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STUDY OF SMALL CIVIL TURBOFAN ENGINES
APPLICABLE TO MILITARY TRAINER AIRPLANES

By R. W. Heldenbrand, G. L. Merrill, and G. A. Burnett

SUMMARY

This report presents the results of a study sponsored by the
NASA Ames Research Center, Systems Studies Division (Contract
NAS2-6799, Mod. 2), regarding the applicability of small turbofan
engines to military primary trainer airplanes.

Earlier efforts accomplished under the original contract
work statement showed that efficient turbofan propulsion systems
could be designed for and extended successfully to smaller and
lower speed civil airplanes than have been considered heretofore.
This follow-on study by NASA-Ames and AiResearch expands that
work to include the application of these small turbofan concepts
to military trainer airplanes, and to establish the potential for
commonality between civil and military engines. With the aid of
the NASA General Aviation Synthesis (Computer) Program, four pri-
mary trainer configurations were defined and studied. A "best"
engine was defined for the trainer mission, and sensitivity anal-
yses were performed to determine the effects on airplane size and
efficiency of wing loading, power loading, configuration, aero-
dynamic quality, and engine quality.

The principal conclusion drawn from the results of this
investigation is that a turbofan propulsion system for a small
civil aircraft is also applicable to military trainer airplanes.
Aircraft designed with these engines to meet military require=-
ments for basic trainers are smaller, less costly and more effi-
cient than existing basic trainer aircraft or basic trainer air-
craft that have been conceptually designed with high subsonic
turbojets or turbofans. In addition, substantial benefits may

accrue to both military and civil sectors if this commonality is
exploited.




INTRODUCTION

Turbofan propulsion, as applicable to smaller, lower speed
general-aviation airplanes than have been designed and produced
to date, was thoroughly investigated in the initial program
conducted under this contract (Reference 1l). The significant
results of that program are given in Table I, and the specific
airplane design addressed in that study is shown on Figure 1.

Historically, military aircraft engine developments have
provided the genesis and economic impetus for nearly all civil
aircraft engine developments. Thus, a logical continuation of
the effort to define advanced turbofan propulsion for general-
aviation airplanes would be to identify military applications
for such engines. It was determined that a follow-on study
should be undertaken to quantify airplane performance and cost
advantages for a new, turbofan-powered military primary trainer.
The objective of the study would be to identify the technical
requirements of a new military aircraft engine, and to establish
the commonality of this engine design with civil engine require-
ments. Because the performance envelope of a primary trainer is
typically consistent with that of many general-aviation air-
planes, a "best" turbofan for a trainer should be directly appli-
cable to potential general-aviation airplane designs. Following
discussions with United States Air Force and Navy training head-
quarters personnel, the program was revised to permit a more
comprehensive study of military trainers. The investigation of
the civil airplane was consequently deferred to a later date :nd
will be addressed in a follow=-on program.

The military trainer design and mission criteria that were
selected as guidelines for this study were defined in the USAF
Mission Analysis Report noted in Reference 2 (referred to in
this report as the "Randolph study"”). These criteria were
developed for a primary trainer designated TA-2 in the USAF
report. Use of the USAF data has permitted the definition and
investigation of the following four trainer configurations:

e} Single-engine, side-hy-side seats
o} Twin-engine, side-by-side seats

o Twin-engine, tandem seats

o Single-engine, tandem seats

Although work was beqgun with the single=engine, side=by-side
configuration, the study tasks were designed to give primary




TABLE I. SUMMARY RESULTS OF INITIAL PROGRAM:
"A STUDY OF SMALL TURBOFAN ENGINES
APPLICABLE TO GENERAL AVIATION
AIRCRAFT."

The initial study, completed in 1973, investigated the
applicability of turbofans to high-performance civil
light twin engine aircraft. Significant results
achieved were:

o Definition of engine/airplane design,
performance and cost interrelationships,
using NASA-AMES general aviation synthesis
program (GACZP).

o) Credible preliminary design of an attractive
airplane, demonstrating the applicability
of turbofans to much smaller, lower cost
airplanes than previously thought possible.

o Better understanding of propulsion principles
for lower speed, lower cost airplanes.

o Understanding that military sponsorship of
development and procurement of turbofans
in this class would expedite availability.
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emphasis to the twin-engine, side-by-side airplane. The NASA-
Ames General Aviation Synthesis (computer) Program (GASP) was
used throughout the investigation for airplane design definition,
and for the evaluation of the effects of various design param-
eters on airplane size and cost. With the GASP program, an
initial sensitivity study was performed with the twin-engine,
side-by-side airplane to establish criteria for selection of
wing loading and thrust loading appropriate to the airplane
performance requirements. These criteria were considered appli-
cable to the other three airplane configurations. The majority
of the airplane and engine sensitivity studies and trade-off
analyses were performed on the twin-engine, side-by-side airplane.

Conceptual designs of the four airplane configurations were
originated by AiResearch; however, in order to ensure that these
designs met certain military trainer requirements, informal dis-
cussions were held with personnel of the USAF Air Training
Command Headquarters, Randolvh Air Force Base, Texas, and of the
USN Air Training Center, Corpus Christi Naval Air Station, Texas,
as well as various other military offices. Further, to ensure
their overall credibility, all the designs were reviewed by the
Cessna Aircraft Company, under subcontract, for equipment fit,
balance, weight, performance, stability, contrcl, and other
design considerations. The specific study guidelines agreed to
by AiResearch and NASA-Ames are given in Table II. Under these
guidelines, only the Air Force 7TA-2 airplane requirements given
in the Randolph study were addressed. LBach of the four airplane
configurations was designed to meet these requirements, with
airplane size, efficiency, and engine size "solutions" varying.

A baseline engine cycle for the trainers was defined by
addressing and separately quantifying the elements of overall
propulsion system efficiency as applicable to the trainer per-
formance and mission requirements.,

The airplane cruise speed and initial estimates of the
airplane's fuel and engine weight fractions are the fundamental
parameters evaluated in the determination of a credible baseline
engine cycle by the methods described in Reference 1.

The mechanical arrangement, aerodynamic component celection,
and detail design concepts for the baseline engine were chosen
to provide for low manufacturing cost, high reliability, and
maintainability. The basic engine design philosophy wacz to
achieve the simplest possible high-bypass-ratio turbofan config-
uration, having two spools, no rcduction gears, only two frames,
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TABLE II. GUIDELINES FOR THE STUDY OF SMALL TURBOFANS
’ APPLICABLE TO MILITARY AND CIVIL AIRCRAFT.

LR A RHERE BRI AR ks g S SN ﬂﬁ_‘

- Airplane designs to be totally responsive to the TA-2
(primary trainer) performance, mission, and configura-
tion requirements reported in--

"Mission Analysis on Future Undergraduate Pilot
Training 1975 through 1990," by mission analysis
study group, Randolph AFB, Texas (Jan. 1972).

(R R L LR LR

Single-Engine, Side-by-Side

Seats
o Define four Twin-Engine, Side-by-Side
airplanes { Seats

L R LR LA A ¢ [
—

Single-Engine, Tandem Seats

Twin-Engine, Tandem Seats

463 km/hr (250 kt) Cruise
Speed

- ©  Define a "Besat 4572 m (15,000 ft) Cruise

engine for Lltitude

- And Other Mission Require-
ments

Wing Loading/Thrust Loading

o Do parametric

sensitivity analyses Design/Configuration

Engine Quality

o Identify engine and airplane with lowest operating
cost.
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four bearings in two bearing cavities, castable subsonic aero-
~dynamic components, low rotor speed per unit of airflow, low
stresses, modest temperatures, °nd modular assemblies. The con-
ceptual design layout for the raseline engine is shown in
Figure 2. This engine design provided the basis for later,
in-depth, parametric cycle optimization studies, and for the
definition of engine candidates for aircraft synthesis evalua-
tion of engine cycle gquality.

ERECEDING PAGE BLANK NQT FILMFD




FOR 250 KT/15,000 FT. CRUISE

e FAN PRESSURE RATIO 1.3
e CORE PRESSURE RATIO 7.0
e TURBINE INLET TEMPERATURE 1228°K  (1750°F)
e BYPASS RATIO ~9

Figure 2. Illustration of the Bascline Engine
Desiun for Military Trainer Study.
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Btu

EPNdB

°F

SLS
F/W
/a

gal
hp
hr

in.

SYMBOLS

Aspect ratio

Bypass ratio

British thermal unit

Degrees centigrade

Drag coeificient

Induced drag coefficient

Drag coefficient referenced to the wetted area
Lift coefficient

Specific heat of constant pressure
Customary units

Effective perceived noise level
Oswald efficiency factor

Degrees Fahrenheit

Engine thrust, N (1bf)

Fuel-air ratio

Federal Air Regulations

Net thrust, N (1lbf)

Feet per minute

Feet

Sea level static thrust, N (1bf)

Engine specific thrust, or thrust per unit
airflow N-s/kg [1bf,/ (lbm/sec) ]

Acceleration of gravity
Gallon
Horsepower

Hour

Inch(es)




SYMBOLS (Contd)

ISA International Standard Atmosphere
J Joules and work conversion factor 778/550
°K Degrees Kelvin

K Thousand

kg Kilogram

kt Knot

L Length

ib Pound (s)

n Meter

mm Millimeter

mph Miles per hour

N Newton

Ng Gas generator speed, rpm
n. mi. Nautical miles

P Pressure, lb per sq ft
PR Pressure ratio

psf Pounds per square foot
psi Pounds per square inch

q Dynamic pressure

°R Degrees Rankine

S Wing area, sq m (sq ft)
S1 Systeme International
SLF Sustained lcad factor
SLS Sea level static

sec Second




wet

TAS

TSFC

AT

W/s

SYMBOLS (Contd)

Wetted area, sq m (sq ft)
Temperature, °K (°F or °R)
True airspeed, Kknots

Thrust specific fuel consumption, kg/N-hr
[ {1bm/hr)/1bf]

Temperature change

Rotational velocity, m/sec, (£fps)
Axial velocity

Airplane stall speed, km/hr (mph)
Weight, kg (lbm)

Wing loading, kg/m2 (lbm/ftz)
Efficiency (actual work/ideal work)
Turbine work factor (chp AT/Uz)

Flow coefficient (Va/U)

Compressor work coefficient (chp AT/UZ)




GENERAL AVIATION SYNTHESIS PROGRAM (GASP) DESCRIPTION

The airplane and engine performance and design parameters
were combined in the NASA-Ames General Aviation Synthesis Program
(GASP) to aid in performing preliminary design studies of the
various trainer configurations. This computer program was
designed by the NASA-Ames Systems Studies Division, and is
described in Society of Automotive Engineers Paper 73033
(Reference 3). It was utilized extensively by AiResearch during
the study of general-aviation turbofan engines reported in
Reference 1. During the study of military trainers, the GASP
program was refined to permit the direct input of improved,
separately calculated engine performance maps. It was found
that for aircraft of this size, the performance penalties for
engine bleed and shaft power extraction were more significant
than for larger aircraft. Therefore, a revised and streamlined
method was derived for inputting complete engine performance
data from a separate, of f-design, cycle matching program.
Throughout these studies, GASP proved to be a valuable tool for
conducting:

o Airplane configuration comparisons

o Comparative assessments of aircraft performance
and economics

o} Performance trade-off studies and parametric
analyses
o Assessments of advanced technology

GASP was described briefly in Reference 1; however, it is
pertinent to review its principal features here. The following
description, taken from Reference 3, defines the calculation
flow paths through the various airplane analyses. AS illustrated
in Figure 3, the control module directs the computational flow
through the other modules of the synthesis with module sedguenc-
ing determined by parameter input to the control module, as well
as the normal mode of operation. Input for each module consists
of quantities generated internally by other modules, or design
variables that are input directly, or both. The integrated
approach established in the program methodology ensures that
the multiple effects of design variables are continuously
accounted for in the aircraft sizing procedures.

The airplane geometry module, Figure 4, computes the sizing
of the wing, fuselage, empennage, and engine nacelles. The wing
geometry 1is characterized by the aspect ratio, taper ratio, air-
foil thickness~-chord ratio, quarter-chord sweep, etc. The fuse-
lage shape and volume are related to the number of passenygcrs,
seating arrangement, and fuselage configuration.
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CONTROL
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\\Q
oc Q\‘\}‘
J‘/&,ﬁ 6;&?
GEOMETRY ECONOMICS
AERODYNAMICS MISSION PROFILE AND
FIELD PERFORMANCE
PROPULSION WEIGHT AND
BALANCE

Figure 3. Primary Program Modules of GASP.
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INPUT

CONFIGURATION
INDICATORS

NUMBER OF
PASSENGERS
AND SEATING
ARRANGEMENT

ASPECT & TAPER
RATIOS, SWEEPS
THICKNESSES,
INCIUDENCE

TAIL VOLUME
COEFFICIENTS
(OPTIONAL)

CAB!N AND FUSELAGE

GEOMETRIES

1

WING AND EMPENNAGE

GEOMETRIES

!

NACELLE GEOMETRY

{(FIXED ENGINE)

Figure 4.

L

OUTPUT

-

3-DIMENSIONAL
GEOMETRY AND
GEOMETRY
PARAMETERS

PLANFORM
AREAS

VOLUMES

COMPONENT
SIZES

GASP Geometry Module Description.




The aerodynamic module, Figure 5, computes the airplane
1ift and drag characteristics on a point-by-point basis during
takeoff, climb, cruise, and landing. The cruise drag is deter-
mined for each aircraft component based on Reynolds number and
Mach number. Form factors are used to account for body shape
and component interference, or for duplicating the drag of an
existing aircraft. Cruise lift is based on an input value of
angle of attack for zero lift and a semi-empirical method for
computing the lift curve slope. The effects of plain, split,
slotted, and Fowler-type trailing-edge flaps are simulated for
high-1lift increments in optionally selected takeoff and landing
configurations. The methodology accounts for flap deflection,
span and chord, wing sweep, thickness, and aspect ratio. Nacelle
drag is accounted for as either an aircraft drag or as a propul-
sion system drag, reducing uninstalled thrust, and increasing
specific fuel consumption.

The propulsion module, Figure 6, computes the engine per-
formance, dimensions, weight, and volume required for airplane
synthesis definition. Complete engine data including thrust,
fuel flow, and airflow maps are input to the program with
installation losses included. The prcpulsion system is initial-
ly sized to match the cruise drag and a rate of climb requirement
at the end of climb. Program options permit engine sizing for
specified takeoff distance, or sizing such that the climb require-
ments of FAR Part 25 are satisfied. Engine diameter and weight
can be internally calculated as a function of engine front-face,
design-point Mach number, the hub-tip diameter ratio, and engine
airflow required, or a separately derived engine specific weight
may be input to the program.

A weight and balance analysis, Figure 7, is completed on
the airplane after the configuration geometry is defined and the
engine size and weight are calculated. Weights for the various
airplane components are estimated from trend equations derived
from the general-aviation airplane class correlations. Available
fuel is determined from the empty airplane weight, which is com-
puted by summarizing the subsystem weights and the input gross
weight and payload.

The airplane mission module, Figure 8, computes the air-
plane performance during taxi, takeoff, climb, cruise, and
landing. Options are available in this module for calculating
engine-out and accelerate/stop distance, best rate of climb, best
lift-to-drag ratio, and additional airplanc and engine operating
characteristics. The effects of gear and flap rotraction and
ground effect are accounted for during the takeoff segment. Fuel
reserve inputs are accounted for in the cruise segment. Range 15

18




INPUT

CONFIGURATION
GEOMETRY

FLIGHT
CONDITIONS

TYPE OF HIGH
LIFT DEVICES

Figure 5.

FLAP LIFT
INCREMENTS

!
FLAP AND GEAR

DRAG INCREMENTS
!

LEADING EDGE
LIFT INCREMENTS

1

LOW SPEED ZERD
LIFT DRAG

NO

YES

OUTPUT

CRUISE,
TAKEOFF AND
LANDING DRAG
POLARS

WETTED AREAS

ZERO LIFT DRAG
BREAKDOWN

DRAG RISE J‘»

GASP Aerodvnamic Module Description.
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Figure 6. GASP Propulsion Module Description.,
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Figure 7. GASP Weight and Balance Module Description.
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accounted for during the climb and cruise segment. When a spe-

cific range definition is requlred, a program option is utilized
that iterates on the airplane size until the calculated range is
within a specified tolerance of the required range.

The economics module, Figure 9, is used for civil aircraft
cost evaluations with good correlation. However, for the mili-
tary trainer airplanes, it was considered necessary to include
life~cycle cost data that incorporated cost factors and calcula-
tion formats consistent with USAF experience. These data were
not available within the time span of this study, thus, the
economics module was not utilized to its full capability.

The synthesis program calculation sequence, Figure 10, has
been designed to provide an iterative, integrated method which
ensures that the results contain the effects of design inter-
action within each calculation module and between modules. For
example, a change in specified wing loading affects wing area,
tail size, lift, drag, structural weight, aircraft performance,
and finally, engine and airplane "solution” size. Some of the
effects are minor while others are significant; however, all
effects that impact the airplane "solution" are iteratively
accounted for.

22
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BASELINE ENGINE DEFINITION
General Design Considerations

In the final report on the first investigation conducted
under this contract (Reference 1), methods were discussed where-
by a "nearly best" turbofan engine cycle can be defined directly
and quickly, without recourse to extensive cycle analysis, para-
metric trade-off analyses, and comprehensive preliminary design
exercises. By separately quantifying the elements of overall
propulsion system efficiency (propulsive efficiency, thermal
efficiency, airplane performance and mission-related installed
drag, and installed weight and drag), an engine that nearly
minimizes airplane size and cost can be readily defined. When
the airplane required-cruise-thrust sizes the engine, the cruise
flight speed and altitude may be assumed to be the engine design
point. Then the fan pressure ratio and core jet velocity that
maximize propulsive efficiency at the design point can be calcu-
lated directly. For maximum thermal efficiency, the highest
practical cycle pressure ratio is chosen. For minimum core size
and weight, the highest practical turbine inlet temperature is
chosen. However, maximum propulsive efficiency must be traded-
off against fan system weight and nacelle drag, and maximum
thermal efficiency must be traded-off against core weight to
achieve the "best" engine that minimizes airplane size, initial
cost, and operating cost. While a "nearly best" engine can be
defined readily, an optimum engine can be determined only from
aircraft synthesis sensitivity and trade-off analyses. Because
the interrelationships between engine and airplane performance
qualities are complex, synthesis analyses are vital in defining
the most cost-effective engine. This has, of course, been the
procedure used in this investigation of primary trainers.

The airplane design point for this study was set at 463
km/hr (250 kt), at 4572 m (15,000 ft) altitude. For airplane
optimization studies, a baseline engine was defined that would
provide near maximum net propulsive and thermal efficiencies at
this design point. The 1.3 fan pressure ratio chosen was esti-
mated to give the best balance betwecn propulsive efficiency,
fan system size and weight, and nacelle drag. The 7.0 core pres-
sure ratio chosen was judged to provide the best balance between
thermal efficiency and core weight. The 1255°K (1800°F) turbine
inlet temperature was seclected to minimize the cost of the engine
core; that is, the highest temperature that would not require
expensive turbine blade cooling. Thesc principal determinants
of cycle quality, plus the additional efficiency and loss assump-
tions made for the baseline engine, are listed in Table III. In
later modeling for engine performance mapping, many of the values
were adjusted based on further evaluation of component design




TABLE III. BASELINE ENGINE CYCLE AT SEA LEVEL

STATIC DESIGN POINT

Fan Pressure ratio

Core Compressor Pressure Ratio
Core Turbine Pressure Ratio
Fan Turbine Pressure Ratio
Core Jet Nozzle Pressure Ratio
Bypass Ratio

Turbine Inlet Temperature

Inlet Pressure Loss
Inter-Compressor Pressure Loss
Combustor Pressure Loss

Core Exhaust-Duct Pressure LOSsS
Bypass-Duct Pressure LoOsS

Fan Efficiency

Core Compressor Efficiency
Combustor Efficiency

Core Turbine Efficiency

Fan Turbine Efficiency

Nozzle Velocity Coefficient (Both Nozzles)
Mechanical Efficiency (Both Spools)
Shaft Power Extraction

Bleed-Air Extraction

Overkoard Leakage Loss (CPD)

Thrust Specific Fuel Consumption

Specific Thrust

1.3
7.0
2.99
2.83
1.2
7.81

1255°K (2260°R,
1800°F)

0%
0%
43
2%
2%
89%
82%
100%
86%
89%
0.985
100%
o)

0
1.9%

0.0370 kg/N-hr
(0.363 1b/hr/1b)

207.41 l-sec/kg
(21.15 1lk/1lb/sec)
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and the determination of component performance maps. Further
adjustments were made to accommodate shaft power extraction and
compressor bleed for airframe needs.

Design studies were conducted on overall engine and compo-
nent configurations for the baseline engine. In accordance with
the contemporary engine design principles discussed in the final
report of the initial investigation (Reference 1), the baseline
engine design was to exhibit an understanding that by proper
choice of aerodynamic configurations, costly parasitic machinery
could be avoided. The basic two-frame, four-bearing configura-
tion with direct fan drive was considered essential, even at
bypass ratios as high as 10:1. With this configuration, bearings,
gears, seals, splines, couplings, fasteners, shaft elements, expe
expensive lubrication system plumbing, pumps, and cooling devices
could be minimized. If the engine design were subjected to a
design-to-ccst exercise, this configuration would permit a
greater emphasis on aerodynamic and thermodynamic quality.

Engine performance for a specified cost would thereby be
maxinmized.

Component Configurations and Design Parameters

Core compressor. - The core compressor is the key component
in achieving the desired engine configuration. In turn, the key
ccmpressor design parameter is the rotational speed per unit
airflow. If this parameter has a low value, the engine core
may have a large center hole to accommodate the fan driving shaft
when supported on just two bearings. Table IV lists the princi-
ple parameters chosen for a preliminary compressor design that
was one of several examined for the baseline engine. This com-
pressor design is all subsonic. With thicker airfoils permitted
by subsonic design, the castability of the compressor stages is
enhanced, which can result in significant cost savings. Wwith
low axial velocity and the flow-path configuration chosen to
maximize the height of the flow-path annulus, the potential for
high efficiency is inherent in the design. The six-stage, low-
speed compressor design selected addresses all the criteria
developed in the initial investigation for cost-cffective enyglne
design.

Fan stage. - In detail engine desiygn, the f£an and 1its
turbin: must be the subject of extensive trade-off analvses Lo
ensure that the fan spool makes tie maxinun contribution to ovar-s
all propialsion systen efficiency and ongine cost-cffoecriveness.
The size, weight, and lrag of the nacelle are, in lar: part, a
function of the fan design. In aadition, the welght nf ehe fan
spool, the inlet and nypass duct pressure losses, the afficinneies
o0¢ the fan and the turbine, the core exhaiust-duct pressure loss,
1nd the cost of the fan spool are all important trade-off porans
otors affected by fan lesign. High snrogn=£flow valsoisy, 1o
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TABLE 1IV.

AND STAGE CHARACTERISTICS

BASELINE ENGINE CORE COMPRESSOR

Airflow 2.83 kg/sec Adiabatic 82 percent
(6.24 1b/sec) efficiency
Corrected 2.27 kg/sec Speed 27,627 rpm
airflow (5.00 1b/sec)
Pressure 7.0 Inlet hub-tip 0.78
ratio ratio
AT g1 (1) (1)
Pressure OK mps @ " "
Stage Ratio (°F) (fps) (%)
———
1 1.323 31 288 0.480 0.38 87
(56) (945)
2 1.323 32 280 0.465 0.41 87
(57) (919)
3 1.296 33 272 0.450 0.45 87
(60) (393)
4 1.253 31 264 0.450 0.45 87
(56) (866)
5 1.218 29 256 0.450 0.45 87
(52) (840)
6 2.13 123 374 0.450 0.90 83
(222) (1228) (2)
(1) At mean flow=-path radius
(2) Centrifugal tip speed
(3) + = Flow coefficient
v = Compressor work coefficient
n = Efficiency
23
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hub-tip radius ratio, and low tip work coefficient serve to
decrease fan diameter and increase rotational speced. In turn,
nacelle weight and drag are reduced, the diameter or number of
stages and the weight of the fan-driving turbine are decreased
as is the cost of these elements. Offsetting these gains are
the increases in internal duct losses and an accompanying
decrease in fan efficiency which reduces thrust, propulsive
efficiency, and finally fuel economy. The interrelationship
between these parameters and those of the fan aerodynamic design
is complex, and their detailed evaluation was beyond the scope
of this study. However, the intent was to provide a fan design
for the baseline engine that balanced these parameters based on
previous experience. Thus a reasonable and compatible set of
losses, efficiencies, corponent sizes, and weights would be
achieved. Some of the pertinent fan preliminary design param-
eters are given in Table V.

TABLE V. BASELINE ENGINE FAN STAGE CHARACTERISTICS

Airflow 25 kg/Sec
(55 lb/sec)
Pressure ratio 1.3
Adiabatic efficiency 89 %
Speed 14,114 rpm
Inlet hub/tip ratio 0.45
Design
Parameter Units Hub Tip
Pressure Ratio - 1.3 1.3
AT °K(°F) 25.2 25.2
(45. 3) (45.3)
U m/sec 159 354
(fps) (522) (1160)
- 1.0 0.45
- 1.0 0.2025
) % 89 89
Core turbine. - A high=speclfic=wors [63,22) 0wy, (22.04
Btu/1b) ] singla=stage turbine was soelootod for a0 bLaso o lic.e
engine core.  Preliminary stroess analysis incdiodted that, an inte-
irally cast, tip=-saroulded stage was Hos351h00 1! “he Sta 0 wore
rsigned with algh work cocfficiong ol sabstanial ouat bt swirl.
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Although less efficient than a two-stage design, the single-stage
turbine would be lighter and substantially less costly. Again,
in-depth turbine design and trade-off analyses would be needed

to prove the best choice. Table VI lists several design param=-
eters for the baseline core turbine.

TABLE VI. BASELINE ENGINE CORE TURBINE CHARACTERISTICS

Specific work 65,220 J/kg
(28.04 Btu/1b)

Flow 2.83 Kg/sec
(6.24 1lb/sec)

Pressure ratio 2.83

AT 242°K (436°F)

n, Efficiency 86 %

Speed 27,627 rpm

Hub/tip ratio (exit) 0.89

U, Tip speed 380 m/sec (1246 fps) (1)

¢, Flow coefficient 0.59 (1)

A, Turbine work factor

(chpAT) 1.97 (1)
Exit swirl angle 30 deg. (1)

(1) At mean radius

Fan-driving turbine. = The fan-driving turbine for the bhase-
line engine is a three-stage unit close-coupled to the core
turbine. It was designed with a symmetrical flow path with the
mean radius equal to that of the core turbine. [ach of the three
stages have tip shrouds with labyrinth seals for improved effi-
ciency. Approximately 1.5 percent turbine efficiency could be
gained over the baseline by adding an interturbine diffuser duct.
However, decreased velocity through the turbine would i1ncrease
the turbine weight and cost. This desiyn option further illus-
trates the need for trade-off analyses to ascertain the total
effects on airplane size and costs. Design parameters for the
baseline fan-driving turbine are given in Table VII.
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TABLE VII. BASELINE ENGINE FAN~-DRIVING
TURBINE CHARACTERISTICS

Specific work

Flow

Pressure ratio

AT

-, Efficiency
Speed
Hub/tip ratio (exit)

U, Tip speed

¢+, Flow coefficient
y , Turbine work factor

£xit swirl angle

63730 J/kg
(27.4 Btu/1b)

2.83 kg/sec
(6.24 1b/sec)

2.83

193 °X
(347 °F)

87 percent
14,114 rpm
0.76

194 m/sec
(636 fps) (1)

1.10 (1)
1.97 (1)

@) du(; . ( l)

(1) At mean radius




Combustor. - The baseline engine combustor is a reverse-
flow, annular configuration, sized for a heat-release rate
of 1.1 million Joules/hour/atmosphere/cubic meter (3 million
Btu/hour/atmosphere/cubic foot). Although the configuration has
a high surface-~-to-volume ratio, the moderate turbine inlet tem-
perature chosen for the cycle should permit a low turbine-inlet
pattern factor and adequate liner cooling with little difficulty.
The definition of a fuel-admission system has little impact on
engine preliminary design or performance, since comparable per-
formance can pe expected from any of several alternate systems.
However, to meet the chemical emissions requirements applicable
to small civil turbofans after 1979 will probably require devel-
opment of a hybrid system combining the desirable characteris-
tics of both atomizers and vaporizers. Such a system is known
by the generic term "air-blast atomizer," a form of which is
depicted on the layout drawing of the baseline engine.

Exhaust ducts. - The engine exhaust ducts are conventional.
They provide diffusion to 0.3 Mach number and terminate in jet
nozzles that have equivalent convergence angles of 15 degrees.
The planes of the jet nozzles are located sufficiently aft to
provide a maximum nacelle boattail half-angle of 15 degrees.

Accessories. - The engine/airframe accessories are mounted
on a gear case that is integral with the engine front frame. A
radial "tower" shaft transmits power from the forward end of the
core compressor shaft to the accessory gear case through bevel
gear sets. The accessories svstems complement consists of:
a l150-ampere, 30-vdc, 12,000-rpm starter-generator; a 12,000-rpm
fuel pump; an electronic/hydromechanical fuel control; a dual-
igniter continuous-ignition system; a lubrication system con-
sisting of a three-element pump, integral oil tank, and a fuel-
0il heat exchanger. The gear case also has provision for an
optional engine~driven hydraulic pump.

A representative engine mechanical design was executed in
sufficient detail to determine component configurations, stress
levels, manufacturing methods, material selections, and finally
to make a credible enginc weight estimate.

The baseline engine basic layout is shown in Figure 11.
As stated nreviously, the intent of the design was to achieve a
cost-effective engine by maximizing performance quality while
minimizing parasitic machinery. The drawing illustrates the
results of the careful adherence to these principles. The engine
was sized for a sea-level static thrust of 5204 N (1170 1b).
At this thrust level, the calculated engine weight is 123 kg
(275 1lb) includina all accessories, bypass duct, and final jet
nozzles. The maxinum bypass duct diameter is 58 cm (23 in.),
and the overall engine length from inle* flange to the plane of
the primary jet nozzle is 114 cm (45 in.).
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From this nominal size, it was determined that the baseline
engine could be scaled over the range of 3114 to 7562 N (700 to
1700 1b) thrust with negligible change in specific performance.
The linear scale factor over this range of thrust varies approxi-
mately plus and minus 20 percent. This variation in scale factor
was found to be sufficient to cover the thrust requirements of
the various single- and twin-engine airplanes derived in the
study.




BASELINE AIRPLANE DEFINITION
General Design Considerations

Based on a summary knowledge of the USAF primary training
mission profile, early studies showed that a candidate military
primary trainer would exhibit a strong resemblance in size, cost,
and operating cost to a high-performance, civil, light airplane.
Tt was learned that the typical mission consisted of flights of
1-1/2-hour duration, at 370 to 463 kilometers (200 to 250 kt) '
airspeed at altitudes up to 6096 m (20,000 ft) usually under
visual flight rule (VFR) conditions. The Cessna T-37B (the
present USAF definitive primary trainer) has elementary instru-
ment flight rule (IFR) capability, no cockpit pressurization,
and has short-range capability that is consistent with the
nominal 1-1/2-hour primary training mission. However, it was
designed to be fully aerobatic and capable of 648 km/hr (350 kt)
airspeed. With an empty weight over 1860 kg (4100 1lb) and gross
weight over 2994 kg (6600 1b), the T-37B coasumes fuel at the
rate of 719 liters (190 gallons) per hour 1in typical use. If it
were in production today, it would cost the USAF over $300,00C.

In comparison, contemporary civil, high-performance, single-

engine light airplanes carry four to six people and baggage at
speeds up to 352 km/hr (190 kt), over ranges of 1296 to 1667 km
(700 to 900 n.mi.), yet weigh about half as much as the T-37B,
and consume fuel at a rate one-tenth as great. These airplanes,
with a comprehensive set of IFR avionics, sell to consumers for
less than $80,000. This includes markups to cover the cost of
design, development, and commercial distribution.

This comparison illustrates anomalies that can only partly
be explained by the fact that a sturdy military training airplane
would weigh more and consume more fuel than a civil airplane,
which was designed to less stringent standards. In fact, it can
be shown that the disparities in this compaiison result from the
differences in overall propulsion-system efficiencies between
the types compared. At the time the T-37 was designed, there
were no small turbofan engines in production and the propulsive
system had to be a turbojet. At the low airspeeds flown in the
training syllabus, this engine cycle is very inefficient due to
low propulsive efficiency. This inefficiency far out-balances
the inherent light weight and low volume of turbcjet engines.

In addition, the state of the art in attainable aircraft cas tuar-
bine cycles is markedly improved today. With this combination of
factors, the thrust specific fuel consumption (TSi'C) at 463 km/rr
(250 kt) airspeed of the turbofan eniines is less than half the
TSFC of the T3}7B turbojets.
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The aircraft design studies described later in this report
resulted in approximately a 25 percent increase in both gross
weight and fuel consumption over these preliminary results.

In the work leading to the definition of engine and airplane
baselines for this study, the turbofan engine was found to have
overall propulsion system efficiency that compared favorably with
that of contemporary light airplanes. Preliminary airplane siz-
ing analysis of a baseline airplane showed that with performance
and operational capabilities similar to those of the T-37B, but
with less equipment than the Randolph study TA-2, a new turbofan-
powered trainer could be designed to have a gross weight of 1270
kg (2800 lbs) and a cruise fuel consumption of 117 liters/hr
(31 gal/hr) at 463 km/hr (250 kt), 4572 m (15,000 ft) altitude.

Initial configuration study. - From these initial results,
a three-view drawing was prepared for a baseline single-engine
airplane configuration. Military standard cockpit sizing, engine
location, landing gear stowage, wing vertical location, equip-
ment volume requirements, and the estimated center of gravity
location were the major considerations in the preparation of this
drawing. Crew visibility requirements, initial wing and tail
size and plan form options, ground clearance angles, and seat-
ejection path clearance were other items addressed in the con-
figuration study.

Together with baseline engine performance data, the geometry
of the baseline airplane configuration was input to the GASP
computer program to obtain a baseline program model. Several
iterations were required for a balanced solution with wing,
engine, tail, and equipment locations and sizes that were repre-
sentative of the three-view drawing. With this model completed,
the next task was to "calibrate" the program with structural
component weights that were based on actual attainments in similar
airplanes. Ultimate load factor, pressurization level, and de-
sign speed requirements were input to the program weight and bal-
ance module. At this point the specific requirements chosen for
the TA-2 Randolph study airplane were reviewed and input, accommo-
dated, or achieved in successive synthesis analyses. Table VIII
lists the mission and performance requirements, and Table IX lists
the configuration and equipment requirements that were mnet.

The first three-view and synthesis results were then sub-
mitted to Cessna Aircraft Company for evaluation and comment.
Equipment fit and weights, and general configuration considera-
tions were of primary concern in Cessna's initial review.
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TABLE VIII. PRIMARY TRAINER MISSION AND PERFORMANCE
REQUIREMENTS ADOPTED FROM THE RANDOLPH

STUDY.
Mission
o) Takeoff 10 min. idle + 5 min. MIL power
o Climb MIL power climb to 4572 m
(15,000 ft)
o) Cruise 1.5 hr at 463 km/hr (250 kt) at
4572 m (15,000 £t)
o} Landing 15 min. MIL power at sea level
o Reserves 20 min. loiter at sea level
Performance
o) Takeoff Ground Run <1220 m (< 4000 ft)
o Takeoff Time 10.15 seconds
o Landing Roll < 1220 m (< 4000 ft,
o] Approach Speed 167-204 km/hr (90-110 knots)
o Rate-of-Climb > 610 m/min at 4572 m
(> 2000 ft/min at 15,000 ft)
o Single-engine Hot-Day > 122 m/min (> 400 ft/min)
Takeoff Configuration at sea level
o Cruise Endurance 1.5 hour at 463 km/hr
(250 kt) at 4572 m
(15,000 ft)
o Cruise Ceiling 7620 m (25,000 ft)
o Sustained Load Factor > 2.5 g's at 4572 m (15,000 f¢t)
o Instantaneous Load > 4.0 g's at 4572 m (15,000 ft)
Factor
o Maximum Sveed 463 kn/hr (250 kt, 0.399 !lach)
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TABLE IX. CONFIGURATION AND EQUIPMENT REQUIREMENTS
ADOPTED FROM THE RANDOLPH STUDY.

O 0O O O

Configuration

Seating
Cockpit Geometry
Visibility

Propulsion

Flight Controls

Landing Gear

2-place side-by-side
MIL-STD-133 or equivalent
MIL-STD-850

Two engines in flight,
restart capability

Conventional primary con-
trols, flaps, deceleration
devices, 1ift spoilers

Retractable, nose wheel
steering, antiskid brakes

Bguigment

Avionics

Instruments

Status Monitoring

Student Performance-
Measuring Equipment

Air Conditioning
Bird-Proof Windshield

Windshield, Engine
Inlet Anti-Ice

Oxygen and Pressurization
Zero/Zero Escape Systen

Standard Emergency System

Communications - UHF, hot-mike

intercom

Navigation - TACAN or VOR-DME
area nav. IFF/SIF(AIMS). ILS
marker beacon

Special - Collision avoidance

Engine - State-of-the-art
round dial

Flight - Attitude, heading
ref. system, flight director,
angle of attack indicator

Conventional light warning

Audiovideo recording system,
audio tape recorder
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personnel of the DCS Operations staff at USAF Air Training Command
Headquarters were solicited for comments on the configuration and
projected performance capabilities. Similarly, U.S. Navy Train-
ing Command personnel were consulted on the configuration.

Although it was the original intent of the study to define
one most cost-effective airplane having a single engine applicable
to civil use, it became increasingly clear during discussions
with military personnel that twin-engine configurations should
be included in the study. Furthermore, while side-by-side seat-
ing was selected for the initial baseline, certain advantages of
the tandem seating arrangenment were pointed out by military
personnel, and it was subsequently decided to include this
alternative. Finally, the basic configuration sensitivity study
included a complement of four airplanes-—single-engine and twin-
engine, each with side-by-side and tandem seating.

Three-view drawings were prepared, and synthesis definition
of baseline models was completed for each of the four configura-
tions. Except for their inherent differences, these baselines
were executed in such a manner that their performance and opera-
tional characteristics were nearly identical. 0Of course, the
twin-engine airplanes required extra propulsion-related equipment
and instrumentation to pe included in the weight, and tandem seat-
ing required extra cockpit instrumentation.

The analysis of single-engine climb capability of the twins
provided the greatest dif ference in the performance analysis.
Federal Aviation Regulations (FAR) , Part 25 were applied to the
single-engine climb analysis of the twins. Wwith respect to
engine failures on the single-engine airplanes, it was considered
imperative that the stall speed be less than 113 km/hr (70 mph),
which would usually permit emergency landings without destruction
of the aircraft or serious injury to the crew. This is apparently
the intention of the 70-mph maximum stalling speed rule of FAR
part 23 that 1is applicable to single-engine civil airplanes.

Complete descriptions of the paseline airplanes are provided
in the following sections, Tasks I through IV, together with the
results of an engine sizing study and the synthesis sensitivity
analyses conducted on the pascline configurations.



TASK I - EVALUATION OF SIDE-BY-SIDE,
SINGLE-ENGINE TRAINER

Initial Airplane and Engine Sizing Analyses

The baseline airplane geometry was defined by a three-view
drawing and a compatible set of synthesis results. The first
drawing was prepared with a 9.29 sgq m (100 sqg ft) wing, antici-
pating that the n"golution" airplane would weigh about 1067 kg
(3500 1b), resulting in a wing-loading approximately the same as
that of the T-37B. The 10-aspect-ratio wing was located in a
"shoulder" configuration, at eye level, behind the cockpit.
Wing-tip fuel tanks were sized to accommodate more than half the
total fuel, thus providing a large wing relieving load that would
ensure a light wing structure. However, the tip tanks were re-
moved in subsequent design analyses when Cessna Aircraft Company
advised that, in a fully aerobatic trainer, it is considered im-
perative to minimize the moment of inertia about the roll axis to
enhance recovery from spins. Synthesis analysis was performed
with the assumption of full span, 100 percent Fowler-action flaps,
and the drawing incorporated Mitsubishi-type spoilers for roll
control. Two vertical tails were located at the tips of the hor-
izontal tail, and tail surfaces were sized to provide volume
coefficients of 0.075 and 1.36, for the vertical and horizontal,
respectively. The engine was located on the top of the fuselage
tail cone, with the rectangular inlet located at about 50 percent
of the wing root chord. The landing dear was assumed to be a
conventional tricycle configuration. The oleo-spring nose gdgear
retracted forward into the fuselage nose, and the main gear, with
spring steel struts, retracted about a single pivot hinge into
the fuselage tail cone. Crew accommodation was provided within
a fully glazed canopy, similar in size and shape to that of the
T-37B.

Because the GASP mission module is based on a typical general
aviation mission format of takeoff, climb, and cruise, plus re-
serve fuel, it was necessary to rationalize the Randolph TA-2
airplane mission into this format. Based on initial synthesis
results and separate calculations, it was determined that a mis-
sion nearly equivalent in fuel consumption to that of the TA-2
could be represented by takeoff, climb to 4572 m (15,000 £t),

250 kt cruise for 740 km (400 n.mi.), plus reserve fuel for 45
minutes at that speed and altitude. All further synthesis sizing
work done in the program was based on this mission.

With baseline engine and airplane sizing results obtained
from initial synthesis analysis, the reaquired airplane perform-
ance envelope was examined for enaine sizing criteria other than
those analvzed in GASP. The TA-2 airplane requirenents specified
in the Randolph UPT study report were adopted for this investiga-

tion. Initial synthesis results showed that when the anqgine was
sized by the thrust recquired at start-nf-cruise it would nrovide
adequate takeoff and climb perforrance. lHowever, a separate




analysis of the thrust required to provide a sustained load factor
(or maneuver rate) of +2.5 g's at 4572 m (15,000 f£t) showed that
this performance requirement probably sized the engine at all
reasonable values of wing-loading. Because the twin-engine air-
plane to be evaluated in Task II was to be the subject of exten-
sive wing-loading and thrust-loading studies, it was decided to
forego this work on the single~engine airplane until optimized
values were obtained in Task II.

The calibrating values of airplane component weights for
refining the GASP calculations were taken from the 1724-kg
(3800-1b) Cessna Turbo Centurion II. From these calibrating
values GASP has the capability of calculating new weights based
on the different structural load criteria, pressurization require-
ments, and component sizes. For example, the GASP-calculated
wing weight was lased on a 10-g ultimate load factor, resulting
in a substantially heavier wing than that of the more lightly
loaded Centurion. Fixed equipment weights were estimated by
Cessna Aircraft Company, based on the Randolph "fit" and currently
available equipment lists. The breakdown of equipment weights is
given in Table X.

Final Design results and Evaluation

Sensitivity and trade-off analysis results obtained in Task
11 were incorporated in a final side-by-side, single-engine de-
sign. The three-view drawing, Figure 12, and GASP printouts
supplied in Appendix B describe this design in detail. The most
notable aspect of these design results are the large reductions
in airplane size and fuel consumption over those obtained in the
Randolph study. The reduction in empty weight amounted to over
227 kg (500 1b); in gross weight, about 363 kg (300 1lb); and in
mission fuel, about 30 percent. This achievement is attributed
to the use of a "best" engine, which is designed and optimized to
meet the stipulated mission and airplane performance requirements.

Ceompared with the other three confiqurations evaluated in
this study, the side-by-side single-engine trainer is unquestion-
ably the most cost-effective. With side-by-side seating, there
is a minimum of duplication of cockpit instrumentation and equip-
ment., With a less costly single-engine installation (nacelle,
instruments, etc.), and lower specific engine cost (dollars per
unit of thrust), the development and flyaway costs of this con-
fijuration should be substantially less than those of the others.
With the lowest fuel consumption, lower maintenance costs permit-
ted by the single engines and least amount of eruipment, the air-
nplane overating costs should also bHe lnwer by a sianificant nar-

gin. Finally, with the sasier operation inherent in sinjle-endgine
airplanes, training effectiveness should be improved by ~liminat-

ing the requirement for teaching "srimary" students the more com-=

plex multi-engine pilotir g tasks.
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TABLE X. CESSNA-PROVIDED FIXED EQUIPMENT
WEIGHT ESTIMATE
INSTRUMENTS: kg 1b
Engine Instruments, Transmitters (0.5 of 6.8 15.0
Citation)
Cabin Pressure Instruments 1.0 2.1
Flight Instruments, pual + Dual Flight Director 42.9 94.5
[11 kg (25 lbs) eal
angle-of Attack (Citation) 4.1 9.1
Accelerometer (T-37) 0.7 1.5
VGH Recorder (T-37) 1.1 2.5
Total 56.6 124.7
ELECTRICAL (Except Starter-Generator)
Battery - 22 amp~hr, 24-volt, & case 26 58
Solid-State Inverters (2) 4 9
cutouts and Voltage Reg. (0.5 of T=37) 3 6
switches, Rheostats, Panels, Boxes 2 4
Circuit Breakers 0.5 1
Junctions, Distribution Boxes 1 3
Plugs 1 3
Relays 2 4
Wiring 9 20
Conduit 0.5 1l
Miscellaneous 4 8
Lights (Incl. St.robes), Horns 10 22
Supports 3 7
Total 66 146
FURNISHINGS & EQUIPMENT
Rocket Zero-Zero Ejection Seats with Chutes 50 110
Cushions 2 5
Oxygen System (High—-Pressure, Limited Size, 9 19
for Decompression only)
Pins, Plates, Mirror, Rugs, Trim Insulation, 5 12
First Aid
Fire Detcct. & Extinguish. & portable Extinguisher 8 18
Ventilation System 7 15
lHHeat System 0.5 1
Cooling System (ALr Cycle) 25 56
Defog & windshield Anti-Ice & Rain Removal B) 10
(All Weather)
Auxiliary Gear 1 2
Total 112.5 248
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TABLE X. (Contd.)
AVIONICS Side-by-Side Tandem
kg b kg 1b
UHF 4 9 5 12
Hot Mike Intercom & Audio System 2 5 3 6
VOR-ILS-MB 3.2 7.1 5 12
DME 8 18 9 20
Area NAV 5 11 7 15
IFF/SIF (AIMS) 3.4 7.5 3.4 7.5
Collision Avoidance (Proximity Only) 3 7 4 8
Audiovideo Recording System and 18 40 18 40
Audio Tape Recorder
Sub Total 46.6 104.6 54.4 120.5
10% For Installation 4.7 10.5 5.4 12.1
TOTAL 51.3 115.1 59.8 132.6
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PERFORMANCE

CRUISE SPEED (5000 % A.T)

STALL SPEED (FuLL FLAPS)
(WITH 2 CREW))
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WEIGHTS

GROSS
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TASK II - EVALUATION OF SIDE-BY-SIDE TWIN-
ENGINE TRAINER

Initial Airplane and Engine Sizing Analyses

Wing-loading and thrust-loading. - Initial design efforts on
the side-by-side, twin engine configuration were directed toward
achieving a compatible set of results between the GASP output and
the three-view drawing. The significant differences between this
configuration and that of the single-engine airplane is the low
versus shoulder wing location, and the relocation of the engines
to the top of the wing. This engine position was chosen for two
reasons. First, wing-mounted engines provide the lowest airframe
structural weight. Heavy fuselage frames are eliminated, and
wing bending moments are reduced by moving the "dead" weight of
the engines outboard on the wing. This is particularly signi-
ficant in a wing stressed for 10 g's ultimate load factor, as
the case is for trainer airplanes. The second reason for wing-
mounted engines is the elimination of the aerodynamic effects of
the engine-to-fuselage pylon. In the deep-stall flight condi-
tion, the horizontal tail is less likely to be blanked by the
combined wake of fuselage, pylons, and engine nacelles. With
the consequent increased effectiveness of stabilizer and elevator,
it should be possible to have a horizontal tail of shorter span
and lower weight.

The original GASP definition of the airplane was performed
with engines arbitrarily oversized tc ~nsure conformance to the
several airplane off-design performanc requirements stipulated
in the Randolph study. Because the interrelationships between
wing loading (gross weight - wing area), thrust-loading (gross
weight - installed thrust). and performance requirements are
complex, an in-depth parametric analysis was undertaken. The
results of this analysis facilitates the identification of the
most cost-effective combination of these important dosign
variables.

Figures 13 through 16 are plots of thrust available and
thrusts required for 1 and 2.5 g's flight at 4572 n (15,000 ft),
vorsus flight speed, for four values of wing-loading. The
engine is "sized" in each case by the point of tangency between
+he thrust available and the thrust required for 2.5 g's load
factor. with the engine "sized" by this method, the solution
airplane thrust-loading is a falloat, varying with winj-loadinqg.
In further GASP analvs.is it was shown that with enqgines sized
or 2.5 4a's sustained maneuver capabilizy at 4572 n (15,900 t+;,
all other verformance requirements were met at all the 7alues
o7 wina-loading that were examined. Additional informatinn
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WING LOADING = 171 KG/M2 (35 PSF)
ALTITUDE =4572M (15,000 FT)
RANGE =400 N. Mi. PLUS RESERVES

PAYLOAD = 186 KG (410 LB)
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Figure 13. Engine Sizing Results at Wing
Loadiny of 171 xy/sq m (35 lb/sg ft).
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WING LOADING = 195 KG/M2 (40 PSF)
ALTiTUDE = 4572 M (15,000 FT)
RANGE = 400 N. Mi. PLUS RESERVES
PAYLOAD = 186 KG (410 LB)
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Engine Sizing Results at

Wing Loading of 195 Kg,sq m

(40 1b,’syq ft).
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WING LOADING = 220 KG/M2 (45 PSF)
ALTITUDE = 4572 M (15,000 FT)
RANGE = 400 N. Mi. PLUS RESERVES
PAYLOAD = 186 KG (410 LB)
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Figure 1l5. Engine Sizinc¢ Results at Wing Loading

of 220 kgr/saon (4L 1b/sg ft).
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WING LOADING = 244 KG/M2 (50 PSF)
ALTITUDE = 4572 M (15,000 FT)
RANGE =400 N. Mi. PLUS RESERVES
PAYLOAD =186 KG (410 LB)

LRLYY

= 4400 \
' - 4200
% \ TURNING FLIGHT
T— 900 - 4000 (2-5 ugusu)
L i 3800 THRUST REQUIRED
: \
i 800 L 3600 \
i' 34ooe>\ \
| B ~
\ NG \ ESTIMATED
3200 .
700 |- NG / STALL
3000 N
n , ’a
o 2800 /
- 2 / "
| 600F | Leno THRUST L
s 73 AVAILABLE ~
2 - 2400 >
[+ o 2 g N
T I S~
F s00F & 2200
| 2000 /)
CRUISE //
400 1800 DESIGN 7
POINT N
I 1600 N—1
300 1400 \
1200 \\ i N
[~ ~— " LEVEL FLIGHT
| 1000 THRUST REQUIRED
200 Lo
800
100 140 180 220 260 300

VELOCITY, TAS - KNOTS

Figure 16. Engine Sizing Results at Wing Loading
of 244 kg /sq m (50 lb/sq ft).




contained in Figures 13 through 16 includes the estimated stall
or buffet limit velocity in a 2.5-g maneuver, best maneuver
speed at 4572 m (15,000 ft), and the thrust required in level
flight at the cruise design point, 463 km/hr (250 kt).

Continuing the wing-loading study, GASP results were used
to generate the data contained in Figures 17 through 21. Here,
the important design parameters affecting airplane unit cost and
operating cost are plotted against wing loading. Three curves
in each plot represent different engine sizing criteria; 2.5 and
2.0 g's sustained load factor, and 122 m/min (400 ft/min) single-
engine, hot-day rate of climb. It should be reiterated here
that with use of the GASP analysis technique, any point along
these curves represents a unique airplane "solution" that meets
all the stipulated performance, mission, and equipment require-
ments.

Examining Figures 17 through 21 reveals that over the range
of wing loading investigated, 171 to 244 kg/sq m (35 to 50 lb/sq
ft), airplane gross weight, empty weight, and cruise fuel con-
surption are reduced with increased wing loading. Only thrust
loading and, consequently, engine sea level static thrust in-
creases with increased wing loading. The immediate conclusion
based on these results is that only life-cycle cost analyses
would permit the selection of a wing-loading value that would
maximize airplane cost-effectiveness. However, based on a pre-
liminary evaluation of the relative values of the components of
life~cycle cost, the highest wing loading examined in this study
would result in the most cost-effective trainer. It was estimated
that over the range studied the increased cost of the engine due
to higher thrust would be approximately offset by lower airframe
cost due to lower structural weight, and that the reduced fuel
consumption would provide a net reduction in the life-cycle cost.

Coincident with the analytical efforts to select a best
wing-loading for the baseline airplanes of this study, NASA
personnel were engaged in the design of a computer program to
simulate the dynamics of the conventional loop maneuver. Using
this program, it was demonstrated that at 220 kg/sq m (45 1lb/sq
ft) the airplane would exhibit several desirable characteristics
in the loop. Figure 22 illustrates that with a buffet limit 1lift
coefficient of 1.12 and a 3.5-g maximum load factor, it would
maintain 1.03 positive g's over the top, or apex, of the loop.
Less than 1219 m (4000 ft) of vertical and horizontal air space
would be required to accomplish the maneuver. This mancuvering
capability, together with considerations of stall speed, landing
speed and distance, and absolute wing dimensions on the "solution"
airplane, led to the selection of a wing=-loading of 222 kg/sq m
(45 1lb/sq ft). This value was used in all subsequent sensitivity
analyses performed in the study.
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Final Design Results and Evaluation

Fiqure 23 illustrates climbing characteristics, which are
functions of wing- and thrust-loading common to the four baseline
airplanes. Time to climb to the assumed normal operation alti-
tude of 4572 m (15,000 ft) is less than 5 minutes. Maximum rate
of climb at this altitude exceeds the Randolph study requirement
by about 152 m/min (500 ft/min). A service ceiling of about
10,060 m (33,000 ft) is indicated.

The operating envelope common to the four baseline airplanes
is illustrated in Figure 24. 1In this plot of altitude versus
flight speed, the maximum level flight speed, the speed for maxi-
mum rate of climb. the maximum altitude of 10,670 m (35,000 ft),
and the maximum level speed of 598 km/hr (323 kt) are all shown.

With completion of the foregoing performance analyses of the
paseline side-by-side twin configuration, it was concluded that
the resulting airplane conceptual design was entirely responsive
to the requirements defined in the Randolph study. The final
design and performance quality varied only slightly from that of
the Randolph conceptual TA-2. However, comparative analysis sug-
gests that substantial gains had been made in areas that affect
economics. The gross and empty weights were reduced over 20 per-
cent, a factor that clearly indicates a potential for reducing
flyaway cost from the Randolph study estimate of $319,000. Fuel
consumption was estimated to have been reduced between 30 and 50
percent, indicating that operating cost could be lowered from the
$99 per hour Randolph study estimate.

The three-view drawing presented in Figure 25 depicts the
configuration details of the final side-by-side twin engine
design. The GASP printouts given in Appendix B list additional
dimensional, weight breakdown, and aerodynamic data. With use of
these data, pertinent comparisons can be drawn between the design
results and those of the current USAF primary trainer, the T-37B.
For example, it is dimensionally smaller, with 85 percent of the
fuselage lenuth, and 80 percent of the wing span of T-37B. It
is substantially lighter in weight--about half the gross weight

and 60 percent of the empty weight of T-37B. With 30 percent of
the fuel carried by T-37B, it has greater range and endurance in
primary training missions. With cockpit pressurization and a

superior avionics fit, it is able tc perform training missions
and meet training syllabus requirements that are not possible 1in
the T-378B, as it is currently equipped.
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Further comparisons show additional improvements in
propulsion-related factors affecting operational use. It is
estimated that the turbofan-powered trainer would have approxi-
mately 20 EPNAB lower noise level in takeoff (flyover), approach,
and sideline measurements than the T-37B. With an exhaust jet
velocity about 40 percent of that of T-37B, personnel safety on
conjested flight lines would be improved. Chemical exhaust
emissions would be reduced to newly proposed federal standards.
Finally, with adherence to contemporary engine design practice,
substantial improvements could be expected in reliability and
maintainability. Modular engine component assemblies would fac-
ilitate on-the-wing, on-condition maintenance and, thereby, effect
reductions in hourly operating costs.

The foregoing comparative evaluations of the side-by-side
twin-engine configuration show that it is markedly superior to "
both the T-37B and the Randolph study TA-2 conceptual design. 3
Only the side-by-side single-engine airplane defined in this study
would have greater cost-effectiveness than this configuration.

Parametric Sensitivity Analyses

Engine definition for sensitivity analysis. - The baseline
engine design described previously provided the basis for design
point parametric cycle analysis, and for subsequent definition
of candidate engines used to evaluate the effects of cycle qual-
ity on the airplane size and fuel consumption. In the parametric
cycle analysis, all cycle variables affecting spec’“ic thrust and
specific fuel consumption were examined. Fan pressure ratio,
core compressor pressure ratio, turbine inlet temperature, and
bypass ratio were varied over a sufficient range of values to
permit the evaluation of performance trends and optimum condi-
tions. Component efficiencies and cycle losses were varied or
held constant appropriate to the cycle and component variations.

The effects on cycle quality of core compressor pressure
ratio were examined by varying the pressure ratio from 4:1 tc
10:1. The variation expected in adiabatic efficiency over this
range is shown in Figure 26. In order to simplify the definition
of compressor performance over this range, one axial-centrifugal
compressor design was assumed, with design characteristics simi-
lar to those of the original baseline engine. Beginning with a
1.818 pressure ratio centrifugal compressor desian, three to
seven axial stagjes were added sequentially to the front to effect
the desired overall pressure ratio.

The effects of fan pressure ratio were examined over the
range from 1.15:1 to 1.4:1, with desin point efficiency varying
as shown in Figure 27. Turbine inlet temperatures ranging from
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Figure 27. Estimated Design Point Fan Efficiency
Variation With Fan Pressure Ratio.
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1140 to 1228°K (1600 to 1750°F) were evaluated and bypass ratios
were varied sufficiently to ascertain the values for minimum
specific fuel consumption.

The other cycle parameters assumed to be constant were:

Combustion efficiency 0.99 |
Core turbine efficiency 0.852 |
Fan turbine efficiency 0.89 §
Total system pressure loss 8.5 percent |

The system pressure 1loss is divided between the combustor (4
percent), the bypass duct, fan-compressor transition duct,
inter-turbine transition and turbine exhaust ducts (1.5 percent
each). The parasitic power losses in the engine (fuel and oil,
windage, bearing seal, and gear friction) are assumed to require
1 percent of the power developed by the fan turbine.

The engine cycles were derived and compared on the basis of
installed performance, with the following airframe installation
factors accounted for:

Inlet ram pressure recovery 0.99
Power extraction 7.5 kw (10 hp)
Bleed-air extraction 4.5 kg/min

(10 1lb/min)

The parametric engines were sized to provide an installed net
thrust of 2464 N (554 1b) at 463 km/hr (250 kt) and 4572 m
(15,000 ft) ISA. This thrust level is approximately that re-
quired by the single-engine airplane to provide the 2.5 g's sus-
tained load factor capability.

The many possible combinations of fan pressure ratio, com-
pressor pressure ratio, turbine inlet temperature and bypass
ratio are shown in the following parametric cycle analysis
results. The influence on specific fuel consumption of these
variables is shown in Figure 28. Over the range of values exam-
ined, it can be seen that the effect of core pressure ratio is
most significant. Also shown in these results of parametric
cycle analysis is the irrelevance of the term bypass ratio as a
fundamental operator on specific fuel consumption or specific
thrust. On a high bypass ratio engine, a large percentage of the
thrust is generated by the bypass flow--approximately in propo: -
tion to the bypass ratio. Furthermore, the engine specific
thrust, or thrust per unit of airflow, is a direct function of
fan pressure ratio. Therefore, for an engine of a given thrust,
the engine airflow (and essentially the fan, engine, and nacelle

A7
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Figure 28. Parametric Cycle Analysis Results.
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dimensions) can be established by first selecting the fan
pressure ratio. It can also be shown that by evaluating nacelle
drag versus fan pressure ratio, a best pressure ratio may be
selected that maximizes net installed thrust and consequently
maximizes the propulsive efficiency component of net installed
specific fuel consumption. It can be seen in Figure 28 that
turbine inlet temperature and bypass ratio are interrelated
functions if fan and core compressor pressure ratios are selected.
For example, if a 1.2:1 pressure ratio fan and a 10:1 pressure
ratio core are selected, Figure 28 shows that for a turbine inlet
temperature of 1144°K (1600°F), the optimum bypass ratio is less
than 10:1. Similarly, for 1228°K (1750°F), the optimum bypass
ratio is greater than 12:1. This illustrates the effect of tur-
bine inlet temperature on the size of the engine core. The dif-
ference in specific fuel consumption between these cases is only
the effect of turkine inlet temperature on the thermal efficiency
of the cycle.

Figure 29 shows that fan pressure ratio is the predominent
factor in the important engine performance parameter--specific
thrust. Any point on the curves in this figure is an optimized
engine cycle. That is, for a given point on one of the compres-
sor pressure ratio lines and at a given turbine inlet temperature
(with constant component efficiencies and loss assumptions), there
is no variation in engine cycle that will provide a lower specific
fuel consumption. Only one xind of variation is possible; it is
the choice of energy split between that delivered to the core jet
nozzle and that of the fan. The energy split that is most effic-
ient, in terms of specific fuel consumption, occurs at only one
pbypass ratio and by definition provides the optimized engine cycle
referred to previously.

The dominant influence that turbine inlet temperature has
on the size of the engine core is further illustrated in Figure
30. The core inlet corrected airflow is shown to vary sub-
stantially over the small range of turbine inlet temperatures
examined. The core size varies to « lesser extent with compres=
sor pressure ratio, which affirms that its influence on the
specific power of a gas turbine cycle is small.

In defining the best engine candidates for engine cycle
quality sensitivity analyses, the parametric cycle analysis
results were carefully evaluated. It was determined that the
best fan pressure ratio, as it affects net installed specific
fuel consumption, could be ascertained directly. Fiqure 31 shows
specific fuel consumption versus cycle pressure ratio for two
cases of fan pressure ratio. The dashed line in Figure 31 rep-
resents the best attainable TSPC, discounting the effects on net
ver formance of nacelle draa and engine weight. Along this line,
fan prossure ratio varies from about 1.2:1 to 1.25:1. The snliAd

69




-

b

SPECIFIC THRUST,
Fpn/W, — LBF/LB/SEC

70

ALTITUDE = 4572 M (15,000 FT)
VELOCITY = 463 KM/HR (250 KNOTS)
THRUST = 2464 N (554 LBF)

Ty, = 267°K (204°F)

Py, = 6318 N/CMZ (9.164 PSIA)

1o 10 , 1
X COMPRESSOR 10
v PRESSURE RATIO 7
2 100 4
oF
Eﬁ
> 90 2
9 s LI- /
7 /
8 Z 80 A
=
Q
w 70
7L35
W
& o .
1.16 1.20 1.24 1.28 1.32

FAN PRESSURE RATIO

figure 29. Engine Specific Thrust (Thrust/Airilow)

variation wWith Fan Pressure Ratio.




AIRFLOWS ARE FOR AN ENGINE SIZED FOR
2464 N (554 LB} NET CRUISE THRUST AT
463 KM/HR (250 KNOTS) 4572 M (15,000 FT)

o 4.6
& 100
o @
- Q
| % 44
©
§ 95 §
- 4.2
2 .
(@] =
E o 90of S
« .
P « 4.0
2 o
5 85 w
w 5 3.8
o w
4 «c
3 S
5] &
2 |
= 2
£ 75L w
S 75 0 34
o o]
&)
3.2
1.16 1.20 1.24 1.28 1.32
FAN PRESSURE RATIO
TURBINE INLET
COMPRESSOR TEMPERATURE, T,
PRESSURE RATIO 4
oK OF
; -————23
—_—7 1144 1600
-—--—10 1172 1650
1200 1700
1228 1750
Figure 30. Parametric Analysis Results or

Core Sicse Variation.




STANDARD ATMOSPHERE
ALTITUDE = 4572 M (15,000 FT)
VELOCITY = 463 KM/HR (250 KNOTS)
THRUST = 2464 N (554 LBF)
EAN PRESSURE RATIO = 1.3
TURBINE INLET TEMPERATURE = 1228°K (1750°F)
BYPASS RATIO = 7.85 TO 8.50
INSTALLATION LOSSES:
RAM RECOVERY =0.99

T SHAFT HORSEPOWER = 7.5 KW (10 HP)
: TOME = 4, (10 LB/
z 0.085 ‘CUS ‘ R _BLEED = 45 KG/MIN (1 B/MIN)
g 4 —COMPRESSOR
08— | PRESSURE
) > RATIO
o 0.080
s LE | N
e o \
W~ ) N
e 7] \
wX 2 0.075}—- AN \
Egg 8 h \\\\\\
= | - <
O 07} w N
g-J % z N SN 7
n= uw 0.070 <
= Q \C
©2 Y '~ \\
z> Lo BEST TSFC ATTAINABLEAT |~ | —~——1—_ | 10
I ‘2 & LOWER SPECIFIC THRUST ~
-3 & 0.065 -
o - T~
=
O.GL %
= 0.060
5 6 7 8 9 10 1" 12 13
CYCLE PRESSURE RATIO
Figure 31. Thrust sSpuciiic ol Consumptich

variation with Cyole Pressure RAt10.




line in Figure 31 represents a constant fan pressure ratio of
1.2:1, (and constant specific thrust), which is near optimum with
respect to the tradeoffs between TSFC, and nacelle drag and engine
weight. By examining Figures 28, 29 and 31, it can be seen that
in the 10:1 core pressure ratio case, the 1.3 pressure ratio fan
provides a 40 percent higher specific thrust than the 1.2 pressure
ratio fan which provides the lowest TSFC. The effect on nacelle
drag and engine weight of the higher specific thrust offsets the

3 percent increase in TSFC.

Because of its relatively small influence on TSFC and engine
specific weight, turbine inlet temperature was similarly elimin-
ated as a cycle quality variable in the synthesis sensitivity
analyses. A turbine inlet temperature of 1228°K (1750°F) was
chosen for sensitivity candidates as the highest temperature that
would permit the use of an uncooled core turbine while retaining
substantial growth potential.

The parametric cycle analysis results show that the variable
exerting the greatest impact on cycle quality is core compressor
pressure ratio. Over the range examined, specific fuel consump-
tion varies about 30 percent. The candidate engine cycles selec-
ted for use in the synthesis sensitivity analyses differ in
configuration, size, weight, and specific fuel consumption since
three different pressure ratios were selected for comparison.
Table XI lists the candidate engine cycle parameters, as well as
the installed net thrust and TSFC for each engine.

Weights for the candidate engines were derived from the cal-
culated weight of the original baseline engine, which is similar
to Engine II in Table XI. Figure 32 is a plot of engine specific
weight versus core pressure ratio, as calculated by a weight
estimating computer program that was calibrated with the baseline
engine weight. These weights were subse aently used in the
synthesis sensitivity analyses.

Engine cycle quality sensitivity results. - With use of the
GASP program, "solution"” airplanes were calculated with each of
the three engine candidates to evaluate the effects of cycle qual-

ity on airplane size and cruise fuel consumption. In Fiqure 33,
thoe resultant gross and empty welghts are plotted against engine
core pressure ratio. These curves show that the 7:1 core chosen

for the baseline engine minimizes emoty weight and results in
near minimum gross weight. Beyond 7:1, the emoty weight 1ncrease
is attributable to increased engine weirht, which is partly off-
set by a small reduction in airplar~ structural weight because of
lower fuel weight. The cffect on jross weiqht is similar neyond
8.5:1 pressure ratio.




TABLE XI. CANDIDATE ENGINE CYCLE
PARAMETER DEFINITION
1 1I III
Inlet (Fan) 38.317 kg/s 38.317 kg/s 38.317 kg/s

Corrected
Airflow

Fan Pressure
Ratio

Fan Efficiency
Bypass Ratio

Compressor Inlet
Corrected
Airflow

Compressor
Pressure Ratio

Compressor
Efficiency

Turbine Inlet
Temperature

HPT Inlet
Corrected Flow

HPT Pressure
Ratio

HPT Efficiency

LPT Inlet
Corrected Flow

LPT Pressure
Ratio

LPT Efficiency

1
et

Installed
TSEFC

(84.475 1b/s)
1.3

0.89
8.0

3.468 kg/s
(7.645 1b/s)

10.0
0.806

1228°K
(1750°F)

0.713 kg/s
(1.572 1b/s)

3.85

0.852

2.473 kg/s
(5.451 1b/s)

2.837

v.89

2464N
554 1b

.0654 kg/N.h
.641 1b/hr/1b

[&Nes)

(84.475 1b/s)

1.3

0.89
8.397

3.321 kg/s
(7.322 1lb/s)

7.0

0.816

1228°K
(1750°F)

0.976 kg/s
(2.152 lb/s)

2.799

0.852

2.540
(5.599

2.764

kg/s
1b/s)

0.89

2464N
554 1lb

0.0689 kg/N.h
0.676 lb/hr/lb

(84.475 1b/s)
1.3

0.89
7.85

3.526 kg/s
(7.774 1b/s)

4.0
0.824

1228°K
(1750°F)

1.821 kg/s
(4.015 1b/s)

1.902

0.852

3.345 kg/s
(7.375 1lb/s)

2.377

0.89

24 64N
554 1b

0.0824 kg/N.h
0.808 lb/hr/1b

(L) at design point,

463 kg/hr (250

kt),

1572 m (15,000 ft).

74




oT3eY 2aINssoxd 1o0ssa1duod 910D U3 ITM uoileTien

(3snayl = JUHTOM) IULTOM suthug oat3toods pojelnoaled LR SR E cERR |

Ol11VH 34NSS3Hd 3HOD

U — )l.&b.gx . — e w m g a— “m e e e m e meme e wmen o= - - e crammaas. W= wme = e aw o .Iu\J.-VNO ..
- B IA TR

e e it i m

8Leo .

49120

L

zceo

. . ‘ . veceo

10zc¢'c

-152¢0

- - - - = -18220

N/ON — LHOI3M INIDNI 21310345
437/87 - LHOIIM INIONT 01410345

- — - -|ogzo

rAXAV

|

82¢°0

R U G e R i T A1}




*0T3ed 2Inssaxd a1ossaadwo)d 33I0D
Y3 TM uoTjeTIeA IYbToM Kqdug pue ssoxd *gg 2anbtd

Ol1VvH 3HNSS3Yd 3HOD
8 L 9 S K

10001

LHOIIM ALJW3

00tlL

ooct

00€L

oovi

00St

1HOIIM SSOHD

00L1

0081

ON — LHOI1IM

00¢e

)

—1009¢

1

000¢

~ 008t

87 — LHOI3M

76




The rate of cruise fuel consumption of the "solution"
airplanes is plotted in Figure 34 against core pressure ratio.
As shown, fuel consumption will continue to decrease beyond 7:1
pressure ratio, but only by a small amount. It can be anticipated
that life-cycle cost analyses would show that the benefits derived
from the higher pressure ratio, in the trade-off hetween inherent
higher engine cost and lower fuel cost, are negliaible.

The results of this sensitivity analysis indicate that the
cycle quality chosen for the baseline engine is near optimum for
the mission and performance requirements selected in the Randolph

study. Firal designs of the four airplancs which resulted from
this study therefore use the 7:1 core pressure ratio engine.

Airplane drag sensitivity results. - It can be observed that
airplanes differ widely with respect to their zero-life draq coef-
ficient, which is a measure of acrodynamic quality. Comparisons
of any two airplanes desiagned at the same time co essentially the
same mission problem statement will reveal surprising differences
in aerodvnamic quality as manifested in either airplane siz2 or
verformance. In exercisinc the airplane design art, choosing
heiween the fundamental configuration alternatives has a major
effect on resultant aerodynamic qguality. Bevond that, however,
it has heen shown that "a:tention *to detail" is of equal or more
significance.

This art is, of course, well known to airplane designers.
Proper execution of wing root fillets and fairings, the "flush-
ing" of protuberances and excrescencies, sealing gaps, shutting
0ff circulation through holes and wheel wells, specification of
skin finish and smoothness, and the shaping or tailoring of con-
ponent forms are a few examples of the art as it is practiced.
An example that has become a text book classic is the work of
NACA's R.I. Lange on the Grumman TBM. Using an incremental
avproach, i.e., fixing one "draggy" detail at a time, he was
able to effect a total drag reduction of 30 percent, which 1s
equivalent to removing either the wing or the fuselage increment
from the total airplane profile draqg.

It is annarent that nox a1l airplanes nndergn eaqual hreat-
mont in the mininization of draa. Tt is vrobable that lesignoers

(S

are oftoen stovped short in deforence to arbiltrary cost-

e fackLvoness contlderations, In general wviation, for o oexannle,

A drag ancrenont is ogenerally equated to the performance Dnoorenn!
that 1h crises, T o doubtful thos the caestion s erver sy d,
"I 1l misaion and vorfornance Yactors are held oonstoat, wh

e of oot ar oA dras increnent oo Rhe sioe, initialoan i oonaratans
Chnts o e 'salution ailrplane?’ A cont-et foctieness et

can o be made Hhy o oansweringt kEhls auestion,
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The GASP synthesis computer program makes it possible to
answer this question easily. By adding a drag increment while
holding all other input parameters constant, it will compute a
new "solution" airplane and list the factors that determine its
initial and operating costs. Then, a valid cost-effectiveness
evaluation can be made, and the drag-reduction efforts of the
designer will probably be continued.

In checking the GASP results on the side-by-side single-
engine airplane, Cessna's drag buildup analysis indicated that
the GASP-calculated zero-lift drag coeificient was optimistic.
The Cessna analysis showed several areas where configuration
changes and "attention to detail" would serve to eliminate the
discrepancy. For example, moving the engines aft on the wing
would reduce nacelle-wing interference drag, and shortening the
engine nacelles would reduce their profile drag. Therefore, it
was determined that a drag sensitivity analysis should be per-
formed. By using GASP to show the effect on airplane size and
fuel consumption of an added drag increment, it was expected
that incentive would be provided to find the means whereby the
origiral GASP-calculated coefficient could be achieved.

Figure 35 shows that for a l0-percent increase in zero-1lift
drag coefficient, the airplane empty weight would increase 3.2
percent, and the gross weight would increase 5.3 percent. The
effect on engine size and airplane fuel consumption is illus-
trated in Figure 36. For the same 1l0-percent drag coefficient
increase, the new "solution" airplane would have a 10.5-percent
larger engine, and 13 percent greater fuel consumption. It was
estimated that these effects could add $6000 to the flyaway cost
of the airplane and cause it to consume 280,000 liters (74,000
gallons) of additional fuel in its lifetime. The l0-percent
drag increment that would cause these increases is equivalent to
the addition of two automotive-type rear-view mirrors on the
exterior of the airplane.

Fixed equipment weight sensitivity results. - The fixed
equipment group includes all avionics, instruments, furnishings,
electrical equipment, lines, and fittings--that is, all airplane
parts that remain fixed in size, quantity, and weight regard-
less of the "sclution” airplane size., Cessna prepared an cqulp-
ment list and a weight breakdown of all such equipment applicable
to each baseline airplane desigyn, which was consistent with the
Randolph study regquirements list. The Cessna weight estimates
were based on state-of-the-art hardware wherever possible. How-
ever, since optimum hardware is usually the most costly and dif-
ficult to obtain, it 15 often sub ectod to relaxation of ooti-
mistic weight targets during a desiqgn and develovnent nrogram,
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For the same reason that the drag sensitivity study was
performed, a similar analysis was made on the impact of fixed
equipment weight increases. Cost-ef fectiveness of a change in
component weight can be evaluated only if the effects on
"solution" airplane size, unit cost, and operating cost are
known. Figure 37 shows that over the range examined, a 0.45-kg
(1 1b) equipment weight increase over the 303-kg (669 1lb) base-
line value would increase empty weight 0.785 kg (1.73 1lb) and
gross weight 0.916 kg (2.02 1b). Similarly (refer to Figure
38), the 0.45-kg (1 1lb) change would increase required engine
thrust by 1.38 N (0.31 1b), and cruise fuel consumption by 0.08
L/4 (0.02 gph).

The significance of these "per-pound" increments must be
evaluated carefully. It is estimated that a l0-percent, or
30-kg (67 1lb) equipment weight increase would increase the
airplane cost by about $3000 and its lifetime fuel consumption
by about 75,700 liters (20,000 gallons). Any cost savings in a
30-kg (67 1lb) heavier but less expensive equipment fit would
have to offset these life-cycle cost increases in order to be
cost-effective. The foregoing sensitivity factors apply as well
to fuselage structural weight and to anything carried in the
fuselage, including payload. Again, these factors apply when all

.

mission and performance requirements are unchanged.

Wing weight sensitivity results. - There are several well
known wing weight prediction ecuations used in airplane pre-
liminary design. These equations are based on derived zorre-
lations between the known weights of existing wings, the weights
and design load factors of the airplanes they support, and per-
tinent wing geometry variables. GASP contains such an equation
in its weight calculating module. The GASP-calculated wing
weight of the baseline airplane was compared with the results
from two other equations. Less than 5 percent difference was
found. However, the eguation used by Cessna in their weight
estimates yielded a heavier wing. It was determined that this
equation was simply conservative. Again a sensitivity study was
called for, to determine the impact of wing weight variation on
"solution" airplane characteristics that determine cost.

Figures 39 and 40 show sensitivities *o wing weight increase
nearly identical with those shown for fixed equipment weight.
The example used in the fixed aquipment weight analysis 1s
therefore applicable here, and should foster a similar concern
for the achirvement of a light winy.
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Sustained load factor sensitivity results. - It was shown
in the section concerning wing- and thrust-loading studies that
the design requirement for 2.5 g's sustained load factor, or
maneuver rate, at 4572 m (15,000 ft) altitude sized the engines.
This desirable turning capability was undoubtedly weighed care-
fully in the Randolph study before it was made a requirement.
There is no evidence, however, that the cost of this capability
was examined in the study. For example, a lower cost alterna-
tive would be to specify the 2.5 g's at some lower altitude, or
to specify 2.0 g's at 4572 m (15,000 ft) altitude.

The latter case may be examined in Figures 41 and 42. At
2.0 g's sustained load factor, the "solution" airplane would
have a gross weight 7.5 percent less and an empty weight 8.25
percent less. Cruise fuel consumption would be reduced about
11 percent, and the engine sea level static thrust would be 26
percent lower. It was estimated that the unit cost of the air-
plane could be reduced about $15,000, and lifetime fuel consump-
tion reduced by 227,000 liters (60,000 gallons). Expert know-
ledge of primary training aerobatics would be required to judge
the value of the 0.5-g sustained load factor increment and eval-
uate its cost-effectiveness.

Combined sensitivity effects. - To this point in the study,
the multiplying or synergistic effects of single-parameter vari-
ations have been demonstrated. It thus is essential to know
whether combining parametric variables would cause gross changes
in "solution" airplane size and economics.

As a test for this effect, a GASP calculation was made
wherein arbitrarily decremented values were assigned to three
selected input parameters. By manipulation of the wing weight
equation, specific wing weight was increased 20 percent. Thc
zero-lift drag coefficient and the fixed equipment weight were
both increased 10 percent. The results of this analysis showed
a l2-rercent gross weight increase, 13 percent cnpty weight
increase, 15 percent increase in cruise fuel consumption, and
13 percent increase in engine thrust., The overall effect of

combined-parameter variabhles was surprisingiy small. With such
decremented quality, +hn +rainer lesidgned fn the Randolnh souds
nroblem statenent, Hhat using 1 "best" encine, still improe.

on the Randclph results by a large margin.
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TASK III - EVALUATION OF THE TANDEM-SEAT, TWIN-ENGINE TRAINER

As described in the introduction of this report, the
original contract work statement was modified early in the
program to permit a more thorough study of military primary
trainers than was originally intended. From discussions held
with training command personnel concerning side-by-side versus
tandem seating, and single versus twin-engine configurations,
it was learned that varying training requirements and philos-
sophies dictate the choice between such alternatives. It was
therefore determined that a proper course for this investigation
was to define and evaluate airplanes having each of the con-
figuration alternatives. In this manner, the impact of air-
plane configuration on the installed performance of higih bypass
ratio engines could be evaluated.

The tandem seating configuration provides significant
advantages in instrument training. For example, the simulation
of instrument flight rule conditions is facilitated by the ability
to hood the rear cockpit, thereby eliminating the student's
visual cues to flight attitude. A further advantage is the unim-
paired visability provided to the front seat instructor or safety
pilot. The elimination of instructor "presence" permits a psy-
chological effect also considered important.

In this study, the tandem configuration differs in design
from the side-by-side airplane only in those things that result
from the seating arrangement. Fixed equipma2nt weight is greater
because of the duplication of some cockpit instrumentation and
avionics. There is a small increase in fuselage dimensions,
weight, and drag resulting from the greater cockpit volume. As
a consequence of these increases, the tandem configuration air-
plane has 126 kg (227 lb) greater gross weight or approximately
eight percent. Ten percent higher thrust engines are required,
and cruise fuel consumption is avproximately eleven percent
greater than that of the side-by-side airplane solution. It
was estimated that this growth would result in about $9000
greater unit cost than the equivalent side-by-side airplane, and
lifetime fuel consumption would be about 227,000 liters (60,000
gallons) greater. 1It is reasonable to assune, howvever, that the
advantages offered by the tandem configuratinn £or instrumont
training could more than otfset these increases. By using
this more capable prinary trainer for 1 higher parcentadge nf
total training syllabus hours, significant savings in nverall

training cost ani fuel consumption ~nal i bhe achieved,
The three-view ‘lrawing presentod in Firoure 43 defines the
tanden-scat, twin-=on;jine confiqgqurat:on. GASP prinkouts iven

in Appendix 8 list additional data.




TASK IV - EVALUATION OF THE TANDEM-SEAT, SINGLE-ENGINE TRAINER

Configuration Studies and Final Design Results

This configuration presented an inherent design problem
that was the most difficult of those addressed in the study.
The factors that create the problem appear to be inalterable
and make the final "solution" airplane the least attractive of
the configurations studied. In essence, there is no reasonable
location for the engine that will achieve the low installation
losses permitted in the other configurations. It is an inherent
characteristic of turbofan engines having low fan pressure ratio
and high bypass ratio that their performance is greatly affected
by inlet and exhaust-duct-system pressure losses. The engine
cycle found to be optimum in this study exhibits this sensitivity
to duct pressure loss.

The airplane configuration difference that contributes to
the problem is the high cockpit canopy profile required to
accommodate the elevated rear seat. Modern tandem-seat
trainers incorporate this feature in order to maximize the
instructor's forward visibility and it is considered essen-
tial. Therefore, if the inlet configuration and engine instal-
lation were executed in the manner of the side-by-side single,
the engine thrust axis would be high above the airplane center
of pressure. The consequent trim drag would have the same
effect on airplane solutions as alternativa high-pressure-loss
installations. Raising the wing to a mid-fuselage location to
raise the airplane center of pressure was found to be un-
desirable due to increased restriction of downward visibility
from the instructor's seat. Lowering the engine and fuselage
tail cone by increasing the amount of inlet duct offset would
lower the thrust axis, but would result in high pressure loss.

Based on evaluations of several alternative designs, a
fuselage-buried engine installation was chosen for the final
design and GASP calculation. An assessment was made of the
pressure loss for rectangular-shaped side inlets, and engine
performance was altered to reflect this loss. Figure 44 shows
a2 three-view drawing of this solution. Corresponding GASP
printouts are given in Anpendix B.

The disappointing results of this design show a 19-nercent
increase in gress weight, a ld-percent increase in emnty weiqght,
a 26=-percent larqger endine, and a 47-nercent hidgher cruise fuel
consumption over values achieved in the side=bhv-side sinjle
onrine airwvlane.




PERFORMANCE ENGINE DATA (2 ea)

CRUISE. SPEED (15,000 & ALT ) 250 wt (288 mph 0399 M) THRUST /SLS STD DAY, a8 b
STALL SPEED (FULL FLAPS) O Kt . € BVE AIRFLOW £« - <9 4.9 o/sec
RANGE (WITH 2 CREWY « 100 nm (+45 min RESERVE) CRUISE THRUST (25C xt-1500C $ V86 1o {REGD)
TAKEOFF DISTANCE (5L STQDAY) 1556 ft (CVER 35 &) WEIGHT (DRY ) \75 i
LAN[{MC% Dusmgje ‘é’“ STD. DAY) w\eeos & (ovTEQ s%c:%
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WING LOADING 45 &
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FUEL (MAX\, Ne b (0@ g6 ~ORIZONTAL TAIL JOWUMNE Z0EF 293
FIXED EQUIPMENT GROUP 7% b - JERTICAL TAIL VOLUME 7CEF 3094
FLIGHT CONTROLS GROUP 8l b
STRUCTURES GROUP 1205 ‘©
PROPULSION GROUP 499 ©
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FUSELAGE
LENGTH 29 ¢
WIDTH 325 #
HEIGRKT 55§t
WING
] AREA 8l oq it
¥ SPAN 285 i+
GEOMETRIC MEAN CHORD 295 ¢t
ASPELCT RATIO o .
TAPER RATIO 65 -+
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THICKNESS,/ CHORD 0087
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MAIN TIRE SIZE 44« 18
NOSE T\RE SIZE 44av 4 - ,
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PERFORMANCE ENGINE DATA
CRUISE SPEED (1500041 ALTI TUDE) 250 wt (288 mph - 0.399 Mn) THRUST /SLS STD.LAY) 508 b
STALL SPEED (FULL FLAPS) - G0 kt ARFLOW { 5 11 lb/vec
RANGE (WITH 2 CREW) 700 am (+45 min RESERVE) CRUISE. THRUST 7250 «1/150005+) 400 b REQXD)
TAKEOFF DISTANCE 1560 §+ (OVER 35F) WEIGHT (DRY) 407 b

LANDING DISTANCE —1680 §t (OVER 50 )

SUSTAINED MANEUVER RATE 25 g (AT 200 t-15,000 ft)
X RATE OF CLIMB (5L-15,000) 38002660 Ppm AERODYNAMIC DATA
WING 45 b/ ft°
WEIGHTS CRUISE DRAG POLAR co=o.ézaz-o 0ad
LANDING GEAR Cp INCREMENT 0.0272i
GROSS 4154 b EFFECTIVE FLAT SLATE AREA 2.602
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FUEL (MAX) 35 b (145gat) AORIZONTAL TAIL /OLUME (OEFFICENT .93
FIXED EQUIPMENT GROUP 736 b VERTICAL TAL VOLUME (OEFFICENT 2075
FLIGHT CONTROLS GROUR 88 Ib
STRUCTURES GROUP 1381 b
PROPULSION GROUP 593 1b
DIMENSIONS 4 AREAS
FUSELAGE ‘l
LENGTH 29 #t
WIDTH 3.25 5t
HEIGHT @5
WING
AREA 923 s ft
SPAN 304 #
GEOMETRIC MEAN CHORD 315
ASPECT RATIO i0 -
TAPER RATIO 05 -
THICKNESS/LHORD  (ROOT 4 TIP) 0.7 -
HORIZOMTAL. TAIL
AREA 1S 8q F+
SPAN 1001 £
MEAN CHORD 2.08 5t
ASPECT RATIO 5 .
THICKNESS/CHORD 007
VERTICAL TAIL
AREA 15 oq §
SPAN 4.82 &
MEAN CHORD 322 &
ASPECT RATIO 155 -
THICKNE SS/CHORD 0.087 -
ENGINE NACELLE ‘
(BURED FUSELAGE INSTALLATION) ,
LANDING GEAR
MAIN T\RE SIZE 4.4 « 18
NOSE TIRE. SIZE a4 x 4
WHEEL BASE 10 6t
WHEEL TREAD L7 it
&\\“—'—"—-- . e T T __’::—-— 2
ORIGINAL PAGE B
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Inlet Pressure LoOSs Sensitivity Analysis

Since the foregoina growth increments can be attributed
almost entirely to the compounding effects of a 5 percent inlet
loss on engine performance, it was concluded that an inlet loss
sensitivity study could be easily completed. By redoing the
GASP analysis with use of engine performance data corresponding
to an inlet loss of only 1 percent, the impact of inlet loss
alone could be assessed. To make this assessment, it was not
considered necessary to show how the low-loss inlet would be
executed. Table XII shows the pertinent results of this
sensitivity analysis. It was estimated that the impact of this
inlet loss increment on airplane unit cost could amount to
about $12,000. Lifetime fuel consumption differences could be
as high as 757,000 liters (200,000 gallons).

As indicated previously, it is characteristic of turbofans
with low fan pressure ratios that their performance (hoth
thrust and specific fuel consumption) 1is extremely sensitive
to inliet losses. From this, it may be concluded that a
revised cycle, with a higher fan pressure ratio would be
pett.r in installations with high losses. Over the range of
loss values examined in this study, it was shown that higher
fan pressure ratios would raise the uninstalled specific fuel
consumption and increase the core size. The jnstalled perform-
ance then was no better than it was with the original fan
pressure ratio found optimum in this investigation. It is
interesting to note that as poor as the tandem-seat, single
engine configuration is in comparison with the other airplanes
of the study, it is not as heavy nor does it consume as much

fuel as the Randolph TA-2 conceptual design.

a7
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TABLE XII. SINGLE-ENGINE, TANDEM AIRPLANE GASP RESULTS,
WITH TWO VALUES OF ENGINE INLET LOSS.

Inlet Loss

Gross weight kg (lb)

Empty weight kg (1b)

Engine thrust, N (1Db)

Fuel Consumption
liters/hr (gal/hr)




. ENGINE INSTALLATION STUDIES

Single-Engine Installation

In the description of the tandem-seat, single-engine airplane
configuration, the sensitivity of engine performance to duct
pressure loss was shown to have a major effect on airplane size.
The problem of providing a low~loss engine installation for that
configuration was not resolved. Fortunately, with a side-by-side
seating arrangement and a shoulder wing location, it was found
possible to install a single engine in a manner that avoided
compromise to either engine or airplane performance. It was
possible to provide a short, nondiffusing, and nearly straight
inlet duct, with the result that the inlet duct was estimated to
have only one percent pressure loss. A layout drawing was sub-
sequently preparad for this installation.

The merits of this installation are revealed by examining
the airplane three-view drawing in Figure 12 and the installation
layout drawing in Figure 45. The three-view drawing shows the
engine installed at shoulder level--a particular advantage in
providing accessibility Ior routine engine maintenance. Access
to the engine is not inhibited by the wing or other airplane
structure. A further advantage of this semi~buried installation
i3 that large areas and volumes are available for engine acces-
sories and engine/airframe interfacing hardware. This space is
provided in the fuselage tail cone; thus, no drag penalty is
incurred.

The installation layout shows the nacelle structure, includ-
ing large access doors on either side of the engine. Engine
accessories, oil tank, and the cabin air bleed line are shown at
the bottom of the engine. Engine mounting is accomplished with
two trunnions on the engine front frame and a stabilizing link
at the rear. Airframe components of the mount system are shown
projecting from the "floor" of the nacelle. The ignition exciter
pox and inlet-lip anti-icing plumbing are easily located on the
top half of the engine. Normal engine lines and fittings and
the in-coming fuel line are omitted from the drawing, but more
than ample space for these items is available.

No difficulties were encountered 1in achieving this attractive
installation. Although small engines are inherently more
difficult to install and interface with, this installation
appears to be in easy one. It achieves rore efficient results
than is usually accomplished with large engines,

99




Twin-Engine Installation

Installation studies were carried out on the wing-mounted,
podded engines of both twin-engine configurations. To examine
the total engine/airplane interface problem, the pylon and wing

section are included in the installation layout drawing given
in Figure 46.

In Cessna's analysis of the aerodynamic effects of over-the-
wing installations, the design and wind tunnel test results
carried out on the VFW-614 airplane were reviewed in some detail.
Based on the data available from this design, location of the
nacelle inlet plane at 50 percent of the wing chord produces
near-minimum interference drag. In comparison with the VFW-614,
the trainer design benefits from an additional effect that lowers
interference drag. At the lower design flight speed of the
trainer, the ratio of capture area to nacelle frontal area is
substantialiy greater. Thus, super-velocities around the nacelle
are reduced. which in turn reduces interference effects.

© _ this installation, it is obviously more difficult to
achieve a low-drag configuration than was the case with the
fuselage-mounted, single engine. In addition to the drag effects
of nacelle-pylon-wing interference, there is a greater extent
of frontal and wetted areas with which to conte..d. It was found
that nacelle and pylon areas could be minimized by locating
engine-mounted accessories in the pylon. With pylon width deter-
mined by structural considerations and height by the need to
minimize nacelle-wing interference drag, sufficient space is
available for this arrangement.

The layout shows the starter-generator, fuel control and
pump, hydraulic pump, oil tank, and cabin air bleed line, all
outside the nacelle envelope. This permits the engine nacelle
to have the smallest dimensions and least possible drag.

The engine mounting is accomplished in a manner similar to
that of the single engine installation. Conjectural airframe
structure is shown in the nacelle, py.on, and wing, principally

to show that space is available for credible load paths in this
volume-limited configuration.

In summary, while not as efficient both structurally and
with respect to drag as the single-engine installation, the
small size of the twin-engine installation does not preclude its
being accomplished at least as well as most large turbofan
engines. Accessibility for maintenance and engine removal is
outstanding, and with proper aerodynamic tailoring, it should be
possible to achieve a low installed drag.
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CONCLUSIONS AND RECOMMENDATIONS

It was demonstrated under the original work statement
of this contract, that turbofan engines could be both efficient
and cost-effective when installed on small, high-performance,
general-aviation airplanes. It has been the purpose of this
continuation of the study to determine if the trend continues in
applications to still smaller, and lower-performance airplanes.
The principal goal has been to determine if small turbofans in
the general-aviation class studied were equally attractive in
performance and economics, when applied to military trainers.’
If this could be demonstrated, it could lead to eventual mili=-
tary procurement of turbofans in this class. In turn, this
would hasten their availability to general-aviation where the
social gqualities and economic advantages of turbofans would be
welcomed.

Throughout the course of the study, it was felt by the
investigators that significant accomplishments were being demon-
strated with respect to factors affecting economics. Late in
the program, attempts were made to encourage military agencies
to participate in life-cycle cost analyses in order to confirm
these tentative accomplishments. Although these attempts
failed, sufficient data were gathered to permit a brief, but
meaningful, economic study to be performed. Since this study
lacked the technical rigidity desirable, a discussion of its
results is not given in the body of this report, but is provided
in Appendix C.

Early in the program, the 1973-74 "energy crisis" impacted
on energy-consuming citizens of the world, including those res-
ponsible for military operations. The pertinency of this study
was made clear by the press reports that, in deference to the
shortage of aviation fuel, entire classes were being dropped or
stretched out in military undergreduate pilot training programs.
It was also clear that, if the results anticipated from this
study were confirmed, a small contribution would have been indi-
cated to the solution of the "energy crisis.”

It should be pointed out that a great amount of energy 1is
consumed in the preparation of raw materials and in the manu-
facture of engines and airplanes. Minimizing their size by
maximizing their efficiency is then an energy conservation
method as important as minimizing in-flight fuel consumption.
For this reason, analysis was performed throughout the study 1in
a manner that yielded results that could be given in terms of
airplane and engine sizes, as well as fuel consumption.
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The study has concentrated on cycle selection and design of
the turbofan engine. However, it is significant that the new

general-aviation wing design beinag developed by the NASA was used

throughout the study, and the benefit to results was taken for
granted. With this wing currently undergoing development and
demonstration, taking it for granted may be hazardous. However,
it is concluded that complete success in this demonstration is
fundamental to achieving a significant step forward in the

design of light airplanes.

Also it should be pointed out that the NASA developed air-
craft synthesis computer program, GASP, was again used to define
engine/airplane/performance interrelationships and to evaluate
design results. Proof of its value was demonstrated. It is
concluded that its use is indispensable in defiring "best"
engine and airplane solutions.

From the study results described in this report, the
investigators have drawn the following specific conclusions:

1. It has been shown for the second time that when
care is taken to define a "best" turbofan propul-
sion system for a specified airplane flight
envelope and mission, the synergistic effects of
a "best" engine design yield a surprisingly small
and efficient airplane solution.

2. The airplane size and fuel consumption results
obtained in this study confirm that at low design
flight speed, the "hest" turbofan has high over-
all propulsion system efficiency. It is thought
to be greater than propulsion systems using
propellers when all installation and synergistic
effects are accounted for.

3. The engine performance quality found to be "best"
in this study can be attained without recourse
to high-pressure, high-temperature, advanced-
technology cycles. The design and development
of these turbofans need not await the invention
and demonstration of the technology features
generally thought applicable to future gas turbine
engines.

4, The low-noise, low-emissions characteristics of
the enginc designs addressed in this study would
provide a "bonus" fallout of improved social accept=
ability for under-graduate pilot training operations
with no economic penalty.

Finally, tentative conclusions can be made relating to the
primary objective of this study, nanmely, the applicability of
small civil turbofan engines to military trainer aircraft. By
adhering strictly to the basic trainer specifications set down
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by the Air Force in their under-graduate pilot training study, an
aircraft-engine combination has been derived which is smaller,
less costly and more efficient than either current basic trainer
aircraft or those that have been conceptually designed with
advanced high-subsonic engines. This leaves open the question of
other approaches to military pilot training such as greater use
of simulators or one aircraft designed for both basic and
advanced training.

The engines defined in this study could have widespread yse
in civil light aircraft because of their high efficiency, low
noise and low emissions. A remaining question is cost; and
substantial benefits may accrue to both military and civil
sectors if the engine commonality established in this study could
be exploited.
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APFENDIX A

CESSNA FINAL REPORT
ON
GARRETT AIRESEARCH SMALL TURBOFAN~-POWERED TRAINER DESIGKS

Cessna Wallace Division, under subcontraci to Garrett
AiResearch, has acted as a consultant to critique small turbofan
military trainer designs developed by Gurrett and to provide
Cessna experience in the area of trainer requirements. Trainer
designs were critiqued in the arcas of weight, balance, stabil-
ity, control, and general performance. Modifications to the
designs were suggested, along with corrections of some of the
performance data. Basic data on the T-37 and on the latest
technology airfoils was supplied to help achieve the most
efficient performance and state-of-the-art projections. Cessna
representatives also participated in the interim oral review at
Garrett and in trips to Air Force and Navy offices to help deter-
mine future customer requirements, trends, and interest in the
aircraft types under study.

The Garrett configurations provide a new trainer concept
with good potential for reducing operating cost and unit cost.
The fuel availability and cost situation is generating the need
for further consideration of small turbofan engines.

The Garrett configurations should be less expensive to
manufacture and to maintain than current larger trainers. They
do offer design challenges since they are based on projections
in the state-of-the art aerodynamics as well as propulsion
systems. Their suitability in the training role will require
further study outside the limited scope of the current program.
Additional detail studies should include design effects on aero-
batic characteristics; the number of takeoff and landings avail-
able; range profiles; training profiles; stability and control
dynamics; fuselage lift influences; inertia distributions; spin
characteristics; and airspace allotment requirements.

Critique on Single-Engine Configuration.

1. Tip tanks are no: considered necessary, since the fuel
vsolume required is available in the wings. Tip taniks
and fuel increase rolling inertia (potentially undesir-
able in spins) and a trend towards roll/vaw dynamic
coupling,

PRECEDING PAGE BLANK NOT FILMED
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Higher aspect ratio vertical tails may be desirable,
particularly for spin recovery. It is desirable to
have a considerable difference between roll and pitch
inertia for good spin reccvery. Higher pitch inertia
goes with rudder recovery. Higher roll inertia goes
with elevator recovery. Higher pitch inertia is
recsmmended, since one of the vertical tails will be
fully exposed during a spin.

Wing stall will begin in the trailing-edge root area,
producing low dynamic pressure and possibly reverse
flow. The engine will have to tolerate this flow
during stalls. Lowering the wing or raising the engine
intake slightly would reduce the problem. Other than
stall, airflow over the canopy can be made to remain
attached (similar to the T-37 trainer).

If the main landing gear should utilize spring struts
similar to Cessna single-engine landing gears, the
gear height should be sufficient to avoid banging the
belly during very hard landings by students.

The tail-cone contours and exhaust fairing will require
special attention to preclude exhaust attachment along
the tail cone, leading to elevator problems.

The use of spoilers only for roll control on a fully
aerobatic trainer airplane is feasible. However,
some development testing will be required to perfect
manually powered ae -odynamically balanced spoilers.

Cessna's calculation of airplane weight is within

50 pounds of the Garrett computer-calculated weight.
There are greater differences in group weight distri-
butions, but Cessna's check provides the credibility
necessary within the scove of this study. Much of the
equipment has been pared down in weight commensurate
with state of the art projections. The total
integrated airplane follows this philosophy, and it
should not be considered as utilizing "of f-the-shelf"
engineering or equipment,

A tandem seating arrangement would require additional
avionics weight. It is assumed that this could be
done with extra control heads and switches.
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9. The avionics package was based on those functions
required by the Randolph AFB UPT-study. Future
training needs could conceivably require additions
to this list such as weather radar, microwave landing
equipment, autopilot, Vvery low frequency navigation,
and equipment for flight-into-known-icing conditions.
Since the Garrett design philosophy includes a fully
optimized and integrated trainer for the greatest
training efficiency, it is very important to establish
future equipment requirements by close coordination with
the military for finalizing a new trainer design. A
small aircraft design is fairly sensitive to hanges in
fixed equipment requirements.

10. Additional comments in the twin-engine trainer
critique, where applicable, apply to the single-engine
configuration, and vice versa.

Critique on Twin-Engine Configuration - The twin-enginec,
side-by-side seating trainer configuration received the greatest
study verification effort by Cessna. Those items studied
included weight, balance, stability, wing aerodynamics, ecmpennade
aerodynamics, nacelle aerodynamics, landing distance, takeoff
distance, stall speeds, drag, and cruise performance.

1. Cessna's calculation of empty weight is about 300
pounds greater than the Garre-t computer analysis,
most of which is in fixed equipment. The computer
employs percentages to establish group weights. This
is not believed to be totally realistic as an airplane
is reduced in size since some fixed equipment must
remain the same. Garrett has run a sensitivity
analysis to test the impact of weight variation on
the overall aircraft, which has proven an excellent
tool to judye necessary changes in prelininary
eongineering.

2. For a balunce chock, avionics was nlased in the nanel
and nose, battery and oxygen 11 the nose, and
hydraulics and ailr-cycle aft of the pressurized
cockpit. By assuming a nost aft contor-of=gravity of
30 percoent man aerodynanic chord, it was doternine-d
that the ongines should be moved afr abont 195 inches,
Thls engine placoment 1s also compatipl. with Cossna's
rocommendation for relucing engilne interforenc. draig,
The oxyien bottle was moved to the tall cone to rodase
fire hazard.
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volume for equipment is satisfactory. Fuel volume and
tank configuration included a wet tank integral with
the wing and additional fuel in the wing carry-through.
With one integral tank per side, the fuel system and
fuel management should be very simple.

Static stability was checked, including a larger
vertical tail to lower engine-out minimum control
speed to near the stall speed. Recommended empennage
changes were incorporated by Garrett. The larger
vertical tail will also improve spin recovery char-
acteristics.

There is some concern about Reynolds-number effects
due to the rather small wing chords. The latest
NASA low-speed airfoils are used but have not been
tested below about 2 million Reynolds number. Low-
speed lift characteristics near the stall and during
low dynamic-pressure maneuvers may be erratic or at
least require airfoil tailoring by wind tunnel and
flight testing research. The new NASA airfoils are
considered desirable due to their high L/D character-
istics at high lift coefficients. -

Due to airframe equipment power requirements, starter-
generators, alternators, hydraulics, and engine bleed
for pressurization-heating-cooling will require about
the same engine gearbox power and pad ratings, and
bleed flow as today. It would be desirable in future
small-engine studies, possibly under NASA sponsorship,
to study integration of some power systems directly in
the engine.

Recommendations were made to relocate the engines for
drag reduction. Nacelle-fuselage interference drag
could be reduced by moving the nacelles outboard to
the wing planform break. The Garrett nacelle inlet
is located at about 15.5 percent of the local wing
chord. Moving the intake back to about 70 percent
wing chord would reduce the nacelle drag coefficient
by at least 25 percent. This is based on VFW-614
studies. Further aft movement and changing to
fuselage pylon-mounted nacelles would reduce drag
even further, although balance would become a problem.
Raising the nacelles about 2.5 inches would further
reduce nacelle-wing interference drag. Shortening
the nacelle intake scems feasible and would reduce
the amount of engine movement aft for balance con-
siderations. ‘loving the enaines aft 15 inches and
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shortening the intake would decrease overall airplane
drag by approximately 5 percent at the 250-knot/
15,000-foot cruise point.

Garrett's calculation of thrust required at the cruise
point (250 knots at 15,000 feet) was 167 pounds per
engine. Cessna's drag buildup calculation, including
nacelle position changes, yielded 212 pounds per engine.
This difference was not resolved, since Cessna calcula-
tions are based on cross-section areas, interference
drags, and drag due to 1lift, while the Garrett calcula-
tions are based on wetted area. It is suspected that
most of the difference is in the compensation for inter-
ference drag based on Cessna's Citation experience and
data from VFW-614 studies.

Stall speed with full flaps calculated by Garrett was
52 knots while Cessna calculated it to be 67.5 knots.
The increase is due to Cessna's reduction in maximum
coefficient of 1ift due to Reynolds number, wing plan-
form, and adjusted exposed wing-area effects. The
higher stall speed is not considered critical for a
trainer.

Takeoff distance over a 35-foot obstacle was calculated
by Garrett as 1564 feet and by Cessna as 1612 feet.
This is well within the band of accuracy for this type
of study.

Landing distance over = 50-foot obstacle as calculated
by Garrett was 1676 feet and by Cessna was 2155 feet
due to Cessna's higher stall speed calculation.

The wing-body-nacelle juncture and shapes may produce
local flow separation, causing drag, potential tail buf-
fet, and loss of elevator effectiveness. This area will
require considerable attention to nacelle placement,
wing fillets, and local area ruling. These details do
not affect the credibility of the configuration as rep-
resentative of the aircraft class.

Dynamic reswnonse characteristics ot the configquration
should not he a nroblem.

A relatively detailed analvsis of winqg downwash char-
acteristics was nade to provide data for empennage con-
figquration recommendations supplied to Garrett. <Static
directional ant longitudinal stability estimates were
made to establish empennage recormendations. 5Single-
engine minimum control speed was calculated and used

tn recommend vertical tail size. The stick fixed
neutral point was calculated to be at 60 percent mean
anrrodynamic chord in cruise.
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15. Fuselage planform is nearly the same as wing area.
Final analysis should include fuselage 1lift effects
in addition to the wing.

Conclusion - The Garrett trainer configurations are good
representatives of the aircraft class for the scope of this
study. This class of aircraft should be less expensive to
manufacture and to maintain. It does offer design challenges.

The configuration concepts, due to size versus perfcrmance, are
in an area not yet explored for use in a training role. However,
the economic advantages justify a close look at small turbofan-
powered aircraft.

In this small size and weight class, fixed equipment
becomes a higher percentage of empty weight, packaging is tight
due to volume limitations, fuselages have more relative effect
on lift and drag, Reynolds numbers become more critical due to
small wing chords, and weight reduction may be limited by
practical skin thicknesses rather than strength reguirements.
As a result, there will be a need for future airframe as well
as engine research, development, and testing.

Smail turbofan engine power offers very good fuel econom-
ics, configuration design flexibility, low noise, minimum
vibration, very limited pollution emissions, good ground
safety, and inherent reliakbility/maintainability.

Limited knowledge in some aerodynamic areas as they apply
to a trainer and its mission will require further investigation.
Low Reynolds-number effects may influence normal stall character-
istics, aerobatic maneuvers, and spin sensitivity. Fuselage
size effects relative to the wing and empennage will require
close investigation. Moderately high wing loadings may pose
problems for primary training. "Spoilers only" for roll control
on a fully aerobatic trainer will require some development
testing. Close attention must be paid to equipment design and
weight, and to justify any secondary airplane mission functions
that may impact primary mission efficiency.

The NASA computer synthesis airplane design program has
proven to be an excellent tool for configuration fundamentals
and trade-off studies. Final design finesse is still required
put much time is saved in integrated optimization studies.

The Garrett-Airesearch trainer designs are feasible and
offer considerable operating cost reductions. The configura-
tions are pared down to do one specific job, which is training
efficiency. As a result, early firm recquirements of desired
equipment functions and mission requirements must be made to
preclude oversizing the aircraft for growth during development
or for future growth. Airframe, aerodynamics, and equipment
research and development will be required in addition to the
engine development.
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Side-By-Side Single (Cont'd)
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Side-By-Side Single (Cont'd)
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GASP Printout For
Side-By-Side Twin-Engine Airplane Solution
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Side-By-Side, Twin (Cont'd)
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Side-By-Side, Twin (Cont'qd)
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+ee0¢START OF INPUT FOR MISSION DESCRIPTION
ICOND=0e ISEGES1,

DRIGINAL PACE s
OF POOR QUALITY
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APPENDIX U

GASP Printout For

Tandem; Twin-Engine Airplane Solution

VOIVE = 360, KIS VM0 = 289, KTS MMO = ,792
ULT, LF = 9,00 MAN, LF = 6,00 GUST LF & 2.98

PROPUL SINN GROUP

PRIMARY ENGINES (WEP) 349,

PRIMARY ENGINE INSTL. (WPFIT) 86,

FUFL SYSTEM (WFSS) 64,

PRNAPU| SOR WEIGHT (WPROP) Oe

TOTAL PROP,GROUP WT, (WP) 499,
STRUCTURFS GROUP

wING (WW) 340,

HOW. TAlIL (WHT) 53.

VERT, TAIL (WVT) 40

FUQkEl AGE (WR) 463,

| ANUING GEAR (WL R) 173,

PRIMARY ENG, SFCTION (WPFS) 137,

GRAUP WFIGHT INC. (DELWST) Oe

TOTAL STRUCGROUP wWT, (WST) 1205.
FLIGHT CONTROI S GROP

COCPIYT CONTROLS (Wee) 34

FIXED WING CONTROLS (WCFW) 19.

SAS (WSAS) Oe

GROUP WEIGHT INMCe (DEILLWFC) 29

TOTAL CONTROL wT, (WFC) 81,
wTe OF FIXED EQUIPMENT (WFF) 736
WEIGHT FMPTY {(WE) 2522.
FIXEN USFFUL LOAD (WFUL) 210« (INCe CREW OF 1)
OPERATING WEIGHT EMPTY (OWE) 2732,
PAYLOAD (WOoL) 200, (PAXEm ()
FUEL (WFA) 712, (WFWs  T12e) (WFTP= 0.)
GROSS WFIGHT (WG) 3663,

pRKHNALJPAGH >
OF POOR RUALTTY
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APPENDIX B

Tandem; Twin (Cont'd)

GROSS WEIGHT = 3643, PASSENGERS = 1o PLUS CREW OF 1
FUSELAGE LENGTH (ELF) 29,00 FT
wiDTR (SWF) 3,25 FY
WETTED APEA (SF) 336, SQFT
DELTA P (DELP) 4,20 PsSI
WING ASPECT RATIO (AR) 10,00
ARF A (SW) 81,0 SQF T
SPAN (R) 2B.5 FY
GEOM, MEAN CHORD (CBARK) 295 FT
QUARTER CHORD SWFEP(DLMC4) 0.0 DEG
TAPFR RATIO (SLM) «500
ROOT THICKNESS {TCR) 0170
TIP THICVYNESS (TCT) «170
WING LOANING (WGS) 45.0 PSF
WING FUEL VOLUMF (VFW) 27.5 CUFT
HOR, TATL ASPECT R&TIO (ARKHT) 5,00
AREA (SHT) 163 SQF T
SPAN (BHT) 9,06 F1
MEAN CHOPOD (CBARNKT) 1.87 FY
THICKNESS/CHORD (TCHT) « 070
MOMENT ARM (ELTH) 13.6 F1
VOLUME COEFF, (VBARH) «930
VERT, TAIL ASPECT R&TIO (ARVT) 1.90
AREA (SVT) 15.3 SOFT
SPAN (BVT) 5,39 Fr
MEAN CHOED (CBARVT) 296 FY
THICKNESS/CHORD (TCVT) 087
MOMENT AWM (ELTV) 16.2 FY
VOLUME CNEFF. (VBARV) 096
ENG NACFLLES LENGTH (ELN) 4,83 FT
MEAN DIAVFTER (DBARN) 1.19 FT
NUMRER £ HGINES (ENP) 2.0

WETTED &%FA (SN) 36,11 SOFT




APPENDIX B
Tandem; Twin (Cont'ad)

| CHRUTISF MACH = o399 CRUISE ALTITUDE = 15000,

CRUISF RE.NUM. PER FT, & 1.843E¢06 FLATPLATE CF AT RE=10%e7 1S ,00287
AERODYNAMICS DATA ’

YoTAL EFFECTIVE FLATPLATE AREA (FE) 2.432 SOFT
TOTaL WETTED AREA (SWET) SRS.0 SQFT
MFAN SKIN FRICTION COEFF. (CRARF) 00416
DRAG RAFAKDOWN IN SQFT

WING (FEW) «707
FUSFLAGE (FEF) 1.263

VFRT, TATL (FEVYT) «139

HOoR,e TAIL (FENT) e153

ENGINE NACELLES (FEN) «138

TIP TANKS (FETP) 0,000
INCRFMENTAL FE (DLTAFE) «032

AERONYNAMIC COEFF,

A « 6850

'Y ~-e1158

A3 «0781

AL, 75*(T/0) «1275
AC=CNQO== «0213

AA 3.0388

ATE1/ (P]#SEE®AR) « 0606

30 LIFT SLOPF AT CRUISFE MaCH (CLALPH) S5,.5188 PER RADIAN
OSWALD FACTOR (SEE) + 78466

CRUISF €N = L0300 < 0606 CL®®2
LANDING GEAR CD INCREMENT= ,02793




APPENDIX B

GASP Printout For
Tandem; Single-Engine Airplane
Solution with 0.95 Ram Recovery

VDIVE 3 340, KTS VM0 & 289, KTS
ULT. LF = 9.00 MAN. LF = 6.00
PROPULSTON GROUP
PRTIMARY ENGINES (WEP)
PRIMARY ENGINE INSTL. (WPFT)
FUEL SYSTEM (WFSS)
PROPULSOR WEIGHT (WPROP)
TOTAL PROP,GROUP WT, (WP)
STRUCTURES GROUP
| wING (WwW)
| HORe TAIL (WHT)
VERT. TAIL (WVT)
FUSELAGE (WR)
LANDING GEAR (WLG)
PRIMARY ENGe SFCTION (WPES)
GROUP WEIGHT INCe (OFLWST)
TOYAL STRUC.GROUP WT, (WST)
FLIGHT CONTROLS GROP
COCPIT CONTROLS (Wwee)
FIXEND WING CONTROLS (WCFW)
SAS (WSAS)
GROAUP WEIGHT INC. (DELWFC)
TOTAL CONTROL WTe. (WFC)
WTe. OF FIXED EQUIPMENT (WFF)
WEIGHT EMPTY (WE)
FIXED USEFUL LOAD (WFUL)
OPERATING WEIGHT EMPTY (OWE)
PAYLOAD (WPL)
.
FUEL (WFA)
B GROSS WEIGMT (WG)
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MMO =

GUST LF =

407.

101.
8s,
0.

393.

477,
66,
39.

517,

197,
87.

0o
1381,

36
23.
0o
29
B8
736
2798,
210,
3008,
200,
945,

4154,

792
2.98

(INCe CREwW OF 1)

(PAXS

(WFws

le)
94S,)

(WFTPa

0.)



GROSS WEIGHT =

FUSEL AGE

WING

HOR,. TAIL

VERT,

TATL

ENG NACFLLES

APPENDIX B

Tandem; Single (Cont'd)
g = 0.95
4154, PASSENGEKRS =
LENGTH (ELF)
WIDTH (SWF)
WETTED AREA (SF)
DELTA P (DELP)
ASPECT RATIO (AR)
ARE A (SW)
SPAN (8)
GEOM, MEAN CHORD (CBARW)
QUARTER CHORD SWEEP (DLMC4)
TAPER RATIO (SLM)
ROOT THICKNESS (TCR)
TIP THICKNESS (Tcm
WING LOADING (WGS)
WING FUEL VOLUME (VFW)
ASPECT RATIOD (ARKHT)
AREA (SHT)
SPAN (RHT)
MEAN CHORD (CBARHT)
THICKNESS/CHOPD (TCHT)
MOMENT ARM (ELTH)
VOLUME COEFF, (VBARH)
ASPECT RATIO (ARVT)
ARER (SVT)
SPAN {BVT)
MEAN CHORD (CBARVT)
THICKNESS/CHORD (TCVT)
MOMENT ARM (ELTV)
VOLU4E COEFF, (VBAFV)
LENATH (ELN)
MEAN CIAMETFR (DRARN)
NUMEER ENGINE (ENP)
WETTFD AREA (SN)
ORIGpy
OE L »;;Lr P’l"}fﬁ -
QUazy,

le PLUS CREW OF 1

29,00 Fr
3.25 FT
336, SQF T
6,20 PSI

10.00
92.3 SQFT
30.4 FT
3,15 FY

0e0 DEG
«500

«170

«170
45,0 PSF
33,5 CUrY
5,00

20.1 SQFT

10,01 FT
2.08 F1
070
13.5 FY
«930
1,55
15.0 SQFT
4,82 FY
3.22 Fr
«0BR7
140 FY
«075
4,60 F1
3,36 FT

1.0
48,56 SeFT




APPENDIX B

Tandem; Single (Cont'd)
R = 0.95

CRUISFE MACH = ,399 CRUISE ALTITUDE = 15000,

CRUISF PENUM, PER FT, s 1.843E¢06 FLATPLATE CF AT REwlO®®7 IS ,00287

AERODYNAMICS DATA
TOTAL EFFECTIVE FLATPLATE AREA (FE) 24602 SQFY
TOTAL WETTED AREA (SwETY) 626.0 SQFT
MEAN SKIN FRICTION COEFF, (CBARF) 00416

ORAG RHFAKDOWN IN SQFT

WING (FEW) « 797
FUSFLAGE (FEF) 1.263
VERT, TAIL (PEVT) 134
HOKR, TATL (FEMT) «185
ENOINE NACELLES (FEN) «1R6
TIP TANKS (FETP) 0.000
INCREMENTAL FE (OLTAFE) 037

AERODYNAMIC COEFF,
Al «6850
'Y d ee1158
Al «0781
Aam, 75 (T/C) 01278
AGECN) == «N 1964
'Y A,0097
ATm]/ (PI®SEE*AR) 00606
3D LI1FYT SLOPF AT CRUISE maCH (CLALPH) S.S5188 PER RADIAN
OSWALD FACTOR (SEE) e 7866

CRUISE CN 8 L02R? o «0406 CLO#2
LANDING GEAR CD INCREMENTs ,02721

eseeeSTART OF INPUT FOR CONTROL

END OF INPUT OATA, JOB COMPLETE,
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APPEIIDIX B

GASP Printout For
Tandem; Single-Engine Airplane
Solution with 0.99 Ram Recovery

VOIVE = 360, KTS VMO =
ULT. LF = 8,00  MAN, LF

PROPULSTON GROUP
pRrI~anY ENGINES
PRTIMARY ENGRINE INSTL.
FUFL SYSTEM
PROPULSNR wFIGHT
TOTAL PROP,GROUP WY,

STRUCTURFS GROUP
FRESIS)
ANRe TalIL
VFVro TﬂIL
F Kk AGE
| ARG GE AR
PaTMARY FNA, SFCTION
GLOUP WwETGHT INCo
TATAL STRUC <OHOUP WT,

FLIGHT CONTROLS GROP
corr1Y CONTROLS
FTxeD wING CONTROLS
SAS
ARAUP WwEIGHT INCe.
TOTAL CONTROL vTYo

wT. OF FIXED EQUIPMENT

wEIGHT FupTyY

FIXFD USFFUL 1.0AD

OPFHATING WEIGHT FMPYY

PavY(L 0av

FUEL

OGRNASS wFTGHT

280, KTS

MM = L7982

s 6,00 GUST LF = 2498
(WFP) 354,
(MPF 1) HE o
(WFSS) 6%,
(wPENP) 0o
(WP) 507,
(Ww) 413,
(WHT) 52,
(WVT) 32.
(WR)Y 507.
(Wi R) 175,
(vPES) 67
(DF1 WST) Oe
(wST) 1266,
(wCe) 34,
(WCFW) 19.
(WSAS) fic
(DF1 WFC) 794
(WFE ) R2 .
(WFE) 736,
(AF) 2570.
(WFLIL) 210, (INCe CHEwW OF 1)
(QOwF) 2780,
(4P1) 2N0, (PArsm 1e)
(WEA) 720, (wFws T720,) (wFTPs=s
(W) 3701,
OHN{
v ! 3 Y —
OF py ébftﬂur,L'
QDAIITﬁ

Ne)




GROSS WFIGRHT

FUSELAGE

WING
HOR], TA1
VERT, V&

ENG . NACELLFS
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APPEIIDIX B

Tandem; Single

no = 0.99

37C1.

LVNGTH
WIDTH
WETTFD AREA
NELTA P

ASHECT RATIO
ARE.A
SPAaN

GEOM, MFAN CHOKD

(Cont'd)

PASSFENGERS

(ELF)
(SWF)
(SF)
(DELP)

(AR)
(SW)
(8)
(CBARW)

OUADTER CHOND SwFEP(DILMC4)

TAPFR RATIO
ROOT THICKNESS
TIP THICKNESS
WING LOADINA

WING FUEL VOLUME

ASPECT RATIC
AFEA

SPAN

ME AN CHORD
THICKNESS/CHNARD
MOMENT ARM
VOLUME COEFF.

ASFECI RATIO
ARE A

SP AN

MEAN CHORD
THICKNFSS/CHORD
MOMENT Ak
VOLLUE COFFF

Le NATH

MEAN [ TAMETER
NUMRER FAEGTIPES
WETIFED tREA

(SLM)
(TCR)
{1CT)
(WGS)
(VFW)

{ARHT)
{SHT)
(BHT)
(CRARHT)
(TCHT)
(ELTH)
(VEARNK)

(ARVT)
(Svh)
(BVT)
(CBARVT)
(TCVT)
(FLTV)
(VRARV)

(ELN)
(DHARN)
(ENP)
(SN)

PLUS CREW OF 1

29.00
3,25
336,
46,20

10,00
822
28.7
2.97

0.0
e500
170
0170

45.0
2R.2

S.00
1640
8495
1.86
2070
14.2
«930

1455
12.0
6,32
°.89
« 087
1667
«075

4,60
.36

1.0
GR,CH

F1
FY
SQFT

PsSlI

SQF T
F1
FTY
NEG

PSF
CuFT

SQFT
FT
FT

FY

SQFT
FY
FY
F1
FT
SOFT
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APPEIDLX B

Tandem; Single (Cont'd)

A\ =
JR 0.99

CRUISF MACH 3 o300 CRUISE ALTITUNE = 15000,
CRUTSF RF NUM, PER FT, ®E 1eR43E«06 FLATPLATE CF AT REs)0®e7 IS ,00287
AERQODYNAMICS NATA

TnTag EFFFCTIVE FLATPLATE AREA (FF) 20659 SNFT

TATAL WETTED AREA (SWET) 5Q2.7 SQFTY

MEAM SKIN FRICTION COEFF. (CRARF) « 00618
DRAG RAREAKNOWN IN SQFT

WING (FEw) o717

Fridk i AGE (FEF) 16263

VF=Y,. TATL (FEVT) «} 09

~or, TATL (FEHT) e150

ENGINF NACELLFS (FEN) el b0

TIM TLNKS (FETP) 0.000

INCRFMENTAL FF (DLTAFE) «033
AERONYWNAMIC COEFF,

L] «ABS0

AP well5H

AR NTHI

AUZ 789 (T/C) 01278

ANE(NNe- 0021?

An J.0306K

AT73)/(PIOSEFeAR) eNGDG6

Je) LIJFT SLOPF AT CRUJSE MACH (CLALPH) &.51R8E PFR RANIAN *

OSWAI N FACTOR (SEE) YY)

CRUTSF €N & 0249 «NGNG Loy
LANDING GFAR €N INCREMENT= ,027R6s

*eeeeSTARTY OF INPUT FOR CONTROL

ENDO OF TNPUT DATA. 108 COMPLETE,

URIGINAL PAGB IS
OF POOR QUALITY,
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APPENDIX C

ECONOMIC CONSIDERATIONS -
THE POTENTIAL FOR FUEL AND
OPERATING COST SAVINGS

All who participated in the investigation summarized in this
report are convinced that the results merit further study, par-
ticularly the economic questions left unanswered. It is the
intent of this appendix to outline some of these considerations,
but due to its brevity, no claim is made for its conclusivencss.
Rather, it is intended to indicate the need for in-depth cost
estimates, and life-cycle cost analyses of the military primary
trainer defined in this study.

The "Randolph study," repeatedly referred to in the text
of this report, received such attention because of the TA-2
conceptual trainer design that is described in the study group"s
final report. This conceptual trainer is most reprasentative ot
a turbofan-powered light ailrplane that could become an actual
military reguirement. Furthermore, the concept was supported by
a massive amount of U.S. Alr Force-sponsored analyses. This
comprehensive work resulted in many recommendations among which
was to undertake the procurement of the TA-2 airplane. This
economics appendix supports that recommendatiomn.

The Randolph study was, as its title states, a complete
"Mission Analysis on Future Undergraduate Pilot Training: 1975
through 1990." Three considerations appear to have been given
to every dquestion addressed: requirements for; effectiveness
of; and cost of. Avoiding the issue of requirements, this NASA/
Garrett investigation has provided an in-depth analysis of both
effectiveness~- and cost-related factors. The work appears to
have improved upon the Alr Force results affecting these factors.
Smaller, presumably less costly, candidate airplanes were
derived. It has been shown how operating costs, as influenced by
low fuel consumption and less maintenance, could be reduced {rom
the Air Force estimates. Finally, the "encryy crisis" provided a
sense of urgency to the need for maximunm cificlency attainnents.

The General Officer Stooring Committen that reviewed the
"omos

Randolph study results recommendaed: The deoision to procure
any new conceptual aircrait (Ta-2, Ta=3, Or Tha=-4) should be

deferred until the 1979-1982 tine perind.”  That roecorovendation,
made in 1971, does nnot, ~f ocourse, refloct the arjen’y that st
have been felt in 1974, whon andorgradiiate pilot prodiactlon Wias
roduced for lack ~f fael. Toor Aris Lk reflect she fach thatb

rocent approoriations A T=37%s L oothor L5, ALr Torco Comengs
may causce an parly insubtficrency ot “raining Cormand.  ALSO, 1
does nobl reflect the fact that an ciqually capable, bout more

PRBCEDING PAGE BLANK NOT FILMED




APPENDIX C

economical airplane than the Randolph study TA-2 could be
achieved.

Based upon information contained in the Randolph study,
cost data from various other sources, and the results of this
investigation, the following extensions of fuel and cost sav-
ings are projected for a new primary trainer:

FUEL SAVINGS (vs. T-37 FLEET)

Current Annual Consumption ©2.7 million gal.
@ 190 gph, 90 hr/graduate,
3665 grad./yr.

Potential Annual Consumption 12.6 million gal.
@ 38 gph, 90 hr/graduate,
3665 grad./yr.

Potential Annual Fuel Savings 50.1 million gal.
Projec*ted Fuel Cost Savings
@ 15¢/gal $ 7.5 million/yr.
@ 20¢/gal 10.0 million/yr.
@ 30¢&/gal 15.0 million/yr.
@ 50¢/gal 22.5 million/yr.

CPERATING COST SAVINGS (vs. T=-37 FLEET)

Current Annual Operating Cost $41.2 million/yr.
@ $125/hr, 90 hr/graduate, 3665
grad/yr.

Potential Annual Operating Cost 10.2 million/yr.
@ $31/hr, 90 hr/graduate, 3665
grad/yr.

Potential Annual Operating Cost Savings 31.0 million/yr.

In discussions held with various USAF personnel, it was
learned that, with the increased performance, range, and IFR
capability of the TA-2 primary trainer concept, it could dis-
place the T-38 in a small portion of the training syllabus.
If 10 hours were to be considered a reasonable such displace-

ment, then the following additional savings could be pro-
jected:

FUEL SAVINGS ({(vs. T-38 IN 10 SYLLABUS HOURS)

Current Annual Consumption 14.3 million gal.
& 390 gph, 10 hr/graduate
3665 grad/yr.

Potential Annual Consumption 1.4 million gal.
& 38 gph, 10 hr/graduate, 3665
arad/yr.

Potential Annual Fuel Savings 12.9 million gal.
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APPENDIX C

Projected Fuel Cost Savings

@ 15¢/gal $ 1.94 million/yr.
@ 20¢/gal 2.58 million/yr.
@ 30¢/gal 3.87 million/yr.
@ 50¢/gal 6.45 million/yr.

OPERATING COST SAVINGS (vs. T-38 IN 10 SYLLABUS HOURS)

Current Annual Operating Cost $ 9.2 million/yr.
@ $250/hr, 10 hr/graduate,
3665 grad/yr.

Potential Annual Operating Cost 1.1 million/yr.
@ $31/hr, 10 hr/graduate,
3665 grad/yr.

Potential Annual Operating Cost $ 8.1 million/yr.

savings

Combining the potential fuel savings estimated here, the

total is 63 million gallons saved per year. It is doubtful that
there is another area in military aviation where a potential for

savings of more than 80 percent exists.

similarly, with a potential total annual operating cost
savings of $39.1 million, the case for a new primary trainer
merits careful review.

Finally, it has beea estimated that, at a total program
cost of less than $200 million, the U.S. Air Force could pro-
cure a new primary trainer fleet., If this cost and the fore-
going projected savings are accurate, such a program would
pay for itself in about 5 years.

137




REFERENCES

Merrill, G.L., G.A. Burnett, and C.C. Alsworth, et al.

“A Study of Small Turbofan Engines Applicable to General-
Aviation Aircraft, Final Report," NASA CR 114630, September
1973.

Anon., "“United States Air Force Mission Analysis on
Future Undergraduate Pilot Training: 1975 through 1990,
rinal Report," Mission Analysis Study Group, Randolph Air
Force Base, Texas, January 1972.

Galloway, T.L. and M.H. waters, "Computer Aided Parametric
Analysis for General Aviation Aircraft," Soc. Auto. Eng.
Technical Paper 730332, April 1973.




