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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 aircraf t weight for vertical takeof f , 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 the 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 advanced
supersonic Navy V/STOL fighters.

In Phase I, a preliminary screening of VCE concepts , provid-
ed by Detroit Diesel Allison and General Electric, was conducted
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 turbofan 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 Pha se 11 activity was the modification of an engine!
airframe evaluation procedure developed for the Air Force by
MCAIR. The Air Force Procedure was developed for conventional
takeoff and landing aircraft and was modified in this program to
permit evaluation of V/STOL aircraft. This V/STOL Fighter Design
Evaluation Procedure permits calculation of the size, cost,
mission and performance characteristics of a systematically
selected matrix of lift + lif t/cruise (L + L/C) V/STOL fighter
aircraft designs. Mathematical relationships are defined to re—
late aircraft TOGW, cost, mission and performance characteristics
to engine and airframe design variables. Finally , an optimization
procedure is used to select aircraf t designs for specified mission
and performance requirements. The optimization payoff functions
can be TOGW, life cycle cost, or aircraft capability parameters.

The V/STOL Fighter Design Evaluation Procedure permits simul-
taneous con. ideration of up to 11 engine/airframe design varia-
bles and up to 17 mission and performance requirements. The
results permit identification and evaluation of the effects of
propulsion system/airframe interactions on system characteristics .
In addition , the effects ot aircraft mission and performance re-
quirements on aircraft size, cost and operational flexibility can
be readily determined .

The Evaluation Procedure was used in Phase II to develop a
data base of aircraf t characteristics, using GE fixed cycle
turbofan engines (FCE—TF), and to optimi ze an aircraft  design to
provide a basis for subsequent VCE payoff evaluations.
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In Phase III , a data base of aircraf t 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 com-
parison with the FCE-TF aircraft. The VGTTJ aircraft provided
reductions of 11% and 9% in TOGW and life cycle cost, respective-
ly, when sized to achieve representative Navy mission and per-
formance 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 modulating
bypass turbofan selected in Phase I. This engine can provide
airflow to a remotely located augmentor during VTO and thereby
potentially eliminate the need for separate lift engines. Con-
sequently, significantly reduced powered lift system development
costs were anticipated. Using the Remote Augmentor Lift System!
VCE concept, total system life cycle cost was estimated to be 4%
below that of a L + L/C FCE-TF aircraft. However, when sized to
provide equivalent combat performance , l ife 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 turbof an 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 en-
gines 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 takeoff
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 1 program. These

F procedures account for the interactions between the propulsion
system, airframe and weapon system 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 All i-
son and General Electric , were postulated to meet the needs of
supersonic V/STOL propulsion systems. Both axi-symmetric 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 payoffs of 8% to 13% were
obtained when compared to fixed cycle engine V/STOL fighters,
References 2 and 3. 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.
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The following sectiofls of this report present the approach
used and results obtained in Phases II and III of the program.
The Phase I approach and results were presented in References 2
and 3. A Management Summary Report, Reference 4, summarizes the
results of all three program phases.
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2. PHASE II AND III APPROACH

Potential payoffs of advanced engine concepts for supersonic
V/STOL aircraft must be assessed in terms of such systems char-
acteristics as takeoff gross weight (TOGW), life cycle cost, and
operational flexibility. The impact of mission and performance
requirements must also be considered in conducting these assess-
ments. 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 Phase II and III engine evaluation approach, Figure 1,
consisted of both parametric engine/airframe evaluations and
design integration and performance analysis as discussed below.

A V/STOL Fighter Design Evaluation Procedure , Figure 1, was
developed and used to conduct parametric engine/airframe evalu-
ations. A data base was established using advanced fixed cycle
turbofan (FCE-TF) and variable geometry turbine turbojet (VGTTJ)
engines. This data base wa~ used to select a reference FCE-TFaircraft design and a VGTTJ aircraf t design. The VGTTJ repre-
sented a special class of variable cycle engines having an in-
termediate level of complexity between the FCE-TF and the VCE
concepts evaluated in Phase I.

Evaluations of a variable cycle engine turbofan, VCE-TF,
selected in Phase I , were also conducted. However, due to the
preliminary design status of the engine, parametric descr iptions
of the size, weight, performance and cost characteristics of this
engine were not available and the evaluations were conducted
using point design integration layout and performance analysis
procedures. The VCE-TF can be used in either - L + L/C or L/C
aircraft configurations , Figure 2.

The airframes and engines evaluated in this program incor—
porated technology consistent with a 1985-1990 b C  and were
designed to operate at flight speeds up to Mach 2.0. Figure 3
illus trates the important technology features of the airframes
and engines considered. The radar, avionics and advanced ma-
terial technologies were described in References 5 and 6.

A VTOL Deck Launched Intercept mission was used to esta-
blish aircraft internal fuel capacity requirements, Figure 4.
Lift/cruise engine size was established by representative per-
formance requirements, also shown in Figure 4, selected by
MCAIR. The performance capabilities of each converged aircraft
were also computed for four predominately subsonic alternate
missions, Figure 5, with internal fuel and two quantities of
external fuel.

The following sections of this report discuss the results
obtained in the parametric FCE-TF and VGTTJ engine/airframe
evaluations and the VCE-TF design integration and performance
analysis. The V/STOL Fighter Design Evaluation Procedure and

3 
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• the baseline L + L/C aircraft used to conduct the parametric
engine/airframe evaluations are described in Sections 3.0 and
4.0, respectively. The parametric engine/airframe evaluation
results obtained with the FCE-TF and VGTTJ engines are described
in Sections 5.0 and 6.0. Section 7.0 describes the VCE-TF eval-

- uations. VCE payoff assessments are discussed in Section 8.0
and conclusions are provided in Section 9 .0 .
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3. V/STOL FIGHTER DESIGN EVALUATION PROCEDURE

Comparisons of aircraft TOGW, performance , cost and opera-
tional flexibility provide a valid basis for engine and airframe
design selections and trade—off s. However, such comparisons must
be made using a systematic analysis procedure because of complex
interactions between engine and airframe design variables and
aircraft size, performance, cost and mission characteristics.

A prerequisite for a viable procedure is that it properly
accounts for propulsion system/airframe interactions in the
determination of aircraft size and performance. As shown in
Figure 6, such interactions can be identified in terms of throt-
tie—dependent and size-dependent force increments. The throttle-
dependent interactions are represented by increments in inlet
and nozzle/aft—end drag. These drag increments, which are caused
by variations in flow characteristics or geometry , are the result
of changes in engine power setting. The lift and drag of the
aircraft can also be affected by the relative size of the pro-
pulsion system and airframe. Force increments resulting from
changes in relative propulsion system size are defined such that
they are independent of engine throttle setting.

Aircraft mission and performance requirements also interact
with the propulsion system size and thrust and the aircraft
design as shown in Figure 7. The development of efficient
engine/airframe designs must identify and properly account for
such interactions. For example, in a L + L/C f ighter aircraf t
design , the L/C engine size is usually established by one or
more specific excess power (P5) requirements at given Mach num-
bers , altitudes and power settings. The net propulsive force
(FNp), and therefore the engine thrust required to achieve the
specified performance (P5), is a function of aircraft weight
(W), lift to drag ratio (L/D) , and flight velocity (V), Figure
7. Design variables affect FNP and L/D and these interact to
define the engine size required to achieve a specified perform-
ance requirement. Similarly, aircraft fuel volume requirements
are related to L/D and engine fuel consumption (SFC) by means
of an exponential range factor (Rf). Thus, design variables
also affect the physical size of the airframe required to achieve
a specified mission radius.

MCAIR developed a Fighter Engine/Airframe Evaluation pro-
cedure directed at obtaining a valid basis for engine/airframe
design selection and aircraft/requirement trade-off s for future
CTOL fighter aircraft programs in Reference 1. That procedure
was modified to provide the capability to evaluate V/STOL fighter
designs, Figure 8. The modifications consisted of developing
a V/STOL fighter aircraft sizing, performance and cost analysis
program. The V/STOL Fighter Design Evaluation procedure is
described in the following paragraphs.
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3.1 INPUT - Three inputs are required to initiate the use of
the evaluation procedure for engine/airframe design selection.
In an aircraft  development program , the Navy user command makes
the initial input by defining role requirements. This input
consists of the desired mission and performance capabilities
and operational limits. The desired aircraft  b C , maximuxn ,Nach
number , and other key factors affecting the design are identi-
fied. Then, the participating engine and airframe compani.es
must identify design candidates which are compatible with the
requirements and the engine airframe component technology con-
sistent with the desired IOC. These selections are judgements,
based on the results of previous investigations of similar sys-
tems. The engine and airframe companies must also identify the
engine and airframe design variables which could significantly
affect the aircraft characteristics and the range of values over
which each variable should be considered . For example, important
airframe design variables could include wing loading , sweep, and
aspect ratio; important engine design variables could include
fan and overall cycle pressure ratio, bypass ratio, turbine in-
let temperature, and engine control schedules and limits.

Consequently, three types of design inputs are required:
(1) candidate engine and airframe designs, (2) identification of
the important design variables of each candidate, and (3) the
values over which the important variables should be evaluated to
define an optimum aircraft system.

The impact of varying mission radius and performance require-
ments on aircraft TOGW and its design and cost characteristics
can be determined from the computed aircraft relationships.
These requirement inputs can include any combination of mission
radii or performance requirements in terms of P5, N2 ,  or accele-
ration times. A total of 17 requirements can be imposed simul-
taneously.

3.2 COMPUTATION - Relationships between the engine and airframe
design variables and aircraft characteristics must be established
to provide a meaningful basis for design selection. These rela-
tionships could be obtained by computing the size and perform-
ance of aircraft designs representing all combinations of the
important engine and airframe design variables. However , the
time and cost of such an approach would be impractical. A com-
putational procedure has been developed which provides the rela-
tionships required for engine and airframe design selection
based on the influence of engine, airframe and mission design
variables on aircraft system characteristics. The following
paragraphs briefly discuss each of the key computation elements
of this procedure which are shown in Figure 8.

3.2.1 Aircraf t  Matrix Selection - A large number of engine
and airframe design variables may be important in determining the

— aircraft size required to achieve mission and performance require-
ments. As the number of design variables is increased, the
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number of possible variable combinations (aircraft designs) also
increases rapidly. If, for example , 11 design variables were
considered and all variable combinations were analyzed , more than
four million aircraft design computations would be required. A
mathematical procedure called “Latin Square” was employed to
systematically select a manageable matrix of aircraft designs for
analysis , Figure 9. The Latin Square procedure defines a minimum
number of aircraft designs, N2, which must be evaluated to obtain
meaningful relationships between the computed aircraft character-
istics and the design variables. However, in order to improve the
accuracy of the V/STOL Fighter Design Evaluations procedure, we
doubled the number of aircraft designs defined by the Latin
Square procedure by using 2N2-N design variable value combina—
tions. These 231 designs encompassed the entire range of all
the important engine and airframe design variables.

3.2.2 Aircraft Design and Performance Analysis - Aircraft
sizing, performance and cost analyses are accomplished using a
computer aided design evaluation procedure called V/STOL CADE,
Figure 10. The initial step in this procedure is to define the
geometry, propulsion system, aerodynamic, and weight characteris—
tics of the input aircraft design and the scaling characteristics
of each major aircraft component. CADE is used to scale the
weight and geometry of the input aircraft components to determine
physical characteristics . Mission fuel, engine thrust, and
configuration size are determined by simultaneously sizing the
aircraft to achieve the required design mission radius, VTO and
mission thrust levels, and static weight balance. The converged
aircraft performance analyses include computation of alternate
mission radii and performance at preselected flight conditions
and engine power settings including STO capability . In addition,
the MCAIR Advanced Concepts Cost Model (ACCM) is used to compute
the Life Cycle Cost of the converged aircraft design in terms
of RDT&E, Production and Operations and Support (O&S) costs.
Life cycle costs are computed for three production quantities,
300, 600 and 900 aircraft. Airframe and subsystem LCC and engine
O&S costs are estimated using data correlations based on past
MCAIR and Navy experience. Engine RDT&E and Production costs are
estimated using a modification of the Rand Time of Arrival (TOA)
Model , Reference 7. The Rand model, developed from regressions
of historical data on 26 military engines , was modified in this
program, using GE data , to reflect advanced technology components

A detailed discussion of the development of the V/STOL CADE
aircraft sizing, performance and cost analysis procedure is in-
cluded as Appendix A.

3.2.3 Correlation of Aircraft Characteristics - A mathe-
matical curve fit procedure (SURFIT) is used to define the rela-
tionships between the computed aircraft characteristics obtained
from CADE, and the design variables. Each aircraft characteris-
tic parameter defined in CADE is represented by a quadratic
equation composed of the design variables as shown in Figure 11.

12 

~~----~ ~•-~-~ 



TTT - —- -

Aircraft Design Variables 

of Variation ~~~ 1
’
~~ r~f~~~~

Airfri me Design 
~~~~r~~

_
~~~ a~ ahIe . WeU5 N2-.N

Wing Sweep 350.550

Engine Design
Fan Pressure Ratio 3.2-4.0 —Compressor Pressure Ratio 4 &7 8 

~Engine Airflow Scheduling (ATAMB) 00 60°F •tll) $9
Engine Sizing

L/C VTO Thrust (% max A/B ) 55-80%
Combat Specific Energy (P5) 100-300 ft /sec

Internal Fuel Sizing 
4.2 x io6

Intercept Radius 100.200 nm Aircraft
Intercept Mach No 1.4-2.0 Designs
Intercept Altitude 36,000-50,000 ft

Total Aircraft Designs (4) ~ ~ 4.2 x i06 
_____________________

GP1O-0014-3

FIGURE 9
SELECTION OF AIRCRAFT DESIGN MATRIX (LATIN SQUARE)
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The result , for 11 design variables , is an equation which repre-
sents an 11 dimensional mathematical surface with 78 possible
coefficients. A least square curve fit of the computed aircraft
characteristics is used to determine coefficient values for
each term in equation. Experience has shown that the aircraft
characteristics , such as TOGW, are frequently represented by as
few as 30 to 35 terms in the equations, with the remaining co-
efficients equal to zero. The correlation equations provide the
relationships required for meaningful engine/airframe design
selections. As shown in Figure 11, the equations can be used
to define relationships between aircraft characteristics, such
as TOGW, P5, and N2, and the important design variables, such as
T/W and w/S. Although only two design variables are shown in
the example, such relationships can be obtained for any combina-
tion of the design variables considered. Consequently , the
correlation equations provide the capability to compute aircraft
weight, mission radii , performance and cost characteristics for
any aircraft design encompassed by the Latin Square matrix.

Over 400 CADE output parameters can be correlated using the
SURFIT procedure. These include:

1. Take-off gross weight
2. Mission radii and performance parameter
3. Life cycle cost parameters
4. Engine and airframe physical characteristics
5. Mission visibility — at critical mission segments —

— f l igh t  conditions
— fuel - used
— engine operating characteristics
— installation losses

The mission radii , performance and cost relationships provide a
quantitative basis for cost effectiveness trade-off s. The
mission segment relationships provide visibility into propulsion
system/airframe interactions to a degree which has not previously
been possible.

3.2.4 Aircraft Optimization — The minimum TOGW aircraft
design capable of achieving specified mission radius and perfor-
mance requirements is identified by means of an optimization
procedure called SEARCH . This procedure utilizes the correla-

• tion equations to describe the variations of aircraft weight and
performance parameters as functions of the design variables.

It was shown in Figure 11 that the equations can be used to
define variations in TOGW, P5 and N2 as three design variables
are changed. The optimization procedure is illustrated by super-
imposing those relationships , Figure 12. The interactions
between the design variables , TOGW, and the two performance para-
meters are clearly defined. For performance requirements corre-
sponding to P5 = 700 ft/sec and Nz = 4.5 g’s, the minimum
achievable TOGW and corresponding design variables can be quickly
determined. In this example, only two design variables were
permitted to change. Repeating this procedure for an additional
design variable, such as fan pressure ratio, identifies the
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minimum P0GW aircraft for three variables. This optimization
procedure considers up to 11 design variables simultaneously.

The SEARCH computer program program is capable of perform-
ing optimizations using any of the surface fit parameters as the
payoff function, with 11 design variables and up to 17 specified
mission radius and performance requirements. Development of
this optimization technique was based on Box’s “Complex Method ” ,
Reference 8. Using this procedure, it is possible to rapidly
and inexpensively establish the interactions between mission
radius and performance requirements, TOGW, cost , and engine and
airframe design variables.

3.3 OUTPUT - The output from the V/STOL Fighter Design Evalua-
tion procedure includes the correlation equations and, for each
SEARCH optimization , a description of the geometry, performance
and cost characteristics of the selected aircraft. The correla-
tion equations are retained and can be repeatedly used to define
and evaluate interactions between the design variables and
system requirements. For each aircraft defined using the SEARCH
optimization procedure, the design variables are identified, and
the engine and airframe geometry can be obtained from the corre—
lation equations. Using those design variables, any mission -
radius performance or cost parameter for which correlation equa-
tions were developed can be determined. Finally, at each segment
of the design mission , the fuel used, inlet and nozzle geometry,
and installation losses can also be determined.
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4. BASELINE L + L/C AIRCRAFT DESIGN

The initial step in uti l izing the V/STOL Fighter Design
Evaluation Procedure is to define a baseline aircraft for use as
the input design. This L + L/C aircraft, shown in Figure 13,
was defined using an advanced L/C turbofan engine supplied by
General Electric and an advnaced technology lift engine with a
thrust-to—weight ratio of 18:1. This aircraft, as drawn in the
design process is 55 feet long and has a TOGW of 30,660 lb with
an internal fuel load of 9 , 435 lb. The aircraft  is capable of
achieving an intercept radius of 96 NM with dash M0 = 1.6 at
40 ,000 feet.

The V/STOL CADE program aircraft sizing capability was used
to scale the baseline aircraft to achieve an intercept radius
of 150 NM and selected combat performance requirements. The
scaled aircraft results are compared with the baseline aircraft
in Figure 14. The scaled aircraft has a TOGW of 33 , 870 lb and
is 58 feet long , Figure 15.

To provide verifications of the V/STOL CADE sizing logic ,
the computed geometry of the scaled aircraft (CADE output) was
utilized to develop a design layout. The baseline and scaled
aircraft are compared in Figure 16. No problems were encountered
in laying out the aircraft design and very good agreement with
the V/STOL CADE results was obtained. For example, the design
layout had a maximum fuselage cro~s—sectiona1 area of 37 ft2 and
a fuselage wetted area of 1006 ft~ . This compared with 35 ft2
and 980 ft2, respectively, estimated by V/STOL CADE.

Engine and airframe integration was based on four major
design considerations. The considerations are illustrated in
Figure 17 and discussed below:

(1) Powered lift system sizing to provide a net h f  t/
TOGW ratio of 1.05, accounting for lif t losses due
to non-standard day (90° F) operation , reingestion,
ground effects , control margin and primary/auxiliary
inlet performance.

(2) Powered lift thrust balancing is accomplished by
positioning 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
specified aircraft maneuverability and the lif t engines
are sized to provide the additional lift required to

F 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 aircraft
takeoff c.g.

L 
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BASELINE AIRCRAFT 3-VIEW
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TOGW (Ib) 30,660 33,870
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Engine Scale Factor 0.805 0.923
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• Mach 0.90 @ 10,000 ft tfps) 750 662 752
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FIGURE 14
L + L/C AIRCRAFT

BASE VERSUS SCALED AIRCRAFT COMPARISON
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FIGURE 17
ENGINE/AIRFRAME INTEGRATION DESIGN CONSIDERATIONS
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(4) The lift/cruise air induction system was maintained aft
of the cockpit to provide over—the—side pilot visi-
bility.

Design of the input aircraft indicated that the level of
L/C engine thrust used for VTO could have significant impact on
the aircraft geometry and TOGW, Figure 18. It was found that
minimum TOGW was obtained when the L/C engines were operating at
less than a maximum power. As the power setting of the L/C
engine was increased , the DLE thrust was reduced to maintain
constant total lif t, and the moment arm required to balance the
L/C thrust vector increased. This increase in DLE moment arm
resulted in increased aircraft length and empty volume between
the DLE and the fuel cells , where fuel could be added but was
not required to meet the desired mission radius. The L/C engine
could not be moved forward, to reduce the moment arm required,
due to the design requirement to provide over the side visibility .
Conversely, as the L/C VTO thrust was reduced , the DLE thrust —

increased to maintain constant total lift, and its moment arm
decreased. As the DLE was moved toward the aircraft c.g., it
displaced fuel which was required to perform the DLI mission.
This also increased TOGW. As a result of this TOGW sensitivity ,
lift/cruise engine VTO thrust was included as a design variable.
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5 .  L + L/C PARAMETRIC FIXED CYCl E
TURBOFAN ENGINE/AIRF RAME EVALUATION

Correlations of parametric aircraft characteristics ,
developed using the V/STOL Fighter Design Evaluation Procedure ,
provide a cons istent basis for conducting aircraft/requirements
interaction trade-of fs 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 sec-
tions describe parametric data development, using advanced
technology fixed cycle turbofan engines, examples of aircraf t/
requirement interaction trade-offs and the selection of an
engine/airframe design for specific V/STOL fighter requirements.

5.1 PARAMETRIC DATA DEVELOPMENT - Aircraft characteristic data
correlations were developed using three engine design, three
airframe design and five sizing variables. These variables and
their corresponding value ranges are shown in Figure 19. The
data developed consists of propulsion system performance , air-
craf t  characteristics , and, finally, the parametric correlations.

5.1.1 Propulsion System Performance - Utilization of the
V/STOL Fighter Design Evaluation Procedure requires generation
of installed propulsion system performance data over the com-
plete flight envelope for a matrix of engine design variables.
A General Electric parametric V/STOL engine deck, Reference 9 ,
provided the capabili ty to obtain a consistently defined family
of engine designs. This deck, along with MCAIR inlet and aft—
end performance data, was used to compute installed propulsion
system performance.

The engine design variables , sea level static standard day
turbine rotor inlet temperature (TITSLS), fan pressure ratio
(FRP), compressor pressure ratio (CPR) and an airflow scheduling
variable (~ TAMBSLS) were used to define engines with design by-
pass ratio varying from 0.4 to 1.5. The L~TANBSLS variableranged from zero to 60 degrees to establish the off-design
schedule of turbine inlet temperature and thus engine airflow.
Maximum fan speed, 105%, was maintained from standard day to the
engine inlet temperature defined by standard day plus t~TAMBSLS
as illustrated in Figure 20. This SLS condition establishes
maximum turbine inlet temperature and the cooling airf low re-
quired. Typical variations of the engine characteristics with
~
TAMBSLS are shown in Figure 21. This airflow scheduling
variable provided the capability to conduct trades between de-
sign bypass ratio, engine performance at altitude, and engine
weight.

Parametric data were generated with the engine deck to
determine the impact of the design variables on performance and
weight. Thermodynamic cycle balance was not achieved with the
engine deck for FPR and CPR values above 3.6 and 6.3, respec-
tively , and TITSLS = 2700°F and ~~AMB 60° as indicated in
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Figure 22. The engine design matrix shown in Figure 23 was
selected to provide a family of mixed flow turbofan engines with
design bypass ratio ranging from 0 .6  to 1.5 and sea level static
thrust/weight ratio ranging from 6.5 to 7 .2

Installed propulsion system performance data must properly —

account for the effects of throttle dependent propulsion system
drag, inlet total pressure recovery , and compressor bleed and
horsepower extractions. A propulsion system thrust/drag account-
ing system was established to permit evaluations of propulsion
system/airframe interactions.

The Propulsion System Installe d Performance (PSIP) calcula-
tion procedure is schematically illustrated in Figure 24. Base-
line aircraft inlet recovery , compressor bleed and horsepower
extractions were included in the computation of engine size,
weight and installed performance over the complete flight enve-
lope. These data, along with baseline aircraft inlet and aft—
end performance, were used in the PSIP procedure to compute —

installed propulsion system performance. Inlet capture area is
sized to meet the airflow demands of the computed engine with a
design corrected airflow of 155 lb/sec . Installed propulsion
system performance tables along with size , weight and scale
factor tables , were then generated for input to V/STOL CADE .

A detailed description of the PSIP procedure and the data
generated for input to V/STOL CADE is included as Appendix B
to this report.

5.1.2 Aircraft Characterization Data - Aircraft  characteris-
tic data were obtained, using V/STOL CADE, for approximately 65 %
of the 231 aircraft designs evaluated. The failure of 35% of
the designs to converge was attributed to (1) the higher bypass
ratio engines having excessive fuel requirements to meet the DLI
mission radius, and (2) high L/C VTO power settings resulting in
excessive lift engine moment arm. The data obtained from each
converged design consisted of more than 400 aircraft design , size ,
weight, performance and cost parameters. A detailed description
of the output data is provided in Appendix A.

5.1.3 Data Correlations - Correlations of the computed
aircraft characteristics with the 11 engine and airfr ame design
and sizing variables were developed using the SURFIT procedure.
These correlations , which are called surface fits , were then
evaluated to determine their validity.

Assessments of the surface fit quality were made by com-
paring CADE and SEARCH results and trends. Results of these
assessments are shown in Figure 25 for the engine and airframe
variables and in Figure 26 for the mission variables. For these
assessments, each variable was changed independtly with the
remaining variables held constant. The correlation results were
similar to those obtained in previous uses ~f the procedure.
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FIGURE 22
GE16/VF18 PARAMETRIC DECK
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FIGURE 23
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I ~~~~~~~~~~~~~~~~~~~ I
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Performance , CADE
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- 

— I
• Inlet/Engine Matching II Inlet Performance
I Performance

• Aft- End Performance -— Engine
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I I I
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0P71-0014-13

FIGURE 24
GENERATION OF PROPULSION SYSTEM INSTALLED PERFORMANCE
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Typically, TOGW errors of up to +8% can be obtained with inde-
pendent variables at the boundarTes of the design matrix. These
errors ranged rom -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. Excellent CADE/
SEARCH trend agreement was obtained with the exception of two
variables. The SEARCH trend of TOGW versus CPR was incorrect.
However , TOGW had a low sensitivity to CPR as indicated by the
CADE data and had little impact on the parametric evaluations.
Therefore , SEARCH evaluations were conducted with CPR constrained
to 6.6 In addition , SEARCH indicated that the minimum TOGW
occurred at a dash altitude of about 36,000 feet as opposed to
over 40 ,000 feet for CADE. As a result, dash altitude was con-
strained to 40,000 feet for the engine/airframe evaluations. -

The accuracy of the surface fits were also evaluated by
determining if the differences in TOGW due to increased DLI
radius and NZ5 capability fell within a 2a band. This difference
was predicted considering 2~ deviations in the surface fits for
unconstrained TOGW and the fits of DLI radius and Nz~ which con-strained the design.

The aircraft 2aTOGW was expressed as follows:

2 — 2{ 2 + {~ TOGW 2aTOGW 
- aTOGW (UNCONSTRAINED) 3Nz 

X Nz5
112

+ ~~TOGW }2 }
~RADIU S ~ RADIUS

CADE was used to generate the sensitivities of the optimum
TOGW to variations in N~ and radius and the surf ace f it results
were used to obtain the ~eviatiorts. These results were:

_ _ _ _ _  = 127 lb NM
~ RADIUS

p TOGW 
= 5500 lb/g at 0.65 M and 10 ,000 f t

°

0 RADIU S = 7.26 NM cY Nz = .0125 g

°TOGw 
= 415 lbs (unconstrained)

1/2
= 2 ((415)2 + 1 5500 x .0l25} 2 + 1 127 x 7.26 } 2}

= 2 (172225 + 4727 + 850l21} 1/2

= 2027 lbs
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Therefore, a predicted 2°TO~W 
of 2027 lb was obtained with the

major error being introduced by intercept radius. As would be
expected, the majority of the data used in the CADE/SEARCH
assessments shown in Figure 25 and 26 fell well within the 2a
(95% probability) band.

5.2 ENGINE/AIRFRAME/REQUIREMENT INTERACTIONS - The aircraft
characteristic data correlations obtained in this program afford —

the unique capability to conduct rapid and inexpensive investi-
gations of aircraft/requirements interactions. The objective of
such investigations is to identify the effects of design mission
radius and performance requirements on engine and airframe
design parameters, aircraft TOGW and cost, and alternate mission
performance capabilities. Examples of this capability are pre-
sented below.

5.2.1 Single Mission Engine/Airframe/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 are shown in
Figure 27. For any desired combination of radius and dash Mach
number, they can be used to estimate aircraft TOGW and the
optimized design parameters. These data were generated by
optimizing the aircraft design to produce minimum TOGW at each
combination of DLI radius and dash Mach number while meeting
specified thrust sizing performance capabilities.

The optimized engine and airframe design variables were
unaffected by changing DLI radius and dash Mach number; only
the l i f t  engine sizing variable , L/C VTO thrust changed. Since
the majority of the fuel 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).
Low wing aspect ratio and high wing sweep were selected to
minimize supersonic aircraft  drag while wing loading was con-
trolled by the Nz = 4 .75  g ’s requirement. The only design
variable to be affected significantly by variations in DLI
radius and dash Mach number was L/C engine VTO power setting,
which varied from 55% to 80% of maximum VTO thrust .

One of the important considerations in the des ign of a
V/STOL fighter is the compatibility of the design with the base(s)
from which it must operate. Therefore, the effect of the de-
sign requirements on L/C engine nozzle exit temperature was
evaluated, Figure 28. As intercept radius and dash Mach number
increased, aircraft length increased to provide the necessary
internal fuel volume. This increase in length, and hence avail-
able DLE moment arm, made it possible to use higher L/C VTO
power settings, decrease DLE size , and still maintain a VTO
thrust balanced design.

Combat performance requirements can also have a large im-
pact on aircraft TOGW. Therefore, the capabili ty to assess this
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FIGURE 27 
-

ENGINE/AIRFRAME/REQUIREMENT INTERACTION - DLI MISSION
Fixed Cycle Engine Turbofan (FCE-TF)
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impact was also included in the development of the analytical
relatio t~hips. For example, Figure 29 depicts the ef fect of
required combat P~ on aircraft TOGW. For the P5 capability
considered in this study, the aircraft will weigh approximately
32,000 lb when nominal intercept radius and dash Mach number
requirements are used. Increasing 

~~ 
requirements has a sig-

nificant impact on TOGW.

5.2.2 Multimission Engine/Airframe/Requirement Inter-
actions - Evaluations were conducted to determine the effect of
alternate mission requirements on aircraft TOGW and design. In
these evaluations, internal fuel was used to accomplish the DLI
mission and external fuel to accomplish the alternate missions.
In addition , evaluations were conducted for which both the DLI
and alternate mission were accomplished using only internal -

fuel.

Alternate mission capabili ty, using external fuel , was
determined for the aircraft designs optimized for the DLI mis-
sion (Figure 27). These results are shown in Figure 30 for the
Fighter Escort Mission using two 300 gallon external fuel tanks.
As DLI radius and dash Mach number were increased , the f ighter
escort radius increased from 500 NM to 650 NM. Results for the
Tactical Strike and Combat Air Patrol missions are shown in
Figure 31 in terms of loiter tizr-~ capabili ty with two 600 gallon
external fuel tanks.

Optimum designs were also defined, using internal fuel only ,
for a parametric range of both DLI and Fighter Escort Mission
radius requirements. This was accomplished by defining specific
combinations of DLI and Fighter Escort radii and optimizing the
aircraft design, Figure 32, to obtain minimum DLI TOGW while
sati s fy ing radii , 

~~~ 
and Nz requirements. Thus, these aircraft

reflect the design compromises which produce minimum TOGW while
achieving the performance requirements of both the supersonic
DLI and subsonic Fighter Escort missions.

The multimission requirements produced large variations in
the engine and airframe design variables of the FCE-TF aircraft.
For example, sizing to a 100 NM DLI radius and a 500 NM Fighter
Escort radius , Figure 33, resulted in an optimum design fan
pressure ratio of less than 3.6 while the design FPR s” lected
for the DLI mission was at the upper limit of 4.0. Optimum
design FPR decreased (increased BPR) to improve subson2.c cruise
SFC for the Fighter Escort mission. In addition , wing sweep
(LAM) and wing loading (W/S) were decreased, Figure 33 , to im-
prove subsonic 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 that required to meet the Fighter Escort radius.
Compressor pressure ratio and TJ~MB variations had little impact
on TOGW. Wing aspect ratio affected wing weight rather than DLI
or Fighter Escort mission fuel usage.
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ENGINE/AIRFRAME/REQUIREMENT INTERACTIONS - COMBAT PERFORMANCE
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FIGURE 30
ENGINE/AIRFRAME/REQUIREMENT INTERACTIONS - MULTIMISSIONS

External Fuel
L + L/C (FCE—TF)
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ENGINE/AIRFRAME/REQUIREMENT INTERACTIONS - MULTIMISSIONS
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FIGURE 32
ENGINE/AIRFRAME/REQUIREMENT INTERACTIONS - MULTI-MISSION

Fixed Cycle Engine Turbofan
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5.2.3  Life Cycle Cost Evaluations - The V/STOL Fighter
Design Evaluation Procedure provided the capability to determine
the impact of mission and performance requirements on aircraft
life cycle costs. These costs represented the “cradle-to-grave”
expenses associated with weapon system ownership. Total LCC for
the optimum aircraft designs , defined for variations in DLI
radius and dash Mach number, are shown in Figure 34 for 900 pro-
duction aircraft. Costs for the three principal LCC categories
of RDT&E, Production, and Operations and Support are shown in
Figure 35. 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. Since
the L/C engine design was not affected by variations in radius
and dash Mach number, the variations in L/C engine RDT&E and
Production costs were those associated with variations in the
L/C engine size required. The POL cost variations were due to
the increased fuel usage as DLI radius and dash Mach number were
increased.

5.3 AIRCRAFT DESIGN SELECTION - An optimized FCE-TF aircraft
design was selected to provide a consistent basis for comparison
and assessment of variable cycle engine technology payoffs. The
SEARCH optimization procedure was used to identify the minimum
TOGW aircraft capable of achieving the MCAIR selected V/STOL
fighter requirements shown in Figure 36.

The selected FCE—TF aircraft design is described in Figure
37. This figure shows the range of independent design variables
considered in the data base development, the values of the de-
sign variables selected to minimize TOGW, and the fuel and thrust
sizing variables which constrained the aircraft size. According
to the SEARCH results, the selected aircraft design has a DLI
TOGW of 32,035 lb.

The accuracy of the SEARCH results was analyzed by using
the V/STOL CADE program to determine the TOGW for the engine and
airframe design variables selected by SEARCH. SEARCH predicted
the TOGW within 2%, Figure 38. Furthermore , SEARCH predicted
the L/C VTO throttle setting which produced the minimum TOGW.
The FCE-TF aircraft design characteristics are included as Figure
39.

The aircraft is capable of meeting or exceeding alternate
mission performance requirements using external fuel. The
alternate mission performance capabilities of the aircraft are
included in Figure 40. 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
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Required
Mission Performance

DLI Radius (Int Fuel) (NM) 150/VTO L
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 (see) 90

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

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

OPTT-IIIS-S2

FIGURE 36
MCAIR SELECTED V/STOL FIGHTER REQUIREMENTS

Design Variables Constraints

Airframe 70 88 100 Fuel Sizing
• (W /S)combat A I I Intercept Mission
• ~~ 2.5 4.6 Radius = 150 NM
I Sweep and M0 Dash = 1.6

Engine Thrust Sizing
I FPR 

3.2 4.0 • P5 = 750 fps at M0 = 0.90
• CPA A and 10,000 ft
I 

~Tamb 4.8 6A6 7~8 I n~ = 4.75 g at M0 0.65
/ FN~, \ 0 49 60 and 10.000 ft

• j  ____ A I

~\
FNVmax I L/C 0.55 0.64 0.80

TOGW — 32,035 lb

Aircraft 
100 276 300

• 
~~s~com bat A I

FIGURE 37
L + L/C AIRCRAFT DESIGN SELECTION

GE Fixed Cycle Turbofa n L/C Engines
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FIGURE 38
CADE/SEARCH COMPARISONS
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Reference Aircraft Design Variables

Z5

BPR 0.60
- T.l.T max 3180°F

TOGW = 32.650 lb

Performan ce Required Avail able

P5. Mach 0.90 @ 10,000 ft (fps) 750 809
Mach 0.65 @ 10,000 ft (g) 4.75

DLI Rad (Int Fuel) (nm) 150/VTOL 15O~Fighter Escort Radt (nm) 400/STOVL 555
Tactical Strike Loiter (hr) 2.0/STOVL 202
Combat Air Patrol Loiter* (hr) 2.0/STOVL 2.84

(2) 600 ga l. Tanks Sizing constraints t(2) 300 ga l. tanks OP7S.040I.2S

FIGURE 40
FCE-TF AIRCRAFT DESIGN SUMMARY
GE Fixed Cycle Turbofan Lift/Cruise Engines
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example, Figure 41 shows that the FCE-TF aircraft with a VTO
TOGW of 32 ,650 lb can achieve the 400 feet STO requirement at
a maximum TOGW in excess of 50 , 000 lb by using maximum after-
burner. The same aircraft weighs 43,000 lb to meet the Tactical
Strike requirement with (2) 600 gallon external fuel tanks and
could lift off in 200 feet with 10 knots wind-over-deck at in-
termediate power.

Life cycle cost characteristics of the selected FCE-TF air—
craft were estimated using the parametric techniques described
in Appendix A. Costs, in terms of the three major LCC categories ,
are shown in Figure 42 for three production quantities. These
costs estimates are based on an operational life of 15 years.

A TOGW sensitivity analysis was also conducted using the
selected FCE-TF aircraft. The sensitivity to TOGW to changes
in engine size, weight and performance were determined and are
included as appendix C to this report.
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1200 
i ~‘100 

Intermediate Power/

looc

~ 800

Maximum Power

~~~60C

g
RequirementI— 400 Margin for

I Reingestion
I Ground Effects

200 
~ Control - _______ _________ _________

i _________ Tactical Strike Mission
DLI VTO ToGw

~~I with (2) 600 gal. Tanks
0 I_ I - - _____ I
20 30 40 50 60 70

Max STO TOGW Capability - 1000 lb
OP17-1055-33

FIGURE 41
STO CAPABILITY USING ADEN NOZZLE

Phase U Reference L + L/C Aircraft

Selected FCE-TF Ai rcraft

Millions of 1976 Dollars

900 600 300
Production Production Production

Aircraft Aircraft Aircraft

RDT&E 1,943 1,943 1,943
Production 9.078 6,671 4,044
O&S 8,445 5.721 2,943
Total 19,466 14,335 8,930

FIGURE 42
FCE-TF AIRCRAFT LIFE CYCLE COST
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6. L + L/C PARAMETRIC VARIABLE GEOMETRY TURBINE
TURBOJET ENGINE /AIRFRAME EVALUATION

Aircraf t characteristic data correlations were developed
using variable turbine geometry turbojet engines. The following
sections describe the parametric data development, examples of
aircraft/requirement interaction trade—of fs, selection of a VGTTJ
aircraf t design, and comparison of the selected design with the
FCE—TF aircraft.

6.1 PARAMETRIC DATA DEVELOPMENT - The VGTTJ powered aircraft
characteristics were parametrically developed using the engine/
airframe design and sizing variables shown in Figure 43. The
ai r f rame 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 GE parametric VGTTJ computer deck , along with the MCAIR
PSIP procedure described in Appendix B, were used to compute in-
stalled propulsion system performance. The engines defined by the
computer deck , Reference 10, incorporated non—vectoring axisymmet-
n c  nozzles. Therefore , weight and thrust vectoring performance
adjustments were made to reflect the use of the ADEN nozzle , Fig-
ure 44. The impact of ADEN cooling and unvectored performance on
aircraft TOGW was estimated to be only about 2%, Figure 45, and
these effects were not included in the data development.

The VGTTJ engine design variables consisted of sea level
static overall pressure ratio (OPR), turbine inlet temperature
(TIT) and an airfrlow scheduling variable (% N2). The airflow
scheduling parameter , defined as compressor rotor overspeed in
percent of the design speed (% N2) was used to establish the off
design engine airflow cuaracteristics. Typical variations of the
engine characteristics with % N2 are shown in Figure 46. Para-
metric data were generated with the engine deck over the complete
design range. Sea level static thrust/weight ratio varied from
7.7 to 8.2 over the design range.

Aircraft characteristics data were obtained for approximately
96% of the 231 variable combinations evaluated . Correlation equa-
tions were then developed relating the computed aircraft charac-
teristics to the engine/airframe design and sizing variables.

6.2 ENGINE/AIRFRAME/REQUIREMENT INTERACTIONS - The VGTTJ aircraft
characteristic data correlations provide the capability to conduct
rapid and inexpensive investigations of aircraf t/requ irement in-
teractions . These investigations can be used to identif y the ef-
fects of design miss ion radius and performance requirements on en-
gine and ai r f rame design parameters , aircraft TOGW and cost, and
alternate mission performance capabil ity. Examp les similar to
those provided for the FCE-TF aircraft are presented below.

6.2.1 Single Mission Engine/Airframe/Requirement Interac-
tion - Typ ical DLI mission and performance requirement interactions
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Aircraft Design Variables _ 

/ 
-

Range of Variation
Airframe Design

Combat Wing Loading 70-100 lb/ft2 - 
-

Wing Aspect Ratio 2.5-4.0 -
- 

-
~~~~~~

Wing Sweep 45°-65°

Parametric InterceptEngine Design Design Mission (yb )
Turbine Inlet Temperature (°F) 2200-2600 Payload = 2200 lb
Overall Pressure Ratio 10-20 Parametric Dash
Engine Airflow Scheduling (Percent N2) 100.110 I M0 = 1.4-2.0

I Altitude = 36,000-50.000 ft
Engine Sizing

L/C VTO Thrust (Percent Maximum A/B) 45-75% ,~~ ,~
Combat Specific Energy (P5) 150-350 ft /sec Subsonic Cruise Supersonic

~~~~ ~ 
(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= lOO to 200NM -l
QPfl-1OU-13

FIGURE 43
AIRCRAFT DESIGN MATRIX

VGTTJ Aircraft
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• Engine Performance Obtained from GE ATS Computer Deck

_ _ _ _ _ _ _ _ _  - -  -

r 1 

- . ) 
Turbojet

I ~~~~~1 jI Turbojet • ~~~ = 10-20

[ 
Computer 

J 
I T.I.T. = 2200°F- 2600°F

___________________ • %n2 100-110
• Axisymmetric Nozzle

• Aden Nozzle Used to Provide V/STOL Capability

• ~wt = 385 lb/Engine

I(~~ ver t ) = 0.91

I No Performance Decrement
for ADEN Cooling

OP7S-~~S4.2S

FIGURE 44
VARIABLE GEOMETRY TURBINE TURBOJET EVALUATION

L + L/C V/STOL Fighter

VGT Turbojet
Req’t

Without Cooling With Cooling

TOGW (lb) 28,945 29,680
Internal Fuel (Ib) 8,924 9,264
Engine Scale Factor 0.737 0.791
Wing Reference Area (ft 2) 288 295
W/S @TOGW (lb/ft 2) 101 101
T/W @ TOGW (L/C Engines) 0.880 0.881
(FNV/FNV max

) L/C 0.55 0.65

Mission Performance
DLI Radius (nm) 150 150 150

Combat Performance
Acceleration

Mach 0.8 to 1.6 @ 35,000 ft (sec) 90 79 78
Maneuver

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

Mach 0.90 @ 10,000 ft (fps ) 750 825 824
op,s-o.ol-a

FIGURE 45
EFFECT OF ADEN COOLING ON AIRCRAFT WEIGHT AND PERFORMANCE
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170 30,000
%N2 110

107

%N~ 110 
20,000

130 ioo 
\\ \

\ 

10.000

\

Mach No. 
\ Mach No.

0.9 1.6 2.0 0.9 1.6 2.0
110 _ _ _ _ _  I C I _ _ _ _ _

400 500 600 700 400 500 600 700
Engine Face Temperature - °R Engine Face Temperature - °R

2,500

~ 2,400

w

2,300 — _____ _____ _____ _____

100 102 104 106 108 110
%N2 apn-s~~s-1i

FIGURE 46
GE PARAMETRIC VGTTJ ENGINE DECK

Engine Airflow Scheduling
Altitude = 36,089 ft
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with system characteristics were defined to illus trate this trade-
of f capability. The impact of DLI mission radius and dash Mach
number on aircraft TOGW is shown in Figure 47. Lower TOGW ’s,
relative to the FCE-TF aircraft (Figure 27), were obtained since
the majority of the fuel was used in the supersonic dash segment
of the mission where turbojets operate most efficiently. The
VGTTJ aircraft design variables were not affected by DLI require-
ments; only L/C VTO thrust significantly changed . The ef fect of
the design mission requirements on L/C engine nozzle  exit tempera—
ture is illustrated in Figure 48 .  The VGTTJ exit temperature , at
a given radius and dash Mach number , exceeds that of the FCE-TF by
approximately 150°F. Increasing subsonic combat performance , P5,
above the study requirement has a significant impact on VGTTJ air-
craft TOGW, Figure 49.

6.2.2 Multi-Mission Engine/Air frame/ Requirement Interac-
tions - Interactions between DLI and alternate mission capability
and DLI TOGW were determined to illustrate potential multi-mission
trade-off s. These investigations were conducted using internal
fuel plus external fuel and then using internal fuel only.

Al ternate mission capabilities , using external fuel , were de-
termined for the optimum aircraft designs defined for variations
in DLI mission radius and dash Mach number , Figure 50.  Fighter
Escort mission radius was determined using two 300 gallon external
fuel tanks and Tactical Strike and Combat Air Patrol loiter time
were determined using two 600 gallon fuel tanks.

Optimum designs were also defined , using internal fuel only,
for a parametric range of both DLI and Fighter Escort mission
radius requirements, Figure 51. These multi—inission requirements
produced large variations in the airframe design variab les of the
VGTTJ powered aircraf t, but the engine variables were not affec ted.
As indicated in Figure 52 , wing sweep and wing loading were de-
creased to enhance subsonic cruise lift at low values of DLI radi-
us. As DLI radius increased , the fuel required approached that
needed to meet the Fighter Escort radius and wing sweep and wing
loading increased to reduce supersonic drag . The optimum engine
design variables minimized supersonic dash SFC, while the VGTTJ
cycle provided good subsonic cruise SFC for the Fighter Escort
mission.

6.2.3 Life Cycle Cost Evaluations — The effects of DLI mis-
sion requirements on life cycle cost are shown in Figure 53 for
900 production aircraft and a 15 year operational life. Costs for
the three principle LCC categories of RDT&E, Production and O&S
are included as Figure 54. These cost estimates are substantially
below those obtained using FCE—TF engines; reflecting the lower
TOGW ’s achieved using VGTTJ engines.

6.3 AIRCRAFT DESIGN SELECTION - An optimized VGTTJ aircraft was
selected for comparison with the FCE-TF aircraft design in terms
of TOGW, performance and cost. The selected VGTTJ aircraf t is de-
scribed in Figure 55 . This figure shows the design variab les
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36
Dash M0 1.8~/

/~ 
Thrust Sizing 

f~ at M0 = 090
______________ ______________ 

and 10,000 ft32 
• ~~~~~~~ ~ M~ = 0.65

28 
- 

/

,

~~~/ ~~~~~~/
‘ Optim~ ed 

~:: IS = 84 lb/f t2

24 

L~~VTO FN = 45%-75% Max

100 150 200
DLI Radius - NM

0.1,-ioN-ag

FIGU RE 47
ENGINE/AIRFRAME/REQUIREMENT INTERACTIONS~ DLI MISSION

Variable Geometry Turbine Tu ibojet (VGTTJ)

36 Dash M0)
1.8

Augmented
1.6 .2100°R

32 
Dry d 

1.4 2000°R

18000R 

1900°R (VTO Texit )
L,C

100 150 200 250
DLI Radius - nm

0.71-0014-ag

FIGURE 48
ENGINE/AIRFRAME/REQUIREMENT INTERACTIONS

VGT1J ENGINE
L/C Engine Nozzle Exit Temperature
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Constraints
I Intercept Mission

Radius = 150 nm
Dash M0 = 1.6
I = 4.75 g @ M0 = 0.65, 10,000 ft

40

3 8_ _  _ 
_

Study

~ 32 
Requirement

30

28 ___________ ___________ ___________

650 750 850 950 1050 1150 1250 1350
P5 - fps

M0= 0.9@10,000 f t GP1I0014-N

FIGUR E 49
ENGINE/A IRFRAME/REQUIREMENT INTERACTIONS

VGTI J E NGINE
Combat Performance
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Tactical Strike Mission Combat Air Patrol Mission

- - (2) 600 Gallon Tanks (2) 600 Gallon Tanks
I I

Dash M0 Dash M0
36 

TS. Loite r 

-
: 

.8 

CAP Loiter
— Time - hr 2.1 ~~ 1.6 Time - hr 1.6

_ __ _  I _ __ __ _

100 150 200 250 100 150 200 250

DLI Radius - nm DLI Radius - nm

38
Fighter Escort Mission
(2) 300 Gallon Tanks

Dash M0
36

1~~Radius - nm
650 1.6

~ 32 1.4

28 -2/

24 _

100 150 200 250
DLI Radius - nm 0P7$-oesg-ao

FI GURE 50
ENGINE/AIRFRAME/REQUIREMENT INTERACTIONS MULTIMISSION

External Fuel L + L/C (VGTTJ) 
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Sizing Requirements Optimization Variables

I P5 at 0.9 M0/i0,000 ft /i g ~ 750 ft/sec • OPR = 17
I Dash M0 = 1.6/Alt = 40,000 ft I lIT = 3,060

I nz5 at 0.65Mo/i0,000 ft~~
4.7Sg • %N2 105

I P5 at Dash M&H ~ 0 ft /sec • FNV/FNV = 0.4-0 6
I Internal Fuel Only I LAM = 35-55

I WOS = 50-85
Fighter Escort • ~~ = 2.5

40 
Radius-NM 

_____ _____

500 
________ _______ ________

-o
36

2 400
• —

~~~ ______ ______ ______ _____

‘-I —

28

Optimum DLI
24

100 125 150 175 200
DLI Radius - NM 0.71.0401-21

FIGURE 51
ENGINE/AIRFRAME/REQUIREMENT INTERACTIONS - MULTI-MISSION

Variable Geometry Turbine Turbojet - Internal Fuel
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Sizing Requirements Optimization Variab les

• P~ at 0.9 M0/ 10000 ft / i g ? 750 ft/sec • OPR = 17 S LAM 35-55

• Dash M0 1 .6/Alt = 40,000 ft S T.I .T. 3,060 5 W/S 50-85

• at 0.65 M0/10,000 ft ~ 475 g • % N2 105 S ftR 2.5

• ~s at Dash M&H ~ Oft /sec • FNV /FNV max = 0.4 - 0.6

• Internal Fuel Only

Fighter Fighter
Escort LAM Escort

40 -Radius . -Radius-

nm 400 /5 nm 60 70 lb/ft 2
500 / _ _  ‘ 500 / ! j~~~~ _ _38 

/ I’ 
~ 75

/ / , /  4

36 /- / I

/ / 
/ 

50° 
/ ,

/ 
I
I ,

/ ~O

~~~34 / ___
~~; 

/ / / / ,
8 ~~~~~~~~~ 7 / / ‘ / 85

32 -/ / 
-
___  - , 

4~.22~~ 
~~~~~~~~~~ 

~~~~/ / / / , ~~~, ,— --
0 / .~‘

~~~3 0 /  / ‘
. 

_ _ _  _ _ _  -‘ .-‘ ~~~~~~~~~~~ -, 
_ _ _  _ _ _

28 /

26

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

DLI Radius DLI Radius

FIGURE 52 
0p7.-040I-lI

MULTI-MISSION INTERACTIONS
Variable Geometry Turbine Turbojet

Dash M0

17~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
_

100 150 200
DLI Radius -am

0.7S-01S .0I

FIGURE 63
PARAMETRIC LIFE CYCLE COST (LCC)
LIFT + LIFT/CRUISE (VOflJ) AIRCRAFT

900 Aircraft/i 976 $/15 Years
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2000 8400
Dash M0 Dash M

77 ~~~8O0O

~ 1800 5’~~~l~~~290 7600

1/C Engine Development ~~~~~~~~~~~~~~~~ 900

Cost - io6$ I L/C Engine Production Cost - 10

1700 I —1 7200 — I I
100 140 180 220 100 140 180 220

DLI Radius - nm DLI Radius - nm

8400
Dash M

1500 POL —10 6 S
8200

— — — 
~~~~~ 

—

8000

1200 _______7800 — — — — —

7600
— 100 140 180 220

DLI Radius - nm
0P7S-10S4-22

FIGURE 54
COST BREAKDOWN

LIFT + LIFT/CRUISE (VGTTJ ) AIRCRAFT
900 Aircraft/1976 $/15 Years
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Design Variables Constra ints

Airframe 
7 100 

- Fuel Sizing
• (W /S)Combat A I Intercept Mission
I .~R 2.5 35  Radius = 150 NM

• ~ ee and M0 Dash = 1.6W p 45 54 65
A I

Engine 10 17 20 Thrust Sizing
I OPR A I P5 750 fps at M0 = 0.90
I T.I.T. (°F) 2200 2600 and 10,000 ft
I % N2 1 

I A I n~ = 4.75 g at M0 0.65
/ ~I0 1~~ 1

1
0 and 10,000 ft

, uNtj ~I 
(FN 1 045 0.55 0.75
\ Vmax/ L/C I A

TOGW - Ib
Search 29,100
CADE 29,135

Aircraft 150 288 350
I (P5) Combat A

0P7S0414-27

FIGURE 55
I + L/C AIRCRAFT DESIGN SELECTION

GE Variable Geometry Turbine Turbojet L/C Engines
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selected to minimize TOGW and the fuel sizing and thrust sizing
variables which constrained the aircraft size. As indicated , ex-
cellent agreement between the SEARCH results and V/STOL CADE was
obtained . The VGTTJ aircraft design characteristics are included
as Figure 56.

The VGTTJ aircraft provided an 11% TOGW reduction , relative
to the FCE-TF aircraft, Figure 57 , and was competitive with the
FCE—TF aircraft in alternate mission capability . The LCC esti-
mates for the VGTTJ a i rcraf t  were 9% below those for the FCE-TF
ai rcraf t ,  Figure 58.
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40 ____________ _________________________ ____________

Neutral
Point
,/
/ /

____________ 
~~ ~~— 1 .95% Static Stability§ 3 

Takeoff
1 

/ 2

Combat .—4.~) ~ ~~~
— 2.0% Static Stability

a,

~ 20 
Landing~~ _________  _________

/ ~ —2i4% Static StabiIity
/ // /
/ /
/ /
/ // /
/ /

10
300 310 320 330 340

CG. Position, Fuselage Station - in.
0P7U4401-3

FIGU RE 56
VGTIJ AIRC RAFT DESI GN CHA RACTERISTICS
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L + L/C Aircraft

TOGW 29,135 lb (VGTTJ)
TOGW = 32,650 lb (FCE-TF)

Performance Required 
~~~~~~~~~~~~ ~~~~~

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/VTOL 150** 150**
Fighter Escort Radt (NM) 400/STOVL 580 555
Tactical Strike Loiter * (hr) 2.0/STOVL 1.95 2.0
Combat Air Patrol Loiter* (hr) 2.0/STOVL 2.75 2.8

(21 600 gal. tanks “Sizing constraints t (2) 300 gal. tanks
opn-105I-a7

FIGURE 57
AIRCRAFT DESIGN SUMMARY

Selected FCE-TF Aircraft

Millions of 1976 Dollars
900 600 300

Production Production Production
Aircraft Aircraft Aircraft

RDT&E 1,943 1,943 1,943
Production 9,078 6,671 4,044
O&S 8,445 5,721 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

OP7I-OOS4-71

FIGURE 58
LIFT + LIFT/CRUISE AIRCRAFT LIFE CYCLE COST
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7. VARIABLE CYCLE TURBOFAN AIRC RAFT EVALUATIONS

Engine/airframe integration and performance analyses were
necessary to evaluate the modulating bypass turbofan VCE concept
selected in Phase I. This GE variable cycle turbofan (VCE-TF),
Figure 59, is a dual rotor , mixed—flow engine incorporating a van —
able stator compressor , high temperature rise combustor and a van -
able area low pressure turbine. In addition , the eng ine has a for-
ward fan  driven by the low pressure turbine rotor , an aft fan driv-
en by the high pressure turbine rotor , and two bypass airflow
ducts. The bypass ducts incorporate variable area bypass injectors
(VABI ’s) to provide for mixing the inner and outer bypass flows and
f or 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 turbo- -

fan during transon ic and superson ic f l ight conditions . At part
power subsonic cruise and loiter flight conditions , the inner by-
pass flow is modulated by a combination of aft fan stator angle
closure and opening of the outer bypass duct, thus increasing the
engine bypass ratio. A more detailed description of the operation
of this engine can be found in the GE final report.

The FCE-TF can be used in conjunction with a l i f t  engine or
to provide airflow to a remote augmentor lift system (RALS) during
VTO , Figure 59. The RALS ,-’VCE concept has the potential to elimi-
nate the need for separate lift engines and thus, reduce V/STOL
propuls ion system life cycle cost.

The VCE-TF integration and performance evaluations are dis-
cussed in Sections 7.1 and 7.2. The effect of lift engines thrust !
weight on L + L/C aircraft TOGW is discussed in Section 7.3.

7.1 L + L/C AIRCRAFT EVALUATIONS - The VCE-TF payoff potential in
a L + L/C aircraf t was assessed using the airframe design and siz—
ing constraints described in Section 5.3. The results , summar ized
in Figure 60, were obtained using a wing loading of 88 lb/f t2, wing
aspect ratio of 2.5, and a wing sweep of 55 degrees. The weight
and performance characteristics of the FCE-TF and VGTTJ aircraft,
also shown in Figure 60 for comparison , indicate competitive TOGW
with increased alternate mission performance capability.

7.2 L/C AIRCRAFT INTEGRATION AND PERFORMANCE EVALUATIONS - The
payoff potential of the RALS/VCE concept, which produces all of
the powered lift necessary for VTOL, was evaluated in a L/C air-
craft configuration. In this engine , the front portion of the
split-fan is oversized to provide airflow to the remote augmentor
lift system (RALS) for VTO. The characteristics of a typical RALS/
VCE concept are shown ir~ Figure 61. During VTO, the oversized fan
and variable cycle features are used to increase engine airflow and
cycle operating pressure ratio. A portion of the RALS airflow is
used in a reaction control system (RCS) located in the wing , for
roll control . A gimbled nozzle was used for vectoring the RALS
thrust. In the conventional f l ight mode, the VCE is used to match
the inlet and engine airflow from M0 = 0.8 to M0 = 2.0.
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Phases ]I&III

• RALS/VCE Aircraft

Variable Cycle Engine ~~~~~~
Turbofa n ( VCE TF) 

- - - - -

I L + L/C (VCE) Aircraft - -~

~~~~~~~~~~ 

- - -
s

DLE VCE-TF

0P71-1eSI-3a

FIGURE 59
VCE-TF AIRCRAFT DESIGN EVALUATIONS

L + L/C Aircraft Designs

FCE-TF VGT-TJ VCE-T FRequirements - - -L/C Engine L/C Engine L/C Engine

• TOGW (Ib) — 32,650 29,100 29,600
• Internal Fuel (lb) — 10,600 9,100 8.960

I Mission Performance
DLT Radius (Int Fuel) (NM) 150/VIOL 150** 150** 150**
Fighter Escort Radius t (NM) 400/SIOVL 555 580 598
Tactical Strike Loiter ’ (hr) 2.0/STOVL 2.0 195 2.2
Combat Air Patrol Loiter * (hr) 2.0/STOVL 2.8 235 3.0

• 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 ft (fps) 750 824 750 832

t l2) 300 gallon tanks
(2) 600 gallon tanks

• constraints FIGURE 60
WEI GHT AN D PERFO RMANCE SUMMARY

L + L/C Aircraft
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RALS 
~~~~~~~~ 

_
_

Variable Cycle Features
• Front and Rear VABIs
I Variable Area LP Turbine
• Double Bypass Split Fans

Cycle Design
_ _—  - -  200 w -VTO Mission VTO Conventional Flight

FPR 4.7 
— 

34 CTO 
,
7—lfflet Dehve red 

ft

l IT .  3200°F 26000F 
160 

FCE.> ~~~~~~~~~~~7 M3th

3200°F 3350°F 

~ 120 
~~RALS VCE ~~~~~~~~~~~~~~~Max Total / Matches Inlet~ ne Flow 200 lb/sec 175 Ib,sec Airflow fromngi 

__________ __________ Mach 0.8 to Mach 2.0
Max RALS 45 lb/sec — 80 ‘.

~~~~Flow 0 1.0 1.4 1.8 2.2
Free Stream Mach No.ACS Flow 16 lb/sec —

FIGURE 61
GENERAL ELECTRIC RALS VCE CONCEPT

GE16/VF-19 Study Al
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The RALS/VCE is sized by VTO requ irements as shown in Figure
62. The RALS/VCE is sized to produce a lift/TOGW ratio of 1.2 on
a 90°F day, thus providing margin for reingestion , ground effec ts,
and acceleration . Both the RALS and VCE are designed to operate
with continuous nozzle exhaust gas temperatures of 2800°F and for
short period transients to 3200°F for pitch control .

Aircraf t designs using the RALS/VCE concept were found to be
highly sensitive to the relative quantity of RALS and ADEN nozzle
thrust used for powered lift operation . For example , an accept-
able aircraft design could not be obtained using the first RALS/
VCE concept (GE16/VF19-A1 ) provided by GE, Figure 63 . For this
aircraf t design , the RALS supplied 25% of the total powered lift
and the ADEN nozzle supplied 75%.  This required that the RALS
moment arm, relative to the aircraf t C .G ., be three times longer
than the ADEN nozzle moment arm for powered lift thrust balance.
The Model 2002 aircraf t, Figure 63 , was considered unacceptable
for three major reasons ; f i rst, the aircraf t could not be VTO
thrust balanced while maintaining reasonable aircraft length. The
weight analysis of the aircraft design indicated that the result-
ant powered lift thrust vector produced by the RALS and ADEN was
16 inches aft of the aircraft TOGW C.G. As a result, the moment
produced by the ADEN powered lift thrust was not balanced by the
moment produced by the RALS thrust. Secondly, the aerodynamic
stability of the aircraft was too high, resulting in excessive
trim drag. Finally, the location of the landing gear relative to
the ADEN exhaust was unacceptable for VTOL operation.

Considerable airframe and engine design effort was required
to obtain a viable RALS/VCE aircraft integration concept, Figure
64. This effort included evaluations of both augmented and non-
augmented VCE’S and assessments of the unique airflow scheduling
capability of the VCE .

7 .2 .1  RALS/Augmented VCE Evaluations - Four RALS/augmented
FCE ’s were evaluated dur ing Phases II and I I I .  They included ADEN/
PALS thrust ratios rang ing from 3 to 1.2.

The most attractive aircraft design obtained from the Phase
II effor t was designated the MCAIR Model 226-2008 and was designed
using the GE16/VF19-D1 engine. This engine, which incorporated a

• modified PALS to minimize aircraft cross sectional area, had an
ADEN/RALS thrust ratio equal to 1.8 for VTO. Therefore , the PALS
had to be located forward of the aircraft C.G. 1.8 times further
than the ADEN nozzle was located aft of the C.G. to provide powered
lif t thrust balance, Figure 65. In order ot obtain an aft C.G.
location and still maintain an efficient aerodynamic configuration ,
a large quantity of fuel was located in the af t fusela ge for VTO as
illustrated in Figure 66 .  During transition from VTO to wing-borne
flight, however, it was necessary to transfer fuel from the aft
tanks to forward tanks to achieve the required aircr af t stability
margin. While such procedures are possible in advanced technology
systems , they were considered undesirable.
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• Size for 90°F Day Operation
I Size to FNV /TOGW = 1.2 to Provide Margin for
• Reingestion Effects
• Ground Effects
I Acceleration (0.05 FNV/TOGW)• Control

• Use RALS/ADEN Exhaust Ga: Temperature of 2800°F
• Provide Capability to Modulate Thrust for Pitch Control

• RALS/ADEN Exhaust Gas Temperature - 2800°F - 3200°F
• Provide Bypass Airflow for Roll Control

• 16 lb/sec Per Engine
• Provide Capability to Vector RAt ~S Thrust for Yaw Control

• RALS Vectoring Nozzle

FIGURE 62
RALS/VC E POWERED LIFT SYSTEM SIZING CRITERIA
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I Unba~~nced VTO Thrust Vector

• Aircraft Stability to High

= ~~~ :~ 
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• Unacceptable Landing Gear/A~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

OP7I.0054-5$

FIGURE 63
INITIAL RALS/VCE AIRCRAFT DESIGN LAYOUT

Model 226-2002 GE16/VF19-A1 RALS/VCE

RAL S FNADEN 
Results 

1
ration NRALS

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

— RALS Forward

_______ 
and Aft

Ptiase fl Cl 1.25 • Design Sketch RALS Size Orig inal
Only Prohibitive

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

_______ ________ _______ 

Design (Model 2008)

02 1.2 • Twin RALS/VCE Balanced - 
Modified

— Modified Confi guration -

RAL S Design Excess Performance
— Compressor (Model 2012)

Bleed for RCS
— Tex i t ~~ 2800°F 

_______________ VCE
A3 1.2 • Twin RALS/VCE Excessive Combat

PhU.ffl (Dry — Modified Fuel Consumption
Power RALS Design Lb — ~~E5 x W F
VC E) — Texi t  = 2000°F Fuel 

— 
- -~~~ - 

EN

A? 1.2 I Twin RALS/VCE Competitive
(Min i — Modified with 20 1 2
Burnerl RALS Desi gn Z~TOGW +400 lb

________ ________ 

Texit = 2000°F (Mode l 2014)

OP?~ -OlIl-2

FIGURE 64
AIR CRA FT DESIGN PROG RESSION
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VTO Thrust Diagra m
TOGW C.G.

RALS ~
_- 18ft __fr_ 1of t~~~ ADEN

7~37O lb 13.402 lb
(2.800°F) (2,800°F) -

-

I VTO TOGW = 34,400 lb
• Fuel Transfer and

Fly-by-Wire Required
to Maintain Aerodynamic
Stability within Limits

OP1S-0014-5*

FIGURE 65
MODEL 226-2008 AIRCRAFT DESIGN USING THE GE16/VF19-D1

-
~~ 40
o Neu t ral I

Point Takeoff
Transition 

__________

Fuel Transfer
~~30 ,, - 2% Stat c 

___________________

Landing Stability
—9% Static Stability

-
~~ 20 8% Static Stability

380 390 400 410 420 430 440
C G. Position - Fuselage Station

FS 0 100 200 300 400 500 600 695

Fuel Transferred from Tanks 48 and 4C to Tanks 1 and 2
OP7S.0401-12

FIGURE 66
MODEL 226-2008

FUEL TRANSFER REQUIRED TO MAINTAIN C.G. TRAVEL WITHIN LIMITS
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An analysis was conducted to determine the thrust split re-
quired to provide the capability to distribute the fuel around the
aircraft C.G., and thus eliminate fuel transfer. A thrust ratio
of 1.2 was selected as illustrated in Figure 67. General Electric
achieved this ratio in the GE16/VF19-D2 PALS/augmented VCE concept.
Compressor interstage bleed air was used for the RCS rather than
bypass airflow as on the GE16/VF19-Dl engine. This, then, provided
additional bypass airflow for the PALS, thus increased PALS thrust.

A converged aircraf t design, Figure 68, was obtained, using
the GE16/VF19-D2 engine. The Model 226-2012 aircraft C.G. charac- -

teristics are summarized in Figure 69. Positive aircraft stabili-
ty was obtained after nominal fuel burnoff during VTO, without the
use of fuel transfer. 

-

The Model 226-2012 is competitive with the L + L/C aircraft
designs in alternate mission capability and superior in combat per-
formance. The weight and performance characteristics of these air-
craft are compared in Figure 70. The engine cycle characteristics
are compared in Figure 71. The RALS/VCE is sized by the VTO thrust
requirements and as a result, exhibits excess thrust at combat con-
ditions. Sizing the RALS/VCE for VTO substantially reduces accel-
eration time and increases P5, but also increases TOGW. However ,
if the L + L/C aircraft were sized to provide an equivalent combat
Ps of 1270 feet/second , the resulting TOGW ’s would exceed 38,000
lb as indicated in Figure 72 for the VGTTJ powered aircraft.

7.2.2 PALS/Non-Augmented VCE Evaluations - Investigations
were conducted to assess aircraft sensitivity to the augmentation
levels used in both the PALS and VCE. Two options were investi-
gated : (1) removal of the VCE augmentor and (2) operating the VCE
non-augmented in VTO and reducing the maximum VTO exhaust gas tern-
perature of both the PALS and VCE from 2800°F to 2000°F.

A converged aircraft design could not be obtained with a RALS/
VCE engine for which the VCE af terburner had been eliminated. The
non—augmented VCE is comapred with its augmented counterpart in
Figure 73. In addition to decreasing engine length and weight the
PALS thrust was increased by 26% as the airflow previously used to
cool the ADEN nozzle in the augmented design was available for use
in the PALS with this concept. However, due to operating the VCE
dry, total VTO thrust was reduced by about 15%. Prohibitive com-
bat fuel requir ements prevented aircraf t design convergence with
the GE16/VF19-A3, dry VCE, concept. Supersonic thrust was signif i-
cantly reduced by operating the FCE non-augmented and , as a result ,
increased combat fuel requirements prohibitively . Specifically,
combat fuel was defined by:

Eh WfCombat Fuel = lb M = 1.6 @ 40K
S
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FIGU RE 67
AUGMENTED RALS/VCE EVALUATION

TOGW = 33,900 lb ____

FNv ADEN
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FIGURE 68
MODEL 226 -2012

RALS/VCE
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Neutral
o Point

- .  Takeoff
Transition I - -

°~ 30 — - 
2% Static Stability
—1% Static Stability

Landing

,~ 20 ________ 

—j-—1 7% Static Stability
340 350 360 370 380 390 400

C.G. Position, Fuselage Station - in.

FSO 100 200 300 400 500 600 692
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FIGU RE 69
MODEL 226-2012

IMPROVED THRUST SPLIT - NO FUEL TRANSFER REQUIRED
RALS/VCE

TOGW 33,900 Lb

L + L/C Aircraft Designs
RALSNCE

FCE-TF VGT-TJ VCE-TF Aircraft
Requirements L/C Engine L/C Engine L/C Engines (Model 2012)

• TOGW (Ib) — 32.650 29,100 29,600 33,900
• Internal Fuel (lb) — 10,600 9,100 8,960 10.100

• Mission Performance
DLI Radius ( m t  Fuel) (NM) 15OIVTOL 150~ 150k 150 150”
Fighter Escort Radius t (NM) 400/STOVL 555 580 598 570
Tactical Strike Loiter4 (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

I 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 (9) 4.15 475” 475 *4 475 4* 495
Specific Excess Power

Mach 0.90 at 10,000 ft (fps) 750 824 750 832 1.270

t (2) 300 gallon tanks
•(2) 600 gallon tanks

“Sizing conatraints 
FIGURE 70

AIRCRAFT WEIGHT AND PERFORMANCE SUMMARY
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Engine Cycle Characteristics

- Maximum v~o~
3
~FPR BPR OPR TIT Thrust

(°F) Weight

FCE-TF~~ 40 0.60 27 3180 6.7

VGTTJ~
21 — 0.00 13 2600 6.7

GE16/VVCE 1-A 1 4.0 050 24 3200 6.6

RALS/VCE fl~~5 2 00GE16/VVCE5-D2 4.0 . -

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 GP?7-1SU-.

FIGURE 71
LIFT/CRUISE ENGINE CYCLE CHARACTERISTICS

4C

Constraints
• Intercept Mission

Radius = 150 nm
Dash M0 = 1.6

I n~ = 4.75 g at M0 0.65. 10,000 ft

Re ent
32 _________  _________  _________  _________  _________

L + L/C Aircraft
VGTTJ L/C

28 _____________ ____________________________ _____________

700 800 900 1000 1100 1200 1300
P5 fps

M0 0.9@10,000 ft

FIGURE 72
EF FECT OF COMBAT PERFORMANCE CAPABILITY ON AIRCRAFT TOGW
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GE16/VF19-A1 RALS/VCE
RALS Augmented VCE

VTO Texit = 2.800°F 179 in.
j

rnax I 
____________

~~~~~~~~~~~~~~~~~ 10in. 
33

1~~ 1TJJJ~ J[ fIQ\
-_J L_- -m5 in. I Weight (RALS + VCE) = 2,895 lb

FN~ RALS = 4.650 lb • 
FNv ADEN 

= 3.0 FN~ ADEN = 14,040 lb
FNv RALS

GE16/V19.A3 RALS/VCE
RALS Dry VCE Reduced

- MomentVTO Texit 2.000°F I— 129 in. — Arm
j

rnax I 
_ _ _Qj~~~~~~ JJ Jf in. 

_ _ _  _ _ _

__J L._18 
~~~~ 

• Weight RALS + VCE = 2.360 lb
FNV ADEN

RN~ RALS = 5,869 lb 
FNV RALS 

= 1.7 FN~ ADEN = 9.943 lb
OP7S-OOS4-43

FIGURE 73
EVALUATION OFA NONAUGMENTED RALS/VCE
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where: ~h = Equivalent combat energy , 32 ,000 f t
Wf = Fue l flow rate at maximum power , lb/sec
P5 = Specific excess power, ft/sec (function of thrust

minus aircraf t drag)

Decreasing VCE augmentation reduces the Ps at M0 = 1.6 at 40 ,000
feet more rapidly than fuel  f low decreases and , thus , significant-
ly increases combat fuel requirements.

A converged aircraft design was obtained with a RALS/VCE en-
gine for which the FCE had limi ted augmentation capability in the
forward flight mode. This limited augmentation FCE, designated
the “mini—burn-ar” VCE, used an afterburner temperature rise of
1000°F, compared to over 2000°F for the fully augmented engine.
The aircraf t design was based on the airframe design characteris-
tics (wing loading, aspect ratio, etc. ) optimized for the fully
augmented Model 226-2012 aircraft. The resulting aircraft, Model
226—2014, is shown in Figure 74 .  A weight and performance summary
of the Model 226—2014 aircraft is compared with the Model 226—2012
aircraft in Figure 75. The Model 226—2014 aircraft is 800 lb
heavier than the Model 226-2012. The combat accel time and speci-
fic excess power (Ps) capability of the Model 226-2014 is lower
than that of the Model 226-2012; however , it is well above the re-
quired levels. The load factor capability can readily be increased
to the required level by slightly reducing the Model 226-2014 air-
craft wing loading .

- 7.2.3 VCE Forward Flight Airflow Scheduling Evaluations -

The GE modulating bypass turbofan VCE concept provides the unique
capability to vary the airflow over a wide range of operating con-
ditions. GE provided engines with three airflow schedules for
preliminary evaluations of the impact of this capability on air-
craft mission and combat performance. These airflow schedule
changes were achieved with no engine design changes and with only
minor impact on nozzle size. Airflow scheduling evaluations were
conducted using both the fully augmented and “mini-burner” VCE
concepts as discussed below.

Fully Augmented VCE Airflow Scheduling Evaluations - The im-
pact of airflow scheduling for the fully augmented VCE was evalu-
ated using the Model 226—2012 aircraft design. The three airflow
schedules provided by GE are shown in Figure 76 for a VCE sized by
a 34” fan diameter. The nominal schedule represents the airflow
used to define the initial RALS/VCE aircraft design . The high air-
flow schedule was established based on the combat specific excess
power requirement at 0.9 M0 at 10,000 feet and the 1.6 Mcj, 40,000
feet dash condition. The low flow schedule was estimated to be
that airflow necessary to achieve the required combat acceleration
time of 90 seconds from 0.8 M0 to 1.6 M0 at 35,000 feet. Aircraft
TOGW varied only from 33,800 lb to 34,000 lb for the three sched-
ules.

Ai rc ra f t  mission and combat performance capabilities were de-
termined for each airflow schedule and are compared in Figure 77 .
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TOGW = 34.700 lb

_ _

I.

!

- 
_ _ _ _ _  (29 3 ft

_ _  

~~6f t~

FNVADEN
GE16/VVCE4-A2 = 1.27

FN~~RALS

I
_S.F 57.7 ft =1

GP7S-00S4- 7

F~GURE74
MODEL 2014

“MINI- BURNER” RALS/VCE

77

- - - S__- 
--

~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ 
-- -- 5- - _ -5-



RALS/VCE RALS/VCE
Aircraft Aircraft

Model 2012 Model 2014

Fully “Mini-Burner”Requirements Augmented
VTO Texit 2800°F VTO ~~~~ 

= 2000°F

I 10GW (Ib) — 33.900 34.700

• Internal Fuel (It,) — 10,100 10,000
I Mission Performance

DLI Rad (Int Fuel) (nm) 150/VIOL 150~ 150~~
F~p’iter Escort Radt (nm) 400/STOVL 570 540
Tactical Strike Loiter (hr) 2.0/STOVL 2.0 1.8
Combat Air Patrol Loiter (hr) 2.0/STOVL 2.7 2.5

• Combat Performance
Acceleration

Mach 0.8 to 1.6 @ 35,000 ft (sec) 90 52 68
Maneuver

Mach 0.65 @ 10,000 ft (g) 4.75 4.95 4.7
Specific Excess Power

Mach 0.90 @ 10,000 ft (fps) 750 1,270 1.095
(2) 600 gal, tanks “ Sizing constraints t (2) 300 gal. tanks

FIGURE 75
RALS/VCE AIRCRAFT DESIGN SUMMARY

Airflow
220

,—VT O Airflow = 200 lb/sec (All Schedules)
D3 High Airflow

D2, Nominal Airflow

~~ 180 -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

_

140 

~~~~ D4, Low A irflow

100
0.8 1.2 1.6 2.0

Mach Number

FIGURE 76
AIRFLOW SCHEDULING - FULLY AUGMENTED VCE

Attitude = 36,089 Ft
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The high flow schedule: (1) resulted in approximately a 5% reduc-
tion in internal fuel to achieve a 150 NM DLI radius , (2) improved
specific excess power, and (3) reduced acceleration time. However ,
the high flow schedule resulted in up to a 6% increase in total
fuel, internal plus external , necessary to meet the predominantly
subsonic alternate mission requirements. The low flow schedule
resulted in an increase in the quantity of DLI mission fuel and
reductions in combat performance, relative to the nominal schedule ,
with essentailly no improvement in alternate mission s fuel require-
ments.

“Mini-Burner” VCE Airflow Scheduling Evaluations - The impact
of airflow scheduling for the partially augmented VCE was evaluated
using the Model 226-2014 aircraft design. The three airflow sched-
ules provided by GE for this evaluation are shown in Figure 78.
The nominal and low flow schedules were established in the same
manner as for the fully augmented VCE schedules discussed above.
However , the high flow schedule was established to maximize the
thrust available for combat acceleration . The aircraft TOGW var-
ied from 34,400 to 34,700 for the three schedules.

Aircraft mission and combat performance capabilities were de—
termined for each airflow schedule and are compared in Figure 79.
Similar to the previous results, the high flow schedule resulted
in approximately a 5% reduction in the DLI fuel load , improved
supersonic specific excess power and reduced acceleration time.
In addition , the high flow schedule resulted in an 8%-lO% increase
in the quantity of alternate mission fuel required . The low flow
schedule results were also similar to those obtained with the
Model 226-2012, increased DLI fuel load, reduced combat performance
and increased alternate mission fuel loads.

7.3 EFFECT OF DIRECT LIFT ENGINE TECHNOLOGY ON L + L/C AIRCRAFT
TOGW - Direct lift 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 deter-
mined by resizing the L + L/C aircraft designs to meet the Inter-
cept mission and performance requirements. These results are shown
in Figure 30 and in Appendix C, Figure C-6. The RALS/VCE aircraft
is also included for comparison, since reducing lift engine T/W
ratio makes the RALS/VCE even more 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 capa—
bility . Combat performance was not affected .
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FIGU RE 78
RALS/” MINI-BURNER” VCE AIRFLOW SCHEDULES

GE16/WCE6-F Series Engine
Altitude 36,089 Ft
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8. VCE PAYOFF ASSESSMENTS

VCE payoffs were assessed in terms of TOGW, life cycle cost,
performance and operational flexibility . General Electric esti-
mated VCE-TF engine costs higher than those for FCE-TF and VGTTJ
engines of comparable size. For example, the RDT&E and production
costs of a VCE—TF were estimated to be 18% and 11% higher , respec-
tively, than a FCE-TF engine sized to the same sea level static
thrust. Therefore, for the FCE—TF to be cost effective, these
higher engine related costs must be offset by reduced airframe and
fuel costs, or , the VCE-TF must prov.ide increased performance and!
or operational flexibility. The FCE payoff assessments were con-
ducted using the results obtained from the fixed cycle turbofan ,
variable geometry turbine turbojet and variable cycle turbofan en—
gine/airfrarne evaluations . The VCE payoffs were assessed relative
to the L + L/C aircraf t powered by advanced technology fixed cycle
turbofan (FCE-TF) lift/cruise eng ines and advanced technology lif t
engines. The TOGW of this FCE-TF aircraft was 32,650 lb when sized
to a 150 NM DLI mission radius and representative combat perfor-
mance requirements , and its LCC was estimated to be in excess of
19 billion dollars.

8.1 AIRCRAFT TAKE-OFF GROSS WEIGHT - Substantial TOGW payoffs
were obtained using either VGTTJ or VCE-TF engines in L + L/C air-
craft, Figure Ui, but the RALS/VCE aircraf t was approximately 4%
heavier than the FCE-TF aircraft.

The L + L,’C aircraft TOGW payoffs were the result of reduced
fuel, propulsion system and airframe weight. For example , the
variable geometry turbine turbojet produced a TOGW saving of more
than 3500 lb when compared to a fixed cycle turbofan-powered air-
craft sized to perform the same DLI mission . As shown in Figure
82, about 1500 lb of that TOGW reduction was attributed to reduced
fuel requirement with the remainder propulsion system and structur-
al weight reductions. A detailed breakdown of the specific engine
operating characteristics which produced these weight savings is
shown in Figure 83.

The VGTTJ produces lower SFC at the DLI dash and combat con-
ditions than does the FCE-TF . The maximum power combat SFC dif-
ference results in a TOGW saving of 560 lb. At the dash condition ,
the throttle setting is established where propulsive force is equal
to aircraf t drag . Consequently, at the dash throttle setting the
uninstalled SFC of the VGTTJ is about 0.2 lower than that of the
FCE—TF and a 1370 lb TOGW increment is obtained .

The variable geometry features of the VGTTJ are primarily used
to minimize subsonic cruise SFC. As shown in Figure 83 , the FCE-TF
exhibits significantly lower SFC at intermediate power than the
VGTTJ. As power is reduced , however , the variable turbine stator
flow area is increased in direct proportion to the decreasing tur-
bine inlet temperature . This procedure keeps the engine operating
at the intermediate power pressure ratio and airflow and, with the
reduced TIT, SFC decreases with throttle setting . When the maximum
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TOGW Comparison
DLI Mission

2.00C
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1,00: +1,350
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FIGURE 81
VCE PAYOFF ASSESSMENT - 10GW

85

_______ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-
~~~~~

~ c~; I  ~ I~~~ I
~ ii O)~ i ’ ~~I >g~ ~

I

‘I ~~~~~~ I~~~~I ha ~U- - j
Q..c~~~ ) 

‘ tm~~ 
C0

0 
~~~ U.N

I ~~

- I

‘iiN~~ LJ~4~
i i

S
C

~~
IU

~~

86

~ 



— —— ~~~~~~ — — —— vI ----.— .s

U. i~1a. .~ U ~~~~ J U

I1_~L~~
_
~;z 

~~~~~~~~
qi 001 - ~q6~a~ aU!6U3 ~aA!~e,a~ - aU!6U3 iad b/çj

_ _ _ _ _ _ _ _ _ _ _ _ _ _  ~

I

~~1 ~~

—~~ --i—~

31S BU!6U3 .eA!~~IeIJ 3~S aU!6U3 .sA!~eIe~I

87

—



- 

-

~~~

turbine stator area limit is reached (about 65 % of intermediate
thrust for this engine) the rotor speed decays with throttle set-
ting and corresponding SFC increases are encountered . In this
example, the VGTTJ cruise throttle setting is beyond the turbine
area variation limit. The slight cruise SFC penalty obtained with
the VGTTJ produced an estimated 30 lb TOGW increase.

Engine size was determined by a specified energy maneuvera-
bility requirement at Mach 0.65 at 10,000 ft altitude. At that
flight condition, the VGTTJ exhibits slightly higher maximum power
thrust-to-weight ratio than the FCE-~TF. More significant, however,
is that the smaller size of the VGTTJ-powered aircraft required
less thrust to achieve the specified performance and each of the
two engines were reduced in scale to achieve a net weight saving
of over 1000 lb.

Finally , the VGTTJ resulted in decreased cruise installation
losses relative to the FCE-TF-powered aircraft. At intermediate
power, the inlet and nozzle/aft-end drag characteristics of both
systems are essentially equal. At reduced power, however , the
airflow of the FCE-TF decays, but the VGTTJ airflow remains con-
stant to about 65% of intermediate thrust. Consequently , at the
cruise throttle setting, the VGTTJ installation losses produced a
TOGW reduction of about 580 lb relative to those encountered with
the FCE-TF.

Similar comparisons for the VCE-TF L + L/C aircraft are in-
cluded as Figures 84 and 85.

The RALS/VCE increase in TOGW was due to increased propulsion
system and airframe weight, Figure ~36 . As indicated in Figure 87,
the RALS/VCE engine reduced SFC at dash, combat and cruise and re-
duced propulsion system drag. However, this was offset by the in-
crease in engine and airframe weight resulting from the RALS/VCE
being sized by the VTO requirement.

8.2 AIRC RAFT LIFE CYCLE COST - The variable cycle engines which
have been evaluated resulted in aircraft TOGW reductions and one
concept, RALS/VCE, eliminated the requirement for separate lif t
engines. The attendent impact on aircr aft life cycle cost has also
been estimated . The lowest aircraft LCC were obtained for the
L + L/C aircraft powered by the single-spool VGTTJ engine, Figure
88. The LCC cos t for the aircraf t powered by the more comp lex
VCE-TF engine and RALS/VCE engine were competitive with the FCE-TF
aircraft.

The airframe and engine cost for the three L + L/C aircraft
and the RALS/VCE aircraft are compared in Figure 89 . The cost
payoffs achieved with the VGTTJ engine reflect lower TOGW and ,
therefore , lower airframe cost and lower engine production cost
resulting from the reduced engine size. The lower TOGW and , there-
fore , lower airframe cost of the FCE-TF aircraft offset increased
engine development cost and resulted in production cost competitive
with the FCE-TF. Elimination of the cost of developing and
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~ TOGW = —7%
FuelFixed Cycl e Engine

Turbofan (FCE TF) Deck Launched Interce pt
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+~~~~~~~~~~
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t ~~
I VL 

• VTO Mach 1.6 @40 ,000 ft .yd Structure
Variable Cycle Engine ~

- 150 nm ~- ‘ Weapons 15855Turbof an (VCE TF) ______________________________________ lb16,625 lb

FCE TF 
— 

VCE TF
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FIGURE 84
POTENTIAL VCE TOGW PAYOFF - VCE-TF AIRCRAFT

Lift + Lift/Cruise V/STOL Fighters
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Life Cycle Cost Comparison
2,000 IL + L/C Aircraft OLE T/W = 18:1 900 Production Aircraft

15 Year Life Cycle I
i ooo I RALS /VCE_

Aircraft

FCE TF —390 
—800

- $19,465 M VCE-TF 
_________

2 —1,000 —1,825 

i RALSN C E —
C.)
0-J _______

—2,ooo VGTTJ I

—3,000

0P77-101S4

FIGURE 88
VCE PAYOFF ASSESSMENT - LCC
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producing separate lift engines, 1.67 billion dollars, made the
RALS/VCE cost competitive with the FCE-TF aircraft.

8.3 AIRCRAFT COMBAT PERFORMANCE - Assessments of the combat per-
formance capability of the several aircraft designs were made to
determine VCE impact. Each v/STOL fighter achieved at least the
required levels of combat performance. However, the RALS/VCE en-
gines were sized by VTO requirements and, as a result , exceeded
the required combat performance level as indicated in Figure 90 .
Although the RALS/VCE was 4% heavier than the reference aircraft,
this aircraft had 40-50% more combat P~ and acceleration capability
than that used as representative for advanced systems for this ex-
ample. If higher combat performance levels than those used in this
study are required, the RALS/VCE aircraf t will become more competi-
tive. For example, the VGTTJ aircraft was scaled to provide a com-
bat P5 level, 1270 ft/sec , equivalent to that of the RALS/VCE air-
craft. The estimated LCC for the scaled turbojet aircraft exceeded
the RALS/VCE life cycle cost by 10% or approximately two billion
dollars, Figure 91.

8 .4  AIRCRAFT OPERATIONAL FLEXIBILITY - The operational flexibili ty
achieved through the use of variable cycle engine features was as-
sessed using the fuel required to achieve the Tactical Strike Mis-
sion two hour loiter time as a figure—of—merit. As shown in Figure
92, 5% and 14 % fuel savings , relative to the FCE-TF, were obtained
with the VFTTJ and VCE-TF engines, respectively . Less than a 1%
fuel savings was obtained with the RALS/VCE aircraft design .

The operational mission flexibili ty achievable with variable
cycle features in a L + L/C aircraft is further illustrated in
Figure 93. For the DLI mission , the lowest TOGW was achieved
using a fixed cycle turbojet. However, including the Tactical
Strike Mission resulted in the fixed cycle turbojet going from the
lowest to the highest TOGW. Adding variable cycle features to the
turbojet reduced the Tactical Strike Mission TOGW but resulted in
a slight penalty in DLI TOGW. Adding variable cycle features to
the turbofan provided a DLI TOGW competitive with the turbojet and
produced the minimum TOGW required to achieve the Tactical Strike
Mission .
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Combat P~
Mach 0.9 at 10,000 ft
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FIGURE 90
VCE PAYOFF ASSESSMENT - COMBAT PERFORMANCE
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Combat P, 1270 ft /sec at Mach 0.9 @ 10,000 ft
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RDT&E 2,137 1,921

Production 9,259 8,402
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Tota l 20,608 18,668
0P77-IDSS-14

FIGURE 91
LIFE CYCLE COST FOR EQUIVALENT PERFORMANCE
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FIGURE 92
VCE PAYOFF EVALUAflON OPERATIONAL FLEXIBfl.ITY

Two Hour Loiter Tactical Strike Mission - External Fuel as Required
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9. CONCLUSIONS AND 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 are discussed below.

A parametric V/STOL Fighter Design Evaluation Procedure was
developed and demonstrated which will be a valuable tool in future
V/STOL f ighter  engine/airframe 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-off s using fixed cycle turbofan and vari-
able geometry turbine turbojet (VGTTJ) engines. A VGTTJ aircraft
design was defined which had substantial payoffs relative to a
fixed cycle turbofan aircraft. These payoffs  inc luded a 11% re-
duction in Intercept mission TOGW , a 9% reduction in life cycle
cost and improved operational flexibility . -

A L + L/C V/STOL fighter design was also evaluated using a GE
variable cycle turbofan engine (VCE-TF) * This engine produced 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 lif t/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 the FCE-TF aircraft, the
RALS/VCE aircraft life cycle cost was competitive and the RALS/VCE
aircraf t improved operational flexibili ty . In addition, the RALS/
VCE aircraft provided 50% more combat performance 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 to include RDT&E in areas which were outside the scope of
this program. These studies should be both analytical and experi-
mental in nature with engine and airframe companies participating.
Airframe company RDT&E stud ies should include : base compatibili ty
evaluations, ground effec ts and suckdown loss assessments , hot gas
ingestion investigations, powered lif t control evaluations and pri-
mary/auxiliary air induction system development and testing . In
addition , engine components critical to development ,of the modula-
tion bypass VCE-TF concept, including the RALS, shólñd be included
in engine company technology demonstrator programs .

One of the significant advantages of the RALS/VCE concept is
the capability to vary the forward flight VCE airflo~~and thrust
over a wide range. A systematic parametric evaluation of this
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unique capability should be accomplished to determine its impact
on inlet , nozzle and VCE control designs and its impact on total
weapon system performance. -

Cons ideration should be given to continuing development of -
the ADEN nozzle. The capability to augment in the vectored thrust 

-

mode increases the allowable STOL payload .

At the present time, the Rand TOA model is the only generally
available procedure for parametrically predicting engine RDT&E and -

production cost. New procedures are required which reflect the
advanced technology impact of variable cycle eng ines on life cycle
costs .
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APPENDIX A

V/STOL FIGHTER COMPUTER AIDED DESIGN EVALUATION (CADE) PROGRAM

A computer aided procedure, for conducting parametric V/STOL
fighter aircraft design evaluations, has been developed by modify-
ing a procedure defined for conventional take-off and landing air-
craft. This V/STOL procedure, herein referred to as V/STOL CADE ,
was developed using both contract and MCAIR funds and provides the
capability to compute L + L/C aircraf t size , weight, performance
and cost characteristics for user specified engine/airframe design
parameters and mission profiles as shown in Figure A-l. V/STOL
CADE performs six major functions: (1) aircraft geometry and
weight scaling, ( 2 )  powered l i f t  system sizing and thrust balancing ,
(3)  a ircraft  mass balancing , ( 4 )  cruise eng ine sizing , (5)  fuel
sizing, and (6) cost analyses. Output from the V/STOL CADE pro-
gram includes the geometric and weight characteristics of the air-
craft when sized to meet specific requirements , design and alter—
nate mission performance , and aircraft combat performance capabi-
lity.

Design Paramete r Aircraft Design
Matrix I and Performance I Output

I Analysis I
Airframe I (V/STOL CADE) I

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

eometry • Converged Aircraft
—- and Weight Design

Scaling • TOGWEngine
I Lift System I • Mission Radii
I Sizing and I • Performance
I Thrust Balancing I — EM Points

Parametric I I — Acceleration Times
V/STO L Missions I I — Maximum Speed

~~~~~ 
I Mass Balancing I — Combat Ceiling
I I — STO Distance

• Design I I • Life Cycle Cost• Alternates M ission Fuel I — RDT& Eand Cruise pRadius - System Sizing = roduction

I MCAIR I
Advanced Concepts I

I Cost Model (ACCM) I QPTS4OS4-30

FIGUR E A.1
DETERMINATION OF PARAMETRIC AIRCRAFT DESIGN CHARACTERISTICS

The modifications made to the CTOL CADE program to provide
the capabili ty to evaluate V/STOL fighter designs are described
in the following sections. Aircraf t sizing and performance pro-
cedure modifications are discussed in Section A.l. The modifica-
tions made to the cost model are discussed in Section A .2. Final-
ly, the output data from the V/STOL CADE program is defined in
Section A . 3 .

A-l

_ _ _ _ _



— .. -•- — 
~

-

A.l Aircraft Sizing and Performance Procedure Modifications

Modification of the CTOL CADE program to provide the capabi-
lity to conduct V/STOL aircraf t  sizing and performance analyses
required changing existing modules and adding new ones. Modules
such as the input module, aerodynamic synthesis module , and cruise
engine sizing module , required only minimal change . Other modules ,
such as the geometric , weight , and center of gravity (c.g.) scaling
modules , required extensive change . Two new modules , unique to
V/STOL aircraf t, had to be added . These were the powered lif t sys-
tem sizing and thrust balance module and a short takeoff (STO) dis-
tance calculation module. A simplified flow diagram of the V/STOL
CADE program is shown in Figure A-2. The major modifications are
discussed below. -

Parametric Matrix of
Basel ine Aircraft Variables
• Airframe S Airframe Design lisS!Ofl

• Engine • Engine Design ro i es

• Performance Req

4 +
_ _  

1
Cruise

Geometric Sizing, Cruise Engine (s) Sizing Engine -Sizing
Iteration

W ing Weight Scaling, Loop Fuel Sizing
Sizing 

II, iteration
Loop F . Loop

I C.G. ScalingThrust Size _________________

and Balance Mission Fuel Sizing
Iteration Loop 

_____________

Lift System Thrust
Sizing and Balance Converged

Aircraft Design

FIGURE A- 2
CA DE V/STOL COMPUTER PROGRAM LOGIC DIAGRAM

Geometric Size and Weight Scaling - The geometric size and
weight scaling modules were rewritten to accommodate L + L/C V/STOL
aircraft. Figure A-3 summarizes the important geometric size and
weight scaling module capabilities and limi tations . The program
logic will handle either axisynunetric or two-dimensional V/STOL
lift/cruise (L/C) nozzle designs. The aircraf t may have one or
more direct lift engines (DLE), located in tandem , forward of the
c . g . ,  in conjunction with one or two L/C engines, positioned with
their thrust  vectors a f t  of the c .g .  As shown in Figure A—4, the
aircraft has four scaleable fuselage segments, plus fixed forward
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and aft fuselage segments. The scaleable segments consist of a
fuel bay located forward of the lif t engines, the l i ft  engine
segment, a variable center segment, and the L/C engine segment.
The aircraft wing and tail surfaces are fully scaleable, as in
the CTOL CADE program. The baseline horizontal tail and vertical
tail volume coefficients are preserved. A minimum gap between
the horizontal tail and the wing trailing edge is specified
through input.

S Capabilities:

• Axisymmetric or 2D V/STOL L/C Nozzle Designs
S One or More DLE Located in Tandem, Fwd of C. G .
S One or Two L/C Engines, Lift Thrust Aft of C.G.
S Four Scalable Fuselage Segments
S Ten Fuel Tanks
• 38 Mass Balancing Subsections

• Limitations:

• L + L/C Powered Lift Concept
• Fuselage-Integrated Nacelles
S Conventional Control Surfaces
• Fixed Planform Wings

OP?S.OOSI-32

FIGURE A 3
GEOMETRY AND WEIGHT SCALING

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
!~~

uzontat

Air ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
Lift Engine Wing —” ~~~~~~~ “—L/C Engine, and

Air Induction Systemoegrnent
Fixed Fwd Vertical Tail

Fixed Aft
ii I Fuselage

Fwd Fuel ~I Segment
Segment “ ‘

~~~
— Center

Segment
QPTh-oasa.33

FIGURE A.4
AIRCRAFT SEGMENTED FOR DETAILED

GEOMETRY SCALING
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There are ten fuel tanks ; two wing tanks , the fuel tank for-
ward of the DLE ’s, four center section tanks , two banks in the
L/C section , and an a ft  fuselage tank . The wing tanks scale
with wing area and are assumed fu l l  to start. The a f t  fuselage
tank is fixed in quantity . The forward and one of the center
fuselage tanks are scaleable as a function of fuel quantity and
distribution. The program will size the fuel load to the fuel
required to meet the design mission .

An example of the geometric sizing logic is shown in
Figure A-5, for the forward fuselage segment. For this example ,
the forward fuselage segment contains two direct lift engines
canted with respect to the vertical by the angle 6. When the
lift engine thrust is scaled, lift engine length, LE, and dia-
meter , DE, are scaled proportionally . The baseline fuselage
height through the engine bay, HE0, is then incremented by the
change in the vertical component of the additional engine length.
The fuselage width is correspondingly changed by maintaining the
fuselage height to width ratio. The perimete.~ of the fuselage
is scaled as a conic using the new height and width . Length is
also added to the fuselage proportional to the lift engine(s)
diameter change. The resulting volumetric change is then comput-
ed using the scaled length width, and height. Similar scaling
logic is used to define the forward fuel segment geometry , with
the volume available for fuel calculated as a function of the
total volume change.

BB

HB = H8 + ~ LE cos 
Lift Engine-_~~~~~~~~~~~~

—~~ = Constant I_E_T~~~~~~~_)~�~y_FuseIage
BB Section
Po f(Maj or Conic )

Forward Fuselag e P8 FS 210 Air Induction
Fuel Section

= Scale Factor

I — IHB
WL 100.0 —

DL

FSO 155 210

Inlet Lip
Location

Fixed 
0P7S4401-17

FIGURE A-B
TYPICAL GEOMETRIC CONSIDERATIONS
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Thirty-eight subsections are used to define the weight and
c.g. of the aircraft .  Figure A-6 shows the various weight groups
and their subsections. Each component is scaled using weight
scaling procedures consistent with current conceptua l design
practice . This technique is similar to that used in the CTOL
CADE program wi th the add ition of V/STOL-related components.
The c.g. is computed by taking the summation of the weight com-
ponent moments , about the aircraft  nose , and dividing the total
by a weight component summation. A combat c.g. is similarly
calculated, using the fuel distribution at combat weight , and is
used as a reference when sh i f t ing  the wing to maintain a required
static stability margin.

S Fuselage Group (14) 5 Landing Gear Group (4) • Wing
• Fixed Nose/main Landing Gear 

~ Horizontal Tail
S C’- ~ S Structuree a eria S Vertical Tail
• Bending Material 

S Wheels and Tires

~ S Fuel Systems
S Wing Reaction Material ura~es

S Fuel Prov S Controls S Surface Controls

• L/C Engine Prov • Propulsion Group (5) 5 Reaction Controls

• L/C Air Induction Prov S I/C Engines 0 Hydraulics

S Vertical Tail Pray S DLE S Fixed Empty Weight
S Horizontal Tail Prov S Controls • usable Fuel
• Landing Gear Prov S I/C Engine Section • Fuselage
S L/C Engine Cavity Prov S DLE Section • Wing
• DIE Prov S Air Induction Group (2) 5 Trapped Fuel
• DIE Air Induction Prov S Ramps

• Weapons
• DLE Cavity Prov S Ducts

• Fixed Useful Load

apis lose-u
FIGURE A-6

DETAILED COMPONENT WEIGHT BREAKDOWN USED TO SCALE
AIRCRAFT WEIGHT AND CENTER OF GRAVITY

V/STOL CADE , at present , is limited to lif t plus li ft/cruise
powered lift concepts with fuselage—integrated nacelles. The
current aerodynamic synthesis methods further limit the design
to conventional aerodynamic control surfaces (single or twin
verticals) and fixed planform wings . The program has the capa-
bility of being easily modified, however , to accommodate other
configuration concepts and synthesis methodologies.
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Powered Lif t  System Sizing~ and Balance - A new module was
added to the CADE program to provide the capability to determine
the powered lif t system size and thrust vector locations required
for thrust moments balance. Figure A-7 summarizes the required
capabilities of this module and the options available to the
user. In this new module the L/C engine is sized, as with the
standard CADE program , by conventional flight performance
requirements. To provide vertical takeoff (VTO) capability , the
DLE must be sized to provide the additional thrust required
above that available from the vectored L/C engine(s). V/STOL
CADE provides this capability plus the additional feature of
varying the VTO throttle setting of the L/C engine from reduced
power to maximum A/B thrust. The throttle setting has a direct
effect on the size of the DLE ’s required and the loca tion of the
thrust vectors for moment balancing.

Requirements:
S L/C Engine Sized by Flight Performance Requirements

— VTO Throttle Setting Varied from Reduced Power
to Maximum Afterburner

S DLE’s Sized to Provide Lift/TOGW = 1.05 After Accounting for
— Reingestion. Fountain and Suckdown Effects
— Control Margin During VTO
— Thrust Vectoring Losses and Nonstandard Day

• L/C and DLE Thrust Moments Balanced about C.G. at TOGW

Options:

S Options Available to Size to Any Lift/TOGW Requirement and
Ambient Temperature Condition

• Option to Specify DLE or L/C Engine Size

apis-eisa-u

FIGURE A-7
POWERED LIFT SYSTEM SIZING AND BALANCE

The DLE ’s are sized to provide a specified total power l i f t
thrust (DLE + L/C ) to TOGW ratio. In addition , the continuous
bleed l i f t  engines provide thrust for roll control during VTO .
The powered lif t system sizing accounts for in f luences of rein-
gestion , fountain effects  and suckdown effects . Fi gure A-8
illustrates typical ground effect and reingestion corrections .
These relationships are explicitly def ined through input to the
program as a function of the ratio of the height of the no zzle
above the ground to jet nozzle diameter. Thrust vectoring
losses and nonstandard day environments are also accounted for
in the determination of lift engine size.
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Z Ground Effects Reingestion

0.4 -

~~~~~~~ 1 

0.010 
-

0.2 Founta in I i—~ R’ 0.008

- —~ 4 
_____  

0.006 _____

~ —0.2 - ~~ 0.004 —

o Suckdown
.~ —0.4 - 0.002

_ _  _ _  _ _  _ _  0— — .6 
1 2 3 4 .

~~ 0 1 2 3 4

0 Jet Height to Jet Diameter Ratio - H/De
OP7S-005447

FIGURE A-8
LIFT SYSTEM SIZING ACCOU NTS FOR

REINGESTION AND GROUN D EFFECTS

Additional logic is contained in the powered lift system
sizing and balancing module for locating the DLE ’s relative to
the L/C engines to provide a thrust moment balance about the c.g.
Figure A-9 shows the thrust moment arm relationships . for a ty-
pical V/STOL CADE onverged aircraf t design, which provide thrust
balance at takeoff gross weight (TOGW). This figure also points
out several other important design considerations that were
prominent in the formulation of the CADE logic. As mentioned
previously , the wing is located by mass balancing the scaled
aircraft to provide a specified static stability margin at com-
bat weight and c.g. The c.g. for TOGW is determined for the VTO
thrust balance calculation and may provide more or less static
stability than explicitly specified for combat. The most for-
ward and aft c.g. locations are determined by the program and
output as general information. The maximum aircraft length is
also calculated by the program and is output since this dimension
is critical for Navy aircraft. No attempt is made within the
program to constrai n aircraf t length. Aircra f t length , however ,
is sensitive to L/C VTO throttle setting which can be varied as
discussed above. The inlet lip location is important from an
over-the-side pilot visibility standpoint. The V/STOL CADE
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program will maintain the baseline aircraf t inlet lip location
relative to the nose of the aircraf t unless a minimum duct length
criteria, included in the program scaling logic, is violated .
When this happens , the inlet lip will be move forward of the
baseline location . In this case, a warning message is printed ,
advising the user that over-the-side pilot visibility has been
impaired.

Net Powered Lift (VTO)

Aerodynamic

10.6 11.6

ft ft
S S —

19,4001b 17,6151b

(1) VTO Thrust Vectors Balanced About Takeoff C.G.
(2) Aerodynamic Stability within Limits
(3) Aircraft Length
(4) Over-the-side Pilot Visibility

OP7I-0054-3$

FIGUREA -9
PROPULSION INTEGRATION DESIGN CONSIDERATIONS

Short Takeoff Calculation - Short takeoff (STO) evaluation
methodology for V/STOL aircraft was developed for inclusion in
V/STOL CADE. A STO distance calculation was required in order
to evaluate the alternate mission capability of v/STOL aircraft.
The following paragraphs outline this procedure.

The STO calculation is composed of two parts : (1) the lift-
off speed determination and (2) the takeoff distance required to
accelerate to the lift—off speed, including a trans ition from
ground roll attitude and nozzle deflection angles to those used
at lift-off. Figure A-b shows the forces acting on the air-
craft at lift-off. The program computes the speed at which a
force and moment balance on the aircra ft is achieved (for zero
force on the main gear), vertical acceleration is zero , and the
horizontal acceleration is at least the minimum required (.065
g’s). It is assumed that the aerodynamic moment, MA, of the air-
craf t can be balanced by the stabilator. A simi lar force
diagram is used for the ground roll portion of the calculation.
In this case, the aircraft is assumed to be in a level attitude

= 0, and aerodynamic moments are assumed to be balanced. The
aircraft ground roll acceleration (a/g) is calculated at zero
ground speed and at the rotati on speed , where the rotation speed
is specified as the lift-off speed less 10 knots. The variation

A- 8
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of a/g with ground roll distance is illustrated by Figure A-li.
The ground roll distance is calculated for the two segments shown
by the use of the mean-value theorem, and the total distance is
the sum of the two segment distances.

DRL D  x
~ 1

V 0 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
\& L\OB

f f #’/ / /f f / / i ’7f /ff 7 7 ~77X7777~f 7777,*~~~ 6 L/C ”77~

FM= 0  TL/C
Assum e :
IF = (A/G)W =0 .065 W I
1 F

x 
0 ~ 

Solve Simultaneously
Z I for Lift-Off VelocityI M C G = O  j

GP11-0054-35

FIGURE A- b
SHORT TAKEOFF CALCULATION FORCE DIAGRAM FOR LIFT-OFF 

~~~ ~~~~~~~

Vlift off
~ V 10kts- -

0
Rotation to
°Bmax

Acceleration 
_______

(Unrotated Aircraft)
0.065

M in imum
5)
C
0
-J

Ground Roll Distance

GP?l-0054.4O
FIGURE A.1 1

SHORT TAKE OFF CALCULATION
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Fi gure A-l2 i llustrates the procedure used by the program
to obtain a solution. I t  selects a L/C engine deflection angle
at l i f t -of f  and solves for the l i f t  engine deflection angle ,
l i f t  engine thrus t required , lift-off speed, and STO distance .
This procedure is repeated for a number of L/C engine deflection
angles unti l either (1) the l i f t  engine thrust required eq uals
the l i f t  eng ine thrust available or ( 2 )  the minimum STO dis-
tance is obtained. For the example shown in Figure A-12, the
l i f t  engine thrust available was the limiting factor. A minimum
distance could be found by allowing the calculation to continue
and assuming unlimited lift engine thrust available.

S Assume L/C Engine Vector An9Ies
S Solve for I.E. Vector Angle. I.E. Thrust and Velocity at Which Moment and

Force Equations are Satisfied
S Calculate Ground Roll Distance to Lift-Off Velocity
S Determine L/C Engine Vector Angle at Which:

— L.E. Thrust Required = Thrust Available, or
— Takeoff Distance is a Minimum

S Repeat for Each Alternate Mission External Tank Configuration

w~~~~~~~~~~~~~~~~~~~ I I  _ _ _ _ _ _

40 50 60 70 80 90 40 50 60 70 80 90
L/C Vector Angle , 

~ L/C - Deg L/C Vector Angle, 
~ L/C 

- Deg

FIGUR E A-12 oP,140 4-4’
CADE V/STOL STO METHOD

A . 2  Life Cycle Cost
The MCAI R Advanced Concepts Cost Model (ACCM) provides the

basis in V/STOL CADE for computing aircraft  l ife cycle cost.
The engine cos t logic of the ACCM was modified, using GE data,
to account for advanced engine components and to include direct
li f t  engine. The following paragraphs briefly discuss these
procedures which a f f ec t  engine Development, Production and Opera-
tions and Support (O&S ) costs.
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Engine Development Costs - In V/STOL CADE, fighter LCC in-
cludes the development cost to Model Qualification Test (MQT) for
both the L/C engine and the direct lift engine.

The Rand Time of Arrival (TOA) cost procedure, Reference 8,
is used in the ACCM to compute engine cost. TOA is defined as
the estimated calendar time of arrival of the engine technology .
As indicated in Figure A-13 the difference between TOA and MQT
dates can have a significant impact on development cost. A
negative value of TOA calendar date minus MQT calendar date in-
dicates that the technology will be available to develop the
engine before the planned MQT date. This should reduce develop-
ment risk and cost. If the opposite occurs and the estimated TOA
date is later than the p lanned MQT date, an acce lerated technology
development is required and increased risk and cost will occur.
The Rand procedure computes TOA as a function of turbine inlet
temperature (TIT), overall pressure Latio (OPR) , maximum dynamic
pressure (q), engine weight, sea level static intermediate power
SFC and sea level static max po~ er thrust. past studies have
shown that the TOA computation does not properly reflect emerging
technology trends . For example , only three of the engines used
in the Rand correlations had “cooled” turbine technology .
Furthermore, the TOA equation was based on CTOL engines and
therefore does not include the V/STOL nozzle development require-
ments associated with a L/C engine. Consequently, the Rand engine
development cost analysis procedure was adjusted using cost data
supplied by GE for an advanced technology fixed cycle L/C engine
as shown in Figure A-13.

Baseline Phasell: FCE: - OPR = 22, T.LT. = 2,800°F TOA = f (T.l.T., OPR , q, Wt Engine , Mu SFC, FN)
Mmax = 2.0. FN = 16,050 lb MQT $ = f (0ev Time, FN, (TOA MQT), Mmax)
Time of Arrival of Technology

600

Adjustment Used n the Phase fli
Cost Model for Computing — __________

I~~ 400 . LIC Engine Development Cost —

Rand
, Computed

TOA 1978.-\

~~~ 200_ _____

—

0
12 —10 —8 —6 —4 —2 0

TOA Calendar Date Minus MGI Calendar Date - years

FIGURE A- 13
RAND TOA COST PROCEDUR E

ENGINE DEVELOPMENT COST METHODOLOGY
1976 8
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The Rand TOA cost procedure cannot be used to compute ad-
vanced technology direct lift engine MQT cost. Therefore a GE
estimate was used.

Engine Production Costs - The V/STOL CADE cost model also
uses the Rand TOA cost procedure to compute L/C engine production
cost. DLE production costs are based on GE data. Component
Improvement Cost (CIP), incurred during the production phase , are
included for both the L/C engines and DLE i S.

The effect of TOA on production engine cost is shown in
Figure A-l4. This relationship was also adjusted using produc-
tion engine cost data supplied by GE for an advanced technology
fixed cycle turbofan L/C eng ine . A TOA adjus tment of 1.4 years
was required to match the data provided . -

3500 
I

/_TOA Adjustment
________ 

Used in the Phase ~~3000 — 

~~ Cost Model for Computing 1/C
~~~~~~~ Engine Production Cost

I~~
~ 2500 — —

2000 — —

1500 —
~~~~~~~~~~ 

- _ _ _ _  _ _ _ _  _ _ _ _

1000

500 — —  _ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _

0
1976 1978 1980 1982 1984 1986 1988

TOA Calendar Date
opTs.oaol-n

FIGU R E A-14
RA ND TOA COST PROCEDURE

ENGINE PRODUCTION COST METHODOLOGY
1976 $

Production $ = f(FN, TOA, Mmax, (TOA- MQT)

A DLE production cost correlation was established using GE
cost data. The unit production cost per lb of thrust was being
considered and a slight thrust advantage trend over the thrust
range was applied as shown in Figure A-15. The effect of
DLE production quantity was established using a 90% learning
curve as also indicated in Figure A-iS. Using these data,
doubling the production quanti ty ,  reduces unit cost by 10%.

A-l2 

--~~~~~--~~~~~~~~~~~~~ - -- - - - .-
~~~

‘----- —---——----- --
~~~~~
- —-. —----.~



____  _ _ _ _ _ _ _ _ _ _ _ _ _ _  -

56 

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

_ _ _ _  _ _ _ _

Reduction

90% Learning Curve

54 __________ 

“
~~ 2 

Thrust 10,100 lb

8 9 10 11 12 1000 2000 3000 4000
Thrust - 1000 lb Quantity

OP1$-0401.23

FIGURE A-15
DIR ECT LIFT ENGINE IDLE) PRODUCTION COST

1976 $

The engine production cost model was also modified to include
a cip cost increment equal to 114% of development costs . A
comparison between MCAIR and GE estimated production engine cos ts
was made. MCAIR estimates , using the procedures described above ,
were within 3% of the costs estimated by GE for both the DLE and
L/C engines .

Qperations and Support Cos t - The MCAI R O&S cos t estimating
• procedure is used to estimate both total system and the engine

contribution to O&S costs. This is accomplished by modifying the
O&S input data as shown below:

Q&S Input Data
With Wi thout

Engines Engines

Eng ine Overhall $/Fiying Hour 150 0

Maintenance Personnel per Squadron 16 13

Ground Officers per Squadron 5 4 
—

Maintenance Man Hours/Flying Hour 22 19

Shop Support Personnel/ Squadron 8 7 
—

Replenishment Spares Cost/Flying Hour 280 200
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VCE Impact on L/C Engine Costs - As indicated above , the
engine cost estimating procedures do not properly reflect emerg-
ing technologies . Therefore, estimation of VCE engine costs
required modifications to reflect the impact of VCE components
on L/C engine development, production and O&S costs. This has
been accomplished by adding cost factors, such as those shown
below for variable turbine geometry .

VGT Cost
______________________________ Factor

Development Cost + 2.1%

Production Cost + 6.0% 
-

O&S Cost + 4 . 9 %

A .3  V/STOL CADE Output Data
Over four hundred aircraft size, weight, performance and

cost parameters are provided in a 10 by 47 data array for each
converged aircraft design . A sample array is included at the
end of this appendix a long with the definition of the parameters
included in the data array.
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OUTPUT DA TA ARRAY PARAMETER DEFINITIONS

LOCATION DEFINITION OF CONTENTS

1 Case Number
2 Internal Fuel Weight
3 Fan Pressure Ratio
4 Compressor Pressure Ratio
5 Airflow Scheduling Parameter - (t~ Tamb) SLS
6 Combat Wing Loading
7 Wing Leading Edge Sweep Angle
6 Wing Aspect Ratio
9 Takeoff Thrust to Weight Ratio
10 Lift/Cruise Engine Throttle Setting for VTO
1]. Dash Mach No. for Deck Launched Intercept I4is~ion12 Dash Altitude for Deck Launched Intercept Mission
13 Wing Taper RatIo
14 Wing Thickness to Chord Ratio
15 Wing Conical Camber
16 Wing Mean Line Ca~uber
17 WIng L.E . Radius to Chord Ratio Coefficient
18 Excess Volume Indicator
19 Internal Fuel Capacity
20 Design Takeoff Gross Weight (VTO)
21 Zero Fuel Weight
22 Combat Gross Weight (60Z Internal Fuel)
23 Fuel System Weight
24 Propulsion System Weight
25 Air Induction System Weight
26 Lift/Cruise Engines AIrflow~SLS
27 Lift/Cruise Engines Capture Area
28 LIft/Cr~uise Engines Nozzle Exit Area (i-:ax.)
29 Fuselage Maximum Cross-Sectional Area
30 Fuselage Length
31 Fuselage Fineness Ratio
32 Wetted Area Total Aircraft
33 Lift/Cruise Engine Scale Factor Times No. of Engines
34 Lift/Cruise Engine Diameter
35 Lift/Cruise Engine Length
36 Lift/Cruise Engine Weight
37 Lift Engine Scale Factor Times No. of Engines
38. Lift Engine Dia~neter
39 Lift Engine Length- 

I
40 Lift Engine Weight
41 Lift Engines VTO Thrust
-42 Lift/Cruise Engines VTO Thrust
43 LIft/Cruise Engines VTO Exhaust Temperature
44 Lift Engines VTO Exhaust Temperature
45 - 

Lift/Cruise EngineE VTO HID Ratio
46 Lift Engines VTO H/D Ratio
47 LIft/Cruise Engines Inlet Temperature
48 Lift Engines Inlet Temperature
49 Lift/Cruise Engines Fountain
50 Lift Engine s Fountain

A- 17



LOCATION D~ ’INITION OF CONTENTS —

51 Lift/Cruise Engines Suckdovn
52 Lift Engines Suckdovn
53 Lift Engines Bleed Thrust
54 Lift/Cruise Engines Moment Arm
55 Forward Lift Engine Moment Arm

Aft Lift Engine Moment Arm
57 Center of Gravity Location at Takeoff
58 STO Gross Weight 1 (No Ext. Fuel) Tactical Strike Mission
59 Ground Roll to Rotation Initiation
60 Velocity at Rotation Initiation
61 Lift Engine Vector Angle for Ground Roll
62 Lift/Cruise Engine Vector Angle for Ground Roll
63 STO Distance (1’4LG Lift-off)
64 Velocity at MLt~ Lift-off
6~ Wing Angle of Attack at MLG Lift-off
66 Lift Engine Vector Angle at ?~ G Lift-off
67 Lift/Cruise Engine Vector Angle at I4LG Lift-off
68 snio Gross Weight 2 ( 600 Gal. Ext. Fuel) T.S• Mission
69
70 Locations 69-71 same as 59-67
71
72-
73
74
75
76
77

STO Gross Weight 3 (1200 Gal. Ext. Fuel) T.S. Mission
79
80 Locations 79-87 same as 59-67
81
82
83
B’i.
85
86 -‘

87
88 Specific Excess Power at 1 71 G” EM #1
89. Lift Coefficient
90 Drag Coefficient
91 Gross Thrust
92 Ram Drag
93 Delta Inlet Axial Force/Dynamic Pressure
94 Delta Inlet Axial Force Ref. Cond./Dy’naniic Pressure
95 Delta Nozzle Axial Force/Dynamic Pressure
96 Delta Nozzle Axial Force Ref. Cond./Dynamlc Pressure
97 Specific Excess Power at 1 “G” EM ~2
98
99
100
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LOCATION DEFINITIO N OF CONTEW~S

101
102
103
104
105
106 Specific Excess Power at 1 “G” EM #31.07
108
109
110
111
112
113 —

114
115 SpecIfic Excess Power at 1 “0” EM #~116
117
118
119
120
121
122
123
124 Specific Excess Power at 1 “G” EM
125
126
127
1.28
129
130
131
132
133 Specific Excess Power at 1 “G” EM ~6
134
135
136
137
138
139
140
141
142 Specific Excess Power at 1 “0” EM #7143
144
i4~146
141
148
149
150
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______

LOCATION DEFINITION OF CONTENTS

151 Specific Excess Power at 1 “G” EM #8
152
153
151.
155
156
157
158
159
i6o Maximum Sustained Load Factor EM 1/i
i6i
1.62 -~

163
161.
165
i66
167
168
169 Maximum Sustained Load Factor EM 1/2
170
171
172
173
1114
175
176
177
178 Acceleration Time From M= .8-l.6 at 25000 Ft.
179 30000 Ft.
180 35000 Ft.
181 Acc4eration Time From M=.8-l.6 at 40000 Ft.
182 Intermediate Power Combat Ceiling
183 Maximum Power Combat CeIling

(Not Used).

186 Fuel Used for Warm-up DLI
187 Fuel Used for Takeoff DLI

- 188 Fuel Used for Climb Out DLI
189 Fuel Used for Dash Out DLI
190 Fuel Used for Combat DLI -

191 Fuel Used f or Climb back DLI
192 Fuel Used for Cruise Back DLI
-193 Fuel Used for Loiter DLI 

-

194 Fuel Used for Landing DLI
1.95 Reserve Fuel,DLI
196 Radius for DLI -

197 Combat Loiter Time DLI
198 Average Gross Weight Dash Out, DLI
199 Altitude
200 Math No.

A—2 0 
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LOCATION DEFINITION OF CONTENTS

201 Throttle Setting
202 Net Propulsive Force
203 Fuel Flow
201. Distance
205 Nozzle Exit Pressure Ratio
206 Corrected Airflow
207 Delta Inlet Axial Force/Dyn&’nic Pressure
208 Delta Inlet Axial Force Ref. Cond./Dynamic Pressure
209 Delta Nozzle Axial Force/Dynamic Pressure
210 Delta Nozzle Axial Force Ref. Cond./Dynarnlc Pressure
211 Combat Gross Weight~DLI
212
213 Locations 212-223 same as 199-210
214
215
216
217
218
219
220
221
222
223 -

224 Avernge Gross Weigh t Cruise Back , DLI
225
226 Locations 225-236 same as 199-210
227
228
229
230
231
232
233
234 -

235
236
231 Fighter Escort Radius With No Ext. Fuel
238 Fighter Escort Loiter Time with No Ext . Fuel
239 FIghter Escort Radius with (2) 300 Gal. Tks.
24.0 Fighter Escort Loiter Time with (2) 300 Gal. Tks.
241 Average Gross Weight F.E. Cruise Out
242
214 3 Locations 242-253 same as 199-21.0
244
21.5
246
2147
2~.821.9
250
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LOCATION DEFINITION OF CONTENTS

251
252
253
251. Combat Gross Weight~F.E. with (2) 300 Gal. The.
255
256 Locations 255-266 caine as 199-210
257
258
259
260
261
262
263
264
265
266
267 Average Gross Weight F.E. Cruise Back
268
269 Locations 268-279 same as 199-210
270

— 271
272
273
274
275
276
277
278
279
280 Fighter Escort Radius with (2) 6oo Gal. Tks.
281 Fighter Escort Loiter Time with (2) 6oo Gal. The.

-282 Tactical Strike Radius with No Ext . Fuel
283 Tactical Strike Loiter Tim e with No Ext . Fuel
2311. Tactical Strike Radius with (2)  300 Gal. Tics.
285 Tactical Strike Loiter Time with (2) 300 Gal. The.
286 Average Gross Weight,T.S. Cruise Out
287
288 Locations 287-298 same as 199-210
289
290
291
292
293 - -

2911.
295
296
297 -

298
299 Average Gross WeIght4T.S. Loiter
300

A-22
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LOCATION DEFINITION OF CONTENTS

301 Locations 300-311 same as 199-210
302
303
304
305
306
307
308
309
31.0
311
312 Combat Gross Weight T.S. with (2) 300 Gal. Tics.
313
314 Locations 313-324 came as 199-210
315
316
317
318
319
320
321

f 322
323 

-3211.
325 Average Gross Weight,T.S. Cruise Back
326
327
328 

-

329 -

330
331
332
333
334
335
336
337
333 Tactical Strike Radius with (2) 6oo Gal. Tics.
339 Tactical Strike Loiter Time with (2) 600 Ga].. Tics.
31.0 - Combat Air Patrol Radius with No Ext. Fuel
341 Combat Air Patrol Loiter Time with No Ext. Fuel.
342 Combat Air Patrol Radius with (2) 300 Gal. Tics.
343 Combat Air Patrol Loiter Time with (2) 300 Gal The.
344 Average Gross Weight, C.A.P. Cruise Out
345
346 Locations 345-356 came as 199-210 - -

31.7
31.8
349
350
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LOCATION DEFINITION oF CONTENTS

351 
-

352
353
351.
355
356
35~ Average Gross Weight ,C.A.P. Loiter
358
359 Locations 358—369 same as 199-210
360
361
362
363
364
365
366
367
368
369
370 Combat Gross Weight C.A.P. with (2) 300 Gal. Tics.
371
372 Locations 371.382 same as 199—210
373 -

3711.
375
376 -

377
378
379
330
381
382
383 Average Gross Weight C.A.P. Cruise Back
384
385 Locations 3814~395 same as 199-210
386
387
388
389
390 -

391
392
-393
3911.
395
396 Combat Air Patrol Radius with (2) 600-Gal. The.
397 Combat Air Patrol Loiter Time with (2) 6o0 Gal. The.
398 Ferry Range with (2) 600 Gal. The.

~99 (Not Used~

A-24

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



LOCATION DEFINITION OF CONTENTS

401 RDT&E Cost for 300 Aircraft
402 Production Cost for 300 Aircraft
403 O&S Cost for 300 Aircraft
404 Unit Flyaway Cost
405 Airframe Design & Development Cost
406 Lift/Cruise Engine Development Cost
407 Lift Engine Development Cost
408 Subsystems Development Cost
409 Fligh t Test Aircraft  Cost
410 Flight Test Airframe Cost
411 Flight Test Lift/Cruise Engine Cost
412 Flight Test Lift Engine Cost
413 Flight Test Subsystems Cost
414 Airframe Production Cost
415 Lift/Cruise Engine Production Cost
416 Lift Engine Production Cost
417 Avionics Production Cost
418 Subsystems Production Cost
419 Petroleum , Oil & Lubricants Cost
420 Engines O&S Cost
421 Locations 421—440 Same as 401—420 for 600 Aircraft
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441 Locations 441—460 same as 401—420 for 900 Aircraft
442
443
444
445
446
447
448
449
450
451
452
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LOCATION DEFINITI ON OF CONTENTS

453
454
455
456
457
458
459
460
461 Locations 461—470 Not Used
462
463
464
465
466
467
468
469
470
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APPENDIX B
PROPULSION SYSTEM INSTALLED PERFORMANCL PROGRAM (PsIP)

MCAIR has developed an automated procedure which utilizes
engine company performance decks and MCAI R inlet and nozzle/aft-
end designs and parasitic extraction requirements to compute
installed propulsion system performance. Installed performance
data must properly accoun t for the effects of throttle dependent
propulsion system drags , inlet total pressure recovery , and com-
pressor bleed and horsepower extractions. The MCAIR Propulsion
System Installed Per formance (PSIP) program incorporates a
thrust/drag accounting system which clearly identifies the pro-
pulsion system/airframe interactions. Data generated using PSIP
is input to the CADE program for use in conducting a i rcraf t
sizing and performance analyses.

The PSIP program, Figure B-i, utilizes a GE parametric eng-
ine deck and inlet and aft-end designs from the CADE input air-
craft design layout. Aircraft inlet recovery, compressor bleed
and horsepower extractions are input to the GE parametric deck.
The GE deck is then used to compute engine size, weight and in-
stalled performance over the complete flight envelop. This data,
along with aircraft inlet and aft—end performance, is used in
the PSIP procedure to compute installed propulsion system perfor-
mance . PSIP is used to calculate the inlet capture area required
to meet the airflow demands of a unity scale engine. The aircraft
inlet and aft-end drags are then scaled to reflect the changes in
inlet and engine nozzle size and operation of the uni ty scale
engine relative to the input aircraf t inlet and engine nozzle.
Installed propulsion system performance tables along with size,
weight and scale factor tables are then generated for input to
V/STOL CADE.

The propulsion system performance data is based on the
thrust/data accounting system described in Figure B-2. The pro-
pulsion system inlet and nozzle/aft—end forces are segregated
into those which are dependent on geometry and throttle position.
The geometry dependent forces are aircraf t drag increments
caused by changing the size of the propulsion system relative to
the airframe. These increments are defined with the inlet and
nozzle operating at the reference conditions. The throttle
dependent forces are defined to account for operation of the
inlet and nozzle at conditions other than the reference condi-
tioris. These throttle dependent forces are included in the
definition of installed propulsion system performance.

The inlet geometry dependent force increments are defined
at the critical mass flow ratio while the throttle dependent
increments are defined at the operating mass flow ratio. This
force breakdown is illustrated in Figure B-3. The geometry
dependent forces include; (1) all additive and cowl forces
associated with inlet bleed , environmental control and leakage
which are inlet size dependent. The throttle dependent force

B-i
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I I I
Input I Procedure I R.sults

I 
_ _ _ _ _ _ _ _  

I I —

I GE Parametric V/STOL I Integrated Propulsion I
Engine Deck System Performance

I I I

(W 
~
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______________________________

includes all forces resulting from ; ( 1) bypass , engine cooling
airflow, and engine allowance airf lows for scheduling tolerances
and (2)  the change in additive and cowl , bleed , ECS and leakage
forces from the references to the operating conditions .

The nozzle/aft—end geometry dependent force increments ac-
count for deviations from the input aircraft relationship of
maximum nozzle area to maximum fuselage cross-section area while
the throttle dependent increments account for changes in A9 flap
position and static pressure ratio. This force breakdown is
illustrated in Figure B-4. The geometry dependent force is the
incremental change in external nozzle/aft—end force resulting
from changing the maximum nozzle exit area, A9max~ in relation
to the maximum fuselage cross-section, AF ~ MAX ’ from that of
the input aircraft. This force U

increment is determined with a fully expanded nozzle exit flow ,

~ex = 
~ amb • The throttle dependent external nozzle/aft—end force

is the force increment from the reference condition to the given
operating condition. This increment includes the effect of
changing ADEN nozzle A0 flap projected area , APROJ, flap angle , 8,
and exit static pressure ratio, 

~ex/~ amb •

Output from the PSIP procedure consist of over 30 data
tables which are then input to the V/STOL CADE program. These
tables , Figure B-5, contain performance data for powered lift
system sizing and mission analysis, and propulsion system phy-
sical characteristics and scaling exponents.

13-4

4
—4 - --- —- --- -



— ,—--- 

~~~~~~~~~~~~~ ~~~~~~~~~~ - •1~~~~ I- 
_ _ _-

i~ _ _ _ _

I 
- wawaJ3uI a3JO~ pu3-tf ~’ 8IZZON

I ~~ o 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _0

H / \~~ 

I J/1J

1. \\~~~~7~ 
< I:!

- I \~_~ 
~~~

ioJd
~

I ~ ~
- IUOW9J3UI aaio~ pU3-~4y aIZZON

B-s 

-- - ----- — - - - —  
~

- --- - - L~~~J~~~~~~~ - ~~
-
~~~~~_ I1I1 .



_ _ _  

-

Table Definition

TJLC L/C Nozzle Exhaust Gas Temp °R, f(Fn/Fnmax ), 90°F Day

WGLC L/C Nozzle Exhaust Gas Flow lb/sec. f (F n/ F nmax ), 90°F Day

FNTLC L/C Vertical Thrust lb . f(F n/Fnmax ’ Tamb )

FNRLC LJC Fn/F nhoriZ f(Vector Angle). 90°F Day

FRAMLC L/C Ram Drag f( M0), 90°F Day, Max Power

FGLCO L/C Gross Thrust f(M 0), 90°F Day. Max Power

Propulsion
List (1) Max Engine Diameter ft, (2) Max Nozzle Diameter -~ ft . (3) Diameter Scaling Exponent,

(4) Engine Length ft, (5) Length Scaling Exponent, (6) Engine Weight lb.
(7) Weight Scaling Exponent. (8) Distance from Engine Face to CG ft. (9) C.G., Scaling Exponent,
(10) Inlet Capture Area — ft2. (11 ) Not used (12) Length Duct ft, (13) Weight Ramp ‘~~ lb.
(14) Weight Duct lb. (15) Standard Day SLS Max Power Thrust lb. (16) L/C VTO Vector
Angle — deg, (17) VTO F~ — lb (90°F Day, Max Power), (18) Distance from Engine Face to VTO
Thrust Vector ~ — ft, (19) Max Nozzle Area ft2

IAXORC Inlet Axial Force at Operating Referen ce Condition - FORC/qA ~, F(M0)

FGEM L/C Engine Gross Thrust lb. f(EM Pt. No., a)

FREM L/C Engine Ram Drag - lb. f(EM Pt. No., a)

FIAEM Inlet Axial Force Increment ~ lAF/q, ft
2. f(EM Pt. No., a)

FNZEM Nozzle Axial Force Increment ~ NAF/q, ft
2. f(EM Pt. No., a)

FIAO R Operating Reference Inlet Axial Force — IORC/q, ft 2. f (EM Pt. No., a)

WAECO L/C Engine Corrected Airflow W’~~/& , lb/sec . f( EM Pt. No.. a)

PEXPO L/C Nozzle Exit Static Pressure Ratio - Pex/Pa’ f(EM Pt. No., a)

F — F (Z Transform)
‘~max ~Note: Z~ F — F

max nm,n

FIGUR E B-5
PSIP OUTPUT TABLES
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Table Definition

AEXEM Nozzle Exit Area A9, ft 2. f(EM Pt. No., a)

FN4 Mm A/B Net Propulsive Force NPF, lb. f(M0, Alt)

FN2 Max A/B Net Propulsive Force NPF, lb. f(M0, Alt)

RED2 Mod A/B Corrected Fuel Flow — Wf/6..J& lb/hr. f(M0, Alt, Z)

RED4 Mod A/B Inlet Axial Force Increment i~lAF/q, ft
2, f(Mo, Alt, Z)

RED6 Mod A/B Nozzle Exit Area A9, ft
2. f(M 0, Alt, Z)

RED8 Mod A/B Nozzle Exit Pressure Ratio 
~ex

/
~a, 

f(M0, Alt, Z)

RED1O Mod A/B Engine Corrected Airflow W...fOIb, lb/sec. f(M0, Alt, Z)

RED12 Mod A/B Nozzle Axial Force Increment ~ NAF/q, ft
2, f(M0, Alt, Z)

FN3 Mm Power Net Propulsive Force NPF, lb. f(M0, Alt)

FN1 Int Power Net Propulsive Force - NPF, lb. f(M 0, Alt)

RED 1 Reduced Power Corrected Fuel Flow - WF/6’~/~, lb/hr. f(M0, Alt, Z)

RED3 Reduced Power Inlet Axial Force Increment ~ lAF/q ft2, f(M0, Alt, Z)

RED5 Reduced Power Nozzle Exit Area A9, ft 2. f(M0, Alt, Z)

RED7 Reduced Power Nozzle Exit Pressure Ratio 
~ex /~a, f(M0, Alt, Z)

RED9 Reduced Power Engine Corrected Airflow W’y’~/&, f(M0, Alt, Z)

RED1 1 Reduced Power Nozzle Axial Force Increment ~ NAF/q, ft 2. f (M0, Alt , Z)
oPv.-esoi -is

— F0 (Z Transform)
Note: Z~ 

max

F0 Fn -max mm

FIGURE B-5 (Continued)
PSIP OUTPUT TABLES 
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APPENDIX C
REFERENCE AIRCRAFT TOGW SENSITIVITIES

The TOGW sensitivity of the FCE-TF reference aircraft, to
changes in engine size , weight and performance characteristics,
were defined . These sensitivities provide the capability to
conduct preliminary evaluations to determine the ef fect of engine
and airframe design variables on L + L/C aircraf t TOGW. They
reflect changes in engine and fuel sizing required to maintain
constant DLI mission performance , Figure C-i.

The TOGW sensitivities , developed using the V/STOL CADE
program, are illustrated in Figures C-2 through C-6. Figure C-2
summarizes the sensitivity of TOGW to the engine physical charac-
teristics. The engine weight, length,  and diameter were perturb-
ed independently 

~~~ 
from the reference aircraf t engine values.

Figures C-3 and C-4 show the effect of changes in fuel flow and
engine throttle dependent drags , at the crit!cal mission segment’3,
on TOGW . Reference aircraft fuel flow and drag have been
incremented over the percent range shown for the dash , combat and
cruise DLI mission segments, independently . The effect of varia-
tions in the takeoff thrust to weight ratio (conventional f l ight)
on TOGW is provided in Figure C-5. The effect of changes in lift
engine thrust to weight on TOGW is shown in Figure C-6. To
obtain this data , the l i f t  engine weight was incremented, at a
constant value of thrust.

C-i
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Performance Requirements:
P5 at Mach 0.90 @ 10,000 ft = 750 fps

~~~ 
at Mach 0.65 @ 10,000 ft’~ 4.75 gS OP7S-OOS4 4O

FIGURE C.I
DLI MISSION REQUIREMENTS FOR SENSITIVITY ANA LYSIS

Diaracteristics ~ TOGW Reference
~ Value 

Value

We 3.58 lb/lb 2014 Ib/Eng
La 109 lb/ft 15.O5ft
De 2012 lb/ft 3.21 ft

8

~We/

4 ~ ps/~ ~~
De..

8 
_

0 _ _ _ _

~ Le

-4

_8
6 —4 —2 0 4 6

~ Engine Characteristics - % ~~~~~~~~~

FIGURE C-2
SENSITIVITY OF TOGW TO

ENGINE PHYSICA L CHARACTERISTICS -
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Mission ~ TOGW Reference
Segment 

~ W F Value

Dash 0.495 lb/lb/hr 21,441 lb/hr (Total)
Combat 0.121 lb/lb/hr 39,040 lb/hr (Total)
Cruise 1.011 lb/lb/hr 2,949 lb/hr (Total)

8

,,
~~~~~_euu ” ......‘Cruise

F
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

—8
—6 —4 —2 0 2 4 6

~W F -
OP7S-00S4-52

FIGURE C-3
SENSITIVITY OF TOGW TO

FUEL FLOW AT CRITICAL DLI MISSION SEGMENTS
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Mission ~ TOGW Reference Value

Segment ~ Drag IAF NAF

Dash 867 lb/ft 2 1.086 ft 2 0.109 ft 2

Combat 638 lb/ft 2 1.086 ft2 0.109 ft2
Cruise 151 lb/ft 2 1.939ft 2 O.289 ft2

Inlet Axial Force Dash—’

2 _____
IAF Combat

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~_____ 
Cruise

I ~~~~~~~~~~~~ _ _  _ _  _ _  _ _  _ _ _  _ _ _  _ _ _  _ _ _-2~~~~~~

-4
_ _ _ _  

_ _  

_ _  _ _  _ __ _  - 

1
Nozzle Axia l Force

NAF

Dash—’

_: 

/
._Cruise 

_ _ _ _ _  _ _ _ _ _  _ _ _ _ _  _ _ _ _ _  _ _ _ _ _  

Combat —s 
_ _ _ _ _

—25 —20 — 1 5  —10  —5 0 5 10 15 20 25

~ Drag - %

FIGURE C-4
SENSITIVITY OF TOGW TO

DRAG AT CRITICAL DLI MISSION SEGMENTS
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FIGURE C 5
SENSITIVITY OF TOGW TO TAKE OFF THRUST/WEIGHT RATIO

Reference Value of T/W 0.8819
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~ Lift Engine (11W) - e,n.ess~.~
FIGURE C-S

SENSITIVITY OF TOGW TO
LIFT ENGINE THRUST/WEIGHT RATIO

Reference Va lue = 18
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