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PREFACE

The turbine emission degradation study was conducted by Northern
Research and Engineering Corporation (NREC) as prime contractor, and United
Air Lines (UAL) as primary subcontractor, pursuant to Contract No. DOT
FA74NA-1100 with the Federal Aviation Administration. Also participating
as subcontractors in the study were Trans World Airlines (TWA) and Federal
Express.

Mr. Melvin Platt directed the contract study for NREC. Mr. Platt
had responsibility for NREC efforts as well as coordination of NREC efforts
with UAL, TWA, and Federal Express. Other major participants in the program
for NREC were E. R. Norster, R. G. Hanson, M. Chandler, and 1. P. Kr:pchin.
Dr. Norster was responsible for the design of the sampling probes, che speci-
fications of the test facility, and the development of test procedures.

With Mr. Platt, he also guided the analysis of the test data. Mr. Hanson,
with the assistance of Mr. Chandler, was responsible for all NREC field testing,

vhile Mr. Krepchin was responsible for all data processing. Also participating

in the program for NREC were T. A. Blatt, E. P, Demetri, M. J. Paradise,
W. H. Robinson, R. D. Gryzbinski, D. B. Chouinard, C. E. DelLong, and S. 0. Ham.
UAL efforts were performed under the overall direction of L. C.

"Tom'' Ellis. Other major participants in the Program for UAL were D. Center,
F. Dilts, J. Gibson, and R. Johnson. Messrs. Dilts, Gibson, and Johnson
operated and maintained the emission testing equipment for all tests of the
UAL JT8D-7, JT3D-3B, JT3D-7, and JT9D engines, while Mr. Center designed

- the sampling probe attachments for these engines and was responsible for
probe manufacture. In addition, acknowledgment should be given to Mr. R.
Raymond, who coordinated special routings of UAL aircraft to San Francisco
for emission testing and to the SFO mechanics of UAL who operated the
aircraft during testing under the supervision of Messrs. P. Giampoli,

b P. Snowden, R. Sorenson, and R. Horn.

TWA efforts were coordinated by Gary Riedl. In addition,
acknowledgment should be given to Mr. C. Doan, who was responsible for

special routings of TWA aircraft for er ssion testing, as well as the MCI

o .



and SFO maintenance personnel of TWA who operated the aircraft during
testing of the JT8D-9 and RB211 engines, respectively, and assisted the
program in numerous ways.

Feaeral Express efforts were coordinated by George Boller with
the assistance of E. J. Prestia. In addition, acknowledgment should be
given to the schedulers who routed the aircraft to Memphis for emission
testing and the mechanics who operated the aircraft during the CF700
tests.

The designated Technical Representative of the Federal Aviation
Administration for this program was Mr. Thomas Rust of the National
Aviation Facilities Experimental Center (NAFEC).

NREC would also like to acknowledge the cooperation of other
individuals and organizations who contributed to the success of the
degradation program. They are:

@ Don Seizinger of the Energy Research and development
Administration, Bartliesville Research Center, who
coordinated the analysis of all the jet fuel samples
taken in the program

@ Dick Pfuntner of General Electric, Wilmington, Massachusetts,
who provided specifications for the special CF700 fuel
flow indicator

8@ Al Reinhardt, Don Eiler, Art Nelson and others at the
Pratt and Whitney Aircraft Division of United Technologies
Corporation who provided engine performance data used in
the analysis of the JT8D, JT3D, and JT9D engine types

8 Tony Wassell of the Derby Engine Division of Rolls-Royce
(1971) Limited, who provided engine performance data used
in the analysis of the RB21] engine type

@ Gene Martin of General Electric, Lynn, Massachusetts, who
provided engine performance data used in the analysis of

the CF700 engine type
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1. INTRODUCTION

1.1 PROGRAM OBJECTIVE

The objective of the program described in this report was to
develop degradation factors for pollutant emissions of each class of aircraft
gas-turbine engines over operating times between 2,500 and 3,000 hours. The
degradation factors will provide a basis for the FAA to develop reaulations
which (1) insure compliance with the aircraft emission standards established
by the EPA. and (2) provide for reasonable service times of the commercial

aircraft fleet with respect to pollutant emissions.

1.2 BACKGROUND

In recent years, important federal legislation has been directed
towards the improvement of air quality in the United States. Aircraft
have been one source of pollutant emissions at which such legisltation has
been directed.

Section 231 of the Clean Air Amendments of 1970 (Ref 1) directed
the Environmental Protectior. Agency (EPA) to establish appropriate standards
for the emissions of air pollutants from aircraft engines. At the same
time, Section 232 of the amendments directed the Department of Transportation
(and ultimately, the FAA) to prescribe regulations to insure comgliance
with all standards. Such standards were initially proposed as EPA Part 87
in December 1972 and final standards were promulgated in July 1973 (Ref 2).

: The availability of a comprehensive draft of ''tentative regulations' was

announced by the Federal Aviation Administration (FAA) in January 1973, and

a Special Federal Aviation Regulation concerning initial campliance with
standards was published in December 1973 (Ref 3).

Section 87.31, paragraph (e) of the aircraft emission standards
states that

... each in-use aircraft gas turbine engine shall

not exceed the level of emissions applicable to

such engine when it was new.''
As a consequence, to insure compliance, the FAA must be prepared to take

into account the effect of engine operating time on aircraft emissions.
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Operating time foi commercial aircraft can amount to between 2,500 and

i 3,000 hours per year. However, available emission data for aircraft turbine
fi engines had been limited to a span of approximately 50 hours of operation.
E This report documents a program which was undertaken by the FAA to obtain

information for commercial aircraft operating over a period of approximately

one year.

i.2  METHODOLOGY

The development of degradation factors for turbine engine emissions
j; over operating times between 2,500 and 3,000 hours implies several requirements:
;f 1. Information from a large number of engines to provide
statistical validity.
2. Heavy engine usage so that the hours may be accumulated
in a reasonable amount of time.
3. Repetitious testing so that incremental changes may be
observed.
These requirements dictated a methodology based upon the emission testing
of installed engines in ieqularly scheduled service. This meant that the
EPA specification of conducting such tests on a thrust-measuring test stand
(see Subpart G of Ref 2) would not te satisfied. Other EPA specifications
which were not satisfied due to conflict with the interests of degradation
testing, concern the sampling probe configurations and the number of smoke
sample sizes.
Implementation of emission testing on installed aircraft engines
involved several areas of davelopment:
1. Sampling probes which could be positioned both quickly and
securely.

Due to the movement of an instalied engine at power, it was determined that
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a probe assembly must be used which was directly and simply attached to the
engine, yet yould remain attached at take-off power.
2. A test facility which would allow the emission tests to
be conducted at designated airport run-up locations.
Since emission testing requires high-power engine operation, it must be
restricted to designated run-up locations. These tend to be rather remote

locations near the airport runways. The remote location led to instrumentation,




together with bottled gases, housed in mobile trailers which were
equipped with their own power supply. Further, due to the proximity of
such a significant exposed noise source as an aircraft engine, the
trailers had to provide adequate sound attenuation for the protection

of test personrel and equipment.

B &

3. A test procedure which would cause minimum interference
with normal airline operations.
Since aircraft in reqularly scheduled service would be involved in the

testing, it was necessary to keep their out-of-service time to a minimum.

This led to a test procedure (including equipment specifications) which
emphasized automatic acquisition of emission and calibration data, onboard
instrumentation for engine operating parameters, minimum but practical
engine stabilization periods, and a simplified smocke analysis. On the ;
other hand, the procedure was expanded to allow for the special needs of

a degradation studvy. Fcr instance, fue! handling requirements were
established to minimize variations in the fuel supply, and additional test

modes were included to pro:idec petter definition of the variati on of

emissions with power level.
The amount of test data to be obtained in the program dictated

a methodology for data processing and analysis which relied heavily on

large-scale computer usage. A computer program was developed to accept

raw test data and to provide calibrated emission levels, corrected for

ambient effects. Further, all pertinent data were stored by the computer

program into data banks to facilitate later analysis. This allowed many .
- analysis technigques to then be computerized. The need for computerized q

analysis was amplified by the variation in emission levels between

individual units of the same engine type, thus ensuring that analysis had v
? to be done on a unit-by-unit basis.

It was also recognized that the effect of degradation on emissions
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4 could only be found if other concurrent effects were eliminated. Those
effects which had to be addressed we e the variation of ambient conditions
(affecting emission levels directly, as well as engine operation ccnditions),

fuel content, and airline maintenance. In the case of ambient conditions, 4
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this led to the development of parameters which characterize the nominal
variation of emission levels with ambient conditions and engine operating
conditions. For fuel, this led to efforts to minimize and document the
variations in content. In the case of maintenance, no efforts were made
to alter normal airline maintenance procedures, Rather, extensive docu-
mentation was kept of all maintenance performed on test engines and tests
were cancelled on all engines requiring major maintenance. Major mainte-
nance was defined for this purpose as removal and replacement of major
engine components in the gas path, such as fans, compressors, diffusers,

combustors, nozzle guide vanes, and turbines.

1.4 REPORT ARRANGEMENT

The final report consists of eight volumes, This first volume
contains an introduction to the program, a description of the test schedule,
equipment, procedures, and data analysis techniques, and a presentation of
the principal results and conclusions of the program. The remaining seven
volumes are devoted, respectively, to the detailed test data obtained for

each engine type as follows:

Voiume 1) - JT8D-9
Volume 111 - JT8D-7
Volume IV - JT3D-7
Vo lume vV - JT3D-38B
Volume VI - JT9D-3A
Volume VII - RB211-228B
Volume V111 - CF700-2D

Each volume of engine data includes maintenance and fuel analysis data,

as well as the data obtained from the series of emission tests.
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2. PROGRAM DESCRIPTION

2.1 ENGINE TYPES

Using two mobile facilities, it was possible to coordinate the
testing of seven engine types in the program. These engine types are

presented by EPA classification in Table | below.

TABLE 1. - ENGINE TYPES TESTED

EPA Class Engine Type Aircraft Type Airline

Tl CF700-2D Falcon Federal Express

T2 JT9D-3A 747-100 UAL

RB211-228 L1011 TWA

73 JT30-33 0C-8-61 UAL

JT50-7 DC-8-62 UAL

T4 JT8D-7 727-100 UAL

JT80-9 727-231 TVA

It can be seen that United Air Lines provided units of four engine types

to the program, while Trans World Airlinns provided two engine types and

Federal Express provided a single engine type. No turboprop engine types
(EPA Class P2) could be economically included in the program.

2.2 TEST SCHEDULE

An overall test schedule was established for each engine type,
appropriate to its utilization, maintenance requirements, and reliability.

The schedule is summarized in Table 2.




...............
.................................
...........

TABLE 2. - OVERALL TEST SCHEDULE

Nominal Nominal
Original Test Test
Engine Test Number Frequency Period
Type Location of Units in Hours in Hours
CF700-2D Memphis 16 Loo 1600
JT9D-3A SF 20 600 3000
RB211-22B SF 20 i50 600 i
JT3D-38B SF 18 600 3000
JT30-7 SF 18 600 3000
JT80-7 SF 2V 600 3000
JT8D-9 KC 20 600 3000

One mobile facility accommodated all of the testing scheduled
for San Francisco, where UAL maintenance operations are located. The
second mobile facility was based in Kansas City, site of the TWA
maintenance center, during the JT8D-9 tests and traveled to Memphis,
headquarters of Federal Express, for each round of CF700 tests. These
tests could be scheduled for weekends, when the Federal Express aircraft
were not in operation.

The original number of units tested for each engine type was
selected to insure, where possible, that ten units would remain at the

end of the test perind. Ten units were selected to allow a reasonable

statistical basis for the degradation results. In the case of the JT9D,
however, this requirement had to be relaxed due to practical considerations.
The high attrition rate of this engine, in combination with a 3000 hour
test period, required too many units initially.

A test period of 3000 hours had originally been an objective
for all engine types, but this also had to be relaxed. In the case of

the CF700, a reduced period was specified because the engine undergoes
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required maintenance of the combustor every 1350 hours. A 1600 hour
test period was established to allow evaluation of degradation both

with and without this maintenance. In the case of the RB21i, a modularized
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2.3

engine, current reliability data indicated that few units could be
tested over more than 600 hours without a module being replaced.

Selection of the actual units to be tested was based on 2 number
of considerations. First, the unit could not have a "har¢ time! limit,
such as a turbine disk replacement, during the test period. Second,
variation within the unit of combustor nozzle time should be minimal.
Third, the number of aircraft in the program should be minimized. (Although,
for the RB211, units in the center position could not be selectad because

they are difficult to reach.)

EMISSION SAMPLING PROBES

The emission sampling probes used in the program were custom
designed for each engine type to be tested. The sampling configuration,
based on a design developed by the FAA after extensive testing and optimi-
zation analysis at NAFEC (see Ref 4), is shown in Figure 1. It consists
of a tube in the shape of a diamond, with each leg of the diamond containing
three equally-spaced sampling holes of equal diameter. As such, the
configuration does not conform to specifications contained in Reference
2 for emission sampling probes.

In each case, the sampling tube was fabricated from a single
length of 0.375-inch-outside-diameter, Type 321 stainless steel tubing.

The ends of the tube were welded into a block manifold which was provided
with a straight-through quick-disconnect fitting for ease of connection to
the sample line. Twelve 0.04-inch-diameter holes were drilled in each tube
using a standard process to prevent the formation of burrs,

The sampiing tube was secured with straps to a back-up structure
consisting of four beams in the same general shape, and positioned on the
nozzle rim with four equispaced clevis mounting pads (except for the CF700
where a blast shield limited the design to two wide mounting pads;. This
design allows for radial thermal expansion of the probe and provides

minimal blockage of the nozzle flow area. The entire structure was then

secured using four or 3ix tensioning rods between the engine frame and a
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Probe Support

Sampling Probe

Nozzle Rim

Sampling Holes
0.04 inch dia.
(Typicai)

Heaited Line to
Sample | Transpor!
System

figure 1. Sampling Probe Confiquration
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torsional support ring attached to the clevis pieces. Thermal expansion
of the exhaust nozzle is taken up by compression of springs at the aft
end of the tensioning rods.

Photographs of the installed sampling probes are shown in
Figure 2 for each engine type. To assure consistent test-to-test
orientation of the probes relative to the engine exhausts, a positioning i
scribe mark was located on each engine tail pipe. Further information
concerning the sampling probes ma; be found in Section 11 of the Project
Manual (Ref 5). Test data relating to the representativeness of the

sample cbtained with these probes is contained in Appendix A, |

2.4 MOBILE EMISSION RESEARCH FACILITY (MERF)

Two MERFs were custom designed and built to measure and record,
both accurately and consistently, the emissions of installed aircraft gas |

turbine engines. The units, consisting of

@ Tow vehicle )
@ Trailer, provided with the following equipment .
@ Built-in air conditioning and heating systems |
@ Generator set
@ Measurement system, including sampling train, instruments,
and bottled gases :
@ Recording system -
@ Auxiiiary equipment
are represented in Figure 3 and described below. More detailed information
concerning the MERFs nay be found in Section | of the Project Manual (Ref 6). ;
EE 2.4.1 Tow Vehicle, Trailer, and Generator Set
5 The tow vehicles were 1974 one-ton platform stake trucks with
E auxiliary rear springs and dual rear wheels. Each unit was modified to
F shorten the platform and irstall a trailer hitch adjacent to the rear !
E axle, auxiliary fuel tanks and electric fuel pump, and an electric brake
E control for the trailer.
; The trailers were built according to the specifications of NREC
F and Beckman Instruments. Their function was to provide 3 controlled, ’
E 10
3 .
é .
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trarspcrtable, and self-contained environment for emission measuring
equipment and personnel. Each unit, 16 ft long by 8 ft wide by 11 ft
high, was constructed specifically as a sound-attenuated enclosure with
walls, floor, and ceiling containing high- and low-frequency absorbing
materials. A two-ton air-conditioning unit was mounted on the exterior
rear wall of the trailer. Heating was provided by a number of 220-volt
baseboard heaters.

As can be seen in the trailer floor plan of Figure L, access
to th= main area of the trailer was through two double doorways on the
left side of the traiier. This main area housed the instrument panel which
was shock mounted for protection. Also within the perimeter of the trailer,
but not within the sound-attenuated enclosure, were compartments for gas
cyiinders and each of two generators.

A 7.5=kW vacu-flow air-cooled generator was installed in the
trailer to power the instrumentation. The heating, air-conditioning,
and lighting requirements of the trailer were separately powered by a
12.5-kW vacu-flow air-cooled generator. These units provide 120/2L0
volecs at 60 hertz with an AC voltage regulation of + 3 percent and an

AC frequency regulation of + 5 percent.

2.4.2 Measurement System
The aircraft engine exhaust was analyzed by a system which

provided for the measurement of the following emissions:

B Carbon dioxide (C02)

Carbon monoxide (COQ)

Hydrocarbons (HC)

Both nitric oxide (NU) and nitrogen dioxide (NOZ)

Smoke number (SN)

€0, and CO concentrations were determined by nondispersive in‘rared analysis,

2
HC was determined by flame ionizatiun detection, NO and NO2 by the Chemilumi=-

nescent method, and SN by the indirect filtration mztho., ARP 1179, and in gen-

eral accordance with paraqraphs 87.82 through 8;.88 of ti= .PA standards (Ref 2).
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The svstem, which is illustrated schematically by Figure 5, is comprised
of three elements--the sampling train, the instruments, and the associated

bottled gases.

Sampling Train - The sampling train transports the exhaust sample

from the probe to the instruments. External to the trailer, the sample was
transported in a heated Teflon line. The line was 80 ft in length with an
internal diameter of 0,18 inches. It was covered by steel braid, a heating
element of €0 watts per lineal foot, double-thick insulation, and an abrasior-
resistant covering. The sample line, which was furnished with a heating
controller, a built-in Type J thermocouple, and an over-temperature thermostat,
was capable of maintaining a temperature of 150 deg C. Connection of the

line to the trailer was again made with a stainless steel straight-through
quick-disconnect fitting.

The sampling train inside the trailer was confined to the immediate
vicinity of the panel. The system was provided with three main pumps which
supplied separately the hydrocarbon analyzer, the remaining analyzers, and
the smoke unit. It is seen from Figure 5 that samples taken from the
exterior line pass through a hot line maintained at 150 deg C to a tee
conneztion. The flow of exhaust gas could be diverted at this tee so
that the flow requirements of either the smoke meter or the gas analyzers
or both could be satisfied at any time. The 150 deg C temperature was
maintained for the sample flow leading to the hydrocarbon analyzer,
necessitating the use of a hot box for its filter, pump, and relief valve.

A separate tee upstream of the hot box led to sample line connections for
the remaining gas analyzers in the system. These lines, which were
maintained at a temperature of 55 deg C, also provided a connection to
the bypass line. Finally, the sample line to the smoke meter was also

maintained at 55 deg € in accordance with EPA requirements.

Instruments - -The five gas analyzers and smoke meter were
mounted on the instrument panel in the MERF as shown in Figure b. Easy
access for maintenance, adjustment, and connection to the sampling train

was accomplished by the arrangement. A summary of the indivicual units

is presented in Table 3 below.
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Figure 6.

Mounted Gas Analyzers and Smoke Meter




TABLE 3. - INSTRUMENT SUMMARY

Emission Manufacturer/
Component Instrument Range Accuracy
co, Beckman/ 0-29% +1% full scale
NDIR Model 864 0-4% +1% full scale
co Beckman/ 0-100 ppm 129 full scale
NDIR Model 865 0-500 ppm +1% full scale
0-2500 ppm +1% full scale
HC Beckman/ 0-50 ppm C3Hg 2% full scale
FID Model L02 0-100 ppm 83H8 +2% full scale
0-500 ppm C3Hg +1% full scale
0-1000 ppm C3H8 +1% full scale
NO and NOx Beckman/ 0-100 ppm +1% for all
Chemi luminescent 0-250 ppm ranges
Model 951iH 0-1000 ppm
Smoke NREC/ 0-100 SN +0.5% full scale
Indirect
Filtration
Model 1974

0f the instruments summarized above, the smoke meter was specifically
designed for the MERF. Figure 7 presents a schematic diagram of the unit
to illustrate the main elements of the smoke analysis system. At the
instrument panel, the smoke sample may be diverted from the filter paper
holder through a three-way valve to a bypass line. EBnth main and bypass
flows were maintained at the required rate by a downstream pump. The
sample passed through a flow meter and wet meter before discharging to

the system vent. The two-stack valve was included to aliow the smoke
analysis system to be isolated in conjunction with the gas analysis system,

so that the compound gauge could be used to determine the engine exhaust

total pressure at the prole.
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Bottled Gases - The instruments were provided with regulated

bottled gases for flame ionization, oxidation, zeroing, and calibration.
A total of ten bottled gases are accommodated by the trailer.
Specifications used for the bottles during the program are given in
Table 4 below.

TABLE 4. - SPECIFICATIONS OF PRIMARY
GAS BOTTLES

Nominal Concentration e
Bottle €02 co HC NO
per cent ppmv ppm C3Hg ppmv of Mixture

CAL 1 3.6 90 SO SO Ny

CAL 2 1.8 450 50 — Ny

CAL 3 1.0 1200 500 —= No

CAL &4 -~ -- -- 200 Ny

CAL 5 . =S S o 50 N,

NITROGEN == -- == -- Ny

ZERO 1 ¥ * i - Air

ZERO 2 e %5 % e Air

FUEL EE -- -- -- LO per cent H,
60 per cent He

OXYGEN S oo = = 0,

% Concentrations conform to industry standard air mixture

The calibration gases, listed as CAL | through CAL 5, were used before and
after each engine emission test to provide current instrument calibrations.
Supplementary calibrations, required on a monthly basis by the EPA standards
made use of additional calibhration gases not carried onboard the MERF.
Control valves for the bottled gases, as well as the sample gas

mdin contral valves, were operated trom the instrument panel.

19
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2.L.3 Recording System

A digital recording system was installed on the MERF to provide
high speed, accurate data acquisition suitable for computer processing.
The system was composed of seven individual components: a scanner, a
digital voltmeter, a printer, two paper punch controllers (for manual
and automatic data, respectively), a paper punch, and a keyboard for the
manual entry of data. Interchangeable thumbwheel and pushbutton versions
of the keyboard were made. As shown in Figure 8, all but the last
component were rack mounted and located on the left-hand side of the
instrument panel. Directly below, the keyboard was situated on the
working shelf of the panel. The system could be used to acquire data
either independently or simultaneously on the printer and punch units.

The punch unit enters data onto paper tape in the ASCII code.

2.4.4 Auxiliary Equipment

Besides assorted hand tools and miscellaneous supplies, the MERF
was equipped with several other instruments which were used to obtain test
data. These included a sling psychrometer to obtain wet-bulb and dry-bulb
values of ambient temperature (ambient pressure was obtained from the
airport tower), a reflectometer to determine the reflectance of smoke
spots, and radio equipment to communicate with the test aircraft and the
airport tower. Also carried aboard the MERF were special fuel flow in-
dicators which replaced cockpit indicators during emission tests of both
JT8D engine types and the CF700 to improve their accuracy. In all other
cases, standard aircraft cockpit instrumentation was used to monitor

engine operating conditions.

2.5 OPERATING PROCEDURES

Since consistency was so important to the degradation study,
standard operating procedures were adopted wherever possible. These
procedures, covering system maintenance, pre-test, test, and post-test
operations, are presented in step-by-step detail in Sections | and 111

ol the Project Manual (Refs 6 and 7, respectively).
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2.5.1 System Maintenance

Maintenance of the equipment generally followed manufacturer
recommendations. In the case of the measurement system, however, maintenance
was eventually expanded to meet EPA specifications. Specifically, monthly
instrument calibrations, various system checks, and weekly NOx converter
checks were implemented.

The monthly instrument calibrations made use of the primary
calibration gases carried by the MERF (see Table 4) as well as additional
calibration gases stored at the primary base of operations. The additional
calibration gases are specified in Table 5 below. Together the gases allow
the gas analyzers to be calibrated in accordance with EPA specifications.
The monthly system checks involved leaks, contamination, and residence
time. The weekly converter check was conducted with the Scott Model 140

NOx Thermal Converter Efficiency Tester.

TABLE 5. -~ SPECIFICATIONS OF SECONDARY

GAS BOTTLES
Nominal Concentrations *

Bottle €07 co HC NO NO,

per cent ppmv ppm C3H8 ppmv ppmv
CAL 6 2.5 300 90 -- .-
CAL 7 1.4 750 250 .- --
CAL 8 0.6 2200 900 -- --
CAL 9 L.o 50 25 == ==
CAL 10 -- - -- 80 15
CAL 11 -- -- -- 850 100
CAL 12 -- -- -- L50 50

* N2 provides the balance of the mixture in each case
It should also be noted that NREC subscribed the MERFs to
toth the Scott CVS (Constant Volume Sampling) and Nitric Oxide Cross-
Reference Services. The subscription provided a comparison of the performance

of these two facilities in measuring concentrations of CO2, CO, HC, and NO

22
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versus each other, as well as versus various industrial, scientific and
government facilities. In addition, late in the test schedule, the
relative performance of the two MERFs were evaluated versus each other on

the basis of special tests conducted on an FAA 727 aircraft (see Ref 8).

2.5.2 Pre~Test Procedures

o Prior to an emission test, a general procedure was
‘ followed for all engine types. The aircraft on which the test engines

were installed, would be withdrawn from regular service and released
to airline maintenance personnel. The maintenance personnel were then

t; responsible for the preparation of the aircraft for testing. This
included probe installation (as previously discussed), fuel handling,
and movement of the aircraft to the test site, Meanwhile, the test
engineer was responsible for movement of the MERF to the test site,

”;: warm=-up and check-out of the facility, and pre-test calibration,

Fuel Handling -~ A fuel handling procedure was adopted in an

effort to minimize the impact of variations in fuel content on measured

exhaust emissions. In the case of UAL and TWA, the fuel was handled as

fol lows:
® One designated fuel tank on the aircraft was emptied of
S any remaining fuel by onboard transfer pumps.
' @ That tank was then filled with the standard fuel supplied to

the airport.

@ A one quart sample of the fuel was taken and subsequently
analyzed for APl gravity, hydrogen-carbon ratio, and hydro-
carbon characterization as paraffin, olefin, and aromatic
(volume per cent). The analysis is included in the volumes
of test data for each engine type.

@ During the subsequent emission testing, each test engine on
the aircraft was supplied with fuel from the designated tank.

In the case of Federal Express, the fuel handling procedure could not be

accommodated, necessilating a fuel sample from each tank used to supply the

2 test engines.
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Warm=Up and Check-Qut -- After the MERF reached the test site,

final preparations for testing would be made, The preparations included:
@ Connection of the extermal sample line, together with its
heating system, (All other heating elements in the sampling

train would also be connected.)

8 Operation of first the smoke pump, and later the hot box and
auxiliary pumps.

@ Zeroing and spanning of each gas analyzer.

@ Operation of all components of the recording system,

8@ Reading of air blank and zero nitrogen samples

@ Recording ambient conditions (dry bulb and wet bulb tempera-
tures, and barometric pressure).

@ Recording test identification data (engine and aircraft

serial numbers, engine pesition and time since overhaul,

and date).

Pre-Test Calibration == All of the gas analyzers were calibrated

prior to each engine emission test using the bottled gases carried aboard
the MERF. The sequence of events, as given in Section |1l of the Project
Manual (Ref 7), began the acquisition of both printed and punched test
data cx the automatic recording system. Six sets of analyzer readinys
were acquired during calibration, normally corresponding to the instrument

ranges and calibration gases shown below in Table 6.

TABLE 6. - CALIBRATION SPECIFICATIONS

Set €0y, per cent CO, ppm HC, ppm C3H8 NO, Nox, ppm
No. Range Gas Range Gas Range Gas Range Gas
I 0-4 5.6 | 0-100 90 0-500 0 0-1000 | 200
2 0-4 3.6 | 0-500 90 0-500 0 0-250 | 200
. 3 0-4 1.8 0-500 450 0-50 50 0-250 50
;‘, I 0-2 1.8 | o0-2500| u50 | o-100 | 50 0-100 | 0 (
5 0-2 1.0 | 0-2500] 1200 0-500 | 500 0-100 0
6 0-4 1.0 | 0-2500] 1200 0-500 | 500 0-100 0




2.5.3 Test Operations

Once the aircraft had arrived at the test site and the pre-test
calibration had been completed, the external sample line from the MERF
was attached to the installed probe. For all but the high bypass
flow engines, this was done while the test engine was idling, For the
other engine types (the JT9D and RB211), the test engine was shut down
for sample line attachment, The test engine was then started with all
sampling pumps shutdown to create a back pressure in the sampling train and
prevent contamination with liquid jet fuel.

The engine was then tested over a specified sequence of operating
modes, as follows:

@ !dle

@ '"Idle Plus"!

@ Take=0ff

@ Climb

@ Intermediate

@ Approach

@ "Idle Plus"

@ (dle
This sequence follows EPA specifications, but is supplemented by the
"|dle Plus' modes in the low power regime and by the Intermediate
mode at higher powers. Each vclume of test data contains precise
definitions of the test modes for the respective ergine types, but

there are several items in common:

1. idle was set as the idle stop on the throttle.

2. '"ldle Plus' was set as a designated rotor speed,
approximately 500 rpm higher than the nominal idle speed.

3. Take-0ff was set as the take-off EPR from the engine operating
guide (which is ambient-temperature and altitude dependent).

L., Climb was set by EPR at either 85 or 90 percent of rated
take-off thrust, according to engine type,

S. Intermediate wds set by EPR at 60 percent of rated take-

off thrust.

6. Approach was set by EPR at 30 percent of rated take-off
thrust.




For each mode above, the aircraft crew would set and record
manually the engine operating conditions (rotor speeds, fuel flow, EGT,
and EPR), and allow no throttle movement while the emission data was
being taken. In the MERF, upon word from the crew, a smoke sample would
be taken first and then the gas analyzers would be read. The gas
analyzers were scanned automatically and at least one cycle of readings
was acquired by the recording system for the mode on both printed
and punched tape. In addition, sample train temperatures and pressures
were recorded manually. After the emission data was acquired, the air-
craft crew would record the engine operating conditions once more,
before moving the throttle to the next mode. Step-by-step detail of
this general test procedure is provided in Section IIl of the Project
Manual (Ref 7).

At take-off power special procedures had to be employed to
limit transient effects, due to the time limitation which applies to such
operation. A common procedure was, rather than moving directly from
“"idle Plus' to Take-0ff, to move the throttle first to the maximum
continuous power position and allow the engine to stabilize for approxi-
mately five minutes. in other instances, the sampling pumps would be
shutdown and the sample line disconnected from the MERF while the

throttle was moved from '"Idle Plus'' to Take=0ff.

2.5.4 Post-Test Procedures

At the cornclusion of an emission test, a post-test cé&iibration
was always conducted. However, when one engine test followed immediately
after another {such as consecutive engine tests on the same aircraft),
one set of data was used for both post-test and pre-test calibrations.

As implied by the preceding statement, the data acquired during the post-
test calibration conformed to the specifications in Table 6.

After the last emission test of the day, a final air blank
sample would be analyzed and all the data sheets would be collated for
each enyine test. Sub.uequently, the manually acquired test data would
be either added directly onto the punched paper tape containing tie
automatic data or entered onto punched cards. The test data was then

sent to the NREC offices in Cambridge. Massachusetts for processing and

analysis.
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2.5.5 Maintenance Data

Aircraft maintenance data, as compiled by the respective airlines,
were reviewed for the period of engine testing in an effort to extract
all items which pertain to the engines in the test program and their
performance, The extracted data kas been included in the volumes of
test data for each engine type.

In addition, engine life-limit audits were obtained for each
engine type, except the JT8D-9, to define the baseline configuration of
the units tested. Due to their bulk, however, these audits have not
been included in the final report. Also not included in the final report,
are engine performance histories which were maintained in tha case of the
UAL engines, The performance histories of a unit provide deviations of engine
operating parameters from manufacturer specifications on the date of

every emission test,
DATA PROCESSING AND ANALYSIS

2,6.1 Program EMISHON

A computing system, entitled Program EMISHON was developed to
process and store the large amounts of aircraft engine data obtained during
degradation testing, The system, which is documented in Reference 9,
converts the raw test data into meaningful form, performs certain calcula-
tions, and then stores the data and the results of the calculations in a

data base tor subsequent analysis,

. .
A e th
arrived at Tnae

The data requiring processing for a test,
tIREC offices in one of two forms: (a) all data punched onto paper tape, or
(b) automatic data plus identifying information punched onto paper tape,
and manually acquired data or punched cards. The paper tape, punched in
the ASCil code, wouid then undergo preliminary processing in the form

of conversion to BCD code on punched cards. The entire set of data for

a test, now in the form of punched cards, comprised the input to Progr~m
EMISHIN, This program, written in the Fortran language for use with the

CDC 00 computer, completed processing of the test data as follows:
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@ Checked pre-test calibrations versus post-test'calibrations
for significant changes in analyzer response.

@ Converted gas analyzer readings, using exact concentrations
of the calibration gases, to constituent concentrations in
the exhaust sample.

@ Calculated corresponding values of emission indexes, emission
rates, and over-all EPA parameter for each exhaust constituent,

@ Calculated various engine operating parameters based on the
cockpit data.

@ Calculated emission indexes of CO, HC, NO, and NOX corrected
to standard day conditions, using both empirical equations
supplied by the FAA and analytical formulas derived by NREC.

@ After sufiicient data had been acquired, checked items of
data versus typical values for the engine type.

A typical computer printout of processed test data for the second and
third items above are shown in Figure 9. Specific equations used in the
various calculations are defined by engine type in the respective volumes
of test data. Discussion of the approaches to ambient corrections will
follow later in this section,

Storage of the data into easily accessible data bases was also

accomplished using Program EMISHUN. Two data bases were created

and maintained over the course of the program. The original data base
was created using the System 2000 software package, a general purpose data
base management system., Unfortunately, this data base did not prove to
be cost or time efficient, and was displaced for analysis purposes by what
has been termed the ''System NREC'' data base. In the System NREC data base,
one 7z-item array per mode was u:ed to contain all of the information
stored in the data base for an em.=sion test of the engine type. Each
array on the tape was identified by the unit number, test series numter,
and mode number, and all auxiliary computer programs which had been
developed to aid the decradation analysis were designed to access data

stored in this manner. The items within each array are listed in Table 7.
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TABLE 7. - STORAGE ARRAY OF SYSTEM NREC

- 30

| tem Description ﬂltem Description B
] Ambient humidity 33 Smoke number, back side
2 | Ambient temperature 34 Corrected smoke number
3 Barometric pressure 35 TSMM (CF700 only)
L N1 speed 36 Corrected N3 speed (RB211 only)
5 N2 speed 37 CO concentration
6 Fuel flow 38 CO emission index
7 EPR 39 FAA-corrected CO emission index
8 Carbon balance air flow Lo NREC-corrected CO emission index
9 Performance air flow L CO emission factor
10 Thrust L2 Standardized C0 emission factor
11 Carkun balance fuel-air ratio L3 HC concentration
12 Performance fuel-air ratio L HC emission index
13 Corrected N1 speed Ls FAA-corrected HC emission index
14 Corrected N2 speed {| u6 NR-C-corrected HC emission index
15 Corrected fuel flow L7 HC emission factor
16 Corrected carbor balance L8 Standardized HC emission factor
ai flicy L9 NO concentration
s nrecCedligerheraente 50 | KO emission index
air tlow
18 RRET . i T S— 51 FAA-corrected NO emission index
19 Corrected carbon balance 52 NREC -corrected NO emission index
fuel-air ratio 53 NO emission factor
20 Corrected performance fuel- 5L Standardized NO emission factor
i L 55 NO, concentration
AL 30 56 NO_ emission index )
22 TS8 (time since baseline test) 57 FA:-corrected NO,, emission index
| 23 ynoKeliotnoenpfontsiide 58 NREC -corrected NO, emission index
E‘ 24 BORERAR 59 NO emission factor
o 25 HC EPAP 60 Standardized NO, emission factor
26 NO EPAP 61 Deg API of fuel
i 27 NO, EPAP 62 H/C ratio of fuel
L‘ 28 EShstc et penperSittne 63 Per cent paraffins of fuel
E? 29 Corrected exhaust gas 64 Per cent aromatics of fue!l
;‘ semperature 65-721 same as 49-52 and 55-58, respec- ;
E 30 | N3 speed (RB211 only) tively but based on adi e
- 31 €0y concentration calibration gases
F’ 32 €0, emission index
g
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In Table 7, it should be noted that Items 33 and 34 were added to the
data base after it was discovered that contaminated smoke samples had been
obtained in certain instances. Appendix C details the contamination problem
and the corrective action which was taken. Al1l smoke data appearing in this
report, and results based on that data, have been corrected where possible.

In addition, Items 65 through 72 were added to the data basz when it was
decided that concentracions of two NO calibration gases used on the San
Francisco MERF were incorrectly specified. Appendix D provides the information
on which the concentrations were modified. All affected NO and NOx data
appearing in this report, and results based on that data, have been corrected

accordingly.,
2.6.2 Auxiliary Computer Programs

Programs SCAN, CHANGE, RPORT, CALDSP, and INTERP were written during
the course of the program to interface with the data base. The programs, which
are documented in Reference 10, each filled individual needs as described

below.,

SCAN -- For each item designated from Table 7 and on a modal basis,
this program scanned the test data for an engine type to calculate a mean
value and standard deviation, identify outliers, and recalculate the mean
value and standard deviation without the outliers. A modification based on
the Grubbs Method of Reference 11 was used to statistically detect the out-
lying observations. |In the modification, the sample size was assumed not to
exceed 20 although, in fact, it did reach as large a value as 105 for the
JT8D-7 data. Concerning the mean values and standard deviations, as mentioned
previously, they were subsequently introduced into Program EMISHEN to detect
outliers during processing. Such outliers were examinad in greater detail to

determine their cause.

CHANGE -- Program CHANGE, in its various forms, was used to add,
delete, and/or alter data in the data base. New values could be either
specified in the input data, or calculated using the data already in the
data base and an equation incorporated into the program., The former approach
was used to correct erroneous values detected through Programs SCAN or EMISHEN,
while the latter approach was used to update various calculated items in the

data base.




_ RPORT == This program was written to tabulate in various formats,
for analysis and report purposes, items designated from Table 7. The
computer outputs appearing in Volumes 11 through VIII of this final report,
which contain the test data of the degradation program, were printed using
RPORT.

CALDSP == This program allowed any two items designated from
Table 7 to be plotted versus each other using the DISSPLA software package
and the CALCOMP plotter. Such plots could be linear, semilog, or log-log
in form, with individual units or test series specified by different
symbols if required. Many of the plots appearing later in this volume

were generated using CALDSP.

INTERP =- Program INTERP was used as an integral part of the
degradation analysis. On a unit-by-unit basis, it obtained plots and
performed interpolations of emission data versus specified engine operating
parameter and time. Further, it performed various statistics on the results
for individual units to obtain maximum, minimum, and mean changes of
emission levels with time, and to identify standard deviations and out-

lying values in terms of emission degradation for the engine type.

2.6.3 Correction for Ambient Effects

As indicated in the Methodology, the effect of degradation could
be determined only if other concurrent effects were eliminated. In the
case of engine maintenance and fuel content, their effects could be
taken into aczount only qualitatively. However, sufficient information
was available to allow the effect of ambient variations to be quantitatively
eliminated from the test data of the degradation program.

It has been common practice to analyze the test-bed data of gas
turbine engines using operating parameters which are ''corrected" to
standard conditions. According to Reference 12, such corrections assume

that

., F . IXVAPRS TH . and
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remain constant, where Pa is ambient pressure, Ta’ is ambient temperature,
N is rotor specd, F is fuel flow, A is air flow, TH is thrust, and T is
gas temperature. Engine operating parameters, corrected in this manner,
have been calculated for the test data of the degradation program and can
be found as items 13 through 20. 29, and 36 of the System NREC data base
(see Table 7). However, it was recognized that these parameters alone,
were insufficient to eliminate the total effect of ambient conditions
on pollutant emissions. Rather, correlating parameters, specifically
derived to characterize the emissions, were required.

Correlating parameters which characterize the emissions of CO,
HC, and NO from aircraft gas turbine engines were developed during the
course of the program. As derived in Appendix B they are of the basic

form

0.75 Th/By .
Py \/Tb e for CO (also HC in JTBD case)

1.8 Ty/B2 :
Py 'VTB e'b for HC (except in JT8D case)

P, 05 e (To/B3 = 19H) ¢ o

and vary inversely for CO and HC, and directly for NO, with emission index.
In the parameters, the subscript b denotes burner inlet conditions, By, BZ’
and 83 are constants which depend upon engine type, and H is the specific
humidity of the ambient air. The burner inlet conditions, themselves,

can be represented in terms of measured operating parameters and ambient
condi tions.,

In the System NREC data base, values of the above correlating
parameters are normalized according to engine type and identified as ''emission
factors'' (see items 41, 47, and 53 of Table 7). The emission factors have
been used in two ways in the analysis of the test data. First, they have
been used simply to present the scatter in the measured values of the
respective emission indexes during the entire program. Secondly, as
explained in Appendix B, they have been used in connection with 'correcied
emission factors' (items 42, 48, and 54 of Table 7) to correct the measured
emission indexes to values which would have been obtained for the same EPRs

at standard day conditions (i.e. 518.7 deg R, 29.92 in HG abs, and 0.0 Ibm
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H20/lbm dry air). The corrected emission indexes are identified as "NREC-
corrected emission indexes'' in the System NREC data base (items LO, 46, 52,
and 58 in Table 7).

Values of emission indexes corrected to standard day conditions
were also obtained using empirical factors supplied by the FAA. These
factors are based on testing done at NAFEC and documented in Reference 13.
The factors, which vary with power setting, correct for variations in
ambient temperature and humidity. They were developed individually for
the TF30 and J57 engine types. The correction factors for the TF30 (a
mixed-f low exhaust engine) were applied to the mixed-flow exhaust types
in the degradation program -~ JT8D-9, JT8D-7, and CF700-2D -- while the
correction factors for the J57 (a non-mixed exhaust engine) were applied
to the non-mixed exhaust types -- JT3D-7, JT3D-3B, JT9D-3A, and RB211-22B,
In the System NREC data base, values of emission indexes corrected using
these factors are identified as '""FAA-corrected emission indexes'" (see
items 39, 45, 51, and 57 of Tatle 7). Comparison of these FAA-corrected
emission indexes with NREC-corrected values, by engine type, are also

contained in Appendix B.

2.6.4 Development of Degradation Factors

It was first necessary to formulate a working definition of
degradation factors, suitable to the purposes of this program. Since
the factors were required to develop regulations for compliance with
aircraft emission standards established by EPA, they had to be based

upon application of those standards. This led to the general definition:

""Degradation factors for aircraft turbine engines

characterize the increase of exhaust emissions with

;. engine operating time, where testing is performed in
accordance with specifications contained in the EPA
standards'!

In the case of the gaseous pollutants, the exhaust emissions of ultimate

E—’ concern are expressed in terms of EPA parameter (EPAP) -- a combination
3 of emissions at five operating modes, as specified in Reference 2. for
3

smoke emissions, the maximum smoke number obtained during the specified

operating cycle is of concern,
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A number of practical problems exist with adoption of the
above definition. First, as stated previously, the testing to develop
the factors was not completely in accordance with EPA specifications.
Secondly, the engine operating modes which comprise the EPA parameter
are specified by power setting, which cannot be measured directly on
an installed engine. Thirdly, the EPA parameter includes emission
measurements at power settings where measurement error is high. Still,
this definition provided a reasonable basis for subsequent data analysis,
and it was implemented as follows:

1. Operating conditions which specify consistent power

settings for the modes of the EPA parameter were established
for each engine type.
At approach power and above, EPR was used to specify power setting, since
it is the only measured operating parameter which has a constant relation-
ship to corrected thrust over the operating life of the engine. In the
vicinity of idle, however, the EPR-thrust relationship becomes imprecise
and high-pressure (hp) rotor speed is the most reliable indicator of
thrust. For this reason, hp rotor speed is used to establish idle trim
limits by the airlines and, also, to specify a consistent idle for the
degradation analysis. Table 8 below, contains the specific values used
to define the EPA modes by engine type.*

The particular values of hp rotor speed in Table 8 were selected
to correspond to the mid-point between the nominal idle and '"'idle plus"
test modes. Recognizing the sensitivity of CO and HC emissions to idle
speed, however, a supplementary analysis was also conducted to determine
the effect of both higher and lower idle speeds on degradation factors.

2. Consideration was limited to emission data which minimized

effects other than normal degradation.
As stated previously, degradation factors could be determined only if

other concurrent effects were eliminated or reduced to a random scatter.

This consideration dictated the entire approach to the degradation analyses.

In this particular context, it was the reason that the degradation analysis
of the gaseous pollutants was limited entirely to NREC-corrected emission

indexes (i.e., emission levels corrected to standard ambient conditions).

“These defining values of the EPA modes are not to be confused with the
mean test values which appear in Tables 9 through 15,
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TABLE 8. - SPECIFICATION OF EPA MODES

FOR TIME DEGRADATION ANALYSIS

OPERATING CONDITION
Engine Initial | Take-0ff,]{ Climb, | Approach Final
Type idle, EPR EPR EPR .dle,
Percent Percent
Corrected Corrected
HP Rotor HP Rotor
Speed Speed
JT8D-9 60 2.04 1.845 1.236
JT8D-7 58 1.98 1.80 1.225 Same
JT3p-7 62 1.86 1.66 1.167 As
JT30-38 62 1.84 1.65 1.1625 Initial
JT9D-3A 67 1.42 1.325 1.080 idle
RB211-228 6h 1.532 1.446 1.165
CF700-2D 48.5 1.53 1.466 1.134
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In addition, it was the reason the data base was edited to eliminate

the effect of major engine maintenance procedures. Further, it resulted
in editing of the data base to eliminate other atypical test data, whether
or not a specific cause could be identified.

3. Corrected emission levels from the test data were inter-
polated to the standard modal specifications of Item 1, and
corresponding EPAPs were calcuiated.

Since actual engine operating modes depend on ambient conditions, the
emission tests could not be conducted consistantly at the same power levels.
Therefore, it was necessary to interpolate the test data to the modal
specifications of Item 1. The interpolation was accomplished separately
for initial idle, the power modes as a group, ar. final idle. In each
case, straight-line segments are used between the applicable test points,
extrapolating the end segments for values outside the range. At idle,
only the idle and "idle plus'' test modes are used. At power, only the
four non-idle test modes are used. 1t can be seen that the EPA idle
specificatiOn was chosen to minimize extrapolation of the test data as
much as possible.

L, The interpolated emission indexes for each mode and the
corresponding EPAP were tabulated by unit in chronological
order, and also plotted by unit versus time. In addition,
normalized values of the emission levels were tabulated
ty unit in chronological order.

The information tabulated and plotted in this way constituted what was
termed the "unit-time-mode analysis''. That is, for each unit, a timewise
variation of emission level by mode was obtained. Normalization of the
data was accomplished on a unit-mode basis using the average emission

level from the various tests. As an example, assume Unit | of a particular
engine type has interpolated values of the NREC-corrected emission index
for the "initial idle" mode of 36, 34, 32, 30 and 28 for the five tests
conducted on that unit. The normalizing value would be the arithmetic

averaqe of those five values or 32, and the normalized values of the

emission ivdex would be 1.125, 1.0625, 1.0, 0.9375, and 0.875, respectively.

If Unit 3 of that same engine type had comparable emission indexes of 27,

25.5, 24, 22.5, and 21 for five tests, its normalizing value would be 24
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and the normalized emission indexes would also be 1.125, 1.0625, 1.0,
0.9375, and 0.875. Hence, this method of normalization eliminates the
unit-to-unit differences associated with their absolute emission levels
and considers only fractional changes of the values.

5. Degradation factors were obtained on a unit-mode basis

as the slope of the least-squares straight line fit of
normalized emission levels versus time. The uncertainty
in the degradation factor was quantified statistically by
the standard error of the slope.
Only in the case of the CF700 was a time used which was physically
related to the engine's condition, Time Since Combustor Maintenance.
For the other engine types, TSB (Time Since Baseline " est) was used,
rather than choose among the times on various engine components,

A least-squares straight line fit was chosen as most apprcpriate
to the number of tests, elapsed operating time, and randomness of the data.
It also provided a means of separating the random component from any
systematic trend, and quantifying its magnitude. The magnitude of the
random component was used to indicate the uncertainty of the degradation
factor. The slope of the straight line can be directly converted to
the units of the degradation factor used later in the report, percentage

increase per thousand hours of engine operating time. As such, a positive

degradation factor denotes emissions increasing in time, while a negative
factor denotes emissions decreasing with time.

6. Unit-to-unit frequency distributions of the degradation
factor were compiled to determine if degradation for the
engine type could be simply characterized. In addition,

a simple regression analysis of the entire body of emission
data versus time was conducted.
While a straight-line slope may be appropriate for cne unit over the
time period of the degradation program, a frequency distribution should
help to indicate if a straight-line slope would be appropriate over
longer time periods or for the engine type as a whole. Hcowever, the use-

fulness of the frequency distribution was limited by the relatively

small number of units.
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3. DISCUSSION OF TEST DATA

The test data obtained during the degrsdation program appear in
Volumes |l through Vili of the final report. A discussion of this data by

engine type is presented below.

3.1 JT8D-9 ENGINE TYPE

3

il 3.1.1 Background

;3 The Pratt & Whitney JT8D-9, as shown in Figure 10, is a two spool
> turbofan engine rated at 14,500 1bf thrust which was developed to power

E; short-medium range transport aircraft. An annular by-pass duct runs the

full length of the engine with mixing of the gas streams in the tailpipe.
The combustor is <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>