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ABSTRACT

This study was conducted to determine the feasibility of retrofitting an advanced technology, high
bypass ratio engine, incorporating noise suppression design features, on a selected version of the
DC-8 airplane. The DC-8-61 was selected. A new pylon would be required, but no other major
structural changes would be necessary. The present wing is satisfactory. A powered elevator system
would be required. The retrofit of the quiet engine would result in improved airplane takeoff and

payload-range performance. However, direct operating costs would be increased by about 50
percent.
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INTRODUCTION

The simultaneous growth of air traffic and residential communities near airports has increased
human exposure to aircraft flyover noise to objectionable levels. A number of methods of reducing
this exposure are under study by both government and industry groups. One method is that of
retrofitting quiet engines to existing large subsonic transport aircraft. This report is concerned with
a study of the integration of a quiet engine into a DC-8 airplane. Objectives of the work are
definition and evaluation of the nacelle-pylon designs and airframe changes required to retrofit a
quiet engine and analysis of the technical and economic feasibility of retrofit.

This final report presents the results of the analyses and tests performed during the course of the
contract. The work, covered in chronological order during six tasks, is as follows:

Task I

Task 11

Task IV

Task 111

Task VI, Part 1

Task V

Task VI, Part 2

Preliminary design studies for a selected DC-8 model (the DC-8-61
passenger airplane was selected).

Airplane parametric performance studies to permit the identification of
important quiet-engine characteristics.

Detailed design of a nacelle and pylon incorporating engine characteristics
selected by the NASA technical manager of the program.

Wind Tunnel Test program to determine the stability and control and drag
characteristics of the nacelle-pylon design developed during Task IV.

Determination of the technical feasibility and cost of retrofitting the quiet
engine to the DC-8-61.

Determination of the aerodynamic performance and direct operating cost
of the DC-8-61 with the quiet-engine design of Task IV and incorporating
the wind-tunnel tests of Task III and the retrofit cost of Task VI.

Determination of the effect of the retrofit costs on the operators’ return
on investment. The retrofit costs were determined in Task VI, Part A, and
the direct operating cost was determined in Task V.

The main body of this report is organized numerically by task number.
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SUMMARY

This report presents the results of the analysis and tests conducted in accordance with the National
Aeronautics and Space Administration’s contract NAS3-11151. The purpose of work was to study
the integration of an advanced-technology, high-bypass-ratio, quiet engine into a selected model
DC-8 airplane. The engine and its nacelle incorporate design features intended to reduce
airport-community flyover noise.

The DC-8-61 passenger airplane was selected for the study. Preliminary-design and parametric
studies to determine performance and cost trade factors due to changes in engine characteristics
were conducted. A detailed nacelle and pylon design for a specified engine configuration was then
accomplished. Wind-tunnel aerodynamic and flutter tests were conducted to determine the stability
and control, drag, and flutter characteristics of the DC-8-61 with the quiet engine. The technical
feasibility and cost of retrofitting the quiet engine to the DC-8-61 was determined.

The performance of the DC-8-61 with the quiet engine is significantly better than that of the
present DC-8-61. The range is improved by 650 nautical miles with a payload that is typical of
domestic airline operation. The takeoff field length is reduced by 12 percent for a range of 847
nautical miles, which is the average range for DC-8 domestic flights. The height above the runway at
3 nautical miles from brake release is increased by about 250 feet (76 m), depending on gross
weight.

No major structural modifications of the wing are required to retrofit the quiet engine to the
DC-8-61. The strength and flutter characteristics of the present wing are adequate. A new pylon is
required.

The longitudinal stability is significantly reduced because of the retrofit. A powered elevator system
and a redundant yaw damper system are required to obtain acceptability and control characteristics.

The retrofit cost based on 300 airplanes is $6,982,000 per airplane (1975 dollars). The change in
direct operating cost therefore strongly depends on the depreciation period selected for the
modification. For a 5-year depreciation period, the increase in direct operating cost relative to the
present DC-8-61 is 58.0 percent for the average (847-nautical-mile) DC-8 range.
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CONCLUDING REMARKS

A conclusion to be drawn from this work is that it is not economically attractive to retrofit the
DC-8-61 airplane with quiet engines. Although no other airplane models were studied, the fact that
a DC-8-61 retrofit would require no unique modifications, except for the powered elevator, implies
that retrofitting the quiet engine to other similar aircraft would not be significantly less expensive
and might very well be more expensive. The operator’s return on his investment would therefore
suffer at least as much as has been estimated for the DC-8-61, whatever airplane was used.

It is interesting to find that the retrofit is not economically justified even though all aerodynamic
performance parameters of the airplane are markedly improved by retrofitting with quiet engines.
The improvements in specific fuel consumption more than compensate for the increase in operating
weight empty, and even the payload-range capability of the airplane is improved.
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The quiet engine definition provided at the beginning of Task I is presented in Table I-1. The engine
weight, diameter, and length are all larger than the corresponding characteristics of the present
JT3D engine. It was apparent that retrofit of the new engine would have an important effect on
airplane flutter characteristics. Because the DC-8 family consists of a number of models differing
widely in wing stiffness, the feasibility of retrofitting the quiet engine would vary widely. The study
results would, therefore, be strongly conditioned by the selection of the DC-8 model for the study.

NAS3-11151

TASK 1

MODEL SELECTION AND PRELIMINARY DESIGN STUDIES

MODEL SELECTION

Two important criteria were established for use in selecting a model.

1. The selected model must require intermediate airframe modification, rather than either the

least or the most modification.

TABLE !
QUIET-ENGINE CHARACTERISTICS
U.S.C. UNITS* SIUNITS **
I. AT CRUISE (MACH 0.82 AT 35,000 FT [10,668 M])
A. BYPASS RATIO 5.0:1
B. FANPRESSURE RATIO 1.60:1
C. OVERALL CYCLE PRESSURE RATIO 25:1
D. TURBINE INLET TEMPERATURE 1755°F 957°C
E. THRUST 4900 LB 21,796 N
F.  THRUST SPECIFIC FUEL CONSUMPTION 0.61 LB/HR-LB 0.062 KG/HR-N
G. TOTAL ENGINE AIRFLOW: ACTUAL 347 LB/SEC 157 KG/SEC
CORRECTED 881 LB/SEC 400 KG/SEC
1. AT STANDARD SEA-LEVEL CONDITIONS, STATIC
A. TURBINE INLET TEMPERATURE 1950°F 1066°C
B. THRUST 23,350 LB *** 103,865 N
C. THRUST SPECIFIC FUEL CONSUMPTION 0.33 LB/HR-LB 0.034 KG/HR-N
D. TOTAL ENGINE AIRFLOW 797 LB/SEC 362 KG/SEC
E. BYPASS RATIO 4.8:1
F.  FANPRESSURE RATIO 1.54:1
11l. ENGINE SIZE
A. FANTIP DIAMETER AT INLET 70.0 IN. 1.78 M
B. FANINLET HUB-TO-TIP DIAMETER RATIO 0.40
C. FAN-EXIT-DUCT OUTER WALL DIAMETER 63.0 IN. 1.60M
D. FAN DISCHARGE NOZZLE AREA 10.4SQ FT 97 SQ CM
E. ENGINE DISCHARGE NOZZLE AREA 4.0SQFT 37s5QCM
F. TURBINE EXIT AREA 802SQ FT 74580 M
G. TURBINE EXIT TIP DIAMETER 40.0 IN. 1.0 M
H. ENGINE LENGTH: FAN ENTRANCE FLANGE
TO ENGINE NOZZLE EXIT FLANGE 134 IN. 34 M
L BASIC ENGINE DRY WEIGHT, INCLUDING
STANDARD EQUIPMENT 5100 LB 2313 KG

*

* % %

UNITED STATES CUSTOMARY UNITS
** STANDARD INTERNATIONAL UNITS

A THRUST RATING OF 22,750 LB (101,197 N) WAS USED FOR PERFORMANCE CALCULATIONS
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2. All factors being equal, the wing structure of the selected model must be in large supply within
the total fleet.

An inventory of wing-structure configurations used in the various DC-8 models is presented in Table
I-1. The 11 wing skin configurations are identified by the dash numbers at the head of each column
(—1, =501, etc.). The table shows that the most common configuration (101 airplanes) is that used
on models DC-8-55 and -61. Both the stiffness and the strength of this wing are intermediate
between those of the wings introduced into production in earlier and later models. A forecast of the
DC-8 fleet indicated that the DC-8-61 will be in wide use in 1972, more so than the DC-8-55. On
the basis of these considerations, the DC-8-61 appeared the most suitable model for the study.

Other factors were considered to determine whether reasons might exist for selecting another
model. A review of the relative flyover noise level indicated that the levels of the DC-8-61 are
approximately the same as those of other long-range turbofan-powered transports in wide service
with similar “short fan exhaust ducts. The DC-8-61 model is thus representative in terms of
airport-community noise.

TABLE i-11
DC-8 FLEET SURVEY

DC-8 WING SKIN CONFIGURATIONS: 5640688
DC-8 MODEL -1 |-501 —503 —505 —507 -509 —511 —513 -~515 —517 -519
-11 21

—21 18 14

—32 43

—51 25 4

—84F 27
] 32
~61 69

—63
—63F

TOTAL 68 16 18 53 51 40 101

GROSS WEIGHT 265 300 300 33
(1000 LB — . 300 276 310 325 335 350 325
454 KG) 276 315 315 350
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Additional thrust for the engines of the DC-8 family has not become an important requirement. It
appears that the increased thrust of the quiet engine will not place any one model in a distinctly
more favorable position than another.

On the basis of the preceding considerations, the DC-8-61 is confirmed as the most suitable single
model for study purposes.

I-3
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PRELIMINARY NACELLE DESIGN

Figure I-1 shows the nacelle design used for the work conducted during Tasks I and II. The design is
based on the work described in this section. Figure I-2 shows the pylon structure.

ENGINE DEFINITION

The engine characteristics defined by the contract work statement are tabulated in Model Selection

paragraph (Table I-I). Additional data, received later, are shown below.

U.S.C. UNITS* | SIUNITS**
FAN-EXIT-DUCT INNER WALL DIAMETER 37 IN. 94 CM
NUMBER OF FAN BLADES 56
FAN ROTOR SPEED (AT TAKEOFF) 3350 RPM 56 Hz
(AT 5000-LB (22,241 N) THRUST)| 2234 RPM 37 Hz
FAN-CASE LENGTH 33N, 84 CM

NO INLET GUIDE VANES

* UNITED STATES CUSTOMARY UNITS
**STANDARD INTERNATIONAL UNITS

A comparison of the engine with a JT3D-3B is shown in Table I-IIl. Preliminary engine-performance

estimates were based on the performance of the Pratt and Whitney QB-3 (Reference I-1).

Engine gearbox and accessories used (generator, starter, etc.), were identical to those used with the
present JT3D-3B-engine-powered DC-8-61.

TABLE L1l
COMPARISON OF THE BASELINE QUIET ENGINE AND THE JT3D-3B
QUIET ENGINE JT3D-3B
U.S.C. UNITS* SI UNITS** U.S.C. UNITS* SI UNITS**
DIMENSIONAL DATA
FAN TiP DIAMETER 70 IN. 1.78 M 50 IN. 1.27 M
NACELLE LENGTH 245 IN. 6.22 M 227 IN. 5.76 M
MAX NACELLE DIAMETER 84.3 IN. 2.14 M 70.0 IN. 1.77 M
INLET LENGTH 80 IN. 203 M 45 IN, 1.14 M
BARE ENGINE WEIGHT 5100LB 2313 KG 4289 LB 1945 KG
PERFORMANCE DATA
PERFORMANCE DOCUMENT QB-3TDM-2128 SPEC 1827
TAKEOFF RATING, S.L.S., 59°F
(15°C) 22,740 LB 101,152 N 18,000 LB 80,068 N
TAKEOFF LAPSE RATETOM =0.2 0.803 0.864
MAX CRUISE RATING 35K M 0.82
NET THRUST 4902 LB 21,805 N 4450 LB 19,794 N
SPECIFIC FUEL CONSUMPTION 0.613 LB 21,278 KG 0.80LB 0.36 KG
BYPASS RATIO 4.96 1.31

* UNITED STATES CUSTOMARY UNITS
**STANDARD INTERNATIONAL UNITS
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NACELLE LOCATION

Ground Clearance and Inlet-Height Criteria

For adequate ground clearance, the following two basic considerations must be evaluated: (1)
prevention of nacelle contact with the ground during both normal landing and takeoff operations
and during ground operations with equipment failure (flat tires) and (2) prevention of nacelle
contact with airport above-ground obstructions (e.g., runway and taxiway lights). The first
consideration must ensure that the outboard nacelle does not make ground contact at landing
touchdown with the aircraft at maximum rotation and a roll angle as high as 9.5 degrees (0.165
rad). In addition, there must be adequate clearance for both nacelles in case of a landing-gear flat
tire with the landing-gear strut fully depressed. The second consideration must ensure that the
inboard nacelle does not make contact with airport above-ground obstructions during taxiing, with
adequate allowance for deflection resulting from wing flexibility.

Erosive damage resulting from aspiration of solid particles from the ground into the engine inlet
during aircraft ground operation limits the vertical position of the nacelle. The ratio of
inlet-centerline height to inlet diameter is used to describe the nacelle height; for a fan design having
no inlet guide vanes, a ratio of 1.3 is satisfactory. That is, if the ratio is not less than 1.3, the
aspiration of excessively large particles will be prevented.

Flutter and Divergence Considerations

The flutter characteristics of the DC-8-61 aircraft are affected by the following design parameters:
1. Wing bending and torsion stiffness.

2. Nacelle center-of-gravity location and moment of inertia.

3. Pylon stiffness.

4,  Aileron Balance.

Changes in these parameters require careful study to ensure that proper flutter margins are
maintained.

The proposed quiet engine is heavier than the present JT3D-3B engine used on the DC-8-61
airplane. Table I-IV shows weight and inertia comparisons between the JT3D-3B and the proposed
quiet engine. The inertias in the table are about the wing elastic axis.

TABLE I-IV
WEIGHT AND INERTIA COMPARISONS

JT3D-3B QUIET ENGINE
INSTALLED ON THE INSTALLED ON THE
DC-8-61 DC-8-61
SIUNITS ® SIUNITS *
NACELLE WEIGHT 6,930 LB 3143 KG 8,403LB 3812KG
PYLON WEIGHT 690 LB 313 KG 900 LB 408 KG
TOTAL PITCH INERTIA | 2.082x 108 LB-SQ IN. | 0.0006 x 108 KG-saM | 3.305 x 108 LBSQ IN. | 0.0009 x 108 KG-sam

* STANDARD INTERNATIONAL UNITS
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Retrofitting the DC-8-61 with the heavier engine may require modifications of the airplane to
maintain the present safety margins. Estimates were made, based on flutter-model tests and
dimensional analysis, to determine the extent of the modifications. To maintain the existing design
speeds, two possibilities were considered:

1. Relocating the engine 31 inches (79 c¢m) aft of the present layout position. Adding 330 pounds
(150 kg) of aileron balance.

2. Locating the engine at the present layout position. Adding 330 pounds (150 kg) of aileron
balance. Adding 4000 pounds (1814 kg) of wing skin to the wing structure inboard of the
outboard pylon.

The numbers mentioned are estimates and were used only for evaluations of trends and orders of
magnitude. A check of these estimates and an investigation of other possibilities, such as changing
the pylon stiffness, was conducted for Task VI.

Nacelle-divergence studies were completed. The results show that the present DC-8-61 pylon
stiffness is adequate to prevent divergence of the quiet engine.

Drag Considerations

The location of the nacelle relative to the wing was selected on the basis of considerations of
interference drag, pylon weight and drag, foreign-object ingestion during aircraft ground operation,
flap impingement, and the influence of acoustic loads. The nacelle exit is located at the 10-percent
point of the local wing chord. This far forward location is necessary to minimize interference drag.
Although wind-tunnel results show relatively small penalties resulting from moving the nacelle
farther aft, flight experience has shown that these penalties are much greater at full-scale Reynolds
numbers. The nacelle vertical location is set primarily by the amount of foreign-object ingestion
that can be tolerated. The nacelle must, therefore, be close to the wing. However, with the nacelle
located as far forward as it is, there is no interference problem. Wind-tunnel tests have shown that

vertical location is of second-order importance relative to fore-and-aft location in determining
interference drag.

Stability Considerations

This section summarizes the results of the Task I preliminary analysis of the effects of the
quiet-engine installation on stability and control.

For the purposes of this analysis, the characteristics of the DC-8-61 were used. The effects of the
larger nacelles and shorter pylons on static longitudinal and directional stability were assumed to be

small enough to neglect, pending the availability of definitive data from the wind-tunnel tests of
Task III.

Paragraph 4b.131 of the Civil Aeronautics Regulations (CAR) requires that at 1.4 Vgt L1, With
flaps and gear fully extended, thrust at zero, and airplane at maximum landing weight, the
application of takeoff power be controllable with a column force of no more than 50 pounds (222
N). The DC-8-61 with the quiet engine will comply with this regulation.

The FAA-required minimum static-longitudinal-stability force gradient of 1 pound (4.45 N) of
pulling force on the control column per 6 knots is critical during enroute climb at the most aft
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center-of-gravity (c.g.) position on all DC-8 series. Because of the increased thrust pitching moment
and increased thrust lapse rate, the larger quiet engines will degrade the stability under these
conditions. At a 34-percent-mean-aerodynamic-chord (MAC) aft c.g. location, the force gradient
with the quiet engine is 252 pounds (1121 N) of pushing force per 6 knots. It is estimated that
meeting the FAA regulations will require hoiding the aft c.g. limit to 28-percent MAC, from
34-percent MAC on the basic DC-8-61. To keep the present c.g. range would require major
modifications of the aircraft, such as a new horizontal tail or a powered elevator system. The power
elevator also would improve controllability during the go-around maneuver. However, such a
modification would require considerable analysis and design work.

The quiet engines are not relocated in the spanwise direction relative to the present JT3D-3B
engines. Therefore, the minimum control speeds as functions of thrust will not be affected and need
only be extrapolated to the higher thrusts available.

The final estimates of the effects of the engine change on stability and control characteristics are
shown in Task HI.

Accessories

The accessory gear box (Figure I-1) is the same Pratt and Whitney unit now in service on all JT3D-3
engines. Also, it is located and mounted in the same position as the present JT3D-3 because the
engine case used for this task is basically a JT3D-3 case. The accessories used are standard DC-8
Series 50 units that will be interchangeable with the treated installation. The fan-air exit duct passes
under the gear box and engine accessories and will have to be hinged to provide accessibility to the
gear box and engine case.

ENGINE MOUNTING

The engine-mounting arrangement for Task I was designed with the following considerations:

1. The front mount will attach to the gas-generator case instead of to the fan case. This allows the
pylon to become a much better torque box at the front mount point and also makes provisions
for the pneumatic heat exchanger and Engine Service Lines Interface.

2.  Only the left aft-engine mounts take forward thrust, except if the left mount fails. Then the
right side shall be capable of taking maximum engine thrust,

3. Torque loads are taken by the aft mount.
4, All mounting points take vertical loads at the engine and the pylon.

5. Side loads are taken by the left aft-engine mount and forward engine mount at the engine. All
engine mounting points take side load at the pylon.

DESIGN OF THE INLET, FAN EXHAUST DUCT, AND NACELLE

The inlet-and-nacelle design for the quiet engine is based on the results of wind-funnel tests of the
DC-8, DC-9, C-5A, and DC-10 models, as well as general investigations that include inlet, cowl,
afterbody, and isolated-nacelle fests. Results of the flight-test program to develop the design for the
DC-8-62 and -63 nacelle and pylon also were used. The aerodynamic design of the acoustically
treated surfaces was based on potential-flow calculations that used Douglas IBM Program 50D.
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Inlet Internal-Lip Thickness

The thickness of the inlet internal lip has been made large enough to maintain unseparated flow at
high mass-flow ratios and large angles of attack and with crosswind. The thickness required to
accomplish this has been well documented by Douglas model and full-scale tests. A lip thickness of
11 percent (relative to the radius of the inlet throat) has been shown necessary to prevent flow
separation at inlet Mach numbers near 0.6. With an 11-percent lip, operation in crosswinds in excess
of 40 mph (35 knots) has been demonstrated by the DC-8 and DC-9 with no inlet-distortion
problems.

Inlet Internal Geomefry

Tests conducted under contract NASI-7130 have shown that potential-flow techniques can be used
to design inlet internal cowl and ring vanes that have satisfactory pressure distributions. The internal
cowling pressure distributions measured during full-scale tests agree well with the distributions
predicted for potential flow.

Mechanical Design of the Inlet

The mechanical design of the inlet duct is based on satisfaction of two criteria: assurance of
adequate structural integrity and provision for the required acoustic treatment. The latter criterion
must ensure not only that adequate treated area is provided, but also that the acoustical material is
distributed — to the greatest extent practical — in accordance with the appropriate value of the ratio
of channel height to wave length, This ratio is discussed in the Suppressor Design Section. These
criteria dictate a design having a fully treated cowl and two concentric ring vanes (treated on both
faces). Because the engine has a rotating centerbody, treatment was not used in this area.

External Cowl Design

The function of the cowl in a subsonic jet-engine installation is to provide a surface upon which a
suction force may act to cancel the additive drag, which is the integral of the pressures on the
entering streamtube.

If the additive drag is not opposed by a suction force on the cowl, an additional external drag is
incurred (spillage drag). At cruise conditions, the additive drag is of the order of 10 to 20 percent of
the total airplane drag. Therefore, the external cowl was designed with a diameter small enough to
reduce the cowl skin-friction drag and weight but large enough to prevent shock waves and
separations. An excessively large cowl diameter can cause large fan-cowl boattail angles or,
conversely, large fan-nozzle offset, both of which are penalizing.

An external cowl shape (the Douglas 3-Series) has been developed that has a high drag-divergence
Mach number and a small maximum diameter, but that still allows the use of the thick internal inlet
lip for good low-speed performance, This cowl shape was used for the preliminary nacelle design.

Nacelle Design

The fan cowl has a 10 degree (0.17 rad) boattail angle, which allows the use of a low-offset annular
fan nozzle. The gas-generator nacelle is tightly wrapped, to reduce wetted area, and terminates with
a 15  degree (0.26 rad) boattail angle and a short conical exhaust nozzle.

Mechanical Design of the Exhaust Duct

Essentially the same mechanical criteria apply to the design of the fan exhaust ducting as to the
inlet duct. However, trade studies such as those shown in Figure I-3 have shown that short ducting
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can provide significant advantages over full-length fan exhaust ducting for high-bypass-ratio
applications. As the figure shows, weight is always a disadvantage for the longer duct configuration.
The short duct is therefore especially desirable in a retrofit program, where added nacelle weight
requires additional wing stiffness. For these reasons, the exhaust duct was made as short as is
consistent with the provision of the required acoustical material on the internal duct surfaces and
on both faces of a circumferential splitter. In the interests of simplicity, the longitudinal struts that
support the circumferential splitter are not treated.

SHORT DUCT
////////////////77/////////%7///////////////%/////////,,,,”.

LONG DUCT
8
A DOC
DOC BB WEIGHT
(PERCENT) 6- 7% TAILPIPE LOSS
DRAG
4 TAKEOFF THRUST
SHORT-DUCT 2
ADVANTAGE
L o
LONG-DUCT
ADVANTAGE2
BYPASS
RATIO

FIGURE 1-3. LONG DUCT, SHORT DUCT PERFORMANCE COMPARISON

Thrust Reverser

Although current engines have reversers on the exhaust streams of both the fan and the gas
generator, studies such as Reference I-2 suggest that the increasing bypass ratios of advanced engines
may change this. For a total reverser effectiveness of the order of 35 to 45 percent (the
effectiveness of reversers in current service), it may be possible to eliminate the gas-generator
reverser in engines with bypass ratios as high as 8. This is indicated in Figure I-4 (ngg = —1.0).
Figure I-4 shows that an inordinately high fan-reverser effectiveness would be required if the
gas-generator exhaust of a bypass-ratio-5 engine were not changed. However, it is apparent that
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reasonable levels of total effectiveness may be achieved by simply spoiling the gas-generator exhaust
thrust (i.e., ng¢ = 0) while providing realistic levels of fan-reverser effectiveness. In fact, increasing
the effectiveness of the gas-generator exhaust reverser may not significantly improve the total
4-engine effectiveness, because the more forward projection of the hot gases will result in their
ingestion by the outboard engines at a higher speed during the landing roll. It may then be necessary
to retard the outboard engines to idle power to prevent their entry into surge. The resultant loss of
outboard-engine reverse thrust may neutralize the increased reverser thrust obtained by the more
effective gas-generator reversers on the inboard engines.

A spoiler of the simple target-type may be used to deflect the gas-generator exhaust 90 degrees (1.6
rad). However, examination of a target-type reverser for the fan exhaust suggested that obtaining an
effectiveness greater than 35 percent would be difficult because of the geometric problems caused
by the large diameter. Although mechanically more difficult, a cascade reverser was chosen, to take
advantage of its greater effectiveness. A blocker-door arrangement channeling fan-duct flow through
a cascade mounted at the duct entrance, in conjunction with a target-type gas-generator spoiler, was

chosen. For simplicity, no acoustic treatment was used on the fan-exhaust thrust reverser (Figure
I-1).
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SUPPRESSOR DESIGN

In order that realistic quiet-engine nacelle weights and dimensions would be used in this integration
study, fan inlet and fan exhaust noise suppressors were designed for the quiet engine installation.

Techniques for designing noise-suppression systems to achieve a specified reduction in flyover noise
are not well established for existing engines. Design techniques for a noise suppressor for a study
engine are even less well established. The criterion specified in the contract was to design a
suppressor that would, by means of acoustical treatment of the inlet and fan-exhaust ducts, produce
a reduction in perceived noise level (PNL) of 10 PNdB below that produced by a quiet engine fan
during the landing approach.

In developing the suppressor design, key parameters were established and some critical assumptions
were ‘made. This section explains these design considerations and summarizes the decisions that
were made.

DESIGN CONSIDERATIONS

Following are the key parameters considered in the design of the suppressor:
1. The area of the noise source, A, .

2. The number of rotor blades, B, and the rotational speed, N, of the rotor shaft at a
landing-approach power setting.

3. The wave length, A, of the fundamental blade-passage frequency (BPF).
4. The height, H, of the channel between two treated surfaces.
The noise-reduction goal was specified as 10 PNdB (perceived noise measured in decibels).

The first three parameters were fixed by the design of the engine. The principal item that had to be
specified before the design could proceed was the amount of treated area needed to achieve the
desired degree of suppression. The total treated area, A, that is required depends on the area of the
noise source, the principal frequency of the discrete tone that is to be absorbed, and the
noise-reduction goal. The design objective of having minimum penalties in weight and aerodynamic
performance established the height H and the area A,.

ASSUMPTIONS

In developing the design, the primary assumption was that the acoustical design charts presented in
References I-3 and I-4 would be applicable. These charts were developed from the contractor’s
experience with lined ducts installed on a low-bypass-ratio turbofan engine (Pratt and Whitney
JT3D) and on the results of duct-model transmission-loss tests. The original chart is presented in
Figure I-5 in terms of nondimensional channel height, H/A, as a function of the ratio of “effective”
acoustically treated area to the noise-source area, Ateff/An s, for various amounts of noise
reduction, PNL. The alternate chart, presented in Figure I-6, rearranged these parameters to
simplify the method of estimating the potential noise reduction of various geometrical
arrangements. The actual treated area, A; must be made larger than the “effective” treated area
At.¢¢ Dy a factor that allows for local losses of treated area resulting from manufacturing
requirements, proximity of pipes, ducts, accessory equipment, etc.
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The applicability of the present design charts to the quiet-engine installation is somewhat uncertain
at this time. The spectrum of the noise generated by the quiet-engine fan is expected to be
substantially different from that generated by the fan of the JT3D. It is likely that the effectiveness
of duct linings will be different, but at present so little is known about the behavior of acoustical
linings that it cannot be said whether or not the difference will be important. Another uncertainty
in the present assumption concerns the effects of the wakes and thickened boundary layers shed
into the inlet guide-vaneless-fan from the acoustically absorptive surfaces placed in the inlet duct.
The noise from the fan may be increased by these wakes and boundary layers and thus create a
requirement for additional treated area.

NOTES:
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FIGURE I-5. ACOUSTIC DESIGN CHART
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The noise-reduction goal was assumed to be in terms of PNL measured outdoors for an aircraft
passing directly over a given point on the ground at a relatively low altitude (e.g., 200 to 500 ft —
61 to 152 m) during the landing approach. It was further assumed that the thrust required during
landing would be approximately the same with the quiet engine as with the JT3D-3B engines, that

is, 5000-pounds-per-engine (122,241 N) net thrust for a typical landing weight for DC-8 Series 50 or
DC-8-61 airplanes. '

Other critical assumptions were (1) that the flyover PNL for the condition described would be
dominated by discrete-frequency noise at the fundamental BPF and harmonics of the fundamental
and (2) that the intensity of the BPF noise would be distributed uniformly across the inlet and the
fan-exhaust ducts. The first of these assumptions seemed reasonable in light of some preliminary
information on the noise output of the Pratt and Whitney JT9D and of the General Electric TF-39,
both of which are large high-bypass-ratio turbofan engines somewhat similar to the quiet engine.
The assumption of a uniform distribution of BPF noise in the ducts also seemed reasonable because
- of the great variety of radial, circumferential, and other types of modes that can be excited and

because the sound field in the JT3D inlet and fan-exhaust ducts seems to be almost uniform across
the ducts at landing power settings.
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FIGURE I-6. GENERALIZED ACOUSTIC DESIGN CHART
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Implicit in the assumption that BPF noise would predominate in the flyover PNL is the further
assumption that “combination-tone” noise (i.e., discrete multiple pure tones at integral harmonics
of rotor-shaft speed) and broad-band jet-exhaust noise would be 10 PNdB or more below the BPF
noise. Combination-tone noise should be eliminated from the landing flyover-noise spectrum of the
quiet engine, because the tip Mach number of the fan stage should be subsonic at the assumed
landing power setting. Exhaust noise from the hot primary jet would definitely be less than the BPF
noise. Other low-frequency broadband noise components from the fan blades were also assumed to
be 10 PNdB or more below the BPF noise.

Another assumption, that had great influence on the design approach, was that the contribution of
BPF noise radiated from the engine inlet was equal to the BPF noise radiated from the fan-exhaust
ducts. This assumption, which was used in determining the peak PNL during a flyover, agrees well
with the noise characteristics of the JT9D turbofan engine, as well as those of the advanced-
technology engines proposed for the new medium-range three-engine transports.

The assumption of a uniform distribution of noise in the ducts and equal contributions of inlet and
fan-exhaust noise requires that both inlet- and fan-exhaust-radiated noise must be reduced by 10
PNdB. To achieve this noise reduction most expeditiously, the duct passageways must be reduced in
height, and each of the resultant channels must be designed to produce 10 PNdB, or more, noise
reduction. For design purposes, the H/A value of each channel preferably should be set at values not
greater than 1.0. The treated area required in each channel was then selected (Figures I-5 or I-6),
with APNL kept constant at 10 PNdB. Increasing the design value of H/A reduces the aerodynamic
design problems of getting air through the channels with minimum losses, but increases the weight
and structural problems, because of the larger treated area required. Decreasing the design value of
H/\ increases the aerodynamic losses, but reduces the weight and structural problems. A value of
approximately 1.0 for H/\ therefore appears to be a reasonable compromise.

DESIGN CHOICES

On the basis of consideration of the preceding parameters and assumptions, an acoustically treated
circumferential flow splitter was placed in the fan-exhaust duct, and the inner and outer walls of the
duct were acoustically treated. Treated circumferential ring vanes were placed in the inlet, and the
cowl wall was treated. No acoustical material was placed on the rotating bullet on the fan in the
inlet due to the small amount of surface area available for treatment and potential problems
associated with an acoustically treated spinning surface.

The acoustical treatment chosen was a single layer of porous material supported by honeycomb.
The single-layer design, with a porous surface material having distributed acoustic resistance and
acoustic mass and with acoustic flow resistance that remains almost constant with airflow velocity
through the porous surface, was considered adequate.

This type of single-layer acoustical treatment can produce large attenuations over a wide bandwidth,
with maximum attenuation occurring at a frequency related to the depth of the cavity behind the
porous surface, provided that the honeycomb cells are neither too small nor too large. A broad
absorption bandwidth is desirable for the lining to be effective over the range of engine power
settings used during landing and to achieve significant reductions in the BPF noise at harmonics of
the fundamental BPF. The weight penalty for the treatment was based on an allowance for this type
of design and the amount of treated area.
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The following values of the parameters were used for the design:

1.

9.

10.

A referred speed of the rotor shaft of 2234 rpm (37.23 Hz) during landing approach at
5000-pounds-per-engine (22,241 N) referred net thrust.

Fifty-six blades on the single-stage fan.
A fundamental BPF of 2090 Hz.

A wavelength of the fundamental BPF of 0.55 foot (16.76 cm) for a speed of sound of 1160
feet per second (354 m/sec) in both the inlet and fan-exhaust ducts.

An area of 22.4 square feet (2.08 m2) of noise source at the annulaf opening ahead of the fan
blades and 14.15 square feet (1.31 m2) at the entrance to the fan-exhaust duct.

An area ratio, A¢,;¢/Aqs, of 12.3 for H/A = 1.0 and APNL = 10 PNdB.

A cavity depth of 0.75 inch (1.90 c¢m) behind the porous surface on the cowl wall and on the
inner and outer fan-duct walls.

A total thickness of the circumferential flow splitter and ring vanes of 1.1 inches (2.8 cm),
consisting of two 0.5-inch-deep (1.27 cm) cavities on either side of a 0.02-inch (0.5 mm)
impermeable septum.

A nominal honeycomb-cell size of approximately 0.75 inch (1.90 e¢m).

A nominal flow resistance (determined at an airflow velocity of 10 cm/sec) of about 10 rayls
uniformly distributed over the treated surface.

The choice of a 10-rayl nominal flow resistance was based on the assumption that the
sound-pressure levels of the tones incident on the absorptive surfaces and the Mach numbers of the
flow over the surfaces would be comparable to those in the treated inlet and fan-exhaust ducts
tested on the JT3D engine (Reference 1-4).

Placing the treated circumferential flow splitter in the fan duct resulted in a nominal average H/A
ratio in the fan duct of approximately 0.89, with a treated surface area of 140 square feet (13.00
m2), With the two treated ring vanes in the inlet, the H/A ratio in the two channels between the
rings was approximately 1.06 and the effective treated area was 275 square feet (25.54 m2).
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STRUCTURAL DESIGN

The diameter of the baseline-quiet-engine nacelle is 84.3 inches (2.14 m), compared with 70.0
inches (1.78 m) for the JT3D-3B nacelle. To avoid high interference drag, the nacelle must be
located with the gas-generator-exhaust exit plane forward of the exit-plane location in the present
JT3D-3B installation. This position requires a new pylon, which, because of strength requirements,
must be an over-the-wing pylon rather than the more aerodynamically efficient cutback pylon.

FLUTTER

The more forward location of the baseline-quict-engine nacelle results in a much higher value of
nacelle-pylon moment of inertia about the wing elastic axis. Consequently, wing flutter
considerations may limit the placard speed severely if no wing structural modifications are made.
Figure I-7 shows the placard speed that would be required for dive- and cruise-type operation, as
well as the typical altitude-speed profile for the DC-8-61. It was concluded that operating the
airplane with the restrictions shown would be unacceptable to the operator. Of particular
significance was the restriction below 30,000 feet (9144 m) that results when the maximum
allowable cruising speed becomes progressively less than 0.82 Mach number as the altitude
decreases. Other considerations included a large reduction in allowable descent speed.

On the basis of the foregoing structural considerations, it was concluded that additional wing
stiffness might be required and, therefore, should be studied. Local reskinning of the top and
bottom of the wing as shown in Figure I-8 appears to be a reasonable method of achieving the
additional stiffness. An increase in torsoinal stiffness of approximately 37 percent is achieved with
an increase of 0.22 inch (5.58 mm) in the local average skin thickness.

Figure 1-9 shows how the wing skins could be spliced. The aerodynamic effects, if any, are not
known at this time, but it is not believed that they would present a problem.

Reskinning Considerations

Consideration might be given to crease-forming the new skins to eliminate the skin splice at the
aerodynamic break, which is located inboard of the outboard pylon, at the streamwise line callout
“original joint retained” in Figure I-8. Consideration also could be given to complete disassembly of
the wing at the aerodynamic-break station to permit reskinning of the outer panel in an on-edge
position and to provide an additional holding point for the inner wing at the aerodynamic-break
bulkhead. The latter requires rejoining of the panels after reskinning and before installing the
pylons. There must then be a fill-and-drain operation and subsequent leak test of the wing.

Reskinning of the wing involves a major facility where all of the following operations can be
performed:

1; The flaps, ailerons, and pylons can be removed.

2. The wing can be supported in the zero-g position by supporting the fuselage and holding the
flap, aileron, and pylon support points.

3. Sixty percent of the wing-box area can be removed from both upper and lower surfaces by
cutting the skins at the locations shown on the wing reskinning diagram (Figure I-8).
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All sealant can be removed from the surfaces where fasteners will be replaced, both spanwise
and chordwise.

The remnant skins can be tailored at the cut edges to receive the new tapered splice plates.

The new skin can be installed, back-drilled from inside the box, and riveted spanwise on both
surfaces simultaneously with oversize fasteners.

The new pylons can be installed by using assembly fixtures.
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Pylon

The quiet-engine pylon (Figure I-2) is a three-spar box beam with one spar terminating at the wing
upper surface, one at the wing lower surface (both at the wing front spar), and the third spar
terminating, via a keel along the pylon trailing edge, at a point midway between the wing front and
rear spars. The lower spar, a titanium firewall, acts as a system interface for engine removal. The
pylon side skins, which are stiffened fore and aft for lateral stability, penetrate the wing leading
edge without attachment. There is an aerodynamic seal at this junction. The pylon leading edge is
hinged for system access. The pylon skins within the wing have lightening holes for systems traverse.

The pylon apron (that portion of the nacelle affixed to the pylon) supports the thrust reverser and
aft-cowl door hinges. The engine mounting system preferred is the JT3 link system with the load
mounting points reversed on the engine; that is, the forward flanges take only vertical and side load
and accommodate engine expansion, and the aft flanges take vertical, side, torque, and thrust loads.

If, for wing-pylon dynamic considerations, it becomes necessary to provide increased pylon

flexibility during normal cruise operation, a slip joint or other lost-motion device will be used in the
intermediate pylon structure to reduce the vertical bending stiffness.

I-24



NAS3-11151
TASK 1

REFERENCES

I-1. Pratt & Whitney Aircraft, Preliminary Performance Estimates of the QB-3 Turbofan Study
Engine, TDM-2128, dated December 18, 1967.

I-2. Thompson, J.D., Thrust Effectiveness on High Bypass Ratio Fan Powerplant Installations,
Douglas Paper 4059, October 1966.

3. Anon., Study and Development of Turbofan Nacelle Modifications to Minimize Fan-Compressor
Noise, Quarterly Progress Report No. 1, Douglas Report DAD-61535, August 1967.

I-4. Pendley, R. E., Design Concepts, Conference on Progress of NASA Research Relating to Noise
Alleviation of Large Subsonic Jet Aircraft, NASA SP-189, 1968.

I-25



TASK II

PARAMETRIC PERFORMANCE STUDY



NAS3-11151

TASK 1l
LIST OF ILLUSTRATIONS

Figure Page
II-1 Payload-Range Capabilities — Model DC-8-61 . . . . .. . . . . . . . . . .1II5
11-2 Specific Range — Model DC-8-61 . . . . . . . . . ... .. ... ..16
I1-3 Airplane Weight — Model DC-8-61 . . . . . . . . . . . .. . ... .17
I1-4 FAA Takeoff Field Length — Model DC-8-61 . . . O | .1
1I-5 Maximum Recommended Initial Cruise Altitude — Model DC—8 61 A § &
I1-6 Four-Engine Flight Path, 15° Flaps — ModelDC-8-61 . . . . . . . . . . . .[I-10
11-7 Four-Engine Flight Path, 25° Flaps — Model DC-8-61 . . . . . . . . . . . .II-11
II-8 Approach Speed and Thrust Required — Model DC-861 . . . . . . . . . .II-12
119 Payload-Range Capabilities — Model DC-8-61-Q1. . . . . . . . . . . . . .I-18
I1-10 Airplane Weight — Model DC-8-61-Q1 . . . . . . . . .. . . . .. .. .19
II-11 FAA Takeoff Field Length — Model - DC-8-61-Q1 . . . . . . . . . . . . .II-20
II-12 Maximum Recommended Initial Cruise

Altitude — Model DC-8-61-Q1 . . . S ¢ CoA |
II-13 Four-Engine Flight Path, 15° Flaps — Model DC—8 61 Ql e e e e e e .. 22
1I-14 Four-Engine Flight Path, 25° Flaps — Model DC-8-61-Q1 S | X
I1-15 Takeoff Thrust Comparison — Model DC-861 . . . . . . . . . . . . . . .[I-26
II-16 Takeoff Field Length Comparison — Model DC-8-61 . . . . . . . . . . . .[I27
11-17 Height Above Runway at 3 N Mi —Model DC-861 . . . . . . . . . . . . .[1-28
I1-18 Climb Thrust Comparison — Model DC-8-61 I | £
1-19 Initial Cruise Altitude Comparison — ModelDC-8-61 . . . . . . . . . ., . .II-30
I1-20 Cruise Efficiency Comparison . . . S | CC X |
1121 Payload-Range Comparison — Model DC-8 61 ST | £ ¥4
11-22 Range Comparison — Model DC-8-61 . . . B | X
I1-23 Direct Operating Cost vs Range — Model DC-8- 61 Ql O § £ 14
I1-24 Increase in Direct Operating Cost, :

A$/NMi —Model DC-8-61-Q1 . . . . . . . . . . v o ... ... .44
II-25 Increase in Direct Operating Cost,

A¢/200 Lb NMi — Model DC-8-61-Q1 . . . . . . . . . . .. . .. .. .45
11-26 Diameter Variations . . . . . . . . . . . . . . .. . .. ... .. .50
1I-27 Length Variations . . . O | )|
11-28 Effect of Bare Engine Welght on Installed

Nacelle and Pylon Weight — Model DC-8-61 . . . . . . . . . . . . . . . .[I-52
11-29 Effect of Bare Engine Center of Gravity and

Fan Tip Diameter Changes — Model DC-8-61-Q1 . . . . . . . . . . . . .I-53
11-30 Required Additional Weight for Wing Reskinning

and Aileron Balance — Model DC-8-61 . . . . R | Y
I1-31 Effect of Bare Engine Fan Tip Diameter Changes on Nacelle and

Pylon Weight and on Nacelle-Pylon Drag — Model DC-8-61-Q1 e e e e e o. . 56
I1-32 Effect of Bare Engine Length Changes on Nacelle-Pylon Drag

and on Nacelle and Pylon Weight — Model DC-8-61-Q1 T | EL YA
1I-33 Effect of Airflow Changes on Duct Losses — Model DC-8-61-Q1 . . . . . . . .II-58
1I-34 Engine Arrangements Used for Nacelle Drag Variations . . . . . . . . . . .[I-60
I1-35 Effect of OWE Increase on DOC (Cents Per

Mile) — Model DC-8-61-Q1 . . . O (4%
II-36 Effect of OWE Increase on DOC (Dollars

Per Nautical Mile) — Model DC-8-61-Q1 T | 5

151



Figure
11-37
I1-38
11-39
1140
141
1142
11-43
44
1145
I1-46
11-47
11-48
11-49
11-50
I1-51

II-52

NAS3-11151
TASK U

LIST OF ILLUSTRATIONS (Continued)

Effect of Drag Decrease on DOC (Cents Per

Mile) — Model DC-8-61-Q1 .

Effect of Drag Decrease on DOC (Dollars Per Nautlcal

Mile) — Model DC-8-61-Q1 . ..

Effect of SFC Increase on DOC (Cents Per

Mile) — Model DC-8-61-Q1 . ..

Effect of SFC Increase on DOC (Dollars Per

Nautical Mile) — Model DC-8-61-Q1 . . .

Payload-Range Capability With Weight Changes - Model DC-8-61
Payload-Range With Nacelle Drag Changes — Model DC-8-61 .
Payload-Range With Engine SFC Changes — Model DC-8-61 .
FAA Takeoff Field Length, 15° Flaps — Model DC-8-61

FAA Takeoff Field Length, 25° Flaps — Model DC-8-61

Page

11-66

J11-67

. 68

Maximum Recommended Initial Cruise Altitude — Model DC-8-61- Ql .

Four-Engine Flight Path (280,000 Lb — 127,008 kg — Gross Weight,
15° Flaps) — Model DC-8-61 . . . .
Four-Engine Flight Path (300,000 Lb — 136 050 kg Gross Welght
15° Flaps) — Model DC-8-61 . . . .
Four-Engine Flight Path (325,000 Lb — 147 420 kg Gross Weight,
15° Flaps) — Model DC-8-61-Q1 .. e e e
Four-Engine Flight Path (280,000 Lb — 127 008 kg - Gross Weight,
259 Flaps) — Model DC-8-61-Q1 .. e e e
Four-Engine Flight Path (300,000 Lb — 136 080 kg Gross Weight,
25° Flaps) — Model DC-8-61-Q1 .. .
Four-Engine Flight Path (325,000 Lb — 147 420 kg Gross Welght
25° Flaps) — Model DC-8-61-Q1 e e e )

IEid

1169
AI-70
. LWIET1
dET72
Jd1-73
J1-74
Jd1-75
176
77
178
179
.II-80

1-81



Table

II-1
II-1I

II-111
I-1v
II-v
II-VI
II-VII

I1I-VIIL

II-IX
II-X
II-XI
II-X11
II-XIII
II-X1V
II- XV
II-XV1

NAS3-11151
TASK 11

LIST OF TABLES

JT3D-3B Engines DC-8-61 Weight Statement .
Comparison of Installation Losses, Max Cruise

Power (35,000 ft — 10,668 M; M = 0.82).

Nacelle and Pylon Drag Comparison . .
Weight-Change Summary

Weight Statement

Operating Cost Elements

1967 ATA Direct Operating Cost Subsomc J et Alrcraft
1968 Prices .
Incremental Operatmg Costs for DC~8-61

With Retrofitted Quiet Engine and Nacelle . .
Base-Case DOC— Summary of the 1967 ATA Formulas
Retrofit Costs in 1968 Dollars e e e e
Assumed Program Schedule

Effect of Bare Engine Changes on Nacelle Charactenstlcs
Effect of Bare Engine Changes

Increments for Parametric Study

Parametric Weight Variations

Change-Factor Summary for Qulet-Engme

Installations — Model DC-8-61-Q1.

Ik-ii

Page

. 1I-3

JdI-14
JI-15
JI-16
JI-17
JI-36

JI-37

11-38
.1I-39
141
143
.11-48
149
JI-59
JdI-61

11-63



NAS3-11151

TASK I

PARAMETRIC PERFORMANCE STUDY

The primary purpose of Task II was to determine the performance of the selected DC-8 model
powered by the baseline quiet engine and to compare it with that of the DC-8-61 powered by the
JT3D-3B. In addition, Task II required the development of trade factors that show how parametric
changes in quiet-engine characteristics affect aircraft performance.
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DC-8-61 PERFORMANCE WITH THE JT3D-3B ENGINE

Table II-1 is a weight statement for the DC-8 model selected for this study. The maximum design
takeoff weight, zero fuel weight, and landing weights are FAA limiting weights. The operational
empty weight (OEW or OWE) includes the items the operator requires.

PAYLOAD

The selected DC-8 model is a passenger airplane and as such does not operate with a weight-limited
payload. (A weight-limited payload is typical only of all-cargo operation.) The maximum payload
considered for passenger service is space-limited and includes a full, mixed-class passenger load (193
passengers) with the entire cargo space beneath the floor filled with cargo having a density of 10

pounds per cubic foot (159 kg/m3).

A survey showed that a more typical payload, hereafter referred to as the normal payload, consists
of 193 passengers with baggage and a nominal cargo load. Each passenger is assumed to weigh 165
pounds (75 kg), and his baggage is assumed to weigh 35 pounds (16 kg). The cargo volume is based
on using 25 percent of the space available after subtracting a 25-percent stacking loss (625 cubic
feet — 18 m3) and baggage space equal to 4.5 cubic feet (0.127 m3) per passenger (868 cubic
feet — 25 m3). A cargo density of 10 pounds (5 kg) per cubic foot is assumed. On this basis, the
passengers and baggage weigh 38,600 pounds (17,509 kg) and the cargo weighs 2516 pounds (1141
kg), for a total payload of 41,116 pounds(18,650 kg).

The normal payload is used as a basis for the Task II study, although some space-limited
performance is also shown.

TABLE Hi-1
JT3D-3B ENGINES DC-8-61 WEIGHT STATEMENT
WEIGHT
LB KG LB KG

MAX DESIGN TAKEOFF WEIGHT ' 325,000 | 147,420
MAX DESIGN ZERO FUEL WEIGHT 224,000 | 101,606
MAX DESIGN LANDING WEIGHT 240,000 | 108,864
OPERATIONAL EMPTY WEIGHT 156,803 | 71,126

MANUFACTURER’S EMPTY WEIGHT 149,339 | 67,740

OPERATIONAL ITEMS 7,464 | 3,386
SPACE-LIMITED PAYLOAD 56,845 | 25,785

PASSENGERS (193 AT 165 LB — 75 KG) 31,845 | 14,445

BAGGAGE AND CARGO 25,000 | 11,340
NORMAL PAYLOAD | 41,116 | 18,650

PASSENGERS {193 AT 165 LB — 75 KG) 31,845 | 14,445

BAGGAGE (35 LB — 16 KG/PASSENGER) 6,755 | 3,064

CARGO (251.6 CU FT AT 10 LB/CU FT —

7.36 CU M3 AT 159 KG/M3 2516 | 1,141
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PERFORMANCE SOURCE

The airplane performance shown is based on flight-test results. The engine performance is based on
test-stand and flight-test results for engines with the Douglas production inlet hardware and
exhaust-system hardware installed. The performance shown is the same as that presented in the
FAA-approved flight manual and in the Douglas performance report for the DC-8-61 airplane.
Engine installation losses are shown in a later section.

AIRPLANE PERFORMANCE

Figures II-1 through II-8 include the airplane performance, as required in Task II, for the present
DC-8-61. The resulting direct operating cost (DOC) data are covered in a later section.

Payload-Range

Figure TI-1 shows the payload-range curve. For ranges less than those corresponding to Maximum
Design Takeoff Gross Weight (Max TOGW), the payload is constant. The airplane is operated at
0.82 Mach number for these ranges, because the operators prefer to fly fast and pay the resulting
penalty in specific range. For ranges corresponding to Max TOGW, the operators prefer to fly at the
speed for nearly optimum specific range to reduce the fuel load and increase the payload. They
therefore must fly slower. Figure II-2 shows the specific-range curve for the airplane at 35,000 feet
(10,668 m) and illustrates the magnitude of specific-range penalties for nonoptimum operation.
Figure II-3 shows the variation in TOGW and initial cruise weight (ICW) with range.

Takeoff Field Length

Figure II-4 shows the variation in FAA takeoff field length with airplane gross weight for two values
of flap setting. FAA field length is based on four-engine operation and is defined as 1.15 times the

distance measured from the start of roll to the point where the airplane is 35 feet (11 m) above the
runway.
Initial Cruise Altitude

The highest altitude at which the airplane can safely cruise at 0.82 Mach number is shown as a
function of gross weight in Figure II-5. The curve includes a margin for maneuvering before buffet
onset.

Takeoff Flight Path

The takeoff flight path is an important parameter, since it directly affects the flyover noise level.
Figures II-6 and II-7 show how flyover height is affected by airplane gross weight and distance
during takeoff. Two flap angles are shown.

APPROACH NET THRUST AND AIRSPEED

The approach airspeed and corresponding net thrust required during approach are shown in Figure
11-8 as functions of gross weight.

As is noted on the curve, the data are shown for sea-level altitude and at 1.3 times stall airspeed
with full flaps. These data are important because the intensity of the approach noise depends on the
thrust required and because the duration of the noise depends on the airspeed.
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NOTE: -

1. OWE = 156,803 LB (71,126 KG) -

2. FAR 121.645 RESERVES
200 N MI TO ALTERNATE

3. 193 PASSENGERS PLUS
9271 BAGGAGE AND CARGO

4, STEP ALTITUDE CRUISE AT 0.82
MACH NUMBER FOR RANGES
SHORTER THAN INDICATED BYO.

5. STEP ALTITUDE CRUISE AT 99%
MAXIMUM NAUTICAL MILES PER
POUND FOR RANGES LONGER
THAN INDICATED BY[J.

@ JT3D-3B ENGINES
® STANDARD DAY
® INTERNATIONAL OPERATION

SPACE LIMITED PAYLOAD =!
56,845 LB (25,785 KG)
NORMAL PAYLOAD =
41,116 LB (18,650 KG) ;
o mn
MAX TAKEOFF GROSS WEIGHT =
325,000 LB (147,420 KG)
“MAX FUEL CAPACITY =
£166,733 LB (71,094 KG)
X
X
X
N = v
0 1 2 3 4 5 6
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FIGURE i1-1. PAYLOAD-RANGE CAPABILITIES — MODEL DC-8-61
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® JT3D-3B ENGINES

® 4% LEADING EDGE EXTENSION
® FOUR-ENGINE OPERATION

= 35,000 FT (10,668 M)

® PRESSURE ALTITUDE

-54.3°C

FIGURE 11-2. SPECIFIC RANGE — MODEL DC-8-61
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® JT3D-3B ENGINES
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FIGURE 1I-3. AIRPLANE WEIGHT — MODEL DC-8-61
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® SEA LEVEL

1 @ STANDARD DAY

10

NG

T
’.‘13‘ MRy

B2}

¥ Xh

)

s i

3 &= i i
200 220 240 260 280 300

GROSS WEIGHT (1000 LB)
L | | ] 1

90 100 110 120 130
GROSS WEIGHT (1000 KG)

FIGURE i1-4. FAA TAKEOFF FIELD LENGTH — MODEL DC-8-61
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® MAXIMUM CRUISE THRUST
® JT3D-3B ENGINES
® BASED ON INITIAL CRUISE WEIGHTS
® FOUR-ENGINE OPERATION
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FIGURE i1-5. MAXIMUM RECOMMENDED INITIAL CRUISE ALTITUDE — MODEL DC-8-61
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DC-8-61 PERFORMANCE WITH THE BASELINE QUIET ENGINE

This section presents the performance of the DC-8-61 with the baseline quiet engine. The model is
designated DC-8-61-Q1.

PERFORMANCE CALCULATION METHOD

The performance of the DC-8-61-Q1 was obtained by calculating (by consistent methods) the
differences between the installed performance of the quiet engine and that of the JT3D-3B and by
then applying these differences to the performance of the JT3D-3B equipped DC-8-61. The effects
of changed nacelle-pylon drag were included. Changes in OWE resulting from the addition of the
quiet -engine were also accounted for. Baseline quiet-engine performance was obtained from Pratt
and Whitney data for the QB-3 study engine, which resulted from the NASA Quiet Engine
Definition Programs. Installation correction factors were based on JT9D-1 data.

INSTALLED-ENGINE PERFORMANCE CALCULATION

The nacelle-pylon drag was calculated for both the present JT3D-3B and the quiet-engine
installations by Douglas IBM program G3VA. The drag values were then subtracted from the QB-3
specification values of thrust and from the JT3D-3B flight-test values of thrust. Installation losses
were also calculated for the quiet-engine installation for the inlet and exhaust systems, airbleed,
shaft-power extraction, nacelle cooling, and leakage through the cascade reverser. These losses were
not applied to the JT3D-3B performance, because the installation effects are already included in the
flight-test engine performance.

INSTALLATION LOSSES

Table II-II. shows a comparison of the installation losses for the JT3D-3B and for the baseline quiet
engine. The JT3D-3B values shown were calculated with the engine-specification data and
installation-handbook correction factors.

1. Inlet and Exhaust System
The total-pressure losses resulting from acoustic treatment in the inlet and exhaust ducts were
determined analytically by calculating the drag of the internal surfaces and then equating that
drag to an equivalent total-pressure change. Wind-tunnel tests at Douglas show that typical
acoustically treated surfaces are approximately 40 percent rougher than smooth aluminum.
The resulting friction factor of 0.0039 was the value used for these calculations.

2. Airbleed and Shaft-Power Extraction

DC-8-61 values of airbleed and shaft-power extraction were used. JTID-1 low-pressure
bleed-correction factors were used.

3. Nacelle Cooling

Fan bleed was assumed for cooling the accessories and engine compartment. No thrust
recovery is assumed for exhausting the flow overboard.
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Thrust-Reverser Leakage

Analysis shows that the leakage that can be expected through the reverser cascade causes a loss
of 0.135 percent of fan gross thrust. This value has been used to account for thrust-reverser
leakage.

Nacelle-Pylon Drag

Table II-II shows that the fractional loss in net thrust due to drag is higher for the JT3D-3B
than for the baseline-quiet-engine installation. Table II-III shows the drag breakdowns for the
two installations. The large inlet cowl for the quiet-engine installation is the cause of a sizable
drag increase relative to the JT3D-3B installation: 0.8356 square feet (0.0776 m2) compared
with 0.6481 square feet (0.0602 m2). This is in part compensated for by the higher
fan-exhaust scrubbing drag of the JT3D-3B installation: 0.6884 square feet (0.0639 m2)
compared with 0.5931 square feet (0.0550 m2). The wetted surface area for the JT3D-3B is
higher because the length of the gas-generator nacelle is greater and because the fan exhaust is
ducted through a channel having a large wetted area. Although the absolute value of drag,
D/q,, is greater for the quiet-engine installation, that installation is more efficient and has a
lower value of drag relative to thrust. This is also shown in Table II-III.

Until the wind-tunnel tests required in Task III were run, it was not possible to know whether or
not the quiet-engine installation had any interference drag. For that reason, drag calculations in
Task 1I do not include interference.

TABLE -l

COMPARISON OF INSTALLATION LOSSES,
MAX CRUISE POWER (35,000 FT — 10,668 M; M = 0.82)

 BASELINE QUIET ENGINE JT3D-38%
A Awgiw AF IF, Awgiwg
INLET 0.0262 0.0109 (] 0
FAN EXHAUST 0.0038 0 ] 0
AIRBLEED 0.0320 0.0164 0.0238 0,0175
SHAFT POWER 0,0041 0.0010 0,0030 0.0010
NACELLE COOLING 0.0080 0 NEGLIGIBLE 0
THRUST-REVERSER LEAKAGE 0.0028 0 0.0013 (]
TOTAL DRAG 0.0953 0 0.0975 0
FAN COWL 0.0612 0 0,0593 0
SCRUBBING 0.0341 0 0.0382 0
TOTAL LOSSES 0.1722 0.0283 0.1256 0.0185

*ASSUMES THE SAME CALCULATION METHOD AS FOR THE BASELINE QUIET ENGINE.
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TABLE 1i-i1
NACELLE AND PYLON DRAG COMPARISON

FREE STREAM FAN JET CORE JET
COwWL PYLON NACELLE PYLON NACELLE PYLON
WETTED AREA-SQFT
JT3D-38B 198 68 87 0 0 0
Q/E 278 59 78 12 0 0
COMPONENT DRAG D/q,
SKIN FRICTION
JT3D-3B 0.5154 0.1637 0.4731 0 0 0
Q/E 0.6576 0.1376 0.3995 0.670 0 0
ROUGHNESS
JT3D-38 0.0392 0.0127 0.0806 0 0 0
Q/E 0.0508 0.0106 0.0679 0.0151 0 0
PRESSURE
JT3D-38 0.0935 0.3029* 0.0859 : 0 0 0
Q/E 0.1232 0.3026* 0.0748 0.0013 0 0
BASE
JT3D-38 0 0 0.0488 0 0.0375 0
Q/E 0 0 0.0491 0 0.0388 0
TOTAL
JT3D-38 0.6481 0.4783 0.6884 0 0.0375 0
Q/E 0.8356 0.4508 0.5931 0.0834 0.0388° 0

*INCLUDES 0.3 SQ FT FOR OVER-THE-WING-PYLON PENALTY
TOTAL CRUISE DRAG

MAX CRUISE POWER JT3D38 | Q/E
35,000 FT (10,668 M) TOTAL D/q, 1.853 | 1.996
082M, DIF,, 0.0876 | 0.0953

WEIGHT STATEMENT
Table II-IV shows how the airplane OWE would be changed by installing the quiet engine.

Table II-V shows the weight statements for the DC-8-61-Q1 and DC-8-61 airplanes. The DC-8-61-Q1
Max Design Zero-Fuel Weight corresponding to space-limited payload exceeds the present
FAA-certified value of 224,000 pounds (101,606 kg) by 812 pounds (368 kg). Analysis has not
been conducted to determine whether the wing is strong enough to accept this increase with no
modification. However, it is expected that such an analysis would show that the airplane can be
certified with the additional zero-fuel weight.

AIRPLANE PERFORMANCE

Figures 1I-9 through II-14 show the aerodynamic performance of the DC-8-61-Q1. The direct
operating cost for the airplane is shown in a later section. Except for the approach airspeed and
thrust required, the data shown are for the same performance parameters presented earlier for the
DC-8-61 with the JT3D-3B engine. The approach airspeed is the same for the DC-8-61-Q1 and the
DC-8-61. The installed thrust required also will be the same, because the nacelle-pylon drag is
included in the installation losses.
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TABLE {1-1V
WEIGHT-CHANGE SUMMARY
WEIGHT WEIGHT )
REMOVED ADDED A WEIGHT

LB KG LB KG LB KG
ENGINE AND NACELLE INBD 6893 | 3127 {8509 | 3860 | +1616 +733
ENGINE AND NACELLE INBD 6893 | 3127 | 8509 | 3860 | +1616 +733
ENGINE AND NACELLE OUTBD | 6837 | 3101 | 8453 | 3834 | +1616 +733
ENGINE AND NACELLEOUTBD | 6837 | 3101 | 8453 | 3834 | +1616 +733
PYLON INBD 798 362 893 405 +95 +43
PYLON INBD 798 362 893 405 +95 +43
PYLON OUTBD 808 367 898 407 +90 +41
PYLON OUTBD 808 367 898 407 +90 +41
AILERON INBD 650 295 690 313 +40 +18
AILERON INBD 650 295 690 313 +40 +18
AILERON OUTBD 477 216 602 273 +125 +57
AILERON OUTBD 477 216 602 273 +125 +57
WING
LOWER SURFACE 2032 922 | 4032 | 1829 | +2000 +907
UPPER SURFACE 1900 862 | 3900 | 1769 | +2000 +907
TOTAL PER AIRPLANE +11,164 | +5064
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NOTE:
1. OWE = 167,967 LB (76,190 KG)

2. FAR 121.645 RESERVES
200 N M1 TO ALTERNATE

3. 193 PASSENGERS PLUS
9271 LB (4,205 KG} BAGGAGE AND CARGO

4. STEP ALTITUDE CRUISE AT 0.82 MACH NO.
FOR RANGES SHORTER THAN INDICATED BY

® BASELINE QUIET ENGINES 5. STEP ALTITUDE CRUISE AT 99% MAXIMUM
® STANDARD DAY NAUTICAL MILES PER POUND FOR RANGES

® INTERNATIONAL OPERATION LONGER THAN INDICATED BY

| SPACE LIMITED PAYLOAD =
56,845 LB (26,785 KG)

1 MAX. TAKEOFF GROSS

S WEIGHT = 325,000 LB

1 (147,420 KG)

W ‘ - MAX. FUEL

;)
thrt
v}

L CAPACITY =i

156,733 LB

1,004 KG) |
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FIGURE 11-9. PAYLOAD-RANGE CAPABILITIES — MODEL DC-8-61-Q1
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40 ® BASELINE QUIET ENGINES
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FIGURE 11-10. AIRPLANE WEIGHT — MODEL DC-8-61-Q1
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FIGURE i1-11. FAA TAKEOFF FIELD LENGTH — MODEL DC-8-61-Q1
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PERFORMANCE COMPARISONS

The data presented in this section show how the installation of the quiet engine in the DC-8-61
airplane affects the airplane’s performance. Also shown in the presentation is the performance
corresponding to the range resulting from Max TOGW operation and two other performances
corresponding to arbitrarily selected shorter ranges. The three ranges are for the quiet-engine-
powered airplane with normal payload. The short ranges are important because they are typical of
domestic operation. Also, it can be expected that by 1972 the number of shorter flights will have
increased — and will continue to increase — when such aircraft as the DC-8 and Boeing 707 are
replaced on the prime routes by the DC-10, Lockheed L-1011, and Boeing 747 aircraft.

TAKEOFF THRUST

A comparison of installed takeoff thrust is shown in Figure II-15. The increase in quiet-engine
thrust results from sizing the engine for a high cruise thrust and also because of the higher natural
thrust lapse rate with altitude for high-bypass-ratio engines.

The effect of the higher takeoff thrust on takeoff field length is shown in Figure 1I-16 for operation
with 15 degree flaps. The improvement depends on TOGW- and is of the order of 20 percent. Note
the large increase in gross weight that is possible for operation from a given field length. The ranges
indicated are for the DC-8-61-Q1 airplane.

Figure II-17 shows the increase in height above the runway at 3 nautical miles from start of roll that

results from the higher takeoff thrust. The increase is approximately 500 feet (152 m), although it
varies somewhat with gross weight.

CLIMB THRUST

The available net thrust for climb is shown in Figure II-18 for a typical climb profile. The curves
show that the quiet-engine-powered airplane can get to cruising altitude faster but must climb at a
slightly steeper angle. The small increase in angle would not be objectionable to the passengers.

MAX CRUISE THRUST

The comparison of initial cruise altitude is shown in Figure II-19. The three ranges previously
mentioned are indicated. The advantage in initial cruise altitude for the Max TOGW case is shown.
Note that the quiet-engine-powered airplane is approximately 5000 pounds (2268 kg) heavier at

start of cruise. This tends to compensate for the advantage in initial cruise altitude it enjoys because
of its higher cruise thrust.

CRUISE EFFICIENCY

A comparison of part-power installed specific fuel consumption (SFC) is shown in Figure 1I-20. The
reduction in SFC is characteristic of the improvements provided by the new advanced-technology,
high-bypass-ratio engines like the JT9D, CF6, and RB211.

PAYLOAD-RANGE

As previously noted, the OWE of the quiet-engine-powered airplane is 11,164 pounds (5064 kg)
greater than the OWE of the present airplane. This means that for a given payload the fuel load
must be less for operation at Max TOGW. Figure II-21 compares the payload-range curves for the
two airplanes.  Note that in spite of the heavier OWE the airplane has a 530-nautical-mile longer
range with the quiet-engine. This is the direct result of the improved SFC (Figure 11-20) which more
than compensates for the increase in OWE.
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NET THRUST (1000 N)

NAS3-11151
TASK 1i

LOSSES:

NACELLE AND PYLON DRAG

AIRBLEED AND POWER EXTRACTION
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FIGURE 1I-15. TAKEOFF THRUST COMPARISON — MODEL DC-8-61
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