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SUMMARY

The propulsion system design and its integration with the
airframe are major considerations in defining a high performance
V/STOL fighter aircraft. The propulsion system must provide
thrust in excess of aircraft weight for vertical takeoff, operate
efficiently during conventional flight, and integrate with an
aerodynamically efficient airframe configuration . Variable cycle
engines (VCE), incorporating multiple flow paths and/or variable
turbine geometry , offer a potential for achieving these objec-
tives with substantially less cost and weight penalties than en-
countered with fixed cycle engines. The NAPC funded “Variable
Cycle Engine Selection Program” (Contract N00140—75-C-0034) was
specifically directed toward evaluating VCE concepts for ad-
vanced, supersonic Navy V/STOL fighters. This report presents a
summary of the results obtained in this three phase program.
References 1 and 2 present a more detailed technical discussion
of the Phase I results and Phases II and III are reported in
Reference 3.

In Phase I, a preliminary screening of VCE concepts, pro-
vided by Detroit Diesel Allison and General Electric , was con-
ducted using takeoff gross weight (TOGW) sensitivities. The
results showed a potential VCE payoff of 8% to 13% in TOGW when
compared to fixed cycle engines. A GE modulating bypass turbo-
fan concept was selected for more detailed evaluation in Phases
II and III. The GE engine work for this program was conducted
under Contract N00140-75—C-2034 and is reported in the GE Final
Summary Report.

A key Phase II activity was the modification of an engine/
airframe evaluation procedure , Reference 4 , developed for the
Air Force by MCAIR. The Air Force procedure was developed for
conventional take-off and landing aircraft and was modified in
this program to permit evaluation of V/STOL aircraft. This
V/STOL Fighter Design Evaluating Procedure permits calculation
of the size , cost, mission and performance characteristics of
a systematically selected matrix of l i f t  + l ift/cruise (L + L/C)
V/STOL fighter a i rcraf t  designs. Mathematical relationships
are defined to relate aircraft TOGW , cost , mission and perfor-
mance characteristics to engine and airframe design variables.
Finally , an optimization procedure is used to select aircraft
designs for specified mission and performance requirements. The
optimization pay—off functions can be TOGW, li fe cycle cost, or
aircraft capabili :y parameters.

The V/STOL Fighter Design Evaluation Procedure permits si-
multaneous consideration of up to eleven engine/airframe design
variables and up to seventeen mission and performance require-
ments. The results permit identific’tion and evaluation of the
effects of propulsion system/airfraxt~ interactions on system
characteristics. In addition , the effects of aircraft mission
and performance requirements on aircraft size, cost and operation-
al flexibility can be readily determined.
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The Evaluation Procedure was used in Phase II to develop a
data base of aircraft characteristics , using GE fixed cycle
turbofan engines (FCE-TF) , and to optimize an aircraft design to
provide a basis for subsequent VCE payoff evaluations.

In Phase III , a data base of aircraft characteristics was
developed using GE variable geometry turbine turbojet (VGTTJ)
engines. These data were used to assess the effects of aircraft
mission and performance requirements on aircraft design for
comparison with the FCE-TF aircraft. The VGTTJ aircraft provided
reductions of 11% and 9% in TOGW and life cycle cost respectively
when sized to achieve representative Navy mission and performance
requirements. In addition , the data bases have been transmitted
to GE and the Naval Air Development Center for use in continuing
trade—off studies.

In Phases II and III, aircraft design, performance, and
cost analyses were also conducted using versions of the modulat-
ing bypass turbofan selected in Phase I. This engine can pro-
vide airflow to a remotely located augmentor during VTO and
thereby potentially eliminate the need for separate lif t engines.
Consequently, significantly reduced powered lift system develop-
ment costs were anticipated. Using the Remote Augmentor Lift
System/VCE concept, total system life cycle cost was estimated
to be 4.0% below that of a L + L/C FCE-TF aircraft. However,
when sized to provide equivalent combat performance, life cycle
cost of the RALS/VCE aircraft system was estimated to be 10%
below that of the VGTTJ L + L/C aircraft.

L + L/ C designs, using the modulating bypass turbofan VCE
without the RALS feature, were evaluated and showed a 9% TOGW
payoff relative to the FCE-TF aircraft. As a result, the VCE
powered L + L/C aircraft life cycle costs were competitive with
the FCE-TF aircraft.
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1. INTRODUCTION

The inherent operational flexibility of variable cycle
engines may provide significant benefits in supersonic V/STOL
fighters. The combination of powered lift and forward flight
performance requirements of supersonic V/STOL fighters necessi-
tate extensive compromises in the design and scheduling of fixed
cycle engines. These compromises have resulted in high take—off
gross weights and relatively poor payload and range performance
in many designs when compared to conventional supersonic fighters.
Variable cycle engines can potentially reduce the compromises
necessary with fixed cycle engines with attendant improvements
in weight and performance.

During the past several years, a variety of VCE concepts
have been identified by the engine companies for CTOL aircraft
applications. Such engines are highly adaptable to achieving
increased thrust, reduced fuel consumption, or reduced noise at
desired flight conditions. However, these engines generally
exhibit penalties in weight, size and cost. Consequently ,
selection of the specific engine design and operational charac-
teristics for advanced aircraft must be based upon systematic
definition and evaluation of the impact of these engine charac-
teristics on the total weapon system.

Systematic engine evaluation procedures were developed and
demonstrated for the Air Force in the Reference 4 program. These
procedures account for the interactions between requirements
for CTOL aircraft. They were directly applicable to similar
evaluations of V/STOL fighters with modification required to
only selected program elements.

Eight V/STOL VCE concepts , defined by Detroit Diesel
Allison and General Electric , were postulated to meet the needs
of supersonic V/STOL propulsion systems. Both axisymmetric and
2—D V/STOL nozzle concepts were included. A preliminary screen-
ing was conducted to estimate the potential impact of each VCE
on V/STOL fighter TOGW and to select the most promising concept
for more detailed evaluations. TOGW pay~ffs of 8% to 13% wereobtained when compared to fixed cycle engine V/STOL fighters ,
References 1 and 2. As a result of this preliminary screening ,
NAPC selected a General Electric modulating bypass turbofan
concept for detailed evaluation in Phases II and III. This con-
cept provides the versatility to be used in either L + L/C or
L/C V/STOL fighters. In addition , the General Electric 2-D
Augmented Deflector Exhaust Nozzle (ADEN) was selected by NAPC
for the Phase II and III evaluations. This nozzle provides the
capability to augment in the vectored thrust operating mode.

MCAIR’s VCE evaluations are discussed in the following
sections. The evaluation approach is described in Section 2.
Parametric evaluation results, using fixed cycle turbofan and
variable geometry turbine turbojet engines are presented in
Section 3. The modulating bypass turbofan engine evaluation

1 
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results are presented in Section 4. VCE payoffs are identified
in Section 5 and conclusions and recommendations are preser’ted
in Section 6.

I
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2. APPROACH

Potential payoffs of advanced engine concepts for super-
sonic V/STOL aircraft must be assessed in terms of such system
characteristics as takeoff gross weight (TOGW), life cycle cost ,
and operational flexibility . The impact of mission and perform-
ance requirements must also be considered in conducting these
assessments. Phase I of this program consisted of a preliminary
screening of variable cycle engine concepts and selection of the
most promising for more detailed evaluations in Phases II and
III. The results of Phase I are presented in References 1 and 2.
The Phase II and III engine evaluation approach is illustrated
in Figure 1. Parametric engine/airframe evaluations were con-
ducted to establish a data base using advanced fixed cycle turbo-
fan (FCE-TF) and variable geometry turbine turbojet (VGTTJ)
engines. This data base was used to select a reference FCE—TF
aircraft design and a VGTTJ aircraft design. The VGTTJ repre-
sented a special class of variable cycle engines having an inter-
mediate level of flexibility between the FCE-TF and the VCE ’s
evaluated in Phase I. Evaluations of a variable cycle engine
turbofan, VCE—TF, selected in Phase I, were also conducted. How-
ever , due to the preliminary design status of the engine , param-
etric descriptions of the size , weight, performance and cost
characteristics of this engine were not available and the evalua-
tions were conducted using point design integration layout and
performance analysis procedures.

Turbofan /
Phas e II / Phase IlL

/
Parametr ic
Fixed Cycle ~~~~~~~ 

/
/

/TF Engine Deck L+L/C
Parametric En~ neJAirframe Development /

Evaluations
Comparisons VCE

_____________________ 
/ • TOGW Payoffs

/ • Cost Visibility/ • Flexibility] / • Performance and

V/STOL /Fighter Design /Evaluation TurobjetProcedure VCE

/ Parametric/ Development Variable Geometry/ Turbojet Deck/
• Engine/Airframe

Integration
• Performance

/
VCE-TF En~ ne/Airframe / Design

Evalua tions / Refinemen t
/

FIGURE 1
PHASE II AND 111 APPROACH
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The following sections present a brief description of the
key activities, analysis procedures , and technical. guidelines
used to conduct the Phase II and III evaluations. Section 2.1
describes the evaluation procedure used to develop parametric
relationships between V/STOL weapon system characteristics and
pertinent engine, airframe, and requirement parameters. The use
of the procedure to develop systeri~t characteristics for parametric
matrices of fixed cycle turbofan and variable geometry turbine
turbojet engines is described in Section 2.2. Finally , Section
2.3 describes the procedures used to evaluate the VCE—TF engine
concept.

2.1 V/STOL Fighter Design Evaluation Procedure — Parametric
aircraft system characteristics are computed and related to
pertinent engine, airframe , and requirement parameters using
the V/STOL Fighter Design Evaluation Procedure. As illustrated
in Figure 2, an initial engine and airframe design and the mis-
sions to be considered are required inputs to the procedure.
Parametric matrices of aircraft designs are defined by systema-
tically varying engine and airframe design parameters and air-
craft thrust and fuel sizing variables. The size, performance ,
and cost of each aircraft in the matrix are calculated using the
Computer Aided Design Evaluation (CADE) program . Correlation
equations are then developed which describe the relationships
between each aircraft size, per formance , and cost parameter
computed by CADE and the design and sizing variables. Using
these relationships, weapon system requirements can be specified
in terms of mission radii , maneuverability , load factor, acceler-
ation time, etc. An optimization procedure, the SEARCH program,
is used to determine the combination of the design and sizing
variables which produce the minimum TOGW aircraf t satisfying
those requirements. Correlation equations are also developed for
the SEARCH program which provide visibility into engine/airframe
interactions , engine operating characteristics at steady state
mission segments , and engine thrust sizing maneuverability flight
conditions.

2.2 Weapon System Characteristics Development — A key element
of the evaluation procedure is the V/STOL CADE program used to
calculate aircraft characteristics. A previously developed CTOL
CADE program was modified to conduct L + L/C aircraft sizing,
performance , and cost analyses. The V/STOL CADE program, Figure
3, performs five major functions, using the component scaling
characteristics of the input aircraft and descriptions of the
V/STOL missions. The weight and geometry of the input engine
and airframe components are scaled to determine physical charac-
teristics. Engine thrust, mass balance and mission fuel are
simultaneously determined by sizing the aircraft to achieve re—
quired VTO and mission thrust levels and design mission radius.
A MCAIR cost model is used to compute the Life Cycle Cost (LCC)
of the aircraft design which achieves all the thrust and radius
requirements , i.e., a converged design. 
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FIGURE 2
V/STOL FIGHTER DESIGN EVALUATION PROCEDURE

Design Parameter Aircraft Design
Matrix p and Performance Output

I Analysis
Airframe (V/STO L CADE)

• Converged Aircraft

I 
I Scaling I I I • TOGW

~~LIT~~Y~ st~ aj n~~J~flParametric I I — Acceleration Times
V/STQL Missions r~~~~~~~i I I — Maximum Speed

Mass Balancing 
STO Djsta~~e~

S Alternates I Mission Fuel 1 R D E
~ and Cruise ~— — P d tRadius [~ System Sizing I — Operating
I MCA I R
j Advanced Concepts .
[Cost Model (ACCM) 

OP77-1O1I-N

FIGURE 3
DETERMINATION OF PARAMETRIC AIRCRA FT

DESIGN CHARACTERISTI CS (CADE)

5

IL -— -. _ -,. ---.---~~- -.----—-—-- . -,. -——.—-~ -.-—



The V/STOL CADE output, as indicated in Figure 3, includes
a description of the converged aircraf t design in terms of its
weight , geometry,  and performance characteristics. The perform-
ance results include computed alternate mission radii and per-
formance at preselected flight conditions and engine power
settings, including short takeoff (STO) capability . Cost data
in terms of RDT&E , Production , and Operations and Support (O&S)
are computed for three production quantities, 300, 600, and 900
aircraft. Airframe and subsystem LCC and engine O&S costs are
based on data correlations using past MCAIR and Navy experience.
Engine RDT&E and production costs are estimated using a modif i-
cation of the Rand Time of Arrival (TOA) Model, Reference 5.
The Rand Model was modified in this program, using GE data, to
reflect advanced technology components.

The air frames and engines evaluated in this program incor-
porated technology consistent with a 1985-1990 IOC and were de-
signed to operate at flight speeds up to Mach 2.0. Figure 4
illustrates the important technology features of the airframes
and engines considered. The radar, avionics, and advanced ma-
terial technologies were described in References 6 and 7.

1985~~~~~lOc~~~~~~~~~~~~~~~~~~

• Advanced Technology L/C Eng ines 5 15% Structural Weight Savin gs by
with 2~D Aden Nozzles Using Advanced Materials

• Advanced Technology Lift Engines 5 24 in. Radar Dish
S Auxiliary Inle ts for V/STOL 5 925 lb Avionics Package

Operation S Advanced Wing Design
• 30 mm Gun and 500 Rounds of Ammo S Decamber Flap
S Air/Air and Air/Ground Weapons

GPf l-ISPA-20

FIGURE 4
PHASE II AND] li AIRCRAFT DESIGN FEATURES

Engine and airframe integration is based on four major de-
sign considerations. These considerations are illustrated in
Figure 5 and discussed below:
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(1) Powered lift system sizing to provide a net lift/TOGW
ratio of 1.05, accounting for lif t losses due to non-
standard day (90°F) operation, reingestion, ground
effects, control margin and prima ry/auxiliary inlet
performance.

(2) Powered lif t thrust balancing is accomplished by posi-
tioning the lift engines forward of the aircraft C.G.
to balance the moment produced by the lift/cruise
engines. Lift/cruise engines are sized to meet speci-
fied aircraf t maneuverability requirements and the lif t
engines are sized to provide the addi tiona l li ft neces-
sary to achieve VTO.

(3) Aerodynamic stability is maintained within limits of 2%
to 8% Mean Aerodynamic Chord (M.A.C.) from vertical
takeoff to vertical landing, by positioning the wing
and distributing the fuel load around the aircraf t
takeoff C.G.

(4) The lif t/cruise air induction system is maintained
af t of the cockpit to provide over-the-side pilot
visibility.

Net Powered Lift FNV

~ 
Aerodynamic

2%~ %~~&C.
f~~ Center o~~~~~~~~~~~

LX~~~~L Y ~~~~
(F NV )L (F NV )L,C

(1) FNvJTOGW . 1.05 (Net)
(2) VTO Thrus t Vectors Balanced about Takeoff C.G.
(3) Aerodynamic Stability within Limits (2% to 8% M.A.C.)
(4) Over~the.Side Pilot Visibility

OPfl-10SS45

FIGURE 5
ENGINE/AIR FRAME INTEGRATION DESIGN CONSIDERATIONS

A V/STOL Deck Launched Intercept mission was used to es-
tablish aircraft internal fuel capacity requirements , Figure 6.
Lift/Cruise engine size was established by the performance re-
quirements also shown in Figure 6. The performance capabili—
ties of each converged aircraft were computed for four predomin-
antly subsonic missions, Figure 7 , with two quantities of external
fuel.

7
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.$ cOMBAT PERFORMANCE AEGUIRED
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Macflo.SO to t ØO at 35 000 ft (tic) 90

Mach 0.66 at 10.000 ft (g) 475
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VL VTO Mact, 0.9Oatl0000 ft (f ps) 750

- 

J-. Radius (Parametric Variable)

FIGURE 6
PARAMETRIC INTERCEPT DESIGN MISSION

Sizes Intern al Fuel
Weapon Load = 2200 Lb (Retain ed)
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2.3 VCE-TF Engine/Airframe Evaluations - The VCE-TF can be
used in either L + L/C or L/C aircraft configurations, Figure 8.
The evaluations conducted in this program used representative
V/STOL fighter requirements selected by MCAIR. The L + L/C
aircraft evaluations were conducted using the airframe design
variables which minimized TOGW with the FCE—TF . No applicable
data base was available for the L/C aircraft, there fore , several
engine/airframe combinations were evaluated to achieve a satis-
factory design.

Phases K&]1I

• L/C (VCE)

Phase t

Variable Cycle Engine
Turbofa n (VCE TF)

~~~~~~~~~~~~~ IIII S L+L/ C (VCE)

0P77-l05.-51

FIGURE 8
VCE.TF DESIGN EVALUATIONS
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3. PARAMETRIC L + L/C AIRCRAFT EVALUATIONS

Correlations of parametric aircraft characteristics ,
developed using the V/STOL Fighter Design Evaluation Procedure ,
provide a valid basis for conducting aircraf t/requirement
interaction trade-offs and engine/airframe design selections.
These correlations account for the complex interactions between
engine and airframe design variables and aircraft size, perfor-
mance , cost , and mission characteristics. The following sections
briefly describe the data developed , examples of the aircraft !
requirement interactions trade—of fs which can be conducted , and
the selection and comparison of engine/ a i r f rame designs meeting
specific V/STOL fighter requirements.

3.1 Data Development — Eleven eng ine/ ai r f rame design and sizing
variables were selected and used to develop correlations of
advanced V/STOL aircraft characteristics. These correlations
were developed using both advanced technology fixed cycle
turbofan (FCE-TF) and variable geometry turbine turbojet (VGTTJ)
engines.

3.1.1 FCE-TF Aircraft Data Development - The FCE—TF air-
cra ft characteristic data correlations were developed using three
airframe design, three engine design , and five sizing variables.
These variables and their corresponding ranges of variation are
shown in Figure 9.

Aircraft Design Variab les
Rangs of Variation

Airframe Design .~ 
-

Combat Wing Loadi ng 70.100 lb/ft2 -

Wing Aspect Ratio 2.5-4.0 - —

Win g Sweep 35° 55°
Parametric Intercept -

Design Mission (VTO)
Engine Design Pay load 2200 lb

Fan Pressure Ratio 3.2-4.0 Parametric Dash
Compressor Pressure Ratio 4.8.7.8 S M0 = 1. 4-2.0
Engine Airflow Scheduling (~ TAMB) 0°-60°F S Altitude = 36,000-50,000 ft

Engine Sizing

Combat Specific ergy (Ps~.. . . . . .  : : ~~~3~~~t 4 (Best M~ and Aft itude) SU~

(Dash M0 and
Int ernal Fuel Sizing Altitude)

Intercept Radius 100-200 MM VL VTO
Intercept Mach Numbe r 1.4 2.0

Int ercept Altitude 36,000-50,000 ft Radius 100 to 200 NM

FIGURE 9 
GPfl-1501-27

DESIGN MATRIX
FCE-/T F Aircraft
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A GE parametric V/STOL engine computer program, Ref erence 8,
was used to obtain a consistently defined family of FCE-TF
designs. Design (sea level static) fan pressure ratio (FPR)
and compressor pressure ratio (CPR) were varied to obtain a wide
range of overall pressure ratios and design bypass ratios (BPR).
As FPR was increased from 3.2 to 4.0, BPR decreased from 1.2 to
0.6. An airflow scheduling variable , 1~TAMB , was varied from
zero to sixty degrees to establish the off-design schedule of
turbine inlet temperature , and thus engine airflow . As ATAMB
was increased from 0° to 60°, turbine inlet temperature was
increased to maintain max imum fan speed and therefore maximum
corrected airflow . Typical variations of the engine character-
istics with ATAMB are shown in Figure 10. This airflow schedul-
ing variable provided the capability to conduct trades between
engine performance at altitude and engine weight.

The lift/cruise engines were sized to provide the thrust
required for the aircraft to meet a specified level of combat
performance while the lift engines were sized by VTO thrust.
Varying L/C engine size , by changing combat specific energy ,
provides the capability to conduct trades between combat perfor-
mance requirements such as P~ ,acce1eration time and TOGW.Further , varying L/C engine VTO thrust provides the capability
to conduct trades between L/C VTO nozzle exit temperature , lif t
engine si ze , and TOGW. In addition , the optimum thrust split
between the lift engines and lift/cruise engines can be obtained.
Des ign studies indicated that the level of L/C engine thrust
during VTO had a significant impact on aircraft geometry and
TOGW , Figure 11. The minimum P0GW was obtained when the L/C
engines were operating at less than maximum power , as a con-
sequence of trade—offs between aircraft length , internal fuel
volume and lift engine size.

The V/STOL CADE and SURFIT procedures were used to evaluate
231 combinations of the engine/airframe desian and sizing
variables and correlate the results . The combinations were
selected using the “Latin Square ” procedure , discussed in Re f-
erence 4 , and then evaluated using V/STOL CADE. Approximately
65% of the 231 variable combinations resulted in converged
aircraft designs. The failure of 35% of the design combinations
to converge was attributed to; (1) the higher bypass ratio
engines having excessive fuel requirements to meet the Intercept
mission radius and (2) high L/C engine VTO power settings result-
ing in excessive lif t engine moment arm.

The correlation results were similar to those obtained in
previous uses of the procedure . Typically . TOGW errors of up to
± 8% can be obtained with independent variab les at the boundaries
of the design matrix. These errors ranged from -3% to +4.5% for
the engine and airframe variables and from —6% to +5% for the
mission variables. The TOGW errors obtained with the engine and
airframe variables in the regions of minimum TOGW were 2% or
less. The V/STOL CADE output data obtained from each converged
aircraft design consisted of aircraf t size , weight, performance ,

12 
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I

S Zero Excess Volume
S Maximum OLE Moment Arm

i

~ 100 - 
~ 0.4k S DLI Radius -15O NM

50 - 
,, ..‘ ~~ 0.9- 5 P~ at Mach 0.9 and 10,000 ft = 750 fps (1 g)

x I 02  5 n atM h065  d 1’1”~’ 
—W 60 70 80 90 60 70 80 90 Z . n ,

L/C VTO Thrust L/C VTO Thrust
% of Max A/B Thrust % of Max A/B Thrust

OPT1-1ON.2.

FIGURE 11
IMPACT OF L/C yb THR UST

Input L + LJC Aircraft

and cost parameters. The SURFIT procedure was used to develop
correlation equations relating the output data to the engine/
airframe design and sizing variables.

3.1.2 VGTTJ Aircraft Data Development - The engine/airframe
design and sizing variables used to d~ 7e1op the VGTTJ aircraft
data correlations are shown in Figure 12. The airframe design
and the engine and airframe sizing variables are similar to those
used for the FCE-TF aircraft . The engine design variables were
changed to reflect the use of turbojets .

A General Electric computer program , Reference 9, was used
to compute engine size , weight, and performance over the range
of values indicated for each engine variable. The engines
defined by this program incorporate non-vectoring axisymrnetric
nozzles, therefore, weight and thrust vectoring performance
adjustments were made to reflect the use of ADEN nozzle . The
effects of ADEN nozzle cooling and nozzle unvectored performance
(Cfa ) were estimated to be only about a 2% increase in aircraft
TOGt~ and were , therefore, not included in the parametric data
development. A VGTTJ engine airflow scheduling parameter ,
defined as compressor overspeed (% N2) in percent of the design
speed , was used to establish the off design engine air flow charac-
teristics. Typical var iations of the engine characteristics
with %N2 are shown in Figure 13.

14
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RanT of Vari~~i on

Pat .irnetric InterceptEngine Design Design Mission (VTO)
Turbine Inlet Temperature (°F) 2200-2600 Payload = 2200 lb
Overall Pressure Ratio 1020 Parametric Dash
Engine Airflow Scheduling (Percent N2) 100-110 S M~, = 1.4-2.0

• Altitude = 36,000-50,000 ft
Engine Sizing

L/C VTO Thrust (Percent Maximum A/B) 45-75% 
,~~ c.

Combat Specific Energy (P5) 150-350 ft/sec ~t’ ILt~ Subsonic Cruise Supe rsonic
~ (Best M0 and Altitude) Combat

Internal Fuel Sizing 
(Dash M0 andIntercept Radius 100-200 NM Altitude)

Intercept Mach Number 1.4.2.0 VL VTO
Intercept Altitude 36,000-50,000 ft

I— Radius = 100 to 200 NM
GPfl.101S-12

FIGURE 12
AIRCRAFT DESIGN MATRIX

VGTTJ Aircraft
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Converged aircraft designs were obtained for approximately
96% of the 231 variable combinations evaluated . The SURFIT
procedure was then used to develop correlation equations relating
the characteristics of these aircraf t to the engine/airframe
des ign and sizing variables.

3.2 Engine/Airframe/Requirement Interaction s - The aircraft
characteristic data correlations obtained in this program afford
the unique capability to conduct rapid and inexpensive investi-
gations of aircraft/requirement interactions . The objective
of such investigations is to identify the effects of design
mi ssion radius and performance requirements on engine and air-
frame design parameters, aircraft TOGW and cost, and alternate
mission performance capabilities . Examples of this capability
are presented below for both single mission and multi—mission
design requirements.

3.2.1 Single Mission Engine/A irframe/ Requirement Inter-
actions — The Deck Launched Intercept (DLI) mission was used to
illustrate the potential impact of design mission requirements
on system characteristics. Interactions of the DLI mission radius
and dash Mach number with aircraft TOGW were determined . These
results are shown in Figures 14 and 15 for the FCE-TF and VGTTIJ
aircraft respectively. They can be used to estimate, for any
desired combination of radius and dash Mach number, aircraft TOGW
and the optimized design parameters . These data were generated
by optimizing the aircraft design to produce minimum TOGW at all
DLI radii and dash Mach numbers while meeting the specified thrust
sizing performance requirements.

The engine and air f rame design variables were not affected
by changing intercept radius and dash Mach number; only the
lift engine sizing variable , L/C VTO thrust, changed. Since
the majori ty of the fue l was used in the supersonic dash segment
of the mission , optimized engine variables produce minimum
supersonic dash SFC as indicated by maximum FPR, minimum BPR,
on the FCE-TF and maximum TIT on the VGTTJ . Low wing aspect
ratio and high wing swee p were selected to minimi ze supersonic
aircraft drag while wing loading was controlled by the Nz = 4.75 g’s
requirement. Increasing radius and dash Mach number resulted in
increased aircraf t length to provide the necessary internal fuel
volume. This increase in length, and hence available li ft engine
moment arm , made it possible to use higher L/C VTO power settings.

3.2.2 Multi-Mission Engine/Airframe/Requirement Inter-
actions - Interactions between DLI and Fighter Escort mission
radii and DLI TOGW are presented to illustrate potential multi-
mission trade-of fs. These results are shown in Figures 16 and
17 for the FCE-TF and VGTTJ aircraft respectively . The aircraft
design was optimized to obtain minimum DLI TOGW while satisfying
radii, P5 and Nz requirements . Thus, these aircraft reflect the
design compromises which produce minimum VTO TOGW while achieving
the performance requirements of both the supersonic DLI and sub-
sonic Fighter Escort missions .

17



48 — ___________

Dash M0

_________________ ________________ Thrust Sizing

S P5 = 750 (ps at M0 = 0.90
1.8 and 10,000 ft
/ • n~ = 4.75 g at M0 = 0.65
/ 

and 10,000 ft

4C /
/“ Optimized Variablesg / FPR = 4.0 W/S= 88 lb/ft2

1.6 CPA = 6.6 LAM = 55°
36 / ~Tamb = 50° AR ~

- 2.5

,/
/ 

,/

~

/

/

/ 
L/C VTO FM = 55%-80% Max

32 1.4~~

::~~~~~~100 150 200
DLI Radius - NM

GPT7.’III.SS

FIGURE 14
ENGINE/AIRFRAME/ REQUIREMENT INTERACTIONS - DLI MISSION

Fixed Cycle Engine Turbofan (FCE-TF)
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36 
D~~h M0 

7 Thrust Sizing
1.6/ 5 P5 = 750 tps at M0 = 0.90

— 
32 / / and 10,000 ft

§ S n~~~4 7 5gat  M
~ 

= 0.65

28 
~~~~~~~~~~ :;:~/“ 

Optimized 

~~~ = 84 1b/ft2

24 

L/C VTOF N = 45%-75% Max

100 150 200
DLI Radius NM

OP17-lOSS-34

FIGURE 15
ENGINE/AIRFRAME/REQUIREMENT INTERACTIONS - DLI MISSION

Variable Geometry Turbine Turbojet (VGTTJ)

Optimized Variables
Sizing Requirements 

• FPR = 3.5.4.0
P5 at 0.9 M(j10,00.0 ft/i g) 750 ft/sec S CPR 6.6

S Dash M0 = 1.6/Alt = 40.000 ft S 
~Tamb = 40-60 (Airflow Scheduling)

S W/S=72-88
S nzs at 0.65 M0/10,000 ft) 4.759 5 LAM 35.55
S P5 at Dash M0 & Alt )’Oft/sec S AR =2.5
S Internal Fuel Only • (FNV/FNV = 0.45.0.80

max
TOGW 

_____

Fighter Escort
Radius . NM

~ 40
0 500 , ... -.—

36 ~~~

o 32 —
~~~~~~~

o
~~ 28 -~~~r~~’~~—

Optimum DLI
24 I I

100 125 150 175 200
DLI Radius - NM

GPfl-’Ns-a

FIGURE 16
ENGINE/ A IRFRAME/REQUIREMENT INTERACTIONS - MULTI-MISSION

Fixed Cycle Engine Turbofan

19

_ _ _ _ _ _ _ _ _



- -rn.--..,--
~~

--.--, .-.-, —..-— 
~—-~

-- - -
~
—- .  -.------ ,, .— ,— -

~~

-- .---

Sizing Requirements Optimization Variables
• P5 at 0.9 M0/i0,000 ft/i 9) 750 ftlsec S OPR 17

• Dash M0 = 1.6/Alt 40,000 ft S TIT 3,060
S nz5 at 0.65 M0/10,000 ft >4.75 g • %N~~= 105

S P5 at Dash Pd&H > 0 ft/sec • F~J~//Ff~J~j  = 0.4-0.6
S Internal Fuel Only S LAM = 35-55

• WOS = 50-85
Fighter Escort S AR = 2.5

40 
Radius - NM
500 

________ _______ _______

.0

~ 36

400 _____ ..~~~~~.— —~~~~~~• —

~ 32
8I- 300 . .._—. -

o — 
_____  ____  _____28 —

~~~~~

>
‘—Optimum DLI

24 I
100 125 150 175 200

DLI Radius - NM 0p17.1011b0

FIGURE 17
ENGINE/AIRFRAME/REQUIREMENT INTERACTIONS - MULTI-MISSION

Variable Geometry Turbine Turbojet

The multi-mission requirements produced large variations
in the engine and airframe design variables of the FCE-TF air-
craf t. For example , sizing to a 100 NM DLI radius and a 500 NM
Fighter Escort radius, Figure 18, resulted in an optimum design
fan pressure ratio of less than 3.6 while the design FPR selected
for the DLI mission was at the upper limit of 4.0. Optimum design
FPR decreased (increased BPR) to improve subsonic cruise SFC for
the Fighter Escort mission. In addition, wing sweep (LAM) and
wing loading (W/S) were decreased, Figure 18, to improve sub-
sonic aerodynamic performance . As the Fighter Escort radius
was decreased from 500 to 300 NM or the DLI radius requirement
was increased from 100 to 200 NM , the Fighter Escort mission
impact on the aircraft design decreased. This was a direct
result of the fuel required to meet the DLI radius approaching
tha1- required to meet the Fighter Escort radius . Compressor
pres~3ure ratio and E~TAMB variations had li ttle impact on TOGW .
Wing aspect ratio affected wing weight rather than DLI or Fighter
Escort mission fuel usage.

20



- - -.PU

Fan Pressure Ratio Bypass Ratio
45

.0 Fighter I 1
4 0 

FPR— Escort 3.6 3.7 3.8
_
3~~~ ,•~ 

Fighter 
0.88 0.80 0 74 0.66 0.60

/ 

Excort§ 40 Radius - N~~~~~~4~7
/ Radius - NM ‘ ,‘

,.

~
:- 500_7 , , v ~ - 500—~
~~~35 ~~~~~~~~~~~~~ _ _ _  

,

8 400’~~ ~~~~~~ 
~~‘ ?~~

~~ ~~~~~~~ 4001-~~~~~~~~~ 
_ _  _ _O 30~~~~~~~ 300~~~

25
Wing Sweep 

______ 

Wing Loading 
______45

Fighter LAM 35° 40° 450 Fighter 75 80 W/S 
85o Escort

~ 40 Rad ius - NM—J~ 
.‘,.50° Escort

Radius - NM
•:• 500— “ 55° s0o , ~~~~~~~~~~~~~ 

— --7

_____ 

,
35 _~~~~-;?~~~

-- /
—

~ 4007’~~~~~~~ 
_ _ _  _ _ _  

400—~~~~~~~~~ 
_ _ _  _ _ _3o 

300~~~
25

80 120 160 200 240 80 120 160 200 240
DLI Radius - NM DLI Radius - NM 

~~~~~~~~~~~~~~~

FIGUR E 18
MULTI-MISSION INTERACTIONS

Fixed Cycle Engine Turbofan

The multi-mission requirements also produced large variations
in the airframe design var iables of the VGTTJ powered aircraft,
but the engine variables were not affected . As indicated in
Figure 19 , wing sweep and wing loading were decreased to enhance
subsonic cruise lift at low values of DLI radius. As DLI radius
increased , the fuel required approached that required to meet
the Fighter Escort radius and wing sweep and wing loading in-
creased to reduce supersonic drag. The optimum engine design
variables minimized supersonic dash SFC, taking advantage of the
VGTTJ cycle flexibili ty to provide good subsonic cruise SFC for
the Fighter Escort mission.
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Sizing Require ments Optimization Variables

S P5 at 0.9 M0/10,000 ft/i g >750 ft/sec S OPR = 17 5 LAM = 35-55

S Dash M0 = 1.6/Alt = 40.000 ft S T.I.T. = 3.060 5 W/S = 50 85

• n~ at 0.65 M0110,000 ft ) 4.75 g S % N2 = 105 S AR = 2.5

• P5 at Dash M&H >0 ft/sec • FNV/FNV max 
= 0.4 - 0.6

S Internal Fuel Only

Fighter LAM Fighter
40 • Escort - . Escort -

Radius 45 Radius I 65
(nm) 40 / m m )  60 • 70 W/ S

38 
500 

_______ ______ _______ _______ 
500_ / ! ~i 

l b/ft

/ 1’ 75

/ / 4

36

50 / / 80

. 0 34 F _ _ _ _  _ _ _ _  _ _ _  _ _ _ _  I’ _ _ _  _ _ _

4~~~~/ __ 
/ —~-1

-
~~
- I /

~~~~~~~~~~ 
, / I 

85

32 / 
• 

.,, _

~~

74 ~~~~
8 

/ / ,‘ / ‘ ‘ -‘
I— / , , 

, 
,~~~~~

> 3 0 , / ,‘

28~~~~~~

26

24
100 125 150 175 200 225100 125 150 175 200 225

DLI Radius DLI Radius
OP1$-0401-4

FIGURE 19
MULT I-MISSION INTERACTIONS
Variable Geometry Turbine Turbojet

3.3 Design Selections and Comparisons - Optimized aircraf t de-
signs were selected using both FCE-TF and VGTTJ engines to pro-
vide a consistent basis for comparison and assessment of variable
cycle engine technology payoffs. The SEARCH optimization pro-
cedure was used to identify the minimum TOGW FCE-TF and VGTTJ
aircraft capable of achieving the MCAIR selected V/STOL fighter
requirements shown in Figure 20. These designs were then compared
in terms of their TOGW , performance , and cost.
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________________________________________ 

Required
Miss ion Perform iince

DLI Radius lInt Fuel) (NM) 150/VTOL
Fighter Escort Radius (Ext Fuel) (NM) 400/STOVL
Tactical Strike Loiter (Ext Fuel) (hr ) 2.0/STOVL
Combat Air Patrol Loiter (Ext Fuel) (hr) 2.0/STOVL

Combat Performance

Acceleration
Mach 0.8 to 1.6 at 35,000 ft (sec) 90

Maneuver
Mach 0.65 at 10,000 ft (g) 4.75

Specific Excess Power
Mach 0.90 at 10,000 ft (fps) 750

OPT?- 1056-52

FIGURE 20
MCAIR SELECTED V/STOL FIGHTER REQUIREMENTS

The selected FCE-TF and VGTTJ aircraft design are described
in Figures 21 and 22, respectively. These figures show the
range of independent design variables considered in the data
base development , the values of the design variables selected to
minimize TOGW, and the fuel sizing and thrust sizing variab les
which constrained the aircraft size. The FCE-TF and VGTTJ
aircraft geometry and aerodynamic stability characteristics are
included as Figures 23 and 24 respectively.

The aircraft are capable of meeting or exceeding alternate
mission performance requirements using external fuel. The al-
ternate mission performance capabilities of the aircraf t are
included in Figure 25. The Tactical Strike mission , with a
two-hour loiter requirement at 20 ,000 feet was the most demanding .
Approximately 1200 gallons of external fuel is needed to meet
this requirement. The ADEN nozzle permits afterburning thrust
to be used for STO, thereby allowing the takeoff distance
requirement to be met with large fuel/weapon payloads. For
example, Figure 26 shows that the FCE-TF aircraft , with a VTO
P0GW of 32,650 lb can achieve the 400 ft short takeoff require-
ment at a TOGW in excess of 45,000 lb using intermediate power
and a maximum TOGW in excess of 50,000 lb by using maximum after-
burner . The 43,000 lb TOGW necessary to meet the Tactical Strike
requirement results in a 200 feet STO with 10 knots wind-overdeck
at intermediate power.
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Design Variables Constraints

Airframe 70 100 Fuel Sizing
5 (W/S)~~~~~ A I S Intercept Mission
S AR 2.5 4.0 Radius = 150 NM
S Sweep and M0 Dash = 1.6

Engine Thrust Sizing
S FPR 3.2 4.0 • P5 = 750 fps at M0 = 0.90
S CPR A and 10,000 ft
5 

~~~~~ 
6A~ 

7~8 5 
~z = 4.75 g at M0 = 0.65

/ FN \ 0 49 60 and 10,000 ft
•~~~ 

V \ A l

\~
FNV maxi L/C 0.55 064 0.80

10GW = 32,650 lb

Aircraft 
100 276 300

A I

FIGURE 21
L + L/C AIRCRAFT DESIGN SELECTION

GE Fixed Cycle Turbofan L/C Engines

Design Vanables Constraints

Airframe Fuel Sizing
Combat A S Intercept Mission

S AR 2.5 35 Radius = 150 NM
S Sweep 45 65 

and M0 Dash = 1.6
I A

Engine 10 17 20 Thrust Sizing
S OPR A I • P5 = 750 fps at M0 = 0.90
S T.I.T. (°F) 2200 2600 and 10,000 ft
S % N ~ 100 104 

5 n~ = 4.75gat M0 = O.65

/ FN~ \ A and 10,000 ft

(FN 1 0.45 0.55 0.75
\ Vmax/ L/C I A

TOGW 29,100 lb

Aircraft 150 288 350
• (P5) Combat I A ~~J OPn-1~~.-~~

FIGURE 22
L + L/C AIRCRAFT DESIGN SELECTION

GE Variable Geometry Turbine Turbojet L/C Engines
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40 Neutral IPoint
/ / 1
/ /1
/ /1
/ /1

Takeoff 
~

30 ____________ 

~ ~
-j--_1.4% Static Stability

Combat 
~— 

/ 2.0% Static Stability

Landing
e 

20 
______________ / 

~~ : 
3.3% Static Stability 

____________

10
320 330 340 350 360

C.G. Position, Fuselage Station - in.

FIGURE 23
FCE-TF AIRCRAFT DESIGN CHARACTERISTICS
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40 ____________ _________________________ ____________

Neutral
Point
,/
/ /

~ 
1. 95% Static Stability

0 3 0  ‘1 /
Takeoff / /

______________ 

Combat —~~ 
/~ ~~

-_-_ 2.0% Static S ability

2” ____________ 

Landing / ____________ ____________E U —.-J ~ ,
. 2.14% Static Stability

/ /
/ /
/ /
/ /
/ /
/ /

10
300 310 320 330 340

C.G. Position , Fuselage Station - in.

OPTS-C401-3

FIGURE 24
VGTTJ AIRCRAFT DESIGN CHARACTERISTICS
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L + L/C Aircraft

DLE / - 

T t W = 18 : l ç -

-
, 

~~~~~~~~~~~~~~~~~

/1- TOGW = 29,lOO Ib(VGTTJ)
TOGW = 32,650 lb (FCE-TF)

- Available Ava ilable
Performance Required (VGTTJ ) FCE-TF

P5, Mach 0.90 at 10.000 ft (fps) 750 750” 810
nz~, Mach 0.65 at 10,000 ft (g) 4.75 4~75** 4~75**

DLI Rad (Int Fuel) (NM) 150/VIOL 150” 150”
Fighter Escort Radt (NM) 400/STOVL 580 555
Tactical St~~e Loiter~ (hr) 2.0/STOVL 1.95 2.0
Combat Air Patrol Loite r~ (hr) 2.OISTOVL 2.75 2.8

~(2) 600 gaf’tanks “Sizing constraints 300 gal. tanks
OPTT -lO5I-3?

FIGURE 25
AIRCRAFT DESIGN SUMMARY

1200
WOD lOkts

— o~ 
Intermediate PowerIamb~~~L~

1000

~ 800

Maximum Power

~~~ 60C _ _ _ _  _ _ _ _  _ _ _  _ _ _ _  _ _ _ _

RequirementI- 400 -Margin for
S Reingestion
S Ground Effects

200 S Control
i  Tactical Strike Mission

DLI VTO TOGW~j~’ TL with (2) 600 gal. Tanks

Max STO 10GW Capability - 1000 lb
OPfl-105I-33

FIGURE 26
$10 CAPABILITY USING ADEN NOZZLE

Phase TI Reference L + L/C Aircraft
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The V/STOL Fighter Design Evaluation Procedure also pro-
vides the capability to estimate the LCC of the selected FCE-TF
and VGTTJ aircraft designs. These costs represent the “cradle—
to-grave” expenses associated with weapon system ownership . The
resul ts , shown in Figure 27 , are divided into the three princi-
ple categories of RDT&E, Production , and Operations and Support
(o&S). The RDT&E costs include all engineering development and
flight test activities . The Production costs include all
tooling , manufacturing , assembly and acceptance tests and
component improvement programs. The O&S costs include the cost
of personnel , facilities, spares , maintenance , training and
fuel during the 15 year operational lifetime of the aircraft.
The VGTTJ life cycle costs are approximately 9% less than those
estimated for the FCE-TF aircraft.

Selected FCE-TF Aircraft

Millions of 1976 Dollars

900 600 300
Production Production Prod uction

Aircraft Aircraft Aircraft

RDT&E 1,943 1.943 1,943
Production 9,078 6.67 1 4,044

0&S 8,445 5.72 1 2.943

Total 19,466 14,335 8,930

Selected VGTTJ Aircraft

Millions of 1976 Dollars

900 600 300
Production Production Production

Aircraft 
— 

Aircraft Aircraft

RDT&E 1,844 1,844 1,844
Production 7,811 5.766 3.531
O&S 7,987 5,410 2.780

Total 17,642 13,020 8,155
OPT?-IOSS-7

FIGURE 27
L + L/C AIRCRAFT LIFE CYCLE COST
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4. VARIABLE CYCLE TURBOFAN AIRC RAFT EVALUATIONS

Engine/airframe design integration and performance analysis
studies were required to establish a firm basis for evaluating
the benefits derived from the use of the modulating bypass tur-
bofan VCE concept, selected in t hase I. This GE variable cycle
turbofan (VCE—TF), Figure 28, is a dual rotor, mixed-flow engine
incorporating a variable stator compressor , high temperature
rise combustor and a variable area low pressure turbine. In addi-
tion, the engine has a forward fan driven by the low pressure
turbine rotor , an aft fan driven by the high pressure turbine
rotor , and two bypass airflow ducts. The bypass ducts incorpor—
ate variable area bypass injectors (VABI ’s) to provide for mixing
the inner and outer bypass flows and for mixing the bypass flow
with the core flow. The mixed flow then exits through a single
exhaust nozzle. The outer bypass duct is closed and the VCE—TF
operates as a conventional mixed—flow turbofan during takeoff ,
transonic and supersonic flight conditions. At part power
subsonic cruise and loiter f light conditions , the inner bypass
flow is modulated by a combination of aft fan stator angle clos-
ure and opening of the outer bypass duct, thus, increasing the
engine bypass ratio.

Phasesfl&IU

S RALS/VCE Aircraft

Phasel 
~~~~~~ 

. 

variable Cyde Engine RAL S/VCE TF

-~~~~

- 
. 

— . 

\
~~~~~~~ S I.- + L/C (VCE) Aircraft 

.

/

DLE VCE-TF

GPT7-lO65-35

FIGURE 28
VCE -TF AIRCRAFT DESIGN EVALUATIONS
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The VCE—TF can be used in conjunction with a lift engine or
a derivative of the engine can be used to provide airflow to a
remote augmentor lift system (PALS) during VTO, Figure 28. The
RALS/VC E concept has the potential to eliminate the need for
separate li ft engines and thus , reduce V/STOL propulsion system
life cycle costs. The VCE-TF integration and performance evalua-
tions are discussed in Sections 4.1 and 4.2 for the L + L/C
and L/C aircraf t, respectively .

4.1 L + L/C Aircraft Evaluations — The VCE—TF payoff potential
in a L + L/C aircraft was assessed using the airframe design and
sizing constraints of the selected FCE—TF aircraft described in
Section 3.3. The results, summarized in Figure 29, were obtained
using a wing loading of 88 lb/ft2, wing aspect ratio of 2.5, and
a wing sweep of 55 degrees. The weight and performance charac-
teristics of the FCE-TF and VGTTJ aircraft, also shown in Figure
29 for comparison , indicate competitive TOGW with increased al-
ternate r~tission performance capability.

I. + 1/C Aircraft Designs

FCE-TF VGT-TJ VCE-TFRequirements 1/C Engine L/C Engine L/C Engine

• 10GW (Ib) — 32,650 29,100 29,600
• Internal Fuel (Ib) — 10,600 9,100 8,960
S Mission Performance

OLT Radius (Int Fuel) (NM) 150/VTOL 150” 150” 150”
Fighter Escort Radius t (NM) 400/STOVL 555 580 598
Tactical Strike Loiter (hr) 2.0/STOVL 2.0 1.95 2.2
Combat Air Patrol Loiter (hr) 2.0/STOVL 2.8 2.75 3.0

S Combat Performance
Acceleration

Mach 0.8 to 1.6 at 35,000 ft (sec ) 90 84 89 78
Maneuver

Mach 0.65 at 10,000 ft (g) 4.75 4.75” 4.75” 4.75”
Specific Excess Power

Mach 0.90 at 10,000 f t  ( fps) 750 824 750 832

(2) 300 gallon tanks OPT?

(2) 600 gallon tanks
Sizing constraints

FIGUR E 29
WEIGHT AND PERFORMANCE SUMMAR Y

L + L/C Aircraft
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4.2 L/C Aircraft Integration and Perforrndnce Evaluations — The
payoff potential of a VCE-TF con~ept which produces all of the
powered lif t necessary for VTOL was evaluated in a L/C aircraft
configuration. In this engine, the front portion of the split—
fan is oversized to provide airflow to the remote augmentor lift
system (PALS) for VTO.

Aircraft designs using the RALS/VCE concept, Figure 30, are
highly sensitive to the relative levels of PALS and ADEN nozzle
thrust during L owered lift operation. This sensitivity re-
flects the requirement for balancec VTO thrust while maintaining
an aircraft length compatible with carrier operations. Conse-
quently,  considerable con f iguration and engine design effort was
required to obtain a viable RALS/VCE aircraft.

RALS/VCE

GPI7-1051-3*

FIGURE 30
ADVA NCED NAVY V/STOL FIGHTER

RALS/VCE Powered Lift System

In Phase II , a number of aircraft designs and propulsion
system installations were investigated (Figure 31). The most at-
tractive aircraf t design obtained from that effort, the MCAIR
Model 2008, vias based on the Dl RALS/VCE (Figure 31). This eng-
m e  which incorporated a modified PALS to minimize aircraft
cross sectional area, had an ADEN/RALS thrust ratio equal to
1.8 for VTO. This thrust ratio required that the PALS be located
forward of the aircraft C.G. 1.8 times further than the VCE ADEN
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RALS FNADEN Aircraft ResultsF Configurationsration NRALS 
________________________

Al 3.0 5 Twin RALS/VCE VTO Thrust
S Single RALS/VCE Balance Could not RALS
S Twin RALS/VCE be Achieved

— RALS Forward
_________ ________ 

and Aft 
__________________

Phase 31 Cl 1.25 5 Design Sketch RALS Size Original

_________ ________ 

Only Prohibitive

Dl 1.8 S Twin RALS/VCE Balance
— Modified RALS Questionable

________ ________ ________ 

Design (Model 2008)
D2 1.2 S Twin RALS/VCE Balanced Modified

— Modified Configuration -

RALS Design Excess Performance
— Compressor (Model 2012)

Bleed for RCS
— Texit 2800°F 

_____________ VCE
A3 1.2 5 Twin RALS/VCE Excessive Combat

Phaseill ( Dry — Modified Fuel Consumption
Powe r RALS Design Lb 

— ~
ES x W F

VCE) — Texit = 2000°F Fuel 
— 

P5 — _______ — 
EN

A2 1.2 S Twin RALS/VCE Competitive
(Mini- — Modified with 2012
Burner ) RALS Design ~TOGW = +400 lb

— Texit 2000°F (Mode l 2Ol4)
0P71.0401-2

FIGURE 31
AIRCRAFT DESIGN PROGRESSION

nozzles were located aft of the C.G. to provide powered lift
thrust balance. A large quantity of fuel was located in the
aft fuselage to obtain an aft C.G. location , thus , reducing the
ADEN moment arm while increasing the PALS moment arm . Conse-
quently, fuel t ransfer  from a f t  tanks to forward tank s was re-
quired to control C.G. travel during wing—borne flight. The
balance characteristics of this aircraft were therefore consider-
ed undesirable.

Phase III investigations encompassed VCE concepts speci-
fically directed toward decreasing the ADEN/RALS thrust ratio in
an effort to improve the aircraft balance characteristics. GE
provided a RALS/VCE concept with an ADEN/RALS thrust ratio of
1.2, designated D2 in Figure 31, using interstage bleed air for
the reaction control system, rather than fan bleed air as on the
previous engines. This, then , provided additional fan discharge
air for the PALS and thus, increased RALS thrust while decreas-
ing ADEN thrust. With this thrust ratio for VTO, an aircraft
configuration was designed which achieved all system require-
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ments , Figure 32. The decreased ADEN/RALS thrust ratio provided
the capability to operate with a more forward C.G. location.
Thus, the fuel was distributed near the C.G. and satisfactory
wing—borne flight stability was achieved with no fuel transfer,
Figure 33.

10GW = 33,900 lb 

- 
. 

~_J1J~ . . .  29.3 ft

~

. . . 

. 

16.6 ft ~ .
....~~~ 

FNv ADEN
Fi:2~~~~~~~~~~= 1.2~~~~~~~~~~~~~~~~~~~~~~~~~

[

F-.-— — —
~~~~~

- 57.7 ft —l 0P77-lSSS-41

FIGURE 32
RALS/VCE-201 2
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~ 40
8 Neutral
o Point

TakeoffTransItion
2’ 30 _________________ 

2% Static Stability
—1% Static Stability

Landing
7% Static Stabi lity

< 20
340 350 360 370 380 390 400

C.G. Position , Fuselage Station - in.

FSO 100 200 300 400 500 600 692

GPTI-1S51 42

FIGURE 33
IMPROVED THRUST SPLIT . NO FUEL TRANSFER REQUIRED

MODEL 2012 RALS/VCE AIRCRAFT
TOGW = 33.900 lb

The RALS/VCE aircraft was competitive with all of the L +
L/C aircraf t designs in alternate mission capabili ty and superior
in combat performance. The weight and performance characteris-
tics of these aircraft are compared in Figure 34. The engine
cycle characteristics are compared in Figure 35. The RALS/VCE
was sized by VTO thrust requirements and, as a result, exhibited
excess thrust at combat conditions. Sizing the RALS/VCE for VTO
substantially reduced acceleration time and increased Ps, but,
also , increased TOGW. For the L + L/C designs , the L/C engine
was sized by the combat performance requirements and the lift
engines were subsequently sized to provide the additional lif t
required for VTO. However, if the L + L/C aircraf t were sized
to provide an equivalent combat Ps of 1270 feet/second , the re-
sulting TOGW ’ s would exceed 38,000 lb.

34 
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L + L/C Aircraft Designs
RALSNCE

FCE-TF VGT TJ VCE IF Airc raft
Requirements 1/C Engine LIC Engine L/C Engines ~~~~~~~ 2012)

S TOGW (Ib) — 32.650 29,100 29,600 33,900
• Internal Fuel (Ib) — 10,600 9,100 8,960 10,100

• Mission Performance
DLI Radius (Int Fuel) (NM) 15ONTOL 150*4 150” 15O’~ 150”
Figh te r Escort Radius t (NM) 400/STOVL 555 580 598 570
Tactical Strike Loiter 4 (hr) 2.0/STOVL 2.0 1.95 2.2 2.0
Combat Air Patrol Loiter’ (hr) 2.0/STOVL 2.8 2.75 3.0 2.7

S Combat Performance
Acceleration

Mach 0.8 to 1.6 at 35,000 ft (sec) 90 84 89 78 52
Maneuver

Mach 0.65 at 10,000 ft (g) 4.75 4•75~~ 435*4 4754* 4•95
Specific Excess Power

Mach 0.90 at 10,000 ft (fps) 750 824 750 832 1,270

t (2) 300 gallon tanks
~(2) 600 gallo n tanks

“Sizing constraints 
FIGURE 34

AIRCRAFT WEIGHT AND PERFORMANCE SUMMARY

Engine Cycle Characteristi cs

1/C En m e  Maximum VTO~
3
~

Designation FPR BPR OPR III Thrust
(°F) Weight

FCE-TF~
1
~ 40 0.60 27 3180 6.7

VGTTJ~
2
~ 

— 0.00 13 2600 6.7

GE16/vvCE l-Al 4.0 0.50 24 3200 6.6

RALS/VC E
GE16/VVCE5-D2 4.0 0.95 28 3200 6.4

Notes : (1) Obtained from GE parametric turbofan deck
(2) Obtained from GE parametric turbojet deck
(3) Based on 900 F day and 97% inlet recovery 

0P77-IOIS-.

FIGURE 35
LIFT/CRUISE ENGINE CYCLE CHARACTER ISTICS
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Additional RALS/VCE evaluations were made, in an attempt to
take advantage of the excess thrust available at combat flight
conditions. These evaluations were conducted using a VCE
designed without an afte rburner and a VCE design which had
limited augmentation capability . For both of these designs, the
VTO exhaust gas temperatures were limi ted to a maximur~i of
2000°F as opposed to 2800°F for the fully augmented systems.
The dry power VCE was not competitive due to its excessive combat
fuel consumption. However , an aircraft design competitive with
the Model 2012 aircraft was obtained using the VCE design having
limited augmentation capability (Figure 31). Detailed discus-
sions of these evaluations are included in Reference 3.

Direct lif t engine technology, expressed in terms of thrust—
to—weight ratio, can have a significant impact on aircraft TOGW.
As indicated previously , the L + L/C analyses in this program
were conducted using DLE ’s with an 18:1 thrust/weight ratio. The
effect of reducing DLE thrust/weight ratio from 18:1 to 15:1
was determined by resizing the L + L/C aircraft designs to meet
the Intercept mission and performance requirements. These re-
sults are shown in Figure 36. The RALS/VCE aircraft is also in-
cluded for compari son, since reducing lif t engine T/W ratio makes
the PALS/VCE even m ore competitive . Decreasing the T/W ratio of
the DLE to 15:1 resulted in approximately a 3% increase in design
mission TOGW and slight decreases in alternate mission capability .
Combat performance was not affected .

36 
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5. VCE PAYOFF ASSESSMENTS

Tht ‘~CE payoffs were assessed in terms of TOGW, life cycle
cost , performance and operational flexibility which provide a
measure of the cost effec tiveness of the weapon system. General
Electric indicated the VCE-TF engine costs would be higher than
those for a FCE-TF and VGTTJ engine of comparable size. For
example , the RDT&E and production costs of a VCE-TF would be 18%
and 11% higher respectively than a FCE-TF engine sized to the
same sea level static thrust. Therefore , for the VCE-TF to be
cost effective, these higher engine related costs must be offset
by reduced airframe related cost, or , the VCE-TF must provide
increased performance and/or operational flexibili ty. The VCE
payoff assessments were conducted using the results obtained from
the fixed cycle turbofan , variable geometry turbine turbojet and
variable cycle turbofan engine/airframe evaluations.

Assessments were made to determine the impact, on aircraf t
life cycle cost, of variable engine component related TOGW reduc-
tions or elimination of separate lift engines. These assessments
were made relative to the L + L/C aircraf t powered by advanced
technology fixed cycle turbofan (FCE-TF) lift/cruise engines and
advanced technology lift engines. The TOGW of this FCE-TF air-
craft was 32,650 lb when sized to a 150 NM DLI mission radius and
representative combat performance requirements, and its LCC was
estimated to be in excess of 19 ~illion dollars. The lowest TOGW
and aircraft LCC were obtained for the L + L/C aircraft powered
by simple single-spool variable ge metry turbine turbojet (VGTTJ)
lif t/cruise engines, Figure 37. A substantial TOGW reduction was
also obtained for the L + L/C aircraft powered by mor~ complex
variable cycle turbofan (VCE-TF) lift/cruise engines. The LCC
cost for the VCE-TF aircraft , Figure 37, were competitive with
the FCE-TF. Elimination of the cost of developing and producing
separate lif t engines , 1.67 billion dollars (Figur ? 38), made the
RALS/VCE aircraft competitive in LCC with the reference FCE-TF
aircraft. However , eliminations of the lift engines was not
enough to reduce LCC to the levels obtained with the turbojet.

The airframe and engine cost for the three L + L/C aircraft
and the RALS/VCE aircraft were also compared. The results of
this comparison are shown in Figure 38. The cost payoffs achieved
with the VGTTJ engine reflect lower TOGW and therefore lower air
frame cost and lower engine production cost resulting from the
reduced engine size. The lower TOGW and therefore lower airframe
cost for the VCE-TF aircraft, relative to the FCE-TF aircraft ,
offset increased engine development cost and resulted in produc-
tion cost competitive with the FCE-TF . The cost payoffs achieved
with the RALS/VCE, relative to the FCE-TF , were primarily due to
reduced engine production costs.

Assessments of the combat performance capability of the air-
craft designs were made. Each V/STOL fighter achieved at least
the required levels of combat performance . However , the RALS/VCE

38
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TOGW Comparison
DLI Mission

2.000
L + 1/C Aircraft OLE 1/W 18:1

1,00C 

J 

+1,350

FCE-TF I RALSNCE
TOGW = Aircraft

~ 
32.650 lb 

_________ I
—3,550 —3,050

0
I 

-

____________  _______  ____________________

,~ —2 ,0 I

—3,000 I
VCE-TF I

VGTTJ I
—4,00C I

—5,000 I

Life Cycle Cost Comparison
2,000

L + L/C Aircraft DLE 1/W = 18:1 900 Production Aircraft
15 Year Life Cycle

1 000 RALS/VCE_
Aircraft

FCE-TF_ —390 —800
.0 $19,465 M VCE-TF 

_________CO
2 —1,000 — 1.825 —RALSNCE——

0
0

_ _ _ _

~ —2,000 VGTTJ

—3,000

—4,000
0P77-1OSI-3

FIGURE 37
VCE PAYOFF ASSESSMENT - 10GW AND LCC
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I + L/C Aircraft
__________ 

RALS/VCE
FCE-TF VGTTJ VCE-TF Aircraft

( 1976 Dollars ) 19.466 X io~ 17.642 x 10~ 19.077 x 10~ 18.668 x io~

TOGW (Ib) 32.650 29,100 29.600 33,900

FnSLS 16465 13880 14,783 23,975
L/C (lbf) 

___________ ___________ ___________ ___________

Airframe Costs Engine RDT&E Costs
12,000 — — _______________ — 

— 600 —

x 8 ,000 — — -- — x 400 —~~~~~ — w — ~~~~~ —— —I ~2 2
.5 I .5 Io 0w Ui

~ 4,000 — — — -- 0 — 200 — — — 0 —

2? ~~~~~L UJ -J L I- w I -~~0 0 0 4 0 0 4
LA. > > I U. > >0 _ ~~~~~

_ _ _ _ _L ._ _
L + L/C A/C I RALS/ L + L/C A/C I RALS/

1VCE A/C I VCE A/C

Engine O&S Cost
Engine Production Cost Maintenance + Fuel

4,000 — I 4,000 I
I I~~U. -, u.
I 

_ _

I- (I)
3,000 — — — — 

~~~ T — 

CO 
3,000 —

~~~~

0 0 0 0 LA. > >

x x

~ 2,000 — — — 4. — 2.000 — — — _
~-. —

Co 
~~~~~~ I CD

N N

i ,ooo — — — i~~~ — ~~~1 ,000 — —

U. ~ I >-) I_I- I- • U)
L w I  ..J - — — I -

0 0 4 ~LA. > > I ~ ii. u. u. J~ 
u.

0 — — — — — —  — —
L + 1/C A/C I RALS/ L + L/C A/C I RALS/

1 VCE A/C 1VCE A/C

°p,?-1Ns-s7

FIGURE 38
COST COMPARISONS . 900 AIRCRAFT
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engines were sized by VTO requirements and , ..~s the result,
exceeded the required combat performance level as indicated in
Figure 39. Although the RALS/VCE was 4% heavier than the refer-
ence aircraft , 1-his ruircraft had 40% — 50% more combat Ps and
acceleration capability than used as representative for advanced
systems for this example. If higher combat performance levels
than those used in this study are required , the RALS/VCE air-
craft will become more competitive. For example, the VGTTJ air-
craft was scaled to provide a combat Ps level, 1270 ft/sec ,
equivalent to that of the RALS/VCE a i r c ra f t .  The estimated LCC
for the scaled turbojet aircraft exceeded the RALS/VCE life cycle
cost by 10% or approximately two billion dollars, Figure 40.

The operational flexibility achieved through the use of vari-
able cycle engine features was assessed by determining the fuel
required to achieve the 400 NM Fighter Escort mission radius.
The results are shown in Figure 41. A 13% to 15% fuel savings
was obtained relative to the FCE-TF for both L + L/C configura-
tions. Only a 3% fuel savings was obtained with the RALS/VCE
aircraft design for which the L/C engine was size by the VTO
requirement and therefore, was oversized for optimal fuel utili—
zation.
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Combat P~
Mach 0.9 at 10,000 ft

50 —

L + L/C Aircraft OLE T/W = 18:1

40 — —

3C — —
Required P5 = 750 fps +50%

~~~~2C — —
U

0.

ic — —

9% +1%

FCE-TF VCE-TF 
— 

RALS/VCE
P5 = 824 fps Aircraft

—10 VGT-TJ
P~= 750 fps

—20

Combat Acceleration
Mach = 0.8 to 1.6 at 35 000 ft

—40 — ________ —

I + L/C Aircraft DIE TIW 18:1

—30 — —
Required Acceleration Time = 90 sec

— 
—20 — —40% —

Ca,

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _  — —

-1-6% I I ______

FCE.TF I I VCE-TF RALSNCE
T ime = 84 sec Aircraft

___________________ 
VGT-TJ 

_______________________ _______________10 T ime = 89 sec

20 -
GP77.lOI.I-2

FIGURE 39
VCE PAYOFF ASSESSMENT - COMBAT PERFORMANCE
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Combat P1 = 1270 ft /sec at Mach 0.9 @ 10,000 ft

Mill ions of 1976 Dollars

1+ I/C (VGTTJ ) RALS/VCE
Aircraft Aircraft

RDT&E 2,137 1,921

Production 9,259 8,402

0&S 9,212 8,345

Total 20,608 18.668

0P7 7-1O56-54

FIGURE 40
LIFE CYCLE COST FOR EQUIVALENT PERFORMANCE

900 Production Aircraft

400 NM Fighter Escort Mission - External Fuel as Required
+1 ,000

I + LIC Aircraft DIE T/W = 18:1 RALS/VCE Aircraft

FCE-TF RALSNCE
(Reference ) VG TTJ VCE-TF

0 I
12,200 lb —340

—1 ,565 — 1,880

—1 ,000

—2,000 I

—3,000 I
apn.1D.s-i

FIGURE 41
VCE PAYOFF ASSESSMENT - OPERATIONAL FLEXIBILITY
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6. CONCLUSION & RECOMMENDATIONS

Variable cycle engines have been evaluated using advanced
V/STOL fighter designs to assess their payoffs in terms of total
weapon system characteristics. Results indicate that they offer
potential benefits in supersonic V/STOL fighters. The major con-
clusions and recommendation are discussed below .

A parametric V/STOL Fighter Design Evaluation Procedure was
defined and demonstrated which will be a valuable tool in future
V/STOL fighter engine/a irframe selections. The procedure accounts
for the interactions between requirements and aircraft size , per-
formance and cost. This procedure was used to define a L + L/C
fighter data base for conducting design selection and aircraft
cost effectiveness trade—of fs using fixed cycle turbofan and vari-
able geometry turbine (VGTTJ) engines. VGTTJ aircraft design was
defined which had substantial payoffs relative to a fixed cycle
turbofan aircraft. These payoffs included a 11% reduction in
Intercept mission TOGW, a 9% reduction in life cycle cost and
improved operational flexibility.

A V/STOL fighter L + L/C design was also defined using a GE
variable cycle turbofan engine (VCE-TF). This engine provided a
9% reduction in Intercept mission TOGW relative to a FCE-TF air-
craft. The VCE-TF aircraft was competitive with the FCE-TF air-
craft in life cycle cost and improved operational flexibility.

A RALS/VCE lift/cruise aircraft was designed which proved to
be an attractive, cost effective concept when compared to the
L + L/C designs. Although 4% heavier than a FCE-TF aircraft, the
RALS/VCE aircraft was competitive with the FCE-TF in life cycle
cost and provided slightly better operational flexibility. In
addition, the RALS/VCE aircraft provied 50% more combat perform-
ance than the L + L/C aircraft designs. Therefore, if a combat
capability greater than that used in this study is required , the
RALS/VCE will become even more cost effective. For example, the
LCC of a VGTTJ aircraft, sized to provide equivalent combat P5• capability , exceeded the RALS/VCE LCC by 10%.

Detailed supersonic V/STOL fighter weapon system studies are
required which include RDT&E in areas that were outside the scope
of this program. These studies should be both analytical and
experimental in nature with engine and airframe companies partici-
pating. Airframe company RDT&E should include : base compatibil-
ity evaluations , ground effects and suckdown loss assessments,
hot gas ingestion investigations , powered lif t control evaluations
and primary/aux iliary air induction system development and testing.
In addition , engine components critical to development of the
modulating bypass VCE-TF concept, including the RALS , should be
included in engine company technology demonstrator programs.

Consideration should be given to continuing development of
the ADEN nozzle. The capability to augment in the vectored thrust
mode increases the allowable STO payload.
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At the present time, the Rand TOA model is the only generally
acceptable procedure for parametrically predicting engine RDT&E
and production cost. New procedures should be developed which
reflect the advanced technology impact of variable cycle engines
on life cycle costs.
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