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SUMMARY

The NASA Supersonic Cruise Aircraft Research (SCAR) program has sponsored
extensive work to define technology improvements which could lead to an
gconomically and environmentally viable advanced supersonic transport.

One element of the program involved the generation of a multitude of
advanced conventicnal and variable-cyclie "paper" engines by the engine
manufacturers and screening them in a typical transport mission to find

the most promising engine cycles., These latter cycles were evaluated by

the airplane manufacturers in more detailed mission studies with the results

~ that three promising candidate engine cycles were identified for further

study and refinement. The present report.evaluates each of these three
proposed SCAR propuision systems in terms of aircraft range for a fixed
payload and takeoff gross weight with a design cruise Mach number of 2.7.
The effects of various noise and operational restraints are determined and
sensitivities to some of the more important design variables are pre-
sented for the most probable design case. Critical areas requiring new

or improved technology for each cycle are delineated. This report
describés the status of the NASA SCAR M = 2.7 design studies as of its
publication date. -

INTRODUCTION
With the cancellation of the United States Supersonic Transport (SST)

‘program in 1971, an enormous concentrated developmenta] effort for civil

supersonic f11ght technology came to an abrupt halt in the U.S.A. This
did not deter dedicated engineers from examining the problems which led
to the demise of the U.S. SST and prophesying new technology requirements
for a second-generation SST which would Tead to substantial improvement
in performance, economics, safety, and social acceptability. A paper
presented by Nichols later in 1971 (Ref. 1) indicated that substantial

‘range improvements were possibie with advances in aerodynamics, structures,

materials, propu151on, and flight control within the restraints imposed:
by takeoff noise considerations. Although the ga1ns shown were those for
an advanced dry turbojet engine equipped with a noise suppressor, Nichols
called for inventiveness to define a variable-cycle engine to "have



the ajrfiow characteristics at takeoff of the turbofan combined with the
good cycle efficiency of the turboget in supersonic cruise.” As a resuit

of studies such as this, NASA in 1972 elected to establish a low-keyed

effort now known as the Supersonic Cruise Aircraft Research program (SCAR)

to define, foster, and fund research efforts to develop the technoiogy needed
to support any future atigmpt to build.a second-generation SST.

Shortiy after the start of the SCAR program, Swan (Ref. 2} indicated thuat

a weight reduction equivalent to that of the entire payload would have been
possibie for the U.S. SST had a variable-cycle engine been available. The
implication was that the variable-cycle engine would be capabie of generating
a Targe airflow in a turbofan mode with low specific trust levels to meet
both the takeoff field Jength and regulated noise Tevel without a suppressor.
It would cruise supersonically as a dry turbojet and would maintain high
inlet flows when operating at part power to eliminate throttle dependent
spillage, bypass, and boattail drag. Swan further made the point that "the
propulsive system concept must be treated as an entity, iticluding inlet and
exhaust systems such that reduced weight, drag, and complexity of these latter
components may be traded for increased weight and compliexity of the variable
cycle." At about the time Swan presented his paper, the results of Boeing's
JT8D variable bypass engine test (Ref. 3) were made known to the staff of
NASA. This test demonstrated the ability to increase airflow 70 percent and
vary the bypass ratio from 1.1 to 3.5 through the use of an air inverter
valve, Partly as a result of this information, the on-going SCAR engine
studies performed under contract with General Electric and Pratt & Whitney,
and directed by NASA Lewis Research Center, were expanded to include studies
of a family of unconventional variable-cycle eng1nes The results of these
studies, which are still underway, are described in Reference 4.

The purpose of this paper is to assess, on an integrated mission basis,

the performance of three variable-cycle engine concepts resuiting from the
on-going SCAR program and to delineate those areas of technology which must

. be developed to achieve such performance. The engine cycles selected have
differing degrees of variablility and complexity as weil as differing
advantages and disadvantages with respect to -each other. The figure of merit
employed is the maximum range achieved at a cruise Mach number of 2.62 on

a hot day for a given takeoff gross weight and.payload. The baseline com-
parisons are made for vehicles with optimum performance-sized engines and for
~vehicles with engines sized to meet FAR noise regulations both with and
without suppression. Comparisons are made with the GE4, the engine selected
for the U.S. SST, to illustrate the improvements afforded by advanced engine
teuhno]ogy Compar1sons are also mada showing the range sensitivity of these
supersonic cruise vehiclies to changes in operating weight empty, propulsion
system weight, supersonic cruise specific fuel consumption (SFC}, SFC for

the entire m1ss1on, superson1c cruise 1ift drag ratio {L/D)} and L/D for the
entire mission. The sensitivities are made using the performance necessary
to meet FAR 36 with suppression case ag a baseline.

The engine data are as supplied by the engine manufacturers, and no
independent evaluation of the validity of the data or ability to perform as
specified has been made. Where opinions are expressed in the paper. they
represent those of the authors alone. .
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Part of the information presented in this report was prev1ous1y descr1bed
at the 48th meeting of the AGARD Propulsion and Energetics Panel (Ref. 5)
in September 1976.

ENGINE SELECTION AND DESCRIPTION

Many engine cycies of both conventional and unconventional types were
generated and examined by the Pratt & Whitney and General Electric companies
undet the ausp1ces of the NASA/SCAR program. Each of these engines was.
screened in a mission simulation program to p1npo1nt the more desirable
cycles. Mission simulation was a necessary tool since it is well known that
comparisons of the usual performance parameters of thrust-weight ratio,
specific fuel consumpt1on, installed thrust level are not necessarily indi-
cative of the best cycle in view of the conflicting rquirements imposed by
noise restraints, weight, thrust margin, and subsonic versus supersonic
cruise fuel consumption rates. The performance data of the higher ranked
enginé cycles were provided to the airplane companies to evaluate in their
SCAR-sponsored system studies. Based upon the results of these studjes the
most promising cycles were further refined and analyzed in more detail '
by the engine manufacturers. The net result of this iterative process was the
definition of three candidate variable-cycle engines of differing degrees of
variability. For each of these engines, a technology base avajlable for a
certificated engine in the late 1980's was assumed. For conventional engine
components, an extrapolation based upon historical data was used by the
engine manufacturers to predict weight and performance. For nonconventional
components, estimates of performance and weight.were based upon .resuits using
small-scale models wherever possible and in all cases with a degree of re-
strained optimism in keeping with an objective of the SCAR to delineate
potent1a11y attractive areas for new technology research.

To establish a bench mark aga1nst which to assess the performance of these
candidate variab]e-cyc1e engines the aircraft performance was also generated
for the engine selected for the former U.S. SST (the GE4/J5P). It is in-
cluded to indicate the gains possible due to technology advances since 1969
in conventional components and due to cycle variability. The four engine
cycles are br1ef]y described below. - Each of the variable-cycle engines have
been optimized in terms of overall pressure ratio and fan’ pressure ratio for
a standard day flight Mach number of 2.7 for direct comparison with the GE4
which was designed specifically for this fiight Mach number. The engine
~cycle parameters and performance ‘are listed in Table 1.

Pratt & Whitney - Variébje.Stream'ContFOT Engine

The variable stream control engine (VSCE), shown in Figure 1, is a two»spoo?
duct-burning turbofan employing a convergent-divergent ejector nozzle. In-
essence, it is similar to the JTF17, the Pratt & Whitney entry for the u.s.
SST program but emp10y5 a higher turbine inlet temperature,a variable area
throat for the primary stream, and a greater degree of var1ab1e geometry 1n



the fan and compressor. The use of this variability permits a more
complex throttle schedule to be used. This throttle schedule essent1a]1y

- matches the engine and inlet flow schedule at maximum dry and augmented

power settings at a11 flight Mach numbers to minimize spillage, bypass,
and boattail drag. "In addition, for takeoff, the primary burner is.
throttled back with the duct burner 1it and fu11 airflow maintained to
achieve a tailored exhaust gas velocity profile. This technique maximizes
the coannular noise relief at the required takeoff thrust level. A

“detailed description of the engine and explanation of the coannular noise-

relief are contained in Reference 6. The VSCE represents a conservative
approach toward achieving the objective of a var1ab1e ~cycle eng1ne Its
performance at both supersonic and subsonic cruise conditions is qu1te
similar to that of a convent1ona1 duct-burning turbofan. -

Pratt & Whitney - Rear Valve Variab]e-Cyc]e Engine

- The rear valve variable- -cycle engine (RVE) has been found to yield the

most attractive application of the air inverter valve concept. It is
used as a means of cycle conversion from turbofan to turbojet and vice
versa. A description of the air inverter valve and its use in this and
other arrangements is given in Reference 3. The operat1on of the RVE is
descitibed in detail in Reference 6 and is briefly reviewed here. The
RVE (Fig. 1) is a two- spoo1 nonafterburning engine employing. a variable

~geometry fan and a split low- -pressure turbine and incorporates a convergent-
-d1vergent ejector nozzle. The air inverter valve functions as a diverter/

mixer and is located before the last element of the low-pressure turbine.
In the twin turbojet mode, the duct burner is 1it and the valve is in
the inverting position such that the core flow is bypassed around, and

“the heated duct flow through the rear Tow-pressure turbine. 1In the

turbofan mode, the valve is used to mix the unheated duct flow with the
core flow before eXpanding through the rear turbine element. The inner
stream nozzle throat is fixed. 1In the turbojet mode of operation,

~varjation of the outer stream nozzle throat area.and fan burner temper-

ature are used to maintain constant corrected airflow at supersonic

cruise part power thrust levels. Airflow regulation in the turbofan

mode is uniquely defined by turbine inlet temperature since all the flow
exits through the Tixed areéa inner stream nozzle throat. Thus, in the: :
turbofan mode a greater degree of spillage must exist compared to the turbo-
jet mode. This is a result of Tower fan speed due to the lower flow energy
level at the rear turbine because of the mixing of both streams. The RVE

- exhibits the greatest variability of any variable-cycle eng1ne in this group

in that it operates Tike a turbofan engine at subson1c cruise and as a turbo-

_Jet at superson1c cruise speeds,

Generai EIectr1c - Doub]e Bypass Var1ab]e Cycle Eng1ne

. The double bypass var1ab]e-cyc1e englne (DBE) is a 1ow bypass-ratio two- spool

mixed-flow afterburning turbofan engine. The fan is divided into two
separate elements. -These elements are designed so that engine air can be

4.
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bypassed downstream of each element. The configuration is shown schematically

- in.Figure 1 and is described in detail in Reference 4. The DBE engine used

in the present investigation is a later version of the engine described in
Reference 4. In this later version, both bypassed streams are mixed and a
portion of the mixed flow is exhausted through an auxiliary nozzle in the
takeoff and Tow-speed cruise modes. For takeoff, variable turbomachinery.
geometry is used to overspeed the fan and increase the airflow approximately
20 percent. This overspeeding in combination with the transiating shroud
convergent-divergent plug nozzle (Ref, 7) and annular noise relief (Refs. 8
and 9), significantly reduces the jet noise as compared to a conventional -
C-D nozzle equipped Tow bypass ratio turbofan engine. The engine throttle
modulates the variable stators and bypass flow paths to provide inlet engine
airflow match at all flight dach numbers at both maximum dry and augmented
thrust levels and to provide full airflow down to approximately 50 percent of
dry thrust. The DBE represents a degree of variability midway between the
VSCE -and RVE. L : : _ R

Generd1 E]ectr1c - GE4

The GE4 engine, which is used to illustrate the technology base available in
1969, is a single spool afterburning turbojet equipped with a convergent- _
divergent two-stage ejector nozzle, The engine has a variable area nozzle and
employs a two-position compressor stator schedule. The engine weight and
performance parameters were taken from the model specifications for the
GE4/J6P for a standard day.

MODELS AND METHODS

A comparison of the various variable-cycle engines can best be achieved if
the airplane- eng1ne characteristics are optimized for each of the individual
engines. The maximum performance is then obtaired subject to the operational
-restraints imposed by such factors.as takeoff field length, noise, approach
and takeoff velocity. The techniques used in the present paper to obtain this
objective are discussed below. In all cases, the maximum range achieved for
a given takeoff gross weight was calculated for a simple 892 C hot day; that
is, the temperature at any standard day altitude is increased by 89 ¢ and the
speed of sound is calculated for the increased temperature. A1l other state
variables are assumed to.be the same as for a standard day. To avoid stag-
nation temperatures in excess of that of standard day'f]1ght‘Mach number of
2.7, the maximum flight Mach number for the hot day assumption is. limited to
a va1ue of 2.62.

The figure of merit used to compare the performance of the various engine
cycles is the maximum range achieved for a fixed takeoff gross. weight and
pay]oad



Airplane

The airplane configuration chosen to "fly" with the candidate engines is shown
in Figure 2. It is designed for a cruise Mach number of 2.7 siancard day.

For maximum aerodynamxc efficiency, it incorporates an arrow-wing p]anform

mounting four engines in separate pods aft beneath the wing for favorable
interference effects. It has been sized to have a design 82.C hot day

range of 7348 km (3968 n. mi.) carrying 292 passengers and equipped with an

advanced single~spool nonafterburning turbojet engine. . It meets the design
range with a takeoff gross weight of 325679 kg (718000 1bm) which is the B

value assumed throughout this paper. :

The airplane characteristics for a wing loading of 352 kg/mé {72 1bm/ft2) are
fully described in Reference 10. As a result of recent wind- tunne1 tests, more
efficient flaps were developed. % use of these flaps enabled the wing
loading to be increased to 415 kg/m (85 1bm/ft_§ and still meet takeoff

field length criteria and resulted in improved range. Therefore, the wing area
was reduced while maintaining the same aspect ratio. The acrodynamic charac-
teristics were recalculated and the airplane rebalanced. The resulting base-
- Tine .airplane maximum 1ift-drag ratio as a function of Mach number 1is shown

in Figure 3. The airplane drag inciudes that due to both nacelle interference
and nacelle skin friction. A17l other propulsion system drag items are
1nc1uded in the installed engine performance.

A more compiete description of the vehicle aerodynamics used in this report -
‘may be found in Appendix A. The baseline operating weight empty less that of
the propulsion system is 33.8 percent of takeoff gross weight.

Mission Profile

The mission profile flown for each engine is illustrated in Figure 4. Fuel
reserve allowance from FAR 121.648 SST Fuel Requirement {tentative standard
proposed by FAA) was modified for a change in holding altitude from 457 m
(1500 ft) to 4572 m (15000 ft). The effect of changing these reserves to

the TWA suggested standard (hold at 3048 m (10000 ft) (ref. 11) or a modified
TWA (hold at 4572 m (15000 Tt) 1s also demonstrated for the baseline with

- suppression case for each engine. The cruise portion of the mission was
assumed to be entirely supers .onic for the baseline mission. However, the
necessity of avoiding sonic boom over popu]ated areas may require a portion

of the flight to be conducted at subsonic cruise speeds. This requirement-
makes the development of a variable-cycle engine espec1a11y attractive for
supersonic transports. Therefore, two a1ternate mission prof11es were
examined which incorporated a T111-km (600-n. mi.) subsonic cruise range

at either the departure or arrival portion of the flight. The subsonic cruise
leg is assumed to be at a Mach number of 0.9 at best cru1se.a1titude. The .
Mach number altitude climb schedule for all- superson1c cruise mission is shown
in Figure 5. This schedule has been used in previous studies and has been.
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competitive. -

checked to insure that it did not cross any flutter boundaries. Full climb
thrust was employed during the accelerating climb without any attempt to
optimize power manhagement for any given engine cycle.

Engine-Airframe Matching

" The relationship between engine size and wing area for maximum range can hest

be determined through the use of the so-called "thumkprint" or "knothole"
diagram. - Such a diagram is i1lustrated in Figure 6 for the RVE engine. . .
Contours of constant range are shown as a function of installed thrust Toading
and wing loading. The contours were developed with the aid of the computer
program described in Reference 12 which generates performance for a matrix

of input wing loading and thrust loading values. Engine weight and dimensions
are scaled in accordance with information provided with the engine performance
decks. The airplane operating weight empty is adjusted for wing Toading
changes by assuming a constant fuselage and empennage weight and adjusting
wing weight as a function of wing loading and engine weight in accord with
previously determined parametric scaling laws. The airplane aerodynamic polar
diagrams are adjusted for the effects of wing area changes and for the effects
of both altitude and nacelle size on skin-friction drag.

Superimpoged on the thumbprint diagram are 1imit Tines which represent physical
or operational restraints. Areas on the shaded side of each line represent

- portions of the diagram that violate the constraint. The balanced takeoff

field length, excess thrust, approach and takeoff speed limits Tines are
assigned based on operational consideration at the values shown.

For the case illustrated in Figure 6, the maximum relative range for an al}-

supersonic cruise mission without noise restraint is T1imited at the inter-
section of the takeoff field Tength and transonic and supersonic excess thrust
limit Tines. Only a small sector of the knothole diagram bounded by the
approach speed, takeoff Tield Tength, and supersonic excess cruise thrust

meet all operational restraints for airplanes equipped with the RVE. For all
engines, the maximum unrestrained range at the eye of the "knothole" is

“indicated.

-ENVIRONMENTAL AND ECONOMIC FAGTORS:

~ The ranki 9 of engine cycles in the SCAR program included projections.éf
engine cost, maintainability, complexity, as well as performance in order to

Qeterming the‘most economically attractive cycle. The economic factors are
ignored in this paper because they represent an area of greatest uncertainty.
An engine cycle with a clear performance superiority should be economically



Em1ss1ons

The 1mpact of engine emissions upon the des1gn of combustors or duct burners
cannot be assessed until such time as emission regulations are set forth;
however, the goal of ach1eV1ng Tow emissions Both in flight and in the
v1c1n1ty of the airport is of paramount importance. -The development of low
emission combustors is a problem shared to the same degree by all candidate
eng1nes Projections based upon recent research indicate the- possibility that
low emission combustors can be developed within the volume and length of
current practice.  Therefore, the effect on performance of designing low .
emission combustors for the cand1date var1ab1e cycle engine is 1gaored in th15'“
paper, _ _

The development of a low emission duct burner or afterburner presents a more
difficult problem particularly with regard to hydrocarbon levels. Burner
efficiencies very much higher than those achieved to date are required without
sacrificing low-pressure loss performance. In addition, the current on-going
“research in Tow emission combustnrs for today's commercial engines is not :
directly applicable to burners because the velocity. pressure, and temperature
levels are not comparable. However, it is assumed that the optimism expressed
by the engine manufacturers is justified and that timely research and develop-
ment will yield a low emission duct burner or afterburner with no engine
performance or weight penalty.

Nojse

The environmental factor that has the greatest impact upon engine size is the
sidelipne and/or flyover noise level. To iliustrate the effect of noise
restraints, the maximum range for each engine has been determined first by
means. of the "“thumbprint". d1agram for maximum performance as previously
described without consideration of noise. Secondly, the maximum range with
noise restraints applied was determined from the "thumbprint" diagram for an
engine sized to meet the maximum allowable noise level of 108 EPNdB at either
the sideline or fiyover measuring point. In this exercise, the variable-cycle
engines were sized to meet the noise restraint both with and without sup-
pression due to annular/coannular noise reljef. For these variable-cycle
engines, no consideration was given to any additional relief made possible
through the use of acoustically treated liners or mechanical stream-immersed
suppressors in an effort to demonstrate the potential benefits due solely to
the annular/coannuiar effect. The suppression level assumed was provided by
the eng1ne manufacturers and was based upon small-scale static acoustic tests.
The noise relief varied with throttle setting reaching a value at maximum.
thrott]e of 10 EPNdB for the VSCE, 5 EPNdB for the RVE, and 9 EPNdB for the

DBE. - The GE4, which is used to represent first-generation SST technology, was _

presumed to be equ1pped with an 8 EPNdB mechanical suppressor that weighed -
7 percent of bare engine weight and created 5 percent net thrust loss at take-
fo Th1s approach was taken presum1ng the annular no1se relief effect was



unrecognized at the time of the planned entry into service. A more complete
description of the technique used to predict the noise levels can be found
in Appendix B,

PROPULSTON SYSTEM PERFORMANCE

Engine performance data supplied by General Electric and Pratt & Whitney for
their engine designs provided the net internal thrust and specific fuel con-
sumption {uninstailed performance) at key altitudes, Mach numbers, and power
settings. - These data reflect only the effects of inlet pressure recovery,
nozzle gross thrust coefficient, horsepower extraction, and engine bleed. As
noted previously, all propulsion system related drag with the exception of-
nacelle friction and interference drag are charged to the engine. The drag
due to inlet spillage, boundary-layer bleed, bypass, and boattail as functions
of power settings were treated as thrust decrements in generating installed
engine performance data decks for each engine. The isolated boattail drag as
a function of power setting was provided by the engine manufacturers. Addi-
tiopal information on the propulsion system drag for each of the variable cycle
engines is shown. in Appendix C. _

Each of the variable~cycle engines was presumed to operate in conjunction with
the inlat described in References 13, 14, and 15. This inlet is of mixed
compression axisymmetric type designed for a Mach number of 2.65 and incor-
porates a translating center body and bleed ports on both cowl and center body
to minimize shock-houndary-layer interaction.- Tt is operated in an unstarted
{external compression) mode up to a Mach number of 1.6 at which point the shock
is swallowed. This inlet is sized to pass.2 percent greater airflow than that
required by the engine and bleed system at supersonic cruise on a standard day.
The total pressure recovery, bleed flow requirements, and maximum flow schedule
as functions of Mach number are presented in Figure 7. '

The GE4 is presumed to operate in cohﬁunction with the Boeing-deve1oped inlet
whose. performance and drag buildup is essentially as given in Reference 2.

The performance for each of the considered engines at the subsonic and super-
sonic cruise Mach numbers at altitudes above 11 km (36000 ft) are illustrated
in Figure 8. Both installed and uninstalled data are plotted to indicate the .
effect of installation drags at these conditions. The net thrust has been non-
dimensionalized with respect to each engine's maximum thrust at the given
altitude and Mach number to define a thrusi ratio. This technique was used

. to eliminate engine sizing effects, .

The installation penalty at the supersonic cruise Mach number is entirely due
to bleed drag except for the DBE which has a boattail drag approximately equal
to a third of the bleed drag caused by-.a rearward facing faired step just =~ =~
upstream of the translating shroud. Boattail drag sccounts for approximately
70 percent of the installation ‘penalty for a11 engines at subsonic cruise Mach



number. At this flight condition, however, the DBE with its translating
shroud-plug nozzle and high airflow at part power exhibits about half the
installation penalty as compared with the VSCE.

At the superson1c cruise Mach number, the minimum installed spec1f1c fuel
consumption of all engines shown are quite comparable with a maximum difference
- of approximately 4 percent. At the subsonic c¢ruise Mach number, the spread of
the minimum fuel consumption values increases to approximately 20 percent, with
the highest bypass ratio engine, RVE, exhibiting the 1owest value and the DBE
the highest value. The true ranking of these engines, in terms of fuel

economy,” depends upori the thrust ratjo required to balance drag and engine

size required to meet the operat10na1 restraints and not on1y upon the indicated
minimuym value of SFC.

RESULTS AMD DISCUSSION

Comparison of the performance of the various engine cycles in terms of
maximum range are presented in Figure 9 and 10 to show directly the effects

of cycle, noise, and subsohic cruise requirement on range. The incremental
range, fuel usages, and propulsion system performance for each of the maximum
range configurations are given in Tables II and III. ATl engines and air- _
frames were sized to meet the operational Timitations imposed by takeoff fiela
length, approach velocity, and excess thrust; however, the limitations imposed
by the noise criteria were treated separately. To show the effect of noise,
the engines were first sized for maximum performance without consideration of
takeoff nnise level (no noise restraints). The engines were then resized and
matched %o the airframe to determine the maximum range with a noise limitation
of 108 EPNdB without any noise relief due to mechanical or annular/coannuiar
suppression {108 EPNdB, no suppression). Finally, the effect of the assumed
suppression levels were included and the engines resized, where necessary, to
determine maximum range (i08 EPNdB with suppression).- Performance with the
GE4 engine is also shown for these various noise restraints in order to
establish a reference level to demonstrate the benefits from the variable
cycle engine techno]ogy.

A summary of ranges for the various noise and operation constraints is shown
" in Table IV. As can be seen from this table, the maximum ranges for the
Mach 2.62 all supersonic cruise mission with all operational and noise
restraints removed (the "eye of the thumbprint") are 7532 km (4067 n. mi.}"
for the VSCE, 7908 km (4270 n. mi.) for the RVE, and 6687 km (3611 n. mi.)
for the DBE. A1l engines sized to meet the 108 EPNdB, with supflyession case
have a.range reduction of abouyt 11 percent relative to their maximum .
unconstrained range. For this case the varjation in range between these
variable cycle engines was.about 15 percent. The Towest range engine in this
group was the DBE and its shorter range 1s primarily due to the h1gher
propulsion system weight. _ _
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A 1111-km (600-n. mi,) subsonic cruise to avoid sonic hoom at either the
departure or arrival portion of the flight for engines sized to sati_fy the
noise restrictions with the assumed suppression levels included (Fig. 10)
indicate relatively small reductions of 3 to 6 percent in range for the
variable-cycle engines; however, trip time increased about 20 percent.

Insight to the factors which have a bearing upon the overall performance noted
ahove may be obtained from Figures 11 to 13 as well as from Table II. The

DBE uses the greatest amount of fuel and travels farthest during the climb

to supersonic cruise for the case of engines selected with no noise restric-
tions (Fig. 11). As can be seen in Figure 12, the range of the DBE is Timited
by the excess thrust available in climb. An dincrease in the afterburner
operating temperature might increase its range because the engine could then
be sized to meet the takeoff field length and have more fuel onboard for the
more efficient supersonic cruise leg. The RVE, wihich aiso exhibits a relatively
lTong climb distance, is Timited in engine size by both field length and climb
thrust. It cannot climb more rapidly to the supersonic cruise point because
the presence of the rear valve sets the 1imit on auxiliary burner temperature,
It is interesting to note that the VSCE which is both s1ightly Tighter and

- exhibits lower specific fuel consumption at both supersonic and subsonic
cruise points has 3 percent less range than the RVE. This is a result of the
VSCE accelerating in *he less efficient maximum augmented power mode at all
speeds. Although r= aii=mpt was made to optimize the climb throttle schedule,
the range of the ViiE 1mproved 1 percent by restricting duct burning dur1ng
climb to Mach numbers above 0.8.

Both the RVE and DBE engines, as used in this study, are sized by the require-
ment to meet the noise Timit of 108 EPNdB in the suppressed mode for the given
runway length. Increasing the takeoff field length limit for either of these
engines would result in an insignificant range improvement because the climb
thrust requirement would then become the engine sizing parameter. The c¢limb
thrust Timit is not an-absolute operational requirement; however, any reduction
in the assumed minimum thrust-to-drag ratio value of 1.2 will adversely affect
acceleration capability to start of cruise and increase trip time. The VSCE,
on the other hand, is limited only by takeoff field Tength and not by noise.
The sideline noise which is the dominant factor for this engine is actually
less than 108 EPNdB and an increase in takeoff field length would permit the
use of a smaller engine and & consequent improvement in range. Relaxatjon of
the takeoff field length Timit would, therefore, favor the VSCE. For example,
the effect of increasing the runway 1enqth t0-3810 m (12500 ft) is shown in
Figure 12. An examination of the 108 EPNdB, with suppression noise constraint
indicate that the 3810 m runway Tength configuration meets this noise require-
ment at the thrust leadings and wing loadings indicated in Figure 12. Opti-
mization of the flap setting and throttle setting during the takeoff accel-
. eration could offer additional benefits. For the present, the flap setting
was f1xed during the takeoff. : :
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Extension of the takeoff length from 3Z0U0 m (10500 ft) to 3810 m (12500 ft)
increases the VSCE range to 7059 km (3812 n, mi.) or about 5 percent, but
increases the RVE and DBE by about 1 percent and 2.5 percent, respectively,
because the climb cruise thrust margin restraint becomes active for these
engines. If the takeoff field length restriction is increased to 3810 m
(12500 ft) and the climb cruise thrust margins are removed the ranges of the
VSCE, the RVE and the DBE are 7059 km {3812 n. mi.), 7285 km (3934 n. mi.) and
6435 km {3475 n. mi.), respectively, which represent range improvements of

5, 6, and 7 percent, respectively, when compared with the 3200 m (10500 ft)
takeoff field 1ength 108 EPNdB with suppression case.

The effect of mod1fy1ng the reserve requirements from the FAR 121.648 modified
to 4572 m (15000 ft) hold altitude to a TWA suggested reserve schedule (Ref.11).
with a hold at 3038 m (10060 ft) is shown in Figure 14. Also shown in

Figure 14 is the effect of changing the TWA hold altitude to 4572 m (15000 ft).

The principle difference in the TWA reserve requirement and the baseline
requirement is that the TWA reserves specify 5 percent of trip fuel for the
in-route fuel reserve white the baseline was set at 7 percent. Detail of
these reserve schedules are included in Reference 11. '

Range sensitivities for each of the aircraft cases which meet the 108 EPNAB
with suppression noise restraints are shown in Figure 15. In this figure, .
the mission rangs and percent change in range is shown as a function of
percent change in operating weight empty, SFC, supersonic cruise 1ift-drag
ratio, and the Tift-drag ratio for the entire mission. The results are
similar for each engine with 1 percent change in operating weight empty
producing about 2 percent change in range, 1 percent in propulsion system
weight equal about 0.5 percent in range, 1 percent in superscnic cruise SFC .
equal about 1 percent in range, 1 percent in supersonic cruise L/D equal about
1 percent in range, and 1 percent in entire mission L/D equal about 1.25 per-
cent in range. It should be noted that these sensitivities are for the par-
ticular configuration considered and should be generalized with great caution.

. The VSCE and the RVE exhibit approximately equal range potential yet represent
widely divergent varijable-cycle concepts. The VSCE is essentially a turbofan
engine with controllable primary and secondary nozzle-throat areas which can

be scheduled to provide engine-inlet flow match at maximum nonaugmented power
over most of the flight spectrum. The RVE, on the other hand, employs a-
unique flow path schedule which provides a cycle change from what is essentially
a relatively high bypass turbofan to a dual turbojet. Unfortunately, it does
not exhibit fully the favorable fuel economy of the conventional turbofan at
subsonic cruise nor that of the conventional turbojet at the supersonic cruise
Mach number. This is a result of the compromise required in the selection of
fan pressure ratio. In the turboaet mode, the overall cycle pressure ratio.

for the bypassed flow turbojet is equal to the fan pressure ratio and is too

~ low for best fuel economy. In the turbofan mode, the fan pressure ratio is too
high and the overpressurization and consequent expansion through the rear
turbine reduce the thrust potential of the bypass stream due to the additional

12
1 '“"’"I’nDU“].BILlTY OF THR
38 WAL PAGE IS POOR



rise in entropy through the fan and turbine. In addition, the RVE cannot
generate sufficient thrust for takeoff in the turbofan mode, which is '
desired for reasons of noise, because its air handling capacity is not
increased to compensate for its Tow specific thrust. Thus, for these
reasons, the RVE does not meet the full objectives of a var1an1e-cyc1e
engine set forth by Nichols (Ref.

The DBE 1is the only one of the three considered varjable-cycle engines which
maintains full engine airflow at the subsonic cruise power setting. The
other two variable-cycle engines must spill or bypass from 12 to 2] percent
of full throttle airflow. the fixed airflow of the DBE in combination

with the translating shroud nozzle, provides throttie independent bypass,
spillage, and boattail drag down to one-half of the maximum ronaugmented
thrust level.  The elimination of throttle dependent drag is one of the goals
for variable-cycle engines advocated by Swan (Ref. 2). However, the specific
design of the translating shroud incurs a basic boattail drag which, if it
were possible to eliminate by redesign, would yield subsonic as well as super-
sonic cruise specific-fue] consumption rates equal to the VSCE. Although the
range of the DBE would increase as a result of ¢liminating the boattail drag,
it would not equal that of the VSCE or RVE because of its higher propulsion
system weight fraction.

It should be emphasized that the SCAR engine program was undertaken with the
goal of determining the potential gains poss1b1e for supersonic cruise air-
craft equipped with advanced technology engines and if found attractive to
foster research on those components critical to achieving that goal. As a
group, the variable-cycle engines were found to be superior to the more con-
ventional cycles {Ref. 5). However, the relative ranking of the three
variable-cycles considered in this paper does not necessarily reflsct the.
desirability of choosing the highest ranking cycle for development at this
time for several reasons. First the cycle choice may depend upon design

Mach number. Second, the relaxation of the restrictive takeoff field length
would favor the VSCE which is the only cycle whose sizing is strictly limited
in range by takeoff field length and not by noise. Third, the rankings ignore
the complexity, maintainability, and cost factors and are dependent solely
upon achieving. the flexibility, performance, and weight assumed for each
engine. "A study needs to be done to determine the sensitivity of the
aircraft range to variations in the assumed engine component pérformance
parameters. This study should also attempt to ascertain the risk involved

to zchieve the assumed engine component performance. After this study

is accomplished a more detailed part by part engine design should be
undertaken to determine the engine weight and dimensions. For conventional
components such as fans, compressors, combustors, and turbines, the
historical background and on- go1ng research and deve1opment programs
applicable to all types of engines provide a firm base from which to

project performance and weight estimates. However, it is necessary to ver1fy
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the performance of new and advanced technology jtems which affect overall
engine performance or weight. Some of the more critical items in this
category are reviewed below.

A new tecnnology item that has an important influence on the selection of
engine size and thus range is the jet noise relief due to the coannular/
annular effect. Although this effect was noted many years ago, its potential
benefits weve not recogﬂvzed until recently. Small-scale static tests have
established the suppression Tevel over a range of bypass and velocity ratios
for the coannular nozzie and radius ratijos for the annular nozzle and have
been used as a base for estimating the relief for the subject engines. The
effects of forward velocity, size, and internal stream mixing upon noise
‘suppression levels are as yet not well known. Therefore, NASA has established
a phased experimental program to determine their 1nf1uence upon noise
suppression and to provide a firmer base for future noise prediction studies.

The development of a highly efficient secondary burner is a particularly
critical item from the standpoint of meeting the anticipated hydrocarbon
emission standard as well as its effect upon fuel consumption. Of all the
variable-cycle engines, the performance of the VSCE is most vulnerable to
duct burrier design changes that may be needed to meet the combustion effi-
ciency levels assumed, The higher pressure and temperatures associated with
the secondary burners of the other two engine cycles makes the problem

of attaining high eff1c1ency only slightly less difficult. To provide insight
and guidance, NASA's Exper1mental Clean Combustor Program was enlarged to
include the study of duct Durner concepts Teading to high eff1c1ency and Tow
emissions.

The variahle-cycle engines employ scheduled stator angle settings in both the
fan and compressor elements which in combination with spool speed and exhaust
nozzle throat area variation are used to essentially match the inlet airfiow
schedule at maximum turbine inlet temperature. In addition, the stator angles
are scheduled to maintain the engine operating 1ine on the fan and compressor
maps near regions or best efficiency. For the DBE, as the cycle changes from
double to single bypass operation, the compressor must accept approximately
25 percent greater airflow. This produces a difficult design problem of
‘maintaining good efficiency and sufficient stall margin over a wide pumping
vange. The assumed performance of the DBE depends to a greater degree upon
the resolution of this design problem than do the other cycles. Support for
a research program in this area has been funded by NASA.

The use of airflow path control valves for cycle flexibility is uniquely
identified with the RVE and DBE cycles. Estimates of valve pressure loss for
these cycles were based upon model tests, however, the trade-off of compo-
nent preformance and weight to achieve maximum overall system performance
need more refined design and test data. 1In addition, the losses associated
with mixing streams of dyffering energy levels, the effect of leakage, and;
for the RVE, the effect on turbine efficiency of a periodic circumferential
temperature variation need to be determined to validate the engine perfor-
mance estimates.
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The SCAR engine studies have resulted in unusual design and control concepts
advocated by the engine manufacturers and verified by airplane companies'
systems studies, Although they show significant range improvements as com-
pared to the GE4, further improvements may be possible if the propulsion
system concept is treated as an entity. To this end, future studies will
involve the cooperative effort of the engine and airplane manufacturers to

- identify means of modifying the inlet, engine cycle, and nozzle by trading
component performance and weight to either maximize range or minimize takeoff
gross. weight. .

Finally, it must be noted that this report is just a status report and that
significant improvements in the data ave expected. For example, the Tow
speed aerodynamic data used in this report has just been updated with vecent
continuing wind tunnal tests and sianificant improvements have been discovered,
~ These improvements should reduce the approach speed and shift the takeoff
field length down toward the "eye" of the thumbprint. Improvements are also
expected when the flap settings and throttle setting are optimized to
minimize noise during takeoff. More exact takeoff field length calculations
have indicated that the field Tength in this report are conservative. The
use of these improved field lenyth prediction techniques May result in an
increased range for the studied configurations. Also. as previously stated,

a range improvement of 1 percent can be achieved for the VSCE hy using

the maximum duct burner reheat for this engine only above M = 0.8 rather
than for the entire climb as was done in this report. In fact, private com-
munications indicate that as much as 3 percent range improvement can be
achieved relative to the maximum augmented climb cases if careful throttle
scheduling is used during the ciimb. Further improvement are also expected
in the structural weight fraction and perhaps in the high speed aerodynamics.
The inlet design used in the present study is based on work done for the old
U.S. Supersonic Transport effort and has not been cptimized for the proposed
variable-cycle engines. Increased attention to the inlet design could take
advantage of the variable airflow characteristics of the variable-cycle
engine to improve the low speed noise and transonic acceleration characteristics
of these configurations.

CONCLUSTONS

An examination of the range potential of three candidate variable-cycle
“engines ‘proposed ‘for a second generation supersonic cruise. transport was
~undertaken to determine the possible improvements in performance and to
identify areas which require additional effort. This report is a status
report on this effort. The three variable-cycle engines are descriptively
‘designated as the Variable Stream Control Engine, the Rear Valve Engine,
and the Double Bypass Engine.

The aircraft configuration chosen for the study had an arrow-wing planform
with four engines mounted in separate pods beneath the wing. The takeoff

. gross weight and payload were fixed and the engine size and wing area were
varied to achieve maximum range within certain operational restraints. The
primary mission was a Mach number 2.6:" hot day all - supersonic cruise;
however the effects of a 1111-km (60G-- ..ai.) subsonic cruise element at
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either the deparcure or arrival portion of the flight was considered., To
determine the effects of noise regulations upon range, the maximum. range

was calculated for engines sized first without any noise restraint, then

to satisfy the noise cr1ter1a cut without the use of any form of suppress1on,
and, last, to satisfy the noise regu]atxon using annu]ar/coannu1ar no1se
relief.

For this Tatter case, the effect of relaxing certain of the operational"”
restraints (for example takeoff field Tength and climb cruise thrust margin)
was also studied. Sensitivities to changes in the operating weight empty,
the propulsion system weight, the supersonic cruise SFC, the entire mission
SFC, the supersonic cruise L/D and the entire mission L/D were also deter-
m1ned

For the completely unrestrained cases (the "eye" of the thumbpr1nt) the VSCE
had a range of 7532 km (4067 n.mi.}, the RVE had 7908 km (4270 n.mi.) and '
the DBE had a range of 6687 km (3611 n.mi.).

For engines sized to meet the noise 1imit with suppression, a11 engines had
a range reduction of approximately 11 percent relative to their maximum
unconstrained range.

If the takeoff field length restraint is changed from 3200 m (10500 ft) to
3810 m (12500 ft) the range of the VSCE increases by about 5 percent for the
108 EPNdB with suppression case while the RVE and DBE have smaller range
improvements because of the climb excess thrust restraint. If the climb
cruise excess thrust restrictions are also removed, the range of the RVE

and DBE increase by about 6 percent relative to the 3200 m takeoff field
tength 108 EPNdB with suppression case. . _

For the 108 EPNdB with suppression case, the sensitivities for each of the
engines are similar with the operating weight empty having the Targest
- effect on range,

The calculated ranges reflect the stated assumptions and represent the
current status of the in-house studies, Continuing work in the areas of Tow
speed aerodynamics, noise reduction, structural efficiency and supersonic
cruise efficiency promise to enable the designer to approach the ranges at
the eye of the thumbprint as well as improving the ranges quoted for these .
maximum points. '
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APPENDIX A
AERODYNAMIC DATA

The airplane aerodynamic performance data were obtained from a series of

wind tunnel test and analytical computations. As presented in this appendix
engine cowl pressure and skin friction. drag were incorporated in the air-
plane aerodyramics. The inlet bleed, bypass, spillage and nozzle boattail
drag have been charged to the engine net thrust to define the installed.net
thrust and specific fuel consumpt1on (SFCY. The aerodynam1c data was sca]ed
for variations in engine size and wing area {or wing 10ad1ng) as described in’
reference 12

The high Speed tr1mmed drag polars are shown in f1gure Al. The drag
coefficients obtained from this curve must be corrected for the environmental’
control system drag (figure A2) as well as for any variation in wing loading
or engine cowl size. The data shown in figure Al.7is for a wing loading of
415 kg/m (85 1bm/ft ) and excludes prcpu151on and environmental control
system drags.

The Tow spead high 19ft aerodynamics must include the effects of flaps and of
ground effects. The low speed configuration used in the present report is
“currently under review, however, it will be covered here for completeness.
This 1nformat1on is based on unpublished data. The trimmed Tow speed 1ift
coefficients as a function of aircraft angle of attack for both the

in ground effec% and the out of ground effect for various flap angles are
shown in figures A3 and A4. The in ground effect drag polars (Cp versus C|)
for various flap settings are shown in figure A5, The out of ground effect
drag polars wre shown in figure A6. A1l of the drag coefficients (Cp) are
trimmed and include a ACp due to the landing gear of (.00849. In all cases
the 1ift and drag coefficients are for a wing area of 785 sq. ri. (8447 sq. ft.).
Finally, the low speed trimmed 1ift drag ratio as a function of C_ is shown
~in figure A7. In this figure, the landing gear drag is included and the -
aircraft is assumed to be out of ground effects.
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* APPENDIX B
NOISE PREDICTION TECHNIQUES

This append1x presents a d1scuss1on of ‘the calculation of the takeoff
profile, the engine noise prediction methodoTogy, and selection of the engine
size used in this study Also included is a typical study result for the
ccase with the VSCE engine with no coannular suppression.

For a particular engine size and engine throttle setting, there isan enyine
thrust schedule as a function of velocity and altitude which is defined as a
thrust table. This thrust table is employed in a takeoff program to define

a takeoff profile which includes a time history of the aircraft's downrange
distance, altitude, velocity, fl1ight path angle, angle of attack, and engine
thrust level. The takeoff data is then empioyed to ascertain the time-
history of the observed perceived noise Tevels and the corresponding effective
perce1ved noise 1eve1s (EPNL) at the observer locations.

Takeoff Profile

The takeoff noise levels are dependent on the takeoff profile which is.
presented in figure B1. Also shown on the figure are the two FAR 36 noise
measurement points. The figure shows Lhe takeoff  field length fyrom brake
release to the 10.67 m (35 ft) obstacie is 3810 m (12,500 ft), and the thrust
“cutback point is at a downrange distance of 5944 m (19 500 ft). The minimum.
cutback altitude shown on the figure is set at 213 m (700 ft) except when the
airframe noise exceeds 108 db at the centerline noise measurement station,

" in which case the cutback altitude is increased to reduce the airframe nofise
Tlevel. The Tand1ng gear is assumed to be fully retracted eight seconds after
Tift-off. _ .

- For this study, the low. speed drag polars presented in Append1x A were

employed and the gross takeoff weight (GTOW) was maintained at 325,678 kg -

(718,000 1bs.. mass) independent. of engine weight. This was done by trading

fuel weight for engine we1ght Prior to cutback, the wing trailing flaps

" are set at 20 degrees to minimize the sideline noise levels during takeoff

as shown 1in reference 10. After cutback, the flaps are retracted to 5 degrees

to reduce: the required engine thrust 1eva1 and thus the center11ne no1se
levels

To minimize the noise 1eve1 at the centef]ine measUrement point (fig. B1), "
the thrust level after cutback must be minimized. In accordance with FAR 36,
~ the minimum thrust after cutback is that thrust required to maintain level
flight at constant.speed with one engine out. Thus, as the aircraft L/D
increases, the thrust level after cutback can bz reduced. Appendix A shows
~+ that for: the present-configuration:at cutback, over the G range of
Voperat1on (0 5+ 0. 15), the jower the € , the higher the L/D. Increas1ng
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the aircraft velocity reduces both the C| and the thrust Tevel after cutback,
and thus the noise level at the centerliné measurement can be minimized.

The aircraft velocity at cutback can be increased by reducing the rate of
climb and using the available thrust at the takeoff ‘power setting to - -
accelerate the aircraft. The ajrcraft takeoff profile is forced through
-a cutback point-at the minimum cutback altitude which is normally 213 m

(700 ft). However, as the aircraft veloc1ty'1ncreases, the airframe no1se
Tevel at the centerline measurement point increases and may exceed 108 db.

For this case, the climb gradient prior to thrust cutback is increased and
~ the cutback altitude is increased until the airframe noise level is equal to -
108 db. The airframe noise prediction method is presented in reference 10.
The noise-levels at the measurement points are-integrated time histories of
the observed noise levels called effective perceived noise level (EPNL).
- Because the engine source noise level prior to thrust cutback is greater than
after thrust cutback, it is necessary to have the thrust cutback occur prion
to the time the aircraft passes directly over the centerline measurement: point,
which is 6486 m (21,280 ft) from brake release as shown .in figure Bi. The
optimum cutback downrange distance was found to be 5944 m (19,500 ft) from
brake release. as shown in figure Bl. _ o

Engine Noise Prediction Method -

. Prediction of aircraft engine noise at ground observer stations is dependent
on. the engine exhaust nozzla flow character1st1cs, the aircraft velocity and
the aircraft takeoff flight profile. The engine exhaust jet flow character-
istics include exhaust jet area, nozzle velocity, exhaust jet density, and
exhaust jet total temperature. In accordance with FAR 36 all takeoff pepr-
formance characteristics are evaluated on a std +10 C day at 70 percent
humidity. _

'The takeoff profile was divided into nine segments and the average engine
exhaust flow characteristics, aircraft velocity, and altitude were calculated
separately for each segment. = These average properties were then employed to
obtain the variation of engine source noise sound pressure level (SPL) over -
‘a range of frequency and directivity angles at a radius of 45.7 m (150 ft) from
the center of the exit nczzle plane by using techniques described in reference 16,

_The source noise SPL's are extrapnlated from the source noise distance to the .. -~
observer distance using vhe FAR 36 correction techniques. These include
effects. of spherical divergence, atmospheric attenvation, extra ground. "=
attenuation, ground ref?ect1on, and mutti- EﬂQTﬂe sh1e1d1ng effects '

"'As the a1rcraft trave]s along the f11ght path both the d1stance and. the
directivity angle between the-aircraft and the observer vary. Thus, at a-
part1cu1ar time, the variation of SPL with frequency at the observer station

- 1is computed. - These SPL's are then added Jogarithmically to obtain a percejved ==+

noise Tevel {PNL} at the observer station. As the aircraft approaches the
cbserver Tocation and passes by the observer 1ocat1on, the perceived noise”
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level increases to a maximum Tevel (PNLMAX) and then as the a1rcraft travels -
away Trom the observer, the PNL decreases aga1n The effective perceived
noise level is obtained by integrating the PNL's over the time that the PNL
first reaches 10 db below the maximum PNL until the time the PNL last reaches - .
10 db less than the maximum PNL., This integrated PNL-time level is-then
divided by a time interval of 10 seconds to obtain the effective perceived
noise Tevel (EPNL) in accordance with FAR 36.

Engine Size Selection

- Each takeoff time history profile was derived from a particular thrust table

which consists of 30 thrust points corresponding to ten velocities ranging
from 0 to 137 m/sec. (0 to 450 ft/sec) and three altitudes: 0, 610, 1219 m
(0, 2000, and 4000 ft). The takeoff profile is divided into nine segments
and the average engine thrust and aircraft velocity and altitude are deter- =
mined for each segment. These parameteérs, together with an engine scale
factor, are then used to compute the average exhaust gas jet flow properties .
for each segment and the corresponding takeoff noise levels. For these same
average takeoff parameters and -a different engine scale factor;, the average
computed jet flow properties will change and the corresponding takeoff noise
levels will change. Thus, for each takeoff thrust table, the effect of
engine scale factor on takeoff noise level can be_eva1uated.

Typ1ca1 Study Resutts

Figure B2 shows the var1at1on of sideline EPNL with engine scale factor: for
five takeoff thrust tables. These values are based on the described con-
figuration with four VSCE advanced engine- concepts From figure B2, it can

be seen that for each thrust table, as the engine scale factor (ESF) increases,
the sideline EPNL decreases due to the reduced power setting and jet veiccities.
Also shown from f1gure Bz, it c¢in be seen that a particular eng1ne scale factor,
the sideline noise Tevel increases as the takeoff thrust ievels increase. This
is5 due to the higher power setting and higher jet velocities assoc1ated with

the higher thrust levels.

Figure B3 shows the variation in centerline noise Tevel with ESF for five
takeoff thrust tables. From figure B3, it can be seen that for a particular
thrust table as the ESF increases, the centerline noise level decreases, again
due to the reduction in jet velocity.. Also from figure B3, it can be seen
that for & fixed engine scaie factor (ESF) the centerline noise level
decreases as the takenff thrust levels increase. This is due to higher
cutback L/D's associated with the higher initial takeoff thrust Tevels as

- described in the takeoff profile section of this appendix. At these higher -

U L/D's, the required thrust Tevel at cutback is reduced and ‘thus the jet’

velocities and noise levels at the centerline measurement point are reduced.

2 . RErRODUCIBILITY OF THA
R IR T T | ORIGINAL PAGE I3 POOR



As prev1ous1y stated for a part1cu1ar SLTO thrust level and the corresponding -
thrust table, the variation of engine size on noise leve] can be obtained by
varying engine power setting. Figures B2 and B3 show the variation of side-
1ine and centerline noise levels with engine size (ESF) respectively for
several SLTO thrust Tevels. From these figures it can be seen that for each
SLTO thrust value, there is a minimum E3F which meets the FAR 36 noise 1imit
of 108 db. F1gure B4 shows the variation of engine scale factor with sea

level takeoff thrust value for both the sideline and centerline noise levels
of 108 db. From figure B4, it can be seen that the minimum ESF required to -
meet the FAR 36 Timit of 108.db is 0,90, This corresponds to an installed sea
level takeoff thrust level of 257,493 n (57,887 1bs) per engine and the
corresponding jet exit flow.rate is 347 kg/sec (765 ]bs/vec§ . For the four-
engine aircraft, the installed T/W is 0.3222. Also from figure B4, it can be
‘seen that the actual takeoff . thrust level required to meet the 108 db limit
is 213,059 n (47, 900 1bs), which corresponds to an engine power setting of -
0.827.

- For the caszs where annular/coannular noise suppression was used, the engine
specific thrust was computed for each ESF and throttle setting, and figure B5
was used to generate new centerline and sideline noise levels for these. . :
suppressed cases. A trade similar to that demonstrated in figure B4 was then
‘made to determine ESF for these suppressed noise levels. . _

23



~APPENDIX C
- PROPULSION SYSTEM DATA

" The propulsion system drag was defined as the summation of all the individual
component throttle dependent drags.. The boattail drag for each engine was .
used as supplied by the engine manufacturers for an isolated nacelle.

"The boattail drag and the inlet bleed, spillage, and bypass drags were
~included in the computed net thrust and installed engine specific fuel con--

sumption. The skin frictjon and cowl drag was included in the airplane drag.
The cowl skin friction drag was scaled with the engine, but the cowl inter-
ference drig was held constant as engine size was varied.

" The inlet was sized at a Mach number of 2.62, hot day, at an altitude of .
65,000 feet. _An allowance of 2 percent excess airflow was made at the design
point t~ furnish cowl ventilation and to allow for engine tc engine airflow
varialions, The inlet-used in this study was a product of the 1969 SST effort
and has not been optimized to take advantage of the variable cycle engina
- feature. 1In particular, the high.airflow requirements at takeoff for the
zariable-cycle engines could force redesign of the auxiliary airflow inlet
doors. L : R )

~The ratio of propulsion system drag to dynamic pressure (D/q) at maximum dry

power as a function of fTight Mach number is presented in figures C1, C2, and
C3 for the VSCE, the RVE, and the DBE, respectively. Note the large peak boat-
tail drag and the existance of significant supersonic cruise boattail drag

~for the DBE.

The .effect of reduced power operation at subsonic cruise (Mach number 0.9

“in the stratosphere) is shown in figures C4, C5, and C6 for the VSCE, the
RVE, and the DBE, respectively. In these figures, the inlet drag to dynamic
pressure ratio is shown as a function of net thrust to maximum dry net thrust
ratio. Here the DBL demonstrates no penalty for throttl<ng while the VSCE
and RVE both suffer small penalties at the indicated subsonic cruise thrust
~level. S ERE IS o -
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TABLE I. ENGINE SPECIFICATIONS
(UNINSTALLED 8° C HOT DAY)

VSCE RVE- DBE GE4 (Standard day)
Mass. flow Tate, kgfsec {ibm/sec) . 40B.2 {300) 408.2 (900)  435.4/362.5 (560/800) 787.1 (633)
Engine weight, kg {1lbm) 6168.4  {13600)  6230.9 (13870) 7279.6 {15050) 6006.5 {137243)
Bypass ratio 1.3 2.5 0.35 0.0
Fin pressure ratio 3.3 5.8 2.7/4.0 —_—

Overzli engine pressure ratlo - 16:1 21:1 17.3:1 : 12.5:1 .
Max turbine inlet temperature, °K (°F) 1811 (2800) 1811 (2800) isn (2800) 1522 (2280)
Max secondary burner temperature, °K (°F) 1644 (2500} 1311 (1900) 1311 {1900) 1944 (3040)
Take-off mwax thrust, ¥ {(1bf) 286656 (64443} 287742 (64687) 299365 (67300) 284686 {64000)
Take-o0£f SFC, kg/hr/N (lba/he/lbf} L1482 (1.4546) .11051 {1.0838) 1224 (1.20) .1886 (1.86)

Subsoniz creise

Fiight Mach number 0.9 0.9 0.9 0.9

Flight alcitude, w {ft) 10999 {36089) 17999 (36089) 10658 {35000) 11018 {36159)

Max net thrust, N (1bf) 111303 {25022) 100439 (22591) 84030 (18891). 108553 {2440%)
SFC at max net thrust, kg/hr/N  (lbz/hr/lbf} .15719 (1.5416) .1256 {1.2319) (1T} .1469 {(1.441) .187 (1.851)
Bypass ratio at max net thrust - 1.2077 3.1692 0.36 ' 0.0
tet thrust at oin SFC, N {1bf) 48899 {10991 50567 (11358) 52155 {11725) 33930 {7290}

Min SFC, kg/he/¥ (1bm/he/1bE) .0885  (.BABLY.  .08773 {.86039) (IF) .11117 (1.003) 106 (1.078)

Supersonic cruise

Flight ‘Mach nunber 2.62 2.62 2.62 2.62

Flight alcitude, m (fr) 19812 (650003 19812 (&5000) 19812 - (65000) 19812 (65000)

Mox net thrust, ¥ (1bf) 128771 (25349) 798585 (17953) 74920 (163843) 99135 {22300}

SPC at man net thruse, kgfhr/N (Ibo/he/IbE) L1793 (1.7584) .15185 (1.4891) .1588 {1.557) .2008 {1.97)

Bypass ratio ' 1.5485 3.9927 0.74% 0.0

Met thrust at min SFC, N (lbE) 57124 (12842} 62221 (13938) 44810 {10074) 47151 {10600)

Min SFC, kg/hr/N (1bwm/hr/lbf) L1422 (.37 .15020 (1.4730) L1435 (1.408) .1468 (1.445)




TABLE IXI. MISSION ELEMENIS -—— ALL SUPERSONIC
(a) No Noise Restraiuts
GE4 VSCE RVE DBE
Alrcraft description _
Nominal engine airflew, kg/sec (lbm/sec) 266.7 (588) 371.9 (820) 368.3 (812) 347.7 (768)
Propulsion system weight . .1014 -10Z& L1035 ..1193
Thrust loading, H/kg (I1b£/ibm) 3.24 {.33) 3.21  (.327} 3.1% (.323) ©3.53 {.360)
Wing loading, kg/m2 (1lbm/Ft2) 415.0 (85)  415.0 (85)  402.8 (82.5)  422.4 (86.5)
Operating weight empty 443 <444 -448 -457
Payload weight .085 -(085 .0B5 .G85
Mission description . . .
‘Height at end of take-off .982. . 984 .986 .985
"Climb A4 Fuel weight .137 -105 _ -118 .143
& Range, km {n.mi.) 561 (303) 293 (212) B46 (257) 1018 (547}
Start of cruise, W~ight -863 - 895 _ .882 -857
Altitude, m (£t} 17983 (59.L90) 18092 (59360) 18565 (60910) 17983 (59000)
Lift-~drag ratie §8.96 9.0% 9.16 8.96
SFC, kg/hr/N (lbm/hr/libg) L1677 (1.645) 1552 (1.522, .1592 {1.541) L1613 (1.582)
Thrust ratio .594 .518 .904 .828
End of cruise, Weight . 649 .636 -€32 -643
| Range, km (n.mi.) 5041 (2722) 6162  (3327) 6397 (345Y) 5617 {2033
End of descent, Weight . 641 .627 .626 .637
Range, (km (n.mi.) 5560 {3002} 6714  (3g25) 6949 (3752) 6168, {3329)
Burned fuel weight -359 .373 374 .363
Total reserve fuel weipht .113 .098 .093 .035
Total fuel welght 472 471 487 558
Reserve :
In route fuel reserve weight .025 .026 -026 -025
Missed approach fuel weight =017 .013 .010 .012
Cruise to alternmate fuel weight 045 . 038 .036 .037
SFC, kg/hr/N (Ibm/hr/lbf) .1353  (1.327) L1192 (1.169) .1209 (1.186) L1142 (1.120)
Mach number «65 _ .70 .65 .70
Alrirude, m (ft) 4724 (15500) 4724 - (15500) 4724 (15500) 4724  (15500)
Thrust ratio 2212 .173 <192 ".352
Hold fuel weight ' .026 1023 .021 .021

Hote: All weights expressed as frictioas of aircraft take-off gross weight.



TABLE II. MISSION ELEMENTS -— ALL SUPERSONIC (Continueﬁ)

(b) 103 EPHER, no Suﬁpression

Aireraft deseription

Nominal engine airflow, kg/sec (ilbm/sec)
Propulsion system weight

Thrust loading, N/kg (1bE/lbm)

Wing loading, kg/m2 (1lbm/Er2)

Operating weight empty

Paylead weight

Mission description

Weight at end of take-off

Climb A Fuel weight

' A Ranae, km (n.mi)

Start of cruise, Weight

. Alticude, m {ft)

Lift-drag ratio
SFC, kg/hr/N (ibm/hr/1bE)
Thrust ratdio

Welght
Rarige, km (n.mi)

End of descent, Weight
Range, km (n.mi)
Burned fuel weight

End of cruise,

Total reserve fuel weight
Total fuel weight

Reserve

In route fuel reserve weight'
Missed approach fuel weight
Cruise to alternate fuel weight

SFC, kgfhr/N (Ibm/hr/1bf})

Mach number
Altitude, m (£t)
Thrust ratio

Hold fuel welght

GEgH VSCE RVE DBE
401.9 (886.1) 388.7 (856.9) - 417.0 (919.4)  377.%4 (832.0)
.1646 .1077 .1187 .1359

5.87  (.497) 3.35  (.342) 3.61  (.368) 3.83 (-390}
361.3  {74.0) 415.0 (85.0)  402.8 (82.5) £10.1  {84.0)
.525 44D L463 .478
.085 .085 .085 .085
.981 .984 .986 .986
.108 L3103 103 .128
285  (154) 365 (197) 528 (339) 809  (437)
.892 : .897 ' .897 .872
18843 - (51820) 18091 (59355)  1885L (61850) 17983 (59000)
8. 504 9.073 9.099 - 8.981 -
.1560 (1.530) J1548  (1..518) .1594 (1.563) .1593 {1.562)
472 .498 .856 .776
753 663 652 ' .606
2132 (1691) 6008 {3244) 590x  (3188) . 5208 {2812)
743 .634 645 .659
3647  (1969) 6562 (3543} 6463  (3490) 5758  (3109)
.257 .366 .355 L3451
.133 .100 .097 .096
.390 466 - 452 .437
.018 026 025 .024
.028 014 .0LL 013
.055 .G38 .038 .038
L1448 (1.420) L1208 (1.185) 1231 (1.207) L1142 (1.1200
.65 .70 : .75 . .70
4724 (15500) 4724 (15500) 4724 (22000) 4724 (15500)
.165 167 .218 .352
.032 .022 .022 .021

Note: All weights expressed as fractions of ai reraft take-off gros§ weight



TABLE II. MISSION ELEMENTS — ALL SUPERSONIC (Concluded)

(c) 108 EPNdB, With Suppression

:  GE4 ~ VSCE RVE | DBE

Aircraft description ) : :
Nominal engine airflew, kglsEc (lbm/sec) ' 316.7 (698.2) 371.9 (820.0} 375.6 (828.0) . 352.3 (776.7)
Propulsion system weight " .1289 ' .1026 L1058 . .1254
Thrust loading, -N/kg (1bf/1lbm) 3.84  (.352) 3.21 (.327) 3.25  (.331) 3.57 (.384)
Wing loading, kg/m? (lbm/ft2) - 395.5 (81L.G) 415.0 (85) 402.8  (B82.5). 422.3  (85.5}
Operating weight empty 477 whib4 <450 -464

" Payload weight .085. .083 .G85 .085

‘Missior description . :

Weight at end of take-off .982 .984 .986 . 985
Climb A Fuel weight 120 .105 - 115 140 S
: 4 Range, km (n.mi) : - 407 (220) 393 (212) 797 (431) 980 (529)
- Start of cruise, Weight .878 .895 .885 .860
. Alritude, m (£t} 17983 (53000) 18092 (59360) 18550 - {60360) 17983 {59006)
Lift-drag ratio §.816 : 9.09 5.15 8.96 :
SFC, kg/hr/N (1bm/hr/Ibf) L1562 (1.532) 1552 (1.522) .1591 (1.5605) -1610 (1.579}
. . Thrust ratio .517 .518 .888 .821
End of cruise, Weight .692 636 .635 ' .650
' _ Range, km (n.mi}: 4308 (2324) 6162  (3327) 6321 (3413} 5465  (2951)
End of descent,  Weight . .683 ' 627 629 _ - 644
Range, km {n.mi) : : 4817  (2601) 6714  (3625) 6878 (3714) 6013 (3247)
Burned fuel welght =317 .373 <371 .356
Total reserve fuel weight 121 .098 ' .0%4 .085
Total fuel welight ' .438 LA71 -465 _ 451
Reserve _
In route fuel reserve wedght 022 .026 . .026° : .025
Missed approach fuel weight <021 .013 -010 012
Cruise to alternate funl weight 049 038 037 .037
SFC, ke/hr/N. (lbm/hr/lbf) L1392 (1.365) .1192 (1.1688) -1215 (1.1919) = .1142 (1.120)
‘Mach number : .65 .70 .65 ' .70
“Altitude, m (fr) | 4724 - (15500) 4724  (15500) 4724 . (15500) 4724 (15500)
_ Thrust ratio - .1892 173 -189 .352
Hold fuel weight .029 .021 021 .021

Note: A1l weights expressed as fractions of aircraft take-off gjross weight



TABLE III. MISSION ELEMENTS
600 NAUTICAL MILE SUBSONIC CRUISE — 108 EPNdB WITH SUPPRESSION

(a) Subsonic Cruise Departure

GE4 VSCE RVE DBE
Adlrcraft deseription _
Nominal engine airflow, kg/sec (1bm/sec) 316.7 (69%.2)  371.9 (820.0)  375.6 (828.0)  352.3 (776.7)
Propulsion syscem weight .1289 -1026 .1058 L1254
Thrust loading, N/kg (1bf/lbm) ) 3.84 (.392) 3.21 (.337) 3.25 {.331) 3.57  (.364)
Wing loading, kg/m? (1bm/£t?) _ 395.5 {81L.0) 415.0  (85.0) 402.8 (82.5) 422.3 (B6.5)
Operatiag welght empty JAT7 A4h <450 464
Mission descriﬁtion
Weight at end of take-off .981 . 984 .986 .986
Start of subsonic cruise, Weight - 954 . 959 .965 -960
Alticude, m (ft) 6096  (20000) 6095 (20000} 6096 (20000) 6096 . (20000)
Lift~drag ratio 13.480 14.31 : 14.57 14.23
SFG, kg/hr/N (lbm/hr/1b£) L1580 (1.549) L1102 (1.081) L1136 (1.114) L1222 (1.198)
Thrust ratio . 2443 .2750 -3000 .3650
End of subsonic cruise, Wetght ' 847 .884 .889 -878
‘Start of supersonic eruise, Welght . .783 .829 .821 797
Altitude 18649 (BLIR3) 18589 (60990} 19642 (62475) 18346 (60190)
Lift-drag ratio 8.514 9.041 9.105 8.888
SFC, kg/hr/N (lbm/tr/ibE) L1563 (1.532) .1553  (1.523) 1592 (1.561) L1607  {1.576)
. Thrust ratio .5328 5224 . 8965 .8143
End of supersonic cruise, Weight ' -692 -636 +635 - 658
_ Ranoe, km {n.mi) 3458 (1867) 5932  (3203) 6071 (3278} 5182  {2798)
Ead of descent, Weight .683 . 627 .629 644
Ranne, km {n.mi) 3971 (2144) 5486 (3502} 8626  {3578) 5730 {3094)
Total reserve fuel weight E .121 .098 -094 .095
Toral fuel weight -438 471 465 451
Reserves
In route fuel reserve weight -022 -026 .026 .025
Missed approached fuel weight .021 013 .010 ~012
Cruise to alterante fuel weight . 049 .03y 037 037
: SFC, kb/hr/N (Ibm/hr/1bf) 1382 (1.365) 1882 {1.195) L1215 (1.192) L1542 (1.120)
Mach number 65 .70 -65 .70
Altirude, m (Et) 4724  (155Q0) 4724 (15500) 4724 {1.5500) 4724 (15500)
Hold fuel weight .029. 021 o .021 .021

Note: ALl weigh®s expressed as fractions of arrcraft take-off gross weight.
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TABLE I1I. XISSION ELEMENTS
600 NAUTICAL MILE SUBSONIC CRUISE -— 108 EPNdB WITH SUPPRESSION (Concluded)

(k) Subsoniec Cruise Arrival

Alreraft description
Nominal engine airflow, kg/sec (ibm/sec)
Propulsion system weight
Thrust loading, ¥N/kg (1bE£/lbm)
. Wing loading, kg/m? (lbmffc2)
Qperating weight empty

Mission descripcion
Weight at end of take-off

Start of supersonic cruilse, Weight
Altitude, m (ft)
Lift~drag ratio
§FC, kgfhe/N (Lbo/hr/1bE)
Thrust ratdo

Eud of supersonic cruise, Wedght
Ranne km {i.mi}

Start of subsonic cruise, Weight
Alticude, m (ft)
Lift-drag ratio
SFC, kg/arfW (lbm/hr/ibi}
Thrust ratio

End of subsonic cruise, Welght

End of descent, Weight
Range, km {n.mi} :

Total reserve fuel weight
Total fuel weight

Reserves

In voute fuel reserve weight

Missed approach fuel weight

Cruise to alrernate fuel weight .
8FC, kg/hr/¥ (1bm/hr/1bE)
Mach number
Alcitede, m (£fr)

Hold fuel weight

GE4 VSCE RVE DBE
317.0 (698.9)  371.9 (820.0)  375.1 (827.0)  352.2 (776.5)
.1289 .1026 .1058 .1254

3.86  (.392) 3.21 (.327) 3.25  (.331) 3.57  (.364)
395.5 (81.0) 415.0 (85.0)  402.8 (B2.5)  422.3 (86.5)
477 21 450 464

.981 .984 .986 .986

.879 .895 .885 .B60

17983 (59000) 18052 (59360)  1B548 (60B55) , 17983 (59000)
8.841 5.088 9.152 8.962

.156¢ (1.530)  .1552 (1.522}  .1592 {1.561)  .1610 (1.579)
.530 .518 .888 .821

.779 . 691 692 714

2393 (1292) 767 (2574) 4857 (2644} 3071 (P144)
775 .488 .690 .712

9144  (30000) 9144 (30000) 9144 (30000) 9144 (30000)
13.980 14.16 14.24 14.06

.1511 (1.482) 1070 (1.64%)  .3035 (1.074)  .1178 (1.155)
.297 .304 .332 .418

. 653 634 634 .650

683 627 .629 654

<024 (2173} 5837 {3476} 6651  (3591) 5637  (3044)
121 .898 .094 095

438 471 465 451

.020 .026 .026 .025

.023 .013 .010 .012

.D4g .038 .037 .037

L1393 (1.366)  .1192 (1.169)  .1215 {1.192)  .1142 (1.120)
.65 .70 .65 .70 -
4724 (15500) 4724 (15500) 4724 (15500) 4724 {(15500)
.u29 .021 .023 .021

Hote: Ail weights expressed as fractions of aircraft take-off gross weight



TABLE IV. RANGE SUMMARY - ALL SUPERSONIC MISSION

Condition

No Restraint _

No Noise Restraint

108 EPNdB, MNo Suppresséon
108 EPNdB, With Suppression

108 €PNAB, With Suppression
108 EPNAB, With Suppression -

Cruise
Thrust
Margin

"None

B 1.1

1.3
1.1
1.1.

None

Climb
Thrust
Margin
None
1.2
1.2
1.2
1.2

None

Field
Length

Restraint

“None

(10500 ft)

(10500 ft)
(10500 ft)
(12500 ft)
(12500 ft)

ae4

DRE

VsCE RVE
RANGE, km. (n.mi)
5071 (3224) 7532 (4067) 7908 (4270) 6687 (3611)
5560 (3002) 6714 {3625) 6949 (3752) 6165 (3329)
3647 (1969) 6562 (3543} 6463 (3490) 5758 (3109)
4817 (2601) 6714 (3625) 6878 (3714) 6013 (3247)
N/A 7059 (3812) 6949 (3/52) 6168 (3329)
N/R 7050 (3812) 7286 (3934) 6435 {3475)
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Figure 2.- General arrangement of the airplane.
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ratio - M = 0.9 stratosphere.
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