4.1 3.9

Secondary Swirler 5.4 8.0 7.9 7.9 11.1 9.5 11.5 7.5

Total 9.5 12.1 12.0 11.2 15.1 12.9 15.7 12.2

Main Stage Flameholders

Carbureted 63.9 16.9 65.1 65.6 47.0 17.7 47.2 50.0

Uncarbureted 0 47.5 0 0 0 40.8 0 0

Total 63.9 64.6 65.1 65.6 47.0 58.E 1 47.2 50.0

Dilution

Pilot Stage 0 0 0 0 0 4.5 5.5 4,5

Inner Liner 0 0 0 0 8.7 0 0 2.0;

Total 0 0 0 0 8.7 4.5 5.5 6,5

Cooling

Pilot Stage 11.1 7.6 7,5 7.6 9.3, 7,9 11,4 11.1

Flameholders 1.3 1,3 1.1 1.1 1.5 1.1 1.7 1.4

Outer Liner 5.5 5.6 3.6 5.7 6.9 5.9 7,2 6.7

Inner Liner 7.4 7.5 7,4 7,5 9.2 7.8 9.6 10.7

Seal Leakage 1.3 1.3 1.3 `1,3 -1.6 1.4 1.7 1.4
I

Total `26.6 23,3 22,9 23.2 28.5 24.1 31.6 31.3

*	 Aft	 dilution	 for	 profile trimmink
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APPENDIX B

This appendix contains summaries of test rig data for all of the Pratt &
Whitney vorbix combustor configurations evaluated in Phase II of the Experi-
mental Clean Combustor Program. Data are presented in two groupings:

1. Test Rig Data - In this section, data are presented as they were ob-
tained in the test rig with one exception. In setting test point conditions, it
was rarely possible to operate precisely at the design point fuel-air ratio.
Thus, "-hen more than fuel-air ratio was investigated at a test condition, the
general procedure used was to plot the emissions against fuel-air ratio and
determine emission levels at the design point fuel-air ratio by interpolation.
When only one fuel-air ratio was investigated at a test condition, emission
levels at that value are reported.

2. Data Corrected to Engine Pressures - Correlations which were used

i	 to extrapolate test rig data to engine conditions are contained in the Data
Correlation Procedures section of the report. Calculations of EPAP values
were made according to the procedures described in the EPAP Calculations
section of the report.
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APFnNJIY B-1

P & W VLRBII COMB1Is`rm. DATA, CONFIGURATION S-11

^ MIGINE IDLE APPROACH CLIMBOIrr TAKE-OFF CRUISE
CONDITION BLED

.ADINC; I-1 APP-1 APP- CLI-1 T0.-1 T0.-2 T0.-3 TO.-4 T0.-5 TG.-6 ! CTOL

^DELING FILOT PILOT PILOT PILOT
I

PILOT PILOT PILOT PILOT PILOT PILOT PILOT

MODE ONLY & & & & & & & & & &
MAIN !'LAIN MAIN	 IMAIN MATE MAIN MAIN ca !N MAIN MAIN

"METLET12 iii 1

PftEBSURE 2.94 6.67 6.71 6.75 6.81 6.72 6.78 6.71 6.85 6.77 6.8c
ATM.

tiEL AIR .0126 .0074 .009 .0042 .0032 .o036 .0047 .0056 .0065 .0072 .0040
RATIO-PILOT
.rrUEL-A.IR .0126 .0139 .014 .0208 .0217 .0193 .0193 .0215 .0192 .0216 .0200
RATIO-TOTAL

_ CO -- E.I. 9 7.B 38 .9
_ THC -E.I. 2.^	 0.? -0- S[-2^.t1.,3 6

K 1 o N 9.L 10.1	 4.2 __ 1;0	 - E.I.
_ SMOKE NO. _ - - --- _

COMBUSTIONI
EFFICIENCY 99.1 99.2 99.6 99.3 99.2 99.0 9997 99.9 99.9 99.8 93.4

-	
0

IPATTM
FACTOR

0.2.7 ----
--

--- --- --- --- ^-	 --- --- - .. ---

6.19 1.77 0.97 2.66 0.46 1.39 0.149 0.32 0, 
22 0 • ? 9

-._-00	 - EPAF
WNTRIBDT I ON
=HC - 'EPAP 0.14 0.14 0.0 0.16 0.21 0.10 0.01 -0- 0.01 O.OZ

_

--w
CONTRIBUTION

DATA CMLECTED T 	 EI'lGIl.E PF4SSURES:

_	 .;O	 - E.I. 36.0 23.0 11-8 14.7 4.0 20.6 2.O 6,9 1.(;
_	 .HC - E.I. 0.6 1.7 0.6 1.6 0.8 U.1 -0- 0.1 0.1

.;0	 - E.I . 3. _ K.1 .7 11. 1	 , a .. lL .5	 15,3 I6.2 11 0	 17x0
COMBUSTION
EFFICIENCY

-

99.1 99.3 99.7 99.6 99.7 99.4 99.9 loo 100 100 95.2

Co	 - EPAP 6.19 1.57 0.80 1.56 0.16 0.8 0.18 0.08 0 04. 0.07 ----
,.

_ CONTRIBUTION
:'HC - EPAP 0.14 0.1.1 0 .03 0.06 0.07 0.03 O.O. -0- -0- -0- - ---
CONTIRIBUTION
:;OX - EPAP 0.65 0.35 0.146 1.27 0.64 0.60 0.63 0.67 0.E2 0,70
1 01v' 1RIRUTION I __.__^ -• _ -_-- --

COMBUSTOR INSET TZ"UaATt'RE A.0 REFERENCE VELOCI
T

Y AT NOMItIAL ENGIi.'E CONDITIONS.
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APPENDIX B-2

P & W VORBIX COMBUSTOR DATA, CONFIGURATIONS S-12vlj

i

TEST RIG DATA

_'71GINE IDLE
_

_-Z-ONDIT10N BLED APPR. CLIMBOUT TAKE-OFF NO CRUISE DATA

.. DING
:; JMS.mt

I-1
I
APP-1 CLIr-1 TO-1 TO-2 TO-3 TO-4 TO-5 TO-6 TO-7

_-
PILOT & PILOT PILOT PILOT PILOT PILOT PILOT PILOT

.-	 LING PILOT PILO! 7 MAIN & & & & & & &
MODE ONLY ONLY INJ. MAIN MAIN MAIN MAIN- MAIN 711

IN

711
MAIN

-NLET
'IRESSURE 2.92 6.81 6.73 6.76 6.79 6.82 6.84 6.86 6.81 6.81

ATM._
-7-ML-AIR
RATIO-PILOT

.0121 .0130 .0060 -0036 .0046 .0050 .0058 .0073 .OU5O .0088.

rTEL-AIR
RATIO-TOTAL

.0121 .0130 .0192 .0216 .0222 .0215 0219 .0222 0 169 ,0221 ^-

C	 - E.I. ^^, 51-5 K9_5 39.2 31.9 20.0 19.!

_Tt^C. -,E.I. 1.9 0.
_ ;10Y - E. 1. -7 • _

SMOKE NO. ---- ----
C0'0-USTION
EFFICIENCY 99.0 99.8 99.4 98.3 98.7 98.5 99.0 99.2 99.4 99.5a _
PATTERN

iAcT4a 0.46 ---- ---- ---- ---- 0. 49 ---- ---- 0.49 ----

70	 - EPAP 6.19 0.51 2.48 2.37 2.13 2.46 1.62 1.32 o.83 0.80
_ CONTRIBUTION

I'F?C - EPAP
0.33 0.03 0.10 0.16 0.06 0.05 0.05 0.03 0.04 0.02

1O NTRIBUTIOPI

_ 2. DATA CORRECTED TO ENGINE PRESSiJRES:

i_ '0	 - E.I.
_ 7AC - E.I. 1.9 0.3 ^1..^-6- ).-

E .I.
COMBUSTION
1171CIENCY 99.0 99.9 99.7

98.9 99.1 99.0 00.4 99.5 99.7 99.8

CO	 - EPAP 6.16 0.23 1.42 1.69 1 .49 1 .78 1.05 0.80 0.41 0.39_ CONTR13UTIOIT _
_SC - EPAP
CONTRIBUTION

0. 33 0 .02 0.04 0.05 0.02 0.02 0.01 0.01 0.01 0.01

:TOX - EPAP
0.55

0.64
1 . 3 1 4.64 0.64 0.62 0.69 0.76 0.65 0.89

CONTRIBUTION.

COMBUSTOT INLET TEMPERATURE AIM REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.

* --- P 92 NOY EXTRAPOLATION TO ENGINE PRESSURE "It	 GE 13

•	 ^ QUALt'.^^1
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APPENDIX B-3

P & W VORBIX COMBUSTOR DATA, CONFIGURATIC S S-140 5

TEST RIG DATA

-'NGII SAME PILOT AS S-12,13 NO CLIMB.  TAKE-OFF NO CRUD
CONDITION P	 OAMI PT I" DATA DATA
.;-.FADING

NUMBER TO-1	 TO-2	 TO-3	 TO-4	 TO-5
__ --	 _-- -

PILOT PILOT PILOT PILOT PILOT
FITELING &	 &	 &	 &	 &

MODE MAIN	 MAIN	 MAIN	 7111	 T/11
T

INLET
?RMSURE 6.71	 6.81	 6.75	 6.76	 6.76

ATM,
.FUEL-AIR
3ATIO-PILOT .0042 .0058 .0090 .0041 .0058

DEL-AIR
RATIO-TOTAL .0223 .0219 .0223 .0220 .0219

00	 E.I.
.. T	 -E.I .

_	 _

_ NO, - E. I.
_ _

12^.i_13.3
SMOKE NO . ----	 ----	 ----	 ----	 ----_

_ COMBUSTION
- -	 _

MTICIENCY 98.6	 99.5	 99.6	 97.9	 98.4

3?ATTERR

FLCZ4II - --	 ----	 ----	 ----	 ------	 -- -- - --------
,0	 - EPAP
CONTRIBDTIO.i 1.97	 o.63	 o.62	 2.98	 2.53
THC - EPAP
CONTRIBUTION 0.12	 0.01	 0.01	 0.16	 0.09

DATA CORRECTED TO EitGINF, PRESSURES:

"0	 - E I .
_-..._._

THC - E.I. ^-	 -
E. I.

--	 -COMBUSTION
EFFICIENCY 99.2	 99.8	 99.8	 98.6	 98.9

CO	 - EPAP
CONTRIBUTION 1 .34	 0.27	 0.26	 2.24	 1.84
THC - EPAP

_

-- CONTRIBUTION 0 . 04	 0.01	 G.01	 0.05	 0„03
: Ox - EPAP

CONTRIBUTION. 0.81	 0.89	 1.18	 0.55	 0.6;

C(YBUSTOR INLET T.,=A^ TURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITION.`',.

F.
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APPENDIX B-4

P & W VORBIX COMBUSTOR DATA, CONFIGURATION S-16 i

1,TEST RIG DATA

ENGINE IDLE NO APPROACH NU CLIMF30UT TAKE-OFF NO CRUISE DATA
CONDITION BLED DATA DATA

""'DING I-1 TO-1	 TU-2	 TO-3	 TO-4	 TO-5
-7M, F.R

PILOT PILOT PILOT PILOT PILOT
FUELING ^ PILOT &	 &	 &	 &	 &

MODE ONLY MAIN	 MAIN	 MAIN	 MAIN	 MAIN

INLET
PRESSURE 2.93 6.67	 6.77	 6.84	 6.73	 6°66

ATM
FUEL-AIR
RATIO-PILOT

0126 .0052 .0056 .0066 .0075 .0097

FUEL-AIR 0126 .0220 .0162 .0192 .0224 .0214
RATIO-TOTAL
CO - E.I. 61.5 26	 lo .6	 13.0	 22.

_ THC -E.I. 1	 0 0	 0.3	 -0-	 0.2 	 --0-
:JO,r - E.I. - - 10 .	 12.1	 1) 1 .0	 14.6	 1	 ^ 6

_ SMOKE NO. ---- ----	 ----	 ----	 ----	 ---- i
COMBUSTION
EFFICIENCY

-

98.5 99.3	 99.7	 99.7	 99.5	 99.8

FATY'EF^I?

FgGTOR
0.29 800----	 ----	 ----	 ----

CO	 - EPAP 106
4_ CONTRIBUTION 1,09	 0 .44 0 .54	 0 .94 	0.36

THC -EPAP 0.2'
COWRIBUTI01vr 0.02	 0 ° O1	 -0-	 0 ° O1	 -0- 

DATA CORRECTED Ty ElyGliav -IRESSURES:

E.I. 61.5 i) 4

_ iHC - E.I. 1.0 _	 _p_
_ :'0	 E.I. 3.0 _ 1	 22

COMBUSTION i
EFFICIENCY 98.5

99.6	 99.9	 99 ° 9	 99.7	 99.9

CO	 - EPAP 10.6
_ CONTRIBUTION

0 ° i7

0.61	 0.15	 0.21	 0.49	 0„10
THC -• EPAP

_ CONTRIBUTION) 0.01	 -0-	 -0-	 -0-	 -^-
:;Ox - EPAP
CON7RTBT_TTI0;v.

0.51 0.72	 O„89	 0 . 95	 0 .94	 0.9?

COMBUSTOR INLET T=ERATUPW AND REFZ=, ;CE VELOCITY AT NOlUNAL ENGINE CONDITIONS.

_4 _
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APPENDIX B-5

P & W VORBIX COMBUSTOR DATA, CONFIGURATION S-17

1. TEST RIG DATA

E24GINE IDLE
APPROACH CLIMBUUT TAKE,-OFF NO CRUISE DATA

CONDITION BLED
G

:r' 

Y
UMBER

UMBEP I-1
APP-1 CL-1 TO-1 TO-2 TO-3 TO-4 T9-5 TO-6-

PILOT PILOT PILOT PILOT PILOT
FUELING PILO PILOT PILOT PILOT & & & & &
MODE ONLY ONLY ONLY ONLY MAIN MAIN MAIN MAIN MAIN

INLET
PRESSURE 2.93 6 .8o 6.71 6.78 6.82 6.75 6.81 6.84 6.80

ATM,

i`UEL-AIR .012 •0136 •0198 „0215 .0022 .0042 .0054 .0075 .0098
RATIO-PILOT
FUEL-AIR

_	 3ATI0-TOTAL 012 .01 63 .0198 .0215 .0220 .0220 .0217 .0224 .0217
C 8 2 0 1
.HC -E.I. 1.3 0.L_ .4 b.6 lo. c) 0 OA 0.2

_110Y -E.I. 3.0 L.7 6.8 7 . L 8	 1 11 12.5 14.7 15. 7
SMOKE N0. ---- ---- - - -- ---- ----

~._

COMBUSTION
EFFICIENCY 98.6 99.6 99.8 99.8 97.0 99.1 99.3 99.5 99.7

0
PATTERI2

i

^, c` 0.30 ---- ---- ---- ---- ---- ----- ---- ----

CO	 - EPAP
9. 65 1.07 0„$7 0.30 3.42 1.45 1.04 0.85 0,49

_ CONTRIBUTION
THC - EPAP

0.22 0 .03 0.04 0.02 0.45 0.05 0.03 0.02 001
^ONTRIBUTIOP;

DATA CORRECTED TO E?+GIItE PRE'SSL'RES

0.1 63.9 21. 1 3 .9 1 0.4
.HC - E.I. 1,3 0 0.2 3. O^ O^2 0.2
NO	 - E.I. 2 11.7 12.6 16.0 19.6 22.4 2 4.r4

BUSIaION
98.6 9g.8 loo 98.2 99.5 99.7 99.7 99.9

100

co	 - EPAP
9.55 o. 65 0.03

-0- 2•65 0 . 90 0.57 0.43 0.18
CONTRIBUTION
THC - EPAP 0.22 0 .02 0.02 0.01 0.15 0.01 0.01 0.01 -0-
CONTRIBUTION
NOX - EPAP

0 .43 *0.29 1110 0.48 0.53 0.47 0,52 0.61 0.65
cONTR^BUTION

COISUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.

--- P 02 NOX EX'T'RAPOLATION TO ENGINE PRESSURE

l
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APPENDIX B-6-a.

P & W VORBIX COMBUSTOR DATA, CONFIGURATION 5-18

IDLE, APPROACH, CLIMBOUT AND TAKEOFF DATA

a

t

ZNGINE
CONDITION

IDLE
BLED

APPROACH CLINIBOUT TAKE-OFF

'BEADING I•-1 APP-1 APP-2 APP-3 APP-4 CL-1 TO-1 TO-2 TO-3 TO-L TO-5
NUMBER

PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT
:'UELING PILOT & & & & & & & & w &
MODE ONLY MAIN MAIN MAIN MAIN MAIN MAIN MAIN MAIN MAIN MAIN

:NI.ET
PRESSURE 2.93 6.88 6.84 6.8o 6.94 6.82 6.81 6.80 6.84 6.90 6.76

ATM_
-ML-AIR .0126 .0027 .0055 .0081 .0107 .0030 .0032 .0042 .0053 .0073 .0097
RATIO-PILOT
FUEL-AIR ,0126 ,0134 .0137 .0133 .0134 .0201 .0218 .0216 .0215 .0217 .0217
.RATIO-TOTAL_
CO - E.I.
^'EC -E.I. 0 0 0_
NOY - E. 1. 12 .7
SMOKE NO. ---- ---- ---- ---- ---- ---- ---- ---- ----_
COI iBUSTION
EFFICIENCY 98.2 94.3 99.2 99.5 99.4 99.3 99.1 99.3 99.4 99.7 99.8

0
tATTERN
:^.T^

---- ---- 0.79 ---- ---- ---- ---- ---- 0.78 ---- ----

CO	 - EPAP 12.04 4.57 1.76 -1-32 1.28 2.63 1.44 1.14 0 .94 0 .52 0.34CONTRIBUTION
:'HC - EPAP 021. 2.82 0.13 0.03 0.10 0.10 0,03 0.02 0,01 -0- -0-
CONTRIBUTION

SSUS :_ ? ^ DATA CORRECTED TO ENGINE P.RF 	 RE

MAP

CO-E I. 6 6 1 168 16
tC - E.I. 1.2 1. 0 1.1 1 -0- -0-

_	 :;0	 - E.I. 2 8 _1.6 7. 1 7.1 6.1
COMBUSTION
EFFICIENCY 98.2 95.2 99.3 99.6 99.5 99.6 99.5 99.6 99.7 99.9 100

CO	 - EPAP 12.02 4.32 1.5d 1.15 1.13 1 .54 0.90 0.65 0.50 0.20 0.09
CONTRIBUTION
THC - EPAP 0.21 2.28 0,10 0.02 0.08 0.04 0.01 001 -0- -0- -0-_ CONTRIBUTION
:10X - EPAP 0.48 0.25 480.,.048 041 1. 54 0.84 0.95 1.06 1.03 0,99"ONTRIBUTIC^*;.

COMBUSTOR INLET TElm.FERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
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APF ND1X 13-b-b

VORBIX CONFIGURATION S-18 CONTINUED

. TEST RIG DATA	 f

L-NGINE CRUISE
^ONDITION
:.ADING CR-1	 CR-2	 CR-3
:+UMBEL .

PILOT PILOT PILOT
't'IIELIDiG &	 &	 &
MODE MAIN	 MAIN	 MAIN

lNLET
PRESSURE 6.81	 6.81	 6.81

ATM.
-ML-AIR .0050 .0059 .0069

_ 'ATIO-PILOT
^sUEL-AIR 0201	 .0201	 .0200

_ RATIO-TOTAL
.0 - E.I.

—---MC -E.I. 0.3	 0	 0.1
I10Y - E. 1 12.3	 12A	 12.8

-- SMOKE NO. ----	 ----	 ----
COMBUSTION
EFFICIENCY 99.5	 99.6	 99.6

PATTERN
----	 ----	 ----

- ACTOR
0	 - EPAP

_ CONTRIBUTION
----	 ----	 ----

^-----	 ----	 ----THC - EPAP

"'ONTRIBUTION

2. DATA CORRiXTED TO

	

'0 - E.I.	 179

	

THC - E.I.	 0.2

	

_ :,0 - E.I.	 13.0
COMBUSTION

	

MICIENCY	 99.6

CO - EPAP N--
CONTRIBUTION
='HC - EPAP
CONTRIBUTION
:i - EPAP

Cuh1BUSTOR INLET TLMN	 TURE AND REFEaENCE VELOCITY AT NOMINAL ENGINE CONDITIONS..

tjl ,,,auo
9



7. DATA CCRt3ECTED TO :: iGINE PRESS;JFRL.

CO	 - E. 1.	 6 1. 6

2.7 --
COMBUSTION

zFFICmTCY	 98.5	 99.9

CO	 - EPAP	 10.94	 0.15
'CONTRIBUTION
THC - EPAP	 0.04	 0.003
CONTRIBUTION
:rOX - EPAP	 0.46	 -----
CONTRIBUTION.

I	 ^

48

APPENDIX B-7

P & W VORBIX COMBUSTOR DATA, CONFIGURATION 5-19

i	 TEST RIG DATA

ZrGINE	 IDLE BLED TAKE-OFFf
CONDITION
2EADING	 I-1	 TO-1
`rTMER

PILOT
FUELING	 PILOT	 &
MODE	 ONLY	 MAIN

INLET
PRESSURE	 2.97	 6.86

ATM.
?UEL-AIR •0126	 ,0078	 -

-RATIO-PILOT
UEL-AIR	 0126	 .0228
RATIO-TOTAL 

_co - E.I .	 ^

_

THC -E.I.	 0.3	 0.2
_ NOY - E. I .	 ----

 SMOKE NO.	 ----	 ----
COMBUSTION	 j

EFFICIENCY	 98.5	 99.7

i.ATTER2
RLCTOR

'o- EPAP	 io.814
CONTF^L';'ICi+ 	 0.+

:HC - EPAP	 0.014	 0.01
CONTRIBUTION

COMBUSTOR INLET TEMPERATURE AND REFERENCE  VELOCITY AT NOMINAL ENGINE CONDITIONS.
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APPENDIX B- 8 _a

P & W VORBIX COMBUSTOR DATA, CONFIGURATION S•-20

I	 - . TEST RIG DATA

-='GI.NE IDLE IDLE APPROACH CLIMBOUT TAKE-OFF
'O1MITION BLED UNBLE,D

-	 --,A.DING I-1 I-2 APP-1 APP-2 APP-3 APP-4 APP-5 CL-1 CL-2 TO-1 TO-2 TO-3 -'TO-4NUMBER
PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT

FnLING PILOT PILOT & & & & & & & & & & &
MODE ONLY ONLY MAIN MAIN 711

21LIll

711
MAIN

711
ZI IN

MAIN MAIN MAIN MAIN MAIN MAIN

NI.ET
^tESSURE 2.94 3.76 6.75 6.83 6.82 6.82 6.80 6.78 6.77 6.83 6.85 6.83 6.79

ATM.
'UEL-AIR
RATIO-PILOT

.012 .0103 .0070 .0104 .0062 . 0069 .0105 .0041 .0076 .0022 .0033 00044 .0044
.FUEL-AIR .012 0103 -0142 00140 .0130 .0139 .0140 .0194 10205 0209 6 0213 .0215 .0215RATIO-TOTAL
^O -E.I. 6 2 8
THC	 E.I . 6 0 0 8 2 0
11O,r - E.I. r 2 6
SMOKE 210. ---- ---- ---- ---- ---- ---- ---- ---- ----_

COMBUSTION

=ICIENCY 98.3 99.0 99.5 99.7 98.9 99.3 99.7 99.4 99.8 97.3 98.8 99.3 99.5
o_

MA'ATTERN
0.40 ---- 0.49 ---- ---- 0. 33 ---- 0. 63 --- - ---- ---- 0-66:BCT4g

7095 5.01 1.13 0.80 1.73 1.33 0.68 2.39 0.79 2.64 1.78 1.20 0.87
;0	 - EPAP
CONTRIBUTION_
'.'HC - EPAP 1.10 0.65 0.05 0.01 0.32 0.18 0.03 0.07 -O- 0.51 0.08 Oo01 0.01COWRIBUTION

DATA CORRECTLJ iU r fiGI:1E Fri ,SSUREB:

	

_ ^0 - E.I.	 46.3 26 .4

	

mHC - E.I.	 E)	 - -	 h.0

	

?O - E . I ,	 0	 0
C'*4-11USTION

	

_,L*rr,Y	 98 .3 99. 0 	99.6 99.8 99.1 99.4 99. 8 99.7 100	 98.5 99.3 99.6 99 7
_.. _..% -

	

10 - Lpnlp	
'1.97 4.66	 0.96 0.66 1.54 1.16 0.54 1.35 0.23 1 94 1.19 0.70 0 .44CONTRIBUTIOR

	

'T'HC - EPAP	 1.10 0.62	 0.01 0.01 0.26 0.1
COA"^'s,i^;'^ION	 5 0.02 0 . 03 	 -0- 0.17  0.03 0,005 0,003
:... x	 r_ .1.F	 0 .51 0 . 69 	 0.37 0.59 . 0 .34 0.38 0.61 1.22 1.59	 .54 0.57 0.61 0.57CONTRIBUTION.

CaMMUSTOR INLET TIYFEMTURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
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APPENDIX A-8-b

VORBIX CONFIGURATION S-20 CONTINUED

TEST RIG DATA

ENGINE TAKEOFF CRUISE
CONDITION
.a ADING TO-6 CR-1 CR-2 CR-3 CR-4 CR-5
NUMAER

PILOT PILOT PILOT PILOT PILOT PILOT
r*UELING & & & & & &

MODE 711 MAIN MAIN MAIN MAIN MAIN
MAIN

D-LET

PRESSURE 6.95 6.81 6.8o 6.82 6.90 6.78
ATM,_

FUEL-AIR .0077 .0040 .0045 .0061 .0077 .0082
RATIO-PILOT_
FUEL-AIR .0229 .0205 .0205 .0206 .0224 .0206
RATIO-TOTAL

_ CO - E.I. 0 p.a8_ »^ 1^.9 20.1 7 -8 _

THC -E.I. 0	 1 0.1_
NO, - E.I. 12,7 LO 7.2 8-'	 9.3 10.0
SMOKE N0. 3. ---- ---- ---- ---- ----
COMBUSTION
EFFICIENCY 99.7 99.2 99.2 99.6 99.5 99.8

FATTER?:
---- ---- 0.63 ---- ---- ----

FACT0U `--
,0	 - EPAP

0.43 ---- ---- ---- ---- ----
CONTRIBUTION
I	 - EPAP 0.004 ----- ---- ---- ---- ----
CONTRIBUTION

2. DATA CORRECTED TO ENGINE PRESSURES:

10 - E.I.
THC - E.I.
:;oy - E.I.	 1

COMBUSTION
EFFICIENCY	 99.9	 99.4 99.3 99.7 99.5 99.9

CO - EPAP 0.14	 ---- ---- ---- ---- ----
 CONTRIBUTION
THC - EPAP	 0.001 ---- ---- ---- ---- 

---- CONTRIBUTION
VOX - EPAP	 0.76	 - -- ---- ---- ---- ----
CONTRIBUTION.

COMBLSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGI2E CONDITIONS.
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APPENDIX B-9

4 t

i${

	 P & W VORBIX COMBUSTOR DATA, CONFIGURATION S-21
4

TEST RIG DATA

MGINE IDLE IDLE APPROACH NO CLIMB.
TAKE-OFF NO CRUISE DATA

:ODTDITION BLED UNBLED DATA

:.FADING ID-1 ID-2 APP-1	 APP-2	 APP-3 TO-1	 TO-2	 TO-3	 TO-4
7UMBER

PILOT	 PILOT	 PILOT
_

PILOT PILOT PILOT PILOT
MLING PIL PILOT &	 &:	 & &	 &	 &	 &
MODE ONLY ONLY MAIN	 MAIN	 MAIN MAIN	 MAIN	 MAIN	 MAIN

INLET
P'SSURE 2,93 3. 62 6.80	 6.60	 6.;8 6.72	 6.82	 6.78	 6.82

ATM.
.vIIEL-AIR
RATIO-PILOT

.012 .0107 .0058	 .0075	 .0102  .0031	 .0041	 .0069 .0075

.vML-AIR .012 .0107 .0140	 .0130	 . 01 42 .0227 .022 j' .0227 . 0223RATIO-TOTAL
CO - E.I. 1
THC- -E.I. 7	 12.5	 2.6 2	 1.8	 o,8	 0
110Y - E.I. K .4	 9,3	 13.3	 1L.1
SMOKE N0. ----	 -	 --
COMBUSTIOV
EFFICIENCY 98.7 99.1 95.7	 97.9	 99.2 95.0	 98.8	 99.6	 99.7

EAT2'EW?
FACTOR

0.39 ---- ----	 0 .45	 ---- ----	 ----	 ----	 ----

00	 - EPAP 7.40 5.36 3.92	 2.42	 1.58 4.14	 1.78	 0.61	 0.51CONTRIBUTION
THC - EPAP 0 .55 0.32 2.03	 0.85	 0.18 1.10	 0.0^	 0.03	 0.02
CONTRIBUTIO";

2 DATA CORRECTED TO ENGINE PRESSURES.

^0	 - E.I. L3.0 27.0 4.L-
"HC - E.I. 2 1.
a0	 - E.1 e z 8 2 r_

COMBUSTION
EFFICIENCY 98.7 99.2 96.4	 98.3	 99.3 97.3	 99.3	 99.8	 99.9

00	 - EPAP
CONTRIBUTION

7J 
4
0

4. 76 6
3	 ..

'
7	 218	 139 3.29	 1.19	 0.26	 0.19

M. C - EPAP

CONTRIBUTION
0. 55 0.29 1.62	 0.66	 0.14 0 ,35	 0.02	 001	 0 01

i10X - EPAP 0.48 0.57 0.29	 0.37.	 0.h5 0,48	 0.58	 0,83	 0,89
CONTRIBUTION.

COMBUSTOR INLET TEMl=ATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITION:;.
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APPENDIX C

'

	

	 This appendix contains summaries of test rig data for all of the Pratt &
Whitney hybrid combustor configurations evaluated in Phase II of the Experi-
mental Clean Combustor Program. Data are presented in two groupings:

1. Test Rig Data - In this section, data are presented as they were ob-
tained in the test rig with one exception. In setting test point conditions, it
was rarely possible to operate precisely at the design point fuel-air ratio.
Thus, when more than fuel-air ratio was investigated at a test condition, the
general procedure used was to plot the emissions against fuel-air ratio and
determine emission levels at the design point fuel-air ratio by interpolation.
When only one fuel-air ratio was investigated at a test condition, emission
levels at that value are reported.

2. Data Corrected to Engine Pressures - Correlations which were used
to extrapolate test rig data to engine conditions are contained in the Data
Correlation Procedures section of the report. Calculations of EPAP values
were made according to the procedures described in the EPAP Calculations
section of the report.
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APPENDIX C-1

P & W HyNiID COMBUSTJR DATA, CONFIGURATION H-1

t. TEST RIG DATA

M-IGIN1r
BLED TkKE-OFF DATA NOT OBTAINED AT AF'PROACH p CLIMB,CR07

CONDITION
aEADING

I-1 T0.-1 T0.-2 T0.-3 T0.-4
NUMBER

FUELING PILOT PILOT PILOT PILOT PILOT

MODE ONLY ONLY &
MAIN

&
MAIN

&
MAIN

INLET
2.96 6.8o 6.80 6.81 6.74

PRESSURE
_	 ATM,

-ML-AIR
.0126 .0155 .0016 .0056 .0068

RATIO-PILOT
FUEL-AIR .0126 .0155 .0214 .0215 .0215
RATIO-TOTAL
CO - E .I. 0 31. 5
THC -E.I. R u.? 184 6._
I10,r - E.1._ - .7 9.4 10.2
SMOKE N0. -- 2 ---
COMBUSTION
EFFICIENCY 98.8 95?.8 95.9 97.4 99.2

£ATTOIN'
-

FkCTOR
331. -- -- ---- ---- ---

CO	 - EPAP 2.24 0.10 2.03 1.30 0.27
CONTRIBUTION _
HC - EPAP 1.48 0.06 1.21 0.77 0.26

C ONTRIBTTT I ON

DATA COIUrECTED TO	 Irc; i'i3ESSUHES:

10	 - E.I. 1	 2 19-0 1
"HC- E.I. R-7 ^_2 ?.1, 6.0 2.0 -
:+J	 -E.I, 2.2 16 . 0
COMBUSTIUN
EFFICIENCY

%

98.8 100 98 .3 99.0 99.8

--CO	 - EPAP 2.27 0.01 1.40 0.79 0.06
CONTRIBUTION
M''C - EPAP 1.5U 0.u2 0.39 %25 J.OA:
CONTRIBUTION
Nl X - EPAP 0.50 1.49 0.56 0.61 0.66
CONTR I BUT I C`N

COMBUSTOR INLET TF.i`Tf' UTURE AND PE=NCE VELOCITY AT NOMINAL ENGINE CONDITION-2.



Z"iGINE IDLE APPROACH CLIMBOUT TAKE-OFF
CONDITION BLED
aEADING I-1 APP-1	 APP-_̂ CL-1 TO-1	 TO-2	 TO-3MER

PILOT	 PILOT PILOT PILOT PILOT PILOT
IM LING PILOT &	 & & &	 &	 &
MODE ONLY MAIN	 MAIN MJN

-
MAIN	 MAIN	 MAIN

INLET
PRESSURE 2.95 6 . 76	 6.73 6.30 6.96	 6.86	 6 89

ATM.
FUEL-AIR

.0126 .0068	 .010 1^ .0072 .00114 . 0055 90079RATIO-PILOT_
FUEL-AIR .0126 .0135	 .0132 .0204 .0217 .0224 .0228
RATIO-TOTAL_
00 - E .I . 11.5 iii-A	 j.3-r, 28.5 58_
THC -E.I . 18A	 o .6_

i+0,,	 -	 E. I. 0 0 1 1	 1 1

_ SMOKE NO. ---- -----	 ----- ---- ----	 1	 ----

COMBUSTION
EFFICIENCY 99.7 67.0	 70.0 99. 0 96.2	 99.7	 99.7

FATTERN

.^CT4II
1.49 -----	 ----- ---- ----	 ----	 0.44

00	 - EPAP
1.98 7.61	 2.97 3. 04 2.43	 0 . 50	 O^43_ CONTRIBUTION

THC - EPAP 0015 20.46	 19.74 0 .37 0.77	 0.02	 0.02
C OWR IBUT I ON

DATA CORRECTED TO Z!; '.;E PRESSURES

i

i
t

i

CO	 - E. I * 17 * 6 i

"HC	 E. 1. 0 .9 1. 6.1 	 U
_;0	 E.I. 10-3 18
,OMBUSTION
=ICIENCY 99.6 73.6	 76 x2 99.5 98.4	 99.9	 99.9

CO	 -EPAP 2.01 7.30	 2.73 1.87 1.'l6	 U.19	 0.14
CONTRIBUTION

 v7dC - EPAP o.15 16.30	 15.62 0.14 0.25	 0.01	 0.01
CONTRIBUTION
:SOX - EPAP

0„61 0.14	 0.28 1.10 0.76	 0.72	 0.60 I
CONTRIBUTION.

NO CRUISE DATA

f

t. _ i
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APPENDIX C-2

P & W HYBRID COMBUSTOR DATA, CONFIGURATION H-2

1. TEST RIG DATA

COMBUSTOR INLET .rr` N̂^TURE AND R=EJ ENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.

A -



:1-0 P I	 #' 0 7	 A >* 7 A

2 ^ DATA CORRECTED TO E .GINTE i HESSURES :

8 224^0 - E.I. 0.2 13.1
'i'HC-E.I. 0

'COMBUSTION
MTICDENCY 99.8 98.9 99.9	 99.5	 99.6 100

"0	 - EPAP 1.39 3.97 0.01	 0.89	 o.7 6 -0-
CONTRIBUTIOF _
"MC - EPAP  .06 1.09 0.06	 0.16	 0.07 0,02
CONTRIBUTION
Nox	 EPAP •56 1 0.47 0.56* 0.51	 0.46 0.61
CONTRIBUTION.

-	 -

I
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APPENDIX C-3

P & W HYBRID C(2-SUSTOR DAT,, CONFIGURATION H-3

I. TEST RIG DATA

1

1GINE
^OtTDITION

IDLE
LED IDSTUNBLF. D APPROACH TAIL-OFF NO DATA OPTAINE'D AT CLIMFsC^iTT & CRUISE

2ZADING -1 I-2 APP-1 APP-2 APP-3 TO-1
'TIMER

MAIN
FUELIW, PI PJL0T PILOT MAIN	 ONLY, MAIN

MODE NT,1 ONLY ONLY	 ONLY	 7/11 ONLY
inj.

I2TIET
PRESSURE 2 .94 3. 83 6.70	 6.76	 6.76 6.76

ATM.
.F UEL-AIR .0126 0099 .0130	 -0-	 -0- -0-
RATIO-PILOT
FUEL-AIR .012 .0099 .0130 . 0130 . 01 30 .0119RATIO-TOTAL
CO - E.I. 0.9 -----_
THC -E.I. 0 0.
.10,r-E .I. 3.8 2 8 11.6
SMOKE NO. --- ---- ----	 - --	 ---- ----
COMBUSTION
E:'FICIENCY 99.3 98.8 99.9	 99.3	 99.6 100

0

PATTERN

:.TQg
021. ---- ----	 0.89	 ---- ----

CO	 - EPAP 1.38 4.28 0.13	 1.06	 0.91 0.04
-	 -	 -

gOOt=UTION
HC - EPAP .06 1.15 0.08	 0.20	 0.09 0.02

C ONTR LBTJT I Or1

COMBUSTOR INLET TEaP E TUF.E AND RF.I'ERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.

* -- P' 2 NO  EXTRAPOLATION TO ENGINE PRESSURE

ORIGINAL. P ;,-
OF POOR QUALITY
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AFFENDI% C-4

P & W HYTRID COMRTJST7M DATA, CC?:F IGURATIJ q H-4s	 e

?. TEST RIG DATA

I

i f

EZZGINE IDLE
BITD

APPROACH CLIMBOUT TAKE-OFF
CONDITION

{	
Ronk I-1 APP-1 APP-2 CL-1 CL-2 CL-3 TO TO-2 TO-3	 TO-4	 TO-5 TO-6 TO-7

1+0 PILOT PILOT PILOT PILOT PILOT
FUELING PILOI PILOT PILOT, & & & PILOT PILOT MAIN	 MAIN	 MAIN & &
MODE X LY ONLY 14/11 MAIN MAIN MAIN ONLY ONLY ONLY	 ONLY	 ONLY MAIN MAIN

MAIN

I	 INLET
16.87-^ 1	 PRESSURE 12.92 6.94 6.76 6.84 6.89 6.79 6.95 6.79	 6.84	 6.74 6.82 6.87

ATM.
-ML-AIR .012 .0 30 -0- .0051 .0061 .0075 .0065 .0088 -0- -0- -0-	 .0054 .0073 .

_ RATIO-PILOT
FUEL-AIR ,012 .0130 .0130 .0201 .0200 .0201 .0065 .0088 .0128 .0151 .OlP4 .0216 .0219 .
RATIO-TOTAL
4'0 - E.I. 9. 0 1	 26-7	 u.2
PHC E.I. o.6 0 6 0- 8 	'_6 -0-
110, - E.I. [ 9,1 b.5 13.9 12. 1 IC.3 L.7 9,L 17.1 19.9 19.2	 15mh 15.5	 1

_ SMOKE N0. ---- ---- ---- ---- -- -- ---- ---- ---- ---- ---- ----	 ---- ----	 -
COMBUSTION 99.7 99.9 98.7 90.2 b8.5 86.3 98.8 99.8 99.9 99.9 99.6	 99.1 99.9	 1
EFFICIENCY

PATTY 1.10 ---- ---- ---- ---- ---- -- -- ---- ---- ---- ----	 0.47 -----	 -
FACTOR

1.55 0.12 3^. ?1 r.52 9.60 11.5 1.24 0.07 0.11 0.17 0.51	 1.11 0.17	 CC0	 - EPAP
CONTRIBUTION
IHC - EPAP O.lo 0.03 0.11 b.46 10.0 '11.9 0.22 0.07 0.03 0.02 0.03	 0.11 -0-

DATA COF ECTED TO E 	 PRESSl_=- S :

CO	 - E.I. 8.9 0.2	 43.5 b3.4	 777.7­ 15Y.7----	 ----	 ----	 .5_
THC - E.I. 0.6 0.3	 1.2 29.3 35.1 0.9 ----	 ----	 ----	 0.2	 013	 U. b	 _Q_

 NO	 - E.I. 3.1 .2 F	 b.6 21.5 20.3 17.H ----	 ----	 ---- -33.4	 33. 1 	 24.b	 24. 1

COMBUSTION 99.7 loo	 98,9 95.6 94.8 93.8 --	 ----	 100	 99.9	 99.6	 l00EFFICIENCY
_	 o

CO - EPAP	 1.[3 O.u2 2.9i
_ CONTRIBUTION

THC - EPAP	 0.10 O.U2 0.08
_ CONTRIBUTION

.+OX - EPAP	
10-53 1 0.56* O-u5

CONTRIBUTION.

6.75 7.76 5 , .55 0.02 0.19 0.63 0.02

3.12 3.73 4.35 -- -	 ----	 ---- 0.01 0.01 0.03 -u-

2.29 2.16 1.90 ----	 ----	 -- --	 1.3b 1.37 1.02 1000

COMBUSTOR INLET TEllU7E tATURE AND REF"raENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.

*	 -	 P •2 NOX EEXTRAPOIATION TO ENGINE PRESSURE
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APPENDIX C-5

F & W HYBRID COMBUSTOR DATA, CONFIGURATION H-5

1  TEST RIG DATA

I

EZK:INE IDLii APPROACH CLIMBOUT TAKE-OFF NO CRUISE DATA
"ONDITION r"D
3EADIhG I-1 APP-1 APF-2 APP-3 APP-4 CL-1 TU-1 TO-2 TO-3 TO-4
NU1dHEk

FUELING Fes. PILOT MAIN 7/11 4/11 PILOT FILdT PILOT PILOT PILOT
MODE ONLY ONLY ONLY MAIN MAIN & & & & &

ONLY ONLY MAIN MAIN MAIN MAIN MAIN
1 1LET
PRESSURE 2.95 6.84 6.80 6.87 b.74 6.81 6.93 6.76 6.79 6.78

ATM.
rUEL-AIR .012 .ul3o -0- -0- -0- .0052 .0033 .0052 .0074 .0097
RATIO-PILOT
FUJEL-AIR .012 .0130 .0130 .u1.34 .0128 .0198 .0222 .0217 .0217 .0217
RATIO-TOTAL
CO - E.I. 16.0 1. 2. 81.0

THC_ E.I. 0.7 1.6 110. 78.0 49.0
ITOY - E.I. 4.4 12.2 3.2 5.3 6.4
SMOKE NO. ---- ---- ---- ---- ---- --- ---- -- - -

COMBUSTION
EFFICIENCY 99.6 99.8 85.7 90.3 93.4 98.8 93.4 99.6 99.6 99.4

PATTERS

-.kcT48
1.84 1.33 ---- ---- ---- 0.26 ---- ---- ---- ----

CO	 - EPAP
2.75 0.10 9.68 5.57 5.10 3.55 2.90 0.54 0.54 0.70

CCNTRIBUTION
THC - EPAP 0.12 0.11 7.50 5.32 3.311 0.43 2.06 0.04 0.06 C.i
CONTRIBUTION

2. DATA CORRECTED TO ENGINE PRESSURES:

^10 - E.I.	 0.1 137, 77,_7 2L.6	 21.6	 52.7	 5.1	 7.6
-7'HC - E.I.	 1	 16	 0	 -- M 	 0 .6
:IO - E.I.	 r,	 b.7	 9.9	 16.3 17.4_ 17.2 25.5
COMBUSTION
EFFICIENCY	 99.6 99.9 88.0 91.9 94.5 99.4 	 97.1 99.9 99.8 99.8

00 - EPAP	 2.79 0.01 9.35 5.30 4.b2	 2.30	 2.1 0.21 0.21 0.32
_ CONTRIBUTION 

CONTRIBUTION 0.12 0.09 b.0u 4030 2.65 1 0.16	 0.68 0.01 0.02 0.03

hO X - EPAP

COMBUSTOR INLET TEMPERATURE A.NI) REF..RENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.

-- P' l NO EXTRAPOLATION TO ENGINE PRES-TIRE
z

ORIGINAL PAGE IS
OF POOR QUALITY



?, DATA CORRECTED TO Ei+GID liESSURES.

	

E.I.	 6	 -0-.6 11.6	 34.7	 .3

	

T$C - E. 1. 	 2.8 0.2 ^1. 1.6 1 1 . 5 ___ , 0 6.0
::0	 -E.I. {b 28 1J.2 1. 6.7 19.7 18.7	 16.4 18 7.5
JOMBUSTION
EFFICIENCY 99.4 99.6 100 43.i 99.0 99.4 98.3 97.6 98.9 99.7 99.7 98.6

CO	 - EPAP
CONTRIBUTION

1.65 0.62 -0- 5.27 2-b5 2.30 1.!111 1.89 1. 36 0.17 0.41 --	 -^-
`HC - EPAP 0.72 0.49 O.Ol 37.6 0.11 0.16 ').36 0.56 0.151 0.05 0.03 I	 --OliTRIBUTION
:+OX - EPAP 0.61 0.50 0.97# O.lu 0.115 1.23 0.90 0.81 0.78 0.68 0.76 ----
CON 7LRIBUTIOTI.

- -^T-

T
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AI FENrix C-6

P & W HYBRID COMBUSTOR DATA, CONFIGURATION H-6

TEST RIG DATA

i

I

ENGINE
_ OODiDI 

IDE^NBL
BLED UNI3LED APPROACH CLIMBOUT TAKE-OFF CRUI3Y

aZADING I-1 1-2 APP-1 APP-2 APF-3 CL-1 TO-1 TO-2 TO-3 TO-4 TO-5
DER

PILOT 411 PILOT PILOT PILOT PILOT PILOT PILOT ]PILOT'
FUELING P11,01 P1LUP PILOT & MAIN & & & & & & &'
MODE ONLY ONLY ONLY MAIN ONLY MAIN MAIN MAIN MAIN MAI214' .'MAIN MAIN

INLET
?RESSURE 2.93 3.7b 6.76 6.73 6.86 6.80 6.99 6.84 6.85 6.92 6.95 6.84

ATM.
TEL-AIR .012t Olt} .0130 .W4b -0- .0076 .0022 .0031 .0044 .0076 .0093 .0077

PATIO-PILOT
.rML-AIR .0126 0103 •0130 .0136 .u130 .0194 .0226 .0233 .0228 .0215 .0225 .0205
-RATIO-TOTAL
'0- E.I . 6 9 18. 1 .0

0

:SO Y - E. 1. 4.2 3.1 1 13,2 - 6
7'MOKE NO. -- -- ---- --- ---- ----
COMBUSTION
EFFICIENCY 99.4 99.0 100 2a.4 98.a 98.8 96.2 94.4 97.8 99.2 99.3 98.3

0
PATTERN 1.44 ---- ---- ---- ---- ---- ----- ---- ---- 0.40 ---- ----

- : CT.4g .
'10	 - EPAP 1.65 0.69 -0- 5.57 3.07 3.55 2.07 2.59 1.98 0.77 0.82 ----

_ COIN-laMUTION
.2C - EPAP 0.72 0.51 0.02 47.5 0.111 0.43 1.09 1.72 0.47 0.111 0.09 ----
-10WRIBUTION

COMBUSTOR INLET TZ%TL ERATURE AND REFERENCE VELOCITY AT NOMIIiAL ENGINE CONDITIONS.

+► -- P'I NO EXTRAFMATION TO ENGINE F'RE33URE
z
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AFPENDIZ C-7

P & W HYBRID com,%ISTOR DATA, CONFI"IAMATION H-7

i
i_ TEST R M DATA

ENGINE IDLE	 APPROAC lN CLIMBClUT TAKEOFF CRUISE

COYDITION HLYD

3EADING I-1	 APP-1 CL-1 m0-1 CR-1

'' JMBER
PILOT FILOT

-
FILOT

FUELING PILOT	 PILOT & & &

MODE ONLY	 ONLY MAIN MAIN MAIN

L,VA.ET
PRESSURE 2.93	 6.77 6.82 6.86 6.71

ATM.
.0126	 .01311

^-
.0076 . 0076
T

.0076rUEL-AIR
RATIO-PILOT
rrTEL-AIR I.0126	 .01311 .01011 .02211 .0206

ATI	 TALRATIO-TOTAL
-_ CO - E.I. .0	 U.0 0. 14.2

Q

_ THC -E.I.
NOY

0
10.7

2
10.1

1.1
11.0

.?	 -
g.8	 --

--SMOKE N0. ----	 -- -- ----
COMBUSTION
EFFICIENCY 98.5	 9902 98.9 99.6 98.5

BATTER 1.43	 ---- ---- ---- --_-
-!2

'0	 - EPAP 7.58	 2.05 3.25 0.59 ----

C ONTI IBUT ION -
THC - EPAP 0.77	 0.06 0.115 0.05 - -_

DATA CORRECTED TO ENGINE PRESSURE :

03.9 21.N 1 .5 5.9 3 .9

3. -1 Q. 1^;.1 1	 .1 9.2

'T

-E

'
98.5 99.4 99.0 99.8 98.8

^0	 - EPAP 1 7 .50 1.19 1.97 0.211 --- _

- 
CONTRIBUTION --
'L'HC - EPAP 0.76 0.05 0.17 0.01 ---°
CONTRIBUTION_
.10,E -EPAP 0.54 u.65*	1 1.50 0.66 ---- __`
^ONPRIBUTION.

COMBUSTOR INLET ^' 'RATL'RE AND REFERENCE VELOCITY AT TTOMINAL ENGINE CONDITION2.

*	 __ P 02 ?SOY UTPAPOLATIJN TO FNGINZ PRESSLTLE
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APPENDIX D

This appendix contains summaries of test rig data for all of the General
Electric double/annular combustor configurations evaluated in Phase II of the
Experimental Clean Combustor Program. Data are presented in two groupings:

1. Test Rig Data - In this section, data are presented as they were ob-
tained in the test rig with one exception. In setting test point conditions, it
was rarely possible to operate precisely at the design point fuel-air ratio.
Thus, when more than fuel-air ratio was investigated at a test condition, the
general procedure used was to plot the emissions against fuel-air ratio and
determine emission levels at the design point fuel-air ratio by interpolation.
When only one fuel-air ratio was investigated at a test condition, emission
levels at that value are reported.

2. Data Corrected to Engine Pressures - Correlations which were used
to extrapolate test rig data to engine conditions are contained in the Data
Correlation Procedures section of the report. Calculations of EPAP values
were made according to the procedures described in the EPAP Calculations
section of the report.
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2. DATA CORRECTED TO ElTGIl.E PK0lSLTRES :

i'HC - E.I.	 1 4. 6 	 10 	 9. 5

CO	 - E.I.	 0	 60 .9 	 56. 9	 8.1	 0	 0.6	 0.1	 0	 0.6
 .2 Q.j Q . j 0.1

- -
-0- -0-

- -:+0	 E.I. l 8	 1
'OMBUSTION

96.8 97.5 97.7 95.1
EFFICIENCY 99.9 100 loo 99.8 loo loo 10o Joe

Co	 - EPAP
CONTRIBUTION

6,84 5.55 5 , 19 5.39 0.39 .13 0.09 1.00 0.03 0.01 0.005 0.00

THC - EPAP
CONTRIBUTION

1.33 0.96 0.87 3.21 o.01 o.ol 0.01 0.04 -0- -0- -0- -0-

NOX - EPAP 0.	 6
3

0.45 0.67 0.40 2.15 2.14 2.33 ,.92 0.86 0.93 1.05 1.68
CONTRIBUTION

s
+ 1s ^

1
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APPENDIX D-1-b

GE DOUBLE ANNULAR CONFIGURATION D/A-1 cont. 

1. TEST RIG DATA

EM INE

CONDITIONa	
DIT

APPROACH CLL%lBOUT TAKE-OFF
NO CRIUSE
DATADATA

READI G
P-11 APP-12 APP-13 APP-14 CL-1	 CL-2 CL-3 CL-4 TO-1 TO 22	 TO-3 TO-4

PILOT) PILOT PILOT
r UF.LING & & & MAIN PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT

MODE

-

MAIN j MAIN A MAIN ONLY &	 & & & & &	 & &

INLET
PRESSURE 3.42 3.40 3.41 3.35 4.77	 4.76 4.7 6 4. 8 3 4.73 4.74	 4.74 4.73

ATM,
uEL-AIx .0043 .0063 .Oo83 -0- .0032 .0041	 .0063 .0101 .0033 .0043 .0063 .0101

_ 3ATIO-PILOT
r'UEL-AIR .0139 .0142 .0141 .0138 .0216 .0216 .0214 .0209 .0233 .0233 .0233 .022

_ RATIO-TOTAL

-_- 
_CO - E.I.
THC -E.I.
110	 - E.I.

_ SMOKE NO. ----- ----- ----- 0 r ---- ---- ---- ----	 ---- ----
COMBUSTION
EFFICIENCY 92.8 94.5 95.0 85.9 99.7	 99.8 99.8 99.4 99.8 99.9	 99,9 99.8

]PATTERN
0.93 0.68 0.81 1.92 0.40	 0.35 0.21 0.30 0.41 0.33	 0.26 0.25^CT48

CO	 - EPAP 8.80 7.39 6.94 7.13 1.76	 1.09 0.92 2.89 0.38 0.24	 0.17 0.39_ CONTRIBUTION
THC - EPAP 4.54 3. 28 2.97 11.23 0.06	 0.07 0.10 0.27 0.01 0.01	 0.01 0.02
CONTRIBUT ION

COMBUSTOR INIFT TM'kaATURE AND REVERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.

-- ALTERNATE MAIN INJECTORS FUELED

01U^_NAL PAu., . ,
Mi POM RUAIM

.z



ENGINE IDLE APPROACH CLIMBOUT TAKE-OFF
ZONDITION
READING I-1 APP-1 APP-2 APP-3 APP-I i CL-1 CL-2	 CL-3	 CL-4 TO-1 TO-2 TO-3 TO-4 TO-5
NUMBER

zMLING PILOT PILOT PILOT PILOT MAIN PILOT PILOT PILOT PILOT MAIN PILOT PILOT PILOT PILOT
MODE ONLY ONLY & & ONLY & &	 &	 & ONLY & & & &

MAIN MAIN MAIN MAIN	 MAIN	 MAIN MAIN MAIN MAIN MAIN
INLET
?RESSURE 2.94 3.39 6.77 6.80 6.79 4.77 4.78	 4.73	 4.72 4.71 4.72 4.72 4.74 4.74

ATM
^`UEL-AIR

.0110 .0131 .0041 .0081 -0- .0031 .0042 .0063 .0102 -0- .0031 .0041 .0061 .0101RATIO-PILOT
-ML-AIR 0110 .0131 .0141 .0138 .0140 .0215 .0215 .0217.	 16 .0231 .0233 .0231 .0231 .0231
RATIO-TOTAL
30 - E.I.

-E . I . 9 0 .7

i 
i10Y-E.I. 0
SMOKE NO. 1 -0- ---- ---- ---- -0-	 ----	 ---- ---- ---- - - -- ----
COMBUSTION
EFFICIENCY

--	
o

98.0 99.3 95.3 96.4 97.5 99.6 99.8	 99.9	 99.7 99.8 99.7 99.7 99.6 99.7
_
EAT'TERN

_FACTOR 1.23 1 .42 1.36 0.72 ---- 0 .51 0.66	 0.37	 0.37 0.50 0.54 0.57 O.41 0.31
CO	 - EPAP 6.13 2.65 9.96 5.73 5.35 2.02 1.13	 0 .73	 1.47 OA 3 0.49 0 .35 0.22 0.31_CONTRIBUTION.

1.34 0.05 1,94 1 .93 0 .99 0.07 0.04	 0.04	 0.06 0.03 0.05 0.07 0.17 0.10
CONTRIBUTION-- --- s^

I
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APPENDIX D-2-a

GE DOUBLE/ANVULAR COMBtiSTOR DATA, CONFIGURATION D/A-2

TEST RIG DATA

DATA CORRECTED TO iI::r PRESSURES:

10	 - E. 1. 0,3
'HC - E I.
:JO	 - E.I. 
COMBUSTION
EFFICIENCY 98.0 99.0	 96.5 97.5 93.2 99.9 100 100 100 100	 100	 100 100 100

CO	 - EPAP
CONTRIBUTION

6.17 0 .46	 8 .98 4.92 4.57 0.52 0.15 0.04 0.27 0.04	 0.06	 0.03 0.01 0.02

CON
- EPAP *

CON :'RIBUTIOt
1.35 0.02	 1.12 1.12 0.58 0.01 0.01 0.01 0.01 0.005 0.009 0.01 0.03 0„02

:1Cx - EPAP 47 1.04* 0.42 0.91 0.48 2.05 2.00 2.45 4.99 1.28	 1.05	 0.99 1.08 2.16
COIzIMIBUTION.

COMBUSTOR INLET TE1117-EtATURE AND REFERENCE VELOCITY AT NOMINAL ENCINE CONDITIONS.

' -- P• ` NO  EXTRAPJLATION TO ENGINE PRESSURE

i
L_
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APPE.MIDIX D-2-b

GE DOUBLE/ANNUL&R CONFIGURATION D/A-2 cont.

. TEST RIG DATA

ZNGINE TAKE-OFF NO CRUISE DATA OBTAINED
^ONDITION
?.EADING

~+UMBER TO-6	 TO-7	 TO-8

FUELING PILOT PILOT PILOT f
MODE &	 &	 &

INLET

MSS 6.80	 6.77	 6.80
ATM._

UEL-AIR 0031 .0040 .0060
RATIO-PILOT

—FUEL-AIR .0229 .0228 .0226
3ATIO-TOTAL

_

NO,	 E. I.
SMOKE N0. ---_	 _---_
COMBUSTION
=,cIENCY 99.8	 99.9	 99.9

] ATTERN

- FACTOR 0.45	 0 .39	 0.50

0.36	 0.19	 0.11J0	 - EPAP
CONTRIBUTION
TBC - EPAP 1 0.02	 0.01	 0.01
C ONTR IBTJT I ON

a^ DATA CORRECTED TO ENGINE PRESSURES:

_ ^O	 - E.I.
_ THC - E.I.

0	 0.1
_..._

0	 0	 0
.70	 - E.I. 1 8.7	 18.1 '10
COMBUSTION
EFFICIENCY 100	 100	 100

CO - EPAP
CONTRIBUTION 0.05 0.01 0.006

='HC - EPAP	 0.004 0.003 0,003
_ CONTRIBUTION

NOk - EPAP	 1.07 1.03 1.19
CONTRIBUTION

CON;BUSTOR INLET TEMPERATURE AND REFr.RENCE VELOCITY AT NOXINAL ENGINE CONDITIONS.
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APPENDIX D-3-a

GE DJUBLE/ANNULAR COMBUSTOR DATA, CONFIGURATION D/A -3

_ 1. TEST RIG DATA

ZNG INE IDLE IDLE IDLE
_ CONDITION STD LEER 1256 BLEED APPROACH CLIMBOUT TAKE-OFF
NUMBING

I-1 I-2 I-3 APP-1 APP-? C1-1 CL-2	 CL-3 CL-) j * TD-1 TO-2 TO-3 TO-)4NUMBER

'UELINC; ILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT MAIN PILOT PILOT PILOT
MODE ONLY ONLY ONLY ONLY ONLY & &	 & & ONLY & & &

MAIN MAIN	 MAIN MAIN MAIN MAIN MAIN
INLET
PRESSURE 2.% 2.91 2.87 3.43 6 .79 4.74 4.73	 4.75 4.74 4.72 4.73 4.73 4.72

_	 ATM„

RATIO
AIR

.0110 .0130 „0153 .0140 .0140 .0029 .0040 .0061 .0098 -0- .0030 .0041 .0060- RATIO -PILOT
rUEL-AIR 0110 .0130 .0153 .0140 .0140 .0211 .0214 .0215 .0210 .0231 .0233 .0234 .0231RATIO-TOTAL
^0 - E. I. 66.0 80 90.8 0 IO .q

_ THC -E.I. 3L.5 6 37.6 0.9 0 0 0	 0 0.8 0 0 0 0
_ :40,- E . I . . 1 6 1 8.0 8.2 13.6 11 10 10 11,1
_ SMOKE NO. 2 ---- ---- 2. 16, 0- 0-
COMBUSTION
EFFICIENCY 95. 0 94.4 94.1 98.7 99.3 99.5 99.7	 99.8 99.4 99.6 99.7 99.8 99.8

PATTERN
_kCTQR

1.55 1.29 1.10 1.36 1.33 0 .47 0 .45	 0.38 0.64 0.52 0 . 49 0 .38 0.34

CO	 - EPAP 9.01 10.99 12.40 4.74 2.78 2.56 1.74	 1.38 3.30 0.89 0.70 0 .48 0.37CONTRIBUTION
THC - EPAP

4.71 5.13 5.13 o.o8 0.02 .09 0.03	 0.03 0.12 0.02 0.02 0.006 0.006
CONTRIBUT IOP^

2. DATA CORRECTED TO FINGI?1E PRESSURES:

as

'0	 -• E.I. r c

THC - E.I.
';0	 r..I.
COMBUSTION
EFFICIENCY 94.9 94.3 94.1 99.2	 99.4 99.9 99.9 100 99.8 99.9 99.9 100 100s
CO	 - EPAP .11 10.97 12.26 3.22	 2.17 O. nO 0.38 0.23 1.25 0.23 0.14 0.06 0.03CONTRIBUTION
I	 - EPAP .78 5. 1 7 5.13 0.02	 0.01 0.02 0.01 0.01 0.02 -0- -0- -0- -0-
CONTRIBUTION
NOx - EPAP

.43 0 .43 0.40 0 .77* 0.85 1 2.70 2.7 1 3.22 4.49 1.61 1.38 1 .34 1.50
CONTRIBUTION

COMBUSTOR INLET TF;MU YERATURE AIM REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.

* -- P' 2 NO  extrapolation to engine pressure

C)PIUNAL PA4, 18
DE VMR QUA
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APPENDIX D-3-b

^AGE DOUBLENNULA.R CONFIGURATION D/A-3 cont.

1

TEST RIG DATA

I

^'VGINE TAKE-OFF NO CRUISE DATA OBTAINED
'ONDITION
ac.ADING
NUMBER TO-5 TO-6 TO-7 TO-R

:'UELING PILOT PILOT PILOT PILOT
MODE & & & &

IN I '

?RESSURE 4.76 6.80 6.80 6.80
ATM.

FUEL-AIR 0102 .0031 .0042 .0060
RATIO-PILOT
rUEL-AIR .0231 .0233 .0237 . 0235 1
RATIO-TOTAL
'0	 E .I.

--	 -

_ _C- -•E.I .
iiOY	 E.I.
SMOKE NO. _ -- 1 ---- _ -
COMBUSTION
EFFICIENCY 93.7 99.8 99.9 99.9

-	
o

PATTERN
_	

—
FACTOR

0.54 0.46 0„ 42 0. 37 ^ ---

o.63 0.53 0„32 0„27'o	 - EPAP
_ CONTRIBUTION

, 'HC - EPAP 0001 0.02 0.01 0.02
CONTRIBUTION

DATA CORRECTED TO E'IIGIPIE PRESSURES

"0	 - E.I. 0 ^
-_'HC	 - E.I. 0.03 0,07 00 0
"0	 - E.I.
"OMBUSTION

100 100 100 100^aTI C IENCY

j0	 - EPAP 0.11 0.11 0„03 0.02
JONTRIBUTION
='HC - EPAP -0- -0- -0- 0.005CONTRIBUTION --
:vO X - EPAP 2.07	 ! .36	 1.3'1' 1.49,
ONTRIBbTION.

COMBUSTOR INLET TE.lPERATURE AND REYE ENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.

0



7HC - E.I.	 0
:+0, - E.I.	 1	 _	 --
CODIBUSTIOI;
^5'FICIENCY	 98.4

CO	 - EPAP	 5. 43
CONTRIBUTION
TEC - EPAP	 0 . 96	

3{CONTRIBUTION
;SO X - EPAP U.56
CONTRIBUTION. 

6?

APPEtlIX D-4

GE DOUALE AN?.'UI.AP, COMBUSTOR DATA, CONFI GUFATION D/A-h

I. TEST RIG DATA
	

i

i

i

i

{

I

i

Y

1q;

f

ENGINE 
ION	

IDLE	 DATA NOT OBTAINED AT AFPROACH, CLIMHO UT, TAKi -OFF OR CP UISE
^ONDIT	 _

?.FADING	
I -1

:,UMBER

FUELING	 PILOT
MODE	 OtILY

INLET
PRESSURE	 2.91

ATM,
?IIEL-AIR	 0110
RATIO-PILOT
FUEL-AIR	 .0110
.UTIO-TOTAL
^0 - E.I.	 40.0

_ THC -E l .	 7,0
NO, - E. 1.	 4. 4
SMOKE NO.	 -
COMBUSTION
EFFICIENCY	 98.4

l'AT'PERI?	 1.02
FACTOR 	 --	 -
CO	 - EPAP	 5.46
CONTRIBUTION
IHC - EPAP	 0. 96
CONTRIBUT ION

2. DATA CORRECTED TO ENGINE PRESSURES:

COMBUSTOR INLET TEI=7URE AND REFERENCE VELOCITY AT NOMINAL ENGIN TE CONDITIONS.
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APPENDIX D-5

GE DOUEU /ANNULAR COMBUSTOR DATA, CONFIGURATION D/A -5

I	 TEST RIG DATA

_11GINE
IDLE APPR. CLIMBOUT TAKE-OFF

I	 ;021DITION_
i	 ZEA"DING I-1 APP-1 CL-1	 CL-2	 CL-3 TO-1	 TO-2
I"1UMBER

PILOT PILOT PILO PILOT PILOT
j	 FUELING FILOT PILOT &	 &	 d_ &	 &
j	 MODE ONLY ONLT MATN	 MAIN	 MAIN MAIN	 MAIN

NO CRIJI5E DATA OBTAINED

INLET
?RESSURE	 2.92 3.40 4.84 4.78 4.79 8.53 8.54

ATM,
.:ML-AIR	 .0110 .0140 .0041 .0060 .010 .0054 .0064
RATIO-PILOT
FUEL-AIR	 .0110 .0140 .0211 .0208 .021 .0231 .0231

_ 3ATIO-TOTAL	 _
1O-E .I.	 r 145.6	 8.6	 0

_---THC -E.I.	 ?	 0.1	 -0-	 -0-	 0	 0	 0
1410, - E. I.	 0	 6	 8 12.9 12.5 13.1

__SMOKE NO.	 ---- ---- ---- ---- ---- ---- - --
COMBUSTION
EFFICIENCY	 98.8 98.9 99.8 99.8 99.4 loo 99.9

%
- PAT'FMN	 0.87 1.34 0.38 0.31 047 0.34 0.36

FACTOR
'0 - EPAP	 5.39 4.16 1.28 1.40 3.29 0.11 0.13
CONTRIBUTION
:HC - EPAP	 0.33 0.01 -0- -0- 0.07 0.006 0.006
CONTRIBUTI ON

DATA CORRECTED TO EIIGINE FRESSURES:

7HC-E.I.
.;J	 - E.i . 7.8 15 . 5	 16, F	 27-Q 22

COMBUSTION

EFFICIENCY 98.8 99.7 100	 100	 99.8 100	 100

CO	 - EPAP 5.39 11-15 0.20	 0.24	 1.24 0.009 0.01
CONTRIBUTION 
Tt[C - i;PAP 0.33 0.003 -n-	 -0-	 0.01 0.002 n, nn?
CONTRIBUTI0:1
:10 X - EPAP 0.50 0.71* 2.31	 2.50	 4.15 1.23	 1.29
`07T IBU'T I C"Ne

COI BUSTOR INLET TEMPERATURE AND REFr:RF.NCE VELOCITY AT NOMINAL ENGINE CONDITIONS.

* -- F'2 NOX SY RAPJLATIJN TJ ENGINE FRF6SgJRE

	

	
PAGEDRIGINAL

0E pWp. Qt AlJTy



0GINE IDIZ APPROACH NO DATA OE3TAINED AT CLIMBOUT', TAKEOFF 	 OR CRUISE
CONDITION
READING I-1 APP-1 -_	 -
_NUMBER

FYJELING PILOT PILOT

—

MODE ONLY ONLY

INLET
_	

J
F?PESSURE 2.54 3.4'0

_	 ATM ,,
xML-Alf, .0110 .Ol4o
RATIO-PILOT
FUEL-AIR .0110 .011to ---
RATIO-TOTAL

_ CO - E.I. ? .7 2	 .2
_

THC -E.1. 2. .1
NO, - E.I . 3 •'4 •
SMOKE NO. 1.
COMBUSTION
EF'F'ICIENCY 99.2 99.3

PATT'ERIZ 0.95 1.16

00	 - EPAP 3.37 2.57
CONTRIBUTION
THC - EPAP 0129 0.01
CONTRIBUTION

2 . DATA CORRECTED TO EIZ11TE P.RESSU?-ES:

JO	 125.0 1 4.7
THC - E. 1. ?.1 -0-

C01MBUSTION
EFFICIENCY 9 ?.2 9909

CO	 - EPAP 3.41 0.13 A
CONTRIBUTION

—ZiC - EPAP 0.29 0.003 -
CO:ITR IBUT ION
NO X - EPAP 0.51 0.89*
C0I7".'R IBUT ION.

4

i

r

^th

APPi;NDITi D-6i
G& DOUBLVANNULAP. COMBUSTOR DATA, CONF ►IG[FiATION D/A-6

1, TEST  RIG DATA

COMBUSTOR INLET T %=MATURE AND RF:F._RENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.

++ -- L92 NO sXTRAPOLATION TO ENGINi PRESSUREz

t
A
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APPENDIX D-7

GE DOUBLE/ANNULAR rO!A311STOR DATA, CONFIGURATION D/A-7

TEST RIG DATA

i

ZNGINE IDLE PfROACH CLIMBOUT TAKE-OFF NO CI:UISS L

'ONDITION OBTAINED

2Y,kDuIG
NUMBER

I-1 PP-1 CL-1 CL-2 CL-3 TO-1 TO-2 TO-3 TO-4 TO-5 TO-6

^GTEIING PILOT PILOT
PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT

MODE ONL7 ONLY
& & & & &I & & do & 

MAIN MAIN MAIN MAIN MAIN MAIN MAIN MAIN MAIN

INLET
BRESSURE 2.95 3.40 4.77 4.76 4.76 4.77 4.77 4.78 9.57 9.50 9.57

_ATM,
FUEL-AIR .oll .0110 .oal^o .0058 .0062 .004o .0062 .olo4 .0041 .006i oo8i
RATIO-PILOT
?UEL-AIR •oil) .014o .0215 .0220 .0215 .0230 .0231 .0233 .0231 .0231 .0230
2ATIO-TOTAL_

:0 - E.I. 10.5 7,.9 10. .9 8.8 5.7 4.1 7.3 2.7 3.3 2.2 
1.7- 5.4 0.2 0.2 0.3 0.1 0.1 0.1 -0- G.1 -0-

:+0	 - E.I. .0 5 .3 4.8 7.8 10.9 9.1 10.
SMOKE NO. ---- 0.6 0.2 0.3 0.2 0. 0. ---- 0.5 1.7 0.9

COMBUSTION
EFFICIENCY 99.4 98 . 2 99.7 99.8 99 . 8 99.9 99.9 99.8 99.9 99.9 100 1

I'ATTERI?
- I.QTOR

1.14 1.07 0.56 o.41 0.38 0.46 o.4,5 0.46 o.49 0.51 0.31

Jo	 - EPAP 2.53 6.92 1.56 1.03 1.31 0.33 0.23 0.42 0.15 0.1.9 0.13
CONTRIB71"ION_
THC - EPAP
CONTRIBUTION

_ = , DATA CORRECTED T OGI PRESSURES:

ZO	 - E.I. 0.8 Q.l,__ 0 -7 2
_THC-E .I. -- -- -- - -- -_
::0	 - E.I._
COMBUSTION

EFFICIENCY 99.4 99.3 100 100 100 100 100 100 100 100 100

,0	 -EPAP 2.58 2.82 0.30 0.11 0.20 0.02 0.007 0.04 0.02 0.02 0.01
_ CONTRIBUTION

'MC - EPAP 0.19 0.01 0.005 0.005 0.008 0.001 0.001 0.001 -0- 0.002 -0-
CONTRIBUTION
COX - EPAP 0.48 0.82* 1.86 1.6o. 1.73 0.75 0.68 1.08 21.00 0.91 1.04
CONTRIBUTION

COMBUSTOR INLET TE=ATURE AND REFERENCE VELOCITY AT NORI14AL ENGINE CONrDITIONS.

tt -- P' ? NO, EXTRAPOLATIDN TO ENGINE PRESSURE



ENGINE IDLE APPROACH CLIMBOUT TAPE-OFF
CONDITION
3EADING 1-1 APP-1 APP-2 APP-3 APP-4 APP-5 APF-6 APP-7 CL-1 CL-2. CL-3 CL-4' TO-1 TO-?
*NUMBER

FUELING PIL PILOT
PILOT PILOT PILOT PIL01' PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT

MODE ONLY ONLY
& &	 &	 & & & & & & & & &

-
MAIN MAIN	 MAIN	 MAIN

-
MAIN MAIN MAIN MAIN MAIN MAIN MAIN MAIN

INLET
PREBSURE 2.94 3.39 3.39 3.40	 3.111	 6.80 6.80 6.81 4.76 4.76 4.76 4.76 4.76 4.76

_	 ATM..
FUEL-AIR .011 .0137 .0044 .0056 .0070 .0046 .0071 .0092 .0033 .0042 .0062 .0081 .0031 .0042

_ RATIO-PILOT
FUEL-AIR .011 .0137 .0137 .0139 .0139 .0140 .0110 .0140 .0214 .0213 .0212 .0213 .0231 .0231

_ ?.ATIO-TOTAL
,0 - E.I. 9 8
'*HC -E.I. 1 0 0	 0 .L
JOY - E.I. 6.h 8	 3.5	 3.8 4.8 5.6 6 8.0 8.1

_ SMOKE NO. 1 2 ---- ---- ---- ---- ---- ---- ---- ---- ----
COMBUSTION
EFFICIENCY

__ o
99.11 99.5 91.6 92.1	 92.3	 94.2 94.2 94.6 99.8 99.9 99.9 99.8 99.9 99.9

PATTERN 1.05 1.07 0.40 0.43	 0.62	 0.36 0.52 0.90 0.33 0.34 0.29 0.34 0.35 0.31
FACTOR

CO	 - EPAP 2.53 1.93 12.84 11.22 9.84	 10.87 8.36 6.37 1.03 0.71 0.65 1.04 0.26 0.16
_ CONTRIBUTION

THC - EPAP 0. P3 0.05 4.68 4.57 4.74	 2.79 3.37 3.43 0.02 0.02 0.02 0.05 0.006 -0-
CONTRIBUTION

DATA CORRECTED TO ENGIIFE PRESSURES:

_ 00	 - E.I. 18.7 2.. 116.	 9 .4 10 81.7 0.9 0. 0. 0.2 0.8 0.2 0.1
THC - E l l. 1.7 0.1 .9	 1 15.2 17. 21. 21.9 -0- --0- -0- 0.1 -0- -0-
JO	 - E I. 3.1 * .3 .9 .3 7.3 1 .1 17.7 20.1 _19_._5___19__.T
COMBUSTION
EFFICIENCY

_	 o
99.4 99.9 95.8	 96.2 96.5 95.7 95.9 96.4 100 loo 100 loo 100 loo

00	 - EPAP 2.55 0.21 10.57 9.06 7.79 9.89 7.45 5.54 0.11 0.04 0.03 0.12 0.01 0.004
_ CONTRIBUTION

THC - EPAP 0.23 0.01 1.36 1.33 1.38 1.62 1.96 2.00 0.003 0.003 0.003 0.009 0.001 -0-
_ CONTRIBUTION

NOX - EPAP 0.112 0.77* 0.39 0.50 0.62 0.45 0.58 0.67 2.20 2.24 2.63 3.00 1.11 1.11
CONTRIBUTION.

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.

+	 -- P' 2 NO 	 rgTRAPOLATIJN TO ENGINE PRESSURE;

i

1
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APPrENDIX D-8"

GE DoUBLs/ANNULAR COMBUSTOR DATA CONFIGIJRA'iIJN DA-8

. TEST RIG DATA
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F

GE DOUBLE/ANMJLAR CONFIGURATION D/A-8 cont.

. TEST RIG DATA

MINE TAKY-OFF NO CRUISE DATA OD'I'AINED
CONDITION
.RZA.DING

TO-3 	 TO-4
' . MBER

PILOT PILOT
FUELING

&	 &
MODE MAIN	 MAIN

INLET
PRESSURE 4.76	 4.75

ATM.
FUEL-AIR .0062 .0082
RATIO-PILOT

-''UEL-AIR .0231 .0231 —	 1
RATIO-TOTAL-
CO-F.I. 2.3	 2.4 -
THC -E.I. 0.1	 0.1 -	 --

NO, - E. I. •
-SMOKE N0. ----

COMBUSTION
EFFICIENCY 99.9	 99.9

-	
0

IPATq'ERA
0.?7	 0.30

: CT09
CO	 - EPAP 0.13	 0.14

_ CONTRIBUTION

0.006 0.006THC - EPAP
CONTRIBUTION

DATA CORRECTED TO ENGINE P_RESSUR&S:

10 - E.I.
-HC - E.I.
'O - E.I.	

--- -

^OMBUSTION
EFFICIENCY	 100 100

CO - EPAP	 0.003 0.003
_ CONTRIBUTION

THC - EPAP	 0.001 0.001
CONTRIBUTION
NOX - EPAP

COMBUSTOR INLET =ERATURE AM RFIERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.

F3}



? DATA CORRECTED TO	 sI. PRESSURES:

THC - E.I.	 ^.0	 0.1 .? 1 .2
CO	 - E.I.9.`	 5. 2	 .1	 .4	 0.2

1.0 7.4 .i -0- -0- - -0- -0-	 -0-

No 	 - E.I.
COMBUSTION
EFFICIENCY 99.2 100 96.3 96.9 97.7 98.1 98.3 98.5 100 100 100 100

0.02

100	 100

0.005 0.003CO	 - EPAP
CONTRIBUTION

2.88 0.11	 8.17	 6.20	 4.84	 4.51	 4.12	 3.32 0.13	 0.06	 0.02

'HC - EPAP
CONTRIBUTION

o.41 o xi 1.48 1.39 1.01 0.68 0.6i 0.58 0.003 -0- -0- +0- TO-	 -0-

VOX -EPAP
7ONTRIBUTION.

0.45 0.76# 0.59 0.73 0.69 0.67 0.80 0.93 2.09 2.18 2.51 1.09 1.04	 1.21

i
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APPENDIX D-9-a.

GE DOUBLE/ANNULAR COPIBUSTa} DATA, CONFIGUP.ATION D/A-9

1. TEST RIG DATA	 i

`'NGINE IDLE APPROACH CLIMBOUT TAKE-OFF
_ ^ONDITION

READING 1-1 APP-1 APP-2 APP-3 APP-4 APP-5 APP-6 APP-7 CL-1 CL-2 CL-3 TO-1 TO-2 TO-3NUMBER

PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT
FUELING PILOT PILOT &	 &	 &	 & & i & z & & & & & &

MODE ONLY ONLY MAIN	 MAIN	 MAIN	 MAIN MAIN MAIN MAIN MAIN MAI14 MAIN MAIN MAIN

INLET
PRESSURE 2.91 3.39 3.40	 3.39	 3.38	 3.40 3.41 3.141 4.76 4.76 4.78 4.76 4.76 4.76

ATM.
.=FL-AIR .0110 .0139 .0071 .0091 .0112 .0072 .0092 .0113 .0035 .0041 .0060 .0030 .0040 10060
RATIO-PILOT

r FUEL-AIR .0110 .0139 .0140 .0140 .0139 .0140 .0141 .0141 .0212 .0210 .0213 .0225 .0223 .0227
RATIO-TOTAL -
CO - E.I. 2 .5
THC -E.I.

- -E.I . ^ R r A q . R 6 . 0 7 . 0 ? 7.2
CMOKE N0.
COMBUSTION
EFFICIENCY 99.2 99.5 91.8	 92.7	 94.5	 95.9 96.2 96.6 99.8 99.9 99.9 99.9 99.9 99.9

1-ATIrlt

kcTo n
1.02 0.99 0.49	 1.06	 1.03	 0.56 0.71 0.88 0.39 0.37 0.34 0.37 0.38 0.35

^
CO	 - EPAP 2.89 1.70 10.26 8.12	 6.61	 6.23 5.79 4.87 1.09 0.80 0.58 0.33 0.21 0.111

_ CONTRIBUTION
THC - EPAP 0.41 0.04 5.08 4.80	 3.48	 2.33 2.10 1.99 0.02 -0- -0- -0- -0- -0-
-ON'

COKBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.

+* -- P' 2 NO EXTRAPOLATION TO ENGINE PRESSURE
z

-- ALTERNATE. MAIN INJECTORS FUELED



TEST RIG DATA

.PIGINE	 TA KS-OFF CRUISE
CONDITION
FaBR

TO-4 CR 1	 CR-2	 CR-3
14-UMBER

-rUELING PILOT PILOT PILOT PILOT

MODE & &	 &	 &

_

MAIN MAIN	 MAIN	 MAIN

IT; LET
--

?RE9SURE 4.76 4 .78	 4.66	 4.66
ATM.

zML-AIR .0100 .0032 .0041 .0062
RATIO-PILOT
ML-AIR .0227 .0209 .0209 .0212
RATIO-TOTAL
^0 - E.I. 4.7 18.6	 13.8

-0- 0,-3 	 2	 0
NO,	 E. 1. 10.1 4.7	 4.8	 5. 6
SMOKE NO. ---- ----	 ----	 ----
COMBUSTION
EFFICIENCY 99.9 99.5	 99.7	 99.7

0.31 0.38	 0.36	 0.28
FATTM

=ACTOF^-_
00	 - EPAP

0.27 ---	 ----
__

- CONTRIBUTION
THC - EPAP -0- ----	 ----	 ----
C 017TR IBUT I ON

1
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APPINDIX D-9-b-

Gi DOUEU/ANNULAR CONFIGURATION DA-9 cont.

2. DATA CORRECTED TO E2iGINE PRESSURES:

,0	 - E. 1. 0.? lU 6	 6.7	 517
I C - E. I. -0- _0.1 	 0 1	 011

_

:10	 -E.I. 26 8	 89
COMBUSTION
,FTICIENCY 100 99.7	 95.8	 99.9

---- _	 -	 _

-

CO	 - EPAP
CONTRIBUTION

0.01 ----	 ----	 ----

THC - EPAP
CONTRIBUTION

-0- -- --	 ----	 ----

NOX - EPAP
CONTRIBUTION.

1.52 ----	 ----	 ----

COMBUSTOR INLET TEMPrMATURE AND REF73ENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.

1.
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A1 3PF.NDIX D-10-a

G1L DOUBLE/ANNULA.R COMBUSTOR DATA, CONFIGURATION D/A-10

TEST RIG DATA

Er1GINE IDLE APPROACH CLIMBOUT TAKE-OFF
'011DITION
?.FADING I-1 APP-1 APP-2 APP-3 APP-4 APP-5 AFF-6 CL-1 CL-2 CL-3 CL-4 TO-1 TO-2 TO-3
.1UMBER

PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT
DE LING PILOT PILOT & & I & 1 & 1 & I s. & & & & & &
MODE ONLY ONLY	 MAIN MAIN MAIN MAIN MAIN MAIN MAIN MAIN MAIN MAIN MAIN MAIN

INLET
PRESSURE 2.93 3.40	 3.42 3.110 3.4o 6.82 6.82 4.77 4.78 4.79 4.76 4.78 4.77 4.77

_ ATM.
?IIE L-AIR 0110 .0140 .0040 .0070 .0103 .0069 .0107 .0030 .0042 .0063 .0080 .0031 .0041 .0061

,_ ?.ATIO-PILOT
FML-AIR .O710 .0140 .0138 .0138 .0137 .0142 .0143 .0208 .0219 .0202 .0209 .0227 .0228 .0228

._ 3ATIO-TOTAL
JO - E.I. 1	 .R 1	 2 6 6 6 8 l	 b 0 0

__. TrIC -E.I. 1.1 0.	 5 30.5 24.6 21.8 1 0.1 0.1 0.1 0 -0- -0- -0-
140Y - E.I. 6.6	 2 .8 ? 5,0 7.2 6.9 6,2 ? 7.9 7.5 7,7 8,6
SMOKE NO. 1. 1.	 ---- ---- ---- 1. 1. 1. ---- ---- ----- 1_
COMBUSTION
EFFICIENCY 99.4 99.5	 92.5 95.4 96.3 96.7 97.6 99.7 99.8 99.8 99.6 99.8 99.9 99.9

PATTERN o.8o 0.99	 o.90 o.65 0.87 o.6o 0.70 0.45 0.37 0.32 0.28 0.41 0.110 0.37
ACTOR

2.43 1.78	 8.45 5.97 4.86 4.52 3.36 2.02 1.52 1.44 2.11 0.41 0.28 0.23'0	 - EPAP
CONTRIBUTION
THC - EPAP 0.19 0.03	 4.88 2.78 2.24 1.99 1.43 0.02 0.02 0.02 0.04 -0- -0- -0-
CONTRIBUTION

DATA CORRECTED TO ENGINE PRESSURES:

1 0	 - E.I. 17.9 1.9 71. 7.0 36.3 41.6 29.6 3.5 1.9 1.7 3.8 1	 0.7 0.2 0.1
:'HC - E.I. 11 -0- 15.6 8.9 7.? 1?.8 9.2 -0- -0- -0- 0.1 -0- -0- -0-
Jo	 - E.I. 3.i 7.4 10.1 6. 8 7 .9 1 .1 14.5 17.5 19.3 19. 20.1 22.1
'OMBUSTION
E7FICIENCY 99.4 100 96.8 98.0 98.4 97.7 98.4 99.9 100 loo loo loo loo loo

CO	 - EPAP 2.1^ 0.17 6.52 4.29 3.31 3.79 2.70 0.51" 0.29 0.26 0.56 0.04 0.01 0.007
CONTRIBUTION _
THC - EPAP 0.19 -0- 1.43 01.81 0.65 1.17 0.84 0.003 0.003 0.003 0.008 -0- -0- -0-
CONTRIBUTION
NOX - EPAP 0.46 0.78* 0.44 0.67 0.92 0.62 0.90 T2.24 2.15 2.61 2.88 1.11 1.15 1.26
CONTRIBUTION.

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.

* __ P 02 NO, EXTRAPOLATION TO ENGINE PRESSURE

-- ALTE:RNATZ MAIN INJECTORS FUELED



t

i^

f
k

I

76

APPENDIX D-10-b

GE DOUBLE/ANNULAR CONFIGURATION DA-10 cont.

1. TEST RIG DATA	 -i

ENGINE TAKE-OFF NO CRUISE DATA OBTAINED
^ONDITION
READING
NUMMM

0-L	 TO-5

FUELING PILOT PILOT

MODE &	 &
IN	 MAIN

—. 
LNLET

PF28SURE 1.76	 6„82
ATM.

r'UEL-AIR .0081 .0080
__ RATIO-PILOT

FUEL-AIR
RATIO-TOTAL

.0229 .0229

CO - E .I.
THC -E.I.

_ NO, - E.I.

_ SMOKE NO.
COMBUSTION
tMICIENCY 99.9	 99.9

PATTERN
0.32	 0.29

^0	 - EPAP 028	 0.19
_ CONTRIBUTION

THC - EPAP -0-	 -0 -

,ONTRIBUTI C"

DATA CORRECTED TO ENGINE PRESSURES:
,n	 _ V T	 1 (1_9I,	 01.17

:10, - E.I.

COMBUSTION

EFFICIENCY

CO - EPAP
CONTRIBUT I
THC - EPAP

N0^ - EPAP

COMBUSTOR INLET TEMFE ATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.

^•s



DATA CORRECTED TO E?r II ' PRESSURES:

" C E.I.
TFC - E.I. -0-	 O - 1 ^ 13 -2 8..8 8-2 -0- -0- -0-
NO	 E. I. * r, cr

COMBUSTION
EFFICIENCY 99.3 100	 96.3 96.7 98.0 97.3 98.0 99.7 98.9 99.6 98.7 100 100 100

CO	 - EPAP 2.80 0.15	 10.5 7.54 4.50 7.35 3.40 1.08 2.87 0.98 2.64 0.03 0.01 0.01
CONTRIBUTION
THC - EPAP

0.34 0. 003 0 .95 1.21 o.8o 0.75 0. 34 0.07 0.38 0.10 0.57 0.003 0,003 -o-
(„NTRIBUTION
nrn	 _ i;I'AP

CONTRIBUTIoN.O.44 
0 .79* 0 .30 0 .51 Q.83 0 025 0 ,53 0 .76 0.98 0.70 0.94	 2.24 235 2.74

COMBUSTOR INLET TLNIPEt.ATURE AND REFERENCE VELOCITY AT NOKINAL ENGINE CONDITIONS.

* -- P' 2 NO EXTRAPOLATION TO ENGINE PRESSURE

I
I
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APPENDIX D-11-a

GE DOUBLE/ANNULAR COMBUSTOR DATA, CONFIGURATION D/A 11

TEST RIG DATA

ZNG INE
_ 'ONDITION IDLE APr.tOACII CLIMBOUT

3EADING
-1 APP-1 APP-2 APP-3 APP-4 APP-5 APP-6 APP-7 APP-8 APP-9 APP-10 CL-1	 CL-2 CL-3

NUMBER

FUELING PILOT PILOT PILOT PILOT PIIX4 PILC1`P Pia PILOT PILOT PILOT PILOT PILOT
PILOT PILOT & & &	 &	 & j & j	 & j & j	 & j &	 & &MODE ONLY ONLY MAIN MAIN MAIN	 MAIN	 MAIN MAIN	 MAIN MAIN	 MAIN MAIN	 MAIN bidN

INLET
PRESSURE 2.91 3.42 3 .40 3.41 3.42	 6.80	 3.40 3.39	 3.40 6.80	 6.79 4.7 6	4.76 4.78

ATM
FUEL-AIR  0110 .0138 .0031 .0070 .0112 .0035 .0031 .0070 .0111 .0070 .0110 .0033 .0042 .0061
RATIO-PILOT-_
FIIEL-AIR ,0110 .0138 .0137 .0138 .0139 .0138 .0137 .0139 .0139 .0139 .0139 .0214 .0214 .0212

__ 3ATIO-TOTAL
-0	 E.I._
-HC -E.I.
IVOY - E.I. r .7

r_ SMOKE NO. 1 --- ---- ----	 ---- ----	 ---- ----	 1 ----
COMBUSTION
EFFICIENCY 99.3 99.6 93.1 93.0 95.4	 95.2	 97.4 99.2	 97.5 99.4	 98.1 99.9	 99.9 99.9

PATTERIZ
FACTOR I.04 1 -o7 0.40 0.61 1.03	 0.43	 1.30 0.91	 1.18 0.86	 1.14 0.38	 0.39 0.27

`O	 - EPAP
2.81 1.68 12.80 9.58 6.21	 8.25	 4.97 2.14	 4.35 1 .46	 3.30 0.65	 0.45 0.40

"ONTRIBUTION
THC - EPAP

0.34 0.01 3.27 4. 1 4 2,75	 1,29	 1,17 0.23	 1.30 0.16	 o.98 0.02	 0,02 -0-
CONTRIBUTION

x

# -- 15 INJECTOR SECTJR FUELED ON MAIM i
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APPENDIX D-11-b

GE DOUBLE/ANNM AR CONFIGURATION D/A -11 cont.

1. TEST RIG DATA i

EMINE CLDvlBOUT TAKE-OFF NO CRUISE DATA OBTAINED
_.CONDITION

3EADING
_ NUKHER CL-4 TO-1 TO-2 TO-3 TO-4 TO-5

FUELING PILOT PILOT PILOT PILOT PILOT PILOT

MODE & & & & & & j
IN MAIN MAIN "LAIN MAIN MAIN

INLET
PRESSURE 4.78 4.78 4.77 4.76 4.79 4.76

ATMo_
FUEL-AIR .0082 .0031 .0036 .0041 .0062 .0082
RATIO-PILOT_
FUEL-AIR .0212 .0228 .0229 .0229 .0229 .0230
RATIO-TOTAL_
CO - E.I. __
THC -E.I.
I10	 - E.I. 8 8 8.0 8.0 8.9 9.6
SMOKE N0. ---- ---- ---- ---- ----
COMBUSTION
EFFICIENCY 99.9 9909 100 100 100 100

]EATTERR 0.30 0.40 0.44 0.38
ELCTM -

0.29 0.25
---

CO	 - EPAP 0.67 0.15 0.13 0.11 0„08 0.09
CONTRIBUTION_
THC - EPAP 0.02 0.006 -0- -O- -0- -0-
C ONTR IBU T?' I ON
2. DATA CORRECTED TO ENGINE' PRESSURES:

CO	 - E.I.
THC	 E.I.
NO	 - E.I. 
COMBUSTION
EFFICIENCY	 100	 100	 100	 100	 100	 100

0

CO	 - EPAP	 0.03	 0.004 0.003 0.003 0.002 0.002
CONTRIBUTIO:;
THC - EPAP	

.003	 0„001 -0-	 -0-	 -G-	 -0-
CONTRIBUTION
NOX - EPAP	 `02	 1.17	 1.19	 120	 1 .35	 143
CONTRIBUTION.

COM3USTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINJkL ENGINE CONDITIONS.

# -- 15 INJECTOR SECTOR FUELED ON IMAIN



CO	 - E.I.
:HC - E.I. 0-0),
1^,Ox - E.I. to
COMBUSTION

r98EFFICIENCY .7 99.2 99.9	 99.6	 99.5	 98.9	 98.4 100	 100	 100	 100	 100 100	 100

CO	 - EPAP
CONTRIBUTION 3." 3. 00 0.31	 0.98	 1.37	 2.75	 2.99 0.21	 0.13	 0.04	 0.02	 0.10 0.01	 0„005

^_'HC - EPAP
CONTRIBUTION

0.97 0 .39 0.008 0.13	 0.14	 0.35	 0.73 0.006 0.006 0.006 0.006 0.006 0.003	 -0-

NOX - EPAP 0.46 0.43 0.80* 0,63	 0.71	 0,80	 0,91 2.34	 2.18	 2.20	 2.6123. 6 1,13	 1.15 
CONTRIBUTION

1

1

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS. 	
Jj

-- P' 2 NOX EXTRAPOLATION TO ENGINE PRESSURE	
1

I'

I
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i APPENDIX D- 1 2 -a

GE DOUBLE/ANNULAR COMBUSTOR DATA, CONFIGURATIONS D/A 12 a & b

TEST RIG DATA

ZNGINE IDLE IDLE APf7lf AC11 CLIMBOUT TAKF-OFF
-"OTTDITION 12-a_
3F.ADTNG -1 I-2 APP-1 APP-2 API'-j APP-4 APP-5 CL-1	 CL-2	 CL-3	 CL-4	 CL-5 TO-1	 TO-2
NUMBER

FUELING PIL PILOT
PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT

& A	 & j	 & j	 & I &	 &	 &	 &	 & &	 &
MODE ONLY ONLY ONLY MAIN	 MAIN	 MAIN	 MAIN MAIN	 MAIN	 MAIN	 MAIN	 MAIN MAIN	 MAIN

INLET
PRESSURE .93 2.94 3.4 1 	 6 .75	 6 .77	 6.80	 6 .78 4.76	 4.76 	4.77	 4.77	 40'76 4.77	 4.78

_	 ATM.
FUEL-AIR .011 .0110 .0143 .0057 .0072 .0092 .0112 .0025 .0031 .0041	 .0062 .0083 .0032 .0036
RATIO-PILOT
FUEL-AIR ,011 .0110 .0143 .0143 .0142 .0142 .0141 .0216 .0213 .0215 .0215 .0216 .0236 .0233
3ATIO-TOTAL_

__ I0 - E.I.
THC -E.I. 0	 0

._ ITO,r - E.I. 0
SMOKE NO. 1 1 ----	 ----	 ----	 ----- ----
COMBUSTION
EFFICIENCY 98.7 99.2 99.4	 99.4	 99.3	 98.5	 97.7 99.8	 99.8	 99.9	 99.9	 99.8 99.9	 99.9

IPATTIRH 1.16 1.27 1.05	 1.16	 1.02	 o.86	 1.04 0.41	 0 .33	 0 .36	 0 .34	 0 .34 0.41	 0.38
FACTOR

3 .4 1 2.96 2.25	 1.46	 1.91	 3.41	 3.68 1.32	 1.07	 0.68	 0 .59	 0 .97 0.25	 0.19CO	 - EPAP
_ CONTRIBUTION

THC - EPAP .97 0.38 0.03	 022	 o.25	 o.60	 1.26  0.03	 0.03	 0.03	 0.03	 0.03
COWRIBUTION

DATA CORRECTED TO ENGINE PRESSURE":

# -- 15 INJECTOR SECTOR FUELED ON KAIN
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APPENDIX D-12-b

GE DOUBLE/ANNULAR CONFIGURATION r/A-12-b Cont.

TEST RIG DATA

ENGINE
TAKE-OFF NO CRUISE DATA OBTAINED

- ̂OI DITION
REAl ING TO-3	 TO-4	 TO-5
NUMBER

FUELIM PiLVPl PILOT PILOT

MODE &	 &	 &
MAIN	 MAIN	 MAIN

INLET
MIESSORE 4.77	 4.78	 4.78

ATM.
:ML-AIR .0042	 0062 .0082
.RATIO-PILOT
ML-AIR .0236 .0234 .0231

_ .RATIO-TOTAL
_- 30 - E .I.

THC -E.I.
NO, - E. 1. 1 ^^	 8 . !,	 1'),-- --

SMOKE N0. _	 _ _

COMBUSTION

EFFICIENCY

-

999	 100	 100

]EATTERt?
FACTOR

0. 35
	0.35
	 0. 35

CO	 - EPAP 0.17	 0.11	 012
CONTRIBUTION
THC - EPAP 0.006 0.006	 -0-
CONTRIBUTION

2. DATA CORRECTED TO ENGINE PRESSURES:

20	 - E .I. 0,07	 0.05	 0.0
THC - E.I. 002	 0„02	 -0-
VO	 - E.I. 19,33 22	 2
COMBUSTION
EFFICIENCY 100	 100	 100

^o

CO	 - EPAP 0004 0003 0.003
CONTRIBUT ION
THC - EPAP --
ONTRIBUTION
NO X - EPAP 1.10	 1.28	 1.1,2

—	
--

CONTRIBUTION.

COMBUSTOR INLET T	 iATL'RE AND RE'.FF'.RF•NCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
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APPENDIX D-13-a

GE DOUBLE/ANNULAR COMBUSTOR DATA, CONFIGURATION D/A 13

1. TEST RIG DATA

ENGINE
IDLE APPROACH CLL`IBOUT TAKE-OFF

CONDITION
READING I-1 APP-1 APP-2 APP-3 APP-4 APP-5 CL-1 CL-2 CL-3 CL-4 TO-1	 TO-2	 TO-3 TO-4
NUMBER

PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT
FUELING PILOT PILOT PILOT & -4 	 & 1g & ' & & & & &	 &	 & &
MODE ONLY ONLY	 ONLY	 MAIN	 MAIN MAIN MAIN MAIN MAIN MAIN MAIN	 MAIN	 MAIN MAIN

INLET
PRESSURE 2.93 3. 45	 6.84	 680	 6.82 6.83 4.72 4.74 4.75 4.73 2.72	 4.76	4.72 4.72

ATM,
FUEL-AIR

0110 .0140 .0140 .0030 .006o .0085 0030 .0041 „0061 .0082 .0063 .0025 .0036 .0038
?IATIO-PILOT

VUEL-AIR .0110 .0140 .0140	 0140 .0141 .0139 .0210 .0212 .0212 .021 .0232 .0233 .0231 .0234
a.ATIO-TOTAL

J0 - E. I. 16.8 28.5 10 .7
iHC-E.I. 2 0.1	 0.1	 12A	 L.1 L.L 0	 1 -0- -0- 0	 1 -0-	 -0-	 -0- -0-

_ 110,E - E. I. 6.3	 8	 )4.6 .) 6.1 6 6	 7.1	 6.8 6
_SMOKE N0.
COMBUSTION
EFFICIENCY 99.3 99.4	 99.8	 97.6	 99.2 98.9 99.7 99.9 99.9 99.8 99.9	 99.8	 99.8 99.9

PAT2EM?
1.19 1.16	 1.20	 1.40	 0.98 0.75 0.40 0.41 0.36 0.28 ----	 0.51	 0 .43 0 .43 --_ FACTOR

2.62 2.13	 0.88	 4.35	 1.53 2.60 1.59 0.82 0.65 1.04 0.30	 0.47	 0.28 0,28
^0	 - EPAP
CONTRIBUTION
_dC - EPAP 0.30 0.01	 0.01	 1.17	 0.37 0.40 0.01 -0- 0.01 -0-	 -0-	 -0- -0-
COWRIBUTION _

DATA CORRECTED 7^i -" T^ i:.r PRA= ^U_E.: :

THC	 E.I. - -0- -0- _O__ -0-	 - -0- - 
:70x	 E.I. .

COMBUSTION
EFFICIENCY

0
99.3 99.9	 99.9	 98.3 99.5 99.2 100 103 100 100 100	 100 100 loo

CO	 - EPAP .64 0.28	 0.30	 3.63 1.05 2.01 031 0.06 0.03 0.12 0.007 O.o6 0.01 0,01
CONTRIBUTION
THC - EFAP

.30 0.003 0.005 0.68 0.22 0.23 0.003 -0- -0- 0.003 -o-	 -0- -0- -0-
CONTRIBUTION
NOx - EPAP

^..1 0.81* 0.80* 0 .55 0 .57 0.73 2. 05 1 .97 2.22 2.59 1.11	 1.o r, 1.06 1.08
CONTRIBUTION

COMBUSTOR INLET TEMPERATURE AIM REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS:).

* -- P12 No EXTRAPOLATION To ENGINE =SURE
x

N -- 15 INJECTOR SECTOR FURLED ON ".AIN
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APPENDIX D-13-b

i.

GE DOUBLE/ANNULAR CONFIGURATION D/A-13 cont.

1. TEST RIG DATA	
'#

ENGINE	 TAKE-OFF	 NO CRUISE DATA OBTAINED
CONDITION
READING
NUMBER	 TO-5	 TO-6	 TO-7	 TO-8	 TO-9	 TO-10 TO-11	 F

FUELING	 PILOT PILOT PILOT PILOT PILOT PILOT PILOT

MODE	 &	 &	 &	 &	 &	 &	 &
'IA IN	 MAIN	 MAIN	 MAIN	 MAIN	 MAIN	 MAIN

INLET
PRESSURE	 4 75 	 4.73	 6 . 83	 9. 55 	 9.53	 9 ° 53	 9.54

ATM
FUEL-AIR	 .0047 0..62 °0060 .0025 °0036 .0045 .0060RATIO-PILOT	 _
FUEL-AIR	 .0235 .0232 .0228 .0229 .0231 .0231 	 .0229
11ATIO-TOTAL
CO - E.I.	 _--	 -
THC -E.I.	 -0-	 -0-	 -0-	 0 2	 -0-

iNOY -E.I.	 68	 0	 102

SMOKE N0.	 ---	 -
COMBUSTION
EFFICIENCY	 99.9	 99.9	 100	 99 ° 9	 99.9	 100	 100

'ANN	 0.43	 0 ° 36	 0.32	 0.42	 0.38	 0.31	 0.32	 ---
FkQT'	 ---	 -
CO	 - EPAP	

0.19	 0 ° 14	 0.08	 0.24	 0„13	 0.03	 0,06._ CONTRIBUTION 
THC - EPAP	 -0-	 -0-	 -0-	 0 01	 -0-	 -0-	 -0-
CONTRIBUTION	 °

-- 2. DATA CORRECTED TO ';GIIJE PRESSURES:

CC	 - E.I.
-0-

Q°nb ...nl.
-0- -0-

n9
0-06

n
-0- -0- -0-

-
iHC - E.I.
NO	 - E.I. j
COMBUSTION

_

EFFICIENCY 100 100	 100 100 100 100 100

CO	 - EPAP 0.005 0.003 0.004 0.03 0.01 0„008 0.006 JCONTRIBUTION
THC - EPAP -0- -0-	 -0- 0.003 -0- -0- -0-
CONTRIBUTION
NOk - EPAP 1.04	 1.16	 1.16	 0,96	 1,01 1 	 1,04 1.09
CONTRIBUTION.

COMBUSTOR INLET T	 MATURE A2^ R .=TCE VELOCITY AT NOMINAL E2JGINE COIJDITIOPJ. .

.i.
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APPENDIX D- lL- a-

CIE DOUBLE/ANNULAR COMBUSTOR DATA, CONFIGURATION D/A "-a

1. TEST RIG DATA 	 f

i

SIN' IDLE APPROACH CLIMBOUI' TAKL-OFF
CONDITION
READING ID-1 APP-1 AfP-2 AFP-3 Af'P-4 AFP-5 CL-1 CL-2 CL-3 CL-4 TO-1 T04 TO-3 TO-4
NUMBER

HLOT FLLOT FILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT
FUELING PILOT PILOT PILOT & &	 v,. & & & & & & & &

MODE ONLY ONLY ONLY MAIN MAIN	 MAIN MAIN MAIN MAIN MAIN MAIN MAIN MAIN MAIN

INLET
PRESSURE 2.91 3.41 6.80 6.80 6.80	 6.80 9.53 9.51 9.53 9.54 9.56 9.60 9.54 9.53

ATM,
FUEL-AIR .0110 .0140 .0140 .0031 .006? .0091 .0025 .0031 .0041 .0062 .0021 .0031 .0042 .(oO
RATIO-PILOT
FUEL-AIR .0110 .0140 .0140 .0141 .0142 .0141 .0217 .0216 .0217 .0217 .0234 .0234 .0236 .0235
RATIO-TOTAL

i 
CO - E .I. 26 .9 22. 11.2 101. 71. .0 .l -U 2. 4.3 ?.^i 1.9

THC -E.I. 3. 0.'l 0. 2?.0 2	 39. E U..l -v- -u- -0- 0.2 0.1 0.7 0.1
_ Ro,^ - E.I. .5^ 7. 3. 5.7 1^ . 10. 7.0.7 11. 1?.? 1? .l l'1.5 13.

SMOKE NO. 1. -0- ---- ---	 ---- -- -- ---- 1- ---- ---- -0- ---- ---
COMBUSTION
EFFICIENCY 99.0 99.4 99.7 95.4 95.1	 94.4 )9.9 99.9 99.9 9M 9908 99.9 99.9 100

FACTENN
FACTOR

l.lu 1.15 1.35 0.58 0.58	 0.89 0.50 0.47 0.45 0.40 0.58 0.57 0.;2 O.L,li
_

CO	 - EPAP 3.67 12.06 1.03 9.28 6.05	 6.57 0.89 0.65 0.45 0.36 0.37 0.25 0.11 0.11
_ CONTRIBUTION

THC - EPAP 0.52 10.06 0. Oh ?.Ol 2.60	 3.r9 0.01 -o- -o- -0- 0.01 0.006 O.Oh6 0.006
Co?JTRIBU ION

I	 i

DATA CORREC`^ED t0 E:GL' I`itiSSURF`,:

co	 - E.I. 71- ?.. 7' 0. 7 0. 4 0.3 1. , 0.6 0.:' 0.2
THC - E.I. -0- -0- -C- 0.06 0.03 0.03 0.

NO	 EI. 3.2 7•-o A 	* 4.7 6.5 7.7 17.01 16 .99 17.5H 19M, 2=7? 0. 2.1	 -
CO BUSTION

!TTICIENCY 99.1 99.9	 99.9 96.4 96.5 96.3 100 1CO 100 1co 100 100 100 100

^'O	 - EPAP
CONTRIBUTION

3.66 0125	 0.35 9.25 7.15 5.72 0.21 0.11 0.06 0.05 0.08 0.03 0.01 0.01
_

CONTRIEUTIOPJ 0.41 0.02	 0.02 1.17 1. c 1 2.09 0.006 -o- -0- -0- 0.003 0.002 0.002 0.002

NOX - EPAP
CONTRIBUTION.

.44 0.69* 0.77- 0.43 0.59 0.71 2.53 2.53 2.61 2.P4 1.23 1.22 1.2C 1.2F

COMBUSTOR INLET TEMP.:'_QAT(TRE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.

* -- F •2 NOz hITRAFCLATION TO ENGINE PRESSURE
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APPENDIX D-14-b -

GE DOUBLE/ANNULAR CONF'iGURATION D/A -111 -a cont.

1. TEST RIG DATA

ENGINE CRUISE
_ CONDITION

READING
CR-1 CR-2 Cl:.-3 CR-4

NIIP®ER

FUELING
PILOT PILOT PILOT PILOT

MODE
& & & &

IMAIR MAIN MAIN MAIN

INLET
PRESSURE 4.76 1.76 4.78 4.78

ATM.
FUEL-AIR .0031 .004? .0062 .0083 —	 —
RATIO-PILOT I _
FUEL-AIR .0214 .0213 .023 .0213
RATIO-TOTAL
CO	 E.I. K

1	 rE.I.
_

NO	 - E.I. C

SMOKE NO.
COMBUSTION
EFFICIENCY 99.6 99.7 99.7 99.6

_	 0 -
PAS

0.51 0.50, 0.50 0.56
7,lACTQg^. _-

.0	 - EPAP
_ CONTRIBUTION

HC -EPAP
C ONTR I_BUT I 0::

TT.TV DVVQQTMVQ .

` CO	 - E.I.
^HC - E.I.

NO-r - E.I.
COMBUSTION
EFFICIENCY

CO - EPAP
_ ^ONTR IPUTION

THC - EPAP

NOX - EPAP

COMBUSTOR INLET TEMP—HERLATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
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APPENDIX D -15
f

GL DOUBLE/ANNULAR COMBUSTOR DATA, CONFIGURATION DA 14-b

i
TEST RIG DATA

ENGINE	
IDLE	 APPROACH	 NO CLIMBOUT, TAKE-OFF OR CRUISE DATA OBTAINED

CONDITION
BEADING ID-1 APP-1 APP-2 APP-3
NUMBER

FUELING FILOT PILOT PILOT PILOT
}	 MODE ONLY ONLY	 ONLY	 ONLY

INLET

I	
WMSURE 2.93 3.40	5.08	 6.77

i ATM.
FUEL-AIR .0110 .0140 .0140 .0140
RATIO-PILOT
FUEL-AIR .0110 .0140 .0140 .0140
RAT10-TOTAL
00 - E .I. 47.0 ILL 20.5	 1
THC -E.I. 19.4 0.	 0.1	 012
NO Y - 7.5	 8.0
EMOKF NO. 1. 1.	 1.	 1.
COMBUSTION
=ICIENCY 97.0 99.2	 99.5	 99.6

RATTERR

ACTM
1.68 1.30	 1.23	 1.45

'0	 - EPAP 6.42 2.96	 1.87	 1.40

-	 _

_ CONTRIBUTIO; f
THC - EPAP 2.65 0.03	 0.01	 0.02
/' l'TPM T M T7M T rW

00	 - E.I. 2 6	 .K	 5.2
_ THC - E.I. 191- 0.1	 0.94	 0..1

__ NO	 - E.I. 3.1 8.2-y-	 4	 8.9-K
COMBUSTION
EFFICIENCY 96.9 99.8	 99.9	 99.9

CO	 - EPAP
_ CONTRIBUTION

6.45 0.58	 0.41	 0.47

THC - EPAP
CONTRIBUTION

2.66
I

0.008 0.004 0.011
_	

_+------

I

NOX - EPAP
CONTRIBUTION

1 
0.42 0.75* O.8C* 0.82*

COMBUSTOR DILET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CO:7,DITIOPTS.

*	 --	 F' 2 NOZ EXTRAPOLATION TO ENGINE FRESSLRF
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APPENDIX E

This appendix contains summaries of test rig data for all of the General
Electric radial/axial combustor configurations evaluated in Phi l se II of the Ex-
perimental Clean Combustor Program. Data are presented in two groupings:

1. Test Rig Data - In this section, data are presented as they were ob-
Wined in the test rig with one exception. In setting test point conditions, :t
was rarely possible to operate picelsely at th- design point fuel-air ratio.
Thus, when more than fuel-air ratio was investigated at a test condition, the
general procedure used was to plot the emissions against fuel-air ratio and
determine emission levels at the design point fuel-air ratio by interpolation.
When only one fuel-air ratio was investigated at a test condition, emission
levels at that value are reported.

2. Data Corrected to Engine Pressures -- Correlations which were used
to extrapolate test rig data to engine conditions are contained in the Data
Correlation Procedures section of the report. Calculations of EPAP values
were made according to the procedures described in the EPAP Calculations
section of the report.

z:
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APPENDIX E-1-a

i

GE RADIAL/AXIAL COMBUSTOR. DATA, CONFIGURATION R/A-1

1. TEST RIG DATA

3

i

ENGINE IDLE APPROACH CLIMFIOUT_	 CONDITION
READING Ill-1 ID-2 AFP 1 APP-2 APP-3APP-4 APP-5 APP-6 APP-7 APP-8 APP-9 APP 10 CL-1 CL-2
NUMER

z z+ "	 1 PILOT PILOT
FUELING PILOT PILOT PILOT MOT PILOT PILOT PILOT PILOT & j & ^ & & & &

MODE OldLY ONLY ONLY ONLY ONLY & j, & ^ & MAIN MAIN MAIN MAIN MAIM MAIN
MAIN MAID' MAIN

INLET
PRESSURE 2.91 2.89 3.42 3.42 6.85 3.42 6.87 3.42 3.42 6.83 6.87 3.40 4.76 4.75

ATM,

FUEL-AIR
-0110 .0115 .0137 .0138 .0139 .0038 .0058 .0059 .0057 .0057 .0073 .0074 .0()47 .0057

RATIO-PILOT
FUEL-AIR .0110 .0115 .0137 .0138 .0139 .0137 .01-37 .0139 .0137 .0138 .0138 .0139 .0208 .0206

_	 RATIO-TOTAL
CO •- E-I. 97 . 0 113, 101, 99.7 10 .2

_.Hr; -E.I. K 0 . 5 A7.2 100. 6G 0
•

1^.8 .7
- NOY _E.I. K 6 i 0 .2 ?. .0 .1 [ .1 7.

SMO.CE NO. K --- ---- ---- -- - -- 1.6 ---- ---- ----
COMBUSTION
F̂ rTICIENCY 94.5 95.1 99.1 99.3 99.7 80.6 90.7 89.0 81.9 87.6 00.8 88.1 97.1 98.1

FATT'ER.1'
FkCTQH

12.0 11.85 2.70 2.54 1.06 9.67 7,95 8.95 10.12 9.19 9.09 9.76 9.65 8.06CO	 - EPAP
_ CONTRIBUTION

THC - EPAP ),.b4 3.97 0.23 0.05 0.04 15.47 6.66 7.95 14.14 9.15 6.29 8.56 2.05 1.00
CONTRIBUTION

DATA CORRECTED TO	 PR2_SCI':_.:.'

_	 CO	 - E.I. 4.6	 ? 7 R	 - ^,E ^. 98.? 85. 9. 76.6 1.0 32.?
_	 THC - E.I. 8 0 0.2 0.2 45.6 1j;) .9 2	 . 0 5.3 5 1 .6 40.Ir 27.3 2.5

110	 - E.I. 2.o 5. 4 6.L. 7 . 2o 4- Li 1 5.9 5.2 5.3 8.1 9.3 IF -. 7-7
COMBUSTION
EFFICIENCY 94.5 95.1 99.8 99.9 99.9 93.1 93.9 95.7 93.4 92.1 93.9 95 .5 98.8 99.1

CO	 - EPAP 12.b0 11.77 0.48 0.42 0.25 7.73 7.07 6.88 8.05 7.79 8.17 6.98 6.10 4.79
_ CON'T'RIBUTION

4.63 3.93 0.07 0.01 0.02 4.52 3.91 2.33 4.13 5.34 3.69 2.49 0.38 0.18
CONTRIBUTION
NO X - EPAP 0.28 0.31 0.50•* 0.58^i 0.63# 0.40 0.48 0.514 0.41, 0.49 0.73 0.77 1.71 2.52
CONTRIBUTION.

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.

* -- P02 N0, EXTRAPOLAT10N TO ENGINE PRESSURE

¢ -- ALTERNATE PILOT INJECTORS FUELED
+ -- ALTERNATE F'ILOT AND ALTERNATE MAIN INJECTORS FUELED

L4 -- Al,T RNATE MAIN INJECTORS FtiELFP
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APPENDIX E-1-b

OE RADIAL/AXIAL CONFIGURATION R/A-1 Cont.

1. TEST RIG DATA

j

I

ENGINE
CONDITION

CLIMBOUT TAKE-OFF NJ CRUISE DATA OBTAINED

READING
CL-3 TO-1	 TO-2	 TO-3	 TO-4	 TO-5	 TO-6	 TO-7 TO-8

NUMBER

FUELING PILOT PILOT PILOT PILOT PILOT PILOT	 ¢PILOT PILOT PILO'P
MODE

,MAIN MAIN MAIN MAIN MAIN MAIN
MAIN MAIIJ MAIN

INLET
PRESSURE 4.75 9.59 4.72 9.59 4.78 4.75 4080 14.79 4.80

ATM,

FUEL-AIR x068
00038 .0038 .0057 .0059 .0077 .0030 .0038 .0049

FUEL-AIR 0209 .0225 .0231 .0222 .02?P .0226 .0229 .022J	 .0231
_ R,ATIO-TOTAL

JO - E.I. 3 8. 0 23.1 31.7 13.7 16.", 13.3 53.0 38A ?8
THC -E.I. 2.L- 1.5 M 0.2 094 0.2 24.0 9.2
NO,- E. I . 1 0 -5 7.0 .9 12.7 ?. ; 14.0 5. 1 7. 4
SMOKE NO. ---- ---- 1.7 ---- ---- ---- ---- 0. ---- I
COMBUSTION
EFFICIENCY 98.9 99.3 98.9 99.7 99.6 99.2 96.4 98.2 98.9

£ATTERN --- ---- ----
FACTOR

--- ---- ---- ---- ---- ----

5.65 1.32 1.81 0.78 0.97 0.76 3.03 2.19 1.65,0	 - EPAP
_ CONTRIBUTION

I'HC - EPAP 0.36 0.09 0.19 0.01 0.02 0.01 1.37 0.53 0.22CONTRIBUTION

DATA CORRECTFD TO E':GT'•:?FCSTJ S.

-0	 - E.I. 1^.5 12 1 .0 10.0 18.8 12.3
_ THC - E.I. 0 n.[ 0 0.06 0.06 0.01 3.9 1. r 0

_ NOy	 E.I. 2 12.0 11.7 21.8 2 1 12 17 .6 19.5
COMBUSTION
EFFICIENCY 99.5 99.7 99.6 99.9 99.9 99.9 98.9 99.4 99.7

CO	 - EPAP
_ CONTRIBUTION

2.90 0.70 0.79 0.31 0.27 0.17 1.71 1.07 0.69

THC -EPAP 0.07 0.03 0.03 -0- -0- -0- 0.22 0.08 0.03
CONTRIBUTION
NOX - EPAP 3.4- 0.69 0.67 1.2L 1.31 1.89 0.71 0. 9' 1.11
CONTRIBUTION.,

COMBUSTOR INLE' =-'_FrIRATURE AND RErr7-r7 	 VELOCITY AT NOMINAL ENGINE CONDITIONS.

-- ALTERNATE PILOT INJECTORS FUELED
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A I PENDDI 6-2-a -

GE RADIAL/AXIAL COMRUSTOR DATA, CONFIGURATION R/A-2

1. TEST RIG DATA	 i

i

I

I

i

U

ENGINE IDLE APPROACH CLIM&-)UT TAKE:-ONE'
CONDITION
READING 1D-1 APP-1 APP-2 APP-3 APP-4 APP-5 APF-6 AFF-7 CL-1 CL-2 CL-3 CL-4 TO-1 TO-2
NUMBER

PILOT 11L'JT PILOT^FILOT FILOT PILOT PILOT PILOT PILOT PILOT PILo,)T PI1L T PILOT PILOT
FUELING & & j & 2 & & & & & & 2 & 2 k &
MODE ONLY ONLY

MAIN MAIN MAIN MAIN MAIN MAIN MAIN MAIN MAIN MAIN MAIN MAIN

INLET
PRESSURE 2.91 4.78 4.77 4.80 4.74 4.78 4.80 4.79 4 .55 4.76 4.76 4.74 4.80 4.60

ATM.
FUEL-AIR .0110 .0140 .0048 .0057 .0077 .0040 .0050 .0060 .0049 .0074 .0049 .0074 .0039 .0048
RATIO-PILOT
FUEL-AIR .0110 .0140 .0137 .0137 .0142 .014? .01.43	 .0141 .0215 .0215 .0215 .0215 .0227 .0230

. , RATIO-TOTAL
CO - E.I. 54.0 12 91 127. 117. 111. 26. h 21._ 2 3. 3 15.4

_ I	 -E.I. 6.1 0. 11. 75.2 42.2 229. 139. 94.. 1.1 0.4 2.0 O.E 0.9 ._
_ NOY - E.I. =-7-.1 2.4 3.2 5.2 1.? 1.9 2.H 6.2

SMOKE NO. 0.8 0. -- 0. --- ---- ---- 1.2 ---- ---- ---- ---- ---- ----
COMBUSTION
EFFICIENCY 98.1 99.7 86.6 90.3 93.8 74.1 83.4 88.0 99.3 99.5 99.2 99.4 99.4 99.6

]PATTERN
FACTOR

0.64 0.41 1.20 1.07 0.73 1.05 0.71 0.63 0.36 n.66 0.56 0.5t., 0 . 33 0.34
_

'0	 - EPAP 7.35 1.14 9.10 8.38 7.61 11.6 10.7 10.1 3.93 2.83 1.56 1.20 1.33 0.88
_ CONTRIBUTION

THC - EPAP 0.83 0.04 1G.1 6.86 2.85 20.9 12.7 8.62 0.16 o.n6 0.11 0.05 0.05 0.02

:	 C0N'1'RIBTJTI0N

_ 2. DATA CORRECTED TO EN^,I??E PpESSURES

_ co	 - E.I. 3.. 1.3 P3.4 76.1 67.9 log. ., .0
71W - E.I. 6 1 0.2 45.1 30 .9 17.1 93. 0.] 0.

_ NO	 - E.I. .1 .2* 3.'^ i .8 8.0 2.0 2 11	 ? 2 1! •8
COMBUSTION
EFFICIENCY 98.1 100 93.5 95.1 96.7 88.1 92.0 93.5 99.7 99.8 99.7 95.8 99.8 99.9

70 	 EMU 7.35 0.11 7.61 6.94 6.19 9.92 9.08 8.55 1.62 0.96 1.63 1.05 0.48 0.22
_	 CO2+1'H:IiJT v:1

=H0 1-,63 0.01 4.11 2.81 1.56 8 .54 5.19 3.55 0.03 0.01 0.05 0.02 0.01

_

-0-

NOx - EPAP
- 0.42 0.84* 0.35 O.Wi 0.73 0.18 0.25 0.34 ?.1] 3.1 p ?.1? 3.39 0.92 1.05- i=Fi

r	 COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.

•	 Pe2 NO EXTRAPOLATION TO ENGINE PRESSURE
z

10 -- ALTIiaNATE MAIN INJECTORS FUELED
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APPENDIX E-2-b	 I

GE RADIAL/AXIAL CONFIGURATION R/A-2 cant..

1. TEST RIG DATA

ENGINE
COND ITION

TAKE-OFF -RUISE

READING TO-3 Cif-1 CR-2 CR-3 CR-4 CR-5 CR-6 CR-7
NUMBEh

PIIELING PILOT PILOT PILOT PILOT PILOT PIL0?FILO?PILOT'

MODE & ONLY & & & R 2 & 2 & 2
MAIN MAIN MAIN MAIN MAIN MAIN MAIN

- -INLET
PREB.SURE 4.59 4.78 4.78 4.73 4.74 4.79 4.78 4.77

ATM,
FML-AIR .0069 .0210 .0052 .0063 .0078 .0018 .0058 .0074 !
RATIO-PILOT
rIIEi.-AIR .0230 .0210 .0223 .0221 .0223 .0206 .0207 .021
RATIO-TOTAL
30 - E.I.

0.2 o.3 5.9 3.1	 1.7	 5 Q
NOY	 E.I. 9. 0 4.6 5.3 6
SMOKE N0. - - - --
COMBUSTION
=ICIENCY 99.7 99.8 98.5 98.9 99.2 98.5 98.8 99.0

]eATgERA n.3^
0.32 0.32 0.32 0.31 o.62 0.31 0.32

_ FA^T4g

0.62
____ _-_ -___

---- ---- ---- ----
'0	 - EPAP
CONTRIBUTION -
iHC - EPAP 0.Q1 ---- --__ ---- ---- ---- ---- ----

ONTRIB7PION

I	 ?, DATA CORRECTED TO ::;DINE PRESSURES:

CO	 - E.I. 1.2 29.2	 23.7 8 19. 8 	0
THC - E.I. 0 1 2	 1 0	 2 5 1 6	 1

_ NO	 - E.I. 2 10 8 8 '1	 6 a 8	 R

OMBUSTION

EFFICIENCY 100 100 99.1	 99.3 99.5	 99.1 99.4	 99.4

00	 - EPAP 0110 ----
,` CONTRIBUTION

THC - EPAP -0- -- ----	 ---- ----	 ---- ----	 ----
CONTRIBUTION
NOa - EPAP 1.1a2

-- ----	 ---- ----	 ----CONTRIBUTION.
I

--__ ----

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOM.IfiAL ENGINE CONDITIONS.

-- ALTERNATE MAIN INJECTORS FUELED

ty
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• nnc^inTV c ^ s.

ME RALIAL/AXIAL CONFIGURATION R/A-3 cont.

1. TEST RIG DATA

ENGINE TAKE-OFF NO CRUISr; DATA OBTAINED
CONDITION
READING
NUMBER

TO-1 TO-2 TO-3 TO-4 TO-5 To-6

PILOT PILOT PILOT PILOT PILOT PILOT
FUELING

& & & & & &
MODE MAIN MALI MAIN MAIN MA IN ;MAIN

^iliLET

SURE 4.74 9.53 4.74 9.53 4.74 9.53
ATM.

FUEL-AIR .0039 .004o, .005o .0050 .0069 .0070
RATIO-PILOT
FUEL-AIR .0228 .0231 .0231 .0232 .0230 .0232 .
RATIO-TOTAL
CO - E.I.
THC -E.I. 6 0
WO	 - E.I. 5.8 7.2 7 8.9 10.3 14,
SMOKE NO. ---- ---- ---- ---- 2,o o-5

-COMBUSTION
E TICIENCY 97.8 98.9 99.1 99.6 99.6 99.8

4
4ATTERN

-^FACTOR
0.40 G.30 0.32 0.30 0.28 0.27

CO	 - EPAP 2.50 1.55 1.60 0.8; 0.91 0.46
CONThIBUTION
THC - EPAP 0.69 0.?6 o.14 0.06 0.03 0'.03
7 ONTR IBUT I ON

DATA CORRECTED TO ENGINE PRESSURES:

_ CO	 - E.I. 22 1 .^ 11. .3 4.3 2.2
_ I'LC - E.I. 1 l.r	 0. 0.3 0.1 0.2

- - :10x - E.I. 13,1L 11 17,o 14.2 23.9 22.9
COMBUSTION
EI'FTcD=Y 99.3 99.5 99.7 99.8 99.9 99.9

CO	 - E2AP
CONTII IBUTION.

1.30 0.88 0.66 0.36 0.24 0.12

"'HC - EPAP
_	 CONTRIBUTION

0.11 0.06 0.02 0.02 0.005 0.01

NOX - EPAP
CONTRIBUTION.

0.77 0.67 0.97 0.61 1.36 1.31

CCUIBUSTOR INLET TEY=ATURE AliD REFr'.RENCE VELOCITY AT NOMilIAL ENGINE CONDITIONS.
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1. TEST RIG DATA

1

I

i

E

APPENDIX E-4

GE RADIAL/AXIAL COMBUSTOR DATA, CONFIGURATION R/A-4

EIGINE
IDLE APPROACH CLIMBOUT TAKE-OFF CRUISE

CONDITION
READING ID-1 APP-1 CL-1 CL-2 CL-3 CL-4 TO-1 TO-2 TO-3 GR-1 CR-2 CR-3
NRMER

PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT
FUELING PILOT PILOT & & & & & & & & & &

MODE ONLY ONLY MAIN MAIN MAIN MAIN MAIN MAIN MAIN MAIN MAIN MAIN

I11LET

PRESSURE 2.89 3.42 4.76 4.76 4.77 4.75 4.76 4.77 4.76 4.75 4.78 4.78
ATM.

FUEL-AIR .011 .0140 .0038 .0048 .0068 .0097 .0040 .0050 .0069 .0049 0069 .0077
RATIO-PILOT
rUEL-AIR X011 .0140 0217 .0214 .0214 „0215 „0230 .0230 .0229 .0207 .0208 .0207
RATIO-TOTAL
CO - E.I. 8
THC -E.I. 86 ) 16.6
NO	 - E. I. 10-1 0 2 8 .r ^1

_ SMOKE NO. o ---- ---- ---- ---- ---- ----
COMBUSTION
EFFICIENCY 98.8 99.5 89.7 95.2 97.8 98.3 95.7 98.5 99.3 89.0 94.8 96.5

RAT^
R- FACTOR

0.60 0.67 0.36 0.34 0.25 0.31 032 0.30 0.27 0.36 0.27 0.25

Co	 - EPAP 5 .91 1.62 12.6 10.9 8 .43 7.60 3.32 2.15 1.34
CONTRIBUTION
THC - EPAP 0.20 0.08 12.4 4.52 1.23 0„80 1.70 0.37 0.09 ----

---
__--

CONTRIBUTION

2 . DATA CORRECTED TO FliGINE PRESSURES:

CO	 - E.I. L20, 8 1.5 _51„ J L__L6.1 '14 29.7 34.0 18.3 8.6 6	 ^8 2	 64.8
THC - E.I. 0 1 6 1 1.0 4.8 1.0 0.3 36,1 13,,l	 6.9

NO	 - E.I. 3.1 r_6* 5^2 8.1 1 ).6 ..-1 .6 8 12 21 8	 10.2
_

COMBUSTION
EFFICIENCY 98.9 99.9 97.2 98.3 99. 0 99.2 98.7 99.5 99.8 94.9 97.0	 97.8

CO	 - EPAP 5.84 0.14 8 09 ?Q. 5 ,10 4.42 1.94 1.05 0.49 ---^ ----	 ----
CONTRIBUTION
THC - EPAP
CONTRIBUTION

0.20 0.02 2.28 0.83 0.23 0.15 0.27 0.06 0.01 ---- -----	 ----

'

NOx - EPAP
0.43 0.51* 0.7 .1 1.20 -2.32 3.36 0 .49 0.71 1.25 ----

----	 ----CONTRIBUTION.

COMBUSTOR INLET TEMPS ATURE AND r?EI'ErZFNCE VELOCITY AT NOXINAL ENGIT E CONDITIONS.

* -- P62 NO EXTRAPOLATION TO ENGINE PRESSUREx

ORIUNAL PAGE 1.
OF POOP (1T , i r m v
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APPENDIX E-5

GE RADIAL/AXIAL COMBUSTOR DATA, CONFIGURATION RA-5

1. TEST RIG DATA

ENGINE
IDLE APPROACH CLIMBOUT TAKE-OFF CRUISE

CONDITION
READING ID-1 APP-1 CL-1 CL-2 CL-3 TO-1 TO-2 CR-1 CR-2 CR-3
NUMBER

PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT
FUELING PILOT PILOT & & & & & & & &
MODE ONLY ONLY MAIN MAIN MAIN MAIN MAIN MAIN MAIN MAIN

INLET
PRESSURE 2.90 3.41 4.70 4.78 4.76 4.7 1 4.73 4.74 4.78 4.76

ATM.
FUEL-AIR .0110 .0140 .0040 .0050 .0068 .0040 .0050 .00 45 .0069 .0083
RATIO-PILOT
FUEL-AIR .0110 .0140 .0214 .0214 .0209 .0227 .0230 .0207 .0208 .0208
RATIO-TOTAL
CO - E.I. L1.0 0 LL.3 36.7 88.0 60 0
THC-E.I. 2.0 08 83.7 17.1 2 2 10 .2

_ NO, - E.I. 3.L 7.0 2	 1 3.0 10 0 2.2
SMOKE N0. - -	 - r -	 - --- ---- - ---- --	 -
COMBUSTION
EFFICIENCY 98.8 99.6 89.8 97.0 98.6 98.6 96.7 90.1 97.6 98.2

a

PATTERN
- ACTOR

0.26 0.31 0 .33 0.29 0.24 0 . 24 0 . 1 7 0 . 3 1 0 .35 0.41

__

CO	 - EPAP 5.60 1. 42 11.7 7.93 6.10 2.53 2.10 ---- ---- ----

_

CONTRIBUTION
THC - EPAP 0.27 0.08 12.5 2.54 0.62 0.19 0.25 ---- ---- ----
CONTRIBUTION

2. DATA CORRECTED TO ENGINE PRESSURES:

CO	 - E.I. LQ. 7 31-r.52
THC - E.I. 0_ Z 3.?
NO	 - E.I.
COMBUSTION
EFFICIENCY

0
98.8 100 97.3	 98.9	 99.4 99.4	 99.5 95.3	 98.5	 98.8

CO	 - EYAP 5.56 1.42 7.78	 );.69	 3.24 1.32	 1.00 ----	 ----	 ----
CONTRIBUTION
THC - EPAP

0.27 0.02 2.26	 0.48	 0.12 0.03	 0.04 ----	 ----	 ----
_ONTRIE'JTION
NOX - EPAP 0.46 0.72* 0.61	 0.93	 1.71 1.05	 1.311
CONTRIBUTION.

COMBUSTOR INLET TEMPERATURE AND REF F̂ RENrE VELOCITY AT NOMINAL ENGINE CONDITIONS.

-- P •2 NO EXTRAPOLATION TO ENGINE PRESSURE
x

ri -
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1. TEST RIG DATA
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APPENDIX E-6

GE RADIAL/AXIAL COMBUSTOR DATA, CONFIGURATION R/,

0

'rte INE
IDLE APPROACH CLITLRi1T-1T

NO TAI{E-OFD
DATA CRUISE

;CONDITION
READING ID-1 APP-1 APP-2 APP-3 CL-1 CR-1	 CR-2	 CR-3
LimER

PILOT PILOT PILOT PILOT PILOT PILOT
FiiELING PILOT PILOT	 &	 & & &	 &	 &
MODE ONLY ONLY	 MAIN	 MAIN MAIN MAIN	 MAIN	 MAIN

INLET
PREBSURE 2.96 3.48	 3.50	 3.60 4.77 4.77	 4.77	 4.92

ATM.
FUEL-AIR 0110 .0140	 0048 .0070 .0071 .0050 .0072 .0079
RATIO-PILOT
FUEL-AIR ,0110 .0140 „0137 .0139 .0214 .0210 .0213	 0208
RATIO-TOTAL
n - E.I.

-.MC -E.I. 0 0
_?:OY-E.I. 6.0 r

SMOKE N0. _

COMBUSTION
EFFICIENCY

-
99.4 99.7	 60.1	 76.4 99.2 95.3	 98.9	 98.9

WERN
0.36 0.28	 o.83	 0._41 0.30 0.23	 0 .24	 0.35- FACTOA

CO	 - EPAP 3,20 1.20	 9.55	 12.6 2.97
----	 ----	 ----

- 
CONTRIBUTION
THC - EPAP 0.06 0.01	 34.2	 18.6 0.45 ----	 ----	 ----CONTRIBUTION

DATA CORRECTED TO EiIGII:E PRESSUP.ES :

10	 - E.I. 1	 28,0	 2
THC - E • I • 6 12.5	 M	 1 0

_20, - E.I. -1 - r1	 7 . g	 8.'),
COMBUSTION

r99EFFICIENCY 99.4 100	 86.9	 91.1 07 97.4	 9903	 99.2
_	 o

CO	 - EPAP 3.26 0.06	 7.55	 10.5 1.71
----	 ----	 ----CONTRIBUTION

THC - EPAP 0.07 -0-	 10.2	 5.71 0.08
-- --	 ----	 - ---

_

__ CONTRIBUTION
NOx - EPAP 0. 39 0 84* 0.15	 0.29 2.02

_

----	 ----	 --- -
CONTRIBUTION.

COMBUSTOR IIILET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.

* -- P02 NO EXTRAPOLATION TO EIIGINE PRESSUREx

- ---- 1-- -	 -
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APPENDIX E -7

GE RADIAL/AXIAL COMBUSTOR DATA, CONFIGURATION R/A -7

i

ENGINE
IDLE APPROACH CLIMBOUT TAKE-OFF CRUISE

CONDITION
READING ID-1 APP-1 CL-1 CL-2 CL-3 TO-1 TO-2 TO-3 CR-1 CR-12
NUMBER

FUELING PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT PILOT

MODE & & & & & & & &
MAIM MAIN MAIN MAIN MAIN MAIN MAIN MAIN

INLET
PRESSURE 2.92 3.40 4.72 4.72 4.74 4.76 9.53 4.74 4.74 4.74ATM.
FUEL-AIR .0110 0140 .0039 .0050 .0070 .0048 ,0049 .0058 .0048 .0078

_

RATIO-PILOT
- FUEL-AIR

RATIO-TOTAL
011 .0140 .0222 .0218 ,0217 „0233 „0231 ,0235 .0206 .0209

_ CO - E.I.
:HC -E.I. 19.0 L.7 161 M _

-, :10, - E.I. 8 ' 8
_ SMOKE NO. ---_ 0 0.8 --- ----

COMBUSTIO21
EFFICIENCY 97.9 99.8 79.7 88.2 97.7 95.3 97.2 98.8 82.1 9502'

FATTERN 0062 0.38 0„66 0„69 0 .45 0.53 0.42 0 .45 0.91 0.43_ FR
7.10 0082 9.74 12,8 7,12 3.44 2,35 1.73 ---- ----CO- EPAP

 CONTRIBUTION
THC - EPAP 1,17 0.02 127.8 14.6 1.77 1.90 1.08 0.27 ---- ----
CONTRIBUTION

DATA CORRECTED TO E140ill l HESSURES :

CO	 - E.I.
THC - E.I.

_

NO	 - E.I. 7_E	 '
COMBUSTION
EFFICIENCY 97.9 loo 95,6	 968	 99,2 98,6	 996	 98.8 91.9	 97.4

CO	 -- EPAP 7.10 0.01 6.16	 8.73	 4.03 2,04	 1.1:w	 0.74 ----	 ----CONTRIBUTION
THC - EPAP
CONTRIBUTION

1.17 0.005 507	 2.66	 033 030	 035	 x.04 ----	 ----
NOx - EPAP 0.36 0,64* 0.24	 0.46 . 1006 0,39	 0 .43	 0 .54 ----	 ---TRC ON	 IDUT i 0."1. -I

COMBUSTOR INLET TT-;N N ^T?JRE AND REFEIRENCE VELOCITY AT NO?INAL LNGINE CONDITIONS.

* -- P .2 NO  EX"RAPOLATION TO ENGINE PRESSURE

14

- _JlL_
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TABLE -. - PROGRAM SCHEDULE

Cmtrnet ANort 197, 197.1 1°74 17/16 1/H 1877

JJAI SOIND J A1[,J JA BOND JFKAMJJ A8,01ND J !XA'1[J J.A a0Ix D JFI['AMJ J A iOTIOD J riliA kJJA l •IO N D

t
-	

1 ( ! i	 1 I	 1	 ;

Phase I:
I I I	 ' 1

^	 1

Combustor scremtnR 1
I

I	 t

i ^-
Phase EL I 1

I^

Combustor	 44mmnen! ^	 !

l

^	 i

I	 I

I

I

^	 ^

^	 1

Phase DI:
t^

I l^ ^ ^ ^

FY.g1ne tests } 1 i 1 f

i I
49

1

S

Q Contract awi rd.

Q Testing complete.

Closed symbols indicate oomqpl.fted Items.

Open 9ymlHtl3 bAdteate plwm d completion date
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TABLE II. - POLLUTION GOALS

i

r

i
3I
4

i

POLLUTANT ENGINE PROGRAM 1979 EPA ,JT9D-7 ENGINE CF6-50 ENGINE
MODE GOAL STANDARD EMISSIONS EMISSIONS

DATA DATA
P.R. 22: 1 P.R- 30:1

OXIDES OF
NITROGEN
AS NO2 - TAIL-OFF 10 13 32 36
E. I.

CARBON IDLE 20 22.5 77 73
MONOXIDE
E. I.

TOTAL UN-
BURNEDHY-
DROCARBOi IDLE 4 405 3© 30
E.I.

SMOKE -	 :TAKE-OFF 15 19 10 13
SAE	 :

TABLE III. EPA PARAMETER VALUES

ENGINE CARBON TOTAL UNBURNED OXIDES OF
MONOXIDE HYDROCARBONS NITROGEN

REQUIRED EPA VALUES 4.3 0.8 3.0
T-2 ENGINE CLASS f

CF6-50 ENGINE,
P.R. - 30:1

CURRENT VALUES 10.8 4.3 7.7

% CURRENT VALUES 151. 438. 157.
EXCEED REQUIREMENTS

JT9D-7 ENGINE
P.R. - 22:1

CURRENT VALUES 14.29 5.34 4.90

% CURRENT VALUES; 232. 568. 630
EXCEED REQUIREMENTS
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TABLE TV. - PERFORMANCE COALS

PARAMETER ENGINE MODE PROGRAM GOAL

COMBUSTION ALL MODES 99%,-	 1
EFFICIENCY_—_

CRUISE 6^	 1PRESSURE LOSS

PATTERN FACTOR TAKE=OPF, CRUISE 0.25

ALTITUDE RELIGHT WINDMILLING

DURABILITY ADEQUATE AT ALL E NGlr?',E CONDITIONS

TABLE V. – POLLUTION CONSIDERATIONS

RESULT i

COMBUSTION INEFFICIENCY
CARBON M014OXIDE

CAUSES	 EFFECTS	 UNBURNED HYDROCARBONS 	 CURE

r QUENCHING	 INCREASE RESIDENCE TIME
^t POOR COMBUSTION STABILITY 	 REDUCE FLOW VELOCITY

LOW:POOR FUEL ATOMIZATION	 RETARD MIXING
DISTRIBUTION,	 INCREASE EQUIVALENCE RATIO TO 1

T in	 LOW POWER IDLE 	 I
IMPROVE

DISTRIBUTION
 TOMIZATION &	 ?Till

^	 IF/A

 POLLUTANTS

REDU(.f RI SIDNCE TIME

INCRIASE FLOW VELOCITY

FNIJANCE MIXING
HIGH:	

HIGH POWER TAKEOFF ^^ EXCESS RESIDENCE TIME 	 REDUCE'EQUIVALLNCE RATIO

Tin	 HIGH 'FLAME TEMP	 TO 0.5-0.7
Pin
FAA	

POOR LOCAL FUEL DISTRIBUTION	 IMPROVE LOCAL FUEL DISTRIBUTION„=

OXIDES OF NITROGEN	 cs-G96 3

SMOKE	 :,
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TABLE NTI. - KEY SPECIFICATIONS OF THE JT9D-7 ENGINE

Weight	 (kg) .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 3982.5

Length	 (m)	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 3.912

Maximum diameter,	 cold (m) .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 3.427

Pressure	 ratio	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 21.7

Airflow rate (kg3 s)	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 ..	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 691

Maximum sea-level static thrust (kN)	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 197

Cruise performance

Mach number	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 0.85

Altitude	 (m)	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 . 10 668

Thrust	 (kN)	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 ..	 .	 .	 . .	 .	 .	 44,6

Specific fuel consumption (kg/Ns). . . . . . . . . . . . . . . . . 1. 979Y10- 5

TABLE VII.	 KEY OPERATING PARAMETERS OF THE JT9D-7
J

REFERENCE COMBUSTOR

Compressor exit axial Mach number . 	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 . .	 .	 . .	 .	 .	 0.258

Compressor discharge temperature (K) 	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 . .	 .	 .	 768.9

Combustor temperature rise (K )	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 763.9

Combustor section pressure loss	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 6.0

Combustor exit temperature pattern factor 	 . . .	 . . . . . 0. 424 0. 0 3)

Average combustor exit temperature (K) . . 	 .	 •	 .	 .	 .	 .	 .	 . .	 . .	 . .	 .	 • 1532. 8

NOTE:	 Wta for standard day sea-level static take-off conditions.
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TABLE VIII. - KEY SPECIFICATIONS OF THE CF6-50 ENGINE

Weight (kg) . 	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 :780

Length-cold (m)	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 4.82

Maximum diameter, cold (m) . . 	 .	 .	 .	 .	 .	 .	 .	 . . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 2.72

Fan/comp.	 stages .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 1-(3)/14
HPT/LPT stages	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 2/4

Th rust/weight .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 5.95

Pressure ratio	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 30:11

Airflow	 (kg/s) .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 660 i

Maximum SLS thrust (kN) . 	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 218
Specific fuel consumption . 	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 0.389.
Cruise performance

Mach number	 .	 . I .	.	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 0.85
Altitude	 (m)	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 10	 500
Thrust (kN)	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 48
Specific fuel consumption . 	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 0.654

TABLE IX. - CF6-50 COMBUSTOR KEY DESIGN PARAMETERS

Combustor airflow (kg/s)	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 103.42
Compressor exit Mach number .. 	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 ..	 . . .	 .	 0.27
Overall system length (m).	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . 0.7595
Burning length (m) .	 .	 .	 .	 ._ .	 .	 .	 .	 .	 .	 .	 . 0,348

•^	 mDome heightt Og 0 11 43
Reference velocity (m/s)	 . . .	 .	 .	 25.9

1 Space rate (1/hr-m3-atm) .	 .	 .	 .	 .	 .	 .	 .	 ._	 .	 .	 .	 .	 .	 .	 .	 .	 .	 ..	 .	 . 2.2x1011
Pressure loss-total (%)	 . . . . 4.3
Number of .fuel nozzles	 . . :1,0
Fuel nozzle spacing (cm)	 . . . .	 .	 .	 6.91

Burning length/fuel nozzle spacing .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 5.01
Fuel nozzle spacing/dome height . .	 .	 0.60

I Design flow splits
r ..

Outer-center-inner (% of combustor airflow) ..;-32-35
Liner cooling flow	 of combustor. airflow)	 30
Exit temperature pattern factor. . . .	 0.26
Exit temperature profile factor. 	 . - : 1.09
Combustion efficiency Clc) .	 .	 .	 .	 .	 .	 .	 . ' .	 .	 ...	 .	 .	 .	 .	 .	 .	 .	 .: .	 . .	 .	 :	 .,	 99.9

NOTE	 Data for standard day sea-level static take-off conditions.
rq
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TABLE X. TEST RIG CONDITIONS, SIMULATION OF JT9D-7 ENGINE-COMBUSTOR CONDITIONS, PRATT &WHITNEY

Engine Inlet Inlet Fuel-air Reference velocity, Combustor exit Comments
operating pressure, temperature,- ratio m/sec temperature,
condition atm K K

Vorbix ` Hybrid

Standard day 2.93 4937 0.0126 19.2 33.2 886 True engine conditions
idle bled

Standard day 3.95 464 0.0100 21.0 36.6 850 True engine conditions
idle anbled

Standard day 6.80 586 0.0130 23.2 40.5 1006 Engine pressure = 8.50 atm
approach'

Standard day 6.80 735 0.0194 25.6 45.1 1396 Engine pressure = 18.50 atm
climbout

Standard day 6.80 767 0.0215 26.2 45.4 1486 Engine pressure = 21.10 atm
take-off

C 	 cruise 1 704 0.0205 24.7 43.6 1413 Engine pressure= 9.31 atm



Engine Inlet Inlet Fuel-air Reference Combustor exit Comments

operating pressure, temperature, ratio velocity, temperature,
condition atm K m/sec K

Standard day 2.92 429 0.0110 18.3 865 True engine conditions

idle

Standard day 6.8 630 0.0140 23.2 1136 Engine pressure = 11.7 atm

approach

Standard day 9.5 786 0.0214 25.3 1503 Engine pressure = 25.9 atm

climbout

Standard clay 9.5 820 0.0231 25.6 1586 Engine pressure = 29.8 atm

take-off

CTOL cruise 9.5 733 0.0210 24.4 1449 Engine pressure = 11.4 atm
0.85 Mach —35 K

r
0w

P

_	 y

TABLE M. - TEST RIG CONDITIONS, SIMULATION OF CF6-50 ENGINE-COMBUSTOR

CONDITIONS, GENERAL ELECTRIC

ir

R
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TABLE XII. - SUMMARY OF PRESSURE EXPONENTS, ECCPII TESTS

Emission Operating Pressu.re exponent used, Data statistical analysis

condition n
N n O*n

2un

n

NO Approachx
Pilot only 0.2 17 0.241 0.104 0.862

Two stage .5 12 . 455 102 .450

Climboui .5 3 .507 085 .336

Take-off .5 23 489 .115 .469

11C All 1.0 238 1.038 1.364 2.628

100 	 O 70.6/	 :5; 2. 0 3 100	 0 . 7
Co Pilot only 4 0.500

C 0)

5 91. 0

^EICO) E

Two stage 0. 2 / 100 V 
. 7
 - 2,0 40 0.191 100

	

0.7

(EIco)
:52.0

1
VEICO)

I I
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TABLE MIL - CF6-50 ENGINE STATUS CYCLE PARAMETERS

Cycle condition Idle unbled Approach Climbout Take-off

Ambient temperature, K 288 288 288 288

Ambient pressure, atm 1.0 1.0 1.0 1.0

n, kN 7.53 64 59 188.66 221.95
n 3.39 30.0 85.0 100.0

Ng, rpm 6412 8620 9890 10150
Combustor inlet pressure, atm 2.92 11.7. 25.9 29.8

Combustor inlet temperature, K 429 630 786 820

Fuel flow, ideal, kg/hr 547 2395 7104 8573
Airflow total, kg/s 16.37 56.7 109.3 122.0

Airflow combustor, kg/s 13.81 47.6 92.1 103.0

Reference velocity, m/sec 18.3 23.2 25.3 25.6

Fuel-air ratio, ideal 0.0110 0.0140 0.0214 0.0231

Combustor exit temperature, K 865 1136 1503 1586



'

'	 ^^`	 ^	 \
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`
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TABLE MV. EI9\P COEFFICIENTS FOR IC{]CPrr/CFG-5OKI

(Class T2Engine)

`	 ^

lb Klbf-hr. Klb	 hr,

Idle 26.0 1,692 1,219 0.7331 0.5-282 0.1365 31.49 5.859 21.97

, Approach 4.0 14,969 5,292 0.9979 0.3528 0.0912 47.15 8.771 32.89

Climb 2.2 42,412 15,692 1.5551 0.5753 0.1487 28.91 5.379- 20.17

Takeoff 0.7 49.896 18,938 0.5821 0.2209 0.0571 75.30 14.010 52.53,

--

= - 
'
(CIi l =	 9 ,	 \ C---i	 -^-1 ('PA pi' std/	 EIAP 

i, std

C

\ = 4_3	 ^ \ = O ^ /	 \ = 3 0 Ib_/^1b|^=~ `^O, std)	 " ^~^~+ ^C^ std)	 ' " \~^~^mn , std 	 ^	 "" "f-=^

Assumes no CDP bleed or thrust reverse.

^	 `	 ^ `
'

 ~-- Assumes target levels of combustion efficiency (89.0% at idle, 99 ' 8% elsewhere)-. 	 -

`, '

`

^
^̂
^	 ^

'

1̂
`̀
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TABLE XV. - CF6-50 PRODUCTION ENGINE EMISSION INDEX

AND EPAP VALUES

ENG'	 MODE E. 1. THC E.I.CO  EhNO4r

IDLE 30 73 29,5

APPROACH 0.01 4.3 10.0

C=ODr 0101 0.3 29.5

TAKE-OFF 0.01 0.2 35.5

EPAP 403 10.8 7.7

TABLE XVI. - JT9D-7 ENGINE STATUS CYCLE PARAMETERS

PARAMETER IDLE
BLED

IDLE
UNBLED

APPROACH CLOUT TAKE-OFF

Fn, F ---- 16.90 61,59 174.50 205.3

Inlet air temperature, K 428 464 586 735 767

Fuel flow, kg/hr 728 839 2109 5986 7324

TSFC --- .4868 •3359 .3365 •3499

Inlet pressure, atm 2.93 3.95 8.50 18.50 21.1

Fuel air ratio
.0126 .0100 .0130 .01°94 .0215

EPAY coefficient
.1728 .1763 .0682 .1065 .0411

of total 44.9 44.9
L.

17.4 27.1 10.6

NOTE:
-- Assumes combustion efficiency	 99 f at idle; 100 f at all

other conditions.

-- Engine nominal try-pass ratio 520; compressor ratio 202



108

TABLE XVII. - CURRENT PRODUCTION JT9D-7 ENGINE EMISSION

LEVELS (dry basis)

POLLUTANT E. I. THC E.I. '00 E.I. NO

IDLE, UABLED 29.8 77.0 3-3

APPROACH 1.0 9.6 8.4

CLUMOUT 0.1 0.5 22.9

TAU-OFF 0.05 0.2 31.5

FjPAP 5.34 14.29 4.9

4
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Combustor Engine mode CO THC NCX Combustion
configurations efficiency,

EI EPAP EI EPAP EI EPAP percent
contri- contri- contri-
bution bution bution

S-11 Idle bled 36 6.19 0.82 0.14 3.78 0.65 99.1
Approach 11.8 .80 .47 .03 6.74 .46 99.7
Climbout 14.68 1.56 .55 .06 11.88 1.27 99.6

Take-off 1.99 .08 0 0 16.18 .67 100
Z EPAP 8.63 .23 3.05
Cruise 28.4 40.9 6.22 98.4

S-20 Idle bled 46.3 7.97 6.41 1.10 2.98 0.51 98.3
Idle unbled 26.4 4.66 3.52 .62 3.89 .69 99.0
Approach 9.7 ..66 .16 .01 8.62 .59 99.8
Climbout 2.1 .23 0 0 15.0 1.59 100
Take-off 17.0 70 .11 .005 14.6 .61 99.6
Z EPAP bled idle 9.56 1.12 3.30
Z EPAP unbled idle 6.25 .64 3.48
Cruise no. 1 26.7 .09 7.1 99.4
Cruise no. 2 12.7 .15 '18.2 99.7

TABLE MX. - PRATT & WHITNEY VORBIX COMBUSTOR, BEST POLLUTION

PERFORMANCE RESULTS
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a STABLE XX. - PEASE II HMLTD COMBUSTOR CONFIGURATIONS, ERGS MODE CONTRIMIONS TO EPAP NMMW AND TOTAL EPAP NMOM.

IDLE APPROACH DL7JtIBCJUT TAKE-OFF
ENGINE OPERATING MODE CONTRTB'UTICirT CONTRIBUTION CONTRIBI3iI0N CONTRIBUTION

-	 a

CO	 THO	 NOx CO	 THC	 NOx CO	 THC	 NOx Co	 THC	 NOx

TOTAL EPAP 1M

00	 THC . Lox

1979 EPA STANDARDS LOWEST COMBINED VALUES ----= ----- ----- ---^-- ----- -----> ----- ----- ----- ----- ----- ----- 4.3 0.8 3.0

JT9D-7 ENGINE LOWEST COMBINED VALUES 13. 58 5 .25 0.58 0.65 0 .07 0.57 0,05 0.01 2.44 0.01 -0- 1.30 14.29 5034 4. 9
-------°	 --------------------------------- - ----------

LOWEST NOx VALUES .27 0. 50
1.50 ------- -----------------

 --- a_^--- ----- .^° _---° 1.401 0.39~ 0.56 °---- ----- -----	
_

CONFIGURATION H-1 LOWEST CO & THC VALUES It n n ----- ----- -;,--- ----- ----- ----- 0.06 0.08 0.66 ----- -----
LOWEST COMBINED  VALUES tr e n _ __ __ __ _____ _ ----- ----- n tt tt -_ ^_M .. _--

---------------------°
LOWEST

-----------------------
NOx VALUES-

------
2.01

_-_---
0.15

----_
0.61 7.30

----..-_---- -
16.32

-----
0.14 -1.87

------------
0.14

------
1.10

-----------
0.1.4

-
0.007

-----
0.60

--°--
11.32 16.62

-----------------
2.45

CONFIGURATION H-2 LOWEST CO & THC VALUES 't of 't 2073 15.62 0.28 of a It It it ti 6.75 15.92 2.59
LOWEST COMBINED VALUES at to tt n tt 12 ar r n tt n tt' 6.75 1 55.92 2•.59-------------- 	 -	 -----------
LOWEST +NOx VALVES	

-- -3
.97 1.09 ^0.47 0.78-0.07--0.46 ----- -- ------

-0-- ---------------------------
0.61 ----- ----- ----- ----- --

CONFIGURATION H-3 LOWEST CO & THC VALUES 1 .39 0..06 0.56 0.01 0.06 0.56 ----- ----- ----- tr ," t, ----- ----- -----
LOWEST C%MINED VALUES n to it to tt n ----- ----- ----- u n n ----- ----- -.----

------------- 
--------

 +LOWEST
------------------

ALUES----NOx VALUES -1.53 0.10- 0.53 2.97--2.97
-----------

0.08 ~0 .45 9.55 4.35 1.90 0.004 -0-- 1.00 .1 4,05 4.53 3
.88 ^__- -

CONFIGURATION H-4 LOWEST CO & THC VALUES '	 if of It 0,02 0,02 0.56 6.75 3.12 2.29 a to it 8.30 3624 4.38
"LOWEST COMBINED VALUES of I t It at It If it It it n u of	 1 800 3.24 4.38

--------
 	 -	 --

--	 -----------------

LOWEST
---	 --

NOx VALUES
-- --

2.79
------
0.12 0.68 9.35 6.00

------------------------
-----------0.24 .30 0.16

-^--
1.05

-------
2.16 0.670.68 ---------16.62

--
6.96

._^

2.-64
CONFIGURATION H-5 LOWEST CO & THC VALUES n it a 0.01. 0,09 0 ..77 ,t It n 0.21 '0.:01 0. 17 5. 3 1 0. 63 3 -21

--
LOWEST COMBINED VALUES it tt tt it of of a It 'to it of it 5.35 0.38 3.21

-- --- -°----	 ----- -
LOWEST NOx NALUESA-
	 -

-0.62 0 .49 0.50-
-2.85

°0.11 0. 45 2. 30 0.02--1..23 -0.37 0.05 50.68 -6.14 -0.66--2.86--
	 ---

conmURATION' H-6 LOWEST CO & THC VALUES n tt it -0_ 0.01 0.97 of at to of et• of 349 0.57 3.37
_	

-

LOWEST COM1311TED VALUES if

°

it it if of n of

-------------- ------------------
'if it it to It 3:.29" 0 .57 3.37

---- - - LOWEST NOx VALUES 7.56 0.77 -0..54 1.49 O.O-t .65.  1.97 0.171.50- 0.24 X0.01 0.66 11.26_-1 ,00 p3.35-------
OONFIGURA2I01 H-7 LOWEST CO & THC VALUTS tt tt $I it it a it of to is o It 11.26 1.00 3.35

LOWEST COMBINED VALUES u n to to of it if if it 21 It 11 11 .26 1.00 3.35

t



NOTES: Pilot only fueled at approach; NC extrapolated to engine pressures by P0.2

All data extrapolated to JT9D-7 engine pressures.

40f

Combustor Engine mode co THC NG Combustion
configuration efficiency,

El EPAP El EPAP EI 'EPAP percent
contri- contrie.- contri-
bution bution bution

H-5 Idle bled 16.2 2.79 0.7 0.12 4.0 0.68 99.6
Approach* .1 .01 1.3 .09 19.0 .77 99.9
Climbout 21.6 2.30 1.5 416 9.9 1.05 99.3
Take-off 5.1 .21 .02 17.2 .71 99.8
E EPAP 5.31 .39, 3.21

H-6 Idle bled 9.6 1.65 4.2 0.72 3.6 0.61 99.4
Idle unbled 3.5 .62 2.8 .49 2.8 .50 99.6
Approach* 0 0 .2 .144 15.2 .97 100
Climbout. 21.6 2.30 1.5 .16 11.6 1.23 99.3
Take-off 9.0 .37 1.1 .05 1-6.4 .68 99.7
E EPAP bled idle 4.32 .'94 3.56
1; tPAP unbled idle 3.29 .71 3.45
Cruise 34.6 1 1 6.0 1	 1 7.51 1 98.6

v
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INE OPEPATING MODEc
IDLE

CONTRIBUTION
co	 THO	 NOx

APPROACH
CONTRIBU'T'ION

CO	 THC	 NOx

CLI(^C30UE
CONTRIB13TION

CO	 THC	 NOx

TAKE-OFF
CONTRIBUTION

CO	 THC	 N0^

TOTAL

CO

EPAP NUMBER

THC _.NO

LOWEST NOx VALUES 2.64 0.30 0.41 3.63 0*66 0655 O,o6 -0- 1.97 0,03 0.003 0,96 6.36 0.98 3.89
IGURATION D/A-13 LOWEST CO & THC VALUES "" t' t' 0.28 0..0@3 0.81 0.03 -0- 2.x22 0.003 -0- 1.16 2.95 Oe30 4.60'

LOWEST COMBINED VALUES tt ,1 11 n n tt o.06 -0a 0.96 0.03 0,003 o.96 3.01 U-31 4.15

LOWEST
---------------------

NOx VALUES
------------
3.66 0..41

------
.0.44

-----------
.9.25

--
1.17

-- --
043

-----
6.11

-----
-0-

------
2.53 0.01

------------------
0.002 1.20

--- _-----
13.03 1.53

^- -------------
4.6o

IGURATION I)/.A-14a LOWEST CO & TIC VALUES u u n 0.2 5 0.02 0.6 9 0.0 5 -0- 2.8 4 It n sl 3 a^7 0 43 .i5	 7
^,LOWEST COMBINED VALUES tt a

-
rl 0.35 0.02 0.77 0.11 -0- 2.53 to 11 it 4.13 0 .43 4.84

_ - -{---------- --
LOWEST

- -	 --- --
NOx VALUES -

---
6.45

----
2. 66

-- - -
o.42

----
0.47

--- --
O.o1

------
0.82

--- --
----

-- ---
-
-----
----

------------
----- -----

------
----- ---- -

-- -----------
----

------	 --
--

GIIRATION D^A-140
LOWEST

CO &,'THC VALUES n le it 0.41 0.004 0-.80 _:.-- ----° ----- ----- ----- ----- ---_-
LOWEST CCHBIKED VALUES tl It a 0.47 0 ;01 0.82

,x

F

t

f

3

r9
i
3

i

1



Combus 4wr Engine mode CO THC `NOX Combustion
configuration efficiency,

EI EPAP EI EPAP EI EPAP percent
contri- contri- contri-
bution bution bution

D/A-13 Idle 19.3 2.64 2.2 0.30 3.0 0.41 99.3

Approach pilot only* 3.1 .28 .03 .003 12.8 .81 99.9
Approach pilot and one-half main 11.5 1.05 2.49 .22 6.25 .57 99.5
Climbout .41 .06 0 0 13.3 1.97 100
Take-off .52 .03 .1 .003 16.9 .96 100
E EPAP pilot only approach 3.01 .31 4.15

i E EPAR pilot one-half main approach 3.78 .53 3.91
Cruise: 8.8 .2 8.0 99.8

D/A-10 Idle 17.9 2.44 1.4 0.19 3.4 0.46 99.4
Approach* 1.9 17 0 0 8.6 .78 100
Climbout 1.92 .29 0 .003 14.5 2.15 100
Take-.off .7 .04 0 0 19.5 1.11 :LOO 
E EPAP 2.94 .19 4.50

I



EHGIIM OPERATING M013t
IDLE

CONTRIBUTION
co	 THC	 NOx

APPROACH
CONTRIBUTION

CO	 THC	 Nox

CLI BOUT
CONTRIBUTION

co	 THC	 NOx

TAKE-OFF
CONTRIBUTION

00	 THC N0x

TOTAL EPAP NUMBER

CO	 THC	 NOz

1979 EPA STANDARDS LOWEST COMBINED VALUES .----- ----- ----- ---°- ----- ----- ----- ----- ----- ----- ----- ----- 4.3 0.8 3.0

cF6-50 ENGINE--	- LOWEST
--------------------

COMBIlM VALUES
m

9.97
--------

4.10 0.34 0.390.001 0.91 0,04 0,001 4.39 0.01 0,001 2.03 10.8°--4.3-- 3.0 -- ^ ---
-----	 -------	 ------

LOWEST NOx VALUES
---

12.40
-

4.63

-----
0028

---

7.63
---- --

4.52

---- -
0.40

------
60 10

---

0.38
-----
1.71

------
0.79

----

0.03
-----
0.67

------
26.9

-----

9.56
-- ---------
3.o6

CONFIGURATION R/A-1 LOWEST CO & THC VALUES 11 .77 3.93 0,31 0025 0.02 0.63 2.90 0.07 3.47 0.17 0.002 1.89 15,09 4,02 6.30
LOWEST COMBINED VALUES it it or it of n of it n 0.70 0.03 0.69 _ 15.62 4.05 5.10

_- ----- -- --------- -- ----------------------------
LOWEST NOx VALUES 7.35

---._-------
0. 83

------
'0.43 9.92

-----------
8.54

-----
0.18 1.62

-----------
0.03

-----
2.11

-----------
0.48 0.01

_--.-.--_
0.92 19 -37

---__-------------
9.41

--°--^
3.63

CONFIGURATION $VA-2 LOWEST CO & THC VALUES 11 0.11 0.01 0.84. '0.96 0.01 3.78' 0.10 0.002 `1.112 8.52 0,85 5.87'
LOWEST CODE® MED'VALUES

--

to It ;I it it It It It 0.10 0,002 1. 42 8.52 0.85 5.87
-	 -	 --------------- -----------

LOWEST NOx VALUES 6.24
---------------------------------------------

0.37 0.41 0.08 0.01
-

0,70
-----------
7.11

-
1.65

-----
1.25 o.88

------------
0.08

------
o.67 14031 2.11

------------------------
3.03

CONFIGURATIONA-R/ 3 LOWEST CO & THC VALUES " " " " '" " 2.3 5 0.10 3 .02 0.12 0,01 1.	 13 8. 79 0. 49 5 .44
LOWEST COMBINED VALUES to It It to It of 0.36 0.02 0.81 9.03 0.50 4.94

-	 -
LOWEST0.43

--- 
M -NOx VALUES 0.20 5.84

-- 	-------------- ------------ 	
-0.14+ 0.02	 0.51

--- -	 ------
8.09	 2028	 0 ,77 1 .94 0 .27

------------------------------

0.49 16.01 2.77 2.20
CONFIGURATION 1/A-4 LOVTST CO & THC VALUES " to ° ° f of 4-42 0.15 3.36 0 .49 O.-Ol 1.25 10,89 0.38 5.55

LOW-EST COMBINED VALUES It It of It it 5.10 0.23 2032 of 19

-----------------------------------------------------------------
to 11 .57 0.46 4.51

NNN --°-M-w-- LOWEST NOx VALUES	 - 7-74 0.360.42 0.09
------------

0.02 0.72 7.78 2 .26 o.61 1.32 0.03 1.05 16.93 2.67
------^

2.80
CONFIGURATION RfA-5 LOWEST CO & TAC VALUES " O It of " It 3.24 0.12 1.71 1.00 0,04 1.31 12.07 0.54 4.16

LOWEST COMB]I1ED'VALUES . n n
° " tr ra n u ^r n n rr 12,07 0 . 54 , 4. 16

-_«.-_w^M------^-^

LOWEST
-------- --

NOx VALUES
---- -
3.26

-------

0.07
----_
0.39

_-i

T-55 10.22 0.15 1.71 030..022 - -- -----

-------w-

-----

_------__mss

-----

CONFIGURATION R/A-6 LOWEST CO & THC VALUES 11 go 11 0 06 M003 0.84 a it n ---- ----- ----- ----- ----- -----

LOWEST COMBINED VALUES if it n to it of	 • n It rr _ ___ - ___ _ ___-- -----

_ ~M^---- ~-_	 -
--	 -- ---------------

LOWEST
-----------

NOz VALUES
-

.„7.10 .1.17 0.36
-----------------------------

0,.01 0,005 0.64
- ---
6.16

--°
5.07

-----
0.24

------
-2.04

-
0 .30

---
0.39

----
15.31

------
6.55

------	 ---^
1.63

CONFIGURATION	 A-R/7 LOWEST COCO:& THC VALUES " " " ^^ 04. 3 0, 33 1.06 0,74 O.0 4 0. 54 11.88 1.55 2.60
LOWEST COMBINED VALUES n n n or o rr n ri n It it to 11.88 1..55 2.60

.r

a^

f

i

.1r



I

Combustor Engine mode CO THC NO Combustionx
configuration efficiency,

El EPAP EI EPAP EI EPAP percent
contri contri conti
bution bution bution

R/A - 2 Idle 53.8 7.35 6.1 0.83 3 0.43 98.1

Climbout F/A	 0.0074 Approach pilot only* 1.3 .11 2 .01 9.2 .84 100

Take-off F/A	 0.0069 CIft-ribout 6.14 .96 .1 .01 21.4 3.18 99.8

Take-off 1.8 .10 .03 .002 24.9 1.42 100

F, EPAP 8.52 .852 5.87

Cruise 29.1 2.47 7.2 99.1

Cruise one-half main fueled 29.8 2.47 6.84 99.1

R/A	 2 Idle 53.8 7.35 6.1 0.83 3 0.43 98.1

Climbout F/A	 0.0049 'Approach pilot only* 1.3 .11 .2 .01 9.2 .84 100

Climbout F/A = 0.0039 Climbout 10.9 1.62 .2 .03 14.2 2.11 99.8
Take-off 8.5 .4,11 .1 .01 16.1 .92 99.8
Z EPAP 9.56 .88 4.30

V



MAIN POWER POINTS IDLE APPROACH CLIMBOUT TAKEOFF

ENGINE CONDITIONS

SECONDARY POWER SUB-IDLE RICH-IDLE SUB-APPROACH RICH APPROACH SUB-CLIMBOUT SUB-TAKEOFF
ENGINE COND IT IONS

FUEL STAGING POINTS (2X) (2X) (2X)

POLLUTION SAMPLING

24-POINT FIXED

TRAVERSESAMPLING
X

X X LX I

^
^-

^
^
	 ^

OD	 /

(
f

`

^ '
'

'
J^[\^. - 

	
POINTS` .	 . TABLE 	--__-- -_-__ - __- --_-_.-'- _-_-----` -__--

^y^*LSz

A. Total Engine Points.Investigated	 B. Pollution Sampling
1. 16 Total Engine Conditions	 1. 12-point Fixed Sampling - 4 EPAP settings
2. Single Fuel Scheduling at:	 2. 24-poin.t Fixed.Sampling - all engine conditions,

a. Sub-idle	 16 total test points
b. Idle	 3. Traverse Sampling 4 test points, EPAP settings
c. Rich idle
& Sub-approach
e. Rich approach

g. Sub-takeoff
3.' 3-Fuel Splits Investigated at:

a. Approach (approximately 30% power)
b. Climbout (approximately 85% power)

^	 `	 `
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Figure 1. - Cross-sectional schematic of the JT9D-7 reference engine.
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Figure d. - Production CF6-50 engine combustor.
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Figure 2. - Cross-sectional schematic of the jT9D-7 reference combustor.

Figure 3. - Generai Electric CF6-50 Nigh Bypass Turbofan Engine.
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Figure 6-b. - Phase II Vorbix Combustor. P.&W.
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Figure 7-a. - Phase 11 1 ­1 brld Combustor, P.&W.
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Figure'-b. - Phase II Hrytrid Combustor, P. &W.
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Figure 8. - Combustor concepts for the CF6-50 eng;ne, GE.
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Figure 9-a. - Phase II DoubletAnnular Combustor, G.E.

gure 9-b. - Phase II Double/Annular Combustor, G.E.
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Front view

Figure 9-c. - Phase 11 DoublefAnnular Combustor, 60 0 sectur relight model. G.E.
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Figure 10-a.	 Phase II RadialiAxial Combustor, G. L
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Fi g ure it	 Effect of combustion efficiency on NO, pressure exponent, ECCP
phase II test configurations.
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Figure 12. - Effect of pressure on HC emissions.
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Figure 13. - Effect of pressure on CO emission index, all ECCP II tests.
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