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NASA Ldngley Research Center 

and 

J. W. Russell 
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Hampton Technical Center 

SUMMARY 

The NASA Supersonic Cruise Aircraft Research (SCAR) program has sponsored 
extensive work to define technology improvements which could lead to an 
economically and environmentally viable advanced supersonic transport. 
One p.lement of the program involved the generation of a multitude of 
advanced conventional and variable-cycle "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 propulsion 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 
describes the status of the NASA SCAR M = 2.7 design studies as of its 
publicatiDn date. 

INTRODUCTION 

\~i th the can cell at·j on of the Uni ted States Supersoni c Transport (SST) 
progranl in 1971, an enormous concentrated developmental effort for civil 
supersonic flight 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 lead 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 possible with advances in aerodynamics, structures, 
materials, propulsion, and flight control within the restraints imposed 
by takeoff noise considerations. Although the gains 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 airf'lo\1 characteristics at takeoff of the turbofan r.ombined with the 
good cycle efficiency of the turbojet 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 technology needed 
to support any future attempt to build a second-generation SST. 

Shortly after the start of the SCAR program, S~lan (Ref. 2) indicated thJt 
a weight reduction equivalent to that of the entire payload would have been 
possible for the U.S. SST had a variable-cycle engine been available. 7hp. 
implication was that the variable-cycle engine would be capable of generating 
a large airflow in a turbofan mode with low specific trust levels to meet 
both the takeoff field length and regulated noise level without a suppI'essor. 
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, including inlet and 
exhaust systems such that reduced weight, drag, and complexity of these latter 
components may be traded for increased weight and complexity of the variable 
cycle." At about the time Swan presented his paper, the results of Boeing's 
JTBD 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 rati 0 from 1.1 to 3.5 through the use of an ai r inverter 
valve. Partly as a result of this information, the on-going SCAR engine 
studies performad 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 engines. The results of these 
studies, which are still underway, are describer in Reference 4. 

The purpose of this paper is to assess, on an integrated mission basis, 
the performance of three variable-cycle engine concepts resulting 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 well 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 wei ght and payload. The basel i ne 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 
technology. Comparisons are also made showing the range sensitivity of these 
supersonic cruise vehicles to changes in operating weight empty, propulsion 
system weight, supersonic cruise specific fuel consumption (SFC), SFC for 
the entire mission, supersonic cruise lift drag ratio (LID) and LID for the 
entire mission. The sensitivities are made using the performance necessary 
to meet FAR 36 with suppression case as 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 
specifi ed has been made. vlhere opi ni ons 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 previously described 
at the 48th meeting of the AGARD Propulsion and Energetics Panel (Ref. 5) 
in September 1976. 

ENGINE SELECTION AND DESCRIPTION 

Many engine cycles of both conventional and unconventional types were 
generated and examined by the Pratt & Whitney and General Electric companies 
undet' the auspices of the NASA/SCAR program. Each of these engines was 

'" screened in a mission simulation program to pinpoint 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 consumption, installed tht'ust level are not necessarily indi
cative or 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 
engine cycles were provided to the airplane companies to evaluate in their 
SCAR-sponsored system studies. Based upon the results of these studies the 
most promising cycles were further refined and analyz>ed 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 available 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 .results 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 
potentially attractive areas for new technology research. 

To establish a bench mark against which to assess the performance of these 
candidate variable-cycle 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 briefly 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 flight Mach number. The engine 
cycle parameters and performance are listed in Table 1. 

Pratt & Whitney - Variable Stream Control Engine 

The variable stream control engine (VSCE), shown in Figure 1, is a two-spool 
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 emplo'ys a higher turbine inlet temperature, a variable area 
throat for the primar'y stream, and a greater degree of variable geometr'y in 
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the fan and compressor. The use of this variability permits a more 
complex throttle schedule to be used. This throttle schedule essentially 
matches the engine and inlet flow schedule at maximum dry and augmented 
power settings at all flight Mach numbers to minimize spillage, bypass, 
and boattail drag. In addition, for takeoff, the primary burner is 
throttled back with the duct burner lit and full 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 variable-cycle engine. Its 
performance at both supersonic and subsonic cruise conditions is quite 
similar to that of a conventional duct-burning turbofan. 

Pratt & Whitney - Rear Valve Variable-Cycle 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 operation of the RVE is 
described in detail in Reference 6 and is briefly reviewed here. The 
RVE (Fig. 1) is a two-spool nonafterburning engine employing a variable 
geometry fan and a split low-pressure turbine and incorporates a convergent
divergent ejector nozzle. The air inverter valve functions as a diver-ter/ 
mixer and is located before the last element of the low-pressure turbine. 
In the twin turbojet mode, the duct burner is lit and the valve is in 
the inverting position such that the core flow is bypassed around, and 
the heated duct flow through the rear low-pressure turbine. In 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. In the turbojet mode of operation, 
variation 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 fixed area 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 lower 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 engine in this group 
in that it operates like a turbofan engine at subsonic cruise and as a turbo
jet at supersonic cruise speeds. 

General Electric - Double Bypass Variable-Cycle Engine 

The double bypass variable-cycle engine (DBE) is a low 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 
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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 DBF. en9ine 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 low-speed cruise modes. For takeoff, variable turbomachinery 
geometry is used to overspeed the fan and increase the airflow approximat~ly 
20 percent. This overspeeding in combination with the translating 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 low bypass ratio turbofan engine. The engine throttle 
modulates the variable stators and bypass flow paths to provide inlet engine 
airflow match at all fl ight ~iJ.ch numbers at both maximum' dry and augmented 
thrust levels and to provide full airflow down to approximately 50 percent o~ 
dry thrust. The DBE represents a degree of variabil ity midway between the 
VSCE and RVE. 

General Electric - GE4 

The GE4 engine, which is used to illustrate the technology base available in 
1969, is a single spool afterburning turbojet equipped with a convet'gent
divergent two-stage ejector nozzle. The engine has a variable area nozzle and 
employs a t~lo-pos'iti on compressor stator schedul e. The engi ne wei ght and 
performance parameters were takEn from the model specifications for the 
GE4/J5P for a standard day. 

MODELS AND METHODS 

A comparison of the various variable-cycle engines can best be achieved if 
the airplane-engine characteristics are optimized for each of the individual 
engines. The maximum performance is then obtained 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 80 C hot day; that 
is, the temperature at any standard day altitude is increased by 80 C and the 
speed of sound is calculated for the increased temperature. All 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 flight Mach number of 
2.7, the maximum flight Mach number for the hot day assumption is limited to 
a value 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 
payload. 
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Airplane 

The airplane configur'~.tion chosen to "fly" with the candidate engines is shown 
in Figure 2. It is designed for d cl':Jise Mach number of 2.7 standard day. 
For maximum aerodynamic efficiency, it incorporates an arrow-wing planform 
mounting four engines in separate pods aft beneath the wing for favorable 
interference effects. It has been sized to have a design 80 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 lbm) vlhich is the 
value assumed throughout this paper. 

The airplane characteristics for a wing loading of 352 kg/m2 (72 lbm/ft2) are 
fully described in Reference 10. As a result of recent wind-tunnel tests, more 
efficient flaps were developed. Th~ use of thes~ flaps enabled the wing 
loading to be increased to 415 kg/m (85 lbm/ft_l 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 aarodynamic charac
teristics were recalculated and the airplane rebalanced. The resulting base
line airplane maximum lift-drag ratio as a function of Mach number is shown 
in Figure 3. The airplane drag includes that due to both nacelle interference 
and nacelle skin friction. All other propulsion system drag items are 
included in the installed engine performance. 

A more complete 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 mi ssi on profil e flown for each engi ne is i 11 ustrated in Fi gure 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 ft) is also demonstrated for the baseline with 
suppression case for each engine. The cruise poy,tion of the mission was 
assumed to be entirely supersonic for the baseline mission. However, the 
necessity of avoiding sonic boom over populated 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 especially attractive for 
supersonic transports. Therefore, two alternate mission profiles were 
examined which incorporated a llll-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 cruise altitude. The 
Mach number altitude climb schedule for all-supersonic cruise mission is shown 
in Figure 5. This schedule has been used in previous studies and has been 

6 



.. 

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 management for any given engine cycle. 

Engine-Airframe Matching 

The relationship between engine size and wing area for maximum range can best 
be determined through the use of the so-called "thumiJprint" or "knothole" 
diagram. Such a diagram is illustrated in Figure 6 for theRVE engine. 
Contours of constant range are shown as a function of installed thrust loading 
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 loading 
changes by assumi ng a constant fusel age and empennage wei ght and il.djusti ng 
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 fot' the effects 
of both altitude and nacelle size on skin-friction drag. 

Superimposed on the thumbprint di agram are 1 imit 1 ines whi ch repr"esent physi ca 1 
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 lines are 
assigned based on operational consideration at the values shown. 

For the case illustrated in Figure 6, the maximum rela'",ive range for an all
supersonic cruise mission without noise l'estraint is limited at the inter
section of the takeoff field length and transonic and supersonic excess thrust 
limit lines. Only a small sector of the knothole diagram bounded by the 
approach speed, takeoff field length, 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 ECDNDMIC FACTORS 

The ranki 1 of engine cycles in the SCAR program included projections of 
engine cost, maintainability, complexity, as well as performance in order to 
determine 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 
competitive. 
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Emissions 

The impact of engine emissions upon the design of combustors or duct bUrners 
cannot be assessed until su~h time as emission regulations are set forth; 
however, the goal of achieving low emissions both in flight and in the 
vicinity of the airport is of paramount importance. The development of low 
emission combustors is a problem shared to the same degree by all candidate 
engines. 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 candidate variable-cycle engine is ig:lOred in this 
pape\". 

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 low emission combustQrs 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. 

Noise 

The environmental factor that has the greatest impact upon engine size is the 
sideline and/or flyover noise level. To illustrate the effect of noise 
restraints, the maximum range for each engine has been determined first by 
means of the "thumbprint" diagram 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 flyover measuring point. In this exercise, the vatiable-cycle 
engines were sized to meet the noise restraint both with and without sup
pression due to annular/coannular noise relief. 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/coannu'lar effect. The suppression level assumed was provided by 
the engine manufacturers and was based upon small-scale static acoustic t~sts. 
The noise relief varied with throttle setting reaching a value at maximum 
throttle 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 (H1uipped with an 8 EPNdB mechanical suppressor that weighed 
7 percent of bare engine weight and created 5 percent net thrust loss at take
off. This approach was taken presuming the annular noise relief effect was 
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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. 

PROPULSION SYSTEM PERFORMANCE 

Engi ne performance data suppl i ed by General El ectri c and Pratt & \'Ihi tney for 
their engine designs provided the net internal thrust and specific fuel con
sumption (uninstalled performance) at key altitudes, Mach numbers, and pO~ler 
settings. These data reflect only the effects of inlet pressure recovery, 
nozzle gross thrust coefficient, horsepower extraction, and engine bleed. As 
noted previ ously, all propul si on system re1 ated drag wi th the excapti 011 of 
nacelle friction and interfererlce drag are chuged 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 qenerating installed 
engine performance data decks for each engine. The isolated boattail drag as 
a function of po\~er setting was provided by the engine manufacturers. Addi
tional 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 inlet described in References 13, 14, and lG, 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-noundary-layer interaction. ~t 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 5upet'sonic 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. 

Th~ GE4 is presumed to operate in conjunction with the Boeing-developed inlet 
~Ihose performance and drag buildup is essentially as given in Rel'erence 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
dimensiona1ized with respp.ct to each engine's maximum thrust at the given 
altitude and Mach number to define a thrust ratio. This technique was used 
to eliminate engine sizing effects. 

The installation penalty at the supel'sonic ctuise 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 .::ccounts for approximately 
70 percent of the installation penalty for all engines at subsonic cruise Mach 

9 



number. At this flight conditlon, 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 supersonic cruise Mach number, the minimum installed specific fuel 
consumption of all engines shown are quite comparable with a maximum difference 
of approximately 4 percent. At the subsonic cruise Mach number, the spread of 
the minimum fuel consumption values increases to approximately 20 percent, with 
the highest bypass ratio engine, RVE, exhibiting the lowest value and the DBE 
the highest valup.. The true ranking of these engines, in terms of fuel 
economy, depends upon the thrust ratio required to balance drag and engine 
size required to meet the operational restraints and not only upon the indicated 
minim~m value of SFC. 

RESULTS AND DISCUSSION 

Comparison of the performance of the various engine cycles in terms of 
maximum range are pi'esented in Figure 9 and 10 to sho~1 directly the effects 
of cycle, noise, and subsonic 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. All engines and air
frames were sized to meet the operational limitations imposed by takeoff field 
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 considerat'ion of 
takeoff noise level (no noise restraints). The engines were then resized and 
matched to the airframe to determine the maximum range with a noise limitation 
of 108 EPNdB without any noise relief due to mechanical or annular/coannular 
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 (108 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 technology. 

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. All engines sized to meet the 108 EPNdB, with sup~ression case 
have a range reduction of about 11 percent relative to their maximum 
unconstrained range. For this case the variation in range between these 
variable cycle engines was about 15 percent. Th~ lowest range engine in this 
group was the DBf and its shorter f'ange is primarily due to the hi gher 
propulsion system weight. 
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A 1111-km (600-n. mi.) subsonic cruise to avoid sonic boom 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 
above 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. 1'1). As can be seen in Figure 12, the range of the DBE is limited 
by the excess thrust available in climb. An increase 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, which also exhibits a relatively 
long climb distance, is limited 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 limit on auxiliary burner temperature. 
It is interesting to note that the VSCE which is both slightly lighter 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 1:rl:! less efficient maximum augmented power mode at all 
speeds. Although r': !.t'"empt was made to optimize the climb throttle schedule, 
the range of the Vi,!;!:: improved 1 percent by restricting duct burning during 
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 limit 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 climb 
thrust limit is not an absolute operational requirement; however, any -eduction 
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 length 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 a consequent improvement in range. Relaxation of 
the takeoff field length limit would, therefore, favor the VSCE. For example, 
the effect of increasing the runway length to 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 length configuration meets this noise require
ment at the thrust loadings and wing 10adi~qs 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 fixed during the takeoff. 
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Extension of the takeoff length from 320U 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 10 
(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 length, 108 EPNdB with suppression case. 

The effect of modifyi~g the reserve requirements from the FAR 121.648 modified 
to If572 m (15000 ft) hold altitude to a TWA suggested reserve schedule (Ref.l1). 
with a hold at 3038 m (10000 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 whiie the baseline was set at 7 percent. Detail of 
these reserve schedules are included in Reference 11. 

Range sensitivities for each of tile aircraft cases which meet the 108 EPNdB 
with suppression noise restraints are shown in Fig'ure 15. In this figure, 
the mission range and percent change in range is shown as a function of 
percent ch'lnge in operati ng vlei ght empty, SFC, supersoni c crui se 1 ift-drag 
ratio, and the lift-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 r3nge, 1 percent in propulsion system 
weight equal about 0.5 percent in range, 1 percent in supersonic cruise SFC 
equal about 1 percent in range, 1 percent in supersonic cruise LID equal about 
1 percent in range, and 1 percent in entire mission LID equal about 1.25 per
cent in ;'ange. 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 variable-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 turbojet 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 overpressurizdtion and consequent expansion through the rear 
turbine reduce the thrust potential of the bypass stream due to the additional 
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rise in entropy through the fan and tUl'bine. 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 low specific thrust. Thus, for these 
reasons, the RVE does not meet the full objectives of a variable"cycle 
engine set forth by Nichols (Ref. 1). 

The DBE is the only one of the three considered variable"cycle engines which 
maintains full engine airflow at the 5ubsonic cruise power setting. The 
other two variable"cycle engines must spill or bypass from 12 to 21 percent 
of full throttle airflow. the fixed airflow of the DBE in combination 
with the translating shroud nozzle, provides throttle independent bypass, 
spillage, and boattail drag down to one"half of the maximum nonaugmented 
thrust level. The elimination of throttle dependent drag is one of the goals 
for variable"cycle engines advocated by SWRn (Ref. 2). However·, the specific 
design of the translating shroud incurs a basic boattail drag wh~ch, if it 
were possible to eliminate by redesign, would yield subsonic as well as super" 
sonic cruise specific fuel 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 possible for supersonic cruise air" 
craft equipped with advanced technology engines and if found attractive to 
foster research on those components critical to achievin~ 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 reflect 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 performance 
parameters. This study should also attempt to ascertain the risk involved 
to achieve 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-going research and development programs 
applicable to all types of engines provide a firm base from which to 
project performance and weight estimates. However, it is necessary to vel'ify 
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the performance of new and advanced technology items ~Ihi ch affect overall 
engine performance or weight. Some of the more critical items in this 
category are revi e\~ed below. 

A new tecnnology item that has an important influence on the selection of 
engine S1ze a,~d thus range is the jet noise relief due to the coannular/ 
annular effect. Although this effect was noted many years ago, its potential 
benefits we"e not recognized until recently. Small-scale static tests have 
established the suppression level over a range of bypass and velocity ratios 
for the coannular nozzle and radius ratios 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 establ ished 
a phased experimental program to determine their influence upon noise 
suppression and to provide a firmer base for future noise prediction studies. 

The development of a highly efficient secondary burner is a p'irticularly 
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 burner 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 efficiency only slightly less difficult. To provide insight 
and guidance, NASA's Experimental Clean Combustor Program was enlarged to 
include the study of duct burner concepts leading to high efficiency and low 
emissions. 

The variable-cycle engines employ scheduled stator angle settings in both the 
fan and compressor elements which in combination with spool s~eed and exhaust 
nozzle throat area variation are used to essentially match the inlet airflow 
schedule at maximum turbine inlet temperature. In addition, the stator angles 
are scheduled to maintain the engine operating line on the fan and compressor 
maps near regie,ns o~ best efficiency. For the DBE, as the cycle changes from 
double to single bypass operation, the compressor 'luSt accept approximately 
25 percent greater airflow. This produces a difficult design problem of 
maintaining good efficiency and sufficient stall margin over a wide pumping 
,·ange. 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. In addition, the losses associated 
with mi xi I1g streams of d', fferi ng energy 1 evel s, the effect of 1 eakage, 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 nlanufacturers 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 al"0 expected. For example, the low 
speed aerodynamic data used in this report has just been updated vlith \"ecent 
continuing wind tunnel tests and significant 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 length in this report are conservative. The 
use of these improved field length 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 by using 
the maximum duct burner reheat for this engine only above M = O.B rather 
than for the entire climb as was done in this report. In fact, private com
munications indicate that a5 much as 3 percent range improvement can be 
achieved relative to the maximum augmented climb cases if careful throttle 
scheduling is lIsed during the climb. 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 optimized 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. 

CONCLUS IONS 

An examination of the range potential of ;;hree candidate variable-cycle 
engi nes proposed for a second generati on supersoni c c)'ui se transport was 
undertaken to determ~ne the possibl", 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 ai rcraft confi gurati on chosen for the study had an arrow-wi ng pl unform 
with four engines mounted in separ'ate 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; 
nowever the effects of a Ull-km (60u,' .,ni.) subsonic cruise element at 
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either the departure or arrival portion of the flight was considered. T,o 
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 criteria but without the use of any form of suppression, 
and, last, to satisfy the noise regulation using annular/coannular noise 
rel i ef. 

For this latter case, the effect of relaxing certain of the operational 
restraints (for example takeoff field length 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
mined. 

For the completely unrestrained cases (the "eye" of the thumbprint), the VSCE 
had a range of 7532 km (4067 n.mi.), the RVE had 7908 km (4270 n.mi.) and 
the DBE had 11 range of 6687 km (3611 n .m;.). 

For engines sized to meet the noise limit with suppression, all 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 cl imb excess thrust I"estraint. If the cl if11n 
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 
length 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 largest 
effect on range. 

The calculated ranges reflect the stated assumptions and represent the 
current status of thei~-house studies. Continuing work in the areas of low 
speed aerodynamics, nois~ 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 aerody~amics. 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 consumption (SFC). The aerodynamic data was sc~led 
for variations in engine size and wing area (or wing loading) as described in 
reference 12" 

The high speed trimmed drag polars are shown in figure AI. 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 is for a wing loading of 
415 kg/m (85 lbm/ft ) and excludes propulsion and environmental control 
system drags. 

The low speed h'i gh 1 ift aerodynami cs must i ncl ude the effects of fl aps 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 information is based on unpublished data. The trimmed low speed lift 
coefficients (C L) as a fUnction of aircraft angle of attack for ,both the 
in ground effect and the out of ground effect for various flap angles are 
shown in figures A3 and A4. The in ground effect drag polars (CD versus Cl) 
for various flap settings are shown in figure A5. The out of ground effect 
drag polars f,re shown in figure AG. All of the drag coefficients (CD) are 
trimmed and include a ~CD due to the landing gear of 0.00849. In all cases 
the lift and drag coefficients are for a wing area of 785 sq. D. (8447 sq. ft.). 
Finally, the low speed trimmed lift drag ratio as a function of Cl 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 appendix presents a discussion of the calculation of the takeoff 
profile, the engine noise prediction methodology, and selection of the engine 
size used in this study. Also included is a typical study result for the 
case with the VSCE engine with no coannular suppression. 

For a particular enr,ine size and engine throttle setting, there isan engine 
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'3 downrange 
distance, altitude, velocity, flight path angle, angle of attack, and engine 
thrust level. The takeoff data is then employed to ascertain the time
histot'y of the observed perceived noise levels and the corresponding effective 
perceived noise levels (EPNL) at the observer locations. 

Takeoff Profil e 

The takeoff noise levels are dependent on the takeoff profile ~Ihich is 
presented ~n figure Bl. Also shown on the figure are the two FAR 36 noise 
measurement points. The figure shows the takeoff field length from brake 
release to the 10.67 m (35 ft) obstacle is 3B10 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 noise 
level. The landing gear is assumed to be funy retracted eight seconds after 
lift-off. 

For this study, the low speed drag polars presented in Appendix A were 
employed and the gross takeoff weight (GTO~1) was maintained at 325,678 kg 
(718,000 lbs. mass) independent of engine weight. This was done by trading 
fuel weight for engine weight. Prior to cutback, the wing trailing flaps 
are set at 20 degrees to minimize the sideline noise levels during takroff 
as shown in reference 10. After cutback, the flaps are retracted to 5 degrees 
to reduce the required engine thrust level and thus the centerline noise 
levels. . 

To minimize the noise level at the centerline measurement point (fig. Bl), 
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 LID 
increases, the thrust 1 evel after cutback can be reduced. Mi'pendi x A shows 
that for the present configuration at cutback, over the CL range of 
operation (0.52:.0.15), the lower the CL' the higher the LID. Increasing 
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the aircraft velocity reduces both the CL and the thrust level after cutback, 
and thus the noise level at the centerline 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 
accel erate the ai rcraft. The ai rcraft takeoff profi 1 e is forced through 
a cutback point at the minimum cutback altitude which is normally 213 m 
(700 ft). However, as the aircraft velocity increases, the airframe noise 
level 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 cutbQck is greater than 
after thrust cutback, it is necessary to have the thrust cutback occur prio~ 
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 Bl. The 
optimum cutback do~mrange di stance was found to be 5944 m (19,500 ft) from 
brake release· as shown in figure Bl. 

Engine Noise Prediction Method 

Prediction of aircraft eng;ne noise at ground observer stations is dependent 
on the engine exhaust nozzle flow characteristics, 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 per
formance characteristics are eraluated on a std +100 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 f10Lzle plane by using techniques described in referenc~ 16. 

The source noise SPL's are extrap"lated from the source noise distance to the 
observer distance using ~he FAR 36 correction techniques. These include 
effects of spherical divergence, atmospheric attenuation, extra ground 
attenuation, ground r~flection, and mUlti-engine shielding effects. 

As the aircraft travels along the flight path, both the distance and the 
directivity angle between the aircraft and the observer vary. Thus, at a 
particular time, the variation of SPL with frequency at the observer station 
is computed. These SPL's are thenadded logarithmically to cibtain a perceived 
noise level (PNL) at the observer station. As the aircraft approaches the 
observer location and passes by the observer location, the perceived noise 
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level increases to a maximum level (PNLMAX) and then as the aircraft travels 
away from the observer, the PNL decreases again. 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 1evel is then 
divided by a time interval of 10 seconds to obtain the effective perceived 
noise level (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 137m/sec. (0 to 450 ft/sec) and three altitudes: 0, 610, 1219m 
(0, 2000, and 4000 ft). The takeoff profile is divided into nine segments 
and the average engine thrust and aircraft ve10city and altitude are deter
mined for each segment. These parameters, 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 
lev£~s will change. Thus, for each takeoff thrust table, the effect of 
engine scale factoi' on takeoff noise level can be evaluated. 

Typical Study Results 

Figure B2 shows the variation 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 velocities. 
Also shown from figure B2, it c. In be seen that a particular engine scale factor, 
the sideline noise level increases as the takeoff thrust levels increase. This 
'is due to the higher power setting and higher jet velocities associated with 
the higher thrust levels. 

Figure B3 shows the variation in centerline noise level \~ith ESF for five 
takeoff thrust tables. From figure 83, 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 scale factor (ESF), the centel'line noise level 
decreases as the takeoff thrust levels increase. This is due to higher 
cutback LID's associated with the higher initial takeoff thrust levels as 
described in the takeoff profile section of this appendix. At these higher 
LID's, the required thrust level at cutback is reduced and thus the jet 
velocities and noise levels at the centerline measurement point are reduced. 
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As previously stated for a particular SLTO thrust level and the corresponding 
thrust table, the variation of engine size on noise level can be obtained by 
varying engine power setting. Figures B2 and B3 show the variation of side
line and centerline noise levels with engine size (ESF) respectively for 
several SLTO thrust levels. From these figures it can be seen that fOI' each 
SLTO thrust value, there is a minimum 1:.5~ vlhich meets the FAR 36 noise limit 
of 108 db. Figure B4 shows the variation ~f 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 limit of 108 db is 0.90. This corresponds to an installed sea 
level takeoff thrust level of 257,493 n (57,887 lbs) per en~ine and the 
corresponding jet exit flow rate is 347 kg/sec. (765 lbsJzec). 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 lbs), which corresponds to an engine pOI'ler setting of 
0.827. 

For the cas~s where annu1ar/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. 
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APPENDIX C 

PROPULSION SYSTEt4 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 friction and cowl drag was included in the airplane drag. 
The cowl skin friction drag was scaled with the engine, but the cowl inter
ference dr~g 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 
55,000 feet. An allowance of 2 percent excess airflow was made at the design 
point tn furnish cowl ventilation and to allow for engine to engine airflow 
varia·Vions. 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 engine 
feature. In particular, the high airflow requirements at takeoff for the 
variable cycle engines could force redesign of the auxiliary ait'flol'/ inlet 
doors. 

The ratio of pro~ulsion s~stem drag to dyn~mic pressure (D/q) at maximum dry 
power as a funct10n of fl1ght Mach number 1S presented in figures Cl. C2, and 
C3.for the VSCE, the RVE, and the DBE, respectively. Note the large peak boat
telll 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 C5 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 DBI: demonstrates no penalty for throttl'rllg while the VSCE 
and RVE both suffer sma 11 pen a 1 ti es at the i ndi cated subsoni c crui se thrust 
1 evel . 
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TABLE I. ENGINE SPECIFICATIONS 
(UN INSTALLED 8· C HOT DAY) 

VsCE RVE OBE GE4 (Standard day) 

Mass.floY rate, kg/sec (lbm/sec) 408.2 (900) 408.2 (900) 435.4/362.9 (9601800) 287.1 (1;33) 
Engine- '\.:eight, kg (lbm) 6168.4 (13600) 6230.9 (13870) 7279.6 (10050) .006.5 (13243) 
Bypass ratio 1.3 2.5 0.35 0.0 
Fan press'are ratio 3.3 5.8 2.7/4.0 --
Over~ll engine pressure ratio 16:1 21:1 17.3:1 12.5:1 
}lax turbine inlet temperature, OK elF) lSll (2800) 1811 (2800) 1811 (2800) 1522 (2280) 
Max secondary burner temperature, OK (OF) 1644 (2500) 1311 (1900) 1311 (1900) 1944 (3040) 
Take-oif max thrust, !: (Ibf) 286656 (64443) 287742 (64687) 299365 (67300) 284686 (64000) 
Take-off sFC, kg/hr/N (lb~/hr/lbf) .1482 (1.4546) .11051 (1..0838) .1224 (1..20) .1896 (1.86) 

Subson!<:: ~rcise 

Flight Hnch number 0.9 0.9 0.9 0.9 
Flight altitude, m (ft) 10999 (36089) In999 (36089) 10668 (35000) 11018 (36150) 
Max ne~ thrust, N (lbf) 111303 (25022) 100489 (22591) 84030 (18891) 108553 (24404) 
SFC at max ne!:. thrust, kg/hr/N (lb",/hr/lbf) .15719 (1.5416) .1256 (1.. 2319){!J) .1469 (1..441) .187 (1.851) 
BYP3SS ratio at: ca~ net thrust. 1.2077 3.16n 0.36 0.0 
Net thrust at oin SFC, N (lbf) 48899 (10~9l) 50567 (11368) 52155 (11125) 33930 (7290) 
Hin SFC, kg/hr IN (lbc/hr/lbf) .0885 (.8681) .08773 (.86039) (TF) .U111 (1.003) .100 (1.078) 

Supersonic cruise 

::;;:: Flight ,}tach nuuber 2.62 2.62 2.62 2.62 
~t$ Flight ~ltitudet m (ft) 19812 (65000) 19812 (65000) 19812 (65000) 19812 (65000) .... ' .., 
C;~ :Halt net thrust t N (lbf) 128'71 (28949) 79858 (17953) 74920 (16843) 99195 (22300) 
;::; C SfC ilt m .... u. net thrust, kg/hr/N (lblll/hr/lbf) .1793 (1.7584) .15185 (1.4891) .1588 (1.557) .2008 (1.91) 
~ .. --
i:::'6 BYPJSS rat-io 1.5485 3.9927 0.74 0.0 

- 0 
Net thrust at min SFC, N (lbf) 57124 (12842) 62221 (13988) 44810 (10074) 41151 (10600) 

;;;g Hi" sFC, kg/hr/N (lbc/hr/lbf) .1422 (1.3947) .150:20 (1.4730) .1435 (1.408) .1468 (1.44) 

Qk 
I?lPi 
.-;K; 
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Aircraft description 
Nominal engine airflow, kg/sec (lbm/sec) 
Propulsion syst~ weight 
Thrust loading, !I/kg (lbf/1bm) 
Wing loading, kg/m2 (lbm/ft2) 
Operating weight empty 
Payload weight 

Mission description 
Weight at end of take-off 
Climb 6 Fuel weight 

il Range, km (n.mi.) 

Start of c.ruise, l.J.'''ight 
Altitude, m (ft) 
Lit t-drag ratio 
SFC, kg/hr/N (lbm/hr/1bf) 
Th;rust 'ratio 

End ot cruise, Weight 
Range, km (n.mi.) 

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

Burned fuel weight 

Total reserve fuel weight 
Total fuel weight 

Reserve 
In rout'e fuel reserve weight 
Missed approach fuel weight 
Cruise to alternate fuel weight 

Hold fuel weight 

SFC, kg/hr/N (lbm/hr/lbf) 
Hach number 
Altitude, m (ft) 
Thrust ratio 

TABLE II. l1ISSION ELENENIS - ALL SUPERSONIC 

(a) No Nois", Restraints 

266.7 
.1014 
3.24 

415.0 
.443 
.085 

.982 

.137 

GE4 

(588) 

(.33) 
(85) 

561 (303) 

.863 
17983 (59I"JO) 

8.96 
.1677 (1. 645) 

.594 

.649 
5041 (2722) 
• 641 
5560 (3002) 
.359 

.113 

.472 

.025 
.017 
.045 

.1353 (1.327) 
.65 

4724 (15500) 
.212 

.026 

VSCE 

371.9 
.102ti. 
3.21 

415.0 
.444 
.085 

.984 
.105 

(820) 

(.327) 
(85) 

393 (212) 

.895 
18092 (59360) 

9.09 
.1552 (1.522; 
.518 

.636 
6162 (3327) 
.627 
6714 (3625) 
.373 

.098 

.471 

.026 

.013 

.038 
.1192 (1.169) 

.70 
4724 (15500) 
.173 

.021 

368.3 
.1035 
3.19 

402.8 
.448 
.085 

.986 

.li8 

RVE 

(812) 

(.325) 
(82.5) 

846 (~57) 

.882 
18565 (60910) 

9.16 
.1592 (1.5f!l) 

.904 

.632 

639i (345t) 
.626 
6949 (3752) 
.374 

.093 

.467 

.026 

.010 

.036 
.1209 (1.186) 

.65 
4724 (15500) 
.192 

.021 

Note: All weights expre!;5cd as fr3.c.tioilS of aircraft take-off gross t.¥eight. .. 

DBE 

347.7 
.li93 
3.53 

422.4 
.457 
.085 

.985 

.1.43 

(768) 

(.360) 
(86.5) 

1018 (547) 

.857 
1.7983 (59000) 

8.96 
.1613 (1.582) 
.828 

.643 

5617 \3033) 
.637 
5155. (3329) 
.363 

.095 

.45!l 

.025 

.012 
.037 

.li42 (1.120) 
.70 

4724 (15500) 
.352 

.021 



TABLE II. HISSION ELEl1ENT:: - JILL SUPERSONIC (Continued) 

(b) lOa EPNdB J, no Suppression 

Ai:rcraft description 
Nominal engine airflow, kg/sec (lbm/sec) 
Propulsion system weight 
Thrust loading, N/kg (lbf/lbm) 
Wing loading, kg/m2 (lbm/ft2) 
Operating weight empty 
Payload weight 

Mission description 
Weight at end of take-off 
Climb n Fuel weight 

n Ranae, km (n.nli) 
Start of cruise, Weight 

Altitude, m (ft) 
Lift-drag ratio 
SFC, kg/hr/N (lbm/hr/1bf) 
Thrust ratio 

End oi cruise, Weig~t 

Range-, km (n.mi) 
End of descent~ loleight 
Range, km (n.mi) 
Burned fuel weight 

Total reserve fuel weight 
Total fuel weight 

Reserve 
In route fuel reserve weight 
Hissed approach fuel weight 
Cruise to alternate fuel weight 

Hold fuel weIght 

SFC, kg/hr/N (lbm/hr/lbf) 
Nach number 
Altitude, m (ft) 
Thrust ratio 

GE4 

401.9 
.1646 
4.87 

361.3 
.525 
.085 

.981 

.108 
285 

.892 

(886.1) 

(.497) 
(74.0) 

(154) 

18843 (61820) 
8.904 
.1560 (1. 530) 

.472 

- 53 
..:13? (1691) 
.743 
3647 (1969) 
.257 

.133 

.390 

.018 

.028 

.055 
.1448 (1.420) 

.65 
4724 (15500) 
.165 

.032 

VSCE 

388.7 
.1077 
3.35 

415.0 
.449 
.085 

.984 

.i03 
365 

.897 

(856.9) 

(.342) 
(85.0) 

(197) 

18091 (59355) 
9.073 
.1548 (1.518) 

.498 

.643 
6008 (3244) 
.634 
6562 (3543) 
.366 

.100 

.466 

.026 

.014 

.038 
.1208 (1.185) 

.70 
4724 (15500) 
.167 

.022 

Note: All \;ei ghts expressed as fraeti ons of ai reraft take-off gross \;ei ght 

RVE 

417.0 
.il87 
3.61 

402.8 
.463 
.085 

.986 

.103 
li2t! 

.897 

(919.4) 

(.368) 
(82.5) 

(339) 

18851 (61850) 
9.099 
.1594 (1.563) 
.856 

.65.2 
590, (3188) 
.645 
6463 (3490) 
.355 

.097 

.452 

.025 

.011 

.038 
.1231 (1.207) 

.75 
4724 (22000) 
.218 

.022 

3T;~4 

.1359 
3.83 

410.1 
.478 
.085 

.986 

.128 

DBIl 

(832.0) 

(.390) 
(84.0) 

809 (437) 

.872 
17983 (59000) 
8.981 
.1593 (1.562) 

.776 

.6&6 
5208 (2812.) 
.659 
5758 (3109) 
.341 

.096 

.437 

.024 

.013 

.038 
.il42 (1.120' 

.70 
4724 (15500) 
.352 

.021 



TABLE II. MISSIOt{ EL~IENTS - JILL SUPERSONIC (Concluded) 

(e) 108 EPNdB, With Suppression 

GE4 VSCE RVE DBE 

Aircraft d·e.scriptioQ 
Nominal engine airflow, kgisec (lbm/sec) 316.7 (698.2) 371.9 (820.0) 375.6 (828.0) 352.3 (776.7) 
Propulsion system weight .1289 .1026 .1058 .1254 
Thrust loading, N/kg (lbf/1bm) 3.84 (.392) 3.21 (.327) 3.25 (.331) 3.57 (.364) 
Wing loading, kg/m2 (lbm/ft2) 395.5 (81.0) 415.0 (85) 402.8 (82.5) 422.3 (86.5} 
Operating wei,ght empty .477 .444 .450 .464 
Payload weight .085 .085· .085 .085 

Hissior:. description 
Weight at end of take-off .982 .984 .986 .985 
Climb 11 Fuel weight .120 .105 .115 .140 

l> Range, km (n.mi) l)07 (220) 39> (212) 79- (431) 980 (529) 
Start of cruise, l.J'eight .879 .895 .885 .860 

Altitude, m (ft) 17983 (59000) 18092 (59360) 18550 (60860) 179q3 (59000) 
Lift-drag ratio 8.816 9.09 9.15 8.96 
SFC, kg/hr/N (lbmlhr/lbf) .1562 (1.532) .1552 (1.522) .1591 (1. 5605) .1610 (1.579) 
Thrust ratio .517 .518 .888 .821 

End of cruise" Weight .M2 .636 .635 .650 
Range, km (n.mi) 4304 (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 weight .317 .373 .371 .356 

Total reserve fuel weight .121 .098 .094 .095 
Total fuel weight .438 .471 .465 .451 

Reserve 
In route fuel r~serve wfdght .022 .026 .026 .025 
Missed approach fuel weight .021 .013 .010 .012 
Cruise to alternate fur!l. weight .049 .038 .037 .037 

SFC, kg/hr/N (lbm/hr/1bf) .1392 (1.365) .1192 (1.1688) .1215 (1.1919) .1142 (1.120) 
~lach numb er .65 .70 .65 .70 
l>Ititude, m (ft) 4724 (15500) 4724 (15500) 4724 (15500) 4724 (15500) 
Thrust ratio .192 .173 .189 .352 

Ro1d fuel weight .029 .021 .021 .021 

Note: All weights expressed as fractions of aircraft take-off gross \1eight 



TABLE III. NISSION ELE!-lENTS 
600 NAUTICAL ~rrLE SUBSONIC CRUISE -- 108 EPNdB WITH SUPPRESSION 

(n) Subsonic Cruise Departure 

Aircraft description 
Nominal engine airflow~ kg/sec (Ibm/sec) 
Propulsion system weight 
Thrust loading~ N/kg (lbf/lbm) 
Wing loading, kg/m2 (lbm/ft2) 
Operati.lg weight empty 

Mission description 
Weight at end of take-off 
Start of subsonic cruise, 

End of subsonic ~ruise, 

Start of supersonic cruise, 

End of supersonic cruise, 

End of descent, 
Rilnne, km (n .m;) 
Total reserve fuel weight 
l'Of.al fuel weight 

Reserves 

\leight 
Altitude, m (ft) 
Lift-drag ratio 
SFC, kg/hr/N (lbm/hr/lbf) 
Thrust ratio 

Weight 

Weight 
Altitude 
L1£ t-d rag ra tio 
SFC, kg/hrlN (lbm/hL'/lbf) 
Thrust ratio 

Weight 
Ranae, I'm (n.m;) 

Weight 

In rou te fuel reserve 'W"eight 
Missed approached fuel weight 
Cruise to alterante fuel weight 

Hold fuel ~eight 

SFC, kbfhr/N (lbmfhr/lbf) 
Hach number 
Altitude, m (ft) 

316.7 
.1289 
3.84 

395.5 
.477 

.981 

.954 
6096 

13.90 
.1580 
.2443 

.847 

.783 
18649 
8.511, 
.1563 
.5328 

.692 
1458 

.683 
3971 

.121 

.438 

.022 

.021 

.049 

GE4 

(698.2) 

(.392) 
(81. 0) 

(20000) 

(l..549) 

(G11?:;) 

(1. ',]2) 

( 1867) 

(2144) 

.1392 (1.365) 
.65 

4724 (15500) 

.029 

Note: All ~~igh!s ~pressed as fractionn of ~1rcraft take-off gross weight. 

VSCE 

371.9 
.1026 
3.21 

415.0 
.444 

.984 

.959 
6096 

14.31 
.1102 
.2750 

.884 

.829 
18589 
9.041 
.1553 
.5224 

.636 
5917 

.627 
6486 

.098 

.471 

.026 

.013 

.D3~ 

(820.0) 

(.327) 
(85.0) 

(20000) 

(1.081) 

(60990) 

(1.523) 

(3203) 

(3502) 

.1i92 (1.196) 
.70 

4724 (15500) 

.021 

RVE 

375.6 
.1058 
3.25 

402.8 
.450 

.986 

.965 
6096 

14.37 
.. 1136 
.3000 

.889 

.821 
19042 
9.105 
.1592 
.8965 

.635 
6071 
.629 
66?6 

.094 

.1/65 

.026 
• OlD 
.037 

(828.0) 

(.331) 
(82.5) 

(20000) 

(1.114) 

(62475) 

(1.561) 

(3278) 

(3578) 

.1215 (1.192) 
.65 

4724 (15500) 

.021 

DBE 

352.3 
.1254 
3.57 

422.3 
.464 

.986 

.960 
6096 

14.23 
.1222 
.3650 

.878 

.797 
18346 
8.888 
.1607 
.8143 

.650 
5182 
.644 

5730 
.095 
.451 

.025 

.012 

.037 

(776.7) 

(.364) 
(86.5) 

(20000) 

(1.198) 

(60190) 

(1.576) 

(279B) 

(3094 ) 

.1142 (1.120) 
.70 

4724 (15500) 

.021 



TABLE Ill. ~aSSION gLENENTS 
600 !lAUTICAL NILE ~OBSONIC CRUISE - 108 EPNdB WITII SUPPRESSIO!l (Concluded) 

(b) Subsonic Cruise Arrival 

GE4 VSCE RVE DBE 

Aircraft description 
Nominal engine a~rflow. kg/sec (Ibm/sec) 317.0 (698.9) 371.9 (820.0) 375.1 (827.0) 352.2 (776.5) 
Propulsion system weight .1289 .1026 .1058 .125~ 
Thrust loading. N/kg (lbt/1bm) 3.84 (.392) 3.21 ( .327) 3.25 (.331) 3.57 (_364) 
Wing loading, kg/m2 (lbm/ft2) 39!L5 (81.0) 415.0 (85.0) 402.8 (82.5) 422.3 (86.5) 
O}Jerating weight empty .477 .444 ."50 _464 

ttl:.;s"ion description 
Weight at end of take-off .981 •. 984 .9B6 .986 

Start of supersonic cruise~ Iveight .879 .895 .885 .860 
Altitude, m (ft) 17983 (59000) 18092 (59:'60) 185 .. 8 (60855) 17983 (59000) 
Lift-drag ratio B.841 9.08B 9.152 B.96:! 
SFC, kg/hr/N (lbm/hr/1bf) .1560 (1.530) _1552 (l.5llj .1592 (1. 561) .1610 (1.579) 
Thrust ratio .530 .518 ,B88 .821 

EI<~d of supersonic cruise, Weight .779 .691 ·692 .714 
Ronae km (11.mi) 2393 (1292) "767 (2574 ) 48~7 (2644) 3971 (2144) 

:\D~ Start of subsonic cruise, Height -775 .!iSS .690 .712 
~j \iil Altitude, m (ft) 9144 (30000) 9144 (30000) 9144 (30000) n44 (300011) 
f,)~ Lift-drag ratio 13.9B!l L4.16 14.24 14.06 '2\00 SFC, kg/hr/tl (lbm/hr/lbl} .1511 (1.482) .1070 (1.04 0 ) .1095 (1.071i) .H78 (1..1.55) .0 

~g Thrust ratio .297 .304 .332 .418 

0 End of subsonic cruise, Weight .6B9 .634 .634 .650 
"d!il End of descent. Weight 683 .627 .629 .644 
~t= Ranqe, kill (n.hli) ~()24 (2173) fi4-~7 (3476) 6651 (3591) 5637 (3044) 
t;;l8 Total reserve fuel weight .121 .~~Hl .094 .095 
&.lK Tot.al fuel weight .438 .471. .465 .1,51 

'1:1 0 
0":) Reserves 
O~ In route fuel re~erve weight .020 .026 .026 .025 
t:l:l::r: ,Hissed approach fuel 'Weight .023 .013 .010 .012 r. CruiSe to alternate Euel weight .049 .038 .037 .037 

SFC, kg/hr/N (lbm/hr/1bf) .1393 (1.366) .1192 (1.169) .1215 (1.192) .1142 (1.120) 
Hach number .65 .70 .65 .70 
Altitude, m (ft) 4724 (1.5500) 4724 (15500) 4721, (15500) 4724 (15500) 

Hold fuel weight .u29 .021. .021 .021 

Note: All "Ieights expressed as fractions of aircraft take-off gross weight 



TABLE IV. RANGE SUr~MARY - ALL SUPERSONIC MISSION 

GE4 VSCE RVE DBE 

Condition Cruise Climb Field RANGE, km. (n.mil 
Thrust Thrust Length 
~largill Nargin Restraint 

No Restraint None None None 5971 (3224) 7532 (4067) 7908 (4270) 6687 (3611) 

No Noi se Restra.int 1.1 1.2 (10500 ft) 5560 (3002) 6714 (3625) 6949 (3752) 6165 (3329) 

108 EPNdB, No Suppression 1.1 1.2 (10500 ft) 3647 (1969) 6562 (3543) 6463 (3490) 5756 (3109) 

108 EPNdB, With Suppression 1.1 1.2 (10500 ft) 4817 (2601) 6714 (3625) 6878 {3714l 6013 (3247) 

108 EPNd8, With Suppression 1.1 1.2 (12500 ft) MIA 7059 (3812) 6949 (3/52) 6168- (3329) 

108 EPNdB, With Suppression None None (12500 ft) NIA 7059 (3812) 7285 (3934) 6435 (3475) 



" THROTTLE SCHEDULE PRIMARV BURNER 
(a) Variable stream con ro1 engine (VSCE). 

IWI TURBO£T 

DUCT BURNER 

.. 

DUCT BURNER OFT 
TURBOFA 

(b) Rea, value enqlne (RVE). 

IAKEOFF AND SUBSONIC OPERATIQ 

CLIMB AND SUPERWNC CRUISE 
(e) Double bypa •• enylne (OSE) . 

1'1gure 1.. Variable cycle engines. 

NOTE DIMENSIONS IN METERS 
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