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Abstract

At the close of the U.,5. attempt in the com-
mercial supersonic transport market in the early
1970's, both the government and aircraft industry
recognized that pignificant technical advancements
would be required to make a second generation su-
personic aircraft economically viable and environ-
mentally acceptable. Consequently, in 1972, NASA
initiated a limited effort to advance supersonic
technology. The intent was to identify and inves-
tigate areas requiring new and/or improved technol-
ogy that would lead to substantial improvements in
performance, This paper will describe the in-house
and contracted efforts of NASA Lewis in t1.e areas
of engine selection, testbed experiments, und noise
reduction research over the decade from 1972 to the
termination of the effort in 1981,

Introduction

In the early 1970's at the close of the U.S.
attempt in the commercial supersonic transport
market, both the government and aircraft industry
recognized that significant technical advancements
would be required to make a second generation su-
personic sirersft aconomically viable and environ-
mentally acceptable. Consequently, in 1972, NASA
initiated a limited effort to advance supersonic
technology. The intent of this effort, the Super-
sonic Cruise Research (SCR) program, was to iden-
tify and investigate areas requiring new and/or
improved technology that would lead to substantial
improvements in performance.

This was a two-pronged effort involving NASA
Langley as the lead center working closely with
three airframe contractors (Boeing, Lockheed, and
McDonnell Douglas) and NASA Lewis working with two
engine contractors (General Electric and Pratt,k &
Whitney).

This paper will describe the in-house and con-
tracted efforts of NASA Lewis in the areas of en-
gine pelection, testbed experiments, and noise re-
duction research over the decade from 1972 to the
termination of the effort in 1981. It was recog-
nized at the start of the program that jet noise
was expected to be the dominant noise source for an
§S8T, particularly at takeoff and cutback power.
Therefore, the suppression of this source of noise
would be paramount to the development of a success-
ful airplane. Jet noise can be reduced by lowering
jet velocity and raising airflows at takeoff
through cycle modifications, by employing mechani-
cal suporessor nozzles, or a combination of these
approacnes.

At the start of the SCR program, it was recog-
nized that mechanical suppressor nozzles tend to be
complex, suffer thrust losses, constrain the engine
cycle when deployed and penalize the entire mission
as a result of increased nacelle weight and diame-
ter as well as stowage losses. Therefore, emphasis
was on the Variable-Cycle Engines (VCE's) and rela-

tively simple and efficient noise suppressors.
This then set the stage for the S8CR studies.

The Early Years

As previously mentioned, NASA started the BCR
program in 1972. The Boeing/General Electric B8ST
effort had been cancelled the previous year. The
engine on this aircraft was the GE-4 afterburning
turbojet (Fig. 1). Important economic and environ-
mental factors for the aircraft are ehown in Fig. 2.

As originally conceived, the SCR Propulsion
program was to initially look at a large matrix of
engines through contracted efforts with GE and P&W,
with a subcontract from RP&W to Boeing to perform
integration studies. Tho plan was to narrow the
list of candidate enginas to one for each company
and than build demonstrators of each. There were
additional in-house and contracted effcrts in the
area of noise reduction, inlet stability, and ma~
terials. This is shown in Fige. 3 and 4.

During the initial phase of the contracts, 25
engine concepte were evaluated (1973). These en-
gines ranged from conventional concepts to compli~
cated engines with valving, ducting, and other
novel approaches. The initial screening reduced
the number of engines to ten in the second phase
(1974). More detailed analyses were per formed on
these engines until in 1975, the candidates were
reduced to four. These were a conventional non-
augmented Low Bypass Engine (LBE) with a mixed flow
nozzle and a Variable Stream Control Duct-Burning
Turbofan Engine (VSCE) at Pratt & Whitney, and the
General Electric Double and Single Bypass Engines
(DBE and SBE). These four engines are shown in
Figs. 5 and 6., Both the P&W LBE and GE SBE had to
be oversized to meet noise requirements or required
the installation of a noise suppressor.

The narrowing of the engine concepts to 4 was
based on the overall SCR pro‘,ram as shown in Fig. 7.
As mentioned earlier, concoritant with the Lewis
sponsored propulsion systems studies, Langley had
contracted efforts with the three airframers who
were supplied data packs of engine performance by
P&W and GE. The airframers then evaluated these
engines on their airframes. Work was also being
done on the problems of emissions and noise. The
driving factors in the selection of these engines
were the performance of the engines and the noise.
It would, therefore, be appropriate at this time to
discuss the early noise work that was done.

Early Noise Work

The early noise work focused attention on at-
tempting to develop simple and efficient noise sup~
pression devices suitable for and taking advantage
of the unique features of the Variable Cycle En-
gines. A consideration in going $n this direction
was that the Department of Transportation (DOT)
initiated a substantial effort on high-velocity jet
noise suppression in 1972.
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But even before this, before the tormination
of the B8ST development effort, the Lewis Reaearch
Centar was already involved in developing the re-
quired noise technology. This effort was focused
on jet nolse for high specific thrust engines simi-
lar to the GE~4 and the engines on the Corcorda.
In-house studies produced a novel suppressor con-
cept. In 1971, a contract was awarded to Boeing
for the development of lined ejector technology
through experiments on model and full-scale multi-
tube suppressor nozzles.

In spite of the advances being made on turbo-
jet type suppressors, it appearcd that still more
innovative concepts would be required to produce an
accepteble engine. Therefore, in 1973, Lewis ini-
tiated contracts with both P&W and GE to conduct
model tests on duct burning turbofan exhaust noz-
zles, both unsuppressed and with suppressor ele-
ments in the outer (high-velocity) strecam. This
concept appeared attractive, since the high~veloc~
ity stream was confined to an annulus (inverted
velocity profile, IVP) so that aimpler suppressor
elements would be required than for a turbojet,
which would probably required a full penetration
suppressor.

It was acknowledged that ~f{fects of {light on
noise for even the simplest nozzle geometries were
poorly understood. Because of the importance of
flight ctfects on jet noise and the apparent incon-
sistency between jet noise trends observed in ac-
tual flight and in flight simulation experiments,
Lewis in’'tiated contract studies with Lockheed-
Georgia and foeing in 1974 on the generation, prop-
agation, and measurement of jet exhaust noise in
flight., To minimize cost, much of the experimental
nciee suppression work was conducted with small-
scale model nozeles, which produced significant
nolse at frequencies up to 100 kHz, a factor of 10
beyond the range where accepted methods were avail-
able. Thus, to allow such data to be properly
evaluated, Lewis initiated a study in 1975 of high-
frequency atmospheric attenuation conducted by the
University of Mississippi. The results of this
study have been widely used and provided much of
the basis for the development of widely accepted
standard procedures.

Unsuppressed Coannular Nozzle Results

As mentioned earlier, the inverted-velocity-
profile (1VP) exhaust system (Fig. 8) of the duct
burning turbofan engine appeared to offer the op-
portunity to employ relatively simple outer-stream
suppressors. However, early testing indicated that
ever the unsuppressed IVP coannular nozzles offered
significant noise reduction benefits. This noise
reduction benefit was evaluated dirferently by dif-
ferent investigators, as illustrated in Fig. 9. 1In
Fig. 9(a), the maximum perceived noise level (PNL),
scaled to a common size, and normalized for jet
density effects, is plotted against the mass-aver-
aged jet velocity, Vy,, ard compared with the
noise of a conical nozzle having the same thrust
and mass-averaged velocity. Oy this basis, the
noise reduction benefit is 3 to 5 PNdB. An alter-
nate comparison is shown in Fig, 9(b), the normal-
ized maximum PNL is plotted against outer-stream
velocity, ij, for cases where Vjp, = 1.5 Vj)

(Vjy is the 1nner-stream velocity). The results
are compared with a “synthesized" noise, which is
the summation of the noise from a conical nozzle at
outer-stream conditions and area and that of a con-

{cal nozzle at inper-stream conditions and arca.

On thie basis, the noise benefit of the IVP coannu~
lar is 6 to 10 PNdB, with the noisc bencfit in-
creasing as the outer nozzle inner to outer radius
ratio increasca., 1In epite of the slight confuaion
brought about by the different comparison bascs, it
was clear that meaningful noise suppression was
obtainable with a thrust loss of only 1.5 to 2 per-
cant,

Quter-Stream Suppressor Results

In addition to these unsuppressed baselinn
coannular nozzles, further experiments were conduc~
ted with suppressor elements such as chutes, tubes
or convolutions. Lined and unlined ejectors wero
also evaluated. Results of these studica are shown
in Fig. 10 on the same "aynthesized" basis as Fig.
9(b). The crosshatched arcas represent the outer-
stream results, while the dashed lines are repro-
ductions of the synthesizoed and unsuppressed coann-
ular resulta of Fig. 9(b). At the higher outer-
stream velocities, the suppressed configurations
showed an additional noise reduction of 3 to 7
PNdB, but at the expense of relatively large thrust
losses (as much as 8 percent greater than the un~
suppressed coannular nozzles).

Flight E fects

Although the results discuased so far wer
quite encouraging, optimism was tempered by the
fact that the results were from model-scale static
tests. Recognizing the need for an evaluation of
flight effects, Lewis initinted simulated-flight
tests of unsuppressed IVP coannular nozzles in an
anechoic free-jet facility by P&W. Typical resuirs
at simulated takeoff conditions are shown in
Fig. 11, The variation of overall sound pressure
level, OASPL, with outer-stream velocity, Vi, is
shown for static and simulated flight (M, = 0.3)
conditions for a fixed angle in the aft quadrant
@ = 130°). "Synthesized" levels are also shown
for comparison. The difference between the IVP
coaunular nozzle results and the "synthesized" lev-
els s essentially unchanged from static to flight
condivions. Therefore, the noise reduction bene-~
fits of 1VP coannular nozzles were also shown to
occur in flight.

Suppressors

Although the Lewis effort was now focused on
the IVP nozzles, suppressors were not being neglec-
ted. A major DOT/FAA study ‘with technical support
from NASA Lewis) was conducted on high-velocity jet
noise suppression including suppressors for coannu~
lar exhausts.

Testbed Engines

At the end of Phase III of the SCR engine
studies (1975), the number of candidate engines had
been reduced to four. The noise work was now fo-
cused on the IVP coannular nozzles although there
were concerns about the scalability of the results
to full scale engines. The more unconventional GE
DBE and P&W VSCE represented relatively quieter
engines, even unsuppressed, but required unique and
technically challanging components such as the duct
burner, IVP nozzles, variable bypass injectors
(VABL's), etc. They were chosen as the two engines
for the testbed program.
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Double Bypass Engine

The NASA testbed engine program at the General
Electric Co. was formulated to determine the aero-
mechanical feasibility of tha most critical unique
VCE features of a double bypass engine and to ver-
ify engine performance and acouvatic predictions in
a series of limited static engine tests. The dou-
ble bypass engine concept, shown schematically in
Fig. 12, is a turbofan engine in which the fan has
been split into two blocks, each with its own by-
pass duct for better control of the flow over a
broad spectrum of operating conditions. The en-
larged front block fan is designed to accommodate
all the airflow required for takeoff with reduced
specific thrust (jet velocity) for low jet noise in
the double bypass operating mode. The lower~capa-
city rear block fan is sized for the nominal single
bypass, high specific thrust operating mode needed
for transonic and supersonic acceleration and su-
personic cruise. A selector valve at the entrance
tc the outer bypass duct is opened for double by~
pass operation and closed when conventional single
bypass operation is desired. Variable inlet guide
vanes (IGV's) control the flow swings into the rear
block fan which occur between double and single
bypass operation. In double bypass operation, the
two bypass streams are merged into a single duct to
reduce weight and simplify the exhaust nozzle re-
quiresents. This merger is accomplished via the
variable area bypass injector (VABI), a translating
cylindrical sleeve which varies the dischavge area
of the inner bypass duct to match its static pres-~
sure to that of the outer bypass stream for effi-
cient mixing over a range of double bypass flow
conditions. In the low-noise mode, bypass flow is
then brought through crosa-over struts to the in-
side of the plug nozzle, as shown in the view above
the centerline in Fig. 12. The aft portion of the
plug centerbody is translated fore and aft to vary
the exit area and thus control the flow of the cold
fan stream. The hot turbine discharge gases flow
around the nozzle support (cross-over) struts and
over the plug crown to surround the cold fan dis-
charge stream to provide an inverted velocity pro-
file for reduced jet noise. In the more conven-
tional single bypass operating mode, shown below
the centerline in Fig. 12, all the fan bypass flow
goes through the inner bypass duct and ia mixed
downstream with the turbine discharge gasea via the
action of drop-chute rear VABL's located between
the plug nozzle support struts. As with the for-
ward VABI, the function of the rear VABI is to per-
form @ static pressure balance between the two
streams for more efficient mixing., Mixing is de-
sired at flight conditions where jet noise reduc-
tion is of no concern in order to provide a uniform
exhaust velocity profile for greater propulsive
efficiency. To stop the cold flow discharge from
the inner plug, the aft portion of the plug center-
body must be translated fully aft in this operating
mode.

Another unique feature of the engine concept
is the rear block fan drive arrangemenc. 1In this
engine, the rear block fan is driven by the high-
pressure (HP) turbine, as opposed to the conven-
tional low-pressure ‘LP) turbine drive arrangement
for all existing turbofan engines. This unique
drive arrangement allows an otherwise under-worked
HP turbine to do more work and allows the enlarged
front block fan to be driven by a single~stage LP
turbine, Reduced turbine cooling also results from
the arrangement because of the increased work ex-

traction from the HP turbine stage, which reduces
its average meral temperature, as well as that at
the LP turbine inlat,

The firat NASA-sponsored VJCE test occurred in
1978, but drew upon military test experience dating
back to 1976, as indicated in Fig. 13, Both the
military and NASA programs at GE used YJ10l engine
liardvare ae the basis for the test vehicle, with
modifications as appropriate to incorporate VCE
features, The YJ101 is a low bypass turbofan pre-
viously used in the YF1? flight test program, and
served as the prototype for the more refined F404
engine used in the Navy F18 fighter, The availa-
bility of the YJ101l hardware greatly reduced the
cost of the VCE testbed program to NASA since these
engines were military surplus and were furnishad at
no cost, The combined military and NASA YJ101/VCE
experience included over 440 hours of testing, with
the NASA test experience alone accowmting for over
half of this total.

The first YJ101/VCE test shown in Fig. 13 wae
sponsored by the Air Force and demonstrated the
operation of a rear diverter valve with a dual exit
exhaust nozzle on an otherwise standnrd ¥YJ101 en-
#ine. The rear valve allowed the engine to operate
with the fan and engine exhaust gases either sepa-
rated or ixed. The second test in this sequence,
aleo egongored by the Air Force, was the first dem-
onstration of the double bypass concept, with the
three-stage YJ101 fan split so that there was one
stage in the front section with two stages in the
rear (i.e., a 1 x 2 fan split). This engine re-
tained the rear diverter valve so that the inner
bypass exhaust flow could either remain separated
or be mixed with the primary. Since the outer by-
pasa stream was exhausted separately, & complicate
three~axit exhaust nozzle was required. The third
VCE test was sponsored by the Navy and was an eval-
uation of a double bypass system with a 2 x 1 fan
split. The rear diverter valve was replaced in
this engine with a drop-chute rear VABI for im-
proved mixing. A variable area LP turbine nozzle
(VATN) assembly was also substituted for the con-
ventional fixed-geometry stator hardware for addi-
tional matching flexibility. The first NASA test
configuration, shown schematically in Fig. 14, in
addition to the features of the previous Navy vehi-
cle, incorporated a forward VABI to allow the merg-
ing of the inner and outer bypass stveams into a
single bypass duct. This saved weight and greatly
simplified the nozzle by permitting a conventional
military single~exit configuration to be used with
the rear VABI mixing all the bypass flow with the
primary.

In the forward VABI test, transitions from
single to double bypass operating modes, and vice
versa, were successfully demonstrated without any
observable aerodynamic instabilities or mechanical
problems. Data obtained during this test in June
1978 (Fig. 15) indicate the airflow and sfc advan-
tages of double bypass operation at constant 50-
percent thrust throttle conditions. This type of
operation is representative of cut-back at the take-
off fly-over noise measuring station or subsonic
cruise. Figure 15 shows that a 29 percent increase
in airflow is possible in double bypass compared to
normal s’ ngle bypass operation without exceeding
the minimum sfc in sirgle bypass. At cutbe‘k, this
could mean a 6-10 PNdB reduction is jet noise be-
cause of the lower jet velocity. At subsonic
cruise, the greater mass flow imrlies reduzed
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throttle-dependent installation drag because the
inlet spillage and nozzle boattail are reduced. 1If
lesa than the full 29-parcent increase in airflow
is needed in the installed performance optimica-
tion, Fig. 15 also shows that uninstalled sfc im=-
provements of up to 5 percant can be obtained in
double bypass with at least 13 percent wore airflow
than best sfc operation in single bypass.

After the com.<ition of the forward VABI test,
the engine was & 1 reconfigured as shown in Fig.
16 for an aero/acoustic test which occurred in an
outdoor test facility at Edwards AFB, California,
in October 1978. This became the fifth test in the
YJ101/VCE sequence shown in Fig. 13. To obtain
this configuration, the military nozzle and Navy
rear VABl were removed and replaced with a coannu-
lar plug nozele with an integrated rear VABL assem-
bly similar to that in the conceptual product VCE
shown in Fig. 12. A photograph of this engine on
the tost stand at Edwards is ehown ies Fig. 17. A
laser velocimeter used to make & plume velocity
survey can also bo seen to the side of the nozzle
in this photograph. In addition to several cosarnu-
lar plug nozzle configurations of different outar
radius ratio, a [ixed-geometry mixed flow conical
nozzle was also used as an acoustic reference.
Other than the acoustic evaluation of the coannular
plug nozzle aystem, which will be presented later
in this paper, one of tho major objectives of this
test was tr. assess the lossea in the bypass system
from the fan discharge through the nozele flow-
inverting struts. Those losses are shown in Fig.
18 for both double and single bypass cperation.,

At the Jouble bypase strut design flow condition, a
predicted thrust loes of around 2 percent was ex-
pected, but the actual mcasured loss, as shown, was
much less and only siightly greater than that in-
curred in single bypass where the etrut {low was
much lower, A pressure loss evaluation of the hot
strecam from the turbine frame aft also indicated
that the low-loss configuration was obtained for
this stream, and that no major performance penal-
ties occurred due to the rear VABI ot flow around
the cold flow inverting system., Comparisons of hot
stream loss data were made between the coannular
plug configurations and the reference nozzle, both
with the rear VABIL, and differences were barely
detectable, The mixing effectiveness of the new
drop chutes - generally above 90 percent - indica-
ting that the ideal thermodynamic thrust gain due
to complete mixing was approached.

The Edwards acoustic test VCE was used next in
4 test of the Navy Full Authority Digital Electrenic
Control (FADEC), as indicated in the test sequence
chart of Fig. 13. The coannular acoustic nozzla,
however, was removed and replaced with the conven-
tions: single-exit variabie area miiitary nozele.
The rationale for using the NASA VCE configuration
for this test was that it had more variable geome-
try features than any other engine and would,
therefore, provide a better test of the capability
of the new clectronic control system. The FADEC
test was completed at a GF-Lynn test cell in 1980.

After the completion of the Edwards acoustic
teast ‘n the fall of 1978, NASA cmbarked on the con-
struction of a core-driven fan stage (CDFS) testbed
configuration which provided a clioser aerodynamic
and mechanical simulation of the wonceptual engine
shown in Fig. 12. The rear bloc¢k fan in the CDFS
teastbed design was closer coupled apace-wise to the
HP compressor than in the earl.er testbed, and the
core drive arrangement, by providing a higher rota-

tional speod, allowod the tip diameter of the fan
to bo reduced for improved outer bypass duct aero~

dynamice, A different YJ10l core spool was used so
that the required modifications cov’ mado in
parallel with the Navy FADEC test. CDFB modi~

fication was such a: extensive dep ce from pre-
vious experience t'at & separale c. ¢ test was
daemod appropriate, The core test configuration,
which {ncorporated the now fan stage as voll as the
bypass ducting and new forward VABI system, ie
shown schematically in Fig. 19. Modification of
the YJ101 high spocl to this new configuration re-
quired vedesign and rclocation of major engine
structural frames and a change in the shaft bearing
and support arrangement. This core configuration
was successfully tested in the summer of 1980 in a
GE~Evendale ram test facility which allowed the
simulation of the front block fan discharge condi-
tions at the CDFS inlet. A photograph of the core
test vohicle being moved into the ram teat facility
is shown in Fig, 20, During the core test, the on-
gine and fan stage both operated quite well, with
very low vibration lavels throughout the test. No
CDFS blade {nstabilities were found, and a reviow
of rotor/siator strain gage data showed that
stresscs were generally only 30 to 50 percent of
design, The new forward VABI aystem, with the
flapper-typo double bypass selector valves located
between the midframe struts, worked quite well in
the test., The inner bypass duct, howaver, scemed
to be somewha® undersized and tended to choke and
produce a higher-than-expected rear block operating
line in eingle bypass operation. The fan stage
asorodynamic performance itself was quite good, with
the airflow and stall line both higher than predic-
tions. The unique delta vanes, which were in-
stalled on the outer wall shead of the fixed OGV's
in the inner bypass duct (see Fig. 19) aiso proved
to be effective in reducing the incidence angle on
the OGV's during low flow operation typical of dou-
blo bypass conditions. The decision was made to
retain these removable delta vanes for the full
engine test because of theivr apparent beneficial
effect over a range of operating conditiona.

The full engine performance test with the CDFB
core was the last test shown in the Fig. 13 se-
quence and was completed at Edwards AFB in January
1981, The front block fan, VATN, and LP turbine
were obtained from the FADEC test engine and com-
bined with the CDFS core from the previous NASA
test. A rear VABl from a previous VCE configura-
tion was also used and combined with a standard
aingle-¢xit YJ101 variable exhaust noszle. A pho-
tograph of this engine on the test stand is shown
in Fig. 21. ‘Vnen combined with the coannular plug
nozzle for the subsequent acoustic test, as shown
schematically in Fig. 22, this testbed engine em-
bodied virtually every feature of the Fig. 12 con-
ceptual engine, with the cxception of the enlar ed
front block fan and the advanced core hot section
In the performance test, the engine m:t its overal
pretest performance goals, especially with respect
to the matching characteristica of the CDFS com-
pression system, Some core compressor aepecd/- flow
hyateresis was observed during the test, however,
and was later attributed to loosencss in the HP
compressor variable IGV system. A gradual perform-
ance l.ss was also observed over the 43-hour dura-
tion of the test and, by a process of elimination,
was attributed to a deterioration in the perform-
ance of the core turbine. Possibly the most inter-
esting result obtained from the full engine per-
formance test was the airflow extension comparison
between double and s‘rgle bypass operation at a
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constant 50 porcent thrust, as shown {n Fig. 23.
Double bypase operation provided a 40 porcent in-
crease In afrflow without any sfc penalty, compared
to the single bypasa best sfc operating point, The
beat sfc in double bypass is about 8 porcent lower
than in single bypass and the airf(low is about 19
porcont higher, As montioned previously in connec-
tion with the forward VABL test rvesults (Fig. 15),
this increase in airflow could reduce throttle-
dependent external drag at subaonic cruise condi-
tions. Caution should be exorcised, however, in
making a diiect comparison between the CDF8 air{low
axtension results and those from the forward VABL
teat. The undersized inner bypass duct and the
overworked core turbine in the CDF8 cugine tend to
adversely affect single bypass porformance while
having little offect on double bypass operation.
The double bypaes advantage, therefore, may be
somewhat overstated in Fig., 23. With a properly
deaignod system, it is expected that the CDFS dou-
ble bypass advantage would lie somewhere betwoen
thoe results indicatod in Figs. 15 and 23,

About 2 hours into the CDFS acoustic test,
after tho chango-over to the nozzle configuration
dopicted in Fig, 22, a major cngine failure oc~
currod. This coannular nozrle had boen evaluated
previously in the the 1978 Edwards test and was
undergoing a recalibration when the failure oc-
currod. An extensive i{nvestigation revealed that
the first-stage WP compressor blade failure which
occurred was precipitated by loose and individually
mispositionad WP 1GV's which created a source etim-
ulus for the rotor blading. The flailure occuroed at
high power during conventional single bypass opera-
tion with all variable geometries at their normal
settings. The failure was wot related to any of
the unique VCE features or oporating conditions,
but was probably caused by a basic deticiency in
the YJ101 HP compressor IGV design, which has been
corrected in the wmore wature F404 follow-on enginc
degign. For this reason, it is recomnonded that
any subsoquent engine testing of a similar nature
should employ the F404.

Plans had been made and hardware had been
built for additional acoustic suppression devicws,
including a multi-element ovter stream suppressor
(Fig. 24) for the coannula: plug nozzle and an add-
on acoustically-treated ejector. A boiler-plate
hybrid accelerating inlet from a previous DOT/FAA
experimental program was also modified for inclu-
sion on the testbed engine in order to address the
fan/inlet acouvstic interaction problem. Figure 25
shows a schematic of all thesc components as they
would have been assembled on the testbed engine in
the planned Edwards acoustics test, These compo-
nents, however, were never evaluated because of the
termination of the test program after the engine
Yailure. A model nozzle acoustic and aeroper form-
ance program has been expanded in the last year to
evaluate some of these and other concepts with the
potential for additionanl noise reduction.

Variable Stveam Control Engine (VSCE)

Figure 26 is a schematic showing the basic
arrangement of the major engine components of the
Pratt & Whitney variable stream control engine
(VSCE). Also shown is an illustration of the in-
verted jat velocity profile at takeoff. The engine
{s a twin-spool configuration similar t¢ a conven~
tional turbofan but with the added fescure of a
burner in the fan duet. Tho VSCE dewives its name

from its ability to {ndupondontly control the pri-
mary and Lypass otreams, The fan and compreseor
both have variable geometry components and are
driven by advanced technology turbie 6.  The main
burner and duct burner both use low-caissions, high-~
efficiency combustor concopts, basod on NABA'e

Clean Cowmbustor program. The coannular noszzle pro-
vidas variable throat arcas for tho core and fan
duct flow and also includus an ejector = thrust-
roversor system.

The flexibility of this concept to wmeet the
diverse requirements of low Jet noise at takeoff
and good fuel consumption at cruise can best be
{l1lustrated by describing the operation at its
three most critical operating conditiona: takeoff,
subsonic cruise, and supersonic cruive (Fig. 27).

At takeoff, the primary stream is throttled to
an interme iiate powor setting while the duct burner
is onerated at its moximum design temperature. The
tndependert control of the two stresms provides the
unique {nverted velocity profile that {w» needed to
take advantage of the coannualar wozele noise bone-
fit. The vypass jJet velocity is about 60 to 70
percent higher than the primary jet velocity, This
inverted velocity profile provides a asignificant
reduction {n takeof{ jot noise.

At subsonic cruise, the main burner is throt=-
tled to a low temperature and the duct burner is
turned off., Variable geometry features are used to
"high flow" the cungine to watch the inlet alrflow
and thuas roduce both the inlet npillage drag and
the nozzle boattail drag. The velocity profile is
nearly flat, and the engine approaches the porform-
ance level of & woderate byvass ratio “urbofan on-
gine designed ntrictly for subsonic optration,

At supersonic cruise, the primary burver iem-
perature is increased relative to takeof(, and the
duct burner is operated at part powor. The result-
ing velocity profile again is nearly f{lat tfor good
propulsive efficiency, and this concept then pro-
vidos a fucl consumption that approaches that of a
turbojet cycle designed exclusively for supe ‘sonic
cruise,

A comparison of the VSCE with Pratt &
Whitney's component testbed configuration is shown
in Fig. 28. The NASA component testbed program at
Lowis began in 1976 to provide a largo-scale evalu-
ation of some of the unique and critical components
of the selected VCE concepta. To keep the costs to
a winimum, the critical vemponent hardware is ap-
plied to existing high-technology engines. In tho
Pratt & Whitney program, the testbed system {8 de-
signed to provide a largo-scale evaluation of two
of the most critical technology components of tho
VSCE -~ the low-emissions duct burner and the low-
noise coannular nozele. These components are added
at the back of an F-100 engine which 18 usod as a
gas generator. The F-100 eagine has the best po-
tential to simulate the desired exhaust conditions
of the VSCE without any major modifications,

An acrof/acoustic design procedure for coannu-
lar nozzlen was applied to several candidate ex-
hauat systems to identify the most attractive noz-
zle for the VSCE., A schematic of the sclocted de-
sign is shown {n Fig. 29. At supersonic cruise,
the nozzle is a conventional convergent-divergent
configuration. Two internnl clamshells are posi-
tioned to provide the initial portion of the expan-
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sion surface of tho ejector shroud., Varisble
throat arcas are provided for both the primary and
fan flows. At low-specd conditions, the nozzle
converts to an auxiliary inlet ejector. Actuated
inlet flaps arc openod to admit external airflow
into the ahroud. Panels located immediately down-
stream of the double-hingod doors are translated
aft to provide additional area for the ejector, and
the internal clamshells arec aligned with the inlet
flow. Floating tail feathers are aerodynawically
positioned to provide the proper exit flow arca.
The clamshells are also used for thrust reversal by
rotating them back to the nozele centerline. The
vreversed flow is then expelled through the open
inlet doors.

Scale models of this nozele configuration wore
testod in the Lewis 8 by 6 Foot Wind Tunnel (Fig.
30) in the Fail of 1978. Thrust performance levels
werce cstablished for this nozzle design at both
subsonic and supersonic speeds. The results of
this experimental investigation ar. shown in Fig.
J1. The measured nozzle thruat coefficients are
compared to the SCR study goals at three critical
flight conditions - takeoff, subsonic cruise, and
supersonic cruise. The supersonic cruise po{nt is
simulated at Mach 2.0, the higheast Mach number
available from the wind tunnel. The performance at
this flight condition is very good. This is en-
couraging since this is the moat critical operating
point for the exhaust system. The low-speed per-
formance was disappointin,, especially at subsonic
cruise where the measured performance levels are
from 5 to 6 counts lower than the study goals.
Diagnostic tests of the subsonic cruise configura-
tions showed that the lower performance levels were
the rcsult of an aerodynamic flow scparation over
the inlet doors of the ejector, It was obvious
that additional work was required to improve the
off~design performance of this ejector nozzle con-
cept.

This concern resulted in a redesign of the
nozzle and a follow-on wind tunnel test of an im-
proved nozzle configuration. The acrodynamic rede-
sign requirements were intended to provide improved
per formance at the critical off~design operating
points. This was accomplished by reducing the
ejector inlet turning angles, minimizing internal
overexpansions and static pressure mismatches, and
minimizing core/bypass flow impingement angle. The
improved nozzle configuration was design and fabri-
cated and is currently being tested in the Lewis
8-by-6 Foot Wind Tunnel.

An analytical screening study of low emissions,
high=-performance duct burner concepts in 1976 indi-
cated that a three-stage burner, operating on the
vortex burning and mixing concept (vorbix), offered
the best configuration for the testbed engine with-
in its risk and schedule constraints. A schematic
of the selected configuration is shown in Fig. 32.
The requirement that the duct burner be capable of
operating smoothly over a wide range of fuel-air
ratios leads to the need for a multistage combustor
system., The first, or pilot prechamber, stage is
sized for stable operation at very low fuel-air
ratios to provide a soft light and to minimize dis-
turbances to the fan operation. The combined first
two stages (pilot prechamber and pilot secondary)
are designed to operate at supersonic cruise, and
the third, or high power, stage is designed to op~
erate only during takeoff and transonic climb,

Emiseions and performance measurcments were
obtained for this three-otage vorbix configuration
in both a two-dimensional segment rig test {n 1978
and fn the F100 component testbed engine in 1979.
In general, the data from the segment rig test were
consistent with the data from the testbed engine,
demonstrating the ability of the scgment test rig
to accurately model the full annular phenomena.
Acceptable operating characteristics were demon-
strated. Both porformance and emissions results
were gonarally better than the program goals.

Emissions measurements from these experimental

teate at two simulated flight conditions, takeoff
and supersonic cruise, are snown in Fig. 33. The
design soals for carbon monoxide (CO) and unburned
hydrocarbons (THC) are basod on a combustion effi-
claoncy of 99 percent. These goals are intended
only as a standard for comparison and are not rela-
ted to any pronosed or catablished regulation for
advanced supersonic aircraft. Bince the measured
combustion efficiencies are vory high (near a value
of 100 percent), tho emissions levels for CO and
THC are well below the design goals. The dosign
goal for oxides of nitrogen (NOx) is the lowest
value that can be obtained with this duct burner
concept and assumes complete mixing. The measured
NOy emissions levels are quite low and very near
the goals at both takeoff and supersonic cruise.
It should be pointed out that the duct burner only
contributes a small part of the overall engine NOy
emissions when compared to the main burner, as can
be seen in Fig. 34.

In Fig. 34 the projected emisaions character-
istics of the VSBCE have been updated to reflect the
duct burner emissions mcasurements from both the
segment rig and testbed engine tests. The data
used for projecting the emissions of the main
burner were based on results from the Clean Combus-
tor program, and the main burner was assumed to be
a two-stage vorbix concept. Figure 34 shows the
projected emissions levels for both the airport
vicinity and at altitude cruise. The shaded area
depicts emissions from the main burner, while the
unshaded area shows the emissions from the duct
burner. The results at the airport indicate that
the engine is capable of meeting the 1984 emissions
requirement for the class T5 advanced supersonic
transport engines. The NO, emissions at high-
altitude cruise are higher than the proposed Cli~
matic Impact Assessment Program {or CIAP) goal of
3.0. Although the requirements of altitude NO,
are not yet cstablighed, if they are constrained to
this proposed CLAP level, more advanced emissions-
reduction technology must be employed to meet the
goal. This is particularly true for the main
burner, since it produces nearly 90 percent of the
total NO, emissions at altitude cruise.

The VSCE/F100 component testbed program was
completed in the Fall of 1980 when the acoustic
test was conducted at Boeing's acoustic test site
near Boardman, Oregon, Fig. 35. (Results of the
acoustic test are discussed later in this paper.)
The model nozzle program is centinuing with an ef-
fort to improve nozzle performance, especially at
the off~design conditions where the measured per-
formance to date has been poor.

In summary, the performance :nd emissions mea-
surements obtained to date from the component test-
bed program at Pratt & Whitney have been very en-
couraging. Successful operation of these advanced
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and uniquo ongine components have vemoved some of
the technical barriers that has previously inhibi-
ted the development of an advanced superaonic
cruise aircraft.

séatbed Acoustica

The testbed acoustice programs were addrissed
primarily to the development of prediction proce=-
dures and the demonstration of IVP noise benefits
at large scale.

JVP Noise Prediction

Since the noise i{n a complicated function of
tlow-ficld and geometric variables, it is nececasary
to go boyond simple plots such as Fig. 9 to corre-
late the data, Tho complexity of the IVP jet noise
generation processes is shown in Fig. 36. Az many
as four noise-geuerating regions must be consi-
doered. It is theo differing trends of these diffor-
ent noise sources with oporating conditions that
loads to the exintence of a minimum noise as velo-
city ratio increases. The low-frequency noise io
genorated woll downotream of the nozzle where the
two flows have mixod and can no longer be distin-
guished; this is termed the merged region. The
higher frequency jet mixing noise is generated in
the region near the nozzle exit where the indivi-
dual jets can atill be identified; this is termed
the premesged vegion., When either or both streams
are supersonic, noise can be generated by turbulent
eddios passing through shock waves; thuu, we must
in general consider inner-stream shock noise and
outer-stream shock noise.

Empirical models relating these noise-genera-
ting processes to those of a conical nozele have
been doeveloped., Small-scale, plugless, coannular
noezle experimental spectra are compared with pre-
dictions in Fig. 37. Sound pressure level is plot-
ted against frequency for an angle of 120°, in the
rear quadrant, in Fig, 37(a). For this case both
streams are superaonic, so all four noise sources
muat be consider «; but it {a the jet mixing noiscs
that dominate at this angle. The shock noise lev-
els contribute somewhat in the high-{requency range
but not as much as the premerged mixing noisc.
Results for the same conditiona, but in the forward
quadrant at 8 = 74°, are shown in Fig. 37(b). It
ig apparent that shock noise is much more important
in the forward quadrant than in the rear quadrant.
The inner-stream shock noise dominates the midfre-
quency range and determines the poeak sound pressure
level. The outer-streoam shock noise controls the
high=-frequency range. Although the relative con-
tributions of the various sources are different in
the forward and rear quadrants, the spectra at both
angles are predicted with good accuracy.

Large-Scale Verification of IVP Concept

The acoustic characteristics of IVP coannular
nogzles, originally determined from a series -f
model-scale teosts, were first verified on an engine
during the NASA-Genoeral Electric Double Bypass En-
gine Tewstbed acoustic tests. Typical results are
shown in Fig. 38 for the VCE testbed coannular plug
nozezle as well as for a similar model nozzle at
essentially the same conditions, with a mixed jet
veloci"y of about 590 meters per sccond. For both
the engine and the model, the experimental results
are scaled up to a typical groduct-onginc size
(total exhaust area, 0.90 m“) at a typical side-

line distance (slant vango, 731.5 m), The reaulte
aro aloo compared with the prediction procedure.
Percoivod nolse {a plotted as a function of angle
in Fig. 38. The wodnl results arc verified by the
angine results, The engine results are an average
of 0.8 PNdD below the model results, and the stand-
ard doeviation between the two dats sots is 1.5 PNdB,
The overall accuracy of the prediction method is
also confirmed by tho testbed data. Tho average
bias of the prediction with respect to the testbed
data is less than 0.1 decibel, and the standard
deviation {a 1.5 docibel. The predicted contribu-
tione of the combined jet mixing nuises (merged
plus premorged) and the shock noises (from both
strecame) are algso shown. Although the jet mixing
noise {s moat important in this case, the shock
nofses contribute somewhat in the forward quad-
rant. Although not shown here, at higher power
settingo and in flight, the shock nofse becomes
oven more imporvtant and contributes significantly
to the offective perceived noise level.

Duct=~Burnor Noise

Toats of the NASA-Pratt & Whitney VSCE testbed
not only provided further verification of the IVP
noise reduction bencfits, but also provided the
first opportunity to determine the importance of
combustion noise from the duct burner. Theue Lests
also provided a large scale evaluation of the in-
fluence of the ojector with and without acoustic
lining. Experimental data at high fuel-to-air ra-
tio are compared with prediction at angles of 90°
and 120° in Fig. 39. Good agreement can be secen in
goeneral, and duct burner noise is seen to be aig-
nificant, though not controlling. The significance
of duct burner noise is expected to increase some-
what in flight and also limits the potential bene-
fits of jet noise suppreossor nozzles. Ejector re-
aulte, shown in Fig. 40, indicate that the lined
ejector can provide substantial nofse reduction,
and even the hardwall ejector provides some noise
reduction at large angles.

The Later Years

At the same time that the testbed engines and
noise oxperiments were being run, cycle calcula-
tions continued on the four "candidate" engines.
The two conventional engines were being considered
as viable alternatives to the variable cycle en~
gines. Remember, that the experimental programs
~ware looking at the barrier technologies to suc-
cessful VCE's. 1In addition, effective low loas
suppressors were being developed under the sponsor-
ahip of DOT/FAA and NASA., The engine companiecs
were gencrating data packs for engines tailored to
the three different Mach numbers of the three air-
{ramoers (2.4 Boeing, 2.55 Lockheed, and 2.2
McDonnell Douglas).

P&W was funded in 1977 to do a refined design
definition of the VSCE incorporating the latest
results from the duct burner and cosnnular nozzle
experiments., It consiasted of an updated design of
all the major engine components to ensure reason-
able engine flowpaths with emphasis on the hot sec-
tion of the core. The engine went through the pre-
liminary design group and was "“weighed" on a compo-
nent by component basis. Thia is shown in Fig. 41.

The major changes that occurred were a result
of finding that the cooling requirement assumption
for the hot section had been overly optimistic.
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This caused P&W to roduce the overall engine pres-

sure ratio from 20 to 15 and to put a heat exchan-

ger in the bypass duet to precool the turbine cool-
ing air. Interestingly, thir caused a decrease in

specific fuel consumption. This updated version of
the engine was given the designation VSCE-515 ver-

sus the original VSCE-502,

In 1978, the design detinition study contract
was extenusd to perform a similar design definition
of the LBE and a version of the LBE where a flow
inverter was used to take tho bypass alr into the
center of a cosanular nozele and the core air to
the outelde. This engine (the IFE for Ilnverted
Flow Engine) would, thercfore, be oxpected to have
reducad noise because of the inverted velocity pro-
file relative to the mixed flow exhaust of the LBE.
Of course, it would be heavier becavse of the flow
inverter, Ion addition, a design etudy was done on
the VSCE-515 with an outer stream suppressor. The
goal was to reach the proposed new noise limit for
subsonic aircraft FAR Part 36 (1969) stage 3. Sup-
gressed versions of the LBE and IFE were also stud-

ed.

The outer stream suppressor did not appear to
significantly benefit the noise obtainable by the
VSCE. 1In order to have a suppressor, the duct
burner temperature had to be dropped from 2600° to
2000° F which caused a reduction in the inherent
coannular noise benefit of the cycle. The sup-
presscd LBE did benefit while the IFE did not.

As we shall soon sea, the original ECR Program
goal of finding the best two engines through the
process previorely ii,ustrated in Fig. 3, instead
resulted in expanding the number to where 5 angines
still appear to be attractive.

Boeing, under contract to Langley, conceived
of a new engine designated the Turbine Bypass En-
gine (TBE). The TBE as oiiginally conceived was a
two spool turbojet where the high-pressure turbine
was undersized. Under high-power operating condi-
tions, compressor discharge air (up to 25 percent)
was bypassed around the high-pressure turbine and
then reintroduced between the two turbinecs. As the
turbine inlet temperature was reduced in throttling
back the engine, less and less air was bypassed to
maintain constant corrected flow through the HPT.
This enabled to turbojet to maintain 100 percent
engine speed gver a wide range of power settings
with significant improvements in urinstalled speci-
fic fuel consumption and reduced inatallation ef-
fects by maintaining airflow to reduce inlet spill-
age and nozzle boattail drags. Boeing subcontrac-
ted with P&W to study this engine. Subsequently,
it was found that a single spool vereion of this
engine would perform just as well and alleviate the
problem of reinjecting the bypass air between the
two turbines. The single spool version of this
engine is shown in Fig. 42,

The simplicity of the single spool version of
the TBE with ite ability to maintain airflow at
reduced power settings made it very attractive.
Being a high specific thrust engine, it would how-
ever require some form of a suppressor nozzle.
Therefore, Lewis contracted with P&W to do a pre-
liminary design of the TBE in 1980 and comparc its
per formance to that of the otiher three engines
(VSCE, LBE, IFE).

The results of thin study are shown in Fig.’
43. The TBE is designated the VCE-702. As can be

scen from the figure, the unsuppressed VSCE and
supprossod VGCE, LBE, and TBE engine are quite com~
petitive at the low noise levels used in this
study. The airplane used by P&W {n thie study was
the Lengloy AST-105 at a Mach number of 2.4. Bince
the "best ongine” might vary from airframe to afr-
frame (and with Mach number), it was decided to
have each of the airfrawmars look at these three
enginas {n 1981 and eliminate the IFE. Contracts
wore being prepared when the BCR Program was can-
celled,

We will now discuss the engine studirs done by
G in the later years. The reader muot ba cau-
tionad not to try to compare the performance of P&W
and GE engines. The contractorr were asked to pro-
ject engine technolopy to the late 1980's and the
projections are different. Hence, P&W studying tho
GE cycles would not predict the same performance
and vice versa.

The General Electric engines atill under con-
sideration at the time of sclection of the testbed
engine werce the DBE and the SBE., 1In 1977, GE waon
funded to reoptimize the design parameters of theso
two engines. with and without suppressors, to try
to schieve lower noiso levels. They were also to
address the major variable cycle components in the
DAE, removing them one at a time, to assess which
had high payoff an.' which could be removed to ylield
a simpler engine,

The major conclusions recached in this atudy
was that the front VABL enabling the engine to have
a double bypass was the major payoff item in the
DBE. The elimination of the rear VABI and fixing
the arca of the low pressure turbine had marginal
impact, The SBE with full stream suppressor ia
competitive with the DBE with either a full or
outer stream suppressor at low noise levels. This
is shown in Fig. 44.

The simplicity of the outer versus full stream
appressor on the DBE led to the conclusion that
the outer stream suppressed DBE and full stream
suppressed SBE were the two engines that would con-
tinue to be considered

Having identified the importance of the vari~
ous VCE features, it was then decided (in 1979) to
try to identify the high payoff technology items
between a current technology (1980) and a far term
(late 1980's) engine. It would then be possible to
recommend the highest priority items to pursue.
This was done by taking a ciurrent technology engine
(designated the VB85) and adding new technology in a
cumulative manner. Bome technologies cannot be
added until another hus been added first., The re-
sulis of this study are shown in Fig. 45. The
highest payoff by far is for advances in the hot
section which if you accumulate the changes for
thermal barrier coatings, advanced technology tur-
bines (including reduced cooling), and high turbine
inlet temperature account for 11 percent of the 16
percent lmprovement,

In 1981, GE wan asked to look at the sensitiv-
ity of the advanced technology DBE to turbine inlet
temperature. The cycle parameters were to be re-
optimized as temperature changed {bypass ratio, fan
pressure ratio, and overall pressure ratio). The
results of this study are shown in Fig. 46. Since
the cooling requirements are being changed as the
turbine temperature is changed, and the cycle pa-
rameters have been allowed to reoptimize, the re-
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sults show that the advancoa technology, not the
actual temperature level is what is important.

As wao Lhe caso with P&W, it was planned to
have tne three airframers look at the latest ver-
sions of the DBE and SBE when the 8CR effort was
terminated.

Results of the testbed program and subseguent
analyses indicate that noise lovels approaching
FAR-36 atago 2 may bo attainable by unsuppressed
variable cycle engine. Howevor, to achiave noisc
levels comparable to Stage 3, suppression will be
required. Reovived int. st i{n high spacific thrust
engines, such as the Turbine Bypass Enginc also
necessitates the development of now noise reduction
concopts. Beveral concepts have been proposed, and
four of the most promising, currently under inves-
tigation, are discussed below,

Later Years Noisae Work

Outer Btream Suppraseor With Lined Ejector

Model-scale (outor stream suppressor) oimula-
ted flight experiments have shown that noisc levels
on tho order of 4 PNdB below the unsuppressed co-
annular nozzle can be achieved., Furthermore, some
of tha more recent studies have shown reasonable
thrust losses for such deviceo. The addition of an
acouatically-treated ejoctor (Fig., 47(a) could pro-
vide still further noise reductions. The evolution
of noise reduction concepts for dual stream nozzles
is {llustrated in Fig. 47(b). Rolative to a refer~
ence mixed-flow conical nozzle baseline, the un-
suppressed coannular nozzle rcoduces noise primarily
in the middle frequency range. An outer stream
suppressor can provide additional noise reduction,
muinly by reducing the low frequency noise. The
remaining high-~frequency noise, from mining of the
individual suppressor clement jets, can be reduced
with a lined ejector. Acrodynamic and acoustic
studies of ouch concepts at model~scale have beon
initiated; in addition to ejector lining, acoustic
treatment of the plug will be investigated. Addi-
tion noine reductions of about 4 PNdB are expected.

Thermal Acoustic Shield

Another concept for reducing high-frequency
noise is the thermal acouatic shield, illustrated
in Fig. 48(a). The relatively low-velocity, high-
tewperature, partial annular shielding stream re-
duces the noise on the shielding side (toward the
observer) both by reducing the shcar on that side
and by redirecting the noise that is gen-~.ated away
from the observer., Typical noise spectra for a
subsonic primary jet at three angles 0 = 45° (for-
ward quadrant), 0 = 90° (overhead), and 0 = 135°
(att quadrant) are shown in Fig. 48(b). It can be

seen that the partial shield provides high frequency

noise reduction at all angles, but the effect is
most pronounced in the aft quadrant (0 = 135°).
Since it is in the aft quadrant where jet noise
peaks, significant peak perceived noise level (PNL)
reductions should result, Perceived noise level
direccivities, scaled up to a nominally full-size
engine, for these same conditions, indicate that
shielding benefits can be observed at all angles,
and the reduction in peak PNL is about 4 PNdB,
these promising results indicate that the thermal
acoustic shield should be further investigated
since the present study was exploratory and the
geometry by no means optimized. Lewis has initia-

ted & model-scale contract atudy by General Elec-
tric (with Bocing as subcontractor) of the thermal
acoustic shield integrated with several basic nog-
zle typeat

(a) Annular plug (single etream/

(b) Annular plug with suppressor clements

{¢) Coannular (dual stream) unsuppressed

(d) Coannular with outer stream suppressor

Conv.~gent-Divergent Nozzle Terminations

P

Convergent-divergent teaminations have been
shown to reduco th: shock noise of aingle-stream
circular nozzles. Lewis currently is sponsoring
tests at GE to detormine whether convergent-diver-
gent terminatfions can be uvsed to reduce the shock
noise of single-stream annular plug and suppressor
nozzles. This study has been extended to include
dual~astrcam suppresecd and unsuppressed configura-
tions (Fig. 49)., For unsuppressed nozzles, roduc-
ing the shock noise would not significantly roduce
the peak noisae, but could reduce the EPNL by as
much as 2 EPNdB, With suppressors, it is possible
that evon the peak noise may be reduced.

Vented Plug Nozzle

Another concept which appears attractive for
high-specific~thrust engines is the annular plug
nozzle with the plug ventilated by ambient air,
thereby producing an inverted-velocity-profile co-
annular nozzle. Boeing has obtained some promising
ragults by asimulating the ambient inner flow for
this arrangement, termed "Naturally Aspirated Co-
annular Nozzle" by Boeing. The implementation »uu
a prodiction of the potential for this type of con-
cept is illustrated in Fig. 50(a). As the inner
(aspirated ambient) flow is increased, the paak
noise level ia reduced until an essentially asymp-
totic level is reached., Noise reduction is ob-
tained at middle and high frequency aa shown in
Fig., 50(b) for conditions near the knee of the PNL
reduction versus mass flow ratio curva., The main
technical concern with this concept is the ability
to obtain sufficient ipner mass flow with reason-
able pe:formance. A contract has been awarded to
Boeing to conduct the needed acrodynamic deaign and
wind-tunnel performance studies.

What Was Accomplished

A8 was mentioned at the beginning of this
paper, the goal of the SCR program was to {dentify
and investigate arcas requiriag new and/or improved
technology that would lead to a second generation
supersonic aircraft thot was economically viable
and environmentally acceptable. A comparison of
the noise of this second generation 35T to the 1971
SST is shown in Fig. 5. As can be seen, the noise
level achievable is over 10 EPNdb quieter and the
gross weight has decreased by about 15 percent.

The aircraft in fact would be quieter than the vast
majority of the subsonic aircraft in operation
today.

The key elements in achieving this improved
performance in terms of noise were identified as
the invurted velocity profile nozzle, light weight
efficient (low thrust loss) suppressorc, acousti-
cally treated ejectors, and the tkermal shield.

A key element identified for improved perform-
ance was a low-emissions staged duct burner with
excellent combustion and thrust efficiency. It
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also demonstrated a ooft light capahility and did
not produce screech. Another significant achiove-
went was the forward VADBLl concept which alloved two
bypass atreams to to combined. In conjunction with
the rear VABI, this coubined flow could then be
combinoa with the turbine discharge flow into a
single exhaust stream for efficient cruise porform=
ance. This greatly simplifios the nozzle require-
ments and leads to a simple light-weight nozele for
a three flow etream engine.

The variable cyclo engine concepts in addition
to offering reducod nolse showed additional advan-
tages in enhanced airflow oxtension. This greater
airflow capability leads to a reduction in throttle-
dependent ipnstallation drag at part-throttle cub~
sonic crulsu conditions.

Bach of the engine companies covered in great
detail the advanced technology requirements that
they incorporated in their engines. To go into
these, componcut by component, is beyond the scope
of thie paper. The rcador is referred to Refs. |
and 2 for these details.

In addition, other work in oconnectior with
the S8CR propulsion program such as on inlets,
Boron-Aluminum fan blades, and the supersonic
through=flow fan has also not been included in this
paper.

10

The Lnnslz; ﬁgacarch Center has published two
hibliographios'd+®/ of all of The Contractor
Final Reports, NASA reports, and society papers and
Journal articles concerning the SCR program through
1980 (415 in all), It is not known at this time
whether another biblicgraphy covering the reports
since 1980 will be published.
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