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FOREWORD

This report summarizes a contracted study of advanced supersonic propul-
sion systems conducted for NASA by Pratt & Whitney Aircraft and, in a
subcontractor role, by The Boeing Commercial Airplane Company. This
study, referred to as Phase II, was conducted in the period from January 1974
to June of 1975. It was an extension of a previous Phase I study contract
which is summarized in a final report “Advanced Supersonic Propulsion
Study”” — NASA CR-134633.

The NASA project manager for this study contract was Dr. Edward A. Willis,
Flight Performance Office, Lewis Research Center, Cleveland, Ohio. Key
P&WA personnel were Robert A. Howlett, Study Program Manager;

George A. Aronstamm, Jack W. Johnson and Joseph Sabatella. Key Boeing
personnel were Lowell D. Richmond, Program Manager, George Evelyn and
Gary Klees.
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SUMMARY

NASA is engaged in a study of the application of advanced technology to long-range, super-
sonic, commercial transport aircraft with emphasis on reduced noise and emissions and
improved economics. As part of this program, P&WA has been conducting advanced super-
sonic propulsion studies under contract NAS 3-16948. The overall objective of this study is
to identify advanced engine concepts and related technology programs necessary to provide
a sound basis for design and possible development of an advanced supersonic propulsion
system. Phase I of this study was completed in 1973 and results were reported in NASA
CR-134633 —~ Advanced Supersonic Propulsion Study — P&WA’s Final Report. Phase II
was conducted through 1974 and into 1975 and is the subject of this final report. This
P&WA study is continuing in an on-going NASA contract, NAS 3-19540. As these studies
progress, the most promising engine concepts are refined and improved, while the less attrac-
tive concepts are screened and eliminated.

In Phase I of these Advanced Supersonic Technology (AST) propulsion studies, a broad
spectrum of conventional and unconventional propulsion systems were studied over a wide
range of cycle variables. From this initial phase, it was concluded that noise constraints
have major impact on the various engine types and cycle parameters being evaluated. The
duct-heating turbofan with a low level of jet suppression in the bypass stream was identified
as the most attractive engine for the noise level from FAR 36 down to minus 5 EPNdB. The
series/parallel Variable Cycle Engine (VCE) concept was also found to be competitive and
was considered to have the potential of possibly lower noise levels with moderate penalties
to the overall system. This Phase I study also showed that an advanced supersonic commer-
cial transport would benefit appreciably from the application of advanced engine technology
projected for certification by the late 1980’s or early 1990’s.

Phase II was a more concentrated parametric study including refined cycle studies, airplane
integration studies conducted jointly by P&WA and Boeing, and initiation of preliminary
design for selected engines. The two most promising engine concepts identified in Phase II
were the Variable Stream Control Engine (VSCE) and a single rear-value VCE concept.
These engines evolved in the Phase II refinement studies by building on the Phase I engine
concepts.

Both of these VCE concepts feature independent temperature and velocity control for two
coannular nozzle exhaust streams. This flexibility, in combination with the use of variable
geometry components, provides excellent flow matching capability between the inlet and
the engine over the entire flight spectrum, as well as reductions in jet noise. The resulting
improvements in installed performance and lower noise levels provide significant benefits to
the overall supersonic transport relative to current technology designs. The on-going

Phase III study will continue to refine and compare these two concepts, as well as evaluate
additional unconventional engine concepts.



One of the most promising improvements for these VCE concepts is a potential noise bene-

. fit associated with two-stream coannular nozzles. This potential benefit may eliminate the
need for mechanical jet noise suppressors which could cause significant penalties to these
engines and to the overall system. If further evaluation of this coannular noise benefit
indicates these engines do require suppressors, they would be applied to the outer exhaust
stream only, thereby simplifying the suppressor design and reducing the associated penalties.
Based on this jet noise improvement plus additional advanced technology features, the
Phase Il study results indicate these VCE concepts may reduce sideline jet noise by approxi-
mately 10 EPNdAB relative to current technology supersonic engines. In addition, they have
the potential to improve the economic characteristics of supersonic transports by significant
reductions in the airplane design size for a fixed payload, or by increasing the design range.
The improvements projected for these advanced engines are based on several critical tech-
nology requirements, including: a high performance nozzle with low jet noise; primary and
duct-burner configurations designed for low emissions; variable geometry components in-
cluding a near-sonic inlet for noise control, a variable fan, and variable area nozzles; high
temperature materials and cooling systems for the hot sections of these engines; an inte-
grated electronic control system; and numerous features associated with integrated propul-
sion systems. Programs are recommended in Section 4.0 of this Final Report for each of
these critical technology areas.



CONCLUSIONS AND RECOMMENDATIONS
GENERAL PROGRESS

Significant progress has been made in the Phase II parametric variable cycle engine refine-
ment and integration studies.

Typical progress is shown in Figure 1 for several representative Variable Stream Control
Engine (VSCE) concepts. In this curve, the evolution of VSCE concepts is plotted in terms
of relative airplane design range versus the date when the engine was defined. This VSCE
concept was derived from the duct-heating turbofan engine defined parametrically in the
Phase I study. For comparison with other engine concepts, the range in Figure 1 has been
normalized relative to the VCE-101 engine concept shown in Figure 2. Each engine in
these figures is sized to meet FAR Part 36 sideline jet noise levels without jet noise suppres-
sors. Also, all of these engine definitions are based on consistent levels of advanced
technology. Figure 1 indicates that the best VSCE concept (502B) resulted in a 20%
improvement over the Phase I engine (C-D).

Figure 2 shows the progress made for several representative valved Variable Cycle Engine
(VCE) concepts. In this curve, the evolution of valved VCE concepts is shown as a range
improvement relative to a representative single front-valve definition (VCE 101 from the
Phase I parametric study). This is the same reference engine used in Figure 1. As shown in
Figure 2, the best VCE concept evaluated in this Phase II study is the single rear-valve VCE
(112B), and hds a 40% range improvement over the Phase I valved engine concept.

A range comparison of the two most promising VCE’s is shown in Figure 3. This curve com-
bines Figures 1 and 2, and shows the relative range comparison for these engine concepts at
the completion of this Phase II study. This comparison is somewhat premature in that the
rear-valve VCE concept, because it was defined late in this study, has not received the level
of parametric study and the same degree of refinement that the VSCE concept has. Both of
these VCE concepts will be evaluated further in the follow-on Phase III propulsion system
studies.

POTENTIAL IMPROVEMENTS RELATIVE TO CURRENT TECHNOLOGY ENGINES

One of the most promising improvements for these Variable Cycle Engines is a potential jet
noise benefit associated with two-stream coannular nozzles. P&WA has conducted a test
program under NASA sponsorship (NAS3-17866) to evaluate the jet noise characteristics

of coannular nozzles with and without jet noise suppressors. Static test data indicates a
significant reduction in jet noise (7 to 9 EPNdB) for unsuppressed coannular nozzles which
have a velocity profile of the type shown in Figure 4. This noise benefit is a result of a
mixing and momentum exchange process of the high velocity bypass stream with ambient air
along the outer surface and with the lower velocity primary stream along the inner surface.
With the relatively small height of the bypass stream, mixing of the high velocity stream with
ejector air and with the lower velocity engine stream is readily accomplished. The net effect
is equivalent to an increase in bypass ratio and a lower jet velocity for the bypass stream,



resulting in reduced jet noise. This potential jet noise benefit may eliminate the need for
mechanical jet noise suppressors which could cause significant penalties in terms of

weight, performance and overall complexity to the nozzle and reverser system. If a sup-
pressor is required, by using the same velocity profile shown in Figure 4, it would only -
have to be applied to the bypass stream. Penetiation of the engine stream is not required.
This yields a much simpler suppressor design, with an attendant reduction in weight and
performance penalties. The next phase in evaluating this potential coannular jet noise bene-
fit is to determine the noise and performance characteristics at conditions that simulate
take-off flight velocities. Work has been initiated on this next phase and results are expected
to be available during the first quarter of 1976.
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Figure 4 Coannular Nozzle Velocity Profile

Applying this potential noise benefit of coannular nozzles to the VSCE concept, the relative
range is improved another 10% as shown in Figure 5. This improvement is brought about
by being able to scale the engine to a smaller size while holding jet noise constant. As
shown by the slope of the top arrow, the coannular noise benefit is more potent for the
502B engine than for the 502. This is because the performance improvements in the
refined B engine enable it to be sized for a smaller airflow. The coannular noise benefit
enhances the performance of the 502B engine so that a smaller size is more optimum for
both FAR Part 36 jet noise and installed performance. Expressing this potential noise
benefit in terms of reduction in jet noise, Figure 6 compares 90 EPNdB noise contours for
the VSCE-502 engine during take-off. Each of the three noise contours in this figure is for
a fixed engine and airplane size (constant Take-off Gross Weight [TOGW]). The top curve



shows the contour corresponding to full-power take-off without suppression of any type
and without the coannular benefit. This contour was estimated by applying the SAE jet
noise prediction procedure. The middle curve is for the same power setting but adjusted
for the coannular noise benefit based on static test data. The contour area is reduced to
one-third. The bottom curve shows a further reduction to one-fourth the area. This is
provided by the coannular noise benefit combined with power cut-back during climb-out
to reduce community noise. In concept, this noise benefit can be applied to the rear-valve
VCE as well as the VSCE. However, when the inverse velocity profile shown in Figure 4
is applied to the high core flow of the rear-valve VCE, the reduction in specific thrust may
require oversizing this engine. Evaluation of this noise benefit for the rear-valve engine con-
cept will be conducted in the Phase III follow-on propulsion system study.
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As an indication of the overall potential improvements provided by these advanced VCE’s
relative to current technology 1st generation SST engines, Figure 7 shows a curve of TOGW
vs. sideline noise. The data in this curve is based on a fixed level of airplane technology and
shows the impact when going from current technology unsuppressed engines to the advanced
technology VCE’s with the coannular noise benefit. The potential benefit is expressed in
Figure 7 as a 20% reduction in TOGW and an 8 EPNdB reduction in sideline jet noise.

VCE's relative to 1st generation SST engines

900
1st GENERATION
SST ENGINES
{UNSUPPRESSED)
8001
TOGW
1000 LBS
700
(COANNULAR NOISE BENEFIT)
600 1 1 1 | )
-10 -5 FAR 36 +5 +10 +15
SIDELINE JET NOISE ~ EpNdB
Figure 7 Potential Improvements of Variable Cycle Engines Over First-Generation
SST Engines

Another assessment of the potential benefit from these advanced VCE’s is shown in

Figure 8. This curve includes advanced supersonic airplane technology (aerodynamic, struc-
tural and materials) in addition to the advanced VCE concepts. Relative total operating cost
is plotted vs. noise level for 1st generation SST’s, advanced supersonic transports with VCE’s,
and current wide-body subsonic transports. A 40% reduction in total operating cost plus a
10 to 13 EPNdB reduction in jet noise level is projected for advanced supersonic transports
relative to Ist generation SST’s. As indicated, the benefits of supersonic flight may be ob-
tained with the same noise characteristics as current wide-body transports, and with only
slightly higher total operating costs.

MOST PROMISING ENGINES
Cycle, weight and dimensional characteristics of the two most promising VCE concepts are

listed in Table I. Figure 9 shows a flowpath of the Variable Stream Control Engine
(VSCE-502B) and Figure 10 shows the rear-valve Variable Cycle Engine (VCE-112B).



TABLE1

CHARACTERISTICS OF THE MOST PROMISING PHASE II ENGINES

Variable Stream Rear-Valve Variable
Control Engine Cycle Engine
(VSCE-502B) (VCE-112B)
Fan Pressure Ratio 3.3 5.8
Bypass Ratio 1.3 2.5
Overall Pressure Ratio 20:1 25:1
Total Corrected Airflow ~Ib/sec 900 900
(kg/sec) (405) (405)
Maximum Combustor Exit Temperature
Primary Burner ~°F 2800 2800
O (1540) (1540)
Duct Burner ~°F 2500 1900
(°0) (1370) - (1040)
Engine Weight 1b 10500 11450
(kg) 4750) (5200)
Engine and Nozzle/Reverser Weight 1b 13400 . 13500
(kg) (6200) (6300)
Overall Length of Engine and.Nozzle ~in 266 305
(m) (6.80) (7.70)
Maximum Diameter ~inA 88 82
(m) (2.23) (2.08)
VCE-112B

“TWIN TURBOJET MODE”
SUPERSONIC OPERATION

DUCT BURNER ON T

DUCT BURNER OFF

SUBSONIC CRUISE OPERATION
“TURBOFAN MODE"

Figure 10 VCE-112B Rear-Valve Variable Cycle Engine
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Some key features of the VSCE-502B concept are:

Variable geometry components provide the operating flexibility for low noise
operation as well as high performance for subsonic and supersonic cruise.

An inverse throttle schedule control for the main burner and a compatible control
schedule for the duct-burner provides the operating flexibility to meet take-off
noise levels and to provide low TSFC at subsonic and supersonic cruise.

The reoptimized cycle with reduced bypass ratio gives improved supersonic TSFC
by reducing the level of augmentation required for supersonic cruise.

Incorporation of high performance coannular nozzles offer a potential noise
benefit when the bypass stream has a higher velocity than the core engine stream.

Main burner aﬁd duct-burner configurations based on experimental combustor
concepts tested in the NASA/Pratt & Whitney Aircraft Experimental Clean
Combustor Program (NAS3-16829) reduce engine exhaust emissions.

The high-performance nozzle system is integrated with a targetable thrust reverse.

Advanced materials are incorporated throughout the engines, especially in the
engine hot section. :

A structural nacelle provides independent support for the inlet, engine, nozzle
and reverser systems. '

Some key features of the rear-valve VCE-112B concept are listed below. In addition, this
valved engine also incorporates most of the key features listed for the VSCE-502B.

This engine has two modes of operation: (1) the “twin turbojet’ mode which is
achieved by using the rear valve to invert the two streams when the duct-burner
is operating and (2) the “turbofan’ mode which is used for part-power operation
such as subsonic cruise when the duct-burner is not operating. In the “turbofan”
mode, the rear valve mixes the two engine streams and passes them through the
rear turbine. This preserves the airflow match in the rear turbine and yields high
turbine efficiency for part-power subsonic cruise operation.

The “twin turbojet” mode can be accomplished with only one valve. This
capability previously existed only in the heavier dual-valve VCE’s.

Total engine airflow is not affected by the rear-valve position as it is by the valve

position in front-valve VCE concepts. Climb airflow and thrust are therefore not
reduced when the engine is switched to the “twin turbojet’’ mode of operation.
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® At takeoff, the engine achieves low jet velocities by operating in the intermediate
temperature (1900°F duct-burner exit temperature) “twin turbojet” mode. The
primary burner can be throttled independently to balance the jet noise between
the coannular streams.

'®  Locating the duct-burner ahead of the valve results in a decreased engine length
(relative to the dual-valve VCE configurations).

®  The high bypass ratio (2.5) reduces the gas generator weight to help offset the
weight of the valve and rear turbine assembly.

®  The duct-burner thrust efficiency is high because the temperature profile is flattened

due to attenuation as the profile passes through the valve and rear turbine
assembly.

®  The supersonic TSFC and thrust characteristics of this rear-valve VCE are similar
to a turbojet — they both have relatively flat TSFC characteristics over a range of
thrust levels.

OTHER ENGINES

Other engines studied in Phase II were dual-valve VCE concepts, single front-valve concepts,
and Low Bypass Engines (LBE’s), with and without afterburning.

None of the dual-valve VCE Concepts evaluated in Phase II is competitive, primarily because
of their inherent complexity and excessive weights. These penalties offset the supersonic
TSFC advantage of these dual-valve concepts which is provided by converting to the turbo-
jet cycle. No further evaluation of dual-valve VCE’s is recommended for advanced super-
sonic transports. This recommendation is based on the extensive parametric studies and on
the optimistic projections of unique technologies for these dual-valve engines.

Single front-valve VCE concepts cannot provide sufficient variation in bypass ratio to
improve supersonic TSFC and still retain the advantages of turbofan engines, especially
their low weight and low noise. All of the front-valve VCE concepts suffer from a 30%

or more reduction in total engine air flow when shifting from the high to the low bypass
mode. This shift occurs when going from subsonic to transonic climb. The thrust loss
resulting from this airflow reduction causes an extended climb time and related penalties
in TSFC during climb and at supersonic cruise. The potential benefit of redefining these
engines for higher airflow schedules for supersonic operation was investigated. The weight
penalties associated with high-flowing were found to offset the performance gain. It should
be noted that the rear-valve VCE-112B concept was defined to overcome the disadvantages
related with this flow reduction. No further evaluation of single front-valve VCE’s is
recommended for advanced supersonic transports.
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Low bypass ratio (<0.5), mixed-flow turbojet engines have approximately the same super-
sonic TSFC levels as the most promising VCE concepts. However, the high weight and poor
subsonic TSFC characteristics, plus the dependence of these engines on high levels of jet _
noise suppression, make the turbojet family of engines less competitive than the VSCE and
VCE concepts.

CRITICAL TECHNOLOGY REQUIREMENTS

Critical technology requirements that are common to the two most promising Variable Cycle

Engines are:
®  Low noise, high performance coannular nozzle*
® Low emissions duct-burner*
®  Variable geometry multi-stage fan *
®  Low emissions primary burner
®  Hot section technology
C - birectionally solidified eutectic blades

~  Ceramic vanes, endwalls and tip seals

—  High creep strength disk material

—  Active tip clearance control system

~  Oxide dispersion strengthened bumner liner materials
®  Full-authority electronic control system
®  Variable geometry low-noise inlet
e  Propulsion system integration features

Additional critical technology requirements that are unique for the rear-valve VCE concepts

are:

Rear Flow Inverter Valve
Rear Turbine

Nozzle/Ejector System

* Emphasis on unique technologies
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RECOMMENDATIONS

Recommendations for further studies and technology programs:

14

Continue Propulsion System Studies, concentrating on further refinement and
preliminary design studies of the most promising Variable Cycle Engines

Continue Joint Engine/Airframe Integration Studies for the most promising
engine concepts. These integration studies should focus on structural nacelle
concepts, inlet/engine aerodynamic compatibility, nozzle and reverser systems,
thermal management, advanced accessories and drive systems, and an integrated
engine/airplane electronic control system

Continue or start research and technology programs for the most critical
propulsion system requirements

Start planning a Variable Cycle Engine demonstrator program. A building-block
approach is considered to be most effective as this will allow each critical tech-
nology to be demonstrated in an engine as individual research and technology
programs provide the foundation for the design of each unique component.



1.0 INTRODUCTION

The National Aeronautics and Space Administration (NASA) is engaged in a study of the
application of advanced technology to long-range, supersonic, commercial transport aircraft
with emphasis on reduced noise and emissions and improved economics. The NASA
Langley Research Center is conducting an overall Supersonic Cruise Airplane Research
(SCAR) Program. In parallel, the NASA Lewis Research Center is conducting Advanced
Supersonic Technology (AST) Propulsion Studies and technology programs. As part of this
overall program, P&WA has been conducting advanced supersonic propulsion studies under
contract NAS3-16948. The overall objective of this study contract is to identify technology
programs necessary to provide a sound basis for design and possible development of an
advanced supersonic propulsion system. This information will be needed to permit sound
judgement if a decision is eventually to be made to proceed with an advanced supersonic
transport.

1.1 BACKGROUND

In Phase I of these AST propulsion studies)*, a broad spectrum of conventional and uncon-
ventional propulsion systems were studied over a wide range of cycle variables. The
conventional engines included the non-afterburning turbojet, the afterburning turbojet, the
duct-heating turbofan and the afterburning turbofan. The unconventional engines included
variable cycle concepts of the series/parallel type which provide the capability to vary
bypass ratio, the augmented wing concept, the auxiliary engine concept, and the turbofan
ramjet. Two technology levels were projected and evaluated: 1975 and 1980 technology.
These technology levels were defined as engine component technology that can be demon-
strated by the indicated time period and then committed to an engine development program
for certification by the late 1980°s or early 1990’s.

The P&WA Phase I Study showed that noise constraints have a major impact on the selection
of the various engine types and cycle parameters. Several promising advanced propulsion
systems were identified as having the potential of achieving low noise levels and emissions
with better system economics than the first generation SST systems. The non-afterburning
turbojet, utilizing a high level of jet noise suppression, was determined to be a competitive
engine around the FAR 36 noise level. The duct-heating turbofan with a low level of jet
suppression in the bypass stream was the most attractive engine for the noise level from
FAR 36 down to minus 5 EPNdB. The series/parallel Variable Cycle Engine concept was
competitive in this same noise range and was considered to have the potential of possibly
lower noise levels with moderate penalties. Afterburning turbofans were found to have
TSFC and weight penalties that were significantly higher than the other types of engines.
They were, therefore, eliminated as candidate AST engines.

This Phase I study also showed that an advanced supersonic commercial transport would
benefit appreciably from the application of advanced engine technology. These benefits can
be realized in terms of improved system economics, lower noise levels, and reduced emis-
sions. In addition to recommending research and technology programs in several critical
engine component areas, the Phase I study was concluded with the recommendation that

*Numbers in parenthesis refer to references listed in List of References on Page No. 193.
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the evaluation and comparison of the most promising engine concepts be continued. These
study recommendations emphasized the need for integrated airplane propulsion system
evaluation as well as refined parametric studies and preliminary design of the most promis-
ing selected engines.

In parallel with this P&WA Phase I study, Boeing had conducted preliminary definition and
evaluation studies of unconventional engine concepts which incorporated a unique flow
control valve, called an Annulus Inverting Valve (AIV) to change the bypass ratio of an
engine. Preliminary Boeing assessment of these engine concepts, called Multi-Cycle Engines
(MCE’s), were found to provide significant potential improvements in airplane design range
and off-design performance characteristics relative to conventional technology engines.
NASA awarded P&WA a contract to continue the AST propulsion studies including the
refinement of these single- and dual-valve MCE concepts defined by Boeing. P&WA subcon-
tracted a portion of this follow-on study to Boeing to conduct parametric airplane integra-
tion studies of these unconventional engine concepts.

While Phase I consisted of broad parametric studies of a wide variety of engine concepts, the
follow-on contract, herein referred to as Phase II, was a more concentrated parametric study
including refined cycle studies, airplane integration studies and initiation of preliminary
design of the most promising engines.

1.2 DESCRIPTION OF PHASE Il STUDY TASKS

The results of the P&WA Phase I AST propulsion study and the Boeing definition of Multi-
Cycle Engine Concepts provided the initial input to the Phase II study program. The
specific objectives of Phase II were to define, evaluate and compare conventional and
Variable Cycle Engine (VCE) concepts with emphasis on environmental characteristics
(noise and emissions) and economic factors (TSFC, TOGW, DOC and ROI); provide engine
definition to NASA and the airframe contractors involved in the SCAR program; conduct
parametric airplane/propulsion system integration studies (Boeing was the subcontractor for
this integration study); and identify unique critical technology requirements and recom-
mend follow-on programs.

The following Tasks were conducted to meet these program objectives:
Task VIl — Concentrated Parametric Studies

Task VII was a concentrated parametric study which provided refined engine definition for
the attractive propulsion systems identified in the broad parametric studies of Phase I. This
task also extended the unconventional engine studies to include further single and dual-
valve Variable Cycle Engine (VCE) configurations. The overall objective of this work was to
improve the engine cycles and configurations with respect to performance, noise and emis-
sions. Engine definitions were based on advanced technology projections which were
considered appropriate for demonstration by 1980 and could be incorporated in an engine
going into operation around the late 1980’s or early 1990°s. This same level of advanced
technology was used for all of the other Phase II Tasks.
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Estimates of engine performance, noise, weight and dimensions were made for a variety of
cycle parameters for each type of engine. Engine performance and vehicle system screening
studies were conducted utilizing this engine data to select the most attractive cycles. For
the selected configurations, more complete engine performance and installation data was
generated and released to NASA-Lewis, NASA-Langley and associated SCAR airframe con-
tractors in the form of data-packs.

Task VIiI — Unique Components

Conceptual design and analysis were conducted in Task VIII for several of the unconven-
tional engine components which were either unique to the candidate propulsion systems
being studied or were essential to minimize the pollution and noise characteristics. This
conceptual design and analysis work was conducted to establish preliminary feasibility of
these unique engine components, to elevate the level of definition of unique components to
be closer to that of the more conventional components used in the parametric system
studies, and to identify the advanced technology requirements for these unique engine com-
ponents. The unique components selected for conceptual design and analysis in Task VIII
were: flow diverter valves required by the VCE concepts; the third turbine assembly that

is a critical component of dual-valve and single rear-valve VCE concepts, engine support and
structural concepts for Low Bypass Engines, Variable Stream Control Engines, and valved
VCE concepts; and nozzle/reverser/suppressor concepts.

Task IX — Military Application of Variable Cycle Engines

One of the greatest potential benefits of Variable Cycle Engine (VCE) concepts is their
flexibility to meet a wide range of opérating conditions and varied missions without the
off-design penalties associated with conventional engines. The application of VCE concepts
developed in the Phase II parametric studies to various military missions was evaluated in
conjunction with NASA studies. Because of the restricted nature of this type of evaluation,
this report does not include a summary of Task IX.

Task X — Preliminary Design

From the Task VII parametric studies and the Task XIII parametric airplane integration
studies, the Variable Stream Control Engine (VSCE) was identified as one of the most
promising concepts and was selected for preliminary design in Task X. Because this task was
a limited effort, the preliminary design studies concentrated on the unique features of the
VSCE. These included a high-pressure turbine disk structural and material evaluation, a
review and refinement of the unique component designs to incorporate refined technology
definitions, the engine rotor support and bearing arrangements, a maintainability concept,
and engine/airplane installation definition.

As Task X preliminary design was being conducted, the Task XIII integration studies were
also in progress to improve and refine valved VCE concepts. Late in Phase II, the single
rear-valve VCE configuration was identified as the best valved engine concept evaluated in
these studies. Further evaluation and refinement of this rear-valve VCE concept are

planned for the follow-on Phase III study contract, including the possibility of a preliminary
design effort, along with the continuation of the VSCE preliminary design studies.
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Task XI — Critical Technology Requirements and Program Recommendations

Realization of the environmental and economic improvements that are described in this
report is contingent on substantial research and technology programs in several critical areas.
In Task XI, critical technology requirements were identified for the most promising engine
‘concepts. Also, program recommendations were made to continue or initiate research and
study programs in these critical areas.

Task X1l — Technology Comparison

The most promising AST engine concepts defined in Phase II were compared with first
generation supersonic transport engine configurations in Task XI. The purpose of this task
was to identify the technology required by the candidate AST engines to reduce noise and
emission levels and to improve system economics. Because of the proprietary nature of
these technology comparisons, this final report does not contain the results from Task XII.

TASK XIHI — Parametric Airplane/Propulsion System Integration and Variable
Cycle Engine Refinement Studies

This task evaluated in a parametric manner the broad influence that the airframe and
nacelle designs have on the desirable features of the most promising engine concepts. Candi-
date engine concepts were identified, the effects of major perturbations in the mission and
in the design of the engine and airframe were evaluated and potential performance benefits
of VCE’s were determined by comparison with conventional engine cycles. Boeing sup-
ported this study task in a subcontractor role.

Vehicle system and mission groundrules were established which permitted the evaluation of
data pack engines in a consistent manner in order to identify the propulsion systems that
have the greatest potential to reduce noise and combustion emission levels and also to pro-
vide improved characteristics for the overall airplane system. Results from these integration
studies led to the selection of two engine configurations for refined definition and further
integration studies: the Variable Stream Control Engine (VSCE) and the single rear-valve
Variable Cycle Engine (VCE). The rear-valve VCE concept combines the best features of
the Variable Stream Control Engine and the dual-valve VCE concept. Refinement studies
were conducted to improve the cycle and inlet/engine matching characteristics and the
mechanical and aerodynamic configuration of these two selected engines. Engine perfor-
mance and installation data were generated and released to NASA and associated SCAR
airframe contractors in the form of data packs for these two refined engines. Vehicle sys-
tem integration studies were conducted by Boeing and P&WA including refined pod
definitions, vehicle system performance, emissions and noise estimates.

In addition to the vehicle system evaluation of these engine configurations, the system
sensitivity to perturbations in the mission, airframe and engine designs was evaluated. These
studies included the effect of take-off field length, supersonic cruise Mach number, different
vehicle plan forms such as the delta wing and the arrow wing/blended body aircraft and
propulsion system pod shapes and locations.
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2.0 STUDY PROCEDURE

The interrelationship of the seven Phase II tasks described in the Introduction (Section 1.0)
is shown schematically in Figure 2-1. Also shown is the relation of the Phase II study to

. Phase I and to the follow-on Phase III study effort. The broad parametric studies of Phase I
provided the foundation for the more detailed studies in Phase II. Likewise, Phase III will
include further refinement and system integration studies based on the results of the

Phase I studies.

As shown in Figure 2-1, Tasks VII through XIII were not independent tasks but supported
each other. The effort under Task VII, which consisted of screening and detailed parametric
studies of the most promising Phase I engines plus additional concept definitions, provided
input to the design studies (Tasks VIII and X) as well as input for the formulation of data-
packs which were provided to NASA and related SCAR airframe contractors. Task VII also
provided the basis for the Task IX engine definitions (Military Applications) and for Task
XIII (the Airplane Integration studies). The design tasks (VIII and X) along with Tasks IX,
XII and XIII provided the basis for Task XI (identification of critical technology require-
ments and related program recommendations).

The various study methods and groundrules employed in the Phase II study will be outlined
in this section. The study procedures used in this program were not task dependent but
were generally used throughout the total study effort, the format of this procedural section
is by study discipline rather than by study task. Since the vehicle systems study procedures
used by P&WA and Boeing varied slightly, both are presented.

AD PARAMETRIC
BRORD kA PHASET
STUDY
TASKSI- 1T (1972 - 1973)
Y 1
CONCENTRATED
PARAMETRIC STUDY DESIGN STUDIES -
TASK YIL
7 « UNIGUE COMPONENTS
- CONCEPTUAL DESIGN PHASE IL
Y STUDY
REFINED ENGINE TASK ¥II
MILITARY APPLICATIONS INTEGRATION STUDY| {1974 - 1875)
TASKIX TASK X  PRELIMINARY DESIGN
TECHNOLOGY ; TASKX
COMPARISONS TECHNOLOGY
PROGRAM
TASK XI RECOMMENDATIONS
TASK XT :
I PHASE IIL
FOLLOW-ON STUDY H
AND sTUDY
(1975 - 1976}
RELATED TECHNOLOGY PROGRAMS
Figure 2-1 Interrelationship of Propulsion Study Tasks
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2.1 GROUNDRULES

The groundrules for the Phase II study were defined by NASA-Lewis after discussions with
NASA-Langley and the airframe and engine contractors. Figure 2-2 is a listing of the ground-
rule parameters. As shown in this figure, the evaluations covered a range of engine, airplane

and environmental parameters.

AIRPLANE DESIGN

FLIGHT MAGH NO.
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Figure 2-2 AST Study Ground Rules

2.2 P&WA STUDY PROCEDURES
2.2.1 Technology Projections

Engine component configuration and performance definitions were based on propulsion
system technology projections which were considered appropriate for 1980 and could lead
to operational capability for commercial engines in the late 1980’s to early 1990’s. The
technology projections included engine materials, component aerodynamic loadings, com-
ponent performance (efficiencies and pressure losses), mechanical arrangements, and

unique component definitions. These component technology projections provided the
basis for defining the various types of engines including performance, dimensions, and
weight estimates necessary to evaluate each engine concept. Section 3.1 .2 summarizes these
technology projections.

2.2.2 Engine Performance
Engine performance was estimated for a range of cycle parameters for each type of con-

ventional and unconventional engine concept. These estimates incorporated the component
performance based on the advanced technology projections. '
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Cycle studies were conducted to compliment Phase I parametric studies in order to select
specific engine cycles for further study in Phase II. Each type of engine concept was
evaluated with respect to changes in cycle parameters such as bypass ratio, fan pressure
ratio, overall pressure ratio and burner temperature schedules. Each type of engine was
screened based on engine performance and estimated system characteristics (TOGW and jet
noise). For each concept, the combination of cycle parameters was selected to produce the
best performance with minimum sideline jet noise. For engines with separate nozzle streams
(VSCE’s and valved VCE’), this was achieved by balancing the primary and duct stream jet
velocities. The mixed-flow Low Bypass Engines (LBE) were defined with the additional
requirement of a static pressure balance between the primary and bypass streams.

The engine concepts were evaluated for Mn 2.4 supersonic cruise operation, which repre-
sents an intermediate Mach number between the Mn 2.2 to 2.7 supersonic cruise range being
evaluated. Baseline inlet characteristics, including airflow schedule and pressure recovery,
assumed for this study were those of a representative Mn 2.4 inlet. This inlet is an axisym-
metric, mixed compression, variable geometry configuration. Selected engine cycles were
also evaluated for the impact of different inlet airflow schedule on engine performance and
system characteristics.

The method used to determine nozzle performance accounted for the most important
internal and external nozzle performance parameters. The aerodynamic characteristics of
the exhause nozzle were approximated by using a computerized procedure which trades
internal nozzle performance against external drag to produce the best overall performance.
Internal nozzle performance includes such effects as flow profile, internal friction, shock
and divergence losses. . External drag includes the effect of nozzle boattail angle only. i
Selection of the appropriate nozzle geometry, such as the flap lengths, areas and angles, was
based on preliminary nozzle design layouts. These layouts emphasized the basic nozzle re-
quirements of a supersonic transport system; supersonic and subsonic TSFC, jet noise and
thrust reversal.

In order to optimize engine performance between the subsonic and supersonic cruise con-
ditions and to minimize jet noise at take-off, the effect of engine throttle schedules and
variable geometry was evaluated. The variable geometry included variable fan stators,
variable high-pressure compressor stators, variable turbine vanes and variable exhaust
nozzles.

2.2.3 Engine Dimensions and Weight

An engine configuration was established for each of the selected cycles evaluated in the
systems studies. This engine configuration provided engine dimensions and was used as the
basis for weight estimates.

Engine configurations were defined by constructing an engine flowpath consisting of the
various engine components. Each engine component, such as the compressor, burner, tur-
bine, etc., was configured for consistency with the cycle characteristics (i.e., pressure ratio,
airflow, etc.) and the advanced technology projections for that particular component. This
resulted in a component definition which included such items as the number of stages,
component lengths and diameters, materials, rotor speeds, diffuser lengths, combustion
lengths, valve diameters and lengths, and engine support arrangements.
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The engine weight estimating procedure utilized in this study consisted of a component by
component weight estimate. The weight for each engine component was estimated based on
the component flowpath definition, the advanced materials, temperatures, pressures and
stress levels. This procedure is superior to alternate techniques, such as overall engine weight
correlations with cycle parameters, since it accounts for specific dimensions, rotor speeds,
pressures, temperatures, materials and technology for each unique component for each
engine configuration.

An engine installation drawing was generated for the configurations selected for data pack
definition. The installation drawing provided the engine and case dimensions, engine mounts,
engine center of gravity, accessories and tower shaft location. This drawing was based on

the flowpath definition, nozzle area requirements and actuation and control systems
requirements.

Dimension and weight scaling data were also provided to permit scaling the engine to sizes
other than the base definition which corresponded to a total engine airflow of 900 lb/sec
(408 kg/sec).

2.2.4 Noise

Jet noise has been identified as the dominant noise problem of the first generation, conven-
tional SST engines. In this Phase II study, preliminary screening and the comparison of
parametric engines were made on the basis of sideline jet noise using the SAE AIR 876
estimating procedure, with flight effects allowed for by using relative jet velocity. After the
initial screening, a more complete noise analysis was conducted for selected engines repre-
senting each type of conventional and unconventional engine.

Jet noise predictions were based on proposed revisions to the SAE AIR 876 procedure dated
October, 1973, and an extension of this procedure above 2200 ft/sec (670 m/sec) using
P&WA turbojet noise data. This procedure includes: data for estimating jet noise directivity,
a variable density correction exponent and a jet temperature effect on jet noise spectra.
Although many studies are in progress throughout the aircraft industry to define jet noise
flight effects, no accepted prediction procedure is in general use at this time. Therefore, the
baseline jet noise calculdtions summarized in this report were based on relative velocity. To
determine the sensitivity of other techniques for calculating flight effects, an alternative
procedure ( for estimating jet noise was evaluated.

Groundrules for the noise estimates calculated for the selected representative engines are:

® All sideline noise estimates were calculated assuming two engines were completely
shielded; i.e., only two engines contributed to sideline noise on a four engine
aircraft,

e et suppressor characteristics assumed in this study were based on DOT-SST
static model test results 3. Suppression levels included the effects of acoustic
treatment along the nozzle walls to absorb the high frequency noise generated by
the mixing process. -
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®  The noise benefit for coannular nozzles with inverted velocity profiles as measured
by P&WA in static model tests was applied to the selected engines having the
required nozzle configurations. Section 4.1 describes this coannular noise benefit.

®  Fan noise estimates are based on measured noise levels for the P&WA JT3D turbo-
fan. Measured noise levels were averaged to establish the data base for application
to the representative AST engines. Corrections were made to the JT3D fan noise
data to account for: blade passing frequency, fan diameter, fan loading, rotor-
stator axial spacing and the number of fan stages.

®  For each engine, a near-sonic inlet was assumed to have a 20 EPNdB reduction
in fan noise propagating from the inlet.

®  Acoustic treatment was applied to the bypass stream in the duct region behind the
fan assemblies. The level of acoustic treatment and the corresponding reduction
in fan noise propagating from the duct stream was calculated for each engine. The
duct length to height ratio was the geometric parameter correlating the amount of
treatment and the noise reduction. Corrections were made for flow Mach number,
passage height and treatment backing depth.

The results of these noise estimates are presented in Section 3.2.3.
2.2.5 Emissions

At the same time the Phase II studies were being conducted, P&WA was conducting another
NASA contract to evaluate emissions characteristics of experimental combustor configura-
tions for advanced gas turbine engines. This Experimental Clean Combustor Program
included an AST Addendum to measure emission characteristics of advanced combustor
configurations under simulated cruise conditions. The results of this experimental program
were applied to two selected engines at the end of the Phase II study. The results are
described in Section 3.2.4.

2.2.6 P&WA Airplane integration Procedure

Propulsion systems were evaluated using the systems analysis procedure shown schematically
in Figure 2.3. This analytical airplane and mission system performs the basic functions of
integrating the equations of motion, optimizing cruise altitude, iterating for determining
take-off gross weight, etc. The program is modularized and incorporates separate sub-
routines for calculating aircraft weight and geometry, engine size, aerodynamics, mission
profile, and economic characteristics. Among the unique features of this program is the
capability of optimizing power settings along the climb path to obtain maximum range.

This feature is particularly useful for augmented engines.
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Figure 2-3 Systems Analysis Procedure

2.2.6.1 Airplane Characteristics

The baseline airplane used in the P&WA engine evaluation is the NASA Langley Reference
Aircraft, as described in NASA CR-132374, Advanced Supersonic Technology Concept
Study Reference Characteristics. This is basically a modified arrow wing aircraft carrying
292 passengers with a design range of 4000 NM (7408 km). The NASA Reference Aircraft
has a TOGW of 762,000 lbs. (345600 kg), but for purposes of this study, the TOGW was
scaled to maintain constant range as propulsion system characteristics changed. An equation
defining airframe weight (OEW — Pod weight) as a function of TOGW and wing loading was
defined by NASA Lewis for parametric engine evaluation. Aerodynamic polars described in
NASA CR-132374 were modified for changes in pod drag from engine to engine, and
Reynolds Number changes with flight condition and airplane size. Inlet losses (spillage and/
or bypass drag, pressure losses, and boundary layer bleed), engine power extraction, nozzle
internal performance and nozzle boattail drag were considered to be thrust losses and
charged to engine performance. Nacelle external wave and friction drag were book-kept as
airplane drag and charged to airplane performance. The nacelle drag was calculated on the
basis of an isolated pod with no interference effects.

2.2.6.2 Key Engine Sizing Parameters

Three key parameters used throughout this study to relate engine and airframe size are:

Parameter* Related Condition
Airflow Loading (WAT2/TOGW) Engine Size
Thrust Loading (Fn/TOGW) Take-off Field Length
Specific Thrust (Fn/WATz) Jet Noise

*Defined at 200 knots (370 km/hr), sea level operation at standard day +10°C
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Engine size, as used in this report, refers to the engine corrected airflow. This corrected
airflow is normalized by dividing by the airplane take-off gross weight to determine relative
engine airflow size for the airplane. Airflow/TOGW is used as the engine size parameter
instead of thrust/TOGW, because most of the engines are not operated at their maximum
thrust capability at take-off, due to noise constraints, but are usually operated at their max-
imum airflow capacity. The range capability of the airplane is essentially a unique function
of WAT /TOGW parameter for a given engine type. The take-off field length capability is
related to the airplane thrust loading, i.e., take-off thrust/TOGW. The higher the thrust
loading, the shorter the field length. A value of Fn/TOGW = 0.275 (at STD + 10°C) was
estimated to satisfy the 10,500 ft. (3200 m) field length (at STD +15°C) and was therefore
used for this study.

Jet noise of an engine is directly related to its specific thrust (thrust/airflow) which is pro-
portional to an average relative jet velocity. By varying the power setting, an engine can
operate over a range of specific thrust and noise levels. Each engine has its own character-
istic jet noise vs. specific thrust relationship, but for a first approximation, engines tend to
have equal levels of jet noise when operated at equal levels of specific thrust.

These three parameters are related by the equation:

Fn/TOGW
WAT,/TOGW)

Fn/WAT, = P , for a 4 engine airplane.

For the given take-off field length capability (Fn/TOGW) and a given relative engine size
(W~AT2/TOGW), the operating specific thrust of each engine (Fn/WATz) and jet noise were
determined. For parametric screening, jet noise was determined using the engine’s charac-
teristic noise vs. specific thrust relationship.

2.3 BOEING STUDY PROCEDURES
Boeing supported the Phase II. studies in a subcontractor role by conducting parametric
integration studies in Task XIII. The baseline airplane used in these Boeing studies was a
delta wing configuration with four podded engines and a maximum taxi gross weight of
750,000 Ibs. (340,000 kg). The supersonic range capability was approximately 3500 NM
(6500 km) on a hot day using the same fuel reserve rules employed in the National SST
Program.
Aircraft range was determined with the following factors held constant:

®  Payload — 57,057 Ibs. (25,880 kg) (273 passengers)

® Maximum Taxi Gross Weight — 750,000 1bs. (340,000 kg)

e Cruise Mach Number —2.32 (Mn 2.4 on STD day)
®  Reference Wing Area — 7700 ft.2 (715 m?)

® OEW Minus Propulsion Pod Weight — 271,920 1bs. (123340 kg)

25



Engines were sized for maximum range with acceptable sideline noise (FAR 36 traded) and
a take-off field length of 12,400 ft. (3780 m) at sea level on a standard +15°C day. Figure
2.4 shows the all supersonic mission profile used to evaluate airplane performance and range
sensitivities.
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2.3.1 Propulsion Pod Definition

2.3.1.1 Pod Geometry

All the study pods were drawn to a well-established set of rules and constraints. These rules
and constraints provided a consistent means of defining the pod external lines for com-
parative purposes. The pod definition rules are shown schematically in Figure 2.5.

1. The boundary layer diverter height is 11 inches (0.30 m).

2. The intake centerline is parallel to the wing lower surface slope as measured at the
intercept of the Mach line at supersonic cruise.

3. The engine centerline is rotated with respect to the intake centerline in order to
raise the aft end of the pod as high as possible, without having the pod upper
surface interfere with the auxiliary spar.

4. The intercept of the intake and engine centerlines is aft of the rear end of the

fully retracted centerbody, and must not exceed an angle of 2.5°. This angle
limitation is based on distortion considerations of the airflow entering the engine.
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5. The nozzle centerline is rotated with respect to the engine centerline, to direct the
exhaust within 0.5° of the wing reference plane. This provides a near optimum
supersonic cruise thrust axis.

6. The intercept of the nozzle and engine centerlines is located as far aft as practical,
and must not exceed 6°, based again on engine distortion considerations.

7.  The minimum cowl depth is 3 inches (0.08 m) over the engine front frame, and
one inch (0.03 m) over the engine accessories gearbox.

8. In the side view, the lower surface is a straight line from the tip of the fully expand-
ed nozzle to the clearance point over the front frame or the gearbox, whichever
is controlling.
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Figure 2-5 Variable Cycle Engine Pod

Within these rules and limitations, individual judgments were exercised for each type of
engine to complete the geometry definitions. In all cases, the option existed to increase the
pod radial dimensions at any station, if it was shown to be beneficial. Exercising this option
was conducted separately for each engine.

2.3.1.2 Installation Technique
The baseline airplane has four independent propulsion pods mounted on the underside of

the wing near the trailixig edge. The inboard pod is located outboard of the main landing
gear truck. The landing gear doors are deployed to act as slush/debris deflectors in the gear
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extended position and thereby reduce the ingestion probability of foreign objects and slush.
The separation between inboard engine exhaust jet and horizontal tail was chosen to elim-
inate the exhause jet impingement on the stabilizer surface during high angle of attack flight
maneuvers. The probability of mutual intake unstarts was reduced by providing a lip-to-lip
spacing of about 1.8 diameters between inboard and outboard pod and by providing an
unstart fence between intake pairs. The airplane stability and control system was designed
to handle a mutual intake unstart in conjunction with an engine failure.

The propulsion pods were installed with their maximum diameter sections as near the wing
trailing edge as possible to obtain the most favorable interference drag. Aft locations, while
favorable to drag, cause other configuration problems such as longer landing gear and com-
pound the airplane aft center of gravity problem and adversely affect the wing flutter
characteristics. Figure 2.6 shows why the pod location affects gear weight and the space
required for gear stowage. Ground clearance criteria for the engine nozzle hardpoint were
observed for all normal aircraft attitudes.
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Figure 2-6 Effect of Engine Installation on Landing Gear Length

2.3.1.3 Pod Drag
The installed nacelle drag buildup consisted of the following components:

1. Isolated Nacelle Wave Drag — Knowing the installed pod geometry, the installed
drag was calculated using established methods. A modified Lighthill theory was
used for calculating isolated wave drag. This method gives good agreement with
test data for a wide variety of body shapes including bodies with discontinuities in
surface shape such as nacelle boattail.

2. Wing-Nacelle Thickness Interference Drag — This drag component is caused by the

interference between the nacelles and a thick uncambered wing at zero incidence
and calculated using a modification of the supersonic area rule.
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3. Wing-Nacelle Lift Interference Drag — The lifting interference was determined
using Whitham’s theory to calculate the pressure field of each isolated pod. The
presence of the thin cambered lifting wing and adjacent nacelles was then
accounted for. These effects included the drag of the nacelle pressures acting on
the wing camber surface and the drag acting on the nacelle due to the wing lifting
pressure. In addition, there was a reduction in drag due to lift because the pod-
induced lift enabled the wing to fly at a lower angle of attack. The nacelle shocks
and pressure were assumed to reflect away from the wing surface at adjacent
nacelles, the so-called “‘glance” method.

4.  Skin Friction Drag — Skin friction drag was calculated using a standard method
assuming flat-plate, adiabatic-wall, and turbulent boundary layer.

The complex spillage interference effects were not calculated in this series of parametric
studies. Drag calculations were made with the nozzle in the supersonic cruise position.

When the nozzle is not in the cruise position, the engine performance data included the boat-
tail effects.

The installed nacelle drags were included in the airplane drag polars. Installed nacelle drags
were calculated for an engine size of 900 1b/sec (408 kg/sec). Since the variation of drag _
with engine size is small, the 900 Ib/sec (408 kg/sec) drag data were used for all engine sizes.

2.3.2 Engine Performance

Uninstalled engine performance data were converted to installed performance data by
making any necessary corrections for differences in intake recovery and/or nozzle gross
thrust coefficient (CFG), and by including the effects of the intake excess air drags (bleed,
leakage, vortex valve, bypass and spillage).

The pod wave drag, skin friction, and lift/drag interference effects between the wing and
pod, that are associated with the basic supersonic cruise pod geometry, were not included in
the installed performance. These effects are included in the basic airplane polar definitions.
However, drag increments associated with nozzle geometry deviations from the supersonic
cruise position are included in the installed engine performance.

2.3.3 Noise Estimation Procedure

Prior studies on the National SST Program have shown that the jet dominated sideline noise
is the most difficult of the FAR 36 noise criteria to meet. Sideline noise was therefore
selected as the criterion for judging the relative merits of the various.types of engines being
evaluated.

The static to flight effects for high velocity jet has been a topic of considerable discussion.
The effects of forward speed on turbojets have been tested at Boeing in a wind tunnel and
with the F-86 airplane. These tests have shown the SAE ARP 876 relative velocity correc-
tions to be applicable to turbojets. Currently, wind tunnel tests are being conducted at
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Boeing for dual flow streams. Static model tests of coannular nozzle systems conducted by
P&WA indicate significantly lower noise levels than that predicted by SAE ARP 876. Since
these noise benefits have not been verified under forward velocity conditions, it was decided
to use the SAE relative velocity procedure to estimate the noise levels for the Variable Cycle
Engines until forward velocity effects on coannular nozzles have been established.

2.3.4 Airplane Performance Calculation

The method used in this study evaluates airplane performance with a step by step integration
of the equations of motion. Inputs to this method include atmospheric conditions, aero-
dynamic data, weight data, installed engine performance characteristics data and the mission .
profile. In most cases, it was necessary to adjust the climb power setting schedule to obtain
maximum range. Engine size effects on airplane performance were calculated by scaling
thrust, fuel flow, and installed engine plus pod weight from the 900 1b/sec (408 kg/sec)

- reference engine size. Incremental airplane performance was calculated for each leg of the
mission.
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3.0 RESULTS
3.1 PARAMETRIC STUDY

Performance studies conducted under Tasks VII through XIII of the AST Phase II study
were an extension of the Phase I parametric studies. The Phase I studies explored a broad
range of conventional and unconventional propulsion systems. The broad scope of the
initial study was made possible by applying general ground rules, assumptions and tech-
nology projections to each type of engine being evaluated. This general parametric approach
allowed numerous concepts to be evaluated effectively with minimum design definition.
The Phase II studies consisted of more detailed evaluation of the most promising engine
concepts identified in Phase I by applying special and unique refinements to the selected
engines.

The types of engines selected for more extensive parametric study were: Duct-Heating
Turbofans (which evolved into Variable Stream Control Engines); Low Bypass, Mixed-flow,
dry and afterburning Turbojets; and single and dual-valve Variable Cycle Engines. Each
engine concept was refined and re-evaluated with special consideration given to: supersonic
performance, jet noise, weight, dimensions, and installation characteristics.

3.1.1 Engine Descriptions
3.1.1.1 Low Bypass Engine (LBE)

Previous parametric studies have shown the turbojet engine to be competitive for super-
sonic cruise aircraft if a highly effective jet noise suppressor system with low pressure loss is
assumed. For an all supersonic cruise mission where the relatively poor subsonic cruise per-
formance of turbojets is not a major factor, and if a highly effective jet noise suppressor is
-applied to the single exhaust stream, the turbojet cycle appears to be an attractive super-
sonic transport engine. The turbojet studies conducted in Phase I were optimistic in that no
allowance was made for cooling either the nozzle or suppressor components.

Parametric evaluation of turbojets in Phase II accounted for this cooling requirement by
redefining the turbojet cycle. The resulting mixed-flow Low Bypass Engines (LBE) have
bypass ratios from 0.1 to 0.5 in which either some or all of the bypass flow is used for
cooling the nozzle/suppressor system. Figure 3.1-1 shows a schematic cross-section of a
typical advanced LBE concept. In addition to providing a source of nozzle/suppressor cool-
ing flow, the bypass stream improves TSFC. In fact, supersonic cruise thrust loss with
increasing bypass ratio becomes the limiting factor. For those engines where supersonic
climb and cruise thrust loss represented an engine sizing criteria, thrust augmentors in the
form of afterburners were added to improve climb and cruise thrust capability.

The family of LBE’s studied in Phase II were separateéd into two classes; those engines that
utilize a manifold and pipe bypass system (similar to the P&WA J-58 engine), and engines
that use an annular duct arrangement similar to that shown in Figure 3.1-1. The class for
each cycle was determined by the bypass ratio. For each engine class, component assump-
tions were assigned commensurate with the bypass system definition.
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Figure 3.1-1 Low Bypass Engine

Several suppressor concepts that are suitable for LBE’s have been tested in the SST-DOT
program and by various engine and airframe companies. The concept that has the highest
effectiveness in terms of noise reduction is the multi-tube design. For the Phase II evalua-
tion of LBE’s, advanced multi-tube suppressors were assumed. This multi-tube suppressor
configuration is applied to the entire nozzle stream and is stowable for climb and cruise
operation, Its noise and performance characteristics are shown in Figure 3.1-7.

3.1.1.2 Variable Stream Contro! Engines

The Variable Stream Control Engine (VSCE) is an advanced technology refinement of the
conventional duct-heating turbofan engine. Advanced technology being evaluated in these
and other Phase II parametric engines have resulted in significant improvements in perform-
ance relative to the initial definition of the duct-heating turbofan engines evaluated in Phase
I. A number of variable geometry and advanced technology components have been included
in the Variable Stream Control Engine concept shown in Figure 3.1-2 which evolved from
the Phase I turbofans. In addition to the variable geometry components shown in this figure,
a low-emissions, low temperature duct-burner, a low emissions primary burner which has a
unique throttle scheduling concept, and a coannular nozzle system constitute the basic com-
ponents of this engine. Some form of variable geometry turbine may benefit the VSCE.
However, at this time it is uncertain that the off-design performance improvement associated
with variable turbine geometry is sufficient to justify the complexity to the turbine design.

Changes in engine cycle and throttle schedule have significantly improved the supersonic
cruise performance and take-off noise characteristics of this engine. Figure 3.1-3 shows the
relation of three of the important system variables (supersonic cruise TSFC, engine weight
and take-off noise) to changes in bypass ratio and combustor exit temperature. The solid
circle represents a conventional turbofan cycle from Phase 1. The solid diamond locates a
representative VSCE concept. Note the significant improvement in supersonic cruise TSFC
while take-off noise remains essentially unchanged. To achieve the same noise level at the
lower BPR of the VSCE, the primary burner combustor-exit-temperature is reduced by
approximately 600°F (333°C) for take-off. Figure 3.1-3 also shows that the improved per-

formance is offset slightly by an increase in engine weight which results from the decreasing
BPR (larger gas generator).
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Figure 3.1-3 Variable Stream Control Engine Cycle Characteristics

One of the main advantages of the VSCE is its flexibility to take advantage of the noise
benefit associated with coannular nozzles or from other types of jet noise suppressors. Fig-
ure 3.1-4 shows that if the VSCE is designed without a suppressor, total jet noise can be
minimized by properly balancing the primary and bypass stream jet-noise levels. The top
curve, which represents the summation of the individual stream noise levels for an unsup-
pressed engine, shows that the total jet noise is minimum at the point where the fan-duct
and primary noise curves intersect. Stream velocities can be adjusted by changing the level
of duct-burning and by changing the primary burner power setting. In this manner, thrust
can be held constant while stream velocities are balanced to achieve maximum noise benefit
from the coannular nozzle or from a suppressor system applied to the bypass stream only.
As shown for two representative suppressors, it is possible that total jet noise can be reduced
from four to ten EPNdB with no change to the engine cycle or redesign of the engine con-
figuration. This flexibility makes the VSCE concept relatively insensitive to the somewhat
uncertain noise reduction characteristics of coannular nozzles and mechanical suppressors in
actual flight operation.
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Figure 3.1-4 VSCE Flexibility to Match Suppressor Characteristics

3.1.1.3 Valved Variable-Cycle Engine Concepts

Valved Variable-Cycle Engines (VCE) have the capability for major changes in BPR when
going from the design point to some alternate operating condition. Typically, this variation
is from a low BPR at supersonic cruise, to a higher BPR condition at take-off and subsonic
cruise. For these engines to be suitable for commercial operation, this variation in BPR must

be accomplished while maintaining acceptable performance, price, weight and installation
features.

Valved VCE concepts studied in Phase II were of two major types; single-forward valve
VCE’s and dual-valve VCE’s. Late in the study, a third concept, the single-rear-valve VCE
was evaluated. This rear-valve engine was a derivative of the VSCE and dual-valve VCE con-
cepts and is described in Section 3.2.

Single-Forward-Valve VCE'’s

One of the simplest methods for accomplishing a variation in BPR is to design a fan that has
the capability to accept wide variations in airflow and a corresponding turbine design with a
wide variation in work capability. However, fans and turbines operate at reduced efficiencies
over the wide range that is required. A more effective method to provide this cycle variation
is to design two fan assemblies to operate either in series or parallel. This requires some
form of valve to regulate the airflow between the fan assemblies. The two fans can receive
their airflow from a common inlet or from separate or auxiliary inlets. The same option

applies to the nozzles where either a common variable-geometry nozzle or separate nozzles
can be used.
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A cross-section of the single-forward-valve VCE concept with series/parallel fans is shown in
Figure 3.1-5. During low bypass ratio operation, for supersonic climb or cruise, the two fans
operate in series with the air from the first fan flowing directly into the second. For high
bypass ratio operation, required for low noise take-off and for subsonic cruise, the air from
the first fan is either ducted to a separate nozzle or mixed with air from the second fan.
Inlet air to the second fan is obtained by ducting it around the first fan into the second.
This parallel mode of operation significantly increases engine bypass ratio and total engine
air flow, and reduces the effective fan pressure ratio (and jet velocity) of the cycle.

AUXILIARY INLET F';UNT

TAKEOFF
Figure 3. 1-5 Single-Valve Variable Cycle Engine

In the Phase I studies, several variations of single-forward-valve VCE’s were evaluated. From
these early parametric studies, it was concluded that the single-forward-valve concept was
competitive for low noise levels and therefore should be evaluated further in Phase II. Be-
cause of the similarity between these engines and the VSCE concept, many of the features
described for VSCE’s apply equally to the single-valve VCE.

Dual-Valve Variable-Cycle Engines (VCE’s)

The dual-valve VCE concept is similar to the single-valve concept in that it also produces a
major change in cycle from take-off to supersonic cruise operation. During take-off and
subsonic cruise operation, it operates as a moderate BPR, high overall pressure ratio turbo-
fan engine. During supersonic cruise, it operates as a moderate OPR turbojet. This shift in
cycle characteristic is accomplished by adding three major components to the single-valve
VCE concept; a rear valve, a second burner system and a second low-pressure turbine assem-
bly (Figure 3.1-6).

SECOND

FRONT VALVE BURNER

REAR VALVE
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N
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AUXILIARY NOZZLE

Figure 3.1-6 Three Nozzle Stream Dual-Valve VCE
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In the high BPR (parallel) mode, like the single-valve VCE, the forward valve ducts first fan
exit flow into a bypass stream duct and inlet air into the second fan. The rear valve passes
primary and secondary fan flow straight through during high BPR turbofan mode operation.
For the three nozzle system which is the configuration shown in Figure 3.1-6, duct-burners
are located in both fan streams and can be used during take-off or climb when the engine is
in the high BPR mode. The rear duct-burner can also be used for the low BPR mode.

For climb or supersonic cruise, this VCE converts to a turbojet. The first valve is in the
straight-through position (first fan flow passes directly into the second fan), and the rear
valve is indexed to the inverting position so that gas generator flow is diverted into the outer
stream and fan flow is diverted through the second burner and second low-pressure turbine.
In this mode, with both burners lit and all flow passing through separate turbines, the cycle
is essentially that of a turbojet.

3.1.2 Engine Component Technology

The engine component and material technology utilized for the Phase II studies is based on
advanced technology projected for engine certification in the late 1980’s or early 1990’s.
This allows several years for research and evaluation of the critical technology requirements
followed by an eight to ten year engine development program. The advanced technology
projections are incorporated in all of the conventional and Variable-Cycle Engine definitions
evaluated in Phase II.

3.1.2.1 Material Technology

Materials were defined and selected for each engine component with consideration for a
proper balance between commercial engine price and weight.

The fan and intermediate case sections are subjected to a maximum inlet temperature of
375°F (191°C) at the Mach number 2.4 condition, and maximum exit temperatures in the
550 to 800°F (288 to 427°C) range, depending on the design fan-pressure-ratio. An
advanced high temperature composite material, boron fibers in an aluminum matrix, was
selected for the fan blade material in all fan stages except where excessive temperatures pre-
cluded its use, in which case, titanium alloys were selected. Titanium alloys were also used
in the remainder of the fan and intermediate section, including the vanes, disks, inlet-guide-
vane assembly, cases, containment, struts, and seals.

Advanced high-temperature titanium alloys were selected for most of the high pressure com-
pressor elements, including the blades, drum-rotor, hubs, and cases. For fire safety reasons,
steel vanes were defined to prevent the possibility of a titanium-on-titanium rub in the event
of a rotor-stator axial shift failure. In the higher temperature rear stages of the high-pressure
compressor, nickel alloys were substituted for titanium and steel alloys.

The primary materials defined for the burner, including the liner and case, were nickel base
alloys. An advanced Oxide Dispersion Strengthened burner liner material was projected to
provide flexibility in cooling air distribution for the low emissions burner (section 4.5.3).

36



For the Phase II study engines, maximum combustor exit temperatures are in the 2600 to
2800°F (1427 to 1538°C) range with maximum turbine cooling air temperatures inthe 1150
to 1300°F (621 to 704°C) range. Maximum rotor speeds and stress levels occur at the super-
sonic cruise condition. Advanced high-temperature materials are required to avoid excessive
cooling air requirements which would impose a significant penalty on engine cycle and tur-
bine efficiency. An advanced directionally solidified eutectic alloy material with an
advanced coating was selected for the turbine blade material. This material has the potential
for increased design stress and temperatures compared to current technology directionally
solidified superalloys. Advanced ceramic material, requiring minimal cooling, was selected
for the high pressure-turbine inlet guide vanes. The remainder of the turbine vanes and the
turbine cases would employ nickel base alloys. The turbine disks require an advanced high
creep-strength nickel base alloy (See section 3.4.2).

Titanium or nickel base alloys were selected for the augmentor and nozzle materials, depend-
ing on the thermal environment. Honeycomb construction is utilized wherever possible to
reduce engine weight. A cost-weight trade study is required to substantiate this choice of
construction.

A new and unique engine component required by the valved VCE’s is the flow-diverter valve.
For the forward valve, which is positioned between two fan assemblies, a high-temperature
lightweight composite material (graphite/polyimide) was selected for the walls, with a case
constructed of titanium honeycomb. The rear valve is subjected to a much higher tempera-
ture environment than the forward valve and was defined with advanced high-strength nickel
alloy sheet construction with a honeycomb outer case. )

3.1.2.2 Component Technology

A brief description of the advanced technology incorporated in each major engine com-
ponent is presented in the following paragraphs. Based on these component definitions,
engine performance, weight and dimension estimates were made.

Fan

Multi-stage fans were defined with variable camber inlet-guide-vanes and exit-guide-vanes for
good subsonic and supersonic cruise efficiency and stability characteristics. The variable
camber feature is obtained with variable trailing edge flaps on the inlet-guide-vanes and
variable leading-edge-flaps on the exit-guide-vanes. In addition, some of the VCE concepts
require variable internal stators for improved inlet/engine airflow matching. The fan effi-
ciency and aerodynamic loading are representative of advanced multi-stage fan designs. A
50 percent axial spacing between each row of airfoils is utilized to reduce fan rotor noise by
allowing the wakes from upstream airfoils to weaken by attenuation before striking the next
row of airfoils. Further study was undertaken in the Task X preliminary design to increase
the axial spacing and the level of acoustic treatment applied to the fan duct. Also, for noise
considerations, fan corrected tip speeds were limited to 1600 ft/sec (488 m/sec). All of the
fans are constant mean diameter configurations in order to obtain high pressure ratio per
stage with minimum cost and weight penalties.
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High-Pressure Compressor

High-pressure compressors with pressure ratio from 3.5 to 6.0 were defined to achieve
overall cycle pressure ratios in the 15 to 25 range when combined with a multi-stage fan.
The compressor inlet-guide-vanes and several rows of variable geometry stators are utilized to
obtain good subsonic and supersonic cruise efficiency and stability characteristics. The com-
pressor efficiencies and aerodynamic loadings are representative of advanced axial-flow
compressor designs. The compressor corrected tip speeds are approximately 1300 ft/sec
(396 m/sec) to achieve high pressure-ratio per stage without incurring efficiency penalties
associated with higher tip speeds. Turbine blade and disk stress considerations set the speed
of the high-pressure rotor which, combined with the compressor corrected tip speed, estab-
lish the compressor diameter. The compressor was also defined as a constant mean diameter
configuration to represent an optimum combination of aerodynamic loading, weight, cost
and diameter match with the fan and primary burner.

Compressors for Low Bypass Engines

The Low Bypass Engines (LBE) were configured with single-spools for the overall pressure
ratios in the 15 to 20 range. Further detailed engine design and performance studies of a
one versus two-spool arrangement are required before a final configuration is selected. The
low-pressure compressor technology is the same as the fan technology described previously.
Slightly higher aerodynamic loading is incorporated in the low-pressure compressor than in
the fan definition, due to higher exit Mach numbers made possible by not having a diffuser
and duct-burner. However, more variable-geometry stators are required than in the fan
definition because of the single-spool configuration. The LBE high-pressure compressor
technology is the same as the high-pressure compressor technology, described in the pre-
ceding section, except that corrected tip speeds are not as high because of the single spool
configuration.

Primary Burner

The primary burner is an advanced burner configuration that minimizes emissions while pro-
viding high efficiency and stability. The exact burner configuration will depend on results
from the NASA/P&WA Experimental Clean Combustor Program (ECCP), including the AST
Addendum (Section 3.1.7), and follow-on burner emissions programs. A specific primary
burner definition was selected in the Task X preliminary design to reflect the results to date
of the NASA/P&WA Experimental Clean Combustor Program (Section 3.2.4).

Turbines

The single-spool LBE’s utilize a two-stage turbine, while the twin-spool VSCE and valved
VCE concepts utilize a single-stage high-pressure turbine plus a multi-stage low-pressure tur-
bine. In addition, some of the VCE concepts require a third turbine consisting of a single-
stage low-pressure turbine.
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Blade stress levels, based on advanced directionally solidified materials, established the maxi-
mum allowable rotor speeds. Turbine exit annulus area is set by a maximum exit Mach num-
ber of 0.60. Turbine efficiency and aerodynamic loading is representative of advanced
turbine designs. Variable-stator geometry was not incorporated in the base parametric def-
inition, but was studied for its potential engine matching improvements.

The total turbine cooling air requirements, including all secondary cooling and leakage air-
flow, are set as functions of both the maximum combustor exit temperature and the maxi-
mum high-pressure compressor exit temperature. In the case of some of the VCE’s which
utilize an additional rear turbine, fan exit airflow is the source of cooling air for that turbine
assembly. The ceramic high-pressure turbine inlet-guide-vanes require a minimal convection
cooling scheme while the first-stage blades employ an advanced multi-hole film cooling tech-
nique. The remaining stages are either uncooled or employ convection cooling, depending
on the local gas temperature.

Duct-Burners

The duct-burners were designed to minimize emissions while maintaining good stability and
performance characteristics. A staged ram-induction burner was defined which requires a
pilot because of the low temperatures in the bypass stream. This parametric duct-burner
definition was redefined as part of the Task X preliminary design to reflect the results of the
NASA/P&WA Experimental Clean Compustor Program.

Engine Support and Installation Features

The engine mounts are located at the turbine exit case and the fan inlet case; the forward
mount provides the thrust support. In the case of the valved VCE’s, the engine mounts are
integrated with the flow-inverter valve structure for minimum weight. The high spools,
which are relatively low in pressure ratio, have two-bearing support arrangements. The addi-
tional rear turbine assembly, required by some of the valved engines, required a fourth low-
spool bearing. The single-spool LBE arrangements were defined with three bearings. The
engine gearbox and accessories are located externally as a maintenance feature.

Nozzle/Reverser/Suppressor

Two types of nozzle/reverser/suppressor concepts were defined for the parametric engine
definitions, a single-stream nozzle with a multi-tube type suppressor for the LBE’s and a
coannular nozzle configuration for the VCE’s.

The nozzle/reverser/suppressor configuration used with the single stream engines is shown in
the LBE engine schematic (Figure 3.1-1). Noise suppressor and thrust loss characteristics,
shown in Figure 3.1-7, are applied to the entire mixed exhaust stream. The LBE suppressor
concept features a multi-tube suppressor that is stowable in the nozzle shroud and operates
in conjunction with an ejector system to reduce jet noise. A translating shroud provides
gjector air when the tube suppressor is stowed to improve performance for low Mach num-
ber operation. Variable throat area provides inlet airflow scheduling capability, and variable
exit area allows nozzle operation at optimum area ratio to provide good performance over a
range of nozzle pressure ratios. An integrated thrust reverser works in conjunction with the
translating shroud for reverse thrust operation.
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Figure 3.1-7 Jet Noise Suppression Characteristics

The nozzle/reverser definition for the VSCE and valved VCE concepts is shown in Figures
3.1-2 and 3.1-5. Through proper cycle selection and throttle scheduling, the primary stream
noise is kept well below that of the bypass stream. Finger, tube or chute mixers operated in
conjunction with ejectors were originally defined for jet noise suppression in the outer
bypass stream of these engines. '

The jet-noise suppression capability that was used for the various suppressor types is shown
in Figure 3.1-7. These suppression effects are based on static model test results. The sup-
pression capability actually achievable will depend on results of further testing including
flight effects and full-scale effects. The thrust losses for the mechanical mixers are also
shown in Figure 3.1-7 and are based on static test results. These nozzle designs were later
redefined by eliminating the mechanical mixers to reflect the coannular nozzle jet noise ben-
efit, as results became available from the NASA/P&WA test program (Section 4.1). Variable
throat areas in both nozzle streams provide inlet airflow scheduling and fan operating line
matching capability, while variable nozzle exit area allows nozzle operation at the optimum
area ratio to provide good performance over a range of nozzle pressure ratios. An integrated
thrust reverser works in conjunction with the ejector openings during reverse thrust opera-
tion. The ejector is also used at low Mach number conditions to improve installed perform-
ance.

3.1.2.3 Unique Component Technology

The valved VCE concepts evaluated in this study require a flow-diverter valve, a new and
unique engine component. The purpose of this valve is to invert two coannular flows or, in
the alternate mode, to allow the flows to pass straight through the valve. This valve is locat-
ed between two fan assemblies (forward-valve VCE) and/or between the low-pressure
turbine and a third turbine assembly (dual and rear-valve VCE’s).

40



Various flow-diverter valve concepts have been devised. The movable-chute concept was
definied in Task II of the Phase I studies. Another concept is the Boeing Annulus Inverting
Valve (AIV). The AIV offered potential length, sealing and aerodynamic improvements over
the movable-chute concept; therefore, the AIV was selected as the baseline definition for
the flow-diverter valves used in the Phase II Variable-Cycle Engine parametric studies.

The AIV ducts were sized for a maximum Mach number of 0.5 and a projected 2 percent
total pressure loss. The valve length was defined on the basis of an advanced length to flow-
height ratio of 4.5. Conceptual design effort on valves conducted under Task VIII is dis-
cussed in detail in Section 3.4 of this report.

3.1.3 Parametric Engine Studies
3.1.3.1 Cycle Studies

Selection of engine cycles for refinement studies and data-pack definition for NASA was
based on cycle evaluations conducted in Phase II, in addition to the broad parametric
studies of Phase I. These studies identified the various cycle parameters (BPR, OPR, FPR
and CET) which give the best performance and noise characteristics. Figures 3.1-8 and
3.1-9 are typical of the comparisons used in the cycle studies. The grid in Figure 3.1-8
shows the effect of BPR and OPR on non-augmented supersonic cruise performance.

As shown, relatively large improvements in performance are possible with the proper
selection of cycle parameters. Figure 3.1-9 shows that for a given take-off airflow size, the
thrust required for supersonic cruise and the corresponding augmentation level has signifi-
cant impact on TSFC, depending on the engine cycle. These higher augmentation levels
result in poorer TSFC. Trends of the type illustrated in these two figures were used to
screen and select the best representative cycles for each engine concept.
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Figure 3.1-8 Variable Stream Control Engine Parametric Trends - Non Augmented
Supersonic Cruise
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Figure 3.1-9 Variable Stream Control Engine Parametric Trends - Augmented Super-

sonic Cruise

3.1.3.2 Variable Stream Control Engine (VSCE)

The VSCE concept is described in Section 3.1.1.2. Based on conclusions drawn from
previous parametric studies and from the cycle studies, a parametric study was conducted
to determine the overall system and noise sensitivity to reductions in cycle BPR and fan
pressure ratio (FPR). For each of the cycles evaluated, the take-off combustor temperature
levels were set such that the maximum benefit could be derived from either a jet-noise
suppressor in the bypass stream, or the coannular noise benefit. At the same time, the
maximum combustor exit temperature at the supersonic cruise condition was set at 2600°F
(1427°C). Thus, each cycle was defined with a different level of Inverse Throttle Schedule
(ITS) depending on its FPR and BPR.

Table 3.1-I contains a summary of the take-off (sea level static) cycle characteristics of each
engine evaluated. As shown, a single overall pressure ratio (OPR) was selected. This OPR
was selected based on past studies considering a potential cruise mission Mach number

requirement of 2.7 and a maximum compressor discharge temperature limit of 1300°F
(704°C).

Figures 3.1-10, -11 and -12 compare the installed subsonic and supersonic cruise perfor-
mance of the seven parametric engines summarized in Table 3.1-1. The installed perfor-
mance data includes such effects as: inlet losses associated with the baseline Mach number
2.4 axisymmetric inlet, representative levels of engine bleed and horsepower extraction, and
both internal nozzle performance and external boattail losses. Shown on each of the figures
are P&WA estimates of typical operating power settings for each of the cngines. These

" estimates were based on preliminary system evaluations of each engine in the NASA
reference airplane.
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TABLE 3.1-1

VARIABLE STREAM CONTROL ENGINE SUMMARY

VSCE
SEA LEVEL STATIC TAKEOFF POINT 501 502 507 503 504 505 506
FAN PRESSURE RATIO 33 2.5 4.1
OVERALL PRESSURE RATIO 15:1
BYPASS RATIO 21 13- 1.0 19 15 1.0 05
GOMBUSTOR EXIT TEMP
TAKE-OFF °F STD + 18°F | 2700 2300 2150 | 2250 2100 | 2350 2000
°C STD + 10°C | (1480)(1260)(1180){(1230)(1180) |(1290){1090)
SUPERSONIC °F STD+14.4°F | 2600
CLIMB ¢ STD+8°C |(1430)
TOTAL FAN CORRECTED AIRFLOW
Ib/sec 300
kg/sec | (408)
RLT = 53,000 FT., (16,150 m) M« =2.32 STD + 8°C
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181
0.181
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0.171 WAT./T06W - 0.0012 501 {FPR = 3.3/BPR = 2.1}
: 503 (FPR = 2.5/BPR = 1.9)
= @ 504 {FPR - 2.5/BPR = 1.5)
o § < 1.6 502 (FPR = 3.3/BPR = 1.3]
SE016LE 505 (FPR = 4.1/8PR = 1.0)
= 5 507 (FPR = 3.3/BPR - 1.0)
-~ -~ 1.5
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Figure 3.1-10 Estimated Supersonic Cruise Performance for VSCE Cycles
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A comparison of the augmented supersonic cruise performance (Figure 3.1-10) shows that
in all cases, reducing BPR results in better TSFC. This figure also shows that for engines
with the same BPR but differing FPR’s (VSCE’s -505 and 507), there is little change in
cruise performance. » '

Although improvements in supersonic cruise performance can be achieved through
reductions in BPR, the installed subsonic cruise performance data (Figures 3.1-11 and -12)
show that there may be a loss in subsonic performance. This loss is indicated by the typical
nominal mission cruise power settings shown on the figures. In addition to the loss in sub-
sonic performance, Figure 3.1-13 shows the trend of increasing engine weight with decreas-
ing BPR.

ALT = 36,089 FT.(11,000 m) ,Mx = 0.9 STD + 8°C
W,1 pesicn = 900 LB/SEC (408 kg/sec)  OPRy = 15

INSTALLED
110
VSCE FPR BPR CET T.0./ CETg s cLIMB
502 3.3 13 2300 / 2600°F {1260/1430°C}
503 25 19 2250 / 2600 °F (1230/1430°C)
1.05 504 25 15 2100 / 2600°F (1150/1430°C)
o VSCE D/H TURBOFAN
502
1.00~
@ MAX POWER
W NOMINAL MISSION CRUISE POWER SETTING W1,/ TOGW = 0.0012
0.95 | ] ! ] ! 1 )
6 ) 8 9 10 1 12 13

~ 1000 LBS
L, | 1 | 1 |

40 45 50 55
NET THRUST ~ 1000 N

Figure 3.1-11 Estimated Subsonic Cruise Performance for VSCE Cycles

To sort out these opposing effects, the family of VSCE’s was evaluated on an overall system
basis to help select the best cycle combination. For this evaluation, a chute-type jet-noise
suppressor was applied to the engine bypass streams. The engines were sized to provide a
lift-off thrust loading of 0.275 with a power setting corresponding to a bypass stream relative
jet velocity of 2250 ft/sec (690 m/sec). This power setting was selected because it corre-
sponds to a point of near maximum suppressor effectiveness (Figure 3.1-7). The results
shown in Figure 3.1-14 indicate that the best BPR is in the 1.0 to 1.3 range with a FPR from
3.3 to 4.1. The increased engine weight (Figure 3.1-13) and poorer subsonic performance of
the lower BPR VSCE-506 engine offsets its improved supersonic cruise TSFC.
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Figure 3.1-12 Estimated Subsonic Cruise Performance for VSCE Cycles
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Figure 3.1-14 VSCE Cycle Optimization

In terms of TOGW vs. noise, the results for the VSCE’s are shown in Figure 3.1-15. The
solid lines represent the results for engines incorporating chute suppressors in the bypass
streams only. The triangular point on each curve represents a minimum engine size being
operated at a high take-off power setting with a resultant high bypass stream jet-velocity
level of 2500 ft/sec (760 m/sec). Moving along each line toward lower noise levels corre- -
sponds to increased engine size and lower take-off power settings. The engine size corre-
sponding to a lower power setting yielding 2250 ft/sec (690 m/sec) fan-jet velocity in the
bypass stream is shown by the circular point. Engines sized by this criterion are near the
“knee” of each curve. Because of the assumed suppressor characteristics (Figure 3.1-7),
increasing engine size beyond this point does not result in significant reductions in
jet-noise.

Shown for comparison with the chute suppressed VSCE’s is the TOGW vs. noise relationship
for an unsuppressed VSCE-502 based on the SAE noise prediction procedure. In addition,
results for the unsuppressed VSCE-502 based on the coannular model static test data are
shown and indicate the potential noise and TOGW benefit of the coannular nozzle.

Figures 3.1-14 and -15 indicate that the best FPR is 3.3 to 4.1; however, at this time it is
difficult to narrow the FPR selection further because of the preliminary nature of the
coannular noise benefit estimates and because specific noise requirements have not been
established for advanced supersonic transports. The VSCE-502 engine was selected as the
best representative VSCE cycle. It was also selected for further VSCE refinement studies
and for release in data-pack form.
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NOMINAL MISSION Fy,/ TOGW = 0.275  MACH NO. = 2.32

Vj duct —— Chute suppressors
1.15 _ VSCE-504 © 2250 ft/sec (690m/sec) --- Unsuppressed
[ FPR=2.5 42500 1t / sec (760m/ sec] [SAE noise)
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coannular static
test data
L VSCE-502 N

1.10

2000°F EGT (FPR=3.3 N
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TOGW 105} 202
\,\ VSCE-505
1.00F . 502
00 S0
~.
—

0.95 Minus 5 | 1 FAR 36A
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Sideline noise ~ EPNdB

Figure 3.1-15 Noise Comparison of VSCE’s

3.1.3.3 Low Bypass Ratio Engines (LBE)

The previous parametric studies conducted in Phase I indicated that the turbojet engine
could be competitive for a commercial supersonic transport aircraft if a low pressure loss,
highly effective jet-noise suppressor system is assumed. As described in Section 3.1. 1, these
broad parametric studies were optimistic in that no allowance was made for cooling the
nozzle/reverser/suppressor system. To account for this requirement and to take advantage
of the decrease in engine weight with increasing bypass ratio, turbojet concepts evaluated

in Phase II were low bypass ratio, mixed-flow engines in which either some or all of the
bypassed flow was used for cooling the nozzle/suppressor system. Table 3.1-II shows the
matrix of Low Bypass Engine (LBE) cycles that were evaluated to determine the most
attractive LBE cycle for more detailed system evaluation. '

As a result of this parametric study, an overall pressure ratio (OPR) of 17:1 was selected
based on engine performance trends and on the 1300°F (700°C) compressor exit tempera-
ture limit corresponding to a 2.7 Mn cruise condition. The BPR range selected for study
was from 0.1 to 0.5. In addition, as a result of the parametric study which showed matching
benefits with Inverse Throttle Schedules (ITS), the take-off to cruise throttle ratio was
altered in each of the engines selected for more detailed system evaluation. Table 3.1-III
shows the four LBE cycles selected for detailed performance and system evaluation.

Figures 3.1-16 and -17 show supersonic and subsonic cruise part power performance for
each of the engines shown in Table 3.1-I1I. The installed performance shown includes
corrections for inlet drag, representative levels of engine bleed and horsepower extraction,
internal nozzle performance, and external nozzle boattail drag. For the part power condi-
tions shown, inlet drag is minimized by throttling the engine while holding engine airflow
constant over a range of power settings. Engine airflow is held constant by varying the
nozzle throat area.
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TABLE 3.1-11

LOW BYPASS ENGINE CYCLE MATRIX

CORRECTED AIRFLOW (W av2 pesien) —— ————_ 900 Ib/sec
(408 kg/sec)
BYPASS PRESSURERATIO __________ 3.3-5.0
BYPASSRATIO__ 0.1-05
OVERALL PRESSURE RATIO____________ 12-25
COMBUSTOR EXIT TEMPERATURE
HOT DAY TAKEOFF . _________ 2200 - 2700 °F
(1200 - 1480 °C)
HOT DAY MAXCLIMB______________ 2600 °F
(1430 °C)

ALT = 53,000 FT. (16,150 m) My = 2.32 STD + 8°C
OPRogsin = 17 War2 oesin = 900 LB/SEC (408 kg/SEG)

- INSTALLED
10~ L8E BPR CET T/0
O MAX CLIMB 405 0.1 2400°F (1320°C)
] TYPICAL NOMINAL MISSION 415 0.3 2400°F (1320°C)
CRUISE POWER SETTING 416 0.3 2200°F {1200°C)
Warg/TOGW = 0.0012 425 0.5  2400°F {1320°C)
5 b
TSFC LBE-425
LBE-415
PERCENT LBE-405
0 LBE-416
-9 ] ] ! ! 1

| |
50 60 70 80 90 100 110 120 130
NET THRUST ~ PERcCENT

Figure 3.1-16 Estimated Supersonic Cruise Performance for LBE Cycles



ALT = 36,089 FT. {11,000 m) My =09 STD + 8°C

OPRyegien = 17 War2 pesiey = 900 LB/SEC (408 kg/SEC)
INSTALLED

15~ LBE  BRR CET /g

405 0.1  2400°F (1320°C) O TYPICAL CRUISE TO ALTERNATE

415 0.3 2400°F {1320°C) POWER SETTING ~ NOMINAL MISSION
416 0.3 2200°F (1200°C) Waro /TOGW = 0.0012

10 425 0.5  2400°F (1320°C)

O MAX POWER

TSFC

PERCENT 9 LBE41S

LBE-405

LBE-416
-5 ] 1 1

1 1 1 |
60 70 80 90 100 110 120 130 140
NET THRUST ~ PERCENT

Figure 3.1-17 Estimated Subsonic Cruise Performance for LBE Cycles

TABLE 3.1-III~

SELECTED LOW BYPASS ENGINE CYCLES

LBE
SEA LEVEL STATIC TAKEOFF POINT 405 415 416 425
BYPASS PRESSURE RATIO 4.3 3.7 3.3 3.4
OVERALL PRESSURE RATIO 17 ——
BYPASS RATIO 0.1 0.3 0.3 0.5
COMBUSTOR EXIT TEMP
T.0. STD + 18°F °F 2400 2400 2200 2400
STD + 10°C °C (1320) {1320) {1200) {1320
SUPERSONIC CLIMB
STD + 14.4°F ZF 2600 -—
STD + 8°C C (1430) -—
TOTAL FAN CORRECTED AIRFLOW
LB/SEC 900
Kg/SEC {408) -
AUGMENTATION YES YES YES YES
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Figures 3.1-18 and -19 show how the various LBE’s compare in terms of airplane TOGW and

© engine size. Since both the 0.3 and 0.5 BPR engines studied were marginal in transonic climb
thrust margin, afterburning versions of both cycles were evaluated (LBE416 aug and LBE-
425 aug). These engines had improved thrust margins, but because both engine weight and
TSFC increased, no improvement in airplane TOGW resulted (Figure 3.1-18). Figure 3.1-19
shows that for engines sized in the 0.0011 airflow/TOGW size, which would be equivalent

to FAR 36 (suppressed), the 0.1 BPR turbojet cycle achieves the lowest TOGW of any of

the LBE’s studied. On the basis of these systems studies, the 0.1 BPR LBE-405 engine was
selected as the best engine of this type and was prepared for data-pack release.

SUPPRESSED ENGINES  NOMINAL MISSION MACH NO. = 2.32

1.40
425 Aug , 416 Aug
130
Relative
TOGW

1ok 415 Dry

405 Dry
1.00 I )

1 J
0.0069 0.0010 0.0011 0.0012 0.0013 0.0014
- Airflow/TOGW ~ sec™’

Figure 3.1-18 System Comparison of Low Bypass Engines

ALL SUPERSONIC NOMINAL MISSION

* AIRFLOW/TOGW = 0.0011 SEC-'[1v; = 2285 ft/sec (700m/sec)]
o TASK VII TUBE SUPPRESSOR
* FAR 36 MINUS 2 (Fy/TOGW = 0.275)

1.30
( : WITHOUT A/B
1.20
RELATIVE 110k
TOGW )
1.00+
T/DMIN=1'3.8
0.9~
1 1 L 1 J
0 0.1 0.2 0.3 0.4 0.5

BYPASS RATIO

Figure 3.1-19 LBE Cycle Optimization
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3.1.3.4 Single-Front-Valve Variable-Cycle Engines

The studies that were conducted on the single-front-valve Variable-Cycle Engine (VCE)
were formulated to compliment the broad parametric studies of the Phase I studies.
Although still parametric in nature, these studies were designed to explore improvements
and refinements relative to the early definitions of front-valve VCE concepts.

Because of the similarity between these front-valve cycles and the VSCE’s, many of the
trends established for VSCE’s apply also to these single-valve engines. For example, con-
clusions drawn with regard to the best OPR level for the VSCE’s apply also to the front-
valve VCE’s. Therefore, the front-valve engine parametric studies concentrated on the
impact of more unique cycle characteristics such as the sensitivity of FPR, BPR, ITS, and
airflow schedule on supersonic and subsonic performance.

Two arrangements were evaluated: mixed fan-duct flow vs. separate flow. The front-valve
engine shown in Figure 3.1-20 has a mixed fan-duct flow leading to a single duct-burner.
An alternate design (similar to the VBEIA concept from Phase I) has separate fan streams so
that when the engine is operating in the high BPR mode, the bypass streams from the two
fans do not mix. This alternate arrangement allows more flexibility in the basic cycle in
that the two duct-streams, because they are not mixed, do not require static pressure
balancing and more importantly do not experience the large shifts in duct corrected flow
(Mach number) or pressure loss with changes in mode (high to low BPR). Another benefit
is that the outer stream may be used to bypass excess inlet air when the engine operates in
the low BPR mode. A disadvantage is that two duct-heaters would be required to balance
the stream noise levels during augmented take-off. For the purpose of allowing maximum
flexibility during the initial screening of the parametric single-valve engines, only separate
fan-stream configurations were evaluated. Later refinement studies centered on the mixed-
flow configurations since they offered potential weight improvements.

FLOW
DIVERTER
VALVE — D/H
- ‘D
FAN 1 FAN 2 HPC HPT LPT

I
P v 4
Y

Figure 3.1-20 Single Valve Variable Cycle Engine, Mixed Fan-Duct Flow Configuration
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As with the VSCE concepts, a preliminary evaluation of the Inverse Throttle Schedule (ITS)
technique resulted in a significant improvement in single-front-valve VCE performance.
Table 3.1-IV compares the take-off cycle characteristics of a baseline front-valve VCE
(VCE-102) with an ITS cycle in which both the take-off CET and BPR have been signifi-
cantly reduced. As shown in Table 3.1-IV and Figure 3.1-21, a direct result of [TS is a
significant increase in supersonic cruise airflow (from 42 to 66 percent of take-off airflow)
without an increase in the primary nozzle jet area requirement. Figure 3.1-21 also shows
that for constant FPR, reducing the engine BPR in combination with ITS increases super-
sonic cruise thrust and reduces TSFC. For the ITS engines, the increase in thrust is partly
due to the reduction in BPR and partly due to the increase in supersonic cruise airflow.

The net result of these changes is that the amount of duct-burner augmentation required to
meet supersonic cruise thrust requirements is reduced. In addition, increasing the super-
sonic cruise engine airflow makes the engine more compatible with the representative inlet
system. It is expected that fully installed, the difference in TSFC between the ITS single-
valve VCE and the base VCE should be even greater than the uninstalled improvement shown
in Figure 3.1-21 due to the elimination of inlet bypass flow at supersonic cruise conditions.

TABLE 3.1-1V

SINGLE FRONT-VALVE VCE PARALLEL MODE CYCLE PARAMETERS

ITS*
VCE-102 VCE-107
CORRECTED AIRFLOW

WAT, ~ LBS/SEC 900 ——— =

(WAT2~KG/SEC) (408) —————=
BYPASS RATIO 3.3 1.5
FAN PRESSURE RATIO - 1 25 —  »
FAN PRESSURE RATIO - 2 25 ———
CYCLE PRESSURE RATIO 151 —————=
COMBUSTOR EXIT TEMP (°F)

HOT DAY TAKEOFF BASE -760

HOT DAY MAX CLIMB BASE — =
WAT, CRUISE/WAT, TAKEQFF (%) >42 > 66

* INVERSE THROTTLE SCHEDULE
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ALT 55,000 FT. (16,760 m) 2.32 Mn STD + 8°C

War2 taxeors = 900 LBS/SEC (408 kg/SEC) SERIES MODE
1.5~
VCE-102
1.4 (BPR 3.3) INCREASING CRUISE
) AIRFLOW
1.3+
RELATIVE o ITS
TSFc 2 VCE-107
11 (BPR 1.5)
10 ° ey
U.QL 1 1| 1 1 1 1

05 10 15 20 25 30 35 40 45
RELATIVE Fn

Figure 3.1-2] Single Front Valve VCE Estimated Supersonic Cruise Performance

Figure 3.1-22 shows that at subsonic cruise, despite the VCE-107’s lower BPR (1.5), it has
alevel of TSFC and thrust that is comparable to the higher BPR VCE-102 engine.

Therefore, the VCE-107’s improvement in supersonic cruise performance is not accompanied
by a compromise in subsonic performance.

ALT 36,089 FT (11,000m)  0.90 Mw STD + 8°C
War, = 900 LBS/SEC (408 kg/SEC)
PARALLEL MODE

1.5(
1.4~ O MAX POWER
1.3+ ITS
VCE-107
RELATIVE 12k (BPR 1.5/FPR 2.5)
TSFC
1.1
107 yee-102
(BPR 3.3/FPR 2.5)
0.9 L ] P

02 03 04 05 06 07 08 05 10
RELATIVE Fy

Figure 3.1-22 Single Front Valve VCE Estimated Subsonic Cruise Performance
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In order to select an engine for data-pack release, each of the parametric single-valve VCE’s
was evaluated on an overall system basis. Since each of the engines evaluated had similar
noise characteristics, engines were compared at the same airflow to TOGW ratio, which
corresponds to a constant level of sideline jet noise. For a constant airflow/TOGW of
0.0013, Figure 3.1-23 shows that the VCE-107, with 1.5 BPR, has the lowest TOGW of
the three separate stream front-valve VCE’s evaluated. However, the VCE-107M, a two
stream version which provides for mixing of the two fan-streams in the high BPR mode,
gave slightly lower TOGW than the three stream version and was estimated to have better
installation characteristics. As a result, the VCE-107M engine was selected for data-pack
release.

NOMINAL MISSION AIRFLOW/TOGW = 0.0013 LB/SEC/LB
140
VCE-101
1.3k
12+
RELATIVE
TOGW VCE-106
11
VCE-107
1.0F
| VCE-107M
0.9 .
i9 15 20 75

BYPASS RATIO
Figure 3.1-23 Single Front Valve VCE Bypass Ratio Selection

3.1.3.5 Dual-Valve Variable-Cycle Engines

Because of the complexity and the uniqueness of the dual-valve Variable Cycle Engine
(VCE) concepts relative to the other engine types, it was necessary to increase both the
range and number of cycle parameters to be evaluated in this study. Table 3.1-V shows
the broader range of overall pressure ratio (OPR) and BPR which were chosen for study
with a new variable, turbine work split, included in the list.

For each combination of fan pressure ratio (FPR), BPR, OPR, and combustor exit tempera-
ture (CET), a minimum of four different values of low-pressure turbine work split were
evaluated. This parameter is significant since it determines the fan match and fan surge
margin when the engine is operated in the twin turbojet mode. Turbine work split is
defined as the ratio of work in the first low-pressure turbine (LPT) assembly (located up-
stream of the rear valve) to total turbine work in both LPT assemblies.
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TABLE 3.1-V
RANGE OF DUAL VALVE VCE CYCLE PARAMETERS
RANGE OF VARIABLES ~ (PARALLEL MODE)

e BYPASSRATIO. _________________________ 2.0-3.5

® FANPRESSURERATIO ___ 20-35

e CYCLE PRESSURERATIO_____________________ 15 - 25

e LOW TURBINE WORK SPLIT (%) _______________ 40 - 90

o TAKEOFF PRIMARY COMBUSTOR TEMP _______ 2600 - 2800°F
(1430 - 1540°C)

o SECONDARY COMBUSTOR OUTLET TEMP._______ UP T0 2500 °F
(UP TO 1370°C)

o AUGMENTER TEMP _____ UP T0 2500 °F
{UP TO 1370°C)

®CRUISEFLIGHT My.- - ——— 2.2,24,2.1

® NOISE GOALS . _____________ FAR PART 36 TO FAR 36-10

Table 3.1-VI lists the three-stream dual-valve VCE’s studied. With the exception of the
VCE-201B & C cycles, all engines were matched to the same inlet airflow schedule at
supersonic cruise. The VCE-201A, B and C cycles had the same cycle characteristics at
take-off but were evaluated with different supersonic cruise airflow levels.

TABLE 3.1-VI

DUAL VALVE VCE CYCLES EVALUATED

PARALLEL MODE

CRUISE INLET
CYCLE TURBINE AIRFLOW
NO BPR FPR/FPR, OPR CET (°F) CET (°C) _WORK SPLIT SCHEDULE

201A 3.0 25/25 20:1 2600 1430 70/30-40/60 BASE

2018 3.0 2.5/25 70/30 +15%
201C 3.0 25/25 70/30 +23%
202 30 25/3.0 70/30 - 40/60  BASE

207 35 25/25
209 25 25/25
210 25 25/3.0
21 2.5  3.0/3.0
212 20 3.0/3.0
213 2.0 3.0/35
214 2.0 25/25
215 30 25/25 2511
216 3.0 25/25 20:1 2800 1540
217 30 25/25 151 2600 1430




Table 3.1-VII is a summary of the most attractive dual-valve VCE’s matched to the same
cruise airflow schedule. It indicates that although the engines evaluated were quite different
in cycle characteristics, the difference in engine performance was small. The cycle with

the best supersonic cruise performance and largest subsonic cruise thrust margin was the

2.0 BPR VCE-213 cycle. However, these performance improvements relative to the base
3.0 BPR cycle were achieved at the expense of increased engine weight.

For the nominal (all supersonic) and mixed mission, a system evaluation of three engines
that cover a range of bypass ratios from 2.0 to 3.0 is shown in Figure 3.1-24. The 3.0 BPR
VCE-201A cycle shows a slight advantage relative to the other dual-valve cycles. These
results indicate that the weight increase for the lower bypass ratios offsets the supersonic
performance advantage these lower BPR cycles have. When sized for low airflow/TOGW
levels (higher noise levels), the 3.0 BPR engine is marginal in subsonic cruise thrust. This
requires augmentation for the mixed mission which would eliminate the small advantage
that this engine has relative to the other lower BPR engines.

TABLE 3.1-VII

THREE-STREAM DUAL VALVE PERFORMANCE

COMPARISON
RELATIVE

RELATIVE*  SUBSONIC RELATIVE

DESIGN PARAMETERS TAKEOFF CRUISE SUPERSONIC

SEA LEVEL STATIC STD. DAY NOISE  PERFORMANCE CRUISE TSFC

VCENO. BPR FPRI/FPRZ QPR CET(°F) CET(°C) ~APNiB  FN/TSFC (%) %)
2004 3.0 25/25 20:1 2600 1430 BASE BASE/BASE BASE
200 3.0  25/3.0 ") 0.0/0.0 -0.9
211 25 3.0/3.0 o2 +15/-0.5 -1.8
213 20 3.0/35 N +33/+0.5 .24
215 3.0  25/25 251 N -6/-2.5 0.0
216 3.0  25/25  20:1 2800 1540 0 +3/+15 +0.5

* RELATIVE UNSUPPRESSED TAKEOFF NOISE AT CONSTANT Fy/W 4 = 50 (SINGLE ENGINE PNdB)

The 3.0 BPR/2.5 FPR VCE-201A definition was selected in the engine screening studies as
the most promising dual-valve VCE cycle. It was then evaluated with increased amounts of
supersonic cruise airflow. Figure 3.1-25 shows the inlet airflow versus Mach number
schedule for the representative axisymmetric inlet designed for Mach number 2.4 supersonic
cruise. If the inlet capture area is sized for the maximum flow requirement, the operating
condition that sizes the inlet is the high bypass ratio mode, such as during either subsonic
cruise or take-off. Also shown on Figure 3.1-25 are three engine flow schedules (A, B and C)
corresponding to the low bypass mode of operation (turbojet mode). As shown, the

B schedule most closely matches the inlet supply at both the subsonic (high BPR mode)

and supersonic (low BPR mode) conditions, although even for this best schedule, the inlet/
engine flows are mismatched during the transonic and supersonic climb portions of the
mission. At these flight conditions, inlet spillage or bypass losses would adversely affect the
installed performance of this engine type.

56 -



NASA LANGLEY REFERENCE CONFIGURATION

VCE FPR,/FPR2
00 ——— 25/25
M —=—— 3.0/30
m —— 3.0/30

NOMINAL MISSION

L]
3.0
2.0
2.5

My = 2.32

MIXED MISSION

1.6 o
FAR 36 / Y/
1.4+ AT Fy/TOGW = 0.275 - /
RELATIVE FAR 35 y/ane
TOGW | 51 arry/Toow - 0.25 o AT Fy/TOGW = 0.275
//
FAR 36
1.0 = o AT Fy/TOGW = 0.25
0.8 | U SR S R B | T SR WA N B |
10 12 14 16 10 12 14 16
AIRFLOW/TOGW " AIRFLOW/TOGW
~10"* SEC"! ~107* SEC-'

Figure 3.1-24

-Cycle Comparison of Dual Valve VCE’s

PARALLEL MODE SIZING M, 2.4 INLET

1201

PARALLEL MODE
(HIGH BPR)
1001

PERCENT INLET | SERIES MODE
CORR AIRFLOW 80 (LOW BPR)

SCHEDULE
T

-~

7

;

MACH 2.4 INLET
FLOW SCHEDULE

sol- SCHEDULE B—/r \\\\ BASE FLOW
SCHEDULE A
40 1 1 1 L }
0.5 1.0 1.5 2.0 2.5 3.0
Mn

Figure 3.1-25

Dual Valve VCE Inlet Airflow Schedule Matching
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As the supersonic cruise inlet corrected airflow is increased, going from schedule A to B to
C, the amount of variable fan geometry required is also increased. Increased amounts of
variable fan geometry allow the speed of the low spool, and thus the low-pressure turbine
stress levels, to be kept to a minimum as the engine corrected airflow is increased.
Minimizing the low-rotor speed at the supersonic cruise condition is a critical factor because
at this flight conditions the turbine blades and disks are exposed to the most severe com-
bination of stresses, thermal environment (high combustor exit temperature and cooling

air temperature) and the highest percent of engine operating time.

Incorporating increased levels of variable fan geometry to minimize rotor speed as the

engine airflow schedule is increased, reduces engine weight and design life penalties which
would otherwise be associated with these higher supersonic cruise airflow schedules. Even
with variable fan geometry, there is still a weight increase. Figure 3.1-26 shows the weight
increase with engine airflow at supersonic cruise for the VCE-201 configuration. The benefit
of variable fan geometry to minimize low-rotor speed is allowed for in the weight trend
shown. Fan surge margin and maximum turbine blade stress levels (design life) were held
constant as the flow level was increased.

A comparison of the supersonic cruise performance of the dual-valve VCE-201 engine with
these different cruise airflows shows that the intermediate schedule B results in an increase
in cruise thrust without a significant change in TSFC (Figure 3.1-27). The higher flow
schedule (schedule C) provides a further increase in thrust but with a TSFC penalty.
Therefore, schedule B, in addition to matching the inlet flow schedule (Figure 3.1-25),
also provides an increase in cruise thrust capability with an improved TSFC.

ALT 55,000 FT (16,760 m) MN 2.32 STD + 8°C

19
8.5

1

18

I
I
I

|
18- SCIHEDULE A SCHEIDULE B

17

WEIGHT
~ 1000 kg
~ 1000 LBS
I

ENGINE PLUS NOZZLE/
REVERSER/SUPPRESSOR

7.0L I |
1501 I 1 J
55 60 65 70
REL CRUISE INLET CORRECTED AIRFLOW
Wat2 CRUISE

War2 TAKEOFF

Figure 3.1-26 Supersonic Cruise Engine Weight
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ALT 55,000 FT.(16,760 m)

My 2.32

STD + 8°C

UNINSTALLED

VCE-201A BASE FLOW
(SCHEDULE A)

VCE-201C +20% FLOW
{SCHEDULE C)

-C)/
O
\/—yvcz-zms +14% FLOW

(SFHEDULlE B)

1
100 120

! I
140 160 180

RELATIVE THRUST ~ %

SERIES MODE
+15~
..]0 |- O MAX CLIMB
O MAX CRUISE
REL
TSFC +5F
%
0_
-5 I I
20 40 60
Figure 3.1-27

Dual Valve VCE Estimated Supersonic Cruise Performance

To determine whether the TSFC and cruise thrust improvements offset the increase in
engine weight with increasing cruise airflow, the A and B flow schedule versions of the
VCE-201 engines were evaluated in terms of relative engine size (airflow/TOGW) and air-
plane TOGW. The results of this system evaluation (Figure 3.1-28) show that the high flow
version, the VCE-201B, yields a lower TOGW at the small values of engine size (low
airflow/TOGW), but a higher TOGW at the larger engine sizes. Since there was this sensi-
tivity to engine flow size selection, both the A and B versions of this engine were selected
for data-pack definition. In addition, a two stream version (VCE-302B) with similar cycle
characteristics, but without the augmentors, was also issued as a data-pack engine
VCE-302B has the same high flow schedule as the VCE-201B.

NASA LANGLEY REFERENCE CONFIGURATION

' NCMINAL MISSION

RELATIVE
TOGW

Figure 3.1-28

FAR 36 AT f/TOGW = 0.275

FAR 36 AT FN/TUGW =028

1 [ X 1 1

My = 2.32

s YCE 2018 HIGH FLOW
- ~==— VCE 201A LOW FLOW

12 14
AIRFLOW/TOGW

-~ 10-* SEC-'

MIXED MISSION

FAR 36 AT
Fy/TOSW = 0.275

AIRFLOW/TOGW
~ 10-* SEC-'

. The

Comparison of High and Low Flow Dual Valve VCE’s
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3.1.4 Description of Data-Pack Engines

At the conclusion of the screening studies in which the various types of engines were evalu-
ated parametrically, seven representative engines were selected to be issued in data-pack form
to NASA and associated SCAR airframe contractors for a more thorough system evaluation.
Data was issued by P&WA in the form of magnetic computer tapes which contained engine
performance over the entire flight spectrum. In addition, installation drawings, inlet airflow
schedule description, engine weights and envelope dimensions, scaling data and general
engine descriptions were included. The following tables and figures summarize the installed
engine performance and installation data that were issued in the form of data-pack defini-
tions for each representative engine.

3.1.4.1 Performance Comparison
Table 3.1-VIII contains a summary of the cycle characteristics, basic installation parameters

such as engine weights and dimensions, and the date each data-pack was issued. A dis-
cussion of the engine weights and dimensions is presented in Section 3.2.1.

TABLE 3.1-VIII

DATA PACK ENGINE WEIGHT AND DIMENSIONS SUMMARY

Engine Identification LBE-405 VSCE-501  VSCE-502  VCE-107M  VCE-201A VCE-201B  VCE-302B

Date Issued (1974) Nov June 26 June 26 July 31 May 29 May 29 July 2
Mission My 24 >
Airflow Schedule Representative Mach 2.4 Inlet

Cyele Ch (Low Flow) (High Flow) (High Flow)
cle Characteristics

(At T.0.)
Fan Pressure Ratio 4.1 33 33 2.5/2.5 2.5/2.5 2.5/2.5 2.5/3.0
Bypass Ratio 0.1 2.1 1.3 1.5 30 3.0 3.0
Cycle Pressure Ratio 17 15 15 15 20 20 20
Combustor Exit Temp
(Max. Climb) °F 2600 2600 2600 2600 2600 2600 2600
. C) (1430) (1430) (1430) (1430) (1430) (1430) (1430)
Weights
Bare Engine b 13,000 9300 9950 12,650 13,200 14,200 14,100
kg) (5900) (4220) (4510) (5740) (5990) (6440) (6400)
Engine + N/R b 15,600 12,400 12,750 15,850 16,600 17,800 17,400
(kg) (7080) (5620) (5780) (7190) (7530) (8020) (7890)
Engine + N/R/S b 16,800 13,200 13,700 16,850 -—_— E— I
(kg) (7620) (5990) (6210) (7640) I —_— —
Dimensions
Nozzie Max Diameter in. 85.0 91.6 88.8 94.0 88 90 95.0
(m) (2.16) (2.33) (2.26) (2.39) (2.24) (229) (241)
Max Diameter
Including
Auxiliary Nozzie in. -_ D - — 90 90 -
(m) -_— -— —_ — (2.29) (2.29) B
Eng + N/R Length in. 301 265 253 303 380 402 413
(m) (7.65) 6.73) (6.43) (7.70) (9.65) (10.21) (10.49)
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Each of these selected data-pack engine cycles has a potential cruise Mach number capability
of 2.7. The cycle for each engine was selected considering not only engine performance but
also a compressor discharge temperature limit of 1300°F (700°C) at the maximum Mach
number cruise condition (2.7). Since each type of engine has a different OPR lapse between
the take-off and supersonic cruise condition, the appropriate OPR at take-off was individually
selected for each. As shown by Table 3.1-VIII, all engines were operated at the same maxi-
mum combustor temperature, 2600°F (1430°C), and all except the VCE-201A were

matched to the same inlet airflow schedule.

Figures 3.1-29 and -30 show the estimated installed supersonic and subsonic cruise perfor-
mance of the seven engines listed in Table 3.1-VIIL. Installed performance includes effects
of both internal nozzle performance and external nozzle drag. Performance also includes
the effects of the representative Mach 2.4 inlet pressure recovery and drag characteristics.

ALTITUDE = 53,000 FT. (16,150 m) MACH NO. = 2.32 STD + 8°C

WATzngs";H =900 LB/SEC (408 kg/sec) INSTALLED
1.8r
0.18
® MAX CLIMB VSCE-501
® TYPICAL CRUISE POWER SETTING
1.7+ NOMINAL MISSION WAT, /TOGW = 0.0012
0.17+ VSCE-502
o T = 1.6}
o £ 0.161 =
-3 | E
@ 1.5+ VCE-201A
0.15r VCE-2018
L4l VCE-302B
0.14- ) (SULPBPEliéggED)
VCE-107M
1.3 1 1 1 i 1 —d
5 10 15 20 25 30 35
~1000 LBS
I 5 7 9 11 13 15
~ 1000 kg
NET THRUST

Figure 3.1-29 Supersonic Cruise Performance Comparison of Data-Pack Engines
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ALTITUDE = 36,089 FT (11,000 m)
MACHNO. = 0.9 STD + 8°C  WAT, ., = 900 LB/SEC (408 kg/sec)

1.30 INSTALLED ° MAX POWER
8 TYPICAL CRUISE TO
ALTERNATE POWER SETTING
N NOMIKAL MISSION
WAT2/T06W = 0.0012
1.20r—

LBE-405
(SUPPRESSED)

RELATIVE .|

TSFC: VCE-201 ALB
VCE-107M
VSCE-501
1.00l %‘vsc:-m

VCE-302B

080—3—5 70 12 14 18 18 20

. 1000 LBS 1 »
3 4 5 6 7 8
~ 1000 kg
NET THRUST

Figure 3.1-30  Subsonic Cruise Performance Comparison of Data-Pack Engines

3.1.4.2 Engine Weights and Dimensions

The engine component technology definition described previously in Section 3.1.2 was
utilized to define engine flowpaths for each of the data-pack engines. These flowpaths
included: number of fan, compressor and turbine stages; the fan, compressor, burner and
turbine diameters; and the engine component lengths. These flowpaths and related engine
definition established the overall engine dimensions and provided the basis for preliminary
engine weight and cost estimates.

Table 3.1-VIII presents a summary of the engine weights and dimensions for the data-pack
engines. As shown by this table, the valves, in conjunction with the additional engine
components that constitute the valved VCE concepts, resulted in substantial weight
increases relative to the Variable Stream Control Engines. Figure 3.1-31 shows graphically
a comparison of the overall dimensions of each basic type of engine.

Since each of the single and dual-valve VCE’s have comparable subsonic and supersonic
cruise performance levels when compared to the VSCE-502, it would not be expected that
these engines would show any overall advantages to the airplane system. Results of P&WA
system studies are discussed in Section 3.1.5.
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CORRECTED AIRFLOW = 900 LB/SEC (408 kg /SEC)
UNSUPPRESSED

VARIABLE ST
 ONREAM CONTROL 1Dyax - gg N, 12.26 m)

F<—1-253N. (6.43 m)—

¢ LOW BYPASS ENGINE 4058 | DMAX - 85N, (2.16 m)
1

fe——1{ =301IN. (7.65 m) ————
+20%

Omax = 94 IN. (2.39 m)
|

A
=L - 300 . (1.70 M

+20%

DUAL-VALVE VCE- 3028 DMAX - 95 IN. (2.41 m)

f—1_ = 413 IN. (10.49 m)———————a
+65%

Figure 3.1-31 Overall Size Comparison

3.1.4.3 Data-Pack Engine Price

Relative engine prices are shown in Table 3.1-IX. Asindicated, compared to the LBE and

VSCE configurations, the single and dual-valve VCE’s show significant (60 to 100 percent)
increases in engine price. i ’

3.1.5 System Evaluations of Data-Pack Engines
3.1.5.1 P&WA System Evaluation of Data-Pack Engines
Variable Stream Control Engines

During the initial screening of Variable Stream Control Engines, the Inverse Throttle
Schedule (ITS) VSCE-502 engine was identified as providing nearly the minimum TOGW
airplane when compared to other VSCE’s studied. For the purpose of maintaining a
reference cycle from the Phase I study, the 2.1 BPR VSCE-501 was updated and redefined
for a technology level consistent with the Phase II data-pack engines.

With no change to the basic engine definition, the VSCE-501 and -502 cycles were able

to take advantage of the coannular nozzle jet-noise benefit that was being demonstrated

in static model tests at about the same time the data-packs were released. The relationship
of system sizing parameter (airflow/TOGW) to the take-off thrust loading parameter
(Fn/TOGW) and sideline jet-noise goals is shown in Figures 3.1-32 and -33. The left hand
curve in Figure 3.1-32 shows the unsuppressed jet-noise characteristic as analytically predic-
ted by the SAE procedure and also as modified for the coannular nozzle noise benefit.
Since noise is affected by engine size, data is provided for two airflow sizes. A variable
TOGW analysis involves iterations since the engine size isn’t known initially. '
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TABLE 3.1-IX

RELATIVE PRICES FOR DATA PACK ENGINES

Engine
Identification

LBE-405B*

VSCE-501

VSCE-502

Single Valve VCE-107M
Dual Valve VCE-201A
Dual Valve VCE-201B
Dual Valve VCE-302B

*including tube suppressor

Wat2=

Relative Engine Price

Base

+ 10%
+ 10%
+ 60%
+ 90%
+ 100%
+100%

101~ 900 ib/sec (408 kg/sec)
SAE prediction 700 (320]
2 14
2 .
“‘ -
! 5 8 .
8.5 AEPNd
2 S S Fy/TOGW =
e SAEPNdB -
z L 900 (408] = ' 0.30
o FAR 36— — —t__Z . 700 (320) &5 N 0275
= (=4 H ’
s Coannular stati c !
] oannular static i
= E 0.25
> model test o |
g |
-5 " ) < 08 i 1 5 '
40 50 60 70 40 50 60 70
~ Ib/lb/sec
{ 1 1 1 il 1 3
400 500 600 700 500 600 700
~ N/kg/sec

Figure 3.1-32

Lift-off specific thrust, Fy/Wpt2

VSCE Engine Sizing



MACH NO. = 2.32 (STD + 8°C)
* Based on cqannular model static test data and Fy/TOGW = 0.275

8501 Nominal mission 8501 Mixed mission VSCE-501
s VSCE-501
800 800 fFap 36
! VSCE-502
80k
zZZ | = VSCE-502
s = = 750 - 750
28 s
t !
325F
700 700
I
30 g5 ! ! ! ;650 ! ! ! |
0 12 13 14 10 0 iz 13 4

Airflow/TOGW~ 103 sec!

Figure 3.1-33 VSCE-501 and -502 Take-Off Gross Weight Evaluation

For the jet noise to meet FAR 36, the VSCE’s can be operated at a lift-off specific thrust
of 66.5 Ib/Ib/sec (650 N/kg/sec) assuming a coannular noise benefit of 8.5 EPNdB at this
operating condition. The right hand curve in Figure 3.1-32 indicates that the corresponding
engine aiflow size parameter (airflow loading) is 0.00103 sec! for a 0.275 lift-off thrust
loading. If the lift-off specific thrust is reduced to 55.5 1b/Ib/sec (540 N/kg/sec), the side-

. line noise would be reduced to FAR 36 minus 3 EPNdB; or, if in flight, the coannular bene-
fit decreases to 5 EPNdB, the 55.5 Ib/Ib/sec (540 N/kg/sec) specific thrust would just meet
FAR 36. The corresponding airflow size parameter would then be 0.00124 sec”! at a lift-
off thrust loading of 0.275 (or 0.00113 sec’! ata thrust loading of 0.25). As will be seen in
the next figure, these airflow size parameter values are low enough to provide near minimum
TOGW for VSCE’s.

The evaluation of VSCE-501 and -502 is shown as a function of the engine airflow size
parameter in Figure 3.1-33. The engine size required for FAR 36 sideline jet noise, applying
the coannular benefit, is indicated. At this engine airflow size, the TOGW is essentially at
the minimum value for both engines. The results show that the VSCE-502 is significantly
better than the VSCE-501 for both the nominal (all supersonic), and mixed missions. The
left side of these curves are relatively flat, indicating that a moderate increase in the airflow
parameter does not result in a large TOGW penalty. This characteristic is very important if
jet noise levels less than FAR 36 are required or if the full statically measured coannular
noise benefit cannot be achieved in flight. The results for the mixed mission show that the
VSCE’s are well balanced in their subsonic and supersonic cruise efficiencies in the NASA
Reference Airplane Configuration, with the mixed mission being only slightly more critical
than the all supersonic mission.
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Figure 3.1-34 presents a fuel consumption comparison, expressed in relative TOGW decrease
vs. distance for the all supersonic mission. This curve provides an indication of the fuel
bumned during each leg of the mission. Since acceleration characteristics of these engines
differ, climb fuel alone does not provide a good indication of the engine’s climb charac-
teristics. Starting at zero distance, both airplanes are at their maximum TOGW. The first
segment is the subsonic climb to Mn 0.9. Both the VSCE-501 and -502 are essentially equal.
During the second leg, the acceleration to supersonic cruise speed, the average fuel con-
sumption is lower for the -502, as indicated by the shallower slope in that segment. Up to
the start of supersonic cruise, the VSCE-502 has consumed less fuel than the 501. During
the supersonic cruise, the VSCE-502 again has a lower average fuel consumption (better
range factor) than the 501, as indicated by the shallower slope. By the end of descent, the
VSCE-502 has consumed significantly less fuel than the 501, and this difference is pre-
served when the reserve fuel is included. Since the relative engine weights are about the
same in this case, the higher zero fuel weight (ZFW) for the VSCE-502 translates into more
payload or lower TOGW as shown in Figure 3.1-33. The economic evaluation for the

2500 nm (4630 km) average mission is shown in Figure 3.1-35. The VSCE-502 shows
significant advantages over the VSCE-501 in both ROI and DOC.

M =2.32(STD + 8°C)  ALL SUPERSONIC MISSION

1 ~ SUBSONIC CLIMB
2 ~ SUPERSONIC CLIMB

1.00 3 ~ SUPERSONIC CRUISE
1 4 ~ DESCENT
\VSCE 502" -+ 5 ~ RESERVES
6 ~ POD WEIGHT
0.80 |-
RELATIVE
TOGW
0.60 - VSCE 501 5
6
040 , . .
0 1000 2000 3000 4000
~ N.Mi.
L | ! J
0 2500 5000 7500

DISTANCE FROM TAKE-OFF ~ km

Figure 3.1-34 VSCE-501 and -502 Fuel Consumption Comparison
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A/C SIZED FOR ALL SUPERSONIC NOMINAL DESIGN MISSION
ECONOMICS FOR 2500 N.M. (4630 km) AVERAGE MISSION
o FAR 36 hased on coannular test data and Fy/TOGW = 0.275
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Figure 3.1-35 Economic Comparison of VSCE-501 and -502

Low Bypass Engines (LBE-405)

The screening studies of Low Bypass Engines (LBE) indicated that the non-augmented

0.1 BPR LBE-405 provided the lowest TOGW. Since the LBE’s have a relatively high
weight/airflow characteristic, they are competitive only when they can be matched to
minimum airflow levels which require high levels of jet-noise suppression. The engine

sizing factors are shown in Figure 3.1-36. These curves are analogous to those used for the
VSCE’s except that relative jet velocity is used for the abscissa rather than specific thrust.
This is preferred because jet-noise suppressor characteristics are more easily related to jet
velocity and because the jet-noise level is independent of suppressor thrust losses for a given
jet velocity. The relative jet velocity and the corresponding exhaust gas temperature are for
the mixed core-and-bypass flow. With the multi-tube suppressor characteristics shown in
Figure 3.1-7, jet-noise levels can meet FAR 36 with a relative jet velocity of 2400 ft/sec
(730 m/sec) which corresponds to about 2700 ft/sec (820 m/sec) absolute jet velocity.

At this condition, 14.2 EPNdB of suppression is required to meet FAR 36. The correspond-
ing airflow size parameter is 0.001045 sec] at a thrust loading of 0.275 and includes an
11.5% suppressor thrust loss. If the suppressor can only achieve 10 EPNdB of suppression
with the same thrust loss, the engine would have to operate at a take-off power setting
equivalent to a relative jet velocity of 2100 ft/sec (640 m/sec). The corresponding airflow
size parameter would then be 0.0012, which would translate into a significant TOGW
penalty.

Figure 3.1-37 shows the impact of suppressor thrust losses on the required airflow size
parameter. The multi-tube suppressor assumed an 11.5 percent loss in gross thrust at 200
knots (370 km/hr) at 2400 ft/sec (730 m/sec) relative jet velocity. This corresponds to a
specific thrust of 66 1b/lb/sec (650 N/kg/sec). If the suppressor gross thrust loss could be
reduced to 6 percent and the engine operated at 2400 ft/sec (730 m/sec) (FAR 36), the
specific thrust would increase to 70.6 1b/Ib/sec (690 N/kg/sec) and the airflow size para-
meter would be reduced to 0.00097. The suppression level required, however, would be the
same (i.e., 14.2 EPNdB).
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The TOGW evaluation of the LBE-405 is shown as a function of the airflow size parameter
in Figure 3.1-38. The solid line is for an unsuppressed LBE-405. The dashed curve includes
the weight of the suppressor plus an estimated 1 percent penalty in nozzle Cv at all flight
conditions because of the effect the stowed, multi-tube suppressor has on the nozzle design.
The dash-dot curve includes the suppressor weight penalty but assumes no loss in nozzle
performance. Without a suppressor, the engine size required for LBE-405 jet noise to meet
FAR 36 is unacceptably large. With the assumed multi-tube suppressor, the TOGW is com-
petitive with the VSCE-502 for the all supersonic mission. The LBE-405, however, is not

as competitive for the mixed mission. Note the steepness of the LBE-405 TOGW curve with
increasing airflow size. This indicates the LBE’s sensitivity to good suppressor performance.
The dashed curve, which includes a nozzle penalty for the suppressor, represents the base-
line LBE-405 performance.

FAR 36 for Fn/TOGW = 0.275 — Unsuppressed
O Unsuppressed coannular ——— Tube suppressor
O Unsuppressed SAE prediction —.— Tube suppressor without
O Tube suppresser nozzle cv penaity
830 Nominat L P /f M
375 mission 7, ~y mission
800 800
KETH
E-1
z =2 = 750 750
28 g
v 325t~ !
700 100
300-
650 | 1 1 ! 65 H | 1 )
1.0 1.1 1.2 1.3 14 01.0 1.1 1.2 1.3 14

Rirflow/TOGW ~ 103 sec ™!
Figure 3.1-38 LBE-405 Take-Off Gross Weight Evaluation

The impact of the jet suppressor on the TOGW vs. noise relationship for LBE-405 is shown
in Figure 3.1-39. The dashed line (1) represents the TOGW vs. noise relationship without a
suppressor. Line (2) includes the weight and performance losses associated with the suppres-
sor, but does not include the suppressor noise reduction. The noise increase is due to the
higher power setting required to regain the thrust loss from the suppressor. Line (3) is
similar to line (2) except it includes the suppressor noise reduction. [t can be seen that the
net suppressor benefit is only about half of that expected without the weight penalty and
performance loss.

Figure 3.1-40 presents the relative fuel consumption with distance for the LBE-405 and the
VSCE-502 on the all supersonic design mission. The LBE-405 accelerates at a higher average
rate than the VSCE-502 during the subsonic climb, and at about the same average rate dur-
ing the supersonic climb. The VSCE-502 is not operated at its maximum augmentation level
during climb, but at a level optimized for best range. The LBE-405 reaches its begin-cruise
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altitude while the VSCE-502 is still climbing. This results in the LBE-405 having consumed
less fuel at the same distance as the VSCE-502 at begin cruise. If the supersonic climb drag
is higher than predicted, however, the performance of the LBE-405 will be degraded more
than the VSCE-502 which has the flexibility of increasing its augmentation level. The:
LBE-405 has a better cruise range factor than the VSCE-502, which, coupled with the
initial climb advantage, translates into an advantage in fuel consumed at the end of descent.
However, the higher reserve fuel weight required for the LBE-405 and its higher engine
weight off-set this advantage.

ALL SUPERSONIC MISSION  Fy/TOGW = 0.275
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Figure 3.1-39 Effect of Suppressor on LBE-405 TOGW vs. Noise
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Figure 3.1-40 LBE-405B and VSCE-502 Fuel Consumption CoMparison
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The economic evaluation of the suppressed LBE-405 for the 2500 nm (4630 km) average
mission is shown in Figure 3.1-41. The LBE is not as attractive as the VSCE-502 on either
an ROI or DOC basis because the subsonic leg in the average mission significantly degrades
the fuel consumption performance of the LBE-405.

Valved Variable-Cycle Engines

Figure 3.1-42 shows the TOGW vs. airflow size parameter results for the valved VCE’s com-
pared to the VSCE-502. The dual-valve VCE-201B resulted in the lowest TOGW of all of
the dual-valve engines evaluated. The higher TOGW of the dual-valve VCE-201A resulted
from its lower supersonic flow capacity relative to the VCE-201B. Another dual-valve
engine, the VCE-302B (not shown in Figure 3.1-42), had insufficient climb thrust for
reasonable engine sizes and, as a result, it could not achieve the design range of 4000 nm
(7400 km) with a reasonable TOGW. The VCE-107M, a single-front-valve engine, resulted
in a lower TOGW than the dual-valve engines but was still not competitive with the
VSCE-502.
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Figure 3.1-41 Economic Comparison of LBE-405 and VSCE-502

The reason that the valved VCE’s are not competitive is that at the operating cruise power
setting the TSFC’s are only slightly lower than that of VSCE-502 and the weights are
significantly higher. For the comparison shown in Figure 3.1-42, the engines are sized for
jet noise levels that meet FAR 36 assuming that all of these valved engines can take advan-
tage of the coannular noise benefit.

Although this initial study did not result in a competitive VCE concept, the study did reveal
areas of deficiencies and suggested possible improvements. As a result, refined versions of
the valved engines were defined. One of these was studied late in the Phase II effort and
showed significant improvement relative to the data-pack valved engine concepts. This
rear-valve concept is discussed in Section 3.2.
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Figure 3.1-42  Valved-VCE and VSCE Comparison

Data-Pack Engine Summary Comparisons

Figure 3.1-43 presents a TOGW versus noise summary comparison of the data-pack engines
for the all supersonic mission. This comparison shows the unsuppressed VSCE-502 with
coannular noise benefits to be the best of the data-pack engines. It provides the lowest
TOGW at FAR 36 jet noise levels and exhibits minimum penalty in TOGW as the jet-noise
level is reduced. The coannular noise benefit has the potential for substantial reductions in
noise relative to the SAE prediction. The LBE-405 with the assumed multi-tube suppressor
is competitive with the VSCE-502 at FAR 36, but its TOGW increases rapidly as the noise
level is reduced. The LBE-405 without this very effective suppressor is not competitive.
The dual-valve and single-front-valve VCE’s have significantly higher TOGW’s than the
VSCE-502 even when credited for the same coannular noise benefit.

An ROI comparison of these engines is shown in Figure 3.1-44. These airplanes were sized
for the all supersonic design mission, but the economics were evaluated on the 2500 nm
(4630 km) average mission. The engine comparison on this economic basis gives essentially
the same results as the TOGW comparison.
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Figure 3.1-43 Engine Comparison Summary
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Figure 3. 1-44 Engine Economic Comparison Summary
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3.1.5.2 Boeing System Evaluation of Data Pack Engines

- Pod Geometry and Drag Data

Pod geometries were developed for selected data-pack engine definitions. Figure 3.1-45
shows a typical pod geometry definition for the VSCE-502 from which area distributions
and pod drags were calculated. Figures 3.1-46 and -47 show the pod cross-sectional area
versus length and the pod drag versus Mach number for four of the engines subjected to air-
plane performance analysis. One of these engines is a representative P&WA engine from the
Phase I study, the D/H TF C-D (Duct-Heating Turbofan having a 2.1 BPR). It was included
as a reference to measure improvements of VCE concepts. The drag data for the VCE-107M
(Figure 3.1-46) is quite optimistic, since no allowance was made for the engine accessories
envelope. The geometry of the engine is such that the accessories package would create
prohibitive drags. In order to determine if the cycle was otherwise competitive, the pod was
defined without consideration for accessories.

90.4
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Figure 3.1-45 VSCE-502 Engine Pod

Pod Weight Data

Baseline propulsion pod weight data is shown in Table 3.1-X. Figure 3.1-48 indicates the
pod weight trend versus engine size. A 20% reduction in engine size provides a pod weight
reduction in the order of 9000 Ib (4080 kg) for the entire airplane. These data reflect pod
weight differences only; vertical tail size, gear lengths, wing flutter, material, balance, etc.
have not been included. For a given configuration, the inclusion of these effects would
accentuate the gains shown in Figure 3.1-48,
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Figure 3.1-46
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TABLE 3.1-X

POD WEIGHT DATA ~ 1b (kg)
BASE AIRFLOW 900 PPS (408 kg/sec) @ SLS (HIGH BYPASS MODE FOR VALVED VCE’S)

VCE-201A
16600 ( 7530)
3380 ( 1530)
1750 ( 790)
1130 ( 510)

22860 (10370)
91440 (41480)

VCE-302A
16200 ( 7350)
3430 ( 1560)
1740 ( 790)
1110 ( 500)

22480 (10300)
89920 (40790)

D/HTF C-D
12260 ( 5560)
3760 ( 1700)
1220 ( 550)

830 ( 380)

18070 ( 8190)
72280 (32785)

VSCE-502

12750 ( 5780)
3460 ( 1570)
860 ( 390)
890 ( 400)

17960 ( 8150)
71840 (32590)

VSCE-502
(Suppressor
In Bypass Stream)

13700 ( 6210)
3460 ( 1570)
840 ( 380)
940 ( 430)

18940 ( 8590)
75760 (34360)
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VCE-302B
17400 ( 7890)
3430 ( 1560)
1740 ( 790)
1170 ( 530)

23740 (10770)
94960 (43070)

VCE-107M
15850 ( 7190)
3530 ( 1600)
1410 ( 640)
1080 ( 490)

21870 ( 9920)
87480 (39680)



Comparative Airplane Performance

The results of the Boeing performance evaluation of the various data-pack engines for the
baseline airplane configuration are presented in this section. Table 3.1-XI contains a
summary of climb match data, range increments and mission fuel buildups for 900 Ib/sec
(408 kg/sec) size engines. The effect of engine size, subsonic legs, and reduced noise on
airplane range are also presented.

A comparison of the installed performance of the VSCE-502 with the Phase I engine, the
D/H TF C-D, is included in Table 3.1-XI, and the effect of engine size is shown in

Figure 3.1-49. Two range values are given in Figure 3.1-49 for the VSCE-502 at an engine
size of 900 Ib/sec (408 kg/sec). The lower value uses the same propulsion pod weight and
drag levels as the C-D cycle and thus reflects the significant improvements in thermo-
dynamics. The second value includes the correct weight and drag level for the VSCE-502.
The reduced propulsion pod drag provides an additional benefit of 43 nautical miles (80 km)
plus the reduction in propulsion weight of 110 pounds (50 kg) per pod, which is equivalent
to 8 nautical miles (14.8 km), and leads to a total improvement of 346 nautical miles

(640 km) for the 900 Ib/sec (408 kg/sec) engine size over the D/H TF C-D. Most of this
range improvement is due to better cruise TSFC, (1.498 Ib/hr/lb (0.153 kg/hr/N), compared
to 1.604 (0.164) for the D/HTF C-D. The effect of engine size for the VSCE-502 shown .
in Figure 3.1-49 indicates an engine size between 800 and 850 1b/sec (360 and 380 kg/sec)
would be optimum and would increase the range improvement to 370 nautical miles

(685 km).

The range and thrust margin characteristics of the dual-valve engines are shown in

Figure 3.1-50. The initial data-pack definition of the nonaugmented VCE-302B (identified
as Base in Figure 3.1-50) was found to be deficient in climb thrust. This deficiency, plus
its excessive weight resulted in poor range capability, -300 nautical miles (560 km), relative
to the D/H TF C-D. Discussions with P&WA of possible improvements led to the following
revisions to this engine:

Revisions
1 Hotter CET for supersonic climb (Mn 1.3 to 1.9)
2 Hotter CET for transonic climb (Mn 1.1)
3 A weight reduction of 2000 pounds (910 kg)

per engine based on a reconfigured valve arrangement

These revisions were evaluated for effects on range and, as indicated in Figure 3.1-50,
increased the VCE-302B range by approximately 300 N.Mi (560 km). However, even with
these revisions, the dual-valve engine has range capability that is no better than the Phase I

D/H TF C-D. The augmented version of the dual-valve engine VCE-201B, was judged to be
no better, as shown in Figure 3.1-50.
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MTW = 750,000 1b
PL = 57057 1b (273 Pass)

STD + 8°C Day

Mcruise

=232

Baseline Airplane

Total Mission Range
Increment, nmi

Engine Plus Pod Weight, 1b

OEW, b

Taxi & Takeoff Fuel, 1b
Subsonic Climb Fuel, 1b
Distance, nmi
Supersonic Climb Fuel, Ib
Distance, nmi
Cruise @ W= 550k 1b L/D
] TSFC Ib/hr/lb
Descent Plus ILS Fuel, b

Distance, nmi

Reserves Fuel, Ib

RF), = 0.9/RFM =2.32

Mach Number
M= 09
1.1
1.6
2.32

TABLE 3.1-XI

RANGE INCREMENTS AND MISSION FUEL BUILD-UPS

W =900 LB/SEC
agLs
Phase I ’
Duct-
Heating
Turbofan VSCE ' Dual-Valve VCE’s
DHTFC-D VSCE-502 VCE-201B VCE-302B .XS:E-302BIM
0 +346 -61 —435 -18
18070 17960 22860 23740 21740
344200 343760 +8 363360 -316 366880 -374 358880 -242
7107 6446 +7 6136 +11 5864 +14 5788 +15
242
86 19216 +14 27825 _34 23802 _36 23806 _36
115 73 121 74 74
2 2
62106 52729 +43 72566 _61 136140 _430 93602 _143
309 249 372 ) 798 547
. . .1 . .
7.955 8.19 +258 8.18 +325 8.04 +311 8.045 +314
1.60 1.50 1.455 1.445 1.445
4
4489 4366 +8 4459 sl 5336 _2 5503 -8
176 182 186 188 185
49371 48882 +8 49190 +3 44361 +82 44379 +82
1.09 1.03 0.95 1.03 1.03
T-D T-D T-D T.D T.D.

D PS. D P.S D P.S. L P.S D P.S.
0.245 2 0.685 14 0.531 63 0.982 20 0.982 20
0477 1 0.466 12 0.511 61 0.Q61 20 0.215 20
0.633 1 0.559 12 0.333 12 0.089 20 0.237 20
0.128 1 0.581 12 0.444 12 0.325 20 0.270 20

Single

Front-Valve

VCE-107M
+48
21870
359400 -250
6446 +7
22922
-13
87
8
60876 a1
275
8.14 +302
1.47
4445 +8
183
48431 +15
0.97
T.D.

D P.S.
0.410 64
0.573 11
0.482 12
0.560 12
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Figure 3.1-49 Effect of Engine Size on Range and Thrust Margin for VSCE Cycles

Figure 3.1-50 also shows the performance characteristics of the single-valve VCE-107M. At
900 1b/sec (408 kg/sec) size, it has only 48 nautical miles (89 km) more range than the

D/H TF C-D, even with the optimistic pod geometry that excluded dimensional effects of
accessories. The improvement of 302 najitical miles (560 km) in cruise performance for

this front-valve engine is negated by the increase in propulsion pod weight, 3800 1b

(1720 kg), per pod with a corresponding 250 nautical mile (460 km) decrease. As shown

in Figure 3.1-50, the VSCE-502 was identified as the best data-pack engine evaluated in these
parametric integration studies.

The performance evaluations of these valved VCE concepts for the Boeing baseline airplane
configuration led to the conclusion that the single front-valve and the dual-valve concepts
were not competitive because of excessive weight, poor climb performance, and relatively
high propulsion pod drag.

At this point in these integration studies, it was decided to concentrate on a new valved
engine concept, the single rear-valve VCE, that was designed to overcome these problems.
This new concept evolved from these initial parametric studies and is described in the next
section, along with an improved version of the VSCE-502 concept.
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TABLE 3-1-XI

RANGE INCREMENTS AND MISSION FUEL BUILD-UPS (SI UNITS)

w AsLs 408 kg/sec

MTW = 340193 kg

PL = 25880 kg (273 Pass.)

STD + 8°C Day Front

Mcruise =2.32 Phase I Dual-Valve VCE’s Single Valve

Baseline Airplane DHTFCD  VSCE-502 VCE-201B VCE-302B VCE-302BIM VCE-107M
Total Mission Range 0 +641 —-113 —806 -33 +89
Increment, km
Engine Plus Pod Weight, kg 8050 7800 10180 10570 9680 9740
OEW, kg 153290 153090 +15 161830  —585 163390  —693 159830  _448 160060  —463
Taxi & Take-off Fuel, kg 3160 2870 +13 2730 « 420 2610 +26 2580 +28 2870 +13
Subsonic Climb Fuel, kg 10820 8560 12390 10600 10600 10210

Distance, km 210 130 *26 0 929 -63 140 —65 140 —65 160 -24
Supersonic Climb Fuel, kg 27660 23480 32320 60630 41690 27110

Distance, km 570 460 +80 690 113 1480 1% 1010  ~265 510 -39
Cruise @W = 249475 kg L/D 7.950 8.19 8.18 . 8.04 8.045 8.14

TSFC kg/hr/N 0.160 0150  *478 0.148 1602 0.148 576 0.148 V982 0150 599
Descent Plus ILS Fuel, kg 1200 1940 1980 2380 2450 1980

Distance, km 330 340 *1s 340 +20 350 -4 340 13 339 *+13
Reserves Fuel, kg 21990 21770 +15 21910 +6 19760  +152 19760  +152 21569 +28
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Figure 3.1-50 Effect of Engine Size on Range and Thrust Margin for Selected Data-Pack
Engines

3.2 REFINED STUDIES
3.2.1 Refined Engine Studies

The selection of engines for refined studies was based on the screening evaluation conducted
by P&WA and Boeing as well as by the other NASA SCAR airframe contractors. These
refined studies consisted of further parametric cycle and installed evaluations of three

engines selected from the initial Task VII and XIII parametric studies described in Section 3.1.

One engine selected for refinement was the VSCE-502 concept which showed significant sys-
tem improvements compared to the best engines evaluated in the Phase I studies.

The second engine was the single rear-valve VCE concept. It was defined late in the Phase II
study and evolved from the VSCE-502 concept and the dual-valve VCE concepts. It was
selected because it had the potential for significant improvements relative to earlier valved
engine concepts. '
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A third engine, the single front-valve VCE concept was also chosen for these refinement
studies. The Phase II parametric study of single front-valve engine concepts (Section 3.1.3)
identified one engine, the VCE-107M, as having cruise performance and inlet flow matching
characteristics that were considerably better than the Phase I front-valve engine concepts.
Although the parametric integration studies of the VCE-107M (Section 3.1.5) indicated it
was not as attractive as the VSCE concept, it was felt that with refinement, the weight of
this engine could be reduced, making it more attractive on an overall system basis.

3.2.1.1 Variable Stream Control Engine (VSCE)

The results from the parametric integration studies and the preliminary design studies led to
a refined version of the VSCE concept, designated the VSCE-502B. In arriving at the
VSCE-502B cycle, several component and cycle refinements were evaluated:

@ The impact of increased supersonic cruise airflow,

®  The sensitivity of engine performance to various amounts of variable fan
geometry,

®  The impact of variable turbine geometry on performance and inlet matching,

®  The effect of component and cycle refinements.

These parametric cycle and integration studies of the VSCE concept led to the following
refinements relative to the initial VSCE-502 data-pack engine.

®  Anincrease in cycle pressure ratio to 20:1, which results in a maximum
compressor exit temperature of 1300°F (700°C) at the Mn 2.4 cruise condition.
This high cooling air temperature level will require advanced, high creep-strength
disk materials for the back end of the high-pressure compressor as well as the
high-pressure turbine.

® Increased fan rotor-stator axial spacing for improved aft radiated fan noise charac-
teristics and a near-sonic inlet for controlling forward propagating fan noise.

° An increase in supersonic cruise inlet and engine airflow. This required an increase
in inlet capture area with an attendant weight penalty.

®  An increase in the maximum primary combustor temperature to 2800°F
(1530°C) with a corresponding increase in turbine cooling airflow. In addition,
the primary burner design was updated to reflect one of the experimental
configurations being evaluated in the NASA/P&WA Experimental Clean Com-
bustor Program (NAS3-16829). The configuration chosen was the swirl Vorbix
design (Vorbix = Vortex burning and mixing).

® A refined duct-burner definition, for cohsistency with the low-emissions high-

efficiency piloted Vorbix concept. This improved duct-burner resulted in
improved supersonic cruise performance.
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®  An advanced technology branch diffuser concept for the duct-burner. This pro-
vides additional diffusion required for the high-efficiency duct-burner concept
without an engine length penalty.

®  Study of variable turbine geometry in the VSCE-502B engine did not provide
significant improvement. At this point, it appears that any advantage that variable
turbine geometry may offer can be accomplished by a change in engine cycle,
thereby avoiding the complexity and attending penalties of variable turbines.

Table 3.2-I and Figure 3.2-1 illustrate how these cycle or component improvements affected
the performance of the VSCE-502 engine. As shown, a 5.2% improvement in augmented
TSFC has resulted from these refinements. This 5.2% improvement in TSFC is accom-
plished by a combination of refinements that include better supersonic airflow matching as
well as improved duct-burner efficiency. Table 3.2-1 shows that the increase in supersonic
cruise airflow alone resulted in a 2.1% improvement in cruise performance.

ALTITUDE = 53,000FT (16,150 m) MACH NO = 2.32 STD + 8°C
W ar2 TAKEOFF = 900LB/SEC INSTALLED

'8r VSCE-501
VSCE-502

O Nonaugmented cruise
1.7+ o Operating point at FAR 36

16 VSCE- 5028

TSFC -~ 1b/he/ib
T

10 15 20 25 30 35

~ 1000 ths
3 5 3 12 15
~ 1000 kg
Net thrust
Figure 3.2-1 Estimated Supersonic Cruise Performance for VSCE Cycles

The TOGW improvements for the VSCE-502B are shown as a function of the airflow size
parameter in Figure 3.2-2. The jet-noise characteristics of the VSCE-502B are the same as
the original VSCE-502; therefore, the engine sizing discussion in Section 3.1.5 and the data
of Figure 3.1-32 apply to the VSCE-502B as well. The VSCE-502B supersonic TSFC has im-
proved significantly (5.2%) relative to the 502, which had improved by some 6.3% over the

" VSCE-501. The total improvement to TOGW for the 502B relative to the VSCE-501 is 13%.
The TOGW comparison of these engines on the mixed mission is essentially the same as for
the all supersonic mission.
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VSCE-502 CYCLE AND COMPONENT REFINEMENTS

TABLE 3.2-1

Cycle — - Cruise
characteristics performance changes

Sea level

static takeoff

ATSFC% A TSFC%
subsonic  supersonic

VSCE-502 VSCE-5028 cruise cruise

Corrected airflow

VSCE-5028

W, ~lb/sec 900 —————— ____| 0______ 0
{kg/sec) (408) ————
Bypassratie. ___ __________. 13— __0______ 0
Fan pressure ratio_ _____ ____ I 0. __ . 0
Cycle pressure ratio_______ . 15: 1 _ 2000 __ -3.6__ ____ +1.0
Combustor temp
Hot day takeoff~°F____ ___ _ 2300 ——Mmm—
{°C) (1260)}———
Hot day max climb~°F___ ___._ 2600___ _2800__ ___ +20____-13
{°¢) (1430 {1540}
Augmentor EFFICIENCY
(Chemical) __ _______ . __ 90(97)._ 94.5(99.5)___ _+0.2___ __ -1.3
Supersonic cruise airflow
% of takeoff__ . __ __ __ _ __ 68.5____. 745 __ . 0____._ -2.1
Other components_ _ . . _=____ - ~20____-15
Engine + no. 33/rev
weight~lbs _ ______ ___ 12,750 13.400___ _ _ | o _____. 0
(kg) (5780) {6080)
Total fuel consumption improvement = =347 -5.2%
MACH NO. = 2.32 STD + 8°C UNSUPPRESSED ENGINES
*Based on coannuiar model test data and Fy/TOGW = 0.275
Nominal mission Mixed mission
830 830
VSCE-501 VSCE-501
780-¢ag 36° 780(-FAR 36
” ! i
= I
S ]
2130k 730
¢ I
!
!

680

Figure 3.2-2
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The TOGW improvement from the VSCE-501 to the -502B is attributed primarily to the
supersonic cruise TSFC improvements shown in Figure 3.2-1. Figure 3.2-3 shows the fuel
burned vs. distance comparison for the VSCE-502 and -502B. The VSCE-502B has a slightly
higher average supersonic climb rate than the -502 and reaches cruise altitude in less distance.
This, combined with the better supersonic cruise range factor, results in the VSCE-502B’s
better overall performance.

3.2.1.2 Single-Rear-Value Variable Cycle Engine (VCE) Refinement Studies

The resuits of the initial parametric integration studies (Section 3.1.5) indicated that a com-
petitive VCE concept must have the following characteristics:

®  Turbojet performance at supersonic cruise
®  Turbofan performance at subsonic cruise
® Good tra'nsonic thrust

®  Turbofan weight characteristic

®  Good supersonic climb and cruise inlet airflow match without compromises to
inlet/engine/nozzle dimensions, complexity and weight.

ALL SUPERSONIC MISSION M = 2.32 (STD + 8°C)

1~SUBSONIC CLIMB
2~SUPERSONIC CLIMB
3~SUPERSONIC CRUISE
4~DESCENT
5~RESERVES

6~P0OD WEIGHT

VSCE 5028
a

1.001

0.80
RELATIVE
TOGW

0.60

7

0.40

0 1000 2000 3000 4000
: ~N. Mi.

0 2500 5000 7500
DISTANCE FROM TAKEOFF ~ km

Figure 3.2-3 VSCE-502 and -502B Fuel Consumption Comparison
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Due to both installation and performance compromises, the single-forward-valve and dual-
valve VCE’s evaluated in the initial parametric study did not meet the above criteria and
consequently were not competitive with the VSCE. However a new valved engine design,
the single-rear-valve VCE concept, shown schematically in Figure 3.2-4, generally meets
these criteria and has the potential for significant improvements over the other valved
engine configurations.

“Twin turbojet mode”
Supersonic operation

Valve in inverted position

Duct burner off

Valve in mix position

Subsonic cruise operation
“Turbofan mode”

Figure 3.2-4 Single Rear Valve Variable Cycle Engine

The single-rear-valve VCE is a twin-spool configuration consisting of a multi-stage fan, high-
pressure compressor, primary burner, high-pressure turbine, low-pressure turbine, duct-
burner, flow inverter/mixer valve, an additional low-pressure turbine assembly located
behind the valve, and a two stream nozzle. The nozzle has a fixed inner stream throat area,
a variable outer stream throat area, and a free-floating nozzle exit area. Shown in the
schematic are the two modes of operation for this VCE: the twin turbojet mode, which is
achieved by using the valve to invert the two streams with the duct-burner turned on; and
the turbofan mode, with the duct-burner turned off and the valve mixing the two streams
prior to entering the rear low-pressure turbine.

This single rear-valve VCE concept has the following features:

®  Twin turbojet cycle at supersonic cruise. This capability previously existed only
in the heavier dual-valve VCE’s.

®  Total engine airflow is not affected by the valve position as was a problem with
front-valve and dual-valve VCE’s. Climb airflow and thrust are therefore not
reduced when the engine is switched to the twin turbojet supersonic mode of
operation.
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® At take-off, the core stream can be throttled for intermediate jet velocities by
operating in the low temperature (1900°F (1030°C) max. duct-burner tempera-
ture) twin turbojet mode. In addition, the primary burner can be controlled to
achieve the proper jet noise balance between the two coannular streams. The duct-
burner temperature is limited to 1900°F (1030°C) in order to minimize the cool-
ing requirements for the flow inverter/mixer valve and the additional rear turbine.

®  The rear-valve VCE concept may be capable of being adapted to benefit from the
potential noise reduction associated with inverted velocity profiles for coannular
nozzles.

® At subsonic conditions, in the turbofan mode, the high fan pressure ratio is
effectively reduced by expansion through the rear turbine. This produces a
lower fan pressure ratio cycle similar to the VSCE-502B which is more optimum
for subsonic cruise operation.

®  Locating the duct-burner ahead of the valve decreases engine length and improves
the flow profile into the duct-burner relative to the dual-valve VCE’s. This
location does, however, require additional bleed air from the fan to cool the
valve surfaces.

&  The high BPR reduces the gas generator weight and helps to off-set the weight of
the valve and additional turbine. This results in a total engine weight comparable
to the VSCE concept. '

®  The duct-burner thrust efficiency is not penalized due to a parabolic temperature
profile, because of the estimated attenuation of this profile through the rear turbine.

A preliminary assessment of the single-rear-valve VCE concept showed that it has good sub-
sonic and supersonic cruise performance characteristics. Furthermore it is lighter than the
previously studied valved engines. Based on these early encouraging results a limited para-
metric study was conducted.

The parametric study conducted concentrated on the effects of fan pressure ratio and duct-
burner temperature variations. Table 3.2-I1 shows a summary of the parametric cycle
characteristics. Comparisons of both subsonic and supersonic cruise performance levels indi-
cated relatively small differences between the four engines. To facilitate the screening of
these four engines, P&WA screened each cycle for the all supersonic mission only. Fig-

ure 3.2-5 shows that in terms of relative airplane TOGW, there exists only small differences
in overall airplane performance. The VCE-112 and -113 have only slightly lower TOGW
than the other two cycles. Since each of the VCE’s studied could benefit from a higher
second burner temperature, 1900°F (1030°C), this benefit was applied to the VCE-112
engine. Also, re-evaluation of the engine weight estimates indicated that there was a
potential improvement to the VCE-112 weight when compared to the other engines. The
"TOGW reduction possible due to the reduction in engine weight and the increase in 2nd
burner temperature is indicated in Figure 3.2-5.
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TABLE 3.2-11

SINGLE REAR-VALVE PARAMETRIC STUDY ENGINE SUMMARY

Engine identification VCE-110 VCE-111 VCE-112 VCE-113
Mission Machno. _ _ __ _ ___ _____ _ 2.4
Airflow schedule _ _ _ ____ __ _ _ __ __ Boeing Mach 2.4 inlet
Cycle characteristics SLS takeoff
Fan pressureratio . _ ___ 48 __ 53 ____58____438
Bypassratio_ _ ___ . _. 2.5
Cycle pressureratio_ _ _ 25:1
Combustor temperature, max
Primary burner ~°F____ . _ __ __ 2800
(°C) {1540)
Duct burner ~°F__ _ 1700 1900
{°C) (930) (1040)
Total corrected airflow ~1Ib/sec___ _ 900
{kg/sec) {408)
Parametric engine weights and dimensions
Bare engine weight (lbs) _ _ ___ _ _ _ _bhase __ +200 __ +400____0
Engine + N/R(lbs) __ _____ base __ _ +250__ _+450 ____ 0
ALL SUPERSONIC MISSION Wir2 /TOGW = 0.0012

Potential engine weight improvement
2nd burner CET incraase to VCE-113 lavel

1.00 F
0.99+
Relative
TOGW
0.98}
0.97

-110B -111 -112 -113
VCE engines

Figure 3.2-5 Single Rear Valve VCE Cycle Comparison

Both the P&WA and Boeing preliminary evaluations of the single-rear-valve VCE’s indicated
the VCE-112 cycle should receive further study. A data pack was therefore generated for
the VCE-112B and released to NASA and associated SCAR airframe contractors. A com-
parision of this engine and the VSCE concept is presented in a following section.
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3.2.1.3 Single Front-Valve VCE

During the parametric system and integration studies of the single front-valve VCE concept,
two characteristics of this type of engine were identified as requiring further study. These
were:

®  During climb, the reduction in total engine airflow after the switch from the
high to low bypass mode resulted in significant increases in inlet drag due to
spillage effects. This compounded the effect of the reduced engine airflow on
available thrust.

®  When the valved engine was sized for the same take-off airflow as the VSCE (with
the valved engine in the high bypass mode), the best single front-valve concept
(VCE-107M) is approximately 25 percent heavier than the best VSCE concept
(VSCE-502).

The large shift in inlet airflow when going from the high to the low bypass mode is an
inherent characteristic of the single front-valve engine concept. By employing an auxiliary
inlet for the second fan, the supersonic inlet can be sized for the airflow required by the
first fan only. This reduces the inlet size and weight and improves the spillage or bypass
loss characteristics during transonic and supersonic climb. This was one of the refinements
evaluated for the front-valve concept. The other refinement involves a cycle change to
reduce the number of fan stages and, in doing so, further lightens the engine. The
VCE-107M parametric cycle had two fdn assembliés, each requiring three stages to achieve
a 2.5 FPR in the high bypass mode with acceptable surge margin. This conservative fan
design was a result of the low spool rotational speed limitation set by the low-pressure
turbine blade stress levels. By reducing the FPR from 2.5 to 2.0, the total number of fan
stages was reduced from six to four. This change was accomplished while holding the maxi-
mum blade stress in the low-pressure turbine constant. This blade stress was a critical
factor in this refinement study because even with advanced, high strength blade materials,
it was the limiting parameter that set the fan rotational speed. Other adjustments in the
other cycle characteristics were required to achieve acceptable take-off thrust and jet-noise
levels without using suppressors. Table 3.2-II1 shows the resulting refined engine cycle,
designated the VCE-108. The maximum combustor exit temperature was increased to
2800°F (1530°C) for consistency with the other refined engines. This table shows that as
a result of the component and cycle changes incorporated in the VCE-108 cycle, a 10%
reduction in engine weight was achieved. However, this improvement was accompanied by
a loss in both subsonic and supersonic TSFC. For reference, the VSCE-502 is also listed in
Table 3.2-111. Figures 3.2-6 and 3.2-7 compare the performance characteristics for subsonic
(high bypass mode) and supersonic (low bypass mode) cruise. As shown in Figure 3.2-7,
the supersonic TSFC (including inlet and nozzle drag) of all three engines is nearly equal

at the typical cruise power setting. For subsonic cruise, the VCE-108 has nearly 7% higher
TSFC compared to the VCE-107M.
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TABLE 3.2-I11

SINGLE FRONT-VALVE VCE REFINEMENT SUMMARY

HIGH BYPASS MODE

Engine identification VCE-107M  VCE- 108  VSCE - 502
Cycle characteristics (S.L.S. takeoff)
Total corrected airflow 900
W, ~ lbs/sec {kg/sec) {408)
Bypass ratio 1.5 1.6 1.3
Fan pressure ratio - 1 2.5 20 3.3
Fan pressure ratio - 2 .25 2.0 -
Cycle pressure ratio 15.1
Combustor exit temp.~°F 2600 2800 2600
Max climb {°C) {1430) (1540) (1430)
Engine weights
Bare engine ~ lbs Base -1300 -2700
(kg) {-590) {~1220)
Engine plus nozzle/reverser ~ Ibs Base -1150 -3100
{kg) (-520) (~1410)
ALTITUDE = 36,089 FT.(11,000 m) MACHNO. = 0.9 STb +8°C
W,;, TAKEOFF = 900 Ib/SEC (408 kg/ SEC)
INSTALLED
1.15+
0.5 VCE-108
110k {High BPR mode)
0.110- _
g S
@< 0.05- < 105 _VCE-107M
= £ (High BPR mode)

m CTA cruise power
0.100-  1.00|- setting, nominal mission, VSCE-502
W,,,/TOGW = 0.0012
0.095% o Max power
0.95 L | | | | I L ]
4 5 6 1 8 9 10 11 12
~ 1000 ibs
{ L | i
3 4 5
Net thrust ~ 1000 kg
Figure 3.2-6 Estimated Subsonic Cruise Performance



ALTITUDE = 53,000 FT. (16,150 m)  MACH NO. = 2.32  STD + 8°C
W,,, TAKEOFF = 900 LB/SEC (408 kg/SEC)  INSTALLED

1.7
0.17—
16 n Nonaugmented cruise power
=016
x £
S S 15 YSCE - 992 yer 108
Iz £ 9 o
- an 15k = {low BPR mode) VCE - 107M
=4 = {low BPR mode)
1.4 Typical cruise power settings,
0 4L 'a “ nominal mission, W,/ TOGW
- = 0.0012
1.3 1 ] 1 i 3
10 15 20 25 30 35
~ 1000 lbs
L | 1
5 10 15
Net thrust ~ 1000 kg
Figure 3.2-7 Estimated Supersonic Cruise Performance

To access the trade between reduced engine weight and the poorer engine performance, a
systern comparison of the VCE-108 cycle with the earlier VCE-107M and the VSCE-502

& -502B was made. This evaluation was optimistic for the VCE-108 in that it did not
include any weight or dimensional penality for the auxiliary inlet required by the second
fan for the high bypass mode of operation. Figure 3.2-8 shows a comparison of the TOGW
achieved with the VCE-108 as a function of the engine airflow loading parameter (WAT,/
TOGW). As shown by the figure, for the nominal (all supersonic cruise mission), the
subsonic and supersonic cruise performance losses more than offset the 10% reduction in
engine weight. For the mixed mission where subsonic cruise performance weighs more
heavily, the VCE-108 fades even further because of its poorer subsonic TSFC.

Based on these system results, no further refinement of the single front-valve VCE was
conducted. The refined VCE-108 was not released as a data-pack engine.

3.2.1.4 Refined Engine Comparison

The advanced component technology study results, outlined in Section 3.1.2, were utilized
to define engine flowpaths for the refined VSCE-502B and the refined single-rear-valve
VCE-112B. The engine flowpaths shown in Figures 3.2-9 and 3.2-10 established the com-
ponent definitions and overall engine dimensions for engine weight estimates and for installa-
tion dimensions.
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MACH NO. = 2.32 (STD + 8°C) UNSUPPRESSED ENGINES

Nominal mission Mixed mission

900 - —_—
_ VCE-108
400 - VCE-108 - /

850} VCE-107M -
B VCE-107TM
800+

2
8 L L
" VSCE-502 I
100 o /
300l m VSCE-5028

6501

TOGW
1000 kg
T

1 1 1 i J

10 1 12 13 14 18 11 12 1.3 14
Airflow /TOGW ~ 10-? Sec-!

Figure 3.2-8 Single Front Valve VCE TOGW Comparison

- VSCE-5028

Figure 3.2-9 Variable Stream Control Engine, VSCE-502B

VCE-112B

“TWIN TURBOJET MODE”
SUPERSONIC OPERATION

DUCT BURNER ON

DUCT BURNER OFF

SUBSONIC CRUISE OPERATION
“TURBOFAN MODE”

Figure 3.2-10 Single Rear Valve Variable Cycle Engine, VCE-1 1 2B



Table 3.2-IV summarizes the engine cycles, weights and dimensions for two data-pack
parametric engines (LBE-405 & VSCE-502) and the refined engines VSCE-502B and VCE-
112B. As shown by the table, the Task VII data-pack engines were designed with a2 maximum
Mach number capability of 2.7. The refined engines (VSCE-502B and VCE-112B) have
higher cycle pressure ratios which limit their application to a maximum cruise Mach num-

ber of 2.4. In addition, the refined engines have higher maximum primary combustor
temperatures, 2800°F versus 2600°F (1530°C versus 1420°C).

TABLE 3.2-1V

REFINED ENGINE CYCLE AND INSTALLATION SUMMARY

Task VII Task XIII Refined Engines
Engine Identification LBE-405 VSCE-502 VSCE-502B VCE-112B
Mission Mach No. Max. 2.7 2.7 24 2.4
Cycle Characteristics
(8.L.S. Take-off)
Fan Pressure Ratio 4.1 3.3 . 33 5.8
Bypass Ratio 0.1 1.3 1.3 2.5
Cycle Pressure Ratio 17:1 15:1 20:1 25:1
Combustor Temp. Max.
Primary Burner ~°F) 2600 2600 2800 2800
°C) (1430) (1430) (1540) (1540)
Duct Burner °F - - - 1900
() (1040)
Total Corrected Airflow
(Ib/sec) 900 900 900 900
(kg/sec) (408) (408) (408) (408)
Engine Weights and Dimensions .
Bare Engine Weight ~ lbs 13,000 9950 10,500 11,450
(kg) (5900) (4510) (4760) (5190)
Engine + N/R ~ lbs 15,600 12,750 13,400 13,500
(kg) (7080) (5780) (6080) (6120)
Max. Diameter in. 85 89 88 82
(m) (2.16) (2.26) (2.24) (2.10)
Engine + N/R
Length ~in. 301 253 266 305
(m) (7.65) (6.43) (6.76) (7.75)

Engines weights shown in Table 3.2-1V include a variable primary stream nozzle for both
Task VII data-pack engines and for the VSCE-502B. The VCE-112B engine weight assumes a
fixed primary stream nozzle and a variable bypass stream nozzle. The VCE-112B requires

a very optimistic duct-burner diffuser length. This is a result of letting the primary gas
generator length set the overall engine length and not adding extra length required by a

more conventional diffuser. Another assumption which kept the VCE-112B length to a
minimum was that no increase in fan rotor-stator axial spacing was made. An increase was
allowed for in the VSCE-502B. It was felt that the VCE-112B engine would not require

the additional spacing since aft turbo-machinery noise would be dominant rather than fan
noise, due to the addition of the large rear turbine assembly.
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Figures 3.2-11 and 3.2-12 compare the supersonic and subsonic installed engine performance
of the four engines shown in Table 3.2-IV. The installed performance shown includes:

®  Inlet pressure recovery
®  Aircraft bleed and housepower extraction

&  Drags associated with inlet spillage, bypass, and boundary layer bleed
(based on the Boeing Mn2.4 axisymmetric inlet)

®  Nozzle internal performance
®  Nozzle boattail drag

The LBE-405 engine allows for a penalty in the internal nozzle performance because of

the difficulty in packaging the multi-tube suppressor together with a thrust reverser. It
should be noted that, as with the VSCE-502B engine, refinements to the LBE-405 engine
could improve subsonic and supersonic cruise performance. Because of the program schedu-
ling restrictions, these improvements could not be made. However they are not expected to
approach the levels realized in the VSCE engine.

ALTITUDE = 53,000FT (16150 m} MACH NG = 2.32 STD + 8°¢C WaT, TAKE-OFF
=900 Ib/sec

- 1.8 INSTALLED " (408 kg/sec)
q.lsr
L7+
0.17- & Non-augmented cruise
O Qperating point at FAR 36 VSCE-502B
1.6
el =
oS | £ 50
=2045F=
14 VCE-112B
B A LBE-405
0.14 (Suppressed)
I ] ] 1 ! I |
0.13L 5 10 15 20 25 30 35 40
~ 1000 Ibs
L 1 ] ! ] 1
3 6 9 12 15 18
~ 1000 kg
Net thrust

Figure 3.2-11 Estimated Supersonic Cruise Performance
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ALTITUDE = 36,089 FT (11,000 m) MACH NO = 0.9 STD + 8°C
Wy, TAKE-OFF = 900 LB/SEC (408 kg/SEC)  INSTALLED

115
0.11-
1.10f
LBE - 405
[SUPPRESSED]
1.051
<&
2= =
S S
— £0.10F 5 10
5‘: VSCE-502 © Max power
0.95 O Operating point at FAR 36
VSCE-502B {Reserve leg cruise to alternate
0.90 airport)
008l 1 VCE-1128 o
] 8 10 12 14 16 18 20 22
~ 1000 Ibs
L i .
3 6 9

Net thrust ~ 1000 kg

Figure 3.2-12 Estimated Subsonic Cruise Performance

3.2.2 System Evaluation of Refined Engines
3.2.2.1 P&WA System Evaluation of Refined Engines

The TOGW versus noise relationships for the best of each type of engine is shown in
Figure 3.2-13. The results shown are for an all supersonic mission with engines sized for a
take-of f thrust loading (FN/TOGW) of 0.275. The VSCE-502 and LBE-405 were included
to show improvement in the VSCE-502B and VCE-112B relative to these earlier data-pack
engines.

The VSCE-502B has the lowest TOGW for any noise level of interest. The VCE-112B is
slightly higher. This figure shows that compared to the earlier front and dual-value VCE’s,
the single-rear-valve VCE-112B is by far the best of the valued cycles and in fact is the only
valved cycle studied to date that is competitive with the VSCE.

The family of curves shown as solid lines on Figure 3.2-13 represent engines with the
sideline jet noise level estimated using the SAE pred