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THE EXPERIMENTAL CLEAN COMBUSTOR PROGRAM -
DESCRIPTION AND STATUS TO NOVEMBER 1975
by Richard W. Niedzwiecki

National Aeronautics and Space Administration
V Lewis Research Center
Cleveland, Ohio

SUMMARY

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-
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 Electric 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 II, 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 and 4 for carbon monoxide (CO) and total

unburned hydrocarbons (THC), respectively, and at take-off arc an oxides of
nitrogen (NO,) emission index level of 10 and a smoke number of 15, Pollution
data were obtained at all cngine operating conditions. Results are presented in’
terms of emission index and 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, p‘r‘o‘ﬁuced substantial re-

- ductions of gaseous pollutants and achieved the goal smoke level. General Elec-
‘tric evaluated double/annular and radial/axial combustor congepts. The best
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double/annular configuration exceeded the idle pollution goals producing emis-
sion index valuces of CO and THC of 19 and 2.2, respectively. Although the NOg
goal was not achieved, a substaniial reduction of over 50 percent, compared Lo
the reference production CF6-50 engine, was achieved. On an EPAP basis, this
configuration produced values of 3.01 for CO, 0.31 for THC, and «+,15 for NO,.
In addition, this configuration demonstrated altitude relight characteristics com-
parable to the reference design, did notl appear to have any carboning or dura~
bility problems and did not appear to have any unsolvable exit temperature distri-
bution problems. Radial/axial combusior pollutant reductions while substantial,
were not as large as those of the double/annular design. This combustor ex-
perienced flashback and durability problems. On the basis of these results, the
double/annular combustor was scleceted as the most promising concept and the
one most readily adaptable to engine instullation.

Praii & Whitney evaluated a vorbix and a hybrid combustor concept. The
best vorbix configuration approached the CO and NO, goals and exceeded the
THC goal. Emission index values of 26.4 for CQ, 3.5 for THC, and 14.6 for
NOx were demonstrated. » an EPAP basis, this configuration produced valucs
of 6.25 for CO, 0.64 for THC, and 3.48 for NOy. In addition, the vorbix com-~
bustor produced altitude relight characteristies comparable to JT9D-7 rig data
and did not appear to have any unsolvable durability or exit temperature distri-
bution problems. The hybrid combustor produced comparable pollutant reduc-
tions but demonstrated poor altitude relight characteristics. On the basis of
{hese results, the vorbix combustor was selected as the most promising concept
and the one most readily adaptable to engine installation.

Up to the present, all combustor testing has been in component test rigs.

It appears that two promising low-pollution combustor designs, the General Elee-
trie double/annular design and the Pratt & Whitney vorbix design, suitable for
engine installation have been developed. Iowever, verification of the pollution
reductions achieved as well as the practicality of the designs await the Phase III
engine demonstration tests wherein the 1ow pollution combustors will be evalu-
ated as components of the CF6-50 and the JTSD-7 engines.

INTRODUCTION

This report describes the results of combustor ch.:nponentvtcsting obtained

to date for the Experimental Clean Combustor Program. Also described are the



e v —————— o e b & $OTE 8T B

3

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
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
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 accompliéhed 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
hlstallation, and detﬁdﬁstratingﬁ the pollution reductions in high pressure ratio
CTOL engines in 1976.

PROGRAM DESCRIP TION
Gehéral(

- The " Experimental Clean Combustor Program" is a multi-year contract
‘effort administered by the NASA-‘Lewis’ ReSearch Center and cofndu_cfed by two
contractors; The General Electric Company of Evendale, Ohio; Pratt & Whitney
Aircraft of East Hartford, ;Cbnnecti,cut. The program's primary objectives are
the following: o
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1. To generate and demoristrate 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 reduction investigations are being conducted with com-
bustors sized to fit within the GE CF6-50 and the P&W JTID-7 engines, the
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.

Program Plan

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 completéd. 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, and engine adaptability.

. Phase I Combusxbr-e;gme testing. - Phase IH efforts were 1n1t1ated in
June 1975, and are scheduled for completion in 1976. Phase 111 consists of
tests of each contractor's best Phase I combustor as‘:part of a complete .engme.
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

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-
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 heyond combustor design state-of-the-
art, and, in order to be achieved, require pollutant reductions by factors of
three to sevenfor the ('F6-50 and the JTID-7 engines.

Combustor exhaust pollutant goals in terms of engine operating modes are
listed in table II. Gaseous pollutant goals for oxides of nitrogen or NOX
(NO_ = NO +NO,), carbon monoxide, CO, and total unburned hydrocarbons, s
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 I 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 hasis, are 4
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 p’ourids ,
thrust-or g‘réa‘ter, excluding the JT-3D and the JT-8D model families as well
as supersonic \tmnspoﬁ engines. The NOx emission index value was back i
calculated from the EPA Standard by assuming that NO_ emission index values 4
at taxi-idle and approach conditions are unchanged and that climbout values :

Lo AL G B
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and program pollutant values show that the idle pollutant values are quite
close. The major variance occurs in the NOx value where the program goal
is lower, 10 as opposed to 18 for the 1979 EPA standards.

Also contained in table II are engine emissions data for the JT9D-7 and the
CF6-50 engines. These data indicate that reductions by factors of three to
seven are required to achieve program goal values.

The Environmental Protection Agency parameter values (EPAPS) for CO,
THC, and 'NOX 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. Subseguent 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 pattern 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 'pollut:mt formation at both low power conditions as typified by enginc
idle as well as at high power or take-off. If pollutant formation can be 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 primari:{[y at simu-
- lated engine idle and take-off conditions in Phase I. In Phase II, ccmbustors
~are being evaluated at conditions simulating all engine operational niodes.

Idle pollutants. - Invéomplet,'e combustion is the principal cause of idle pollu-

- tants. The principal pollutants at idle are carbon monoxide, CO, and unburned
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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
tike-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 h«tween 88 and 96 percent:
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 »f
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
low fuel-air ratios required at idle, typically 0.010 to 0.013, result in low pri-
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-air 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 unburnmed 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 an'y,
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 sighiﬁcantly re-

~ duced oxides of nitrogen levels is a difficult task. 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
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 and zii‘t‘i‘ogen present, and, to a lesser
extent, the combugfcr préssure. ‘ '
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Combined pollution considerations. - Table V highlights some of the diffi-
culties encountered in applying pollution reduction techniques. Because of the
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 at one condition can increase pollutants at the other condition. An
exception is improvement in fuel preparation and distribution which could pro- g
duce better control of the combustion reactions thereby reducing pollutants at

both power modes.

Program pollution reduction approaches. - Three main pollution reduc-
tion approaches arc being pursued in this program. FEach approach appears to
contain the potential for reducing pollutants at all engine operating conditions.
The approaches are being investigated individually and in combination. The
approaches are:

Multiple Burning Zones: In this approach coml;ldstion 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 burmer, are fired during high power operation.

Two types of multiple burning zone combustors are being investigated. In

-one type, each buming zone operates independently of the other. In the other :
type, bumers are coupled. TFor example, hot gases from the pilot bumer arc
used to increase combustion stability and vaporize fuel for the main burner.

Improved Distribution and Preparé.tion 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
methods are being -employed:

1. Increased number of fuel sources. ,

. Advanced fuel-air atomization techmques o

3. Premixing of fuel and eir upstream of the burnmg zones.

4, Prevaporization of fuel upstream of the burning zones. .

Fuel staging is also being investigated. TFuel is being staged radially, axially,
and in combustor sectors at low power conditions.  Staging fuel consists of
supplymo fuel to some butnot all of the fuel m;cctors Staging fucl improves
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alomization, increases local buming 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 combustior blockdge to produce optimum
pollution reduction conditions at either low or high power conditions.

Program applications of these techniques are described in the next section
of this report. ’

ENGINE-COMBUSTOR CONCEPTS
Reference Engine-Combustors

A1l of the low-pollution comhustion concepts investigated in this program
were configured to fit within the contractors engine-combustor envelope, and
designed to operate at engine environment conditions. Contairied below are
descriptions of the Pratt & Whitney JT9D-7 engine and the General Electric
CF6-50 engine. More detailed descriptions are contained in references 2 and 3.

JTID-7 engine-combustor. - the JTID-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 into commercial service, this engine has ac-
quired widespread use as the powerplant for both the Boeing 747 and the Douglas
DC-10-40 aircraft.

The engine consists of five major modules: a fan and low-pressure com-
pressor module, a combustor module, a high-pressure turhine 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 compressoer driven by a two-stage, high-pressure turbine The acces-
sory gearbox is driven through a -toWerShaft located between the low- and high-
pressure compressors. Selected key specifications for the'er’I‘QD—.-'?-engine are
listed in table VI. PRI |

The mechanical design of the J T9D-7 reference combustor is shown sche-

‘matically in figure 2. The combustor is 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. 6 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. Key performance parameters of the JTI9D-7 reference combustor ave
summarized in table VII.
CI6-50 engine-combustor. - The CFG6-50 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 scrvice
as the powerplant for the McDonnell-Douglas DC-10 Series 30 Tri-Jet long
range intercontinental aircraft and the Airbus Industrie A300B aircraft.

Basic engine scetions arc shown in figure 3. The engine consists of a fan
section, compressor scclion, combustior section, turnine scction, and acces-
sory drive section. This high bypass turbofan engine has a high thrusi-to-
weight ratioc and favorable fuel economy characteristics. The key overall
specifications of the CF6-50 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 II.
Pratt & Whitney JT9D-7 combustor concepts. - 90° 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 cohcepts are shown schematically in

figure 5 and are described below.

- 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

through the swirler, and burn in the wake of the flame stabilizer. The combus-

- tor consists of a 3~row array simulating 120 swirl~cans for the entirc annulus.

Module diameters vary between rows with the largest modules placed on the



e e e . AL T ke ¥

125 L v

e

11

outer row. This arrangement provides maximum stability and corresponding
minimum carbon monoxide and unbumed 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 eniry techniques and swirl-can equivalence
ratios.

2. Staged Premix Combustor - This combustor consists of multiple burning
zones; a pilot or low~power bumer, and 2 main burmner. Each burner has its
own fuel injectors, premix passage, fiameholder, and combustion volume.

The main pollution reduction features contained in this combustor are the pre-
mix passages. Their purpose is o control fuel-air mixture uniformity and
strength.

Idle power is furnished by supplying fuel to opzy the pilot burner. Both
bumers 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 emphasized staging of fuel and air between the
combustion zones as well as varying the diluent air.

3. Vorbix Combustor - This combustor also employs two buming zones, a
pilot, and a main zone, located along the combustor axis. Air and fuel splits
hetween zones are configured so that the pilot burner only is fueled at idle con-
ditions. At high-power conditions, main bumer 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 the goal and the fotal 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 were
close to the levels praduced by current production JT9D-7 combustors.

R TR LT
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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 JTID-7 combustor, All three combustor concepts
met the smoke goal.

Combustor performance data indicated the need for substantial improvement.
The vorbix and swirl-can combustors operated with combustion cfficiencics 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
premix combustors require development to meet the current JT9D-7 engine
altitude relight requirements.

Phase II Combustor Designs: 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 burmner
which produced low pollutants at take-off conditions. A listing of evaluated
Phase II hybrid configurations is contained in appendix A. Data tables for eval-
uated configurations are contained in appendix C.

To date, the Pratt & Whitney Phase Il 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 II testing will be used to optimize this
design for Phase III engine installation. :

i b e EAL R idad
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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 icsting: altitude relight tests were performed in a 60° sector; high~
pressure durability and carboning tests were performed in a 13° 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 describer
below.

1. Specialized testing of the standard CF6-~50 combustor was undertalen
to validate test facility pollutant sampling techniques and to assess the zffec-
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 CF6-50 - :sts, evaluated the potential of incorporating variahle
geometry into standard 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 hoth 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 low
main zone equivalence ratios. , » o

5. Double Annular Lean Dome Combustor - This comba‘stor incorporates
two parallel burning zones. 'Iri'opemtiOn, only the outer annulus is fueled at
low-power conditions. Both annuli are fueled at high-power conditions. Com-
bustor modifications emphasized fuel nozzle type, fuel and 4air distribution, and
diluent air introduction.
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Phase I detailed test results are contained in reference 2. All program
goals were not achieved with any of the combustor concepts. CF6-50 combustor
tests demonstrated that substantial pollutant reductions apporaching goal values
are achievable at e'ngirie idle by sector burning the fuel. No NOx reductions at
take~-off were obtained. Swirl-can combustors produced only minimal pollutant
reductions at both idle and take-off conditions. The double/annular and radial/
axial combustor designs achieved idle pollution goal values and reduced NOx
baseline take-off levels by approximately 50 percent.

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

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

1. Double Annular Combustor - The Phase II double/annular combustor
is shown schematically in figure 9(a) and pictorially in figure 9(h). Figure 9(¢)
is a photograph of the 60° altitude relight sector swhich illustrates the combus-
tor's front end. A listing of Phase II configurations is 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 design
is showa schematically in figure 10(a) and pictorially in figure 10(b). A listing
of the Phase II configurations is contained in appendix A. Data takles for all
evaluated configurations are contained in appendix E.

The Ceneral Electric Phasc II test program bas been completed. Both
combustor designs have been evaluated and the double/annular design has heen
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 operaﬁng conditions and para~
metric variations about the reference engines operating conditions. In these
tests. the combustor inlet temperatures, reference velocities, fucl-air ratios,
and turbine cooling air extraction rates of the reference combustors were cx-

" actly duplicated. Combustor inlet pressure levels were also duplicated at the
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idle condition. IHowever, pressure levels were reduced, relative to those of
the reference engines, at approach, climbout take-off and simulated cruise
due to test rig airflow/pressure limitations. In these cases, airflow rates
were correspondingly reduced to maintain the true refercence 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 conditions where
they differ from the test rig conditions. ‘

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

Data acquisition procedures were designed for expedient data aéquisition
for all engine operating modes. Pollution data were obtained at the combustor
exit planc by utilizing multi-point traversing rakes. Samplcs were recorded
by on-line gas analysis equipment consisting of Beckman Model 402 flame ioni- :
zation detectors for total unburned hydrocarbon measurement, nondispersive
infrared (NDIR) instruments for measur~ment of carbon monexide and carbon 3
dioxide, and chemiluminescence analyzers for measurement of nitric oxide and
nitrogen dioxide. Smoke emissions were measured by filter strain methods.

Combustor exit temperaturé distributions were determined by multi-point
traversing rakes. Sufficient combustor instrumentation Was_prbvid‘ed 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. ‘ :

A AL AT R L N WS, Y e

Data Analysis

Test rig data are contained in ‘appen‘d'ixes'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 RS
one fuel-air ratio was in’v}estigated: at a test condition, the general 'procedure‘
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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, eniission 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 in-
efficiency. An wnburned hydrocarbon level of 10 is equivalent to a 1-percent
combustion inefficiency. Exhaust gas sample validity was constantly moni-
tored during test runs by comparing calculated carbon balance fuel-air ratio
values with metered values.

Data Correlation Procedures

Correlations extrapolating test rig data to reference engine conditions
were required in order to permit comparisons of test rig results 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 possxble to duphcate engine pressure levels
greater than idle.

2. Since 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
for higher engine power pomts produced large differences in pollutxon data.
Normalization of test rig to engine parameters of inlet temperature, reference
velocity, inlet-air humidity, and combustor exit temperatures for NO corre-

‘lation produced small d1fferences in the aggregate ordinarily within several

percentage points, with the exception of inlet-air humidity correcticns of the
Pratt & Whlmey rig data. Pratt & Whlmey inlet-air humldlty corrections pro-—.
duced NO reductions of 8 to 10 percent. ,

- Test rig data extrapolated to engine conditions are contained in appendixes
B through E under sectlons entitled "2, Data corrected to engine pressures?',

‘and are discussed in succeeding: 1eport sections. The correlations used are

descrxbed helow.

- Oxides of nitrogen correlatlon = The N O correlatxon parametcr used has
been prevmusly descrl‘bed in refelcnces 3 and 10 and is given: below

3
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vTinlct, Eng =~ Tinlet, Rig\‘l

‘ PEngn Vyef, Eng Texit, Eng 288 !
NO, Eng = (NO,Rig) , Eng) Eng) Je ;
?Rig Vref, Rig Texit;, Rig/ \ :
A /
I -0.0018(6.29-H__ |
X ‘e ng !
where subscripts:
Eng engine design point values
Rig test rig values
P inlet total pressure; atm
Vet reference velocity, m/sec
T exit combustor exit average temperature, K
Tinlet combustor inlet temperature, K o
H inlet-air humidity mormalized 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 arc contained in table XII and figure 11. L
Total unburned hydrocarbon correlation. ~ Total unbumed hydrocarbons

- were correlated from test rig to engine pressures by the following expression:

LHCEng T.HCRig v—-g-p; )

s
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Verification data for this vexpression, 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

Pr. ;

CO,. = CO,. [-Z&

Eng Rig\ p g

Eng :

where
fcog, N7 *

N = x| 218

\ 100 / ;

and x equals 0.6 for pilot only operation, and 0.2 when both burning zones

are fired. Verification data for this expression, developed by General Electric
with Phase II 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 'G_eneral o
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. - P roduction engine CF6-50 standard
, tday status cycle data are presented in table XIII. The idle datar Were obtained
from a status deck matched to 109 production engines. The hlgh-power cycle data
were obtained from a cycle deck matched to 17 production engines.

EPAP Calculation Procedure: A standard proaedure for calculatmg emissions
levels, in terms of the pa.rameter (EPAP) used by the EPA in defining standards
for the test configurations has been developed. - The prescribed procedure is:
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i
< W
AN F,
~L): --!- (EL;)
EPAP, = —==uhe . 1)
] -
F
t.. " N..
i _J_\
60,1000/
S R
where
EI emissions index (g/kg fuel)
EPAP emissions parameter (g/kg thrust-hr)
Fy net thrust (KN) %
t prescribed time (min)
Wb‘ fuel flow rate (g/ s)
and the subsm ipts are
i type of emissions (CO, HC, NOX)
j prescribed power level (idle, approach, climbout, and take-off)
TFor a particular engine cycle, equation (1) can be reduced to:
EPAP, = (Cj)(EIij) ; @ 5‘
ﬂvhere ;
(Wp | :
‘ \60’ 100?) N :
J J . "t ‘FN \ ( ) &
| \go) 1000/ :
- / N
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The coefficients (Cj) for the CF6-50C cycle are derived in table XIV and equa-
tion (2) becomes

E}?APi = 0,1365 (Eli,idle) +0.0912 (EIi,approach) +0.1487 (EI

i, climb)
+0.0571 (B fape o )

Alternately, cquation (2) can be expressed as

j
LT -1
- El..
EPAP, - (EPAP, ) - _u (5)
i i, std 'EPAP .
. i,std -
PEE C. ;
_ ] /.

where (EPAPi std) is the standard for each type of emissions. TFor the
CF6-50C, equation (5) becomes

EL.. o EI El R
EPAP 5 * 4.3 : CO,idle" CO,approach) +'\ CO’2 thb ’;
\ 8149 . 4115 28.91 )
Floo, take-off .
+ —— ! (Ga)
75.30
| ) SRS EI " EI : . ’1
EPAP, . 0.8 - HC,idle HC, approach . HC, climb ?
~ ~5.859 . 8.TTL 5.3719 ] {
+ Hyc take-oft - ©b)

14.01 .
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E EI ‘£l
EPAPg, *3.0 ..INOXzi'dle + O approach . Noix,climb:,
x 21.97 ; °  32.88 ' . 20.17 .

Y

X

EI |
NO 3
N K 'O, take-off | 60

52.53

In this form, cach term in the summations is the fraction of the standard pro-
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
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 NOX 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 JTID-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.

RESULTS AND DISCUSSION

Presented in this section are summaries of pollution and performarnce test

rig results for the combustor concepts evaluated in Phase II.

Pratt & Whithéy Combustor Concepts

~ Since the Pratt & Whitney Phase II test program is still in progress, final

e inh ¥t i e wpp e M
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- figuration S-20 produced the lowcqt CO EPAP value but at the unbled idle con-
h dition. The unbled idle condition, at which the production JT9D-7 is cvaluated,
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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 JTID-7 engine levels, were realized and pro-
gram goals and 1979 EPA standards werc 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 ERAP values including the EPAP con-
tribution at each engine operating mode extrapolated to engine conditions, the
1979 EPAP standard values, and production JTI9D-7 engine pollution levels.
Three sets of test point combinations are presented for each configuration;
those producing the lowest NOx EPAP, those producing the lowest CO and THC
EPAPS and those producing the lowest combined EPAP's for all three pollu~
tants. Data points are identified by configuration numbers which are defined in
the appendix.

The greatest smglg 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 program CO goal values were not achieved.

At higher power points, N Ox reductions were also limited by pilot burner per-
formance. In order to obtain high-combustion efficiencies. the pilot burner re-
quired o greater percentage of fuel than was desirable for low N-ij formation.

The vorbix combustor did demonstrate one operational feature which was
not demonstrated by any other Phase 11 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 '
staging and should make achievement of 1equ1red accelerauon/ deceleration per-
formance easier to attain. ' o

The bext vorbix combustion polluti»on -data Weref achieved with configura- .7
tions S-11 and S-20.  These re'sults are contamed in table XIX. : Configuration:
8-11 produced the lowest NO_ ’T‘HC, and bled idle CO EPAP values. . Con- .

i

i

is less severe than the bled condition since corabustor inlet temperatures and
pressures arc higher. Thus it appc:uc, that configuration S~-11, alth0ugh 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 S-20 is more indicative of achievable cruise pollution levels. Two
sets of cruise data ave presented. They differ in that different amounts of fucl
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 Comhustor: Hybrid combustor test results are contained in appen-
dix C. A summary of test results is contained in table XX.

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 bormmer 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.
In addition, at the approach condition, efficient combustion was not achievahle
with both buiners fired, although efficient approach burhing was achieved with only
the pilot burner fired. _

The best hybrid combustor pollution data were achieved with configurations
[1-5 and H-6. Thesc data are contained in table XXI. Configuration 1I-5 produced

the lowest NOx EPAP value. Configuration H-6 produced the lowest CO and TIIC

values. .

Combustor Eerformance results. - In most cases the vorbix combustor pro-
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

‘veference combustor. Both combustors also produced radial average exit tem-

perature profiles whwh while not identical to the reference combustor proﬁle
indicated that the reference combustor proflle was. ac‘hlevable with add1t10na1
effort. : ;

‘Pattern factors measured for both combhstof 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

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

While combustor durability was not extensively investigated, potential
durability problems appear to exist in both combustor concepts. The hybrid
combustor pilot experienced flashback into the premix passage and some ero-
sion gecurred in the main stage swirlers. The vorbix 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 on the pollu~
tion and performance data obtained to date, the vorbix combustor was selected
as the more promising concept and the one most readily adaptable to engine
installation. Thus further Phase II testing will be restricted to the vorbix
cornbustor and engine~combustor hardware will be deszgned and fabricated for
Phase III engine testing.

Remaining Phase II testing will emphasize opt1m1zat10n of pollution reduc-
tion features, pattern 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 given in the succeeding sections. v

Pollution results. ~ Carbon monexide and total unburned hydrocarbon goals
’Were achieved with several of the GE combustors. Oxides of nitrogen goal values
were not acﬁlﬁeved-. However, substanfial NOx reductions, compared to reference
CT6-50 engine levels, were realized. Smoke levels were low for all combustor

- configurations investigated

Double/Annular Combustor; Double/annular combustor results for. all.
conflguratmns are contained in appendix D. A summary of these results is con-
tained in table XXII. As can be seen, 1979 required EPAP values for CcO and
THC were achieved and surpaéScd for all of the latter configurations. However,
it was not poqmble to operate this Lombustor at approach COn(hthl'lb with both

bummg zones fully fueled.
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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-
tor fueled. The polot only mode produced the lowest CO and THC EPAP values.
The pilot and one-half the main sector fueled produced a lower NO, EPAP while
still exceeding CO and THC EPAP requirements. Of the two modes, the pilot
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.
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
and THC EPAPs but a higher NO, 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 C¥F6-50 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 NOx correlation parameter described in a prior
section, ,

Radial/Axial Combustor: Combustion and pollution results for all radial/
axial combustor configurations are contained in appeéndix 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 N Ox levels were generally accomi-
panied by increases in CO. '

‘The best radial axial combustor pollution data were obtained with configura-
tion R/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
overall fuel-air ratio. Reducing pilot fuel-air ratio typically produces lower
NO EPAP values but accompanying higher THC and CO values. Cruise data for
two dlfferent fueling modes are also included. By fuelmg only one-half the main
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burner, NO . EPAP values can be reduced by 1.5 without significantly affecting
CO and THC emissions.

Combustor performance results. - Both the double/annular and the radial/
axial combustor demonstrated pressure loss levels comparable to the reference
CF6-50 combustor. Both combustors produced radial average exit temperatuie
profiles which, while requiring additional 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 60° sector rig and relight improvements were in-
corporated into the full-annular hardware as testing progressed.

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-carboning problems. The radial axial combustor, conversely,
experienced ypstream burning in the main stage premix passage with resulting
hardware damage.

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 1.
Thus additional efforts are required to reduce pattem factor values, especially
for the double/annular combustor at low-power conditions. These efforts will
be conducted in the early 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 de51gned 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 promlqmg low-pollutton combm:tor de51gns the GE double/ annular design
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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 CF6-50 and
JTIL-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 II with final comple-
tion and solution of engine-combustor interface problems occurring in Fhase 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 se‘querices 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. I addition assessments will be made regarding fuel flow
splits and their effect on engine acceleration. Testing will be primarily at idle
and sub~idle power levels. L

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

1. Optimization and combination of engme/ combustor hardware and fuel

‘SplltS between burning zones.

. Documentation of rollutxon and performance charactenstxcs
‘~3 Assessments of pollution sampling techniques.
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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 techmques is shown in table XXVI and is discussed
beleow: ' S
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 II 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 deuble
the number of arms, 8 instead of 4 The arms will be located 45° apart with
each arm containing three probe sampling positions at the centers of equal areas.

Traverse Sampling: Traverse sampling consists of rotating the probe de-
scribed above and obtaining samples at 5° intervals. Traverse data will be ob-
tained at the main engine power points at the optimum fuel splits.

Accelerstion 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 burnel once the engine has been started with the pllot burer, will
also be investigated. Testing will be compatible with the design 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. .Accelemtidn"testing will proceed

as a series of progressively more rapid accelerations, starting from a relatively
gradual rate and approaching the goal ""snap acceleration" rate.

R
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APPENDIX A

This appendix contains description of combustor configurations evaluated
in Phase II of the Experimental Clean Combustor program. Only the configura-
tions evaluated for pollution reduction are described. Not contained are con-
figurations evaluated for diffuser performance, altitude relight, and carboning-
durability performance. These will be contained in subsequent contractor and
NASA reports.

Vorbix Configurati_ons

Pratt & Whitney evaluated 11 vorbix combustor configurations to date.
The baseline design is shown in figure 6. Configurations are described in
table A-I. Airflow splits are contained in table A-II.

Hybrid Configurations '

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~
tained in table A-V. Airflow splits are contained in table A-VI.

Radial/Axial Configurations |

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

~ A-VIIL
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TABLE A-I, - PHASE II VORBIX COMBUSTOR CONFIGURATIONS, mna.m

| CONFIG.
NO, MODIFICATIONS DESIGN INTENT
BASELINE DESICN: REFERENCED TO PHASE I CONFIGURATION S-10
1. Throat amnalar height reduced. 3 4 1. Provide better separation between burning zones.
8-11 2. Increased pilot burner volume - axial length increased 3.8 cm, 2. Contain idle burning in pilot,
3+ Reduce main burner cross-sectional area. 3. Reduce main burner residence time.
Add cooling air scoops to throat; incorporate improved main burner
nozzle seating arrangement to eliminate liner-nozzle interference. Lo Durability improvements.
1. Install altermating right and left hand main burner swirlers. 1+ Enhance main burnmer quick mixing.
§-12,13 | 2. Configuration S-13 - Utilize 7 (alternate) instead of 13 main
burner fuel injectors. 2. Improve part power combustion sfficiency.
1. Install low pressure drop fuel injectors in main burner, e Optimize fuel injection system.
8-14,15 | 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,
8-16 2. Dilution air added downstream of main burner swirlers. 2, Improve part power combustion efficiency.
3. Install co-rotational swirlers in main buraer. 3. Reduce quick quenching in main burner.
Ll Install aerating pilot nozzles in pilot fuel injectors, Fuel injection study.
8-18 Pilot burner redesigned with increased volume, Increase pilot zone residence time.
8~17 aerating pilot nozzles retained.
§-19 Install pressure atomizing pilot nozzles, Improve idle performance.
8§-20 Increase pilot airflow so equivalence ratio is 0.8, Reduce equilibrium CO values.
§-21 lu;mmxm«ummam Premix passages prov-

ided.

Reduce NOx formation through premixed fuel preparation.

PHASE 11 VORBIX TESTING S
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TABLE A-II. - VORBIX BURNER AIRFLOW SPLITS

b9k

Location s-11 | 812 | 8-13 | s-a4 | s-15 | s-26 | s-17 | s-18 | s-19 | s-20
Pilot Nozzle ! 3.16 | 5.68
Pilot Swirler W) | 13.32 | 13.37| 13.37| 13.37 | 13.37| 19| 2.15| s5.68| k.o | 1.1
Pilot SW Cool AT aml Inl 1Al Lal L8l L»
Main SW ID 25.91 | 28.23 ) 28.23 | 28.23 | 28.23 | 24.08 | 28.06 4
' , 60.12 | 62.0 | 50.9
' Main SW OD 28.88 | 26.17 | 26.17 | 26.17 | 26.17 | 31.53 | 28.85
D D11 ] %05 | wor| 321| 3.0| Wo
©D Dil bo7i | WSW| 3.35| 3.0] 3.9
Main Nozzle Cool 0.95| 0.95| 0.95| o0.95| 1.4 | 105| 14| 10| 12
Bulkhead Cool 2.688 | 2.69| 2.69 | 2.60 | 2.60| 2.18| 3.09| 2.53]| 3.0| 2.8
[Finwarr cy1 2.658 | 2.29| 2.29| 2.29| 2.29| 2.23| 2.5
Finwall ID 3.0 1 o8] 1206; o8l 08| ros| 119
Finvall OD Ll L] v ol | | nam]| - _
iFm Cool Gssl YY) TN6) TV 1.6 T3t T.9%] B.79| 8.0] 7.6
0D Cool 10.55 [ 9.70| 9.70| 9.70 | 9. 70 | 10.86 | 4.92 [ 10.26 [ 1.0 | 10.8
Sidewall Cool s.ho| s.vo| s.wo| s.wo| s.62] s.75 [ b.ow | s.0| 4.8
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TABLE A-III, - PHASE II HYBRID COMBUSTOR CONFIGURATIONS, PRATT & WHITNEY

¥O, MODIFICATIONS DESIGN INTENT
BASELINE DESIGN: REFERENCED TO PHASE I PREMIX AND SWIRL-CAN CONFIGURATIONS
1. Premixed pilot from Phase I configuration P-3, Combine two Phase I combustor concepts:: low idle pollutants
H-1 2. Swirl-can main burner with outer swirler flameholders and fuel with the premix pilot burmer; low NOx production with the
splashplate, swirl-can main burner. :
3. Main burner diffuser inserts.
H-2 Install counter rotating inner and outer main burnmer swirlers Enhance mixing and reduce NOx.
1+ Block outer flow path on main burmer and add dilution air on the o.d. |1. Reduce main burner residence time by quick gquench.
H-3 2. Provide staged main burner fuel system, 2. Investigate staging of fuel at part power points.
H-L Install pilot spray cone pilot fuel nozzles. Fuel injection study.
H-5 1. Install configuration H-1 with reduced pilot premix passage airflow. 1. Permit operation at part and high power with reduced req-
uired pilot fuel flow.
2. Increase current dilution airflow levels, 2. Maintain pressure drop.
H-6 Pilot dilution air eliminated and flow diverted to pilot premix Permit part and high power operation with reduced pilot

passage and main burner bulkhead.

fuel flow; eliminate quick-guench e{fects.

Install configuration H-6 with solid cone pilot nozzles

Fuel injection study.
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TABLE A-IV. - HYBRID BURNER AIRFLOW SPLITS

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.) | ===== [~==== | 0.6 | 0.6 0.47 | 0.47 | 0.47
Main outer Sw. 24.00 [24.50 |==== | === (34,16 | 34.16 | 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. 10.64 [11.00 [12.7 | 12.7| 9.83 | 9.83 | 9.83
Dilution O.D. (1) mmmme | oo 15,7 | 15.7

Dilution O.D. (2) e | e | 9.2 | 9.2

Finwall (I. D.) 0.82| 0.82| 1.0| 1.0 0.73| 0.73| 0.73
Finwall (0. 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
0.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
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TABLE A-V, - PHASE II DOUBLE/ANNULAR COMBUSTOR CONFIGURATION, GENERAL ELECTRIC

NO. MODIFICATIONS DESIGN INTENT
REFERENCED TO PHASE I BASELINE DESIGN D/A -1I-16
1. Centerbody extended 3.17 cm. 1. Provide bettcr gheltering for idle burning.
D/A-1 2. Install pilot swirlers from Phase T oanﬂ.gutm III-2. 2. Best available from Phase I.
3. Provide main burnmer dome dilution holes: @ 0,95 om diameter 3« Provide leaner main burning; approach design pressure loes.
1+ Install stronger pilot swirlers, 1, Improve pilot fuel-zir atomization and mixing.
D/A-2 2. Add mixing section (barrels) to main burner swirlers. 2. Improve fuel-air mixing.
3. Move main burner dome aft 1.45 cm. 3. Accommodate No, 2; reduce dome to dilution length 20%.
- 1. Install higher flow primary and secondary air ewirlers on main burner, |1,2. Provide leaner main burner micture and bwrning.
D/A-3 2. Centerbody shortened to original length.
3. Remove liner air dilution holes. 3. Provide leaner main burner; improve idle performance.
et oot 2cx n”
1. Install new burner nozzle-swirler aseembly - 60° axial secondary |1, Provide increased pilot burner cup air-fuel mixing.
o swirlers, simplex nozzles,
D/A-l 2, Reduce pilot burmer liner coolant 33%. 2. Eliminate excess coolant.
3« Modify main buwrmer nozzle swirler - primary swirler immersion
from .89 to .13 om; pressure atomizing fuel nozzles installed. 3. Increase mixing within swirl-cup.
D/A-5 1. Add barrel extensions to pilot burmer swirlers. 1. Promote mixing,
2. Pilot burner dome and centerbody moved downstream 1.8 com. 2. Accommodate modification no. 1.
D/A-6 1. Add 120- ,056 cm dia. dilution holes to first pilot burner liner panel.|1. Produce more favorable stoichiometry - reduce idle pollutants.
2. Close main burner dilution holes, put air through firat liner panel, 2. Promote more effective mixing for NOx reduction.
1. Enlarge pilot burner liner dilution holes 1. Optimize pilot design - reduce NO emiseions.
D/A-7 2. Primary and secondary swirlers from D/A 1,2 installed in main burnmer
and liner dilution holes enlarged. 2. Improve main burner stability.
3« Centerbody slotted in one location (3.8 long by 2.5 cm wide). 3. Improve cross-fire characteristics.
1+ Pilot burner dilution holes moved from first to second liner panel. 1. Reduce idle emissions.
D/A-8 2, Main burner dilution holes moved to fourth liner panel 2. Achieve better combustor mechanical design
3« Install lower flow rate simplex fuel nozzles. Pilot bwurmer nozzles
mmun%mmmmmm
to 20 . 3. Permit more variability in fuel staging.
D/A-9 1. Main burner fourth panel dilution holes closed, first panel holes 1. Produce more rapit main burner quenching.
D/A-10 D/A~7 main burner configuration rebuilt, Determine if low NOx emissions of D/A-7 can be reponduced,
D/A=11 1, Main burmer dilution holes moved to fourth liner panel. 1, Develop better combustor mechanical design.

On main burner, move 30 dilution holes located between swirl oups from
first panel to second panel.

2.

Promote more effective mixing, evlove better mechanical
design.
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TABLE A-V. - DOUBLE/ANNULAR COMBUSTOR CONFIGURATIONS cont.

CONFIG.
NO, MODIFICATIONS DESIGN INTENT
| 1. Main etage second panel dilution holes moved back to first panel 1. Second liner panel location produced higher NOx levels.
| D/A-12 2. New pilot burner primary swirler/venturi ingtalled 2. Design passed carboning teste and met altitude relight
| requirements.
| 3. Pilot burner secondary swirler flow area reduced by 17%. 3. Design matches flow area of the Phase III engine-combustor
: design.
| Ls New pilot buwrner fuel nozzles installed L. Design matches Phase III engine-combustor design.
| 1. Main burner aft profile trim holes in Lth liner panel closed and
first liner panel dilution holes enlarged. 1,2, Obtain lower NOx values by better mixing, quenching and
D/A=13 2. Thimbles added to main burmer first panel dilution holes to increase leaner burning.
diluent penetration.
1. Main burnmer Lth panel liner trim holes opened. 1. Provide more open area and lower pressure loss.
2+ Main burnmer liner thimbles removed. 2. Not practical for engine installation.
D/A-1 3. Pilot burner liner dilution hole diameter increased from .67 cm to
«T1 cme 3. Similate cooling airflow distribution of the Phase III
engine-combustor.
L. Pilot burner liner first panel coolant increased from 0.9 to 2.8 %. L. Simulate Phase III engine-combustor design.
D/A-1Lb Engine prototype fuel nozzles installed on pilot burmer stage. Simulate engine-combustor design.
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TABLE A-VI. = AIRFLOW DISTRIBUTIONS, ALL DOUBLE/ANNULAR COMBUSTOR CONFIGURATIONS

CONFIGURA TION 14 W-8 U9 W-11 W13 W-16 | i D2 D3 D4 DS D6 DT D8 D9 DIO DIl DI2 DI3 Di4 D.‘”‘.;
OUTER SWIRL CUPS
Fuel Nozzle $hroud 0.9 0.9 0.9 0.9 0.9 0.9 RO S Y G T R (R S &1 01 a3 A ey w1 sl e
Primary Swirler e S8 Ne e NE e NE- A e RTINS NS XS 5k 56 Ak A D Y 8% 4.6
Sccondary Swirler 28.4 14,1 14.1 14.1 13.5 7.3 S8 T %2 50 90 &8 K81 S8 A48 B8 58 18 13 &1 7.2
Total 32,7 18.4 18.4 18.4 18.0 12.2 | 13.2 11.6 11.7 12.8 12.7 12.4 12.5 | 12.5 12.5 12.5 12.5 13.4 12.5 12.2] 12.8
INNER SWIRL CUPS
Fuel Nozzie Shroud 0.9 0.9 0.9 0.9 0.9 0.9 Sl VR TN VR ST VA 6 Tt S R G Jni Vo W NS T e W S 1.5
Primary Swirler AR IO VIR WO TR S GRE 10 S W | S .56 %8 46 e %S Lk 36 KA XN s s k] ee
Secondary Swirler 28.4 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
Total 32.7 8.4 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 32.1 32.9 30.3| 330
DILUTION
Outer Liner, Panel | 0 0 0 0 0 0 0 0 ) ) 0 g arhie [ [ 0 0 0 ) c
Outer Liner, Panel 2 0 149 0 0 0 0 0 0 0 0 0 0 0 YT RT Y Y e 8] as
Inner Dome 0 0 0 0 0 0 48 4.9 4.9 50 S0 0 9| o 0 4.9 0 0 0 0 0
Iaser Liner, Panel 1 0 0 0 138 17.5%18.7% | 16.9*17.3* o 0 0 4.3 10.9 | 10.9 16.1 10.9 5.5 10.8 17.0*15.7| 10.6
inser Liner, Panel 2 BT B 0 0 0 0 0 0 0 0 0 0 o ) 55 0 ) 0 G
irner Liner, Panel 4 0 0 0 0 0 0 0 0 0 0 0 0 0 49 0 0 4.9 4.9 0 4.4| 2.0
, Total 0 28.6 13.8 13.8 17.5 18.7 | 21.7 22.2 4.9 5.0 5.0 7.5 20.5 | 20.5 20.8 20.5 20.6 20.4 21.6 25.1! 17.1
w'mm i
. Outer Liner LUl I MR T B8 D B G T p P A 1 MR AR ST SRR 1S R G e | Bl R R RS e e 5.4
Outer Dome N T I S O S W e UG VR e W GRE O R ET T REE T Y S  Ge e 7.1
‘Centerbody S T e R e S A9 Y h Gl %039 40| 40 40 490 40 39 39 3.6 %1
Inner Dome VeI T Ll R G T R 5.0 4.9 4.9 4.2 42 4.1 4. i A0 al &l At 6y %91 8
Inner Liner 10.8 10.8 11.0 11.0 8.7 9.4 8.4 8.6 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 S W e B e L e 9 U S S Gl S G e Dl T Y TR S T T DU e 1.4
Total 34.0 34.6 34.8 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) 313
o
% Thimbled Dilution Holes 53
o)

e ST Pt et . 0 B B B 8 Bt
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TABLE A-VIII. - AIRFLOW DISTRIBUTIONS, RADIAL/AXIAL-STAGED COMBUSTOR

Configuration Engine
R1 R2 R3 R4 RS R6 R7 Design
Pilot Cups
Fuel Nozzle Shroud . 0.9 0.9 0.1 0.1 0.1 0.1 0.
Primary Swirler ’ 3.2 3.2} 3,2| 3.9| 3.3 4.1
Secondary Swirler 5.4] 8,0 7.9 7.9 11.1 9.5 11.5
Total 9.6] 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 01| 47.5 0 0 O] 40,8 0
Total 63.9| 64,6 65,1 | 65,6| 47,0 58.5 | 47.2 | 50.0
Dilution
Pilot Stage (4] 0 0 4.5 5.5 4.5
Inner Liner 0 0 8.7 2,0%
Total 0 0 0 0| 8.7 4.5 5.5 6.5
Cooling
Pilot Stage 13.1 7.6 %.B 7.6} 9.3 7.9] 11.4 1¥:1
Flameholders 1.3 1.3 3.3 1.3 1.5 153 .7 1.4
Outer Liner 5.6 5.6 S.61 5.7 6.9 5.9 7.2 6.7
Inner Liner T8 20 7.4]1 7.5 9.2 7.8} 9.8 10,7
Seal Leakage 1.3 1.3 1.3 1.3 1.6 1.4 19 1.4
Total 26,6 23,3| 22.9] 23,2| 28,5| 24.1| 31.6 31.3

* Aft dilution for profile trimming

EREGEDING PAGE BLANK M7 #iiaimn
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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, 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 B-l

P & W VORBIX COMBUSTOR DATA, CONFIGURATION S-11

o

:s TEST RIG DATA

TGINE IDiE
._gconprrron | mugp | APPROACH fcL.wBoUT TAKE-OFF CRUISE
ZEADING I-1 [APP=1 LPP-( CLI<l [TO.=1 TO.=2 T0,=3 TO.=l4 T0.,=5 T0.~6 | CTOL -
~— NOMBER GRUISE |
Jo— pmnwrm.oﬂ PILOT nmmo'rpximpnmx’%ormor PILOT
MODE = ) & - g & & &
ONLY | a7 MAIN| MAIN [MATN MAIN MAIN mATN ~aIN MAIN | MAIN
INLET
PRESSURE 2.9“ 6.67 6.71 6075 6.61 6.72 6.76 6.71 6.85 6." 6.80 |
ATM, ,
FUEL-AIR
_ RATTO-PILOT .0126|.0074 .0094 ,o0042 1.0032 ,0036 .0047 .0056 .0065 ,0072 | .0OLO

FUEL-AIR .0126/,0139 .014q ,0208 (.0217 ,0193 .0193 .0215 ,0192 .0216 | ,0200

20 - E.I. 1136,0 126,0 31,21 26,0 1.2 33 g

-l&_-_l%h bl 153 7,11 6.5 199 8,5 9. 10,1 9.2 103 | 5.7 ‘
~ COMBUSTION e ——
RIPICIENCY | 99.1 [99:2 99:6| 99.3 992 99:0 997 998 95.9 99,8 ‘| 93.b

. 0.2 -oae -——o - e -—— - - o Prep—. - - i

. zacToR - ,;
owrmraceron| 6°19 [Le77 0.971 2,66 0.U6 1.39 0.9 0.32 0.22 0,29 | ===

THC .\ AP O.m o.m o.w 0.16 0021 0.10 0.01 -O. o.m 0.01

COMBUSTION
_mxgmncy 991 (9943 99.T| 99.6 [99.7 99.4 99.9 100 100 100 95,2

~ TO - EPAP .
onrr1surion| ©°19 |1e57 04801 1,56 [0.16 0,85 0,18 0.08 0,04 0,07 | ---n

$HC - EPAPOH 0.14 0,21 0.,03| 0,06 [0.07 0,03 0,04 =0= _0o 0= | =uem !

. WOx - BPAP | 0,65 [0.35 0.6 | 1.27 [0.6h 0,60 0.63 067 0,62 0,70 | —-
| CONTRIBUTION}

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.

-
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APPENDIX B-2

P & W VORBIX COMBUSTOR DATA, CONFIGURATIONS S~12,13

- TEST RIG DATA

2IGINE IDLE
 Samretox BI1Ep | APPR.|CLIMBOUT TAKE-OFF NO CRUISE DATA
__ﬁ_mnf I-1 |APP-1| €LI&1 {70-1 TO-2 T0-3 TO-4 TO-§ TO-6 TO-7
| PILOT & | PILOT PILOT PILOT PILOT PILOT PILOT PILOT
FUELING PILOT | PILOY| 7 MAIN & & & & & & &
MODE ONLY |ONLY | INJ. MAIN MAIN MAIN MAIN  MAIN 7/11 7/11
JDMAIN. MAIN
: 6.8
mﬁum 2.92 «01 6.73 6.76 6.79 6.82 6.8 6.86 6.81 6.81

FUEL=-AIR P
RATIO-PILOT .0121 .0130f .0060 | 0036 .0046 .0050 .0058 .0073 ,0050 ,0088

FUEL-AIR
aarto.rorar | *0121{ 01| 0192 | L0216 ,0222 ,0215 .0219 .0222 0169 0221

20 - E.I. .36‘8 1.5 223 5Z.2 S -3

_JHC ~E.I, 1e 8_.% 0.9 SR B RRE TSR PR B R
W0y = E,I, 3.6 |10, 8.3 7 48 o7 W1 90 9k 118
SMOKE NO, el S la. Q== 1. === _scos  coze _ooes

COMBUSTION
EFTTg}ENCY 99.0 998 | 99.4 |98,3 98.7 98.5 99.0 99.2 99.L 99.5
PATTERR

= ACTOR 0.46 : TGl cxewe: my Dol mves

- AT 16419 |0.51 | 2.8 |2.37 2.13 2.46 1.62 1.32 0.83 0.80
_ CONTRIBUTION | °° : ok ko i B ot oo e o s

THC - EPAP 1, 33 10.03| 0.10 |0.16 0.06 0,05 0.05 0,03 0,04 0,02

_ 2, DATA CORRECTED TO ENGINE PRESSURES:

—_—

0 -EI. 13581331 133 1106 &8 130 2e) 19.3 10,0 g.51f
— 2HC = E,I, 1.9 0.3 0.3 VB s By e b W e 0

- 20 - E.I. 3.2 9.l 12.3 18,8 150 15,0 16,7 18.3 157 21.)
COMBUSTION

mxgmmr 99.0 1999 | 997 | 98,9 99,1 99.0 00.L 99.5 99.7 99.8

0 - EPAP | ¢.16
_ CONTRIBUTTON | °*
THC - EPAP
_ cowrrrpurroy |93 | 002 | 0.04 | 0,05 0,02 0,02 0.01 0.01 0.01 0,01

o o | 0055 | 061" 131 | 0.6l 0.64 0.62 0.69 0,76 0.65 0.89

—

0.23 1.42 1.69 1.49 1.78 1.05 0,80 0.41 0,39

COMBUSTOI INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.

* e P*2 NO_ EXTRAPOIATION 70 ENGINE PRESSURE ORIGINAL PAGE B
OF POOR QUALITH
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APPENDIX B-3

P & W VORBIX COMBUSTOR DATA, CONFIGURATICONS S=-14,15

- TNGINE SAME PILOT AS S-12,13 NO CLIMB. TAKE-OFF NO CRUL
| - __ONDITION DATA DATA
ZEADING
. NUMBER T0-1 TO-2 T0-3 TO-4 TO-5
i PILOT PILOT PILOT PILOT PILOT
FUELING & & & & &
MODE MAIN MAIN MAIN 7/11 §/11
MATN. . MALX
* INLET
PRESSURE 6,71 6.81 6.75 6,76 6.76
“UEL-AIR L
_RATIO-PILOT .0042 ,0058 .0090 ,0041 .0058
I
;"’Eﬂi‘;ﬁrﬁm .0223 ,0219 ,0223 .0220 ,0219 -.
20 - E. I, L7.6 15.2 158.0 71.9 61.9 i
i--MI- 2R 3.4 8.5 - 28 S8 !
e, 1!& - E.I. 12.; 11;7 1&.; 8.1 10.2
. SMOKE NO . - —— - - -_r—-r o o on -
COMBUSTION
mIgIENCY 98.6 99.5 99.6 97.9 98.L
- BATYERK
ZACTOR
20 =~ EPAP
. CONTRIBUTIC. 1,97 0,63 0,62 2.98 2.53
THC - EPAP
o 012 0,01 0,01 0.16 0,09

s SONIRIBUTION

2 CORRECTED TO ENG

— 20 -EIL 2.l 6.5 6.3 Shadl JJl)

— JIHC - E,I, 4+ T TSI + X, B, D R < P
= .me-gi);{ 19.8 21,5 28,85 13.3 15,8
 SURSRE—. 9942 99.8 99.8 98.6 98.9

"~ 00 - EPAP

—__ CONTRTBUTION 1,34 0,27 0,26 2.2L 1.84
" THC - EPAP

R IBUTION 0,04 0,01 C.,01 0,05 0,03
H0yx - EPAP

__ CONTRIBUTION. 0.81 0,89 1.18 0.55 0.65

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENCINE CONDITIONS.
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APPENDIX B-L

‘\

i, TEST RIG DATA
ZNGINE IDLE | NO APPROACH|NO CLIMBOUT
T atzd <oy s TAKE-OFF NO CRUISE DATA
SEADING
I-1 T0-1 TO=-2 TO0=3 TO=4 TO-
_NUMBER 3 L 5
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
TR
ggno-nwr -0126 .0052 ,0056 ,0066 ,0075 ,0097
FUEL-AIR
RATIO-TOTAL 0126 .0220 ,0162 ,0192 ,022) .oz:u
CO - E.I. 6125 zé_.]é 10,6 13,0 22,6 8.7
"E.I I.g oo 003 "o- 002 "o"
W0y - E,I. i 10,9 12,1 1L,0 1L.6 13.6
. SMOKE NO, =
COMBUSTION
i S 99.3 9947 99.7 99.5 99.8
i 0,80
CO - EPAP 10,6
e UTIO 1.09 O.L4l 0.54 0,94 0.36
THC - EPAP 0.2
. CONTRIBUTION 0,02 0,01 «0= 0,01 «0=
b T ———————— e — ——— = — R —
. 24 DATA CORRECTED TO ENGINE PRESSURES:
~ 80 -R. I, 61,3 L7 SR Y R TR e AT
__TEC - E. I, 1 0.2 DTl
_ e BT 3,0 17.L 21,8 22,8 227 22.)
COMBUSTION .
i s Lo 9946 99.9 99.9 99.7 99.9 g
CO = EPAP 10.6
~!ESEEEDUTION :_ 0061 0015 0.21 0.&9 0,10
- ION ’ 0,00 D= D= D= 0= :
W0y = EPAP
‘w 0.51 0.72 0,89 0,95 0,94 0.93

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.




,- APPENDIX B-5
P & W VORBIX COMBUSTOR DATA, CONFIGURATION §-17

] g! DATA CORRECTED TO ENCIIE PRESSURES 3

| .—la TEST RIG DATA E3 i
| o —
‘ ENGINE IDLE A
__cowrrion |Buep | APPROACH|CLIMBOUT TAKE-OFF 9 vma.-
2EADING 1-1 - el ’
_ NUMBER APP-1 | CL-1 |70-1 T0-2 T0-3 T0-4 T9-5 TO-6 |
PILO? PILOT PILOT PILOT PILOT '
! - FUELING PILOY  PILOT | PILOT |prror & & & & & |
3 MODE ONLY |  oNLY ONLY |oNpy MAIN MAIN MAIN MAIN MAIN |
T ImaeT
; ' PRESSURE 2.93| 6.80 6.71 |6.78 6,82 6,75 6.81 6.8, 6.80 f:
; FUEL-AIR 0136 | .0198
| s ARE 0126 96 |.0215 ,0022 ,0042 ,0054 0075 .0098
; FUEL-AIR e ;
| __aarTo-ToraL |+0129 0136 | .0198 |.0215 .0220 .0220 0217 .022L 40217 |
CO - E.1. ce £l 187 8.2 | 7 5 11,9
N0y = E,I. 3e L7 . Tah Bal 1123 12:5 1hel 15.7
___SMOKE NO. e ;
COMBUSTION .
mx;mncar 98.6 | 99.6 99.8 |99.8 97.0 99.1 99.3 99.5 99.7 ‘
"~ PATTERR |
Y
CO - EPAP 0.30 3.42 1.45 1,04 0,85 0, |
__ cowmrmurron [9+86 | 107 | o.87 30 3.k2 1.45 1.04 0.85 0.L9 f
THC - EPAP 0.0, |0,02 0.4,5 0,05 0,03 0,02 0,01 i
.. GEmmcri 281 0:03 L S LR DR R Ces SR :

T 00 = B.I. Jec e 3 0.1 63 7 0.5 L.L
E.1 T 3 %‘T%

— Mi 3 Q. il 0.2 092 @ 0.1

_ {0y - E,I. V) 10,3 | 11,7 12 L 2L.0
COMBUSTION

EFFICTENCY 98.6 | 99.8 | .o | 100 98.2 99.5 9.7 9.7 99.9

‘co arsurron [9+55 | 0.6 | 0.03 | -0- 265 0.0 0.57 013 0.18

ﬁ _‘M&NP-Z'Z 0.02 | 0.02 |0.01 0.1 0.01 0,01 0,01 -0-

mxm- EPA;PonE-hB 0,29 | 1.10 | 0.48 0.53 0.47 0.52 0.61 0.65

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
L P'z NO, EXTRAPOLATION TO ENGINE PRESSURE
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P & W VORBIX COMBUSTOR DATA, CONFIGURATION S-18
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APPENDIX B-6-a.

IDLE, APPROACH, CLIMBOUT AND TAKEOFF DATA

ZIGINE IDLE
ONDITION 2D _Armogcn CLIMBOUT TAKE-OFF
_E"‘ﬁﬁngg_ I.1 |APP-1 APP-2 APP-3 APP-L| CL-1 |T0-1 T0-2 TO-3 T0-f T0-§
PILOT PILOT PILOT PILOT| PILOT |PILOT PILOT PILOT PILOT PILOT
FUELING PILOT| & & & & & & & & & &
MODE ONLY |MAIN MAIN MAIN MAIN | MAIN |MAIN MAIN MAIN MAIN MAIN
INLET :
PRESSURE 2.93 [6.,88 6.8 6,80 6,94 | 6.82 6.81 6,80 6.8y 6,90 6.76
ATM,
TUEL-AIR
_;RAT_IIQ‘.E_I'IJM ‘0126 00027 60055 00081 00107 .0030 .0032 .00&2 .0053 .m73 .0097
FUEL-AIR .0126 2 A E: 4 .O
_C0 - E.I. 70,0 {670 25 8 19,3 18.8 | 2),.7 Q 97,8 297 12,8 R0
_ ™ g1, L2 1.3 19 04 thkf 06 L LGS e s
Al NO ot E.I. ?-2 3.7 7‘5 7‘? 6-).1 19;; 12.7 1)1‘; 16A1 16.:1 1).1;9
_ SMOKE NO,
COMBUSTION
EFFI;IENCY 98.2 [94e3 99.2 99.5 99.4 | 99.3 99.1 99.3 99.L 99.7 99.8
e i
PATTERR
- gioecd ceem |mmmm 0,79 B s |
CO - EPAP .0 2 .76 y . !
g cho 12.04{ 457 1476 132 1.28 | 2,63 14l 1,14 0,94 0,52 0.34
THC - EPAP | 0.21[2,82 0,13 0,03 0.10 [ 0,10 [0.03 0.02 0,01 =0- =0- ;
g R R 69,9 163,3 23.1 16,8 16,5 1 11..8 21.8 18.7 12.0 LB 2.2
N R, 1a2 1.8 0.3 441 o R R W 5
- e e i i
COMBUSTION
= - EPAP
B e [12:02]h.32 1058 1,15 113 ] 156 [o.90 0.65 0.50 0.20 0.09
THC - EPAP
_ CONTRIBUTION 0.21/2.28 0.10 0,02 0,08 | 0,04 [0,01 0,01 -0- -0- =0-1}
g°*‘m’“ 0.48 |0.25 0.48 0.48 O.41 | 1.54 |0.84 0.95 1.06 1.03 0.99

COMBUSTOR INLET TEMPERATURE AND REFERENCE

VELOCITY AT NOMINAL ENGINE CONDITIONS.
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APPENDIX B-6-b

VORBIX CONFIGURATION S-18 CONTINUED

:s TEST RIG DATA

TNGINE
CRUISE

~=ZONDITION
~ZADING CR-1 CR-2 CR-3

—FMBER
PILOT PILOT PILOT
' FUELING & 2 &

MODE MAIN MAIN MAIN

- INLET
FPRESSURE 6.81 6.81 6.81
ATM,

TUEL-AIR
__24TTO-PILOT 0050 ,0059 .0069

s ot ,0201 .0201 .0200 ‘
—__ RATIO~TOTAL

20 - E.I. 21,6 17.3 15a1

___N'Ox o E.Io Iz.i 12.3 I2.8
. SMOKE NO,

COMBUSTION
EFFI;IEINCY 99.5 99.6 99.6

RATTERR
~ ZACTOR
20 - EPAP
- UTIO
THC - EPAP
CONTRIBUTION

= ST T T

.~ 2, DATA CORRECTED TO ENGINE PRESSURES:
g L 17.9 14,0 11.9
- 3 - E.I1, 0.2 &8 8.3
- J0x = E, I, 13,0 12,8 13.5

COMBUSTION
; m:gmncr 99.6 99.7 99.7

—

CO - EPAP

i 10N
" THC - EPAP

— CONTRIBUTION
¥0x - EPAP

. CONTRIBUTION,
COMBUSTOR INLET TEMPERATURE AND VELOCITY AT NOMINAL ENGINE CONDITIONS.
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APPENDIX B-7

P & W VORBIX COMBUSTOR DATA, CONFIGURATION S-19

1, TEST RIG DATA

NG INE IDLE BLED [TAKE-OFF
_ CONDITION e
2EADING -
I-1 70-1 ’
NUMBER __
PILOT
FUELING PILOT &
MODE ONLY MAIN
INLET
- PRESSURE 2.97 6.86
\*J;q
TUEL-AIR
_aaro-prropr | 0126 -0078
TUEL-ATR
 BARTO-TOPAL 0126 0228
CO - E.IQ 63.9 10;6
THC -E.I. 0.3 - Q.a
~ SMOKE_NO. o R
COMBUSTION
mxgmucy 98.5 99,7
~ TATTERR | ___ 5
- ZACTOR
C0 - EPAP 10,84
= UTICK OuLily
THC - EPAP 1 0,0 0,01
. SONTRIBUTION | _ : wlty ISR
_ 2o DATA CORRECTED 70 LICINE PRESSURES:
~ L0 _~E.1, 636 3.6
_ THC - E.I. o 0.1 3
e o 2.7
COMBUSTION K,
EFFICIENCY 98.5 99.9 3
= % s
CO « EPAP ;
0. ;
_ cowmrrsurzon | 109k 0.15
_ cowmmrguron | %% e
NOy - EPAP 016 — ;
. CONTRIBUTION. '

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

P & W VORBIX COMBUSTOR DATA, CONFIGURATION £-20

&}
|

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.

——= TEST RIG DATA
TIHGINE IDIE | IDLE LIMBOUT
g o8 |3 APPROACH c TAKE-OFF
- oo I-1 |I-2 |APP-1 APP-2 APP-3 APP-) APP-5|CL-1 CL-2 |70-1 T0-2 70-3 T0-l
mﬂ PILOT PILOT PILOT PILOT PILOT|PILOT PILOT|PILOT PILOT PILOT PILOT
' FUELING PILON PILOT | & & & & & & & & & & %
MODE ONLY | ONLY |MAIN MAIN 7/11 7/11 7/11 |MAIN MAIN |MAIN MAIN MAIN MAIN
. ZINLET
ansm 2.94 | 3.76 |6.75 6483 6,82 6.82 6,80 |6.78 6.77 |6.83 6.85 6.83 6.79
ATM,
TUEL-AIR
=arTo-prior | <0126 0103 |.0070 .010k ,0062 ,0069 .0105],00L1 ,0076|.0022 .0033 .00LL; LOOL
mawi'af&“ .0126 <0103 |,0142 0140 ,0130 .0139 .0140|,019) 10205|.0209 0213 .0215 0215 |
- BT A s L6.2 1261 116,58 11.8 25.3 19,58 9,9 1220 7.0, 1637 13.0 29.0 210
—= THC ~E.I, 601 3.7 0.0 _heB 37 - G.h LAY i JiS T8 Bh- A
NOy = E,I, 3.5 1 8.9 9L 852 959 96181 10,7 183 B8 9.6 106
SMOKE_NO, e ond 6 oogRil VRN TR
COMBUSTION .
MI;IENCY 98.3199.0 [99.5 99.7 98:9 99.3 99.7 [99:.4 99.8 |97.3 98.8 99.3 99.5
~ PATIERR
y - T 00 hicrracim— e O. ey - FERANERATDN
. PACTOR 0.40 L9 33 0.63 0.66
ooy | 7°95 [5+01 [1413 0.80 173 133 0.68 [2.39 079 [2.6k 1,78 1,20 0.67
e THC - EPAP .10 0.6 7 3
~oNtereorTon | ¢ 5 10.05 0,01 0.32 0,18 0.03 [0.07 -0- lo.51 0.08 0.01 0.01
-
__ », DATA CORRECTED TO ENGINE PRESSURES:
B~ T e et oo e 5
— 20 =-EJI. 1L6,3126.h 1100 9.7 226 170 7.9 112.6 2.1 |
. ™HC - E,I L 6l 3,8 106 02 38 2925 0315013 O 1Th0 0.6 0.1 0.1 1
__Jox = E.I. 101 3,9 1€l REe &8 "6 o8 Hi. & 88 HEN 197 4.8 159
C MBUSTION
THEEIGIENCY | 9843 1990 199.6 99.8 991 99.4 99.8 |99.7 100 [98.5 99.3 99.6 99.7
i %
CO = LPAP
_ cowmmurron | T*7 [4+66 [0.96 0.66 1.54 1.16 0.54 {1435 0.23 |19k 1.19 0.70 0.Lk
“THC - BPALC
_ CORTLILTTON 1410 10,62 10,01 0,01 0,26 0.15 0.02 |0,03 ~0- 0,17 0,03 0.005 0,003
56-* “'*'P-;’ 0.51 [0.69 10,37 0.59 .0.34 0.38 0.61 |1,22 1.59 19-5‘* 0.57 0.61 0.57
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APPENDIX B-8-b

VORBIX CONFIGURATION S-20 CONTINUED

ZNGINE
TAKEOFF CRUISE
—Sumion V
x T0-6 | CR-1 CR-2 CR-3 CR-l CR-5 ' % 4
. NUMBER
PILOT| PILOT PILOT PILOT PILOT PILOT
FUELING & & & & & &
MODE 7/11 | MAIN MAIN MAIN MAIN MAIN
MAIN
' INLET
PRESSURE 6,95 | 6,81 6,80 6.82 6,90 6.78
ATM,
FUEL-AIR
FUEL-AIR
RATIO-TOTAL .0229| .0205 ,0205 ,0206 ,0224 ,0206
CO - E,I. 10,3 | 30.8.-33.2 16.0 98-8
_THC -E.I. et a9 =0-
_NOx - EoIc 12.7 ZeQ 1-2 ﬂ.l 9‘3_ JQ.Q
_ SMOKE NO. 3,
COMBUSTION
PATTERR e | i M
20 = EPAP
0.
. CONTRIBUTION L3
THC -~ EPAP 0,004
- Ak %TA CORRECTED TO ENGINE PRESSURES :
. S0 ~E,I, 7 59 Y o6.7 59.0 12.7..36.9 £.13
_ THC - E,I, 0=
_ 20x - E.1. 18, CEPEEE, 2OWF W WO E
COMBUSTION :
R 1 1w WY W1 5 9 = |
T 0 - EPAP ‘
_ CONTRIBUTION adon
THC - EPAP
5 UTION 0,001
NOx - EPAP 0.76
. CONTRIBUTION,

COMBUSTOR INLET TEMPERATURE AND RE

FERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
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APPENDIX B-9

WYY P -

P & W VORBIX COMBUSTOR DATA, CONFIGURATION S5-21

', TEST RIG DATA
NCINE ‘ToiE | e O CLIMB,
g e | DNBLED APPROACH DATA TAKE-OFF NO CRUISE DATA
ZEADING
ID-1 | ID-2 |APP-1 APP-2 APP- T0-1 TO-2 T0-3 TO-
TMBER — Hha
PILOT PILOT PILOT PILOT PILOT PILOT
FUELING PILOT PILOT | & & & & & & &
MODE ONLY | ONLY |MAIN MAIN MAIN MAIN MAIN MAIN MAIN
INLET
ATM,
TUEL-AIR
FUEL-AIR
marzo-roran |*0129 +0197 010 L0130 0142 .0227 L0225 ,0227 .0223
0 - B,I, a.0l130.) 1578 3868 234 12,1 ]
'l_'i_iC- .EOI - 2.‘2 1-8 29.7 12;; 2.6 . 0 Q.h '
SMOQ NOQ -8 ———— o= - oo ] ] 1.
COMBUSTION
mxgmnc&' 98.7 | 99.1 |95.7 97.9 99.2 95.0 98.8 99.6 99.7 !
PATTERR |
> 0. - s e —-———— . - {
IACIE __ 39 0.5 :
39« We .40 | 5.36 |
ggc # EPAP 0.55 | 0. 32 2. 03 0.85 0,18 1.10 0,07 0,03 |
2 m'u gomc'mn 70 ENGINE PRESSURES:
20 -E.I., [13,00127.0 [83.8 32,0 20.1 7 s £o5 L&
THC = E,1 __fﬁ_l.L 554 B W EEer v gff 0.6 0.2 0.1
JOx = B,I, 3.2 La3 Bab 6.6 116 110 200 21,1
COMBUSTION
m_'FIgIENCY 98.7 | 99.2 96.4 98.3 99.3 97.3 99.3 99.8 99.9
CO = EPAP
CONTRIBUTION T.k0 | L.76 |3.67 2.18 1.39 13.291 1,19 0,26 0,19
Tgc - mfpon 0.55 0.29 1.62 0.66 001h 0},}5 -9.02 0.01 0001
;m&! 0.48] 0.57 |0.29 0.37. 0.LS 0.8 0.58 0.83 0.89

mmmmmmmm&mnmmmmmmm.

ﬁ?‘!"’m L P‘XCE 5

ALITH




el

52
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 HYBRID COMBUSTOR DATA, CONFIGURATION H-l

. J, TEST RIG DATA i
5 —IDLE |
j .:.zn@mmou BLED TAKE-OFF DATA NOT OBTAINED AT AFPPROACH, CLIMB,CRUI
ZEADING
- - TO.-? TO.- TO.-& o
W S 8 :
yORL IS PILOT |PTLOT pn.&or szo'r PI:O!'
MODE ONLY |ONLY . oN  MAIN  MAIN
INLET
: — 2.96 16,80 6.80 6.81 6.7
~vlns
: .
 RATTO-PILOT L0126 |.0155 ,0046 L0056 .O068
FUEL-AIR
. Y OMOTAL 126 |.0158 0204 L0225 L0215
_m_—"go - Bals 130 | 2.3 19,0 8.5
N0y -~ E.I, 3.3 20,2 . gc __J
- 0) >wmed ———— - - e -
COMBUSTION
EFFICIENCY 98,8 |99.8 95.9 97.4 99.2
~ PATTERE
ZACTOR o
- Mﬁi@ 2.28 |0,00 2,03 1,30 0.27
2 = BRE 148 0,06 1,21 0,77 0,26
‘ - = = —
s TA CORRE 70 ENGINE PRES :
.20 -E.I,
- o _E__'_!L
. 0x - E.T, %8 . 1hY I8
COMBUSTION
EFFICIENCY 98.8 1100 98.3 99.0 99.8
— 4
-~ EPA§ON 2.27 lo.o1 10 0,79 0,06
THC - EPAP 1.50 |o,u2 0,39 0,25 0,08
- EPAP 0s50 [1.49- 0,56 0,61 0,66

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
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APPENDIX C-2

P & W HYBRID COMBUSTOR DATA, CONFIGURATION H-2

1 TEST RIC DATA
2GINE IDLE
i B o APPROACH cmmou'r] TAKE-OFF NO CRUISE DATA
ZEADING I-1 | APP-1 APP-2| QL1 (T0-1 T0-2 T0-3 ’
~ JUMBER
PILOT PILOT| PILOT |PILOT PILOT PILOT
FUELING PILOT| & & & & & &
MODE ONLY | MAIN MAIN | MAIN |MAIN MAIN MAIN
INLET s
' PRESSURE 2,95 | 6.76 6.73 | 6.80 6.96 6,86 6.89
FURL-ALR
_ RATIO-PILOT .0126| ,0068 ,0104| .0072 |.OO0LL .0OS5S :0079
FUEL-AIR
_ RATIO-TOTAL .0126| 0135 ,0132| ,0204 |.0217 .0224 ,0228
20 - E,I. 11,5 1 111,613 61 28,8 198,7 12,1 10,3
—JHC -E.I. 0.9 3.5 118,85 0,6 0.5
Oy - E.I, LA 3.6 7.0 111l 117 9.7
O-MNO’ ——— ] asevenen 14 = e o
COMBUSTION
m:gmncy 99.7 | 67.0 70,0 | 990 196.,2 99.7 99.7
~ PATTERE
m 1.49 wmme wees O.LL
co 'm’u’o 1.98 | 7.61 2.97| 3.04 |2.43 0.50 0.43
: TA CORRE T0 ENGINE
00 =~ BT 111,27 1 307, L
~ JHC - E.1 0.9 1239, 229, J;J_EL 0.2 iz
. d0x -~ E,I. 3.5 -4 L21 10,3  118.3 17.3 1L.6
COMBUSTION
EFFICIENCY [99.6 | 73.6 76.2 | 995 |98.4 99.9 99.9
gﬁﬁﬁg& 2,01 | 7.30 2.73 | 1.87 |1.76 0.19 0.1k
|- - “‘i’ 0.15 | 16,30 15.62 | 0.14 [0.25 0.01 0,01
mx - EPAP 0.61 001,.‘ 0028 1010 - PO?"' 0072 0.60

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS. -;'
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AFTENDIX C-3
P & W HYBRID COMBUSTOR DATA, CONFIGURATION H-3

1 DAT f
ENGINE IDLE APPROACH TAKE<OFF | NO DATA OBTAINED AT CLIMBOUT & CRUISE
CONDITION LED | UNBLED .
S I-1 | I-2 |APP-1 APP-2 APP-3| T0-1 bcwa ol
_JUMBER -
FUELING PILOT |PILOT MAIN ONLY,| MAIN
MODE Y | ONLY |ONLY ONLY 7/11 ONLY
Jinj,.
i
PRESSURE o9 | 3,83 (6,70 6.76 6.76 6.76
AT,
FUEL-AIR .0126 ,0099 |,
. 99 |,0130 =0~ <0~ b
FUEL-AIR 0126 ,0099 |, P ;
_ RATIO-TOTAL 0130 .0930 .0130| ,0119

CO - E,1, 8.0 12l L 1.9 15,8 _13.4 0.9
"ﬁ - -

THC -E.I. _].g— Sl N e Ci.%
10y - E,I 3 2,8 EY %L .4 11

% SMOE NO esene | oo —— - < o0a st
COMBUSTION

mx;mncy (99.8 | 98.8 [99.9 99.3 99.6 | 100
PATTERR

ZAQIQR 102 | wome ——— 0.89 ——-- et

CO - EPAP
s s 1.38 | 4,28 [0.13 1.06 0,91 0.04

THC - EPAP |5 06| 1,15 |0.08 0.20 0,09 [ 0,02

2 DATA QORRECTED 10 ENGINE msssm
CO0 - E‘Io B.1122.8 le |3.| Il.h ol
THC - E. I, 1ol 6.2 g:g g:i: %:E 0.1,
-;Ox - E:Io 3.3 2.1 1]"9
COMBUSTION
EFFICIENCY [99.8 | 98.9 |99.9 99.5 99.6 | 100

CO - EPAP

THC - EPAP
| CONTRIEUTION p.oe 1,09 |0,06 0,16 0,07 | 0,02

“c‘°x mi’o 56 | 0,47 |0s56* 0.51 0.46| 0.61

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
» ..r’nozmromxwmmmm ?
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APPENDIX C-k -

P & W HYERID COMBUSTOR CATA, CONFIGURATION Hel

1, TEST RIG DATA ]

ZNGINE IDLE

s BLED| APPROACH CLIMBOUT TAKE-OFF :
AEADING I-1 | APP=1 APP=2 |CL=1 CLe2 CL=3 [TO= TO=2 TO=3 TO-h4 TC=5 TO-6 TO=7 T
- WO ~FILOT FILOL. T
FUELING PILOY PILOT PILOT,| & & & |PILOT PILOT MAIN MAIN MAIN & &

MUDE ONLY| ONLY U4/11 |MAIN MAIN MAIN |ONLY ONLY ONLY ONLY ONLY MAIN MAIN M

MAIN
INLET
ATM, :

?UEL-AIR .01?6 .0130 == .0051 o%l .0075 QMS 00088 Q- - Qe .005’-‘ .0073 .

_ RATIO-PILOT

FUEL-AIR .0124 .0130 .0130 | +0201 .0200 ,0201|,0065 .0088 ,0128 ,0151 ,O1fl .0216 .0219 .
_ RATIO-TOTAL
0 -E.I. 19,0 | 1,8 47,0 180,0 90,1 101, 209 3.8 2.7 1.0 12,2 26,7 L2
_IEC -E.T. 10,6 | Ol 2.6 199k 9Ll 101, 182 1.8 07 06 08 26 <0
_ N0y - E.I. |3, 901 6.6 12349 22,1 10,31 b7 9. 171 19,9 19,2 19,4 15,5 1
__ SMOKE NO, i -

COMBUSTION 99.7 ¥ 98.8 99.8 99,9 99,9 99.6 99.1 99.9 1
m'lgmncy 99.9 98,7 [90.2 88.5 86.3

~ PATTERR ; ;
_ EACTOR et Ok? —=m -

CO = EPAP [1,55| 0,2 321 |8,52 9,60 11.5 |1,24 0.07 0.11 0.17 0.51 1.11 0.17 ¢
— CONTRIBUTION

THC - EPAP |o,30{ 0,03 0,11 |[8,46 10.0 '11.9 |0.,22 0.07 0,03 0.,02 0,03 0,11 -0~
CONTRIBUTION

DAYA CORRECTED TO ENGINE PRESSURES:
_ 0 - E.l. lr.9 0.2 ge.s BJeli 12e7 BYel | === ==== == Usd Led> 15.1 U.5
_THC - E.I, 0. 0.3 Y ] 2 0.2 U.3 U.8 <0-

Oy =E.J, 15.3 18.2" &5 I - SRS I T T
gggsrggg 99.71100 98,9 |95.6 9L.B 93.8 i 100 99.9 99.6 100 . );
:ggmzlggﬁw 1053|0002 2497|6475 TaT6 5055 |apem =y 0.02 0.19 0,63 0,02
_gggrﬁxggﬁon 0,10 02 0,08 [3,32 3,73 U4e35 |ewme wewe weme 0,01 0,001 0,03 0=
sg’gmll’omo,” 0.56" 0.u5 |2.29 2,16 1.90 1.38 1.37 1.02 1,00

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
SR T NO; EXTRAPOLATION TO ENGINE PRESSUKE
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APPENDIX C-5

P & W HYBRID COMBUSTOR DATA, CONFIGURATION H-5

1, TEST RIG DATA I
ZNGINE Lk APPROACH CLIMBOUT TAKE-OFF NO CRUISE DATA
CONDITION JieD e = :
2EADING I-1 | APP<1 APP=2 APP=3 APP=l| CL=l |T0-1 TO-2 TO=3 TO-4
_NUMBER __
FUELING PILOT| PILOT MAIN 7/11 L/11 | PILOT |PILOT PILOT PILOT PILOT

MODE ONLY | ONLY ONLY MAIN MAIN & & & & &

ONLY ONLY | MAIN [MAIN MAIN MAIN MAIN

INLET
PRESSURE 2.95 | 6.8 6.80 6,87 6,74 | 6.81 6,93 6.76 6.79 6.78
—
ML-AIB 0012 .Ul -o' '0' ‘0. .00 2 .00 .00 - .

S a1 6 30 5 33 52 007L .0097
FUEL-AIR 0124 ,0130 .0i30 ,ul3y .0128] ,0198 |.0222 ,0217 .0217 .0217
_ RATIO-TOTAL

L0 - E,I, 16,0 | 1.4 142, 8%,0 7£;L 313.3 21 1%.) 130 3B
THC.-E.I. 0, 1,6 0., 78,0 L%.0 D - AR YA R L
_NOy - E I, 4hl12,2 3.2 5.3 6.4 1 6,6 1301 10,6 10,5 15.5
SMOKE NO, =

COMBUSTION
m-‘:gmncr 9946 | 99.8 B5.7 90,3 93.L4 | 98.8 93.4 99.6 99.6 99.4

RATTERR 1,84 | 1e33 === =mem —eme | 0,26

2.75 | 0,10 9.68 5.57 5,10 | 3.55 2,90 0,54 0,54 0,70
TEC - EPAP 1092 | 0,11 7,50 5.32 3.3 | O3 [2.06 0,04 0,06 C.C8

2, DATA_ CORREOTED 70 ENGINE PRESSURES:
280 -E.I. TNe2l 00 137, 7737 216 o8 8 9
IO E.L wfﬁ_% o

(16,4 0,3 0,5
TS0y = Eale | BB 320" 3a8 C& 671 9.0 3 17.L 17,2 25.8
COMBUSTION dad—2u2

E.FFIg‘IENCY 9946 | 99.9 88,0 91.9 9U.5 | 99.h 97.1 99.9 99.8 99.8

" TO - EPAP : ; 2.30 . 5 » 53
_ CONTR ION 2479 | 00L 935 5.30 L.B2

C - EPAP
OTION 0612 | 0,05 6,00 U430 2.65 | 0,16 0.68 0,01 0,02 0,03

'gox - EPAP 10,68 | 0,77* 0.2 0.38 0.46 | 1.05 |0.,67 0.72 0,71 1.05
. CONTRIBUTION.|

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOGITY AT NOMINAL ENGINE CONDITIONS.
5 s P NO_ EXTRAFOLATION TO ENGINE FRESSURE
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APFENTIX C=6

P & W HYBRID COMBUSTOR DATA, CONFIGURATION H-b6

:s TEST RIG DATA

—_

INGINE IDLE | IDLE
s reven BLED | UNELED APFROACH CLIMBOUT TAKE-OFF CRUISE
ZEADING I-1 |12 |APP=l APP=2 APP=3|CL-1l T0-1 TO=2 TO=3 TO=l TO=S
PILOT L/11 |PILOT  |PILOT PILOT PILOT PILOT PILOT | PILOT
FUELING PILOM PILOT |PILOT & MAIN | & & s o e s P
TNLET :
PRESSURE 2,93 | 3.76 (6,76 6,73 6.88 |6.80 6.89 6,84 6,85 6,92 6.95 6.84
ATM,
FUEL-AIR 0124 0163 |,0130 ,0048 ~0- |,0076 |<0022 ,0031 .00k .0076 0093 | .0077
RATIO-FILOT
FUEL-AIR .0130 ,0136 ,u130|.0194 |.0226 .0223 0228 ,0215 .0225| .0205
 RATTO-TOTAL .012§ .0103 36 .U130 23
.20 - E,I. 9.6 1 3.9 313.3 8 gg,o
1. L Ue2 | 209 | 0,3 697, 2.0 | L . . . . . .
N0y - E.I. | Le2] 3,1 1360 1,0 B.2 16
. SMOKE NO, . J— geee  h. B shme 8. —
COMBUSTION
EFFI;IENCY 99.4 | 99.6 |100 28,4 98,8 98,8 9642 L 97.8 99.2 99.3 | 96.3
PATTERR
s - . 109“ [epe— 00"0 Loamanen d by
30 -EgrAPON 1.65 | 0,69 | =0= 5,57 3.07 |3,55 2,07 2459 1,98 0,77 0482 | ===e
‘}:ﬂc - EPAP [5 720,50 [0s02 L7.5 0.4 [0,43  [1.09 172 0,47 0.dh 0,09 | ===
- 2o DATA CORRECTED TO ENGINE Pmasm ; i
~§9,_"_§.:.I_°__ﬁ§£.215.__ =0= 21.6 mo’ hso’ 3208 900 9.9 35.5
~ ZBC = E,1, %_ 0,2 6 1. TN LT s vy 6.0
Oy = E. I, 13,6 7 | 11.6 21,6 19.7 18.7 i:i
COMBUSTION
mxgmncy 99,4 | 99.6 100 L43.1 99.0 | 99%.L 98,3 97.6 98.9 99.7 99.7 | 98.6°
T TO0 - EPAP
_ contRrBuTION [2+0 [0+62 | <0- 5.27 2,85 [2.30  [1,Mh 1.89 1.36 0,37 Oul | === |
o -I;:PAPOH 0.72 0.’.;9 0.01 31'° 0.11 0’16 0036 0.56 0.15 0005 0.03 bisgsing
mx i EPAP 0.6.]. 0050 OOE; 0.10 90h5 1.23 0.90 0.81 0078 0.68 0076 e
- SONTRIBUTION, . :

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
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APPENDIX C=-7

P & W HYBRID COMBUSTOR DATA, CONFIGURATION H=7

ENGINE

T1DLE

APPROACH |CLIMBOUT | TAKEOFF | CRUISE
CONDITION | BLED :
2EADING I-1 | APP-1 | CL-1 | TO<1 |CR-l
SUMBER
PILOT | PILOT | PILOT

FUELING PILOT| PILOT & & &

MODE ONLY | ONLY | MAIN MAIN | MAIN
INLET
PRESSURE 2,93 | 6477 6.82 5.86 | 6471

ATM,
FUEL-AIR ,0126| .0134 | .0076 0076 | 40076
_ RATIO-PILOT : 34 ;
FUEL-AIR LU126| 013k | 020k L0224 | 0206
_RATIO-TOTAL
"C0 - E.1. |hh,0 [ 30,0 | 30,0 aL.2 | 9.6
S E--’Eolo 5 009 4LI.—' 2 _—l&l——
"MW - B.1. 1 301 1 30, 03 1 20 E.g
_ SMOKE NO. .
" COMBUSTION
EFFI;FENCY 985 | 9942 9849 99.6 | 98.5
BR[| - | = | |-
CO - EPAP 17,68 | 2,05 3.25 0,59 | ===

2 DATA CORRECTED TO_ENGINE PRESSU'RES

_ L0 - E.I,

_TH"EI.

:on - ono

" ‘COMBUSTION
mxgmncx

21,5 T,Z
g.; 1

98.5

99k

99t

99.8

" TO - EPAP

_ CONTRIBUTION

T.50

.49

1.97

0.2l

THC - EPAP

_C UTION

0.76

0,05

0.17

0,01

0065*

1.50

0.66

- NOx - EPAP
| commupprion %

COMBUSTOR INIET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
» -- P2 NO_ EXTRAPOLATION 70 ENGINE PRESSURE
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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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APPENDIX D-1-a

GE DOUBLE/ANNULAR COMBUSTOR DATA, CONFIGURATION D/A-1

_Zs TEAT RIC DATA
ZNGINE IDLE | IDLE IDLE
.. ONDITION _ |STD. | &% BLEED |12%BLEED APPROACH
IEADING
Iet -} 12 I- - & & # 2 = = . &
_IOMEER 3 m1up2m;mum5up6up7up-8m9m1%_
PILOT
FUELING PILOT| PILOT PILOT |PILOT PILOT PILOT PILOT MAIN PILOT PILOT PILOT MAIN &
MODE ONLY | ONLY ONLY |ONLY & & & ONLY ONLY & & ONLY 1/2
_MAIN MAIN MAIN MAIN MAIN MAIN
INLET
PRESSURE 2.94 | 2.93 2,94  |3.44 3.42 3.38 3.38 3.40 6,88 6.83 6.87 6.89 6.89
—ATM,
FUBL-AIR - -
.__RATIO-PILOT 0110} .0135 .0160 .0138 004, .0062 ,0082 <O .0137 0042 ,0081 =0 .0080
MIPAIR .0 - - - - . - 9 . -
oA, .0110| ,0135 .0160 138 0145 +0139 0141 ,Q141 L0137 L0141 ,0139 .0138 .0138
éeou - B.I. |L7.0 | 56,8 182 53 135.6 127.7 100.1 B3.2 13,7 123.5 B81.2 73.0 61.3
. >c -E.I, 110,81 6,9 3 0L 16,9 632 792 13.8 0,8 3.2 LLO 12,1 25,2 |
0y - E.I, 3231 3.6 3.6 TR -5 B8 AN R HEL X9 R e 2o |
__ SMOKE NO, 193 | ==mm ——— lali mmmee e e 1,0 2.7 5’
COMBUSTION |
EFFI;IENCY 97.8 | 98,0 974 991 92,1 90,7 89,7 9647 99.6 93.7 93.7 97.1 96.1 !
~ PATTERR
g 177 |12k | 097 [111 0.28 0.6 0465 OuSh 4112 0,33 0,70 0,56 0.61 |
co -EPAPO 6.l42 | 7476 10,7 3022 12437 11465 9413 Te59 1,25 11.25 Tul1 6,66 5.59
= BN a F1b7 J0.94 1200 | 0,04 Le28 5,76 7422 1423 0,07 3012 LeO1 1,10 2.30
3 e - = = = — —= = T =2 = = =
% T0 ENGINE PRESSURES:
= g 0,91 7,0 ; 7ol 118
o = B2 TR0 1Y 13 10,7 3.9 R el B 1A Bk A3 48
COMBUSTION ‘
EFFICIENCY [97.8 |98.0 97.4 [99.8 96,0 95.8 95.9 9B.1 99.8 95,4 95.7 97.8 97.3
T - EPAP
T W&M 7.78 10.73 0.70 10413 ekl Te12 5473 0.43 10,26 6,55 5.84 U482
= BPAP 14 09 10,96 1502 | 0,01 1,25 1,67 2,09 0.36 0,05 1.82 2,35 0.65 1.35
W.w 0451 0,51 |.0,98" 0,36 0,40 0,59 0.43 1.10% 0.3, 0.58 0.39 0.53

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
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APPENDIX D-1-b

GE DOUBLE ANNULAR CONFIGURATION D/A-1 cont.

1. TEST RIG DATA i
 ZNGINE NO CRIUSE
- CONDITION APPROACH CLIMBOUT TAKE-OFF e
READING : .
=11 APP-12 APP-13 APP=1}4|CL-1 CL-2 CL=3 CL-} |TO-1 TO-2 T0-3 TO-l
LOT PILOT PILOT
FUELING & & & MAIN |PILOT PILOT PILOT PILOT|PILOT PILOT PILOT PILOT)
MODE MAIN # MAIN 4 MATN ONLY & & & & & & & & |
IMATN MATN MATN MATN ) |
PRESSURE 3.42 340 el 3035 {477 LeT6 LeT6 L4eB3 |LeT3 LeTh LTk %73 |
T FURL-AIR &
_ RATTO-priop [*003 0063 0083 -0- 1,0032 .00LY 40063 .0101/.0033 40043 40063 L0101 |
FUBL-AIR A [10139 <01W2 L0141 L0138 [,0216 ,0216 0214 4020940233 40233 40233 0228 f

£0 -~ E,I. 96,5 810 76,6 78,2 1418 7.3 6.2 190 1 6.7 )2 3.0 6.9
=E.I. Wb 360 - Vb 2Rt i Al 0.8 07 1A d-Dd 0.1 0O 0%
Oy - E, I, 2.0 2.6 3.9 21 PR3 6.0 6.8 139189 6.5 T80 190

v i)t

SMOKE NO, 0,8 & s e e
COMBUSTION
EFFEENCY 92,8 9Le5 95,0 B85.9 |99,7 99.8 99.8 99.4 |99.8 99.9 99.9 99.8
~ PATTERR
g o. o. 001 . - - - - . Bl - -
"'Iﬁmgm 93 68 8 192 |0.40 0,35 0,21 0,30 |0.41 0,33 0,26 0,25
20 - .
" . 8,80 T.39 6494 Te13 |1.76 1,09 0,92 2.89 |0.38 0,24 0,17 0,39
mion LeSh  3.28 2,97 11.23 {0,06 0,07 0.10 0.27 |0,01 0,01 0,01 0,02
3 - = ‘. = P = —— — — = = —— — =% —— = = ——
. 2s DATA CORRECTED 70 ENGINE PRESSURES:
20 -E.I. 750 60,0 56,0 58,1126 0.9 06 67 106 03 03 06
— SHC = Bol. 1 T0,C 2 0 0J 02 0,3 [-0- -0- -0- =
B we AP 9 TR |
COMBUSTION S —
grrromncy | 268 975 9T 9Bl lgg 9 100 100 99.8[100 100 100 100

wﬂ 6.8 5.55 5.19 5.30 0,39 0.13 0,09 1,00 |0,03 0,01 0,005 0,00}
= BA® | 1933 0596 007 %81 |00y 001 G:01 0:0k] On-wbe A0S0k

NOx - EFAP | 0,36 0,45 0467 0.0 {2,185 2,14 2.33 3.92 [0.86 0,93 1.05 1.68
. commrsvrron) i R sl

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
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APPENDIX D-2-a

GE DOUBLE/ANNULAR COMBUSTOR DATA, CONFIGURATION D/A-2

INGINE
. APPROACH CLIMBOUT TAKE-OFF
SEADING I-1 |APP-1 APP-2 APP-3 APP-L|CL-1 CL-2 CL-3 OL-} |T0-1 TO-2 T0-3 T0-} T0-5
~ JUMBER
FUELING PILOT|PILOT PILOT PILOT MAIN [PILOT PILOT PILOT PILOT|MAIN PILOT PILOT PILOT PILOT
MODE T oy - -6 & - LA b b -6 1OHME & 8. & A&
_MAIN MAIN ___IMATN MATN MAIN MAIN | _ MATN MAIN MAIN MAIN
INLET
PRESSURE e |3639 6477 6480 6479 |LeTT LeT8 LeT3 LeT2 |LeT1 LeT2 L4o72 LoTh LeTh
FORL-AIR
_aarTo-prrop [00110].0131 001 ,0081 -0- 1,031 .00L2 ,0063 ,0102| -0- .0031 .00L1 ,0061 0101
TUEL-AIR
 zamToomorar, [0110[+0131 0141 L0138 L0110],0215 0215 0217 40R16|.0231 40233 40231 40231 0231
,__L'oe-g,l. 20.1 109, 62.8 e8.7 1136 7.6 1.9 90l 7.6 REe 631 38 c&
THC ~E.I. 9 0.7 2153 918 - 30,0 0,5 0.3 0.3 0. 10,5 0.9 4.9 3.0 1.7
NOy - E.I, A REAN SN ESEREBEEVWEIREE TS FS SR S8 S~ <578
SMOKE_NO., PR I TR SEOT SRS P ol R T R TR e g e
COMBUSTION —_
EFFICIENCY [98.0 [99.3 95.3 96.l 9745 [99.6 99.8 9.9 99.7 [99.8 99.7 99.7 99.6 99.7
=
= 1423 142 1,36 0,72 ==== 10,51 0,66 0.37 0,37 |0,50 0,54 0,57 0,41 0,31
S owraTEtatoy 613 [2465 9.96 5.73 5.35 [2.02 1,13 0.73 1.7 [0.13 0,49 0.35 0.22 0,31
fgc'gml’m 1.34 (0,05 1.94 1.93 0.99 [0.07 0,04 0.0, 0,06 [0,03 0,05 0.07 0.17 0,10
o) G
- S0 «E,I o ST R 0% TR G o e G R R R
ek = E,1 TR R S RO WO RS WOR 8RO e Rt R R
s .!& - B’I. QA]A 11A,_|* ’l 6 10 7 s.i
COMBUSTION ' oy Sl : bt -
EFFICIENCY [98.0 [99.0 96.5 97.5 98.2 [99.9 100 100 100 |100 100 100 100 100
o averon 6217 [9:46 8.98 L.92 L.57 o.s2 0.15 0.04 0.27 Jo.on 0,06 0,03 0.01 0,02
m h.35 |0.02 1,12 1,12 0.58 [0.01 0,01 0,01 0,01 0,005 0,008 0,01 0,03 0,02
conmrmurTON,P+LT [1-04* 02 0.91 QLB [2.05 2,00 25 Le99 [1.28 1.05 0.99 1.08 2.16

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
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APPENDIX D-2-b

GE DOUBLE/ANNULAR CONFIGURATION D/A-2 cont.

<, TEST RIG DATA
s:mmgl = TAKE-OFF NO CRUISE DATA OBTAINED
—=ONDITION
S 0=6 TO T0-8
_NOGR =
FUELING PILOT PILOT PILOT
MODE & & &
s PMATN MATN MATN
INLET
TRESSURE 6.80 6,77 6.80
e T
2ATTO.PILOT |*0031 +00LO .0060
FUEL-AIR .
2!2 - . .0
e 1 40229 0228 ,0226
R 20 = EOI. ﬁfg 3 L 149
J— - 0 50 1P Y ol 08
— 10y - E,I, 9.6 9.1 _10.85
. SMOKE NO, 1 Ssms._snoe.
COMBUSTION
EFFI%IENCY 99.8 99.9 99.9
~ PATTERR
: 0.kt 0. 0.50
- EACTR o 2 B5.
30 - EPAP
= il 0.36 0.19 0,11
THC - EPAP .02 0,01 0,0
UTIo 2 0 1 1

:_'_JOQ-E_,_];. 0.8 0.2 0,1
_ ¢ -E.I. 118.7 18,1 20.9
COMBUSTION
EFFICIENCY |[100 100 100
g %
CO - EPAP
__ cowmrsurroy [0+05 0.01 0,006
THC - EPAP
_ cowmisyroy | 0+90k 0.003 9.003
NOx - EPAP
_ 0O ton 1+07 1403 1.19

COMBUSTOR INLET TEMPERATURE AND REF

ERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
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APPENDIX

D-3-a

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

. —ds TEST RIG DATA i
_.zmm - mmm!m IDIE |\ ppROACH CLIMBOUT TAKE-OFF
-1 | 12 = APP-1 APP-2 [01-1 CL=2 CL-3 CL-4’|T0-1 T0-2 T0-3 T0-
— HOMEER 2 e, 3 10
FUELING PILOT PILOT|PILOT PILOT [PILOT PILOT PILOT PILOT{MAIN PILOT PILOT PILOT
MODE Y |ONLY ONLY |ONLY ONLY | & & & & |oNLY & & & .
T_M_J&I.!._&,m IN IN| O MATN MAIN MAIN |
INLET L i
' PRESSURE 96 |2.91 2487 [3ek3 6479 [heTh LaT3 LeT5 LeTh |LeT2 L4aT3 LeT3 LoT2
"—‘n:in
& ;mrno-glm 0110} .,0130 .0153},0140 0110 |.0029 0040 ,0061 ,0098] -0- ,0030 ,00L41 .0060 |
FUEL-AIR f
 RATTO-TOTAL .0110{,0130 «0153(,0140 L0140 [,0211 021} 40215 40210| L0231 .0233 0234 0231 |
.20 - E,I. 66,0 180.5 90,8 152,0 30,5 17.2 11,7 9.3 22,2 115,58 12,2 B.L 6.5 ;
— THC -B.I. 3.5 [37.6 37,6 10,9 0,2 (Ol 0.3 0,1 0.1 |
B 21169 9.1 (11,9 10,1 10,3 1.1 |
- mL 2A s oxrrd e 2. 16. PSR- -9. -0- I —-———— !
COMBUSTION
EFTI%ILENCY 95.0 |94l el |98s7 993 [99:5 997 99.8 99.4 |99.6 99.7 99.8 99.8
~ PATTERK
1.55 |1.2 1.10 |1.36 1.33 P.L7 0.45 0.38 0,64 |0.52 0,49 0.38 O,
m 55 9 3 33 L7 L5 3 N 52 L9 3 34
ocaarmoezon | 907]10:99 1200[ Ll 2,78 [2.56 1474 1.38 3.30 [0.89 0.70 0.48 0.37
0.03 0,03 0,02 0,006 0,006
= == — ——— - — o —— e
- 20 - E.I. 7.180.3 B8 1353 238 15 2.8 1.6 801 L0 258 1.0 0
e M%n 37.9 37,6 10,3 0.1 101 001 00l 021 006 00 002 Q_Saz
. d0g -~ E,I, s R R 3.0 L B.* ol* B, 1 18.2 21.6 30.2 128,2 2),2 238 26.3
COMBUSTION |
EFFICIENCY PL.9 |94e3 el 19942 99.4 P99 99.9 100 99.8 }199.9 99.9 100 100
T 00 - EPAP . :
wpm 10,97 12,26 3,22 2.17 | 0.80 0,38 0.23 1.25| 0.23 Q.14 0,06 0.03
THC - EPAP 5 & =
Wma 5.17 5.13] 0,02 0,01 0,02 0,01 0,01 0,02] ~0- ~0- -0- -0
Wy =~ BFAF b3 | 0.3 00| 0.77% 0,854 2,70 2.71 3,22 Lul9| 1461 1,38 134 1,50
. CONTRIBUTIONJ

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
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APPENDIX D-3-b

GE DOUBLE/ANNULAR CONFIGURATION D/A-3 cont.

;s TEST RIG DATA

ZNGINE

INO CRUISE DATA OBTAINED

SONDITION
SEADING
T0-5 T0-6 TO-7 TO-8
—SOMEER
FUELING PILOT PILOT PILOT PILOT
MODE & & & &
MAIN MAIN MAIN MAIN
INLET
PRESSURE Le76 6,80 6,80 6,80
FOEL-ALR
2ATTO-PILOT «0102 ,0031 ,0042 ,0060
FUEL-AIR ,023L .0 .0 A
_ RATTO-TOTAL 23L 40233 .0237 .0235 l
=0 ~-E,I, dladialloBuilibicded
= THC =B T, 0.2 3-89 0.0
-0y - E.I, L Ml 1 o e . Y S ke -
22 NO I DA
COMBUSTION
EF’FI;IENCY 99.7 99.8 99.9 99.9
~ PATTERR
. EACTOR 0.54 0,46 0.h2 0.37
o ermrarazoy | 0063 0053 0.32 0.27
THC - EPAP

0,01 0,02 0,01 0,02

— ZHC = B.1.

=28 EAEA CORRECTED TO ENGINE PRESSURES:

S 3 - E.Ic

. 0y = E,I,

~ COMBUSTION
m'xgmncx

(36,2 23,9 21,0 26,0

100 100 100 100

T TO0 - EPAP
CONTRIBUTION

0,11 0,11 0,03 0,02

THC - EPAP
| — CONIRIBUTION

0= 0= <0~

0,005

NOx - EPAP

. CONTRIBUTION,

2,07 1436 1,37 1.49

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
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APPENDIX Dl

GE DOUBLE ANNULAR COMBUSTOR DATA, CONFIGURATION D/A-l

{, TEST RIG DATA "
ZNGINE 1DLE DATA NOT OBTAINED AT AFPROACH, C
SONDITION , CLIMBOUT, TAKE-OFF OR CRUISE
ZEANLNG O g : S
FUELING FILOT
MODE ONLY
4
PRESSURE 2,91 %
ATM, g
TUEL-AIR ‘
_arro-priop [-%9
FUEL-AIR
+0
_ RATIO-TOTAL 1o
.20 =E,1,

THC -E.I. 1.0
W0 = B Ta 1 Lal
SMOKE NO, _ ———
COMBUSTION

m1§mncy 98 .1

RATTERR 1,02
- EACTOR
CO = EPAP
. CONTRIBUTION
THC - EPAP 0.96
CONTRIBUTION | _

2, DATA CORRECTED TO ENGINE PRESSURES:

- 30 - E:I.

. ZHC = E.1, 1

E HOI - E:I.
COMBUSTION
mxgmncy 9844

" TO = EPAP  |Deb3
= %I_BUT_ION

. THC - EPAP 0,96
— CONTRIBUTION

Nox - EPAP o,
QOMML%

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
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AFPENDIX D-5 .

GE DOUHLE/ANNULAR COMBUSTOR DATA, CONFIGURATION D/A-S

‘s TEST RIG DATA

ZNGINE
- IDLE |APPR.| CLIMBOUT TAKE-OFF NO CRUISE DATA OBTAINED
“EADING I-1 |APP=1|CL-1 CL-2 CLe3|T0-1 TO0-2
~—JUMBER __
PILOT PILOT PILOT| PILOT PILOT
FUELING FILOT|PILOT| g & & &% &
MODE ONLY |ONLY (MATN MAIN MAIN | MAIN MAIN
INLET
PRESSURE 2,92 | 340 |L.Bh L.78 4,79 | 8.53 8,54
TURL-AIR
| : 2T0-PTLOT .0110]{ .0140{ 0041 .0060 .0103L.005h .0064
FUBL-AIR .0120/ ,0140| .0211 ,0208 0213 .0231 .0231 \
_ RATIO-TOTAL ;
.0 =-E,I. 139,65 [45,6 | 8,6 9.4 22,11 2,0 2,2
—_THG. B.1. (01 [0 0 05000 Qul
Oy - Bl ﬁ_a__m_zu.z..n.s 13,1
. SMOKE NO,
COMBUSTION
mximtcr 98.8 |98.9 [99.8 99.8 99.L|100 99.9
~ BATYERR 0.87 {234 |0.38 0,31 0,47 | 0.34 0.36
o m
emrereroy |5+39 |4e26 (228 140 3.29 {021 0.3
- THC - EPAP 0433 |0.01

=0= <0~ 0,07

0.006 0,006

=20 -1, Joxlia g 0.2 02
— ZHC - B,I, 2.5 | =0= =0
i -E.l. 3.7 2.8 118.8 16.B 272.0121.86 22.6
COMBUSTION
m:gmnc*r 98.8 |99.7 |100 100 99.8|100 100
0 - EPAP .
__ CONTRIBUTION 5.39 {1.15 [0.,20 0,24 1.2k | 0.009 0,01 et
THC = EPAP g
40y - EPAP 10,50 |0,70%(2.31 2,50 L.15]1.23 1.29

—

COMBUSTOR INLET TEMPERATURE AND REF
*» — P*? No_ EXTRAPOLATION TO ENGINE PRESSURE

ERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
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APPENDIX D-6 .

GE DOUBLE/ANNULAR COMBUSTOR DATA, CONFIGURATION D/A-6

R AP Py bt b o i

PRI s

1, TBST RIG DATA
ENGINE IDLE | APPROACH NO DATA OBTAINED AT CLIMBOUT, TAKEOFF OR CRUISE
_CONDITION
READING I-1 |APP-1 a
NUMBER __
FUELING PILOT| PILOT
MODE ONLY |ONLY
INLET
PRESSURE 2,94 | 3.40
--—é—g{'
FUEL~ALIR
g 0110 .0140
FUEL-AIR ,0110| .0140
_RATIO-TOTAL
_SQ "__ng_Iro EE.: !8.5
_THC ~E.I. 2.1 = 4
.._m,..x -» E:IQ . ™
= NO. 1. n
COMBUSTION
mxgmncr 99,2 | 99.3
PATTERR
0.95 | 1.16
fys
C - EPAP 2 ;
commrsurron |2+ | 27
THC - EPAP {9,929 | 0,01 |
CONTRIBUTION e L
2, DATA CORRECTED TO ENGINE PRESSURES:
80 -E,I, [25.01 LT
THC - E.I, 2'6 [ -0=
:‘gx o E,Io ’0 9}5
COMBUSTION
EFFICIENCY  |97.2 | 9949
%o Jﬁnmp =e
H - o.
~ CONTRIBUTION 3.1 | 0.43
THC - EPAP  [0,29 | 0,003
. CONTRIBUTION
| Wx = EP“I’ o | 0=51 | 089w

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.

o W le EXTRAPOLATION TO ENGINE PRESSURE
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AFPENDIX D-7

GE DOUBLE/ANNULAR COMBUSTOR DATA, CONFIGURATION D/A-7

‘s TEST RIG DATA

COMBUSTOR INLET TEMPERATURE AND

ZNGINE NO CRUISE L
erws | s bpmmcu CLIMBOUT TAKE-OFF B G
IEADING T3 Pp-l CL=l CL=? CL=3 |TO=l TO=2 TO=3 TO=l TO=5 T0=6
. NUMBER
_ rrwrr PILOT PILOT PILOT|PILOT PILOT PILOT PILOT PILOT PILOT
MAIN MAIN MAIN |[MAIN MAIN MAIN MAIN MAIN MAIN
INLET
PRESSURE 2.95 | 380  [Le77 LeT6 LeT6 |Le7T LeTT Le7B  9.57 9.50 9.57
_ATM,
TUEL-AIR
ZATTO-PILOT 0110 .0140 |.0040 .0058 ,0062|,0040 0062 ,0LOh 001 ,O061 L0081
TUEL-AIR
B RATIO-TOTAL .0110 001)40 00215 00220 00215 00230 0023rl 00233l.0231 00231 002”
. :O bucd E Io - 2.2
;: jep = ELI. % 46-? - 10.
__3M0&N0, . . Sevpmpee . - e .
COMBUSTION
TFFICIENCY |99.4 | 98.2 997 97.8 99.8 |99.9 99.9 9.8 99.9 99.9 100 1
~ TATTERR :
i R l.lh 1007 0. 00,41 0038 00,46 oo 00h6 ooh9 0. oo 1 !
- &ACTOR 5 b 5 3 ;’
30 - EPAP | .#
- i 2.53 6492 11456 1,03 1.31 |0.33 0.23 0.42 0.15 0,19 0,13 .
THC - EPAP
f'ommunou s e -
_ 2, DaTa gomcm TO mmnn PRESSURES 3
e .o - E. 1. 118.9130.9 son- Bl Al Ak B3 A9 o4 8BS A
_.;H.C_-E:LL___LL_Q.L__Q.L_Q.L_.Q.L_:& B S O S 6 S ¢
. 29x - E. I, .81 9.0 [32.8 120.8 11.5 113.2 12.0 19.0 19.0 15.9 18.3
COMBUSTION i3
EFFICIENCY |99.k4 | 99.3 100 100 100 100 100 100 100 100 100 -
. ¥
Z0 « EPAP ) ;
s e T 2.58 | 2,82 (0,30 0,11 0,20 |0.,02 0,007 0,04 0,02 0,02 0,01
THC - EPAP :
_ commTmUTON 0.19 | 0,01 {0,005 0,005 0,008|0.001 0,00L 0,001 =0~ 0,002 <=0~
;fgx = EP“I’ON 0.8 | 0.82% [1.86 1.60. 1.73 [0.75 0.68 1,08 1,00 0.91 1.04

REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.

» = P*? NO_ EXTRAPOLATION TO ENGINE PRESSURE
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APPENDIX D-Bua

GE DOUBLE/ANNULAR COMBUSTOR DATA, CONFIGURATION D/A-8

1 R TA i
ENGINE IDLE APPROACH CLIMBOUT TAKE=OFF
_ CONDITION :
IEADING I-1 | APP=l APP=2 APP=3 APP=lj APP=5 APP=6 APP-7|CL=1 CLe2. CLe=3 CL=l |TO-1 TO-?
__NOGER
PILOT PILOT PILOT PILOT PILOT PILOT|PILOT PILOT PILOT PILOT|PILOT PILOT
mg SR & - % & & 2L x & A Al A
ONLY [ ONLY MaTN MAIN MAIN MAIN MAIN MAIN |MAIN MAIN MAIN MAIN |MAIN MAIN
INLET
PRESSURE 2,94 | 3.39 3439 3,40 341 6.80 6,80 6.8 |Le76 Le76 Le76 k76 [N.T6 L.76
S— - 7Y
FUEL-AIR
Tocpriop |*011q #0137 L00LL 0056 .0070 0046 40071 40092| 40033 40042 40062 +O0BL| 0031 4002
FUEL-AIR : :
_ pasTo-zoms .011d ,0137 ,0L37 ,0139 .0139 0140 0140 .0140| ,021h 0213 0212 .0213|.0231 .0231
20 -E. 1. 118,51.21.2 2. 223, 108, 119, 91,7 69,9
= P 121 0K A 08 S X era” Xl e g ast R T A T
BBl 1320 65 232 28 36 38 L8 c€fifc 68 79 Rl ko £
s SMOKE NOQ 1. 2A s heud 2- b o 2‘ 34
COMBUSTION
EFFICIENCY [99.4 | 99.5 91.6 92,1 92.3 94.2 4.2 9L.6 |99.8 99.9 99.9 99.8 |99.9 99.9
RATTERR 1,05 1,07 040 O0.43 0.62 0.36 0.52 0,90 |0.33 0.34 0,29 0.34 |0.35 0.31
co ‘EP‘PO 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

0.23

0.05 L4e68 L.57 L7k

2,79 3.37 3.43

COMBUSTION
EFFICIENCY

0.02 0,02 0,02 0,05 |0,006 =0=-

99.9 95.8 96.2 96.5 95.7 95.9 96.k

gl 0% o " SET 0.5 O

100 100 100 100 {100 100

SRS S
C0 - EPAP

— CONTRIBUTION

0621 10,57 9.06 7.79 9.89 7.45 5.54

0,11 0.0 0,03 0,12 [0.,01 Q,004

THC - EPAP
ON

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~

" NOy - EPAP

— CONTRIBUTION.

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

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
‘% = P*? NO, EXTRAPOLATION TO ENGINE PRESSURE
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APPENDIX D=8<b -

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

-, TEST RIC DATA

ZNGINE :

TAKE=OFF NO A OBTA
st AKE CRUISE DATA OBTAINED
IEADING
- TO=3 TO=l

— JUMBER
Sesta Plzor Him
MODE
MAIN MAIN
INLET
TRESSURE Le76 L75
ATM,
FUEL-AIR
' RATTO-PILOT »0062 ,0082
FUEL-AIR .02
__RATIO-TOTAL R LR
S0« K1, 1 =
_THC -E.Il, Oed 0ol
s N’o: - E.I. 9'0 9.9
h2¢: SMOKE NOLA 1. s
COMBUSTION
EFFICIENCY 99.9 99.9
%
m 0.27 0430
CO - EPAP
0.
= 4 13 0.1k
THC - EPAP

3 _Z_! %‘I‘A CORRECTED TO ENGINE PRESSURES:

— 20 =E.I. | 0,00 0,00
—JHC - E.I. | 0,02 0.02
- $0g = B.I. 121,67 2,30
COMBUSTION
EFFICIENCY (100 100
=L %
CO - EPAP
—_ CONTRIBUTION Os803 i)
THC - EPAP
- = 0,001 0,001
NOx = EPAP 17 o) 1,39
.. CONTRIBUTION.,

COMBUSTOR INLET TEIMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
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APPENDIX D=9-a,

GE DOUBLE/ANNULAR COMBUSTOR DATA, CONFIGURATION D/A-9

i RIG DATA L
ENGINE IDLE APPROACH CLIMBOUT TAKE=OFF
- CONDITION :
.__m I-1 | APP-1 APP-2 APP=3 APP-l APP-5 APP=6 APP=7|CL-1 CL-? CL-3 [T0-) T0-2 T0-3
‘ e
PILOT PILOT PILOT PILOT PILOT PILOT|PILOT PILOT PILOT|PILOY PILOT PILOT
FUELING PILOT| PILOT g & & &% &3 &3 & & & & & &
MODE ONLY |ONLY MATN MAIN MAIN MAIN MAIN MAIN |MAIN MAIN MAIN |MAIN MAIN MAIN
INLET
PRESSURE 2,91 [ 3639 3.40 3439 3.38 3.40 3.1 3.2 |L.76 LlT6 L.TB [Le76 LoT76  LlT6
FUEL-AIR
_ masto srios .0110| ,0139 0071 ,0091 ,0112 ,0072 ,0092 ,0113{.0035 .00kl ,0060|.0030 ,00LO ,0060
FUEL-AIR .0110| + +0140 ,0140 , L0140 , L1, 3 . . - i
e 0110{ ,0139 ,0140 ,0140 ,0139 ,0140 ,0141 ,0141|.0212 .0210 .0213|.0225 ,0223 .0227
L0 - E,I, 2.2 1386 133, 000 128 A3 S8 83 h 1 7.3 Bk 391 K8 26 0.8
. IHC -B.I, 3.0 Qi 55,7 62,6 30,2 26,8 23,0 21.8 | [ 0= Qe 0=
_Iﬂ;—E,I. 3.2 6.)‘ 3.h h.z 5.1 1.9 h. 6,6 | 5.8 6.0 1.0 7.2 2.2 £.0
= sm mg . 1% 1y, coce soce S R mnme wuwe leeee s ——— Xa ———
COMBUSTION
E!'Fi%mct 99,2 |99.5 91.8 92,7 9.5 95.9 96,2 96,6 [99.8 99.9 99.9 |99.9 99.9 99.9
S 1.02 |0.99 049 1,06 1.03 0.56 0.71 0.88 [0.39 0.37 0.34 |0.37 0.38 0.35
b -EPAPO 2.89 |1.70 10,26 8,12 6,61 6.23 5.79 L.B7 |1.09 0.80 0,58 |0.33 0.21 0,14
THC - EPAP |0, |0,04 5.08 4,80 3.48 2,33 2,10 1,99 |0.02 <0= <0« | «0= «0= «0=
s JNTRIBU. ON & - S : :
_ 2, DATA CORRECTED 70 ENGINE PRESSURES:
_CO B0, (X[ Ts . . . . . L [09 OJi 0,21 0.5 0,I 0.1
-M_E----.-b.h—o--o--u-m
a0 - . . . . . . . . . . . . .
COMBUSTION ;
EFFICIENCY |99.2 [100 96,3 96.9 97.7 98,1 98,3 98,5 |100 100 100 |100 100 100
— L
co -EPAPON 2,88 | 0,11 8.17 6.20 L.84 L.51 L.12 3,32 |0.13 0,06 0,02 |0,02 0,005 0,003
b %O-RPAP 0.1 | 0.08 1.48 1.39 1.00 0.68 0,6% 0.58 |0,003 ~0- =O= |.=0- =0~ ~O=
— CONTRIBUTION
NOx - EPAP 0,45 | 0.76% 0,59 0.73 0.89 0.67 0.80 0,93 |2.09 2,18 2,51 |1.,09 1.0k 1.2

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
¥ i r’mxmmumronnmmsm
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:s TEST RIG DATA
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APPENDIX D=9=b.

GE DOUHLE/ANNULAR CONFIGURATION D/A~9 cont.,

ZNGINE TAKE-OFF CRUISE
« SONDITION
ZEADING
TO=4 |CR=1 CR=2 CR=-3
~ NUMBER
S PILOT |PILOT PILOT PILOT
& & & &
MODE MAIN  [MAIN MAIN MAIN
INLET
PRESSURE L.76 Le78 LJ.66 k.66
ATM,
UEL-AIR L0100 |.0032 0041 .0062
RATIO-PILOT 3
FUEL-AIR 0227 .0209 .0209 .0212 :
__ RATIO-TOTAL r
o S e SR T 8 6 13,8 12,1
-.--‘&‘--Eolo -t 0 O-
l‘IOx - E.I.__lO:l &.7 53

SMOKE NO.

COMBUSTION
EE'FI;IENCY 999

99.5 99.7 99.7

" BATTERR

 EACTQH 0.31  |0.38 0.36 0,28
30 - EPAP

B - UTION 0.27
THC - EPAP

a : s E’Io 0.2

0s7 .7

§ vy rm

7

EF'FI;ENCY 100

99.7 99.8 99.9

%0 -ERP o.01
—_ CONTRIBUTION

THC -~ EPAP alls
— CONTRIBUTION

NOx - EPAP 17,52

. CONTRIBUTION.|

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
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APPENDIX D-10-a

GE DOUBLE/ANNULAR COMBUSTOR DATA, CONFIGURATION D/A-10

» . IDLE APPROACH CLIMBOUT TAKE=OFF
“EADING I-1 |APP=1 APP=2 APP=3 APPlj APP=5 APP=6|CL~1 CL=2 CLe3 CL-4 [TO-1 TO-2 TO-3
n.or‘m? PILOT PILOT PILOT [PILOT PILOT

PILOT PILOT |PILOT PILOT PILOT
FUELING PMPILOT&} &i &é &;. &i. & & & & & & &
MODE ONLY |ONLY MaATN MAIN MAIN MAIN MAIN [MAIN MAIN MAIN MAIN [MAIN MAIN MAIN
INLET
PRESSURE 2093 |3.40 3,42 3,40 3,40 6.82 6.82 [4.77 Le78 L.79 L.76 |Le78 Lo7T k.77
ATM,
FUBL-AIR
; w 0110 .OlhO .OOhO +0070 ,0103 .0069 ,0107 +0030 ,0042 .M3 .00801.0031 .Odﬂ 0061
o rotomay, | *00| 0140 0138 L0138 L0137 .0LL2 .OLL3[.0208 Q219 .0202 .0209|.0227 40228 .0228
R =kl 4 e 0t G2 Tk T Ta had kB
— = EL [ 0} 2.4 3, 20 742 3‘.%-_-2“;1_—1:%:1"*&_1.5__1.1_1._6
— NO ZrERE S i PR P 1, eeee seee
COMBUSTION
mxcixmcy 99,k |99.5 92.5 95k 96.3 96.7 97.6 [99.7 99.8 99.8 99.6 [99.8 99.9 99,9
~ BATTERR 0,80 {0.99 0.90 0.65 0.87 0.60 0,70 [0.45 0.37 0.32 0.28 |0.41 0.40 0,37
 EACTOH 2
3 'EP*PO 2.43 [1.78 B8.45 5.97 L.86 L.52 3.36 [2.02 1.52 1.4 2.11 okl 0.28 0.23
THC “I’ 04,03 L.88 2,78 2.2k 1 0.02 0,04
: ORR 70 EIG SURES: =
B =hF I¥ ; 0 0 0
— O -E.L ﬁ § D= =0- 0,1 | =0- e
R - E,I 99 15,1 14,5 17,5 19,3
COMBUSTION
mz;ﬁmm 99.4 |200 96,8 98,0 98,k 97.7 98.k [99.9 100 100 100 [100 100 100
co -Igﬁ 2.0 {0017 6452 Le29 3431 3,79 2,70 [0.5T 0.29 0.26 0,56 [0.04 0,01 0,007
THC - EPAP 1999 | 20- 1,43 0.81 0.65 1,17 0.8 [0.003 0.003 0,003 0,008| 0= =0~ =0~
— CONTRIBUTION
NOx = EPAP 1016 10,78% Obly 0,67 0.92 0.62 0,90 [2.24 2,15 2.61 2,88 [1.11 1,15 1,26
— CONTRIBUTION.| :

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
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GE DOUBLE/ANNULAR CONFIGURATION D/A-10 cont.

J, TEST RIG DATA

76

APPENDIX D-10-b

ENGINE
NO DATA OBT
o TAKE-OFF CRUISE AINED
~ NUMBER
FURLTNG PILOT PILOT
MODE & &
MAIN MAIN
INLET
PR2SSURE Lo76 6.82
AT,
FUBL-AIR
_ RATIO-PILOT .0081 ,0080
FUEL-ALR .0229 ,0229
_ RATIO-TOTAL
Pt QO o EsIo J.-Q ?-q
~ JHC -E.I. | -0 -0~
e NO: - E.I. _‘9-1 uAE
—_ SMOKE NO. A
COMBUSTION
WIQIENCY 99.9 99.9
~ PATIERR
; 0.32 0.29
.. EACTOR 3
c0 = EPAP 0.28 0,19
__ CONTRIBUTION
THC - EPAP B

80 -E, 1. [0, 0.17

_mo-E.1, -0-_ -0-

_ By -E.I. (23,13 2%
COMBUSTION
mxgmncy 100 100

T T0 - EPAP 5

— CONTRIBUTION v :
e -EPAP | o oo s

— CONTRIBUTION a
o = EE M. LB

__ CONTRIBUTTON

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
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APPENDIX D-11-a

GE DOUBLE/ANNULAR COMBUSTOR DATA, CONFIGURATION D/A 11

:e TEST RIG DATA
ﬁﬁm TDLE AP’ 20ACH CLIMBOUT
— el -1 |APP-1 APP-2 APP-3 APP-l; APP-5 APP-6 APP-7 APP-8 APP-9 APP-10|CL-1 CL-2 CL-3
Saas e PILOT PILOT nwr prior priof mwf priof me vmnrir PILOT PILOT PILOT
- prLor|PILor & & 5. At 53 62 A3 e g
ONLY [ONLY MAIN MAIN mm MAIN MAIN MAIN MAIN MAIN mn« MAIN MAIN NaIN
INLET
PRESSURE 2.91 |3.42 3.40 341 3442 6480 3440 3439 3.40 6.80 6479 [LeT6 LaT6 LaT8
FUEL-AIR .0110| ,0138 ,0031 ,0070 ,0112 ,0035 0031 ,0070 .0111 .0070 ,0110 |.0033 .00L2 ,0061
.. RATIO-PILOT - , 2 %
_ mggmﬁ'gm. .0110] ,0138 ,0137 0138 .0139 .0138 .0137 0139 0139 .0139 ,0139 |.0214 021k .0212

20 - E,I, ?‘2.6
~. THC ~-E,I,

18

0.1 8.8 1Sk W2 - Hal 18,8 2.8 L2 1.8 101

N TRERE T R 5 S
0.1 0% in

6.5 1.T-82:8 8- -.28 30 . bk 81BN 7108

Gl B9 1.9

2.5
NOy - E.I. 3.0
. 1

NO. PR I e, PO UM DU i P——

~"COMBUSTION
EFFI;IENCY 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
RATHR ok 12,07 0.40 0.61 1.03 0.43 1.30 0.91 1.18 0,86 1.14 |0.38 0.39 0.27
 cowrazaprro [2+87 [ 1468 1280 9.58 6.21 8,25 L.9T 214 L35 1.46 3.30| 0.65 0.5 0.0
- e - A ¢ [0:35 ]0.01 327 Latl 2,75 1.29 1417 0,23 1,30 0,16 0.98| 0,02 0,02 -0-
5 ORRECTED TO ENGIL

.20 -EI. bosl 1.7 116 82.7 0.2 . Dat.. O3

— 28C - E,I. 12,85 = ¥, R R R IR T ST

.. X0x =~ E.I, 121 Rbe -3 68 Gt bl RS bk o107 T2 3. 1151 5.8k
COMBUSTION :
EFFICIENCY  |99.3 | 100 96.3 96.7 98.0 97.3 98,8 99.7 98.9 99.6 98,7 | 100 100 100
oo -me)on 2.80 [ 0,15 10,5 7.54 L4e50 7.35 3.40 1,08 2,87 0,98 2.64 | 0,03 0.01 0,01
mﬂc‘m- m"i’mloau 0,003 0,95 1,21 0,80 0.75 0,34 0,07 0.38 0.10 0,57 | 0,003 0,003 -0~
W.m 0.79% 0,30 0,51 Q.83 0.25 0.53 0.76 0,98 0,70 0.9k [2.2 2.35 2.7

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENCINE CONDITIONS:

* - '? NO_ EXTRAPOLATION 70 ENGINE PRESSURE

# - 15nmmrmwnn
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APPENDIX D=11<b

GE DOUBLE/ANNULAR CONFIGURATION B/A -11 cont,

ENCINE 1
: -39 %cmmou'r TAKE-OFF NO CRUISE DATA OBTAINED
READING ;
s T0-1 T0-2 T0=-3 TO=l TO=-
_momm O Hoa Do
eI PILOT | PILOT PILOT PILOT PILOT PILOT
MODE & & & & & &%
baty  |MATN MATN MATN MAIN MAIN
INLET
' PRESSURE L. 78 LeT8 LeTT LeT6 U4eT9 LaT6
AT,

FUEL-AIR R iy :
_madtosros ,0082 . |.0031 ,0036 0041 .0062 .0082
FUEL-AIR .021 ,0228 .0229 .0229 ,0229 .0
- 212 229 ,0229 ,0229 ,0230
L0 -E,I. 1.8 [T B P S o Con, T R, T 4
—_ THG -E.I. 0.1 R TR R e
e s X1, 8,8 7.8 8,0 8,0 8.9 9.6

—_ SMOKE KO, 1,

COMBUSTION

mx;_m:cy 99,9 99.9 100 100 100 100
 PATTERR
o 0230 0.40 O.LL 0.38 0,29 0,25

0.15 0.13 0.11 0,08 0.09

Gies Dt PO EVIOP SIS E e e
2, DATA CORRECTED 70 ENGINE PRESSURES:
%0 -EJ. lo>: 007 006 005 0.00 0.0,
" EO-EL. loge 1000 c0n e e e
——— NO; ol E’IO 0-3’
COMBUSTION |
EFFICIENCY 100 100 100 100 100 100 |
T 0 - EPAP !
_ commusoproy [0°03 | 0004 0,003 0003 0.002 0,002 |
cowmraueon [0+093 |0.001 -0- -0 -0~ -0-
MQ 02 [1.13 1.19 1.20 1.35 1.43

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.

# =- 15 INJECTOR SECTOR FUELED ON MAIN
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APPENDIX D=12 -a

GE DOUBLE/ANNULAR COMBUSTOR DATA, CONFIGURATIONS D/A 12 a & b

2o TEST RIC DATA
INGINE o '
vy jygen | T APPROACH CLIMBOUT PAKE-OFF
SEADING -1 |1-2 |APP-1 APP-2 APP-3 APP-l APP-5|CL-1 CL=2 CL-3 CL-h CL-§ |70-1 70-2
 NUMBER = S —p
PILOT PILOT PILOT PILOT|PILOT PILOT PILOT PILOT PILOT |PILOT PILOT
mnx).g: www:.i 5808 AL 5 & b % 1l a A
MAIN MAIN MAIN MAIN |MAIN MAIN MAIN MAIN MAIN [MAIN MAIN
-
TRESSURE 93| 2.9h | 3.k1 6,75 6,77 6.80 6.78 |LeT6 LaT6 Le77 LeTT LeT6 |LaT7 La78
FUBL-AIR
wToeprion |0119 +0110] 0143 L0057 L0072 10092 .0112| ,0025 L0031 .00k 0062 40083 ].0032 40036
%AL L0110 .0110{ L0143 L0143 L0142 L0142 0141|0216 ,0213 0215 0215 ,0216].0236 .0233
20 - E,T, 217 1217 16.0 B9 7.2 La6 1.0 6.5 | L 3.3
THC -E.I. =4 SR o 13 Oy O~
TR s hl: Ll 20T Rt €8 60 &3 -SRI e SR gf e R i1 SR "8
R “OL la 14 ) 3, 2e 22 3a 1.
COMBUSTION
mxgm«cy 98,7 | 99.2 | 99.4 99.L4 99.3 98.5 97.7 [99.8 99.8 99.9 99.9 99.8 [99.9 99.9
m 1416 1,27 | 1.058 1.16 1,02 0.86 1.0k {041 0.33 0.36 0.34 0.3L |0.41 0.38
CO - EPAP 1) .15.06]2.25 1.46 1.91 3.41 3.68 |1.32 1.07 0.68 0.59 0,97 |0.25 0.19
G - 0.38 | 0.03 0.22 0,25 0.60 1.26 0.03

TO ENGINE PRES

0,03 0,03 0.03 0.03

0,02 =0~

ORRE
20 -Ed., Ppeol2o0l 3.5 108 151 301 3281 1.0 09 0.3 02 07]02 0.1
_TC-E.I. 1741 287001 1. 1.6 3.8 8,01 0,00 0,0 0,0k 0.0k 0.0l 0,06 0=
_ NOx - E.I. 40 321 8.8% 6.9 7.7 8.8 10,0115.8 10,7 1.8 17,8 21,9 119.8 20,1
COMBUSTION
EFFICIENCY [98.7| 99.2 | 99.9 99.6 99.5 98.9 98,4100 100 100 100 100 [100 100
co -nmi' 3elly| 3400 [ 0,31 0,98 1437 2,75 2.99|0.21 0,13 0,04 0,02 0.10 {0,01 0,005
mc'EPAioulo.g-l 0,39 0,008 0,13 0.14 0,35 0,73 | 0,006 0,006 0,006 0,006 O, 0,003 -0~
X A o 0.46| 0.3 0.80% 0,63 Q.71 0.80 0.91|2.34 2.18 2.20 2.61 3.26

1335 14,18

* - P*2 NO, EXTRAPOLATION T0 ENGINE PRESSURE

# == 15 INJECTCR SECTOR FUELED ON MAIN

%
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APPENDIX D=12-b

GE DOUBLE/ANNULAR CONFIGURATION I/A=12-b cont,

1, TEST RIG DATA
ENGINE
~QIITION TAKE-OFF NO CRUISE DATA OBTAINED :
ZEAL ING T0-3 TO0-4 TO=5
— NUMBER
FUELING PILOT PILOT PILOT
MODE B &
MAIN MAIN MAIN
INLET
PRESSURE Le77 L.78 L4.T78
—
FUEL-AIR
 RATIO-PILOT .00)2 0062 ,0082 %
FUEL-AIR
.0 .0 .0 :
. RATIO-TOTAL 236 10231 0234 ' .
O - E,I1, PR B Y ERSRT =

—2HC ~E.1, 0.4 0¥ b .

~ B =F1 178 Bl ol
SMOKE NO.

COMBUSTION
EFFICIENCY 199.9 100 100

——

(V8 0. 0,
CO - EPAP 15 47 0,11 0.12

0,006 0,006 =0~

=

_ 2, DATA CORRECTED T0 ENGINE PRESSURES:
—20 -EJI, 0,07 0,06 0,05 j
N0 - E.1, 10,00 000 o= :

— Mg - B.1. 119,33 22,12 21,88
COMBUSTION

EFFICIENCY [100 100 100
%

—

'CO =~ EPAP
_ contrIBUTIOYN |*200k 0003 0.003

TBC o EPAP _0_ .o_ _0_

— CONTRIBUTION
NOx = EPAP |4 40 1,28 1.12

:*w - ; : -
COMBUSTOR INLET TEMPERATURE AND REFERENCE 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
__coNDTTION IDLE APPROACH CL1MBOUT TAKE-OFF
READING 1-1 |APP-1 APP-2 APP-3 APP-i m-sjfcw CL-2 CL-3 CL-k [T0-1 T0-2 T0-3 T0-}
- NUMBEER e -
PILOT PILOT PILOT|PILOT PILOT PILOT PILOT| PILOT PILOT PILOT PILOT
FUELING gwgigflm‘?&i S add & b 8 5T A . A &
MODE MAIN MAIN MAIN |MAIN MAIN MAIN MAIN |MAIN MAIN MAIN MAIN
INLET
PRESSURE 2,93 |3.45 6,84 680 6,82 6483 [LeT2 LeTh LeT5 LeT3 |2:72 L4e76 LeT2 LaT2
FUEL-AIR
ml'aﬁgmb .0110{,0140 0140 0140 0141 .0139].0210 .0212 .0212 ,021L] .0232 0233 .0231 0234
e SATIO-TOTAL
—£0 - E,I, 19,2 1234 9.7 L7.7 16,8 28,0 1107 6,8 J.u 7.01 5.2 8.2 0.9 L9
et =B.1. 12,2 | 0.1 B e T TR s S X =0-
W0y - E.I, 3.1 ] 6 [ 93 a3 6.1 0.9
—_SMOKE 10, e R
COMBUSTION
migmucr 99.3 [99.4 99.8 97.6 99.2 98.9 [99.7 99.9 99.9 99.8 199.9 99.8 99.8 99.9
n . 1.19 1.16 1.20 1.m 0.98 0.75 0.lp 0.1.1 0036 0028 Seae 0.51 o.h3 0.'.53
EO -EPAP 2.62 2.,3 0.88 ,4'35 1.53 2.&) 1.59 0.82 0.65 1.0,4 0030 oolf, 0.28 0.28
+.. CONTRIBUTION
mc"“’ 0.30 [0,01 0,01 1417 0.37 0.40 [0.01 0= 0= 0,01 ] <0 0= D= w0=

CONTRIBUTION

ENGINE PRESSURES:

2 =B, healil 33 398 11,8 220123 04 02 oalos 10 02 02
—GHC = Bole 1221 0o 01 Thi 2.4 2.6 1L 0= 0= 0o 0=l 0o 0 0= 0=
T H0x - B.d, 1 3.0 1 B.0% B.B% 6.0 fud. 8.0 1138 13,3 1.9 17.k 119 18,6 18.6 18.9
COMBUSTION —
mgmm 99.3 [99.9 99.9 98.3 99.5 99.2 [100 109 100 100 {100 100 100 100
THC - EFAP 1 30 10,003 0,005 0,68 0.22 0.23 |0.,003 =0- ~0- 0,003| 0~ -0- <0- -0-
NOx - EPAP 15 )1 10,81% 0,80% 0,55 0,57 0,73 |2.05 1.97 2.22 2.59 [1.11 1,06 1.06 1.08

FEESaE NO_ EXTRAPOLATION 70 ENGINE PRESSURE

# == 15 INJECTOR SECTOR FUELED ON MAIN
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APPENDIX D-13-b

GE DOUBLE/ANNULAR CONFIGURATION D/A-13 cont.

1, TEST RIG DATA I
mn‘gl “ TAKE-OFF NO CRUISE DATA OBTAINED
READING | :

I70-5 TO0-6 TO-7 TO-8 T0-9 T0-10 TO-11 ‘

o EDEER : ; :

FUELING PILOT PILOT PILOT PILOT PILOT PILOT PILOT
MODE & & & & & & &
IN MAIN MAIN MAIN MAIN MAIN MAIN
INLET
PRESSURE beT5 LeT3 6483 9.55 9.53 9.53 9.54
FOEL-ALR
ToeTior |*00LT 0.e62 0060 ,0025 40036 00LS 40060
FUEL-AIR
_ RASto-monar 0235 ,0232 0228 ,0229 .0231 .0231 0229

0 - E.I,

ke 2al . 1oh b2 2.2 b 1.0

P O I R R W
N, -E. I, 16,8 7,3 92 90 9.7 9.7 10,2
"~ SMOKE 10, .
COMBUSTION
FFICTRNOY 99.9 99.9 100 99,9 99.9 100 100
RATTERR l0.43 0.36 0.32 0.42 0.38 0,31 0,32
o rmrateron 0019 Oc1l 0,08 0.2k 0.13 0,05 0,06
THC - EPAP

o ol .. D0

D= 0= 0~

— S0 —E.I. | _n.na..n.na_nm_o.sz_n.zzn& 0,40
— NOx - E.1. 13,3 20.3 20,3 16.9 139 131 19.1 ‘
COMBUSTION : =
EFPICIENOY 100 100 100 . 100 00 00" %90
T TO - EPAP
rayrioy [0+005 04003 0,00k 0,03 0,01 0,008 0.006
mc"m“’on e e 0 02003 he e -iDe
mx-EPAi’ 1404 1,16 1,16 0,96 1,04 1.0l 1,09
. CONTRIBUTION.|

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
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APPENDIX Dell-u.

GE DOUBLE/ANNULAR COMBUSTOR DATA, CONFIGURATION D/A lh-a

—Js TEST RIG DATA 3
"mm IDLE APPROACH CLIMBOUT TAKE=OFF
= CONDITION :
READING ID=1 |APP=l APP=2 APP=3 APP=lj APP=S|CL-1 CLe2 CL-3 CLel |70-1 TO-# TO=3 T0-4
= NUMBER
PILOT PILOT PIIOT|PILOT PILOT PILOT PILOT| PILOT PILOT PILOT PILOT
FUELING E‘m"‘” ;'1}:0' ;Ig’ & & % & & & & & & & &
MODE Y Y MAIN MAIN MAIN [MAIN MAIN MAIN MAIN |MAIN MAIN MAIN MAIN
INLET
PRESSURE 2.9% |3.b) 6,80 6,80 6,80 6.80 [9.53 9.51 9.53 9.54 [9.56 9.60 9.54 9.53
-——M
m"a_‘I‘I‘m .0110| ,0140 ,0140 ,0031 ,0062 ,0091|.0025 ,0031 .00L1 .0062|.0021 0031 0042 .0063
FUEL-AIR L |-ou0 L0140 ,0140 .01k ,01k2 .O1k1|.0217 .0216 .0217 .0217.023k .023k .0236 .0235
~. RATIO-TOTAL |
_99_-_:4:._135%:% 1,2 10 1 0 0 25| 8.4 L3
. . . ol 0= U~ 0= 0,2 0.1 0.2 O
S5l -E . 3.0 | 5. . . . . . . . __LI?' 2.1 12, .
e 1. 1. & . - - ﬂ. - -
camusnon

mgmucy 99.0

99+l 99,7 95.4 95.1 L.l

79.9 99.9 99.9 99.9

99.8 99.9 99.9 100

PATYERR 1.30

1.1% 1.35 0,58 0,58 0,89

0.50 0.47 0.5 0.40

0,58 0,57 0.52 0.l

CO - EPAP |3.67

2,06 1.03 9,28 B.05 6,57

0.89 0.65 0.k5 0,36

0437 0,25 0.1 0,11

= CONTRIBUTION
THC - BPAP | 0.52

ORRECTED TO ENGINE PRES :

O.w o.d‘ 2001 2.60 3.59

- 3:0

Os2 U.3 12,6 16,6 22,9

Jee

Took_ B L7 6.5 7.7

0,01 «~0= =0« <0~

0,01 0,006 0,006 0,006

0,0 -0-  -0-

(YL 0.7 0.k gg

COMBUSTION
EFFICIENCY 99.1

”.9 99.9 %.l‘ %.s %.3

100 1CO 100 100

PR S
G0 - BPAP |3 5

0.25 0.35 9.25 7.15 5,72

0.21 0,11 0,06 0.05

0.08 0,03 0,00 0.01

— gommIoy
C - EPAP 0.1‘1

0.02 0,02 1.17 1.51 2,09

0,006 0= =0~ =0=-

0,003 0.002 0,002 0,002

— CONTRIBUTION
NOx - EPAP 10 ),

0,69% 0,77% 0,43 0.59 0,71

2,53 2,53 2.61 2.8k

— CONTRIBUTION.]

1.23 1.22 1,20 1,28

mmmmmmmummmmnxm

. r-’uo:nmmmammm




84
L - APPENDIX D-1L~b -

GE DOUBLE/ANNULAR CONFiGURATION D/A-lh-a eont,

1o TEST RIG DATA

ENGINE
_CONDITION CRUING
READING CR-1 CR-2 Chi-3 CR-k
NUMBER
mfmmm'c g & n:or & n:o'r
| MAIN MAIN MAIN MAIN
» INLET
; PRESSURE Lbe76 Le76 L.78 L.78
| AT
' FUEL-AIR .0031 0042 ,0062 ,008
| RATIO-PILOT B 2
FUEL-AIR .021) 0213 ,0213 ,0213 @
RATIO-TOTAL _ ;
CO0 = E, 1. o TR T o S &

-THC - ~E.1, Ok 0.2 D2 Ok

NOx -, E.I. 5.1 5.2 6.2 1-0
SMOKE _NO, ity g

COMBUSTION
EFFI;I.ENCY 99.6 99.7 99.7 99.6

~ BATTERR

— ZACTOR 0.51 0,50 0,50 0,56

CO = EPAP
CONTRIBUTION
THC - EPAP
CONTRIBUTION | ___

DATA CORRECTED TO_ENGINE PILSSURES:

.'H

CO = R.1. R 6
 THC - E,I.

02 0,1 0,1 O
\on - EgIo 03 - 909 ll.l
COMBUSTION
m'FIgmNCY 99.8 99.9 99.9 99.8

I

—

CO - EPAP
__ CONTRIBUTION
THC - EPAP
__ CONTRIBUTION
NOx - EPAP
__ CONTRIBUTION. :

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENCINE CONDITIONS.
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APPENDIX D-15 -

GE DOUBLE/ANNULAR COMBUSTOR DATA, CONFIGURATION D/A 1h~b

| _1, TEST RIG DATA

ENGINE
CONDITION IDLE APFROACH NO CLIMBOUT, TAKE-OFF OR CRUISE DATA OBTAINED
. BEADING ID-1 |APP=1 APP=2 APP=3
_NUMBER __
FUELING FILOT|PILOT PILOT PILOT {
MODE ONLY |ONLY ONLY ONLY
TNLET |
PRESSURE 2.93 |3.40 5,08 6.77
ATM, ‘
FUEL-AIR |
ero.21100 | *020 .0140 ,0140 ,01LO
. FUEL-AIR 0110} ,0140 0140 .0140 |
RATIO-TOTAL
. _20 -E,I., 0
THQ ~’E=Io 0.2 _&% o
NO: - Ecl. 2'1 !1 10 E.:-g
_ SMOKF KO, & T A A
COMBUSTION |
mr;mcy 97.0 [99.2 99.5 99.6 |
_,m e }
TTERR 1.68 [1.30 1,23 1.45
- ZACTOR
20 - EPAP & .96 4 2
oo i L2 |2.96 1.87 1.kO

THC - EPAP 2.65 0.03 0.01 0002

. CO - _E_L_o 6

_JHC - E,I, ‘ 0 0 0

¥y -Bels | 11 8.0% T 0%
COMBUSTION

EFFI;IENCY 96,9 |99.8 99.9 99.9

~ TO - EPAP
 CONTRIBUTION 645 |0.58 0.4l 0.u7

THC - EPAP " 0, i
20 TON 2,66 |0,008 0,004 0,011

g°x - EPAPO 0us2 [0.75% 0.8Cx 0,82% |
— CONTRIBUTION. -

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CO.DITIONS.
* -- P2 NO_ EXTRAPOLATION T0 ENGINE PRESSURE
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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 Pli: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~-
iained in the test rig with one exception. In setting test point conditions, it
was rarely possible to operate piccisely 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 4
were made according to the procedures described in the EPAP Calculations
section of the report.




)

l

e o e e A % . A . G . S

R S

My SRR A DR

87
APFPENDIX E-l-a

GE RADIAL/AXIAL COMBUSTOR DATA, CONFIGURATION R/A-1

—J1. TEST RIG DATA i
mmmu 1DLE APPROACH _ CLIMBOUT
gmn!!mz"' : : ”
ID-1 ID=P |APP=1 APP? APP-3 APF=ly APP=5 APP~6 APP-7 AFP8 APP-§ APP<10|CL-1 CL-2
. 3 . R . PILOT PILOT
FUELING PILOT prLor FILOT PILOT PILOT PILOT PILOT & 4 & 4 & % & 3 & &
MODE ONLY onpy |onpy OMLY ONLY & # &2 & % MAIN MAIN MAIN MAIN |mAIN MAIN
MAIN MAIN MAIN
INLET
PRESSURE 2,91 2,89 [3.42 3,42 6.85 3,42 6.87 3.2 342 6483 6,87 3.40 |46 LTS
T FUBL-AIR
RaTIO-priop | *0M0 <CH5[.0137 0138 ,0139 ,0038 L0058 .0059 .0057 0057 0073 007k [.0047 .0057
FUEL-AIR
Toonopar, | *OM10 #0115(.0137 0138 L0139 L0137 .0137 L0239 ,CL37 0138 ,0136 0139 [.0208 0206
CO .- E,I. 91.0 B8&K.8 129.6 27.9 11.6 106, B7.2 97.0 111,
_— - (0 7S SR 2 0 .. g
= E.I, 33 2.3 2 0 6,1 = R
_SMOENO, 16,9 300 [=one 1.6 oo
COMBUSTION
mwlcimncr 9heS 95.1 [99.1 99.3 99.7 80.6 90,7 89,0 R1.9 87.6 ©0.8 88, [97.1 98.1
- BATTERK
— EACTOR
o0 ‘m’“’o 12,43 12.85] 2,70 2.5k 1,06 9.67 7.95 8.9510.12 9.19 9.09 9.76 | 9.65 8.06
G - EEAT | bebh 3.97| 0623 0,05 0.0k 15.47 6.66 7.95 Uk 9,25 6,29 B8.56 | 2.05 1,00
k3 =3 === R == — —= - = = — = - = =
— 2s DATA CORRECTED 70 ENGLNE PRESSURES:
o M‘L_* 6 6 - . .‘2_
- M—. = 4 : L ] L]
W &'_‘_EJ_ILO 2.1 2.0 * . . . o> 1049
COMBUSTION
EFFICIENCY |945 95.1 |99.8 99,9 99.9 93.1 93.9 95.7 93.k 92,1 93.9 95.5 [98.8 99.1
~ TO - EPAP 12,40 13.,77| 048 042 0,25 7.73 7.07 6.88 8,05 7.79 8.17 6.9 | 6,10 k.79
« CONTRIBUTION
m'm"m 463 3.93| 0,07 0,00 0,02 L.52 3.91 2,33 L.a3 S.3h 3.69 2,49 | 0,38 0,18
"~ NOy - EPAP 0428 0,31| 0,50% 0,58% 0,63% 0,40 0.48 0,54 0.4t 0,49 0,73 0,77 | 1.71 2,52
— CONTRIBUTION.
COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
"% -- #*? No, EXTRAPOLATION 0 ENGINE PRESSURE

¢ ==

ALTERNATE PILOT INJECTORS FUELED

+ == ALTERNATE PILOT AND ALTERNATE MAIN INJECTORS FUELED
@ <= ALTERNATE MAIN INJECTORS FUELED

I S 35 . BTN KL 53500
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APPENDIX E-1-b

GE RADIAL/AXIAL CONFIGURATION R/A-1 cont.

ENGINE
«_CONDITION CLIMBOUT TAKE-OFF NO CRUISE DATA OBTAINED
READING
CL~ T0-1 TO=2 T0-3 TO=k TO=5 TO-6 T0-7 TO-8
o NDMEER _ ¢ 3 0 Sg . 7 -
FUELING ’Ii'm n:.or PI:“ ":0’ n:ar PI:‘" PILOT PILOT PILOT
MODE MAIN  |MAIN MAIN MAIN MAIN Ay % & &
INLET
PRESSURE LTS 9459 U472 9459 L.78 L.75 LOBO L4.79 L.BO
_ATM,
mn-;lx,n ,0068 |.0038 ,0038 .0057 .00S8 .0077 .0030 0038 .OOL9
s 0209 |+0225 ,0231 .0222 ,0228 ,0226 .0229 .022§ .0231
= BATIO-TOTAL |
- I.
- : -
NOx -ggfz, 30,
T SMORE MO, __I--—-
COMBUSTION »
EFFICIENCY 98.9 99.3 98.9 95.7 99.6 99.2 96.4 98.2 98.9
L
BATTERR S e
- EZACTOR
: a8 'EP"O 6,65 [1437 1.81 0,78 0.97 0.76 3.03 2,19 1.65
~ THC - EPAP
_ commmuron 0436 0.09 019 0.01 0.02 0,01 1.37 0.53 0.22
_ 5. DAT 70 ENGINE P :
o8 TR 0
i Baky 0
— ng b E.I' 23.3
COMBUSTION
mgmcy 99.5 99.7 99.6 99.9 99.9 99.9 98.9 99.h4 99.7
co -xgmx’on 2490 0,70 0,79 0,31 0,27 0,17 1.71 1,07 0.69
THC - EPAP 1507 10,03 0,03 =0= 0= <0- G,22 0,08 0.03
¥Ox =~ EPAP 1307 10,69 0,67 1.2h 1.3 1.89 0.71 0.9 1.11
~ CONTRIBUTION, c

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
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AFPENDIX E-2-a -

GE RADIAL/AXIAL COMBUSTOR DATA, CONFIGURATION R/A-2

S D A R e e v iy

1. TEST RIG DATA 3
ENGINE IDLE APFROACH CLIMBOUT | TAKE-OFF
«CONDITION _ | .
._fff-g; ID-1 |APP=1 APP~2 APP=3 APP-l APP=S APP=6 APP=7|CL-1 CL-2 €L-3 |CL-l TO-1 T0-2
r— prvor|prLor PILOT FILOT FILOT PILOT PILOT FILOT|FILOT PILOT PILOT| PILOT FILOT PILOT
& } &3 &3 & & & & & &3 (&3 & &
MODE ONLY |ONLY
MAIN MAIN MAIN MAIN MAIN |MAIN MAIN MAIN {MAIN MAIN MAIN
INLET
" PRESSURE 2,91 |Le78 Lo77 L4eBO L7k L4e78 L.B0 La79 4455 Le76 La76 |LeTh L8O 4.6O
-———M’
mx.(-:nlx 0110/ ,0140 0048 .0057 .0077 .OOLO 0050 .0060| .0049 .OOTk .O0LS| 007 0039 .OOLS
m;"‘m L |+0120].00k0 L0037 L0137 .0Mk2 .OLL? 043 OLLL| 0215 L0215 .0215| 40215 .0227 0230
= RATIO-TOTAL
—-gg_-—-ﬁfl:_— 9 . . . . . .
_M__ft%. 0 o 1542 . . . . . B
,_& .- E:I' A 1 ? . - . - - - -
M P
COMBUSTION
mimcy 98,1 |99.7 86.6 90.3 93.8 7h.l 834 88.0 [99.3 99.5 99.2 | 9.4 99.: 99.6
m 0.6L (041 1.20 2,07 0,73 1.05 0,71 0.63 [0.36 D.86 0.56|0.55 0.33 0.3k
c 'Ew‘o 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
- THC - EPAP 0.83 0.0k 10.1 6.86 2,85 20,9 12,7 B8.62|0,16 0,06 0,11 0,05 0,05 0,02
= == — S
. 24 DATA CORRECTED T0 ENGINE msm
. iO - L. jL 10,9 Oy 11,01 7ol Je) Le0O
- THC - E.I, g:g 0,2 0.0 U3 O.IT 0,1 0,05
COMBUSTION
EFFICIENCY |98.1 [100 93.5 95,1 96.7 88,1 92,0 93.9|99.7 99.8 99.7]| 95.8 99.8 99.9
cox r-«fi"‘:i 7435 0,21 7,60 6.9h 6.19 9.92 9,08 8,55|1.62 0,96 1,63|1.05 0.48 0,22
S anet [ Lal 2.8 156 Bk 519 3.55[0.03 0.0 0.05] 0,02 0.1 L-
S EPAP
~—.$‘I“LBT".L\¥ 042 | 0,84* 0.35 O.bk 0,73 0,18 0.25 0.34|2.11 3.18 2,13 3.39 0.92 1.05
4 COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS,

o2
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” APPENDIX E-2<b
GE RADIAL/AXIAL CONFIGURATION R/A-2 cont.
1 TA
ENGINE
__conprrron | AE-OFF b
SEADING T0-3 CR=l CR-2 CR-3 CR-l4 CR-5 CR-6 CR-7
o NUMBER _
FUELING PILOT |prropr PILOT PILOT PILOT prLor FrLorePILOr®
MODE & ONLY & & & &% L4 &3
35 MAIN MAIN MAIN MAIN MAIN MAIN MAIN
INLET ;
PRESSURE .59 Lo78 1478 LaT73 LeTh La79 Le78 La77
—__ATM,
FUEL-AIR ; .0210 , .0063 ,0078 .0048 ,0058 .
B 0069 0210 ,0052 3 007 58 007k
FUEL-AIR .0230 |.0210 ,0223 .0221 .0223 .0206 ,0207 .021
—_ RATIO-TOTAL 3 3 3
20 -EJI. 0.8 6.7 L0 3L 29,2 13,2 29,8 32.3
_-.THC =B,.I, 0 0.3 8 %3 33 ﬁ_jﬁ?
NO; - E.I. # - '9 5-7 M . 1
SMOKE NO,_ proay %’,1'
COMBUSTION
mx;mncy 99.7 99.8 98,5 98.9 99.2 98.5 98.8 99,0
Eaomos (0433 0.32 0.3z 0.32 0.1 0.62 0.1 0.32
320 - EPAP TR
~_ CONTRIBUTION 0.62
THC - EPAP
U, GERERGRLTER .
. 2. DATA CORRECTED 70 ENGINE PRESSURES:
- 1.8 =
- JHC - E. I, 1| 0,01 245 1.6 1.1
s NOx e E:Ic ?,.l-q 7.2 . A1 _Ii 9_18
| COMBUSTION
| EFFIgIENCY 100 100 99.1 99.3 9905 99.1 990'4 9,0’4
‘ s CO - EPAP — - -——— -
. —_ CONTRIBUTION o
THC - EPAP
- __ cowmrsyrron | ~%
NOx = EPAP 112 |
§ ION. ;

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
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APFENDIX E-3-a -

GE RADIAL/AXIAL COMBUSTOR DATA, CONFIGURATION R/A-3

—Js TEST RIG DATA | ‘
“EoIE
= CONDITION s APFROACH CLIMBOUT :
READING -1 | 1I-2 | 1D-3 [cL-1 cL<z ©L-3 CL-k CL-5 CL-6 CL-7 OL-8
o NUMBER _ 6% BLEED|).2% BLEED|APP-1 APP-2
FURLIG pivor] prror | Prwor |erior prior|PILOT PILOT PILOT PILOT PILor PILOT PILor®prior®
MODE lonty | onLy ONLY |oNLy onLy | & & & & & & &% &3
= MAIN MAIN MAIN MAIN MAIN MAIN MAIN MAIN
INLET
" PRESSURE 2.89 2.90 2.85 3.39 6,80 [L.7Th 9.53 9.53 L.72 9.53 L.68 h.Th k.76
*_Al'
PR op |0130] 0137 | 0159 [.0M40 .0140(.0039 ,0039 .00LB 0B 0068 40070 40039 40068
a BATIO-PILOT
m;m : .Ouo0| .o137 | .o159 |.oako .o140].0212 .0212 ,0213 .0213 .0210 ,0215 ,0211 ,0209
a BATIO-TOTAL |
— L0 - E.1, 58,3 | L7.9
THC -E.I, ST 2,1
- E I 3.2 3.
R BL Dt a2 Tl
COMBUSTION
EFFICLIENCY 97.2 |+ 9845 98,5 |99.6 99.8 |92,2 95.7 98,2 96.7 99.1 98.9 97.h 99.1
w 0.68| 0.1 | 0.57 lo.51 0.70 |0.k1 0.38 0.33 0.32 0.28 0,27 0.43 0,57
CO - EPAP 17 06 | 6,54 6039 [1.48 0,65 [10.9 9.79 6.93 8.39 LS L.92 7.67 k.52
THC - EPAP 17,97 | Q.46 0.37 [0.02 0,03 [9.03 L.06 1,13 2,96 0,25 0,55 2.13 0.36
& L1 D e . = L = - . —e ——
. ORRECTED TO FNGINE PRESSURES:
0 B, I, o8B LT.h Y 138 » = . . . - .
‘M,_I_'__M 3 . . . . . .06 ) . . .
— MILL 3.0 ‘Ql . L . . . . . . . . .
COMBUSTION
EFFICIENCY |97.2 98.5 98.7 100 100 [97.8 97.8 98.9 98,9 99.5 99.6 99.0 99.6
GO -EPAi 7.89 6.50 6.2!‘ 0010 0008 7011 7.!‘8 h.92 Soal 2.80 2035 hbw 2.07
G e EPAT w [1095 | 07 | 0.37 (0,01 0,02 [1.65 1.9 O0.h2 0.5k 0,09 0.10 0.39 1.67
#0x = EPAP g9 | 0,42 0.41 |0.,67% 0,70%[1.25 1,28 1.78 1.7k 2.89 3,02 2.22 3.75
— CONTRIBUTION ;

% — P*? NO, EXTRAPOLATION 70 ENGINE PRESSURE
@ -- ALTERNATE MAIN INJECTORS PUELED

& VELOCITY AT NOMINAL ENGINE CONDITIONS.
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AFPPENDIX E-3«b -

GE RADIAL/AXIAL CONFIGURATION R/A-3 eont,

RI TA
. ENGINE
4 S TAKE-OFF NO CRUISE DATA OBTAINED
. READING i
TO=1 T0=2 TO=3 TO4 TO=5 TO-6
o NUMBER
mx nim PI::OI‘ ni.or n:‘.or‘n::or n:or
MAIN MAIN MAIN MAIN MAIN MAIN
INLET
PRESSURE Lol 9453 LoTh 9.53 LTk 9.53
ATM,
FUEL-AIR
| __RATIO-PILOT .0039 .00lO ,0050 0050 ,0069 0070
| FUBEL-AIR
8 o & .0228 023 ,0231 ,0232 ,0230 ,0232
| G0 » B34 Lb32 27.2 281 1h.9 38.0 8
. ZE -EsIc 12.1 hé lz.h __M__QAS
NOy - E.I. £R 20 2.6 B0 IBY TLN
NO, 2,0 0,5
COMBUSTION
mgmcx 97.8 98,9 99.1 99.6 99.6 99.8
PATTERE
0. 0 ' ) 0. 0. 8 0.
 FACTOR O 0,30 0,32 30 0,2 27
co ‘EP“I"‘ON 50 1.55 1.60 0.85 0.91 0.6
THC - EPAP

0.26 0.1’4 0,06

e
COMBUSTION
EFFI;IENCY

99.9 99.9

CO - EPAP
c IBUTION

0.24 0,12

THC - EPAP

0,005 0,01

—_ CONTRIBUTION
NOy = EPAP

0.67 0.61 1.3 1.3

— CONTRIBUTION.]
CQMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.




APPENDIX E-l
GE RADIAL/AXTAL COMBUSTOR DATA, CONFIGURATION R/A-
1, TEST RIG DATA |

ENCINE -
_ggmmrrroy [T | APPROACE CLIMBOUT TAKE-OFF CRUISE
BEADING - -
ID-1| APP-1 |CL-1 CL-2 CL-3 CL-4 |P0-1 T0-2 TO-3 |OR-1 CR-2 CR-3
- NOMBER '
 rmm w srion PILOT PILOP PILOT PLLOT n:om PLLOP PILOT| PILOT PILO PILOT
? e MAIN MAIN MAIN MAIN |MAIN MAIN MAIN (MAIN MAIN MAIN
. TTEEr
" | PRESSURE 2.89| 3ek2 |LeT6 LaT6 LeTT LeT5 [LeT6 LoTT LaT6 LTS LoT8 L.T8
? m‘;ﬁgm .0119  ,0140 | ,0038 ,00L48 .0068 0097 +00LO ,0050 .0069| L0049 .0069 .0077
{ -m—-
% L |-01d  .ou0 | 0217 L0214 021k (0215] .0230 40230 0229 0207 0208 0207
_ BATIO-TOTAL
C0-BE.I. 1133l 17.8 |MI.8 73.8 86,7 &l.1168.1 37,7 23.8179.6 B87.86 79.6

_JHC -E.I. 1oy 0.9 183.8 30, 8.3 5.,129.8 6,5 1,61066,9 311 16,6 |
NOy -~ E.I. 1.3 g 1 2.4 .8 9.4 WEtl Lh SNt Pl B8-S
0_

NO. 0 . ——— s
COMBUSTION
EFFI;IENCY 98.8 99.5 | 89.7 95.2 97.8 98.3]95.7 98.5 99.3| 89.0 9L4.B 96.5
w 0.60| 0.67 |0.36 0.34 0.25 0,31|0.32 0.30 0.27|0.36 0.27 0.2%
CO «~ EPAP i i 12.6 10. 8. .60 . 2 2.1 1,
. e L 62 9 8.43 7 3.3 5 1.34

THC - EPAP {09l 0,08 | 12.4 L.52 1.23

g0 - BRI, Tio B 15 | 5Lk L8 -5 BL.O 18.3 B.6] 6L.8 172.6 6L.8
_THC - E.I, 14l 0.3 1154 gé% !E% Eéo 0_0 1 R
| _Nog - E.I, 3.1 5.6%] 5.2 S 12.h 21,91 L.l 10,2
| COMBUSTION
EFFICIENCY | 98.9] 99.9 | 97.2 98.3 99.0 99.2| 98.7 99.5 99.8| 9k.9 97.0 97.8

0,80 | 1.70 0,37 0.09|

00 - EPAP 5.84 0.1k | B.09 7338 :5:10 L.k2| 1.94 1.05 0,49

: _%mmxon
c.r:mpoN 0.20, 0,02 | 2,28 0,83 0,23 0.15

Mg = SEAF |00l 0,500] 0,77 1.20 :2.92 3.361 000 001 LB e s e |
. CONTRIBUTION.| f

0,27 0,06 0,01 -

COMBUSTOR INLET TEMPERATURE AND REFERFNCE VELOCITY AT NOMINAL ENGINE CONDITIONS.

* ou P2 NO_ EXTRAPOLATION TO ENGINE PRESSURE
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APPENDIX B=5 °

GE RADIAL/AXIAL COMBUSTOR DATA, CONFIGURATION R/A-5

1. TEST RIC Dam4 "
ENGINE
__comrrIon IDLE |APPROACH CLIMBOUT TAKE-OFF CRUISE
READING - _
ID-1 | APP-1 |CL-1 CL-2 CL-3 |T70-1 T0-2 |CR-1 CR-2 CR-
_FOMEER 4
PILOT PILOT PILOT|PILOT PILOP|PILOT PILOT PILOT
FUELING PILOT| PILOT | 4 r a a Y 3 s o
MODE ONLY | ONLY |mary MAIN MAIN |MAIN MAIN |MAIN MAIN MAIN
" INLET
PREGSURE 2.90 31 | LeTO LeT8 LeT6 |LeT1 LeT3 |LeTh LoT8 LaT6
FUBL-AIR
RATTO-PTLOT .0110] .0140 | .00LO .0050 .0068|.0040 .0050| .00L5 .0069 .0083
FUEL-AIR 3 ; 2 : .0209| . .0230| ,0207 . 2
s |*0110| +01L0 | L0214 L021) .0209) .0227 0230|0207 0208 ,0208
~0-E, I, D101 15,6 178.3 53.3 Li1,0 [LL.3 36,7 {88,0 60,3 53,0
THC ~E.1. 2,0 0,8 1837 7.1 lu2 | 3.3 L.k 0
~Noy - E. T, | 3.4 1.0 2:1 3,0 9.4 7,9 10,01 2,2 L4 5.7
IR FEED N TM ST P e
COMBUSTION
EFFICiIENCY 98.8 | 99.6 |89.8 97.0 98.6 |98.6 98.7 |90.7 97.6 98.2
" PATTERE
0,26 | 0.31 |0.33 0,29 0,24 {0.24 0.17 |0.31 0.35 0.U1
— FAGTOR 3 33 9 L L 7 3 35 L
cg = EPAP 1o oo | 1.2 |11.7 7.93 6.10 |2.53 2.10

- 020 ~E.I. 140.7 0.2 82,3 31,8 21 81230 17.5172.6 J)7.0 J0.3
- IHC - E.I, .0 0.2 18.2 32 O AL 0.5....0.7 il
= - E. 1. e 9 1 083 hfo B  SURES YUREN B
COMBUSTION
EFPI:IENCY 98.8 100 97.3 98.9 99.4 [99.4 99.5|95.3 98,5 98.8
co -Ep‘i 5.56 1.&2 7078 )4069 3.2,.& 1.32 1.00
THC - EPAP 19 o7 | 0,02 |2.26 0,48 0.12 |0.03 0,04
NOx = EPAP 1516 | 0,72% | 0,61 0,93 .71 [1.05 1.31

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
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b ‘ ; APPENDIX EB-6 °
j GE RADIAL/AXTAL COMBUSTOR DATA, CONFIGURATION R/A-6
| 1, TEST RIG DATA
ENGINE T
i ety S s B it O CRUISE
READING
ID-1 |APP-1 APP-2 APP-3| CL-1 CR-1 CR-2 CR-3
~NUMBER
P PI LOT
=R Raeh Rat ngom I:OI‘ &wr n& PI:OI‘ Pxim
| MODE ONLY |ONLY mMavy MAIN |MAIN MAIN MAIN MAIN
| TNLET
"; mﬁ“m 2,96 |3.48 3.50 3.60 |L.T7 LaTT  LeTT La92
E FUBL-ATR :
; TIO-PILOI' 00110 001’40 900).;8 .0070 00071 .ooso .007¢ 00079
; FUEL-AIR ;
| RAPTO-POTAL 0110} 0140 0137 .0139] .0214 .0210 ,0213 ,0208 ;
| ’30 - Eo - ?1-‘1 11,.2 10‘;A 13ﬁL ZQAQ ]q.h 39.2 ;6.7 \2
_THC -E.I, 0.5 1 0.1_37%. 203, | 3,0 0,0 2,2 2.0 i
Wy = B.1, 32179 08 181 6.0 3R -8 -8
NO. seze 1. =
COMBUSTION
m;mncr 99.L |99.7 60.1 T76.L |99.2 95.3 98.9 98.9
&ﬁm“mm 0.36 |0.28 0.83 0.%1 |0.30 0,23 0.24 0.35 '
C0 - EPAP
oy |3+20 [ 1420 9.55 12.6 |2.97
THAP 0.06 [0.,01 3L4.2 18.6 |0.L45
g 3 == :"‘t = ',‘ = T = —— —
_ 2o DATA CORRECTED 70 ENCINE PRESSURES:

20 -E,I, 23.91 0.7 82,8 115, 111.5 89,1 28,0 27.9
_ M - E.T, 0.51 0,03 112, 62.61 0.6 12,5 0.9
0y - E,I. 2,91 9. 2% 1.6 3.2 113.6 Bal_ 7.8 ég
; COMBUSTION :
| . EFFICIENCY 99,4 | 100 86,9 91,1 |99.7 97.4 99.3 99.2
T T0 - EPAP
: _ CONTRIBUTTON 3426 | 0,06 T.55 10,5 |1.T1
THC - EPAP
_ CONTRIBUTION 0,07 | -0- 10,2 5,71 |0,08 >
NOx - EPAP 14 39 |0,81% 0.15 0,29 |2.02

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
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APPENDIX E-T7

GE RADIAL/AXIAL COMBUSTOR DATA, CONFIGURATION R/A-7

1. TEST RIG DATA

_CONDITION IDLE | APPROACH CLIMBOUT TAKE-OFF CRUESE
READING - -

ID-1 | APP-1 |CL-1 CL-2 CI-3 |T0O-1 TO-2 T0-3 |CR-1 €R-2

— NUMBER

PILOT PILOT PILOT|PILOT PILOT PILOT|PILOT PILOT
b~ 0N SR 3 % 3 Al & & 1A a
MAIN MAIN MAIN |MAIN MAIN MAIN |MAIN MAIN
T INLET
”‘?ﬁﬂ‘jjﬂ 2,92 | 3.0  |heT2 La72 LoTh {476 9453 LaTh |LaTh LTl
FUEL-AIR ;
RATIO-PILOT 0110, 0140 |.0039 ,0050 ,0070|,0048 .0049 .0058{,.00L8 ,0078
mi%‘.‘&u 0110 0140 |.0222 .0218 .0217].0233 .0231 .0235].0206 ,0209

- BATIO-TOTA

L0 ~-E.I. 52,0 9.0 68.5 85,8 17.9 160.2 L1.2 30,3 177.1 T2.6
;E.-E.I. 8.6 0.2 aRY. QN -1 318 133 3 19,0 h.l ]ﬁ]. 30,7
m: . E.I. 2-8 qu Q.1 1:3 14-2 ZAQ h.h 3.2

_ SMOKE NO, saan -0 0.8 290 111 1.1 0.9 08 fass oo
COMBUSTION
mx;mncr 97, 99.8 |79.7 8842 9747 |95.3 97.2 98.8 [82.1 95.2

" PATTERE

0.6 0.38 |0.66 0.69 0.45 |0.53 0.42 0.45 |0.91 O,

_z%mm,u ¢ 3 9 0.45 |0.53 0.42 0,45 |0.9 43
C -

A opron 7010 | 0082 9.7k 12:8 To12 |3elily 2035 1473 |==== ===
THC - EPAP

- .l‘ﬂ!:x__!: 1017 0002 08 1)4061.71 08 00 -----

. 2, DATA CORRECTED T0 ENGINE PRESSURES:

— £0 _~E.1, 52.0 0.2 i), S8.7 2711357 27.0 12.9 a2

& - E,I. 8.6 Bl 11,8 2.5 1 5.3 - S ¥ "L A TREY S

— N0y - E,I. 2.6 200 L2 8. 2t T AT R e T Yl
COMBUSTION
mxgmncy 97.9 100 |95.6 96.8 99.2 |98.6 99.6 98.8 [91.9 97.4

" TO ~ EPAP :

__ cowmsyrroy | 710 0.0 46,16 B.73 503 8.0L 1.8, 0Tl Lo mewe
THC ~ EPAP 1, 40l  0,008/8.07 2.66 0,33 ]0.30 0.35 0,04 | ——ee —=oc
NOx ~ EFAP 14 46 0.6l 0.2l 0,46 - 1,06 |0:39 0uh3 0.5 | mmem =mem

— CONTRIBUTION,

COMBUSTOR INLET TEMPERATURE AND REFERENCE VELOCITY AT NOMINAL ENGINE CONDITIONS.
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polangic

M 98
S /
M J TABLE II, - POLLUTION GOALS
(2
POLLUTANT | ENGINE |PROGRAM | 1979 EPA | JT9D-7 ENGINE | CF6-50 ENGINE
MODE GOAL | STANDARD EMISSIONS EMISSIONS
DATA DATA
P-Ro 22:1 P.R. 30:1
OXIDES OF
NITROGEN
ASNO. - TAKE-OFF 10 13 32 36
E1 2 » '
CARBON IDIE 20 22.5 77 73
MONOXIDE
E.l
TOTAL UN-
BURNEDHY-
DROCARBONS] IDLE L L5 30 30
E.I
SMOKE - ' _OTT
A ‘TAKE-OFF 5 19 10 13
TABLE III. - EPA PARAMETER VALUES
ENGINE CARBON TOTAL UNBURNED OXIDES OF
MONOXIDE - HYDROCARBONS NITROGEN
REQUIRED EPA VALUES Le3 0.8 3.0
T-2 ENGINE CLASS
CF6-50 ENGINE
P.R. fad 30:1
CURRENT VALUES 10.8 Lo3 7.7
% CURRENT VALUES 151, 1438, 157
EXCEED REQUIREMENTS |
|719D-7 ENGINE
. v T V 5
CURRENT VALUES 14029 543k L. 90
9, CURRENT VALUES 232, 568, 630
EXCEED REQUIREMENTS g |

o wm ay — ftt pm e o e - 1 4 W



LOW:
Tin

HIGH:

HA

n
FIA

CAUSES

- L’:._——’Cj;ig

99

TABLE IV. = PE RTORMANCE GOALS
PARAMETER "ENGINE MODE ' PROGRAM GOAL
COMBUSTION ALL MODES 995+
EFFICTENCY
- PSR IUIIITE IR e
PRESSURE LOSS CRUISE 6%

——n = .

{PATTERN FACTOR

b e e L

'lAKE-OFF CRUISE

WINDMILLING

| ALTITUDE RELIGHT

¢ e o i v i Ciba R mmia P

e e}

0.25

DURA_BILITY

: ADEQ,UATE AT ALL ENGINE CONDITIONS

ot b vt amn ® e

TABLE V. - POLLUTiON CONSIDERATION‘S—

RESULT

COMBUSTION INEFFICIENCY
LCARBON -MONOXIDE

EEFECTS

~QUENCHING

[/ POOR COMBUSTION STABILITY
; POOR FUEL ATOMIZATION &
I/‘ DISTRIBUTION 5

LOW POWER 1DLE 1

—> ~ POLLUTANTS

“W

A
HIGH POWER TAKEOFF \\ EXCESS RESIRENCE TIME
S - HIGH FLAME TEMP

POOR LOCAL FUEL DiSTRlBUTION 1

OXIDES OF NITROGEN
SMOKE.

UNBURNED HYDROCARBONS

CURE

INCREASE RESISENCE TIME
~ REDUGE FLOW VELOCITY
RETARD MIXING .
_INCREASE EQUIVALENCE RATIO T0 1
IMPROVE FUEL ATOMIZATION &
~ DISTRIBUTION

REDUCT RFSIDENCE TIME
INCREASE +LOW VELOCITY
FRUEANCE MIXING
RIDUCE EQUIVALENCE RATIO
T0 0.5-0.7
, .IMPROVE LOCAL FUEL DlSTRlBUUON

CS-09635

1
i
1
1
1
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TABLE VI. - KEY SPECIFICATIONS OF THE JT9D-7 ENGINE

Woight (R&)- - - - -~ T 3982.5
tLength (my) . . . .. .. ... ... ..... IR PP 3.912
Maximum diameter, cold{m). . . . . .« . . .. oL oo .. 3.427':
Pressure ratio . . . . . . Lo L L L o e e e e e e e e e e 21.7:
Airflow rate (kg/s) . . . . . e e e B 691 |
t Maximum sea-level static thrust kN) . . . . . . . . . .o oo 0L 197

! Cruise performance
i

Mach numbeY . . . . .« . e e e e e e e e e e e e e e e e 0.85

Altitade (M) . . . o v e 10 668

Thrust (kN) . . . . .o 44,6
. Specific fuel consumption Ke/NS). « v v o e e 1,979-107°

TABLE VII. ~ KEY OPERATING PARAMETERS OF THE JT9D-7
, , TR
REFERENCE COMBUSTOR

%Compreﬁssvori‘exit axial Machnumber . . . . . . v v v v v h e 0.258 :
1 ' ) ) . .
| Compressor discharge 'tempe‘mture KY . .o e e e e 768.9
Combustor temperature rise (Ky . . . .. ... .. o000 763.9
i Combustor section pressureloss (%6 . . . . . . e e DT L. 6.0
.Combuster exit temperature pattern factor . . ... . .. .. oL L0.4240.03
~Average combustor exit temperaturc (K) - - LR . _§ Soe ... .1582.8

NOTE: Data for standard vda’y sea-level static take-off conditions.
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TABLE VIII. -~ KEY SPECIFICATIONS OF THE CI'6-50 ENGINE

PWEIENE (KE)- - « « « o o e v e e et e e 3780
Length-cold (m) . . . . . . . . . . . . oo o e e e 4.82
I Maximum diameter, cold (M) . . . . . . . i b e e e e 2.72
CFan/comp. StAZES. . . . v v v e e e e e e e e e e 1-(3)/14 .
CHPT/LPT SLAZES .« v v o v v v v e e e e e et e e e e e e 2/4
Thrust/weight . . . . . .« . . o o e e e e 5.95
"Pressure ratio . o . . L o o e e e e e e e e e e e e e e e e e 30:1
CAITIIOW (KE/S) o+ v o e e e e e 660 |
Maximum SLS thrust &kNy. . . . . . . . . ... ... e e e e e e e 218
Specific fuel consumption . .. . . . . ..o o000 000 0.389
Cruise performance
Machnumber . . . . . . . o . 0 v it i e e e e e e e e e e e e e 0.85°
Altitude (M) . . .« . o L L e e e e e e e e e e e e 10 500
Thrust (KN) . . . o . e o o e e e e e e e e e e e e e e 48
Specific fuel consumption. . . . . . .. ... .. e e L. .. 0.654
TABLE IX. - C¥6-50 COMBUSTOR KEY DESIGN PARAMETERS
Combustor airflow Kg/s) . . . v v v v v v v e e e s e 103. 42
Compressor exit Mach number ., . . . . . .. ... ... e e e e 0027
Overall system length (m). . . . . . . .. . . .. .. .. ... .. 0.7595
Buming length (m). . . . .. . .. e P A 0.348
Dome height (m) . . . . . .. ... ... . 0o .0.1143
Reference velocity (m/s) . . . . . .. .. .. e T e e e 25.9
Space rate (j/}wl'—m:%éatm) .......... e e 2.2x1011
Pressure loss=total (B) . . .« o v v i i e e e e 4.3
Number of fuel nozzles . . . . . e e e oe.. 30
Fuel nozzle spacing (cm) . . . . . . . .. . ... o o ... 6.91
Burning length/fuel nozzle spacing . . . . . ... .. .. e 5.0

Fuel nozzle spacing/dome height
Design flow splits

Outer-center~-inner (% of combustor airflow). . . . . . . . . . .. .33-32-35 |
[>3

Liner cooling flow (% of combustor airflow) . .. . . . . . .. . .. ... .30}

1 Exit temperature pattern factor. . . . . .. . .. L o0 L L L 0.26
| Exit temperature profile factor. . . . . LT T T e L 1,09
: Combustion efficiency (%) . ., . . . . ... . T L o.99.9
3 N

NOTE: Data for standard day sea-level static take-off conditions.
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: TABLE X. - YTEST 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 | 2.9 421 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 unbled -
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 :
CTOL cruise |  6.80 704 0.0205 | 24.7 | 43.6 1413 Engine pressure = 9. 31 atm

R '&%vﬁ;%ﬁ# ;swif

20T

i



TABLE XI. - TEST RIG CONDITIONS, SIMULATION OF CF6-50 ENGINE~-COMBUSTOR

CONDITIONS, GENERAL ELECTRIC

Engine Inlet Inlet Fuel-air | Reference | Combustor exit Comments

operating pressure, | temperature, ratio velocity, temperature,

condition atin 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 day 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

g0t
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TABLE XII. - SUMMARY OF PRESSURE EXPONENTS, ECCPII TESTS

Pressure exponent used,

Emission Operating Data statistical analysis
condition n 1 '
N n o oy .zf_r_‘
n
NOx Approach
Pilot only 0.2 Li7lo.241| o0.104 |o0.862
Two stage 12 .456 . 102 . 450
Climbout .5 3| .507 .085 .336
Take-off .5 23 489 | .115 . 469
HC All 1.0 228 11.038 | 1.364 |2.628
0.7 , 0.7
co pilotonly | 0.6{222 )" =20 341 0.500 | (200 =9.0
- El Eln
0.7 ‘ e 0T
Two stage 0.2V <20 40| 0.191 | (192 <2.0
\Elco Elco

10.008 = £ = 0.014.
2

Eloy 1= 0.2 g/kg.
3¢ = 0.014.

N = number of data points.

n o=
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TABLE XJII. - 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
F,, kN 7.53 68.59 188. 66 221.95
% F, | 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

"NOTE: Fuel flows and fuel-air ratios assume combustion efficiency = 100%.

e O e i A e s e A e
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TABLE XIV. - EPAP COEFFICIENTS FOR ECCP II/CF6-50C |

!

{Class To9 Engine)

W

90T

&) (vo0s) | (%) (5500)
| Fe | ¢ (@ \0) \To00 \60/ \Tooo c
Power t F ‘ . 4.3 0.8 3.0
1b v Klb -hr. -hr. ‘ (—-—- ( : ) -—-—)
 Level Minutes £ _pph 1b~hr K1p ~hr 1bm/1lbs-hr. C ) C ( C
1a1e(P? 26,0 | 1,692 1,219 0.7331 0.5282 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
R _ 3.8682
_ B
J ‘ J i
= MC (I, ] = . ,
EPAP, qe L ] (EPAP1 ot d) ) VD
( i, std
C.
3
(EPAPbo’ std) 4.3, (EPAPHC’ std) 0.8, (EPAPNOX, std) 3.0 1by/Klbg~hr.

~(1) . Assumes no CDP bleed or thrust reverse.

(2) -

Assumes target levels of combustion efficiency (99.0% at idle, 99.8% elsewhere).
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TABLE XV. - CF6-50 PRODUCTION ENGINE EMISSION INDEX

AND EPAP VALUES

other conditions.

TENGINE MODE E.I. THC E.I. CO E.I. NO
IDIE 30 73 2,5
APPROACH 0.01 13 10.0
CLIMBOUT 0,01 003 29.5
TAKE-OFF 0,01 0.2 35¢5
EPAP }403 1008 707
TABLE XVI. - JT9D—7 ENGINE STATUS CYCLE PARAMETERS
PARAMETER IDIE | IDIE | APPROACH | CLIMBOUT | TAKE-6FF
! BIED | UNBLED |
F_, AN amem | 16,90 61459 174,50 | 205.3
Inlet air temperature, K| 1,28 Lél, 586 735 767
Fuel flow, kg/hr 728 839 2109 5986 732Y
TSFC ---  |.L868 «3359 3365 «3L99
Inlet pressure, atm 2.93 | 3.95 8.50 18,50 2141
. .
Puel air ratio ‘
.0126 | .0100 .0130 019l | 0215
EPAP coefficient ‘ :
«1728[ 41763 .0682 <1065 | .0u1L
% of total LWe9 | LLe9 Ay 27.1 | 10.6
NOTE:
*

-- Assumes combustion eff:.clency = 99 % at idle; 100 % at all

- Engine nominal by-pass ratioc - 520; compressor ratio = 202
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TABLE XVII. - CURRENT PRODUCTION JT9D-7 ENGINE EMISSION
LEVELS (dry basis)

POLLUTANT

E.I. THC

E.I, €O

B.I. N0y,

IDLE, UNBLED

APPROACH
CLIMBOUT
TAKE-OFF

EPAP

29,8
1.0
0.1
0,05

5.3k

71.0
9.6

0.5

0.2

14.29

3.3
8.4
22.9
31.5
L4e9

R R T T T
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TABLE XVIII- PHASE II VORBIX TOR CONFIGURATIONS, ENGINE WMODE CONTRIBUTIONS TO EPAP NUMBERS AND TOTAL EPAP KUMBERS.
A7
IDLE APPROACH GLIMBOUT PARE-OFF | TOPAL EPAP NUMBER
ENGINE OFERATING MODE: CONTRIBUTION CONTRIBUTION CONTRIBUTION CONTRIBUTION
' , g0 THC NOx J €0 THC NOx_ | €0 WG NOx €O THC NOx | €O THC __ NOx
4979-EPA STANDARDS ~ |LOWEST COMBINED VALUES b3 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 | 1429 5.34 L9
' LOWEST NOx VALUES 6,19 0.1l 0.65 | 1457 0.11 0.35 ] 1.56 0.06 1.27 | 0.85 0,03 0.60 [10.17 0.3} 2.87
"CONFIGURATION S-11 TOWEST CO & THCG VALUES | * - " » w iy .80 0,03 QL6 -t w » w ! 5.0l 0,003 G.62( 8,59 0,23 3.00
P JLOWES’I‘ COMBINED VALUES { ".-w w ®n .n_u I LR B LI | D] LU LB S LI L 0.08 =0 0.67 8.63 0.23 3'05
LOWEST NOx VALUES 6,16 0433 0.55 | 0423 0,02 0.6L | 1.42 0,04 1431 1.78 0,02 0,62 | 9459 O.L1 3,12
CONFIGURATION S-12,13 |LOWEST CO & THC VALUES " " " " " " n it " O.41 0,01 0.65] 8,22 040 3.15
‘LOWEST COMBINED VALUES 1] L " i " " " " 1" " L " 8.22 0.)40 3.15
LOWEST NOx VALUES 6416 0.33 0455 | 0.23 0,02 0.6} 2.2l 0.05 0,55
CONFIGURATION S-14,15 - {LOWEST CO & THC VALUES " " " " " " 0.26 -0,0% -1.18 -
(same pilot as §-12,13]LOWEST COMBINED VALUES " " " " " u 0.27 0.01 0,891
o LOWEST NOx VALUES 10,58 017 0.51 0.61 0,01 0,72
CONFIGURATION 5<16 LOWRST CO & THC VALUES .| u " 0.10 -0~ 0.93
. LOWEST COMBINED VALUES u " W | reecn cdane meemae | wedme casae cema- " " "
, LOWEST NOx VAIUES 9,55 0422 0443 | 0065 0.02 0,29 | 0.03 0402 1.10| 0:90 0401 0.47 {11.13 0,27 2.29
CONFIGURATION 8-17 LOWEST GO & THC VALUES " " " " " " " " d D= " 0,48 ]10.23 0,27 2.30
LOWEST COMBINED VALUES " " " " " " " wooow " " i 10,23 0427 2,30
_ LOWEST NOx VALUES 12,02 0.21 OB | Le32 2.28 0,25 1.5h 0.0L 1.54 ] 0.90 0,01 0.84] 18,78 2.54 3,11
CONFIGURATION S-18 |LOWEST CC & THC VALUES " " n 1015 0,02 0.48 " " " "0~ 0,99 14,80 0,27 3149
: ; {LOWEST COMBINED VALUES i it " 1.13 0,08 0.kl " n i " u " 1he78 0,33 342
CONFIGURATION S-19  {LOWEST COMBINED VALUES 10,94 0.0 0.46 0.15 0,81;
) |LOUEST: NOx: VALUES 7.97 1.10 0.51] 1.54 0.26 0.34| 1.35 0,03 1.22] 1.94 0.17 0.5L4] 12,80 1,56 2.61
CONFIGURATION §-20 LOWEST CO & THC VALUES | 1,66 0462 0,69 054 0202 0,61 0,23 =0~ 1.59| OoLh 04003 0.57| 5.87 0.6L 3.46
P LOWEST COMBINED VALUES " " " 0.66 0401 0,59 " " " 0,70 0.008 0.61] 6.25 .60 3.48
o LOWEST NOx VALUES Teli0 0,55 048] 3.67 1.62 0.29 3.29 0,35 0.48
CONFIGURATION S~-21 LOWEST 00 & THC VALUES | L.76 0.29 G.57] 1439 0J14 Ools 0.19 0.01 0.89
LOWEST COMBINED VALUES " " " u " " 0,26 0,01 0,83
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TABLE XIX. - PRATT & WHITNEY VORBIX COMBUSTOR, BEST POLLUTION

PERFORMANCE RESULTS

Combustor Engine mode CcoO THC NO, Combustion
| configurations , efficiency,
: - EI -| EPAP El 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 -140.9 6.22 98.4
S-20 Idle bled 46.3 7.97 6.41{ 1.10 2.98 6.51 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 1 17.0 .70 .11 .005 | 14.6 .61 99.6
1 ¥ EPAP bled idle 9.56 1.12 3.30 :
2 EPAP unbled idle 6.25 .64 3.48
Cruiseno. 1 26.7 .09 7.1 98.4
Cruise no. 2 12.7 .15 8.2 99.7

NOTE: All data extrapolated to JT9D-7 engine pressures.
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TABLE XX, - PHASE II HYBRTD COMBUSTOR CONFIGURATIONS, ENGINE MODE CONTRIBUTIONS TO EPAP NUMEERS AND TOTAL EPAF NUMBERS,

ENGINE OPERATING MODE

IDLE
CONTRIBUTION
co THC _ NOx

APFROACH
CONTRIBUTION

CO THC__ NOx

CLIMBOUT
CONTRIBUZICR
€O THC _NOx

TAKE-OFF
CONTRIBUTION
co THC __NOx

TOTAL EPAP NOMEER
co THC _Nox

~-=

1979 EPA STANDARDS | LOWEST COMBINED VALUES b3 0.8 3.0
* ' JT9D-T ENGINE LOWEST COMBINED VALUES | 13,58 5.25 0,58 | 0.65 0.07 0,57 | 0.05 0.01 2,44 | 0.0% =0= 1,30 | 1429 534 LaS
o | towssr Nox vALUES | 2.27 1.50 0,50 | - 140 0.39 0.56
" CONFIGURATION He1 LOWEST CO & THC VALUES | * " u 0.06. 0,08 0.66
Lo _ \ LOWEST COMBINED VALUES | " " " " "
o LOVEST NOx VALUES: 2.01 0.15 ©C,61 7.36 16432 001l | 1.87 0.1 1,10 | 0.1l 0,007 0,60 | 11.32 16,62 2,15
CONFIGURATION H-2 - LOWEST GO & THC VALUES | * " " 2,73 15,62 0,28 o u " " " 6.75 15.92 2,59
. : ._ o ‘ . LOWST COM:BB“ED VALUES ’ n " " " f n ar " " i " " 6.75 15.92 2’59
‘ B LOWEST NOx VALUES 1 3497 1,09 OJ47 | 0.78 0,07 0O.i6 =0~ 0= 0.61
- CONFIGURATION He3 “LOWEST CO & THC VALUES | 1,39 0.06 0,56 | 0,01 0,06 0,56 " wooon
; O LOWEST CMINED VALUES " n v n 1] k1] 1 1" 11} 1]
R LOWEST NOx VALUES 1.53 0,10 0,53 | 2,97 0,08 0.45 | 9455 Le35 1,90 | 0,004 =0- 100 | 14,05 L.53 3.88
CONFIGURATION H~) LOWEST CO & THC VALUES | " " " 0,02 0,02 0.56] 6,75 3,12 2,29 | * W 8,30 3.2h k.38
. - 1OWEST CCMBINED VALUES . " " i o 1 " L] # " " " ot 8,3@ 3.2h h.38
3 ~ LOWEST . NOx VALUES 2,79 0,12 0,68 | 9435 6,00 0.2} 2,30 0,186 1,05 | 2,18 0.68 0.67] 16,62 6,96 2.6}
- CONFIGURATION H-5 LOWEST CO & THC VALUES { " " " 0.01 0,09 0.,77( " " " 0,21 0.01 0,71} 5.31 0,38 3.21
LOWEST COMBINED VALUES 1] [1] " " " " fn L " n " " 5‘3-“ 6.38 3.21
P LOWEST NOx VALUES 0,62 0,49 0,501 2.85 011 GolS| 2430 0,02 1.23 | 0,37 0.05 V.68 6.1} 0,66 2.86
CONFIGURATION H-6 - LOWEST CO & THC VALUES | © " " -0~ 0,01 0,97 " n " " w " 3.29 0,57 3.37
: LOWEST COMBINED VALUES | " " " . oo " " " " " oo 3,29 0.57 3.37
‘ ‘ LOWEST NOx VALUES ToB6 0WTT 04541 149 005 0.65] 1,97 0417 1.50 | G.2L 0,01 0.66]11.26 1.00 3.35
CONFIGURATION B-7 LOWEST €O & THC VALNES| # .« » " " @ " " L " " 111,26 1,00 3.35
’ ‘ LOWEST CO}IB_T‘_NED VALDES 1 " (1] " L1 1 1 i 1" " i " ] 11.26 1

.00 3,35
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TABLE XXI ~ PRATT & WHITNEY HYBRID COMBUSTOR, BEST POLLUTION

PERFORMANCE RESULTS

| Combustor Engine mode . CO . THC | NO, Combustion
-~ {configuration I - ' bt ' —t efficiency,
: EERE EX EPAP EI | EPAP |' EI '| EPAP percent
| eontri~ { contri~ 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 | 1.8 .09 {12.0{ .77 99.9
1 Climbout :  21.61 2.30 1.5 .16 9.9] 1.05 99.3
Take-off 5.1 .21 .5 .02 17.2 .71 99.8
Z EPAP - 5.31 .39 | 3.21
“H-6 Idle bled 9.6 1.65 | 4.2] 0.72 | 3.6| 0.61 99.4
i Idle unbled a.51 .62 ] 2.8 .49 2.8 .50 99.6
Approach* ) 0 0 .2 .14 1 15.2 | .97 100
Climbout 0 21.6} 2.30 | 1.5| .16 |11.6] 1.23 99.3
Take~off 9.0 .37 (1.1} .65 {16.4 .68 99.7
2 EPAP bled idle 4.32 LM 3.56
| T EPAP unbled idle 3.29 { .71 | 3.45
| | - | Cruise | 34.6 | 5.0 7.5 98.6
NOTES: *Pilot only fueled at approach; NOX extrapolated to engine pressures by PO‘ 2.
All data extrapolated to JT9D-7 engine pressures.
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13; &y TABLE XXII. - PHASE II DOUBLE/ANNULAR COMEUSTOR CONFIGURATIONS, ENGINE MODE CONTRIBJTIONS TO EPAP NUMBERS AND TOTAL EPAP NUMBERS.
Yy bt '
) i IDIE APPROACH CLIMBOUT TAXE-OFF TOTAL EPAP NUMBER
ENGINE OPERATING MODE: CONTRIBUTIONS CONTRIBUTIONS CONTRIBUTIORS CONTRIBUTIONS |
IR GO _THC NOx | €O  THG NOx | CO _ THC NOx ! ¢O THG NOx | €O  THC _NOx
' 1979 EPA STANDARDS LOVEST COMBINED VALUES b3 0.8 3.0
| CF6-50 ENGINE | LOWEST COMBINED VALUES | 9.97 Le10 0.3L| 0.39 0.001 0,91 | 0.04 0,001 439 | 0.01 0,001 2,03 10.8 ko3 7.7
L v | LOWEST Nox VALUES 616 145 O.4S| 5,84 0.65 0439 | 0,13 0.01 2414 | 0,03 =0- 0,86 12.46 .15 3.8l
 CONFIGURATION D/A-1 | LOWEST CO & THC VALUES . " 81 03 0.05 1.10 § Gs09 0,01 2,33 | 0,005 -0~ 1.05| 6:99 1.55 L.93
' LOWEST COMBINED VAIVUES " " # " L " 0,13 0,01 2.1k | 0,03 -0- 0.86| 7.05 1.55 %55
E LOWEST NOx VALUES 6017 1035 Gah7T| Ba98 1412 Gul2 | 0015 9,01 2.00 | 0.03 0.01 0.99] 15.33 2.49 3.88
CONFIGURATION I)/A—Z LOWEST CO & THC VALUES fl w " .46 0,02 1.0l § 0,04 0,01 2.45 0.005 0,03 1‘,08; 6,68 1.41 5.04L
- ‘ LOWEST COMBINED VALUES | * woow " " "1 0415 0,01 2,00 | 6,03 0.01 0.99] 6,81 1.39 Le50
‘ _ | LOWEST NOx VALUES | 9o11 Lo78 0uli3] 2017 0,01 0485 | 0,80 0,02 2,70 | 0,06 0001 1,34 ] 1214 181 5,32
CONFIGURATION D/A-3 LOWEST 0O & THC VALUES | » ¢ " " " " 0.23 0,006 3,22 | 6,02 0,005 1.49} 11.53 L.80 5.99
o , LOVEST COMBINED VALUES | " " L " " 039 0,006 2,71 | 0,06 8,001 1,34} 11.72 LB80 5,33
'CONFIGURATION D/A-L LOWEST COMBINED VALUES | 5.43 0.96 0,56 : '
CONFIGURATION D/A-5 . | LOWEST COMBINED VALUES | 5.39 0.33 5.03| 1,15 0,003 0.71 | 0,20 -0- 2.31 | 1,23 0.002 1.23| 7.97 0.34 k.75
 CONFIGURATION D/A<6 | LOWEST COMBINED VALUES | 3.41 0.29 0.51| 0,43 0,003 0.89
co’umcmnon D/A=T = | LOWEST COMBINED VALUES | 2.58 0.19 O0.48| 2.82 0.01 0.82 | 0.11 0.005 1.60 | 0,007 0,01 0.68] 5.52 0.21 3.58
_ ' | TOWEST NOx VALUES | 2,55 0.23 0.42] 10.57 1.36 0.39 | 0.11 0.003 2,20 | 0,004 -0- 1.11| 13,23 1,59 Le12
CONFIGURATION 1/A-8 LOWEST CO & THC VALUES | # oo 0.21 0.01 9,77 | 0.03 0.003 2.63 | * " " 2.79 0.25 4.93
e | LOWEST CGHBINED VALUES | " LI " " 0,0l 0,003 2,25 | " " 2,80 0,25 L5
S| LOWEST NOx VALUES 2,88 0.41 Oul5| 8417 1.48 0.59 | 0.13 0.003 2,09 { 0,005 -0~ 1.04{ 11.19 1,89 417
CONFIGURATION D/A-9 LOWEST €O & THC VALUES | " " " C.11 0,01 0,76 | 0,02 <0 2,51 { =0- 0,003 1.21] 3,01 0.2 L.93
' ‘ LOWEST COMBINED VALUES { U " n " J 0.13 0,003 2,09 | * " " 312 043 L3
N LOWEST Nox VALUES | 2,4 0.19 046 6.52 1.3 Oubls | 0.29 0,003 2415 | 0,04 0= 1o11| 9.23 1.62 .16
CONFIGURATION D/A-10 - | LOWEST CO & THC VALUES | @ " 017 =0~ 0.78 | 0,26 0.003 2.61 | 0,01 =0- 1,15} 2,88 0,19 5,00
: ‘ LOWEST COMBINED VALUES | " " " " " J 0229 , 0,003 2,15 | 0,0 =0- 1.11] 2.94 0.19 k.50
SR _ LOWEST NOx VALUES 2.80 0.3 Ouhli] Te35 0475 0,25 | 0.03 0,003 2.2l | 0,004 0,001 1,13] 10,18 1,09 L.06
ONPIGURATION D/A-11 | LOWEST CO & THGC VALUES | " " " 0,15 0,003 0,79 | 0,01 0,003 2,35 | 0,002 =0~ 1.35] 2,96 0,35 §.93
: LOWEST COMBINED VALUES | * " " " " " 0,03 0,003 2,2, | 0,00k 0,001 1.13] 2.98 0,35 L.€0
, LOWEST NOx VALUES 3400 0,39 O0.43] 0,98 0,13 0,63 | 0.13 0,006 2,18 | 0,00 ~0- 1.10] Le1f 0.53 L3k
CONFIGURATION D/A-12 | LOWEST CO'& THC VALUES | " " 031 0,008 0,80 | 0,02 0,006 2,61 | 0,003 «0- 1.28] 3,33 0.0 5.12
. , 'LOWEST COMBINED VALUES | n " " " " 0.0l 0,006 2,20 | 0,00 =0- 9.10] 3.35 0.40 L.53
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TABLE' XXIL - DOUBLE/ANNULAR COMBUSTOR DATA cont.
. C » IDLE APPROACH CLIM30UT TAKE-OFF | TOTAL EPAP NUMBER
GINE OPERATING MODEs CONTRIBUTION CONTRIBUTION CONTRIBUTION CONTRIBUTION
g e : CO__THG _Nox | O THG NOx | CO THG NOx | €O _THC _NOx | €0 THC NOx
- S LOWEST NOx VALUES 12,6l 0430 Oulyt | 3.63 0.68 0.55] 0,06 ~0- 1,97 | 0.03 0,003 0,96 | 6,36 €.98 3.89
By NFIGURATION D/A~13 | LOWEST CO & THC VALUES | " " 0.28 0,003 0,81 | 0,03 ~0- 2:22 | 0,003 -0~ 116 ] 2.95 0s30 L.60
- N | LOWEST COMBINED VALUES | " " " nooom " 0,06 =0 0,96} 0403 0,003 0,96 | 3.01 0.31 Ls15
. LOWEST NOx VALUES 3.66 0.41 Oclfy | 9425 1.17 0uh3 | 0011 =0~ 2,53 | 0,01 0,002 1.20 {13.03 1.58 460
SR NFIGURATION D/A-1lLa | LOWEST CO & THC VALUES | e 0,25 0,02 0,69 ] 0,05 «0- 284 * " " 3.97 0443 5017
. L | LOWES? COMBINED VALUES | " L 0.35 0402 0,77 ] 0011 =0~ 2.53| * " " Le13 0.L3 Lo8L
+ AR | LOWEST NOx VALUES - 6.5 2,66 0.42 1 0.47 0,01 0,82
RONFIGURATION D/A-1Lb | LOWEST €O & THC VALUES | " "} 0ol 0,004 0,80
3 : .+ | LOWEST COMBINED VALUES | " " " 0.47 0,01 0,82 -
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TABLE XXIII. - GENERAL ELECTRIC DOUBLE/ANNULAR COMBUSTOR BEST POLLUTION

PERFORMANCE DATA

, Combustor B '~ Engine mode co THC “NO, Combustion
- | configuration | - S o B - ' efficiency,
EI | EPAP | EI | EPAP | EI | EPAP | o
contri- contri- | contri-
A ; 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 521 .03 .1 | .003 | 16.9 .96 100
2 EPAP pilot only approaoh ' 3.01 .31 4.15
Z EPAP pilot one-haf main approach 3.78 .53 - 3.91
Cruise . 8.8 | .2 8.0 | 99.8
. D/A-10 | Idle ek | 17.9 | 2.44 | 1.4 | 0.19 | 8.4 | 0.46 99.4
S | Approach* o t19) a1m o 0 8.6 .78 100
Climbout | 1.92| .29 | o 003 | 14.5 | 2.15 |- 100
Take~-off =~ 7] .04 |o 0 19.5 | 1.11 100
= EPAP 2.94 | .19 4.50 |

NOTES: All data extrapolated to CF6-50 engme pressures.

*Pﬂot only fueled at approach; NO ex+rapolated to engine pressures by P
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' TABLE XXIV. - PHASE II RADIAIJAXIAL COMBUSTOR CONFIGURATIONS, ENGINE MODE -CONTRIBUTIONS TO EPAP NUMEERS AND TOTAL EPAP NUMBERS.

LOWEST COMBINED VALUES

, IDIE APPROACH CLIMBOUT TAKE-OFF TOTAL EPAP NUMBER
ENGINE OPERATING MODE: | CONTRIBUTION CONTRIBUTION CONTRIBUPION CORTRIBUTION
e . : €O __THC NOx | GG THC NOx | CO THC NOx | CO__THC. NOx | CO _ THC _NOx
11979 EPA STANDARDS = | LOWEST COMBINED VALTES |'==-nn — 4e3 0.8 3.0
' CF6-50 ENGINE .Lomm»‘cq&mnmn VALUES | 9497 110 0.3 | 0,39 04001 0,91 | 0,05 0,001 39| 0,01 0,001 2,03 [10.8 L.3 3.0
| U LOWEST NOx VALUES 1240 1463 0,28 | 7.63 L.52 0,40 | 6,10 00,38 1,71 ] 0.79 0.03 0.67 [26.9 9.56 3.06
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 L,02 6.30
. . LOWEST COMBINED VALUES [ " v " u n " " " " G.70 0,03 0.69 | 15.62 L.05 5.10
. | LOVEST NOx VALUES 7635 0,83 043 | 9.92 8454 0,18 | 1,62  0.03 2,11 | 0.48 0,01 0.92 |19.37 9.41 3.63
. CONFIGURATION R/A-2 LOWEST CO & THC VALUES | * " u 0.11 0,01 0,84 | 0,96 0,01 3,18 | 0,10 0,002 4,42 | 8,52 0.85 ©.87
R , LOWEST COMBINED VALUES [ ® " " " n " " " " 1 0410 0,002 1.2 ] 8.52 0,85 5.87
SRR S LOWEST NOx VALUES 6.2 0,37 Oolt | 0,08 0.01 0,70 | Te11 1,65 1,25 | 0.88 0,08 0.67 |14e31 2.11 3,03
CONFIGURATION R/A-3 . | LOWEST CO & THC VALUES | * " " ww " 2,35 0,10 3,02 | 0,12 0,01 1.31] 8,79 0.49 5.kl
; : - LOWEST COMBINED VALUES [ " " " u " " " " " 0,36 0,02 0,81 | 9,03 0.50 Lo9lk
R ' | LOWEST NOx VALUES | 5.8L 0,20 0.43 | Ooll 0402 051 | 8409 2428 0,77 | 1a94 0027 049 | 16,01 2.77 2.20
- CONFIGURATION R/A-}; 10WEST €O & THC VALUES | ® " wo o " " L2 0415 3.36] 0.49 0.61 4.25 | 10,89 0,38 5.55
S .| LOWSST COMBINED VALUES | “ " " " " u 5.10 0,23 2,32 U ® | 11,57 046 he51
: v LOWEST NOx VALUES ToTh 0436 0442 | 0,09 0402 0.72 | T<T8 2.26 0,611 1.32 0,03 1.05 | 16.93 2.67 2.80 .
CONFIGURATION R/A-S LOWEST CO & THAC VALUES | » " " " " W 3.2 0,12 1.T14 1.00 0,04 1.31 | 12,07 0.5 L.16
. } o IJQWEST COMBINED VALUES . ll " ” " " it " " " " " " 12,07 C.54L ')_“16 .
TR T | LowEsT Nox vaLuas 3026 0,07 0,391 7455 1022 0,195 | 1,71 0,03 2.02
CONFIGURATION R/A-6 LOWEST €O & THC VALUES | " " " 0,06 03003 0.8, | * " "
R LOWEST CONBmED V‘ALUES " n " 1] 1 " 1] " n -
‘ = LOWEST NOx VALUES =~ _| 7,10 117 0,36 | 0,01 0,005 0,64 | 6,16 5.07 0o2L] 2,04 0030 0039 | 15031 6,55 1.63
CONFIGURATION R/A~T LOWEST CO & THC VALUES | u “ " u " 4e03. 0433 1.06 | 0.7k 0,04 0,54 111,88 1.55 2,60
X . . u (] 1 A " " (] 1" " " 1] 11‘“88 1°55 2_’60
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TABLE XXV. - GENERAL ELECTRIC RADIAL/AXIAL COMBUSTOR BEST POLLUTION PERFORMANCE DATA

i
e i 7 A

LTT

Combustor - Engine mode cO THC NO, Combustion
configuration ' , efficiency,
S - El | EPAP | EI | EPAP | EI | EPAP percent
contri~ contri- - | contyi~
bution bution bution
R/A =~ 2 | 1dle | 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 | Climbout | 64| .9 1| .01 |21.4] 3.18 99.8
§ Take-off o 1.8 .10 03] .002 | 24.9 | 1.42 | 100
T EPAP o 8.52 .852 | 5.87 ’
Cruise T 29.1 2. 47 7.2 99.1
v 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 S 10.9 | 1.62 .2 .03 | 14.2 | 2.11 99.8
L R Take-off = 8.5 .48 1 0L [ 16.1 ] .92 99.8
T~ EPAP , . 9.56 .88 4.30

 NOTE: All data extrapolated to CF6-50 engine pressures.
*Pilot only fueled at approach; N.OX extrzpolated to engine pressures by PO"Z.
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TABLE XXVI. - STEADY STATE PERFORMAN CE/EMISSION TESTS POINTS

MAIN POWER POINTS | . |IDLe] APPROACH | CLIMBOUT " [TAxeoFF
ENGINE CONDITIONS B .

SECONDARY POWER SUB-IDLE | RICH-IDLE| SUB-APPROACH RICH APPROACH| SUB-CLIMBOUT SUB-TAKEQFF
ENGINE CONDITIONS 1 .

PRIMARY/SECONDARY | ' : ;
FUEL STAGING POINTS , I J ‘ (2x) {2X) (2x)

12-POINT FIXED T X X - X X
POLLUTION SAMPLING '

- 24-POINT FIXED

POLLUTION SAMPLING X X X . X (3X) X X (3X) X (3x) -
TRAVERSE SAMPLING | . | X | X X "X
 TOTALS:
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-point Fixed Sampling - all engine conditions,
- a. Sub-idle _ ‘ A 16 total test points
b. Idle - 3. Traverse Sampling - 4 test points, EPAP settings
. 'c. "Rich idle ' , .
" d. Sub-appreach
e. Rich approach:
f.. Sub-climbout
g. Sub-takeoff

3." 3-Fuel Splits Investigated at:
' a. Approach (approximately 30% power)
-« b. Climbout (approximately 85% power)
. €. Takeoff (100% power) -
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Figure 1. - Cross-sectional schematic of the JT9D-7 reference engine.
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Figure 2. - Cross-sectional schematic of the JT90-7 reference combustor,
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Figure 3. - Generai Electric CF6-50 High Bypass Turbofan Engine.

Figure 4. - Production CF6-50 engine combustor.
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Figure 5. - Pratt & Whitney phase I combustor concepts for the JT9D-7 engine.
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Figure 6-a, - Phase II Vorbix Combustor, P, &W. - et
Main fuel ;
nozzle loutlons-‘ r Main swirlers

\ 4

fig 5

Pilot swirlers=/

Pilot fuel nozzle locations =
Side view Top view
Figure 6-b, - Phase II Vorbix Combustor, P, &W.
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Figure 7-a, - Phase II Hybrid Combustor, P, &W.
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Figure 7-b. - Phase 11 Hybrid Combustor, P.&W.
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Figure 8. - Combustor concepts for the CF6-50 engine, GE.
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Figure 9-a. - Phase IT Double/Annular Combustor, G.E.

Figure 9-b. ~ Phase I1 Double/Annular Combustor, G.E.
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Front view
Figure 9-c. - Phase IT Double/Annular Combustor, 60° sector relight model, G.E.

Figure 10-a. - Phase 11 Radial/Axial Combustor, G.E.
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Figure 10-b. - Phase II Radial/Axial Combustor, G.E.
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Figure 11. - Effect of combustion efficiency on NO, pressure exponent, ECCP
phase II test configurations.
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Figure 10-b. - Phase Il Radiai/Axial Combustor, G.E.

O APPROACH, PILOT ONLY FUELED
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Finure 11. - Effect of combustion efficiency on NO, pressure exponent, ECCP
phase 11 test configurations.
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