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1.0  SUMMARY

This study examined the potential attractiveness of varying the camber of
transport aircraft wings while in flight to continuously optimize the
lift-to-drag ratio and thereby reduce fuel usage and operating costs during
all flight conditions. Most high-speed airplanes with high wing loadings
change wing area and camber by using various mechanisms to extend leading- and
trailing- edge flaps, slats, or both for low-speed takeoff and Tanding
operations. The variable camber concept in this study incorporates
shape-altering devices to deflect and smoothly recontour the leading and
trailing edges of the wing during all stages of flight.

The study generally addressed three distinct facets of variable camber: the
mechanical devices that provide the wing with the capability for variable
geometry; the aefodynamic capability for various stages of flight (i.e.,
cruise, approach, and takeoff), and the capability for integrating with, and
improving the characteristics of, transport aircraft configurations.

In this study, variable camber was applied to contemporary intercontinental
and domestic transport configurations for which well-defined baseline design
characteristics were available. Both the reference and variable-camber
transports were conventional subsonic configurations defined for either
intercontinental missions of 10 200 km (5500 nmi) or domestic missions of 3700
~ km (2000 nmi) and for payloads of 200 passengers.

To implement variable camber, simple, reliable, low-maintenance mechanisms
-were designed to independently deflect the wing leading and trailing edge
surface areas to provide: (1) small deflections to optimize wing camber during
climb, cruise, and descent, and (2) large deflections to provide high 1ift for
takeoff and during final approach. The resulting, internally located devices
can camber as much as the forward 25 percent and the aft 45 percent of the
wing chord to closely match the contours of a family of "point-design"
airfoils considered optimum for the flight conditions of a commercial
transport. The Timits on camber deflection (from normal fiight) averaged 30
deg down for the leading edge and 15 deg up to 20 deg down for the trailing
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edge. The continuous skin of the Teading edge was flexed by the variable
camber mechanism to maintain a constant leading-edge radius over the range of
deflections. On the trailing edge surface the overall length of the upper
skin surface remained constant, and an overlapping seal on the lower surface
allowed articulation. An alternate trailing edge was designed to provide
variable camber during high-speed flight, but conventional double-slotted
flaps for enhanced high 1ift at low speeds.

For the intercontinental mission, both the reference and the variable-camber
aijrplanes were sized to approximately the same design point with relation to
optimum gross weight versus fuel burned. The potential fuel saving for
variable camber was 3.1 percent at maximum design mission range and 4.2
percent when evaluated on the weighted average airline route structure. The
direct operating cost (DOC) benefits (using 1977 operational costs and fuel
price) were slightly less than 2 percent for both the design mission and the
weighted average route structure.

For the domestic mission, the initial variable-camber transport design
required more wing area than the reference configuration to meet the 125-knot
design approach speed because of limitations in stall 1ift coefficient, even
with the outboard variable camber ailerons drooped. The larger wing resuited
in a greater empty weight but aiso higher cruise lift-to-drag ratio,
principally because of a 0.0006 reduction in excrescence drag and the greater
wing area. The fuel saving was evaluated as 4.0 percent at design range;
however, this reduced to 1.5 percent for the weighted average airline route
structure. There was no DOC benefit at design range and a 1 percent penalty
for the weighted average route structure.

The empty weight increment for the greater wing area of the initial
variable-camber domestic airplane was large enough (2750 kg)} to prompt
consideration of a second configuration having sufficient high 1ift capability
to be free of the 125 knot approach speed constraint. Therefore, the study
was broadened to include an alternate hybrid trailing edge which provided
variable camber at small deflections during cruise flight, and double-siotted
flaps at large deflections for low speed flight conditions. The hybrid
arrangement provided sufficient 1ift to eliminate the need for additional wing

2
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area over that of the reference aircraft. However, the excrescence drag
reduction (a principal part of the variable camber benefit) dropped to 0.00015
so that the values of cruise lift-to-drag ratio were only slightly higher than
those of the reference aircraft at 1ift coefficients within the normal cruise
flight regime. Consequently, the hybrid arrangement produced a fuel saving of
only 0.4 percent and incurred a slight DOC penalty at design range,

The potential benefits of variable camber were evaluated - the hypothesis
that variable camber would enable wings to be designed with less drag at the
design cruise condition than a fixed camber wing. Although some two-
dimensional airfoil test data suggests that this may be possible, this
hypothesis is not proven.

Based on this hypothesis, the study also showed that variable camber could
allow a new design having less sweepback of the wing and provide even greater
improvements in aerodynamic efficiency below the design cruise Mach number,
For example, unsweeping the wing gquarter-chord 1ine of the domestic airplane
from 30 deg to 25 deg, in combination with variable camber, could increase
aerodynamic cruise efficiency by 7.5 percent at all Mach numbers. However,
systematic variations of wing sweep, aspect ratio, taper ratio, and other
configuration features were not evaluated in this study but should be
addressed in any future evaluations of variable-camber airplanes.

Examination of variable camber on complete aircraft configurations was limited
to applications for intercontinental and domestic versions of contemporary
reference transport designs, The efforts directed toward both the variable
camber devices and their aerodynamic capabilities consisted of parametric
studies to provide information for subsequent design studies of the
contemporary configurations. Therefore, general information necessary to
define alternate transport configurations best suited for fully exploiting
variable camber was limited. Wing size was allowed to vary from the reference
design but planform shape and distribution of airfoil thickness ratio remained
the same. Variable-camber devices were limited to the outboard 65 percent of
the wing span with conventional high-1ift devices retained over the thickened
inboard sections configured for landing gear storage. |
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Based on this study, additional work in several areas is recommended:

1.

SuitabTe theoretical and experimental investigations to evaluate the
validity of the hypothesis on which the aerodynamic data are based.

With establishment of the validity of the aerodynamic hypothesis, new
airplane design studies should be undertaken. These should include
evaluations of wing design parameters such as sweep, thickness ratio,
aspect ratio and taper ratio to help determine how best to exploit
variable camber.

Development of excrescence drag data applicable to typical wing designs
having a series of excrescences (gaps, forward or aft-facing steps, etc.),
each experiencing the wakes of the upstream ones.
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2.0 INTRODUCTION

Most aircraft today mechanically change their low-camber, high cruise speed
wings into high-camber, low~speed wings for takeoff, landing, and other
operations. To date, the methods used are characterized by leading-edge and
trailing-edge stat and flap systems that, in general, move in large increments
with associated undesirable steps and gaps in both the high-camber and
low-camber positions. The result is an airfoil that is never quite optimum
for every flight condition and an excrescence drag that is appreciable under
all conditions,

A remarkable job of engineering has provided today's highly efficient civil
transports with high ranges of speed and flight conditions. However, the
spiraling cost of fuel requires renewed efforts to absolutely minimize the
fuel consumed by these civil transports. In the area of camber-changing
devices, structural and mechanical technology has advanced to where practical
systems may be possible for changing the shape of an airfoil continuously and
smoothly such that it is more nearly optimum for all flight conditions. The
747 leading-edge variable-camber Krueger flap system is an example of this
technology wherein the camber of the flap changes from a flat surface when
stowed to a curved airfoil when the flap is extended.

This report examines the potential advantages of replacing existing high-1ift
devices with devices capable of smoothly recontouring the leading- and

trailing-edge surfaces in flight. This should enable the airplane to increase
aerodynamic efficiency in all segments of flight, thus reducing fuel
consumption and noise. The study emphasizes design and engineering analyses
to determine the potential benefits and problems associated with
variable-camber wings on domestic and intercontinental transports
incorporating 1980-1982 technology.. The objectives for this study were to:

e identify a variable camber concept with the potential to improve aircraft
performance throughout all segments of the flight profile,

e assess potential variable-camber performance and economic benefits for
transports entering airline service during 1982-1985,

S
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e define technical uncertainties that would prevent industry from
implementing the variable-camber concept and recommend research programs
to remove such barriers.


Brenda
Highlight

Brenda
Highlight

Brenda
Highlight

Brenda
Highlight

Brenda
Highlight

Brenda
Highlight

Brenda
Highlight

Brenda
Highlight

Brenda
Highlight

Brenda
Highlight

Brenda
Highlight

Brenda
Highlight

Brenda
Highlight

Brenda
Highlight

Brenda
Highlight

Brenda
Highlight


3.0 SYMBOLS AND ABBREVIATIONS

AR aspect ratio, b2/Spgg

"ATA Air Transport Association

AVE average

b wing span

BL buttock line

BLKF block fuel

BPR bypass ratio

c airfoil chord

CAB Civil Aeronautics Bdard

C4 two-dimensional drag coefficient
Co drag coefficient

CDP parasite drag coefficient

CG center of gravity

Cp two-dimensional 1ift coefficient
CL 1ift coefficient

CLR ratio of initial cruise 1ift coefficient capability to

€, for maximum Tift/drag ratio

CLS stall 1ift coefficient



C 1ift coefficient at takeoff reference speed, ¥

Y2
Ch normal-force coefficient
cp pressure coefficient
deg degree
DOC direct operating cost
E3 Energy Efficient Engine Program (NASA)
EXCR excrescence drag
FAR Federal Aviation Regulation
FL flight level
ICAC initial cruise altitude capability
KEAS knots equivalent airspeed
L/D three-dimensional 1ift-to-drag ratio
LE leading edge

(Eld)MAX maximum two-dimensional 1ift-to-drag ratio

LOWLAM a computer program for determining low-speed aerodynamic

characteristics
1bf pounds force
M Mach number
MAC mean aerodynamic chord



ML Tocal Mach number

ML/D Mach number times L/D

MTOW maximum takeoff weight

MLW maximum landing weight

MZFW maximum_zero fuel weight

OEW operational empty weight

PASS passengers

PD1 intermediate point-design baseline airfoil

PD2 Tow-camber airfoil

PD3 high-camber airfoil

rad radian

RADEM computer program for estimating high-speed aerodynamic
characteristics '

REF reference airplane

Ry Reynolds number

SAR still air range

SFC specific fuel consumption

SL sea level

SLST sea level static thrust

SREF reference wing area



STA

t/c
TE
TOFL
TOGW
TSLS

T/W

Vapp

Ve

WL
W/S

x/c

station

wing area

thickness~-to-chord ratio
trailing edge

takeoff field length

takeoff gross weight

takeoff sea level static thrust
thrust-to-weight ratio

approach speed

variable camber

maximum operating cruise speed

FAR stall speed

free-stream velocity

horizontal tail volume coefficient

vertica®! tail volume coefficient

weight
water line
wing loading

chordwise station

10



x/csep

c/4

chordwise station at which separation occurs

wing angle of attack

increment
deflection angle

average deflection angle

flap deflection

leading-edge deflection angle
trailing-edge deflection angle

semispan fraction
taper ratio

sweep of quarter chord

11



4.0 VARIABLE-CAMBER CONCEPTS -

The principal objective of the concept selection process was to investigate
and propose variable~camber concepts that could potentially improve aircraft
performance and still be economically practical. Preliminary mechanical and
structural design studies were required to determine the feasibility and
economic viability of the concept.

4.1 AERODYNAMIC CONCEPT SELECTION

The promise of variable camber lies in the potential ability to change an
airfoil so as to-simulate a variety'of shapes, Since different airfoil shapes
are required for optimum performance at low and high speeds, variable camber
could provide’the capability of continuously changing the camber of an airfoil
to optimize the aerodynamic characteristics for any flight condition.

For this program, preliminary studies were made to determine high-speed
.aerodynamic performance possible with a practical variable-camber design. The
performanée was defined from experimental and analytical airfoil development

studies previous]y conducted by The Boeing Company.

An advanced Boeing high~speed wing airfoil was selected for the reference
configurations. This airfoil was developed by modifying a "point-design”
high-speed airfoil (i.e., an airfoil optimized for a particular design normal-
force coefficient and Mach number) to improve its of f-design characteristics.

The original {unmodified) point-design airfoil was deficient in subcritical
of f-design characteristics in several regards: (1) it experienced significant
drag creep and (2) it exhibited normal force curve breaks (commonly regarded
as an indication of buffet onset) at relatively low normal force levels. The
modifications were intended to delay the normal-force curve breaks to higher
levels and to reduce or eliminate subcritical drag creep. As shown in Figure
1, these objectives were met, but only by reducing the drag-divergence Mach
number. Thus, to achieve the same wing drag-divergence characteristic, the
wing had to be slightly thinner, consequently heavier, than one based on the
original point-design airfoil.

13
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® Two-dimensicnal unswept wings

®i/c=0.10
801 @ Design point Modified point-design
—— airfoil
\\ .- .
T 10 = Original
or point-design
airfoil
60 0.8 |-
Modified point-design { T e
50 r— airfoil 0.6+
(R/dimax n
40} 04 \
c, at (L/dimax
30 | Original point-design airfoil — \ 02l -
\ Drag divergence
20 L 1 | 1 ol- L 1 |
0.70 0.75 0.80 0.70 0.75 0.80
Mach number Mach number

Figure 1. High-Speed Airfoil Aerodynamic Performance Comparison

The pressure distribution of the original point-design airfoil is
characteristic of an advanced high Mach design (i.e., "peaky" leading edge,
low-crest super velocities, aft recovery, aft loading). This point-design
airfoil is one of a family of three airfoils having different amounts of
camber (fig. 2). The maximum L/D ratios of these three airfoils are plotted
against Mach number in Figure 3. For this study, the optimum performance
envelope for the variable-camber concept is defined as a line tangent to each
maximum L/D curve, as shown in Figure 3.

The original point-decign airfoil, having intermediate camber, was selected as
the "basic" variable-camber airfoil (PD2 on fig. 3). The term "basic" is used
to indicate that the Teading- and trailing-edge portions are undeflected by
the variable-camber mechanisms in this specific camber condition. As
illustrated in Figure 4, the portions of the airfoil for which the camber can
be varied are ahead of and behind the wing spars and are deflected on circular
arcs. The desired airfoil characteristics defined in Section 5.2 indicate
that the variable-camber leading-edge device could extend as far back as 25
percent of the wing chord, while the variable-camber trailing-edge device
could extend as far forward as 55 percent of the wing chord without deviating

appreciably from the airfoil shape desired.
14
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® t/c=0.10

- c e Design Design
Symbol Airfoil Camber " Mach q
PD1 Intermediate 0.78 0.65
-————— PD2 Low 0.82 0.49
— PD3 High 0.76 0.81
High-Speed Airfoil Shapes

xfc

Local Mach Number Distributions .

Pressure peak
- = \/— . "
/| Low crest velocity

x/c

Figure 2. High-Speed Airfoil Point-Design Family
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e t/c=0.10

High-camber
] . point-design
@ Design point airfoil (PD3)
Variable-camber
90 design goal
Original (intermediate-
camber} point-design
8o airfoil (PD1)
x ; Low-camber
E 70 b point-design
i Increasing airfoil {PD2)
= l— camber
60
50
Modified
airfoil
40}
d I ]
0.70 0.75% 0.80
Mach number

High-camber
point-design
airfail Original
1.0 point-design
airfoil
— - Low-camber
0.8 point-design
airfoil
el
0.4+
¢, at U&/d)max
0.21
Drag divergence
ol
L 1 1
0.70 0.75 0.80
Mach number

Figure 3. Variable-Camber High-Speed Aerodynarmic Design Goal

The leading edge was required to change the airfoil camber from normal (zero

deflection) to a maximum average deflection angle of 30 deg down.
trailing-edge requirements were to change the airfoil from normal flight to
max imum average deflection angles of 15 deg up and 20 deg down.
requirements were compromises from an optimum design to satisfy the

variable-camber requirements with a reasonably simple mechanism.

Because the actual flight characteristics of variable-camber devices are not

The

These

fully understood, the "average" rather than the maximum surface deflection was
(When better analysis

used to estimate the low-speed flight performance.

and/or wind tunnel test data are available, the low-speed performance

characteristics can be better estimated.)
as one-half of the maximum surface deflection as shown in Figure 4,

16
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Airfoil Shape Deflections

\ I —— Basic airfoil
\ - = - = Derived airfoif shape
I Chord AB = circular arc AC
\ PR saverage = 128 max
N e 5 £ =0.524 rad (30 deg)
. 5TE = .349 rad {20 deg}

Typical Low-Speed Deflections

0 /,/_r /_’_ ﬂ K
1.047 rad — T -l NS f -0.698 rad
a /
7.
/I

(60 deg) -7 ~~Y 3 (40 deg

i/ \

by
I

Figure 4. Scheme for Deriving Variable-Camber Airfoil Shapes

In the concept chosen for this study, the airfoil nose radius is essentially
constant as the leading-edge is deflected. An alternative would be to
increase the airfoil nose radius for leading-edge deflections representing the
low-speed, high-1ift configuration, but this should be achieved without
increasing the design complexity of the system. The beneficial aerodynamic
effect of increasing the nose radius was not assessed in this study.

Two-dimensional transonic flow analyses, including boundary layer effects,
were made of both the low- and high-camber point-design airfoils and the
corresponding variable-camber representations of these airfoils. Mach numbers
ranging from M = 0.72 to 0.82 and Tift coefficients (C ) ranging from C =
0.55 to 0.8 were investigated for each airfoil. Pressure distribution and
sonic-1ine comparisons, such as those in Figures 5 and 6, showed that the
variable-camber representations of the low- and high-camber point-design

airfoils were good.
17
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Low-Camber Airfoil

Point-design airfoil PD2
C > ---—- Variable-camber representation
6LE = -0.036 rad {-2.07 deg)
8 1g = -0.084 rad (-1.93 deg}
M=0.82 =055 M=0280, cp =055
127 + % 1.2 ¢ ¢
Pressure Pressure
-0.8 .ldistributions -08 L distributions
-0.4 4 -04 |
Cp or Cp ot
0.4 ¥ 04 f
Sonic lines
08¢ 08 | ‘\‘ Sonic lines
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V20 f M <1 127 : M <1
\
M =0.78, ¢, = 0.55 M =0.76, ¢, = 055
2| e 12} .
Pressure distributions Pressure distributions
-08+F 08 }
-04T 04|
°c of °» o}
04 ¢ 0.4+
08¢t 08
1.2 1.2 +

Figure 5. Variable-Camber Representation of Low-Camnber Airfoil
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High-Camber Airfoil

Point-design airfoil PD3
- ---« Variable-camber representation

b 8 LE = 0.032 rad {1.83 deg)
8-TE = 0.044 rad (2.53 deg)

M= 0.78,c = 0.8 ' M=0.76,c, = 0.8
Pressure distributions’ ~1.2 } Pressure distributions
~08
—04 |
¢y OF
04}
Sonic lines 08+ Sonic lines
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M= 0.74,c£ =0.8 —~1.6T M= 0.72,«:2 =0.8
A Pressure distributions 124 Pressure distributions
e
—08
—04}
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041
0-8 L Pl Sonic “nes
121

Figure 6. Variable-Camber Representation of High-Camber Airfoil
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4.2 VARIABLE-CAMBER CONCEPTS

Variable-camber concepts available from earlier studies, including Reference
1, were examined for conformance to the design objectives established for this
study and listed below:

e smooth, continuous airfoil surfaces for lower cruise drag

e a mechanism capable of deflections adequate to meet approach high-Tift
requirements

e lightweight structure and mechanisms

e adequate fuel volume in wing box

e high reliability and low maintenance

After preliminary evaluations, specific leading- and trailing-edge concepts
were selected for further development as discussed in subsections 4.2.1 and
4,2.2.

4.2.1 LEADING-EDGE CONCEPT

An extremely efficient mechanism, an A-frame lying horizontally (fig. 7), was
developed as the basic linkage for the leading-edge variable-camber concept.
The upper leg is attached near the spar, and the lower leg is driven up and
down with a rotary actuator arm located near the front spar. The upper and
Tower skins and the leading-edge radius are attached to the mechanism by
spanwise stringers and short links. As the leading edge moves down, the upper
surface becomes longer. forward and aft, while the lower surface becomes
shorter, The overall length of the skin surface forward of the front spar
remains the same without breaks or overlaps. The upper and lower surfaces are
fiberglass, but the leading-edge radius is stainless steel or titanium for
flexibility and erosion resistance. The lower surface contains a removable
panel for inspection and maintenance, and a clearance hole is located in the
mechanism supports for a hot-air anti-icing duct.

20



Drive link

Leading edge support Support link

Leading edge
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Figure 7. Variable-Camber Leading-Edge Concept
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4.2.2  TRAILING-EDGE CONCEPT

The trajling-edge concept, shown in Figure 8, uses a basic mechanism of a
four-bar linkage driven by a rotary actuator. The upper and lower fiberglass
skins are attached to the four-bar linkages with spanwise stringers and short
1inks. The trailing-edge wedge segment beyond the mechanism is honeycomb, and
the upper surface is continuous. The lower surface has overlapping sealed
surfaces to allow articulation of the mechanism. The Tower panels are
removable for inspection and maintenance.

As discussed in Section 6, the variable-camber domestic airplane was found to
have insufficient 1ift capability to meet the approach speed requirement
unless the wing area was greater than that of the domestic reference
airplane. Consequently, to avoid increasing the wing area, a second domestic
yariable-camber airplane was studied with double-slotted, trailing-edge flaps
to obtain higher approach CL levels.

To attain the potential high-speed aerodynamic benefits of variable camber,
the trailing edge must have variable camber with the double-slotted flaps
retracted. To achieve variable-camber capability, the main flap (and nested
aft flap) rotates about a pivot attached to the flap extension mechanism. The
spoiler then follows both upward and downward deflections to provide a smooth
upper surface.

4.2.3  DRIVE MECHANISMS

Two sets of mechanisms drive each flap segment with spanwise shafts connecting
both mechanisms., Al1 pivot points are self-aligning teflon-1ined bearings to
provide maintenance-free, lifetime durability and a close tolerance fit.
During normal high-speed operation, the flaps are nested, and the spoiler is
locked down by its actuation mechanism. The airfoil camber then is varied
with an electromechanical actuator (section A-A, fig. 9) inside the main
flap. Rotating the flap up forcibly deflects the spoiler (the base of the
spoiler is held rigid by a spoiler mechanism), giving a smoothly contoured
airfoil with decreasing camber. The spoiler and main flap mountings are
designed so the maximum airfoil camber position is the fixed rest position
with no pressure between the main flap and spoiler. Shown here with double-

slotted flaps, this concept is also applicable to single-slotted or

triple-siotted flaps. 22
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5.0  MISSION SELECTION AND CONFIGURATION DEFINITION

Mission requirements and configuration characteristics were selected to be
representative of the next generation of commercial transports. Based upon
examinations of available marketing information, future airplane markets are
expected to be similar to current markets; i.e., similar sizes of airplanes
flying familiar routes and schedules. This prediction is based on the premise
that the air-traveling community in the 1980s will be about the same
percentage of the total population as today's air travelers, with a small (4
to 6 percent) annual incremental growth. These data suggest a mid-1980s
market for many replacement aircraft in the 180~ to 220-passenger range, with
either intercontinental- or domestic-range capability. The design missions
{table 1) were selected for typical intercontinental (long-range) and domestic
(medium-range) missions to demonstrate the benefits of variable camber. The
ranges for these missions were 10 200 km (5500 nmi)} and 3700 km {2000 nmi),
respectively. Reference configurations developed for each mission served as
the basis for assessing the potential benefits of variable camber.

5.1 INTERCONTINENTAL AND DOMESTIC COMMERCIAL TRANSPORTS--
REFERENCE CONFIGURATIONS

Since the missions selected for this study coincided with those of the
Reference 2 NASA Energy Efficient Engine (E3) studies with well-defined

baseline configurations, the same reference transport configurations were used
for this study.

The development method used to design each study configuration is shown in
Figure 10. The initial design data (step 1 on fig. 10) presented in the
previous section were used to create two reference-configuration drawings
(step 2} with enough detail for analysis of airplane weight, aerodynamic, and
performance characteristics (step 3). During the interior-definition phase,
the payload was determined to be 196 passengers on both configurations. These
data then were used in the engine/airframe matching analyses (steps 4 and 5)
to determine the best combination of engine size, wing size, fuel
requirements, and gross weight necessary to achieve the design mission
objectives.
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Table 1. Design Missions for Typical Domestic and Intercontinental Airplanes

Mission intercontinental airplane Domestic airpiane
Design range, km {nmi} 10 200 (6 500} 3 700 {2 000)
Passenger payload 200 200
{15/85 mix}
Cruise Mach 0.80 0.80
TOFL, m (ft} 3500 {11 500} 2300 {7 500)
Initial cruise altitude, 10 100 (33 000} 10 700 (35 000)
m {ft}
Vapp @t mission landing 69.6 {135) 64.3 {125}
weight, m/s (KEAS)
Step 3
Step 1 Basic drags plus )
. " - . ags
Preliminary Definition ﬁerodynamucs;l [ ] scaling rules

L Aerodynamics l‘
— - . ¢ Basic weights plus
L Configurations l f&?;g‘éﬁ:{%’; » scaling rules
Flight * Wing planform e Thrust, SFC, noise, (
controls b B« Wing thickness POV:'GT engine weights plus
; systems ;
Structyres : Eng!ne number Y scaling rules
and weight . ngine type
Etc. Flight * Tail size plus
Power cor?trols ’ scaling rules J
systems J Step 4
Payload - constant
Step 5 Range - constant

w
Uncycled
baseline
configuration

At g ek e =
e L
s pla e ¢

Step 6
Resize
Paramaeters

Configuration
characteristics

[ S A e
- -t Py,
it e .

Design
point
objective

Yes

Step 7
Final
Airplane
Definition

Mission-sized
configuration

Figure 10. Design Development Method
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The design selection charts for the reference airplanes are shown in Figures
11 and 12. This type of design chart parametrically shows the effect of
thrust/weignt ratio (T/W) and wing loading (¥/S) on airplane gross weight and
block fuel requirements. Performance characteristics, such as takeoff field
Tength (TOFL), mission landing approach speed (VAPP)’ and initial cruise
altitude capability (ICAC) are included. The ratios of the initial cruise

CL capability to the CL for maximum 1ift/drag ratio (CLR) also are
identified. Design mission constraints imposed on these charts separate the
areas of acceptabie and unacceptabie configuration designs.

As shown in Figure 11, the final reference intercontinental airplane was
selected by optimizing the gross weight along the initial altitude constraint
line. The final design for the reference domestic airplane was selected by
considering the trade between fuel burned and gross weight along the TOFL
constraint line as shown in Figure 12. Three-view drawings of these airplanes
are shown in Figures 13 and 14. The mission-sized airplane characteristics
are summarized in Figure 15; a more detailed weight breakdown is given in
Table 2. These reference airplanes are compared with the corresponding
variabie~-camber airplanes in Section 7.

5.2 INTERCONTINENTAL AND DOMESTIC COMMERCIAL TRANSPORTS--
VARIABLE-CAMBER WINGS

The variable-camber configurations were developed from their respective
reference configurations. Variable-camber leading- and trailing-edge devices
were applied only to the outboard sections of span for several reasons.
First, the wing thickness-to-chord ratio (t/c) increases rapidly over the
inboard 30 percent of wing span to minimize the structure (and weight)
required to carry wing bending loads. Incorporating variable-camber design
into the leading edge in this region would involve bending thick double-
curvature surfaces, which would greatly increase loads and complexity.
Second, the landing gear beam extends aft of the rear spar in this region so
that a variable-camber trailing-edge device would have to be Timited to
approximately 20 percent of wing chord. Third, the possible benefits of
variable-camber wings are difficult to assess in this region of the wing where
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Krueger
leading-ed_ge\

device

® Payload 196 passengers

® Range 10 200 km {6500 nmi)
* TOGW 188 140 kg (413 910 Ib)
® Body diameter 5.4 m (212 in}

®* Wing area 315.9 m2 {3400 ft2)

® Aspect ratio 10.24

¢ Engines {4) CF6-50C (scaled)

® SLST 98.92 kN {22 240 1b)

TR =
[ SR U fabl]

STl

Figure 13. Intercontinental Airplane Reference Configuration

Krueger
leading-edge
¢ Payload 196 passengers device 4
® Range 3700 km (2000 nmi) / /= Doubleslotted
Fowler trailing-edge
* TOGW 124 230 kg (273 300 Ib) - flaps
® Body diameter 5.4m (212 in) I/
* Wing area 236 m? {2535 f?) R T e
® Aspect ratio 10.24 e A
® Sweep 30 deg
® Engines (2) CF6-50C (scaled)
® SLST 164 kN (36 930 Ib)

Figure 14. Domestic Airplane Reference Configuration
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Intercontinental

{tem Intercontinental Domestic
198 Passengers 196 Passengers [(0.5) r?ference
Payload, kg (lb} 13‘:;0) 18 230 airplane
: {41 550 {40 180)
,?ﬁ:;?gn Range, km {nmi} 10 200 3700 0.21
‘ {5500) {2000)
Mach number 0.80 0.80 i (0-4) Domestic
: . . reference
Wing type Conventional Co.nventlonal 0.15. airplane
TOGW 187 750 123 970
413 910) {273 300) Weight, [ (0.3)
Weights, §  opw 92 290 76 860 ; :
ka (o) {203 470} (169 450) : 1066kg
Block fuel 66 750 20 740 “0 b}
(147 150) {45 720) 0.1
Reference aréa, 315.9 2355 r (0.2}
Win m2 (ft2) {3400) (25385)
9 lwys, Pa 5840 5170
(Ho/f2) {122 (108)
SLST, N {Ib} 98 030 164 270 J
122 240} {36 930} 0.051 (0.1
Engine T 0.2149 0.2703
Type CF6-50C CF6-50C
Number 4 2 %
BPR 4.40 4.40 ol
S Fuel HEEH OBW
L1 Reserves /4 Payload
Figure 15. Sized Reference Airplane Characteristics
Table 2 Reference Airplane Weights
Intercentinental Domestic
* Item airplane airplane
: kg {Ib} kg {th) |
Wing 24 030 (62980)| 16660 (36 720}
Empennage - 3200 { 7050) 2410 ( 5320)
Body 17110 (37720)| 16050 (35 380)
Nacelle 4 620 {10 180} 4020 ( 8870)
Gear 7340 (16 180)| 6440 (14 200)
Total structure 56300 (124 110)| 45580 (100 490)
Propulsion system 7700 {16970} 6760 (14 900)
Fixed equipment and options 20040 (44 190){ 19350 (42 660)
Standard and operational items 8250 {18200)] 5170 {11 400)
OEW 92200 {203470)| 76860 (160 450)
MZFW 124 350 (274 140} } 104 349 229 962
MLW 134 650 206240 | 108 730 239 200
MTOW 187750 (413910)}1123970 (273 300}

3t



airfoil thickness distribution varies rapidly with spanwise location and where
the flow is influenced by body interference effects. For these reasons,
variable-camber devices were limited to the outboard 65 percent of the wing
span, and conventional high-1ift devices were used inboard next to the body.

The same front spar location was retained for both the reference and variable-
camber airplanes. The front spar is a constant distance from the leading edge
(as contrasted to the constant-percent-chord spar used in the parametric
studies). As with the reference airplane, a constant chord leading-edge
device reduces production costs (through muitiple use of leading-edge device
parts) and increases stall protection for the outboard wing.

The rear spar is located on a constant-percent-chord line: 65 percent for the
intercontinental airplane, and 60 percent for the domestic airplane. The rear
spar location is identical for the intercontinental variable camber and
reference airplanes, but the rear spar of the domestic variable-camber
airplane was moved forward 5 percent to enhance high-1ift capability. The
resultant wing planforms are shown in Figure 16.

As discussed in Section 6, the domestic airplane required more wing area than
the conventionally-flapped airplane to meet the 125 kn approach speed.
Therefore, a second domestic airplane was configured with a douhle-slotted
trailing-edge flap to meet the low-speed requirement and with a wing area
identical to that of the reference domestic airplane. The first and second
domestic variable-camber airplanes have been designated A and B, respectively.

The variable-camber airplanes (intercontinental, domestic airplanes A and B)
are shown on Figures 17, 18, and 19, respectively. The initial 0.524 rad (30
deg) wing sweep of all the airplanes was retained because of the uncertainty
of the weight penalty as the wing was unswept, even though aerodynamic trade
studies indicate potential performance benefits. The overall effect of sweep
on a variable-camber airplane can be quantified only with a comprehensive
optimization study incorporating Mach number, wing thickness, camber, and
twist distributions, plus a detailed aeroelastic analysis for reduced sweep.
Such a developmental effort was not addressed in this study. The sizing
constraints and objectives were the same as those described in Section 4. The
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Intercontinental Airplane

® AR = 10.24

= 0.524 rad {30 deg) Plain Krueger ~
* ACM S 9 flap e
® )\ = 0316 Engine
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7 =0.319
. =0.094
Single-slot ¢
Variable-camber flap
trailing-edge flap
Variable-camber .
aileron
Domestic Airplane l
® AR =10.24 :':r')" Krueger -
® Acia= 0.524 rad (20 deg) Engine -
® 2 =0.316 : ¢ ]

Side of body
\

n=10.322

‘Variable-camber

| ili Single-sl
- trailing-edge flg gle-slot
n =0.73 g-edd P fla

Variable-camber
aileron or flaperon

Figure 16. Variable-Camber Airplane High-Lift Systems
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Long range

Weights TOGW Payload CEW
kg 181 290 90 830
1
{Ib) 1399 700) 96 passengers 1200 200)
Surfaces Wing Horizontal Vertical
Area  m> 285.1 67.2 45.1
121 | 13068.8) (723.33) {4B5.45)
Aspect ratio AR 10.24 4 18
Taper ratio 0.3154 Q.35 0.30
1L.E sweep rad 0.524 Q.611 0611
{deg) 1301 (35) {35)
Incidence  rad 0.079 508
(deg} | 14.53) - -
Dihedral rad o Q.122
(deg}) {7.5) (7.0}
t/c % 15 root 11 root 11.5 roat
10.3 tip 9 tip 8.5 tip
MAC lcref] m 5.752 4.432 5.486
lin) (226.57} {174.49]) (216.0)
Span m 54.032 16.393 9.007
{in} | 12127.2) 1645.401 1354 .61
Tail arm m _ 20.462 20196
tin) (805.60) (795.12)
Tail vo! coeff Vv - 0.319 0.050
Length, m Max dia, m
Body (in) {in)
47.55 5.38
(1877.05) (212)
Number Type S5LST 8PR
Powerplants 353 kN
4 CFe-50C (21 420 b) 43
Nose Main
Landing gear
{21 37x14 (8} 49x19 £

Figure 17. Variable-Camber Intercontinental Range Airplane

——

& =

16

15 [y

14

Planform

thickness, 13

12

- Twist

% gross chord
9 11

10

0

02 04 06 08

5t

BL3.439

. {135.4}
Flat Krueger §gg:z-rs;7;;ed
leading-edge A 42.875
devices High-speed (1688)
aileron
BL11.166
(439.6) Variable-camber

trailing-edge flaps

(911.5}
All-flying tail

with geared elevator
0.256 Cy
Variable-camber
leading-edge
devices

Cargo door
/_ {optional}

T

BL 27.010
— (1063.4) Sta
42936

Double-hinged

=17g.25
{14.3)

rudder



43

Weights TOGW Payload OEW
kg 125900 79 600
{tb) {277 5001 196 passengers 175 500}
Surfaces Wing Horizontal Vertical
aes M2 | 2824 54.6 37.7
Wl {f2n3e (587.7) {405.8)
Aspect ratio AR 10.24 4 i.8
Taper ratioc A 0.3158 0.35 0.30
LE seeep  rad 0.524 0.6T1 a.611
{deg} (30} {35) (35)
Incidence  rad | 0079 _
{deg}, {4.53} -
Dihedral  rad 0.131 0.122
{deg) (7.6} 7.0} -
15 root 11 root 11.5 root
%
te 10.3 tip 9 tip 85 tip
MAC {C ) m 5.444 3.978 5.020
" fin | (214.33 {156.6) 1197.64}
Span m 50.807 14.772 8.240
fin} |(2000.3} {581.57) (324.4}
Tail arm m B 20.461 20.199
{in} {805.55) {795.236)
Tail vol coetf - 0.819 0.059
Length, m Max dia, m
Body {in) {in)
47.548 5.385
{1872) (2121
Number Type SLST BPR
Powerplants
170.1 kN
Z CF&-50C {38 240 1b) 43
Nose Main
Landing gear
(2) 37x14 {8) 4919

16

16

14 -\ 6
Planform 3] - Twist 4 Twist,
thickness, 2 o, deg
% gross chord 3 .

11 AVERA o S5 S e

10

hSONE

0

Sta 0

02 04 06 038 10

Sta Sta
7 14.696722.238
i~ (578.6) |(875.5)
] N 3 ;
— ¢ BL 3.061
Flat Krueger {120.5}
leading-edge \__Singlesslotted  Sta ! \\
devices TR Fowler fiap 43.106
o {1697.1}
BL 10.489 High-speed All-fiying tail
(413.3) zileron with geared elevator
Sta 0.25C
22. .
(891.5)
Variable-camber
/ outboard aileron
Variable-camber,”
leading-edge _BL(?g;:)O’O Double-hinged
devices Sta rudder
42.842
1 686.7)/ /
Cargo door WL  10.998 / 15164
{optional) (433.0)

Figure 18. Variable-Camber Domestic Airplane A
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Daouble-stotted
variable camber

Double-siotted

Wlio-htl TOGW Payioad QEw
kg 124 120 196 17180
fio) {273 700} pessmngere {170 140)
Surfaces Wing Horizoniai Vartiosl
m2 238.0 51.7 8.1
) (2840} (857} (208
Apsct ratioc AR 10.24 4 1.8
Taper ratioc A 0.3158 0.3 0.30
LE sesp rad 0.524 0.811 a.811
{deg) {20} 135 {36}
Incidence red 0.079 _
{deg} 453 -
Dibedenl  rad 0 0132
(chag) 17.8) {7.04 -
1% root 11 root 11.6 root
ve 10.3 tip 9 tip 8.5 tip
WAC lC"'i m 6.232 3873 4810
{in} {208.0) {152.5} {193.3})
m 4916 14.38 8.08
{in} 119385} {588} {318)
Tail arm m _ 20.6 203
{in} {808} (798}
Tail voi coatf - 0.8 0.083
Length, m Maxdis, m
Body {in) {in}
47.549 5.386
N {212}
Number Type SLET BPR
Powerplants
184.3
2 CF8-50C 136 940} 43
Noss Mair LOC C
Landing gear
{2} 37Tn14 {8) 49x19 579

aileron

Variable-camber
outboard aileron

Figure 19, Variable-Camber Domestic Airplane B (Hybrid Variable Camber)



design selection charts and airplane design points for the intercontinental
airplane are shown in Figure 20; the design selection charts for variable-
camber domestic airplanes A and B ake shown in Figures 21 and 22. The
variable-camber intercontinental airplane was constrained by ICAC alone, as
was the reference airplane. Both the reference and the variable-camber
intercontinental airplanes were sized to approximately the same design point
with relation to optimum gross weight versus fuel burned; therefore, they
should provide a good basis for evaluating the merits of variable camber.

As noted before, domestic airplane A required a larger wing than the reference
airplane because of the 125-knot design approach speed. Although this moved
the design point toward minimum block fuel {fig. 21) it also required
increased takeoff gross weight and, therefore, would tend to have a stightly
higher DOC than if unconstrained by approach speed. Variable-camber domestic
airplane B, which had double-slotted flaps, was not constrained by approach
speed and so was sized close to the same design point as the reference
airplane.

Comparisons between the reference and variable-camber airplanes are detailed
in Section 7. '

The selection of design points for the variable-camber airplane represents a
compromise between minimum block fuel (BLKF) and minimum takeoff gross weight
(TOGW). Previous studies indicate that the minimum direct operating cost
(DOC) lies close to the minimum TOGW rather than minimum BLKF. However,
minimum DOC will move‘toward.minimum BLKF as progressively higher fuel prices
are considered. This was not a significant effect over the range of fuel
price considered in this study. As noted before, each variable-camber
airplane is constrained by one of the mission requirements: ICAC for the
intercontinental, approach speed for domestic airplane A. The variable-camber
domestic airplane B, having double-slotted trailing-edge flaps and outboard
flaperons, does not require increased wing area like domestic airplane A.

Figure 23 compares the domestic airplane B with the reference domestic
airplane. Both are sized by the TOFL requirement of 2290m, SL 29°C (7500
ft, SL 84°F) and by a trade between minimum BLKF and TOGW. As seen in the
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figure, approach speed is not a constraint. The domestic variable-camber
airplane is slightly heavier but, having a higher cruise L/D, uses slightly
less block fuel than the reference airplane. Weight summaries for the
variable-camber airplanes are included in Table 3.

Table 3. Variable-Camber Airplane Weights

Intercontinental Domestic Domestic
ltem airplane airplane A airplane 8

kg {Ib) kg {(b) kg {Ib)
Wing 23160 (51070} 18 800 (41 440) 16 950 (37 360)
Empennage 3070 { 6770) 2 560 ( 5640} 2420 ( 5330)
Body 16 990 (37 460) 16 110 (36510) 16 060 (35 390)
Landing gear 7 240 {15 950) 6 490 {14 320) 6 450 (14 220)
Nacelle and strut . 4 460 { 9820} 4 150 { 91860) 4 020 { 8870)
Total structure 54 920 (121 070} 48 110 {106 070} 45 900 (101 170}
Propulsion system 7 380 (16 280} 7 020 (15 470) 6 760 {14 900)
Fixed equipment and options 20 080 (44 270) 19 300 (42 540) 19 360 {42 670)
Standard and operational 8 260 {18 200) 5170 (11 400} 5170 {11 400)
itermns
OEW 90 640 {199 820} 79 600 {175 480) 77 160 (170 140)
MZFW 122 690 (270 490) 107 070 (235990) | 101 300 {223 260)
MLW 131610 (289 550) 109 860 (241 690) | 100400 (238 980)
MTOW 183 840 (405 290) 125 640 (276980) | 124 120 {273 700)
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6.0 AERODYNAMIC ANALYSES

This section describes the analyses required to define the study data bases
and to size and define the study airplanes. Section 6.1 describes the
aerodynamic data bases and the theoretical methods used to supplement them.
Section 6.2 summarizes the aerodynamic analyses of the variable-camber
airplanes. Section 6.3 contains the weights analyses used for both reference
and variable-camber airplanes. Sections 6.5 and 6.6 describe the wing
planform studies performed to assist in the variable-camber airplane design,
as well as the sensitivity studies used to relate a configuration change that
affected dfag and/or weight to the gverall airplane performance or economics.

6.1 AERODYNAMIC DATA BASE

An aerodynamic data base was required to help select the variable-camber
concepts and to predict the effects of changing the airfoil shape, flight
attitude, or speed on aerodynamic characteristics. The aerodynamic data base
for this study consisted of two parts:

s A low-speed data base to predict aerodynamic characteristics of the
airéraft configurations with the high-1ift systems deployed. These data
‘and methods were used to predict the aerodynamic characteristics of the
study configurations during takeoff, ciimbout, approach, and landing.

® A high-speed data base to predict the aerodynamic characteristics of the
aircraft configurations for the remaining portions of the flight
envelope including climb, cruise, descent, and hold.

Central to each data base system are computerized methods for developing
three-dimensional wing aerodynamic characteristics from two-dimensional
airfoil aerodynamic data. The basic aerodynamic data base'uses extensive
Boeing experimental and analytical studies of various airfoil, wing design,
high-1ift systems, and previous variable-camber investigations.
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6.1.1 LOW-SPEED DATA BASE

The low-speed aerodynamic data base design and analysis methods are summarized
in Figure 24. Low-speed aerodynamic characteristics of the study config-
urations were estimated using a computerized method (LOWLAM) developed by
Boeing to evaluate preliminary design configurations for which no wind tunnel
or flight test data exist. LOWLAM predicts full-scale airplane aerodynamic
characteristics from an internal aerodynamic data base that may be
supplemented by additional specific data. The internal data base consists of
flight data for existing Boeing airplanes (models 727, 737, and 747) and
results of other flight and wind-tunnel tests.

The LOWLAM data base is applicable to conventional, mechanical, high-1ift
systems consisting of either plain and/or cambered flaps and/or slots on the
wing lTeading edge and slotted flaps on the wing trailing edge. These
conventional leading- and trailing-edge devices extend in the chordwise
direction when deflected. Figures 25 and 26 show results from an example
application of the LOWLAM program to predict the low-speed aerodynamic
characteristics of a 747 wind-tunnel model.

For this study, the LOWLAM aerodynamic data base was expanded to include data
for sealed leading- and trailing-edge high-1ift devices to represent the
variable-camber configurations. Variable-camber leading-edge data were
developed from three-dimensional flight-test and wind-tunnel data on
configurations with sealed leading-edge devices.

Data necessary to evaluate the trailing-edge contribution to the low-speed
aerodynamic characteristics of the variable-camber airfoils were developed
using a multielement airfoil program and the separated wake analysis program
described in Reference 3. Candidate variable-camber airfoils were analyzed at
fixed angles of attack using the multielement airfoil program to establish the
airfoil section properties. Section maximum 1ift coefficients (cg )

were calculated using the separated wake analysis program. TypicamAﬁumerica1
results of these analyses, shown in Figure 27, include separated wake profiles
calculated for two typical angles of attack. Also shown in Figure 27 are the
resulting calculated section 1ift increments due to trailing-edge deflection
and the section Cp increment used to generate three-dimensional wing
characteristics. MAX


Brenda
Highlight

Brenda
Highlight

Brenda
Highlight

Brenda
Highlight












































































































































