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FOREWORD

The Lewis Research Center has a 37-year heri-
tage of providing advances in aeronautical pro-
pulsion from the research activities of its staff
and its university and industrial grantees and
contractors. These advances have helped create
the preeminence in aeronautics that has contri-
buted to our national defense, has provided swift,
reliable transportation for our people and their
goods, and has so greatly aided our position in
international trade.

Although the results of the Center's projects
and programs are reported as they are obtained,
from time to time a conference such as this one
affords the opportunity for a broad overview and
an in-depth interpretation of a large body of re-
sults and for informal discussions about the sub-
ject.

We hope you will find the material given here-
in informative and useful and that you will in-
quire further about whatever may be important to
you.

John F. McCarthy, Jr.
Director
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I. AIRCRAFT ENERGY EFFICIENCY (ACEE) STATUS REPORT

Donald L. Nored, James F. Dugan, Jr., Neal T. Saunders,
and Joseph A. Ziemianski

National Aeronautics and Space Administration
Lewis Research Center

Efficient air transportation is of national concern since com-
mercial aircraft constitute a primary segment of public trans-
portation. However, the viability of the U.S. air transporta-
tion industry and its ability to handle future traffic growth
are threatened by rapidly escalating fuel prices. Figure I-1,
taken from Civil Aeronautics Board (CAB) data (ref. 1), illus-
trates the recent trend in fuel prices. From 1973 to 1975, fuel
prices essentially tripled internationally and doubled domesti-
cally. They have since continued to increase about 12 percent
each year. Such increases are directly reflected in the air-
craft direct operating cost (DOC).

The major elements of the DOC are shown in figure I-2 (ref. 2).
The elements are expressed in cents per available ton-mile of
the mix of passengers and cargo for each year. Before 1973,
these elements were about equal in their contribution to DOC.
Starting in 1973, however, with the OPEC embargo and the subse-
qguent large increases in fuel prices, these historical relation-
ships changed. Fuel prices began to escalate faster than the
rate of inflation and even faster than increased productivity
could reduce them. As a result, not only has the total DOC in-
creased, but fuel costs have become a much larger percentage of
the DOC. For example, as shown in figure I-3 for the Boeing 727
flying commercially in the domestic market, in 1973, fuel con-
tributed about 26 percent of the DOC. By 1977, this fuel per-
centage had increased to about 41 percent.

The percentage of the DOC related to fuel is expected to contin-
ue to increase in the future. Large increases in aircraft fuel
needs are projected, as a result of an expected rapid growth in
air travel. Aircraft fuel, however, is derived completely from
petroleum, a dwindling national resource. Hence, scarcity of
fuel and resulting higher prices are foreseen. This situation
will be aggravated by various artificial (e.g., OPEC initiated)
price increases. Commercial aircraft currently use over 10 bil-
lion gallons of fuel per year (ref. 1l). This is conservatively
projected to more than double by the year 2000. Obviously, an
increase in fuel supply would alleviate the problems of cost and
availability. For this reason, there is interest in producing



synthetic jet fuel from our large national resources of coal and
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in large quantities for some years, and until it is, the air-
craft industry must use its petroleum-based fuel more efficient-
ly. Increases in fuel efficiency will help counteract the ef-
fect of rising fuel prices on the DOC while also alleviating the

critical problem of future fuel availability.

To answer this need, NASA started the Aircraft Energy Efficiency
(ACEE) program in 1976, This program is a focused reponse to
the current importance of fuel effiency in aeronautics, for fuel
conservation in general as well as for its effect on commercial
aircraft operating economics. Included in the program are six
major projects aimed at providing technology for more fuel-
conservative aircraft and propulsion systems for future commer-
cial airline service (ref. 3). Three of the projects - in the
areas of aerodynamics and aircraft structures - are managed by
the Langley Research Center. These aircraft-related projects
are Energy Efficient Transport, Laminar Flow Control, and Com-
posite Structures. The other three projects are propulsion re-
lated as indicated in figure I-4, and are managed by the Lewis
Research Center. They are (1) Engine Component Improvement
(ECI), directed at improving the engine components and the per-
formance retentlon of existing engines; (2) Enerqgy Efficient
Engine (E ), directed at providing the technology base for the
next generation of turbofan engines; and (3) Advanced Turboprop,
directed at advancing the technology of turboprop-powered air-
craft to a point suitable for commercial airline service. It is
these three projects that are discussed in this paper in some
detail.

ENGINE COMPONENT IMPROVEMENT

The ECI project is investigating the potential for reducing fuel
usage in existing engines. It is these engines that will use
the bulk of the commercial aircraft fuel between now and 1990,
This project is expected to result in technology, by 1980 to
1982, that will permit as much as a 5 percent fuel savings over
the operational life of the engines. Such fuel savings will be
achieved by improving engine performance as well as by mini-
mizing engine performance degradation in service. Thus, the
project has two parts: (1) performance improvement and (2) en-
gine diagnostics (fig. I-5).

Performance Improvement

The performance improvement part of the ECI project is directed
at developing the technology for improved, more fuel-efficient
engine components for early introduction into commercial ser-
vice. The technical effort is being conducted by the manu-



facturers (General Electric and Pratt & Whitney) of the three
engines that power most of the current commercial fleet (fig.
I-6). These engines are the Pratt & Whitney JT8D - used on the
Boeing 727 and 737 and the Douglas DC-9 - and the Pratt &
Whitney JT9D and the General Electric CF6 - used on the Boeing
747, Douglas DC-10, and Airbus Industries A300, Derivatives of
these latter two large, high-bypass-ratio engines will also
power the newer airplanes such as the Boeing 757 and 767 and the
Airbus Industries A310.

The components being investigated are shown in figure I-7, and
include most major components of the engine. The specific com-
ponent improvements will be derived generally from improved
aerodynamics, reduced clearances, more effective cooling, and
improved materials.

An extensive feasibility and screening analysis was conducted on
a variety of concepts by both General Electric and Pratt &
Whitney before a specific concept was selected (refs. 4 and 35).
This analysis was a team effort, with each engine manufacturer
being assisted by NASA, two aircraft manufacturers (Boeing and
Douglas), and a number of airlines (United, American, TWA, Pan
Am, and Eastern). Technical merits (e.g., performance, weight,
and maintenance) as well as economic merits (e.g., airline re-
turn on investment, direct operating cost, and payback period)
were investigated. From considerations such as potential fuel
savings, economic benefits, and cost of development, NASA se-
lected 16 component improvement concepts for technology develop-
ment by General Electric and Pratt & Whitney.

For the JT8D engine, four concepts were selected (table I-1) for
development:

(1) An improved outer air seal for the high-pressure turbine

(2) A new high-pressure-turbine blade cooling concept, where-
in the cooling air is discharged at the root of the blade

(3) An aerodynamically improved DC9/JT8D reverser stang
fairing that incorporates advanced composite materials
for lighter weight

(4) Longer blades and abradable trenched rubstrips on the
high-pressure compressor

Concepts 1, 2, and 4 are being developed by Pratt & Whitney; the
reverser stang fairing is to be developed by the Douglas
Aircraft Co.

Technology development has been completed on the improved JT8D
outer air seal. Figure I-8 shows some features of the seal.
Through the use of honeycomb seal material plus additional



knife-edges, an improved labyrinth arrangement was effectively
added to the seal. Also, the blade cooling flow, which had been
discharged completely from the blade tip, was rerouted to permit
some discharge from the blade suction surface. Results have
been obtained from back-to-back engine tests of both the current
and improved configurations, as shown in figure I-9, over a
range of thrust levels. At the normal (Y0 percent) cruise
point, a specific fuel consumption (SFC) reduction of 0.6 per-
cent was achieved. This reduction (though small) is equivalent
to 6 percent of the total net income of the U.S. domestic air-
lines in 1977 (at an average fuel cost of 50¢/gallon). It is
also equivalent to an airline fuel savings of 200 million gadi-
lons by the end of the century, if the seal is incorporated both
into new-production JT8D engines and into older engines through
retrofit, where economically feasible.

For the JT9D engine, four concepts were also selected (table
I-1) for development by Pratt & Whitney:
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(2) A new fan incorporating only a single shroud along with
low-aspect-ratio blades

(3) Ceramic thermal-barrier coatings on the vane end walls
in the high-pressure turbine

(4) Ceramic outer air seals for the high-pressure turbine

Development of the active clearance control concept has been
completed. As indicated in figure I-10, this is a technique to
reduce tip clearances during cruise by cooling, and hence
shrinking, the case. During the transient portions of flight
(takeoff and landing), the cooling air is reduced or elimi-
nated. This increases the tip clearances between the turbine
blade and shroud and minimizes the potential for rubbing.

The current and improved JTY9D configurations are shown in figure
I-11. The significant features of the improved configuration
are

(1) A modified support ring that permits greater reduction
in tip clearance

(2) A doubling of the cooling flow
(3) A new configuration for the air supply tubes that
provides shorter impingement distances and a more

effective use of the cooling air

Results are shown in figure I-12 for back-to-back tests of the
improved and current configurations. These results indicate



that cruise SFC can be reduced 0.65 percent over a wide range of
cruise thrust settings.

For the CF6 engine, eight concepts (table I-2) were selected:

(1) A short-core nozzle that permits reduction in weight and
scrubbing drag

(2) A new front mount that improves the load distribution
around the compressor case and results in reduced tip
clearances

(3) A new fan with improved aerodynamic design
(4) Improved aerodynamics for the high-pressure turbine
(5) Improved roundness control for the high-pressure turbine

(6) Reduced compressor bleed by recirculation of air in the
DC-10 cabin air-conditioning system

(7) Active clearance control for the high-pressure turbine
(8) Active clearance control for the low-pressure turbine

Concept 6 1is under development by the Douglas Aircraft Co.; all
the other concepts are to be developed by General Electric.

Technology development has been completed on the first three
concepts. The changes in the core nozzle resulted in a 0.9 per-
cent SFC reduction at cruise, as demonstrated by flight tests on
both the DC-10 and A300 aircraft. The new front mount can pro-
vide a 0.3 percent cruise SFC reduction. The improved fan can
provide a 2.0 percent cruise SFC reduction. Figure I-13 lists
the improved features for the new fan concept: basically, im-
proved airfoils, rearward placement of the current single shroud
to minimize blockage, and addition of a fan-case stiffening ring
to keep the case round (hence, reducing tip clearances). Re-
sults of sea-level engine tests are shown in figqgure I-14. The
indicated 3.2 percent SFC reduction at 40 000 pounds of sea-
level thrust is equivalent to a 2 percent cruise SFC reduction.

According to a projection based on various market predictions by
the engine manufacturers, the performance improvement part of
the Engine Component Improvement project should provide the air-
line industry with a cumulative fuel savings of at least 7 bil-
lion gallons by the year 2000. This savings would occur if all
the concepts complete the technology development phase success-
fully, are carried through the certification phase by the manu-
facturers, and are successfully introduced into commercial ser-
vice on future engine models or through retrofit.



Engine Diagnostics

The engine disagostics part of the ECI project is directed at
identifying and quantifying the sources of the performance de-
terioration that occurs with time in the JT9D and CFb6 engines.
The effort will also provide design methodology and maintenance
practices for minimizing such deterioration in current and fu-
ture engines. As with performance improvement, NASA has major
contracts with both Pratt & Whitney and General Electric for
testing, data analysis, and modeling.

The major contributors to performance degradation are shown in
figure I-15. Examples of these degradation mechanisms are shown
in figure I-16. In the cold section of the engine, foreign ob-
ject damage, erosion, and surface roughness are significant. In
the hot section of the engine, thermal distortion is one of the
predominant degradation mechanisms - causing, for example,
warpage or distortion of vanes. Clearance increases occut
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the outer shrouds. These clearance increases result in effi-
ciency losses.

In investigating these contributors to performance degradation,
the general approach is as follows:

(1) Gather existing (historical) data from airline in-flight
recordings and from ground test cells at both airline
and engine overhaul shops. (To date, this has been done
for about one-third of the world's aircraft that use
JT9D and CF6 engines.) Also, conduct inspections on a
selected used parts that contribute to performance
degradation.

(2) Augment this information with special engine tests and
inspections in order to evaluate the effects of de-
teriorated components, and subsequent refurbishment, on
both overall performance and engine module performance.
(Overall performance deterioration was evaluated by se-
curing an engine from an airline, testing it, conducting
a complete teardown, and inspecting it. The engine was
then refurbished and/or reassembled, retested, and re-
turned to the airline. Module performance degradation
was evaluated by tests before and after used modules
were replaced.)

(3) Assess the causes of performance degradation during the
first flight or flights of the aircraft as the engine
structure first responds to the flight environment

(4) Assess the causes of long-term performance degradation
as a function of both cycles and time




(5) Determine the effects of deteriorated parts on module
performance

(6) Establish statistical trends, analytical models, and
design criteria, with associated correlations of the
effect of maintenance practices on SFC losses

The results of the module replacement and refurbishment test on
the CF6 engine are shown in figure I-17. The numbers in paren-
theses represent the number of test modules. Simply cleaning
the fan blades and recontouring the leading edges resulted in a
specific-fuel-consumption reduction of 0.3 percent. Replacing
the low-pressure turbine with new or refurbished modules result-
ed in a SFC reduction of 0.4 percent. The high-pressure-turbine
results are not available yet, since testing and analysis are
still under way.

How the various performance degradation mechanisms - such as
clearance increases, erosion and airfoil roughness, and thermal
distortion - affect the cruise SFC deterioration of the JT9D
engine modules is shown in figure I-18. These results, averaged
for a large number of engines, are based on used-parts analysis
and prerepair tests (i.e., the historical data). Clearance
changes affect all the engine modules from the very first
flight. As the engine matures, however, thermal distortion be-
comes of significance for the high-pressure turbine, and erosion
and airfoil roughness become of significance for the high-
pressure compressor. Although the data indicate that the high-
and low-pressure-turbine modules do not deteriorate much beyond
the 1000th flight, this is only because these modules are nor-
mally replaced every 1000 to 2000 flights. Thus, what is shown
are deterioration values where the high-pressure turbine has
been replaced between the 1000th and 3000th flights.

Percent cruise SFC deterioration as a function of the number of
flight cycles (where a flight cycle is a takeoff, flight, and
landing) is shown in figure I-19. As evident, clearance in-
creases cause more than 50 percent of the overall deterioration
experienced in the JT9D engine.

The major causes of these service-related changes in gas-path
clearances are the loads on the engine in flight. These are
nacelle aerodynamic loads, experienced during airplane rotation,
as well as inertia loads, such as "g" and gyroscopic loads.
These loads, schematically shown in figure I-20, cause the en-
gine to bend and distort and the blade to rub against the outer
shroud. They thus produce increased clearances and attendant
performance losses.

Pratt & Whitney and Boeing - in a cooperative program - used a
NASTRAN finite-element structural model (fig. I-21) to analyze
these flight-load effects on the JT9D engine. The NASTRAN model



was used to calculate the deflections or changes in clearances
that occur throughout the engine, for both steady-state and dy-
namic conditions. These clearance changes were then converted
to performance losses. Shown in table I-3 are the NASTRAN theo-
retical results. 1In the steady-state case, the nacelle aero-
dynamic load affected all engine stages and contributed to about
87 percent of the total performance loss. The other two loading
conditions were of lesser significance. 1In the dynamic cases,
such as wind gust and hard landings, there were no significant
changes from the steady-state results.

To provide a data base for validating the NASTRAN theoretical
steady-state load results, Pratt & Whitney will subject a JT9D
engine to a simulated aerodynamic loads test. Aerodynamic loads
will be simulated by placing a series of supporting bands
(bellybands) around the inlet. These bands will then be pulled
to exert loads on the inlet to simulate nacelle loading condi-
tions (fig. I-22). As the engine is run through a performance
test, X-ray and laser proximity probes will be used to determine
changes in tip clearances. Additional instrumentation will be
added to the engine to determine the engine and module perfor-
mance changes that occur as the aerodynamic loads are simulated.

A summary of engine diagnostics results to date for both the
JT9D and CF6 engines is shown in figure I-23., Shown are the
statistically averaged engine performance deterioration trends
as a function of engine cycles. There is about a 3 percent in-
crease in SFC after 3000 flight cycles, and about 1 percent is
recovered during a normal overhaul (which is typically done on
the engine hot section). Many factors influence the shape and
values of the curves: Airline overhaul practice, route struc-
ture, derated takeoff, engine module mix, airplane model, and
engine location are but a few.

The output of the engine diagnostics effort is expected to pro-
vide industry with data necessary to cost effectively restore
the performance of current engines. The magnitude and location
of performance deterioration will also be pinpointed, and the
modular performance analyses techniques required to diagnose the
related performance losses associated with the engine will be

improved. For derivative and future engines, this effort - by
identifying unique degradation mechanisms and developing usage-
related deterioration models - will provide design tools for

improving performance retention.

ENERGY EFFICIENT ENGINE

The objective of the Energy Efficient Engine (E3) project is
to provide an advanced technology base for a new generation of
fuel-conservative turbofan engines for commercial transports.
Specifically, this project involves aggressive development of



advanced component technologies, followed by integration and
testing as complete systems. A technology readiness date of
1983 has been set for completing these activities. At that
time, the advanced component technologies will have been devel-
oped and demonstrated to a point where they are suitable for use
in a future commercial engine development. In the late 1980's,
E3 technology could appear in new advanced commercial turbofan
engines, or perhaps even a few years sooner in advanced deriv-
ative versions of current engines. Benefits from E3 tech-
nology would then start to accrue and would grow rapidly during
the 1990's.

Goals were established at the outset of the project to guide the
selection of engine cycles and configurations and to serve as a
focus for the technology efforts. These goals recognized that
future engines must be not only fuel efficient, but also econom-
ically attractive to the airlines and environmentally acceptable
to the public. Goals for fuel savings are

(1) At least a 12 percent reduction in SFC for newly manu-
factured engines

(2) At least a 50 percent improvement in performance reten-
tion over the lives of the engines

To provide economic incentives, NASA established a goal of at
least a 5 percent reduction in the DOC. These fuel and economic
goals are relative to current high-bypass~ratio turbofan engines
(specifically, the JT9D-7A and the CF6-50C engine models).

There is a high degree of uncertainty as to future environmental
requirements. As a result, since any future advanced turbofan
engine must meet the requirements prevailing at that time, NASA
selected, as goals, the most stringent limits for noise and
emissions that have been proposed to data by either the Federal
Aviation Administration or the Environmental Protection Agency.
These are the FAA's FAR-36 (1978) standards for noise and the
EPA's proposed 1981 standards for emissions.

The E3 project is being accomplished through parallel con-
tracts with the two U.S. manufacturers of large, high-bypass-~
ratio engines: General Electric and Pratt & Whtney. The effort
itself is structured and scheduled as shown in figure I-24. The
first element involves defining a baseline design for a future
advanced propulsion system. This baseline design serves as a
focus for defining technology needs, performance potential, com-
ponent interfaces, and system trade-offs. To arrive at optimum
cycle characteristics and engine configurations, both General
Electric and Pratt & Whitney conducted trade-off evaluations, in
which they concentrated on fuel usage and DOC for E3 technol-
ogy engines operating on potential 1990-era aircraft. Each com-
pany was assisted by Boeing, Dougias, and Lockheed in conducting



these trade-offs. The initial design effort has been completed,
but lower-level work will be conducted dQuring the remainder of
the project to support the experimental efforts and to use data
from those efforts for refining the initial propulsion-system
baseline design. Thus, an on-going appraisal of the technology
status and potential will be obtained. Component technology
needs have now been well defined, and work has started on the
second element of the project. This element - which comprises
the major portion of the project - involves design and extensive
experimental development of the major engine components. The
intent is to substantially improve the performance of each com-

ponent.

In the third element, the components will be integrated to as-
sess their interactive effects and to work on those mechanical
technologies that are unique to the integrated system. First,
the high-pressure compressor, the combustor, and the high-
pressure turbine will be assembled in a core (or high spool)
package. Then the core will be integrated with the low-spool
components (fan, booster or low-pressure compressor, low-
pressure turbine, and mixer) and a metal "boilerplate" nacelle.
This integrated core - low-spool package (ICLS) will then be
tested to assess the overall performance, component interac-
tions, and design integrity of the mechanical systems.

General Electric Configuration

The initial baseline propulsion-system design has been fin-
ished. Figure I-25 illustrates General Electric's E3 config-
uration, which resulted from that effort. Their configuration
uses two spools plus a mixer and a long-duct nacelle. A mixer
is included because, according to results from the initial per-
formance analyses, exhaust-gas mixing offered the potential for
about a 3 percent reduction in SFC from that of an unmixed en-

gine.

Table I-4 lists the cycle characteristics of General Electric's
B3 configuration. As a comparison, values for General Elec-
tric's reference engine - the CF6-50C -~ are also shown. The
bypass ratio of the E3 has been increased substantially, as

has the compressor pressure ratio, over those of the CF6-50C.
Turbine temperatures have been increased only moderately. Cycle
trade-off studies indicated that, if the DOC and performance-
retention goals are to be met, only moderate increases could be
tolerated even with improved materials. A thrust of 36 500
pounds was used to size the hardware for this project. The
technologies, however, are scalable over a wide range; hence,
commercial engines based on E3 technology could have whatever
appropriate thrust is required to meet airline needs. For this
particular configuration, General Electric predicts a 14.2 per-
cent cruise SFC reduction over the CF6-50C SFC.
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The advanced technologies needed for the high-pressure-core com-
ponents are listed in figure 1-26, The aggressive compressor
design has a compression ratio of 23 in only 10 stages. So that
it can achieve a polytropic efficiency of over 90 percent, it
will have advanced, low-aspect-ratio, highly loaded airfoils and
will be made of advanced materials. In addition, active clear-
ance control will be used on stages 6 to 10 in order to achieve
much tighter clearances than those used in current engines.

The combustor is a two-zone, double-annular configuration. This
rather complex configuration is required to meet the stringent
emission goals, which will be very difficult to achieve on an
engine with an overall pressure ratio of 36. This combustor
requires several technology advances, including improved dif-
fuser designs and a segmented (or "shingled") liner, in order to
achieve longer life.

The high-pressure turbine has two stages and is designea for an
efficiency of over 92 percent at maximum cruise conditions.

This high efficiency requires a number of technoiogy advances
including low leakages, improved cooling concepts, and advanced
active clearance controls. Also, several advances in materials
and fabrication processes are required (directionally solidified
blades, ceramic shrouds, and near-net-shape rotors that use hot
isostatic pressing of powder-metallurgy alloys).

Similar aggressiveness in technology advances is required for
the General Electric low-spool components, as shown in figure
I-27. Particularly important are the fan and the booster. The
fan uses low tip speeds and a low placement of the midspan dam-
per to achieve over 88 percent efficiency. The novel quarter-
stage "island" booster design serves a dual function: It aids
matching of the fan and core streams, and it centrifuges any
foreign objects away from the core stream and thereby helps re-
duce foreign-object-damage erosion in the core. The five-stage,
low-pressure turbine has been specially configured to reduce
noise. And, as in the high-pressure compressor and turbine, an
active clearance control system will be used to permit closer
running clearances. The mixer will be designed to achieve 75
percent mixing effectiveness and very low pressure losses in a
short length.

Pratt & Whitney Configuration

The Pratt & Whitney E3 design that resulted from the initial
design and definition effort is illustrated in figure I-28. It
is similar to the General Electric design in that it is a two-
spool, mixed-flow configuration. This design, like General
Electric's, has also stressed greater durability, performance
retention, and ease of maintenance. Both designs feature a
short, stiff, straddle-mounted core with five main bearings

11



located in easily accessible bearing compartments. Special
attention also has been given to structural load paths in order
to minimize the bending and twisting encountered in current en-
gines, thus improving performance retention. Both designs also
feature careful attention to active and passive clearance con-
trol as an aid in retaining performance.

The cycle characteristics of Pratt & Whitney's baseline design
are listed in table I-5. Again, for comparison, values for
their reference engine - in this case the JT9D-7A - are also
shown. The predicted cruise SFC reduction for the E3 design
is 14.9 percent below that of the JT9D-7A.

Advanced-technology features in the Pratt & Whitney E3 core
configuration are shown in fiqure I-29., This core includes a
10-stage compressor with a compression ratio of 14. A number of
advanced-technology features - including supercritical airfoils,
trenched cases, and active clearance controls - help achieve a
polytropic efficiency level of over 91 percent. The combustor
also depends on a two-zone configuration for emissions control
(in a similar manner to General Electric's combustor), but the
Pratt & Whitney design has two burning zones arranged axially in
series. Several technology advances are also planned for this
combustor, including carburetor-type fuel nozzles and an ad-
vanced liner configuration that uses improved cooling concepts
and segmented panels to extend life.

Pratt & Whitney selected a single stage for the high-pressure
turbine in order to gain the cost and maintenance benefits asso-
ciated with fewer hot-section parts. However, a cooled turbine
efficiency of over 88 percent must be reached if the total en-
gine performance required for fuel savings 1s to be achieved.
Reaching this high efficiency in a single stage will require ad-
vances in several areas, including advanced airfoil designs for
the transonic airflow in this turbine, improved cooling schemes,
and several advanced materials. Pratt & Whitney's single-
crystal alloys will be used for the blades and vanes. An im-
proved active clearance-control system is also planned for this

turbine.

Advanced-technology features in the low-spooli components of the
Pratt & Whitney E-® design are shown in figure I-30. The fan
blades are unshrouded. Eliminating the midspan dampers, used in
the fan blades on all current engines, can improve efficiency
and hence reduce SFC nearly 1 percent. However, the designs of
unshrouded blades invariably result in very large, long-chord
configurations that tend to increase engine weight. Thus, ad-
vanced design approaches are needed to generate lighter weight
fan-blade configurations that are resistant to both aeroelastic
flutter and foreign-object damage. Pratt & Whitney has devel-
oped a promising design approach that uses hollow titanium air-
foils, and work is now under way to develop the manufacturing

12



R

technology for such unique blades. To date, the most promising
approach is to fabricate the hollow blades from diffusion-bonded
titanium laminates.

The other low-spool components include a four-stage, low-
pressure compressor driven by a four-stage, counter-rotating,
low-pressure turbine. The approach to exhaust-gas mixing is
also extremely aggressive, calling for a design mixing effec-
tiveness of 85 percent and low pressure losses. These design
goals are to be achieved by using a short, scalloped mixer to
minimize the weight and drag penalties of the required long-duct
nacelle.

Component Technology

The component design phase is well under way, and both General
Electric and Pratt & Whitney are conducting technology investi-
gations in support of their design work. Figure I-31 illus-
trates an example of such work at General Electric in support of
their fan-frame acoustic design. Current engines have about
twice as many vanes as fan blades for minimum fan noise. Also
they have an axial spacing of about 1 chord width between the
vanes and blades, along_with separate struts to carry loads to
the fan case. 1In the E3 design, General Electric will use a
lower vane-blade ratio, as indicated, and a much wider axial
spacing. This design permits the vanes to be integrated with
the struts and hence reduces fan weight and cost.

Acoustic tests of these two configurations were recently con-
ducted, and the results are shown in figure I-32 for perceived
noise level as a function of acoustic angle. The upper plot
shows results for the approach condition; the lower plot shows
results for the takeoff condition. The two configurations gave
very similar acoustic results. Thus, GE's E3 fan is being
designed with a vane-blade ratio of about 1.1 and very wide
axial spacing, as illustrated in figure I-31.

Another important series of supporting technology tests con-
ducted by GE involves the combustor design. GE's prime com-
bustor design is the double-annular configuration, shown at the
left in figure I-33. Principles of this two-zone design were
established under NASA's Experimental Clean Combustor program.
The results of that program, when extrapolated to the higher
pressure conditions for E3, indicate that this configuration
offers potential for meeting the stringent E3 emissions goals.
However, the two separate combustion zones require rather com-
plex staging of the valves that control the fuel-flow to each
zone. Thus, GE proposed an alternative design involving a sim-
pler single-annular configuration. A series of early tests were
run on this single-annular configuration in order to assess its
potential for meeting the E3 emissions goals.
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The prime resutls of those tests are shown in figure I-34,
Plotted are the emissions levels for carbon monoxide (CO), hy-
drocarbons (HC), and oxides of nitrogen (NOyx). The left bar

in each pair shows single-annular combustor results from tests
recently run as part of the E2 project. The right bar in each
pair shows estimates for the double-annular combustor: These
predictions are based on the earlier test results from the Ex-
perimental Clean Combustor program. These results indicate that
the single-annular combustor does not meet the E3 goals for CO
and NOy emissions. Also, these differences might be increased
with future broad-specification fuels. Thus, NASA has concluded
that the more-complex double-annular combustor is needed to meet
the stringent E3 emissions goals. All efforts are now directed
at the double-annular configuration so that the low emissions
levels that might be required in future engines can be demon-
strated.

Another example of the component technology efforts completed to
date involves Pratt & Whitney's single-stage turbine. Early
emphasis was on aerodynamic tests in an uncooled turbine-~rig so
that the best airfoil designs could be selected. Two combin-
ations of vanes and blades were tested; figure I-35 shows the
two blades. Results for the uncooled-rig tests are shown in
figure I-36. Plotted are the measured efficiency levels as
functions of airfoil span for the two airfoil combinations.
Both designs achieved good efficiencies, but the 43-percent-
reaction airfoils produced higher efficiencies. This reaction
value was thus selected for the E3 turbine design.

Benefits

The fuel savings that have been predicted for the E3 engines
are shown in figure I-37. These are the projections made for
both engine designs by three major aircraft manufacturers: Boe-
ing, Douglas, and Lockheed. Using the predicted SFC reductions
of 14 to 15 percent, the aircraft companies predicted fuel
usages for their own versions of advanced aircraft for various
flight missions, and then they compared these to the predicted
fuel usages for similar aircraft with current engines. Plotted
are the differences in the fuel-usage estimates. (Note the or-
dinate of the_plot starts at 10 percent.) The projected fuel
savings for E3 ranges from 13 to 22 percent. The fuel savings
increase with longer flight distances since the prime fuel sav-
ings is achieved in the cruise portions of each flight mission.
However, even the shorter-range flights with relatively short
cruise durations show significant fuel savings.

Projections were also made for the direct operating costs of the
same aircraft-engine combinations, and a plot of these results
is shown in figure I-38. As might be expected, the projected
trends for DOC are similar to those for fuel savings since fuel
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costs contribute about 40 percent to the direct operating
costs. Also important in these DOC reductions was the emphasis
both General Electric and Pratt & Whitney placed on minimizing
maintenance costs. For example, the total numbers of airfoils
in their engines were drastically reduced from the numbers in
the reference engines.

From the current status of the E3 project, these benefits ap-
pear to be realistic. Present E3 designs indicate that alil
goals are achievable, with the possible exception of the NOy
emissions goal. The advanced technologies required to meet the
goals are scheduled to be demonstrated by 1983.

ADVANCED TURBOPROP

The third ACEE propulsion effort, the Advanced Turboprop proj-
ect, is directed at establishing the feasibility of radically
improving propeller-driven propulsion systems to the point where
they can be effectively applied to future commercial air trans-
ports. Advanced turboprop propulsion systems promise extremely
large fuel savings. And, with an aggressive technology develop-
ment program - demonstrating the advanced technology in the late
1980's - they would be available for the commercial air trans-
ports of the 1990's.

Turboprop-powered aircraft are not new, of course. Turboprops
are used today 1n various military, business, and commuter air-
craft, and at one time were used in medium-range commercial air
transports. Figure I-39 shows the turboprop-powered Lockheed
Electra, which was introduced into medium-range commercial ser-
vice in the late 1950's. It was a major improvement over the
reciprocating-engine, propeller-driven aircraft then in com-
mercial service.

Jet-powered aircraft, such as the Boeing 707 shown in figure
I-40 (the first domestic commercial jet), were also introduced
in the late 1950's. Such jet-powered aircraft offered better
passenger comfort since they flew above the weather and had less
noise and vibration in the cabin than the Electra. They were
also faster. This, along with their larger size, provided
greater productivity and convenience. And, they had newer en-
gines with lower maintenance costs. The 707, and others like
it, swept the market. Their major disadvantage was the higher
fuel consumption of the turbojet engines. But, in an era of
inexpensive fuel - around 5 to 10 cents a gallon at that time -
the price of fuel was not a critical factor in propulsion-system
selection.

Figure I-41 illustrates this last point. Shown is the fuel con-
sumption for various propulsion systems - expressed in gallons
per mile to account for speed differences. These values are
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plotted relative to the Electra engine fuel consumption. Also
plotted are the dates of introduction into service (or possible
introduction). Going from the Mach 0.6 turboprop-powered
Electra to the Mach 0.8 turbojet-powered 707 resulted in a 50
percent increase in fuel consumption.

Since the first commercial turbojet was put into service, a num-
ber of improvements have increased the efficiency of aircraft
gas-turbine engines. Most significantly, the high-bypass-ratio
turbofan engine has been a major factor in reducing fuel con-
sumption. The Energy Efficient Engine promises another 15 per-
cent reduction in fuel consumption, primarily througn better
thermal efficiency. But the curve does appear to be flattening
out, an indication of a maturing technology.

Making the next significant step in fuel savings will necessi-
tate a major increase in propulsive efficiency. Sucn an in-
crease, about 15 percent at Mach 0.8, is offered by the advanced
turboprop. Even larger savings would be possible at lower
speeds. This propulsion-system concept will be considerably

different, however, from the older, more conventional, Mach 0.6

Electra system. Figure I-42 illustrates this difference. The
advanced propeller concept is compared with the Electra propel-
ler, to the same scale. The shape, size, and number of blades
are all radically different.

The major features of the advanced propeller concept are shown
in figure I-43. The advanced propeller would be driven by a
large, modern turboshaft engine and a gearbox. The biades of
the propeller would be very thin and highly swept to minimize
both compressibility losses and propeller noise during high-
speed cruise. An area-ruled spinner and an integrated nacelle
shape would also be used to minimize compressibility losses in
the propeller-blade hub region. A high power loading, and hence
a relatively small propeller diameter, would be achieved by
using 8 or 10 blades. A final feature worthy of note is that
modern propeller blade fabrication techniques would be used to
make the thin, highly swept, twisted blades.

The basic reason for the advanced turboprop being such an at-
tractive concept is its potential for high propulsive efficiency
in the Mach 0.7 to Mach 0.8 speed range, as shown in figure
I-44., Older model turboprops had relatively thick, unswept pro-
peller blades and experienced rapid increases in compressibility
losses above Mach 0.6. Current high-bypass-ratio turbofans
exhibit their highest propulsive efficiency (about 65 percent)
at cruise speeds somewhat above Mach 0.8. The new advanced
turboprops are estimated to be about 20 percent more efficient
than high-bypass-ratio turbofans at Mach 0.8. At lower cruise
speeds, the efficiency advantage of the advanced turboprop is
even larger. This high propulsive efficiency of the advanced
turboprop makes it an attractive powerplant for many applica-
tions.
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A number of aircraft studies have been conducted to quantify the
benefits promised by the advanced turboprop. Figure I-45 shows
some of the passenger aircraft studied to date. Two aircraft
are shown: a medium~-range wide-body transport with four turbo-
props mounted on the wing, and a shorter-range narrow-body
transport with two turboprops mounted at the rear of the fuse-
lage. Cargo airplanes and military patrol aircraft could also
benefit from using advanced turboprops. In every study, the
airplanes powered by advanced turboprops used much less fuel
than competing turbofan-power airplanes.

.These studies are summarized in figure I-46, where the trend in

fuel savings with aircraft design range is shown. For short-
haul aircraft, where takeoff and descent dominate the fuel frac-
tion, the turboprop fuel savings can be as high as 30 percent.
For medium-range aircraft, fuel savings are 15 to 20 percent.
For very long-range aircraft, where cruise dominates the fuel
fraction, turboprop fuel savings are 17 to 30 percent. These
fuel savings for the turboprop are relative to a turbofan-
powered aircraft with the same level of component technology.
Thus, if an E3 turbofan will achieve a 15 percent fuel savings
over a conventional turbofan in a new medium-range transport, a
new turboprop with an E3 level of component technology would
achieve a 30 to 35 percent fuel savings. It is this very large
fuel savings potential that prompted NASA to include the Ad-
vanced Turboprop project in its ACEE program.

The objective of this project is to develop the technology for
efficient, reliable, and acceptable operation of advanced
turboprop-powered aircraft at cruise speeds between Mach 0.7 and
Mach 0.8. The turboprop goals of minimums of 15 percent fuel
savings and 5 percent DOC improvement are relative to turbofans
at equivalent levels of technology. The third turboprop goal is
a cabin comfort level (noise and vibration) the same as that in
modern turbofan-powered aircraft.

To achieve these goals, Lewis began a phased Advanced Turboprop
project in 1978. The major elements of phase I (an enabling
technology and research phase) are shown in figure I-47., The
first element - the propeller-nacelle - is concerned with pro-
peller aerodynamics, acoustics, and structures. The second ele-
ment addresses the cabin environment. Since the fuselage may be
in the direct noise field of the propeller, the noise generated
by the propeller must be attenuated by the cabin wall in order
to provide a low-noise cabin environment. Also, the turboprop
engines must be mounted in such a way that cabin vibration is
low. The third major element of phase I, installation aerody-
namics, is concerned with an accelerated, swirling propeller
slipstream flowing over the wing. Here, there is the challenge
of integrating propeller design with wing design to achieve the
best combination of engine efficiency and aircraft lift-drag
ratio. Also, airplanes powered by advanced turboprop engines
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must be configured to have adequate stability and control. The
fourth element involves the mechanical components of an advanced
turboprop propulsion system: the engine drive, the gearbox, and
the advanced propeller. These components must be designed and
packaged in such a way that maintenance and reliability will be
much improved over that experienced by the first generation of
turboprop-powered aircraft. Since these four elements are so
strongly interrelated, aircraft trade-off studies must be per-
formed to obtain the match that will best achieve the goals of
low fuel consumption, low operating cost, and passenger accep-

tance.

Propeller-Nacelle

The advanced propeller technology program in phase I is outlined
in table I-6. The plan is to test a matrix of eight 2-foot-
diameter wind tunnel models. The range of the propeller design
parameters is indicated in the table. Eight or 10 blades are
used to keep the propeller diameter relatively small. Sweep at
the blade tip as high as 60° will be investigated to determine
its effect on propeller-generated noise at cruise. The tip-
speed range results in transonic relative tip Mach numbers
during Mach 0.8 cruise. The high-cruise power loading also re-
sults in relatively small propeller diameters. Besides the ex-
perimental work on propellers in phase I, an extensive analyti-
cal effort is under way to upgrade prediction and design capa-

bilities.

Three blades have been tested and are shown in figure I-48.

Each blade is extremely thin over much of its span for minimum
compressibility losses during high-speed operation. Also, the
blade aspect ratio is relatively low as a result of designing
for a relatively small propeller diameter (i.e., high power
loading). The blade on the left in the figure is straight, with
00 of tip sweep. The middle blade has 300 of tip sweep.

The blade on the right, with 459 tip sweep, was designed with
both refined aerodynamic and acoustic design methodology. In-
deed, acoustics dictated the rather unique blade planform shape,
which has a longer chord and more sweep than the other two
blades. This high~-sweep propeller model is shown in figure I-49
installed in the Lewis 8- by 6-Foot Wind Tunnel, All three pro-
peller models were tested in this wind tunnel, and all were
driven by the strut-mounted air-turbine propeller test rig shown
in the background.

Efficiency. - The measured efficiencies of all three propellers
are shown in figure I-50 as a function of Mach number. At Mach
0.8 conditions, measured efficiency improved as the tip sweep of
the models increased. This confirms that blade sweep does re-
duce compressibility losses. Also, efficiency improved as Mach
number was reduced.
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Shown in figure I-51 is a more complete Mach 0.8 performance map
of the model with 450 sweep. Blade tip speed and blade pitch
angle were changed during testing in order to define 1lines of
constant power loading. An efficiency of 79.5 percent has
special significance since this efficiency was assumed in the
early studies that indicated the potential of the advanced tur-
boprop. Measured propeller efficiencies exceeded 7Y.5 percent
for a range of power loadings and tip speeds. Since each point
on this map represents a unique set of values for propeller ef-
ficiency, diameter, weight, and tip speed, an airplane trade-off
study must be performed to select the best propeller design for
a particular application,

Noise. - The relative noise generated by the three propeller
models, as measured in the wind tunnel, is shown in figure
I-52. At Mach 0.8 design conditions, the propeller with a tip
sweep of 459 was the gquietest. 1Its peak sound pressure level
was about 6 decibels lower than that of the straight blade.
Because of the many unknowns involved in noise measurements in
wind tunnels, particularly in measurements of absolute noise
levels, NASA is proceeding with a program that will allow pro-
peller noise to be measured in flight.

A NASA JetStar aircraft that is being modified to accept a small
propeller and its air-turbine drive atop the fuselage is shown
in figure I-53. The 2-foot-diameter propeller will be driven by
an air turbine, whose working fluid is main-engine bleed air.
Microphones will be mounted in the JetStar's fuselage to record
propeller noise generated at flight conditions from takeoff to
Mach 0.8 cruise. Testing is scheduled to begin next year. The
data from these tests will be used to upgrade propeller noise
prediction programs. The data on noise level, spectral content,
and directionality will constitute the input needed to work on
fuselage attenuation of propeller noise.

Structural techniques. - Propeller structural technigues are
compared in figure I-54. Shown at the top of the figure is the
structural design for a current-production fiberglass blade. It

has a fiberglass shell, a solid aluminum load-carrying spar, and
foam fill. Blades like this were introduced into serviceée in the
early 1960's. On the bottom is shown an example of how an ad-
vanced blade might be constructed. Materials and fabrication
techniques are similar to those for current blades. 1In pliace of
foam £ill, however, honeycomb or some other material is used to
give the thin blade more rigidity. This blade construction con-
cept, along with others, will be analyzed in the coming year.

Cabin Environment

The noise inside the cabin depends mainly on the noise generated
by the propellers and on the attenuation of this noise by the
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fuselage wall and the cabin interior trim. These two conditions
are interrelated, as shown in figure I-55,

The maximum-cabin-noise goal is 75 decibels on the A scale
(dBA) . For a typical propeller design, sound pressure level in
the cabin would be 90 decibels. With current conventional cabin
treatment, exterior noise could be as high as 110 decibels.

With improved fuselage design and cabin treatment, exterior
noise of 140 decibels or more could be tolerated according to
initial studies conducted by the Langley Research Center. How-
ever, the price that must be paid for the higher noise attenu-
ation is an increase in fuselage weight.

Influencing cabin noise, of course, is the propeller noise
level. At the moment, there is uncertainty in predicting noise
level and also uncertainty in interpreting wind tunnel noise
measurements. The absolute noise level of the three models
tested thus far is somewhere in the shaded area with a possible
lower bound of approximately 140 decibels. With improved pro-
peller design, it may be possible to reduce the noise level to
about 130 decibels. Since the two bars overlap, a number of
solutions are possible for achieving the desired maximum noise
level in the cabin. Thus, it will be necessary to conduct air-
craft trade-off studies. Engine location is, of course, another
variable in such studies. The optimizations are quite differ-
ent, for example, when the turboprops are mounted at the rear of

the fuselage rather than on the wing.

Installation Aerodynamics

The third major element of the Advanced Turpoprop project is
installation aerodynamics. So far only the question of drag has
been addressed. Drag becomes of concern with the advanced tur-
boprop because, at the Mach 0.7 to 0.8 cruise speeds of inter-
est, large compressibility losses could be encountered on that
area of the wing washed by the accelerated slipstream of the
propeller.

Preliminary results have been obtained with a propeller slip-
stream simulator (fig. I-56). This figure shows a wing-body
aircraft model installed in an Ames wind tunnel. There were no
model turboprops directly on the aircraft model; instead, the
ejector device directed a simulated propeller slipstream over
the wing. By using this device, slipstream Mach number and
slipstream swirl angle were varied independently. It is these
two parameters that are peculiar to a turboprop installation.

The results are shown in figure I-57 for two cruise Mach num-
bers. The aircraft drag at a lift coefficient typical of cruise
is the zero reference point. When the simulator was turned on,
generating a 0©9-swirl slipstream, the increase in drag was
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about 2.5 percent. This level was maintained to swirl angles of
79, At higher swirl angles, drag decreased as the wing re-
covered some of the swirl and actually became negative between
70 and 11°. Since the amount of swirl of the slipstream
increases as power loading is increased, propeller design se-
lection must consider these slipstream effects. Wing design
must also be optimized for the recovery of swirl. Such integra-
tion may yield an installation drag for the turboprop equal to -
or perhaps even lower than -~ that of the turbofan.

Turboprop installation drag will be accurately assessed in the
near future by testing an aircraft model with a 2-foot-diameter
propeller, as shown in the artist's sketch of figure I-58, Data
from this test will guide the integration of propeller design
with wing design.

Mechanical Components

The fourth major element in the Advanced Turboprop project in-
volves the mechanical components. This element was of partic-
ular concern at the beginning of the project because of the high
maintenance costs for the turboprop propulsion system on the
Electra and the general feeling that turbofan maintenance costs
would always be substantially lower. For this reason, the Lewis
Research Center placed a contract with Detroit Diesel Allison
(with Hamilton Standard as a subcontractor) to evaluate the
Electra system. Results indicated that the 1970-era turboprop
maintenance costs were indeed higher than those for the JT8D
turbofan (a representative turbofan), but the difference was
mainly in the core engine. The core engine of the turboprop was
expensive to maintain largely because it was an older technology
core originally designed for military application. It was
therefore concluded that overall advanced-turboprop maintenance
costs can be competitive with those of an advanced turbofan.
Core maintenance costs, based on equal levels of technology,
should be about equal. Preliminary conceptual designs were made
to evaluate how turboprop maintenance costs could be reduced.
The advanced propeller and gearbox can be greatly improved by
performing on-condition maintenance instead of scheduled
overhauls, by using modular construction, and by emphasizing
simplicity and reliability in design.

Future Phases

Results of the subscale testing part of phase I has been very

promising. Progress has been achieved in developing design and
prediction methodologies. This phase is an enabling technology
effort that will take about 3 years to accomplish, with the in-
tent being to establish the feasibility of concepts and a data
base for future efforts. As a logical next step, NASA is plan-
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ning large-scale component verification tests that will lead to
flight verification (fig. I-59). To be evaluated are propel-
ler fabrication, propeller flutter, scale effects relative to
propeller-generated noise, and advanced fuselage-noise-
attenuation concepts. Operational effects for a full range of
flight conditions would be an important feature in demonstrating
technological readiness. Thus, at the conclusion of the Ad-
vaanced Turboprop project, technology would be available for use
in designing very efficient turboprop-powered commercial air-
craft and in establishing commercial acceptance of this advanced

system.

CONCLUDING REMARKS

The technology readiness dates for the three Aircraft Energy Ef-
ficiency propulsion projects are shown in figure I-60. By the
dates shown, the technology required for beginning commercial
development will be demonstrated. Such developments would be
expected to yield the fuel savings indicated in the figure.
Figure I-61 indicates the potential benefits of the three proj-
ects in terms of both direct operating cost and fuel savings.
DOC savings are, of course, important since future propulsion
systems must be economically attractive to the airlines as well

as fuel efficient.

There could be about a 5 percent fuel savings and a 3 percent
DOC savings in derivative engines that use Engine Component Im-
provement (ECI) technology. With a technology readiness data of
1980 to 1982, this project will yield results that are extremely
applicable to the near-term needs of the airlines. Energy Ef-
ficient Engine (E3) benefits are about a 15 to 20 percent fuel
savings and a consequent 5 to 10 percent DOC savings. These
benefits could be realized by the late 1980's in new engines
that use E3 technology to be demonstrated by 1983. Advanced
turboprops are expected to provide_about 30 to 35 percent fuel
savings over current engines, if E3 technology is used for the
turboshaft engine, with a possible 10 to 15 percent DOC sav-
ings. These major gains could begin to be achieved in the
1990's, if the technology is successfully demonstrated in the
late 1980's. In a future where fuel prices (and possibly even
fuel allocations) will influence aircraft design and selection,
advanced turboprops are expected to play an important roie.

These three projects differ not only in their technology readi-
ness dates but also in the level and type of technology that
each is addressing. In going from the ECI project to the E3
project to the Advanced Turboprop project, the emphasis shifts
from the near term to the far term, with progressively larger
benefits, but also with more unknown technology, with higher
degrees of risk, with more difficulties in integration with the
aircraft, and with ultimate applications being clouded as usual
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by market and economic uncertainties. The ACEE effort, however,
represents a comprehensive approach to resolving these diffi-
culties and unknowns and offers a number of technology options.
And, if the ACEE technology advances prove as attractive as ex-
pected, this program should have a major impact on future com-
mercial air transportation systems.
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'PERFORMANCE I MPROVEMENT CONCEPTS
PRATT & WHITNEY ENGINES

CONCEPTS % SFC COMPLETION
REDUCTION DATE
P & WA JT8D ENGINE
HPT OUTER AIR SEAL 0.6 SEP 1978
NEW HPT BLADE .9 JUL 1980
REVERSER STANG FAIRING .5 SEP 1980
TRENCHED ABRADABLE HPC .9 DEC 1980
P & WA JT9D ENGINE
HPT ACTIVE CLEARANCE CONTROL g NOV 1978
NEW FAN TECHNOLOGY L3 JUN 1979
HPT VANE THERMAL COATING .1 FEB 1981
HPT ABRADABLE OUTER SEAL 3 0CT 1981
€5-79-1534

Table I-1

PERFORMANCE IMPROVEMENT CONCEPTS
GENERAL ELECTRIC ENGINE

CONCEPTS % SFC COMPLETION
REDUCTION DATE
GE CF6 ENGINE

SHORT CORE NOZZLE 0.9 FEB 1979
NEW FRONT MOUNT 3 MAR 1979
IMPROVED FAN 2.0 MAY 1979
HPT AERO REFINEMENT L3 JUL 1979
HPT ROUNDNESS CONTROL .4 MAY 1980
REDUCED HPC BLEED g SEP 1980
LPT ACTIVE CLEARANCE CONTROL .3 OCT 1980
HPT ACTIVE CLEARANCE CONTROL .6 AUG 1981

CS-79-1535

Table I-2




PROPULSION SYSTEM LOADS ANALYSIS RESULTS

STEADY STATE
B LOADS AREA AFFECTED % OF TOTAL
SFC LOSS

NACELLE AERODYNAMIC ALL STAGES 87
INERTIA

'g" HPT STAGES 8

GYRO FAN STAGE 5

DYNAMIC
NO SIGNIFICANT CHANGE FROM STEADY STATE

£5-79-2089
Table I-3
CYCLE CHARACTERISTICS OF
GENERAL ELECTRIC'S ENGINES
AT MAX CRUISE CONDITIONS
EEE CF6-50C
EXHAUST CONFIGURATION MIXED SEPARATE
BYPASS RATIO 6.9 4.3
FAN PRESS. RATIO 1.6l L72
COMPRESSOR PRESS. RATIO 22.6 12.9
OVERALL PRESS. RATIO 36,1 32.0
TURBINE TEMP, OF
HOT-DAY TAKEOFF 2450 2400
MAX CRUISE 2170 2080
TAKEOFF THRUST, SLS-1b 36 500 50 250
INSTALLED SFC, Ibm/hr/ibf 0,572 0. 666
L“A = ‘14. 2%
€S-79-2065

Table I-4
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CYCLE CHARACTERISTICS OF
PRATT & WHITNEY'S ENGINES
AT MAX CRUISE CONDITIONS

EEE JTD-7A-
EXHAUST CONFIGURATION MIXED SEPARATE
BYPASS RATIO 6.6 5.1
FAN PRESS. RATIO 1.71 1.58
COMPRESSOR PRESS. RATIO 13.9 10.0
OVERALL PRESS. RATIO 37.4 25. 4
TURBINE TEMP, OF
HOT-DAY TAKEOFF 2495 2300
MAX CRUISE 2200 2000
TAKEOFF THRUST, SLS-Ib 41 115 46 300
INSTALLED SFC, ibm/hr/Ibf 0.576 0. 677
€$-79-2067 LA =-14. %%
Table I-5

ADVANCED PROPELLER TECHNOLOGY PROGRAM
PHASE I

DESIGN MATRIX OF EIGHT 2-ft DIAM WIND TUNNEL MODELS

NO. OF BLADES 8 OR 10

SWEEP AT BLADE TIP, deg 0 TO 60

TIP SPEED, ft/sec 600 TO 800
{(RELATIVE TIP MACH NO.) {.OTO L.15

POWER LOADING, hplft2 26 10 37.5
(RELATIVE DIAM) (L2770 1.0Y

USE DATA TO UPGRADE AERO, ACOUSTIC, & STRUCTURAL ANALYSIS &

PREDICTION PROGRAMS €5-79-2155

Table I-6
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DIRECT OPERATING COSTS
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Figure 1-3

ACEE PROPULSION PROJECTS

ENGINE COMPONENT
IMPROVEMENT

ADVANCED TURBOPROP

C5=79-2150

Figure I-4



|
|

PERFORMANCE IMPROVEMENT ENGINE DIAGNOSTICS

GOAL OF 5% FUEL SAVINGS €5~79-2099

Figure I-5

PERFORMANCE IMPROVEMENT

P & WA JT8D

DEVELOP TECHNOLOGY FOR COMPONENTS TO REDUCE
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RETROFIT OF CURRENT ENGINES BY 1980-1982
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SR N

GE CF6 €5-79-2098

Figure I-6
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COMPONENT AREAS
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Figure I-7

JT8D HPT OUTER AIR SEAL

ADDED KNIFE-EDGE SEAL

ADDED HONEYCOMB SEAL

COOLING AIR DISCHARGE
RELOCATED

CRUISE SFC REDUCTION, 0. &%
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IMPROVED

C$-79-2144

Figure I-8



JT8D HPT OUTER AIR SEAL ENGINE TEST

N
CRUISE
SFC 1
REDUCTION,
%
NORMAL CRUISE~,
0 l I | AN
20 40 60 80 100
% MAX CRUISE THRUST
£5=79~-2082
Figure I-9

ACTIVE CLEARANCE CONTROL

TURBINE BLADE

TAKEOFF CLEARANGE _} cRuISE CLeARANCE

SHROUD & CASE
4

NO AIR COOLING AIR €s-79-2084

Figure I-10
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JT9D HPT ACTIVE CLEARANCE CONTROL

MODIFIED SEAL SUPPORT RING
INCREASED CASE COOLING
AR FLOW
SHORTER IMPINGEMENT
DISTANCE
CRUISE SFC REDUCTION, 0. 65%
DEMONSTRATED IMPROVED

5-73-2143

Figure I-11

JT9D HPT ACTIVE CLEARANCE CONTROL

TEST DATA
1.0 r
CRUISE QQ © ° o J\)"‘U—O'OO—O_O'
SFC 5
REDUCTION, ° NORMAL
% CRUISE
. R
60 70 80 90 100
€5-79~2086 % MAX CRUISE THRUST
Figure 1-12



CF6 FAN

IMPROVED AIRFOILS
REARWARD SHROUD
FAN CASE STIFFENER
CRUISE SFC REDUCTION, 2% DEMONSTRATED CURRENT IMPROVED

€5-79-2097

Figure 1-13

CF6 ENGINE TEST COMPARISON

~—o—— CURRENT FAN ENGINES
==0—— IMPROVED FAN ENGINES

(o]
O

3.2%7 %—”%ﬁj
/ - -

SFC y % II"_—’— DJE/,
4 ””m
'®‘ ”
~ bo | | |
35 000 40 000 45 000 50 000

SEA LEVEL THRUST, Ib
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Figure I-14
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CONTRIBUTORS TO ENGINE PERFORMANCE DETERIORATION

FOD/EROSION THERMAL
SURFACE DISTORTION
ROUGHNESS

e N

L— CLEARANCE INCREASES ~———>1

i

Figure I-15

EXAMPLES OF ENGINE PERFORMANCE DETERIORATION

« ALTERED
\PROFILE 7

F.0.D.
~SHROUD
ORIGINAL ) ~RESULTS OF “~—WARPAGE
SHAPE~. /[ BLADE TIP &
RUB -
CLEARANCE INCREASE THERMAL DISTORTION cs-73-209%

Figure I-16
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CF6 MODULE REPLACEMENT/REFURBISHMENT TEST RESULTS
CRUISE CONDITIONS

LPT (7}

HPT (3) NEW MODULE
REPLACE VANES/SEALS 0. 4% ASEC
% ASFC )
FAN (2)
CLEAN BLADES/RECONTOUR
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0. %% ASFC Pee79-20m
Figure I-17

JT9D MODULAR PERFORMANCE DETERIORATION RESULTS

USED PARTS DATA & PRE-REPAIR TESTS
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1.5— @M EROSION/AIRFOIL 3000TH FLIGHT
ROUGHNESS
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1000TH FLIGHT
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%

IST FLIGHT

LAHE AllR

//’ g i \\ \\\
FAN LPC HPC HPT LPT
€5-79-2091 (ENGINE MODULE)

Figure I-18
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JTID PERFORMANCE DETERIORATION

BY DAMAGE MECHANISM
CRUISE CONDITIONS

4 B EROSION
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31—
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Figure I-19

JTID EXTERNAL APPLIED LOADS AND REACTIONS

THRUST GYRO LOADS

L

NACELLE AERODYNAMIC .
PRESS. DISTRIBUTION ~ "g" LOADS

¢ NACELLE AERODYNAMIC LOADS
® INERTIA LOADS

£8-78-0145

Figure 1-20




JT9D/747 PROPULSION SYSTEM STRUCTURAL MODEL

TAILCONE

11 000 STATIC FREEDOMS
4 000 ELEMENTS

REVERSER, COWLING, ETC
INCLUDED IN ANALYSIS

€$-79-2092

Figure I-21

JTID ENGINE IN PRATT & WHITNEY
X-RAY ENGINE TEST FACILITY

Figure I-22
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AVERAGE ENGINE PERFORMANCE
DETERIORATION TRENDS

JT9D & CF6
4—
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% CURRENT
1 UNRESTORED
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L LT

0 1000 2000 3000 4000

¢5-79-2085 USAGE, CYCLES

Figure I-23

ENERGY EFFICIENT ENGINE PROJECT
SUMMARY SCHEDULE
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DEF'NITION & DESIGN | TS, /,:/ CRLL A LLLE FLI LT L2l
TECPiNOlLOGY NEEDS
|
AL N
COMPONENT TECHNOLOGIES V00,79
T T
! COMPONENTS
; CORE|ICLS
SYSTEMS INTEGRATION = \\1\%
TECHNOLOGIES | WAz iz
{ CORE|ICLS
1
GENERAL ELECTRIC
o e Lt A
PRATT & WHITNEY

Figure 1-24
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ENERGY EFFICIENT ENGINE CONFIGURATION
GENERAL ELECTRIC
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£S$-79-1709

Figure 1-25
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ENERGY EFFICIENT ENGINE — GENERAL ELECTRIC CONFIGURATION

CORE COMPONENT TECHNOLOGIES

/
/

TEN-STAGE H, P, COMPRESSOR
23:1 PRESS. RATIO
HIGH AIRFOIL LOADINGS
ACTIVE CLEARANCE CONTROL
ADVANCED MATERIALS

€s-79-2187

40

TWO-ZONE COMBUSTOR

LOW EMISSIONS
ADVANCED DIFFUSER
SEGMENTED LINER
DIGITAL-CONTROL STAGING

Figure I-26

TWO-STAGE H. P. TURBINE

VERY HIGH EFFICIENCY

LOW LEAKAGE

IMPROVED COOLING
ADVANCED MATERIALS
ACTIVE CLEARANCE CONTROL



ENERGY EFFICIENT ENGINE — GENERAL ELECTRIC CONFIGURATION
LOW-SPOOL COMPONENT TECHNOLOGIES

MIXER
HIGH EFFECTIVENESS
LOW PRESS. LOSS

SINGLE-STAGE FAN 1/4-STAGE ISLAND BOOSTER FIVE-STAGE L. P. TURBINE
LOW TP SPEED AUTOMATIC CORE MATCHING LOW NOISE CONFIGURATION
INTEGRAL STATOR/FRAME REDUCED CORE FOD ACTIVE CLEARANCE CONTROL €$-79-2186

STEEL/KEVLAR CONTAINMENT

Figure I1-27
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ENERGY EFFICIENT ENGINE CONFIGURATION
PRATT & WHITNEY

Figure I-28

ENERGY EFFICIENT ENGINE — PRATT & WHITNEY CONFIGURATION
CORE COMPONENT TECHNOLOGIES

TEN-STAGE H. P, COMPRESSOR TWO-ZONE COMBUSTOR SINGLE-STAGE H.P. TURBINE
SUPERCRITICAL AIRFOILS LOW EMISSIONS HIGH EFFICIENCY
TRENCHED CASES CARBURETOR FUEL NOZZLES TRANSONIC FLOW
ACTIVE CLEARANCE CONTROL ADVANCED LINER IMPROVED COOLING
ADVANCED MATERIALS DIGITAL-CONTROL STAGING ADVANCED MATERIALS

£5-79-2189 ACTIVE CLEARANCE CONTROL

Figure 1-29
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ENERGY EFFICIENT ENGINE — PRATT & WHITNEY CONFIGURATION
LOW-SPOOL COMPONENT TECHNOLOGIES

\ MIXER
HIGH EFFECTIVENESS
\ LOW PRESS. LOSS
SINGLE-STAGE FAN 4-STAGE L.P. COMPRESSOR ~ 4-STAGE L. P. TURBINE
SHROUDLESS BLADES HIGH LOADING COUNTER-ROTATING
STRUCTURAL VANES CANTED AIRFOILS LOW LEAKAGE
AIIKEVLAR CONTAINMENT ACTIVE CLEARANCE CONTROL

CsS-79-2188

Figure 1I-30

ENERGY EFFICIENT ENGINE — GENERAL ELECTRIC
FAN-FRAME ACOUSTIC CONFIGURATIONS

CONVENTIONAL g3
CONFIGURATION CONFIGURATION
(17777 /177777
BLADES BLADES
AR

o) N

STRUTS VANE/STRUTS
VANE/BLADE RATIO ~2 ~L1

£C-76-2077

Figure 1-31
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ENERGY EFFICIENT ENGINE — GENERAL ELECTRIC
FAN-FRAME ACOUSTIC TEST RESULTS

O E3TYeE
O CONVENTIONAL

110
100 = APPROACH CONDITION
l l
PERCEIVED 0
NOISE 13
LEVEL, r TAKEOFF CONDITION
PNdB
120
110
100 ' | | | |

0 20 40 60 80 100
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Figure I-32

ENERGY EFFICIENT ENGINE — GENERAL ELECTRIC
COMBUSTOR CONFIGURATIONS

DOUBLE-ANNULAR COMBUSTOR SINGLE-ANNULAR COMBUSTOR

e LOWER EMISSIONS » LOWER COST
* MORE COMPLEX * LESS WEIGHT cs-79-2070

Figure I-33



ENERGY EFFICIENT ENGINE — GENERAL ELECTRIC
COMBUSTOR EMISSION CHARACTERISTICS; 4% IDLE THRUST

SINGLE-ANNULAR COMBUSTOR (TEST)
DOUBLE-ANNULAR COMBUSTOR (PREDICTED)
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Figure 1-34 €5-79-2073

ENERGY EFFICIENT ENGINE — PRATT & WHITNEY
H. P. TURBINE UNCOOLED RIG HARDWARE

35% REACTION BLADE 4%% REACTION BLADE
Figure I-35
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ENERGY EFFICIENT ENGINE — PRATT & WHITNEY
H. P. TURBINE UNCOOLED-RIG TEST RESULTS
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% % EFF
REACTION {UNCOOLED)

ul- g s 5 e
N N T A O A O I

0 10 20 30 40 50 60 70 80 90 100
AIRFOIL SPAN, %
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Figure 1-36

POTENTIAL FUEL SAVINGS OF ENERGY EFFICIENT ENGINES
RELATIVE TO THE SAME AIRCRAFT WITH SCALED JT9D-7A OR CF6-50C

O BOEING
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A | OCKHEED
25r—
BLOCK 20—
FUEL o
SAVINGS, Od:]
% 15— ®) Q
10 L | I ! |
0 1000 2000 3000 4000 5000 6000 7000
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Figure I-37



POTENTIAL DOC IMPROVEMENTS OF ENERGY
EFFICIENT ENGINES

RELATIVE TO THE SAME AIRCRAFT WITH SCALED JT9D-7A OR CF6-50C
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FigureI-38

LOCKHEED ELECTRA AIRCRAFT

j

Figure 1-39
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Figure I-40

PROPULSION SYSTEM RELATIVE FUEL CONSUMPTION
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Figure I-41
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SIZE/CONFIGURATION COMPARISON
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ADVANCED PROPELLER ELECTRA PROPELLER
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Figure I-42

ADVANCED TURBOPROP PROPULSION SYSTEM
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Figure I-43
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INSTALLED PROPULSIVE EFFICIENCY AT CRUISE

HIGH BYPASS
100 — TURBOFAN —
TURBOPROP !
90— 1950's ADVANCED TURBOPROP
1

oo™
O TRy
Q e
22 %000 0T e e v
400 00T e
SO
o200050,,
e% 20 0.,

> 0.0

INSTALLED k320
PROPULSIVE 80 -

ik 70|— ELECTRA-
/I IS, m

60—
,gc///?ﬁﬂ/
s | I |
£5-79-2153 .5 .6 g .8 .9
CRUISE MACH NO.

Figure 1-44

ADVANCED TURBOPROP PASSENGER AIRCRAFT

CS-79-2378

Figure I-45
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TREND OF POTENTIAL FUEL SAVINGS FOR ADVANCED
TURBOPROP-POWERED AIRCRAFT

RELATIVE TO TURBOFAN-POWERED AIRCRAFT WITH

SAME LEVEL OF CORE TECHNOLOGY
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Figure I-46

ADVANCED TURBOPROP PROJECT
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Figure I-47
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MODEL PROPELLER BLADES

00 300 450 IS 3
Figure 1-48

PROPELLER MODEL TEST IN LEWIS WIND TUNNEL
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Figure 1-49
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PROPELLER MODEL EFFICIENCY
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Figure I-50

PROPELLER PERFORMANCE AT MACH 0.8
MODEL WITH 45° TIP SWEEP; LEWIS 8 x 6 WIND TUNNEL
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NOISE COMPARISON OF ADVANCED
PROPELLER MODELS
Mg = 0.8 DESIGN CONDITIONS; LEWIS 8x 6 WIND TUNNEL

REDUCTION IN  2}— T~
PEAK SPL OF

BLADE PASSING

FREQUENCY,
€5-79-2156 LN

N

Figure I-53
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Figure I-54
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Figure I-55
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PROPELLER SLIPSTREAM SIMULATOR TEST IN AMES WIND TUNNEL

Figure I-56
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POWERED-PROPELLER SEMI-SPAN AIRCRAFT MODEL

ADVANCED TURBOPROP

PHASE I - ENABLING TECHNOLOGY
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Figure I-59 T S T
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ACEE PROPULSION PROJECTS
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Il. EMISSION REDUCTION

Donald A. Petrash, Larry A. Diehl, Robert E. Jones,
and Edward J. Mularz

National Aeronautics and Space Administration
Lewis Research Center

The quality of life in the United States and in particular the
quality of the air we breathe came into focus as a national issue
in the 1960's. The Congress in 1970 amended the Clean Air Act to
include the control of undesirable gaseous pollutant emissions
from aircraft engines. NASA responded by initiating an emissions
reduction research and technology program in 1971. This program,
the results obtained to date, and its future direction form the
basis of this paper. 1In 1973 the Environmental Protection Agency
issued aircraft engine gaseous pollutant emission standards,
which were to be implemented by 1979. Since that time the EPA
has continuously examined the effect of aircraft engine emissions
on air quality and has closely followed the advancing technology
for the control of these pollutants. Just last year, the EPA
issued a Notice of Proposed Rule Making that would amend the
standards. Final action by the EPA has not yet been taken with
respect to the proposed amended standards.

The Gaseous Pollutant emission standards in effect today for new-
ly manufactured engines are shown in table II-1. The three gas-
eous emissions that are controlled are carbon monoxide, unburned
hydrocarbons, and oxides of nitrogen. Six engine classes for
gas-turbine-powered aircraft have been established. The Tl class
applies to turbofan engines of less than 8000 pounds thrust.

Into this class fall most engines used in general-aviation air-
craft. The T2 class applies to engines having thrust levels
greater than 8000 pounds and for the most part applies to engines
used in commercial aviation. The T3 and T4 classes are specific
to the Pratt & Whitney JT3D and the JT8D engines. The TS5 class
applies to those engines used to power supersonic commercial air-
craft, and the P2 class applies to turboprop engines.

In 1971 NASA took several actions to address the issues of gas-
eous pollutant emissions. A program was constructed that had
both near-term and far-term objectives., The near-term program
concentrates on achieving a large and immediate reduction in the
pollutant emissions. It addresses engines classes T1l, T2, T4,
and P2, This program, conducted largely under contract, is es-
sentially complete. The far-term program has the overall goal of
developing the technology necessary to define the minimum
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pollutant emission levels that aircraft gas-turbine engines can
achieve. This program is being conducted both at the Lewis Re-
search Center and through research grants to universities and
contracts with industry.

NEAR-TERM PROGRAMS

From 1970 to 1973 considerable effort was directed toward exam-
ining various methods of controlling engine emissions. Most of
this work, however, was conducted in simplified test rigs. No
serious efforts to integrate these emission-reduction methods
into actual aircraft-engine combustors had been undertaken. The
purpose of the near-term program was to study the various
emission-reduction schemes, choose the best of these and evaluate
their potential in realistic engine combustor geometries.

By way of background, figure II-1 illustrates schematically an
aircraft-engine combustor of the type used in large turbofan en-
gines. Below the sketch are bar graphs illustrating tne levels
of pollutants typical of these engines. The characteristic fea-
tures of these combustors are noted in the sketch. Tney have a
single burning stage; the primary zone tends to operate fuel
rich; and large amounts of air bypass the combustor primary zone
and are admitted further downstream to cool and dilute the com-
bustion products. These combustors all use a step-louver, film-
cooled liner, and a large portion of the total combustor airflow
is used to cool the liner. The emission levels shown are ex-
pressed as values of EPAP (EPA parameter), and are obtained by
integrating the engine emissions over the specified landing and
takeoff cycle. 1In general, emissions of carbon monoxide, total
hydrocarbons, and oxides of nitrogen are all substantially
greater than the EPA standards. Smoke levels are low, well below
the level of visibility, which reflects the work done to control
smoke in the late 1960's and early 1970's.

Figure II-2 shows the combustion characteristics that cause high
pollutant-emission levels and identifies the various emission-
reduction techniques that are used.

At low-power conditions, typically engine idle, emissions of car-
bon monoxide and hydrocarbons are predominant, primarily because
of poor combustion efficiency. The combustion characteristics
responsible for low-power emissions are quenching of the burning
gases near the film-cooled liner walls and quenching of the burn-
ing mixture with cold dilution airflows. The combustion stabil-
ity of the flames is also low, primarily because of the low
inlet-air temperature and pressure that characterize the idle
operating mode. In addition, poor fuel atomization and distri-
bution contribute to poor combustion stability and low combustion
efficiency, which, in turn, contribute to greater emissions of
unburned hydrocarbons. The emission-reduction technigues,
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itemized on the right of figure II-2, all result in a marked
reduction in carbon monoxide and hydrocarbon emissions.
Increasing the burning zone residence time will allow time for
the complete consumption of the hydrocarbon fuel and carbon mon-
oxide. Reducing the flow velocity is one way to increase the
residence time. Delaying the injection of dilution air will re-
sult in a longer primary zone and hence increased residence
time. Delayed mixing also reduces quenching effects caused by
rapid cooling of the burning mixture. Increasing the burning-
zone equivalence ratio, that is, adding more fuel to the burning
zone, results in a higher local temperature, which accelerates
the combustion reactions. Improvements in fuel atomization and
distribution prevent large pockets of fuel-rich mixtures from
occurring and make for smaller fuel droplets which can be more
rapidly consumed.

At high power conditions, typically takeoff and climb, the major
pollutants are oxides of nitrogen and smoke. Carbon monoxide and
hydrocarbons are present only in very small amounts, as com-
bustion efficiency is virtually 100 percent. Oxides of nitrogen
and smoke emissions are formed when residence times are long,
when flame temperatures become very high due to the high air
pressures and temperatures (which are typical of high-power oper-
ation), and where there is poor local fuel distribution, which
causes very-high-temperature, fuel-rich pockets or zones. These
pollutants can be reduced by decreasing the combustor residence
time so that they do not have time to form in any significant
amount. This can be done by increasing the velocity or by en-
hancing mixing, which effectively reduces the length of the burn-
ing zone. Decreasing the equivalence ratio, that is, operating
fuel lean, reduces the maximum flame temperature and the rate at
which these pollutants are formed. Improving fuel atomization
and distribution results in a more uniform mixture of the fuel
and air.

An examination of the emission-reduction technigques reveals an
interesting conflict between those that reduce idle emissions and
those that reduce high-power emissions (fig. II-3): Witnh the
exception of improved fuel atomization and distribution, the re-
duction techniques are in opposition. As an example, to reduce
low-power emissions, increased residence time is needed; however,
to reduce high-power emissions, decreased residence time is
needed. This poses a difficult combustor design dilemma. It is
as 1f two different combustors, one for low power and one for
high power, are required.

The problems, then, were to determine if these conflicting
approaches could be integrated into a real engine combustor with-
out compromising performance and, if so, to determine to what
level the resulting pollutants could be reduced. These were the
Juestions to be answered by our near-term emission-reduction pro-
gram. Put another way, the objectives of this program were to
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investigate new combustor concepts with the potential for signif-
icantly lower emission levels and to measure the emissions re-
duction by engine test. Contracts were awarded to major aircraft
engine manufacturers to devise and investigate new combustor con-
cepts. In general, these contracts were for a multiphase pro-
gram. The first phase consisted of the screening of a variety of
new combustor concepts to determine those with the greatest
emission-reduction potential. Those concepts so identified were
refined in the second phase, and finally the best or most "engine
ready" combustor design was tested in an engine to measure the
emission reduction obtainable. Table II-2 shows the engine manu-
facturers and the engines selected. The engines are arranged in
order of increasing compressor pressure ratio. The EPA engine
class designation is shown in the left column.

Near-Term Program Results

The results of the programs conducted with the engines in EPA
class T2 are discussed herein. 1In general, these results are
quite similar to those obtained for combustors in the other en-
gine classes. Figure I[I-4 shows the Vorbix combustor used in the
JT9D-7 engine. Vorbix is an acronym meaning vortex burning and
mixing. A cross section of this combustor (fig. II-4) shows that
there has been a drastic departure from conventional combustors.
The Vorbix combustor consists of two burning stages arranged in
series: a pilot stage, for low-power emission control, and a
main stage, for operation at all engine conditions beyond idie.
The main stage 1is separately fueled; the pilot stage is the ig-
nition source for the main stage. The bar graphs below the draw-
ing compare the emissions of a production JT9D-7 combustor with
those obtained with the Vorbix combustor tested in JTY9D-7 en-
gine. Carbon monoxide emissions were reduced by more than one-
half; total hydrocarbon emissions were reduced by over a factor
of 10; and oxides of nitrogen emissions were reduced by over one-
half. A photograph of the Vorbix combustor is shown in figure
II-5.

Figure II-6 shows the double-annular combustor tested in an ex-
perimental CF6-50 engine. This combustor also has two stages,
but, here, the pilot and main stages are arranged in parallel,
resulting in two annular burning zones. The pilot zone is used
at all operating conditions and is designed to control low-power
pollutants. The main zone is functional at all engine conditions
above idle and is designed to reduce the high-power pollutants.
The bar graphs compare the production CF6-50 combustor emissions
with those of the double-annular combustor. Carbon monoxide
emissions were reduced by about 40 percent; total hydrocarbons by
a factor of 10; and oxides of nittrogen by about 30 percent. A
photograph of the double-annular combustor is presented in figure
I1-7.
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With the completion of the engine tests, several important
achievements had been made. All the gaseous pollutants were sig-
nificantly reduced with these controlled-emission combustors,
These combustors operated the engines in which they were tested
to full takeoff power levels and essentially met the required
engine acceleration times. In general, combustor performance was
excellent, considering the extent of these programs. These com-
bustors are, of course, not ready for manufacture, and many tech-
nical areas require further development. A major problem with
these two-stage combustors is the coking of fuel in the main-
stage fuel lines and injectors. ' This occurs when the engine is
idling and no fuel is flowing through the main-stage injectors.
Fuel in the lines or injectors is exposed to compressor-exit air
temperatures for some time, resulting in the degradation of the
fuel. This fuel degradation can become serious enough to affect
the fuel flow and spray quality. Liner durability problems were
encountered, particularly around the throat separating the pilot
and main stages of the Vorbix combustor. The combustor exhaust-
temperature pattern factor can be improved and needs more work.

Figure II-8 summarizes the advances made to control pollutant
emissions in these two programs. The combustor sketch illus-
trates the typical features of controlled-emission combustors.
Note the multiple stages: a pilot stage for engine idle emission
control and a lean-burning main stage for all higher power oper-
ating conditions. Air-blast fuel injectors are often used in the
main stage to achieve fine fuel drops intimately mixed with com-
bustion air. Since most of the air is now used in controlling
the combustion process, very little air is available for dilution
and temperature profile tailoring. Similarly, the amount of air
available for liner f£ilm cooling is reduced, and other, advanced
cooling schemes must be used. Emission performance is summarized
below. Carbon monoxide was reduced about 50 percent; total hy-
drocarbons by about a factor of 10; and oxides of nitrogen by
about 35 percent. Good reductions were achieved in carbon
monoxide and oxides of nitrogen emissions, but they may not be as
low as may be required to meet emission standards. Total hydro-
carbons on the other hand, virtually disappeared, which would
suggest that no further work is needed to reduce levels of this
pollutant. Another aspect of our near-term program concentrated
on investigating other techniques to further reduce carpon
monoxide emissions at low-power conditions.

Idle Emissions Reduction Program

As mentioned earlier, carbon monoxide and unburned hydrocarpons
are emitted from combustors mainly during low-power, or idle,
operating conditions. Quenching of the burning fuel and airc
before combustion is complete is the characteristic most re-
sponsible for these emissions. Quenching takes place near the
combustor liners and at the dilution air jets. 1In conventional
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combustors, liners are cooled by injecting a film of air onto the
liner wall. The interaction of combustion gases with this cool
air film sup- presses the completion of the combustion process.
Avoiding the use of this cool air film and allowing the liner
surface to run hotter would greatly reduce the quenching of the
reacting gases.

Quenching can also be reduced by delayed mixing of the dilution-
air jets with the combustion gases. If these dilution jets are
placed further downstream, the chemical reactions of the burning
zone can take place for a longer time, resulting in more complete

combustion.

With these facts in mind, the idle emissions reduction program
had the objective of investigating new combustor concepts with
potential for significantly lower engine-idle emissions.

To achieve this objective a contract was awarded to an engine
manufacturer to test and evaluate three new combustor concepts
having unconventional design features. The testing and eval-
uation of the combustor were confined to typical idle conditions;
no attempt was made to operate the combustors at the more severe
high-power conditions. The application of this technology to a
practical combustor system could be realized by using variable-
geometry schemes or by using one of these designs as the pilot
stage of a multistage combustor.

The three combustor designs were the hot-wall combustor, the
recuperative-cooling combustor, and the catalytic-converter

combustor.

The main feature of the hot-wall combustor (fig. II-Y) is tne
thermal barrier coating on the inside surface of the combustor
liner to reduce wall dquenching. These refractory coated
surfaces, along with impingement-cooled liners and no film cool-
ing whatsoever, result in greatly reduced quenching losses at the
walls. Also, the secondary dilution-air jets are placed farther
downstream to further reduce quenching.

The main feature of the recuperative cooling combustor (fig.
I1-10) is that all of the primary combustion air is first sent
through the annular passages of the combustion liners as im-
pingement cooling air before being admitted into the combustor
through the air swirlers of the dome or the primary dilution
holes. Thus, the combustion air is first used to cool the liners
and in this way picks up heat before entering the combustor.

This air temperature enhancement reduces pollutant emissions by
increasing combustion reaction rates.

The catalytic converter combustor (fig., II-~11l) consists of a con-

ventional, initial burning zone followed by a ceramic honeycomb
catalyst bed. The fuel is first burned in front of the catalyst
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bed in a lean fuel mixture. The catalyst then acts as a cleanup
reactor for the unburned hydrocarbon and carbon monoxide products
in the combustion gas, resulting in very low emissions of these
pollutants. A photograph of the actual catalyst bed used in this
design is shown in figure II-12., It consists of three sections
of a ceramic honeycomb substrate cemented together and placed in
a metal housing shaped to fit the 60° sector combustor test
hardware. The ceramic honeycomb substrate is approximately 4
inches deep and is impregnated with the catalyst material.

In addition to the main features of each of the combustor
designs, they all featured impingement-cooled liners with no
film-cooling, and they used improved, air-blast fuel injectors
for good fuel atomization, another factor in achieving low idle
emissions. Finally, the primary-zone equivalence ratio of these
concepts was designed to be very close to stoichiometric, and air
dilution was delayed until far downstream for maximum reaction of

fuel and air.

The results of this experimental program are shown in figure
II-13 in terms of carbon monoxide and unburned hydrocarbon
emissions at the design idle condition. These results are
compared with those of the controlled-emission combustor at a
similar idle condition. All three combustor designs dramatically
reduced carbon monoxide emissions and significantly reduced un-
burned hydrocarbon emissions. The large reduction in idle
emissions achieved by these concepts indicates the potential of
this technology if it were to be applied into a full combustor
design for a gas turbine engine.

Because the hot-wall combustor is the simplest, its design
features are shown in figure 1I-14 as the pilot stage of a hypo-
thetical multistage combustor. The refractory surfaces of the
inner liner walls and the use of impingement cooling result in
minimized wall quenching effects. The pilot stage is designed
for optimum burning rates at the idle operation of the combustor.

The projected emissions of such combustor operating in an engine
over a standard landing-takeoff cycle are shown in the lower half
of the figure. Carbon monoxide emissions are seen to be dra-
matically reduced from the controlled-emission combustor. Un-
burned hydrocarbon emissions are further reduced from the already
low levels of the controlled-emission combustor. Oxides of ni-
trogen are essentially unchanged from the controlled-emission
combustor, as expected, because most of this pollutant is gen-
erated during high-power operation. To realize the benefits of
the reduced idle emissions, work must be undertaken to apply this
technology into a full combustor system.
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FAR-TERM PROGRAMS

At high-power operation high flame temperature is the most im-
portant factor in the formation of oxides of nitrogen. Experi-
mental data as well as analytic predictions indicate that oxides
of nitrogen emissions vary exponentially with flame temperature.
Therefore, far-term efforts are concentrating on the technique of
lean burning in which decreasing the combustion-zone equivalence
ratio will lower the flame temperature with a resultant reduction
in oxides of nitrogen.

Reducing the combustion-zone equivalence ratio alone may not re-
sult in the lowest possible oxides of nitrogen emissions unless
several other factors are also considered. Because the local
flame temperature is a significant factor in controlling oxides
of nitrogen production, fuel distributions with locally rich full
pockets must be avoided. This requires the fuel and air to be
uniformly mixed throughout the combustion zone. 1In addition, it
may be necessary to prevaporize the fuel. Large fuel droplets in
the combustion zone are consumed by a diffusion flame that sur-
rounds the evaporating droplets. This process takes place at
near-stoichiometric conditions, and the high temperatures produce
excessive oxides of nitrogen emissions. Thus, combustors with
provisions to prevaporize the fuel and premix the fuel and air
may be necessary to realize the full potential of lean-burning
techniques.

Low levels of oxides of nitrogen emissions obtainable by lean,
premixed, prevaporized combustion have been demonstrated in ex-
perimental flame-tube combustors. The essential features of this
type of experiment are shown in figure II-15. Fuel is injected
into a preheated airstream upstream of a simple flame-holding
device. A vaporization and mixing zone provides sufficient time
for the fuel to completely vaporize and mix. In such a well-
controlled experiment the fuel-air distribution at the flame
holder is uniform. Order-of-magnitude reductions in oxides of
nitrogen emissions have been obtained in experiments such as
these.

The concept of catalytic combustion offers the potential of even
further reductions in pollutant emissions. By using a catalyst
bed consisting of a ceramic honeycomb substrate impregnated with
catalytic material, stable, efficient combustion occurs at even
leaner overall equivalence ratios. When operating in idealized
conditions, such as the flame-tube apparatus (fig. II-16), nearly
pollutant-free combustion occurs.

Even though lean, premixed, prevaporized combustion and catalytic
combustion have the potential for achieving very low emission
levels. Considerably more work is required before either tech-
nology could be applied to aircraft engine combustion systems.
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This then forms the basis for the far-term emission reduction
progran.

The objective of our far-term program is to evolve the technology
needed for the development of combustors with minimum pollutant
levels. The achievement of this objective relies heavily on con-
tinuing basic and applied research. The degree of risk and over-
all level of complexity associated with the adaptation of ad-
vanced techniques is more severe than that of the near-term pro-
grams. Fundamental studies are viewed as a requirement to clos-
ing the gaps in our understanding of key areas and to bringing
the new technology to a point where a new approach to combustor
design is practical. As discussed previously two technigques
appear particularly attractive: The lean, premixed, prevaporized
and the catalytic combustion techniques. In late 1979 contracts
will be awarded to evolve and evaluate both of these combustor
concepts.

Before lean, premixed, prevaporized combustors can be used in
aircraft engines, additional research is required in several
areas. Shown in figure II-17 is a conceptual drawing of a lean,
premixed, prevaporized combustor, which is a staged type of
design. The pilot stage has been configured to include features,
such as a hot-wall liner to minimize idle pollutants. The main
stage looks much like a flame~tube rig and contains a fuel in-
jector, a premixing and prevaporizing section, and a flame
holder. To maintain a wide operating range, while burning as
lean as possible, control of the airflow as well as the fuel flow
between the two stages may be required. To achieve this required
airflow control, a variable geometry device has been included in
the diffuser section.

Key areas requiring additional study are also shown in the figure
ITI-17. Combustor inlet airflow characteristics must be known to
assure uniform fuel-air distributions. Engine transient char-
acteristics must be identified and studied to avoid autoignition
and flashback in the fuel-air mixing passage. Practical schemes
for varying the combustor geometry and controlling the operation
of the combustor must be identified. Techniques for predicting
and achieving the required fuel distribution and vaporization in
the premixing section of the main stage as needed. Autoignition
and flashback may also be problems there. More data on these
phenomena are needed over the full range of engine operating con-
ditions, including transients. Other areas of the combustor also
require study. Lean stability and altitude relight capability
need special attention with these advanced concepts. Because
most of the combustor airflow must pass through the main stage to
satisfy the lean burning requirement, the amount of air avaiiable
to cool the combustor liner will be less tnan that of current
technology combustors. It therefore appears likely that advanced
liner cooling schemes will be required to avoid liner durabilaty
problems.
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Digital engine controls will likely be required for the addi-
tional complexity of variable geometry. It is expected that
full-authority digital-control technology will be available in
the future. However, additional study is needed to examine the
control aspects of variable geometry combustors and to establish
transient response requirements.

Figure II-18 indicates the areas requiring research for catalytic
combustors. In general, all of the problem areas associated with
premixed combustion apply equally well to the catalytic con-
cepts. Problems unique to this concept include the activity of
the catalytic materials over wide operating ranges, long-term
degradation and poisoning of the catalyst, and thermal durability
of the catalyst during continuous and cyclic operation of the
catalyst bed. While considerable progress has been made in the
last few years on research into catalyst and substrate materials,
considerably more is required. It is not the purpose of this
paper to fully document the results to date of these fundamental
studies in support of our far term program. However, three
studies that highlight some of the activities have been selected
for discussion.

Studies of the influence of flame-holder geometry on emissions
and performance have been undertaken. Figure II-19 shows the
flame zone structure for six flame-holder designs that nhave been
evaluated. The designs tested included wire grids, perforated
plates, cones, and C-gutters. These open-duct burning photo-
graphs were taken only for visualization purposes. Actual test-
ing was done at high pressure in an enclosed flame-tube rig.

Figure II-20 presents data from a high-pressure, lean, premixed,
prevaporized flame-tube experiment. Emissions of oxides of ni-
trogen are shown as a function of the adiabatic flame temper-
ature. When this experiment was completed, several milestones
had been passed. First, flame-tube experiments were for the
first time conducted at pressures well above 10 atmospheres. In
fact, these flame-tube experiments were successfully conducted at
pressures to 30 atmospheres and inlet-air temperatures comparable
to those of modern engines. Second, although previous data had
shown an inconsistentency in oxides of nitrogen emissions with
increasing pressure, this experiment demonstrated that, from 10
to 30 atmospheres, pressure had no effect on oxides of nitrogen
emissions in lean, premixed, prevaporized, combustors when cor-
related against adiabatic flame temperature. Third, this experi-
ment verified the emission levels projected from lower pressure
tests.

Tests are also underway to determine the characteristics of
boundary-layer autoignition and flashback phenomena in premixed
fuel-air streams. As discussed earlier, an understanding of
autoignition and flashback phenomena are important in the design
and operation of the premixer section. Figure II-21 is a photo-
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graph taken through the viewing port of a high-pressure
flame-tube apparatus with a quartz liner. A variety of test
plates can be mounted in the premixed stream to map the auto-
ignition and flashback limits of various boundary-layer profiles
for high inlet temperature and pressure conditions. In this par-
ticular photograph the inlet temperature and pressure were such
that autoignition of the fuel-air mixture occurred in the
boundary layer. In another view taken from a high-speed movie
sequence (fig. II-22), the flame was observed on the upper
surface propagating upstream through the boundary layer. When
the inlet-air temperature and pressure are further increased,
autoignition occurs in the free stream. An example of this
phenomenon is shown in figure II-23. Details of the combustion
on the test plate as well as residual droplet burning may also be
seen. Studies of this type apply to both premixed and catalytic
combustion.

Looking into the future, we can project engine emission levels
for lean, premixed, prevaporized and catalytic combustors. The
drawing of the combustor in figure II-24 shows some essential
features of these designs. The combustor is staged, has variable
geometry, and has optimized pilot-stage technology. In the main
stage lean combustion occurs downstream of the flame holder or,
in the case of a catalyic combustor (see insert), in the catalyst
bed.

The bar graphs of carbon monoxide and hydrocarpbons show achiev-
able levels which are based on the successful integration of
optimized pilot-stage features such as those discussed pre-
viously. The emission-control strategies used here were aimed at
oxides of nitrogen reduction. The third set of bar graphs shows
that, in terms of tne integrated EPA parameter, oxides of ni-
trogen levels may be further reduced from the previous
controlled~emission techniques by a factor of 3 to 4. It is in-
teresting to note that the pilot stage, which is necessary for
engine startup and wide-range operation, may contribute more
oxides of nitrogen during engine idle than the main stage con-
tributes during high-power operation. Thus, the pilot stage is
limiting the minimum achievable oxides of nitrogen emission
levels for the specified landing-takeoff cycle used in computing
the EPA parameter.

The actual levels may be somewhat different when these emission-
control techniques are developed into operational engine hard-
ware: Tradeoffs between emissions, performance, altitude-relight
capability, durability, maintainability, and complexity will be
evaluated in future experimental programs. Tne influence of the
actual engine environment as opposed to carefully controlled rig
experiments will be considered.
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CONCLUDING REMARKS

The combustion systems found in engines today may well be
markedly different in the future if low-pollutant-emission com-
bustion systems are required. Current combustors are char-
acterized by burning in a single stage, film-cooled liners,
single-plane fuel injection, and rich burning in the primary
zone. Current combustors are all fixed-geometry systems. The
prospective minimum pollutant combustors are far different.
First, multiple stages will be needed to reduce both low-power
and high-power emissions. Advanced liner-cooling concepts will
be used, particularly in the pilot stages, to reduce quenching
and to control low-power (idle) emissions. The main stage will
burn lean to reduce oxides of nitrogen by reducing the flame
temperature. To fuel the two stages multiple-point fuel in-
jection will be needed. And last, variable geometry will be in-
corporated to optimize overall combustion system performance.
Much work, however, still needs to be done before these advanced
systems can be considered for actual application. Quite ob-
viously there is a price to pay: Low pollutant emission com-
bustion systems are more complex.

These complexities arise from the very items that distinguish the
advanced combustor from the current combustor, that is, the need
for more injectors to fuel the multiple-burning stages, the more
complex liner cooling required, and the variable geometry. The
price for this complexity will be higher initial cost. There are
benefits however, the most significant of which is the drastic
reduction in pollutant emissions. Because of the lower flame
temperatures and uniform burning, the combustor-exit pattern
factor should be improved over that in current engines, thereby
resulting in longer turbine life. Additionally, hot streaks in
the combustor should be minimized, thereby increasing combustor
liner life. The ability to vary the airflow distribution in the
combustor through the use of the variable geometry should improve
the altitude relight characteristics of the system.

At present we are a long way from realizing the potential of
these advanced combustion systems. Research and technology
programs indicated that dramatic reductions in the pollutant
emissions of gas turbine engines can be achieved in the near
term. Taking that technology and developing it into practical
flight systems remains to pbe accomplished. Continuing research
and technology programs must be pursued to validate that the min-
imum pollutant emission levels found in rig tests can in fact be
realized in gas-turbine engine combustion systems.
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GASEOUS EMISSION STANDARDS

ENGINE CLASS POLLUTANT*
HC CO NO,
Tl TURBOJET/TURBOFAN LESS THAN 8000 Ib THRUST 1.6 9.4 3.7
T2 TURBOJET/TURBOFAN GREATER THAN 8000 Ib .8 43 3.0
THRUST
T P&WIJT3D .8 43 3.0
TA P & W JT8D .8 43 3.0
T5 TURBOJET/TURBOFAN ENGINES FOR SUPERSONIC 3.9 30.1 9.0
AIRCRAFT
P2 TURBOPROP ENGINES 4.9 26.8 12.9

“T STANDARDS AS 1b/1000 b THRUST-hr/CYCLE
P STANDARDS AS [b/1000 hp-hr/CYCLE

C5-79-1758

Table IT1-1

NEAR TERM EMISSION REDUCTION PROGRAM

SCOPE
ENGINE MANUFACTURER ENGINE
CLASS
P2 DETROJT-DIESEL-ALLISON 501-D22-A
Tl GARRETT AIRESEARCH TFE-731-2
T4 PRATT & WHITNEY JT8D-17
T2 PRATT & WHITNEY JT9D-7
T2 GENERAL ELECTRIC CF6-50
€S-79-1747
Table II-2
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EMISSION REDUCTION PROBLEM

LOW POWER
IDLE

HIGH POWER
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INCREASE RESIDENCE TIME
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DELAY MIXING
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INCREASE FLOW VELOCITY
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Figure II-3

VORBIX COMBUSTOR CONCEPT FOR JT9D-7 ENGINE
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Figure I1-4
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PROTOTYPE VORBIX COMBUSTOR

C5-79-2148

Fiaure I1-5

DOUBLE/ANNULAR COMBUSTOR FOR CF6-50 ENGINE
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Figure I1I-6
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Figure II-7
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Figure I1-8
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Figure II-9

RECUPERATIVE COOLING COMBUSTOR
CONCEPT NO. 2
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CATALYTIC CONVERTER COMBUSTOR
CONCEPT NO. 3
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Figure II-11

CATALYTIC COMBUSTOR ASSEMBLY

Figure I1-12
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I11. NOISE REDUCTION

Charles E. Feiler, John F. Groeneweg, Francis J. Montegani,
John P. Raney*, Edward J. Rice, and James R. Stone

National Aeronautics and Space Administration
Lewis Research Center

Aircraft noise has been a major national environmental concern
for a number of years. One indication of the public pressure to
reduce noise is the number of major airports around the world
that have noise restrictions. Some data are shown in figure
III-1 for the years 1968, 1973, and 1978 (ref. 1). In 10 years
the number of airports with restrictions doubled. The restric-
tions take several forms: curfews on nighttime operations;
flight routing and operating restrictions; and the use of pref-
erential runways. During this time, the Federal Aviation Admin-
istration (FAA) has issued increasingly stringent noise certifi-
cation standards that are critical design constraints on new
aircraft. To help with the problem, NASA has been engaged in
research-and-technology studies to advance the state of the art
in aircraft noise reduction. The primary noise source is the
turbofan engine,

Propulsion noise research is focused on understanding the turbo-
fan engine's noise-producing components so that noise can be
reduced in efficient and economical ways that do not penalize
the engine performance or weight significantly. An additional
objective is to develop prediction procedures for each source
that will allow aircraft noise to be estimated accurately.

The noise sources from a turbofan engine are illustrated in fig-
ure III-2. The sources are both internal and external to the
engine. The internal sources are the fan, the compressor, the
turbine, the combustor, and flow over the support struts. The
last three sources have usually been considered collectively as
engine core noise. Sound from the internal sources must prop-
agate through the engine ducts and nozzles, where it can be re-
duced with acoustic treatment. Thus, acoustic treatment and the
sound propagation in ducts are very important elements in engine
noise reduction.

*NASA Langley Research Center, Hampton, Va.
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1e external noise sources are the high-velocity jets mixing

ith each other and with the ambient air. An important aspect
of the engine noise problem is the effects of flight on the var-
ious noise sources, As will be shown, the effects of flight, or
forward velocity, differ with the noise source.

The discussion presented herein is based on recent research.
The topics discussed are fan noise, acoustic suppression, jet
noise technology, combustor noise, and aircraft noise prediction.

FAN NOISE

The fan 1s a dominant noise source in current high-bypass-ratio
turbofan engines, particularly during the landing approach.
Furthermore, advanced turbofan design studies, such as those
associated with the Energy Efficient Engine program, indicate
that the fan will continue to be a dominant noise source in fu-
ture enagines The ultimate objectives of fan noise research are
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to propose noise-reducing fan de51gn features that are compat-
ible with good aerodynamic performance and to experimentally
confirm the acoustic effectiveness of those designs. OQur ap-
proach includes research to understand the generation mechanisms
and to describe in detail the fan source characteristics. De-
scribing the source is important because propagation, suppres-
sion, and radiation all strongly depend on the initial condi-
tions at the source. An important constraint on experimental
work in static facilities is that the test environment must lead
to noise levels that correctly simulate flight.

Two primary source mechanisms that are addressed in research to
reduce fan noise are shown in the turbofan cross section in fig-
ure III-3. Rotor-stator interactions in the form of rotor wakes
and vortices impinge on the stators and can be particularly im-
portant noise generators at the subsonic tip speeds that occur
during landing approach. The corresponding narrowband spectrum
is shown in the upper portion of figure III-4. The blade
passing tone and its harmonics, which are due to periodic inter-
actions of the rotor wakes with the stator blades, are super-
imposed on the broadband levels that result from interactions
involving random flow disturbances. Rotor-alone noise produc-
tion occurs because of nonuniformities in the rotor-locked shock
wave patterns which form at the leading edges at supersonic tip
speeds. These patterns radiate multiple pure tones during take-
off and have a spectrum of the type shown in the lower portion
of figure III-4. Multiple pure tones can occur at all multiples
of the shaft rotation frequency, and some of the individual tone
levels often exceed the level of the blade passing frequency and
its harmonics.
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One of the concepts that has been investigated to reduce shock-
generated, multiple-pure-tone noise is to sweep the rotor-blade
leading edges. An experimental swept-rotor fan designed to ex-
plore the acoustic performance of swept blades is shown in fig-
ure III-5. The acoustic design of this fan was performed by
Bolt Beranek and Newman Inc., and the aerodynamic and mechanical
designs were done by the Lycoming Division of AVCO Corp. (refs.
2 and 3). The fan was acoustically tested at the NASA Lewis
Research Center (ref. 4). The blade leading edges are swept
forward to midspan and then backward to the tip in order to lim-
it the maximum blade stresses at the blade roots. These stress-
es would be unacceptably high if the sweep were only in one di-
rection.

The aerodynamic concept involved, which is used in supersonic
swept-wing aircraft, is shown in figure III-6. The components
of the blade leading-edge Mach numbers are shown in the planform
view of the swept blade, and the variation of these components
along the blade span is shown in the plot. Distance along the
span is plotted vertically to correspond with the blade sketch.
It is the component of Mach number normal to the blade leading
edge tnat controls leading-edge shock formation. The sweep rate
at each spanwise location is designed to keep the normal com-
ponent of blade-inlet relative Mach number subsonic over the
entire span. Even though the total inlet relative Mach number
is supersonic over the outer three-fourths of the swept blade,
the normal component is limited to a maximum Mach number of
about 0.9. Except for blade end effects and the sweep reversal
point, this should eliminate a major portion of the strong
leading-edge shock system and thereby reduce the multiple-pure-
tone noise.

The acoustic results obtained with this swept design are shown
in figure III-7. The mulitiple-pure-tone power levels for a un-
swept fan and the swept-rotor fan are compared as a function of
fan-tip relative Mach number. Rotor sweep delayed the onset of
multiple pure tones to higher Mach numbers (about 1.25 instead
of 1.0) and reduced the levels over a large portion of the tip-
speed range, including speeds representative of takeoff. These
initial results are encouraging, and refinement of the aerody-
namic design may lead to further multiple-pure-tone reductions.

In addition to the rotor-alone and rotor-stator interaction
sources, another strong source of noise is present in all static
testing: rotor interaction with inflow disturbances, as shown
in figure III-8. The rotor blades cut externally produced tur-
bulence, wakes, or vortices that are drawn into the inlet. At
subsonic tip speeds, this source often obscures or completely
masks the rotor-stator interaction source.
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The reasons for the prominence of the inflow source statically
and its greatly reduced importance in flight (ref. 5) are illus-
trated in figure III-Y. The nature of the fan-inlet flow field
for static and flight cases is shown on the left side of figure
I11-9, and the corresponding fan spectra are shown on the

right. Statically, turbulence in the atmosphere and wakes and
vortices from the proximity of the test stand and ground plane
are drawn into the inlet through greatly contracting stream
tubes. The contraction intensifies transverse turopulent fluctu-
ations and stretches the disturbances axially so that the rotor
blades cut each intensified disturpance many times. Tone bursts
are generated that appear as a strong blade passing tone and
harmonics in the fan spectrum. In contrast, with forward veloc-
ity in flight, the stream tubes no longer contract to intensify
and elongate atmospheric turbulence, and test-stand and ground-
plane disturbances are not present. Thus, for fan stages that
have been designed to limit noise caused by rotor-stator inter-
action, the tone levels - particularly those of the fundamental
tone - are greatly reduced.

To eliminate extraneous inflow disturbances during static tests,
passive inflow control devices of the type shown in figure
TIII-10 are being developed (refs. 6 to 8). A hollow, hemi-
spherical structure surrounds the fan inlet to damp incoming
turbulence and to smooth out local distortions. The structure
consists of layers of honeycomb and screen. The honeycomb cells
are essentially alined along streamlines, and the size of the
structure (about 4 fan diameters) was chosen to keep the pres-
sure drop low and to avoid affecting the acoustic transmission
to the far field. The frontal view shows that a segmented con-
struction was used to approximate a hemisphere,

The segmented honeycomb surface of the inflow control device is
shown in figure III-11. This device has been studied in both
indoor anechoic chamber fan tests and outdoor engine tests.
Figure III-12 shows the device mounted around the fan inlet in
the Lewis anechoic chamber.

Typical aeroacoustic results obtained in the anechoic chamber
tests are shown in figure III-13 in terms of measured inlet tur-
bulence intensities and scales and the narrowband fan noise
spectra. With inflow control the transverse turbulence inten-
sities were reduced by more than a factor of 5. Axial length
scales were also reduced and this indicates much less axial
elongation of inflow disturbances. The narrowband spectra show
large fan-tone reductions, particularly at the blade passing
frequency. The fan tested was designed to minimize rotor-stator
interaction and the results show that a large portion of the
rotor-inflow disturbance noise that controlled the tone levels
without inflow control was removed.
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Development of inflow control methods (ref. 9) is also pro-
ceeding on the outdoor engine stand shown in figure III-14. A
JT15D engine is shown fitted with the inflow control device. An
exhaust muffler is used so that the inlet noise can be measured
separately. These tests are part of an intercenter program in-
volving the Lewis, Ames, and Langley Research Centers. Related
NASA-sponsored work is also going on at engine and aircraft man-
ufacturers. The purposes of the program are to measure the ef-
fects of forward velocity on fan noise and to develop static
test methods that correctly simulate the measured flight be-
havior. A key feature of the program is the use of the same
turbofan engine source in four test situations: the outdoor
static engine tests and the indoor anechoic chamber fan tests,
both to be done at Lewis; wind tunnel tests at Ames; and flyover
noise measurements at Langley. The flight noise will be ob-
tained by using an OV-1 aircraft as a flying testbed, as il-
lustrated in figure III-15, which shows an artist's conception
of the planned JTL15D engine installation under the wing. The
flight results will serve as the standard by which the adequacy
of the ground-test methods can be verified.

As the inflow control methods are perfected, the rotor-stator
interactions and any other sources controlling flight fan noise
will be clearly revealed in static tests. These are the sources
to be minimized by fan design. They also define the source
characteristics that are the starting point for acoustic sup-
pressor analyses and experiments.

ACOUSTIC SUPPRESSION

Basic research on noise suppressors is aimed at making them more
efficient. It is believed that the weight gains and engine per-
formance losses they cause can be reduced. This research is
going on at the NASA Langley and Lewis Research Centers and at
all the major engine and airframe companies.

Summary of Sound Propagation Theory

The components of suppressor analysis are shown in figure
III-16. The noise source is picturea at the far right. The
characteristics of the source must be known to bulild a good sup-
pressor. Some of the other phenomena are illustrated as the
sound waves move to the left. The sound is scattered at tne in-
terface between the hard wall and the acoustic liner. 'The sound
is absorbed as it passes through the liner. More details of the
liner as a boundary condition are shown later. The usual duct
geometry includes a variable area so that the sound is scattered
and reflected, and possibly refracted because of the velocity
gradients. The sound reaches the inlet 1lip, is further scat-
tered, and finally radiates to the far field. The far-field
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sound level directivity is most important since the far field is
where the observer is located. All the elements mentioned have
an influence on far-field directivity. One approach to solving
the complete problem is to attack the entire system at once by
using numerical techniques. This is a long-range solution that
will not be considered here. Just a few of the elements on this
figure are briefly discussed here.

A simplified picture of a single sound wave traveling in a duct
is shown in figure III-17. Of course, many such waves at dif-
ferent angles would be present. Two angles associated with this
wave are very important. The incidence angle of the wave on the
liner is labeled. The other angle, between the wavefront normal
and the duct axis, is called the axial propagation angle. The
incidence angle correlates the optimum wall impedance (ref. 10);
the axial propagation angle is related to the far-field radi-
ation direction (ref. 11). The two angles, together with the
wall impedance, determine the suppression that can be obtained.

The correlation of optimum resistance with incidence angle is
shown in figure III-18 (from ref. 10). All possible modes or
angles of propagation were considered. Frequency and Mach num-
ber were held constant. A cylindrical duct was used with three
boundary-layer thicknesses. For each boundary-layer thickness
the calculated "best resistance for maximum damping" is very
well correlated. Also, the boundary layer has an effect only
for incidence angles above 659, which corresponds essentially
to axial propagation. Similar correlations could be shown for
the other component of wall impedance - the imaginary part, or
reactance. Equations are available to describe the optimum im-
pedance behavior illustrated here (ref. 12).

The axial propagation angle can be used to modify the existing
inlet radiation theory, which is quite limited. Only zero flow
or the same flow inside and outside the duct can be handled
exactly. In a static engine test, there is a large flow Mach
number in the inlet but essentially zero flow outside the duct.
The radiation theory must therefore be modified (ref. 11). The
results of such a modification are shown in figure III-19 (ref.
13), in which sound pressure level is plotted against the angle
from the inlet axis. Forty-one rods mounted in front of the
rotor of a JT15D engine produced a single mode or angle of
propagation to keep the experiment simple. The previous theory,
which does not fit the data, is shown by the dashed line. The
modified theory, which uses the axial propagation angle and fits
the data quite well, is shown by the solid line. An additional
correction for refraction appears necessary when the principal
lobe of radiation falls near the inlet axis (ref. 13).

The improvement in liner efficiency with the newer suppressor
concepts is illustrated in figure III-20 (from ref. 14). Sound
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power reduction in the highest 1/3-octave band is plotted
against the liner length-diameter ratio. The two liners were
tested on Quiet Engine C and the Lycoming YF-102 engine, which
happened to be the available engines at the time of the tests.
The o0ld liner (plane-wave design) was quite long and was tested
in three lengths. -‘The new liner (spinning-mode design) was very
short and only one length was used. The increased suppression
was quite dramatic, about a 3-to-i1 improvement. This improve-
ment comes about by a better match of the liner to the estimated
properties of the noise source.

Extended-Reaction Liners

The final subject covered is sound propagation within the sup-
pressor material itself and the resultant effect on the far-
field sound pressure level suppression. As illustrated in fig-
ure III-21 the liner acts as a boundary condition that must be
applied to the propagating sound waves within the duct.

Two broad distinctions in the type of liners that can be built
are shown in figure III-22., On the left is shown a liner made
of perforated plate bonded to honeycomb. This is a point-
reaction liner, which means that sound can travel in the liner
only in the direction normal to the liner. This type of sup-
pressor provides an acoustic impedance type of boundary con-
dition (as implied in fig. III-21) and is the liner commonly
used in aircraft applications. Other variations could use wire
mesh or other fibers bonded to the faceplate. The point-
reaction liner is often called a single-degree-of-freedom (SDOF)
liner. A second type of liner, called an extended-reaction
liner or bulk absorber, is shown on the right. Sound is free to
travel in all directions in the bulk absorber, and impedance
boundary conditions no longer apply. The wave equation must be
solved both in the bulk material and in the duct, and these
solutions must be matched at the common interface. The bulk
absorber has been known for quite some time to provide a wider
attenuation bandwidth than the point-reaction liner. The prob-
lems with this liner have been associated with its wicking prop-
erties, or the ease with which it soaks up water, oil, and

fuel. This causes. the liner to lose its sound-absorbing prop-
erties and can also be a safety problem. Recent work at NASA
Langley (ref. 15) and in the aircraft industry has shown that
some fibrous materials can be made nonwicking and thus flight-
worthy. Therefore, a detailed study of the physics of bulk
apbsorbers is justified and is being done under a university
grant at the University of Texas, Austin, and under a contract
with Hersh Acoustical Engineering, as well as in house.

A Lycoming YF-102 engine on a test stand where bulk absorber in-
lets were tested is shown in figure III-23, The large aft
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suppressor assures that aft fan and jet noise do not contaminate
the inlet noise. Three densities of Kevlar were tested in the
inlet suppressor panels over the full speed range of the engine.

The sound power attenuation as a function of frequency is shown
in figure III-24 for the best bulk-absorber and perforated-plate
honeycomb liners that were tested. More extensive results are
reported in reference 16. Both liners were designed for a blade
passing frequency of 5000 hertz, and their attenuations are
about the same at that frequency. At higher and lower frequen-
cies the bulk absorber has a larger attenuation. The higher
frequency improvement can be explained by the difference in the
Howevor at +he
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lower frequencies both materials have about the same acoustic
impedance characteristics. The extended-reaction properties of
the Kevlar liner must be invoked to explain the low-frequenc
improvement. :

acoustic reactance between the two materials.

Just a few of the efforts to better understand the details of
suppressor performance have been discussed in this paper. This
improved understanding has resulted in better suppressors, and
it can be expected that even more efficient suppressors will
evolve,

JET NOISE TECHNOLOGY

For jet-powered aircraft the most important noise source at
takeoff is usually the jet exhaust noise. Considerable research
has been conducted over the last several years on the jet noise
problems of subsonic aircraft. This section summarizes some re-
cent advances in jet noise technology applicable to advanced
supersonic cruise aircraft and progress toward understanding
flight effects on jet engine exhaust noise,

Inverted-Velocity-Profile Coannular Jets

A few years ago, inverted-velocity-profile coannular jets were
identified as a breakthrough in jet noise suppression applicable
to advanced supersonic cruise aircraft (e.g., ref. 17). As 1il-
lustrated in figure III-25, this approach is to exhaust the
higher velocity stream through an annulus, with the lower ve-
locity stream in the middle. Such velocity profiles can be ob-
tained by crossducting the fan and core streams (e.g., ref. 18)
or by burning in the fan duct and thereby increasing the fan
stream velocity above that of the core stream (e.g., ref. 19).
Engines incorporating these approaches are further described in
paper XI, SUPERSONIC PROPULSION TECHNOLOGY.

The noise benefits of the inverted velocity profile are shown in
figure I11I-26. The normalized peak perceived noise level is
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plotted against the mass-averaged jet velocity (ideal specific
thrust) for several of the many configurations tested (refs. 20
and 21). A reference curve is also shown for a hypothetical,
perfectly mixed conical nozzle. For all these coannular nozzle
data, the outer-stream velocity is 1.5 to 2.0 times that of the
inner stream. Noise reductions with the coannular nozzles,
relative to the conical nozzles, generally improve as the ratio
of the inner diameter to the outer diameter of the outer stream
increases. The area ratio and the velocity ratio between the
two streams also influence the noise levels at a given mass-
gveraged velocity. Further results are discussed in references
0 to 32. .

Since the noise is a complicated function of flow-field and
dgeometric parameters, it is necessary to go beyond simple plots
such as figure III-26 to correlate the data (e.g., refs. 33 to
35) . The complexity of the inverted-velocity-profile jet-
noise-generating processes is illustrated in figure II1I-27. As
many as four noise-generating regions must be considered. The
low-frequency noise is generated well downstream of the nozzle,
where the two flows have mixed and can no longer be distin-
guished; this is the merged region. The higher frequency jet
mixing noise is generated near the nozzle exit, where the in-
dividual jets can still be identified; this is tne premerged
region. When either or both streams are supersonic, noise can
be generated by turbulent eddies passing through shock waves;
thus, we must in general consider both inner-stream and outer-
stream shock noise.

We have developed empirical models relating these noise-gener-
ating processes to those of a simple conical nozzle (refs. 33 to
35). sSmall-scale, plugless, coaxial-nozzle experimental spectra
(ref. 30) are compared with predictions based on the empirical
model of reference 33 in figures III-28 and III-29. 1In figure
III-28, sound pressure level is plotted against frequency for an
angle of 120°, in the rear quadrant. For this case both

streams are supersonic, so all four noise sources must be con-
sidered. But it is the jet mixing noises that dominate. The
shock noises, predicted by an empirical modification to the
theory of Harper-Bourne and Fisher (ref. 36), contribute some-
what in the high~frequency range, but not as much as the pre-
merged mixing noise. Figure III-29 shows results for the same
conditions, but in the forward quadrant at 75°. Shock noise
becomes much more important here. The inner-stream shock noise
dominates the midfrequency range and determines the peak sound
pressure level. The outer-stream shock noise controls the high-
frequency range. Although the relative contributions of thne
various sources differ in the forward and rear quadrants, the
spectra at both angles are predicted with good accuracy.
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Typical results for an engine with a coannular plug nozzle are
shown in figure III-30. The perceived noise level is plotted as
a function of angle at a typical sideline distance. The symbols
denote model-scale experimental data obtained by General Elec-
tric under NASA Lewis sponsorship (contract NAS3-19777) scaled
up, to engine size. The solid curve represents the total noise
predicted from the empirical model of reference 33, the dash-
dotted curve represents the predicted mixing noise from both the
merged and premerged regions, and the dashed curve represents
the predicted shock noise from both streams. Although the jet
mixing noises are most important in this case, the shock noises
do contribute somewhat in the forward quadrant. At higher power

1 5 1 ] l’ y [ [ 2 m - 2 =
settings and in flight, the shock noises become even more im=

portant and can contribute significantly to the effective per-
ceived noise level.

As discussed in paper XI, SUPERSONIC PROPULSION TECHNOLOGY,
these results have now been verified statically at larger scale
on the NASA/General Electric variable-cycle-engine testbed. It
is also quite significant that the inverted-velocity-profile
noirse pbenefits have been verified under simulated flignt
conditions in model-scale tests conducted by Pratt & Whitney
under NASA Lewis sponsorship (ref. 37).

Flight Effects on Jet Noise

The subject of flight effects on jet noise has been a rather
controversial one in recent years. Some of the terminology
needed to describe flight effects is defined in figure III-31.
The cases considered herein are level flyovers at an airplane
velocity of Vg. The observer is located at an angle g from
the engine inlet axis. In the present discussion, only the ef-
fect of flight on the overall sound pressure level is con-
sidered. Spectral effects, which usually are not very signif-
icant, are not discussed. Only conventional engines are con-
sidered, although analogous results have been obtained with
inverted-velocity-profile jets.

According to classical jet noise theory, in-fiight jet noise
should follow a fairly simple relation, as the velocity arrows
at the bottom of figure III-31 suggest. For a given absolute
jet velocity V4 (shown by the upper, longer arrow), in-
creasing the flight velocity Vg (shown by the lower arrow)
reduces the velocity of the jet relative to the air. This re-
duces the shear, and therefore the noise should be less in
flight.

The current interest in flight effects was greatly stimulated a
few years ago when Rolls-Royce (refs. 38 and 39) reported
results like those shown in figure III-32, where the overall
sound pressure level is plotted as a function of angle. The
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static case is shown by the solid curve, and the corresponding
flight case is shown by the dash-dotted curve. The noise in the
rear quadrant was reduced, as expected.- However, in some cases,
such as the one shown here, the noise in the forward guadrant
increased in flight. Further confusing the issue is the fact
that model-jet simulated flight tests indicate that in-flight
noise should be reduced at all angles, as shown by the dashed
curve. Studies conducted or sponsored by NASA suggest that
these apparent anomalies can be resolved when the engine in-
ternal noise is considered (refs. 40 to 46). The internal noise
is amplified in the forward quadrant in flight by a sufficient
amount (ref. 47) that the total in-~-flight noise exceeds the
static level even though the jet noise is reduced.

As can be inferred from the preceding discussion, the type of
flight effects to be expected depends on the relative levels of
jet mixing noise and internal noise. To demonstrate this point,
figure III-33 shows the flight effects for engines with differ-
ent levels of internal noise relative to jet mixing noise. On
the left are overall sound pressure level (OASPL) data as a
function of angle for an HS-125 airplane with a Viper 610 engine
at relatively low jet velocity, about 1100 feet per second (ref.
38); this represents relatively "high" internal noise. The pre-
dictions are based on semiempirical NASA methods (ref. 43). For
this case a forward-quadrant noise increase is both predicted
and observed. On the right is a similar plot for a DC-9 air-
plane with refanned JT8D engines at a jet velocity of about 1500
feet per second (ref. 41); this represents relatively "low" in-
ternal noise. For this case, noise reductions in flight are
predicted and observed at all angles. Comparing improved pre-
diction methods (ref. 48) with flight data shows agreement, with
a standard deviation of about 1.5 decibels.

The major developments in jet noise technology can be summarized
as follows: Inverted-velocity-profile noise reductions have
been demonstrated for a wide range of nozzle geometries at model
scale and have now been verified statically at larger scale on
the variable-cycle-engine testbed. Furthermore, inverted-
velocity-profile noise reductions have been verified under
simulated flight conditions in model-scale tests. Flight
effects have proven to be predictable with reasonable accuracy
when all the noise sources are properly accounted for.

COMBUSTOR NOISE

After the fan and the jet, the engine core is tne next most sig-
nificant source of noise. Figure III-34 shows data from the
YF-102 engine that illustrates this fact. When fan noise is
reduced, the engine noise signature tends to be dominated by
low-frequency noise, which is shown in figure II1I-34 as acoustic
power data. This low-frequency noise comes from the jet and the
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core. Moreover, the levels of ‘the jet and core noises are com-
parable and intersect somewhere in the normal operating range of
the engine, as shown. As a result, at low engine power set-
tings, core noise tends to dominate. Low-frequency core nhoise
is essentially all from the combustor. Consequently, this dis-
cussion focuses on combustor noise generation and propagation.

Research for other engine noise sources is fairly mature and is
focused on specific critical problems. Combustor noise research
at Lewis is in a formative stage characterized by rather general
objectives at this time. These objectives include the acquisi-
tion of a valid noise data base and information on the nature of
combustor noise generation and propagation. From this infor-
mation, empirical or analytical models of noise generation and
propagation can be developed to give a predictive capability
that in part will support the NASA noise prediction objectives
discussed here. The entire program, of course, points toward
the ultimate goal of developing noise reduction methods.

Examination of engine operation reveals a number of problem
areas associated with combustor noise research. Principal among
these is the combustor itself. Since the combustor is an acous-
tic source, the noise generated is influenced by the environment
in which it operates - in acoustical terms, by the impedances at
its boundaries. Operation of a combustor outside an engine in
general will be acoustically different from in situ operation.
Therefore, definitive information on combustor noise-generation
characteristics must be derived from actual engine operation.
Once the noise is generated, it must propagate through the tur-
bine and then through the nozzle, both of which can subject it
to attenuation. It then propagates through the flow and shear
layers of the jet, where refraction and scattering are possible,
before it radiates to the far field. Obviously, actual engine
operation also is the only definitive source of combustor far-
field noise. This creates an additional problem area since it
requires some ingenuity to discriminate and measure only combus-
tor noise in the presence of the other engine noises.

As a practical matter, testing engines is costly and this pro-
hibits parametric investigations. Therefore, component tests
are mandatory in conducting research. (This is true of com-
bustor source noise research as well as of turbine and nozzle
propagation research.) Combustor component tests allow para-
metric investigations of noise-generating mechanisms at toli-
erable cost. Also, they can be used to obtain acoustic power
measurements. However, since it is likely that a combustor will
generate a different noise in a rig than in an engine, an im-
portant problem associated with component testing is the need to
understand any anomalies of combustor operation in test rigs.
Some preliminary findings relating to this point are given in
reference 49.
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Direct Measurement of Combustor Far-Field Noise
by Correlation Techniques

An important problem is the detection and measurement of only
combustor far-field noise in the presence of noise from other
engine sources. Figure III-35 schematically iitlustrates the
YF-102 engine and microphones used to obtain far-field noise.
The usual method of obtaining engine combustor noise is to meas-
ure the total noise signature and then to use the properties
shown in figure III-34 to infer from the changing slope of the
data with engine speed when the noise is dominated by the core.
This method has obvious drawbacks, one of which is the limited
range of power settings for which it is useful.

A more direct way of measuring far-field compustor noise from an
engine has been demonstrated. It has the advantage of being
more definitive than the traditional method and is not limited
to engine power settings where combustor noise is dominant. The
method makes use of internal fluctuating pressure and the total
far-field noise to obtain the far-field combustor noise.

Some results from YF-102 engine tests are shown in figure III-
36. The top graph shows the coherence between the internal and
far-field signals. The coherence is the square of the cross-
spectrum between the internal and far-field signals normalized
by the product of the internal and far-field spectra. It is the
frequency-domain analog of the cross-correlation function. The
coherence function can have a value only between 0 and 1 and can
be interpreted in this case as the fraction of mean-square
acoustic energy in the far-field signal due to the internal sig-
nal. In the bottom graph, the upper curve is the engine total
far-field spectrum as measured directly by a single far-field
microphone. By applying the coherence function to this spec-
trum, that portion which is identifiable witn the combustor is
extracted, as shown. This measurement technique is not novel,
but this is thought to be its first use to obtain combustor
noise from a complete engine. A significant contributor to the
success of the technique was the development of the probes used
to obtain the fluctuating internal pressure. This method pro-
vides a direct way of measuring combustor far-field noise from
engines in order to contribute to a valid data base. This work
is discussed more completely in references 50 to 52.

Combustor Acoustic Power

A central problem in the combustor noise field is to determine
the acoustic energy generated by the source. An analytical cap-
ability to do this is far beyond the state of the art, and cur-
rent efforts are directed at developing empirical methods from
test data. Figure III-37 shows much of the available data
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and how the acoustic power generated is related in some manner
to the heat release rate. Data have been generated for a vari-
ety of combustor types, and these data are largely from com-
ponent rig tests. Equally important as the quantity and variety
of data is the discovery of normalizing parameters for the
acoustic power and the heat release rate that collapse the data
onto a reasonable curve. The normalizing parameters are not ex-
plicitly noted, for simplicity, but they involve the various de-
sign and operational variables of the combustors. Although some
data scatter remains, it is not unreasonable considering the
wide variety of combustors included and the present state of the
art. This empirical correlation is a significant step toward
developing a combustor model. The correlation and its develop-
ment are discussed fully in reference 53.

In addition to combustor far-field noise and combustor source
acoustic power, propagation of low-frequency core noise through
the turbine, nozzles, and jet flow is receiving attention. Sig-
nificant programs have been completed or are under way in these
areas under contracts to the General Electric Co. and the
Lockheed-Georgia Co. Recent work completed is reported in ref-
erences 54 and b55.

AIRCRAFT NOISE PREDICTION: STATUS AND FUTURE APPLICATIONS

Designers of new aircraft have been forced in recent years to
accept propulsion noise as a critical design constraint. Trade-
offs among many variables, including noise, must be considered
before an aircraft that meets all mission requirements emerges
from the preliminary design process. An accurate, validated
system for aircraft noise prediction is clearly redquired.

As indicated in figure III-38, aircraft noise prediction is
based on three calculations. First, the aircraft trajectory
must be calculated from engine cycle and aerodynamic data.

Next, the noise characteristics of the various propulsion system
components must be calculated and summed. Finally, atmospheric
propagation and ground effects must be calculated to represent
the properties of the noise that actually reaches an observer
(or microphone) on the ground.

A comprehensive computer program, the Aircraft NOise Prediction
Program (ANOPP), that implements the steps shown in the first
figure has been developed by NASA (ref. 56). The diagram shown
in figure III-39 illustrates the computational flow. From en-
gine cycle and aircraft aerodynamic data, the aircraft tra-
jectory is computed as a function of time. From the engine
thermodynamic state variables together with certain physical
data, the component noise characteristics are calculated. For
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example, the noise-critical parameters required by the
combustor-noise prediction module include the mass flow rate,
the combustor inlet temperature and pressure, and the turbine
inlet and exhaust temperatures. For each time interval or air-
craft position, the component noise characteristics are calcu-
lated and summed to give the total noise produced by the en-
gine. Propagation and ground effects are then calculated to
produce received-noise characteristics in the form of 1/3-octave
spectra at one or more arbitrary observer positions. Levels for
any of the subjective noise scales are then calculated and
plotted.

The ANOPP noise prediction modules have been developed by the
Langley, Lewis, and Flight Research Centers and are maintained
and updated by Langley and Lewis.

ANOPP is currently operational at Langley, where it is also
available to other NASA Centers through remote terminal access.
ANOPP is available to other users through the Control Data Corp.
Cybernet commercial data processing network, '

Some recent comparisons of ANOPP-predicted noise levels with
measured data are shown in figures III-40 to III-42. The first
comparison, shown in figure III-40, is for the turbojet-powered
Concorde. There is good agreement between calculated and meas-
ured perceived noise levels plotted as a function of the direc-
tivity angle to the engine inlet 6. The spectra at a direc-
tivity of 130° agree well up to about 1 kilohertz. The dis-
crepancy at higher frequencies may be due to the omission of
turbomachinery noise from the calculated levels.

The next comparison, shown in fiqure II1II-41, is for the low-
bypass-ratio-powered DC-9. The calculations for tone-corrected
perceived noise levels agree well with the measured data except
for peak levels at a directivity of 120° where a 3- to 5-PNdB
difference exists. ANOPP underpredicts the effective perceived
noise level pby 1.2 EPNdB. The predicted and measured spectra at
a directivity angle of 120° would be nearly coincident except
for the unexplained consistent difference in level.

The final comparison, shown in figure III-42, is for the high-
bypass-ratio-powered DC-10 at takeoff. The tone-corrected per-
ceived noise levels and spectral comparisons show a slight av-
erage overprediction. ANOPP overpredicts the effective per-
ceived noise level by 1.6 EPNdB. The noise levels shown in this
figure are based on data from McDonnell-Douglas, who also made
the ANOPP calculations.

For all the previous aircraft, NASA had no role in the data
acquisition and reduction process; and, for all cases, the
values of the noise-critical parameters were not availaple as
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recorded data but were estimated by others ex post facto. Con-
sidering the uncertainties inherent in the measured noise levels
and in the estimated values of the engine cycle parameters, the
agreement between the measured flyover noise levels and the
ANOPP-predicted levels 1is encouraging. However, because severe
economic penalties result from each decibel of noise design mar-
gin, the highest level of prediction accuracy is absolutely es-
sential. ANOPP should continue to be developed until this goal

has been met.

As indicated, propulsion noise must be treated as a critical
constraint during the preliminary aircraft design process. The
application of ANOPP to preliminary design systems studies or
parametric analyses is illustrated in figure III-43.

A few of the key dimensionless variables are the thrust-weight
ratio T/W, which sizes the propulsion system; the lift-drag
ratio Cr/Cp, which represents the aircraft's aerodynamic
characteristics; and the normalized specific thrust T/mCg,
which is an indicator of source noise. The interrelationships
among these and other dimensionless variables must be carefully
studied before the ultimate compromise between noise at the FAA
certification points, performance, and economics can be reached.

System trade-off studies involving aircraft noise often result
in the identification of noise-generating phenomena or propa-
gation effects that require individual research before final
conclusions can be reached. The role of ANOPP in identifying
critical noise research areas has been illustrated in a recent
International Civil Aviation Organization (ICAO) study related
to future SST noise standards.

As indicated in figure III-44, the effects of shock cell noise,
advanced or automated flight procedures, and excess ground at-
tenuation all emerged from the ICAO study as areas with unac-
ceptably high levels of uncertainty. For example, the intensity
of shock cell noise when the exhaust nozzle is operating at off-
design conditions is not fully understood. Likewise, the noise
reductions actually obtainable from the use of flight-profile
optimizing techniques have never been demonstrated. Finally,
the actual amount of excess ground attenuation, expecially at
shallow angles, is the subject of a great deal of controversy.
Research activities that focus on each of these phenomena are in
progress at the Langley Research Center,.

The value of ANOPP for design studies and, consequently, for
quantifying the benefits of proposed noise reduction technology
has been established. The Langley and Lewis Research Centers
are committed to continued cooperative development and improve-
ment of ANOPP for application to future parametric and pre-
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liminary design studies of advanced aircraft system concepts.
This would include executive system improvements, new prediction
modules, and component and system validation.

SUMMARY
Fan Noise

Shock-related multiple-pure-tone noise from fans can be con-
trolled to some extent by sweeping the rotor-blade. leading
edges. The concept is also applicable to the high-speed tur-
boprop (see paper I, ACEE Status Report).

Inflow control devices appear to be an adequate approach to sim-
ulating the in-flight characteristics of fan noise in static

testing. Experiments relating to the development of inflow con-
trol devices have also provided a great deal of insight into the
several sources of fan noise that had not been fully appreciated.

Acoustic Suppression

Substantial advances have been made in understanding suppressor
behavior and in simplifying suppressor concepts. The results
show that, when the various factors in a suppressor design are
adequately accounted for, there can be a large improvement in
suppressor performance. It now appears that improved under-
standing of suppression, coupled with the new understanding of
fan source noise, will soon permit us to achieve the long-
standing objective of jointly optimizing the acoustic sup-
pression and the fan design for low noise.

Jet Noise Technology

The noise reductions associated with inverted-velocity-profile
coannular jets have been demonstrated for a large number of noz-
zle geometries at model scale and have now been verified at
larger scale on the variable-cycle-engine testbed. These
inverted-velocity-profile noise reductions have also been ver-
ified under simulated flight conditions in model-scale tests.

Flight effects on jet noise and low-frequency noise are now
fairly well understood, with experimental static-to-flight noise
increments agreeing with prediction within a standard deviation
of about 1.5 decibels.
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Combustor Noise

AT D L e LN

Combustor noise has been fairly well defined over the past few
years. The sampling of results discussed is representative of a
larger collection of new data and findings that has been devel-
oped. These new findings relate to the combustor acoustic power
generation, acoustic transmission through the turbine and noz-
zle, and the development of new measurement techniques and a
data base. From these new results a fairly comprenensive model
of combustor noise can be developed. This is a necessary step
toward reducing this noise.

Aircraft Noise Prediction

A working ANOPP computer program is now available that appears
to provide an acceptable level of accuracy for CTOL aircraft
with low- or high-bypass-ratio engines and for SST aircraft.

The usefulness of the program in defining areas needing research
has also been demonstrated.
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AVCO-LYCOMING YF-102 ENGINE ON TEST STAND
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STATIC AND FLIGHT DIRECTIVITIES FOR DIFFERENT TYPE ENGINES
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IV. ALTERNATIVE JET AIRCRAFT FUELS
Jack Grobman

National Aeronautics and Space Administration
Lewis Research Center

The first paper in this conference discusses NASA's research ef-
forts to evolve energy-efficient aircraft technology and empha-
sizes the fact that jet fuel costs have become the dominant fac-
tor affecting aircraft direct operating costs. The diminishing
reserves of petroleum aggravate the problem of rising costs and,
in addition, lead to concern about how we will be able to meet
the growing need for jet fuel in the future.

This paper discusses the changes in jet fuel properties that may
occur in the future as a result of shifts in the supply and de-
mand for fossil fuels, the effects that varying fuel properties
would have on aircraft engines and fuel systems, and, finally,
the technology that would be regquired to use these fuels.

POTENTIAL CHANGES IN FUEL PROPERTIES

The options that we might have for producing jet fuel in the
future are illustrated in figure IV-1l, For the present, the
aircraft industry is totally dependent on petroleum as a source
of jet fuel. Jet fuel is currently produced by straight distil-
lation followed by mild nydrotreating for removal of sulfur.
Trends in the aromatic content of jet fuel produced in this man-
ner are shown in figure IV-2., Aromatics, which have about half
the hydrogen content of saturated hydrocarbons, have undesirable
combustion characteristics as a jet fuel. An increase in aro-
matic content results in a corresponding reduction in the hydro-
gen content of a jet fuel. The average aromatic content has
increased steadily over the past several years. This increase
is due to the increased proportion of high-aromatic crude oils
being used to produce jet fuel (ref. 1). The aromatic content
is limited to a maximum of 20 percent by the current ASTM Jet A
fuel specification; however, Jet A produced from some of the
available sources of crude 0il exceeds this limit. Jet A re-
fined from a heavy Arabian crude oil has had aromatic contents
as high as 22 percent, and projections indicate that Jet A re-
fined from Alaskan crude o0il may have aromatic contents as high
as 25 percent. A waiver currently in effect permits the limited
use of jet fuels with aromatic contents as high as 25 percent.
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As the demand for the middle-distillate fuels such as jet fuel,
diesel fuel, and heating oils increases, the supply of these
natural distillation products will be exceeded by the demand
(fig. IV-1l). Then it will become necessary to crack the heavier
ends of the barrel to increase the middle-distillate pool.
Energy-intensive hydrocracking will be required to limit the
aromatic content of jet fuel produced in this manner (ref, 2).

As the supply of natural petroleum diminishes, the next likely
domestic source of fossil fuel would be shale oil. The produc-
tion of jet fuel from shale 0il requires relatively severe hy-
drotreating to remove undesirable impurities and to upgrade the
hydrogen content. For shale o0il, nitrogen removal is particu-
larly important because of the relatively large quantity of or-
ganic nitrogen present in comparison with that in petroleum.
Nitrogen is undesirable because it reduces the chemical stabil-
ity of the fuel and because it may be converted to the pollu-
tants oxides of nitrogen (NOy) during combustion. Ultimately
the Nation's large reserves ot coal could be used as a source of
jet fuel. The use of coal syncrudes, which have very high con-
centrations of aromatics, would require even more severe hydro-
genation for the production of jet fuel. The cost of producing
jet fuel to current specifications will certainly rise as we use
less desirable feedstocks and more-energy-intensive refining
processes. Rising production costs will be an increasing incen-
tive to broaden jet fuel specifications in order to minimize
energy consumption and reduce total fuel costs.

The degrees to which fuel properties may change within the next
20 years are shown in table IV-1 (ref. 3). The ranges of prop-
erties for a potential broad-specification fuel are compared
with those for a typical current Jet A fuel. These are the more
significant changes to be expected in terms of their effects on
aircraft engines and fuel systems. The increase in aromatic
content is approximately edquivalent to the reduction in hydrogen
content. Increasing the final boiling point as indicated gener-
ally leads to the increase in freezing point shown. The thermal
stability, which is a measure of the degree to which the fuel
may be heated without incurring deposits within the fuel system,
might become marginal in terms of current-day standards. The
properties of the potential broad-specification fuel approach
those of a number 2 diesel fuel.

The feasibility of using cryogenic fuels such as liquid hydrogen
is being studied (ref. 4); however, the use of this fuel is a
long way off. The general consensus is that liquid-hydrocarbon
fuels will be used to fuel jet aircraft for many years to come,
but that less stringent specifications may be necessary in the
future for the reasons discussed previously. Therefore the al-
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ternative jet aircraft fuels considered in this paper are lig-
uid~-hydrocarbon fuels with the range of properties indicated for
the potential broad-specification fuel in table IV-1.

EFFECTS OF FUEL PROPERTY CHANGES ON AIRCRAFT ENGINES AND FUEL
SYSTEMS

The effects that the property changes shown in table IV-1 would
have on the performance and durability of aircraft engines and
fuel systems are discussed in references 5 to 7. Reduced hydro-
gen content along with lower volatility and higher viscosity
would adversely influence the combustion characteristics of jet
fuel. A higher concentration of reactive constituents would
lower the thermal stability of the fuel. A higher freezing
point along with a higher viscosity would adversely influence
the low-temperature flow and pumping characteristics.

Combustion Characteristics

Decreases in hydrogen content have a pronounced effect on ex-
haust smoke and liner temperatures. Combustor tests have been
conducted with prepared fuel blends having varying hydrogen con-
tents. At simulated cruise and takeoff conditions typical for a
JT8D engine, exhaust smoke increases significantly as the hydro-
gen content of the fuel decreases (fig. IV-3). ‘'lhere is a cor-
responding effect of hydrogen content on maximum liner tempera-
ture (fig. IV-4). As the hydrogen content is lowered, the flame
becomes more sooty and more luminous; thus the heat radiated to
the liner walls is increased. The rate of increase in maximum
liner temperature as the hydrogen content is lowered is much
greater at cruise than at takeoff. The increases in liner wall
temperature at cruise would have a larger influence on liner
durability because of the mucn larger exposure time during
cruise. Higher liner temperatures reduce liner life as a result
of accelerated metal fatigue and oxidation. Other combustor
performance and durability criteria that could be adversely af-
fected by reduced hydrogen content, lower volatility, and higher
viscosity include ignition and relight capability, gaseous ex-
haust emissions, and carbon deposition.

Fuel Thermal Stability

The effects of reactive constituents in the fuel on thermal sta-
bility were discussed at a recent workshop sponsored by the
Lewis Research Center. The amount of reactive constituents in
the fuel may increase as fuel specifications are broadened or as
fuel is produced from alternative sources such as snale oil or
coal (ref. 8). Figure IV-5 shows tubes that were heated to var-
ious temperatures with fuel flowing over the outside of them.
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They represent heated passages within a fuel injector or fuel-
0il heat exchanger. The figure illustrates what can occur with
jet fuels that are not thermally stable at the temperatures they
encounter on their way through the fuel system to the combus-
tor. The deposits shown on the tubes result from the auto-oxi-
dation of the reactive constituents in the fuel. Deposit build-
up in a fuel injector may cause nonuniform fuel sprays, which
can lead to local hotspots on the liner or nonuniformities in
the exit temperature profile. The effects of both temperature
and nitrogen content of the fuel on the rate of deposit forma-
tion are illustrated in figure IV-5. As the temperature in-
creases, the rate of deposition increases, and at similar tem-
perature levels, the fuel with the higher nitrogen content has a
much higher rate of deposition.

Similar results, shown in figure IV-6, were obtained in the
study described in reference 9. The effect of temperature on
the deposit formation rate for a Jet A fuel containing negligi-
ble amounts of nitrogen is compared with that for a Jet A fuel
doped with 0.1 percent nitrogen. Both fuels display a rapid
increase in deposit formation rate as temperature is increased,
but the fuel containing 0.1 percent nitrogen shows a much
greater acceleration of deposit formation rate with increasing
temperature. '

Fuel Pumpability at Low Temperature

Fuel stored in aircraft tanks can reach very low temperatures
during long flights. Figure IV-7 shows a correlation of in-
flight minimum fuel temperatures for Boeing 707 and 747 aircraft
flying polar route missions. Data were obtainea from about 1100
missions. Each mission was greater than 4000 nautical miles.
The probability that the temperature of fuel in the tank will
fall below a given minimum value is plotted against minimum fuel
temperature. The minimum temperature that the fuel may reach
during flight is lower than -159 F for half of these missions,
For 10 percent of these flights, the temperature may be lower
than -30° to -40° F. The differences in temperature between the
two types of aircraft are mainly attributed to differences in
flight Mach number or flight envelope. For a probability of 1
day per year, the minimum fuel temperature is as low as about
-459 to -55©9 F. Airlines have always avoided potential fuel
freezing problems by using fuels with low freezing points and,
when necessary, altering flignt conditions.

Lockheed conducted an experimental study under a NASA contract
to determine the flow behavior of fuels cooled below their
freezing points in a simulated flight environment. The experi-
mental fuel tank simulator used for this study is shown in fig-
ure IV-8, It represents a section of a Lockheed L-1011 wing
tank. Cooling was provided at the top and bottom of an insula-
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ted tank to simulate the in-flight cooling of the upper and
lower surfaces of a section of the wing. Fuel sloshing could be
simulated by rocking the tank with a mechanical agitation sys-
tem. After being cooled, fuel was discharged from the tank by
the boost pump. Conditions in the tank were observed through
viewing ports on each side of the tank. Figure IV-9 shows an
interior view of the tank loaded with a test fuel at a tempera-
ture above the freezing point of the fuel. A surge box was lo-
cated at the inlet to the boost pump to maintain a constant
pressure head. Ejector tubing connected to the pump inlet pro-
vided a means for removing fuel from the bottom of the tank.
Temperature was measured at various locations by thermocouples.
Stringers were located at the top and bottom to simulate the
structural design of the wing tank. The effects of cooling a
fuel below its freezing point are illustrated in figure IV-10,
which shows the frozen and liquid fuel remaining in the tank
after pumpdown. During the initial part of the pumpdown, the
two-phase mixture of wax and liquid fuel may be removed by the
boost pump, but eventually the pump inlet becomes plugged by
this slushy mixture, and the remaining fuel cannot be pumped
from the tank. The low-temperature flow behavior of fuels in
the fuel-tank simulator was assessed by measuring the percentage
of a full load of fuel that could not be pumped from the tank as
temperature was lowered. The percentage of fuel held in the
tank was a function of boundary-layer temperature, as shown in
figure IV-1l. The boundary-layer temperature was measured about
1/2 inch from the lower surface of the tank. Data are shown for
three fuels. While the boundary-layer temperature for a specif-
ic percentage of fuel holdup is lower for both lower-freezing-
point fuels, the rate of increase in fuel holdup as the bound-
ary-layer temperature is reduced is different. The holaup for
the Jet A fuel refined from a paraffinic petroleum increases
more rapidly as the boundary-layer temperature is reduced than
that for either the naphthenic Jet A or the broad-specification
fuel. This may be attributed to the larger concentration of
high-molecular-weight, long-chain paraffin waxes contained in
this fuel. This kind of research data enables us to have a bet-
ter understanding of tne low-temperature behavior of fuels in
aircraft fuel systems. Nevertheless, for the present, any
amount of solid fuel formed in tne fuel tank is unacceptable to
an airline and is avoided by routinely maintaining the fuel tank
temperature about 59 F above the freezing point of the fuel
being used.

COMBUSTOR AND FUEL SYSTEM TECHNOLOGY NEEDS

The potential problem areas described previously are identified
in the sketch of a typical combustor shown in figure IV-12. The
higher liner temperatures associated with the use of fuels with
higher aromatic content could be reduced or tolerated by evolv-
ing improved construction, improved cooling effectiveness, ad-
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vanced alloys, or ceramic coatings. Increasing the proportion
of air used to cool the liner would be unacceptable, however,
because this approach would reduce the amount of air available
for control of the exit temperature profile. Increasing coolant
airflow might also increase carbon monoxide and unburned-hydro-
carbon emissions.

Approaches which are successful in reducing exhaust emissions,
such as lean burning or improved fuel atomization (paper II),
can also be effective in reducing liner temperature by minimiz-
ing luminous flame radiation. These approaches could also pre-
vent carbon deposition and reduce exhaust smoke. Multizone com-
bustion or variable geometry, besides enabling the control of
emissions at both high and low power levels, could also ensure
reliable ignition and relight. Several multizone designs, in-
cluding the Pratt & Whitney vorbix and the General Electric dou-
ble annular combustors, are described in paper II. A cutaway
drawing of the double annular combustor is shown in figure IV-
13. During idling and at low power, fuel is fed only to the
outer annulus, and combustion occurs in a relatively fuel-rich
zone. At high power levels, fuel is fed to both the inner and
outer annuli, and combustion occurs at relatively fuel-lean con-
ditions. Both the double annular and vorbix combustors have
been evaluated with several fuel blends varying in hydrogen con-
tent (refs. 10 and 11). The liner temperatures measured in
tests of the double annular and vorbix multizone combustors are
compared with data from several production combustors in figure
IV-14. ©Since the various data were not all obtained at the same
combustor-inlet conditions, the data are plotted as the differ-
ence between maximum liner temperature and combustor-inlet tem-
perature. The curves for the production combustors exhibit a
strong dependence of maximum liner temperature on hydrogen con-
tent of the fuel. The data for the multizone combustors show a
relative insensitivity of maximum liner temperature to hydro-
gen content. Most of these data were obtained in combustor rig
tests at pressures of 10 atmospheres or less; however, the two
data points shown were obtained in the evaluation of the double
annular combustor in the CF6-50 engine at takeoff conditions.
While these findings represent limited laboratory tests and
their practicality requires demonstration in a full development
program, they do indicate that it may be possible to make impor-
tant advances in the ability of aircraft gas turbine engines to
use low-hydrogen-content fuels.

Additional combustor design concepts for broad-specification
fuels being evaluated under a NASA contract with General Elec-
tric are shown in figure IV-15. Several variations of the dou-
ble annular combustor are being investigated. Both of the modi-
fied configurations shown employ improvements in fuel nozzle
design, including air atomization. A shorter main combustion
Stage 1is incorporated in one configuration to reduce liner sur-
face exposure and to minimize smoke and NOy emissions. Pre-
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mixing of fuel and air in the main stage will be studied in the
second configuration to reduce luminous flame radiation and ex-
haust emissions.

Prevention of Fuel System Fouling'

Preventing fuel gumming and coking in the engine fuel system
becomes more and more difficult as compressor discharge tempera-
tures increase as a result of increasing engine pressure ratios
or as fuel systems become more complex as a result of multistage
combustion. Many approaches to preventing fuel system fouling
are already in use. For example, designers attempt to limit the
maximum fuel temperature by insulating the parts of the fuel
manifold exposed to high temperatures. The control of reactive
constituents in the fuel is attempted by the addition of antiox-
idants during the final stages of refining. However, further
design improvements must be sought to limit fuel exposure tem-
perature. Research is needed to obtain a petter understanding
of the effects of constituents in the fuel on fuel degradation.
The dissolved oxygen in the fuel plays an important part in
these reactions. While the removal of this oxygen may be im-
practical, more efficient antioxidant additives could be devel-
oped and the removal of certain reactive or catalytic impurities
might be effective. Fuel system purging could be investigated
as a means of minimizing fuel deposits in multizone combustors.

Fuel System Technology for Fuels With Higher Freezing Points

Modifications to aircraft fuel systems that mignt be necessary
to permit the use of a higher-freezing-point fuel are being in-
vestigated (refs. 12 and 13). A number of fuel tank heating
sources plus insulation have been evaluated as approaches to
keeping the fuel in the tanks above the freezing point (fig.
IV-16). Insulation of the fuel tanks is currently not practical
because it entails a large weight penalty; however, future air-
craft wing designs may permit the use of effective lightweight
insulation. The use of a tailpipe heat exchanger is undesirable
because of design complexity. Fuel heating by means of compres-
sor air bleed has the disadvantage of having a relatively high
cycle penalty. The use of either boost pump recirculation or a
heat exchanger in the cabin air conditioning system is limited
by the amount of heat that either could provide. Two systems
are considered worthy of further study: the lubrication oil
heat exchanger and an electric heat exchanger powered by an
engine-driven generator.

The existing lubrication oil heat exchanger system would be mod-
ified by adding a second heat exchanger that would return heated
fuel to the tank (fig. IV-17). The recirculation valve could be
shut off when fuel tank heating would not be required. This
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system has the advantages of using existing components, being
low in cost, having a low cycle penalty, and being a simple sys-
tem requiring only a relatively minor modification to the exist-
ing lubrication oil heat rejection system. The calculated fuei
temperatures for a long-range flight using this system are com-
pared with the temperatures for an unneated fuel tank in figure
IV-18. Heating the fuel permits the minimum in-flight fuel tem-
perature to be raised from about -45° to -259 F. The latter
value points out the disadvantage of this system. The heat re-
jection limit of about 2800 Btu per minute would not be applica-
ble to fuels with freezing points greater than -300 F, allow-
ing for a 59 F operating margin. In addition, the heat avail-
able would be variable and woula depend on the engine operating
point.

The electrical fuel heating concept would overcome these disad-
vantages by providing much higher heating rates to permit the
use of fuels with freezing points up to 0° F (fig. IV-19Y).
Heater control would be independent of engine operating point,

anAd +hiac cuctram wninnlA be aAdantahle +o 12x1ht7ar heaatina Ny meanc
ana tiis Systeli WwOulG dlapltdol L0 1Laylyv neaciilyg Oy Meals

of auxiliary ground power. In-flight power would be opbtained by
installing a generator on each engine. An inert fluid would be
heated by an electric resistance heater. The heated fluid would
then be pumped to another heat exchanger in order to reject heat
to the fuel tank. A disadvantage of this system is that it in-
volves major modifications and additions to the engines and air-
craft. Furthermore tnere would be a significant weight penalty
and a cycle penalty when the system is used. The judgment to
use such a fuel heating system will depend partly on the rela-
tive cost reduction of using a broad-specification fuel compared
with its installation and operating costs.

CONCLUDING REMARKS

Projected shifts in the supply and quality of retfinery feed-
stocks warrant the consideration of broadening jet aircraft fuel
specifications. Advanced combustor and fuel system technologies
that will be required to counteract adverse fuel property ef-
fects if fuel specifications are broadened are currently being
evaluated. A considerable effort will be necessary by both gov-
ernment and industry to assemble the data base that must be de-
veloped in order to establish an acceptable tradeoff between
future fuel specifications and aircraft engine technology.
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POTENTIAL CHANGES IN FUEL PROPERTIES

PROPERTY CURRENT  POTENTIAL BROAD-
JET A SPEC FUEL
AROMATICS, vol % 17~ 25 30~ 35
HYDROGEN, wt % 14~ 13.5 13,0~ 12,5
FINAL BOILING POINT, % 500 ~ 530 550 — 630
FREEZING POINT, °F -50 - -40 -30 - -20
THERMAL STABILITY ACCEPTABLE MARGINAL
£S-79-1558
Table IV-1

JET FUEL PRODUCTION ALTERNATIVES
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Figure 1vV-1
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TRENDS IN AROMATIC CONTENT OF COMMERCIAL JET A FUEL
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Figure IV-3
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EFFECT OF HYDROGEN CONTENT OF FUEL
ON MAXIMUM LINER TEMPERATURES
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Figure IV-5
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I

EFFECT OF FUEL NITROGEN CONTENT
ON THERMAL STABILITY
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Figure IV-6

SUMMARY OF IN-FLIGHT MINIMUM FUEL TEMPERATURES
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LOW TEMPERATURE FUEL TANK SIMULATOR
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INTERIOR VIEW OF FUEL TANK SIMULATOR
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LOW TEMPERATURE FUEL TANK BEHAVIOR
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Figure IV-11
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COMBUSTOR TECHNOLOGY REQUIRED TO USE
BROAD-SPEC FUELS

/~PREVENT FUEL GUMMING & COKING
/
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/ [
/
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e PREVENT CARBON DEPOSITION €s-79-1573

Figure 1V-12

DOUBLE ANNULAR COMBUSTOR

CS-79-1566

Figure IV-13
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EFFECT OF HYDROGEN CONTENT OF FUEL ON LINER
TEMPERATURE FOR DIFFERENT COMBUSTORS
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Figure 1v-14

COMBUSTOR DESIGN CONCEPTS FOR BROAD-SPEC FUELS
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Figure IV-15
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FUEL TANK HEATING SOURCES
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PERFORMANCE OF LUBE-OIL HEATER FOR
IN-FLIGHT FUEL HEATING
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V. MATERIALS AND STRUCTURES TECHNOLOGY

Robert A. Signorelli, Thomas K. Glasgow, Gary R. Halford,
and Stanley R. Levine

National Aeronautics and Space Administration
Lewis Researcf‘1 Center

There are several major thrusts of our materials and structures
research for aircraft turbine propulsion systems. First, we
must understand the materials and structures performance limi-
tations, particularly for the hot section of the engine in which
these limitations limit the life of components. To do so, it is
necessary to understand the failure modes for components such as
blades, vanes, and combustors and how they are affected by the
environment for such components.

Second, we are attempting to improve the materials used for such
components using several approaches. Turbine components with
high strength at higher temperatures are being achieved through
the application of directional structures. Improved coatings
are being applied to hot section parts to increase oxidation and
corrosion resistance. The higher specific properties of com-
posite materials are being applied to increase strength and
stiffness with reduced weight. Also, more cost effective pro-
cessing such as near net shape powder methods are being applied
to disks.

Third, we are attempting to employ these advanced materials more
effectively by developing more accurate life prediction tech-
niques. These techniques will enable the designer to predict
component life more accurately in advance of service and also to
incorporate advanced structural concepts in design.

In addition to these structural concepts, structures work is an

area of growing importance at Lewis. We are increasing our ef-

fort and resources in this area, and in the future we anticipate
that there will be much to report in the field of engine struc-

tural dynamics.

In this paper, hot section components are discussed first since
they operate under a severe combination of stress, temperature,
and environmental attack. After describing the various aspects
of our program to improve materials and structures for the hot
section, the work directed toward improving the intermediate
temperature and cold section components of turbine engines will
be discussed.
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HOT SECTION COMPONENTS

We consider first the major structural materials requirements
for the engine hot section components. Because of the com-
plexity of the loadings imposed and the environmental conditions
to which these components are exposed, it is vital to understand
the nature of these requirements in order for the engine de-
signer to proceed effectively.

Material Requirements

There are three major structural materials requirements for hot
section components: strength, thermal fatigue resistance, and
resistance to environmental attack.

Strength. - The traditional strength requirements are, of
course, short time yield and tensiie strengtn. At high use tem-
peratures, long time creep and rupture strength become an ad-
ditional important consideration. Strengtn requirements gen-
erally dictate the sizing of a component part. Since the his-
toric trend is to increase use temperatures, it is mandatory
that alloys be identified that have higher strength to keep pace
with these higher use temperatures. Examples of such alloys
will be discussed in a later section.

Thermal fatigue. - The second and third requirements are not as
familiar as the first. This is primarily because thermal fa-
tigue and environmental attack are more complex phenomena and
are not as readily understood. Thermal fatigue cracking,
nevertheless, is a common failure mode in hot section components
of gas turbine engines. An example involving a film-cooled in-
let guide vane is shown in figure V-1l. Thermal fatigue cracks
have initiated and propagated as a direct result of the cyclic
thermal strains caused by the repeated heating and cooling on
each engine startup and shutdown cycle. Thermal fatigue in en-
gines usually involves a combination of fatigue and creep which
can interact to seriously reduce cyclic lifetime.

Figure V-2 dramatizes the cyclic life degradation brought about
by the interaction of creep with fatigue. At lower temperatures
and short times per cycle, the creep effect is not present and
the cracking mode is transgranular and representative of clas-
sical fatigque cracking. However, as the temperature and the
time per cycle increase, the creep influence increases and the
cracking shifts to the more detrimental intergranular mode fol-
lowing along transverse grain boundaries (ref. 1l). As may be
seen from the figure, cyclic life is reduced substantially. By
recognizing the mode of thermal fatigue cracking, we are in a
much better position to cope with this crucial problem by pro-
viding materials with no transverse grain boundaries and by
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developing life prediction methods which can accurately account
for the creep-fatigue interaction.

Environmental attack. - In addition to being mechanically de-
manding, the gas turbine environment is chemically aggressive
toward materials. High temperatures, pressures, gas velocities,
and severe thermal cycles can cause rapid oxidation attack. Im-
purities in the gas stream can further accelerate the process by
inducing hot corrosion and erosion. These reactions can also
accelerate the creep-fatigue cracking process. Since the oxi-
dation process is unavoidable, the approach to controlling envi-
ronmental attack is to select materials which react slowly to
form an adherent, protective corrosion product.

Three basic modes of oxidation attack are possible (ref. 2) as
shown in figure 3. For parabolic oxide growth, an adherent ox-
ide is required. 1In this case, a plot of oxide thickness
squared against time is linear. Hence, the term parabolic oxide
growth. NiO, which forms on most turbine blade alloys, grows
parabolically at unacceptably high rates. Cr203, which is
volatile, can be useful as a protective scale at lower hot sec-
tion temperatures but not at the highest temperatures. Here
nonvolatile oxides such as Al203 are most desirable. How-

ever, because of a thermal expansion mismatch with turbine mate-
rials, Al203 is subject to spalling.

In figure V-4, the hot corrosion and erosion failure modes (ref.
2) are illustrated. These potentially more aggressive modes of
environmental attack are induced by impurities in the air and
fuel. The hot corrosion process is caused by the reaction of
airborne impurities, such as sea salt with sulfur, in the fuel.
At certain temperature, pressure, and concentration levels, so-
dium sulfate and other salts can condense as a liguid phase,
react with and flux protective oxide scales, and cause rapid
sulfidation attack of turbine alloys. Because the hot corrosion
process is induced by a liquid, it can be far more damaging than
oxidation even though the temperature is typically several hun-
dred degrees lower.

A second potentially catastrophic problem can be caused by im-
purities which form heavy solid deposits. Such deposits can
plug film cooling holes and lead to component overtemperature.

Finally, the impact of carbon or ingested dirt particles on tur-
bine components causes metal loss via the erosion process.

The seriousness of the hot corrosion problem for the first-stage
vanes of a helicopter gas turbine is illustrated in figure V-5,
Here, hot corrosion attack along the leading edges has con-
tributed to the formation of longitudinal cracks. In addition,
heavy impurity deposits have formed near pressure surface film
cooling holes.
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Improved Hot Section Component Materials

Of the hot section components, turbine blades are subject to the
most severe combination of temperature, stress, and oxidation
and corrosion attack. Consequently, a substantial portion of
the materials effort at NASA Lewis is devoted to turbine blade
applications. Figure V-6 illustrates the use temperature trend
for turbine blade materials. Some specific data points are
shown for alloys subjected to typical blade operating conditions
of 30 000 psi stress and a rupture life of 5000 hours. Conven-
tional cast alloys with random polycrystalline microstructure

Directional structures. - To go to higher temperatures for the
same stress and life, materials having distinct directional
structures are being developed. These include single crystal
superalloys, oxide dispersion strengthened superalloys (ODS),
and fiber reinforced superalloys (FRS). Beyond the metals, ce-
ramic materials offer considerable potential, though at this
time we do not have the design skills regquired for their use as
turbine blades. However, their use for stationary or nonload
bearing components such as seals and coatings will occur much
sooner than shown in figure V-6.

Two of the cast directional structures under development in our
Materials for Advanced Turbine Engines (MATE) program at Garrett
AiResearch are shown in figure V-7. The first blade is a con-
ventional casting; it has randomly oriented grain boundaries
hidden in this view by a coating applied for oxidation pro-
tection. By directional solidification, the grain boundaries
are alined in the major stress direction. And, of course, in
the single crystal there are no grain boundaries to weaken the
blade.

In past practice, to maintain a turbine inlet temperature of
19200 F the conventional casting required cooling air and thus
the complexity of casting a hollow blade. 1If directional so-
lidification is used, a simpler, solid blade capable of with-
standing the same turbine inlet temperature can be employed with
no cooling as shown in the figure. If a single crystal blade is
used, it is anticipated that the turbine inlet temperature can
be increased to 19650 F without requiring cooling (ref. 3).

Oxide dispersion strengthened superalloys. - For higher use tem-
peratures a new development, an oxide dispersion strengthened
superalloy, offers considerable potential. In oxide dispersion
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strengthened alloys such as MA-6000E, the traditional superalloy
strengthening mechanisms are augmented by a dispersion of fine,
stable oxide particles (ref. 4). The particles are especially
effective in improving high temperature properties.

The process steps by which an oxide dispersion strengthened
superalloy is made are shown in figure V-8. Metal powders, ele-
mental and prealloyed, are mixed together with oxides in a high
energy stirred mill which kneads the fine oxides thoroughly into
the metal. The very homogeneous powder that results is sealed
in cans and consolidated by extrusion. Optionally, hot rolling
may follow. Finally, the hot worked product is given its elon-
gated microstructure by recrystallization in a thermal gradient.

The macro and microstructures of the oxide dispersion strength-
ened alloy MA-6000E are shown in figure V-9, The highly elon-
gated grain structure shown in the macrograph is oriented in the
direction of highest applied stress. It can be noted that there
are essentially no transverse grain boundaries available at
which thermal fatigue cracks can initiate. The microstructure
shows both cubic gamma prime precipitates, the traditional
strengthening phase in superalloys, and the very fine oxide par-
ticles that are within both the gamma prime and gamma phases.
This oxide dispersion strengthened alloy MA-6000E has generated
a great deal of interest among engine manufacturers, particular-
ly for the smaller engines that are relatively difficult to cool.

The stress rupture properties of this alloy account for much of
this interest (fig. V-10). The grain structure of each alloy is
illustrated schematically in the figure. Alloy B-1900 is typi-
cal of current conventionally cast gas turbine blades. Direc-
tionally solidified cast alloys, polycrystalline and single
crystal, provide some advantage. And the addition of an oxide
dispersoid adds a considerable increment so that one can envi-
sion using the oxide dispersion strengthened alloys at temper-
atures of 2000° F or higher.

It should be mentioned that extending the use temperature of
superalloys to higher values aggravates the oxidation attack.
Alloy MA-6000E will require a coating for extended life at high
temperature. As will be discussed later, the process required
to identify the best alloy/coating combination has already begun.

In addition to the improved stress rupture capability, the oxide
dispersion strengthened alloy MA-6000E has demonstrated very
good thermal fatigue resistance (fig. V-11). Thermal fatigue
testing is conducted by alternately immersing wedge-shaped spec-
imens in hot and cool fluidized beds. Thermally induced strains
crack typical current blade materials after relatively few cy-
cles. For example, B-1900 and directionally solidified Mar 200
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cracked after only 800 and 2300 cycles, respectively. MA-6000E
is still being tested and has yet to show any cracks after 6500
cycles (ref. 5). It must already be considered among the very
best of thermal fatigue resistance materials.

Another hot section component, the combustor, may use a differ-
ent ODS alloy. Work on the advanced combustor is being per-
formed by Pratt & Whitney in our Materials for Advanced Turbine
Engines (MATE) program. As shown in figure V-12, the outside
cooler portion of the combustor is to be formed of the conven-
tional alloy Hastelloy X. The interior, hotter portion will be
lined with an ODS sheet alloy based on the FeCrAlY or the
NiCrAlY system (ref. 6). Another use for oxide dispersion
strengthened alloys is as vanes; in fact, one alloy is already
specified as bill-of-material in an advanced military engine.

Fiber reinforced superalloys. - The next higher level of use
temperature (fig. V-6) capability, above that of the oxide dis-
persion strengthened alloys, is occupied by the fiber reinforced
superalloys (FRS). These are composite materials in which we
can take advantage of the high strength at high temperature of
reinforcing fibers, such as tungsten, and the ductility of
superalloys as a matrix to achieve an outstanding combination of
properties. The 1000-hour density-compensated rupture strength
of several fiber reinforced superalloy or FRS composites 1is
shown in figure V-13 along with a typical superalloy for com-
parison. The relative strength advantage of each composite is
controlled by the wire used to reinforce the superalloy. The
composite using unalloyed tungsten lamp filament, such as 218
alloy wire, achieves a modest improvement, while the composite
with WReHfC alloy wire, developed as part of the Lewis Research
Center FRS program, has more than a fourfold advantage in
strength - density at 20000 F over conventional superalloys

(refs. 7 and 8).

In addition to high temperature strength, FRS has the added ad-
vantages of high thermal conductivity and low thermal expansion
as shown in figure V-14. The high thermal conductivity of tung-
sten provides a typical FRS composite with a thermal conductiv-
ity about twice that of conventional superalloys (ref. 9). This
advantage can be used to increase the effectiveness of cooled
turbine components by increasing life at a given cooling airflow
or by reducing cooling airflow to increase engine efficiency.
The lower thermal expansion of FRS compared with nickel and co-
balt superalloys also aids in reducing the severity of the
creep-fatigue interaction discussed previously.

A question that has been addressed is how such a complex com-
posite blade would be fabricated. Figure V-15 shows schemati-
cally the process employed for turbine blade fabrication. This
process is based on the technology evolved for boron-aluminum
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fan blades. A filament mat and matrix alloy foil are ¢ombined
to form composite monotape, which is cut into plies. These
plies are stacked in a die and then diffusion bonded at temper-
ature to form a blade.

Figure V-16 shows how a cooled turbine blade has been made using
a modification of the basic process just described. A solid
steel core was used along with monotapes and root blocks. After
diffusion bonding, the steel core was removed by acid leaching
to form a hollow internal cavity. An impingement cooling insert
can be used to provide more complex cooling passages to improve
cooling effectiveness. The photograph in figure V-17 shows a
JT-9D blade with an unmachined oversized base fabricated using
this process. The blade, about 4 inches long, was designed to
the same external contour as the bill-of-material blade and to
within 10 percent of the weight of the superalloy blade (ref.
10). The wall thickness was modified to take advantage of com-
posite properties. This illustrates the feasibility of fab-.
ricating cooled hot section parts such as blades and vanes using
the FRS process concept.

Other hot section parts such as combustor liners are attractive
candidates and are being explored for possible application of
FRS. Unfortunately, as the operating temperature goes up, the
severity of environmental effects such as oxidation and hot cor-
rosion also increases.

Improved Environmental Protection Systems

The development of stronger alloys, often at the expense of re-
sistance to the oxidation and hot corrosion attack processes,
has made surface protection problems extremely challenging.

Metallic coatings. - Over the past 15 years, metallic coating
selection criteria have been devised by a combination of ana-
lytical and experimental approaches.

Figure V-18 shows a simplified oxidation resistance map on the
left for three key elements affecting the oxidation resistance
of superalloys nickel, chromium, and aluminum (ref. 11l). Most
cast superalloys fall in the poor area and the lower part of the
fair area. The two composition areas exhibiting good oxidation
resistance define two major coating classifications. Simple
aluminide coatings, which have compositions near the apex of the
diagram, are typically formed by reaction between the alloy and
a source of aluminum (ref. 12). Overlay or add-on coatings,
which can be deposited by such methods as electron-beam evapo-
ration (ref. 13) or cladding (ref. 14), typically fall near the
center of the diagram.

A second factor to consider in coating selection is hot corro-
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sion resistance. As discussed previously, hot corrosion is
caused by impurities in the air reacting with sulfur in the fuel
to form a condensed fluxing liguid. The hot corrosion map (ref.
15) for the same three elements near the apex of the diagram can
be undesirable for hot corrosion protection while coating compo-
sitions falling across the center of the diagram are good. The
most favorable coating for a given application can be selected
by properly balancing coating composition with additional fac-
tors such as ductility (ref. 16) and processing cost. The need
for high ductility at low temperature generally favors composi-
tions near the center of the maps while cost considerations
favor aluminide coatings having compositions near the apex. The
same principles can also be applied in the selection of cobalt-
base coating compositions (ref. 17).

The significant degree to which metallic coatings can extend ox-
idation life compared to bare superalloys is illustrated by the
burner rig data of figure V-19. Here, life in a Mach 1 burner
rig is plotted as a function of temperature. Simple aluminide
coatings which fall toward the lower end of the coated specimen
range offer more than a fourfold extension of life (ref. 18)
whereas overlay coatings offer as much as a fiftyfold extension
in life. The effectiveness of overlay coatings as protection
against hot corrosion is illustrated in figure V-20. Here spec-
imen weight loss (ref. 19) in a Mach 0.3, Jet A fueled burner
rig is shown. Hot corrosion is induced by injecting sea salt at
a 5 ppm concentration based on air flow. In this accelerated
test, most uncoated cast nickel-base alloys suffer immediate and
rapid hot corrosion attack. A NiCrAlY overlay affords protec-
tion for 1100 hours.

Coatings are also highly effective in suppressing the initiation
of creep-fatigue induced cracks as illustrated in figure V-21 by
the log scale plot of cycles to crack initiation. The data were
obtained in a fluidized bed (ref. 20). The random poly-
crystalline cast MM-200 alloy exhibits low life. The addition
of an aluminide coating more than doubled life. Directional
solidification to obtain a more crack resistant strulcture dra-
matically improves thermal fatigue resistance. The addition of
an overlay coating to this stronger alloy more than doubled
life.

Our current efforts in metallic coatings are aimed at developing
better coatings for airfoil cooling passages, improving plasma
spray deposited coatings so that they are equivalent in per-
formance to the more costly electron beam evaporated coatings,
and developing coatings for advanced alloys such as MA-6000E.

Thermal barrier coatings. - Another concept undergoing rapid de-
velopment is the thermal barrier coating (refs. 21 to 24). The
conventional metallic coated blade illustrated on the left in
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figure V-22 can operate in gas turbines under conditions where
the gas temperature is above the high temperature strength capa-
bility of the superalloy and even above its melting point be-
cause of air cooling. If a 15-mil insulating oxide ceramic
layer or thermal barrier is added (as shown on the right in fig.
V-22), the difference between the gas and metal temperatures can
be increased by 200° to 600° F without additional cooling.

The vital glue that locks the oxide onto the superalloy is an
oxidation resistant metallic bond coating as can be seen from
the optical photomicrograph. Both the bond coat and the oxide
layers shown in figure V-22 were deposited by a plasma spray
process. The concepts discussed earlier for metallic coating
selection are also being applied to bond coat selection. Be-
sides proper selection of the bond coat composition, the selec-
tion of the oxide composition is key to the durability of the
NASA thermal barrier coating (refs. 21 and 23).

Because of the large temperature drop through the oxide layer,
thermal barrier coatings are not just another new family of pro-
tective coatings. The thermal barrier coating is a revolution-
ary concept that can be applied to turbine airfoils in many
ways. An example of the calculated benefits of a 10-mil oxide
coating applied to the cooled components of a high bypass engine
is shown in table V-1l. Cooling air reductions to the first and
second stages are shown in the center column as a percent of
engine airflow. The 6.1 percent total cooling air saving yields
a net thrust specific fuel consumption improvement of 1.3 per-
cent. Alternatively, blade life can be improved by more than
four times at the baseline coolant flow because of lower metal
temperatures and less severe transient thermal stresses.

Looking ahead, thermal barrier coatings may also provide gains
in efficiency by permitting higher gas temperatures without in-
creasing the coolant flow. Thus, thermal barrier coatings can
greatly extend the capability of conventional superalloys as
well as of advanced material concepts such as single crystals,
ODS superalloys, and FRS alloys.

The durability of the thermal barrier coating is illustrated by
the cyclic Mach 1 burner rig data shown in figure V-23. The
ZrO0p 12 weight percent Y203 NASA coating lasts about 1-hour
cycles at a surface temperature of 26400 F, This is the coat-
ing that survived on turbine blades for 500 cycles between full
power and flameout in a J-75 engine (ref. 25). Reducing the
yttria content to 8 weight percent to obtain a tougher, stronger
oxide resulted in a dramatic life improvement as shown by the
two lower bars in figure V-23. This improved coating lasted
2000 hours without failure at a 409 higher surface tempera-
ture. Finally, at a surface temperature of 2860° F, which is
well above levels anticipated in any current engine, the coating
survived over 700 l-hour cycles.
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Recent JT-9D engine tests conducted on a cooperative basis with
Pratt & Whitney Aircraft (ref. 26) indicate that the original
1976 NASA coating is not yet engine ready as an add-on for
first-stage turbine blades. Currently, our efforts are directed
toward improving coating durability by further composition and
process refinement, and toward developing a design methodology
which treats the coating and airfoil as an integral system. The
aerodynamic and heat-transfer aspects of thermal barrier coat-
ings are covered in the TURBOMACHINERY TECHNOLOGY paper of this

conference proceedings.

Abradable seal materials. - Besides applying our understanding
of the environmental resistance of NiCrAl alloys to coatings, we
have used it to develop an improved first-stage turbine abrad-
able shroud material. This powder metallurgy material, known as
Genaseal, was developed under NASA contract by the General Elec-

tric Company (ref. 27).

An engine-tested shroud segment filled with Genaseal is compared
to two types of shroud segments filled with Bradelloy in figure
V-24. The Genaseal segment is in better condition than either
of the Bradelloy segments. Genaseal offers improved abrad-
ability and oxidation resistance at temperatures about 1500 F
above Bradelloy. Consequently, turbine efficiency can be im-
proved by reducing the cooling air to the shrouds. Also, tur-
bine efficiency can be retained by preferential wear of the
shrouds rather than wear of the blades during rubs. Genaseal is
now the bill-of-material shroud in one aircraft gas turbine en-
gine and is under consideration for a number of others. The de-
velopment of an even higher temperature capability oxide ceramic
turbine shroud is covered in the MECHANICAL COMPONENTS paper of

this conference proceedings.

Development of Life Prediction Methods

Of prime importance to the engine designer is the availability
of techniques for predicting the life of engine hot section com-
ponents. The creep-fatigue behavior is one major aspect that
must be taken into account in order to achieve accurate compo-
nent life prediction in advance of service.

Strainrange Partitioning. - A promising method has been under

development at the NASA Lewis Research Center during the past

several years called Strainrange Partitioning (ref. 28). The

method serves two primary functions: it is a method for char-
acterizing the creep-fatigue behavior of materials, and then,

once characterized, it can be used to predict the thermal fa-

tigue lives of components made of those materials.

The creep-fatigue behavior of any material which undergoes
cyclic inelastic deformation can be characterized by means of
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the Strainrange Partitioning method. Figure V-25 represents the
relationship between the cyclic strainrange imposed on a lab-
oratory test specimen and the number of times the cycle can be
repeated before failure occurs by cracking. Four curves are
shown; each represents whay may happen when creep is imposed in
different ways. When no creep is present, the uppermost curve,
which represents the pure fatigue condition, results. Creep im-
posed in only the compressive half of the cycle reduces the cy-
clic life., Creep in both the tensile and compressive halves of
the cycle gives rise to further life reductions. Finally, when
only tensile creep occurs, the greatest life loss is suffered,
and the lower bound on cyclic life is established. Any con-
ceivable reversed strain cycle can be broken down or partitioned
into components of the four types of strainrange shown. Then,
by employing a damage rule, the lifetime of any cycle can be
predicted.

Considerable experience has been gained in using Strainrange
Partitioning to characterize the creep-fatiqgue behavior of high
temperature engineering alloys. An international symposium
(ref. 29) was held recently during which organizations from six
NATO nations presented the results of a 2-year evaluation pro-
gram of Strainrange Partitioning. By and large, the method
proved to be a satisfactory approach for characterizing the
creep-fatigue resistance of high temperature alloys.

To date, over 50 engineering alloys have been studied using the
Strainrange Partitioning method of characterization. In gen-
eral, the cyclic lives can be correlated to within a factor of
2. Considering that the scatter in cyclic life measurements is
also on the order of a factor of 2, the correlation capabilities
of the method are highly satisfactory.

The second important aspect of Strainrange Partitioning is its
ability to predict thermal fatigue lives. The method is cur-
rently being used to predict the cyclic lifetimes of hot section
components which are life limited by thermal fatigue cracking.
Under contract, the General Electric Company will be applying
the method to the life prediction of a CF6-6 first-stage high
pressure turbine blade squealer tip. Over the past few years
Pratt & Whitney has been making life predictions of combustor
liners in high bypass ratio engines using a rudimentary form of
Strainrange Partitioning (ref. 30). A recently initiated con-
tract program with Pratt & Whitney calls for a more sophisti-
cated use of the method in making liner life calculations.

Figure V-26 illustrates the severity of thermal fatigue cracking
in combustor liners. Cracks have initiated and propagated from
the lip edge of the louvered liner construction. The accuracy

with which the thermal fatigue lives of combustor liners can be
predicted is shown in figure V-27 (ref. 31). Observed lives are
on the order of a few thousands of cycles to failure, with vari-
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ations due to different flight missions. These missions result
in different operating temperatures, strainranges, and times.
Strainrange Partitioning takes into account these variations di-
rectly and accordingly predicts greater or lesser lives depend-
ing on the severity of the flight mission. Predicted lives
agree with the observed lives to within factors of 2 as indi-
cated in the figure. This accuracy is considered remarkably
good since the correlation of laboratory specimen data is also
within a factor of 2.

Oxidation and corrosion prediction. - Considerable progress has
also been made in developing techniques for predicting the de-
gree of environmental attack at high temperatures. At NASA
Lewis a technique known as COREST (corrosion estimation) has
been developed for predicting oxidation attack of bare super-

alloys. COREST is available as a computer program (ref. 32),.
With COREST the depth of oxidation attack can be estimated from
weight change data. Estimated depths of oxidation attack for a
number of high temperature alloys were calculated by using an
early version of COREST, and these estimations are compared with
actual depths of attack in figure V-28 (ref. 33). 1In many cases
the measured values exceed the estimated values because the es-
timation does not take grain boundary oxidation into account.
However, most actual values fall within a factor of 3 of the
predictions. COREST can also be applied to predict long-time
depth of attack from short-time oxidation data.

In the area of hot corrosion, we are in the early stages of de-
veloping a method for predicting attack of bare superalloys.

The basis for this method is a series of statistically designed,
100-hour, Mach 0.3 burner rig experiments. The variables are
the corrosive elements and their concentration and the tem-
perature. In figure V-29 good agreement between predicted 200-
hour attack and measured attack is shown for four superalloys
exposed to a complex combination of corrosive elements. These
limited results are most encouraging.

The prediction of coating life is far more complex than for bare
metals. The microstructure of an as-deposited NiCrAlY coating
on an oxide dispersion strengthened superalloy is shown on the
left in figure V-30. The protective oxide scale forming ele-
ments, aluminum and chromium, are concentrated in the darkly
etched particles. After 200 hours of cyclic Mach 0.3 burner rig
exposure at 20000 F, shown on the right of figure V-30, some
protective elements are consumed by the oxidation reaction as
can be seen from the disappearance of the darkly etched phase
from the thin layer at the surface. However, the diffusion re-
action between the coating and alloy has resulted in a greater
loss of coating protective capability than has the reaction with
the environment. We have developed a method for predicting the
diffusion reaction kinetics in simple model alloy systems (ref.
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34), Further research with this method and adaptation of the
environmental attack like prediction methods already discussed
are key approaches to obtaining a comprehensive coating life
prediction methodology.

INTERMEDIATE TEMPERATURE COMPONENTS - DISKS

Disks operate at lower temperatures than the hot section compo-
nents thus far discussed. However, they are a critical compo-
nent in that failure poses a serious threat to safe aircraft
operation. Until recently, disk materials were confined to
wrought alloys and these provided definite limitations as to
strength, fabricability, and cost. However, with the advances
in powder metallurgy techniques, very significant progress is
being made in this area as well.

The requirements for alloys to be used as disks are somewhat
different from those of the hot section components. Environ-
mental attack, for example, is mihimized by the lower tempera-
tures. Since disks are highly loaded parts, the first concern
must be with strength - especially uniformity of strength - so
that we can design to the greatest advantage without some small
weaker area developing a crack prematurely. Disks are large and
heavy; therefore, cost, including material use efficiency, is a
factor. And the loading on a disk is cyclic, so fatigue resis-
tance must also be considered.

The traditional practice of manufacturing disks has been to cast
and then forge. This process wastes material. Also, nonuni-
formities inherent in the casting process are carried through
forging and weaken production disks. The powder metallurgy pro-
cess offers the potential of increased alloy additions without
harmful segregation. Work on this process has also been part of
NASA's MATE program.

The process itself is illustrated in figure V-31. Prealloyed
metal powders are loaded into a can shaped like the final pro-
duct. The powder is consolidated by the combined effects of
heat and pressure in a hot isostatic press. After removal of
the can by etching, only minimal machining is required to bring
the part into the shape necessary for quality assurance by sonic
inspection. It should be noted that the scale marker below the
two disks in figure V-31 is 12 inches long. So the diameter of
the disks is 19 inches, more than double that which had previ-
ously been processed by powder metallurgy techniques.

A finished disk made by the powder metallurgy process is il-
lustrated in figure V-32. This disk would be used in a large
commercial engine to hold the first stage of blades. As already
indicated, the primary advantage of making the disk by powder
metallurgy is uniformity; highly alloyed parts can be made with
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confidence that all portions are similar in strength (ref. 35)
The process is also conservative of materials, reducing machin-
ing by 34 percent, and 1s projected to result in cost savings on

the order of 25 percent.

As part of the continuing efforts at NASA Lewis to provide mate-
rials for hotter and more efficient engines, we are seeking to
identify advanced disk materials. These are evaluated at tem-
peratures well above current disk use temperatures. Consegquent-
ly, the creep-fatigue mechanisms described previously become
very important. As shown in table V-2, the ultimate tensile
strength attainable has been increased from about 180 000 for
conventional wrought disk alloys to 221 000 pounds per square
inch by means of powder metallurgy materials. Also, the number
of cycles to first crack has increased dramatically from 8000 to
165 000 cycles (ref. 36). Unfortunately, the number of cycles
to propagate such cracks to test specimen failure has decreased
It would, of course, be desirable to improve all the alloy
properties. As is the case in all our material programs, deter-
m1n1nc the ont1mnm balance of nrnnertles for a component, in

this case a dlsk, continues to be a major area of 1nvestlgation.

COLD SECTION COMPONENTS

Thus far the hot section and the intermediate temperature engine
components have been discussed. It is appropriate to conclude
by considering some of the advances being made with composite
materials for the engine cold section components. Some of the
components where composites can and to some extent are being
used in this part of the engine include rotating fan blades and
static structures such as the frame-containment ring and the ex-
haust nozzle flaps.

A number of benefits can be gained by using composites, both
polymer matrix and metal matrix, for these components. The
lower density of composites combined with their greater stiff-
ness and strength permits designers to tailor these materials to
meet component requirements while improving performance and de-
creasing component weight. In addition, costs may be reduced by
decreasing the number of parts needed for an engine. For exam-
ple, the number of blades per stage or the number of stages may
be reduced, thereby lowering costs.

Fan Blades
The major impediment to using composite fan blades remains that
of inadequate resistance to large object foreign object damage

(refs. 37 and 38). Figure V-33 shows a number of design varia-
tions and materials combinations under study to apply composites
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to fan blades. The designs include so0lid and hollow blades, a
spar~-shell configuration with a leading edge or central spar,
and a composite patch design wherein the midspan damper is re-
moved and a composite patch substituted for vibration dampening.
Three types of composite materials are being used - polymer ma-
trix, boron-aluminum, and superhybrids. The latter is a combi-
nation of polymer and metal matrix composites. Improvements are
being made to overcome the foreign object damage limitation to
composite fan blades.

Engine Static Structures

There is a more immediate opportunity for application of compos-
ites to static engine structures. Figure V-34 illustrates a
graphite~epoxy fan frame for a gquiet, clean, short-haul experi-
mental engine (QCSEE) program (refs. 39 and 40). The QCSEE pro-
gram conducted by NASA has been described in previous confer-
ences held at NASA Lewis. It is expected that weight savings up
to 30 percent can be achieved by this approach compared to cur-
rent frames. The composite frame includes a composite contain-
ment ring. This component is designed to prevent a failed fan
blade from penetrating the engine case. A heavy steel ring has
been replaced by a lightweight fiber composite to satisfy the
containment reguirement.

Figure V-35 shows a recent application of a graphite-polyimide
composite for the nozzle flaps of the F-100 engine. The stand-
ard flaps are titanium, and the substitution of composite flaps
is intended both to increase service life and to decrease
weight. The figure shows a composite flap installed in an F15
aircraft at Edwards Air Force Base to evaluate service perfor-
mance. In addition to flaps, graphite-polyimide composites are
being applied to the thrust reverser stang of the JT-8D engine
on the DC-9 aircraft. PMR polyimide, developed at the Lewis Re-
search Center, is used as the matrix for that component.

Thus, composites appear to have a bright future for achieving
significant increases in component durability, reducing weight,
and ultimately engine cost. Further research in this area is
continuing to fully realize their potential.

SUMMARY

The advances of materials and structures for propulsion systems
are now summarized.

We have made major strides in developing a bet