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This report was prepared by the Cessna Airéraft Company, Wallace Aircraft
Division under NASA contract NAS2-10263 for "4 Study of the Application of
Advanced Technologies to Small, Short-Haul Tramsport Aircraft'. This study,

hereafter vreforred to as the STAT (Small Transport Aircraft Tachnology)

study, was'perfo;med from June 1, 1979 to August 31, 1980.

The NASA Technical Momitor for the Céssna STAT study was Thomas L. Gailoway,

Aeronautical Systems Branch,‘Ames Resgarch»Centez, Hoffett Field, California.

- The Cessna Study team consisted of Emmett F. Kraus, Study Manager; Randal V.
Awker, Technical Manager and responsible for aircraft performance, sizing and
optimization; Jerry W. Scholl, responsible for aircraft configuration design;
and Ozzie D. Mall, responsibleé for technology applications.

The authors wish to acknowledge the contribution of J. Siemens in performance
analyses; V. Rer-auw and  J. Bair. in advanced materials applications;

C. Gonzalez in advanced engine applications; and G. Schmidt ia configuration -
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1.0 SUMMARY

This study addresses the benefits of advanced technology applicatiocas. for 19
and 30 passenger, short-haul aircraft. Configuration sensitivities. are also
reviewed in order to show the design tradeoffs associated with passenger
capacity, cabin comfort level and ‘design field length.. Besides- provxd;ng‘
.guidelines for commuter aircraft, the study results are generally valid for
large, twin-engine, turboprop business airplaunes. ,

The study was divided into‘four parts:
1. Definition of four baseline airplanes and two design missidn“»

2. Review and  application of advauced technologles to the baseline
alrplanes :

3. Evaluation of the benefits of advanced technology applicaticns.
4. Recommendations for further research and technologzy efforts.

Table 1 shows the 32 study airplanes examined in this study, including 4
current technology taselines and 28 advanced technology aircraft. The engine
size, wing area, and wing geonetry of each of these configurations was
optimized for minimum direct operating cost -(DOC) - using the technologies
noted.

The - four baseline airplanes provided the oprortunity for assessing the
sensitivity of DOC and fuel efficiency to configuration differences. Three
baselines were sized for a 4000 ft takeoff field length (TOTL), while one
short-field version was designed for 4 3,000 ft TOFL. The longer-field 19
passenger airplane could off-load 8 pa sengers To permit operations from a
3000 ft field, but the penalty was a 73% increase in DOC per available seat.
The baseline designed for short field operations incurs a much lower: 5.8% DOG-
penalty, relative to-designing for a 4000 ft field length. )

Two cabin cross-section'designs were studied, 2-abreast and 3-abreast. The
2-abreast cross-section was based on the Cessna Citation 11 fuselage and is
similar in. size to the Swearingen Metro. This cross section was used only

for 19 passenger designs. The 3-abresst cross section has a 6 ft adsle. .

height, flat  floor, overhead and under.eat storage,- and room Zfor hanging
baggage, galley provisions, ‘and - atory. "Both ‘19 aad 30 passenger
airplanes were designed with this c¢. = .zctdion.

Comparison of the 2- vs 3-abreast 19 passenger baselines shows that the costs
associated with providing excellent cabin comfort are .small. 1In fact, the
breakeven passenger load for the 3-abreast design . is only % passengers, just
1 more than the breakeven load for the 2-abreast airplane.

The 19 and 30 passenger, 3-abreast baselines were compared to' show the
efficiencies of larger airplanes,  The 30. seat alrplane "has 16% lower
seat-mile DOC's and 18% lower fuel use per seat. . :

B N T e T,
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Table 1. STAT Aircraft Desians.

PASSENGERS
_ 18
OPTIMIZED CCNFIGURATIONS ~ 2-ABREAST
: : 4000 £t | 3000 £t | 3-ABREAST 30
TOFL | TOFL. :
CURRENT TECHNOLOGY BASELINES: '
® BASELINE 1 S b .
@ BASELINE 2 (SHORT FIELD X
‘@ BASELINE 3 o : X v
@ BASELINE & ' X
. e

ADVANCED TECHNOLOGY AIRCRAFT WITH: .~
o LEVEL 1 ADVANCED AERODYNAMICS | X X X
@ LEVEL 2 ADVANGED AERODYNAMICS X X X
@ LEVEL 1 ADVANCED PROPULSION - X X X
@ LEVEL 2 ADVANCED PROPULSION X X %
e [EVEL 1 ADVANCED STRUCTURES X X CX
® LEVEL 2 ADVANCED STRUCTURES X X X
© LEVEL 1 RIDE CONTROL X
© LEVEL 2 RIDE CONTROL X
© LEVEL 1 COMBINED TECHNOLOGIES X X X X
@ LEVEL 2 COMBINED TECHNOLOGIES X X X X
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Techknical sensitivities wers also conducted. The study shows DOC to be most’
sensitive to weight, followed in order by SFC, drag, maximum takeoff 1ift
coefficient, and aircraft price. Fuel ef‘icxaLcy is most affected by cngine_
8FC, followed by drag, weight, and maximum Lakeoff 1ift coeéfficient,

Advanced tachnologies wers studied ia four aresas: aerodynamics, propulsionm,
structures, and ride quality. Two levels of uechnology were studied ‘in each
of these four areas: Level 1, representing near-term, low-risk applications;
énd- Level 2, moderate risk applications for the ‘post-1990 time period.  The

combined . gerodynamic; propulsion, and structural technologies provide the
following benefits: :

Level i : Level 2
Reduction in DOG - : - 13% ' 21%
Reduétion-in ﬁlock Fuel ' 24% 39%

Each technology provided important reductions in DOC and block ‘fuel,
particularly for these Level 2 applications:

@ Advanced airfoils and high lift systems.

Tailored airfoils were studied along with flap systems designed
for high takeoff 1lift «coefficient.  Airplane  cruise - drag
coefficients were reduced 3% and naximum takeoff lift coefficients.
were increased up tc 35%. These result in DOC savings of about 6%
‘and a block fuel reducnmon of 11

® /cvanced propulsion systems.

Analyses. for improved engines and propellers: were based or. STAT
propulsion studies conducted under NASA-Lewis sponsorship by
Detroit Diesel Allison, Garrett AiResearch, General Electric, and
Hamiltor S:andard. Improvements selected for this report provide
up to 0% boetter SFC values and 3% higher propeller efficiencies,

resulting ia about 13% lower DOC's and 29% lower fuel use. ‘

@ Advanced materials and structures.

Low drag airfoils, advanced rlap systews,. and higher ef 3c1nucy

~propellers all rely on new materials -and structural arrangements
for achieving maximum -benefits. In addition, -airframe weight
savings of up to 20% for bonded metals and 35% for composites are -
predicted. These ‘airframe weight s$avings result in 5% better
DOC's and block fuel savings of about 4%.

® Ride quality improvements.
an. active ride control system, along with higher wing loadings,

can provide significant improvements in passenger ride comfert.
ust response can be reduced up to 70% in cruise.
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2.0 INTRODUCTION

The commuter airiines have become . a m&jor factor in the U.S. air
transportation system,: providing over one-third of all scheduled airline
flights. The rapid growth in commuter air)ine activity in the past ten yedrs

has ~redted strong interest in new aircraft for this mavket. . This study.

tecommends appropriate new tachnolcgias,for these airccaft.

The commuter airlines were initially defined as a class of. ‘exempt scheduled

air carriers by the Civil Aeronautics Board (CAB) in 1969,  As & condition
for being exempt from many of ‘the reporting requirements of CAB regulations,
the commuter  aircraft were limited in size to 5670 kg (12,500 “1h) gross
takeoff weight. This e«ffectively limited the dircraft to & capacity of 19
passengers. The CAB later increased the size of commuter aircraft to -a
passenger. limit of 30 and a weight limit of. 3400 kg (7500 1b) payload,
effective September 17, 1972.

The. Airline Deregulaction Act of 1978 increased the size limits to 55 sedts
and 8165 kg (18,000 1b) payload. ~Effective May 17, 1979, the CAB permitted
the exempt commuter carriers to operate aircraft havxng up to 60 sests and
8165 kg (18,000 1b) payload.

To provide another wmsans for the commuter carriers to us. larger -aircraft,
the Airline Deregulation Act allows commuter airlines to receive Certificates
of Public Convenience ana Necessity from the CAB under Section 401 of the
Federal Aviation Act. Over 30 commuter carriers have been granted these

cercificates. They may fly any size aircraft, but they must alsoc comply with

the additional regulations for certificated airlines.

The exempt all-cargo commuters may f£ly aircraft with an 8165 kg (18,000 lb)
payload capacity. Those which have received All Cargo Certificates under
Section 418 may- use any  size aircraft in all-cargo service. Over 2C
commuters hold All Cargo Certificates.

Commuter “airline  traffic has grown from 4.3 willion passengers and 39.5
billion kg (43.5 million tens) cf cargo in 1970 to an estimated 15.5 million
" passsngers and 454 billion “kg. (500 .million tons) “of ‘cargo in 1980. The
average annual growth. ia gassenge*s emplaned was 14% for this period, and
average annual cargo growth was 28% '

Trunk and local service carviers began withdrawing frowm short-heul routes
after passage of the Airline Deregulation Act of 1978, which introduced
eesier market entry and exit rules. High fuel costs wade it unprofitable to
operate their large jet-powared aircraft on short-haul rouzes. The commuter
air carriers  experienced - record . growth ~in 1979, <he first vyear after
deregulation, as they expanded into short-haul markets abandoned by the tunk
and local service carriars.

During 1979, commuter passenger traffic increased 27% and the commuter air
carviers added a recora number of new aircraft to their fleets.  The number

of commuter airplanes having 10 or more passenger seats grew 22% during the

¢ -
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yeer. There were 1606‘ai;c:aft,infcommuter service by July, 1980. Of these,
267 were used exclusively for cargo.. o ‘ S

This growth in the commuter fleet is expected to continue. - A study by the
Aerospace Corporation projects U.S. sales of ajircraft with 15+-60 seats to be
2373 units for the years 1980-2000. Total worldwide sales of these aircraft
are projectad to be some 5400 units for the same period (Reference .1).

The expanding international market for short-haul aircraft has resulted in a
number of new and modified aircraft development programs for the 15-60 seat
airplane market. TFew of these programs involve domaestic wmanufacturers.
Furthermore, the domestic programs are either modifications of existing
aircraft or jecint programs with anm overseas partner.

In 1978, anticipating the need for additional domestic research and
development for commuter aircraft, the U.S. Senate Committes on Commerce,
Science, and Transportation requested that NASA report  on commuter aireraft

technologies that could increase their acceptance and use, and aiso on

-whether NASA research and development efforts could assist manufacturers in
providing these technologies. The Small Transport Aircraft Technology (STAT)
research activity at the NASA - Ames Research Center ' was initiated in
response -to this request. : S

NASA had already been investigating operational requirements and advanced
technologies for. small, short-haul aircraft (Reference 2 and 3):  Thess
studies provided an understanding of the low -and medium density marksts
associated with commuter and regional airlines. They also highlighted the
importance of having low operating costs along with high pessenger aund
community acceptancs.

These and other studies (such as Reference 4) additionally show a clear
economic advantage for turboprop aircraft in commuter service because of the
small aircraft size, -high frequencies, short stage lengths, low cruise
aititudes, and short runways common to this market.

As part of the STAT effort, NASA has issued technology application study
contracts to & airframe, 3 engine, and .2 propeller manufacturers. Thesa
include the Cessna Aircraft Co. Wallace Aircraft Division, Beech Aircrafr
Co., the General Dynamics Convair Division, Lockheed California, Garret:t
AiResearch, - the General Electric Aircraft Engine Group, the General Motors
Detroit Diesel "Allison Division, <Cessna Aircraft Co. McCauley Accessory
Divisien, and United Technologies Hamilton Standard Division. Results of
these contracts are suwmmarized in Reference §S.

The objectives of this stud. were to:

@ Identify prowisi.g advanced technologies for 19 and 30 passenger
short-haul aircvaft. :

® Define <the fuel efficiency and operating cost benefits of each
study technology. '

@ Outline the research and development necessary to ensure the
confident use of promising technologies in new aircraft. B

:
i
}
i
i
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STAT study coqsiéted of the fo11owing tasks:

Task’ 1 - Baseline Aircraft and Mission Definition -

Baseline airplane configurations were designed: to - represent
current = technology - commuter aircraft. The design - mission
definition was based on short-haul -operational requirements.

Task 2 - Application of Advaﬁced Technology

' Several candidate -advanced technologies werse analyzed to determine

their appropriate application in small, short~haul aircraft. They
were then appliad individually and in combination to each of the
baseline aircraft, : ' :

Task 3 - Evaluation of Advanced Technology. ,

The cost and benefits 2f each advanced technology were evaluated
for each size of study. aircraft  in terms of fuel efficiency, .
operating cost, and passenger acceptance. ’ S

Task & - Recommendations for Futurs Research S
Specific areas requiring further research were identified. The
recommended research efforts are needed to achieve and verify the.
readiness of the promising advanced technologies.
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3.0 SYMBOLS AND ABBREVIATIONS

abreast

~blade activity factox

aspect ratio

overhead burden factor

balanced field length

cents

: Celsiu;

Civil Aeronautics Board

Cessna Aircraft Sizing Technique

" airframe price

price of.typiéal optional avionics and equipment
airframe maintenance labor costs (5/flight).
airframe maintenahce'haterial costs (§/flight)
crew cCoOsts ($/flight)

depreciatien costs (§/flight)

price per engine

price of fuel (§/gallon)

fuel cost (§/flight)

insuranca‘costs ($/£light)

1ift coefficient-

maximum lift coefficient

propulsion system ﬁrice‘F engine and propeller
engine and propeller maintenance costs ($/£light)

total aircraft first price




deg

DoC

BN LB T

/R
RTY, 4 &

centimeteor

propeller diameter

degrees
depreciation period (yr)

direct operating cost

Fahreuheit.

cost complexity factor for the itp airframe component'
‘block fuel

cost complexity factor for propulsion

feet
hour

annual insurance rate

inch

airframe. labor hourly rate
airframe labor cyclic factor
airframe material héurly factor
airframe material cyclic factor

constant. factor fer hourly maintenance costs

price factor for hourly maintenance costs

engine and propeller cyclic cost factor
average airframe price factor

engine and propeller pricevfact.or
airframe and engine spares ratio

kilogram




KIAS

kPa
kt
KTAS

kW

1b

1bm
L/D
LDG

knots indicate& aiispaed
kilometer

kilopaséal

knot

knots true aifs?éed

kilowatt

poun&

pbunds mass
lift-drag ratio
landing

labor rate ($/hr)

aetey

maxinum cruise Mach number

raximum propeller speed. (rpm)
number of engines

number of passenger seats

natural laminar flow

nautical mile

engine power

total maximum rated sea level static power

pdssengers

pounds per square inch

residual value ratio

radians
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RCS
R/C

RMS

Sw

| SFC

TOFL

TOGW

VAPP

VCR

10

ride control system
ride control
root mean square

revoglutions per minute

wing_area

specific fpel consumption
shaft hctsepowar | |
seat kilometer

seat nautical mile

.Small Transport Aircraft.Technolcgy

block time (hr)
flight time (hr)
ground.maneuver timé
takeoff

takeoff field length

takecoff gross weight
annual utilization

minimum approach spéed

maximum cruise tpeed

" cperators' empty Qeight less engines and- propellers

. tho oo
weight: of the i airframe component

propeller weight, less spinner, deice, and governor

taper ratio
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4.0 DESIGN APPROACH .

Each of the 32 study aircraft was sized to satisfy the design mission and
optimized for minimum direct operating cost (DOC). This section describes
the sizing and optimization procedures,. the DOC method, and the pricing
formula used for these dnalyses. ' ' IR

4.}1 Sizing and Optimization ,

The Cessna Aircrafs Sizing Technique (CAST) was used to size and optimize the
wing, engine, fue] load, and weight of each study ‘airplane. The aircraft
geometries were optimized by means of a multiple carpet plot procedure.

4.1.1 Carpet Plots

The basic approach to sizing and optimizing each airecraft involved carpet
plots, as presented in Fignre 1. The basic carpet is a 4 x4 grid of wing
area (Sw) and engine power (P). Each intersection of two grid lines
represents an individual airplane (point design) that meets the payload~-range
requirements of the sizing mission. Complete performance and LOC . information
was calculated for each point design. The left hand scale shows the design
‘takeoff weight associated with grid locations. :

The parformance requirements (or design constrairts) were applied on. the
carpet plot, as shown in Figure 2. The design’ constraints shown include
balanced field length, cruise speed at maximum cruise power and approach
speed.  Takeo:f and balked landing climb gradient constraints were also
checked, but none of the study designs were constrained by the climb gradient
requirements because the cruise speed requirement was more demanding. '

Since the performance of each point design is known, these lines of constant
performance levels can be located by interpolation and drawn on the carpet
plot. The performance constraints ‘are indicated by crosshatching. Aircraft
on the crosshatched side of the line do not meet the constraints. Additional
parameter lines can be drawn to determine the sensitivity of airplane size
and weight to the design constraints. - For example, BFL; represents the
balanced field length constraint, and BFL; represents a shorter field length,
This shorter field .length is shown to require a larger wing and/or larger
engines, resulting in a heavier airplane.

Figure 2 shows a larse design region where aircraft meet the constraints, as
well as the mission requirements. To find the optimum design point in this
region, lines of constant direct operating cost are overlayed, as in Figure 3,
Taesa DOC lines represent the dollar cost of flying an airplane on  an
average 185 km (100 nm) stage length.  The minimum DOC design . point in the
design region is indicated by point A. This point represents the lowest DOC,
or optimum airplane on the plot that meets all the design requirements. The
CAST program employs an automatic routine to check the DOC gradient and the
constraints to find this optimum design point.

11
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Figure 2. Carpet Plot Sizing.
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{ ® POINT A IS OPTIHUM DESIGN DOC: DIRECT OPERATING COST
FOR MINIMUM DOC. VAPP: MINIMUM APPROACH SPEED
VCR:  MAXIMUM CRUISE SPEED
TAKEQFF - *onc3

VAPP CONSTRAINT v ‘\*\\g
. - .
GROSS

WEIGHT  [DOC, S %

VCR CONSTRAINT
J voc .

BFL CONSTRAINT

Figure-3. C'a‘rpet Plot Optimization

-4.1.2 Geometry Optimization

Each of the 16 airplanes that ccmprise a part:.cular sizing 5:1& has the same
wing and propeller geometry (wing sweep, thickness ratio, taper ratio, aspect

ratio, and propeller diameter). Consequently, the optimum point on a carpet
plot represents the minimum DOC combination of wing and engine size only for
that particular axrplane geometry.

The optimization of &lrplane geometry requires & number of carpet plots

- Three geometry parameters were optimized: wing aspect ratio, wing taper
ratio, and propeller diameter. Since the aircraft are subsonic, the sweep
and thickness ratic values did not require optimization. These were fixed at
0° sweep and 15% average wing thickness.

Figure & illustrates the geometry optimization procedure. This example uses
four grids to find the optimum value of taper ratio (M), while holding aspect
ratio (AR} and propeller diameter (D) comstant. Four values of aspect ratio
and taper ratio, and five values of propsller diameter were analyzed (Table
2). Consequently, a total of 20 DOC curves of the type shown in Figure &
could be plotted, rasquiring 80 carpet plots to optimize the geometry of each
study airplane.

In this stddv, “ b&sexlne airplanes and 78 advanced technnlogy airplanes were
sized and opt zed, which could require a total of 32 aircrait x 80 grids
per aircraft x lb points per grid = 40,960 point designs. This large number
of designs represents a considerable demand for computer use. . However,
excellent computational productivity was ~achieved by checking ‘design
sensitivities throughout the optimization process in order to reduce the
" numbeyr of point designs neeced.

13
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80 GRIDS X 16 POINTS = 1280 POINT DESIGNS PER AIRPLANE

Figure 4. Geometry Optimization

) Tablei. Geometry Values _Analyzed

TAPER RATIC, A

ASPECT RATIO, AR

- PROPELLER DIAMETER, D.

Ay =.2 ARy = 7 Dy = 254 em
(100 in)

s = .3 AR, = 9 D, = 279 ~u
' (110 in)

A\ = L4 ARy = 11 Dy = 305 cm
(120 in)

‘e = .5 AR, = 13 D. = 330 em
(130 in)

D¢ = . 356 cm
(140 a)
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4.1.3 CAST Description a - )

The carpet plots were generated by the Cessma Aircraft Sizing Technique
(CAST), shown in Figure 5. @ The CAST design process bhegins with the
preparation of an initial 3-view configuration drawing. Parametric 1lift,
drag, and weight data are generated for this initial configuration. This
parametric data is part of the input to CAST. -The remaining input -data
includes the mission definition, engine data aud Installation effects, and
tail sizing criteria. : S ' :

The innermost loop determines the fuel. load needed to complete the mission.
The gross weight is -adjusted in this leop in order to reflect the design
.effects of changes- in the fuel load. The drag polar adjustwent in the fuel
sizing loop is used when there are external fuel stores. After each aircraft.
is sized on this innermost loop, a full set ¢f performance and operatirg cost
data is calculated. o B ~

The outer loops adjust wing euyea,. engine power, wing geometry, dand propeller
geometry. Basic lift, drag and weight data are modified accordingly. Upon
completion of each & x & array of wing area and power, the sizing information
is' automatically plotted for analysis. »

f

IRPUT INITIAL A/C CATA -, CALC, FUEL
AND MISSION AKD QESIGN REQUIRED .
GROURD RLES FOR MISSION y
'
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. ATA | SIZE |
| o ‘ I
. . ; I
: i e ves | AWUST ADJUST | i
/\’\7 . 4 EHGINE L ACELLE ! !
y a9 SIZE '
/\95 >/ ~N o
06M P ~ :

) {NO ' .
. M :
- . : :
N <G> el
wos GMETR v DATA i
(s

ADJUST

: 50 /VEN ves
S0P PROP DATA PROP
; B : OATA

( Figure 3. CAST Flow Chart

4.2  Direct Operating Cost Model

Several direct operating cost methods have bzen devzloped under NASA funding
for use in the design of swall, short-haul aircraft (References 3,6,7,8 and
9). The Aerospace Corporation Model (Reference 9) includes a comparison with
the Boeing and Douglas models. Additionally, the Civil Aercnaurics Boawd has

15




developed it's own small aircraft costing method (Reference '10) in order to
_provide profit-loss estimates for particular aircraft in specific. route
_ segments. The CAB model ‘costing inputs - are ‘updated quarcerly ‘(e.g;,
References 11 and 12). . ’

The Cessna DOC method follows the general format of the 1967 ATA DOC merhod
(Reference  '13), with modifications necessary tO represent commrter and
regional eircraft operating costs in 1579. ’

4.2.1 DOC Ground Rules

NASA established the following ground ruler for the DOC.calculations:

© All costs to be presemted in 1979 dellars.

(]  Crew costs (§/block hr) to be 2.7 x passehger seats, with a
minimum af §30.24/block hr.

@ Maintenance:labor'rate to be_siO/hr;

o Maiﬁtenance burden to be 80%.

9 Utilizatiﬁn to be 2800 hr/yxr for all calculations.

® Annual insurance rate to be 1.5% of the total Aircraft pcice.

® Spares requirement %o be 6% of the aircraft price for 19
passenger aircraft and 8% for 30 passenger aiscraft

€ Depreciation on aircraft and spares to-be straight llne over a
12 year period to-a 15% rcsxdudl value.

@ Non-productive aircraft maneuvering cime (inelnding air and
ground mé&neuvers) .to be 10 minutes for all flight distances.

® Fuel cost to be $1.00/gallon.
4.2.2 DOC Cast Estimating Relationships

. The operatin cost elements include the rew, insurance, depreciation,
aivframe labor and material (brokean down into hourly and cyelic costs),
propulsion system hourly and cyrlic costs, and fuel.

Airframe maintendnce cost factors were derived f om Cessna airframe cost dates
for 1975-1978. Powerplant maintenance cost factors were derived from Pratt &
Whitney PT6 engine maintenance and overhaul cost data.

16




c, =

U =

Deprociation:

number of passenger scsats

block time (hr)
(Ct) tbl/v

insurance costs (3/flight)
anausl insurance rate = 0,015
total aircraft first price (1979§)

annual utilization = .2800 hr/yr

Cp = L= R+ K G e /(D) W)

whare:

p

]

>
]

D =
p

Yaintenance

depreci&ﬁian COsts (S/fligh:)
residual value rafio = 0.15
airframe and. engine spares ratio
_ Ks_z 0.06 for.19 passengér aircraft

K, = 0.08 for 30 pussenger aircraft

deprs .ation period (yr) = 12

Airframe Labor:

. =b"t +.w Y 3(
Cyp = IKyvg *+ XL IR (B))
whers:
C%L = sgirframe maintenance labor costs ($/flight)

K, = airframe labor hourly ractor
t. = flight vime (hr) = t, - &
ght time ( b g

~ @ airframe labor ¢yclic factor

>
#

‘

-




ot
o

~ground maneuver time = .0667 hr

. o (ground manuever time = 4 min
‘air maneuver time = 6 min)

operator's empty wéight 1355 engines and propellers (1b)

3
==
i

IR - = labor rate = 10.00 $/hr

B

overhagd burden facrtor = 1.8
Airframe Material:
CAH

- = [K3tf + xa]w&
where:

CAM»g airframe maintenance material costs ($/flight)

* airframe material hourly factor

=
i

X

L - airfreme material cyclic factor -

Engine & Propellers:

P P

where:

Cop = No[(Kg + ReCHARI(B) (r) + KyC ]

Cp,'1 = engine and propeller maintenance costs ($/flight)
N = number of engines
K = constant factor for hourly maintenance costs

K, = price factor for hourly maintenance costs

C = propulsion system price for engine and propeller (1979§)

K, = engine aund propeller cyclic cost factor

Fuel
Cpg = Cefy/er
where: '
CFC-= fuel cost (S/flight)
Cf = price of fuel == §1.00/gallon
i F, = block fuel (1b)
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4.3 Aircraft Pricing

Aircraft prices in 1979 dollars wers estimated on the basis of airframe
weight, engine rated power, and typical avionics and equipment:

ct = Ca * cp>+ Cae

where:

C. = total airzraft fist price (13979§)
c, = a;rfrc@e ’price =(K.a) Z[(}Fa‘) i(wa)i]

K = average airframe price factor = $251/kg ($114/1b) |

a

(Fa i = cost complexity ﬁactor for the ith airframe compornent

‘(wa)i = yeight of the ith airframgbcomponent
Cp = ptopulsiog system‘price #(Kp)(Fp)(Pc)-
K, = enging and propeller price factor = $295/kw ($220/hp)
Fp = cost complexity factor for propulsion
P, = total maximum rated sea level static power

Cae = price of typical cptional avionics add‘equipment = 5125,0061

The cost complexity factors were used to account for the different cost per
pound or cost per horsepower of the various advanced technologies discussed
in Section 6.0. If, for example, the cost per pound of an advanced
technology airframe component was 50% higher than for the current technology
item it replaced, the cost complexity factor for pricing the. advanced .
technology component was 1.5. For current technology items, these factors
are 1.0.

The airframe weight items used. for pricing in the above formula include
evervthing in the basic empty weight except engines, propellers, and optional
avionics and equipment. This definition of airframe weight is different £rouw
that used in Section &,2.2 for calculating airframe maintenance costs because
of the different way. the operating costs are incurred.

The airframe averdge price . factor of $251/kg  ($114/1b) was derived £rom
‘published price and weight data <for Cessna, Swearingen, Shorts, and De
Havilland turboprop aircraft. -The engine and propeller price factor was
derived from data submitted by <the manufacturers. The price of optisnal
avicnics and equipment represents an average options price for commuter
aircraft delivered in 1979. ' ‘ ' '




- 5.0 BASELINE AIRCRAFT AND DESIGN MISSION

The baseline aircraft and ‘design wissions are described in this secticn.
Four current technology baseline airplanes were designed, -three 19 passanger
aircraft and cne 30 passenger .airplane (Table 3). These baselines repressont
a current technology reference for " comparison with the zdvanced technology

. airplanes described in Section 7.0. 1In addition, ti: baselines were compared
among themselves to indicate their design sensitivities to the balancad £ield
length requiremsnt, passenger cabin comfort, and rumber of seats. These
airplanes were sized tc meet the operational  requirements of the short-haul
environment, and each airplane desigh. was »optimized  for minimum dirvect.
opurating cost.. ' : : . ' '

5.1 Design Background
5.1.1 ~ Choice of Passenger Seating Capacities

Both 19 ‘and 30 passenger airplanes havo become standard sizes in the commuter
airline industry. Originally, these seating capacities were g result of the
regulatory constraints. In particular, commuter carriers operating undar FAR
Part 135 are permitted to carry up to' 19 passengers without incurring the.
additional expense of a. cabin attendant.. The Swearingen Metro and tha
DeHavilland. DHC-6 Twin Otter are the éxisting 19 pasenger, short-haul
airplames in service. Development programs for this size ‘airecraft  include
the Beech 1900, BAe Jetstream 31, Dornier 228-200, and the upgraded Embreer
EMB-110P3 Bandierante. : ' :

The 30 passenger size resulted when FAR Part 135, "Air Taxi Operators and
Commercial Operators of Small Aircraft’, was revised in 1972. . Operators
using aircraft carrying more than 30 passengers had to comply with tha
additional meintenance, personnel, training, and flight dispatch: requirements
of FAR Part 121. The Shorts 330 is the only “existing 30 passenger,
short-hauvl - aircraft. Two.. additional - 30 passenger  aircraft are in
development; the Embraer EMB-120 Brasilia and the Ahrens 404, :

5.1.2 Baseline Aircraft Design Philosophy

The baseline airplenes were designed using the airframe, propulsion,
aerodynamic, and systems technologies that are. found in the existing commuter
fleet. The 2-abreast aircraft were derived from the Cessna Citatien 11
fuselage ana empennage.  The wing, powerplants, undercarriage, and systems
are. all new. This approach provided a Z-abreest baseline that is similar in
size and overall configuration ‘toc the Swearingen Metro. . -

The 3-abreest, 19 passenger airplane is an all new design. It was designad
for increased passenger dceeprance. The larger cabin allows easy entry and
exit with carry-on bBaggage, space for hanging baggage, underseat and.overhead
storage, a flat floor,-4 standup aisle, and a lavatory. The costs associated
with providing these additional conveniences. in the 19 passenger - airplana
were examined later in the study. - '
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The 30 passenger airplare was conceived as a stretched version of the

3~gbreast, .19 passaenger baseline. This allowed =& " joint-program pricing-

structure for major fuselage and system elements. The wing and propt.l mn
system were resued and optimized for the higher payload.

The study aircraft were not constrained by an externmal or mtemal noise -

goal; however, some allowances for noise ~control were incorporated,
consistent with current design practice. A propeller speed of 1700 rpm was

chosen, which is identical. to PTAA-45 .and =65 propeller speeds.. The-

cleerance between propeller tips and the fuselage was set at 0.61 m (24 in)
and a weight allowance for moderate cabin sidewall treatment was included.
On each of the des 1gns, the empennage arrangement is intended to reduce

structural-borne noise by remcvmg the hor:..‘om:al tail from the pxopeller

wake.

The study aircraft were all low wing configurations.  High wing aircraft. can

‘have advantages where service. vehicle or ground obstruction clearances are '

.eritical. ‘However, it was judged that passengers would prefer the cleaner,
airline look of a low wing configuration. . Furthermore, with low wing

airplanes, there is less chance of passengers being disturbed by flap and

landing gear operation.

Table 3. Baseline Technology Aircraft

_ AIRCRAFT PASSENGER SEATS BALANCED FIELD
_ SEATS - |. ABREAST . LENGTH
’ :

RS2

BASELINE 1 19 ' 2 1219
(4000)

BASELINE 2 19 2. 914
- (3000)

BASELINE 3 19 R 3 1219
. (4000)

BASELINE & 30 . 3 1219
(4000)
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5.2 Alrcrart Design Ground Rules

The certification and operation requirement‘.s of FAR parts 25 and 135 were

followed in ths study adircraft designs.: ‘Additional requirements were

included as a result of previous’ NASA and Cessna short-haul aircraft studies.

o The design. ground rules listed im this section incorporate these

s , . requirements, as well as many of the recommendations made to NASA during it's
: . survey of commuter dand local service carriers in 1978.

5.2 Configuration Grouad Rules
The aircraft configurations were designed te the following requirements:
@ A 90.7 kg (200 1b) éllowance per passenger including béggage.

@ Provision for at Jeast 0.14 m® (5 £t’) of preloaded baggage per
passenger.

® Provisions for at least 2.0 em” (0.80 in) -of cabin hanging
garment space per passenger. :

@ Provisions for at least 0.07 m? (2.55 ft®) of undersaeat pius
overhead storage per passenger for carry-on baggage -in the
3-abreast ‘airplanes. 4 23 x 41 x 51 em (9 x 16 x 20 in)
maximum uncerseat bag dimension was used in the 3-abreast
cabins, in order to match the underseat limits of most laxnge
transports. The 2-abreast dirplane  underseat bag size
raquirement was 13 x 396 x 46 cm (5 x 14 x 18 in).

¢ A 1.83 m (72 in) minimum inteérior aisle height fdrvvthe
3-abreast configurations, and & 1.45 m (57 in) aisle height for
the 2-abreast aircraft.

® An 81.3 em. (32 in) minimum seat pitch. for the 3-abreast
airplanes, and a 76.2 cm (30 in) seat pitch for the 2-abreast
aircraft.

€ A 45.7 cm (18 in) minimum seat width,

- ® A45.7 cm (18- in) minimum aisle width for the: 3-abreast
configurations, and a 35.6 cm (14 in) minimum aisle width for
the Q-abreast aircrafr.

® Air-stair passenger door.
© Lavatory provisions in -the 3~abreast: airplanes.

#® Beverage service provisions dn- the 30 passenger aircraft,

o @ Cabin pressurization to 42 kPa (6 psi).

® Air conditioning.

1>
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@ Provision for 1 cabin attendant in the 30[passengef aircraft.

© 2 pilot 60ckpi£.

© An airframe dgsign life of 30,000 hours and 60,000 cycles.

@ Dual wheel gear.
@ All fuel tanks in wing outer panels.

® High horizontal tail for unobstructed access to aft
cargo/baggage. door.

5.2.2  Performance ‘Ground Rules

The study aircraft. were designed to meet the following. pérformance
requirements: : ' ' ' ’

@ Full design payload to be carried over a range of 1111 km
(600 nm) with reserves for a 185 km (100 nm) alternate plus 45 -
minutes at maxlmum cruise powar at fhe enroute <¢ruise altitude.

) Fleld length to not exceed 1"19 m (4000 ft) for & 32 °C (90°F)
.day at sea level. '

@ Cruise speed capability to be at least 463 km/hr (250 kt)
indicated airspeed at 3048m (10,000 ft) altitude in standard
day conditions. This represents a 536 km/hr (289 kt) true

" dirspeed at 3048 m (10,000 Lt)

® Terminal area speed capablllt? to be at least 333 km/hr
" (180 kt) indicated airspeed with gear -and flaps extended in
order to iuterface with jet traffic. '

® Approach speed to not exceed 222 km/hr (120 kt) indicated
‘airspeed in the landing configuration at maximum landing weight
in order <to 'qualify for ‘operations in Category . B of the

instrument approach procedures, as defined -in FAR  Part 97. .

This corresponds to.-a stall \peed in the landing contlguratlon
of 171 km/hr (92 kt).

5.3 Design: Missions

A sizing mission was defined to incorporate the payload-range requirement. and
the additional operationdl requirements of the short-haul environment. Aall

aircraft were sized to meet the capabilities of the sizing mission. A shorter

mission, u.presentatlve of the average commuter stage length, was used to
optimize the aircraft.

-l




-5.3.1 Sizing Mission

The sizing mission is shown in Figure 6. This mission includes. takeoff with
seats full at takeoff gross weight, climb at maximum climb speed, cruise at
. 4572 m (15,000 ft) altitude at wmaximum cruise power to a 1111 km (600 nm)-
destination, maneuver for 6 minutes, descent, missed approach, and. flight to
a 185 km. (100 nm) alternate with 45 minutes reserves. The 4572 m (15,000 ft) -
cruise altitude  was chosen to -assure a reasonable - low altitudé range .
capability, Since these aircraft would be typlcally operated on & series of -
short, low altitude flights.

The - sizing mission primarily defines the sequence of operating procedures .
used to determine the fuel quantity required for each point design. The only
performance items specified in the mission are the range, altermate distance,
and reserve endurance requirements. The remaining performance ground rules
“(speed and field length requirements) are applied as constraints in the
carpet plot procedure descrlbed in Sectdon 4.1.1. : ,

'5.3.2  Optimization Mission

A1l study aircraft were optimized for minimum DOC on a 185 km (100 nm) stage
length. The optimization mission is identical ‘to the sizing mission, except
for the shorter stage length. Takeoff was at the design takeoff gross weight
(full fuel, seats full), the cruise altitude was 4572 m (15,000 £t), and
maximum cruise power was used (Figure 7). '

5.4 Baseline Aircraft Description

The baseline designs represent optimized current technology aircraft. These
are compared to advanced technology aircraft 'in  Section - 7.0. The
configuration descriptions, aerodynamics,  operating costs, and design
sensitivities are presented in this section. The baseline airplanes are
identified by number in Table 3, and Table 4 provides a. summary of the
baseline aircraft characteristics

5.4.1 Cbhfiguration Desc‘:ripfion
5.4.1.1 General

The baseline aircraft were designed with technologies representative  of
today's 19 and 30 passenger short-haul airplanes. The wing designs have NACA
230XX airfoils and partial span, single-slotzed flaps. The airframe designs
are of riveted aluminum construction. . Basic engine installation data and
scaling factors were derived from the Pratt & Whitney PT6 engine series.
Systems t2ights were based on the Citation II ‘mechanical, hydraulic,
electric, enviromnmental, instrumentation, &nd avionics systems.
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Table 4_ Baseline Aircraft Char'_acteristics .

19 30
PASSENGER PASSENGER
-+ CHARACTERISTICS 1 # 2 # 3 Ss
SHORT :
FIELD . -
2 ABR 2 ABR 3 ABR 3 A3R
TAKEOFF GROSS WEIGHT kg 7239 7468 8140 10981
(1b) (15960) | (16465) -1 (17945) | ~(26210)
EMPTY WEIGHT kg: 3983 4057 4679 5897
, (1b) (8750) (89453 1" (10315) | (13000)
SEA LEVEL POWER!/ENGINE: -~ kW 928 1040 1079 1439
: ‘ (SHP) (1245) | (139%) (1435) (1930)-
“WING LOADING ‘kg/m? 240 215 | 251 253
: “(1b/gx?y (69:1) (44.1) (51.3) (53.1)
POWER' LOADING kg/kW 3.9 4.0 1. 3.8 3.8
, (1b/HP) S (6.4) 6.6) (6.3), 6.3)
WING: :
AREA m? 30,2 36.7 32.5 42.4
. (£eh (325) (373) (350) (656)
SPAN : , o 17.6 17.9 17.8 20.0
(ft) (57.7 (58.7) (58.4) (65.8)
ASPECT RATIO 5 10.25 9:25 $.75 9.50
PERFORMANCE : ‘
TAKEOQFF FIELD LENGTH m 1219 | . 914 1219 1219
(FAR 25) (£t) (4000} (3000) (4000) (4000)
TAKEQFF DISTANCE o 716 564 721 | 744
(FAR 23) (ft) (2350) (1850) (2365) |- . (2640)
RATE OF CLIMB n/min 1926 1123 1050 1039
@ SEA LEVEL (ft/m) (3360) (3685) (3445) (34:10)
APPROACH SPEED km/HR 206 2194 | . 209 213
@ SEA LEVEL (KTAS) (111) (105) (113) (115)
MAX. CRUISE SPEED km/HR 463 463 463 463
@ 3048m (10000 f£t) K1AS) (250) (250) (250) {250)
RANGE? @ 4572m - km 1111 1111 1111 1111
(15000 ft) (nm) (600) (600) (60C) (600)
BLOCK FUEL : :
185 km (100 nm) kg 249 272 281 363
(ib) (550) (600) (620) (800)
1111 km (600 nm) kg C934 | 1039 1073 1627
{1b) (20607 (2290) (2255, (3145)
AIRCRAFT INITIAL PRICE ~SMIL 1.49 1.56 1. 7% 2.23
poc? ¢./SEAT~¥m 5.936 6.278 6.712 5.657
(¢/SEAT/n@) (10.993) | (211.627) | (12.430) | (10.476)
RELATIVE DOC 1.000 1.058 1.131 0.953

THERMODYNAMIC POWER
. WITH RESERVES .
. 185 km (100 nm) STAGE LENGTH

w R e




5.4.1.2 Interior Configurations

. The configuration designs began with the layout of cabin interiors to meot
the study ground rules. Figure 8§ shows the interior of the 2-abreast
aircraft. The fuselage outside diameter is 1.63 m (64 in). The 1.45 m (57
in) aisle height includes a 13 cm (5 in) dropped aisle. Seat pitch is 0.76 m
(30 in). Armrests are provided only op the outboard side of the  seats
becausa of FAR 25 aisle width rules.: There ars no hanging or overhead
baggage provisions because of the small cross saction; but uhderseat space is-
provided for & soft bag or a 13 x 36 x 46 cm (5 x 14 x 18 in) briefcase.. The

-aft baggage hold provides 0,164 o’ (5.8 ft')of volume per passengér. The
2-abreast interior cross section is compared to the 3-abreast arrangement  in
Figure 9. Both configurations use air-stair doors for passenger entry/exit.

‘The outside diameter of the larger cabin is 2.44 @ (96 in). This persits- a
1.83.m .(72 in) aisle height with & flat floor. Aisle width is 0.46.m (18 in)
and. the seats are more substantial than for the Z-abreast ‘interior. Overhead
storage is provided slong one side of the larger csbin, and underseat storage

spacs is more generous &nd usssble, especially under the double sast. ‘
P e g P _ _

Figure 10 shows the 3-abreast, 19 passenger interior arrangement. Sesat pitch
15°0.81 m (32 in). A lavatory is provided in the aft cabin, and a4 0.91 m {36
in) hanging baggage closet is near the entry door. Ovsrhead storage volume
. is 0.026 m’ (0.91 ft’) per passenger. The underseat space providas clearance
for luggage with dimensions up to 23 x 41 x 51 em (9 x 16 x 20). The aft

baggage hold provides 0.37 m' (13.2 £t’) of volume per passenger.

The 30 passenger interior. is shown .in Figufaz 11. This is based on a
stretched 3-abreast, 19 passenger fuselsgs. & csbin sttendant  seat is
located near the antry door. The lavatory, beverage service srea, and a .61 m
(24 in) hanging baggage closet 4are in the forward cabin. Overhead storage
volume of 0.027 m' (.95 ft’) per passenger is provided. Underseat bags up .
to I3 x 41 x 51 em {9 x 16 x 20 in) in size dre sccommodated. Aft preloaded
baggage volume is 0.24 m' (8.3 ft?) per passenger.

Passenger cabin comfort levels for the study interiors are compared with the .
Douglas DC-9-30 in Table 5. .The DC-9 interior presented is the 110
passenger, all-coach interior used by USAir since 1979, The 3-abreast
interior has s clear advantage over the l-abreast configuration: and except
for aisle height and pressurizat:ion -level, the 3-dbreast :interiors compare
favorably with the DC-9-30.- The <2 XPa (0.0 psi) pressurizsation leval for
the study alrcraft provides a sea level cabin to <115 m (13,500 ft) altitude,
and a 1219 m (<000 £2) cabin to 60% m 20,000 £t) altitude.

t
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@ 2-ABREAST SEATING

@ 1.45m (57 inj MINIMUM AISLE HEIGHT

@ .36 m (14 in) MINIMUM AISLE WICTH

® .76 m (30 in) SEAT PITCH

@ UNDERSEAT BAGGAGE SIZIE

- 13.x 36 x 46 m (5 x 14 x 18 in)

@ AFT BAGGAGE HOLY VOLUME
3011 w2 (110 ft9)

Figure 8.

2-Abresast Interior
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2-ABREAST SEATING :
® 1.63m (64 in) OUTSIDE FUSELASE DIAMETER =

® }.45 m (57 in) MIN AISLE HEIGH'T.

®.36 m (14 in) MIN AISLE WIOTH
® .46.m (18 in) SEAT WIDTH

3-ABREAST SEATING 4

® 2.44 m (96 in) OUTSIDEiFUSELAGE DIAKETER
1.83 m (72 in) MIN AISLE 4ETGHT
.46 m (18 in) MIN AISLE JIDTH

o

.46 m (18- in) SEAT WIDTH

Figure 9. 'Cabin Cross Section Comparison
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® 3-ABREAST SEATING

@® 1.83m (72 in) MIN AISLFE .EIGHT

® .46 m (18 in) MIN AISLE WIDTH
® .81 m (32 in) SEAT PITCH

® UNDERSEAT BAGGAGE SIZE

23 x 41 x 51 =m (9 x 16 x 20 in)

& .91 m (36 in) HANGING BAGGAGE LENGTH
@ .49 m> (17.3 ft3) OVERHEAD BAGGAGE VOLUME
® 7.1 m® (250 £t3) AFT BAGGAGE HOLD VOLUME

¢ LAVATORY BRI

Figure 10. 3-Abreast 18 Passenger Interior
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3- 8REAST SEATING

1.83 m (72 in) MIN AISLE HEIGHT

6 m (18 in) MIN AISLE WIDTH
.81 m (32 in) SEAT PITCH

UNDERSEAT BAGGAGE SIIE
23 x 41 V5 em (9 x 16 x 20 in)

61 m (26 in) HANGING BAGGAGE LENGTH

$1 m3 (28.5 #+3) OVERHEAD BAGGAGE VOLUME
1m3 (250 £t3) AFT BACGAGE HOLD VOLUME
LAVATORY B |

SEVERAGE SERVICE AREA

Figure 11. 30 Passenger
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Table 5. Cabin Data Comparison

CABIN

CASIN DATA : LAVATORIES

- MINIMUM -
SEAT - | SEAT ..} "AISLE ALSLE CABIN

CONFIGURATION - WIDTH | ‘PITCH WIDTH HEIGHT | PRESS NUMB;R PAX/LAY

m m Som m kPa
(I {IN) (INY {IN) {ps)

19 PASSENGER

: TS ST T IR TSR B P L a2 0 -
2-ABREAST (18} {30) (141, (57) (6.0} - :
19 PASSENGER A6 .81 46 1.83 :
3-ABREAST a8 1 SO ) S R OO T RN PO 0T 19
30 PASSENGER A6 .81 .36 1.83 4. ‘
J-ABREAST {18) - 438 {8) i IO N I R 30
DOUGLAS 0C -9~ 30 J44 .34 .50 2.03 51 :
_ sy (33 {19.5) (80} | (7481 3 n
BAGBAGE - ALLOWANCES PER PASSENGER CLOSET SPACE
CABIN PRELOACED . UNDERSEAT QVERHEAD | TOTAL - | LENGTH'
VUL UME VOL UME Sick VOLUME LENGTH | PER'PAX
CONF IGURATION a R R md m n
. e T ) (FTR CIND N
19 PASSINGER e 00 L3N 36a. 467
2-ABREAST 5.3) .8 (5x14018) -- - -
19 PASSENGER .37 .05 L3 e 8 026 A 04
J-ABREAST O30 O 2 16220) o §36) [1.89)
30" PASSENGER 24 .05 S23n.41x5) o0 .61 L0030
3-ABREAST A3 LT LIX16x20 ) (. 95) 240 o0
JCUGLAS 9C-9-30 23 .05 23x.3Ma.53 INF R K D19
. FRTRE g RN .98 L80) i

NOTES: 1. J0CKPIT CREW F~OVISIONS INCLUDE ‘A CHART HOLDER

AND A TOTAL WEIGHT ALLOWANCE OF 28kg (0 ib}

2. DOUGLAS JC-9-30 DATA 3ASED ON 110 PASSENGERS.
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5.4.1.3  Baseline 3-Views

The four baseline airplane 3-views sre shown in Figure 12, 13, 14, and 15.
- These configurations wers optimized  for minimum DOC using the carpet plot
technique described in Section 4.1, Figure 16 shows the final carpet plot
for the optimized 19 passanger, l-abroast .bassline. Point A dafines the
dircraft that has the minimum direct oparating cost and still s3atifies all
the performance requirements. Lines of constant. diresct operating cost (DOC)
are shown for reference. All of the baselinas were constrained by the cruise

. speed and- takeoff fiald length requirements. Neither approach spsed nor

climb gradient requirements constreained any of the .designs. In fact, the 227
km/hr (120 KIAS) approsch speed constraint  lins snd the FAR 'Part 135 climb
sradient constraint line lie off the sizing grid. The design data associated
with point A is shown in the first column of Table ©.

The optimization trends for all of the basalines were vary similar. Figure
7 shows thae affact of aspact ratio on DOC for Baseline 1. . The curve
indicates a4 ‘wmodsrate ‘variation in DOC thoougt “ the range of aspact ratios
analyzed. ~This flat variation is typical for wary short range, low altitude
missions. For these missions, thae sizing relationship between wing area and
engine size i3 of gredter importancs than the wing geomerry. ‘

The propaller optimization trend is shown in Figure 18 for Baseline 1. Nota
that DOC is "very flat for propaller diameters from 3.05 m through - 3.20 m
(120-126 in), with the optimum occuring at .12 m (123 in).

A diaméter of 3.05 wm (120 in) was salectad to provide tha lowest tip speed
consistent with the desire for aminimum DOC. This diameter gives a maximum
rotational tip speed of 271 mps (890 fps) st the selected maximum propeller
speed of 1700 rpm. '

Propellers smaller than 3.05 m (120 in) suffer 4 penalty due to high disc
loading, while propellers larger than 3.20 m (126°in) encountar high tip Mach
number losses. Also, the clearance batween the propeller tips and the ground
was hald constant in this study: so- larger propsilers drove thes size and
weight of the arrplane higher, due mostly to the higher propeller weight and
the longer gedr length rsquired. ’ :

~

Baseline I differs from Baseline 1 ig that it's design field length is 25%

lowsr. - ‘Figure 13 shows tnat the short-field airplane hds a lower aspect
~ratio than the longer-fiald airplane (Figure 12Y., The opposita trand may be
oxpected. Howaver, the sizing of these aireraft followed _the pattern of

Figure . The shorter field length requiremant.-along with the fixed cruise

speod and range requiremsnts, resuited in a heavie: airplane wit! larger wing
area and higher ongine powar. Since minimum D0C is closely tied to minimum
woight, the optimization tended toward a lightor, lower aspect ratio wing.
The haaviar J-abreast ‘airplanes also optimized with lowar 4spect rstios than .

[

Baseline 1.
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BASELINE 1 . ,
® 19 PASSENGERS _ . "

e 2-ABREAST SEATING . . j
@ CURRENT TECHNOLOGY ' I } }\
o 1219 m (4000 ft) TOFL | ' : i
<E{"“ e
S S T — — ]
R \

[}
s

- P, - l ’ - . _
17.6 m (57.7 ft ' : : s 1
. . C Ao .

17.5 m (57.5 Ft)mmmrmmmmmmere—nsn

TOGW 7239 kg (15,960 1b)
POWER/ENGINE 928 kW (1245 shp)
'PROPELLER DIAMETER 3.0m  (10.0 ft)
WING AREA : 2w (325 £8)
WING SPAN. , 7.6 (57.7 ft)

ASPECT RATIO 10.25

Figure 12. Base‘iihe 1 «- 19 Passenger,
3-Abreast, 4000 Ft Field Length




BASELINE 2

CRIGINAL PAGZ 18
- UF PGOR QUALITY

19 PASSENGERS
2-ABREAST SEATING
'CURRENT TECHROLOGY -
1219 m (4000 ft) TOFL

~——17.9 m (38,7 )

7]:200000000000}

3 [

L“———— 17.5m (57.5 fi e od

TOGH 7468 kg (16,465 1b)
POWER/ENGINE | 1040 kW (1395 shp)
[PROPELLER DIAMETER 3.0m.  (10.0 ft)
WING AREA 3.7 02 (373 £t
WING SPAR 17.9m (58,7 ft)
ASPECT RATIO 9.25

Figure 13. Basaline 2 -- 19 Passenger,. .
2-Abreast, 3000 Ft Field Length




BASELINE 3

GINAL PAGE L
O S00R QUALITY

® 19 PASSENGERS

® 3-ABREAST SEATING
@ CURRENT TECHNOLOGY
© 1219 m (4000 ft) TOFL s :
b
)
MF:::-——-
t '
B SR BN .
- ) IR | S -
IV R T R R L ——— -
‘ e _q—;~————-’/ ; 6.0m
//‘f 222700006 v:\\\/ (19.8 ft)
s 18.3 m {60.0 %)

T0GW 8140 kg (17,945 1b)

 POWER/ENGINE. 1070 kW (1435 shp)
PROPELLER DIAMETER - 3.0m  (10.0 ft)
WING AREA 32.5 me (350 ft%)
WING SPAN - s m (584 ft)

ASPECT RATIO 9.75

Figure 14, Baseline 3 - 19 Passenger,
3-Abreast, 4000 Ft Field Length
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BASELINE 4

© 30 PASSENGERS

o 3-ABREAST SEATING
CURRENT TECHNOLOGY

‘® 1219 m (4000 ft) TOFL

e ‘_;,,,eff";“ =
O AR L
v vl
< e
R
'|
! Fo
| i
i i
‘ R G =
%—:Q;\;__‘“‘_ . A. Rty O\ e i :
TR :‘M_J oy ey
X L A et / NE
. e -
20.0 m (65.8 ft)msmmmmernmennee e ;
o~ o AM—\ 7 6.4m
. < | ans~sadconpes T ~ 21.0 ft
//AA‘" X A AL SR VA ( 1 )
\__‘ [ Nt .
20.1 1 (66.0 ft)
TOGW L 10,981 kg {24,210 1b)
POWER/ENGINE 1439 ki (1930 shp)
PROPELLER DIAMETER 30m  (10.0 7t)
WING AREA 124w (456 £17)
WING SPAN 20.0m  (65.8 ft)

_ ASPECT RATIO 3.50

Figure 15. Baseline 4 -+ 30 Passaenger,
: 3-Abreast, 4000 Ft Field Length
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6.2 ® BASELINE 1

. @ 3.0m (10.0 ft) PROPELLER DIAMETER
RIRS & 185 km (100 nm) STAGE LENGTH
o 1 61] . o .
g E
Fneys
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= =
10.8
RERAGRS Rl I:5 BASELINE 1
10.64 5.7 - — - .
- 10-8 7 g - 9 10 n 12 13

ASPECT RATIO

Figure 17. 'Efféct of Aspect Ra'tio on DOC for Baseline 1

@ BASELINE 1 o
® WING GEOMETRY OPTIMIZED AT EACH POINT
© 1700 RPM n
11.6 e 4 BLADES
L5 6.2 1 ® 185 km (100.nm) STAGE LENGTH
11.4 4
11.3 { o 81
1.2 4§
w 6.0
ISIRER B2
o
11.0 { & - S
10.9 {2 7 : , \\\\\
ud . .
10.8 4 5.3 ' —~BASELINE 1
10.7 :
10.6 5.7

2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5
PROPELLER DIAMETER - m

100 o 120 130 140
PROPELLER DIAMETER - in '

Figure 18. Effect of Propeller Diameter on DOC for Baseline 1
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The empennage designs - for the 3-abreast airplanes differ from those of the .
2-abreast airplanes. The 2-abreast designs derive from existing Citation
hardware that utilizes the ecruciform ‘tail. In these aircraft, = maximum
commonality dictates retaining the tail configuration. The 3-abreast
aircraft are all new and are unconstrained by commonelity goals. T-tails are
used on the 3-gbreast aircraft for thres principal reascns: noise,
aerodynamic efficiency, and ground vehicle clearance. The T-tail reduces
cabin noise by raising the horizontal tail well above the propwash in all
normal flight attitudes. Aercdynamic efficiency benefits include both lower
drag and improved fin/rudder effectiveness, relative to a cruciform tail ‘of

the same size. Ground vehicle clearance for the T-tail is approximately 5.8
m (19 ft), elmost 2.7 m (9 ft) higher than for the cruciform tail. -~

5.4.1.4 Baseline Proéulﬁon Data and Scaling

The Pratt and Whitney PTé~series engines were used to develep baseline engine
data and scaling factors. This engine series provides a good- parametric data
base ' because it includes 29 different engines, ‘with .ocutput ranging from
334 kW (475 shp) to 969 kW (1299 shp). The performance of the PT6A=65 engine
- was scaled for the baseline airplane sizing ‘studies. No flat rating or-water
injection was employed. Characteristics of the baseline engine are -given in
-Table 6. » o : :

Figure 19 shows parametxic PTé dry engine weight as a function of power and
propeller - speed.  The nominal dry weight shown represents & bare engine
without additvional equipment, opticns, or accessories. The 1700 Tpo line was
used for weight scaling. ' Considering that- all PT6 engines have -a nominal
diametar of 0.48 m (19 in), the engine diameter was not scaled with power. A
minimum length of 1.88 m (74 in) was used, which is the iength of the
PT6A-65. * This was scaled upwards as power increased above the 969 kW (1299
shp) thermodynamic level.

A typical PT6é installation is shown in Figure 20. The gas path is reversed,
with exhaust stacks forwdrd and an inlet plenum aft. The installation losses
were scheduled with power serting and flight condition and scaled to aircraft
size. Maximum assumed installation losses for the baseline aircraft are
given in Table 7. : o

Propeller perfcrmance and. weight were based on data  from the Hamilton
Standard. STAT propeller - study (Reference 14). The weight relationship.
recommended by . Hamilton  Standard & for a single acting, solid. aluminum
propeller is: : : ,
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.where: WT = Propeller weight, . less spinner,. deice, and governorv,(lb)‘
 D = Propéilér,diameter (ft)
B = Number of blades |
AF..= Blade.activity faqtor
N = Maximum propeilér‘speed (rpm)
.SHP = Takeoff shaft pewer (HP)

M = Maximum cruise Mach number

Table 6. PT6A-65 Engine Characteristics

TAKEOFF SHAFT POWER, SEA LEVEL, STD. DAY 969 kW
‘ (1299 shp)

SPECIFIC FUEL CONSUMPTION, MAX /334 kg/kW/hr
TAKEOFF POWER (05497 1b/eshp, hr)
MASS FLOW, MAX TAKEOFF POWER . 4.5 kg/sec
' (9.9 lbm/sec)

PRESSURE RATIO L 10.35
MAXIMUM SHAFT SPEED 1 1700 rrm
DRY WEIGHT _ ' 210 kg
(466 1b)

LENGTH : 1.88 o
: (74 in)

NOMINAL DIAMETER 0.48 @
. (19 i)

e o e ety . B : o AL e A Ml
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600+

4004

NOMINAL DRY WEIGHT - b

3004

WOMINAL DRY WEIGHT - ka

275+

2801 -

2254

2004

175

1501

1254

100+

525 75 625 . 675 735 175 825 875 ' - §e. .. 97
MAXIMUN THERMODTHAMIC SOMER - KN
00 300 300 1000 1200 1200 1300
HAXTMUR THERMODYNAMIC. PONER - hp
Figure 19. Engine Weight
Table 7. Peak Installation Losses

BASELINE 1 BASELIA 2 BASELINE 3 SASELINE & -}
AIRCRAFT 19 PASSENGER 19 PASSENGER 19 PASSENGER 30 PASSENGER
2~ABREAST 2~ABREAST 3~ABREAST
. SHORT FIELD .
INLET PRESSURE 10SS 15 .15 .18 i5
RATI :
PCWER IXTRACTION/ENGINE 8.9 k¥ 8.9 ki 1102 KW 14.9 kW
Li2hp {12 hp) (15 hp) (20 hp)
SLEED. ENTRACTION/ELGINE .3 kg /min w. 5 kg /min 5. kg min 8.2 kg,man
Va3 ibmsmin) 10 Ibmemin) 22 lbm/man), (48 lbm/min)
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Figure 20. Baseline Engine Instailation




5.4.1.5 B_aséiine Aircraft Systems

The baseline ai::raft systems'utilizé-cuzrent tcchnology and meet FAR Part 25
* requirements. In choosing the system concedis, special enphasis was placed
on simplicity, maintainability and reliability. System weights were derived

from those of the Citation 1 and II business jet aircrart.

The speed range of the aircraft permits the use of manual  primary flight
controls through a mechanical control system. Flight adjustshle trim tabs
are locsted on the primary control surfaces. Trim tabs are both electxically
and manually operated. ' :

The tricycle landing gear  are hydraulically -actuated and incorporate dual
wheels on each strut. The nose. gear retricts forward into the fuselage nose,
and the main geaxr retract into the engine nacelles. A 10,500 kPa (1500 psi)
hydraulic systew was chosen to operate the landing gear as well as the wing
flaps, power steering systenm and brakes. ' .

Pneumatic boots were chosen for deicing the wing, horizcntal stabilizerx and
vertical fin. Conventional electric anti-ice systems are used - for thsa

propellers and windshields. Bleed air was chosen as the means for anti-icing

the engine air inlet. Electrically reheated cabin aiy is used to de-fog
cockpit windows. ' . . ,

The baseline structure employs convertional riveted aluminum constructicn
with spars, . ribs,’ bulkheads, ' stringers "and " skins. Metal bonding and
‘composites were consicered only for the advanced technology aircraft. = The
structural weight reflects an airframe design }ife of 30,000 hours and 60,000

cycles.

The aireraft ..: oressurized to 42 kPa (6 psi), providing a sea level czbin
at an aircraf. . ituade cf %115 m (13,500 £fx). Engine bleed air is used for
cockpit and ca - heating. An air-cycle machine is provided fecr cooling. "An
oxygen system = ‘. luded that meets the requirements of FAR Part 135.

The 28 volt DC, dual bus electrical system is- pouered by engine mounted
starter-generators and two NiCad-type aircraft battéries. an external power
receptacle is provided. 15 volt AC curreat is provided by static inverters.

5.4.1.6 Weights

A summary of baseline aircraft component weights -is presented in Table 8.
Operating weights are shown in Table 2.

5.4.2 Aerodynamic Design

Conventional aerodynamic arrangements were used in the design of the baseline

ircraft. The wing. sectlions were deveioped from the NACA 23018 airfoil at
the root and the NACA 23012 airfoil auv che tip. The flapped portion of the
wing runs from the fuselage side to 0.0 semi-span. The £lap/wing chord
ratio is 0.30. Hinged, single~slotzed <I{laps were used. For the baseline
airplanes, maximum vakeoff Lift coerf<icient is 1.59, and the maximum landing

~

configuration liit coefficient is 1:3.

E.




Table 8. Baseline Aircraft  Weigh¢ Summary

¢ PAGE 13
 ORIGINAL PAGE
OF POOR QUALITY

(15)

BASELINE 1 BASELINE 2 BASELINE 3 BASELINE' o
AIRCRAFT 19 PASSENGER | 19 PASSENGER | 19 PASSENGER | 30 PASSENGER
. : S~ABREAST 2-ABREAST " 3-ABREACT o
: SHORT FISLD

| wine 1300 1340 E 1530 2230
TALL 295 295 430 485
BODY 2150° 2150 2240 2740
GEAR & ROLLING ASSY. ros 15 . 735 1005
CONTROLS 200 210 300 32

’ PROPULSTON SYSTEY 1745 1330 2010 2360
NACELLES 320 1335 385 400
HYDRAULIC SYSTEN 100 105 115 140
émm:c SYSTEN 390" 390 “2 535
ELECTRONIC SYSTRM :

"% INSTRUMENTATION 315 325 325 325
ENVIRONMENTAL SYSTEY 55 55 028 810
INTERIOR FURNISHINGS 015 015 1000 1400
AUXTLIARY SEAR 0 19 10 15
CXTERIOR FINISH 50 00 50 110
TRAPPED AND UNUSABLE
FLUIDE a0 10 0o 1.0
STD. EMPTY WEIGNT s780 3945 10,315 13,000

1 .




Table 9. Operating Weights .

(1b)
BASELINE 1 BASELINE 2 BASELINE 3 BASELINE &
AIRCRAFT : . _ -
19 PASSENGER | 19 PASSENGER | 19 PASSENGER | 30 PASSENGER
1-ABPEAST 2+ABREAST 3-ABREAST
SHORT FIELD ‘ :
STD. EMPTY WEIGHT - 8780 8945 i 10,315 13,000
ZERO FUEL WEIGHT 12,980 13,145 14,515 19,500
MAXIMUM TUEL CAPACITY 2980 . 3320 3430 “610
MAXIMUM PAYLOAD 6200 a200 | 4200 6600
YAXIMUM USEFUL LOAD 7180 7520 7630 11,210
MAXIMUY LANDING WEIGHT 15,960 16,465 17,945 So20,210
MAXINUM TAKEOFF WEIGHT 15,960 16,465 17,945 24,210




The baseline aircraft drag polars are givan in Figures ‘21 through 24.  The
twin-engina cruise, takeoff, and landing configuration polars are shown. -For
'single-engine conditions; drag adjustments were made for the effects of yaw,
trim, propeller 'slipstream, the feathered propeller, and a windnilling
turbine. Thess adjustments resulted in single-engine. {p levels 10% to 15%
higher than the twin-engine Cp levels for the aircraft in this study.

5.4.3 Operating Costs

The baseline aircraft direct cperating casts are detailed in Table 10. The
individual DOC ‘elements 'are shown for 50, 100, 150, 200, 400, and 600 nm
stage length. =~ : ’

The baselina DOC's are compared in Figure 5. The high costs associgated with
short stage lengths below 280 km (150 nm) are immedistely evidant. The DOC's
at 93 km (50 nm) are spproximatély 350% highor than for 185 km (190 nm). This
illustrates some of the cost pressure that has historically driven short-haul
airlines to longer and longer routes.

5.5 .Design Sensitivities

- Both = configuration and technology sensitivitias wera analyred. The

configuration sensitivities were conducted on the four baseline airplanes,
because they have the same level of technology. The techriology sensitivitias
wera concucted on Baseline 1 by making systematic changes  in several
technical “parameters. The primary sensitivity meds.res were DOC and  fuel
afficiency for-a 185 km (100 nm) stape length.

5.5.1  Configuration Sensitivities
The configuration sensitivity analvses show the effects of the takeoff field
length requirement, cabin comfort level, and the number of passenger saats on
DOC and fuel usae.

3.5.1.1 Takeoff Field Length

Figure 26 shows the hot day field performance f£or Baseline 1 at sea level and
at 1830 m (6000 fr) altitude. The takeosf field laength 1s shown to be 1220 m
(+000 £%) at sea level with a ful' 19 passenger pavlcad. In order to operita
from a 915 @ (J000 £t} field at sea level, chis airplane must offload 8
passengars, inereasing  it's available - seat-mile operiating coOsSts from
10.993¢, available  seat-nm to 18.988¢,available seatenm, - a 3% increasae.
For airlines operating regularly from shorter fields, Baseline 0 offers a4
significant economic -advantage because it is designed Cspecifically’ for a
215 @ (3000 ft) runway. The 100 am DOC for Baseline 2 is 11.027¢.availdable
seat-nm, which is 3.3% higher than B3aseline 1 at it's full capacity, but 39%
ltower than Baseline 1 offloaded to 11 passengers. Thé tradeoff between fisld
length and DOC s presenved in Figure 07, which shows Baseline 2 to be more
economical up to 4 runway length of 119 m (3920 ft).
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Table 10. Baseline Aircbaft DOC Summary

w

BASELINE 1 BASELINE 2 BASELINE 3 BASELINZ &
STAGE LENGTH
19 PASSENGER ‘19 PASSENGER. | 19 PASSENGER 30 PASSENGER
2-ABREAST " ¢-ABREAST 3-ABREAST : )
SHORT FIELD :
¢/skm{</snm) ¢/skm(¢/snm) ¢/skm(¢/snm) ¢/skm(¢/snm)
Craw | 1.10 - (2.04) 1,107 (2.04) 1.10 - (2:04) 1,10 (2.06)
Insurance .17 (.32) .18 (.33 .20 (.37 .16 (.30)
© 93 km Depreciation .87 (1.60) .90 (1.87) 1,000 (1.87) .82° (1.52).
(50 nm) Maintanance 3.50. (6.48) -3.87 (6.80) 4,14 (7.66) 3.42 - (6.33)
Fuel | 3.40 (6.30) 3,65 (6.77) 3.78 - (6.99) . 3.06 (5.62)
TOTAL | 9.04 (16.74) 9,50 (17.59) 10.22 (18.93) - 8.54 (15.81)
. Crew | .80 (1.48) B0 (1.68) .80 (1.48) .80 (1.48)
Insurance .12 (.23) L1300 (.28) 150 (.27 RS ¥ (.22)
185 km Deprrciation 63 (1.17) .66 (1.22) L7460 {1.36) ©.60 (1.11)
(100 am) Meintenance | 2.03 (3.76) 2,15 (3.97) 2,40 (b.44) 1.99..(3.68)
Fuael | '2.35  (4,36) 2.55 (&4.72) 2.63 (4.87) 2,15 (3.98)
TOTAL 5.94 (10.99) 6.29 (11.43) 6.72 (12.43) .66 (10.47)
Crew .70 (1.30) .79 - {1.30) .70 (1.30) L7000 (1.30)
Insurance 11 (L20) L1l .20 .13 (.24) .10 (.19)
278 km Dapreciation .55 (1.02) .58 (1.07) 66 (1.1 .52 (.97)
(150 nm) Mgintenance 1.56  (2.86) 1.63  (3.02) 1.82. (3.236) 1.51 (2.79)
’ Fuel 1.99  (3.69) 2.18 (4.03) 2,25 (4.18) 1.86  (3.44)
TOTAL 4,90 (9.07) $.20 (9.64) 5,54 (10.26) 4,69 (8.69)
) Crew .65 - (1.21) .65 (1.21) J65 0 (1.21) .65 (1.21)
Insurancs Y (.19) . L1l (.20) .12 .20) .10 (.18)
370 ko Depreciation .51 (.9%) LS540 (1.00) 60 (1.31) %9 (.90)
{200 nm) Maintanance 1.30 {2.40) 1,38 (2.5%) 1.53 (2.8 1.2 2.35)
Fuel 1.82 (3.36) 1.99 .(3.69) 2.06 {(3.81) 1,71 (3.16)
TOTAL 4.39 (8:12) 4. 67 (8.64) 4.96  (9.18) L2200 (7.80)
Crew .58 (1.07) 58 (1.0 58 - (1.07) U858 (1.0
Insurance 09 (LT 29 [GRED)] 10 {.19) .09 (.16) 7
T4l km Depreciation Cus (.34 48 (.88) .33 .98) ) {.80)
(00 am) Maintanance .93 7 (L.72) 99  (1.34) 1,09 {2.02Y 291 (1.68)
Ffual 1.55.(2.87) 1,72 (3.18) 1,77 .(3.28) 1.08 0 (2.75)
TOTAL 3.60 (6.67 3,86 (7.16) 80T (75 3,49 (6.46)
Crew .55 (1.02) .85 (1.02) J550 (1.0L) L5855 (1.02)
. ‘nsursncs .09 (.16) .09 (.7 : .10 (.19 .08 (. 18)
1310 km Depraciation C a3 {.80) b (,846) V51 (.96) Lwl (.76)
(600 nm) Maintenance .80 0 (1.69) : .87 - (1.60) 96 (1.TS) LT9 0 (1.46)
fual Loes . (2.70) 1.82 {3.00) 1,87 310 1.6l (2.61)
TOTAL 3,34 (6.18) 3.58 . (6.96) 3,78 (6.99) 3,24 (6.01)
0
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Baseline 2 has a short-field DOC advantage; but pays a 9% penalty in fuel
economy, due to its larger siza. Figure 28 summarizes the relative DOC and

fuel tradeoffs for short runway, hd = day operations.
5.5.1.2_ Cabin»ConﬁortvLeVei

The costs associated with providing a high level of cabin comfort can be
determined by comparing Baselines 1 and 3. Table 11 summarizes the DOC and
fuel “penalties associated with the wide body- design. These pendluies. ara
smaller than expected. ' : k ”

Assuning a fare yield of 27¢ per seat-nm, the breakeven load factor is 41%
for the 2-abreast airplane on a 10C nm  stage lengrth, and &46% for the
3-abreast  airplane. The additional - 5% .load . fderor  requirement. for: the
3-abreast aircraft represents an average of I additional person per flight.

' Consequently, the larger, more appealing airplane would have to attract an
average of 1 more passenger per flight or fares would have to increase about:
% in order to maintain the same net margin of total trip vield over costs.
- For example, the 2-abreast sirplane at 63% load factor (12 passengers) yvields
$324 per 100 nm flight at 27¢ per seat-nm fare. ‘The  margin over cost is
$326-$208.87 = $115.13. The 3-abreast airplane at 68.4% load factor (13
passenge¥s) yvields $351 on the same flight. The wargin is $114.83, which is
very close to the 2-breast airplane margin. Alternativaly, the 3-abreast
airplane with 12 passengers and an 8.43% higher fare provides a margin of
$351.30-5236.17 = $115.13; ) ' '

5.5.1.3 Passenger Seating Capacity

F.gure 23 and Table 10 show :the large improvement in seat-mile DOC's that
result from sn increase in design seating capacity. Table 12 summarizes
these results for Baselines 3 and & on the average 185 km (100 nm) stage
length. - These baselines were chosen for the comparison becauss they share
the 3-abreast cabin design.

The larger airplane costs 33% more to operate on the 185 km (100 am) stage,
but because of its higher seating capacity its seat-mile DOC's are 16% lower. ;
Stmilarly, missien fuel is 29% higher, but seat-mile fuel efficiency is 18%

better.

o

5.5.2 Technology Sensitivities

Technology  sensitivity studies were conducted in order to indicate the
appropriate emphasis to give to each of the candidate advanced. technologies.
Figures 19 through 32 show the sensitivities of DOC and fuel consumption .to
four basic design parameters drag, takeoff Cp yay, weight, and SFC) chat
relate to the candidate tachnologies. The resizing erffacts on takeoff
weight, engine power, and wing area are also presented in these Figures. for
ddded trend :nformation. Each trend line is based on. four points, and- each.
point represents 4 resized and reoptimized airplane using factorved technology
‘levels :in the sizing,optimization process. The sensitivities presented were
generated ror 3aselihe 1 on a 185 km (100 nm) stage length. A cross-check of
several sensitivities us:ing the other baselines showed very similar results.

L}
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DOC and Fuel Effect of a More

Tabie 11. Comfortable Cabin
185 xm (100 am) STAGE LENCTH '
CONF1GURATION oc BLOCK FUEL
$/¥m ($/0%) ¢/akm (¢/30m) Ky (avy. | xg/akm (1b/esa)
" BASELINE-1 1.13 (2.09 5.96¢ 1 (10.893) 249 (550) 071 (291 -
19 PASSENGER
2-ABREAST
BASELINE 3 1.28 (2.36) 6 72 | (12.430) 281 1620) .080 (.327)
19 PASSENGER v ' :
3-ABREAST
a Ce13% (3% 2 “13% a1 127 | 2% +12% +12%
Table 12. DOC and Fuel Effect of Increased  Seating Capacity
185 km (100 tm) STAGE LENGTH
CONFIGURATON boc BLOCK IVEL
S/ km (§/nm} S/ skm (C/som) kg i1b) k'g/skm \1b/sam)
BASiLXNEi ) 1.28 (2.36) ) 6.72 (12.630) pd-3 (620) . 080 \.327)
19 PASSENGER L
3-ABREAST .
BASELINE ~ Lo (3.14) 566 | 110,476 363§ (8007 I 065 .267)
30 PASSENGER : :
3-ABREAST . ‘
N e oo | st RS e “29% l -18% 18

(¥
$-




CHANGE - IN PARAMETER - %

6

=14
~15€

ORIGINAL PAGE 19
OF FOOR QUALITY

1185 km (100 ) STAGE LENGTH

L HING AREA

boc

8LOCK FUEL

~

.18
5

ENGINE POMER
10 - 15 20 o

REDUCTION IN AIRFRAME DRAG COEFFICIENT - %

Figure 29. Design Sensitivities to Reductions in Cruise Drag

CHAKGE IN PARAMETER - % -

185 km (100 nm) STAGE LENGTH
4 1
2
0 4
:i | ;§§ggE§§?EEEEEEEEE::j:::::::::::::::::::::::::::: GROSS WEIGHT
6 -*~““‘“;::::::::::f"“‘*--..____ 8LOCK FUEL
g | : "~ ENGINE POWER
10 : TS WING AREA
-12
-14
-16
-18 4
, 5 10 15 20
(INCREASE IN TAKEOFF ¢, - %
: “MAK
Figure 30.  Design Sensitivities to Increase in Takeoff /D

GROSS WEIGHT

wy

Ut




-10 1
=12 1

CHANGE 14 PARAMETER - %
1]
[+,

-16

<18

Figure 31.

0y

-4
-6

-10
12
-14
-16

.18
-20
.22

CHANGE IN PARAMETER - %

-24

Sy

2T

ORK:INM. PANS \;.4
OF POOR QUALIT

185 km (100 nm) STAGE LENGTH

- BLOCK FUEL

"ENGINE POWER
WING AREA
Doc

‘GROSS WEIGHT

5 0 15 20

REDUCTION IN EMPTY WEIGHT - %
Design Sensitivities to Reductions in Empty Weight ‘

185 km (100 nm) STAGE LENGTH

&LOCK FUEL

5 10 BT S0

REDUCTION 1IN SFC - %

Figure 32. Uesign Sensitivities to Reductions in Engine SFC




ORIGINAL BAUE 13
OF POUR QUALITY

Figure 29 shows an interesting sizing effect. As the airframe drag
coafficient is reduced, :the airplane: re-optimizes with relatively more wing
-and less engine." Tais result would be expected, because with-a lower drag
coefficient the drag pmalty of additional wetted area is lower, and the
optimum shifts toward more wing and less engine. .

Figure 33 provides the sensitivity of DOC to aircraf: price. The effact is
quite small, with a 10% increase in airplane price causing a DOC increase of
less than 2%. This result encourages the pursuit of seemingly  expensive
technnlogies in Sectiom 6.0. . : '

Given equal improvements in all parameters, DOC is shown in Figure 24 to he
moSt sensitive to empty weight, followed in order by SFC, airframe drag,
- rakeoff CL MAX, and aircraft price. _Figure 35 shows fuel consumption to be
moSt sensitive to engine SFC, followed by airframe drag, empty weight, and
takeoff :Cr, Max. ‘ : : ’

The overall design emphasis in this study is on minimum DOC. “Therefore, &8s a
result of these sensitivity studies,. the advanced structural and--prorulsion
~technology applications chosen in Section 6.0 are more aggressive than the
selected aerodynamic technologies. : ' . ' :

124
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6.0 ADVANCED TECHNOLOGY ASSESSMEN.T'

Be,inning as aarly as 1969, the CAB, DOT and FAA recognized that the commuter
airline "industry would Trequire specific tachnology improvéements directed
cowards improving commuter aircraft (Reference 15). -With this goal in wmind
varicus investigations by NASA and industry were initisted to improve the
technology base . availsble to the -commuter -industry. In- this section,
promising advanced technologies for turboprop commuter a.rcvaft are examined,
and’ an assessment is made of their potential fer improving the efficiencies
and operating cnsts of the baseline aircraft. The selected technologies fall
into four groups:

Advanced Airfoils aud High Lift Svstens
Advanced Propulsion Svstems

Advanced Materials and Strugtures

Ride Quality Improvements

2800

Technology improvements are often introduced in gradual gcabes. Recognizing

this, two levels of advanced technology are examined "in each of the  four
technology groups. Selected techno gies which dre sufficiencly: developed and
proven to allow immediate incorporition on turboprop ccmmuter aircrarft are
identified. as Level 1 technologies. Level 2 technologies are those which

require additional development effort before successful application in

production is feasible. In- this’ study, Level l is ‘relativel, low~risk
technology  appropriate - for - the pre-1990  tim period, “whereas - the
moderate-to-high-risk level 2 technolobv is Ldontl ; d for the post~1990 time
period.

~

6.1 Adva nced Aiifoils and High Lift Systems

[mproved airfoils and high 1ift systems provide the potential for increased

airerart efficjency and performance. Currently s wide range of airfoil data

and. Jdesign techniques are svailable for two-dimensional applications. Recent
advances in gerodynamic computdtienal  methods have alloved designers: to
roduce two-dimenqidnal single and mulvi-element airfeil sections which
satisty  specific design  requirements. For  three dimensicnal ‘high Cy
con*xtlona, however, computdtional Jdesign methods and ‘test datg are scarce.
Typically, empirical tachniques must be employ~d to completa the design. In
this  study, the baseline ailreruft’ 1ift svstem consists of NACA airfoi
sections (230NN series) and a pazyial  span, single-slotted flap system.
Advanced technology airfoils and tzasling edge flap systems. are examzined fo
their - potential benefit to the baselime aircerato,
5.1, 1 Airfoils
Alr axl Jdesign :echuiqucs'are avazlabie wiach allow specific failoring of
dyrionis to 381 lven set  of - Jdesign  requirements.. - These .may include
derodvnamic spdertications such as diay, ‘pitciing moment, and 1ift, -as well
as geometric requirements like maximum thickness .and thickness distribution

54




required for structural and fual volume considerations. The techniques can
allow eithsr par:ial conteur modification (Reference 16) or complete section.
design (Refecence 17). Tigure 36 shows the contour end pressure distribution
for the JCN-15 tailorved airfoil. This section was designed to obtain the NASA
LS series level of drag with the NACA 4-digit series level of pitching moment
as shown in Figure 37. Work at Cessna has shown that tailored airfoils. can
provide improvements of 6 to 9% in two~dimensional drag levels and 10 .to 15%
in takeoff and climb L/D's, while still satisfying othexr design ceastraints
such. as fuel volume and handling ‘qualities = requirements. For normal
twin-engine aircrafe configurations, the adverse effects of propwash, and
wing-body and wingwnacelle interference reduce these two-dimensional
improvements to approximately 3% in drag and L/D. :

Further improvement in airfoil drag is possible by designing for natural
leminar flow (NLF). A reduction of up te 50% in section drag coefficient
could be achieved (Raference 18), provided the practical problems. of leading.
edg: contamination and interference flow-tripping can be overcome. Again for
normal aircraft configurations, propwash and interference effects may limit
the portion -of the wing that can dctually achieve the full benefits of
significant laminar flow, so that a 5% improvement in overall airplane drag-
and L/D was estimated. for NLY. " However, since commuter aircraft operate
predominantly at -low  altitudes, where leading edge contamination due to
insects is likely, improvements due to patural laminar flow were not included
in this study. It should be noted, Lowever, that by using properly faired,"
liquid wing de-icing- systems, and by cleaning the wing leading edge between
flights, extemsive laminar flow could be achieved in commuter operations.

6.1.2 High Lift Systems

For a given tskeoff and landing field requirement, high lift devices offer
the potential of reducing wing area, thus improving aircraft weight and fuel
‘efficieéncy. On the other hand, increasing takeoff Cp Maxby using high.lift
" systems. results in reduced rakeoff speeds and distances. Equally important,.
high -1ift systems can improve takeoff <¢limb L/D, which increases takeoff
climb gradient. . For landing, an increased CI, MAxTesults iIn lcwer approach
speeds and shorter landing distances.. In practice, the design values of
G, MAXx and climb L/D, for both cakeoff and landing, must be belanced xo
satisfy both field length and climk (second segment or balked landing)
requirements before the design can te resized te take full advantage of the
benefits of advanced high 13ift sysiems. 'As noted in:Seetion 5.4.1.3, these
designs were constrained by rakeofs field length, but not  approach speed.
T™erafore, the advanced flap analyses concentrated on improving meximum
takeoff liftc coefficient, rather than the landing lift coefficient.

Computational wmethods simiiar  to  those described in Section. 5.1.1 are
available -for high 1ift systems. These techniques allow the designer . to
tailer the high 1ift system for specific design requirements up to a point.
To complete the design of an improved 1lifit system, especially in the area of
CI vay, chese cowmputational sethods must then be combined with empirical
‘techniques and wind Ttunnel Test petbicds. Some of these methods can be Tound:
in References 19, 20, 21 anda 22, Starting Wit the baseline trailing edge
fiap system, techniques such as taese methods, ~ombined with careful design
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of gabs-and overhang-scheduleé. can provide up to 15% higber'CL MAaxsnd 3 to

4% higher L/D's. Further, Cp Maxcen be improved another 15 to 20% by using

nearly full span <£laps. This increase in flap span adds’ the: extra
requirement of an alternative roll control system such as drooped ailerons,

spoilers, or flapercns. These devices can provide some additional ~benefit, .

since a combination of spoiler roll control and draoped ailerons. can increase
takeoff and climb L/D another 1% due to improved span loading:

6.1.3 Advanced Aerodynamics Applications

“The baseline lift system is the NACA 230XX servies airfoil with a partial

span, single-slotted flap system. The pre=1990 Level 1 technology combines

an advanced airfoil section with an improved partial span, double-slotted
Fowler-type flap. The Level 1 technology characteristics are shown- in Figure
38. The baseline fldp Cf, yax is shown for reference. The ‘overall effects of
this improved lift system for Level 'l ara: ' '

3% Lower Cruise Drag _

3% Higher Takeoff and Climb L/D
5% Higher Cp, M.x at Takeotff

50% ‘Higher Flap System Cost/lb
60% Higher Flap System Weight/ft?

e0039s

The higher flap system weight and cost. factors are due to an increasse in
8 p ght ¢ ,

complexity for the advanced flap.

Level 2 represents an extension of the two~dimensional improvaments of Level
1 ‘to three dimensions. The selected Lavel 2 technology uses the Level 1
sdvanced airfoil/flap cross section on & nearly. full span f{lap system with

drooped ' ailerons and spoiler roll control - augmentation. The Level 2
technology characteristics are given in' Figure 39. Relative to the

baseline, the overall effects for Level 1 are:

3% Lower Cruise Drag

4% Higher Takeoff and Climb L/D
5% Higher Cr yMAY at Takeoff

50% Higher Flap System Cost/lb
60% Higher Flap System Weightyft?

20009

oy

in Level 2 the flap svstem design remains the same 4s in Lavel 1, except the

span {5 increased. Thererors, there "are no changes in the weight & cost
Sl

ity factors. .Figure <0 shows Baseline 3 conrigured with the Level I
t system. A low speed drag comparison - is shown ia Figure 41. Note

~

that the imprtvements shown  in L/D due to Level 1 and Level 2 technologies:

are amplified by allowing the advanced aircraft to reoptimizZe weilght, wing
area, and -aspect ratio. . Figure =i shows a comparison -of the STAT flap
technology levels to other comwuter type dircrart.
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6.2 bAdvancad Propulﬂon

Improvements in engine and propellar efficiency directly affect aircraft’ fuel
efficiency. In " thids 'study the effect of technology improvements on
powverplants and propellers were examined separately. "These effacts were then
combined and applied as Level 1 and Lavel 2 propulsion system improvements.

6.2.1 Turboprop Engines

The engine ¢vcles for the basaline a;rcraft vere basad on the Pratt & Whitnev
PT6A-65 engine. This cycle was scaled to meet the power ‘requirements of each
baseline airplana. The top region of Figure 43 shows the variation of SFC
with engine size for current technology turboprop enginas, including the
PT6A-65.  This SFC scale effect was included in sizing the baseline dircraft.
The significant benefit of scale rasults from bettor internal efficiencies,
higher pressure ratios, ‘and higher turbine inlet temperatures as engine size
inereases. Current technology commuter turboprop ‘engines are. characterized
by overall pressure  ratios of  8-10 ‘and turbine inlat temperatures of
1700-1800°F, Sigaificant. SFC- improvements c¢an result - from increases - in
prassure ratio and turbine inlet temperature. Additional gains can be made
by means of more sfficient cooling, higher work stages, closer clearances,
variable gacmetry, and higher strengcb/llghter weight materials.

6.2.2 Advanced Engine Applications

Two advanced levals of engine technology are alsc indicated in Figure 4&43.
Level 1 is appropriata for pre~1990 technology and represents a 12% overall
SFC “improvement. For engines now in development, this 'is achieved by
increasing the overall pressure ratic to l4-17 and the maximum turbine inlet
temperature to approximately 2200°F.  To permit t¢he higher turbine inlet
temperaturss, cooled inlet vanes and. cooled turbine blades are used. Even

though there are already two engines . in the Level 1 band of Figure 43,
naither currently match the 1000 shp or 1900 shp levels required by the 19
and 30 passenger baselines in this study. However, engines in the required
sizes are attainable for production prior te 1990. The cost of Level 1
engines, based on $/hp for the two engines already in the Level 1 band, is
“assumed to be 7% higher than haseline engine cost.

Studies for the application of advanced technology to current turboprop
propulsion systsms were conducted under NaSA-lewis sponsarship by Detroit
Diesel Allison, Garrett AiResearch, and General Electric (Reference 23, 24,
and 25). Their predicted levels of SFC using post-1990 technology are shown

as Level T in Figure 43. Level 2 represents a 20% improvement in overall

SFC, relative to currint technology engines. For Level 2, overall pressure
ratios. increase to 17-20 by’ using highsr work stages. with high stage
efficiencies. Monocrvystal turbine blades with impingewent or fiim c¢ooling
allow turbine inlet temperaures -as high as Is00°F. Var:iable geometry guide
vanes and reduced gas leakage 4dre also a part of Level I engine technology.
The cost of lLevel I technology eng*qes"in verms 2f $/hp, is assumed to be
13% higher ¢han for the baseline engine ' :

i
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An. advanced  engins installation is shown in Figure 44. This installation
provides for Straight-through'airflqw with the exhaust exiting over the wing.
The engine drives the forward-mounted gearbox through a loag shaft, which
permits a long inlet ducr for good inlet pressure recovery. The high engine

and gearbox location provides the ground clesvance required for large, slow ..

turning propellexs. The nacelle lower contours were faired tn include space
for the dual-wheel main gear. This engine/nacelle/gsar arrangement was used.
for all advanced technology aircraft in this study.

6.2;3 Propeiler Technomgy

The baseline propellers are conventional-saction, 4ll<aluminum blade desigus
similar. to those used on current Cessna turboprops. ‘Propeller tachnology
studies, such as Reference 26, have identified “several approaches - for
improving efficiency and weight. These include advanced technology airfoils,
optimized three-dimensional design, and composite blade construction. ‘

Advanced -, airfoil = sections can ba. specifically tailored for the flow
conditions along-the blade. Higher section L/D values can be achieved with
these tailored -airfoils especially at the shank,  allowing a 4 - 13%
improvement in overall efficiency. ’

Three~dimensional optimization of propeller design includes . both improved

hub-blade intersection design and the use of more blades with lower blade

activity factors. Current propeller blades have  round shanks = that pass

through holes in the hub spinner. A loss of 3% ind propeller afficiency is

attributed to the round shank shape and shank-spinner interference. Fairing

the blade airfoil shape into the hub requires some compromise in order to-
permit blade rotation, but. efficiency could be- improved up to 3% by careful

design. B : :

Figura 45 shows that peak ideal efficiency increases as the number of blades.
increases. The three curves represent three values of disk loading and the

upper limit of - each curve is indicated. ~ Ideal efficiency includes vortex

losses, but does not include hub or blade profile drag losses. Any propeller

has. a peak efficiency point, depending on speed-power ccefficient and blade

angle. The peak ideal efficiency for a group of prope.i.ers with different

numbers of blades can then be plotted and lines drawn as in Figure 45. Note

that the greatest erfficiency improvement occurs as blade count ilncreases from

2 to 7. To -obtain the efficiency improvement indicated in Figure 45, it is

decessary to optimize the blade design every t:ime a blade is added, using

tallored airfoil sections and shorter chord blades o maintain a constantc

disk activity factor.

The cthinner bladées required for thigher efficiencies present a structurdl
problem with standard aluminum construction, ~ Whis can de solved. using
composite materials.  Composites allow the construction of blades with
activity factors as low as o0, and permit the use of advanced air<oils and
optimized blade shapes. Damage tolerance - is improved with composites and
repairs are strvaightforvard. The agressive use of composites can also reduce
propeller weight up.to 30% for standard -hlade - shapes (Reference 26).
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The maximum improvement in blade weight is reduced as advanced eirfoils -and

three-dimensional design optimization techniques are epplied. The 'assumed
tiadeoff of maximum weight improvement vs. level of aercdynamic efficiency
improvement is shown in. Figure 46.

6.2.4 Advanced Propeiler Apglications

The two advanced levels of propeller technology are presented in Figﬁre 47.

Level '1 represents a 24% propeller efficiency improvement. -This is a;hieVed
by means of advanced -airfoils and faired shaunks.. Conservative use  of
composite materials provides a 10% weight reduction which is less than the
maximum weight reduction potential indicated in Figure 46.

Level 2 propeller technology provides a 5% efficiency improvement, relative
‘to the baseline. In addition to-advanced airfoils. and faired shanks, Level 2
propellers include an increased number of blades, optimized shank-spinnér
intersections, and advanced composite construction. ' ,

The propeller blade  structural -arrangement for :Level 2 incorporates an
aluminum alloy shank which attaches to the hib in a conventional manner and
extends outward almost to the tip. The skin is a fiberglas and Kevlar/epoxy
shell, covered with a restorable plastic erosion coating, and supported by a
low density core. The leading edge is protected by a deice boot near the hub
and by a metal cheath near the tip. This structural approach, iu combination
with the design for 'a 5% aerodynamic efficiency improvement, -provides a 1i3%
‘rropeller weight reduction (see Figure 46). ‘ '

For round shank propellers, the maximum number of blades that caa  be
‘mechanically -accommodated at the hub is eight. With faired shanks, a
practical compromise of seven blades was chosen for Level 2. Figure 48 shows
the advanced seven blade propeller configuration.

6.2.5 Summary Of Advanced Propulsion Applications

The characteristics of the selected propulsion system technologies, relative

to the baseline, are summarizsed as follows:
Level 1
¢  Powerplant

- 12% lLower Engine SFC
= 8% Lower Engine Weight/hp

~ar

- 7% Higher Zngine Cost /hp -

@ Propeller
- 2.53% Higher Propeller Efficiency
- 10% Lower Propeller Weight, hp
». Same Propelier Cost/hp
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Lavel 2

® Powerplant
« 20% Lower anlne S¥C
- -10% Lower Engine Weight /hp
= 13% Higher Engine Cost/hp

e Propeller
- 5% Higher Propeller E‘flClenCY
- 15% Lower Propeller Weight, ‘hp
= Same Propeller Cost/hp

6 3 Advancnd Nmteruds and Structures

Both bonded metal and cumposite . structural concepts - are examined in this
study. None of the 19 or 30 passenger commuter airplane in curr ent servxce
makes lgnlrluanc ‘use of elthe* of these structural approaches .,

The use of metal -bonded. assemblies normallv requires fewer parts and results
in . more iffness and fatigie . resistance without added  weight. . Bonded
construction aiso provides a smeoth surface which can be held closely to
desired contours - fer improved appearance and aerodvnamlc performance.
Operational requirements cfor turboprop commuter ai reraft dictate numerous
short stage lengths, resulting in many more takeoffs and’ landing per vear
than the typical airplane. The “application of bonded construction, with its
reduced susceptibility to fatigue, 'is a logical method for achieving long
crv‘ce life under these rigorous operating conditions.

Applications of advanced couposite structure in large commercial transperts
have be*n studied extensively. This structural concept has potential for
significant weight sJvings, althc ugh predicred cost is usually higher thoin
for conventional 4lumintm structure. .The size ‘and performance of the study
are such that amaterial gauges d4re thian, and the welignt saving
g ill be somewhat less than for large  jet transports The items
in this study include composite wmaterials for primary And ﬁeconda
struciure,  including  the wing, nacelles, - wing flaps,  and empennage

5.3.1 Bonded Metal

Cessnd has dccunuldted extensive experience with bonded metal structuse and
Has deveicped a -drge bending production ficilie wneluding cleaning tanks,
Lavup  Tooms, auroclaves, and  nondestructive squipment. . Jver 10,000

boqded assemblies have been produced =ach monti Xn this Zacili

lablie. bonded ‘oints are sonsistefltly achaeved
PUIMAYY sTtructure in the eariv-1070'g w;:h the . produc
wing spars.  Lxtensive bending was introduce in the w;ng
the Veana +J0-series twin-engine airplanes in 1973 '
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The parts in a typical bonded assembly are shown in Figure 49, These parts
are bonded in & single autoclave cycle. When the parts are assembled, the
skin panel has a "warile" appearance due to the doubler cutouts. The waffle
doubler provides a transition in stiffness from skin to stringer or frame.
This aids in preventing stress. concentration areas when fatigue cracks might
start. - Since load transfer from osne structural member to the  next takes
place over a wider area than for conventional. riveted construction, ' the
working stiresses are lower,  r.sulting in fewer fatigue related problems.
This structural design results in a4 weight and cost-effective methed for
achieving long service life. o :

bigure 50 shows the bonded waffle doublér concept as applied to-a short-haul

caircraft fuselage barrel. ThHis advanced technolegy structure is currently
used . on the Citation IIl business jet. On “a pressurized fuselage this
metdl-bonded structure has the additional bonefit of minimizing the sealant
required to prevent air leakage. : ' S

Another metal-bonding concept, useful £or control surfaces, combines full
depth aluminum honevcomb and minimum gage aluminum skins. As shown in Figure
31, this structure requires only two closure ribs,: compared to . fourteen
trailing edge. ribs and rib segments on a production  aileron and tab using -
riveted construction. Another application of honeycomb is for stiffening of
selected wing, fuselage, and empennage skin panels.

6.3.2 Composite Materials

As part of its composites R&D work, Cessna is conducting -an ongeing design
aliowables test program on -a. variety - of composite . materials ~ and
configurations (Reference 27). The design allowables ‘are calculated by
subtracting three standard deviations from the mean of test results obtained
irom unaged specimens at roow temperature. - These numbars_aie then further

reduced for the effects of heat and humidity (material water soaked at 160°F)

and fatigue damage (10% cycles at 50 percent of static strength). - Typical
dry material test results dre shown in Figure 52, Even with csonsérvative

design allewables, composite structure pre 7ides significantly greater weight

savings than  bonded metal. Its cost, Thowever, - is higher than for
conventional  aluminum structure. Weight and cost .characteristics are

discussedvfurther in Sections 6.3.3 and b.3.4%,

for the studvy airerafs are
the wings, wing flaps, engine nacelies, and  seats. The compoiites wing
<oneent Locludes a4 combination of graphite-epoXy, Xgvlar-epoxy ind honevcemb
Sove construction.’ This concept is shown. in Figure 52, Large subdssembiies
Aand the use of bonding to lecin these subassemblies minimizes he need ‘for
iits and fasteners.  This coucept hGeips to reduce the number ©F sarts, -an
and o in m;niml;ing cos
.evels and still meet

Four exampiss of composite assemblies considered

v and aliows skin panels ©o be worked oo argher stress
fle required fatigue life,

The leading  adge and interspar  skis panels have an inner and ocuter sk
sonded To 3 heneyeomb core. The outer skins dve Nevlaye cOXy which exhibits’
Niah impact and . abrasion resistance.  Neviar is a0t as  geood. 13 graphate. in

sompression, burn when stabilized by the core and ‘used in ce
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graphite inner skin an ‘efficient structure results.’ An outside layer of
aluminized E-glass, such as Thorstrand, provides lightaing strike protection
and good paint adhesicn. The -core material is aluminum oOF Nomex, 48
appropriate. The lower skin incorporates access openings. for inspection af
structure and fual = tanks. The external contour :on the leading edge is
indented to permit flush installation'of deice boots.

The wing 'spars are graphite-epoxy. The required. cap material strength is
ichieved through layers of andirectional graphite. The spars taper spanwise
to match the airfoil contours and load requirements.

The  aumber of ribs 1is gnificantly reduced from the gquantity normally

$ 3
required for conventional ¥
.aboard and outboar
iloads,
Locations.

such as -4t engine mount attac

iveted metal
d ends and at spanwisé
nments,

Ribs are located at tae
locations experiencing high  local
gear attachments and flap track

structure.

he bonded wing DOX

~he wing  incorporates an integral fuel vankage syste.

goweucture provides tae basic sealed tank. Additional sealing ind protection
could be achiéved by uUSInNg a controiled sloshing procedure T deposit. A
aniform layer of fuel ragistant material on the inside suriace.

Getal main fitTings Arrach e wing outer paneis o the carrv-chrough
sTructure., .aese matal firtings are bonded  and mechanically fastened to the
graphite outer Wwings
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Figure: 5& shows 4 Cessna compes 5ite wing flap The upper and lower skln panels
are of sandwich construction, with Kevlar outer skins for good reésistance to
foreign object -damage. - A Nomex core and a graphite inner skin provide
desired panel stiffress. The two spars are made of unidirectional and woven
graphite and trenifer the flap shear loads to the flap tracks. '

Extensive tests have shown this flap design to be very durable. After a’'high.
temperature water soak, 6,000 limit- load cycles were applied with 'no
- fajlures. The front spar was then cut at the centerline, the flap was cycled
to represent 15,000 flights, and a test load of 130 percent of limit load was
applied with no failure. The same test was successful after cutting the rear
spar at the centerline. Yet this flap is 23% lightar than 4 less durable
riveted aluminum flap. s

A third example of composite structure is shown in Figure 55. This is & jet
engine nacelle designed, fabricated, tested, and flown by Cessna. Similar
construction would be applicable on turboprop engine nacelles. A fiberglass
and Kevlar layup is used for the aft cowl assembly, lower cewl door, upper
cowl ‘panel, and all of the inlet cowl assembly except for the heated inlet

Composite materials are also used for cabin furnishings and trim on the
advanced technology study aircraft: One example of - composite intericr design
is the Cessna Enviroform Seat, shown in Figure 56. The seat assambly shown
‘usés - a molded fiberglass pedestal; and & fiberglass/aluminum honeycomb
sandwich rforms the seat pan and back, which  are then upholstered, The
contoured shdpe is functional and the slim seat lines give the interior a
more spacious leok. The thin, curved back gives plenty of knee room in high
density seating - darrangements and footrests are molded into the base. For
this study, the pedestal and base are replaced with a cowposite framework
that allows space for underseat storage.

KEVLAR OUTER SKIN

GRAPHITE SPARS
AND CAP MATERTAL

GRAPHITE [NNER SKIN
el

Figure 34, Cessna Compasite Wing Fisp Construction

9




30

SRIGINAL Pl 8D
OF POGR GULLMWY
INSUR FAN: DUCT=UPPER
AFT MOUNT {SLAID

UPPER COWL PANEL

S, AFT COWL .ASSV

[GNITER ACCESS PANELS

. BSE L :‘ //7
B (\\.// V.'z/,'-\ PRIMARY TAILPIPE

. -7 INNER AN OUCT-LOWER

* LOWER WL DOOR

INLETCOM ASSY

Figure 53. Cessna Composite Nacelle Configuration

S

, " ot
g4y \i"\
N / S\
AN =

N

NSt

oo

Figure 36. Envircform Seat




ORIGINAL PAGE 1S
OF POOR QUALETY

. 6.3.3 Comparative Weight Savings

Experience with current bonded metal structure -indicates -a modest 0 to 10%
weight savings rslative to riveted aluminum construction, . depending on the
application. One reason for the small weight saving is that scme parts’ ére
enlarged to facilitate the "bond layup process. Another - reason  is that
designers have. used bonding primarily to increase fatigue life dand damage
tolerance rathetr than to reduce weight. However, with further development
and test verification, more weight "raductions could be achieved. It is .
anticipated that metal bonding could provide weight savings. up ‘to 20% with
more advanced methods in des;gn and construction. ’

Most . appl‘mations of composite <;tructure result in a 15 to 30% weight -saving
relative to rivetad metal. structure (Reference 2, -28 & 29). Weight savings
for composite assemblies from various manufacturers are shown in Figure 57,
- This data imdicartes that component . weight savings currently average 25%
through use of advanced composites. Based on ‘co: itinuing research, it is
- anticipated that futuce composite component weight savmgs could aVerage 33%.
relauve to riveted metal structure. ’

NORTHROP Fo§ L.E. FLAP

BOEING 727 RUDDER
OOUGLAS A~4 HORIZONTAL STABILIZER
LOGCKHEED L-101V VERTICAL FIN 30X
CESSNA - 850 RUDDER
LOCIHEED L~1011 FUSELAGE FAIRING

1GHT
P S0LING 727 ELEVATOK
RELATIVE 0 I3 0 AFT COWL ASSEMBLY
L CESSNA B507AFT COML ASSEMBL
uETAL NORTHROP F-5 SPEED BRAKE
SONSTRUCTION

NORTHROP F-5 #ORIZONTAL STABILIZER
CESSNA 650 FLAP

JOUGLAS A-4 L.E. FLAP

GENERAL JYRAMICS F:16 FwD “USELAGE

CESSNA 830 fLAP
3DEING 37 SPOILERS

on
-4

Composite Weight Savings in Aircraft Structural
Applications
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6.3.4 Advaﬁced Structural Appiications

The application of bonded and composite structure to the baseline airplane is
shown 'in Figure 38. The individual structural breakdown .is given in Tabl.
13.. Two levels of technology applications are shown. In Lavel 1, 50% of tue
baseline airframe weight is replaced with bonded metal structure. and 10% is
redesigned with advanced composites. -Level 2 expands the use of advanced
composites to -replace 43.8% of the baseline airframe weight, and metal
bonding is reduced to 20. §%. The largest-*Cem in Level 2 is <the ‘composite
outer wing, which includes vxrtually all of the w1ng except for the fusela&e
carry= through structure.

The component welight savings selected for Level 1 are.10% for metal‘bondingr

" and 25% for composites.  For post-~1590 Level 2, these savings increase to 20%

for metal bonding and 35% for cowposites. Table 14 - shows the unresized
weight  benefits of these advanced structural applications.. The unresized
weight benefits zre the weight reductions that would result from substituting
the advanced ~structural components identified in Table 13 -for riveted
aluminum components in ‘an existing airframe. For example, Level .1 uses 50%
metal bonding with .a 10% average .component weight saving,: resulting in an
airframe weight reduction of 5%. Since the airframe weight for Baseline 1 is
38% of . the total empty weight, tha 5% airframe number reduces to a 1.9% emptv
weight saving for the entire airplane. Level 1 composites add another -1.0%
improvement, for a4 total empty weight reduction of 2.9%. Since the empty

_weight for Baseline 1 is 8780 1b, this amounts to a 255 lb weight saving.
“The  7.5% value for Level I provides a significant o059 lb weight reduction.

The resized weight effects are discussed in Section 7:0.

The structural cost complexity factors presented in Table 14 were used as

described in Section 4.3. Extensive experience with metal bonding shows that
its cost per pound installed is equivalent to riveted structure. Matarial,
tooling, &' energy costs are higher with bonding, but final assembly and
finishing costs are lower because the bonded subassembliies are ‘larger and
require less fitting and sealing. Where weight savings are experienced with
bonding a ¢ost benerit also results; so that Level 1 bonded components weigh'
and cost .0% less than ‘their riveted counterparts, and Level 2 bonded
componants cost 20% less. than rivetad parts, ,

e
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Table 13. Breakdown of ‘.Adv'anged Structures Applicationé

% OF TOTAL BASELINE AIRFRAME STRUCTURAL WEIGHTS
- LEVEL -1 1 TEVEL 2
ITEM . . e BONDED . BONDED '
o ; METAL COMPOSITE | MeTaAL COMPOSITE
OUTER WING PANEL : S , PR
UPPER & LOWER PANELS T11.5% - - C11.5%
SPARS & RIBS - . . - L Cob.6%
FLAPS C . o 3.4% .- 3.4%
AILERONS 3.2% : - - 3.2%
ACCESS. DOORS _ 1.8% - -- 1.8%
TIPS - - .- 1.2% - 2%
WING CARRY-THROUGH 5.3% - 5.3% --
FUSELAGE BARRELS 6.7% . 6.7 -
HORIZONTAL STABILIZER 4.2% - - 6.2%
VERTICAL FIN 2.8% . . 2.8%
ELEVATORS 2.3% - - 2.3%
RUDDER 1.8% - - 1.8%
TAILCONE SKIN & STIFFENERS 2.7% .- 2.7% -~
NACELLE COWLING 2.6% 1.2% -2.6% 2.2

. CABIN FLOOR AND SUPPORTS 2.3%: - 2.3% -
WING/FUSELAGE FAIRINGS : . 1.5% . 1.5% -
“AIN AND NOSE GEAR D ORS 0.3% - -- 0.8%
WINDSHIELD FRAME:- — 0.8% - - 0.8%

- CABIY ENTRANCE DOOR 0.7% am % -
FUSELAGE NOSE TAP - 0.7% -- 0.7%
CABIN ESCAPE HATC: 0.5% = ) 0.5% .-
NOSE BAGGAUE DOORS 0.4% -- - 0.4
TAILCONE ACCESS DOOR 0.4% . - 0.:4%
TAILCONE STINGER- .- 0.2% - 0.2

TOTAL 50.0% 10.0% 20.8% 3. 8% |




y ¥ el
OR!GH‘?Q... Pty ..::
\

OF PQOH Qum,ﬁi

Table 14. Unr'c.sxzed E:ffects of Advanced \f‘-atemals
Substltutnon on Ba:ehne 1

LEVEL 1 |  LEVEL 2

BONDED METAL |
« OF AIRFRAME STRUCTURAL WEIGHT . L sow o 20.8%
AVERAGE COMPONENT WEIGHT REDUCTION 0% O 20.0%

 UNRESIZED AIRFRAME STRUCTURAL WEIGHT SAVING | 5% | 4.2%

_UNRESIZED AIRCRAFT EMPTY WEIGHT SAVIN o 1.9% . 1.6%

COMPOSITE

% OF AIRFRAME STRUCTURAL WEIGHT. R Rt L 43.8%

AVERAGE COMPONENT WEIGHT REDUCTTON e 25% | 15%
UNRESIZED AIRFRAME STRUI™ /. o777 &yl P : e

UNRESTZED AIRCRAFT £30 0 it vl i Lone . g

TOTAL BONDED METAL il SOMPOSIT
% QF AIR?RAME ST L UURAL WEIGHT c. R i, i Bee . 0%
. : . ‘ 1
UNRESIZED AlRiiaME STRUCTURAL WETIGHT 3aV. % . ’, 18N
. !

UNRESTIED \“\ RALTT WP WESD AN NG N TUE%

COST COMPLEXITY FACTORS
SONDED METVAL - AVERAGE

IOMPARS T - AVERAGE

Ty
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Composite comstruction averages 50% higher - cost . per finished pound  than
finished metal components. " While compeosites eliminatve wmany machined and
forged parts, the material, energy, Tabor, and inspection cosvs are higher.
The. 1.5 complexity fastor for composites is lower. chanm. current. experience,
but is based on rapidly decreasing materials costs along with maximum use of

prepreg materials and new automated layup. techoiques. The reduced weight of

composite structure largely offsets or even elimindtes the cost penalty, even
without  resizing. For example, the Level 1 composite Parts weign (1 - 0.25)
= 0.75 times as much as riveted metal parts, so the net cost ractor is-0.75 X
1.5 = 1.13. For Level 2 composites, the 35% weight -saving results in & net
cost factor of 0.65 x 1.5 = .0.98. Thus, unresized Level 1 cdompoesite
components cost 13% more than the metal parts they replace, and the Level 2
composite component costs. are equivalent” to those for matal coust uction.

The structural cost complexity factors are the same for Level 1 and Level 2,
which implies that ‘manufacturing process efficiencies . inprove ‘over time at
the same yate as structural efficiencies. ~This'  assumption is .appropriite,
since advanced structural R&D is concerned with ‘improving manufacturing
processes as well as with increasing structural efficiency. ' :

6.4 Ride Quality Improvements

The analysis: of aircraft response to turbulence ‘begins with the development
of a turbulence model. The model used for these inalyses was derived  from
non-storm turbulence data collected by the NaCa from 1952 through 1959 for

bk

transport aircraft.  The cturbulence model format shown in Flgure 59 1is that

_of Notess and Gregory (Keference 303. The second important element .in ride
quality analysis is -a passenger discomfort model. Figure 60 shows the model

generated by Holloway and Brumaghim (Reference 31) in a simulator tes
program. ~This model shows the threshold levels of acceéleration at which a

given . percentage  Of passengers would ~ object to  the ride. The
frequency~acceleration rangc of motion sickness is 4lso indicated.

w
%4

applying the atmespheric power spectral density derived from th-
hulence model to the aircratft gust Load transfer funeticn, the probabill |
cribution of aiscraft accele '
se analyses for current large and small tramsport aircreft fyom References
and 33 have been overlayed on the passenger discomfort podel for an RMS
wroical gust of 5 £t sec. Small transport aircrait are shown ©o aave both a
gher predominant frequency as well as naigher  acceleration. response 20
a
i

.
14
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uzbulence. Reference 13 indicates that & gual of .03 RMS vertical g's
redominant frequency of 1.3 Hz is 4 reasonable goal for a small short-hawi
ransport. This point is indicated on- the passenger discomior: nedel in
gure 60 - as  zhe STAT goal. for the & ft/sec gust the bredominani
e nall transport airerait tend TO fall in cthe range of 1.3 0
astold Lines of passengers objectiag tend o be fa
range. This allows the data to be cross p.otted a3 S
41, The Deilavilland Twin Jtzer (DHC-0Y, the 3TAT Baseline 1, and
1 1 and Zevel 2 resulis are super:imposed on This Figuve. i
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Level 1 employs higher wing loadings but no active ride control system. The
high wing loadings were achieved by using. the Level 2 flap system and
advanced airfoils described in Section 6.1.3. The effectiveness of the Level
1 approach is shown in Figure 62, which shows the parametric response of
Baseline 1 in terms of cruise wing loading and aspect ratio. Higher wing
loadings and lower aspect ratios can improve the vertical g response of any

of the baselines; however, the aspect ratic effect is relatively small and

the wing loading effect is limited by either fuel volume or approach speed
requirements. . For example, Table 15 shows the: limiting values  of wing
loading and the ' limiting parameter for. <three .o. the baseline technology
airplanes. Bacause of these limits, the maximum reduction in vertical

acceleration wh:ch can be expected from the Level 1 appreack is approximately

10 percent, :

The Level 2 approach combines en active ride control system (RCS) with higher
wing loadings, The active ride. control system includes separate aileron,
spoiler, and elevator surface controls and a self-adaptive feedback system
for vertical acceleration and pitch. One approach for implemeating this type
of system would include the ‘use of. spoilers, split ailerons, and a split
elevator, ' ’ B

Reference 33 studied the effectiveness of this type of system on a DHC~6 Twin
Otter with the 4dileron authority split 60% manual/40% ride control, and the
- elevator authority split 80% manual/29% ride control. Figure 63 shows the
potential effectiveness of this type of system. 4&n aileron-only RCS could

provide a 35% reductioa in vernical g's in cruise. The addition of elevator

- 'RCS brings the total reduction in cruise gust response to 70%. For the climb
and approach- flight segments, the total ride quality improvements are 55% aud
40% respactively. ' '

The cost impact of Level 1 is minimal and results from sizing for high wing

loadings with the higher cost flaps, rather than for minimum DOC.. Level 2

includes  this cost as well as the RCS avionics and mechanical hardware costs,
- which were fixed at $100,000 per airplane.
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Figure 60.
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7.0 ADVANCED TECHNOLOGY AIRCRAFT E\/'AL‘UATI"ON'

‘The aerodynamic, propulsion and structural tachnologies ~were applied

separately and in combination to the baseline airplanes. The ride control

. improvements were only applied seperately, because ride control is intended

for passenger comfort rather than improved costs or efficiencies.

A total of 28 advanqéd technology aircraft were sized and opciﬁized,,l& each

in Level 1 and Level 2. The principle ‘characteristics of these aircraft are -

given in Tables 16 through 23. The application of the Level 1 and: Level 2

technologies is shown to provide significant benefits in both operating .costs -
and . fuel efficiency.  Tables 24 and 25 summarize these benefits  for -each’

aircraft, and average values for the combined technologies are also shown.
Based on these averages, the combined aerodynamic, propulsion, and st*ugtural
study technologzes provide the folloulng overall advantages.

Level 1 Lgﬁel 2

Low Risk Moderate Risk
‘Reduction in DOC | wE 21y
Reduction in Fuel Consumption ~ ~  24% R 39%

Tha bénefits ‘or each azrcraft fall w1th1n % of these averagé values as
shown in Tables 24 and 25. : :

The ranking of the -Level 2 applied technologles in “reducing DOC and fuel
consumption on small, short haul transports is shown in Table 26.

These rankings represent the interaction of three effects:

® the sensitivities of the baseline airplanes
to basic design parameters (drag, Cp MaAX,
weight, SFC, and cost), as discussed in
Section 5.5.2,

@ the effectiveness of each technology for
improving theseé basic design. parameters,

@ che relative aggressiveness of the.assumed
Level 1 and Level 2 applications.

Advanced powerplant technoldgy ranks highest because DOC and fuel efficiency

are highly  semsitive to SFC improvements, and the advanced engine
technologies were extensively applied. Advanced flap systems rank- second,

even though the baselines showed the lowest.  ‘technical sensitivity to

improvements - in wmaximum 1ift coefficient. ~The importance of high 1lift
systems results from the very large gains in Cp vayavailable witn advanced
£ . . | .
flaps. .
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Given the high sensitivity of DOC to airplane empty weight, as shown in

Section 35.5.2. the low ranking of aedvanced structural technologies  is
surprising. Clearly, even the 43.8% composite airfraw.e assumed for the Lavel
2 structure does not use  enough composites to fully exploit the design
sensitivity to weight. = Another way to take bettar advantage of this

sensitivity - is  to pursue weight savings for non-structural girframe -

‘components ‘(i.e., systems and furnishings), which account for approxlmately
40% of alrframe weight. Lo .

The effect of advanced structures technology on empty weight for Baseline 1,

with and without resizing, is shown ~below. Unresized weight savings
increased about 1% with resizing,

Level 1 . Level 2

Advanced Structures. - Advanced Structures

Unresized Empty Weight Reduction 2.9% S7.5%

Resized Empt? Weight Reduction = 3.9% 8.3%

" ‘Advanced ‘propellers rank = fourth in  DOC improvement - and third in SFC
improvement. The aircraft were very sensitive to propeller efficiency and

weight improvements, but the available efficiency and weight gains were small

compared tc other technologies.

Advanced  airfoils ranked low because the Level 1 and Level 2 applications
were not aggressive. In particular, natural laminar flow was not included in
the study because it has been difficult to achieve in practice (Section

6.1.1).. However, very recent NASA' work with natural laminar flow' airfoils

(Reference 34) shows. the  potential for significantly lower drag using
practical design, manufacturing, ‘and operating procedures.

The rankings of Level 1 and Level 2 applied technologies in improving DOC and
block fuel are further illustrated in Figures 64 and 65. It should be noted
that the Level 1 and Level 2 ride control technologies are based on Level 2
advanced airfoils and flaps, which accounts for the apparent improvament in
DOC due to. ride control technology. The active ride control system
introduced in Level 2 adds cest to the aircraft, which reduces ' the DOC
improvement.

Plan and perspective views of the four Level 2. advanced technology airplanes

~are presented in Figures 66 through 72. Table 27 summarizes configuration

differences between the current and advanc:d technology airplanes. In-

general, the combined Level I technologies reduce TUGW 14%, power 24%, wing
area 5%, wing span 3%, and increase aspect ratios 25%. ‘

v
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Table 16. Characteristics of 19 Passenger, 2-Abreast Airplane
: Incorporating Level 1 Advanced Technologies

(¢/SEAT-@) 110.993) [10.564) 10.149)1(10.756) (9.619) 1(10.412)

. . '
AIRCRAFT: |* CHARACTERISTICS ngﬁﬁggsy - LEVEL 1 TECHNOLOGY
' BASELINE | & P s c R/C
TOGW kg 7239 721 6430 7056 | 6696 nmn |l
(1b) | (15960) {(15699) (15273)( (15552) | (14783). (15807)
POWER/ENGINET -y 528 842 892 909 800 | - 'gas
] : (SHPY  ¢1245) | (1129) [ (1196) S129) 1 (1073) | (1190
9 PAx , _ , ,
2 ABR PRICE . S 1.49 1.45 1.49 1.35 1.43 1.49
: , BLOCK FUELZ kg 249 234 208-]. 245 191 | 23

(1b) (550) (518) (458) (543) (422) (509}

poc? ¢/ SEAT «kmi 5.936 5:704 $.480 5,308 5.194 ‘;622 :

RELATIVE 00¢ - | 1000 | 0.981 | g.025 0.978 | 0.875 | o0.007
1. THERMOOYNAMIC A - AERODYNAMICS
. TH - - A
&.  STAGE LEWGTH 185 xm (100 nm) g : s?gﬁg%ﬁ;gg
' ' C - COMBINED A,P,s
R/C - RIDE CONTROL

Table 17. Characterictics of Short Field, 19 Passenger,'Z-Abreast
Airplane lncorporating Level 1 Advanced Technologies

AIRCRAFT CHARACTERISTICS ngﬁsgfgey JLEVEL L TECHNOLOGY
: : . BASELINE A P S ¢
T0GW kg 7468 6835
(1b) | (16465) - -- -~ | {15069)
PONER/ENGINE! 1041 ' 891
19 pAX (4P} (1399 .- - - (1195)
2 #BR : :
SUYORT PRICE M 1.56 . - - 1.49
FIELD BLOCK FuEL2 kg 272 : - 207
b)) © (600) - - - (455)
00CZ " ¢/SEATwiem 6.278 e | 5.435 | -
{¢/SEAT-mm) | (11.527) |- .. - -~ 1(10.085)
RELATIVE DOC 1.058 - - - 0.916
, A -~ AERODYNAMICS
. THERMODYNAMIC P - PROPULSION
2. STAGE LENGTH 185 km 1100 nm) S - STRUCTURES
: C - COMBINED A,P.S
C -~ RIDE CONTROL
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‘“Table 18. Charactanstlcs of 19 Passenger 3-Abreast Airplane:
lncorporatmg Level . 1 Advanced Technotogies

AIRCRAFT | CHARACTERISTICS ~— | [CURRENT } LEVEL 1 TECHNOLOGY
B . TECHNOLOG - "
' BASELINE | A P $ ¢
TOGM v | s0 | 7983 | 7757 | ‘7902 | 7502
Ob)| - (17985) | (17600 | (17102)} (17421)) (16539)
* POWER/ENGINE'  kw 1070 978 1031 1050 922
L (swpl (1435)| (1306)| {1382)) (1408} (1236)
v PRICE = LM 1.74 1.69 1.73 1.59 1.67
19 PAX BLOCK FUELE . kg 8 262 2331 277 214
3 ABR (1b) (620) (578)| (514) {610) (472)
00cd - e/SEAV-km | 6.7V2 | 6.439 | 5.185 | 6.556 | 5.856
_ (¢/SEAT=nm) (12.430) |(11.925) | (11.485) | (12.141) (10.845)
RELATIVE 00C - | 1.3 | 1.08s | 1.082 | 1.108| 0.98/
A -~ AERODYNAMICS
- THERMODYNAMIC P - PROPULSION
z. STAGE LENGTH 185 km (100 nm} $ - STRUCTURES
¢ - COMBINED A,P,S
RIC -

RIDE CONTROL

Table 19. Characteristics of 30 Pa .senger Airplane Incorporating
.Level 1 Advanced Technologies .

: CURRENT LEVEL 1 TECHMOLOGY
AIRCRAFT CHARACTERISTICS = [TECHNOLOGY
_ BASEL INE A P s c
- TOGH kg | 10981 | 10760 | 10507 | 10730 | 10118
(w)| (262109 | (23721} | (23165) | (23655) | (22300
POWER/ENGINE'  kw 1439 | 13N 1388 | 1414 1281
30 PAX © o (sHP  (1930): (1758) ). (1860)| {1896)| (1663)
ORICE SM 223 | 2.7 2.23 | 298 ] 2.3
8LOCK FUELS kg | - - 363 338 300 357 275

~{1b) {800}, {745) (662)1 . {788){ -~ (607}

oac* ¢/ SEAT ~km 5.657 | 5.426 | 5.235 | 5.547 | 4.98)
(¢/SEAT=rmj | {10.275)°{(10.049) | (9.596){(10.273) | (9151}

RELATIVE 00C 07953 0.914 0.882 | 0.93% 0.832

AERODYNAMICS
PROPULSION
STRUCTURES
COMBINED ALP,S
RIDE CONTROL

1. THERMODYNAMIC
2. . STAGE LENGTH 185 km 300 nm}

OOV O
1 LI B 1]
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Characteristics of 19 Passenger; 2-Abreast Airplane

Table 20.:
Incorporating Level 2 -Advanced Technologies
- - — URRENT UEVEL 2 TECHNOLOGY
A
IRCRAFY CHARACTERISTICS *ECHNOLOGY
BASEL INE A P S 'y R/C
TOGK 239 7087 | 37os 6833 6303 262
(15960 | (186251 | (148233 15065 | (13895)] (16010
, .
1o Pax POWER/ENGINE 328 86 373 879 1 399
S ABR L1245 054N 1 1Ty 1S 1953) 1 1208)-
*RICE . RLPE AU S SR P U1, 3) SR DY RU SRR DTS Y SRS B3
BLOCA FUELS 149 NG 178 230 154 234
. 1 539) R TBIE TR kB 20339y sie)
ooc< 5.936 . | 5.581 | s.1te | s.eas | dvos | 573
0.993) 110.336) | 9. 590 [ 1045 L s ma v 10,50
RELATIVE  50C 1.000 0.940 ] .87 1" 0:95% L 0.793 10,956

1. THERMODYNAMIC

<. STAGE UENGTH 185 am (100 nm

= AERODYNAMICS

- PROPULSION

- STRUCTURES.

- COMBINED A,P,S
- RIDE CONTROL

Tauie 21.  Characteristics of Short Field, 19 Passenger, 2-Abreast
Airplane Incorporating Level 2 Advanced Technologies

NG apT ~ARARTED T & SURRENT LEVEL 2. TECHNOLOGY
A AFT HAR I 1 -
IRCR CHARACTERISTICS TERRNOLOGY ] \
BASELINE A P s | ¢
TOGW xg t468 5418
DY 164680 . - - (141490
19 2ax POWER/ENGINE '  aw 1040 h
S aBR (SHPY 13951 - - -~ \1085°
SHORY : ’
FLELD SRICE M RIEE .- .- -- A
RLOCK FUEL \g o 168
\]D\ \600\ hal - -~ k:‘é"‘\‘
NC* - e/SEATenm | 6.278 4,398
Ce/SEAT=amY | 10,827 - - - 2.7
RELATIVE 20¢ 1.058 -- -l 2,328

V. THERMODYNAMIC

-

D, STAGE CENGTH 3% am fo0 nm

O f

o v

2l

- AERODYNAMICS

= PRCPULSION

= STRUCTURES

- COMBINED AP35
- RIDE CONTROL




Q;&?C’@NM. "m- 2 ;‘ffi'
(\5 pOO LT A

Table 22. Characteristics of 19 Passengar, 3-Abreast Airplane
Incorporating Level 2 Advanced Technologies

. CUR ’ LEVEL 2 TECHNOLOGY
AIRCRAFT |  CHARACTERISTICS TS%&SSESGY - L 2 TECHNOL
BASELINE [~ A P s ¢
TOGW kg | 8140 973 | . 7520 | 7633 | 7oty
, U e) oreasy. | (17s78Y ) 165791 (16828 | {15483}
is oa SOWER/ENGINE' - kw | 1070 306 | 1009 |10 | s
B ’ (SHPY! (1439 Q214 (ssay] nasty o8
3 ABR- } .
PRICE L3N RO TR.T S U RS U-T- BT RENS (' R S DR I S B8
BLOCK FUEL® kg 3 269 200 268 2N
1) {620) (5490 a2y sely \3TeY
Rt R o ¢/ SEAT=ikm 6.712 5.3 5,58 | 6.383 ] 5.278
: O LGSEAT-ID):[G32.4300 |18 0048291 [N Tee | 1977
o RELATIVE DOC AR r.062 | 0988 | ov.ovo | o.sd9
: A - AERODYNAMICS
1. TEERMDDYNAMXC ' P - PROPULSION -
2. SQAGE GTH 185 xm (100 nm) - $ - STRUCTURES
' ' - ¢ - COMBINED A,P.S
— v . R/C - RIDE CONTROL

Tabte 23, Charactemstncs of 30 Passenger’ Anrpl.sne Incorporatmg
Lavel 2 Advanced Technologies

e A ARTED ] Ce CURRENT LEVEL 2 TEC :
AIRCRAFT | CHARACTERISTICS | ~oangh oGy VEL 2 TECHNOLOGY
SASEL INE A p S :
06w . g 10981 ez o oa ] tesss | saos
' ObY | a0} (03640 | (204480 122826 | (209360
POWER/ENGINE'  kw 1439 1214 1352 | vaen 1091
(SHPV 19300 eyl oasian | sl osen
30 9AX eRICE M| 2o S sl sast cam
3LOCK TUEL® \q 363 e R 347 s
. Ry (300 \ Gosv ]l wsear ] (Test| . ss1
0ce ¢oSEAT-am | 5,557 s. o0 | aaae 0 s.3e | od.ued
L& SEAT-nmi | 104760 | :9.805° RCRTIANIRCIR SR EIN
RELATIVE 00C 2,953 sser | a.sse | o2uses | ootz
. X - AERCDYNAMICS
1. THERMODYNAMIC P . PROPULSTON
3. STAGE LENGTH 185 wm 130 nm) § « STRUCTURES
-0 - ZOMBINED. A.P,$
VI

RIDE CONTROL




" Table 24. Percent Change in DOC Resulting

QRIGINAL PAGE IS

OF POOR QUALITY

‘Techneology Applications

100 om STAGE LENGTH

From Advanced:

_ TECHNOLOGY _

AIRCRAFT ARODYNAMICS |  PROPULSION STRUCTURES COMBINED RIDE CONTROL

LEVEL | LEVEL LEVEL | LEVEL LEVES | LEVEL LEVEL | LEVEL 1EVEL | LEVEL

1] 2 1 2 1 2 I 2 12

19 PAX -3.90 6.0 -7.70-12.8 2.2 4.9 -12.5 ] =20.7 5.3 | =44
2-ABREAST - -
19 PAX - . - - - s -13.4 | -22.0 . .
2-ABREAST :
2 SHORT
FIELD
19 PAX “.1] =51 -7.9.| ~12.9 2.3 -5.3 -12.8{ -21.4 - -
35ABREAST :
30 PAX a1l <64 2751 -12.5 <19 =al9 -12.7 | ~21.1 - i
AVERAGE - - - . B -12.9 | -22.3 . -

Table 25. Percent Change in Block Fuel Resulting From
Advanced Technology Applications '

100 am STAGE LENGTH

TRCHNOLOGY _

AIRCRAFT AERODYNAHICS PROPULSION STRUCTURES ~ COMBINED RIDE CONTROL

| LEvEL| LEvEL UEVEL | LEVEL® LEVEL | LEVEL LEVEL | LEVL LEVEL | LEVEL

Y 2 1 2 1 2 s 2 1 2
19 PAX- 6.4 103 -16.7 ) -28.5 “1.3) -al2 -23.3] -38.4 -1.50 -6.2
2-ARREAST ~ :
19 PAX . - - - - . -24.0 =39.3 . -
2-ABREAST
SHORT
FIELD
19 PAX -6.81 -11.5 1701} e28.7 “1.6] 4.l -23.9 -394 - .
3-ABREAST v

i

30 FAX 6.9 =12.1 -17.3] -29.0 c1.5 | eh.d 2261 -39.9 - .
AVERAGE i[ . - S - - -za.si -39.3 SR
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. Table 26. Average Effectiveness of Leve! 2 Study ‘Technoiogies

100 nm STAGE LENGTH

PERCENT REDUCTICN

TECHNOLOGY , }

| o DOC |~ BLOCK FUEL
~ ADVANCED POWERPLANT 102 23,0
ADVANCED HIGH LIFT SYSTEMS 5.5 | 10.2
ADVANCED STRUCTURES 5.0 4.
ADVANCED  PKOPELLERS 2.5 5.7
ADVANCED AIRFOILS 0.7 . 1.2
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OF POOR QUALITY

O LeveL 1
24 4 » B LeveL 2.
_ 29 ® RELATIVE 70 OPTIMIZED :
. ' CURRENT TECHNOLOGY. ATRCRAFT
i 20 © 185 km (100 nm) STAGE LENGTH
18 :
.
.18
’ g 1
S 1z ]
2 W ‘ _ _
<2 :
g ° e
6 1 , '
4 4 +e _l
| | _
R e : —
: _ : . AIRFOIL - PROPULSION- STRUCTURES ~COMBINATION RIDE CONTROL*
FLAP. ' , :
' *INCLUDES LEVEL 2 AIRFOIL AND
. , ’ : FLAP ON BOTH LEVELS
Figure 64. DOC 'mprover ent Summary
. O LEVEL 1
48 ) LEVEL 2
a4 | @ RELATIVE TO OPTIMIZED
, CURRENT TECHNOLOGY AIRGRAFT
w 307 ® 185 km (100 rm) STAGE LENGTH o
V36 SR -
b4
S 32
S -
o>
& 26 1 B
2 ‘
- 16 B - ‘ _
S 12 ] - . ,
= s _T__] = :
Hi= BE
. o Lot { =1 . R
AIRFOIL  PROPULSION  STRUCTURES. COMBINATION RIDE CONTROL*
AND
FLAP

*INCLUDES LEVEL 2 AIRFOIL AND
FLAP ON B0TH LEVELS

Figure 85. Block Fuel improvement Summary
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19_PASSENGERS
‘@ 2-ABREAST SEATING
® COMBINED LZVEL 2 TECHNOLOGIES
'”'_1‘
TOGH 6303 kg (13,895 1b)-
POWER/ENGINE 711 kW {953 shp)
PROPELLER DIAMETER 3.0 m  (10.0 ft)
WING AREA ‘ 22.9m° (246 ft?)
CWING SPAN. 17.5m  (57.3 ft)
ASPECT RATIO 13.35
Figure 66. Plan View of Level 2 Advanced Technology
Aircraft -~ 19 Fassenger, 2-Abreast Seating
100
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ORIGINAL PAAY & 1
OF POOR QuaLiry 1
® 19 PASSENGERS
® 2-ABREAST SEATING
® COMBINED LEVEL 2 TECHNOLOGIES :

Figure 67. Lavel 2 Advanced Tachnology Aircraft
== 18 Passenger, 2-Abreast Seating
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19 _PASSENGERS -

o 2-ABREAST SEATING

e 914.m (3000 ft) TOFL

e COMRINED LEVEL 2 TECHNOLOGIES

! i

I ‘ Jx o ; %1 :
m&m - o ,/'\\

1

TOGM | | 6418 kg (14,149 1b)

POMER/ENGINE | 787 kW (1055 shp) :
PROPELLLIR DIAMETER 30w (100 f) '
JING AREA  asgmd (@19

WING SPAN . U.3m (56.9 1)

ASPECT RATIO 116

Figure 58. Plan View of Lavei 2 2 Advanced Technology
» Aircraft -- 19 Passenger, 2-Abreast Seating,
Short Field Capabiity
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OF POOR QUALITY
19 PASSENGERS
" © 3-ABREAST SEATING
® COMBINED LEVEL 2 TECHNOLOGIES

TOGW 17023 kg (15,483 1b)

 POWER/ENGINE 811 kil (1087 shp)
PROPELLER DIAMETER 3.0m  (10.0 ft)
WING AREA 24.2 m° (261 Ft4)
WING SPAN 17.3m  (56.6 ft)

ASPECT RATIO v 12.25

Figure 69, Plan View of Level 2 Advanced Technology
Aircraft == 19 Passenger, 3-Abreast Seating
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30 PASSENGERS
9 3- BREAST SEATING
° COMBINED L‘-'VEL 2 T"CHNOLOGIES
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To6W 9496 kg (20,936 1b)

POWER/ENGINE 1090 k(1462 shp)

PROPELLER DIAMETER 3.0m (16.0 ft)

WING AREA a7t (341 f2d)
O WING SPAN C19.3m 0 (63.4 ft)
. ASPECT RATIO 1.8 |

Figure 71. Plan View of Level 2 Advanced Technology

Aircraft -~ 30 Passenger
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Table 27. Effect of Combined Advanced Technologies on Optimum
Aircraft Configuration ' .
CONELGURATION AIKCRAFT o LEVEL 4 LEVEL - | &
TTEN TECHNOLOGY 1 % 2 %
1. 19 PAX, 2 ABR ' 15,960 14,763 -71.5} 13,885 -12.9 :
TOGW 2. 19 PAX, 2 ABR, SHORT FIELD| 16,455 15,063 -8.5] 14,148 -14.1
(L8) 3. 19 PAX, 3 ABK 17,945 16,538 1 -7.8{ 15,483 -13.7
' 4. 30 pAX 24,230 | 22,300 -1.9] 20,936 - -13.5
POWER 1. 19 22K, 2 ABR R4 1073 {-13.8 953 [-23.5
PER 2. i9 P&X, 2 ABR, SHORT FIELD 1395 - 1195 -14.3 1055 -24.4 Q9
ENGINE 3. 19 PAX, 3 ABR v 1435 1236 -13.8] . 1087 -24.3 =
(s1p) 4. 30 PAX 1930 1663 -13.8] - 1462 -24.2 oy
' _ — - Q%
VING 1. 15 PAX, 2 ABR 325 1 283 l-12.9 " 246 -24.3}. O
AREA 2. 19 PAX, 2 ABR, SHORT FIE 373 324 ~13.1. 279 }-25.2 c ¥
(FT2) 3. 19 PAX, 3 ABR ~ 350 304 -13.1 261 -25.4 2t
: 4. 30 pax : 456 397 -12.9) 341 |-25.2) 3z
WING 1. 19 PAX, 2 ABR - 57.7 s6.8 1 -1.6 57.3 -0.7
SPAN 2. 19 PAX, 2 ABK, SHORT FIELD 58.7 55.5. | -5.5 56.9  } -3.3
(¥T) 3. 19 PAX, 3 ABR 58.4 56.5 -3.3 56.6° 1 -3.1
_ 4. 30 pAX : 65.8 63.0 -4.3 63.4 -3.6
WING 1. 19 PAX, 2 ABR 10.25 ko b 13.35 +30.2
ASPECT 2. 19 PAX, 2 ABR, SHORT FIELD 5.25 9.50 +2.7 11.60 +25.4
RATIO 3. 19 PAX, 3 ABR , 5.7 I 10.60 + 8.7 12.25  {+25.6 , : T3
4. 30 pax _ 950 b 0.0 +5.3 11.80 w24.2] :
. 4
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8.0 RECOMMENDATIONS

Further research and teéhnology efforts .are required in several areas to .

-assure the - incorporation of promising technoleogies in future small

short-haul aircraft. The goal of theae efforts is to reduce direct operatlng’

costs and - fuel consumption by  imprevements in ‘aerodynamics, propulsion,

structures, and systems. o e e

AercdzgamiCS.

G Conduct powered model tests with ful;-span trailing edge flaps for'

developing high values of approach L/D along with high vakecff
" Cf, MAX. 4nalytical 3-D prediction methods should be developed to
relisbly predict ‘lap characteristics.  The analytical methods
could be verlfxed by the flap model tests. A broad 3-D data bank
iS'réquired fo: Reynolds numbers in the neighborhood of 6 x 10%,

@ Continue lnvestlgatzon of NLF airfoils, with specific: tallorxng tO'

minimize transition due to- insect contamlnation.<

® Develop a non- steady theory for predicting transition and drag for
NLF alrfolls in the wake of highly loaded propellers.

o 'Contlnue anestlgatzons of airframe/propulsion" intagration.

Wlng/fuselage and wing/pacealle analyses for conventional and

unconventional configurations should be included.. Theory should
be verified - by experiment, This . should include high
angle-of-attack and high yaw angle tests to assure ¢atlsfactcry
stablllty characteristics.

Provulsion

© Continue development of high wock stages, advanced diffusers, high

temperature turbine meterials, variable internal geometry, high.

modulus shafts, &nd: more efflCant cmollng

® Emphasize development of broad range cycles that include the
capability for low idle power settings along with high bleed
airflow und pressures. Idle bleed air performance is the deciding
factor in providing realistic 4ir conditioning with 1light weight
air cycle wmachines. Idle-to-full power acceleration times should
remain as short as for currant engines. :

@ Improve engins durability in the severs short-haul duty cycle.
Better hot section analysis methods are. needed and continued
development of digital controllers is encouraged.

® Develop analytical wmethods for optimizing propeller/hub/nacelle
integration. Conduct powered model tests to confirw pradictions.
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o Continue development of propeller moise prediction methods.

e € Develop advanced structural concepts for hubs and multiple low
activity factor blades, making fullerx use of advanced composites.
Tais will require development of. more precise aerolastic analysis
. techniques,  including both structural modeling and unsteady
ik : asrodynamics.’ ' ' : '

- Structures

® Continue development of higher strength matrix meterials. with
batter fiber bond strengths. Graphite fibers are available with
fildment strengths of 600,000 psi. The limiting factor is  the
matrix and matrix/fiber bond. Research to improve fiber wetting"
is also required. S : E -

© Expand research on -the durability .and ~damage tolerance of
composite structures. Establish a data base for current materials
v ' and assem-'- techniques, . and -develop materials : with better .
' impact/fatigue/crack growth characteristics. '

® Continue research in lightning prptection for composite wings with
. integral fuel tanks. ' . -

@ Continue tests of envirommental effects on bonded and composite
structure. .Accelerated environmental tests should be complemented .
with tests of in-service components. :

o EXpand development of automated composite mgnufacturing methods,
including cowponent layups and windings.

® Continue - development of inspection techniques for bonded and
composites components and- assemblies.

Systems

@ Develop lighter weight systems, includiny digital avionics, flat
panel displays, fiber optic data channels, and use of composites
in mechanical systems.

® Test the use of fluid-wetted porous leading edges for both insect
and ice protection on NLF wings. .

©®  Develop ride control system technologies, including sensor design,.
system response rates, and effective aerodvnamic devices for use
in combination with  advanced high 1ift system, ajlerons, and
elevators. System design ' studies  should be continued, -and
promising concepts could be tested at the NASA-dmes 7 x 10 £t wind
tunnel facility.
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