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FOREWORD

This report describes the work performed during 1978 by the Pratt &
Whitney Aircraft Group, Commercial Products Division, of United
Technologies Corporation, for the National Aeronautics and Space
Administration, Lewis Research Center, nnder Contract NAS3-20646, as
part of the Energy Efficient Engine Project. Mr. Neal T. Saunders is
the NASA Energy Efficient Engine Project Manager, with Mr. Raymond 8.
Colladay serving as NASA's Assistant Project Manager responsible for
this contract. Mr. Gerald Xraft 1is the NASA Project Engineer
responsible for monitoring the Propulsion System-Aircraft Integration
Evaluation (PS-AIE) portion of this contract, the subject of this
report.

The manager of the Energy Efficient Engine Project at Pratt & Whitney
Aircraft is Mr. W. B, Gardnmer.

This report was prepared by Mr. R. E. Owens, Pratt & Whitney Aircraft
Research Engineer responsible for the PS-AIE, with the assistance of
J.C. McCann, S.Tanrikut, D.R. Weisel and J.B. Wright,

Pratt & Whitney Aircraft was assisted in these evaluations by Boeing
Commercial Airplane Company, Douglas Aircraft Company, and Lockheed
California Company. Airframe company personnel responsible for this
work were Mr. Paul Johnson (Boeing), Mr.Ron Kawai (Douglas), and Mr.
Robert Tullis (Lockheed). Airframe company reports are included in the
appendicies.
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1.0 SUMMARY

NASA is sponsoring an Energy Efficient Engine Program that is intended
to develop and demonstrate an advanced technology base for a new
generation of more fuel-conservative engines for commercial transport
use. This report summarizes a portion of the effort conducted under
this program. The purposes of the Propulsion System-Aircraft
Integration Evaluation (PS-AIE) portion of the Energy Efficient Engine
program are to estimate the flight performance and operating economics
of future commercial transports utilizing the Energy Efficient Engine
and to assess the probability of meeting the NASA goals of at least
12% reduction in thrust specific fuel consumption (TSFC) and at least
5% reduction in direct operating costs (DOC), relative to the JT9D-7A
reference engine, while meeting FAR Part 36 (1978) noise requirements
and the proposed 1981 EPA exhaust emissions standards.

This report presents the results of the initial PS-AIE, in which Pratt
& Whitney Aircraft was assisted by Boeing, Douglas, and Lockheed.

o ENGINE CYCLE AND PERFORMANCE/WEIGHT/COST CHARACTERISTICS

The cycle and performance differences between Energy Efficient Engine
(EEE) wused in this study and the JTI9D-7A reference engine are
summarized in Table 1. The JT9D-7A, installed in the Boeing 747-200
short-duct nacelle, was chosen as the reference point because it is
the most widely used Pratt & Whitney Aircraft high bypass ratio
turbefan.

The cycle changes shown in Table 1 were combined with advanced
component technologies to produce a predicted thrust specific fuel
consumption advantage of 14.9 percent at maximum cruise thrust, 10,670
meters, Mach 0.8. Performance values shown in the table include
installation effects and isolated nacelle drag, but no customer bleed
or horsepower extraction. This predicted TSFC advantage clearly
surpasses the NASA goal of a 12 percent minimum reduction.

Total flight propulsion system weight of the Energy Efficient Engine
is estimated to be 1.7 percent heavier than the JT9D-7A/-200 reference
(scaled to equal cruise thrust). Price is predicted to be 0.7 percent
higher than the reference, while maintenance cost is expected to be
3.2 percent lower. The predicted increases in weight and price are due
primarily to the change from the very short duct -200 nacelle of the
reference engine to the long duct, mixed flow, Energy Efficient Engine
nacelle.

o AIRPLANE PERFORMANCE AND ECONOMICS

The advanced airplane configurations used by Boeing, Douglas, Lockheed
and Pratt & Whitney Aircrzft (P&WA) in the evaluation of the Energy

- L.



TABLE 1

CYCLE AND PERFORMANCE COMPARISON OF ENERGY EFFICIENT
ENGINE AND JT9D-7A ENGINE

SUMMARY
EEE JT9D-7A

Takeoff Thrust, N (1bf) 182,880 (41,115) 204,720 (46,025)
Turbine Rotor Inlet Temp, °C (°F)

Takeoff, +14°C (+259F) Day 1369 (2495) 1260 (2300)

Max Climb, +10°C (18°F) Day 1321 (2410) 1169 (2135)

Max Cruise, Std. Day 1206 (2205) 1088 (1990)
Overall Pressure Ratio 38.64 25.4b
Fan Bypass Ratio 6.518 5.1b
Fan Pressure Ratio 1.748 1.58b
Exhaust Type Mixed Separate

Max Cruise Installed Performance
(10,670 m (35,000 ft) Mn = 0.8)

Thrust, N (1bf) 43,260 (9726) 44,320 (9964)
TSFC, kg/hr/N (ibm/hr/1bf) 0.05874 (0.576) . 0.06904 (0.677)
-14.97% ’

Notes: (a) Aerodynamic Design Point, 10,670 m (35,000 ft), MN = 0.8
(b) 10,670 m (35,000 ft) MN = 0.8 Max. Cruise

Efficient Engine are defined in Table 2. These study airplanes were
chosen by each company as representative of the missions,
technologies, and sizes likely to be required for -early 1990's
introduction into service.

Each of the airplane manufacturers and Pratt & Whitney Aircraft
evaluated both the Energy Efficient Engine and the JT9D-7A reference¥
engine performance on design and typical missions. Figure 1 summarizes
the fuel burned advantage shown by Energy Efficient Engine over the
JT9D-7A in each airplane. The individual bars cover fuel burned for
both design and typical missions. These results correlate well with

*Douglas used the JT9D-20 engine for reference. This engine is the
same basic engine as the -7A, except adapted to the DC10-40 airplane.




TABLE 2
AIRPLANE DEFINITIONS

For Domestic Missions

BOEING DOUGLAS LOCKHEED P&WA
Type Twinjet Trijet Trijet Trijet
In Service Date 1990's 1990's 1990's 1990's
Design Range - km 3700 5560 5560 5560
(n.mi.) (2000) (3000) (3000) (3000)
Passengers 196 458 500 440
Cruise Speed - Mach No. 0.8 0.8 0.8 0.8

For Intercontinental Missions

DOUGLAS LOCKHEED P&WA
Type Trijet Quadjet Quadjet
In Service Date 1990's 1990's 1990's
Design Range - km 10190 12040 10190
(n.mi.) (5500) (6500) (5500)
Passengers 438 300 510
Cruise Speed - Mach No. 0.8 0.8 0.8

design fuel fraction, which is the total design fuel load (mission +
reserves) divided by design takeoff gross weight (TOGW). Average fuel
saving for the Energy Efficient Engine over JT9D-7A is 16.6 percent on
typical missions and 17.3 percent on design missions.

Airline operating economics were evaluated by Pratt & Whitney

Aircraft, using the NASA approved economic model for all
engine/airplane combinations. This model used 1977 dollars and assumed
fuel prices of 10.6¢/liter (40¢/gal) domestic and 11.9¢/liter
(45¢/gal) international. Direct operating cost reductions for the
Energy Efficient Engine relative to JT9D-9A are shown in Figure 2.
Since the primary advantage of the Energy Efficient Engine is reduced
fuel consumption, the trends in DOC are quite similar to the fuel
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Figure 1 Energy Efficient Engine Fuel Savings -- The average fuel

savings for all airplanes and missions considered is
17.0 percent.

burned trends. All airplanes show a DOC advantage greater than the
NASA goal of five percent (minimum) on design missioms, and all but
the Boeing twinjet surpass five percent on typical missions. Average
DOC reduction was 9.7 percent on design missions and 7.6 percent on
typical missions.

o NOISE

Boeing, Douglas, and Lockheed supplied Pratt & Whitney Aircraft with
FAR Part 36 noise flight conditions and airframe noise estimates for
their Energy Efficient Engine powered study airplanes. Pratt & Whitney
Aircraft defined an acoustic c¢onfiguration and evaluated total
airplane noise for each of these study airplames and for the two Pratt
& Whitney study airplanes. The results shown in Figure 3 indicate that
the Energy Efficient Engine is predicted to meet FAR Part 36 (1978)
noise limits in all study airplanes except the Boeing twinjet. In the
relatively small Boeing twinjet it is currently predicted to slightly
exceed the FAR Part 36 limit at takeoff, while meeting the approach
and sideline limits.




16 [~
1 {5000-6500 N.M.)
{3000) 10200-12050 KM
5560
12 - — DESIGN RANGE
DAC ——"—""___'_""I‘-
—" P S————
PERCENT 10~ {2000} | awaA
DOC 3700 e o ——— D/-\Cl
REDUCTION 4 [~ / !&WA" Lcc ~~
FROM 1
JTOD-7A
6 ) e PROGRAM GOAL (= 5%)
‘/ NN N N N SN ~ NN N N
“r ‘Bcac’
2 pones.
0 | 1 !
0.1 0.2 0.3 0.4

DESIGN FUEL WEIGHT
TOGW

FUEL WEIGHT FRACTION ~

Figure 2 Energy Efficient Engine D{)C Improvement -- The average
DOC improvement for all airplanes and  missions
considered 1is 8.5 percent, well above the NASA goal of 5
peircent improvement.

o EMISSIONS

The gaseous emissions estimates for the Energy Efficient Engine, shown
in the Table 3, include allowances for engine-to-engine variations as
well as deterioration and development margins. A comparison with the
NASA goal of meeting the proposed 1981 EPA exhaust emissions standards
shows that total unburned hydrocarbons (THC) and carbon monoxide (CO)
emissions are well below goal limits,the smoke number meets the goal
limit, and the oxides of nitrogen (NOx) emissions do not meet the goal
limit.

o GROWTH POTENTIAL

The Energy Efficient Engine was designed to have the potential for
thrust growth. To evaluate this potential, two specific growth steps
were defined. One was a 157 thrust increase accomplished by increasing
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study airplanes achieved the NASA goal of meeting FAR
Part 36 (1978) noise certification requirements.

overall and fan pressure ratio and rotor inlet temperature, while
preserving existing external nacelle lines. The second step provided a
25% thrust increase by increasing overall pressure ratio, rotor inlet
temperature and total airflow, requiring a larger nacelle. Evaluation
of these thrust growth strategies showed that growth can be achieved
with small impact on the performance and environmental goals of the
engine.

The larger growth step produces a 1.1% improvement in cruise TSFC over
the base Energy Efficient Engine, while increasing fan and jet noise
less: than 1 dB each. CO and THC exhaust emissions are decreased by 0.2
and .05 EPAP, respectively, while NOy emissions are increased by 1.0
EPAP.




TABLE 3

ESTIMATED EMISSIONS AND SMOKE CHARACTERISTICS

EEE ‘ GOAL (1981 EPA)
co 2.0 3.0 EPAP¥
THC 0.2 0.4 EPAP*
NO, 4.3 ‘ 3.0 EPAP*
Smoke No. 20 (Max) 20

*Environmental Protection Agency Parameter, lbm pollutant/1000 1bf
thrust/hr/cycle




2.0 INTRODUCTION

The National Aeronautics and Space Administration has  the
respousibility for advancing technology to improve the energy
efficiency of future commercial transport aircraft. One element of the
plan for meeting this responsibility is the Energy Efficient Engine
Program. The objective of this program is to develop and demonstrate
advanced turbofan engine component technologies for achieving the NASA
goals of at least a twelve percent reduction in thrust specific fuel
consumption (TSFC) and at least a five percent reduction in direct
operating cost,(DOC) compared with current commercial commercial
engines while meeting FAR Part 36 (1978) noise requirements and
proposed 1981 EPA exhaust emission standards. Pratt & Whitney Aircraft
is a major participant in the Energy Efficient Engine Program through
NASA Contract NAS3-20646, which covers a six~year duration (1978-83)
and is intended to develop an initial engine design and advance the
technology level for an engine that could be introduced into
commercial service in the early 1990's.

This report presents the results of the 1initial Propulsion
System-Aircraft Evaluation (PS-AIE) portion of the Energy Efficient
Engine program. The purposes of this evaluation, which took place
during the Energy Efficient Engine preliminary design task (Reference
1) in 1978, were to provide flight and economic performance estimates
~of future commercial transports using the current design of the Energy
Efficient Engine propulsion systems and to assess the probabilities of
meeting the NASA established goals for TSFC, DOC, noise, and

emissions. Three airframe manufacturers--Boeing Commercial Airplane :

Company (BCAC), Douglas Aircraft Company (DAC), and Lockheed
California Company (LCC)--assisted in the evaluation through
subcontracted efforts. The PS-AIE will be updated periodically during

the program as the results of the component development and testing
become available.

Specific items evaluated in the initial PS-AIE and covered in this
report include:

o Flight propulsion system (FPS) performance predictions (TSFC)
o FPS weight, price, maintenance cost estimates
o Definition of possible 1990's airplanes

o FPS/airplane integration effects and airplane fuel burned
estimates®

*Jith the Energy Efficient Engine and the JT9D-7A as a reference.




Predicted airline operating economics (DOC and ROI)
Total engine and airplane noise predictions

Exhaust emissions predictions

Growth potential of FPS and effects on performance

Probability of program goals achievement




3.0 EVALUATION PROCEDURE
The procedure followed in the initial PS-AIE is shown in Figure 4.

At the start of the evaluation Pratt & Whitney Aircraft and each of
the three airframe manufacturers individually defined aircraft that
would be suitable for introduction into commercial service in the
early 1990's, reflecting their projections of the market conditions
and technology levels that will prevail at that time. The definitions
included design and typical mission range, number of passengers,
design Mach number, configuration, and types and levels of advanced
technologies.

Concurrently, Pratt & Whitney Aircraft in consultation with NASA
defined an airline economic model for use in the evaluation. This
model included methods for calculating direct and indirect operating
costs (I0C), revenues, and return on investment. Fuel prices, labor
rates, year-dollars, and airplane pricing formulas were specified in
the model. The airplane definitions and economic model were approved
by NASA.

PROPULSION SYSTEM
ENERGY EFFICIENT AIRCRAFT INTEGRATION
s EVALUATION BOEING
o PREL IMINARY DOUGLAS
DESIGN & INTEGRATION
PEWA LOCKHEED
STUDIES l NASA
EVALUATION AIRCRAFT MISSION
GRAUND DEFINITIONS
(NAS3-20628) RULES |
ENERGY EFFICIENT l
TRANSPORT APPROVAL !
OPULSION/AIRFRAME I
.TﬁTEGRATION i PROPULSION X AIRCRAFT &
SYSTEM INSTALLATION
¢ AERO TECHNOLOGY EVALUATION | EVALUATION
eACTIVE CONTROLS l
\
INTEGRATED ‘
ENGINE -
ATRCRAFT
ACEE/
COMPOSITES EVALUATION |
PROGRAM |
REPORT APPROVAL
Figure & Propulsion System/Aircraft Integration Evaluation
Procedure -- This procedure provided reliable estimates

of the flight and economic performance of representative
1990's commercial aircraft  employing the  Energy
Efficient Engine as their flight propulsion system.
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Pratt & Whitney Aircraft, wusing computer simulations, produced
installed engine performances that covered the flight envelope for
both the Energy Efficient Engine and the reference JTI9D~7A engine. The
thrust and fuel flow simulations included the effects of isolated
nacelle drag, customer bleed, and horsepower extraction. Other
propulsion system characteristics—-engine and mnacelle weights,
dimensions, and costs--were calculated in a consistent manner for both
engines.

Since the PS-AIE and the engine preliminary design task were performed
simultaneously, engine characteristics were changing up to the end of
the PS-AIE. Because of the time required by the airframe manufacturers
to size their airplanes and to perform mission analyses, as well as
the time required to prepare a comprehensive engine performance data
package, the engine performance and characteristics Pratt & Whitney
Aireraft provided to the airframers had to be of an early version of
the engine.

Data for this early version-—-the STF505M-7C presented in the May 1978
data pack-—and for the JTI9D-7A engine were used by the airframe
manufacturers t» size and evaluate the performance of their advanced
airplanes and furnish Pratt & Whitney Aircraft with airplane data:
weights and dinensions, aerodynamics, fuel - burned on design and
typical missions, engine size, and flight conditions and airframe
noise ar FAR 36 noise measuring points. Design and typical mission
sensitivities to TSFC, propulsicn system weight, and ngcalle drag were
also provided.

In addition, the airframe manufacturers assisted in the preliminary
design of the nacelle and in establishing installation requirements
for the propulsion system.

Pratt & Whitney Aircraft combined flight propulsion system costs with
the airframe evaluations to determine airline operating costs--DOC,
I0C, ROI--for all study airplanes for both the Energy Efficient Engine
and the JT9D-7A. The NASA approved economic models were used for these
evaluations.

Pratt & Whitney Aircraft also calculated exhaust emissions and noise
for the Energy Efficient Engine and combined these with the
aircraft-alone noise supplied by the airframe manufacturer to
determine the total airplane noise for all study airplanes.

Using the data from the performance and environmental evaluations, the
overall probabilities of the flight propulsion system meeting NASA
program goals were assessed for TSFC, DOC, noise, and emissions.

The flight propulsion system described in this report represents the

status at the end of the initial engine preliminary design efforts --
engine model STF505M-7D. Since the earlier STF505M-7C version was used

11




in the evaluations by the airframers, it was necessary to adjust the
airplane performance results to reflect the difference in performance
and weight between the two models.

The cycles of the two engine versions were essentially the same. The
difference between the engines was that the earlier STF505M-7C had
assumed levels of component performance, duct losses, secondary flows,
weights, etc., while the STF505M-7D had values representing the status
at the end of the initial preliminary design effort. In some cases the
latter version had not achieved the values assumed in the earlier
version.

The net performance loss from the STF505M-7C to the STF505M-7D was
about +0.6 percent in cruise TSFC and -4 percent in takeoff and cruise
thrust. To determine the adjustment required to account for these
differences, Pratt & Whitney Aircraft ran airplane performance
analyses of both the STF505M-7C and the STF505M-7D engines in the
study airplanes used by Pratt & Whitney Aircraft for the domestic and
intercontinental missions at a variety of design and typical mission
distances, covering the range of missions considered. Adjustments to
such parameters as takeoff gross weight, fuel burned, and direct
operating cost for each airplane-mission combination were assessed in
this manner. The results shown in the main body of this report
represent STF505M-7D characteristics; however, the results in the
airframe manufacturer's reports in the appendices represent STF505M-7C
characteristics.

12




4.0 FLIGHT PROPULSION SYSTEM CHARACTERISTICS
4.1 CONFIGURATION DESCKIPTION

The Energy Efficient Engine Design used in this study is an advanced,
high bypass ratio, two spool turbofan engine with a full length
nacelle and a mixed exhaust. The design and principal features of this
engine are described in detail in Reference 1. A number of special
features of this engine are shown in the cross section in Figure 5.
Starting from the front, the 1.79 pressure ratio, 2.7 aspect ratio
(AR), 26 blade, shroudless, hollow titanium fan is followed by 30
integral strut-fan exit guide vanes (10 structural, 20 non-
structural). Fan blade containment is provided by a Kelvar wrap. The
four stage, low-pressure compressor counter—rotates with the 14:1
pressure ratio, ten stage high-pressure compressor. The overall
pressure ratio is 38.6:1.

Variable geometry is employed in the first four stages of the
high-pressure compressor, and external active clearance control is
employed on the remaining stages. The combustor is a two-stage annular
configuration which was designed for low emissions. A single-stage,
high rim speed high-pressure turbine is a key feature of the Energy
Efficient Engine design. This single-stage turbine, -employing
single-crystal alloy blades, was a major contributor to the 40 percent
overall reduction in the total number of engine airfoils, relative to
the . JI9D-7A. Both the high-pressure turbine and the four stage
counter-rotating low-pressure turbine have active clearance control
for tighter tip clearances at cruise.

The mixer is a short, scalloped, twelve-lobe design with a 0.5 L/D
mixing length. A full authority digital electronic control is used.

An installation sketch of the Energy Efficient Engine is shown in
Figure 6. Comparing this sketch with the JT9D-7A/200 imstallation in
Figure 7 shows the difference between the short duct nacelle of the
reference engine and the long duct mixed flow nacelle of the Energy
Efficient Engine.

Key features of the long duct nacelle are an integrated engine/nacelle
load sharing structure (which reduces rotor clearances and improves
engine performance retention by reducing engine deflections),
lightweight composite and honeycomb materials, acoustic treatment
throughout, a fan-stream thrust reverser with twelve replaceable
cascade racks, and core stream thrust spoiling by the mixer and
primary nozzle in reverse thrust operation.

The overall engine design = emphasizes mechanical  simplicity,
per formance retention, maintainability, and a reasonable development
risk, which, combined with the large fuel consumption benefit, results
in a commercially acceptable energy efficient engine.

13
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Energy Efficient Engine Cross Section -- The NASA
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Figure 6 Installation Sketch of STF505M-7D

4.2 CYCLE SELECTION

Selection of the Energy Efficient Engine cycle was based on extensive
cycle/configuration studies performed during the earlier Preliminary
Design and Integration Studies, Reference 3. Studies completed under
Task 1 of that contract were for initial configuration screening to
determine the most promising engine types for further study. Four
configurations were evaluated: two separate-exhaust configurations,
one  direct drive and one geared; and two mixed-exhaust configurations,
one direct drive and one geared. The cycle for each configuration was
based on work performed during an earlier NASA-sponsored program, the
Low Energy Consumption Program (Reference 3). Performance, DOC, noise,
and emissions estimates were cobtained for each configuration.

Each of the four configurations were further studied over a wide range
of cycle variations during Task II of Contract NAS3-20628. The range
of the cycle parameters studied was 33 to 45 overall compression ratio
(OPR), 11200 to 1290°¢ (20500 to 2360°F) rotor inlet
temperature (RIT), and 6 to 11 bypass ratio (BPR). Boeing, Douglas,
and Lockheed assisted in evaluating the fuel burned and DOC of
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Figure 7 The JI9D-7A/747-200 Installation Sketch =-- This engine
was chosen as the reference for the Energy Efficient
Engine because it 1is the most widely used Pratt &
Wnitney Aircraft high bypass ratio turbofan.

selected engines from this range--Pratt & Whitney Aircraft made a fuel
burned and DOC analysis for all the engines studied. The results of
Task II led to the selection of two mixed-flow engine configurations
for further evaluation in Task III.

During Task III, key areas of technical concern were investigated for
the mixed-exhaust configuration in direct drive and geared engines.
Both single and two stage high pressure turbine versions were studied.
Engine cycles representative of each configuration were chosen for
these studies. All configurations were 38.6 OPR and 1204°C
(2200°F) RIT. The direct-drive engines had a 1.74 fan pressure ratio
(FPR) and a 6.5 BPR; the geared engines, a 1.52 FPR and a 9.1 BPR.
Growth studies and performance/DOC risk studies were conducted for
each of the four configurations; sufficient preliminary design work
was completed to permit a feasibility evaluation and detailed
comparison of the various configurations.

This study effort resulted in the selection of the following cycle for
the Energy Efficient Engine: 38.6 BPR, 1204°C (2200°F) RIT, 1.74
FPR, and 6.55 BPR; direct drive, single~-stage HPT, mixed exhaust, The
selected OPR was the highest currently considered to be feasible from
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material and mechanical standpoints to obtain the lowest TSFC and fuel
burned, consistent with the need for OPR increase to 45:1 for thrust
growth. RIT was the optimum level for TSFC and slightly below the
optimum for fuel burned. Higher RIT resulted in a significant increase
in estimated DOC. The need for increases of up to 94°C (1709F) in
RIT for thrust growth was also considered. The FPR/BPR was selected
based on the optimum compromise between TSFC/fuel-burned and DOC.
Reducing FPR (increasing BPR) reduced TSFC and mission fuel burned,
but increased DOC.

The choice of direct drive was consistent with the FPR/BPR selection.
The single-stage high-pressure turbine (HPT) configuration offered a
simplified cooling system, requiring only two cooled rows for lower
maintenance cost and improved DOC, relative to a two~stage HPT
configuration. The selected mixed-exhaust system offered improvements
in installed performance and DOC, relative to a separate flow
configuration.

4.3 - CYCLES AND PERFORMANCE

Engine cycle parameters, component performance levels, and engine
overall performance are shown in Table 4a and Table 4b. Except for the
last two flight conditions in the table, all the engine performance
levels are for the uninstalled STF505M-7D engine (ideal inlet, =zero
nacelle drag, no customer air bleed or power extraction); the last two
flight conditions in the table represent typical noise points and are
fully installed with flight inlet, isolated nacelle drag, and typical
customer bleed and power extraction. The aerodynamic design point
(Table 4a) is used for component design and represents a typical
cruise altitude and Mach number at a power setting between maximum
cruise and maximum climb power., All cycle parameters are based on this
condition. Table 4a uses Standard International (SI) units, while 4b
is in English units.

A comparison of the Energy Efficient Engine (STF505M-7D) and the
JT9D-7A is presented in Table 5. The takeoff thrust size (uninstalled)
of the Energy Efficient Engine 1s somewhat less than that of the
JT9D-7A, and the cycle pressure ratio, RIT, BPR, and FPR are higher.
These cycle .differences combined with the superior component
technology and mixed~flow nacelle of the Energy Efficient Engine
resulted in an estimated 14.9 percent improvement in installed (flight
inlet, nacelle drag, but no customer bleed or power) cruise TSFC at
the 10,670 m (35,000 ft), Mach number of 0.8, maximum cruise condition.

The Energy Efficient Engine and the JT9D-7A4 engine are further
compared in Table 6. Net thrust, thrust specific fuel consumption, and
fan total corrected airflow are included in the comparison. The
performance levels 1in this table are fully 1installed including
customer blesed and power extraction, The performance data is
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Altitude (m)

Mach Number

Ambfant Temp.

inte’ Recovery 1%)
Powart Extraction {kW}
Custemer Bieed {Xg/sec)
Thrust {wscrag) (H)
Fuel Flow !{kg/hr)

TSFC (kg/hr/¥}

Rotor [nlet Temp. {9C)
Qverati Pressure Ratio
Bypass Ratio

Fan 40
‘/i\fe_/a kg/sec
PR

(%}
RPM

Fan ID and LPC
W\/ia_/a %q/sec
PR

1(¥)
e
N\/gla Kg/sec
R

(%)
R?M

durner

w\/e_/a kg/sec
AP/P
(%)
T
N\'T/P ~ kg/gec
{ OR/kH/me)

PR
1{X)
LT

WYT/P ~ kg/sec
{ OK/kit/mt)
PR

(%)

AP/P Trans Duct
AP/P TEGV
AP/2 Duct
AP/P Core Mixer
4P/P Duct Mixer
AP/P Tailpipe

% Mixing

tiozzle Gross Thrust
Coefficient

Orag (i}

Turbine Cooling and
Laakage Air (¥ WA Core)}

Aerodynamic

Design Point

10,568
0.80
Std. Day

100
0

0
47,372
2653
0.056
1225
38.6
6,51

3.7

5.6
91.5

0.015
0.009
0.006
0.0024
0,0013
0.0034
85

0,9958

15,95

TABLE 4 a

EEE PERFORMANCE SUMMARY

Maximum
Cruise

10,463

3.7

5.5
91.4

0.015
0.009
0.006
0.0024
0.0013
0.0034
85

0.9960

15.95

(ST Units)
Haxtmum
Ctimb Tareoff
10,668 Sea Level
0.20 Static
Std. Day  Std. Day+13.99¢
100 100
0 0
] ]
50,672 162,880
2855 5133
0.056 0.024
1257 136
40.5 30.2
5.37 7.0
524 341.6
1.79 1.57
87,1 £8.2
741 3626
§7.9 77.1
2.85 2,36
90.2 1.5
20,3 37.2
14.20 12.80
38.0 38.9
12,473 13,006
3.58 3.58
0.355 0.055
99,95 99,95
0.94 0.94
4.0 4.0
88.2 88.2
3.7 3.7
5.7 4.9
31.6 20.2
0,015 0.015
0.0094 0.0066
0.005% 0.0054
0.,0025 0.0019
0.0018 0.0017
0.0034 0.0029
85 85
0.9953 0.990
0 0
15.95 15.45

Maximum
Climb

5,705
0.700

Std. Day+10°C
éOD

Q
70,216
4104
0.058
1341
34.5
6,88

12,801

3.5
0.055
99,95

0.94

4.03
37.3

5.37
90.2

0.015
0.0083
4.6061
0.0022
0.0018
0,0032
85

0.996

15.45

85%
Hax imum
Cruise

10,668

3.8

5,33
9L.0

0.015
€.0080
0.0062
0.0022
0.0013
0.0031
35

0.996

15.95

Typical Typical
Takeoff Approach
365.8 120
0.245 0.208
Std, Day+109C Std. Day+100C
99.65 99.65
12.6 112.6
.193 1.202
131,973 37,208
5857 1795
0.044 9.048
1348 9139
29.1 11.9
7.10 9.39
538 350
1.54 1.16
83.0 87.0
3565 2219
75.8 37.3
2.31 1.43
90.5 85.6
37.2 21.5
12.6 8.33
28.3 26.4
12,908 11,251
3.6 3.77
0.955 0.061
99.95 99,95
0.94 0.945
4.0 3.95
37.3 87.6
N7 3.7
4.86 2,85
90.0 84.5
0.015 0.015
.0065 0.0016
0.0056 0.0034
0.0018 0.0005
0.0017 0.0012
0.0030 0.0015
85 85
0.9306 0.9935
739 565 <
15.45 15.45
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Altitude {ft)

Mach Number

Ambient Temp.

Intet Recovery (%)
Power Sxtraction {hp)
Customer 8leed {lbm/sec}
Thrust {w/drag) {Ibf}
Fuei Flow (lbm/hr)
TSFC ( Ibm/hr/1bf)
Rotor Inlet Temp. (OF)
Qverall Pressure Ratio
Bypass Ratio

Fan 00
N\F}a

(")
R

Ibm/sec

Fan i0 and LPC
wVers
PR

%)
HeC
we/s
PR

(%)
’PM

Ibm/sec

ibm/sec

Burner

H‘[B_/a
ap/p
(%)

HPT

:J\J_}7 ~ ”Jm/Seté)

{ OR/ibf/in.
PR

1(4)
wr

ibm/sec

T/P ~ Ibm!seté
{ OR/Ibf/in.¢)
PR
2({%)

AP/P Trans Duct

ap/p TEGV

ap/P Duct

ap/P Core Mixer

aP/P Duct Mixer

AP/P Tailpipe
% Mixing

Nozzle Gross Thrust
Coefficient

Orag (Ibf)

Turbine Coo!ling and
Leakage Air (% WA Core)

ORrig

TABLE 4 b

EEE PERFORMANCE SUMMARY
(STF505M-7D)
(English Units)

85%

Aerodynamic ~ax imum Max imum Max imum Maximum  Typical
Design Point Cruise Climb Takeoff Climb Cruise Takeoff
35,000 35,000 35,000 Sea Leve! 22,000 35,000 1200
0,80 0.80 0.80 Static 9. 7 0.800 0.245
Std. Day Std. Day Std. Bay Std. Day +250F Std Day+189F Std. Cay Std. Day+189F
100 100 100 100 100 100 99.65
0 0 0 9 0 0 151
0 0 0 0 .63
10,550 10,211 ll 392 41,115 15,786 8679 29,670
5860 3620 6295 13,521 9047 4303 12,916
0.55 0,55 0.55 0.18 0.57 0.55 0.44
2238 2203 2295 2495 2446 2081 2457
38.6 37.4 40,5 30.2 34,5 33.5 29.1

6.51 8.59 6.37 7.0 6.88 6.91 7.10
1352 1338 1375 1194 1297.5 1286,§ 1187
1.74 171 1.79 1.57 1.65 1.61 1.54
87.3 87.3 87.1 88.2 87.5 £6.9 88.0
3660 3614 3741 3626 3710 3444 3565
207.7 203.1 215.8 170 188.6 186.3 167.2
2.75 2.70 2,85 2,36 2.59 2.51 2.31
89.3 89.5 £9.0 9.5 90.2 §59.8 9.5
38.1 37.5 88.9 82.0 84 85.3 92.0
14.0 13.85 14,2 12.8 13.3 13.3 12.6
88.2 88.3 88.0 38.9 88.4 88.7 88.3
12,362 12,291 12,473 13,006 12,801 12,048 12,505
7.9 7.9 7.9 7.9 7.9 8.0 7.9
0.055 0.055 0.055 0.055 0.055 0.056 0.055
99.95 99.95 99.95 99.95 99.95 99.95 99.95
19.1 19.1 19.1 19,1 19.1 19.1 19.1

4.0 4.0 4.0 4.0 4,03 4,05 4.03
88.2 88.2 88.2 87.3 87.3 88.2 87.3
76.3 76.3 76.1 76.4 76.4 76.6 76.5
5.6 5.5 5.7 4.9 5.37 5.33 4.86
91.5 91.4 91.6 90,2 90.3 91.0 90.0
0.015 0.015 0.015 0.015 0.015 0.015 0.015
0.009 0.009 0.0094 0.0066 0.0083 0.0080 0.0065
0.006 0.006 0.0059 0.0054 0.0061 0.0062 0.0056
0.0024 0.0024 0.0025 0.0019 0.0022 0.0022 0.0018
0.0018 0.0018 0.0018 0.0017 0.0018 0.0018 0.0017
0.0034 0.0034 0.0034 0.0029 0.0032 0.0031 0.0030
85 85 85 85 85 85 85
0.9958 0.9960 0.9955 0.990 0.996 0.996 0.9906
0 1] 0 0 0 [¢] 166
15,95 15,95 15,95 15.45 15,45 15,95 15.45

Typical
Approach

394.0

0.208

Std. Day+189F
99.65

151

2.65

3365

3959

0,47
1683

9.39

50,7
8.33
86.4
11,251

8.32
0,061
99.95

19.2

3.95
87.6

751

2.65
84,5

0.015
0.0016
0.0034
0.0005
0.0012
0.0015
85

0,9933



TABLE 5

SUMMARY COMPARISON OF EEE AND JT9D-7A ENGINE

EEE JTSD-7A
(STF505M-7D)
Takeoff Thrust, N (1bf) 182,880 (41,115) 204,720 (46,025)
Turbine Rotor Inlat Iemp, °C (°9F)
Takeoff, +14°C (+25°F) Day 1369 (2495) 1260 (2300)
Max Climb, +10°C (18°F) Day 1321 (2410) 1169 (2135)
Max Cruise, Std. Day 1206 (2205) 1088 (1990)
Overall Pressure Ratio 38.6% 15.4%%
Fan Bypass Ratio 6.51% S.1x%
Fan Pressure Ratio 1.74% 1.58%%
Exhaust Type Mixed Separate
(B747-200)

Max Cruise Installed
10,670m (35,000 £t) Mn = (.8

TSFC, kg/hr/N (lbm/hr/1bf) 0.05874 (0.576) 0.06904 (0.677)
' A 4,97 —

*Aero Design Point )
*%10,670 m (35,000 ft) Mn = 0.8, Max. Cruise

representative of airplane mission and economic studies. As the
comparison shows, the STF505M~7D has a significantly better specific
fuel consumption than the JT9D-7A engine for a wide range of altitudes
at higher power settings. However, because of the different off-design
characteristics of mixed flow and separated-flow engines, this
advantage diminishes at idle descent and becomes a penalty at the
lower altitudes.

The thrust comparison shows an even greater difference. The STF505M-7D
has power ratings that result in a greater maximum climb and maximum
cruise thrust, relative to takeoff thrust, than the JT9D-7A. When both
engines are scaled to the same takeoff thrust, the STF505M-7D has
about four percent more climb thrust than the JT9D-7A at 6100 m
(20,000 ft) at a Mach number of 0.7 and about 17 percent higher climb
thrust at 10,670 m (35,000) at a Mach number of 0.8. The cruise thrust
of the STF505M-7D is about seven percent higher than that of the
JT9D-7A at 10,670 m/Mn 0.8, and about three percent higher at 13,720 m
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TABLE 6
PERFORMANCE COMPARISON OF THE BASE SIZE EEE AND JT9D-7A
FULLY INSTALLED WITH BLEED AND POWER EXTRACTION
STANDARD DAY

REE (STF505M-7D) Relative to

Altitude JTI9D-7A % Difference

M (ft) Mn Power Setting Fnt TSFC W/ total
0 . (0) 0.0 Takeoff -12.0 -10.2 -12.3
6100 (20000) 0.7 Max Climb - 8.7 -12.2 . =12.5
10670 (35000) 0.8 Max Climb + 3.4  -14.9 - -8.3
10670 (35000} 0.8 Max Cruise - 5.7 -14.1 -10.9
13720 (45000) 0.8 Max Cruise - 8.3 -12.8 -11.8
6100% {20000) 0.7 Idle +74.1 -64 .4 ~12.8
0 (0) 0.2 Idle -55,2  +51.2 + 1.3

*Fnt and T3FC are negative at 0.7 idle conditionj; 3TF 505M-7D has 74.1%
more negative thrust and 64.47 less negative TSFC at this condition.,

(45,000 ft) and a Mach number of 0.8. These rating differences improve
the mission performance of the STF505M~7D engine. For example, if the
engines were sized for climb or cruise, the required engine size and
weight would be reduced. If the engines were sized for takeoff, the
STF505M-7D would have had an improved time-to-climb and would have
used less climb fuel.

Idle descent is another area of improved performance for the
STF505M~-7D engine. The off-design operating characteristics of the
mixed-flow configuration combined with the idle ratings of the
STF505M~7D result in a significant improvement in descent and taxi
fuel consumed, even at those flight conditions where the idle descent
TSFC of the STF505M-7D is worse.

4.4 ENGINE WEIGHT, PRICE, AND MAINTENANCE COST

4.4.1 Methodology

The methods employed for estimating price, weight, and maintenance
cost are the same as used by Pratt & Whitney Aircraft on all study
engines. These methods utilize detailed analyses of each component
rather than simplistic statistical regressions.
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Weight and price scaling techniques were used extensively. The scaling
techniques are the result of past studies in which engines and
nacelles were evaluated in several thrust sizes. The scaling studies
were performed in sufficient detail in determine the effects of size
on individual major parts and components. Total weight or cost
represents the summation of the individual components.

4.4.1.1 Weight Estimating

Engine weight was estimated by analytical techniques that utilized
computer programs for an accurate weight analysis; statistical
procedures were not employed. The weight of each component was
estimated in detail as the layout evolved.

Trade studies were also carried out to ensure that minimum weight
configurations were considered and incorporated into the final engine
definition where practical. Advanced technology items that influenced
weight in such programs as the JT10D and Variable Stream Control
Engine were evaluated for the Energy Efficient Engine and were
incorporated into the design and weight estimate procedure, thus
providing aggressive weight estimates that have a high degree of
credibility and technical substantiation.

Nacelle weight was estimated by scaling similar components of existing
nacelles to Energy Efficient Engine size and then adjusting the scaled
weights to account for the use of advanced materials. Aggressive use
of composites and titanium in the nacelle allowed weight reductions of
18 percent in the inlet, 27 percent in the fan cowl, and ten percent
in the fan reverser and core cowl, compared with conventional metal
construction.

Component weight breakdown of the STF505M~7D is shown in Table 7.
Included for comparison are the bare engine, nacelle, and total
weights assumed for the STF505M-7C at the beginning of the preliminary
design--these weights were used by airplane manufacturers in their
evaluations.

4.4.1.2 Price Estimating

The engine and spare part prices of the STF505M-7D model were
established based on production cost-estimating procedures. A
bill-of-materials was generated from design layouts of major parts
that represented over 90 percent of the total engine cost.

Cost was first approximated by computer programs that operate on a
library of components of reference engines. Similar components were
scaled to the STF505M-7D flowpath and adjusted for number of parts,
the material and labor cost of each element being analyzed separately.
The many wunique features of the Energy Efficient Engine design
required an in-depth evaluation of many parts.
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An extensive data base was

TABLE 7

ENERGY EFFICIENT ENGINE WEIGHT BREAKDOWN

Comgonent

Fan

LEC

Intermediate/Fan Discharge
HEC

Diffuser/Burner

HPT

LPT

Mixer/Plug
Controls/Accessories

Total Bare Engine*
Inlet

Fan Cowl

Fan Reverser/Core Cowl
Tailpipe

Total Nacelle®

Total Flight Propulsion System¥*

*STF505M-7C levels were:

Bare Engine
Nacelle
Flight Propulsion System

cost correlations and scaling relationships,

available

STF505M-7D Weight

kg

821
218
354
345
304
376
898
118
300

3734
277

88
796

125

5020

3652
1265
4917

(1lbm)

(1810)
(480)
(780)
(760)
(670)
(830)
(1980)
(260)
(660)

(8230)
(610)
(195)
(1755)
275)

(2835)

(11065)

(8050)
(2785)
(10835)

for the detail evaluations,
including both production and development engine part costs, material

and trade studies from

other programs. Materials and manufacturing specialists from Pratt &
Whitney Aircraft and from vendors were consulted when determining
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costs of unique processes and configurations, such as superplastic
forming and diffusion bonding of the hollow fan blades and
intermediate case struts. Advanced materials and manufacturing methods
were evaluated by utilizing the Pratt & Whitney Aircraft Materials
Engineering Research Laboratory and Manufacturing Research and
Development Groups.

The engine cost estimates were reviewed by making detail comparisons
with other engines. Differences between Energy Efficient Engine
configurations and JT10D and JT9D configurations were analyzed to
ensure that costs were reasonable.

The total estimated cost of the Energy Efficient Engine 1is a realistic
manufacturing cost based on JT9D~-7A production quantities. The changes
in configuration evolving during the subsequent detailed design and
development of the engine will be adjusted for by a design and
development allowance based on trends of past programs.

Direct Operating Cost and Maintenance Cost required selling price
rather than production cost levels. Therefore, the Financial
Department generated the 1977 budgetary and planning prices. The
pricing method used for the STF505-7D was consistent with that used
for the JT9D-7A. A breakdown of the price of the Energy Efficient
Engine by major component is shown in Table 8.

Nacelle price was estimated on a constant price per unit weight for
both engines.

In addition to estimates for determining engine status, many trade
studies were performed to ensure that applicable cost reduction

proposals were incorporated.

4.,4.1.3 Maintenance Cost Estimating

A comprehensive analysis was performed to estimate maintenance cost of
the STF505M-7D engine. Maintenance cost includes cost of maintenance
material, labor, and outside repair.

Outside repair cost is the cost for repairs not normally accomplished
in the airline's repair shop; in this analysis these charges are
included in the 1labor costs. All costs are for a mature engine
expressed in 1977 dollars and represent a 15 year cumulative average
for a fleet of aircraft introduced into service at the same time
(block feed). A full burdened labor rate of $29.00 per manhour was
used to convert manhours to dollars. Estimates were made for both
intercontinental and domestic missions.

To establish a '"hardpoint" base for maintenance cost studies, the
maintenance cost of a mature JTI9D-7A engine was established; the
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maintenance cost of the Energy Efficient Engine was evaluated against
this base. A breakdown of maintenance costs of Energy Efficient Engine
is shown in Table 8.

TABLE 8

EEE (STF505M-7D) PRICE AND MAINTENANCE COST
COMPONENT BREAKDOWN

Price Maintenance Cost
Fan ~ 14.5% 10.5%
LPC 5.5% 4.0%
Intermediate/Fan Discharge 9.0% 1.5%
HPC 11.5% 11.07%
Diffuser/Burner 7.5% 10.0%
HPT 10.5% 21.0%
LPT 25.5% 26.0%
Mixer/Plug 3.0% 0.5%
Controls/Accessories 10.5% 5.5%
Assembly, Test, and Line Maint. 2.5% 10.0%

Total 100.0% 100.0%

A preliminary analysis of nacelle maintenance cost performed in
support of the accessory location study indicated that an Energy
Efficient Engine type nacelle design could have an advantage over a
JT9D-7A/~-200 type installation in labor costs. This advantage would be
partially offset by the lower mean time between repair of the Energy
Efficient Engine relative to the JT9D-7A. For the purposes of airplane
economics comparisons, the Energy Efficient Engine and JT9D-7A/-200
nacelle maintenance costs were assumed to be equal,

Maintenance Material Cost

The maintenance material cost (MMC) estimates were obtained from a
computer program that simulated the operation and maintenance of a
fleet of engines over a 15 year period. Approximately fifty groups of
parts (highest MMC contributors) were modelled interactively by means
of a Monte Carlo simulation. Mature scrap lives, module mean time
between repair, and part prices provided the major input from which a
15 year cumulative average MMC estimate was derived. In addition to
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the fifty groups of parts, the MMC of disks (prorated over 15 years)
and of miscellaneous parts (those not modelled individually) were
added to obtain the total MMC estimate.

Mature JT9D-7A part scrap and repair 1lives were obtained by
extrapolating field experience. The current experience positions were
derived from the analysis of spare-part sales records, data obtained
from various JT9D operators, and other sources within Pratt & Whitney
Aircraft. The JT9D positions were used as a base for extrapolation to
the Energy Efficient Engine lives, considering changes in design,
advanced technologies, operating environment, and part repairability.

Spare part prices for both the mature JT9D-7A and STF505M-7 models,
provided by the P&WA Financial Department, were based on production
cost estimates. The pricing method was consistent for both engines and
was based on 1977 dollars.

Maintenance Labor Cost Model

The maintenance labor cost (MLC) analysis covered maintenance
performed on the flight line, in the operators shop, and on parts sent
to a repair vendor. Manhours per repair and mean time between repair
were estimated for each of the major sections (modules) of the engine.
The maintenance labor cost in terms of manhours per engine flight hour
was calculated by dividing the manhours per repair for each section by
its mean time between repairs. The manhours per engine flight hour for
the complete engine was obtained by summing the manhours per engine
flight hour for the individual sections and adding estimated value for
line maintenance separately.

The manhours per repair were derived through a comparative analysis of
the projected mature JT9D-7A engine manhours. The manhours per repair
for the JT9D-7A base was a detailed model in which manhours for module
repairs was broken down into module disassembly/inspect/assembly and
repair of major part types such as blades, vanes, outer air seals,
etc. The manhours per Energy Efficient Engine repair estimates were
generated from the mature JTID model. Differences in engine design,
operating environment, materials, size, etc. were taken into account
in estimating the mahours.

Estimates of mean time between repairs were also made at the module
level. These estimates (Table 9) reflected the total module repair
rate independent of what module or part caused the shop visit. As was
the case for the manhours per repair, a comparative analysis was
performed using the mature JT9D-7A as a base. Differences in the
engine design and operating temperatures, pressures, and speeds were
taken into account in estimating the module mean time between repairs
for the Energy Efficient Engine. -
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TABLE 9

EEE MEAN TIME BETWEEN REPAIR BY MODULE

Module STF505M~7D
MTBR (hr)

Fan 4400

LPC 6100 )
HPC 5400
Diffuser 7500

Burner ! 2750

HPT 2750

LPT 5000

All Causes 2300

4.4,2 Weight, Cost, and Maintenance Cost Comparison With the
Reference Engine

The status of the Energy Efficient Engine (STF305M-7D) weight, price,
and maintenance cost estimates at the end of the preliminary design
phase 1is compared with the JT9D-7A reference engine in Table 10. The
Energy Efficient Engine configuration provides reductions in
bare-engine weight, price, and maintenance cost as a result of the
mechanical  simplicity  achieved  with advanced materials and
manufacturing technology and with increased rotor speeds, high
aerodynamic loadings, and advanced engine controls technology. Prime
contributors to these benefits are the single~stage high-pressure
turbine, the forty percent reduction in the number of engine airfoils,
light-weight composite fan containment, full authority electronic
control system, and the five bearing rotor support system located in
two bearing compartments with two support frames. Although the nacelle
design makes aggressive use of advanced materials, the change from the
very short-duct, -200 nacelle to the long~duct mixed-flow nacelle
increased total nacelle weight and price. Previous studies (NASA
CR-135396, Reference 1 ) indicated, however, that these nacelle
weight and price. increases are more than offset in terms of fuel
burned and DOC by the performance improvements offered by forced
mixing of the exhausts. Nacelle maintenance costs were assumed to be
equal for the purposes of this evaluation.
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Weight
Bare Engine
Nacelle
Total

Price
Bare Engine
Nacelle
Total

Maintenance Cost

TABLE 10

AT

COMPARISON OF JT9D~-7A AND EEE

~7A%

JT9D

Base
Base
Base

Base
Base
Base

Base

EEE (STFS05M-7D) (%)

*Scaled to STF505M~7D max. cruise thrust @ 10,670 m, M 0.8 (43.26 kN

(9726 1bf))




5.0 AIRFRAME EVALUATION
5.1 ATRCRAFT AND MISSION SELECTION

Each of the airframe manufacturers--Boeing, Douglas, Lockheed-- as
well as Pratt & Whitney Aircraft, recommended one domestic and one
intercontinental range aircraft for use in the Propulsion System-~
Aircraft Evaluation (PS-AIE), each aircraft being suitable for early
1990's 1introduction into service. These aircraft and their mission
definitions are described in the following sections, including the
technology assumptions and marketing rationale used in their selection.

5.1.1 Boeing Aircraft & Mission Selection

5.1.1.1 Market Considerations and Design Constraints

Examination of the market situation indicated that airline
requirements in the 1990's will be similar to those existing today.
This prediction assumes that the air traveling community of the 1990's
will. be approximately the same percentage of the total population as
today, with a small annual growth rate of four to six percent. Air
cargo growth should be similar unless a large dedicated air freighter
is developed, which might increase the growth rate.

The major airlines probably will retire many of the current
narrow-body aircraft by the late 1980's. These aircraft include about
750 intercontinental range 707 and DC8 series airplanes, and over one
thousand 727 domestic range airplanes. Therefore, barring unforeseen
developments, a market should exist in the late 1980's for a large
number of 180-220 passenger aircraft with domestic or intercontinental
range capability. Accordingly, the design mission and sizing
constraint selected for the Energy Efficient Engine study are shown in
Table 11.

Boeing chose to concentrate on one airplane, examining only a domestic
twinjet with wing mounted engines.

The takeoff field length of 1830 m (6000 ft) at sea level, 29°C
(84°F), was chosen to approximate a hot day, reduced-range mission
takeoff from Denver.

Since passengers have shown a preference for double-aisle seating, a
wide body with a seven abreast, two aisle seating arrangement was
chosen. = The fuselage determined by this seating arrangement
accommodates 17 LD-13 containers side by side in the cargo compartment.
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TABLE 11

BOEING AIRCRAFT MISSION AND SIZING CRITERIA

Design Range, km (n.mi.) 3706 (2000)
Passengers, 15/85 split 196

Cruise Mach No. 0.80

Takeoff Field Length 2286 (7500)
Approach Velocity, m/s (kts) 64 (125)
Initial Cruise Alt., m (ft) 10,058 (33,000)

Tyopical Mission for Economic Evaluation:

Range, km (n.mi.) 1853 (1000)
Passengers, (55% load factor) 108
Cruise Mach No. 0.80

5.1.1.2 Advanced Technology Features

Each technology area was reviewed and advanced technology features
were identified as being available for a 1986 program start and an
early 1990's inservice date. These features are discussed below.

Advanced aerodynamic features included: improved wing/airfoil design,
wing/nacelle/strut design for minimum interference, and tailoring of
the empennage to the wing-body flowfield. These features reduced
cruise drag by two percent. In addition, the low speed (takeoff and
landing) lift/drag was increased five percent through incorporation of
sealed leading edge flaps, seals between nacelle struts and lateral
edges of leading edge flaps, and aileron droop.

Advanced structural features depended on use of advanced aluminum
alloys, high strength titanium, and composites, as shown in Figure 8.

Advanced flight control technology features incorporated in the
airplane design were all-axes  handling qualities stability
augmentation systems, all flying tail, and double-hinged control
surfaces.

Systems technology advancements applied to the design consisted of
cabin air reconstitution and recirculation, integration of anti-icing
with environmental control system, carbon brakes, and limited slip
braking system. ‘ ; , -
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CURRENT
TECHNOLOGY NEW TECHNOLOGY
MATERIAL MATERIAL STRUCTURAL WEIGHT SAVING
COMPONENT % OF
COMPONEMT
WEIGHT
STANDARD ADVANCED ®WING BOX 6%
ALUMINUM ALUMINUM ® FUSELAGE 4%
ALLOYS ALLOYS ®EMPENNAGE %
(CURRENT 747) BOX
CONVENTIONAL ADVANCED #CONTROL 25%
ALUMINUM COMPOSITE SURFACES
CONSTRUCTION STRUCTURE SLANDING GEAR
(GRAPHITE) DOORS
CARBON ®MAIN LANDING 40%
GEAR BRAKES
TITANIUM ®LANDING GEAR ‘
FITTINGS SUPPORT 20%
®SIDE OF BODY RIB
®EMPENNAGE
BODY ATTACH
@ENGINE STRUT
ATTACH
®FLAP SUPPORT
Figure 8 Boeing  Advanced Airframe Structures ==  Advanced

structural features in the Boeing airplane include

advanced aluminum alloys, high strength titanium, and
composites.

5.1.1.3 Aircraft Design Point Selection

Wing loading and thrust loading were chosen to minimize takeoff gross
weight and block fuel, with the 1830 m (6000 ft) takeoff field length
requirement limiting both parameters.

A configuration drawing of the Boeing aircraft is shown in Figure 9.

5.1.2 Douglas Aircraft and Mission Selection

5.1.2.1 Market Considerations and Design Constraints

Normal development and traffic growth trends indicate that a growth
airplane (450 to 500 passengers) program is the most likely new
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Boeing Airplane -- Boeing chose to concentrate on one
airplane, a domestiec twinjet with wing-mounted engines.



program to be initiated in the 1990's. Although an all new airplane is
possible, an improved-technology derivative of a current wide~body
transport is more likely. This growth airplane would probably have
both a domestic and an intercontinental version, similar to the DC10
series.

A new aircraft is clearly needed to replace DC8's and 707's in
domestic operations. But this need is expected to be fulfilled by the
DCX-200 and/or 7X7 aircraft, which should be at their production peak
in the mid to late 1980's. A replacement for these aircraft would not,
therefore, be required in the early 1990's.

Similarly, the current wide~body transports should continue in
production through the 1980's, with stretched versions based on the
current wing being introduced in the early 1980's. If there were to be
a technical breakthrough in 1laminar flow technology in the early
1980's, an airplane sized to replace the existing wide-body fleet
would be a logical development since this fleet would be the largest
user of aviation fuel. Such a high technology airplane would then be
available for the 1990-1995's.

Assuming these marketing projections and that aircraft development
will proceed along normal lines without a major technical
breakthrough, Douglas based its airplanes on a DCl0 trijet derivative
with a stretched fuselage and an all new wing. Aircraft sizing and
mission criteria are presented in Table 12.

Although the domestic and intercontinental airplanes have different
thrust requirements, they are externally similar, having the same
wing, fuselage, and empennage. However, the interior arrangements are
different. The domestic airplane has a lower galley, allowing more
seating but less cargo space (40 vs. 50 LD-3 containers) than the
upper galley interior configuration of the intercontinental airplane.
Fuselage diameter is the same as on current DCl0 series aircraft, but
the length of the fuselaqe has been stretched 18.4 m (60 ft).

5.1.2.2 Advanced Technology Features

A review of technology areas indicated that the advanced technology
features described below would be available for 1990's application.

Advanced aerodynamic features included a thick supercritical high
aspect ratio wing, winglets, and an advanced high 1ift system. The
advantages of a supercritical wing of increased thickness, such as now
flying on the YC-15, include lower weight, reduced drag, and improved
CL buffet. Increasing wing aspect ratio from the current levels of 6
to 8-1/2 to 10 to 12 reduces induced drag, leading to reductions in
engine size and fuel consumption. Winglet design technology, while not
ready for the next generation of aircraft, should be sufficiently
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TABLE 12

DOUGLAS AIRCRAFT MISSION AND SIZING CRITERIA

Domestic Intercontinental
Airplane Airplane
Design Range, km (n.mi.) 5560 (3000) 10190 (5500)
Passengers, 10/90 split 458 438
Cruise Mach No. 0.80 0.80
Takeoff Field Length, m (ft) 2440 (8000) 3350 (11000)
Approach Velocity, m/sec (kts) 67 (130) 69 (135)
Initial Cruise Alt., m (ft) 10060 (33000) 9450 (31000)

Typical Mission for Economic Evaluation:

Range, km (n.mi.) 1850 (10007 2780 (1500)
Passengers (60% load factor) 275 263
Cruise Mach No. 0.80 0.80

advanced for inclusion in an early 1990's airplane. The advanced high
1ift system, consisting of a variable camber Krueger leading edge flap
and a translating two segment trailing edge £flap, will provide
improved CL max and lift/drag. These improvements permit reductions in
wing and engine size, and reduce approach noise.

Composite materials should be ready for application in the next
generation of transport aircraft, and would be used in such areas as
control surfaces, £floor beams, fairings, and landing gear doors.
Design, fabrication and repair techniques should have advanced by the
early 1990's to allow applications to be expanded to provide
essentially fully composite wings and empennage. The fuselage pressure
shell, however, should still be of metal construction. The advantages
of composites include significant weight reductions and the potential
of reducing airplane price.

In the area of advanced controls, a longitudinal stability

augmentation system would be incorporated to reduce empennage area and

trim drag. Active controls would also be wused for -  wing load
alleviation.
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Advanced systems features would include digital avioniecs, reduced
bleed requirement air conditioning, advanced APU, advanced cockpit
displays, and flight performance management systems.

5.1.2.3 Aircraft Design Point Selection

Wing area, common to the two airplanes, was set by the 1.3g buffet
margin at the 9450 m (31,000 ft) initial cruise altitude requirement
of the intercontinental aircraft. Thrust loadings for both airplanes
were determined by the design takeoff field requirements.

General arrangement drawings for the two Douglas airplanes are
presented in Figure 10 and Figure 1ll.

5.1.3 Lockheed Aircraft and Mission Selection

5.1.3.1 Market Considerations and Design Constraints

Lockheed used market projections to the year 2000 to establish total
world=-traffic demand (Figure 12). Range requirements for both domestic
and intercontinental airplane designs were established from studies of
traffic distribution patterns. Combining the world traffic forecast
with traffic distribution provided an estimate of the number of
aircraft that would be requirad to accommodate the market (Figure 13 ).
From these data, the aircraft design range was established as 5600 km
(3000 n.mi.) for domestic mission and 12,000 km (6500 n.mi.) for the
intercontinentzl mission. These design ranges  encompass all
domestic routes and 93 percent of the total 1long range traffic
projected for the year 2000.

The payload capability for both the domestic and intercontinental
missions was selected as 500 passengers in a nine abreast, all tourist
configuration. The choice was based on considerations of seat mile
costs, airport congestion, scheduling flexibility, frequency of
service, and number of aircraft required.

Market projections and airline preference indicated a cruise speed of
Mach 0.85, especially for the longer range mission. Previous studies
by Lockheed, however, showed that in a high fuel cost environment the
lowest operating costs and optimum fuel utilization are attained at a
cruise speed of Mach 0.8. In keeping with the fuel conservation
aspects of Energy Efficient Engine program, a cruise speed of Mach 0.8
was selected. A summary of the mission and aircraft design criteria is
presented in Table 13.

A three-engine configuration similar to the L1011 was chosen for the
domestic airplane. A configuration with four wing-mounted. engines was
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1975 - 1990
AVG. ANNUAL

1990 - 2000
AVG. ANNUAL

MARKET 1975* 1990 GROWTH RATE 2000 GROWTH RATE
NO. AMERICA-EUROPE 16,986 34979 49% 51,777 4,0%
EUROPE-ASIA/QCEANIA 4,071 15,864 9.5 28410 6.0
NCI. AMERICA-ASIA/OCEANIA 3,425 14,668 10.2 28,850 7.0
EUROPE-AFRICA 2,328 11,222 1.1 22,078 7.0
EUROPE-SO, AMERICA 1,644 8,025 11.0 15,787 7.0
NO. AMERICA-LATIN/SO. AMERICA 1,506 6,303 10.0 12,398 7.0
GROUP TOTAL 28,960 91,061 17 % 159,384 58%
* LOCKHEED ESTIMATE OFI(P;mARL PAGE Is
Figure 12 Lockheed Traffic Forecast =-- Lockheed made projections
of one-way daily passenger demand on major longhaul

markets (over 4800 km).

AIRCRAFT SEATING CAPACITY

MILEAGE BLOCK 200 300 400 500 600

™ v
5560 - 7410 (3,000 - 4,000) 448 298 222 176 146
7410 - 9260 (4,000 - 5,000) 395 259 185 152 126
9260 -11110 - (5,000 - 6,000) 374 246 186 145 120
11110- 12970 (6,000 - 7,000) 245 161 119 a3 78
12970 - 14820 (7,000 - 8,000) 26 15 7 7 8
14820 - 16670 (8,000 - 9,000} 21 13 8 6 5
16670 - 18520 (9,000 - 10,000) 27 17 13 10 8
18520 - 20370 ' {10,000 - 11,000) 20 13 10 8 7
TOTAL 1,556 1,022 760 597 496

Figure 13

38

Lockheed Total Long-Haul Aircraft Requirements in Year
2090 -- Lockheed's projected requirements are based on
daily service and a sixty percent load factor.




TABLE 13

LOCKHEED AIRCRAFT MISSION AND SIZING CRITERIA

Domestic Intercontinental
Airplane Airplane
Design Range, km (n.mi.) 5560 (3000) 12,050 (6500)
Passengers 0/100 split 500 500
Cruise Mach No. 0.80 0.80
Takeoff Field Length, m (ft) 2130 (7000) 2900 (9500)
Approach Velocity, m/sec (kts) 69 (135) 69 (135)

Initial Cruise Altitude, m (ft) 10,670 (33,000) 10,670 (33,000)

Typical mission for economic evaluation:

Range, km (n.mi.) 2590 (1400) 5560 (3000)
Passengers (55% load factor) 275 275
Cruise Mach No. 0.80 0.80

chosen for the intercontinental airplane. Passenger seating is nine
abreast throughout, with a fuselage diameter similar to the L1011 and
the length stretched to accommodate the additional passengers.

5.1.3.2 Advanced Technology Features

The levels of advanced technology appropriate for incorporation into
the 1990's airframe design are discussed in the following paragraphs.

The primary advanced aerodynamic technology feature incorporated was a
high aspect ratio supercritical wing. Figure 14 shows a comparison of
the refined supercritical airfoil used in this wing and an airfoil of
a current L1011l wing.

An advanced active controls system was incorporated in the aircraft
~ design, providing load relief and relaxed static stability. This
system is currently under development for the L10ll. Wing load relief
is accomplished by means of computer-controlled active aileromns which
redistribute wing loadings, resulting in reduced bending moments and,
hence, reduced wing and body structural weights. Relaxation of static
stability results in a smaller herizontal tail size. The effects of

these active controls on the aircraft configurations are shown in
Table 14.
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Figure 14

TODAY (L1011 TYPE) ADVANCED SUPERCRITICAL

SUPERCRITICAL AIRFOILS FEATURE:

MORE ROUNDED NOSE
MORE CAMBERED TRAILING EDGE

PEAMIT:

HIGHER CRUISE SPEEDS
REDUCED WING SWEEP
THICKER AIRFOILS

Lockheed Comparison of Refined Supercritical Wing of
Study Airplane and of Current Technology wing of L1011l
Airplane -~ The primary advanced aerodynamic technology
feature incorporated by Lockheed is a high aspect ratio
supercritical wing.

TABLE 14

EFFECTS OF ADVANCED ACTIVE CONTROL SYSTEM
ON LOCKHEED AIRCRAFT

Load Relief Reduction (%)
Wing Weight 5.5
Body Weight 1.0

Relaxed Stability

Tail Size 28

Advanced composites are used for the internal and external secondary
structures and for a significant portion of the primary structure. The
specific applications are:
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External Secondary Structure

Flaps, slats, spoilers, gear doors

Internal Secondary Structure

Floor supports, beams, posts, dividers, doors fuel tank
baffles

Primary Structure

Vertical fin, horizontal stabilizers, wing, fuselage, engine
nacelle

The effect of composite structure on aircraft empty weight is shown in
Figure 15.

COMPONENT % WEIGHT REDUCTION

WING 23

TAIL 20

BODY 7

LANDING GEAR 4

NACELLES 19

AIR INDUCTION 19

SURFACE CONTROLS ' 5

FURNISHINGS 0
DOMESTIC INTERCONTINENTAL

TOTAL REDUCTION IN MANUFACTURING EMPTY WEIGHT 8.7% 9.2%

Figure 15 Effect of Composite Structure on Empty Weight of
Lockheed Aircraft =-- Advanced Composites reduced the

empty weight of the domestic airplane by 8.7 percent and
the intercontinental airplane by 9.2 percent.

5.1.3.3 Aircraft Design Point Selection

The design points for the domestic and intercontinental airplanes were
established by means of parametric studies based on the Lockheed Asset
Synthesis Program. Wing and thrust loadings were chosen to minimize
direct operating cost and mission fuel consumption. Takeoff distance

'was the limiting factor for both of the Energy Efficient Engine

%W b,

powered airplanes and for the JT9D-7A powered domestic airplane;

cruise altitude was limiting for the JT9D-7A powered intercontinental
airplane. ‘
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Lockheed's domestic and intercontinental airplane designs are shown in
Figure 16 and Figure 17.

DIMENSIONS IN METERS. (FEET) (

60.61 (198.86)

U7 ‘

Iy L] o.0 - i L \
| 69.59 (228.3) R
12.20 (40.02) ! 10.500°
19.1024 (62.672)—
Figure 16 Lockheed Domestic Airplane -~ Lockheed <chose a

three-engine configuration similar to the L10ll for its
domestic airplane.

5.1.4 Pratt and Whitney Aircraft Study Airplame and Mission Selection

5.1.4.1 Market Considerations and Design Constraints

Studies conducted by P&WA in connection with the Energy Efficient
Engine Preliminary Design and Integration Studies (Reference 2)
indicated that there should be a very substantial market for large,
wide-bodied aircraft in the 1990's. The existing first-generation
wide-body transports (747, DC10, L1011) will have been in production
for 20 years by the early 1990's. Traditionally, successful aircraft
are replaced by newer designs at approximately 20 year intervals. The
large, wide-body application, therefore, appears to be a natural one
in which to introduce the Energy Efficient Engine.
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DIMENSIONS IN METERS {FEET)

66.63 (218.6)

3] ot IS B O
11,915 (39.09) _|_____’_‘ ! 69.94 (229.5)
K . ]
19.12 (62.74)—
Figure 17 Lockheed Intercontinental Airplane -- Lockheed chose a
four wing-mounted—-engine configuration for its
intercontinental airplane.



Our studies also showed a very large future market for smaller,
shorter range airplames (200 - 250 passengers, less than 5560 km (3000
n.mi.) range), but these airplanes, of which the 767 is a prime
example, are scheduled to enter service in the early 1980's. Since
these aircraft will not be ready for replacement in the 1990's, they
are not considered to represent a practical first application for the
Energy Efficient Engine. Later advanced versions of these aircraft
will, of course, use engines with Energy Efficient Engine technology.

When replacement aircraft have entered the market, they have been
consistently larger than their predecessors, reflecting the natural
growth in market demand. Based on this. trend, two aircraft, with
passenger capacities larger than their present day counterparts, were
chosen for the study. The first, a long range, four-engine transport
with a nominal capacity of 510 passengers, 1is envisioned as a 747
(nominal 385 passengers) replacement. The second, a medium range,
three-engine transport with a nominal capacity of 440 passengers, is
designed for the DC10/L1011 market.

Both airplanes have fuselage widths similar to the Boeing 747. The
passenger capacities assume nine abreast seating im tourist and six
abreast in first class. The medium range domestic airplane has a
15/85% first class/tourist split, while the intercontinental range
airplane has a 10/90% split.

A design cruise speed of Mach 0.8 was chosen as the best compromise
between minimizing operating costs and conserving fuel. A summary of

the mission and aircraft design criteria is presented in Table 15.

5.1.4.2 Design Features

Both airplane designs incorporate a number of advanced technology
features. The chief aerodynamic design feature is an advanced,  high
aspect ratio, supercritical wing. Use of a supercritical airfoil
allows wing thickness to be increased, which in turn reduces the wing
weight penalty associated with increased aspect ratio. The wing also
features an advanced leading and trailing edge flap system for
improved low speed performance.

The structure weights of both airplanes reflect the assumption that
composite materials will be used extensively in 1990's airplane
designs. Composite materials are assumed for primary and secondary
structures.

Active controls are used in the designs to reduce empennagé area and
to reduce wing loads.
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TABLE 15

PRATT & WHITNEY AIRCRAFT MISSION AND SIZING CRITERIA

Domestic Intercontinental
Airplane Airplane
Design Range, km (n.mi.) 5560 (3000) 10190 (5500)
Passengers (15/85 - 10/90 split) 440 510
Cruise Mach No. 0.80 0.80
Takeoff Field Length, m (ft) 2440 (8000) 3350 (11000)
Approach Speed, m/sec (kts) 69 (135) 69 (135)
Initial Cruise Altitude, m (ft) 10670 (35000) 10060 (33000)

Typical mission for economic evaluation:

Range, km (n.mi.) 1300 (700) 3700 (2000)
Passengers (55% load factor) 242 281
Cruise Mach No. 0.80 0.80

5.1.4.3 Aircraft Design Point Selection

The design points for domestic and intercontinental airplanes were
based on parametric studies conducted during an earlier NASA study,
"Turbofan Engines Designed for Low Energy Consumption' (NAS3-19132).
Initial cruise altitude determined the engine size required for both
JT9D~7A and Energy Efficient Engine powered airplanes, domestic and
intercontinental.

5.1.5 Study Aircraft Summary

Summaries of the domestic and intercontinental airplane configurations
are presented in Table 16 and Table 17 for each of the three airframe
manufacturers and Pratt & Whitney Aircraft.

5.2 ENGINE INTEGRATION CONSIDERATIONS

5.2.1 1Installation Geometry Ground Rules

The three airframe manufacturers (Boeing, Douglas, Lockheed) each
developed installation ground rules for mounting a mixed-flow,
long~duct engine on their advanced airplanes. These ground rules
incorporate each airframe manufacturer's best compromise among a
number of such conflicting considerations as interference
aerodynamics, wing flutter, jet wake impingement, pylon- weight, and
ground clearance.
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TABLE 16

DOMESTIC AIRPLANE DEFINITIONS SUMMARY

TYPE

IN SERVICE DATE

DESIGN RANGE ™~ km (NM)
PASSENGERS

CRUISE SPEED ~ MACH NO.
FIELD LENGTH ~ m (FT)
CRUISE ALTITUDE ~ m (FT)

BOEING

TWIN

1990's

3700 (2000}
196

0.8

1830 {6000)
10670 (35000}

DOUGLAS

TRIJET
1990'S

5560 (3000)
458

0.8

2440 (8000)
10060 (33000)

LOCKHEED

TRIJET,
1990'S

5560 (3000}
500

0.8

2130 {7000}
10670 (35000}

PEWA

TRIJET
1990'S
5560 {3000)
440

0.8

2440 (8000)

‘10670 (35000)

kg [LBM :
WING LOADING ~ — (——) 439.4 (90.0) 522.4 (107.0} 560.5 (114.8) 569.4 (116.6)
m? \FT?
ASPECT RATIO 10.24 9.83 10 12
TYPICAL RANGE ~ km (NM) 1850 £1000) 1850 {1000} 2590 (1400) 1300 {700)
TYPICALPAYLOAD ~ % 55 80 55 55
TABLE 17
INTERCONTINENTAL AIRPLANE DEFINITIONS SUMMARY
DOUGLAS LOCKHEED P&WA
TYPE TRIJET QUADJET QUADJET
IN SERVICE DATE 1990'S 1990'Ss 1990'S
DESIGN RANGE ~km (NM) 10190 (5500) 12040 (6500) 10190 (5500)
PASSENGERS 438 500 510
CRUISE SPEED ~ MACH NO. 0.8 0.8 0.8
FIELD LENGTH ~ m (FT} 3350 (11000) 3050 {10000} 3350 {11000)
CRUISE ALTITUDE ~ m (FT) 9450 (31000) 10360 (34000) 10060 (33000)
ko fiLBM™m
WING LOADING ~— | = 670.9 {137.4) £44.6 (132.0) 673.8 (138.0)
m FT
ASPECT RATIO 9.83 10 12
TYPICAL RANGE "~ km (NM) 2780 {1500) 5560 (3000) 3700 {2000)
60 55 55

TYPICAL PAYLOAD ~ %

A composite of the wing-engine placements

envisaged by each of the

airframe manufacturers for the Energy Efficient Engine is presented in
Figure 18. The variations in engine location from company to company

are due %o .a number of factors,
relatisiiships among
flutter, etc.) for different airplanes.
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the primary one being the different
considerations

weight,

Interference drag and wing
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BOEING 04 C 0.1 ¢C WING CHORD LENGTH
DOUGLAS 0.29C 0.13C WING CHORD LENGTH
LOCKHEED 0.17C 0.17C WING CHORD LENGTH
Figure 18 Wing-Engine Placement Summary -- The variations in

engine location are due to differences in such
considerations as drag, weight, and flutter for the
different airplanes.

flutter are especially sensitive to individual design details.
Airplane size and configuration are also factors: a smaller airplane
has less wing-ground clearance, requiring the engine to be mounted
closer to the wing. Comparing the 200-passenger Boeing twinjet
installation with the 400/500-passenger Douglas and Lockheed trijet
installations illustrates this point.

Since Douglas and Lockheed each had trijet airplanes, they also
evaluated tail installations. These installations £followed DC1l0 and
L1011l practice, respectively, as can be seen in their configuration
drawings (Figures 10, 11, 16, 17).

5.2.2 Engine and Airframe Accessory Location Assessments

Each of the airframe manufacturers assisted in the design of the
nacelle during the Energy Efficient Engine Preliminary Design task
(described in detail in Propulsion System Preliminary Design and
Analysis Report, Reference 1). As part of this study, the airplane
companies each performed a qualitative analysis of the merits of
various accessory locations. These analyses are summarized in Table 18.

Results of a Pratt & Whitney Aircraft study on accessory locatioams,

including some special concerns relating to the shroudless fan design,
are also shown on this table. Preliminary design studies have
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ACCESSORY LOCATION STUDY SUMMARY
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indicated that the fan may be sensitive to 2E (twice per revolution)
disturbances, such as would be caused by two flow blockages 180
degrees apart and located a short distance downstream of the fan.
Since the engine mounting system requires a wide (about 20 cm) strut
at the top (or 12:00 position), it is desirable to avoid another wide
strut, as would be required by a towershaft, at the bottom (or 6:00
position). Hence, accessory locations that require a towershaft
through the fan duct at the 6:00 position are indicated as potential
fan problems in Table 18.

These assessments indicate at least three accessory locations are
acceptable to one or more of the airplane companies and also satisfy
the fan 2E considerations: (III) pylon-mounted airframe accessories
with core-mounted engine accessories, (IV) full-duty core-mounted
accessories, (V) airframe and engine accessories mounted 120 degrees
apart on fan case. The full-duty core-mounted accessory configuration
was chosen for wuse 1in this study in order to have a common
configuration for comparison purposes. In practice, however, accessory
location would be determined by each airframe manufacturer to match
each particular engine application.

5.2.3 Reverse Thrust Requirements

Reverse thrust level and directivity requirements are dependent on the
airplane configuration. Figure 19  shows the Douglas trijet
requirements (Lockheed trijet requirement is similar), and Figure 20
shows Boeing twinjet requirements. Reverse thrust directivity 1is
necessary to prevent reingestion of engine exhaust, to avoid
interference with control surfaces, and to prevent impingement of
exhaust on airplane. The nacelle was designed with 12 replaceable fan

Figure 19 Douglas Trijet (Typical) Reverse Flow, Directivity
Requirements (Lockheed Trijet Requirements are similar)
-- Reverse thrust level and directivity requirements are
dependent on airplane configuration. =
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! PREVENT IMPINGEMENT
ON AIRFLANE SURFACES

PREVENT REINGESTION

Figure 20 Boeing Twinjet Reverse Flow Directivity Requirements --
Energy Efficient Engine Nacelle was designed with twelve
replaceable fan duct reverser cascade  sections,
permitting flow to be matched to the application.

duct reverser cascade sections in order to allow matching the reverse
flow to the application.

The required levels of reverse thrust are more difficult to predict,
since they can vary according to airline practice. Lockheed and
Douglas have indicated that a reverse thrust level of about 35 to 40
percent of forward thrust would be appropriate. Figure 21 shows that
the reverse thrust capability of the Energy Efficient Engine exceeds
35 percent to speeds less than 26 m/sec (50 knots). This performance
is  achieved without reversing the primary stream and without
overspeeding the low pressure rotor or violating 1low pressure
compressor surge margin requirements. Since the Energy Efficient
Engine is a mixed-flow engine and the reverse blocker doors are
upstream of the mixer, the effective nozzle area seen by the primary
stream in reverse mode is uncertain. The performance shown in Figure
22 represents the most pessimistic case, where the primary flow fills
only the primary mixer area and therefore actually provides some
forward thrust. A ten percent leakage of duct flow past the blocker
doors was assumed for this figure. -
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Figure 21 STF505M-7D Reverse Thrust Capability (Sea Level Std +
149C, 10%Z Leakage) =- Reverse thrust capability
exceeds 35 percent down to speeds close to twenty meters
per second.

5.2.4 Customer Bleed and Horsepower Extraction

Bleed and horsepower extraction requirements were evaluated by each of
the three airplane companies and by Pratt & Whitney Aircraft. Energy
Efficient Engine and the JTI9D-7A engine data packs provided to each
airplane company included the bleed schedule shown in Figure 22 and a
power extraction of 113 kW (151 hp) at all conditions. Bleed and
horsepower influence coefficients for thrust and specific fuel
consumption were also included in the data packs, permitting the
engine performance to be modified to reflect specified requirements.
The bleed requirements assessed by each airplane company are shown in
Figure 23. Typical cruise power extraction requirements were assessed
as 67 kW (90 hp) per engine by Boeing and 79 kW (106 hp) by Douglas.

For the purposes of this study, Lockheed chose to use the bleed and

horsepower levels provided by Pratt & Whitney Aircraft, and Boeing and

Douglas chose to modify the engine performance to -reflect the

schedules shown in Figure 23.
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Figure 22 Customer Bleed Schedule, STF505M~7 Data Pack =-- Bleed

and power extraction influence coefficients for thrust
and specific fuel consumption were included in the data
pack to permit the performance to be modified for
specific requirements.

5.3 AIRPLANE-ENGINE PERFORMANCE COMPARISON

The three airplane companies and Pratt & Whitney Aircraft evaluated
the mission performance of both the Energy Efficient Engine and the
JT9D-7A reference engine. The evaluation was based on the airplanes
and missions described in Section 5.1 and the Pratt & Whitney Aircraft
provided 1isolated nacelle engine data, modified and installed as
described in Section 5.2.

5.3.1 Airplane Performance Evaluation

The following procedure is reasonably typical of that used by Pratt &
Whitney Aircraft and the airplane companies to evaluate airplane
performance for this study. The airplanes and missions are defined
first. Next, the aerodynamic and weight methods, including scaling
functions, are chosen consistent with the technology levels assumed
for each airplane--these methods are unique to each company. The
engine data provided by Pratt & Whitney Aircraft is then translated to
a form suitable to each company's mission analysis program, including
changes to customer bleed and/or horsepower extraction levels. Weight
and aerodynamic penalties unique to each engine, such as interference
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Figure 23 Normal Customer Bleed Requirements (anti-icing not
included) -- Bleed and power requirements assessed by

the airplane companies were similar to thcose assumed by
Pratt & Whitney Aircraft,

drag and pylon weight are assessad, and engine and nacelle weights are
included. Next, a takeoff gross weight (TOGW) is assumed and airplane
component and engine sizes and weights determined from the sizing
conditions (e.g., takeoff field length, minimum cruise altitude, wing
loading). Airplane operating empty weight OEW can then be obtained and
available fuel load determined by subtracting the OEW and payload from
the TOGW.

The ability of this size airplane to perform the design mission 1is
then assessed: The airplane is "flown" through the simulation of the
design mission profile in order to determine if there is sufficient
fuel, including reserves, at the assumed TOGW to fly the design range.
If the range that can be flown with the available fuel is greater or
less than the design range, a new TOGW is assumed, the airplane and
engine are resized, new OEW and fuel available are calculated, and the
mission is '"reflown". This process is repeated until the range flown
with available fuel (minus reserves) exactly matches the design range,
determining the 'design TOGW and engine size, OEW, and airplane
component weights and sizes.

Once sized for the design mission, the airplane can be _"flown" on a
typical mission. The typical mission is of primary importance in
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assessing the merits of an engine or airplane because it represents
the average mission an airplane of this passenger capacity and range
would fly in actual airline operation. Thus, the typical mission
performance (fuel burned, operating costs) of the airplane more
closely simulates the experience of an airline operating a fleet of
these airplanes than does design mission performance. Definitions of
typical missions for each airplane were presented in Section 5.1.

If any of the airplane design parameters, such as wing loading
(TOGW/wing area) or thrust loading (total thrust/TOGW), are to be
optimized, the process described above is repeated many times, and
minimums of the chosen figure-of-merit (usually DOC or fuel burned)
are determined. Each of the airplanes used by the airplane companies
in this evaluation represent minimum fuel burned and/or DOC designs.

5.3.2 Airplane Peformance Results

Comparisons of the design mission takeoff gross weights for Energy
Efficient Engine (STFS505M-7D) and JT9D reference* engine powered
airplanes are shown in Figure 24, Figure 25, Figure 26 and Figure 27.
In all cases the reduction in total fuel (mission plus reserves) is
the primary contributor to the TOGW advantage of the Energy Efficient
Engine. Thus aircraft that have small design fuel fractions (total
fuel/TOGW) tend to demonstrate less TOGW advantage for the Energy
Efficient Engine.

The Pratt & Whitney Aircraft domestic and intercontinental study
airplanes are used in Table 19 to further illustrate the effects of
the Energy Efficient Engine on aircraft weight. The improved
performance of this engine causes reductions in most structural
component weights.

Figure 28 shows the takeoff thrust size required by each of the Energy
Efficient Engine powered aircraft. For the PS-AIE evaluations, the
engine is treated as a '"rubber" engine: one scalable to any size. The
takeoff thrust rating of the base size STF505M~7D is 182.8 kN (41,000
1bf). Except for the Douglas intercontinental airplane, thrust
requirements are clustered in a band from 164 kN to 182 kN (32,000 1bf
to 41,000 1bf)--the Douglas airplane is the only trijet among the
intercontinental airplanes, accounting for its much larger thrust.
Because of the advanced technologies included in both the airplanes
and their flight propulsion systems, the levels of thrust required by
these advanced airplanes are considerably lower than that of curreat
airplanes of comparable payload and range.

*Lockheed, Boeing, and P&WA used the JT9D-7A engine with the 747-200
type mnacelle as reference engine, Douglas used the JT9D-20 with
DC10-40 type nacelle. The JT9D-20 is essentially the same as the -7A,
except for accessory location.
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Figure 24 Boeing Airplane Weight Breakdown =-- Boeing twinjet has

lowest fuel fraction of the study airplanes.

The mission fuel-burned advantage of the Energy Efficient Engine
compared with the JT9D-7A reference engine is shown in Figure 29 for
design missions and in Figure 30 for typical missions. The results
correlate well with design fuel fraction. Table 20 shows a mission
segment breakdown of the Energy Efficient Engine fuel burned savings
for P&WA study aircraft on typical missions. The large advantage of
Energy Efficient Engine over the reference engine at off design
flight conditions 1s evident 1in this Table. Overall, fuel-burned
reductions vary from 13.5 percent for the Boeing twinjet on a typical
mission to over 18 percent for the Lockheed and Pratt & Whitney
Aircraft intercontinental airplanes and the Douglas domestic airplane
on design missions. Average fuel-burned reduction is 16.6 percent on
typical missions and 17.3 percent on design missions. -
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Figure 25 Douglas Airplane Weight Breakdown -~ Douglas used the

JTID-20 engine with the DC10-40 nacelle as the reference
engine/nacelle. the JT9D-20 is essentially the same as
the JT9D-7A, differing in accessory location and nacelle

design.
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airplanes, especialy in the case of the domestic trijet.
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TABLE 1Y

P&WA AIRPLANE WETGHT BREAKDOWNS

DOMESTIC INTERCONTINENTAL
JTID=7A S5TF505 M-7D JTSD-7A STF505 M-7D
kg  (1bm) kg  (ibm) kg (1lbm) kg  (1bm)
34024 (75009) 31535 (69523) 48017  (105859) 42866 (94503)
28648 (63157) 28543 {62925) 31609 (69686) 31552 (69560)
3309 (729%) 3103 {6840) 4354 (9599) 3921 (8645)
12534 (27632) 17159 (26806) 15852 (34947) 15149 (33398)
19594 (43198) 17522 (38628) 26490 (58399) 23372 (51526)
28499 (62828) 28206 {62182) 34070 (75111) 33514 (73886)
126608 (279120) 121067  (266904) 160392  (353601) 150376  (331518)
12662 (27915) 12618 (27818) 17000 (37478) 16870 (37192)
139270 (307035) 133685  (294722) 177392  (391079) 167246  (368710)
40914 (90200) 40914 (90200) 49159  (108375) 49159  (108375)
67014 (147739) 55784  (122981) 153243  (337839) 125126  (275852)
247199 (544974) 230383  (507903) 379794  (837293) 341530 (752937)
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Figure 29 Fuel Savings Relative to the JT9D-7A Powered Aircraft
» (Design Mission) -- The advantage in fuel savings tends

to peak and then level off because the STF505M-7D engine
has its biggest advantage during climb and descent.
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Figure 30 Fuel Savings Relative to the JT9D-7A Powered Aircraft
(Typical Mission) == The advantage of the STF505M-7D

tends to peak and then level off because- its biggest
advantage 1is during climb and descent, not during
cruise. As a result the effects of increased fuel
fraction is somewhat offset at longer ranges.
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TABLE 20

ENERGY EFFICIENT ENGINE FUEL BURNED ADVANTAGE BREAKDOWN

2000 n.mi. Mission ~ P&WA Intercontinental Airplane
JTI9D-7A STF505 M-7D %4
Distance  Fuel Fuel/Km Distance  Fuel Fuel/km  Fuel/km
km kg kg/km km kg kg/km
- 1954 - - 1280 -
282 6512 23.09 317 5638 17.79 -23.0
3213 30597 9.52 3197 25308 P 7.92 ~-16.8
209 751 3.59 190 431 2.27 ~-36.8
3704 39814 10.75 3704 32656 8.82 -18.0
- 13590 - - 11159 - “
700 n.mi. Mission - P&WA Domestic Airplane
JT9D-7A STF505 M7D %A
- 1225 - - 817 -
295 4967 16.84 351 4578 13.04 -22.6
796 5938 7.46 757 4745 6.27 -16.0
205 550 2.68 188 308 1.64 -38.8
1296 12679 9.78 1296 10448 8.06 ~-17.6
- 10685 - - 9001 -

0



6.0 ECONOMIC EVALUATION

Airline operating economics for the Energy Efficient Engine and the
JT9D~-7A reference engine were determined by combining the results of
the airplane performance evaluation provided by the airframe
manufacturers with the engine price and maintenance cost estimated by
Pratt & Whitney Aircraft. The economic advantages of the Energy
Efficient Engine were then determined by comparing the results
obtained for the two engines. The NASA-approved economic model was
used for this effort.

6.1 ECONOMIC MODEL DESCRIPTION

The Air Transport Asscciation's (ATA) operating cost method, its
formulas modified to reflect current airplane technology and airline
environments, was used for the economic evaluation. The ATA method was
originally published in 1967. The formula modifications were based on
a 1977 Boeing update.

The elements of which direct operating cost (DOC) and indirect
operating cost (IOC) are composed are presented in Table 21; the
parameters controlling these elements are also identified. DOC
includes most elements of operating cost directly influenced by
airplane and/or engine performance. All other airline operating costs
are included in IOC. Important assumptions upon which the economic
evaluation was based are shown in Table 22.

6.1.1 Direct Operating Cost Model

This section discusses the effect of each DOC element on the Energy
Efficient Engine/JT9D-7A comparison. The Pratt & Whitney Aircraft
domestic trijet study airplane on a typical 1300 km (700 N.Mi.)
mission is used to illustrate each effect. The overall DOC of this
airplane with either STF505M~7D or JI9D-7A engines 1is compared in
Figure 31.

Flight crew cost, which includes both wages and fringe benefits,
varies with airplane design speed, utilization, size of crew, and with
takeoff gross weight. Since both STF505M-7D and JT9D-7A airplanes use
three-man crews and have a design speed of Mach 0.8, crew size and
speed does not affect the comparisons. Utilization, shown in Figure
32, is also essentially the same for both engines on the same airplane
and trip distance. Crew cost is, therefore, a function of TOGW only.
Figure 33 shows the effect of TOGW on DOC; costs-  are per block hour
and are shown as a percent of the total DOC of the JT9D-7A powered
airplane.

Fuel cost reflects fuel burned on the mission (see Section 5.3) and
fuel price. Fuel prices of 10.6¢/liter (40¢/gal.) domestic and
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TABLE 21

AIRLINE OPERATING COST MODEL ELEMENTS

ELEMENTS

Direct Operating Costs

Flight Crew
Fuel
Airframe Maintenance
Material
Labor
Engine Maintenance
Material
Labor
Maintenance Burden

Insurance

Depreciation

Indirect Operating Costs

Ground Property & Equipment

Airplane Related Costs

Passenger Related Costs
Cargo Related Costs

General and Administrative
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FUNCTION OF

TOGW, Speed, Utilization

Block Fuel, Fuel Price

Airframe Weight, Flight Length

Airframe Weight, Flight Length

Engine, Engine Size, Flight Length
Engine, Engine Size,; Flight Lemngth
Airframe and Engine Maint. Labor

Airplane and Engine Price,
Utilization

Airplane and Engine Price,
Utilization

Max Landing Weight, Block Time

Max Landing Weight, No. of Seats,

Block Time

No. of Passengers, Block Time
Tons of Cargo, Block Time

Max Landing Weight, Operating Costs,
Block Time



TABLE 22
ECONOMIC MODEL ASSUMPTIONS
o Dollars - 1977
o Flight Crew - 3 People

o Fuel Price - 10.6¢/liter (40¢/gal) Domestic, 11.9¢/liter
45¢/gal Intercontinental

) Maintenance - Labor Rate = $9.70/hr.

o Maintenance Burden - 200% of Labor Cost

o Non-Revenue Flying - 2% Factor Added to Fuel and Maintenance
o Ground Time - 15 min. Domestic, 20 min. International

o Insurance - 0.5% Fly-Away Cost Per Year

o Spares - 6% Airframe, 30% Engine

o Depreciation - 15 Year Straight Line to 10% Residual Value

o Utilization - (see Figure 32)

11.9¢/liter (45¢/gal.) international are used to represent 1985 prices
expressed in 1977 dollars. Trip fuel and time used in economic
calculations (referred to as block fuel and time) include standard ATA
allowances and ground idle and taxi allowances derived from current
airline experience (Table 22). Relative fuel costs for the STF505M-7D
and JTI9D-7A are shown in Figure 34. Comparing Figure 34 with other DOC
component plots revealed that fuel cost was the primary difference
between STF505M-7D and the JT9D-7A engines.

The airframe maintenance costs are presented in Figure 35; the costs
include materials, labor, :nd burden. Flight length also affects
airframe maintenance cost since many maintenance items such as brakes,
are cycle dependent rather than time dependent (1 flight = 1 cycle).
For this comparison, flight length was assumed to be a constant,
making airframe weight the only variable. Airframe weight is, in turn,
a function of design TOGW, which reflects the performance-capabilities
of the engine.
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Figure 31 Comparison of Direct Operating Costs =- The P&WA

domestic trijet on a typical mission was used for this
comparison of STF505M-7D with JT9D-7A reference engine

costs.
3000~
2500 {~
2 2000}
<
Z
& 15001
&
= 1000f
500~
oL 1 3 1 1 i N
0 1000 2000 3000 4000 5000 6000
] km -
L ] 1 1 ! ! J
0 500 1000 1500 2000 2500 3000
NM
TRIP DISTANCE i
Figure 32 Utilization ~- For a given airplane and trip distance,

utilization is essentially the same for both engines.
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Figure 34

Relative Fuel Cost (P&WA Domestic Trijet, Typical
Mission) =-- Fuel costs are the main difference in the
direct operating costs of the two engines.
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Figure 35 Airframe Maintenance Costs (P&WA Domestic Trijet,
Typical Mission) =-- <Costs, which are dependent on
airframe weight, include materials, labor, and burden,
and are similar for both engines.

Engine maintenance costs for base size (scale factor of 1.0)
STF505M-7D and JT9D engines were calculated as described in Section
4.3. The engine maintenance costs shown in Figure 36 have been scaled
to the engine size required to fly the design mission and adjusted to
the proper flight length. Engine maintenance, 1like airframe
maintenance, 1is dependent on flight length and requires adjustment to
the actual flight length of each airplane/mission. Since both engines
are evaluated for the same missions, their adjustment is the same.
Materials, labor, and burden were included in the maintenance cost.
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Figure 36 Engine Maintenance Costs (P&WA Domestic Trijet, Typical

Mission) The STF505M~7D has a small advantage in engine
maintenance costs over the JT9D-7A.
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Depreciation,

in dollars per block hour, is the total investment in

the airplane (airframe and engine and spares) minus residual value
(10% in this case) divided by.depreciation period (15 years) and hours

flown per year.

The airframe price equation, based on a Pratt &

Whitney Aircraft correlation of present airplanes, is

. . 0.7
Airframe Price = 0.5% (alrfr?ggowelght) L lO.O6 + furnishings + avionics
vhere:
Domestic | (0.008 * number of seats -0.284) * 100 (furnishings)
Airplane | (0.0022 * number of seats +1.54) * 106 (avionics)
or
International | (0.0089 * number of seats =-0.31) * 108 (furnishings)
Airplane | (0.0022 * number of seats +1.81) * 108 (avionics)

The effect on depreciation of the domestic airframe price equation is
shown in Figure 37, including six percent airframe spares. Base engine

prices,

calculated as described in Section 4-3,

have been scaled to

the engine size required for the design mission. The two points in the

figure

indicate the total effect of airframe and engine price on

depreciation. The engine depreciation is for three engines and thirty
percent spares.

TOTAL EFFECTS OF ENGINE &

30 - )(////,AHFRAMEPRWE
Q B A}/// .
58 o
w 0~ \EFFECT ON DEPRECIATION
9 OF DOMESTIC AIRFRAME PRICE,
EQ L INCLUDING SIX PERCENT SPARE
§ N 10 k| TOTAL O 479074
i) DEPRECIATION ) (3 sTF505 M-7D
&=
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0 ] | ] | | | 1 |
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AIRFRAME WEIGHT ~ 1000 kg
Figure 37 Depreciation Costs (P&WA Domestic Trijet, Typical
Mission) -- Depreciation, for a given airplane
configuration, is a function of airframe weight and

(::.':.'I.»_\n.__‘

engine price.
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The insurance rate used was 0.5 percent per year of fly-away price,
which 1s airplane price without spares. Figure 38 indicates that
insurance has only a small effect on the DOC comparison. The line in
the figure indicates the contribution of airframe price to insurance.
The points indicate the sum of the airframe and engine insurance.
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iy
[ 4 R ]
e u AIRFRAME ONLY
w o = /?,TOTAL
_ ; O+
0 - 1 1 1 | | |
80 90 100 110 120 130 140 150 160
AIRFRAME WEIGHT ~ 1000 kg
Figure 38 Insurance Costs (P&WA Domestic Trijet, Typical Mission)

-- The insurance rate used was 0.5 percent per year
fly-away price.

6.1.2 TI0C and ROI Models

The IOC model was based on CAB data. For this model the costs are
grouped into five categories:

1-  Airplane Related
Aircraft handling, cabin crew, landing fees

2~ Passenger Related

Passenger and baggage handling, ticket sales, commissions,
advertising, food

3- Cargo Related

Cargo handling, insurances, sales, commissions, advertising

4=  Ground Property and Equipment

Depreciation and maintenance of ground property and equipment

5= General and Administrative

The parameters upon which these categories are dependent are shown in
Table 21. Indirect operating cost is determined primarily by speed of
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the airplane, trip distance, and number of passengers and/or tomns of
cargo. Variations in engine performance and characteristics affect I0C
only through landing weight, which determines landing fees and is a
factor in the correlation of ground property and general and
administrative costs.

The IOC components for the STF505M-7D and JT9D-7A powered airplanes
are compared in Figure 39. The Pratt & Whitney Aircraft domestic
airplane was used as the basis for the comparison. The advantage of
the STF505M-7D (1.6%) is primarily due to decreased landing fee costs
(0.7% out of 1.6%), with ground properties and equipment (0.5%) and
general and administrative (0.4%) accounting for the rest.

Since no cargo was assumed for this case, there were no cargo related
costs. Cargo would not have changed the absolute IOC difference
between engines because cargo related costs like passenger related
costs are functions of the amount carried and are not influenced by
engine performance or characteristics when identical missions are
flown.

JTSD-7A STF505 M-7D
100 =
AIRPLANE AIRPLANE
RELATED RELATED
8of=
w
ks
(%]
Q
o
<
N
& o
-
- .
'
5 PASSENGER PASSENGER
W RELATED RELATED
e aof
2
i
Q
=3
w
Q.
20p
GROUND PROP GROUND PROP
+ EQUIP. + EQUIP,
GEN + ADMIN GEN + ADMIN
0
Figure 39 Indirect Operating Cost Breakdown (P&WA Domestic Trijet,

Typical Mission) -- IOC is much less sensitive to engine
performance differences than DOC is.
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Return on investment (ROI) is calculated wusing a traditional
discounted cash flow technique where the annual ROI is determined by
zero present value of future cash flow benefits. Cash flow is defined
as after-tax profits plus depreciation, where depreciation is a
noncash expense.

Cash Flow = (Revenue = DOC - IOC -~ Taxes) + Depreciation (where tax
rate = 50%)

As in DOC, a straight line depreciation over 15 years to a ten percent
residual value was used for ROI.

Return on investment is sensitive to revenue and load factor
assumptions. The following revenue functions were assumed for all
airplanes:

Domestic Passenger Yield: $20.88 + 0.0362%/km (0.0582 $/s.m.)
International Passenger Yield:  $23.42 + 0.04063/km (0.0653 $/s.m.)
Cargo Yield: $145.0/ton + 0.0972%/ton-km ($131.6/ton +0.142 $/ton s.m.)

Typical mission load factors (ROI is shown only for typical missions)
were chosen by each airframe manufacturer--Boeing and Lockheed chose
55% and Douglas chose 60%. A 55% load factor was also used for the
P&WA study airplanes.

6.2 ECONOMIC EVALUATION RESULTS

The performance input from each of the three airframe manufacturers
was used to compare the DOC, IOC, and ROI of the STF505M-7D with the
reference JT9D-7A. The performance of the STF505M-7C powered airplanes
was adjusted to reflect the STF505M-7D status characteristics, as
explained in Section 3.3.

6.2.1 DOC Comparison

Figure 40 shows the results of the DOC comparison for the design
missions; and Figure 41, for the typical missions. Figure 41 should
come closest to approximating actual airline experience. These two
plots show trends similar to the fuel-burned trends in Figure 29 and
Figure 30. As shown in Section 6.1.1, the primary reason for the DOC
advantage of the STF505M~7D is reduced fuel consumption. In general,
airplanes with higher fuel fractions tend to have a greater DOC
advantage for the STF505M-7D. Company-to-company variations at similar
fuel fractions are due to difference in design systems and modeling
techniques; for example, the rate at which airplane structure weight
increases with increasing TOGW is different in each company's airplane
model. Even with these differences, the variations of DOC advantages
fall within a +17% band.
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Figure 40 STF505M-7D Savings in DOC Relative to the JT9D-7A for
Typical Missions =-- The DOC trends for both the typical

and design missions are similar to the fuel-burned
trends. Average typical mission DOC savings for
STF505M~7D is 7.6% well above the NASA goal of at least
5%

On design missions, all airplanes with STF505-7D engines show a
greater than five percent reduction in DOC. The average savings is 9.7
percent. When flown on typical missions, all STF505M-7D airplanes
except the Boeing domestic twinjet show DOC savings greater than five
percent (average savings = 7.6%). Comparison of Figure 42 with the
other DOC pie c¢harts (Figure 43, Figure 44, Figure 45, Figure 46,
Figure 47, Figure 48) clearly show why the Boeing STF505M-7D airplane
has less of a DOC advantage. The fuel cost portion of DOC for the
Boeing airplane is significantly lower (29% vs. 35 to 41%) than for
the other airplanes, and improved fuel consumption is the prime
attribute of the STF505-7D engine. The reason for the lower fuel cost
contribution to DOC 1in the Boeing airplane is that in smaller,
shorter-range airplanes--Boeing twinjet carries 196 passengers 3700 km
(2000 N.Mi.) vs. 400-500 passengers and 5600 to 12,000 km (3000 to
6500 N.Mi.) in the other airplanes--DOC tends to be dominated by costs
less sensitive to engine performance (like <crew cost and
depreciation). In the case of the Boeing airplane, the sum of crew
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Figure 41 STF505M-7D Savings in DOC Relative to the JT9D-7A for

Design Missions -- The main DOC advantage of the
STF505M-7D for both typical and design missions is fuel

consumption. Average design mission DOC advantage is
9.7%.
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20.4%
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Figure 42
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DOC  Breakdown (Boeing Domestic Twinjet, Typical
Mission: 1,850 km) =-- The Boeing twinjet,. which shows
the least DOC advantage for STF505M-7D, has the smallest

fuel cost portion of DOC (25.5 percent) of the study
airplanes.
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Figure 43 DOC Breakdown (Douglas Domestic Trijet, Typical Mission:

1,850 km) -~ The Douglas trijet demonstrates the largest
DOC advantage for domestic airplanes for the STF505M~7D
(9.4%). Fuel cost of this airplane is 30.2% of DOC.
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Figure 44 DOC Breakdown (Douglas Intercontimental Trijet, Typical

Mission: 2,780 km) =-- The fuel cost of the STF505M-7D
airplane is 34.2 percent of DOC.
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Figure 45 DOC Breakdown (Lockheed Domestic Trijet, Typical
Mission: 2,600 km) -- The fuel cost oi the STF505M-7D

airplane is 30.2 percent of DOC.
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Figure 46 DOC  Breakdown (Lockheed Intercontinental  Quadjet,
Typical Mission: 5,560 km) -- The fuel cost of the

STF505M~-7D airplane is 33.2 percent of IOC.
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Figure 47 DOC Breakdown (P&WA Domestic Trijet, Typical Mission:

5,560 km) =-- The DOC advantage of the STF505M-7D is

between that of the Douglas and Lockheed domestic
airplanes.
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Pigure 48 DOC Breakdown (P&WA Intercontinental Quadjet, Typical
Mission: 3,700 km) -~ The fuel cost of the STF505M-7D

airplane is 33.8 percent of DOC.
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costs and depreciation is sixty percent greater than fuel cost, while
in the Lockheed intercontinental airplane, for example, the sum is
equal to fuel cost.

6.2.2 I0C Comparison

The reductions in I0C for the STF505M-7D airplanes compared with the
JT9D-7A airplanes are shown in Table 23. The advantage in IOC did not
correlate with fuel fraction as well as DOC did because engine
performance has little influence on IOC. Because the primary use of
IOC was in calculating ROIL, the results are only shown £for the
economically relevant typical missions. Design mission ROI has no
significance as it does not reflect actual airline experience.

TABLE 23

INDIRECT OPERATING COST SAVINGS OF EEE
RELATIVE TO JT9D REFERENCE ENGINE 7%

Domestic Intercontinental
Airplane Airplane
Percent Savings Percent Savings
Boeing 0.6 -
Douglas 1.2 1.8
Lockheed 0.8 1.4
P&WA 1.6 2.1

6.2.3 ROI Comparison

The return on investment advantages of Energy Efficient Engine

powered study aircraft over JT9D reference engine powered study
aircraft are shown in Table 24. Since the Energy Efficient Engine |,
when sized for the aircraft application, generally combines a lower
initial investment with improved total operating costs (relative to
the JT9D-7A), the incremental ROI (or "hurdle rate") of Energy
Efficient Engine 1is mathematically undefined. Incremental ROI 1is
primarily useful for determining the desirability of modifica%“ions to
existing systems, where the modification requires an initial
additional investment, but lowers the future operating costs (or
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increases future revenues) of the system. When comparing the merits of
two competing systems, as in the present study, the difference in
their absolute ROI's (Table 24) is more useful.

TABLE 24

PERCENT RETURN ON INVESTMENT ADVANTAGE OF EEE
OVER JT9D REFERENCE ENGINE

Domestic Intercontinental
Airplane Airplane
Percent Percent
Boeing 0.5 -
Douglas 2.4 2.8
Lockheed 1.4 2.4
P&WA 1.9 ) 2.6
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7.0 NOISE EVALUATION
7.1 INTRODUCTION

Predicted noise levels for study airplanes meet FAR Part 36~1978
certification requirements, generally by sufficient margin to provide
a high probability of compliance. These noise levels were determined
for all study airplanes by means of Pratt & Whitney Aircraft developed
procedures to predict the noise characteristics of each source.

The major objecitve of this effort was to assess the noise levels of
the study airplanes relative to FAR Part 36-1978 requirements for new
type airplanes. This version of Part 36 includes two amendments added
in 1978. The primary purpose of the first amendment (Amendment 8) was
to adjust noise level limits and measuring locatioms to align with
international noise certification standards recently adopted by the
International Civil Aviation Organization. The second amendment
(Amendment 9) provided modifications to the measurement and analysis
procedures for <conducting aircraft noise  certification tests to
improve uniformity and repeatability.

A second objective of this study was to determine the area within the
approach and takeoff 90 EPNdB footprint of each study airplane.

To meet the above noise objectives, an acoustic configuration was
defined for the two Pratt & Whitney Aircraft study airplanes. The same
configuration then was assumed for five other study airplanes defined
by the airframe manufacturers. This configuration, defined in greater
detail in Section 7.2, included a long common flow exhaust system
extensively lined with acoustic treatment.

Noise levels were calculated for the seven study airplanes, using
procedures developed by Pratt & Whitney Aircraft to predict the
characteristics of each noise component: fan, core (combustor),
turbine, jet exhaust, and airframe. Discussions of the prediction
methodologies used for each component noise source are contained in
Section 7.3, and the estimated noise levels and the calculated
probabilities with certification requirements of compliance are
presented in Section 7.4. Section 7.4 also includes the estimated area
within the approach and takeoff 90 EPNdB footprint for each study
airplane.

7.2 ACOUSTIC CONFIGURATION

An overview of the acoustic configuration is shown in Figure 49.

Engine acoustic features included substantial spacing between the
single-stage, shroudless, 26~blade fan and the strut -stator (4.3

blade~chord gaps at the outer radii) to minimize the fundamental blade
passing noise generated by the rotor-strut stator interactionm.
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Figure 49 Acoustic Configuration of STF505M-7D ~-  Acoustic

features include substantial spacing between fan and
strut stators, mixed, long duct nacelle, and extensive
acoustic treatment.

Aerodynamic and structural constraints prevented the selection of a
large enough number of strut-stator vanes to acoustically "cut-off"
this fan noise source. A large number of core stator vanes ensures
that the fundamental noise from the fan/core stator interaction will
be cut off and not propagate to the far field.

Acoustic treatment was extensively employed in the inlet and fan
discharge duct in order to suppress blade passing tones and buzzsaw
noise generated by the fan and tones generated by the turbine.
Treatment requirements were determined from hardwall (untreated) noise
estimates for both takeoff and approach conditions in order to define
the dominant noise sources and their spectral characteristics. This
information established the treatment-tuning requirements for
obtaining approach and takeoff noise 1levels that meet program
objectives. The tuning objectives . for the various segments of
treatment are shown in Figure 49. Treatment design features, based on
factors such as tuning objectives, duct Mach number, and temperature
are defined in Figure 50.
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FLOW
RESISTANCE
HONEYCOMB OR HOLE TREATED
GENERAL CELL-SIZE DEPTH SKIN DIA. THICKNESS AREA
LOCATION CONSTRUCT. - (cM) {cm) POROSITY (CM) {cm) (sa.m)
A WM/PP/HC 0.953 3.378 79 RAYL - - 6.08
B8 PP/BONDED HC 0.953 5.080 20% 0203  0.127 2.10
c WM/PP/HC 0.953 2.286 60 RAYL — - 3.28
D WM/PP/HC 0.953 2,667 60 RAYL - - 24.24
E PP/BONDED HC 0.953 1.524 8% 0127 0.064/0.081 3.05 NOTE:
PP = PERFORATED PLATE
F PP/BRAZED HC = 0.953 1.397 13% 0.203 0.064 0.83 HC = HONEYCOMB
WM = Wi
G PP/BRAZED HC. 0.953 1.118 8% 0.203  0.064 5.25 " OVEN MESH
H PP/BRAZED HC 0.953 2.159 1% 0.239 0.064 3.14
jf";};’fjm;" ’_ = . J20235-50
- ’ R781112
Figure 50 STF505M-7D Nacelle Acoustic Treatment Design Features --

Treatment design features are based on such factors as
tuning objectives, duct Mach number, and temperature.
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The scalloped exhaust mixer, included in the engine configuration for

performance purposes, 1is not expected to benefit exhaust noise
significantly.

7.3 NOISE PREDICTION METHODOLOGY

Airplane roise levels predicted in this study were performed on an
individual component~-fan, core, turbine, jet, airframe--basis. For
most components the predictions were derived from a component data
base established from engine noise measurements. Correlating
parameters, developed from analytical procedures to condense data from
several tests and configurations, were used to scale predicted noise
levels from each component data base.

7.3.1 Fan Noise

Fan noise, dominant during both takeoff and approach, is the most
important noise source. Since JT9D-7A and the Energy Efficient Engine
fan sections have similar acoustic designs, the JT9D data base was
used for the fan noise predictions. The similarities included
single~stage configuration, inlet vanes, similar
.tip~speed/pressure-ratio relationships, and substantial fan-to-exit
vane spacing.

An important feature of the JT9D data base is that all data were
obtained with ‘an Inflow Control Structure installed on the engine to
simalate - flight inflow conditions. Without the Inflow Control
Structure, significant levels of inflow distortion exist during static

“ testing that do not exist in flight. Inflow characteristics affect
noise generation,thus, only with the proper simulation of inflow
conditions can the static data be reliably used for estimating
inflight fan noise.

The data base provided noise levels in each 1/3-rctave band that
contained fan noise as a function of fan tip Mach number for each
measurement angle around the engine. The data base levels were
corrected for differences in diameter, pressure ratio, spacing, and
blade number between the JT9D and study engines.

One significant difference between the acoustic designs of the JT9D
and Energy Efficient Engines fan section is that while the JT9D
contains a large enough number of fan exit vanes to acoustically
"cut-off" the fundamental blade passing tone generated by the
fan-stator interactions, the Energy Efficient Engine does not.
Structural and performance considerations for Energy Efficient Engine
preclude the use of acoustically optimum numbers of vanes; therefore,
the interaction that generates blade passing tone is ‘'cut-on".
Procedures do not exist to define analytically the impact on noise of
these differences. It has been assumed that any adverse effect would
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be offset by the increased rotor-stator spacing of the Energy
Efficient Engine, which is nearly double that of the JT9D.

The Energy Efficient Engine fan also differs from the JT9D fan in that
it is shroudless. This difference is not expected to have a
significant effect on noise. Any acoustic differences probably would
favor the Energy Efficient Engine as lesser disturbances would be
introduced into the flow that could interact with downstream stator
vanes to generate noise.

7.3.2 Core Noise

Predictions of core noise generated by combustor burning processes
were based on data base from a variety of Pratt & Whitney Aircraft
engines and combustors. Predicted values were scaled from the data
base by means of a correlating parameter that was developed
analytically to collapse the data from the various sources. The
correlating parameter included terms for fuel-air ratio, inlet
temperature, a flow parameter, and number of fuel nozzles. The
calculated values of the correlating parameter for the Energy
Efficient Engine fell within the range of available data.

7.3.3 Turbine Noise

Turbine noise levels were predicted from a data base obtained from a
variety of low and high bypass ratio engines tests. Values of
correlating parameters used to scale the predictions fell within the
range of existing data., The correlating parameter included terms for
loading, tip speed, a flow parameter, blade-vane spacing, and size.

7:.3.4 Jet Noise

Recently revised SAE procedures (SAE ARP 876, March 1978) that relate
noise level primarily to the logarithm of the jet velocity were used
for jet noise predictions. Mixing of 85 percent was assumed for the
force mixed, common flow nozzle. This is consistent with the percent
m1x1ng assumed for performance calculations. To account for 85 percent
mixing, the relationships in the SAE procedure were entered at a
velocity that was 85 percent of the range between the nonmixed primary
velocity and the fully mixed velocity.

7.3.5 Airframe Noise

Airframe noise levels for the Pratt & Whitney Aircraft study airplanes
were estimated using a relationship between airframe noise data and
the airplane takeoff gross weight. The data were obtained from various
published data. (Reference 4, 5, 6). Airframe noise estimates for
airframe company study airplanes were provided by the airframe
manufacturers, and the levels were in general agreement with the
procedures used by Pratt & Whitney Aircraft.
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7.3.6 Acoustic Treatment

Separate procedures were used to predict the inlet and aft treatment
effectiveness. The inputs for both procedures were the same: design
frequency, duct parameters, and treatment type. Inlet attenuation
spectra were obtained from a NASA-developed procedure based on mode
cut-off ratic (reference 7).

Fan duct attenuation spectra were based on Pratt & Whitney Aircraft
flow duct data. Predictions were obtained by applying to the predicted
inlet and fan duct spectra: 1) a calibration factor obtained by
comparing predicted and measured JT9D attenuation spectra and 2) a
correction for treated area.

7.3.7 Calculation of Effective Perceived Noise Level

Using the previously described procedures, noise levels were predicted
for each component in 10° increments (5° increments at critical
angles). The predicted values were extrapolated to required values and
tone corrected perceived noise levels (PNMLT) were calculated at each
angle from the l/3-octave band levels for each source and the combined
sources (total ncise). Using the airplane altitude and airspeed for
each case,.angles were translated to time. From the total noise PNLT
versus time relationships, effective perceived noise levels were
calculated for comparison with noise certification requirements.

7.4 PREDICTED NOISE LEVELS

7.4.1 Component Noise Levels

The fan, as expected, was the dominant noise source at all conditionms.
At certain conditions, the jet and airframe also provided significant
contributions to the total noise. Figure 51 shows the relative
importance of each noise component for the three noise certification
conditions =~ approach, takeoff, and sideline -- for the Pratt &
Whitney Aircraft trijet, which is a typical example. At approach the
fan noise propagating forward from the inlef is the dominant source,
and at the other two conditions the aft propagating £fan noise is
dominant, Airframe noise had the  second highest noise 1level at
approach, and jet noise was the second most important source at
takeoff and sideline conditions. The figure aiso shows the reduction
in fan and turbine noise (and total noise) that was predicted for the
acoustic treatment.

7.4.2 Predicted Noise Levels Vs. Objectives (FAR Part 36)

Based on predicted noise levels, all study airplanes could comply with
the noise certification requirements of FAR Part 36-1978. Figure 52
shows the noise levels for the various study airplanes and the FAR
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Figure 51 Component Noise Level Predictions (P&WA Trijet) -- The

fan was the dominant noise source at all conditions.

requirements for the three certification conditions. It can be noted
that the requirements for each condition were a function of airplane
takeoff gross weight. In addition, for the takeoff condition, the
requirement was a function of the number of engines. Noise levels for
all study airplanes were well below the limits with one exception: The
Boeing twinjet at takeoff exceeded the limit by one~half an EPNdB,
This small exceedance would not prevent the airplane from meeting
certification requirements as the regulations permit trading of a
surplus at one condition for an exceedance of up to 2 EPNdB at another
condition.

Also it should be noted that no attempt was made to refine for minimum
noise the nacelle configuration of this airplane or any other study
airplanes defined by the airframe manufacturers. The nacelle
configuration optimized for the Pratt & Whitney Aircraft defined
airplanes was used throughout this effort.

87




EPNdB

APPROACH FAR 36 (1978)

108
O rawa
0 8CAC  TAKEOFF
O pac 2
a Lee FAR 36 (1978) 2100
57}
108 B &
o5 L 1 Q1 !
SIDELINE
100 108~
, — FAR 36 (1978)
-
05 @ 100}~
Z =
Q.
e L
- A
90 | | | 95 - ag O o
"90 180 220 360 - A
(200) (400} {600) ~ (800) - L _ )
TAKEOFF GROSS WEIGHT 90 180 T " 270 360
- - (200) . {400) (600)  (800)
THOUSANDS OF kg TAKEOFF GROSS WEIGHT
({THOUSANDS OF Ibm) ‘ -~THOUSANDS OF kg —
{THOUSANDS OF |bm)
Figure 52 Predicted Noise Levels ar FAR Part 36 (1978)
Certification Conditions -~ The STF505M-7D achieves the

NASA goal of meeting FAR part 36 (1978) noise
certification standards.

At approach, the two Douglas trijets had significantly more margin
below the limit than the other study airplanes. The lower estimated
noise levels resulted primarily from the lower values of approach
‘thrust required for the Douglas airplanes because of higher lift/drag
designs and lower flap setting requirements.

Optimization for minimum noise of the performance of all study
airplanes and of the nacelle configurations of the airframe

manufacturer designed airplanes would decrease the nominal noise
levels. ' '
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7.4.3 Noise Footprint Areas

The area covered by 90 EPNdB contours during landing, approach, and
takeoff was calculated for each study airplane powered by the Energy
Efficient Engine. These estimates are presented in Table 25. The noise
contour area produced by the JT9D-7A powered Pratt & Whitney Aircraft

TABLE 25

90EPNdB TAKEOFF AND APPROACH NOISE
FOOTPRINT AREAS

Airplane Footprint Area - sq. km
Boeing Twinjet | 25.4 |
Douglas Domestic Trijet ' 30.0
Douglas Internatiomal Trijet 34.7
Lockheed Trijet _— 33.4
Lockheed Quadjet 47.7
P&WA Trijet 37.6
P&WA Quadjet , 50.2

intercontinental quadjet was also calculated for reference purposes. -

The JT9D-7A engine was assumed to be installed in a nacelle with a
short fan-discharge duct, typical of current configurations.

The footprint areas of the Energy Efficient Engine powered study
airplanes are 22 percent to 60 percent lower than the JT9D powered
" reference airplane. In terms of absolute values, the footprint areas
of the study airplanes range from 50.2 square kilometers (19.4 square
miles) for the Pratt & Whitney Aircraft intercontinental quadjet ‘to
25.4 square kilometers (9.8 square miles) for the Boeing domestic
twinjet.

It should be noted that values of footprint areas should be used for
comparative purposes only, limited to the airplanes within this study.
Footprint areas calculated in other studies may not be comparable as
there are no standard procedures for calculating these areas. Also,

~ absolute values of footprint areas should not be considered exact
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because of the uncertainties associated with the extrapolation of
airplane noise 1levels to the long distances required in footprint
calculations.
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8.0 EMISSIONS EVALUATION

8.1 PREDICTED EMISSIONS LEVELS
Estimates of gaseous emissions and smoke levels for the Energy

Efficient Engine cycle are presented in Table 26. These estimates are
based on two-stage Experimental Clean Combustor Program (ECCP)

TABLE 26

ESTIMATED EMISSIONS AND SMOKE CHARACTERISTICS

EPAP*
Cco 2,0
THC> 0.2
NOx 4.3
Smoke No. 20 (max.)

%#1bm pollutant/1000 1bf thrust/hr/cycle

combustor engine data for carbon monoxide  (CO) and total unburned
‘hydrocarbon (THC) emissions and on . single-stage carburetor tube
" combustor rig data for oxides of nitrogen (NOx) and smoke emissions.

852 EMISSION PREDICTION METHODOLOGY

The emissions, reported in an EPAP (Environmental Protection Agency
Parameter), represent a weighted average of Emissions Index (EI)
during a typical landing and takeoff (LTO) cycle within the airport
environment. Emissions Index is composed of various engine power
settings for a length of time typical of a particular class of
aircraft. The power settings and time blocks corresponding to the
Energy Efficient Engine class is shown in Table 27. The equation for
the EPA parameter can be expressed as

cycle
> (EI); (WE); (TIM);
EPAP = :
cycle ‘
2 o (tm); (PN
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where Wgi = lbm/hr of fuel flow
EIL; = 1bm of pollutant/1000 lbm of fuel
TIM; = time in mode (Min)
FNj = thrust (1bf)

subscript i particular engine power setting or mode

The CO EPAP was calculated from the ECCP data on a combustor inlet
temperature (Tt3) basis, and involved correcting the engine data for
the Energy Efficient Engine pressure levels and evaluating the EI's at
the appropriate combustor inlet temperatures. The THC EI's weare
observed to be approximately 1/10 of the CO values. The pressure
correction for these constituents is linear:

P
COdggg = CO)peg  _b3 Tof ; THC) ggg = 0.1 CO) ggg
Pt3 EEE
TABLE 27

LANDING AND TAKEOFF CYCLE

Mode Takeoff Thrust (%) Time in Mode (min)
Taxi/Idle (out) Assigned (mfg)* 19
Takeoff 100 0.7
E Climb Out 85 . 2.2
Approach o 30 4.0
Taxi/Idle (in) Assigned (mfg)¥* | 7

*Installed idle thrust of 5.5 percent is being employed for
the Energy Efficient Engine.
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The NOy EPAP was calculated form rig data on a fuel-air ratio (f/a)
basis. The data were corrected for pressure and temperature and
correlated against measured fuel/air ratio. The NOx EI's corresponding
to the Energy Efficient Engine fuel/air ratios were then employed to
calculate the EPAP., The pressure/temperature correction utilized for
the calculations was

[~ 1/2 5 -
NOy)EEE = NOy)ref Py3EEE exp [TtS EEE™ Tt3 ref ]
| Pt3 ref 288

exp | 18.8 (Hpef- HEEE)] Vref
VEEE

oo

where Pt3 =  combustor inlet pressure
Tt3 = combustor inlet temperature (%K)
H - humidity (1bm H90/1lbm air)
v = combustor reference velocity

The humidity and reference velocity terms drop out of the equation
since the rig and combustor reference velocities are approximately
equal and all data are corrected to the standard 60 percent relative
humidity.

The maximum smoke level anticipated during the LTO cycle product was
estimated from the rig data at a value of (£f/a) Pt3 corresponding to
takeoff conditions. The method of correlating smoke data from a
particular combustor configuration has been employed by Pratt &
Whitney Aircraft to' account for variations in ambient effects in
engine tests. The method also enables estimation of smoke levels for
high pressure ratio engines operating at comparable f/a ratios.

8.3 MARGINS

The levels of gaseous emissions shown in Table 26 include allowances
for engine~to-engine variations as well as deterioration and
development margins. The breakdown of these margins are shown in
Table 28.

The allowance for engine-to—engine variation was determined by means
of a statistical analysis of a JT9D-7A pilot lot data, consisting of
19 engines. A 30 level was chosen, which implies that all but 1.5
engines in 1000 will probably meet the requirement.
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TABLE 238
SUMMARY OF MARGINS

'Qngineﬂto—Engine Deterioration

Emissions . Variation (%) Margin (%)
co 22 5
THC 46 5

N0, 14 3

S
M

Development
Margin (%)

20
20

10

Total
(%)

47
71
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9.0 EVALUATION OF GROWTH POTENTIAL
9.1 THRUST GROWIH APPROACH

A thrust growth plan has been devised for the Energy Efficient Enginén

The approach to thrust growth was developed under the earlier study:

contract, WNAS3-20628, and reported in NASA CR-135396. Preliminary
growth studies were conducted during the first two tasks of that
contract, and detailed growth studies were conducted during Task III.

During the detailed growth studies of Task III, selected
configurations were investigated. This 1investigation included
analyses of cooling-air increases required to maintain hot-section
life, changes in the aerodynamic performance of components resulting
from changes in pressure ratio or cooling flows, and evaluation of the
structural impact of changes 1in rotor speeds, pressure, and
temperature levels. The investigation verified the feasibility of the
chosen approach to engine thrust growth.

The selected growth path was defined in two growth steps:

A) An initial step of about 15 percent increased thrust, without
major changes in nacelle geometry. This increase is to be
accomplished by means of an increased overall pressure ratio,
an increased fan pressure ratio, a small increase in fan
airflow, and an increased rotor inlet temperature.

B) A final step of about 25 percent increased thrust that
requires a new nacelle, The engine changes include an
increased overall pressure ratio, an increased fan diameter,
and an increased rotodr inlet temperature.

Neither of the growth steps will require additional advances in
technology (i.e., mno improvements in materials, coatings, or
aerodynamic technology were assumed).

9.2 PERFORMANCE EFFECTS

Changes in engine cycle, performance, airflow and diameter are
summarized in Table 29 for the two growth steps. Thrust growth will
be accompanied by a slight improvement in installed TSFC (flight
inlet, nacelle drag, mo bleed or power extraction) for step (Adand a
significant improvement for step (B). The improved TSFC will be a
result of increased overall compression ratio and rotor imlet
temperature, which partially offsets the fuel consumption penalty of
increased fan pressure ratio. In addition, the nacelle drag/thrust of
step (A) is lower than the base because the greater thrust is achieved
without an increase in nacelle diameter. For step (B), the
improvement in TSFC is a direct result of the thermal efficiency
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TABLE 29

GROWTH CYCLE PERFORMANCE AT AERODYNAMIC DESIGN POINT
RELATIVE TO BASE ENERGY EFFICIENT ENGINE

Step A 157 Step B 257
Thrust Increase Thrust Increase

Change in Corrected Airflow - kg/sec (lbm/sec) +36 (+78) +186 (+410)
Change in Fan Pressure Ratio +0.07 0
Change in Bypass Ratio -0.59 +0.82
Change in Overall Pressure Ratio +6.4 : +6i4
Change in Rotor Inlet Temperature °C (°F) +37 (+67) +95 (+172)
Change in Turbine Cooling Air (% Core Flow) +3.3 +5.7
Change in Fan Diameter cm (in) +3 (+1.1) +27 (+#10.7)
Change in TSFC (Percent) T -0.2 - -1.1

improvement associated with the OPR/RIT increases, since fan pressure
ratio 1is constant (propulsive efficiency 1is nearly constant).
Drag/thrust for step (B) is nearly the same as for the base engine.

The effect of thrust growth on direct operating cost is difficult to
assess, since the additional thrust can be used for many purposes,
from reducing takeoff distance to increasing payload. The cycle
changes used to achieve thrust growth produce DOC penalties, relative
“to the base EEE, of 0.6% for Step A and 1.2% for Step B, assuming no
DOC benefit for increased thrust. These penalties are primarily due to
the RIT increases. If the thrust increases are used to increase
payload, then these penalties are more than offset, on a
seat-kilometer cost basis.

Two  stretched versions of the P&WA domestic study airplane were
- conceived to quantify the possible DOC value of these thrust growth
steps. Passenger capacities were solved for to match both steps by
holding design range and wing area constant while TOGW, OEW, fuel load
and thrust were increased as required. The results show that, on a
seat-kilcmeter cost basis, the DOC of the 15% growth airplane is 4.5%
lower than that of the basic EEE powered airplane, and the DOC of the
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25% growth airplane is 8.7% lower than the base EEE. Both advantages
include the penalty for growth cycle changes.

The changes to the engine required to achieve growth steps are:

Step (A): Base single-stage fan is replaced with a single-stage
design of higher pressure ratio, increased tip speed, and slightly
greater specific flow and diameter. Low-pressure compressor has an
additional supercharging stage. High-pressure compressor is
aerodynamically unchanged, but operates at higher physical speed with
increased gaspath temperature levels as a vesult of increased inlet
temperature; pressure ratio and corrected airflow are unchanged from
base. Combustor operates at higher exit temperature and higher vane
cooling flow than base. ~ High-pressure turbine cooling flows are
increased to maintain life at the elevated rotor inlet temperature,
and the turbine is rebladed (same annulus) because of changes in
cooling air and expansion ratio. The low-pressure turbine has a
cooled first vane row for hot section life, but no aerodynamic changes
are required. The forced mixer/plug is revised to furnish the mixing
plane area adjustments required by the cycle revisions. No
significant changes in total mixing plane area or jet nozzle are
required. No changes to the inlet throat geometry or the external
forward nacelle lines are required, with the possible exception of an
added section to extend the length.,

Step (B): More extensive changes to the engine are required, some of
which are illustrated on Figure 53. The base engine fan is replaced
with a scaled-up fan having the same aerodynamic parameters. The
low-pressure compressor has an added supercharging stage, as in Step
A. The high-pressure compressor is unchanged aerodynamically, but
operates at elevated pressures, temperatures, and rotor speed --
pressure ratio and corrected flow are unchanged from base. Burner
exit temperature is increased, and first turbine vane cooling is
increased beyond that required by Step (A). High-pressure turbines

‘cooling flows are increased to maintain life, and the turbine is

rebladed (same annulus) as in Step (A). Since the low-pressure rotor
speed 1is decreased as a result of an increased fan diameter at the
same corrected tip speed, the low-pressure turbine requires more
extensive changes for Step (B) than are required for Step (A). The
low~pressure turbine has increased elevation, requiring a new
transition section between the turbines, and has an additional (fifth)
stage. Both the low-pressure turbine first blade and first vane are

cooled. Because of the increased airflow and cycle changes, mixing

plane geometry differs from the base engine, requiring mixer/plug
revisions. The entire nacelle for this growth engine is new.

97

¢




9.3 NOISE EFFECTS

Thrust growth can be achieved with only a small impact on noise. The
effects on engine noise of the two approaches for growth discussed in
Section 8.1 are summarized in Figure 54. The increases in fan pressure
ratio (Step A) and fan size (Step B) resvlt only in a small

BASE ENGINE

’ﬁEBiFIED TURBINE
TRANSISTION DUCT

+9509: (+172%) TURBINE ROTOR INLET
TEMPERATURE

NEW 5-STAGE
LP TURBINE

SUPERCHARGING
STAGE

ULTIMATE GROWTH ENGINE

Figure 53 Thrust Growth Engine Design -- Thrust growth will be
accomplished in two steps: an -initial step of about 15
. percent increased thrust without major changes in the
nacelle, and a final step of 25 percent, requiring a new
nacelle.

increase in fan noise: 1less than 1 dB. The increase in jet velocity
-associated with Step A resulted in an approximately 2 dB increase in
jet noise. Extending this approach beyond a 15 percent thrust growth
would result in additional jet noise which probably would be :
unacceptable. By increasing bypass ratio (Step B), the jet velocities L :
can be reduced and a more substantial (25%) thrust growth can be ‘
obtained with small ( 1 dB) increases in jet noise.
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The impact of thrust growth on airplane noise is more difficult to
assess; thrust growth 1is wusually accompanied by changes 1in the
airplane configuration. However; if a constant thrust loading is
assumed (takeoff gross weight increases at the same rate as engine
thrust) the margin below the FAR Part 36-1978 noise limit would be
retained as the noise limit increases with takeoff gross weight. Very
heavy airplanes are possible exceptions at the approach condition
because the approach limit is constant at takeoff gross weights above
280,000 kg (617,300 1bm).

9.4 EMISSIONS EFFECTS

The primary cause of the changes in exhaust emissions shown below is
the increase in overall pressure ratio from 38.6 in the base engine to
45 in both growth engines. This increase causes carbon monoxide and
unburned hydrocarbon emissions to decrease and oxides of nitrogen

emissions to increase.

Projected Change in Exhaust Emissions Due to Growth Steps is shown in
Table 30.

TABLE 30

EFFECTS OF GROWTH STEPS ON EXHAUST EMISSIONS

EPAP
Step A Step B
co -0-2 -0'2
THC -0.05 -0.05
NOX +1.0 +1-0
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10.0 GOAL ACHIEVEMENT PROBABILITY ANALYSIS

10.1

The

propulsion system in TSFC,
during the PS-AIE.

input from the

probability of achieving NASA-specified goals

INTRODUCTION

for the flight

DOC, noise, and emissions was evaluated -
Evaluation of the DOC and noise goals required .
airframe manufacturers.

10.2 TSFC PROBABILITY ASSESSMENT

The procedure
determined 1is
detail during

TSFC

by which the probability of meeting TSFC goals was
outlined in Figure 55. This process was performed in
the initial study phase of the Energy Efficient Engine

WEIGHT, COST, MAINTENANCE COST

TURBINE COMBUSTOR
TSFC
POLL EXPERTS PROB
PROB AN INFLUENCE
“BEST", “WORST" COEFFICIENTS
“MOST LIKELY" o 7 n ———td PROB
COMPONENT PROB i :
PERFORMANCE & ETc.
| TSFC
NACELLE
DRAG
Doc

INFLUENCE
COEFFICIENTS

LIST OF
DESIGN OPTIONS

® IMPROVEMENTS

/

OF OPTIONS

POLL EXPERTS wT TS
e PROBABILITY PROB.
OF INCLUSION \

o CONCERNS
o ESTABLISH cost Mc
WEIGHT, COST, MC g
_ PROBABILITIES FOR PROB
EACH ITEM ,
o ESTABLISH
INTER-RELATIONSHIPS ADOC A DOC
COMPARE NOMINAL
3 ENGINE
PERFORMANCE
‘ TO JTOD-7A
PROB
% A DOC
REL TO JT9D-7A
Figure 55 TSFC and DOC Probability Assessment Process -- Component

performance and characteristics probabilities are
statistically combined to predict overall probabilities
of achieving TSFC and DOC goals.
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Program (Contract NAS3-20628), and is described in the final report
for that contract (Reference 2).

Experts for each component (fan, burner, turbine, ...) review their
special area and estimate the 'best possible'", the "most likely", and
the '"worst possible" levels of component performance. These expert
estimates for each component are then converted into component
probability-of-achievement curves. The probability~of-achievement
curves for all the components .are combined statistically using TSFC
influence coefficients to establish a curve of overall TSFC
probability.

The TSFC probability for the curreat contract, NAS3-20646, was
cbtained by re-estimating the most likely component performance
analyzing the overall performance of an engine composed of these most
likely components, then shifting the overall TSFC probability curve to.
reflect the difference between this performance and that of the
previous contract. This re-evaluation was based on the results of the
Preliminary Design Analysis reported in Reference 1.

The TSFC values in Figure 56 are installed values and include flight
inlet and nozzle effects, isolated and nacelle drag, but no bleed or

100 =~
80—
)
1. 60}
>
=
4 L
-]
<
-]
S awl
£ STF 505 M7D NASA GOAL
STATUS
20 b~
0 ] I i 1 1 I i 1 } I I | i L1 i J
-18 —~17 = —16 ~15 —-14 -13 -12 -1t -10 -9
% TSFC IMPROVEMENT FROM JT9D-7A
(10670 m, Mn 0.8, MAX CRUISE)
Figure 56 Probability of Achieving TSFC Goal -- The probability of

meeting the NASA 12 percent ISFC 1mprovement goal 1is
greater than 99 percent.
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horsepower extraction. The figure shows that the probability is very
high (99%) for meeting the NASA goal of at least 12 percent TSFC
improvement over the base JT9D-7A engine.

10.3 DOC PROBABILITY ASSESSMENT

The evaluation of the DOC probability (also shown in Figure 55)
included the TSFC probability and required estimating engine weight,
price, and maintenance cost probabilities. These other parameters,
unlike TSFC, had not been evaluated in detail in the previous contract
(NAS3-20628) effort and had to be completely determined during the
present study,

The assessment of these parameters (weight, price, and maintenance
cost) started with the development of a baseline engine configuration
and the determination of the weights, prices, and maintenance costs of
the individual component areas. The design was reviewed and a list of
possible improvements to reduce the weight, price, or maintenance cost
was developed. A list of possible design concerns that might increase

these parameters was also compiled. Most items on these lists gave

mixed results (e.g., an item might decrease weight but increase price
and/or maintenance cost).

These 1lists, containing over 80 items, were shown to a number of
experts in the various aspects of engine design who estimated the
probability of the item being included in the final flight propulsion
system. Simultaneously, weight, price, and wmaintenance cost
probabilities were established for each item. The relationships among
weight, price, and maintenance cost were also determined.

The estimates of the experts were used to establish probability-of-
inclusion curves for each item. These curves were combined
statistically, along with the weight, prices, and maintenance cost
probabilities of each item (accounting for inter-relationships) to
produce overall weight, price, and maintenance cost probabilities for
the flight propulsion system. These probabilities, expressed in terms
of percent variation in DOC from the baseline design, are shown in
Figure 57. The Pratt & Whitney Aircraft domestic airplane was the
basis for the influence coefficients used in this figure. A similar
plot was prepared for the Pratt & Whitney Aircraft intercontinental
airplane.

The TSFC probability curve, converted to DOC variation, is also shown
in Figure 57. The nacelle was analyzed as a separate component for
weight and cost and these effects are shown coupled in the figure. The
curves were then combined to produce the overall DOC probability,
still based on a nominal Energy Efficient Engine design. ‘
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Figure 57 DOC Probability Buildup (P&WA Domestic Trijet, Typical

' Mission) -- TSFC, weight, price and maintenance cost
probabilities were combined to predict the probability
of meeting the DOC goal.

The airplane economic performance with the nominal engine was
evaluated and compared with the JT9D-7A reference engine in both Pratt
& Whitney Aircraft airplanes. On the basis of these comparisons, the
overall DOC probability curves were converted to a JT9D-7A reference
base, as shown in Figure 58. The relationships between DOC results for
the Pratt & Whitney Aircraft and the airframe manufacture airplanes
were used to establish probability curves for the airframe
manufacturers' airplanes--also shown in Figure 58. The results shown
are for typical missions. e

The probability of meeting the NASA goal of a five percent DOC
advantage over the JT9D-7A reference engine is greater than 99 percent
on all airplanes except the Boeing twinjet. The reasons for the
relatively low advantage ‘in the Boeing twinjet are explained 1in
Sections 5 and 6. o PR : ' :

[

104

A R R T AT




80 p=

60 b=

50 -

NASA GOAL. . . .

PROBABILITY ~%

a0 |-

0= DOMESTIC

~12 -1 -10 -9 -8 -7 SR -5 -4 -3

% & DOC FROM JT9D REFERENCE

Figure 58 Probability of Achieving DOC Goal (Typical Mission) ==
The average probablllty of meeting the NASA DOC goal of
five percent is 86 percent.

10.4 NOISE PROBABILITY ASSESSMENT

Although the predicted noise values shown in Section 7 are generally
well below the FAR 36-1978 requirement, it must be recognized that the
predicted levels are nominal values. The uncertainties associated
with these predictions must be taken into account when assessing the
probability of an airplane complying with noise certification
requirements. A manufacturer would want a relatively high probability
before considering the risk acceptable and launching a development
program. This probability can be calculated wusing statistical
procedures. In this study the statistical methods took into account
the predicted margin below each noise limit and the uncertainty or
tolerance associated with the prediction. The standard deviations for
the noise predictions were estimated to be 3 EPNdB for approach and
2.7 EPNdB for takeoff and sidsline. The estimated probabilities for
each study airplane are summarized in Table 31. As noted in Section 7,
optimization for minimum noise of the performance of all study

~airplanes and of . the  nacelle configurations of the airframe

manufacturer designed airplanes would increase the compliance

‘probabilities.
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TABLE 31

PROBABILITY OF ACHIEVING NOISE GOAL

Airplane Probability of Meeting Goal*
BOEING DOMESTIC TWIN 63%:

DOUGLAS DOMESTIC TRI 95

ﬁOUGLAS INTERNATIONAL TRI 93 -

LOCKHEED DOMESTIC TRI 92

LOCKHEED INTERNATIONAL- QUAD 86

P&WA DOMESTIC TRI o 84

P&WA INTERNATINAL QUAD | 79

*Goal is compliance with FAR Part 36 (1978)

16.5 EMISSIONS PROBABILITY ASSESSMENT

The probability margins applied to the gaseous exhaust emission
estimates are discussed in Section 8.0. Figure 59 and Figure 60 show
how these probability margins compare with the NASA goals of meeting
the proposed 198! EPA Emissions Standards. Pratt & Whitney Aircraft
quoted estimated emissions are shown by the circles on each plot. The
results indicate that the Energy Efficient Engine has a greater than
99 percent probability of meeting the CO and THC standards about a 10
percent probability of meeting the NOy goal, and a 50 percent
probability of meeting the maximum smoke standard.
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59 Probability of Achieving  Emission Goals =-- The
probability of meeting CO and THC standards is greater
than 99 percent. '
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Figure 60 Probability of Achieving NOy, and Smoke Emission Goals

: -- The probability of meeting the NOy goal 1is ten

percent. There 1is probability of fifty percent of

achieving the maximum smoke standard.
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11.0 CONCLUSIONS

o The technologies being developed during the Energy Efficient
Engine program offer substantial fuel burned and economic payoffs in a
wide range of advanced commerical transport airplanes.

o The current design of the Energy Efficient Engine installed in
medium to long range trijet or quadjet aircraft offers a high
probability of meeting all NASA program goals 1in performance,
economics, and environmental factors except for nitrous oxide exhaust
emissions. In Boeing's shorter-range twinjet application, the current
design of the Energy Efficient Engine also may not meet the NASA goals
for either direct operating costs or noise.

o The Energy Efficient Engine design has the potential for thrdst
growth of up to 25% without significant impact on its ability to meet
NASA program goals.
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DAC

boC
ECCP
EEE
EI
EPA
EPAP
EPNdB
FAR
FPR
FPS

HPC
HPT
hr{
in
INS
10C
KN
kg

kW
1bf
1bm
Lcc
LPC
“LPT
LTO

MEW
Mfg
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12,0 SYMBOLS & ABBREVIATIONS FOR PS~AIE REPORT

degrees Celsius
degrees Farhenheit
degrees Kelvin
Auxiliary Power Unit
aspect ratio

Boeing Commercial Airplane Company, Division

Boeing Company

bypass ratio

Civil Aeronautics Board
1ift coefficient
centimeter

carbon monoxide

Douglas Aircraft Company, Division of McDonnell Douglas

Corporation

direct operating cost

Experimental Clean Combustor Program
Energy Efficient Engine

Emissions Index

Environmental Protection Agency

EPA Parameter (measure of exhaust emissions)
teffective perceived noise in decibels
Federal Airworthiness Regulations
fan pressure ratio

flight propulsion system

feet

gallons

horsepower

high pressue compressor

high pressure turbine

hour

inch

insurance

indirect operating cost

kilonewtons

kilogram

', kilometers

kilowatt
pound force
pound mass

Lockheed California Company,  Division of

Corporation

‘low pressure compressor
low pressure turbine
landing and takeoff cycle
meters

manufactuers empty weight
manufacturer

of the

Lockheed




n.mi.
N
NOx
OEW
OPR

P&WA
PR
Prob

RIT
ROI

s.m.

TEGV
THC

TOGW
TSFC

Wa

:

Mach number

nautical miles

newtons

oxides of nitrogen

operating empty weight

overall pressure ratio

pressure

Pratt & Whitney Aircraft

pressure ratio

probability

efficiency

rotor inlet temperature

return on investment

local total pressure/sea level standard pressure
statute mile

total temperature

turbine exit guide vane

total unburned hydrocarbons:

takeoff gross weight

thrust specific fuel consumption, fuel flow/thrust
mass flow

airflow

seconds

local total/sea level standard temperature
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APPENDICES

The Appendices present the final reports preparad by each of the
airframe subcontractors--Boeing, Douglas, and Lockheed--for Pratt &
Whitney Aircraft. The - reports provide the results of their
performance comparisons and integration studies and summarize the
subcontract effort in support of the preliminary nacelle design task,

During the nacelle design process——which included two design
review/coordination meetings with each subcontractor--the airframers
raised a number of concerns about the design. Pratt & Whitney Aircraft
endeavored to account for these concerns as the nacelle design
evolved. In cases where there were conflicting opinion among the
airframers on aspects of the design, Pratt & Whitney Aircraft chose
the approach most in keeping with the objectives and philosophy of the
Energy Efficient Engine Program. In other cases, where satisfactory
resolution of the concern would have required a detailed design effort
beyond that appropriate to the purposes of this program, the concern
was left unresolved.

The preliminary nacelle design resulting from this coordinated effort
is described in the Energy Efficient Engine Preliminary Design and
Analysis Report, Reference 1.
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1.0 SWMARY :

'NASA objectives for the Energy Efficient Engine (E3) program are to develop
technology to achieve: (1) a 12% reduction in cruise specific fuel
consumption, (2) 5% reduction in direct operating cost (DOC), and (3) | é
reduction of engine performance deterioration common to current technology
high-bypass-ratio engines. Future noise and emission requirements must also
be met. Boeing's role in the E3 program was to help determine if the s
PEWA E3 engine cycle met NASA goals. In this capacity, Boeing defined an , 1

advanced technology airplane and provided mission performance, economics,

TR s AT TR LR T S R A RS

noise, and nacelle assessment data with E3 and current technology engines

installed.

An advanced technology one-stop transcontinental airplane was selected for the
Boeing study. Scalable STF505M-7C and JT9D-7A engine data supplied by P&KA
were cycled with the airplane to achieve the most fuel-efficient and V
‘economical airplane for each engine installation. Table 1-1 shows the
airplane design point performance and characteristics. The design-mission
fuel burned for the STF505M-7C was 17.9% lower than for the JT90-7A,engine.
Based on P&WA supplied maintenance cost and engine price data,,the STF505M-7C
also had 6% lower DOC than the JT9D-7A-powered airplane.
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Table 1-1. Airplane Characteristics and Performance

Domestic Airplane

JT9D-7A Engine  STF505M-7C

Design range, nmi | 2000 2000
Design payload, passengers/1b 196/40 180 196/40 180
Number of crew , 3 3
Cruise Mach number | | 0.80 0.80
Number of Engines | 2 2

Takeoff thrust/engine, pounds (sea level -

without bleed or HPX) N 37 280 ' 35 820
TOGW, pounds : _ 256 580 - 248 880 N
Operating weight ampty, pounds 160 780 162 510
Block fuel, pounds n
--at design range and payload | 41 410 34:290
—-at 1000 nmi range, 108 passengers 19 140 16 060
REV SYM 126  levewsy |
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Table 1-2 shows that airport and community noise levels for the STF505M-7C L
airplane meets FAR 36, amendment 8, requirements for a twin-engine airplane. j
A nominal noise estimate 3 EPNdB below FAR noise requirements is generally A
considered sufficient margin to ensure a certifiable engine installation. %
;‘ Using this criterion, the approach noise is marginal; however, no attempt was :
made in this preliminary estimate to refine the nacelle treatment to lowest ‘
noise levels. :
Table 1-2. Nominal Noise Estimate f
STF505M-7C FAR 36 (1978)
. EPNdB Requirement ~ EPNdB
EPNGB 3
) Takeoff ! 93.9 2.9 A
Sideline 91 %83 1.3
Approach 102 102.0 0 ‘
The fuel burned, economics, and noise results based on engine data supplied by
PRWA for the STF505M-7C show that the NASA goals for the P&WA g3 cycle could
- | be met. However, Boeing's assessment of the engine data and nacelle design
indicated a number of unresolved issues. These issues and the results of the
Boeing evaluation follow. ‘
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Boeing evaluation of the STF505M-7C nacelle weights indicated the
nacelle weight to be 1310 1b over the P&WA estimated weight. Y
Boeing's weight estimate was based on methods reflecting low
technical risk for commercial operation. This weight increase
reduced fuel burned savings from 17.9% to 16.6% and reduced the DOC
advantage from 6% to 5.7%.

The STF505M-7C engine price supplied by P&WA is too low according to
Boeing projections. Boeing's assessment indicated a price increase
of $590,000 per engine. The Boeing estimated price reduced the DOC
advantage of the STF505M-7C from 6 to 4.2%, which is below the NASA
5% goal.

Nacelle assessment and evaluation requires continual review as the
design evolves to ensure that the nacelle design meets airplane
requirements and objectives, Boeing design practice, and airline and
FAA certification requirements. During the Boeing assessment, —
several versions of the STF505M-7C nacelle design were reviewed.

In P&WA's nacelle layouts, however, material callouts and
construction details were too incomplete to conduct an indepth
evaluation. Concerns based on a critique of the nacelle design were
developed and coordinated with P&WA. Some nacelle design problems
were identified. Much additional effort would be required to ensure
a flight-acceptable nacelle installation, but no work of this type is
being considered in future programs.

To ensure that the E3 program results in an engine configuration that meets
the program goals and that can be installed in a nacelle acceptable to the
airframer and airlines, it is important for the airframer to be actively
involved in the installation design and evaluation.

\
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2.0 INTRODUCTION

The NASA Aircraft Enerqgy Efficient program (ACEE) has the objective of
improving the energy efficiency of future U.S. aircraft so that substantial
fuel savings and economies can be achieved.

The "Energy Efficient Engine (E3) Preliminary Design and Integration Study"

is one of the elements of this program. The recommended advanced technology
propulsion system resulting from this study is projected for use on airplanes
introduced into service in the late 1980's or early 1990's. NASA goals for
the E3 program are a 12% improvement in installed cruise specific fuel
consumption, a 5% improvement in DOC, and pérfdrmance retention of 50% or more
as compared with a current technology high-bypass-ratio turbofan engine.

The present study is a follow-on to work performed for Pratt & Whitney
Aircraft (P&WA) under subcontract No. 20528-1 in support of P&WA prime ‘ :
contract NAS3-20628. Objective of the P&WA primé contract, NAS3-20628, was to f
i evaluate advanced technology engine cycles and to select an advanced cycle :
that best fulfilled the NASA E3 program goals. Objective of the current
study was to evaluate the advanced technology turbofan engine comparing it
with a current technology reference engine to determine if NASA goals will be
met when these engines are installed on commercial airplanes of the late
1980°'s.

The tasks designed to accomplish this objective included:
a.: Aircraft and Mission Definition. Under this task an advanced technology

é transport aircraft was defined with a design range, performance passenger
. capacity, and mission appropriate for domestic use. '

|vo De-48027 Ny |
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b. Aircraft Performance and Sensitivity. This task evaluated a current
technology reference engine, the JT9D-7A (ref. 3) staled to the airplane
requirements and a similarly scaled advanced technology engine, the
STF 505M-7C (ref. 4), as installed in the advanced technology airplane.
The aircraft size was optimized for each engine for the defined mission.
Aircraft performance and mission sensitivities were then generated for the
aircraft powered with the advanced engine.

c. Aircraft and Engine Integration. Under this task a P&WA nacelle was
evaluated for nacelle construction, airframe accessory requirements and
location, maintainability, accessibility and safety requirements.

Section 4.0 of this report reviews and updates the mission selection and
airplane definition studies accomplished in earlier E3 studies reported in
reference 5. Mission definition differed from these earlier studies primarily
in its reduction of takeoff field length (TOFL) requirement from 7500 to 6000
ft; the major airplane-configuration change was an aft relocation of the
engine exhaust plane to 40% wing chord. The latter change was made as a
result of a flutter-weight penalty trade study.

Section 5.0 summarizes the sizing studies of the JT9D-7A- and STF505M-7C-
powered airplanes and compares the resulting performance, noise, and economics
of the two airplanes. These studies were based on the P&WA-supplied engine
performance, engine weight, engine noise, and engine economic data. DOC and
ROI sensitivity to fuel price was determined by using fuel prices of 35, 40

and 45¢/gal. Also, an additional DOC and ROI calculation shows the impact of
a Boeing estimated engine price that was about 50% higher than P&WA's est imate.

" Section 6.0 comments on the Boeing assessment and evaluation of the

P&WA-designed nacelle installation. Design comments, accessory requirements
and location, design loads, mount structure, and a weight assessment are
included in the critique of the P&WA nacelle design.
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A/P
AR

BLKF
BLKT

LR

O OO OO0

DNAC
CET

dB(A)

NAC
DoC

EPNL
EPNdB

vB

FSPP
GL
ICAC

LE
M

MCR
MEW

OEW

PNL

3.0 ABBREVIATIONS AND SYMBOLS

airplane

aspect ratio

block fuel, pounds

block time, hours

local chord

wing 1ift coefficient, L/qSpgF
CL ratio ‘
drag coefficient, D/qSgeF

nacelle drag coefficient, Onac/qSNAC
combustor exit temperature, OF

airplane drag, pounds
weighted sound pressure level, decibels

nacelle drag, pounds
direct operating cost

energy efficient engine

effective perceived noise level

effective perceived noise, decibels
nacelle vertical bending frequency, Hertz

net thrust, pounds
full standards prediction procedure

ground line

initial cruise altitude capability, feet
leading edge

flight machine number

max imum cruise

manufacturer's empty weight, pounds
operational empty weight, pounds

dynamic pressure, 1b/ft2

perceived noise level
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SFC
SLST

REF

NAC
t/c

TE

- TOGW
TOFL

WCP
WRP
VAPP

N 0.250

specific fuel consumption 1b/hr-1b
sea level static thrust (uninstalled)

wing reference area, ft?

nacelle wetted area, $12

wing thickness-to-chord ratio, measured streamwise
trailing edge

takeoff gross weight, pounds

takeof f field length, feet

wing chord plane ’

wing reference plane

approach speed, keas

design dive speed
sweepback angle at wing quarter chord, degrees
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4.0 AIRPLANE AND MISSION DEFINITION

Selection of the design mission and a corresponding design payload and range
was based on a projection of the commercial airplane market of the 1990's.
Various design requirements, wing geometry, and advanced technology features
were established for a 1990 domestic service airplane.

4.1 MISSION SELECTION

Examination of the possible 1990 market suggested that the future airline
market would be similar to the existing marketplace. This prediction was
based on the assumption that the air traveling community in the 1990's will
constitute approximately the same percentage of the total population as
today's air travelers, with a 4 to 6% annual growth. The air cargo market
should experience similar growth.

Many of the current narrow body aircraft will be retired from active service
by the major airlines in the late 1980's. These include the intercontinental
range 707-320B and -320C models, the DC-8 Sixty series airplanes, and some of
the early 727-200 model domestic airplanes.

Hence, there should be a market in the late 1980's for a large number of
replacement aircraft in the 180 to 220 passenger size range.. Accordingly, the
design mission and sizing constraints selected for the E3 study are:

Domestic Airplane

Design range, nmi | 2000
Nominal payload, c 196
passengers (15/85% mix) .
Cruise Mach number 0.8
TOFL, feet (max) , : :6000
VAPP, knots (max) 125
ICAC, feet (min) » 33 000
Reserves ' ATA Domestic
REVSYM A el o De-48027 > 133
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The following of f-design missions were selected for economic assessments:

Domestic Airplane

Range, nmi 665
Payload, 108
passengers (15/85% mix)

Cruise Mach number 0.8
A typical mission profile is shown in figure 4-1.
4.2 ADVANCED TECHNOLOGY FEATURES

An available aerodynamic and structural technology data base was used as a
baseline for projecting advanced airplane technology for the E3 program.
Reviews in each technology identified advanced technology features assumed to
be available for a 1986 program start and for in-service use in the early
1990's. The advanced technology features are summarized on airplane
configuration drawing (fig. 4-2).

A further discussion of aérodynamics, weiyght, and structural advanced
technology follows. '

4,2.1 Aerodynamics

‘_A baseline drag level was derived from representative wind tunnel model data.
'Improvements to this baseline drag data base were applied as follows:

- :a. Cruise--2% reduction in cruise drag was to be achieved by improved

wing-airfoil design and improved component integration. In addition, it was
assumed that an advanced active control system would produce zero trim drag.

b. Takeoff and Landing--a 5% improvement in lift-drag ratio was assumed for
the domestic two-engine airplane. This reflected the following changes:
sealed leading edge (LE) flaps, seals between nacelle struts and lateral
edges of the LE flaps, and aileron droop for high 1ift.
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4.2.2 Weights and Structures

Possible application of advanced aluminum alloys and advanced composite
structures on airframe camponents is shown with potential weight savings on
table 4-1. |

4.3 AIRPLANE GEOMETRY GUIDELINES
The airplane geometry guidelines shown in figure 4-3 were adopted to ensure

‘adequate ground clearance during taxi, takeoff, and landing. These are the
same guidelines used in the earlier study under subcontract No. 20628-1.

|no. D6-48027 N

REV SYM
‘lPAGE ]3

137




;'
CURRENT NEW TECHNOLOGY
TECHNOLOGY
MATERIAL MATERIAL STRUCTURAL WEIGHT SAVING
COMPONENT % OF
COMPONENT
WEIGHT
STANDARD ADVANCED WING BOX 6%
ALUMINUM ALUMINUM FUSELAGE 4%
ALLOYS ALLOYS - EMPENNAGE 6%
(CURRENT 747) BOX
| CONVENTIONAL ADVANCED CONTROL 25%
ALUMINUM COMPOSITE SURFACES
CONSTRUCTION STRUCTURE LANDING GEAR
(GRAPHITE) DOORS
CARBON MAIN LANDING 40%
GEAR BRAKES
 TITANIUM LANDING GEAR . 20%
~ FITTINGS SUPPORT '
Co SIDE OF BODY RIB
EMPENNAGE
~ BODY ATTACH
ENGINE STRUT
ATTACH
FLAP SUPPORT
' g TABLE 4-1 Advanced airframe structure for E3studies |
H
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GROUND CLEARANCE
" TAKE OFF ROTATION |
15.5 DEGREES DOMESTIC
TOUCH DOWN
ROLL CLEARANCE ANGLE 11 DEGREES WITH GEAR EXTENDED
CTAXL . |
ROLL CLEARANCE ANGLE 5 DEGREES WITH OLEO COMPRESSED
" NO GROUND CONTACT WITH FLAT TIRE AND COLLAPSED OLEO

FIGURE 4-3 Airplane geometry guidelines
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4.4 ENGINE INSTALLATION
4.4.1 Ehgine Placement

Engine placement guidelines were revisions of those used in the cycle
selection studies. The revised guidelines established for chordwise engine
placement (figs. 4-4 and 4-5) provided balance between interference drag and
flutter weight penalty. Figure 4-6 compares the STF505M-7C and JT9D-7A
installations using these guidelines.

Spanwise engine location was based on considerations of wing flutter,
engine-out control, and landing gear length.

4.4.2 Nacelle Drag

Installed engine performance included cowl scrubbing drag where applicable. -
External drag of the nacelle and interference drag effects among wing, strut,
and nacelle were included in airplane drag polars. —

4.4.3 Engine Bleed and PoWef Extraction

Engine bleed air extraction values allowed cabin air ventilation at design
cruise with sufficient margin for cabin altitude control. Recirculation

reduced engine bleed requirements and fuel consumption due to air-conditioning
by about 50%. Cabin bleed air requirements are shown in figure 4-7.

- Engine shaft power extraction was based on load characteristics established by

_previous experience. Power extraction is split between airplane operational

~ functions and passenger loading. Operational functions include basic
hydraulic and electric loads for operating the airplane sysfems. Passenger
loading directly affects ga]]ey‘1oads and passenger lighting. This study used

- a base load of 180 hp/airplane, which is adequate for 200 passengers.
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REV SYM 140 T B T >




WAS A3Y

Ll :swai

£208y-90 °* |

vl

D1 4100 7740 ORIG.¥/ 71

Jig-0ar

WRP

82,

ﬁ
N
W
°
b3
)
o
et
40% C

7 : e — =1 __WRP
I i i i 0.1cC

e NACELLE PLACEMENT

NACELLE PRIMARY NOZZLE AT 40% OF ‘CHORD,
FAN COWL VERTICAL POSITION BELOW WING LOWER
SURFACE BY 10% CHORD OR GREATER.

e NO VORTEX SHEDDING OVER WING

FORWARD LIP OF COWL MUST BE BELOW AN 8-DEG LINE
MEASURED WITH RESPECT TO LOCAL CHORD PLANE,

e NO JET WAKE IMPINGEMENT

JET WAKE BASED ON EQUIVALENT DIAMETER AT THE PLANE
OF PRIMARY NOZZLE AND EXPANDING 7 DEG MUST NOT
CONTACT LOWER WING SURFACE.

FIGURE 4-4 Nacelle placement guidelines
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e Strut profile will have no negative slope.

e Strut profile will not exceed WCP height at leading edge.

o Hilite clearance, 0.5 diameters to ground.

e Engine centerline horizontal and toed inboard, 1 deg.

FIGURE 4-5 Engi;!le placement ground rules
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10-
AIR CONDITIONING WITH RECIRCULATION
5 - / (ALL AMBIENT TEMPERATURES)
—_—
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" AIRPLANE ALTITUUDE, 1000 FEET

* |ICING CONDITIONS DEFINED BY FAR 25.14i9

FIGURE 4.7 Bleed airflow requirement
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Engine power extraction for airplane off-design operation (e.g., operation in"
icing conditions) was not required for the airplane parametric studies.
System designs, however, considered of f-design requirements.

4.5 PRELIMINARY AIRPLANE CONFIGURATION
4.5.1 Airb1ane Description

For the preliminary airplane, this study selected a twin-engine wide-body
configuration with double-aisle seven-abreast seating. Wing geometry

{R =10, Ag.25¢c = 30 deg) was consistent with the cruise speed and
takeoff and landing characteristics. The lower lobe cargo space was
configured to accommodate 17 LD-3 coatainers side by side.

A preliminary drawing of the baseline airplane is shown in figure 4-2
4.5.2 Engine Description

Scalable JT9D-7A and STF505M-7C turbofan engines (refs. 3 and 4) were used for
sizing the advanced technology airplanes. Both the current technology engine
and advanced engine were installed to ensure only the differences in engines
were reflected in the performance improvements resulting from this study. The
JT9D-7A engine was installed in a short-fan-duct nacelle similar to the Boeing
model 747 engine installation; the STF505M-7C was installed in a long-duct
nacelle that included a forced mixer.

REV SYM | :  |no. D&-48027 >
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Main characteristics of the two engines at maximum cruise speed of 0.8 Mach
and an altitude of 35 000 ft are:

STF505M-7C - JT9D-7A

EBypass ratio 7.0 5.0
Installed SFC 0.56 0.68
Fan pressure ratio 1.74 1.58
Overall pressure ratio 38.6 25.4
Max imum turbine rotor inlet temperature ‘

(SLS hot-day takeoff) 245Q0F 22900F

4.6 PROCEDURES FOR DETERMINING DIRECT OPERATING COST (DOC)

AND RETURN ON INVESTMENT (ROI)

The following method was used for determining the DOC and ROI of the airplane
~ powered by the JT9D-7A and the STF 505M-7C advanced engine. The airplanes
were sized to minimize fuel burned and airplane gross weight for the given
engine. Then éirp]ane block fuel and block time for a representative mission
were used to determine the DOC and ROI based on 1977 dollars.

4,6.1 Direct Operating Cost

The Boeing DOC method has evolved over several years from the formulas
Epub]ished by the Air Transport Association of America in 1967. The DOC
%ca]cu1ation includes cost of crew, fuel, airframe maintenance, engine
Emaintenance, depreciation, and insurance. Utilization of the airplane is
determined from the block time derived by mission analysis. The DOC
anlcu]ation method is detailed in tables 4-2, 4-3 and 4-4 and in figures
' 4-8 and 4-9. ‘

03 4203 7500 REV. 5/76
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Crew cost = f(TOGW, cruise speed, mission type)
4+ Fuel = fyel burn and fuel price specified
+ Airframe maintenance = specified (Boeing)
+ Engine maintenance = specified (engine manufacturer)
+ Depreciation = f (useful life, residual value, utilization,
initial price, spares price)
+ Insurance = £ (initial flyaway price). :
= DOC per trip
Utilization = f (block time)
i

TABLE 4-2 DOC elements

|

" Applicability
. Mission profile
 Utilization

Cruise procedure

‘Crew expanse

Fuel price
Maintenance

Deprecistion
Insurance rate
Assurned spares

Nosnrevenue factor

New airplanes, domestic trunk

1967 ATA wiﬁp revised taxi, zir maneuver, and airway distance factors
Funciion of aversge block tizne, maximum of 15 trips/day

Minimum cost constant mach, step climb

Function of ;roﬁ weight, speed and airplane utilization

35¢ /gal U.S. domestic and local service

Msture-level maintenance based on current level with material
“escalation of 8% over 197€

Labor rate = $9.70/man-hour
Burden = 200% of direct hbolf

New-15 yr to 10% residual on airplane and spares-
0.5% of new airplme piice

6% of airframe price
30% of total engine price

- 2% added to fuel and maintenance for nonrevenue flying

TABLE 4-3

Basic characteristics of Boeing 1977 coefficients
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BOEING 1977
CREW PAY ($/BLK-HR) \ 2,00
(2087 F +2.838) F, +10.
2MANCREW 1 s » Definition of terms and units
3IMAN CREW 1 (33.64 Fw + 3.483) Fu +20.70
FUEL (SAU.S. GAL) 0.356 TOGW Maximum takeoff gross weight—Ib
NONREVENUE FACTOR 1.02 ON FUEL AND MAINTENANCE Ca Airframe price—$
AIRFRAME MAINTENANCE-CYCLE Ce Engine price/engine—$§
MATERIAL ($/CYC) (excluding reverser)
DIRECT LABOR (MH/CYC) Ne Number of engines
AIRFRAME MAINTENANCE-HOURLY | MATURE LEVEL MAINTENANCE M S0 foveh stntis houet -
MATERIAL ($/FH) - PN Aoty el Suir
DIRECT LABOR (MH/FH) BASED ON DETAILED Wa Airframe weight—Iib
| FH Flight-hours
ENGINE MAINTENANCE-CYCLE ANALYSIS MH Man-hours
MATERIAL /$/CYC) cyYc Cycle
DIRECT LABOR (MH/CYC) Ty Block time—hr
ENGINE MAINTENANCE ~HOURLY
DIRECT LABOR (MH/FH)
BURDEN (MH/DIRECT LABOR MH) 20 1. See attachments for F,, and F, crew pay facton
MAINTENANCE LABOR RATE ($/MH) 9.70 A i AE8 e
INVESTMENT SPARES RATIO !
AIRFRAME 0.06 Cost st 2hr ~0.73 (hourly cost) x (2 - flight-hours)
ENGINE 0.03 For flight-hours > 4 use:
DEPRECIATION SCHEDULE Cost st 4 hr + 153 (hourly cost) x (Hlight-hours - 4)
(YEARS/% RESIDUAL) 16/10
INSURANCE RATE
% OF TOTAL PRICE/YEAR) 0.5
4
UTILIZATION e . L
(BLK-HR/YEAR) Ll i ]
Tb +056
(16 TRIPS/DAY MAXIMUM)
TABLE 4-4 Domestic direct operating cost formulas
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4.6.2 Return on Investment

The Boeing economic analysis of the E3 program used the discounted cash flow

ROI method to evaluate each engine. ROI is the discount rate that makes the

sum of the projected annual cost savings equal to the initial investment. It
is the best camparator of alternative investment opportunities in a general v
business context. ROI recognizes the value of money over time, and it can be i
directly related to any airline's cost of capital to show how much a %
modification is above or below the hurdle rate. In this study's context, the
hurdle rate is the ROI required before an airline would consider undertaking

an investment opportunity. Cash flows were calculated using constant (1977)

dollars ®® ensure consistent camparison of each concept.

It should be noted that there is an inherent uncertainty in any generalized
figure of merit applied to a specific airline due to considerable variation in
individual airline operations, rules, and evaluation criteria. Specific ROI
analysis should be made using an airline's individual rules and hurdle
criteria. A hurdle rate of 15% after taxes is considered an acceptable
criterion. {

In the E3 study, the average range flown by domestic medium-rarnge airplanes
was determined, and a representative average range of 665 nmi was selected as
a base for economic calculations. With a mission profile defined for the
selected range, the initial investment, operational costs, and cash inflows
were calculated for this profile and airplane utilization. The ROI was
¢a1;u1ated with the method defined by table 4-5. '
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Definition: ROI is the discount rate at which the net present value of
future cash inflows (cost savings) is equal to the initial cash
outlay (investment)

-» o useful life
Net present value (NPV) = —-Coyr + 2 Cm/(lﬂ')"
n=1]1
When NPV = 0, r = ROI = discount rate
Calculations: 1. Before tax cash outflows (CouT)
® Incremental airplane price or modification cost
e Additional spares inventory
2. Before tax cash inflows (annual) (&%)
¢ Cash operating cost savings
* Fuel
* Maintenance
3. After tax equivalence
~ * Depreciation tax effects
¢ Investment tax credit (if applicable)
TABLE 4-5 Return on investment method
-4
= | 0. D6-48027
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5.0 AIRPLANE PERFORMANCE AND SENSITIVITY
5.1 AIRPLANE SIZING

Both the JT9D-7A and the E3 powered airplane were sized to meet the same ,
design mission. Design selection charts for the two airplanes are shown in s ;
figures 5-1 and 5-2. The wing loading for these airplanes was chosen for |
minimunm BLKF and takeoff gross weight (TOGW) with an 84%F -day sea-level A
takeoff field length (TOFL) constraint of 6000 ft determining the thrust

loéding. The takeoff constraint for the STF505M-7C required about 5% higher
thrust-to-weight than the JT9D-7A. This was largely a result of relative

increase in engine BPR and windmilling drag for the STF505-7C engine. A

5.1.1 Airplane Performance and Characteristics

L

Characteristics and performance of the JT9D-7A- and the STF505M-7C-powered
airplanes are campared in table 5-1. Each airplane was designed to meet
airplane and missicn requirements (sec. 4.1). The BLKF and TOGW shown in
table 5-1 are based on an airplane sizing program. A more detailed fuel
burned comparison based on mission analysis is discussed in section 5.4,
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Table 5-1 Airplane Characteristics and Performance

Domestic Airplane
JT9D-7A Engine STF505M-7C
Engine : S
. Design range, nmi 2000 2000
Design payload, passengers/lb 196/40 180 196/40 180
Number of crew 3 3
Cruise Mach number 0.80 0.80
Number of engines 2 2
Takeof f thrust/engine, 1b (sea level 37 280 35 820
without bleed or HPX)
I voew, 6 256 580 248 880
Operating weight empty, 1b 160 780 162 510
Manufacturer empty weight, 1b 149 380 151 110
Max imum landing weight, 1b 2291960 223 060
Block fuel, 1b | ‘
--at design range and payload ‘ 41 410 34,290
--at 1000 nmi range, 108 passengers 19 140 16 060 ‘
Block time, hrs. ; ‘ :
~--at design range and payload 4.69 _. ~ 4.69
--at 1000 nmi range, 108 passengers 2.51 . 2.51 é

Note: Above data based on P&WA engine performance,
engine weight and nacelle weight.
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5.1.2 Airplane Weight :
Table 5-2 shows results of a weight ada]ysis on domestic E3 airplanes with
the STF505M-7C and JT9D-7A engines. These weights reflect the advanced
technology features discussed in section 4.2. The nacelle weights were
supplied by P&WA and scaled to the appropriate thrust level. A preliminary j
balance analysis indicated acceptable loadability for both airplanes. g
Table 5-2. Weight Statement for PAWA E3 Airplanes §
Weight (LB) ;
Model 768-866 Model 768-867
(STF505M-7¢) JT9D-7A
Wing 3350 32890
Empennage 4790 ' 4580
Body 33 620 33 730 ;
Nacelle* 7900 6700 ;
Gear 12 870 12 760 i
Total structure (92 720) (90 660)
_Propulsion system (16 280) - (16 290) A
Fixed equipment and options (42 110) (42 430) 3
Standard and operational items . (11 400) R (11 400) §
- | oew 162 510 160 780
*P&WA provided nacelle weights used in above analysis. 5
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, : |PAGE"3‘3 o ' ‘ S R 1
03 a;g; 7500 REV. 5/76 R ;
e —— S el AL




Table 5-4. Nominal Noise Estimates

| FAR 36-8
STF505M-7C* Requirement Notes
 Takeoff 91.0 d8 93.9 ds No cutback at =
- 6500 m point A
Sideline 91.0 d8 . 98.3 dB Sideline distance o
. = 450m point f
Approach 102.0 d8 . 102.0 d8 2000m from

threshold (two
extended flap
segments, 3 deg
glide slope)

* Note: Nominal noise estimates are shown--appropriate design and

“demonstration tolerances are required foir certifiable/guarantee
levels. \ '

' 5.1.4  Engine and Airframe Noise

V;In the Boefng analysis, the acoustical design point was an 80% level of . é
confidence of certification. This goal could be achieved with current and

ngar-future lining technology. The estimated noise levels for the STF505M-7C
~ were based on a nominal acoustic treatment to the engine and nacelle, not on a

- fully iterated lining design study. : é
Because quiet operation was not the prime objective in configuring this B

airplane, no adjustments were made to the performance or flight configuration
- for the purpose of lowering noise levels. Optimization of linings, flap

 settings, and thrust levels could improve the margin for the approach case. ;ﬁ
~ The above Table 5-4 shows nominal noise estimates. ;gw
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5.1.5 Airplane Drawings of Sized Airplanes

Figures 5-3 and 5-4 show drawings of the JT9D-7A- and STF 505M-7C-powered
airplanes.

5.1.6 Airplane Drag Polars

The airplane drag polars were derived from wind tunnel test data cbtained from
a model closely resembling the study configurations. Beyond that drag
optimism associated with advanced technology was incorporated as discussed in
section 4.2. Estimated drag of isolated nacelles and drag caused by
interference between the nacelles and the airframe were included in the
airplane polars.

5.2 AIRPLANE SENSITIVITY FACTORS

Sensitivities for airplanes are shown in tables 5-5 and 5-6. The airplanes
are sized by TOFL and the sensitivity results are nonlinear for some
parameters. In scme cases, better airpiane solutions (i.e., Tower TOGW or
BLKF) can be obtained by sizing to more stringent performance constraints.
This, however, requires additional diagnostic point designs that are
time-consuming and costly. It is recommended that the sensitivities be used
with caution and not outside the amount of change shown.

5.3 TAKEOFF GROSS WEIGHT AND FUEL BURN COMPAR ISON

Figure 5-5 shows BLKF and BLKT versus range for both JT9D-7A- and STF
505M-7C-powered airplanes. For the domestic airplane on the average mission,
the airplane with STF505M-7C engines uses 15.5% less fuel than the JT9D-7A
airplane. For the design mission, the saving for the STF505M-7C-powered
airplane is 17.9%. These savings represent about 3% improvement over the
earlier study. This improvement is explained by a more accurate accounting of
specific fuel consumption (SFC) reduction for the STF505M-7C engine during
climb and descent mission segments. ‘ -
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MODEL 768-867
(JT9D-7A ENGINE)
5% CHANGE
BASE 5% FNCR 5% SFC | 5% CRDRAG [ 5% OEW 5% FyT0
CYCLED +/- +/- +/ - +/- +/-
TOGW | 256600 -0.2/+0.4 +1.6/-15 +2.0/-1.7 +6.2/-517 -0.4/+0.8
OEW 160780 -0.1/+0.2 +0.8/-0.8 +1.1/-0.9 +8.5/-1.9 -0.9/+1.2
MEW 149380 -0.1/+0.2 +0.9/-0.9 +1.2/-1.0 +8.8/-8.1 -1.0/+1.3
BLKF 41410 | -0.6/+1.7 +4.7/-4.6 +6,2/-5.2 +4.2/-3.7 +1.1/+0.4 ‘
SLST 37280 | -0.1/+0.4 +1.4/-1.4 +2.1/-1.9 +5.7/-53 -5.2/+6.2
196 PASSENGERS
2000 NM!I RANGE ‘
TOFL = 6000 FT ]
WING LOADING = 100 LB/SQFT ‘ >
TABLE 5-5 Domestic airplane sensitivity factors - model 768-867
MODEL 768-866 | - ;
{ STF 505M-7C ENGINE)
5% CHANGE
BASE 5% FNCR 5% SFC 5% CR DRAG 5% OEW 5% FNTO
CYCLED +/- +/- +/- +/- +/-
TOGW | 248900 | -0.2/+0.3 | +13/-1.3 | +1.9/-1.8 | +6.2/-59 | -0.5/+0.8
OEW 162510 -0.1/+0.2 +0.7/-0.7 +0.9/-0.8 +8.5/-1.9 -0.9/+12
MeEwW 151110 -0.17+0.2 +0.7/-0.7 +1.0/-0.9 +8.7/-8.2 -L0/+1.2
BLKF 34290 -0.8/+1.6 +4.5/-4.4 +5.9/-5.3 +4,.0/-3.7 +0.9/0.0
SLST 35820 -0.2/+0.3 +12/-1.2 | +1.9/-1.8 +5.8/-5.4 ~6.3/+5.4
196 PASSENGERS
2000 NMI RANGE
TOFL = 6000 FT
WING LOADING = 90 LB/SQFT
TABLE 5-6 Domestic airplane sensitivity factors - model 768-866
REVSYMA 162 | 0. D6-48027.
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BLKT - HR

BLKF ~ 1000 LB

5.0

4.0 -

501‘

40

7 BLKT FOR JT9D-TA & 505M-7C
AT 55% AND 100% P/L

JT9D-7A 100% P/L
JT9D-7A  55% P/L

AT SAR = 2000 NMI ADV ENG
A/P USES 17.9% LESS FUEL

THAN JT9D-7A A/P, 100% P/L
(15% LESS AT 55% P/L)

505M-7C 55% P/L

AT SAR = 665 ADV. ENG A/P USES 16.4%
~ LESS FUEL THAN JT9D-TA A/P, 100% P/L
© (15.5% LESS AT 55% P/L)

¥ J 1 L

500 1000 1500 2000
SAR ~ NMI

'FIGURE 5.5  Block fuel comparison .

505M-7C 100% P/L .
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A comparison of design-mission fuel burned for the STF 505M-7C and JT9D-7A
powered airplanes (fig. 5-6) shows cumulative fuel savings over the mission
nearly constant. This was a result of minimal variation in SFC difference
between the two engine-airframe cambinations throughcut the mission. A
breakdown in fuel used during various mission segments is shown in figure
5-7. The large percentage of fuel burned during climb for typical stage
lengths shows the importance of maintaining the advanced engine SFC
improvement at ¢limb power setting.

Figures 5-8 through 5-11 show the actual mission profiles (time and altitude
versus distance) for both airplanes at mission ranges of 500 and 2000 nmi with
100% payload. The engine thrust level at the beginning and end of cruise are
noted for support of engine duty cycle studies.

Overall fuel burned improvement for the STF505M-7C was about 15 to 18% for all
payload-range combinations. Reduced engine-out windmilling drag could improve

—takeoff performance or reduce the engine size at a given TOFL constraint.

5.4 TYPICAL MISSION DOC AND ROI

Results of the economic analysis for the P&W E3 program are presented in _
table 5-7. DOC and airplane ROI were calculated for three fuel prices using a
665 nmi typical mission range. Because the P&W engine price and overall
maintenance costs decreased from the baseline JT9D-7A engine, incremental

ROI's were mathematically undefined. Airplane ROI's were calculated instead
‘to show the effects of the E3 engine on the airplane's ROI. The following
'ROI assumptions were used in this analysis.

f‘ é; ROI is the rate that makes the present value of future net annual
cash inflows equal to the outflow at the time of equipment
~acquisition. - '
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FIGURE 5-7 Percent block fuel by mission profile segment
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© DESIGN MISSION PROFILE

MODEL 768-867 {JT9D-TA)

INITIAL CRUISE
Fn " 95% FN MCR v
FN MCR = 7289 LB/ENG
ALT = 37000 FT

END_CRUISE —/
FN = 87% FNMCR
FNMCR * 7289 LB/ENG
ALT = 37000 FT

o

FIGURE 5-8

w0 0 1w . 200
DISTANCE ~ N. M.
|

‘Design mission flight profile - model 768-867
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TIME ~ HOUR

ALTITUDE ~ 1000 FEET
S

- FIGURE 5-9

ELAPSED TIME

500 N.MI. MISSION PROFILE
MODEL 768-867 (JT9D-TA)

END CRUISE
FN = 93% FNMCR
FNMCR = 6595 LB/ENG

ALT = 39000 FT

INITIAL CRUISE

FN = 94% FNMCR
FNMCR = 6595 LB/ENG

ALT = 39000 FT

[~

100 200 300 400 500
DISTANCE ~ N. MI.

500 nmi mission flight profile - model 768-867
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FIGURE 5-10 Design mission flight profile - model 768-866
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A
m
R
w
<
x : .
o _ s05M7C 505M7C
. ENGINE JT90-7A (P&W ENGINE PRICE) (BOEING ENGINE PRICE)
FUEL .35/GAL | .40/GAL | .45/GAL || .35/GAL | .40/GAL | .45/GAL || .35/GAL | .40/GAL | .45/GAL
DOC: 5.259 5.467 5.675 4.966 5.139 5.312 5.066 5.239 5.412
FUEL 1.455 1.662 1.870 1.210 1.383 1.555 1.210 1.383 1.555
CREW 1.130 - - 1.120 - . 1.120 - -
INSURANCE .1096 - - .1081 - - .1142 - -
BURDEN 475 - - .482 - - .482 - -
ENGINE LABOR L0671 - - .0707 - - .0707 - -
ENGINE MATERIAL - .299 - - .273 - - .273 - -
ATRFRAME LABOR .1703 - . 1703 - - .1703 - -
AIRFRAME MATERIAL .1239 - - 1239 - - .1239 - -
DEPRECTATION 1.430 - - 1.4C3 - - 1.502 - -
ATRPLANE AFTER TAX 10.9 10.3 9.6 12.1 11.6 11.0 1.3 10.8 10.2
ROI (%)
, INCREMENTAL AFTER TAX A
. ROI* (%) 133 15.4 17.4
g *APPLICABLE ONLY TO BOEING ENGINE PRICE
&
2 - :
N . o - TABLE 5-7 Economic analysis
3 )

T




b. Cash flows and their timing are considered as follows:

Time prior to delivery Percent (%) of price paid
15 mo 20
12 mo |
9 mo
6 mo :
0 mo (delivery) 65 + spares

c. Investment tax credit of 10% spread over the first three years of
operation

d. Annual operating costs and revenue at stated missions and load factors

0 Accelerated depreciation for tax purposes
(sum of years digits method)

0 Income taxes at 48%

e. Airplane life is 15 years and residual value is 10% of price
plus spares (new airplane)

Boeing estimated anrﬁ3 engine price that differed from the P&W engine
price. Because this price was greater than the baseline JT9D-7A engine,
‘incremental ROI could be calculated in addition to DOC and airplane ROI.

|vo. D&-48027 9 9' :

REVSYM 172 e

D3 4203 7500 REV. $/76

- SN S
T

i it s ot L e e

s

ey



g 6.0 ENGINE/AIRPLANE “INTEGRATION

This section describes the Boeing assessment and evaluation of the P&WA
designed STF 505M-7C engine/nacelle installation defined by P&W layout No.
L-109846. Comparison of nacelle features with Boeing standards and airline
requirements is covered where appropriate.

6.1 NACELLE ARRANGEMENT AND CONSTRUCTION

The inlet and major nacelle dimensions were generally consistent with Boeing
practice. Nacelle lines were not evaluated, but both the afterbody leaving
angle and plug leaving angles exceeded the Boeing recommended value of 12 deg.

Being preliminary, this layout lacked numerous construction details, and
in-depth critique of detail construction was not possible. Comments were
provided on areas such as the thrust reverser where some detail was shown.
Figure 6-1 represents the P&WA designed nacelle. Number codes on the figure
have been keyed to the comments listed below.

1. Interference between fan air blocker door (from hinge line forward)
and trapezoidal doorframe will occur during translation. This
condition is characteristic of the configuration (fixed doorframe in
cowling). '

2. No access means shown to latch "V" groove bands at either forward end
of outer duct wall or aft end of the inner duct wall. In the case of
the inner duct wall latch, aft end, no room is available for the
latch. ’ ‘

3. Thrust reverser blocker door position‘is‘poor for turning performance
in the reverse thrust mode. o

4.  Thrust reverser blocker door hingeline is not compatible in all
drawing section views. Duct contour shown must be changed to
accommodate a practical door hingeline, such as shown in the section
view.

REV SYM

D3 4203 7500 REV. 5/76

|vo. D648027 +
I:AOGE 5 9-

173




e e T BB A A Sy kg ok oS

~WNAS A3Y

N A

rAY 39va| ’

£2087-9Q0 %]

D1 4100 7740 ORIG.3/7 1}

FOR ITEMS (D@ @ DD @ AND @
+ SEE L-109846 SHEET 2 (P&WA REF)

/’/—/_1—'\

FIGURE 6-1  P&WA energy efficient nacelle

P&WA LAYOUT NO.
L.-109846 SHEET 1 (REF)
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5. No radial structural tie is shown for the outer translating sleeve
when in the reverse mode. Radial loading could be substantial due to
existing leak paths. '

6. Outer translating sleeve appears to be the duct pressure wall. This

' condition is not compatible with existing latching or hinging means
from the standpoint of sealing or strength.
27. ‘Access to inside latches is not clear.

8. Roller and track translation mechanisms have very short service lives
and have been replaced in existing thrust reverser sleeves with
sliders.

9. Upper and lower bifurcation joint loading not clear, as load paths
are interrupted.

10.  Transfer of cascade basket radial loads is not clear.
11. .Honeycamb panel edge closeouts are not a practical design.
12.  Cowl vent areas, drain means, and blow-out panei areas are not
' identified. ‘
. 13. ' Thrust reverser cowl hinges, as shown, allow interference between the
nacelle and the strut structure. o
14, Tolerances in hinge support locking device becomes severe problem.
Seals
15. Seals at "V" grooves at, forward and aft ends of the "D" ducts are
missing. ’
PR ~ |no.D6-48027 > !
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16. Bulb:type seals around thrust reverser are not suitable for this type
of service. A pressure-on-lip seal is recommended.

17. Longitudinal seals should be provided in thrust reverser cowl.

Drainage and Vents

18. No routing for engine accessory and strut drains is shown.
19. Cooling air and duct burst venting are not provided. ]

20. Acoustic surfaces shown should provide for fuel drainage in the area
of the primary mixer.

6.2 AIRFRAME ACCESSORY REQUIREMENTS AWD LOCATION
/
Hydraulic and electric loads are shown in figures 6-2 and 6-3. These loads V4
! can be handled by one hydraulic pump and one alternator on each engine gear ’
box.

Gearbox and accessory location studies generally have shown the core mounting
to have the least weight and best performance; however, accessibility,
especially in a long duct nacelle, is not as good as for chin-mounted

- accesssories.

‘Table 6-1 presents a general study of accessory location. A numerical rating
ésystem, where O is unacceptable and 5 is the best or most acceptable, was used
jto obtain an overall figure of merit. Recent surveys of Boeing customers
‘showed that chin mounting and core mounting had widest acceptance. There also
‘appeared to be a strong feeling against split gearboxes. Gearboxes apparently
-are high-maintenance items and airlines believe that splitting a gearbox
fincreases its maintenance problems significantly. Another important
‘consideration was the fuel spill requirement (DOT/FAA order 8110.19) that
~specifies that no fuel may be spilled during a wheels-up landing.. The
.chin-mounted gearbox and engine fuel pump would be difficult to certify to
~this requirement. |
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NOTE:
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Table 6-1 E 3Engine Gear Box Location Study

Split E
Core Mount Fuel Pump

' Top,
Fuel Spill per 5 5
DOT/FAA order 8110.19
Access ibility to 4 3
accessories
Héat rejection 2 5
Accessibility to 2 5
variable IGV
Compatibility with 5 5
1nad reduction
Compatibility with 2 5
zero moment mount
Customer Acceptance 4 0

24 28/0

Fuel Pump §%%%ﬁg£§% Fa i
Bottom
600 and 2700
0 5 0
3 5 5
5 5 5
5 5 5
5 5 5
5 5 5
0 0 5
23/0 35/0 ~30/0

Note: Rating O to 5, with 5 most acceptable and O not acceptable
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Table 6-1 reflects these considerations and shows the core-mounted gearbox to
be the only acceptable location.

6.3 MAINTAINABILITY, ACCESSIBILITY, AND SAFETY

~ Maintainability, accessibility, and safety provisions were reviewed and found

to be generally acceptable. The reference layout did not contain sufficient
detail, nor was it sufficiently complete, to warrant detailed study of these

' features.

6.4 MOUNTING SYSTEM

Boeing's practice is to design mount systems so that the mount can accept all
engine models that might be used on a given airplane. Since P&WA's mount
system does not have this flexibility, Boeing made the preliminary design
mount system shown in figure 6-4 as an alternative to the P&WA mount.

The P&WA mount's overall design is within the scope of Boeing design
practices. Sufficient span is provided between front and rear mount points.
The 45 deg thrust reaction angle is higher than advisable and can result in
high-thrust link loads. The pin-and-ball front mount carries vertical 'and

- horizontal loads in pin bending and could be loaded excessively. A stkuctura]

assessment of the engine mount and link details, however, showed no missing
load paths for the ultimate loads of table 6-2 and did not reveal any

- excessively loaded members.

The Toads of table 6-2 give Boeing engine mount design criteria. Table 6-3
summarizes resultant airloads that occur once per flight. Figures 6-5, -6,
-7, and -8 illustrate the airloads on the nacelle from which the resultants of
table 6-3 were derived. These loads were estimated using data from flight
test, wind tunnel test, and analysis. They were based on a 45 500 1b SLST
engine and must be scaled to the E3 thrust levels for use in designing E3
nacelle camponents. ' ' :
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Table 6-2 Nacelle and Strut Design Load Factors

The nacelle, nacelle strut and primary engine mounts shall be designed for the
following inertia load conditions which are assumed to occur only once in the
lifetime of the airplane:

Condition Ulfimate load factors
Vertical 6.5 :
6.5 + 1.5 T(c) ;
-3.5
-3.5 + T(c) :
Thrust 3.0 T(max) + 3.0 vertical @
3.0 T(max) + 1.5 vertical 3
3.0 TR) T
3.0:T(R) + 3.0 vertical i
{
Side +3.0 L
Gyroscope 4+ 2.25 rad/sec yaw + 1.5T(c) + 1.5 vertical .
.+ 2.25 rad/sec. pitch + 1.5T(c) + 3.75 vertical 4
Engine seizure ETorque equivalent to stopping rotat1ng mass in ‘

approximately 0.60 sec

T(max) max imum takeoff thrust at sea level | :E

cruise thrust (maximum or minimum, whichever is
critial)
reverse thrust

Where: T(C)
T(R)

Note: For design purposes, these ultimate factors shall be applied at the
nacelle and content weight and C.G. exclusive of thrust and contents.

i
i

REV SYM 182

D3 4203 7500 REV, 5/76

vo.Dod8027
sy




WAS A3Y

19 30v¢l

£2081-9Q °|

€81

D1 4100 7740 ORIG.3/ 71

| X (UP) _
SIGN RIGHT HAND

NOR: CONVENTION Z (AFT RULE FOR

THE FOLLOWING RESULTANT i ¢ i = MOMENTS
AIRLOAD CONDITIONS ARE

OCCURING ONCE PER FLIGHT / Y (OUTBOARD)

AND THE ASSOCIATED VERTICAL

LOAD FACTOR IS 1.0 g. 7
CONDITION: AL | Ve T”Rusﬂ ol .8 LA T e e

| PPN Wi, oo R B L N 103 10 10° 1N,

MAX, TAKE OFF D 0 126.0 | 36000 | 3945 | 2890 | -2960 | 162.3 |-317.0}-1L.0
MAX, Q 20000 | 372.3 | 15600 |-3270 |-2370 | -4550 |-104.6 | 207.3 6.1
L3 Vga, O° FLAPS | 17000 | 161.2 | 18500 | 6220 | 3800 | -3350 | 184.8 [-334.8 | -12.7
1.3 Vgra, 10° FLAPS | 17000 | 161.2 | 18500 | 3070 | 2140 | -1550 | 150.0 |-283.6 | -10.2

[D> oy =16 DEG. AND @yt = 12 DEG.

BASED ON SLS THRUST F = 45,500 LBS
MOMENTS BY (F)
TABLE 6-3 Engine nacelle airloads

EALE TS
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FIGURE 6-5

Airloads - maximum takeoff
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6.5 NACELLE DESIGN

With the exception of the tailpipe material, Boeing was in general agreement
with the materials shown on the reference P&WA nacelle layout. Boeing had
good results with Kevlar/aluminum containment structures in laboratory
experiments and the fan containment concept shown appeared feasible. Boeing
used Dyna Rohr in the inlet cowling of the 737 for about two years and
experience was acceptable.

Graphite/Kevlar fabric skins, with a metal core on the exterior of the inlet
cowl, would be particularly vunerable to lightning strikes unless a Tightning
protective surface and possibly a nonmetallic core are used. Use of aluminum
brazed titanium honeycomb for the core cowl structure is satisfactory provided
cowl skin temperatures do not exceed 8000F. Because the tailpipe could be
subjected to temperatures above 10000F, aluminum brazed titanium honeycomb

is net recommended. Inconel would be a logical material selection for the
tailpipe.

In Boeing practice, new materials selected for application to flight
structures are subjected to a rigorous time consuming test and evaluation
program. This evaluation consists of laboratory tests of candidate materials,
destructive tests to determine allowables, noncritical service testing of
lightly loaded structure, and noncritical service tests of loaded structure.
This evaluation process may take several years, the actual time depending cn
the severity of the intended application. Candidate materials may be dropped
at any time during the evaluation process.

6.6 NACELLE WEIGHT EVALUATION

Table 6-4 compares Boeing and P&WA estimates of the P&WA-des igned g3
long-duct mixed-flow nacelle. The engine and nacelle used in this comparison
was sized to 42 200 1b SLST to be consistent with P&WA-supplied nacelle
component weight data. The table shows a 1400 1b difference between Boeing
and P&WA weight estimates. At the 35 820 1b SLST determined in the E3
airplane studies (table 5-1) this weight difference scales to 1310 1b per
nacelle. Using airplane sensitivity factors and neglecting secondary effects
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Table 6-4. STF505M-7C

Nacelle
canponent

Inlet
Fan cowl

Fan duct, reverser
and core cowl

Mixer
Plug
Tailpipe

Oevelopment margin

Total nacelle

Nacelle Weight Evaluation and Comparison of
Boeing and PWA Nacelle Weights

Nacelle weight (1b/pod) Weight difference

SLST = 42 200 1b (PWA minus Boeing)
Boe ing PHA TS %
Estimate Estimate '
934x 587 -397 -40.4,
164 136 -28 -17.1
2179 1656 523 -28.0
108. 11 +3 +2.8
Y4 " 104 +17 +19.5
877 266 -611 -69.7
Included 140 +140 -

above i

(4399) (3000) . (-1399) (-31.8)

(*Includes 90 b fan blade contaimment allowarce)

on airplane OEW, the total e;gine and nacelle weight difference of 2620
1b/airplane comes to 440 b BLKF, or about 1.3% BLKF increase.

The nacelle weight differential resulted from different design philosophies.
used for evaluating the nacelle weighf. Design features incorporated by P&WA
involved higher risk than Boeing considered accebtable in the €3 advanced
airplane design. Also, according to Boeing analysis, the advanced technology

'weight reduction factors used in the P&WA .weights analysis could not be

duplicated by replacing conventional structures with lighter weight
components. Table 6-5 compares the Boeing and P&WA advanced technology weight
reduction factors. Further details of the weights analysis are given in

~ table 6-6.
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TABLE 6-5. Comparison of Boeing and P&WA Advanced Technology Weight
Reduction Factors

Nacelle Component Weight Reduction Factor (%) ‘
Boeing PwA i

Inlet 5 18

Fan cowl 20 27

Fan duct, reverser, core cowl 4.6 10

Mixer 0 0 |

Plug 0 0 ;
Tailpipe 0 0 A
i
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Nacelle. Component

. Inlet Cowl

Fan Cowl

Table 6-6  Weight Analysls Summary

Substructure and Material

Lip: spun or explosion formed
aluminum sheet.

Builkhead: built-up aluminum
webs, chords and
stiffener,

Cowling: Graphite/Keviar fabric
outer skin, ronmetailic
heat resistant phenolic
(HRP) core, Dyna-Rohr
inner face structural
acoustic panels,

Attach ring: machined
aluminum

Anti-icing components; alu-
minum spray tube,
alumihum and Iconel
ducting, aluminum

_ mixing chamber

Outer skin: Graphite/Keviar
Inner core: nonmetallic HRP

Hinges, latches, hold-open
rods access doors, fire shield,
-and cowl hinge supports on
strut. :

Remarks

Weight estimate includes 5% reduction
to reflect Graphite/Kevlar application
to outer skin. The inner skin con-
struction appears to be same as used
on JT9D nacelles, hence no potential
for weight saving. P&WA quoted 18%
weight reduction does not appear
achievable,

Data base used consisted of cowls with
both skin-stringer and fiberglass-and
-aluminum sandwich construction. No
clear welght advantage for either type
was apparent. Based on amount of
composites, 20% weight reduction was
used in the Boeing weight estimate,

Amount of composites ldentified by
P&WA did not appear sufficient to
justify 27% weight reduction.
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Naceile Component

Fan duct and”
core cowl

(D-duct construc-
tion assumed)

Substructure and Material

" Quter fairinb: Graphite/ keviar

with ~ nonmetallic HRP
core
Quter fan duct walls and
bifurcations: aluminum
sandwich Dyna-Rohr
panels

Inner fan duct walls; titanium

sandwich
Bumper blocks, rings and
longerons: aluminum built-
up structures

Cascades: chopped carbon-
epoxy

Blocker doors: Dyna-Rohr
structural acoustic
panels

Cascade supports: aluminum
frame

Linkages: aluminum

_Actuators; ball-screw

Reverser drive: pneumatic
motor

Table 6-6 Welght Analysis Summary (continued)

Remarks

Outer surface welght was reduced 25%
to account for composites. Relative

to total fan-duct and -core cow! weight,
this is about 5.5% reduction. Design
complexities need further Investigation
and refinement before the P&WA 10%
reduction can be realized.

Fan reverser weight provisions for
installation are Included with reverser,

P&WA data showed reverser cascades
to be the only area of advanced tech-
nology. Cascade weight saving of 15%
due to use of composites Is about Z. 5%
of total fan reverseir weight. Combined
fan-reverser and fan-duct weight

. reduction factor is 4. 6%

Fan-reverser deslgn needs refinement
to be acceptable.
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Nacelle Component - |
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- Table 6-6 Weight Analysls Summary (continued)

Substructure and Material

Mixer lobes; single-
thickness titanium

Lobe support struts and

ring: Iconel

Lobe fairing: aluminum

Plug: iconel, thickness
as required by
minimum welding
gage criteria,

_Remarks-

Data base for mixer includes experi-
mental work on daisy-lobe mixers

~and analytical studies for the JT8D
and JT9D long-duct mixers,

P&WA gave minimum design
definition. Insufficient structural
depth for frames and for nozzle to
fan duct attachment were Boeing
concerns.

Difference In design philosophy In
this area accounts for significant
part of weight difference.




7.0 CONCLUSIONS AND RECOMMENDATIONS

NASA's stated fuel consumption goal is a 12% reduction of cruise TSFC.
For the Boeing study, this was interpreted to mean a 12% reduction of
airplane BLKF. Under this interpretation, the STF505M-7C as installed in
the Boeing Model 768-866 surpasses the fuel consumption goal by 4 1/2 to
6%, depending on the propulsion system weight used in the airplane
performance study.

Boeing evaluation indicated the STF505M-7C nacelle to be about 1310 1b
heavier than the P&WA weight estimate. Using the heavier nacelle
increases the fuel burned by about 1.3%.

The NASA goal of 5% DOC reduction is bettered by 1% using P&WA supplied
engine performance, weight, and economic data. However, Boeing considers
the engine price quoted by P&WA unrealistically low for £3 technology
levels. When the $590,000 higher Boeing price estimate is applied, the
DOC improvement drops from 6 to 4.2%. The DOC reduction due to the higher
Boeing weight estimate would cut back the improvement to about 4%, which
does not meet NASA's goal of 5% DOC reduction.

Engine noise estimates based on a preliminary engine noise treatment show
that FAR 36 amendment 8 can be met. No attempt was made to refine the
nacelle treatment for lowest noise levels. It was concluded that current
and near-future noise treatment technology could attain certifiable noise
levels.

To ensure that the E3 program results in an engine configuration that
meets program goals and that can be installed in a nacelle acceptable to
the airframer and airlines, the airframer should be actively involved in
the installation design and evaluation. It is therefore recommended that
the balance of the E3 program include continuing active participation by
the airframe contractors. ' | |
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PREFACE

This report presents results of a study conducted by the Douglas Aircraft
Company as a subcontractor to Pratt & Whitney Aircraft to investigate appli-
cations of engines based on use of NASA supported Engergy Efficient Engine (E3)
Technology. This work was done under Purchase Order 20646-2 as a part of the
Pratt & Whitney prime contract NAS 3-30646.

The studies reported herein were conducted to identify commercial transport
aircraft which could possibly use engines based on technology from the NASA
sponsored g3 program, provide descriptions and characteristics of such aircraft

and investigate airframe/propulsion integration.

This study was conducted from March through August 1978,
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1.0 INTRODUCTION

This study is based on aircraft which are advanced technology derivatives of
DC-10 aircraft. This selection was arrived at from a so]icitation of the
views of Douglas marketing and engineering personnel.

Taking into consideration traffic growth forecasts, airline fleet compositions
and technology development activities, the logical transports to utilize
engines based on NASA E3 technology in the early 1990 time period appeared to
be aircraft with increased seating capacity relative to the DC-10 and design
emphasis on reduced fuel consumption. The need to minimize new development
costs resulted in the selection of stretched DC-10's employing advanced
technologies. A domestic and an international version incorporating a 65-foot
fuselage stretch and a common area advanced technology wing were configured

to acquire a large market base,
2.0 STUDY AIRCRAFT
2.1 ADVANCED TECHNOLOGY FEATURES

The selectjon of advanced technology features was based on resu]tskfrom
recent studies and on-going technology development programs.

2.1.1 Advanced Wing Design

One of the prominent features of the advanced airplane is the new high aspect
ratio wing using supercritical airfoil sections and winglets. Fundamentally,
the supercritical airfoil generates greater amounts of 1ift for a given
thickness.and drag than a conventional airfoil. The distinguishing geometric
characteristics are a slightly blunter nose, a flatter upper surface and a

“highly cambered thin trailing edge relative to a conventional airfoil.

The benefits provided by the supercritical airfoil for wing design can bte
utilized in several ways. From purely aerodynamic considerations the cruise
speed and 1ifting capability (buffet boundary) could be increased for the

same wing sweep and thickness. Because of the emphasis on fuel efficiency,

the application of supercritical airfdilytechno1ogy to the E3 aircraft has
1
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been to increase wing thickness while still achieving some benefits in buffet
boundary. The increased wing thickness provides a structural weight advan-
tage as well as an increase in takeoff and landing CLmax' The increased
CLmax’ improved buffet boundary and weight reduction due to the thickness
increase, result in a reduction in wing area (and thus further weight reduc-
tion). Part of this weight reduction has been utilized to increase the wing
aspect ratio to reduce induced drag. Winglets in conjunction with the
moderately high wing aspect ratio will provide a Targe induced drag reduction
without the excessive wing span and the consequent large airport gate space
requirements that result from the use Qf very high aspect ratios. '

The wing design incorporates airfoil shape and thickness variations across
the span to counteract wing-fuselage interference and other three-dimensional
planform effects and to maintain as much of the two-dimensional drag-
divergence Mach number capability of the advanced airfoils as possible. The
wing twist and taper ratio are selected to produce minimum induced drag,
considering the tradeoffs in wing weight and stalling characteristics.

NASA has done exploratory development of these advanced airfoils including
flight testing on an F-8 research airplane. Douglas has designed, developed
and flight tested supercritical airfoils on two different wings on the YC-15
AMST prototype aircraft. Results from recent EET wind tunnel programs have
substantiafed that these advanced airfoils will provide the desired charac-
teristics for a high aspect ratio wing application.

The winglet concept as well as the supercritical wingwere wind tunnel tested
by Dr. Whitcomb of NASA Langley, and have been under study for a number of
aikcraft applications. A joint USAF/NASA program is currently pursuing
winglet installation on a KC-135A aircraft. In preparation for this activity,
extensive wind tunnel testing at cruise speed and low-speed high-1ift con-
ditions has been conducted. "

A winglet development program for potential application to the Douglas DC-10

“is currently active. The winglet design has taken into account the experi-
mental results of Dr. Whitcomb. This design, in various forms according to
the specific model of DC-10, was succe%sfu]]y wind tunnel tested at cruise

~speed in the NASA Langley eight-foot wind tunnel in 1978 as part of the NASA

2
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ACEE program, and demonstrated the performance potential compared to wing tip
extensions. The program will continue development through 1979 in the Tow-
speed high-1ift regime and will evaluate the stability and control characteri-
stics. Other concurrent work at Douglas is investigating the structural and
other facets of the winglet installation. Continuation of on-going efforts
forms the basis for the advanced wing design in the 1990 E3 airplanes.

2.1.2 Advanced High-Lift System ,

The high-Tift system features two-segment trailing edge flaps in conjunction
with a variable camber Krueger leading edge flap. The two-segment flap
provides high extension capability and the large chord forward segment and
smaller chord auxiliary flap provide an optimum camber distribution. The -
flap is continuous from the side of the fuselage to 80 percent of the wing
span, avoiding the gﬂgh-speed (inboard) aileron cutout and the associated
loss of 1ift and ipcrease in drag. The full-span leading edge Krueger flap
will allow for tailoring to provide good stall characteristics and control
stall progression across the span.

This high-Tift system design will provide excellent CLmax capability and very -
high 1ift-to~-drag ratios allowing the use of a small wing area and engine
thrust size. Maximum flap deflection is limited to 30 degrees to reduce
approach nGise by minimizing both approach thrust and airframe generated
noise. An additional benefit is reduced fuel consumption.

Development work on this high-1ift system design is proceeding, Teading to

~application in the next generation Douglas transport aircraft. Extensive two

dimensional wind tunnel testing and analytical configuration studies have i
been conducted in the Tlast few years. Based on these results, three dimen- '
sional development testing will be conducted shortly in conjunction with the
NASA ACEE program.

2.1.3 olongitudinal Stability Augmentation System (alSAS)

The proposed E3 aircraft conf1gurat1ons include a static stability augmen-
tation system that allows operation au a center-of-gravity range aft of that
of an unaugmented aircraft., The aLSAS system provides angle- of-attack
3
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stability characteristics similar to those of the DC-10. The more aft center-
of-gravity location reduces the aerodynamic balancing down load carried by
the horizontal tail. This results in lower trim drag and a weight savings

due to the smaller horizontal tail and wing required. The «LSAS system
provides positive stability for all flight conditions, ensuring the proper
sense for control column motions and forces required for maneuvering the
aircraft. The system employs pitch rate, pitch attitude and normal accelera-
tion as feedback parameters to independent augmentation computers which
provide contrcl inputs in series with pilot commands to the four elevator
segments and the horizontal stabilizer.

In order to explore thoroughly the requirements and interrelationships of
aircraft configuration, flying qualities, safety and reliability, control
system design and economics, Douglas has embarked on a study utilizing an
advanced derivative of the DC-10 transport. A substantial portion of this
task is proceeding under the ACEE program. During 1977 an extensive piloted
simulation, to explore aircraft flying qualities on the Douglas six-degree of
motion simulator, was conducted. During 1978 a further piloted simulation,
which includes the effect of control system characteristics including

failure cases and transient phenomena, is being conducted. .

2.1.4 MWing Load Alleviation

The use of control surface movement to regulate the net Toad and its distri-
bution on the wing structure can be used to reduce bending moments and '
therefore reduce weight.

An additional advantage is that ride quality will be improved. Principally,
the application of these functions will be applied to the control of maneuver
loads and gust Toads.

The use of active systems for flutter suppression, which alters the apparent

mass or stiffness, or aerodynamic damping, is expected to be employed to
pfovide appropriate flutter speed margins., Even in the extremely unlikely
event of complete system failure, the aircraft will not be flutter critical
within the normal operating envelope.




The use of control devices to Timit load are not uncommon. However, the full
application of wing Toad alleviation in a transport aircraft involves careful
consideration not only of the technical factors, but also the regulatory

requirements and operating factors such as dispatch reliability. Advanced

techniques to improve the design processes are under development, for example, °

by NASA in the ACEE program. In this program, large-scale drones, using a -
high aspect ratio supercritical wing with active controls, will be tested to
correlate design techniques. A number of other applications are also under

study or development. In the transport field, a significant interest has

developed into applications for current transports or their derivatives., The
Lockheed L-1011 experimental development, conducted partly under the ACEE

program, is now flying. At Douglas, design is proceeding for a system related

to the DC-10. Activity in this field is also to be pursued in combination é
with the ACEE program. }

2.1.5 Composite Structure

Major advanced composite technology development activities have been underway
for several years. Douglas composite programs, with major funding support
from NASA, are leading to widespread app]iéation of composites in future
transport aircraft. Current NASA sponsored advanced composite programs at
Douglas 1ng1ude development of the DC-10 rudder, vertical tail and a wing
study.

Expected application areas for composite materials in the next generation of
transport aircraft include control surfaces, floor beams, fairings, landing
gear doors and carbon brakes. If emphas1s is placed on continued composite
techno]ogy development, by the early 1990's, design, fabrication and repair
techniques should have advanced to the point that application areas may be
expanded to include wing and empennage primary structure. Use of composites
in primary structures for the E3 study aircraft is assumed. The fuselage
pressure shell will still be of metal construction and will not have changed
noticeably from current DC-10 designs except for the increased use of bonded
metal structure and improved alloys. Composite advantages include sign1f1cant
structural we1ght reduction, and with sthe falling pr1ce of compos1te materials
relat1ve to meta]s, minimum price escalation due to .nf1at1on ‘
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~cargo compartments, The aft bulk cargo compartment is the same size as in the

2.1.6 Systems

Improvements in all aircraft systems are expected. Some of these are: : .
o Digital avionics - reduced weight and improved reliability and
capability.
o Flight performance management - reduced aircraft operational
fuel consumption,
0 Air conditioning - reduced engine bleed requirements.,
0 APU - reduced weight and fuel consumption.
o Advanced cockpit displays - reduced weight and improved performance,
These improvements, relative to current aircraft systems, can be incorporated
into future aircraft designs and are assumed in the 1990 E3 study aircraft.

2.2 AIRCRAFT DESCRIPTIONS

Using the advanced technologies described with results from on-going studies
and technojogy development programs, aircraft sizing studies were conducted
using Douglas computer programs. The design requirements for the itwo aircraft,
shown in Table 1, are basaed to a great extent on the DC-10-10 transcontinental
and DC-10-30 intercontinental range aircraft. Design cruise Mach number was
reduced from the DC-10 levels to reduce fuel consumption. The domestic and
international aircraft are shown in Figures 1 and 2. The only major external §
difference between the two versions other than engine size is that the two
wheel centerline main landing gear on the domestic aircraft is replaced with

a four wheel assembly to cope with the international aircraft's higher weights.

2.2.1 Ajrcraft Characteristics

The aircraft characteristics are shown in Table 2. The ajrcraft incorporate
a DC-10 fuselage stretched 65 feet, a new high aspect ratio wing with super-
critical airfoils and winglets, a new empennage and advanced aircraft systems.
The basic mixed class seating capacity is 458 passengers in the domestic
version with Tower deck galley and 438 in the intercontinental version with
upper galleys. Interior arrangements for the two configurations showing the
main and lower deck layouts are presented in Figures 3 and 4. Oversize cargo
doors permit the accommodation of pall%ts in both the forward and center
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TABLE 1

AIRCRAFT DESIGN REQUIREMENTS

DOMESTIC INTERNATIONAL

 MIXED CLASS SEATS 450 450
 RANGE (N M1) 3,000 5,500
~ CRUISE MACH NO. 0.80 0.80
_ TAKEOFF FIELD LENGTH (FT) 8,000 11,000
- MTOW, SL, 84°F |
.. APPROACH SPEED (KEAS) 130 135
~ PASSENGERS, BAGGAGE, RESERVES
| INITIAL CRUISE ALTITUDE (FT) 33,000 31,000
- .
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FIGURE 1

" GENERAL ARRANGEMENT — DOMESTIC VERSION

- ENGINE:  STF505M-7C
- THRUST SIZE: 36930 LB
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FIGURE 2
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ENGINE: = STF505M-7C
THRUST SIZE: 47,570 LB

 GENERAL ARRANGEMENT — INTERNATIONAL VERSION
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TABLE 2 §
AIRCRAFT CHARACTERISTICS :
P& STF505M-7C ENGINES

DOMESTIC INTERNAT IONAL
MIXED CLASS SEATS 458 438 R
DESIGN RANGE (NAUTICAL MILES) 3,000 5,500 %
ENGINE THRUST SIZE (LB/ENGINE) 36,930 47,570
ADJUSTED WING AREA (SQUARE FEET) 4,640 4,640
WEIGHTS: | ‘
MAXIMUM TAKEOFF (LB) . 496,000 638,000 T
MAXIMUM LANDING (LB) 456,000 506 ,000 a
OPERATOR'S EMPTY (LB) 286,820 309,170
PERFORMANCE :
%) CRUISE MACH NUMBER 0.80 0.80
TAKEOFF FIELD LENGTH, MTOGH, SL,
84°F (FT)- 8,000 11,000
APPROACH SPEEDS, | 4
PASSENGERS:, BAGS, RESERVES (KEAS) 124 29 :
THRUST LIMITED INITIAL CRUISE | | ?
ALTITUDE (FT) 34,400 33,300 o
BUFFET LIMITED INITIAL CRUISE o | }
ALTITUDE (FT) 36,500 31,000 §
FUEL BURNED'AT DESIGN RANGE (LB) :
(100% PASSENGER LOAD FACTOR) 199,380 207,630 ;
TYPICAL STAGE LENGTH (NAUTICAL MILES) 1,000 1,500 i

FUEL BURNED AT TYPICAL RANGE (LB)

éggé o e }- LOAD FACTORS) 32,800 51,340 i
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FIGURE 3

DOMESTIC AIRCRAFT INTERIOR
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FIGURE 4

INTERNATIONAL AIRCRAFT INTERIOR
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DC-10-30. The flight crew consists of a three man cockpit crew and 15 cabin
attendants. '

Wing area, common to the two versions, is set by the 1.3 g buffet margin at
the 31,000 foot initial cruise altitude requirement of the intercontinental
range aircraft., The wing design incorporates the results of the latest wind
tunnel tests and analytical studies. Lateral control is provided by spoilers
and the all-speed outboard aileron. This allows the flap to extend from the
side of the body to 80 percent span without interruption, and with the

limited flap deflection of 30 degrees, results in lower required thrust levels
and less noise. Wing load alleviation consisting of maneuver and gust load
alleviation is used to reduce wing weight.

Horizontal tail aspect ratio has been increased compared to the current DC-10

 to reduce trim drag.

The wing, horizontal tail and vertical tails utilize composites in primary

_and secondary structures to minimize weight,

The scaled thrust sizes of the P&W STF505M-7C engines are set by the design
takeoff fié1d length requirements for both versions of the aircraft. The
thrust Timited initial cruise altitudes exceed requirements by 1400 and 2300
feet respeé%ive]y for the domestic and international aircraft, indicating a
small surplus of cruise thrust relative to the takeoff rating.

2.2.2 Aijrplane Drag

The airplane parasite and induced drag are shown in Table 3. Nacelle drag is
included in the engine data. The compressibility drag increment is shown in
Figure 5. The takeoff and landing drag pclars are presented in Figure 6.

2.2.3 MWeight

Airframe weight breakdowns are shown in Table 4. The weights are based on
technology advancements including widespread use of advanced composites.
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| 0 TABLE 3
; < AIRCRAFT DRAG
AIRCRAFT WITH STF505M-7C ENGINES
f
Reference Area: Trapezoidal Wing Area = 4,208 ft2
Parasite Drag: f = 67.64 ft2 (excludes nacelles)
Ei
~ Induced Drag: ARtrapezoida] = 10.85
f =
: _ _ e = 0.953 (includes winglet effects)
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*Includes Tower vertical tail

TABLE 4 gl
AIRCRAFT WEIGHT BREAKDOWNS i
STF505M-7C ENGINES B é
DOMESTIC INTERNATIONAL
WING o 54,690 59,200 ‘
HORIZONTAL TAIL 4,220 4,700 =
VERTICAL TAIL 1,960 2,130 j
FUSELAGE - 61,910 63,040 :
LANDING GEAR | 20,230 26,490
PROPULSION* 34,010 44,270
APU o | ‘ 1,435 1,435
FUEL SYSTEM " 2,03 2,130
FLIGHT CONTROLS AND HYDRAULIC SYSTEM 10,470 o 10,470 ;
INSTRUMENTS 1,750 1,750 :
AIR CONDITIONING AND PNEUMATICS 4,965 : 4,965 ;
ELECTRICAL | 6,460 6,460 E
AVIONICS | 2,700 3,060 !
FURNISHINGS . | 53,290 51,980 .
ICE PROTECTION | 650 650 5
HANDLING GEAR | - | 0 60 i
MANUFACTURER’S EMPTY WEIGHT | 260,930 | 282,790 | ?%
OPERATOR'S ITEMS | 25,890 - 26,380
OPERATOR'S EMPTY WEIGHT 286,820 309,170 |

b
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‘with a bleed temperature greater than 500°F plus 5 pounds/second wing anti-ice

Lisiatd

2.2.4 Sensitivity Factors

Sensitivity factors were generated and are shown in Table 5. These factors
provide a means to assess the impact of perturbations in specific fuel consump-
tion, engine weight and nacelle drag on aircraft weights, engine size and

fuel burned for the study missions,

2.2.5 Noise

The airframe or non-propulsive noise with flight conditions and engine power
settings at the FAR noise measuring points are shown in Table 6. Tabulated
noise spectral data are presented in Appendix I.

2.2.6 Secondary Power

The secondary power requirements have been estimated and the mechanical power :
requirements are shown in Table 7. For hydraulic power, the time average Ce b
cruise requirement in still air (without turbulence) is 31 horsepower per
engine. This is based on hydraulic pumps in average condition with nominal
aircraft hydraulic system leakage. The maximum or sizing requirement for
hydraulic power is for two pumps per engine operating at full capacity. One i
hundred seventy five horsepower per engine is required for pumps that have 2
had considerable usage. i

'S

The time average accessory gearbox power required by the generators is 75
horsepower per engine. This is based on a survey made on power usage in the
DC-10. The DC-10 average power usage was scaled up to provide for the increase
in number of passengers in this study. The maximum or sizing requirement is : [
257 horseﬁower per engine,

The average pneumatic power required in the form of compressor bleed is shown
in Figure 7. .

Thé maximum bleed case is for one pneumatic system out and an engine out,
under icing conditions. For this case, at a 15,000 foot hold condition, it
is estimated that .one engine must provide 0.7 pounds/second inlet cowl anti-ice

TR T e

SRR e

flow at a temperature greater than 400°F plus 2.7 pounds/second to provide air R
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TABLE 5

SENSITIVITY FACTORS

P& STF505M-7C ENGINES

N

£5% + 1000 LB. + 20% ISOLATED
- TSFC WEIGHT PER ENGINE NACELLE DRAG
 DOMESTIC
© MAX TAKEOFF WEIGHT + 2.4 + 1.2 | +0.7%
- OPERATOR'S EMPTY WEIGHT +1.7% + 1.8% + 0.5%
ENGINE THRUST SIZE L 2.3 +1.3% +0.7%
* FUEL BURNED
T DESIGN MISSION , +6.1% +0.9% +1.8%
- TYPICAL MISSION +6.0% +1.0% +1.4%
INTERNATIONAL |
MAX TAKEOFF WEIGHT | L + 4.0% +1.2% +0.9%
OPERATOR'S EMPTY WEIGHT » 4 2.4% +1.7% + 0.6%
ENGINE THRUST SIZE : _ + 4.3% +1.3% +1.0%
FUEL BURNED
- DESIGN MISSION o+ 7.5% . ) +1.05 +1.5%

- TYPICAL MISSION . +5.8% +0.9% o+ 1.0%
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TABLE 6
,:3. CONDITIONS AT FAR-36 MEASURING POINTS
SCALED STF505M-7C ENGINES
Airframe
Geometric True Installed Thrust Generated
RN ' o Altitude Airspeed ‘per Engine : Noise
Aircraft N - Condition - (FT) (KN) (% Takeoff) (EPNdB)
Domestic ' - Sideline 850 150 ‘ 100 76.8
Takeoff 1500 151 100 78.1
Cutback W2 18] 69 78.5
Approach 394 146 18 91.6
International Sideline 850 167 100 79.7
. B Takeof f 1152 167 100 83.1
~ Cutback 1072 167 70 83.7
. Approach 394 | 153 18 - 92.7
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TYPE

“Hydrdblicr
. Power

Electric
Power

TABLE 7

ACCESSORY GEARBOX POWER REQUIREMENTS

MY

SOURCE

Two 35 GPM Pumps
per Engine

One 120 KVA
Generator per
Engine

TIME AVERAGE CRUISE
POWER IN STILL AIR

31 HP/Engine

75 HP/Engine

SIZING

175 HP/Engine

257 HP/Engine
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to drive one air conditioning pack. The sizing case therefore requires a
total of 8.4 pounds/second with the engine at 40 to 60% of climb thrust.

The above values reflect preliminary analyses of a current test program to
reduce bleed flow requirements for wing anti-icing.

Further evaluations may result in requirements to revise the wing anti-icing
flow requirements. In addition, potential means to reduce bleed flow require-
ments have been identified but sufficient work has not been done to reflect
these reductions in this study. ‘

2.2.7 Comparison Between E3 And JT9D

In order to determine the fuel consumption benefits from E3 engine tech-
nology, the advanced technology airplanes were sized using JT9D engines for
the same payload and missions. The results are shown in Table 8. Table 9
shows a comparison between the airplanes sized with E3 technology and JT9D
engines.
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MIXED CLASS SEATS
DESIGN RANGE (NAUTICAL MILES)

MAXIMUM TAKEQOFF
MAXIMUM LANDING
OPERATOR'S EMPTY (LB)
PERFORMANCE:
CRUISE MACH NUMBER

TABLE 8

AIRCRAFT CHARACTERISTICS

P&W JT9D-20

ENGINE THRUST SIZE (LB/ENGINE)
ADJUSTED WING AREA (SQUARE FEET)
WEIGHTS:

TAKEOFF FIELD LENGTH, MTOGW, SL,

84°F (FT)

APPROACH SPEEDS,

PASSENGERS, BAGS, RESERVES (KEAS)

THRUST LIMITED INITIAL CRUISE

~ALTITUDE

BUFFET LIMITED INITIAL CRUISE

ALTITUDE

FUEL BURNED AT DESIGN RANGE (LB)

(100% PASSENGER LOAD FACTOR)

TYPICAL STAGE LENGTH (NAUTICAL MILES)

FUEL BURNED AT TYPICAL RANGE (LB)

(60% PASSENGER
(30% CARGO

226

} LOAD FACTORS)

ENGINES

DOMESTIC

458
3,000
42,150
5,260

548,000
482,000
309,070
0.80
8,000
120
34,100
37,100

124,260
1,000

41,210

INTERNATIONAL

438
5,500
53,600
5,260

723,000
542,000
336,870
0.80
11,000
126
32,700
31,000

256,880
1,500

63,160
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* Operator's Empty Weight (LB)

TABLE 9

COMPARATIVE AIRCRAFT CHARACTERISTICS

' “Engine

~ Maximum Takeoff Méight» (LB)

Takeoff Thrust (LB)
Design Range (N MI)

" Fuel Burned At Design Range (LB)
_Relative Fuel Burned At Design Range (LB)
" Typical Range (N MI)

Fuel Burned At Typical Range (LB)

Relative Fuel Burned At Typical Range (LB)

NS

Domestic

JT9D-20 STF505M-7C
548,000 496,000
309,070 286,820
42,150 36,930
3,000 3,000
124,260 99,380
—an -20%
1,000 1,000
41,210 " 32,800
-—- © -20%

i

International
JT9D-20 STF505M-7C
723,000 638,000
336,870 309,170

53,600 47,570
5,500 5,500
256,880 207,630
-—- -19%
1,500 1,500
63,160 51,340
-— -19%



2.3 AIRFRAME/PROPULSION SYSTEM INTEGRATION

Preliminary propulsion system integration requireménts were investigated.
Study engine installations provided by Pratt & Whitney were reviewed and
requirements for installation in the E3 study aircraft were determined.

2.3.1 Study Installations

Table 10 summarizes preliminary results of evaluations of the study engine
installations provided by Pratt & Whitney. The evaluations were preliminary
assessments of the aerodynamic lines and general arrangements.

The aerodyﬁamic critique on P&W Drawings L-108594 dated 1/15/78 and L-109846
dated 6/8/78 indicates a potential for excessive nozzle aftérbody angle.
These statements are based on a certain degree of uncertainty because the
angles exceed those for which data is available.

The adequacy of flow directivity in the reverser configuration column refers
to the ability to incorporate a directed flow reverser which will preclude
debris ingestion due to reverse flow impingement on the ground.

Pylon-mounted accessories are judged unacceptable because it would require
special equipment in order to conduct servicing, inspection and maintenance,
particularly on the tail engine. Airframe accessories must be easily
removed and replaced without requiring the airplane to fly to a maintenance
base. In addition, the pylon-mounted accessories can preclude simultaneous
maintenance or servicing the engine and accessories because the open engine
cowl door would interfere with access to the pylon. Further, the additional
time required would result in additional flight delays and cancellations.

Experience with fan cowl-mounted accessories has demonstrated that this
arrangement is satisfactory for maintainability. By comparison, the other
arrangements are judged to be poor.

-

2.3.2 Preliminary 1990 Propulsion System Requirements

New engines are introduced because they result in a major improvement in
economics, provide the thrust requireqent for a new airplane size, or both,
In the 1990's, a new énginevbased on E3 technology will be expected to
improve economics because the thrust sizes of interest are expected to be
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TABLE 10

INSTALLATION STUDIES SUMMARY

STUDY INSTALLATION

Nacelle Dimensions

i
(Inches) |
o Douglas C wax R | .
“Pratt & Whitney | Interpretation | 'L to iax It Aerodynamic
Drawing -Number Dug. No. ++% Description Length [7Top Side |Bottom ! Critique
1-108594 STF 505 M-7 Engine - wing instl. Nozzle afterbody
dtd. 1-15-78 — Split accessory arrangement angle may be exces-
fan mounted engine accessories 252.7 55.0 | 55.3 55.0 ; sive. Outside &7
with airfrane accessories in j data base.
pylon :
L-108594 J-112536 Wing Instl. - STF505 M-7 ! .
and : Split accessory arrangement Acceptable
L-108623 core mounted engine accessories 258.0 55.0 }55.3 55.0
dtd. 5-5-78 with airframe accessories in
pylon - P8 design fan reverser i
J-112539 Tail instl. - STF 505 M-7
Adaptation of J-112536 for 53.4 162.0 53.4 Accepteble
different location
L-108594 J-112540 Wing instl. STF 505 M-7 !
modified per Full duty core-mounted acces- ~onta
L-108613 sory package DAC type fan re- 258.0 55.0 |55.3 55.0 Acceptable
dtd. 4-18-78 verser,
. J-1125M1 Wing Instl. - STF 505 M-7
. Full duty core-mounted acces- 258.0 55.0 155.3 55.0 Acceptabla
sory pkg. DAC design fan re-
verser, Study dwg. for nacelle
_ seals & latches i .
L-109845 STF 505 M-7 Engine - wing instl. Nozzle afterbody
dtd. 6-8-78 —— Split accessory pkg., core angle may be exces-
mounted engine accessories with 262.0 55.0 sive. Qutsida of
airframe accessories in pylon data base.
P& design fan reverser.
L-109246 and J-112545 Wing instl. - split accessories 5¢.8 !
L-108620 at 4 and 8 o'clock on fan case 262.0 55.1 56.0 (60 @ 4
dtd. 5-5-78 & 8 o'clock)
L-109846 . Wing instl.
marked up for ——-
slim nacelle -
line
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TABLE 10 (CONTINUED)
INSTALLATION STUDIES SUMMARY

Structural Reverser Accessory
Douglas Critique Configuration fonriguration Maintainability Comaents
Interpretation
. Dwg. No.
Appears Does not appear td Pylon mounted Poor Special ground stands for accesscry
- reasonable have adequate flow accessories unaccep- maintenance and replacement is
: directivity provisions | table for tail unacceptable
; engine
[
[ ,
J-112536 Appears Does not appear to Pylon mounted un- Poor See above
: reasonable | have adequate flow acceptable plus po-
t directivity provisions | tential reduced re-
1iability for engine
accessories
J-112539 Appears Pylon mounted Very poor See above
reasopable ——-- | unacceptable
J-112540 Appears Appears reasonable Potential reduced Poor See above
- reasonabie reliability for
accessories
J-112541 Appears Appears reasonable Potential reduced Poor Study of nacelle seals and latches
S + reasonable reliability for
- accessories
Appears Does not: appear to Pylon mounted Poor See above .
B reasonable have adequate flow unacceptable
directivity provi-
sions
‘ J-112545 Appears Appears reasonable Good May have weight and performance penalty
: reasonrable | . ----- for addition power take-off shaft

Insufficient iq

formation to evaluate




available from current and derivative versions of JT8D refan, JT9D, JT10D,
CFM56, CF6 and RB211 engines. Since the E3 goal is 'to reduce specific fuel
consumption by 12% and DOC by 5%, other cost components cannot increase, and
may have to decrease to provide sufficient incentive for development of a new
engine. It is therefore expected that other costs should improve, or at worse,
remain the same. This needs to be accomplished while meeting more stringent
regulations and requirements.

Maintenance

The installation maintainabi]ity goals should be comparable to today's
standards., This requires access to all borescope ports without removal of
any component. Elapsed time goals are shown in Table 11,

Thrust Reversers

Thrust reversers should be improved compared to current designs. Specific

needs are listed below.

1. Fan thrust reversers with efflux directivity that minimizes debris kickup
while enabling routine use down to zero speed are desired. Directivity
tailoring capability must exist to match airframe requirements to main-
tain airplane contrel and drag.

2. The ovéra]] reverser effectiveness goal is 40% for the primary plus fan
on wing engines. Tail engine reversing effectiveness can be lower to
prevenf aircraft pitchup.

3. Current fail-safe design practice for ground only reversing will be
maintained. The reversers will maintain their position in the event of
an actuation system failure.

4." A hydraulic actuation system is preferred with reverser hydraulic fluid
isolated from other airframe hydraulic fluid. '

Ozbhe

Consideration should be given to providing bleed air for cabin air conditioning
that has an ozone concentration of less than 0.1 ppm. Since elevating the
temperature of air containing ozone will destroy the ozone, heating and

~cooling the bleed .air may be a viable way to reduce the ozone concentration

{

Y

in the cabin.

29 ;
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TABLE 17

INSTALLATION
ELAPSED TIME GOALS

DESCRIPTION ELAPSED TIME

(Minutes)

Engine :
Build Up Neutral QEC from Basic Engine 2000 %
Build UP Neutral QEC to Wing QEC 45
Build UP Neutral QEC to Tail QEC 30 '
Convert Wing QEC to Tail OEC 45
Convert Tail QEC to Wing QEC 45
Change Wing Engine 60 §

(Including Access Time and GSE) f
Change Tail Engine 90 f
- Components/Accessories Remove and Replace |
Integiated Drive Generator .35 ;
Hydraulic Pump , 15 ;
Fire Detector , 15 - 3
- Main Fuel Control ; 25 v
Fuel Pump ' 60 5
Fuel Heater o 30 f
Primary Nozzle 90
fEXhaust Plug with Primary Nozzle Removed 10 '
'VEihaust'PTUQ with Primary Nozzle Installed 15 7 , , -
Fuel Heater Air Shutoff Solenoid Valve 0
Anti-Icing Air Shutoff Actuator Valve 20~'v’ ' ‘
232
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TABLE 11 (CONTINUED)

INSTALLATION
ELAPSED TIME GOALS

DESCRIPTION

Components/Accessories

Differential Pressure Switch

Nose Cow] Anti-Icing Pressure Regulator and
Shutoff Valve

Starter

Starter Shutoff Valve

Hyarau]ic Filters

Fuel Flow Trahsmitter

Ignition Exciter

Ignition Plugs

Pressure Ratio Bleed Control
Compreséor Stator Control

Fan Air Case Cooling Shutoff Valves
Bleed (Air/Fuel) Converter Valve
Bleed Control Valves

Pneumatic Pressure Regulating Valves

-Bleed Check Valves

31

ELAPSED TIME
(Minutes)

Remove and Replace
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Bleed Air Cleanliness

Bleed ports must be designed to prevent the ingestion of solid particles that
enter the engine inlet, or Tiquids (such as might be generated within the
engine by fluid leakage), without unnecessarily sacrificing total pressure
recovery.

Because an engine compressor acts as a centrifugal separator, clean air may
be extracted at the compressor inside diameter without significant loss of
ram pressure, The associated disadvantages are the cost of making hollow
stator vanes suitable for conducting this air to the outside diameter of the
engine, and the pressure drop of the flow traversing these relatively small
passages.

Outside diameter ports that are protectéd by locating them in a shadow zone
sacrifice ram pressure but may be designed to provide clean air as long as
the engine 1is running. When the engine is stopped, fluids can draw into such
openings if they occur at a Tow point. ‘

Desirable Stage Locatjons For Bleed Ports

Bleed air must be available from the compressor discharge to accommodate
operation at engine idle. ‘

For economy reasons, bleed must be available at the Towest stage that will
satisfy air conditioning system pressure requirements at maximum altitude

with the lowest engine power useful for cruise. If the maximum altitude for
the baseline airplane is 39,000 feet, a bleed pressure of 20 psig would

permit using DC-10 type components. Pressures as low as 15 psig could be
considered if the associated economy improvement would justify the development
of new and possibly more compiicated air conditioning components.

An additional, lower stage port located so that the discharge temperature
closely approached but did not exceed 450°F on a hot day sea level takeoff
would eliminate the need for precooling low stage bleed, and would open the
possibility of eliminating all precooling. Complete elimination of pre-
cooling could only be justified by a thorough investigation. Changing from
DC-10 to DC-9 pneﬁmatic system concepts for prgyiding suitable ice protection
bleed temperatures would probéb1y be required. JThe investigation would have

32
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€F3 to include a study of the pressure suitability of the next Tower stage
- pressure whenever high stage bleed exceeds 450°F at idle power on a hot day.
Any pressure above 25 psig at this lower stage would be satisfactory.

A completely independent port for engine inlet ice protection air supply is

: desired, located at compressor discharge, or preferably a lower stage if it
would provide 400°F at engine idle power with ambient temperatures at the low
limit of the FAA icing envelope.

Containment

In addition to rotor blade containment requirements of FAR Part 33, any
blade fragment exiting from the engine shall not have sufficient energy to
penetrate nacelle structure or systems. . '
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craft configurations weras developed; one for a domestic mission and one for

LR 28664 é

SECTION 1

INTRODUCTION AND SUMMARY

This study was accomplished by the Commercial Advanced Design Division of
the Lockheed-California Company for the Pratt and Whitney Aircraft Group in
support of their "Energy Efficient Engine Component Development and Integra-
tion Program," The effort required was in accordance with Pratt and Whitney
Subcontract 20646-3 and consisted of the initial Propulsion System - Aircraft
Integration Evaluation as specified by Task 1. This initial evaluation was in
support of Pratt and Whitney's engine preliminary design effort and two addi-

tional evaluations will be made by Lockheed during the program as follows:
e Initiation of engine core manufacturing and testing - mid 1980 :
e Completion of integrated core/low spool testing - mid 1983

This evaluation is an update or follow-on to the previous Lockheed study
effort in support of the "Energy Efficient Engine Preliminary Design and Inte-
gration Study," Pratt and Whitney Subcontract Number 20628-3 which included

the following:
e Definition of airframe design and technology features
e Aircraft and mission definition
e Aircraft performance and mission sensitivities
e Aircraft-engine integration evaluation

During the previous study effort, Lockheed Report LR 28351, two air- §

an intercontinental mission. These domestic and intercontinental aircraft
(using the JTI9D-7A engine) were characterized for the following technology

features and mission criteria:

241
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LR 28664

e Technology Features
. Supercritical wing
e Active controls
e Advanced composite structure

e Mission Criteria

Domestic Intercontinental
Design Range (n.mi.) 3,000 6,500
No. passengers 400 400
Cruise speed M 0.8 M 0.8
Typical range 1,400 3,000

Configuration

3-Engine~Wide Body

4-Engine-~Wide Body

For this study, reevaluation of aircraft technology features and mission

criteria resulted in the retention of previously established criteria, except

for the passenger/payload capacity.

A payload capacity of 100,000 pounds

(500 passengers) was incorporated in lieu of 80,000 pounds (400 passengers)

previously used.

time frame.

sistent with the increased payload capacity are included in Table 1.

This change was made based on a review by Lockheed's Market-
~ ing Development Division relative to potential market demand in the 1990's

Reference aircraft design and performance characteristics con-

These

configurations were established as baseline aircraft to be used for comparison

with aircraft incorporating the Energy Efficient Engine.

The Energy Efficient Engine cycle selected by Pratt and Whitney for in-

stallation on the domestic and intercontinental aircraft is the STF 505M-7C

with the following characteristics, as compared to the current JT9D-7A engine:

JTI9D-7A STF505M~7C
"Technology Level Current 1990's
Fan Drive Direct . Direct
Exhaust “Separate Mixed
Bypass Ratio 540 6.55
Overall Ratio 254 38.6
Turbine Inlet Temp 2290 2450
1-2
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REFERENCE AIRCRAFT DESIGN AND PERFORMANCE CHARACTERISTICS

Domestic Intercontinental
Mission Characteristics
Design Range (n.mi.) 3000 6500
Typical Range (n.mi.) 1400 3000
Cruise Speed (Mach) 0.8 0.8
No. Passengers 500 500
Init. Cruise Altitude (ft) 35,000 33,000
Field Length (ft) 6970 9398
Approach Speed (kt) 135 128

Design Characteristics

Configuration
Power Plant
Sweep (.25¢)

W/s (1b/5e?)

T/W

AR

t/c (%)

TOGW (1b)

OEW (1b)

Wing Span (ft)
Body Length (ft)
Body Diameter (ft)

Performance Characteristics
Thrust/Engine (SLS, 1b)
Block Fuel-Design (1b)
‘Block FUél—TYP. (1b)
DOC-Design (¢/ASM) 7
D0C4TYP. (¢/ASM)

3 Engine-Trijet

JTID-7A
30°

118
0.260
10

13
481,357
261,934
©202.0
228,73
19.6

41,718
99,999
43,352
1.227
1.336

4 Engine-Quadjet
JT9D-7A
30°
134
0.220
10
13
707,924
303,985
229.8
229.5
19.6

38,936
263,686
101,781

1.414
1.407
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Table 2 is a tabulation of the aircraft design and performance character-
istics of the domestic and intercontinental aircraft with the STF505M-7C
engine. Comparison of this data with the performance of the reference air-
craft (JT9D-7A engine) indicates mission fuel and direct operating cost
(DOC) savings with the STF505M-7C engine as follows:

Fuel . DOC
Design Typical Design Typical
Domestic 18.1% 18% 5.9% 5.4%
Intercontinental 20.1% 19.1% 9.27% 8.1%

General Arrangement Drawings, depicting the domestic and intercontinental
aircraft with the STF505M-7C engine, are included as Figures 1 and 2. The
size of the STF505-M=~7C engine, as supplied by Pratt and Whitney, is compati-
ble (thrust class, reverse thrust level, and power extraction) with the

Lockheed specified mission/payload characteristics for 1990's aircraft.

Installation layout drawings using the STF505M~7C engine on the domestic
aircraft are included as Figures 3 through 5, and depict location of aircraft
accessories in the engine pylon and placement of the nacelle with respect to

the wing consistent with minimization of interference drag penalties.

The results of this phase of the Energy Efficient Engine Component Devel-
opment and Integration study are as follows:

¢ The NASA defined goals for minimum fuel and DOC savings of 12% and
5% respectively are attained with the STF505M-7C engine.

e Installation of the STF505M-7C engine (with mixed exhaust), without
a penalty for interference drag, appears feasible.

e Pylon mounting of the aircraft accessories is an acceptable configura-
tion and enhances the aerodynamic characteristics of the STF505M-7C
nacelle,

e Incorporation of the STF505M-7C engine results in aircraft configura-
tions, sized for long range and large payload capacity, which are
compatible with existing airport facilities (field length, wing span,
body length, etc.) ‘

1-4
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TABLE 2. E3 AIRCRAFT DESIGN AND PERFORMANCE CHARACTERISTICS
Domestic Intercontinental
Mission Characteristics

Design Range (n.mi.) 3000 6500
Typical Range (n.mi.) 1400 3000
Cruise Speed (Mach) 0.8 0.8
No. Passengers 500 500
Init. Cruise Altitude (ft) 37,000 34,000
Field Length (ft) 6976 9460
Approach Speed (kt) ~135° 131

Design Characteristics

Configuration 3 Engine~Trijet 4 Engine-Quadjet
Power Plant STF505M=-7C STF505M~7C
Sweep (.25c¢) 30° 300.
W/S (1b/££2) 114.8 132
/W | 0.255 0.220
AR 10 10
t/ch 13 13
TOGW (1b) 454,013 630,491
OEW (1b) 255,937 286,974
Wing Span (ft) 198.9 218.6
Body Length (ft) 228.3 229.5
Body Diameter (ft) 19.6 19.6

Performance Characteristics
Thrust/Engine (SLS, 1b) 38,591 34,677
Block Fuel-Design (1b) 81,862 210,888
Block Fuel-Typ. (1b) 33,513 82,387

" DOC-Design (¢/ASM) 1.155 1.285
DOC-TYP. (¢/ASM) 1.263 1.293

1-5

e T T T AN S B TR 023 o o s oo

245




——

e

SRR

S
-~ ‘:.

GHOSS WEiewl 209 %40 AG (434 013 18 )
PON(E FLANT (D) Phw SIFO09R 1 Tuam0fan
INSTALLED TWEUST 171 693 W (38 891 (8 )
Passiscins 00

N ) 006w e

LU AL T

e T
L— iz 20 00 on«l

I e R e

<_;*?T_—?;:;17
— ol

o888 2w )

b 0)

ALITVOD 9004 d0
S1 @DV¥d TVNIO

T OBIRERSIONS % SETREE FEETL 0w mETER

L CADMM BEF D CUNIIZ A AT R 20

LS NS

o 5 D -

P e, ——,

0 0 0 N W
SOALE FEET

19 1026 162 6120

© Figure 1. General Arrangement Domestic
Atrcraft (STFSOSM-IC Englos)

-7



——

Lyt

"
jasPict matio
SPan .
WoOT CwoD et

Hares aat i

[Emamactimistics]  u
.Al[l "o " e e
o
TiP CwORD o0 ¢
1» CnoRD {

x|

P61k »

CHOSS Wi GWl 288 D61 RC (8D0 431 (8 )

POMER PLANT (4] PEM STH 20%W T TuRsfen

INSTALLED TuRUST - i%e 243 N (04 &
PasSENGERS %00

RANGE 6 %00 W m

IRy

PR

Eoarosis s e

L{m [

< S

=77 >z
ey :
H A
i /
H / /
SRS £Ld + i 7“/1/
===
A, " *=X \\
NG
L "\ s\
\\ AR
1\ \
\‘ \X\
=
s % A\ € D MINS 0N W RETRES FELT) e welie
A I CADam MEF GeE €132 i 402D
A\ ot
i+ wi
\ St e :
\ /7” l Y
\‘Q /' / SCALE FeRY
/ '
e s 4 1902 82 0
’ / '
: —
b ‘n] ,.___.(__‘:c;. e | — ’
i
l

o5 o)

69 % 223 s

Figure i, General Arrengement Inter-
continental Atrcrsft (STFS03%-

¢ Engine)

1-9
47



248

> |
: | B

RE
!
|
b}

=4
| NSt
R

I \ =ty 5
. w m...

|, * ORIGINAL PAGE IS
*  OF POOR QUALITY




'
Fhewe b Camter Bogiee leetelletion
Lavewt
[

249




250

R

=

 GaBi |
. pAs fae

+ !f'" s 0 44

"
|

s Xr

A !

ki

-

T

Y
I

I

|

ITY




LR 28664

SECTION 2

STUDY EFFORT

The study effort by Lockheed in support of Pratt and Whitney's Energy
Efficient Engine Component Development and Integration Program consisted of
an evaluation of integrating the E3 propulsion system with the domestic and
intercontinental aircraft, as envisioned for the 1990's time frame. The
evaluation included first establishiné'aircraft'mission and design definitions
and then incorporating the advanced technology engine into the aircraft con-

figurations for comparison with the reference aircraft (JT9D-7A engine).

2.1 MISSION AND DESIGN DEFINITION

Mission and design definitions, alcng with applicable advanced technology
features, were established for both the domestic and intercontinental aircraft
during the previous study effort (Lockheed Report LR 28351). On initiation of
this effort, those definitions were reviewed, and updated where applicable,
for the purpose of establishing reference (baseline) configurations and per-
formance characteristics for comparison of those aircraft with the E3 engine,

Definition of the domestic and intercontinental aircraft is included in Table 3.

2.2 PROPULSION SYSTEM — AIRCRAFT INTEGRATION

2.2.1 STF 505M-7C Engine Evaluation

Performance, weight, and pertinent installation data for an advanced
technology energy efficient engine (identified as STF505M-7C) was supplied by
;Pratt and Whitney for incorporation into the reference aircraft. Both the
domestic and intercontinental aircraft were previously optimized (for minimum
fuel usage and DOC) using the Pratt and Whitney STF3505M-7 Engine. Since the
STF505M~7C represented only a slight variation, preViously establishéd

2-1
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TABLE 3.

LR 28664

DESIGN AND TECHNOLOGY FEATURES-1990'S TRANSPORT AIRCRAFT

Domestic

Intercont.

Aircraft Type

No. Engines and Location

Payload Capacity (1b)
TOGW Class (1b)
Engine Thrust (1b)

A i . PRI
Mission Characteristics

Design Range (n.mi.)
Typical Range (n.mi.)
Typ. Range L.F,
Cruise Speed
Cruise Alt,
TOFL (ft)
App. Speed (kt)

(fr)

Advanced Technology

Supercrit, Wing

Active Controls
e Load Relief
e Relaxed Stability

Advanced Composites
‘. e Primary Struct,
e Secondary Struct.

Wide body trijet
235 in. fuse. dia,
9 abreast seating

2-wing mounted
l-center mounted

100,000 (500 pax)
500,000

45,000

-

3,000
1,400
0.55
MO. 8
35,000
7,000
135

~37 reduction of
wing wt - increased
thickness of airfoil

e AR = 10
e t/c = 137%
® Sweep = 30¢

=5.5% wing wt.
=1% body wt.
- =287 tall size

=-8.7% M.E.W,

Ve

Wide body quadjet
235 in. fuse dia.
9 abreast seating

4-wing mounted

100,000 (500 pax)
750,000

46,000

A~ s i - o e »

6,500
3,000
0.55
MO. 8
35,000
10,000
135

~3% reduction of
wing wt - increased
thickness of airfoil

e AR = 10
e t/c = 13%
e Sweep = 30°

~5.5% wing wt.
-1% body wt.,
~28% tail size

. -9q27u MoE.W-
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design parameters were retained and aircraft performance evaluated using the
revised data for the STF505M-7C Engine. Design and performance characteristics
are shown in Table 2 and detailed tabulations of aircraft design and perfor-

mance characteristics are included as Appendix A to tris report.

Performance evaluation of the domestic and intercontinental aircraft with
the STF505M-7C engine was accomplished using the Lockheed Parametric Analysis
(ASSET) Program, Figure 6. The ASSET Analysis Program is a Lockheed proprietary
synthesis model to parametrically size and determine the weight, performance,
and cost of aircraft sized to meet given missior profiles, payload capacity, and
.stngtqyal criteria using a preselected optimization criteria. For this study,
minimum mission fuel and direct operating cost were the optimization criteria -
Utilized for sizing both the domestic and intercontinental aircraft.- The pro- o
cedure for calculating DOC, and the associated cost factors, for this study

effort are included in Appendix A.

2.2.2 Sensitivity Analysis

Sensitivity factors were calculated for each aircraft, with the STFSQ5M-7C

engine, to assess the effects of changes in cruise TSFC, engine weight, and

isolated nacelle drag on aircraft performance. As specified by the subcon-

tract, the following sensitivity factors were calculated:

+1000 1b - ¥27

+5% TSFC Eng. Wt. Nac. Drag %
TOGW . X X X ?
otw X X X
Engine Thrust , X X | X
Mission Fuel
Design = L X ’ 7 X ' X
Typical X - X ~ X

The resultant sensitivity factors are depicted in Figures 7 through 12,

MR 0 i o 8 s 1 h

R = R ST S
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® SUBSYSTEMS ® FAA BAL. TAKEOFF | @ OPERATIONAL
AND LANDING DOC; 10C; RO

® TOTAL SYSTEM COST

Figure 6. ASSET Synthesis Cycle

2.2.3 Airframe Noise Estimates

Estimates of airframe noise levels at the 1969 FAR 36 measuring points,

along with the aircraft conditions, were made for the domestic and intercon-

tinental aircraft with the STF505M~7C engine.

as Table 4.

2,2.4 Engine Bleed Requirements and Power Extraction

These estimates are included

For this study effort, engine bleed and power extraction requirements

were included in the engine performance decks supplied by Pratt and Whitney.

Estimates of the bleed and power extraction requirements for a 500 passenger:

aircraft for introduction into service in the early 1990's are:

e Bleed Air - 9 1b/sec for ECS and anti-icing

e Power Extraction - 370 hp for hydraulic pumps and generators.

2-4
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Figure 11. Intercontinental Aircraft Sensitivity Factors for AEngine Weight
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TABLE 4. AIRFRAME NOISE ESTIMATES (STF505M~7C ENGINE)
Condition Domestic Intercontinental

Approach (42° Flap, Geardown, 3° Glide)

Landing Weight (1b) 1 372,000 419,600

Approach Speed (knots) 136 131.5

Altitude (ft) 394 394

Airframe Noise (EPNdB) 96.0 95.8
Takeoff (25° Flap, Gear Up)

Climb Angle 6.1° 4.53°

TOGW (1b) 454,013 - 630,491

Altitude (ft) 1,710 1,101

Distance (n.mi.) ' 3.5 ; 3.5

Speed (knots) 152.5 159.,6

Airframe Noise (EPNdB) 84.3 §9.6
Sideline Point

Airframe Noise (EPNdB) 81.0 82.9

These estimates are based on use of current state-of-the-art accessories
for the 1990's time frame. Significant savings in mission fuel are possible
by using advanced secondary power systems such as large capacity generators and
an‘all electric aircraft to minimize or eliminate engine bleed requirements;
Lockheed believes such a system is feasible for aircraft introduced into ser=-

vice in the 1990's time frame.

2.3 ENGINE INSTALLATION

2.3.1 Nacelle Configuration

The nacelle attributes (dimensions and weight) for the STF505M-7C engine
were supplied by Pratt and Whitney. The STF505M-7C engine uses a mixed flow /

exhaust which requires a full length cowl. As previously detailed

2-11 |
261




LR 28664

(Report LR 20351), use of the full length nacelle requires consideration of

the following installation items:

Potential of interference drag - particularly for wing mounted engine
Increase in wetted area drag of nacelle
Potential of increased nacelle weight due to full length cowl

Access to engine hot section and to engine and airframe accessories,

2.3.2 Nacelle-Wing Interference

Figure 5 depicts installation of the STF505M-7C engine to the wing of the

domestic aircraft. Placement of the engine with respect tc the wing is con-

sistent with previous Lockheed experience for elimination or minimization of

interference drag. Aerodynamic assessments of this installation indicate no

drag penalty imposed by wing/nacelle interference. Development testing (wind

tunnel tests) and/or tailoring will be required prior to actual installation

of the STF505M-7C mixed flow engine on the E3 aircraft., For the aircraft per- ;

formance analysis, zero interference drag was used, which is compatible with

experience on the L-1011 commercial aircraft.

2.3.3 Accessory Location

Figures 3 and 4 depict location of aircraft accessories for both the wing
and center mounted engines. Aircraft accessories are located in the pylon to

provide an improved aerodynamic contour nacelle. All aircraft accessories

are current state of the art with no consideration given for decreasing the

size by use of advanced technologies which may be available for the 1990's
time frame., Included in the design layouts is an assessment of the pylon
structure, sized for strength and stiffness requirements, Shape and size of
the pylon is consistent with the incorporation of aircraft accessories, pylon
structure, bleed lines, bleed air heat exchanger, fuel lines, hydraulic lines,
electrical harnesses, and throttle controls. This pylon iayout was used for-

assessment of drag interference effect. :

Based on the preliminary design layouts, it appears that pylon mounting
of the aircraft accessories, along with the required aircraft plumb1ng and

electrical harnesses is a fea51b1e configuration.,

262
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During this study effort, various aircraft accessory locations were
considered, as shown in Table 5, which indicates an assessment of the advan-
tages and disadvantages of each location. Locating the aircraft accessories
in the engine pylon with the engine accessories core'mounted seems to be
desirable particularly for minimization of nacelle drag. Attempts to pylon
mount all accessories, for best nacelle aerodynamic shape, requires an increase

in pylon size and probable adverse effect on interference drag.

Assessment of maintainability and reliability were also made for pylon
mounted aircraft accessories. Reliability of components will be enhanced due
to the improved environment (as compared to the engine core). Maintainability
aspects should be similar to those with accessories mounted external to the fan
case except that an additional work stand (similar to that required for the
center engine on the L-1011) will be required for pylon mounted accessories.
Aircraft accessories, plumbing, and shafting will incorporate the required
disconnects to allow all aircraft accessories to remain in place during engine

removal.

2.3.4 Access Provisions

"Access to the engine core and the core mounted engine accessories will be
provided by using large cowl doors (similar to those of the JT9D-7A). For the
pylon mounted aircraft accessories, maintainability requirements dictate removal
of the top of the pylon to provide ready access to components. Since the pylon
skin is only subjected to aerodynamic loads, removal of panels for access can

be accomplished with nonstructural, quick turn type fasteners.

2.3.5 Thrust Reverser

Reverse thrust is provided by a set of cascades, located in the engine

fan stream, which are uncovered by a translating cowl during the reverse thrust

_ operating mode. The required levels of reverse thrust are approximately

35 percent of the forward thrust requirement, which is consistent with the

sizing criteria incorporated into the STF505M-7C engine by Pratt and Whitney.,
Flow directivity is required to minimize impingement on the aircraft contrcl
surfaces and to minimize reingestion into the engine. A schematic of the
expected'flow directivity requirements is shown in Figﬁre 13,

2-13
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TABLE 5. E3 ACCESSORY LOCATION

[ .
o
&
‘ .
Aircraft Accessories Engine Accessories Advantage . . Disadvantage
i o Pylbn Mount ) Pylon: Mount e Best aero shape nacelle s Large pylon
® Improved component environment e High speed shaft from engine
® Access to engine not req. for to pylen
. component maint. e Possible effect on interference
] o - ‘ v e Utilize integral gearbox drag v
| e Requires additional work stands
A Pylon Mount Cowl Mount e Good aero shape nacelle e Large pylon
, o Improved component environment e Requires added gearbox, high
8! ) P P o Engine access not req. for speed shaft, ch.
aircrafct accessories o Requires additional work stands

e Aircraft and engine components
in separate locations

o Pylon Mount Core Mount e Good aerd.éhape nacelle . e Large pylon
i e Improved component environ- e Requires added gearbox, high
:; : ment - aircraft accessories speed shaft, etc.
R : : e Engine access not req. for o Requires access to engine hot
i i C alrcraft accessories . section for maint. of engine
! i components

1 ; o Hot environment for engine
1 : e components

; ‘ : ' e Aircraft and engine components
in separate locations

Cowl Mount Cowl Mount o Improved component environment e Large nacelle

e  Utilize integral gearbox ® Revision to nacelle structure

s and thrust reverser
o Enhances accessibility to

components

e - Small pylon

s e

E ! Core Mount Core- Mount e Utilijze integral gearbox ¢ Large nacelle E;
e Small pylon e Hot environment for all o

e Rigid mount for all components components ER

’ e Requires access to engine hot 52

section for component maint.

e e Revision to nacelle structure
and thrust reverser

sid.
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LS I

2.3.6 Center Engine Installation

Primary concern for installation cf the mixed flow nacelle in the center
engine location is the nacelle overall length and the potential effect on
interference and possible scrape of the nacelle during takeoff rotation. For
the domestic aircraft design, the STF505M-7C center engine was located such
that ground clearance at the nacelle aft end during takeoff rotation was
consistent with the current L-1011 installation. Also, the "S" duct inlet
configuration of the L-1011 was retained to maintain existing L-1011 flow
characteristics to the center engine, As is the case with the wing engine
installation, future aerodynamic development testing (wind tunnel tests) and
possible tailoring will be required to minimize interference effects. For
this study effort, zero interference drag (consistent with L-101l1l experience)

was utilized for the center engine installation.

2.4 PERFORMANCE AND ECONOMIC COMPARISONS

The previously stated objectives for the Energy Efficient Engine Program

with regards to fuel and operating cost savings are:
e Reduction in specific fuel consumption of 12 percent minimum.
e Reduction in direct operating costs of 5 percent minimum,

Figures 14 and 15 show the savings in block fuel and DOC, of the domestic
and intercontinental aircraft with the STF505M-7C engine when compared to the
reference aircraft (JT9D-7A engine). The results show significant savings - :

for the STF505M-7C engine as:follows:

Domestic Intercontinentalm
Des. Range Typ. Range Des. Range Typ. Range
Block Fuel -18,1% -18% -20.1% ~19.1%
DOC | -5.92 - 5.4% - 9.2% - 8.1%
2=16
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Figure 16 depicts the advantages in aircraft size when the STF505M-7C
engine is used. Incorporation of the energy efficient enginé provides an air-
craft design, for large payload capacity and long range capability, which is
well within the capabilities of current airport facilities and also provides

significant future growth capability,
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SECTION 3

CONCLUSIONS AND RECOMMENDATIONS

The results of this study, accomplished with the STF505M~7C engine design

and performance characteristics provided by Pratt and Whitney, show that:

The NASA specified goals for minimum fuel and DOC savings are exceeded
with the STF505M-7C direct drive, mixed exhaust high bypass turbofan
engine,

Installation of the mixed exhaust, high bypass turbofan on both the

:domestic and intercontinental aircraft appears to be feasible with

no penalty for interference drag.

Pylon mounting of the aircraft accessories is an acceptable configura-
tion and enhances the aerodynamic characteristics of the STF505M=7C
nacelle, '

Incorporation of the $TF505M-7C engine results in aircraft configura-
tions, sized for long range and large payload capacity, which are
compatible with existing airport facilities (field length, wing span,
body length, and gross weight).

Size of the STF5035M-7C engine, as supplied by Pratt and Whitney, is

COmpatible with the Lockheed specified mission and payload charac-
teristics for the 1990's aircraft.
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APPENDIX A

DIREGCT OPERATING COST (DOC) CALCULATIONS — E3 AIRCRAFT

The following factors and formulas were used in calculating Direct Operat-

ing Cost (DOC) for the E3 aircraft. All costs are in January 1976 dollars:

3-Engine Domestic 4-Engine Intercont.
Crew Cost. $397/blk=-hr $476/blk~hr
Fuel Cost |
Cost of Fuel $0.,308/gal $0.387/gal
Cost of 0il $1.00/1b $1.00/1b
Non Revenue Flying Factor 1.0123 k 1,0123
Salvage Value (SV) 47 47 ‘
Life ' 16 YRS L 16 YRS
Insurance Rate (IR) 0.304% ‘0.3042
Labor Rate (LR) $9.00/hr ; $9;00/hr
Maint. Burden Factor (MBF) ’ 2,23 ; : 2.23° é
Airframe Labor/Cycle (AFLC) 0.52 : 0.52
Airframe Labor/Flt-Hr (AFLH) 0.52 0.52
Airframe Matl/Cycle (AFMC) , 0.68 , 10.58 :
Airframe Matl/Flt-Hr (AFMH) : 0.68 | 0.68 %
Engine Labor/Cycle (ELC) : 0.62 B ;i 0.62 %
Engine Labor/Flt-Hr (ELH) | ‘ 0;62 e 0.62 ?
Engine Matl/Cycle (ELC) 1.31 ; 1.31
Engine Matl/Flt-Hr (EMH) 1.31 . 1.31
A-1 :"'E
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Fuel Cost (FC)

Unit Air Vehicle Cost (UAVC)
Depreciation Cost (DC)
Insurance Cost (IC)

Aitframe Weight (AFW)
Airfraﬁe Cost (AFC)

Thrust (T)

Engine Price (EP)

‘No. of Engines (NENG)
Flight Time (FT)
AF Labor/Cycle
AF Labor/Flt H?
_AF Matl/Cycle
AF Matl/Flt-Hr
‘Eng. Lébor/Cycle

Eng. Labor/Flt-Hr

'FORMULAS — DOC CALCULATIONS

(Cost Fuel x’BIk Fuel/Blk Time) + (No. Engines x 0.135 Cost of 0il)
x (Non Revenue Flying Factor)

Airframe + Engine + Avionics + RDT&E/No. of Aircraft

(DAVC + Spares - SV)/Life

(UVAVC x ;R)

(MEW - Engine and Thrpst Reverser/lOB)

(UAVC - Engine and Thrust Reverser/109)

Total Max. SLS, Uninstalled - Std Day (Sum of AIl Engines)/103

Total Constant Price Including Thrust Reverser
(Sum of all Engines)/lO5

[(0.05 x AFW) + 6 - 630/(120 + AFW)] x LR x AFLE

[(0.05 x AFW) + 6 - 630/(120 + AFW)] x 0.59 x FT x LP x AFLH
6.24 x AFC x AFMC | :

3.08 x AFC x FT x AFMH

(0.3 x NENG + 0.03 x T) x LR x ELC

[

(0.6 x NENG + 0.027 x T) x LR x FT x ELH

%998¢ U1
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Eng. Matl/Cycle
Eng. Matl/Flt-Hr
Maintenance Burden

-Total Maintenance

FORMULAS — DOC CALCULATIONS (Cosmtinued)

= 2 x NENG x EP x EMC

= 2.5 x NENG x EP x FT x EML

= (Total AF Labor + Total Eng Labor) x MBFV

= Sum of all Airffame and Engine Maintenance + Burden
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