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SUMMARY

Since 1973, the NASA Lewls Research Center has teen conducting studles of advanced
clvil supersonic engines, including Variatle Cycle Engines or VCE's, as one part of the
Supersonic Crulse Alrcraft Research (SCAR) program. This paper reviews the progress and
current status of the engine study work tc date.

VCE rationale 1s first reviewed. It is pointed out that the VCE is a possible means
of reconciling the necessary but sometimes contradictory performance, economic and en-
vircnmerntal requirements that apply to modern supersonic-crulse aircraft. Early experi-
ences showed, however, that VCE's may be excessively complex, heavy and expensive unless
significant technology advances are accomplished. The SCAR engine studies were, there-
fore, designed to ldentifly the most promising VCE concepts, simplify their designs to a
more practical state, and define their advanced technology requirements.

The studies were conducted primarily via contracts, supplemented by a lesser amount
of RASA in-house work. Initial effor:s involved analyzing, optimistically but in little
depth, 8 large variety of VCE concepts. In subsequent phases, a progressively-greater
depth of analysis was applied to a decreasing number of surviving candidates. The line
of development leading from initial tc final concepts is reviewed with emphasis on the
dual impact of technology advancements and design simplification. The presently-favored
VCE's (two P&W concepts derived from a duct-burning turbofan and two GE engines based on
2 mixed-flow turdbofan) are then reviewed. It 1s shown that all have benefitted signifi-
cantly from recent SCAR technology advances, such as the “co-annular nolse benefit®
effect. The impact of each technology area is discussed. It is also shown that these
simplified VCE cycles ar3 technology advances, taken together, offer major performance,
economic and environmental improvements rels.ive to the 1970 U.S. SST prediections.

It is concluded that final cholces among the current VCE ~andidates willl depend on
application and installation factors as well as further engine study/design and technology
efforts. NASA's tentative plans in these latier respects are reviewed in the final sec-
tion of the paper.

INTRODUCTION

Since early 1973, the NASA and its Contractors have been conducting studies of ad-
vanced supersonic Variable Cycle Engines (VCE's) as part of the Supersonlc Cruise Alrcraft
Research (SCAR) program. This paper surveys the progress and current status of recent,
unclasasified engine study work.

Technical, economic and environmental problems were sources of major concern which
eventually led to the cancellation of the U.S. SST program in 1970. Major environmental
concerns were primarily focussed ur-~n the engine's noise and exhaust emissions, as 11-
lustrated in Fig. 1. Other technica’. and economic problems were attributable partly to
the propulsion system and partly to the airplane. These resulted in excessive weight
and gost of the airrlane, together with high fuel consumption and lnadeguate range.
Consequently, this girplane would have bteen unable to serve many of the economically
desirable city palr combinations. These factors would have caused the airplane to de
costly to operate and to offer a relatively poor return on its investment. Inflation
tegether with recent increases in the price of fuel would have made the situation even
worse today.

The one unmistakable lesson to be learned from this experlence is that any future
U.S. ¢ivil supersonic airplane must be environmentally acceptable and economically
viable. The sometimes-conflicting requirements of economic viability and environmental
acceptabllity create major problems for the propulsion system. Thelr practical engi-
neering solutions entail essentially contradictory design trends, e.g., high typass vs.
low bypass. Unfortunately we cannot turn to contemporaty engines for rellef. The U.S.
J58 and J93, althouch capable of cruising at Mach 3 or above, are relatively old designs
and are not suitable for an advanced supersonic transport. Modern U.S. milltary engines
such as the P100, 7101, anc F101 were essentially designed for sustalned subsonic cruise
efficiency with only a high Mach number dash capability. Their performance and service
life characteristics for sustained supersonic cruise would be unacceptable fo. the
applications envisicned now.

There are many ways to bulld a VCE and, as a matter of historical interest, some of
the early ideas are described in refs. 1 & 2. For this discussion, however, a VCE is best
defined by what it does rather than how it is bdbullt. Functionally, 1t is an engine which
accommodates at least two distinct modes of operation: (1) a high airflow, low Jet-
velocity mode for low noise takeoff and/or efficient subsonic cruise; and {2) a turdbojet-
1ike, higher jet velocity, lower airflow mode for good supersonic cruise.
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In more technical terms, the motivation for this “turdofan-convertible- to-turdolet”
definition may be understood by reference to Pig. 2. There, welight and cruise-SPFC trends
for conventional supersonic engines are presented in terms of dypass ratfo. Clearly,
both weight and subtsonic fuel economy favor a fairly high bypass ratio, about 1.5 (turbo-
fan mode). Supersonic cruise on the other hand calls for a low bypass engine, 0.3 or be-
low when fuel economy is considered, but this is tempered somewhat by the adverse weight
trend. With a conventional engine, a compromise bypass ratio {usually in the 0.5 to 1.5
range, depending on the subsonic/supersonic mission mix) must be chosen, which is not
really optimum for either regquirement. The rationale for a VCE, then, is 1its potential
abllity to give use @ better compromise. For this reason, the SCAR propulsion program
was oriented to include VCE concepts and related technologies in addition to advanced
conventional engines. It consists of studies and related technology subprograms which,
collectively, were designed to identify, develop, and integrate together the technologles
needed for a successful VYCE. The study phase of the program 1s of primary concern in
his paper.

The SCAR Propulsion studles were conducted primarily via contracts to GE and PAN,
with a major subcontract to Boeing. Early phases of the studies involved analyzing, op-
timistically dut in little depth, a large variety of VCE concepts. The results showed
that VCE's may be prohibitively complex, heavy and expensive unless significant design
and technology advances are accomplished. The final phases were, therefore, intended to
identify, refine and compare the most promising VCE concepts, simplify their designs to-
ward practicality and define their advanced technology requirements. The presently-
favored and runner-up engines (a2 P&W advanced duct-burning turdofan, a PN valved deriva-
tive of the duct-burner and two GE enginez based on a mixed-flow turbofan) are first re-
viewed. Thelir performance in typical advanced supersonic transport airframes is then
compared to that provided by first-generation SST engines. The impact of each major tech-
nology area 1s discussed and the technology needs of the preferred engines are reviewed.

The final fate of the VCE idea will depend on application and installation factors,
further engine design and technology efforts, and the possible emergence of even more
attractive VCE cycles from continuing studies. Puture issues, options, and potential
prograz plans in these areas are briefly reviewed in the final section of the paper.

THE SUPERSONIC CRUISE AIRCRAFT RESEARCH PROGRAM

The NASA Superscnic Cruise Aircraf: Research (SCAR) program was instituted in early
1973 and 1s expected to continue into the 1980's. In contrast to the earlier SST project,
the SCAR work 1s not aimed toward a production airplane, but rather, 1% is intended to
establish a data base of advanced technology tc be availlable for the design of future
supersonic cruise aircraft if and when the U.S. determines it 1s desirable to builld thenm.
The various elements of the program are relevent in varying degrees to both potential
civil and military applications. Elements of the program apply both to the airplane struc-
ture and aerodynamics and to the propulsion system; however, only the propulsion related
aspects will be discussed here. As shown on Fig. 2, the SCAR preopulsion program consists
of two major, interrelated elements; namely, engine studies and technology sub-programs.
These are 8o structured that one supports the other. The engine studies define the ob-
Jectives and directions of research for the technology sub-programs. The results from the
technology sub-programs in turn feed back into the engine studles and regenerate then.
As indicated above, the engine studies have been conducted primarily by means of a con-
tinuing series of contracts to the Pratt & Whitney Co. {refs. 3 and §) and the General
Electric Co. (refs. S and €), with a major sub-contract dbetween PEW and The Boeing Co.
(described in refs. &, 7-9). Technclogy sub-programs involving these contractors as well
as others have been launched in the areas of ncise abatement (refs. 10-13), pollution re-
duction (refs. 154-16), inlet stability (ref. 17), and supporting component and material
programs (e.g., ref. 18). References 19 and 20 survey the 3SCAR propulsion and alrplane
technology programs sponsored by the NASA Lewis and Langley Research Centers.

Before elaborating on these programs, we would like to 1llustrate the type of ad-
vancements are are considered possible now, based on results to date from the SCAR pro-
gram. In Pig. 4, we have plotted airplane relative gross weight vs. relative nolse foot-
print area (a typical measure of noise annoyance) for representative supersonic transport
airplanes with different kinds of engines., These are approximate results taken from
ref. 21 but are iliustrative of the major trends. For reference, we have indicated on
the horizontal axis the noise annoyance factors typical of the 1970 U.S. SST (at the
right hand part of the scale) and also of a representative wide body subsonic transport.
The performance of the 1970 technology turbojet powered airplane is i1llustrated by the
right hand band on the figure. As mentioned previously, this was a heavy airplane and
would have created a severe noise impact. Although the noise impact could bte decreased
by scaling the engine up in size and throttling 1t back for takeoff, this entalls a sub-
stantial weight penalty as indicated. This in turn makes an already dubious economic
payoff entirely unacceptable. But by taking advantage of the technology breakthrough
termed the "co-annular noise reductiorn benefit" identified during the SCAR propulsion
program, combined with variable cycle engine concepts to be discussed later, it now ap-
pears that the noise annoyance due tc this type of an airplane can be reduced by & large
factor compared to the 1970 U.S. SST. A less dramatic but stlll significant improvement
in gross welight and airplane economics 1s also indicated and 1s due to a combination of
many technology advances, in both the propulsion and airframe areas, that are considered
possible.



Because of these promising developments we now feel, for the first time, that the
noise odjections that were leveled against the 1970 SST program can be met without incur-
ring prohidbitive economic penalties. An equivalent statement cannot yet be made in the
exhaust emissions arez, despite the achievement of significant improvements, because re-
alistic standards applicadle to an SST do not exist at present.

Engine Studies

Let us now turn to the SCAR engine studies themselves. Beginning in 1973, the

studies have been divided into 4§ distinct phases as indicated in Fig. S. Phase 1 was

organized in such a way as to exclude no reasonable candidate engine from consideration.

Many engines were studied optimistically but in very little depth, see refa. 3 and 5.

Only those engines which were obviously unacceptable under this optimistic approach were

excluded from further consideration. Our deliberate intent was to give the Variable

Cycle Engine its day in court. After the unpromising concepts had been screened ocut, a

sraller number of survivors received a more refined analysis in Phase 2 (refs. & and 6).

Feur finalists survived into Phase 2 which has just recently been completed and 1s as-yet

un; ublished. In this phase a greater depth of analysis was accemplished and we initiated

preliminary design activities. Based on the results, we have now tentatively identified

two engines which appear to be most promising. (Their margins of superiority, however,

are not overwhelmingly large; the runners-up are being retained as backups and will also

be described.) In Phase A we are initiating airframe integration activities, continuing

with preliminary design and developing a series of technology recnmmendations relative to

the favored engines. These provide the engine manufacturers with an opportunity tc de-

fine, for NASA's consideration, what 1s needed in terms of future technology programs in O E%

order to bring these paper engines into being. As 1llustrated by the arrow in the upper = —

right we expect that these activities will eventually result in demonstrator engines vo (3]

which will prove the ccncepts that are belng contemplated. %a
.
ot

Before proceeding to a discutsion of the currently-favored engines, it seems appro- %%
priate to briefly review the evolution of the VCE idea and describe how it may be im-
pacted by two major technology area. %%
V.
|9

Early VCE Concepts

L)
According to our previous definition, a VCE is an engine that does the right things. :E'EE
The many attempts that have been made to actually design one may be broadly classified
into two generic approaches. One would rely upon valves or equivalent means to create
two or more discrete flowpaths upon demand within the same engirne structure - each flow
path presumably being tailored to the flight condition at hand. The alternative approach
would rely primarily upon component variability and spool speed variations to achieve
egulvalent results.

A typical early example (Pratt & Whitney, ref. 3) of the changing-flowpath approach
is shown in Pig. 6. Here a valve 1s inserted between the fan and compressor of an
otherwise-conventional 2-shaft machine. In the "turbojet" mode, the valve 1s set in its
straight-through position. The fan and compressor flow in series, and we have 1in effect
a two-spool, high overall-pressure-ratic (OPR) turbojet. As such, 1t can provide very
good supersonic performance. In the "turbofan" mode, the valve mechanism 1is moved to
the "crossover" position suggested by the lower sketch. Fan air supplied by the normal
inlet is bypassed around the compressor and into an auxiliary bypass duct. Meanwhile,
additional air from an auxiliary inlet is drawn through a second set of channels in the
valve, intc the compressor, and hence, through the combuster and turbines. Thus, the
engine is now operating at a much higher (up to 2X) airflow than before and without aug-
mentation its Jet velocity is significantly decreased. In this mode, the engine provides
a low=noise takeoff mode and potentially good subsonic SFC.

By the standards of our functional definition, this engine does the right things.
Numerous objections, however, were found upon closer examination. From an engine manu-
facturer's viewpoint, it developed that the weilght and pressure-loss penaltles assoclated
with the valve were significantly larger than had been expected. Since the core 1s de-
supercharged in the turbofan (parallel) mcde, the OPR is considerably below the optimum
value for subsonic cruise. For the same reason a variable (and probably multi-stage) low-
pressure turbine would be needed to provide high relative work extraction in the turbofan
mode, and lower extraction in the turbojet mode. From the airframe point of view it was
observed that the requirement for an efficient auxiliary inlet implied a major design and
development task and a significant additional installed-weight penalty (above . :at re-
quired to enclose the engine's greater length and diameter). The closed-off bypass duct
also would entail a sizable base or boattail drag penalty during supersonic crulse.

Subsequent efforts were aimed at removing or minimizing these complications. As
described in ref. 4, many alternatives involving front valves, rear valves, front and
rear valves, and improved valve concepts were evaluated iteratively by Pratt & Whitney
and Boeing. An historical review of this process is given in ref. 22, where it 1s shown
that the lessons learned also apply, to some degiee, to more conventional engines. The
rear-valved VCE to be described later herein, is the latest and apparently best example
of this particular line of VCE evolution, but probably not its end-point.

The variable-component/variable speed approach 1s most attractively represented by
the Pratt & Whitney Variable Stream Control Engine. Essentially a high-technology duct
burning turbofan incorporating some of the component and control features discussed in
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ref. 22, it is currently the favored PAW VCE and will be more fully described later.

Another historically-significant and perhaps uore spectacular example is the General-
Electric 3-Spool Double Bypass or Modulating Airf..w Engine (ref. 5) depicted in Fig. 7.
It is a representative sample of the early variable-component approach, although there are
many others. It is of particulz: interest here because it was no% oniy the best VCE
1dentified in the initial GE studles (ref. 5), but also because many of 1t= characteristic
features have survived into their currently-favored. much-simplified version of the
Double Bypass VCE.

The design approach for this engine was to incorporate the maximum practicable amount
of turbomachinery variabllity into a basic duct-burning turtefan. By utilizirg differ-
ential speed control among the three rotors, variable stator geometry and properly con-
trolling the three variable nozzle exit areas, it provides (1) a high-airflow, unaugmented
mode for low-noise takeoff; (2) a constant-airflow throttling mode for efficlent subsonic
crulse; and (3) a relatively low-bypass augmented mode for good supersonlic performance.

At takeoff, the front fan block or group of stages was high flowed by means of vari-
able geometry, speed control (1.e. speeding-up the inner spool) and opening the cuter by-
pass stream’'s ~xit area. The duct burner 1s nct 1lit. Without using either a mechanical
suppressor or ::e "co-annular benefit" (which was unknown at the time), the Modulating
Alrflow engine was capable of meeting FAR 36 when sized to be competitive with a conven-
tional reference engine.

Subsonic crulse throttling is accomplished by running the inner rotor at essentilally
constant speed; the front fan block then maintains its constant nominal airflcw over a
wide range of conditions. The intermedlate and high pressure rotor speeds are varied to
modulate the thrust. The excess air provided by the front block (above the intermediate
block's air-swallowing capacity) passes through the outer duct to the tnird nozzle exit.
The duct burner is not 1it. 1In this fashion, constant airflow could be maintained down
to approximately 50% of maximum dry thrust. This provided a significant (~15%) improve-
ment in subsonic SFC.

At supersonic crulse, the rotor speeds and variabie geometry features are modulated
tc approach turbojet operation as closely as possible. That is, the high pressure and
intermediate rotors are run at maximum speed to swallow most of the front block's airflow.
The outer nozzle meanwhile is at or near the closed position to minimize the outer bypass
flow. The core is run at maximum sSpeed and 1s high-flowed to swallow as much as possible
of the intermediate block's air. This reduces the bypass ratio cf the duct-burner portion
of the engine and hence the need for augmentation. When run in this manner, the engine's
supersonic cruise performance was found to be within 1 or 2% of that of the reference
turbojet.

Similar measures applied during the mission's climb/accel segment resulted in a con-
sistently good match to the inlet's flow schedule and hence fuel savirgs via reduction of
installation drags.

Thus, the 3-Rotor Double Bypass or Modulating Airflow engine also does everything
required of a VCE: low noilse takeoff; fuel savings subscnically and dusIng the climb/
accel phase; and competitive supersonic performance. Unfortunately, these desirable
features were essentially offset by a majJor weight penalty (amounting to over 20,000 1bs
per airplane, when installed). Depending upon the flight Yach number, the resulting alir-
plane's performance ranged from just competitive to somewhat poorer. Because of the
weight penalty together with very legitimate concerns over the englne's complexity, the
3-rotor approach was not continued pas the Phase I SCAR studies. Instead, an effort was
made to incorporate its most desirable features into a lighter, less complex and more
conventional 2-shaft machine. The concept was retained of dividing the fan inte two dis-
tinct blocks or groups of stages, with the interblock reglon ventlilated by an auxiliary
bypass duct. As will be seen, this progress in design simplificatlion, coupled with the
technology advances discussed in the next two sections, has finally resulted in a highly
attractive VCE.

The Co-annular Nolse Benefit

As previously implied, the "Co-annular Noise Benefit" effect is consldered to be the
major "break through" in the SCAR propulsion technology program. Figure B illustrates
what is meant. Attention is first directed to the lower right hand corner of the figure.
In brief, it has been found that: (a) if the flow streams of a two stream coaxlal nozzle
are so arranged that the high velocity stream 1s one the outside and the low veloclty
stream 1s on the inside; and (b) if in addition the ocuter nozzle has a high annular
radius ratio; then the noilse produced by this arrangement is significantly lower than
would be predicted for two conventional conical nozzles which individually have the same
airflows and velocities as in the two coaxlal streams. Thia effect was first noted by
Pratt & Whitney during SCAR parametric acoustic testing that commenced in 1974 (refs. 10~
13) and was later confirmed by parallel independent testing at General Electric (as-yet
unpublished). It is of the utmost significance for SCAR VCE concepts since these inher-
ently involve (or can be so arranged as to provide) a coaxial, high radius ratio twe
stream nozzle flow configuration at takeoff.

It should be noted that both the coaxial flow configuratlon and the hlgh apnular
radius ratio are necessary to obtain the maximum benefit. The term "co-annular" is,
therefore, used as a reminder of this fact.
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The rest of the chart illustrates the sideline noise produced by either conventional
or co-annular nogzles as a function of the jJet velocity averaged over the two streams.
Two bands are shown, the upper one for conventional nozzles and the lower one for co-
annular nozzles. As indicated by the vertical line, the 1970 turbojet operated at a rela-
tively high jet velocity and created a noise signature 12 to 15 dB above the FAR 36 re-
Quirement. This could be reduced to some degree by oversizing the engine and operating
it throttled back to lower jet velocities for takeoff purposes. As previously mentioned,
however, this results in severe airplane welght and economic performance penalties; so
severe, in fact, as to be unazceptable. When a co-annular nozzle is used, on the other
hand, 1t 1s immediately sSeen that the noise signature is 8 to 10 dB lower than that of
the conventional model. If in addition, the engine is a varlable cycle engine which 1is
capable of taking-off at reduced jet velocities without otherwise penalizing the airplane,
it may be seen that a noise signature below FAR 36 can be anticipated. The combination
of the two concepts, namely, the co-annular nozzle and the variable cycle engine, results
in perhaps 10 - 12 dB lower noise than that of the conventional nozzle combined with the
conventicnal turbojet engine. This, it is felt, will have a decisive impact on the en-
vironmental acceptabllity of any future SST.

The application of this revoluticnary concept to a duct-burning turbofar engine is
straightforward. The flow stream configuration is already the proper one, 1t is only
necessary to tallor the cycle to provide the correct velocity and radius ratios. It is
also adaptable to some mixed-flow engines via the use of a ventilated plug nozzle of the
general type discussed in refs. 23-25, In essence, fan air or inlet ram air is ducted
to the plug by some weans and exhausted from an annular slot in the afterbody. The above-
mentioned General Electrle acoustical research program has shown that, depending on radius
ratio and flow conditions, most of the benefit 1llustrated in Fig. 4 may be achieved by
this arrangement.

Pcllution - Reduction Technology

Let us now turn to the second area of environmental concern, namely, exhaust emis-
sions. Of the various emission criteria, that of high altitude cruise NOX 1s of greatest
concern for the supersonic transport. In Fig. 9, we illustrate the comparative perform-
ance of several combustor concepts in terms of its relative NOX emission index at super-
sonic cruise. As indicated by the top bar, a conventional combustor such as was used 1in
the 1970 SST and 1s stil] used today in current airplanes, shows the highest emission
level and is normalized tg 1.0 on this relative scale. (The normalizing factor variles
from about 20 gm/kg to 50 gm/kg depending on cycle conditions.) This may be compared to
a value of 3 gm/kg (0.16 to 0.0 relative? which ref. 26 tentatively suggests may *» ap-
propriate for the avoldance of appreciable stratospheric pollution by a future SS' fleet.
The clean combustor concepts developed by Pratt & Whitney and General Electric under our
recent SCAR Experimental Clean Comdustor Program (refs. 14 & 15) show relative emission
indices of approximately 0.4 to 0.5, on the £-me scale, in burner-rig experiments, This
level of performance could be incorporated i, 2 new engine program starting now. Further
improvement is predicted for NASA's swirl can combustors and various lean combustor con-
cepts. Probably the most hopeful concepts for the future, however, are in the area of
pre-mix combustors and the catalytic combustor concept (e.g., ref. 16). NOX indices as
low as 1 gm/kg (0.05 to 0.02 relative) have been demonstrated in small scale, idealized
laboratory experiments. But i1t is clear that a large, lengthy and probably expensive pro-
gram, including both fundamental research work and applied development, will be required
to translate these promising concepts into reality. Assumling that the necessary programs
will be forthcoming, we anticipate that relative values as low as 0.25 may eventually be
attainable in practical engines. (Absolut  1levels of course will also depend upon the
specific cycles chosen.) It should be recognized, however, that this involves our enter-
ing a new and relatively unknown area of technology, and this has yet to de done in a
serious way. The above estimates are therefore uncertain, as are the projected require-
ments; either or both may change significantly in the future.

Although NOX emissions are most critical for an SST, it must be recognized that
local {(airport-area) emissions must alsc be environmentally acceptable. It 1s belileved,
however, that all of the advanced technology primary burner concepts would be capable of
neeting the "proposed" standards for future SST's.

This 18 not necessarily the case for augmentors, however. The search for a locally-
acceptable augmentor will =2gain require us to enter an uncharted technology area.

CURRENT VCE's

Having reviewed ear.y VCE concepts and two major impacting technology area, 1t is
now appropriate to turn to the currently favored VCE's themselves. These "paper" engines
are the "final product”™ of the SCAR engine studles. Further, more refined definitions of
these engires must await the outcome of hardware oriented programs.

Pratt & Whitney Concepts

The currently-favored Pratt & Whitney VCE is 1llustrated in Fig. 10. This Variable
Stream Control Engine (VSCE) has the flow path of a cenventional duct burning turbofan.
But it incorporates an unique main combustor power schedule and makes extensive use of
rotor speed cortrol and variable geometry in the fan, compressor, primary nozzle, and
secondary nozzle to control its operating bypass ratlo, Because of this capadllity, the
VSCE qualifies to be termed a variable cycle engine, Yet it l!s of striking simplicity in
compariscn with the approaches illustrated previously in Figs. 6 and 7,



Under subsonic cruise conditions the duct burner i1s not lit. The engine then is pre-
cisely a conventional separate flow medium bypass turbofan engine (bypass = 1.5) and it
provides relatively good sudbsonic cruilse performance.

For takeoff, acceleration and supersonic cruise, however, additional thrust is re-
quired. This is obtained by lighting the duct burner. During takeoff, the additional
energy supplied by the duct dburner results in higher velocity in the nozzle's cuter annu-
lar stream. But the additional noise implied by this condition 1s offset by the co-
snnular noise reduction benefit that was discussed earller. Thus, the engine, when taking
off, should sound more like a conventional turbofan engine than like a high-performance
supersonic engine. During supersonic cruise operaticn the core 1is speeded up by increas-
ing the temperature in the main combustor and by manipulating varilable geometry features.
Therety, the bypass ratioc 1s decreased and the need for augmentation is decreased, result-
ing in specific fuel consumption approaching that of a well designed turbojet engine.

The second Pratt & Whitney VCE is deplicted in Fig. 11. This Rear Valve VCE (VCE-
112C) 1is derived from the duct burning turbofan through the addition of a mixer/crossover
valve followed by an additional aft turbine stage -~ both located downstream of the normal
LPT. The VCE-112C has two distinct operating modes depending on the valve position. ¥or
takecff, acceleration and supersonic crulse, the valve 18 in the "crossover™ position.
I.e., core air bypasses around the aft turbine and exits through the ou' 2r annulus of the
nozz.e. Thus, the core cycle is that of a turbojet.

The fan alr meanwhile passes through the duct burner (which is 1it), and is directed
by the crossover valve intoc the aft turbine, where a significant amount of energy is ex-
tracted to help drive the LP system. The fan air's cycle 1s also that of a turbojet;
hence, this mode of operation i1s referred to as the "twin-turbojlet mode." Its supersonic
performance, however, 1is not gquite as favorable as this name implies, because neither
"turbojet” cycle 1is of the optimum pressure ratio and because of pressure losses and
weight/volume penalties due to the valve and aft turbine. Its advantages are relatively
low weight (due to the high "bypass" ratio of about 2.5) and an advantagecusly-shaped
supersonic throttle curve. I.e., since the duct burner is upstream of a turbine stage,
high augmentations can be accomplished for significantly less SFC penalty than in the
VSCE's case. The resulting "flat" throttle curve in turn provides the airplane designer
with additional flexibility in terms of engine sizing.

Subsonically, the valve is in the "mix" position and the duct burner is not 1it.
The combined fan and core streams pass through the aft turbine. The corrected flow is
about the same as that provided by the augmented fan stream alone in the supersonic twin-
turbojet mode. The aft turblne, however, extracts relatively little power. The englne
thus behaves as if it were a conventional mixed flow turbofan for subsonic cruise.

A major disadvantage of the VCE-112C is that the earller-discussed coannular noise
Yenefit may not apply fully. That 1s, the nozzle's central stream at takeoff (which
originated in the duct burner) is relatively large and of high velocity compared to that
of the VSCE. There is hence a core Jet noilse "floor" which will probably l1imit the co-
annular benefit to no more than 50% of that shown in Fig. S.

A third Pratt & Whitney engine of interest (but not 1llustrated herein) is a modern-
i1zed conventional mixed flow turbofan w?’th a relatively low (0.4) bypass ratlio known as
LBE-430. Although lacking obvious VCE features such as valves or coaxial flow streams,
it incorporates the identical general technology assumptions (materials, temperatures,
component efficiencies, stresses, cooling techniques, etc.) that were bullt-into the
Pratt & Whitney VCE's. It also utllizes rotor speed control and variable geometry fea-
tures (to the extent possible) as in the VSCE-502B, to maintain a degree of control over
the operating bypass ratio. As will be seen later, it provides excellent performance at
low airflow sizes if noise constraints are ignored. Unfortunately, the coannular benerit
does not apply to this engine in its present form. Hence, this engine, alone among those
considered herein, would require elther the use of a mechanical noise suppreasor (with
its attendant risks and penalties) or a greatly-overslized engine for t:rcttled-back take- .
off. It 1s a useful yardstick, however, for evaluating the merits of the coaxlal-stream
VCE concepts.

General Electric Concepts

The other preferred VCE conce-+ 1is the General Eleztric Double Bypass Engine (DBE)
shown in Fig. 12. Like the Pratt : wiitney engine, 1t is designed to take full advantage
of the annular/coannular noise benefit, clean primary burners and augmentors, advanced
materials and other SCAR technology developments., But where the Pratt & Whitney engine
originated as a duct burning turbofan, the double bypass engine is derived from a con-
ventional mixed flow turbofan by adding features from the 3-rotor englne previously
discussed.

The low bypass mixed flow engine can provide excellent supersonlc performance, but
is prone to be excessively heavy when its alcflow is sized for low nolse takeoff. As
with all conventional turbofans, it also suffers from a significant throttle dependent
drag penalty at part power subsonlc cruilse because airflow decreases along with thrust
when the engine 1s throttled back. To offset these penaltles, the < -uble tynass engine
provides a temporary high airflow mode for low noise takeoff and the capabliity to
throttle at constant airflow for part power subsonlc cruise.
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As the figure suggests, this is physically accomplished by dividing the fan into two
distinct blocks or groups of stages, and providing an auxiliary duct leading from the in-
terblock region. The resulting flow path is similar to that of the 3-rotor engine, but
major progress in design simplification has been achieved - as may be inferred by compar-
ing Pig. 12 with Fig. 7. Although not illustrated here, some of the auxiliary flow can
discharge into the plug and exit from the aft surface through an annular slot. This proe
vides the flow configuration and geometry needed tc obtain the coannular noise penefit
discussed earlier,

Three distinct operating modes may be recognized, depending on the fan block flow
settings and whether the auxiliary duct 1s open or closed.

In the low noise takeoff mode, the auxiliary duct is open, the front fan block 1s in
its high flow setting, the core is operated at maximum takeoff power, and maximum energy
is extracted by the low pressure turbine. The tailpipe heater is not 1lit. In this mode,
the double bypass eng'ne provides thrust, airflow and jet velocity characteristics that
would be typlcal of a .arger but throttled back conventlonal engine, or a higher bypass
engine. Note, however, that only the front block is high flowed. Hence, there is sig-
nificant weight savings compared to an equal noise conventional engine. The combination
of lower mean Jet velocity with the coannular noise benefit results in an engine that is
remarkadly quiet for its power.

For part power subsonic cruise, the auxiliary duct is again open, and pacses the ex-
cess airflow provided by the front block. In this fashion, a wide range of throttling
may be accomplished at constant airflow, thereby eliminating or minimizing spilllage, boat-
tail, and other throttle dependent drags.

In the high power mode for climb, acceleration and supersonic cruise, the auxiliary
duct is closed, the core is at or near maximum continuous power, and the tailpipe heater
18 used as needed. In this mode, the double bypass cycle 1s identical to that of the con~-
ventional low bypass engine, and offers essentially the same performance.

A second Genera) Electric VCE of potential interest is the Dual Cycle Engine or DCE
{not 1llustrated herein). It is also a derivative of the low-bypass mixed fiow turbofan,
but in this case a relatively simple one. As 1its name implies it has two modes nf
operation -~ mixed flow and separate flow. The conventional mixed flow mode is used for
climb, acceleration and supersonic cruise. For takeoff or subsonic crulse, the bypass
stream is diverted from the normal mixer and instead exits through a separate nozzle open-
ing. This allows the engine to throttle at constant airflow over a range about midway
between the conventional turbofan and the DBE. Since the separated bypass flow could also
be led to the plug as in the DBE, the coannular benefit 1s belleved to be applicable. As
will be seen, this less-complex VCE 18 falrly attractive at small airflows but is of less
interest in a high-airflow, low noise setting.

ENGINE COMPARISONS

Experience has taught that the engine and airplane cannot be created in a vacuum,
that is, developed separately frcm each other. The intent oi engine and alrplane studies
has been to cause innovation by identifying problems in missions, installations, engine
technical constraints, and finally aircraft performance and range. Filgure 13 shows the
flow-path of the studies conducted under the SCAR program; ref. 27 elaborates upon the
method of analiysis and presents some preliminary NASA results. We have demonstrated sig-
nificant progress by this approach. Subsequent charts will show that bcth the Pratt &
Whitney and General Electric engines have improved significantly as the SCAR studles pro-
gressed. In each case, the engine concepts have changed significantly, driven at least
in part by the airplane requirements. It will be recalled that at the start of the engine
studies, there were many engine concepts; but in all cases the requirements have tended
towards variable cycle engine concepts as the best overall solution.

Pratt & Whitney Results

The performance of the Pratt & Whitney engines 1s i1llustrated in Fig. 1li. Here we
have plotted total range as a function of engine corrected airflow. For reference, the
lower curve labelled "CTJ" shows the performance obtained by a hypothetical current-
technology turbojet engine. The airframe, in this case, 1s representative of modern NASA
and contractor thinking derived from the SCAR program. It ig an arrowe-wing configuration
weighing approximately 700,000 pounds at teeoff and would carry 275 to 300 passengers
over ranges up to 4,000 or 4,500 nautical n. es. The curve labelled "LBE-430S" 18 for the
modern Pratt & Whitney conventional low bypass mixed-flow engine which embodies SCAR tech=~
nology advances, but no variable cycle engine features. It represents a major advance
over the early engine. In unsuppressed form (the dashed curve) it would appear to be a
"winner" at low airflows, but is less attractive at high airflows. Unfortunately, this
engine in its present form would require a2 mechanical sound suppressor; its suppressed
performance illustrated by the solid curve, 1s significantly degraded. Illustrated next
is the perfor.ance of the variable stream control engine, VSCE-502B. Clearly, it provides
excellent performance even at low engine airflows. Its major advantage, however, occurs
at higher airflow levels that correspond to lower noise performance. Finally, the rear
valve VCE-112C is also fairly competitive at low airflows but less attractive in larger
sizes. As previously mentioned, this engine because of its inherent cycle and nozzle
geometry characteristics does not recelve the full coannular noise benefit. It therefore
is less attractive than the curve might suggest for civil uses. For other applications,
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houe:er. or if a solution to this problem is found, it could well merit further consid-
eration.

The overall results are summarized in bar chart form on the other part of the figure.
Here we have shown the range obtainable for several different engines as a function of
sideline noise (estimated by the simplified methods of ref. 27) and takeoff field length
constraints. The reaults are shown for a long and short fleld length and for noise levels
of FAR 36 and FAR 36 minus 5. For ease of comparison, both the early turbojet and the LBE-
430 have been credited with a mechanical suppressor which confers a 8-dB noise reduction
(about the same level as obtained via the coannular benefit). In both cases it is clear
that the SCAR conventional engine represents a significant advance over the early turbojet
and that the variable stream control engine, the prefered PIW VCE, represents a further
advance over the modern conventional engine at airflows corresponding to low takeoff noise.

General Electrlc Results

Similar results for the General Electric engines are 1llustrated in Fig. 15. Here
are plotted the total range as a function of corrected airflow for the 1970 GE-4 SST
engine, for the GE Dual Cycle Engine (which, but for its presumed ability to use a co-
annular nozzle, 1s essentially a modernized low bypass mixed flow turbofan engine) and
for the Double Bypass Engine. Again for ease of comparison, the GE-4 is credited with an
8 dB high-performance suppressor, while the two VCE's presumably receive about the same
benefit from the coannular effect. As was the case with Pratt & Whitney engines it is
clear that the modernized turbofan or Dual Cycle engline has achieved a significant im-
provement over the 1370 SST engine, but the Double Bypass engine in turn represents a
major further advance ~ especially in the high airflow regime which corresponds to low
takeoff noise. The bar chart in this figure i1llustrates exactly the same trends. Range
again is shown for long and short takeoff field lengths and for FAR 36 sideline noise and
FAR 36 minus 5Db. Noise 18 again computed by the simplified NASA method of ref. 27, in-
dividual contractor's estimates may vary somewhat. It is clearly evident that the Double
Bypass variable cycle engine represents the major advance, although the Dual Cycle 1s
fairly competitive at the lower airflows that correspond to greater fleld lengths and
higher noise.

TECHNOLOGY REQUIREMENTS AND PROGRAMS

Mentioned earlier was the fact that cne abJective of the SCAR englne studies was to
define the technology requirements for making these paper engines real. Figure 16 1s a
summary of the major technology recommendations presented by Pratt & Whitney and General
Electric. Clearly needed are quiet coannular nozzles, underlined on the figure because
they are not only critically needed but are unique comments for these engines and not
likely to be developed under other programs. In the same category is the low emmissions,
efficient duct burner which i1s characteristic of the Pratt & Whitney engines alone. Also
needed are variable geometry fans, flow control valves, advanced low pressure turbines
and advanced inlets. There 1s a major need for low-emmissions primary burners as well as
for advancement in hot section technology in general. As previously mentioned, the
favored engines obtain improved supersonic performance by increaring the primary burner
temperature and speeding up the core as the engine accelerates toward supersonic crulse
operation. A consequence of this inverted temperature profile, i1s an inverted duty cycle
in which the engines must spend perhaps 80% of their life times operating at or near the
maximum possible turbine inlet temperature. By comparison, a conventional subsonic engine
would take off at maximum temperature and then throttle back several hundred degrees when
it reaches crulse conditions. Thus, advanced cooling techniques and advanced high temper-
ature materials are of the greatest importance in these englnes. Finally, because of the
engines' many adjustable features that must be continuously monitored and controlled in
flight for safe and efficient operation, there 1s also a need for advanced digital elec-
tronic controls as indicated.

To address some of these needs, NASA has Iinstituted test bed englne programs with
both Pratt & Whitney and General Electric. The current program is austere and is rela-
tively slow paced. Tre basic Pratt & Whitney test item is a rear end assembly comprising
a duct burner and a ccannular nozzle. In llieu of a large facility air supply, this as-
sembly will be driven by an F100 engine rematched to approach the Variable Stream Control
Engine cycle. The duct burner configuration will be selected on the basis of an analytical
screening study followed by segment-rig tests of the most promising configurations, before
the boller-plate burner 1s assembled. Similarly, the quiet coannular nozzle will be eval-
uated by means of aerodynamic performance and acoustic model tests before the boller-plate
nozzle is constructed.

NASA is also addressing the General Electric technology needs by a test bed engine
program. This is being closely coordinated with military programs involving related con-
cepts. Following parallel logic with the Pratt & Whitney work, an existing military en-
gine (J-101 'erivative) will be used es an air supply to test a new aft~end assembly in-
corporating a quiet coannular nozzle. The military demonstrator includes or can be made
to simulate some but not all of the desirable Double Bypass features identifled by the
SCAR studies. It can be rematched to provide an excellent simulatlon of the selected cycle
at takeoff conditions, and a more limited simulation at other conditions. The design of
the quiet nozzle will be established by further analysis and aeroacoustic model tests be~
fore the full-sized assembly is constructed. Ir addition, a new variable geometry front
fan will be rig tested separately from the engine/nozzle test. The fan rig test assembly
will be sized to be compatible with a future, more advanced testbed engine embodying all



significant features of the Double Bypass Engine concept.

Iv, summary, the presently planned testbhed programs will accomplish several objectives;
namely, to test for each company - General Electric and Pratt & Whitney - the two most
critical, most unique technology requirements identified by their SCAR engine studies. At
Pratt & Whitney this comprises & clean, efficient duct burner and a quiet .coannular nozzle.
For General Electric it includes a variable-flow front fan block and & quiet annular noz-
Zle. It is emphasized that these are critical items, unique to the favored engines, and
not likely to be developed elsewhere. Hopefully, additicnal needs appearing in Fig. 16
will be at least partially addressed by other NASA or military programs. If not, a size-
able augmentation of the testbed and related SCAR programs may be necessary in the future.

CONCLUDING REMARKS

At this point, we have reviewed the evolution of two groups of VCE concepts and shown
how they have been favorably impacted by design simplification and by technology advance-
ments in many areas - particularly in the area of acoustics. Parallel advancements have
been achieved in the airframe area by other parts of the SCAR program.

Whet 1s the overall payoff from these developments? In Fig. 17 is shown a plot of
subsonic mission leg length versus the alrplane's total range capability. Several city-
pair combinations of eccnomic interest are spotted on the figure. The line at the left
indicates the estimated performance of the 1970 United States SST at one point near the
close of that program. The nearly vertical band at the right indicates the performance
now predicted for an advanced supersonic transport using variable cycle engine concepts
and taking advantage of the SCAR technology advancements that have been discussed. As
indicated by the arrows between the lines, these advancements are due to improved engine
technology, aercdynamic and structural technology advances and the variable cycle concepts.
Clearly, & major improvement in the airplane's ability to serve potentially attractive
markets has been identified on paper.

What can be done to male *hese paper engines real? By the SCAR studies we believe
that we are identifying what needs to be done to develop a viable option for some future
date. By the testbed programs we are addressing the unique and most critical components
for each of the favcred VCEs. Admittedly, there are other needs which are not now being
addressed. But we believe that if the testbed programs are steasdfastly pursued to thelr
successfu) conclusions, the logical next steps will be forthcoming.
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