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1.0 SUMMARY

Wing tip extensions, wing tip winglets, and the use of active outboard ailerons for wing
load alleviation were studied as possible ways to improve fuel efficiency of the Boeing
747. The general approach was to improve the cruise lift-to-drag ratio (L/D) by means
of wing tip modifications while using a wing load alleviation system to minimize the
associated structural weight increase. The existing wing jig shape and cruise Mach
number were retained. Potential fuel savings of the concepts were determined by
detailed analyses based on wind tunnel test data. The analyses included structural
resizing to determine the airplane weight increment associated with each concept.
Key results were:

Wing Tip Modifications—A wing tip winglet was designed that performed very well
during wind tunnel testing at the cruise Mach number, achieving 96% of the drag
improvement predicted by subsonic-flow theory. Flutter model testing disclosed that
winglet aerodynamic effects introduced a symmetric flutter mode and a wing tip
flutter mode that required increased wing stiffness to restore predicted flutter speeds
to acceptable levels.

Wing tip extensions up to 3.66m (12ft) per side were compared with the best winglet
configuration tested, which had a span of 4.27m (14 1ft) canted 30 deg out from vertical.
With aeroelastic losses included, a 3.2% increase in fullscale, maximum trimmed L/D
was estimated for this winglet. Trend data indicate this is slightly more L/D
improvement than could be achieved with a tip extension having the same panel
length. Further, the winglet achieves the L/D improvement with less increase in wing
semispan (gate clearance) and with lower bending moments on the inboard portions of
the wing.

When the L/D improvement was adjusted to reflect the effects of the added wing tip
panel and wing box reinforcement weights on fuel efficiency, the optimum WTE
without WLA was found to be about 2.74m (9ft). Although the weight benefits of the
reduced bending moments for the winglet were offset by heavier attachment structure
and by the flutter weight penalty, estimated fuel savings for a fixed payload were
greater for the best winglet than for the best wing tip as shown on the next page.

Wing Load Alleviation—The outboard ailerons on the 747 are presently used as low-
speed roll control surfaces. Although wing torsion loads are increased, the symmetri-
cally deflected ailerons are effective in reducing wing bending moments in maneuvers,
even at flight conditions where they are aeroelastically reversed as roll control
surfaces. An aileron balance tab was evaluated as a means for minimizing the torsion
increases, but the existing (untabbed) aileron configuration appeared preferable and
was retained for the system concept definition and structural benefit studies.

Outboard wing acceleration was the only feedback parameter retained in the final
system configuration, which provides both maneuver load control and damping of the
first wing bending mode. A fail-operational mechanization concept was selected that
utilized in-line monitoring techniques with triplicated sensors, dual-dual computers,
dual electronic channels, and new electrohydraulic dual-tandem actuators. Estimated
reliability for this concept approaches that of a dual yaw damper system.
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Wing structure resizing analyses showed that a net airplane operational empty weight
(OEW) reduction equivalent to 2.5% of the wing structural box weight could be
achieved with the final system configuration. About four-fifths of the benefit accrues
from the maneuver load control function. Resizing of the wing with wing load
alleviation also caused a slight reduction in cruise L/D due to increased aeroelastic
washout, The net improvement in fuel efficiency attributable to wing load alleviation
was estimated to be about 0.2%.

Wing Tip Modifications Combined With Wing Load Alleviation—A 1.83-m (6-ft) wing
tip extension and the best winglet were analyzed and tested in combination with the
existing outboard ailerons deflected symmetrically. Aileron effectiveness for the rigid
wing was about the same with either tip extensions or winglets. Static aeroelastic
effects appeared more favorable for the winglet, but increaséd requirements for
flutter stiffness probably would offset the apparent advantage in ultimate load sizing.
Use of a flutter mode control system to damp the symmetric mode could be beneficial,
especially in combination with wing load alleviation, but would require an extensive
development and test program. Outboard aileron span extension was not evaluated for
either configuration. The fuel savings shown above for wing load alleviation were
determined for the basic wing, but they are considered representative of the additional
fuel savings that could be attained if wing load alleviation were combined with a wing
tip modification.

Economic Comparisons—Retrofit of a tip extension or winglet appears impractical

with or without wing load alleviation, so fleet implementation costs for all concepts
were estimated assuming production line installation. Amortization of development
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and engineering flight test program costs were excluded. Production costs were
greater for the winglet than for a tip extension due to the larger size of the winglet
and increased complexity in the wing-winglet juncture region. Wing box modification
costs were excluded from the wing load alleviation system costs on the assumption
that the system would be installed concurrent with a wing tip modification. Estimated
purchase price curves (derived for this study as a function of market base) and fuel
cost savings were used to compute airline return on investment comparisons of the
individual concepts. Comparisons for a typical 1978 fuel price are shown in the
following figure. Escalation of fuel prices relative to the general inflation rate also
was considered, but it did not alter the economic rankings.

® 1978 dollars and fuel price
® 3700-km (2000-hmi) range
® 866 trips/year

20 Fuel price: 45¢/gal

Acceptable return ension

ing tip ext
g-f1) wing
7777777 777777777777777 1.83mM \
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After-Tax Return on Modification Investment

The most economically attractive study configuration was a 1.83-m (6-ft) tip
extension without leading-edge flaps and without a wing load alleviation system. Since
payload capability is volume-limited rather than weight-limited on typical passenger
routes, the structural weight reduction provided by the wing load alleviation system
could not be converted to increased revenue, and the associated fuel savings were not
sufficient to provide a favorable economic return. The economic return for a wing
load alleviation system could be more favorable for other specific 747 applications or
for airplanes designed for outboard aileron actuation at high speeds. While the winglet
has excellent potential for fuel savings, it appears doubtful that recurring production
costs could be reduced sufficiently for the winglet to become economically competi-
tive with a simple wing tip extension. Furthermore, an extensive development and
flight test program, including additional flutter research and testing, would be
required before committing such concepts to production.



Phase II Recommendations—Flight testing of maneuver and gust load alleviation con-
cepts has been accomplished on the B-747 as part of a separate Boeing-funded IR&D
program and, in combination with a tip extension, on the L-1011 as part of the NASA
(LRC)EET program. Application of a tip extension is an option for normal growth of
the B-747. Near-term commercial application of winglets to the B-747 appears
unlikely. As a result, no further NASA/Boeing 747 EET Phase Il work is recommended
in these technical areas. Application of winglets to other models (e.g., KC-135) with
different wing lift distribution (tips more heavily loaded) and structural characteristics
(not flutter critical) may allow more benefits to be derived. Each configuration
requires tailoring of the winglet design for the specific application.



2.0 INTRODUCTION

This study was conducted as part of the NASA-LRC Energy Efficient Transport (EET)
element of the Aircraft Energy Efficiency (ACEE) program. The overall objective of
the ACEE program is to improve the fuel efficiency of air transportation to conserve
petroleum fuel. The 747 EET study was concerned with aerodynamic improvements in
the form of wing tip modifications to improve lift-to-drag ratio (L/D) and in the
application of active controls for wing load alleviation to minimize the structural
weight increment associated with the wing tip modifications. The study concepts,
illustrated in Figure 1, were analyzed individually and in combination.

Wing load alleviation (WLA)
using active outboard aileron

WLA system input = 747-200B baseline
to elevator N

¥y
By

fraa

Wing tip modification
— @ Winglet
or
@ Tip extension

Figure 1. Study Configurations

The winglets and tip extensions decrease induced drag, thereby improving the L/D.
Tip extensions increase the real aspect ratio of the wing, while winglets increase the
effective aspect ratio and also produce a forward-acting force via the forward
inclination of the winglet normal force vector (similar to a sail). Tip extensions differ
aerodynamically from a new wing of increased span in that the twist distribution of
the existing wing is not reoptimized for the WTE. The study ground rule of
maintaining existing wing jig twist to minimize changes to production tooling (an
important economic consideration) tended to reduce the L/D benefits of both the WTE
and WTW.

The wing load alleviation concept studied was to use the outboard ailerons to shift the
wing lift distribution inboard in maneuvers and low frequency gusts, and to damp the
first wing-bending-mode response to higher frequency gusts. The elevator was used to
compensate for the pitching moments induced by the ailerons.



Relative benefits of the concepts will vary from aircraft to aircraft. For example,
winglets should be more effective on the KC-135 than on the B-747 because of the
heavier wing tip aerodynamic loading on the KC-135. Structural weight benefits of
WLA could be greater for airplanes such as the L-1011 already equipped with high-
speed outboard ailerons.

The 747 EET program was planned for accomplishment in two phases. The first phase,
a 2-year study program, was completed as described in this report. Concepts
identified as having potential for near-term commercial fleet implementation were to
be identified in the Phase I study. At the conclusion of Phase I, a recommendation was
to be made regarding continuation of the program into a Phase II activity for further
development and flight test verification. Although continuation of the 747 EET
program into Phase II has not been recommended, a valuable data base has been
generated that can continue to be used for reference on new and derivative airplane
programs.

2.1 OBJECTIVES AND SCOPE

Objectives—Specific objectives of the 747 Phase I study, reported herein, were to 1)
examine feasibility, benefits, and costs of wing tip extensions (WTE), wing tip winglets
(WTW), and a wing load alleviation (WLA) system employing active outboard ailerons,
and 2) make a recommendation regarding continuation of the program into Phase II.

Scope—Figure 2 illustrates the scope of the Phase I program. The 2-year study
program consisted of analyses and wind tunnel tests. No flight testing was conducted
and, apart from wind tunnel model parts, no hardware was developed. Emphasis was

2-year program Analyses complete

VY Start May 77 \/ May 79

® Wind tunnel testing
BTWT  ywaL A CVAL

Individual concepts

® Studies ® Wing tip extensions (WTE)
® \Wing tip winglets (WTW)
® Wing load alleviation (WLA)

Final configuration
WTE/WTW + WLA

\ Y Recommendation
Wind Tunnels Costs vs
. . . benefits
BTWT: Boeing Transonic Wind Tunnel (force and pressure tests)

UWAL: University of Washington Aeronautical Laboratory
(flutter tests)
CVAL: Convair Aeronautical Laboratory (flutter tests)

Figure 2. Program Outline



on those factors that would affect the economic trades [e.g., lift to drag ratio (L/D)
improvement, structural weight, system reliability, and general design complexityl,
rather than on detailed structural design or control system development, which were
planned for accomplishment during Phase II.

The two high-speed wind tunnel tests were accomplished in the Boeing Transonic Wind
Tunnel (BTWT) to obtain force and pressure data for winglets and for symmetrically
deflected outboard ailerons. Low-speed configuration (flaps down) testing was
deferred to Phase II. Flutter testing of winglets was accomplished in the University of
Washington Aeronautical Laboratory (UWAL) and the Convair Aeronautical Laboratory
(CVAL) using a low-speed flutter model dynamically scaled to represent high-speed
conditions.

Engineering analyses were conducted to determine loads, structural sizing (including
flutter stiffness requirements), weights, L/D, performance, and stability and control
effects for the various concepts. Preliminary engineering design studies were
accomplished to the extent necessary to develop conceptual layouts and work
statements for pricing and to support the analytical effort.

Production costs were estimated. Price curves based on these costs were used in
addition to performance estimates to determine airline return on investment. The
total package of technical and economics data was considered in making the Phase I
recommendation.

2.2 STUDY APPROACH AND GROUND RULES
2.2.1 Approach

The original plan was to study the WTE/WTW/WLA concepts individually, and then
select either a WTE or WTW for more detailed analysis in combination with WLA as a
"final" configuration. As the study progressed, several factors evolved which led to a
decision to carry both WTE and WTW configurations to the end of the Phase I study.

Structural resizing studies were concerned primarily with maneuver load control
(MLC), although gust load alleviation (GLA) potential was analyzed for the basic wing,
and a brief flutter mode control (FMC) feasibility study was conducted for the wing
with winglets. The final control law provided some GLA capability, but since the
design objective was 1o provide MLC, only the maneuver load capability was
considered in the structural sizing of the WTE/WTW configurations.

In the following discussidns, the acronym WLA is used as a general term encompassing
both MLC and GLA. When consideration was limited to maneuver load control only,
the acronym MLC is used.

Winglet Selection—The L/D improvement achieved in BTWT testing of the first winglet
design was no better than for a 1.83-m (6-it) WTE, although a winglet of that size was
known to have considerably more potential. In addition, a flutter problem was
identified in flutter model testing of the winglet, which required modifying available
flutter analysis computer programs before the required wing stiffness increase (flutter
weight penalty) could be estimated. It was decided to alter the study approach so as
to put more emphasis on winglet aerodynamic design/test and flutter analysis while
carrying both the winglet and tip extensions in combination with maneuver load
control for comparison. Selection of the wing tip configuration for Phase II was
deferred to the end of Phase I.



Accordingly, three winglets were designed and tested in the second BTWT entry.
Performance test data were reviewed and the best winglet (designated ZI3) was
selected while loads and stability/control testing were in progress for the 1.83-m (6-ft)
WTE/MLC configuration. Loads and stability/control testing was then conducted for
the Z13 WTW with and without MLC.

Benefits Analyses—Structural resizing and performance analyses were completed for
the 1.83-m (6-ft) WTE and ZI13 WTW without MLC, and for the basic wing (no
WTE/WTW) and the 1.83-m (6-ft) WTE with MLC. Resizing analyses were partially
completed for a 3.66-m (12-ft) WTE, for the first winglet design without MLC, and for
the best winglet (Z13) with MLC.

Section 6.0 discusses investigations wherein the basic wing (no WTE/WTW) was resized
with and without MLC using consistent methodology and ground rules to provide a
basis for assessing WLA benefits. The methodology and ground rules for analyzing all
of the configurations with WLA also were consistent, but differed in some respects
from those used for analyses without WLA. Consequently, the benefits of MLC
combined with tip extensions and winglets should not be inferred from comparison of
the results in Sections 4.0 and 5.0 (WTE/WTW without MLC) against the results in
Section 7.0 (WTE/WTW with MLC) because of the previously noted differences in
methodology and ground rules and also because:

® Final structural sizing was not completed for the WTW/MLC configuration for
reasons discussed in Section 7.0
@ The existing aileron span, which was retained throughout this study, may not be

optimum for the WTE/MLC configuration

Rather than expend the resources necessary to complete final WTW/MLC sizing and
aileron span optimization for the WTE/WTW configurations, a judgement was made
that a valid Phase II recommendation could be based on the assumption that MLC
would offer benefits for both the WTE and WTW comparable to those determined in
Section 6.0 for the basic wing.

Results shown for the L.83-m (6-ft) WTE combined with MLC were obtained from
detailed analyses based on wind tunnel testing with the existing aileron. The data
shown for a 2.74-m (9-ft) WTE were, in general, estimated from the 1.83-m (6-ft) WTE,
3.66-m (12-ft) WTE, and MLC studies. Based on separate Boeing studies, it was
determined that leading-edge flaps probably would not be required for the 1.83-m (6-ft)
WTE, but would be required for a 2.74-m (9-ft) WTE. A leading-edge flap installation
was included in cost and weight estimates for the 2.74-m (9-ft) WTE.

WLA System Studies—The WLA system control law and mechanization concept devel-
opment studies for the MLC and GLA functions were conducted for the basic wing (no
WTE/WTW) only. However, a brief flutter mode control feasibility study was
conducted for the WTW configuration and structural weight benefits of WLA were
examined for both the 1.83-m (6-ft) WTE/MLC and ZI13 WTW/MLC configurations. The
rationale was that wing structural dynamic modes of interest to the MLC/GLA
functions would not differ enough between WTE/WTW configurations to alter the
selection of a control law concept or the number/type of sensors required. Different
filter gain/phase characteristics might be required in the detailed design, but these
differences were assumed to be unimportant for the feasibility/costs/benefits.study.
Flutter mode control was considered only for the wing with winglet since there was no
flutter weight penalty for the basic wing or the WTE configurations with or without
MLC/GLA.



The MLC/GLA system development was approached by arbitrarily selecting a config-
uration for the first cycle of studies, analyzing that configuration to determine where
improvements were necessary, conducting trade studies of alternate configurations,
and then defining an improved configuration for final system performance, cost, and
reliability estimates. Although design emphasis was on MLC for the final WLA
system, the selected system configuration (using wing accelerometers) also was
effective in damping the first wing bending mode in gusts.

2.2.2 Ground Rules
The following ground rules were established:

Baseline Airplane-—The 747-200B configuration illustrated in Figure 3 was defined as
the baseline airplane. At the operating weights indicated, the baseline wing has
positive structural margins of safety at design load conditions.

EET baseline characteristics
® 747-200B
@ JT9D-7FW
® Wing 4

T Mass (weight), kg {Ib)
22.2m

(72t 9in)
( 1 Maximum taxi weight 366610 | (808 000)

Maximum brake release weight 365 150 (805 000)

Design landing weight 285 760 {630 000)
2 Maximum zero fuel weight 238 820 (526 500)
Operating empty weight 171 020 (377 020)
Fuel capacity 159 280 (361 140)
o 70.7m (231 ft 10 in} /lﬁ" | 59.6m (195 ft 8 in)
9.75m 19.3m
(32 ft) {63 ft 5 in)
I 1
25.6m {84 ft) f—
7.75m 11m {36 ft 1 in)
{25 ft 5 in)

Figure 3. Baseline 747-200B Model for EET Studies

Basic Wing Geometry—To minimize changes to production tooling, no changes in wing
planform, airfoil section, or jig twist were allowed inboard of the tip modification.
This reduced the benefits attainable from all WTE/WTW/WLA concepts because all
caused more washout at cruise flight conditions, which has an adverse effect on L/D.
The requirement to retain jig twist is an important distinction between studies of tip
extensions and new wings with increased span, since jig twist could be revised to
optimize cruise twist for a new wing.

Flight Envelope—No changes to the speed/altitude/maneuver envelope were allowed.



Performance Comparisons—Fuel efficiency was expressed in terms of block fuel
savings for a given range with a fixed payload. The maximum taxi weight was
unchanged although the operating empty weight was modified to reflect the structur-
al/system weight changes for the various concepts.

WLA Control Surface—Consideration .was restricted to the outboard aileron as the
primary wing load control surface. The elevators were used to compensate pitching
moments introduced by the ailerons; their application to add pitch damping for GLA
also was considered.

Structural Resizing—Consideration was limited to wing structure only. Ground rules
for treatment of the structural safety margins inherent in the baseline wing differed,
depending on the configuration, as follows:

® WTE/WTW Without WLA—Absorb the existing margins as required and "beef-up"
only where required to bring negative margins back to zero. This ground rule
was adopted to determine if retrofit was practical; i.e., in a retrofit program,
material can be added in some areas by means of doublers, but it is generally
impractical to remove material.

® Structural Benefits of WLA (Basic Wing)—First define a zero margin baseline
without WLA, then resize to zero margin with WLA to determine WLA benefits.

® WTE/WTW With WLA-Resize to zero margins.

2.3 REPORT ORGANIZATION

Results of the individual concept studies (WTE/WTW/WLA) are presented in Sections
4.0, 5.0, and 6.0. Comparisons of WTE versus WTW with and without WLA and the
final cost/benefit comparisons are contained in Section 7.0. Selected discussions of
methodology and supplemental data are supplied in Appendices A and B.

WTE/WTW study emphasis in Section 7.0 is on comparisons of results, whereas Sections
4.0 and 5.0 discuss how the results were obtained. Appendix C describes the wind
tunnel models and facilites and summarizes the conditions tested, while the actual test
data are presented in the other sections or in Appendix B as necessary to support those
discussions.

The principal discussions of WLA, both from the systems and structures points of view,
are contained in Section 6.0. Weight and performance benefits of WLA for the
WTE/WTW configurations are presented in Section 7.0.

2.4 UNITS OF MEASUREMENT

Results are expressed in International System (SI) units with the corresponding U.S.
customary units shown in parenthesis; e.g. 1.83-m (6-ft) WTE. Exceptions are made in
the case of airspeed, weight, and mass. Airspeed is expressed only in knots, which is
universally understood in the aviation industry and is used for instrument markings.
Weight, a force, has not been expressed in the SI unit (newton) because guidelines for
SI usage encourage reference to the mass of an .object rather than the weight.
Accordingly, weight is expressed only in the U.S. customary engineering unit for force
(pound) and the corresponding mass is expressed only in-the SI unit for mass (kilogram).
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3.0 SYMBOLS AND ABBREVIATIONS

A

a sting pitch angle

A cross sectional area

A ratio of root-mean-square value of load to root-mean-
square gust velocity

A/Ap cross sectional area ratio—modified/baseline, both at
same g station

;\/Ao ratio of root-mean-square value of load from closed-
loop dynamic analysis to root-mean-square value of
load from controls fixed dynamic analysis (root-mean-
square gust velocity equals 1.0 ft/sec)

ac alternating current

ACEE aircraft energy efficiency

AND airplane nose down

ANU airplane nose up

AR aspect ratio

ATR Austin Trumbull Radio (ARINC standard for electronic
box size)

'E‘Y ratio of root-mean-square value of load Y to root-mean-
square gust velocity

Ap component area on baseline wing sized to MS =0

A5 ratio of root-mean-square value of control surface angle
§ to root-mean-square gust velocity

B
b wing span
bwTw winglet span

b/2 wing semispan

11



BASIC
BBL

BIT

BM
BM(t)/BM
BTWT

C

g

cg

cCny /(CCNREF
C/4

C

Ce

Ce

CARSRA

baseline

antisymmetric basic flutter mode

body buttock line

built-in test

bending moment

ratio of time variant BM to reference BM

Boeing Transonic Wind Tunnel
C

chord

wing mean aerodynamic chord

center of gravity

normalized static normal force distribution
quarter chord

coefficient

rolling moment coefficient

section lift coefficient

Computer Aided Redundancy Systems Reliability Analysis
(computer program)

chordwise force coefficient

drag coefficient

induced drag coefficient

ratio of elastic to rigid rolling moment
roll damping coefficient

lateral stability Coefficient

lateral control effectiveness

centerline

12



CL lift coefficient

CL2 Control Law 2

Ch airplane pitching moment coefficient

Sm wing section moment coefficient

CmB/CnS ratio of section moment to section normal force
CN normal force coefficient

Cp pressure coefficient

CPU computer processor unit

Croot root chord

ci/cy tab-to-aileron chord ratio

CVAL Convair Aeronautical Laboratory

(General Dynamics Low-Speed Wind Tunnel)

sideforce due to sideslip coefficient

6
n section normal force due to aileron deflection
Ba
CN variation normal force due to angle of attack
o
CnB directional stability coefficient
D
D/A digital-to-analog conversion
dB decibel
dc direct current
deg degree
DFR : detail fatigue rating
E
E Young's modulus of elasticity
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EAS equivalent air speed

EET energy efficient transport
El bending stiffness
EMS elastic mode suppression
F
fb . bending stress
ips feet per second
ft foot
£ | square foot
fwd | forward
FAA Federal Aviation Administration |
FAR Federal Airworthiness Regulation
FCS flight control system
flaps 30 Flaps set at detent 30, the landing flap position. It

is one of several specific flap settings identified on
the flap control and provides flap action approximately
equivalent to a hinged flap at 30 deg down.

FMC flutter. mode control
FN static normal force
G
g acceleration due to gravity
g flutter mode damping
gal gallon
& antisymmetric minimum damping
8 min minimum damping
G shear modulus of elasticity

14



GAG

GJ

GLA

HAA

HF

=L

in
in-+lb
inbd

In/Ia
IR&D

kg

kg/cm

ground-air-ground cycle
torsional stiffness

gust load alleviation
H

high angle of attack
high frequency
hinge line

hertz

inch

inch pound

inboard

model-to-airplane inertia ratio
independent research and development
bending moment of inertia = EAZ2

Iy for baseline wing sized to MS = 0

J

. . . 2
torsion moment of inertia = 4A

J for baseline wing sized to MS = 0

K-

kilogram
kilogram per centimeter

15



km
kn

ksi

Ib
Ib-in
L/D
LH
Lu/la
LRU

LVDT

m2

max

MAC

kilometer

knot

kips per square inch

WLA system aileron gain

knots calibrated airspeed

WLA system elevator gain

knots equivalent airspeed
model-to-airplane stiffness ratio

WLA system gain for lateral control prioritization

pound

pound-inch

lift-to-drag ratio

left hand

model-to-airplane length ratio
line replaceable unit

linear variable differential transformer

M

meter

square meter
maximum
margin of safety
Mach number

mean aerodynamic chord
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MLC maneuver load control

MTW maximum taxi weight
N
nmi nautical mile
n, normal load factor (vertical acceleration)
n load factor (vertical acceleration) at cg
cg
ny . load factor (vertical acceleration) at wing station 1180
wing
N newton
NeM newton meter
NP static neutral point
NU nose up
N(Y) number of exceedances of the indicated value of load
Y per unit time
o)
OB outboard
OEW operational empty weight
ONSB antisymmetric outboard nacelle side bending flutter
mode ,
P
Pa pascal
PCU power control unit
PSD power spectral density
psi pounds per square inch
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am/9a
QSAE

rad
rad/sec
R

R&D
RH
RMS
R/O

ROI

S&C

SI

ref

Q

model-to-airplane dynamic pressure ratio

quasi-static aerodynamics with aeroelastic effects included

R

radian

radians per second

radius

research and development
right hand

root mean square

round off

return on investment

second

stabilizer position relative to fuselage reference line
stabilizer trim setting relative to pilot index

wing area

stability and control

International System of Units

reference area

skin thickness
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t/c
TE
TED

TEU

UAL

UWAL

V-1

VE/VREF

VIZ

MO

airfoil thickness-to-chord ratio
trailing edge
trailing edge down

trailing edge up

U

United Airlines
University of Washington Aeronautical Laboratory

design gust intensity level for PSD design envelope analysis

\'f

velocity

freestream velocity

design maneuver speed

volts alternating current

design speed for maximum gust intensity
design cruise speed

design point dive speed

volts direct current
velocity-damping
velocity-frequency

flutter speed

flutter velocity ratio

flow visualization
model-to-airplane velocity ratio

maximum operating speed
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Weust

WBL
WDP
WL
WLA
WM/
ws
WTE

WTwW

X/C

z/c

Z-XX

reference velocity
stall speed
velocity ratio

takeoff reference speed
v

vertical gust velocity

wing buttock line

wing design plane

waterline

wing load alleviation
model-to-airplane weight ratio
wing station

wing tip extension

wing tip winglet

X
longitudinal axis/distance/force

chordwise location in percent chord
Y

lateral axis/distance/force

vertical location in percent chord
vertical axis/distance/force

winglet configuration designation
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(Aw)/Y

Mwinglet

ch
A

Ow

¢—
AOZ

w

GREEK SYMBOLS

angle of attack

wing angle of attack

winglet incidence angle

deflection angle

angular deflection rate

aileron deflection angle

aileron deflection command

outboard aileron rate

elevator deflection command

outboard elevator deflection

outboard elevator rate

tab deflection

incremental

differential pressure

weight distribution

wing spanwise lo%l}ion expressed‘as‘ a fraptiop of basic
wing semispan = 2— (= 1.0 at existing wing tip, n>1.0
at tip of wing with WTE)

winglet spanwise location expressed as a fraction of
winglet span

standard deviation
pitch rate at cg

sweep angle

RMS vertical gust intensity
normalized power

vibrational frequency
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4.0 WING TIP EXTENSIONS

This section discusses the addition of wing tip extensions (WTE) to the baseline wing
without wing load alleviation (WLA). Comparisons with wing tip winglets (WTW) and
discussions of WTE combined with WLA are contained in Section 7.0.

Two wing tip extensions were analyzed in detail. One was a 1.83-m (6-ft) WTE
previously tested in a Boeing High-Speed Wind Tunnel test (BTWT 1441). The second
was a 3.66-m (l12-ft) WTE selected for analysis on the basis of preliminary (quick-look)
trend studies that considered flutter and the effects of increased aeroelastic washout
on lift to drag ratio (L/D). Although L/D continues to increase for semispan increases
to 3.66m (12 ft), the maximum studied, the detailed analyses showed net fuel
efficiency to be little better for the 3.66-m ([2-ft) WTE than for the [.83-m (6-ft) WTE
when structural weight effects also were included.

Based on results of the trend studies and subsequent detailed analyses, a 2.74-m (9-ft)
WTE was selected as the optimum semispan increase for a WTE without WLA. A
longer tip extension could be optimum with WLA, depending upon the extent to which
the WLA system negates the added weight penalty. However, concerns regarding
flutter, the need for leading-edge flaps, and gate/maintenance hangar access increase
with the length of the WTE.

The L/D estimates shown in the figures in this section are about 0.1% higher than the
final results shown for the WTE versus WTW comparisons. This is because, to be
consistent with the WTW analyses, a more detailed analysis was used for the final
comparisons. Based on the final analyses, an L/D improvement of about 1.9% was

estimated for the 1.83-m (6-ft) WTE. While not specifically analyzed without WLA, a.

2.6% improvement in L/D can be inferred from interpolation of the available data.
The net improvement in fuel efficiency also depends on the added weight of the added
tip panel and wing structural reinforcement and varies with trip distance. Final
comparisons of fuel savings are contained in Section 7.3.1.

4.1 PRELIMINARY TREND STUDIES

The study plan called for detailed analyses of a 1.83-m (6-ft) WTE and an alternate
WTE to determine net fuel efficiency improvement considering both L/D and weight
effects. Estimation of the weight effect requires extensive structural resizing
analyses, and could be done for only one alternate configuration due to time and
budget constraints. The purpose of the preliminary trend studies was to provide
guidance in selecting the alternate configuration so that resources would not be
wasted on detailed analyses of a configuration having no chance of being better than a
1.83-m (6-ft) WTE.

Prior studies had shown that aeroelastic washout negated much of the potential L/D
benefit of a WTE. Hence, elastic wing twist was computed for [.83- and 3.66-m (6-and
12-ft) extensions, using loads developed from the prior 1.83-m (6-ft) WTE test and
extrapolated to 3.66m (12 ft). Baseline wing stiffness was assumed; i.e., no structural
resizing for the twist calculation nor for the preliminary flutter trend analyses.

These preliminary trend study results showed no reason to limit the semispan increase
to less than 3.66m (12 £1), the maximum considered in the study. Because a significant
portion of the loads analysis was completed for a 3.66-m (12-ft) WTE as a fall out of
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the trend study, detailed analyses were continued for that configuration, as reported in
Section 4.2.

4.1.1 Lift-to-Drag Ratio Improvement

The configurations analyzed for the trend study are shown on Figures 4 and 5. The
BTWT 1441 1.83-m (6-ft) tip extension has a constant chord, thickness, and jig twist
that are the same as the existing 747 wing section at wing buttock line (WBL) 1169.
The 3.66-m (12-ft) tip extension also has a constant thickness/chord ratio and jig twist
that are the same as the existing wing section at WBL 1169, but has a tapered chord.
Aerodynamically, differences due to a tapered planform versus constant chord
planform were found to be negligible for the 1.83-m (6-ft) tip.

The experimental increments shown on Figure 6 for the 1.83-m (6-ft) WTE were used as
a basis for predicting drag for longer tip extensions. Twist of the basic-model wing
(W46, no WTE) corresponds to the l-g cruise twist, taking into account the elastic twist
of the model. No additional twist was designed into the WTE (fig. 4). This wind tunnel
mode!l configuration represents a flight cruise condition with no additional penalties
due to aeroelastic twist because of the WTE ("existing twist"). A brief study was made
to optimize the twist on the wing tip for minimum induced drag, but the optimization
had little effect on drag and resulted in a twist distribution that would be impractical
to manufacture. As a result, no additional jig twist was designed into the wing tip
extensions.

Figure 7 shows that (L/D)y 5y increases with the length of the WTE. The aeroelastic
twist penalty for the baseline wing stiffness (no resizing) also is shown. From an
aerodynamic standpoint alone, not considering weight effects, there was no apparent
reason not.to consider span extension up to 3.66m (12 ft) or more per side.

4.1.2 Loads and Twist

The 1.83- and 3.66-m (6- and 12-ft) tip extensions were analyzed using baseline wing
stiffness to support the span extension trend studies. The load results for these studies
are presented and discussed in Section 4.2.2.

4.1.3 Flutter

Preliminary flutter analyses using conventional methods for planar wings were
conducted on WTEs to explore feasibility of the wing tip extension concept for lengths
up to 3.66m (12 ft). Simple constant chord extension increments of 0.91m (3 ft) were
added to the standard airplane antisymmetric flutter analysis. Identical weights and
stiffnesses were used for each increment, based on the nominal airplane wing tip
properties. The aerodynamic spanwise lift distribution was adjusted for each incre-
ment by the theoretical change of the baseline airplane experimental lift distribution.

Results of these analyses showed the relative effects of WTEs on the 747 wing flutter
modes. The critical antisymmetric wing flutter mode is referred to as the BASIC
mode and is characterized by wing bending and torsion and aft fuselage bending.

Figure 8 shows the relative change in minimum damping of the antisymmetric BASIC
mode as a function of WTE length for the nominal airplane with full wing fuel and full
payload.
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The trend results of Figure 8 show that a minimum damping decrease of 0.008 would
be expected for a 1.83-m (6-ft) extension. This is considered acceptable without
additional wing stiffness requirements for flutter. Longer extensions, while feasible,
require further analyses (including symmetric analyses) and wind tunnel data to
determine stiffness requirements. Symmetric mode analyses were conducted during
final configuration flutter investigations, which are discussed in Section 7.1.3.

4.2 ANALYSES OF TWO WING TIP EXTENSION CONFIGURATIONS

This section discusses detailed analyses conducted for 1.83- and 3.66-m (6- and 12-ft)
WTEs. Wind tunnel data used in the 1.83-m (6-ft) WTE analyses were obtained from a
prior Boeing test (BTWT l441). Aerodynamic data from loads testing of this WTE were
extrapolated for use in the 3.66-m (I12-ft) WTE study.

In general, the analyses to determine fuel savings consisted of loads definition and
ultimate and fatigue sizing, based upon comprehensive sets of design loads, flutter
stability checks, cruise twist, and weights estimates for the resized wing. L/D
computation accounted for twist effects, and fuel savings estimates accounted for L/D
and weight effects. However, the structural loads and sizing cycle was abbreviated
for the 3.66-m (12-ft) WTE after it became apparent from preliminary weights data
that fuel savings would be only slightly more for the 3.66-m (12-ft) than for the 1.83-m
(6-ft) WTE.

The effects of tip extensions on stability and control and on the flight control system
were determined only for the 1.83-m (6-ft) WTE. Preliminary design studies concerned
with the tip attachment concept and equipment relocation, which formed a basis for
cost estimation, also concentrated on the 1.83-m (6-ft) WTE. In these areas,
considerable background information and drawings were available from prior studies.

4.2.1 Lift-to-Drag Ratio Improvement

Figure 9 shows percent increase in (L/D)max as a function of length of the WTE.
Structural resizing decreased the twist penalty slightly, as seen by comparing these
results with those on Figure 7. .

The L/D equivalent of the increased operating empty weight (OEW) was obtained using
a trade factor of 0.2% L/D decrease per 453.5 kg (1000 1b) of airplane mass (weight)
increase. This trade factor is valid for nontakeoff gross weight limited missions [e.g.,
5556 km (3000 nmi)]. Net (L/D)max indicates that a 2.74-m (9-ft) tip extension is
near optimum. Comparisons with winglets are shown in Section 7.1.6.

4.2.2 Loads and Twist

This section shows the load results used for the tip extension studies. Maneuver
conditions critical for design of the wing structure were analyzed for the baseline wing
with 1.83- and 3.66-m (6- and 12-ft) tip extensions (WTE). Fatigue analyses were
conducted only for the 1.83-m (6-ft) WTE, although approximate fatigue material
requirements were estimated for the 3.66-m (12-ft) WTE. Required weight and
stiffness increases were determined, and the analysis was cycled to determine final
load results.
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Figure 9. Performance Trends for Wing Tip Extension

The aerodynamic forces used for the analysis were based on wind tunnel test data for a
1.83-m (6-ft) tip extension (BTWT 144l test) and extrapolated for analysis of the 3.66-m
(12-ft) tip configuration. A sample incremental span loading for the 1.83-m (6-ft) tip
extension, as determined from the wind tunnel data, is contained in Appendix B.

Figure 10 shows the effect of the WTEs on wing design bending moment and Figure 11
shows wing twist data for a typical cruise condition. As expected, the WTEs increased
wing design bending moment and also increased wing tip washout for the cruise flight
condition. The effect of the required increased stiffness was small for the 1.83-m (6-
ft) tip extension because the baseline wing had excess structural margins that were
absorbed as required when the [.83-m (6-ft) tip extension was added. For both
configurations, final load results were obtained in one loads-stiffness iteration cycle.

The tip extension configurations were not critical for flutter or gust; therefore, the
stiffness for maneuver and fatigue design gave the final load and twist results for
these configurations.

4.2.3 Structural Resizing

The wing box spar webs and panels (skins, stringers, spar chords) were analyzed for
ultimate loads, fatigue loads, and flutter stiffness requirements. The ultimate stress
analysis methods used were identical to those used in the 747-200B certification stress

analysis, and included correction factors obtained from full-scale wing static destruc-
tion tests.
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The fatigue analyses were based on a life goal of 20 years, using the typical 3-hour
average flight length of the 747-200B. The analyses used a Boeing-developed fatigue
analysis method that utilizes detail fatigue ratings. All significant flight and ground
loads were included or estimated in the analyses.

Panel skin/stringer areas were resized using the existing ratio of skin area/stringer
area, which maintains the fail-safe capability of the structure.

To determine the changes required to retrofit a tip extension, the wing box structure
was resized to bring all negative margins of safety (MS) up to zero (MS = 0, "beef-up"
only). No material was removed where positive margin of safety remained. Since
resizing affected the wing stiffness (EI and GJ), a new set of loads, based on the new
stiffness, was used for the final sizing analysis. Results are shown in Figures 12 and
13,
A/Ap = cross sectional area ratio—modified/baseline
® All results based on the same external loads

@ Loads based on configuration with baseline MS absorbed

'
|
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Figure 12. Structural Sizing of Wing With 1.83m (6-ft) WTE
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No material was required for flutter on the wing with the 1.83-m (6-ft) tip extension.
Mid-and rear-spar webs on the wings with tip extensions did not require any strength
increase.

To provide an indication of the weight penalty associated with installing a tip
extension on a wing initially having a zero margin of safety in the upper and lower
panels, these panels were resized (using the same external loads) to have margins of
safety equal to those of the baseline wing. Critical spar web loads were not
calculated; therefore, spar web gages were not increased above the "beef-up"-only
sizing. If spar web gages had been increased to maintain their baseline margin of
safety, the weight impact would have been small. If loads with a tip extension
produced a smaller sizing, then no material was removed from these sections. Sizing
results are shown in Figures 12 and 14.

The 3.66-m (12-ft) tip configuration sizing shown in Figures 13 and 14 was obtained
from using ultimate maneuver loads only. Airplane performance based upon this sizing
indicated that little benefit could be obtained relative to the 1.83-m (6-ft) tip.
Therefore, fatigue and flutter analyses were not accomplished, although a fatigue
weight increment was estimated. If more weight were added to satisfy flutter
requirements, the performance would only be further reduced.

A study indicated that retrofitting a tip extension is not practical because of the
extensive wing structural changes required.

4.2.4 Weights

Wing tip extension .panel weights were estimated from a configuration description and
layout drawings. The panel/attachment configuration description was based on a prior
Boeing study of a 1.83-m (6-ft) extension. The weight -of the tip for that study was
calculated from drawings and was used to verify the current study estimate. The
weight buildup of the 1.83-m (6-ft) extension is as follows:

Mass/airplane Weight/airplane
kg (Ib)
Extension of wing box 243 (535)
Extension of leading edge 82 (180)
(no leading-edge device)
Extension of trailing edge 38 (84)
Additional access doors 7 : (16)
Deletions from baseline -54 (-120)
Miscellany and round off 2 (5)
(systems relocation, etc.)
Total 1.83-m (6-ft) WTE S18 (700)

The weight of the 3.66-m (I12-ft) extension was estimated to be twice that of the

1.83-m (6-ft) extension. Wing box weight increments were estimated from the stress
sizings.

Table 1 compares weight increments of the 1.83- and 3.66-m (6- and 12-ft) WTE with
the existing margins of safety absorbed and maintained.
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Table 1. Wing Tip Extension (WTE) Weight Summary

Increment per airplane,
mass (weight), kg {Ib)
1.83m (6-ft) WTE 3.66m (12-ft) WTE
Absorb Maintain Absorb Maintain
existing existing existing existing
MS MS MS MS
Wing tip installation 317 (700) | 317 (700} 635 (1400)| 635 (1400)
Wing box reinforcementfor:
@ Static loads 190 (420) | 1360 (3000) | 1168 (2575} |2710 (5975}
® Fatigue 45 (100) 0 (0) 230 (500) 0 (0)
® Flutter 0 0 0 0
Total delta increase/airplane 553 (1220)| 1678 (3700) | 2030 (4475) )3345 (7375)

4.2.5 Stability and Control

The addition of a WTE changes the stability and control characteristics of the basic
airplane to the extent that minor modifications to the longitudinal -flight control
system may bé required. Some lateral-directional stability and control characteristics
are slightly degraded, but no aileron span extension or other lateral control system
revisions are considered necessary. Results of this task were derived from analyses of
data for 1.52- and 1.83-m (5- and 6-ft) tip extensions obtained from prior wind tunnel
tests. Similar effects are expected with longer extensions.

As shown in Figure 15, a WTE results in an increase in rigid airframe longitudinal
stability due to additional lifting capability aft of the quarter chord of the mean
aerodynamic chord (MAC). This stability increase is largely offset by aeroelastic
losses, but the net result is an increase of approximately 2-3% MAC, flaps up. The
corresponding increase for flaps 30 (landing flaps) is 3% MAC. The increased stability
will result in increased stick forces to maneuver. However, the stick forces per g can-
be reduced to present levels, if desired, by minor modification of the feel system.

The WTE tends to increase longitudinal static stability relative to the basic airplane,
except for indication of tuck (airplane tendency to nose down with increasing Mach
number) at speeds a little above the cruise Mach number which can be inferred from
the wind tunnel data comparisons in Figure 16. I more extensive investigations
(including aeroelastic and feel system effects) indicate improvement is required, some
compensation can be gained through changes such as adjustment of the elevator

rigging.

Stabilizer -trim requirements to trim with the wing tip extension are generally more
airplane nose down (stabilizer leading edge up) during cruise. The difference is
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approximately 1/4 unit at maximum operating speed. Landing trim is more airplane
nose up by approximately 3/4 unit at the approach reference speed. Approximately 1/2
unit more airplane nose up trim is required for takeoff.

The addition of a WTE to the 747 has only small effects on lateral-directional stability
derivatives. The tip is expected to increase roll due to sideslip (C g g) by 2-3%,
increase roll due to outboard aileron ( Cqp ) by 3-4%, and increase roll damping (Cgﬁ)
by 2-3%. The impact of a tip extension onyawing moment and side force derivatives
is negligible.

The effects of these changes on lateral-directional static stability characteristics (i.e.,
engine-out control, cross wind capability, rudder induced sideslips) are minimized by
the fact that the increases in Cggand Cygg 4 are offsetting when the flaps are down.
For flaps up flight, where the outboard aileron is locked out, the wheel required in
side-slip will increase by 2-3%, which is negligible.

For flaps-down flight, the 2-3% increase in roll damping and 3-4% increase in aileron
effectiveness combine to cause a loss in roll performance of approximately 19%. Flaps
up, maximum roll rate will be reduced 2-3%. Both changes are considered acceptable
(though undesirable), so an aileron span extension is not mandatory to meet flying
qualities requirements with the WTE.

The predicted increases in Cgpand CgA have offsetting effects on Dutch roll
characteristics, with the net effect being Fo noticeable change in either damping or
period. Spiral stability will be very slightly increased.

The flight control system modifications to compensate for the stability and control
effects of wing tip extensions are noted in Section 4.3.4.

4.3 INSTALLATION DESIGN CONCEPT

The design studies were concerned primarily with establishing feasibility and providing
preliminary design work statements for use in obtaining cost estimates. Emphasis was
on production-line installation for future deliveries, although feasibility of retrofit
also was studied and found to be impractical. Three-view drawings illustrating the
WTE/WTW configurations considered as final configuration candidates are presented in
Section 7.1.8.

4.3.1 Extension Configuration and Construction

Previous studies of wing tip extensions determined that it was possible to simplify
construction and minimize fabrication costs if the extension had a constant chord,

thickness, and twist, the same as the existing wing section at WLB 1169. The extension.

construction is the 'same as the inboard wing, namely sheet stiffener and honeycomb
panels. The existing tip fairing is retained and, by revising existing attachment hole
locations, is installed 1.83m (6 ft) outboard.

4.3.2 Extension/Wing Splice
Existing wing spar and skin panel lengths are the maximum capable of being handled
without affecting major assembly fixtures and manufacturing equipment. The wing

and extensjon, thetrefore, are fabricated as separate units, then spliced at the locations
shown in Figure 17. '
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4.3.3 Wing Structural Revision

The inboard wing box is reinforced to carry the increased loads from the increased
span. Reinforcing is achieved by revising the machining of the skin, stringers, and
front spar. The same skin/stringer thickness ratio is maintained, as in the existing
wing, to satisfy fail-safe requirements. Existing raw plate material and extrusions can
accommodate the thickness increase of the revised parts.

4.3.4 Control Systems Revision

Some relatively minor changes to the elevator and stabilizer control systems may be
required. For example, the elevators can be rerigged with additional downrig (more
trailing edge down) to improve cruise static (speed) stability and mistrimmed dive
recovery. The elevator feel system may be revised to maintain stick control force at
the current force level. The stabilizer limit switches are relocated to provide
increased electrical trim capability. To accommodate the revised takeoff trim range,
the stabilizer greenband is modified and the greenband warning switches are relocated.

4.3.5 Electric and Electronic Systems

These systems, presently located in the tips, are simply moved outboard and similarly
located.

4.4 INTERIM ASSESSMENT

Selection of the best WTE is a compromise between a number of factors, including
performance, manufacturing cost, gate/taxiway clearance, flying qualities, and the
extent of the development program required to address technical concerns such as
flutter or bufiet.

A 1.83-m (6-ft) WTE provides improved fuel efficiency and probably would not require
leading-edge flaps or flutter material. Access to some existing gates would be lost,
taxiway clearances would be reduced, and some minor modifications would be required
to maintenance facilities. Minor flight control system revisions would be required
(e.g., revised trim limits), but effects on flying qualities would be minimal with no
aileron modifications required.

A 2.74-m (9-ft) WTE appears to be near optimum with respect to improved fuel
efficiency for application without WLA, but leading-edge flaps would probably be
required to avoid undesirable buffet, which would increase manufacturing costs. Still
larger span extensions might give better fuel efficiency with WLA, but they would
increase concerns regarding flutter, buffet, and gate/taxiway clearance and might
require extension of the aileron span.

The 1.83-m (6-ft) WTE has economic and operational advantages, while the 2.74-m
(9-ft) WTE has performance advantages; therefore, both should be considered in the
final comparisons with winglets.

There is nothing unique about wing design, manufacturing, or FAA certification of tip
extensions. No certification rule revisions or new special conditions should be
necessary and certification of the modification should be routine.
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5.0 WING TIP WINGLETS

This section discusses the addition of wing tip winglets (WTW) to the baseline wing
without wing load alleviation (WLA). Comparisons with wing tip extensions (WTE) and
discussion of WTW combined with WLA are provided in Section 7.0.

The winglet studies were similar to the tip extension studies in that detailed analyses
(including structural sizing) to determine potential fuel savings were conducted for
two configurations, Z9 and ZI3 (sec. 5.3); however, the winglet studies required a much
larger effort than did the tip extension studies. Several winglets had te be designed
and tested in the Boeing Transonic Wind Tunnel (BTWT) before satisfactory perform-
ance was achieved; flutter model testing was necessary and analytical tools had to be
modified in the areas of aerodynamic design, loads, and flutter. The winglet design
and test data analysis activities are discussed in Section 5.2.

Flutter testing showed that the winglets caused a symmetric flutter mode and a wing
tip flutter mode to appear that are not present for the baseline wing. Testing with the
winglets replaced by equivalent masses, showed the modes resulted from aerodynamic
rather than mass effects. Flutter speeds with these modes were greatly reduced
relative to the flutter speed for the antisymmetric flutter mode of the baseline wing.

These modes and the attendant reduction in flutter speed were not predicted by the
‘conventional flutter analysis methods used prior to the winglet test. When the
problem appeared, the flutter study plan was expanded to improve the winglet flutter
analysis. As discussed in Section 5.2.2, the improved analysis gave a reasonable degree
of correlation with the test results and was then used as part of the final structural
sizing cycle for the ZI3 WTW.

Flutter sizing required addition of a significant amount of stiffness material. The
added flutter weight, when translated in terms of equivalent L/D, reduced the L/D
benefits of the Z13 WTW by about 0.5%. Complete L/D, weight, and performance data
are presented in Section 5.3,

The ZI3 WTW gave the best performance of the configurations tested, achieving 96%
of the potential predicted by subsonic theory. A full-scale increase in maximum
trimmed cruise L/D of 3.2% (which includes the adverse effects of increased
aeroelastic washout of the basic wing) was estimated. This is a significant improve-
ment and is better than that attained by any other winglet tested to date on a 747
model. Having a full-chord planform and a reasonable thickness-to-chord ratio, the
ZI13 is better with respect to wing/winglet attachment design than the partial-chord
designs (Z11 and Z12) that were tested. Hence, the ZI13 WTW was selected as the
"final" winglet configuration for comparison with tip extensions and for combination
with WLA.

A preliminary design installation concept was devised that used three steel fittings to
attach the wing spars to the winglet spars. This concept was judged to be
unsatisfactory with respect to stress and manufacturing aspects, so a concept
employing multiple spars in the wing/winglet juncture reglon was adopted for the final
winglet (Z13) attachment design.
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5.1 TEST CONFIGURATION SELECTION

A number of winglet configurations had been wind tunnel tested on 747 models prior to
this program. The best of these (Z4) was similar to the winglet developed for the
NASA /Boeing KC-135 Winglet Flight Test Program. This design, which had a span
equivalent to 13.5% of the wing semi-span, and associated design methods were used as
a starting point for design of the first 747 EET winglet (Z9). The Z4 had failed to
achieve its theoretical performance potential at cruise Mach, so modifications
intended to correct these deficiencies were incorporated into the Z9, which was
designed to achieve optimum loading. When the Z9 also failed to meet its
performance potential, the winglet design and test activities were expanded to
enhance development of a successful winglet. Based upon available time, resources,
and tunnel occupancy, three winglets (ZIl, Z12, Z13) were designed for the second
BTWT entry. A suboptimal loading philosophy was adopted for the aerodynamic design
of these winglets, and a radius blend was incorporated in the wing-winglet juncture

region. The winglets tested and their design pressure loadings are illustrated in Figure
18.

15 deg Design loadings

M=07C =045

No blend e
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Airfoil section C-C

Figure 18. Winglet Configurations Tested in BTWT

The winglet aerodynamic design procedure is discussed in Section 5.l.1. Aerodynamic
design was initiated on the ZIl winglet and a brief trend study (sec. 5.1.2) was
conducted. The primary purpose of the trend study was to determine if the 30-deg
cant angle being considered for the ZI12 and ZI3 (to aid in alleviating transonic
interference effects in' the wing-winglet juncture) would result in an excessive
structural weight penalty or aggravate flutter. The trend studies indicated only a
small weight increase with the increased cant angle, so aerodynamic design of the Z12
and Z13 configurations proceeded using 30 deg of cant.

Fabrication of winglet models Zil, Z12, and Z13 was more detailed than for the Z9.

Closer tolerances were held on the leading edges and the wing-winglet juncture blend
was machined as an integral part of the winglet.
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5.1.1 Aerodynamic Design

This section describes how the winglet design cycle was carried out and reviews the Z9
winglet design, its problem areas, and the revised approach used for winglets Zll, ZI12,
and ZI3.

The winglet design method was based primarily on two computer programs: A372, a
vortex lattice program capable of designing the winglet camber surface and A230, an
inviscid, subsonic potential flow program that calculates surface pressure distri-
butions. Details of these programs and the paneling models used are in Appendix A.

The winglet design and iteration process is shown in Figure 19. Winglet span, cant
angle, and loading (CN) are the significant parameters affecting induced drag. Winglet
planform and airfoil shape are significant parameters affecting viscous and compres-
sibility drag. Winglet interference drag is a strong function of Mach number, cant
angle, winglet loading, planform shape, and winglet chordwise location on the wing tip.
All these factors influence the selection of winglet planform and cant angle. (The
drag trend portion of Section 5.1.2 discusses the effect of span and cant angle on
induced drag.)

{nput to GCS
Input to A372 Output from A372 loft program
et 2ol
+ = + X/C =
X/C

Select planform Specify chordwise Camber surface for Combine camber surface
and cant angle loading shape based minimum CDi with with thickness form

on selected initial optional constraints of initial airfoil

airfoil (e.g., Cy = constraint}

wingle

Output from
Output from GCS A230 A230 Design iteration

No , If design needs further
refinement, the A372
c design cycle may be
P repeated (e.g., change
e

chordwise loading)

Yes \ When surface pressure
distribution is

erfgl.efc loft Panelm‘g ff)r o Syrf?ce pressure acceptable design is
definition subsonic, inviscid distribution on
. - . complete
potential flow wing and winglet
analysis

Figure 19. Design Iteration
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Initial airfoil selection is an important element of a successful winglet design. A
preliminary design run using computer program A372 is made to determine the
required section lift coefficient for the airfoil. The initial airfoil selection was based
on the required section lift, winglet planform sweep, and cruise Mach number.

The chordwise vorticity distribution of the initial airfoil section was determined for
use in the A372 design program. As a design tool, A372 allows the winglet camber
surface to be determined for a prescribed section chordwise loading shape. The
designed camber surface corresponds to minimum induced drag for the wing and
winglet with optional constraints (e.g., specified normal force on winglet surface).
The design of the winglet in combination with an existing wing will produce no change
in wing geometry and yields a prescribed geometry for the winglet camber surface.
An important feature of the A372 computer program is that the camber surface for
the winglet is designed in the curvilinear flow at the wing tip.

The designed winglet camber surface then is combined with the thickness form of the
initial airfoil section to make a winglet loft. The resultant winglet definition is
paneled for analysis in the A230 potential flow program. The A230 surface pressure
distributions on the wing tip and winglet are evaluated for interference effects and
suitability of winglet section pressure characteristics. If the interference between
wing and winglet is excessive or the winglet section pressure distribution requires
modification, iteration will be needed. An iteration could involve a change in the
section chordwise loading shape input to A372 or a change in the airfoil thickness
distribution. When the A230 analysis yields acceptable surface pressure distributions
the design is complete.

The winglet design method described in the preceding paragraphs has several limi-
tations. The A372 camber surface design is for incompressible conditions. This may
result in excessive winglet root loading at cruise Mach number (0.84). Additionally,
the winglet camber surface resulting from an A372 design run may be unacceptably
defined over approximately one third of the inboard span (design surface indicated is
impractical to loft because of sharp spanwise changes in twist and camber). This
results in a necessary modification to the inboard camber geometry. The modification
can be made with relatively small changes to the winglet span load, although the time
required may be significant. Another limitation involves the lack of analysis
capability at cruise Mach number. The A230 analysis is essentially limited to
predicting subsonic surface pressure distributions.

29 was the first winglet designed in the 747 EET development program. Previous 747
studies were done on a partial wing tip chord winglet Z&4 (similar to ZIl in planform
shape). The Z9 winglet was a full wing tip chord winglet of trapezoidal planform. The
previous-study winglet (Z#) did not meet its goal for cruise drag reduction. The main
problem area was excessive winglet section loading. Winglet Z9 was designed to have
essentially the same optimum span loading as the earlier study winglet, but with
approximately 27% greater planform area (fig. 20). This increased area resulted in a
theoretical required section lift coefficient that was 20% less than the previous
winglet at midspan (fig. 21). The camber surface (chordwise loading shape) of the Z4
winglet was modified to reflect the increased planform area of Z9 and used to define
the Z9 winglet geometry (fig. 22). As shown on Figure 23, the Z9 winglet did not
perform as well as expected; cruise drag reduction was only 20% of estimated.
Excessive leading-edge velocities caused significant wave drag and the larger planform
resulted in undesirable wing tip interference losses. The experimental results of the
747 EET winglet testing are discussed in Section 5.2.1.
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Planform characteristics
Winglet
Parameter Z, Zq EET winglet 29 - —/7
Ac/4 (degrees) 35 38 /
Aspect ratio 2.0 1.6 Previous study
(t/C)max 0.07 0.087 winglet Z4 /
Ctip/Croot 0.35 0.23 /
b, m (t) 4.03 (13.21)| 4.01 (13.16) /
Sref, M2 (f2) 7.99 (86.0) |10.15 (109.3) /
Cant (degrees) 15 15 /
/
/
/
/

Airfoil section at wing tip

Figure 20. Winglet Geometry Comparison
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Figure 22. Winglet 29 and Z10 Geometry

46




Z29/Z13 planform

Z9 Z13
Cant angle {(degrees) 15 30
(t/C)max 0.087 0.075
Junction blend*® No Yes
Loading concept Optimum Suboptimum
Tested during BTWT 1599 BTWT 1642
BwTw (degrees) -1.5 0

Trimmed wind tunnel drag increment

-0.0010 CL=0.45 |
-0.0008 |- Z13 estimated —
et W
ACp 0.0006 : i /= Z9 estimated
-0.0004
~-0.0002 |- , 7
0.000 l’/—Cruise mach
0 - L | 7 |
0.70 0.80 0.90
*See junction details on Figure 28. Mach number

Figure 23. Winglet Z9 and Z13 Incremental Drag
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Both Z4 and Z9 winglets had extensive root section tailoring (fig. 22) to help minimize
wing tip interference, while maintaining the optimum winglet span load for minimum
induced drag. The partial wing tip chord winglet had better wing tip interference
characteristics and less wetted area, while the Z9 planform was structurally simpler to
integrate onto the wing tip, with lower section lift coefficient required.

An A372 analysis was made to determine the effect on induced drag for winglet
loadings less than optimum. The results shown in Figure 24, indicated that a 20%
decrease in Z9 winglet CN would ease the section design requirement with less than a
6% decrease in the favorable induced drag increment.

04 - Optimum loading
CNwingIet 20% less Cy
03 ;
® Z9 winglet
® A372 theoretical analysis
eC, . =045
0.2 - wing
| 1 | i | !
-3 -2 -1 0 1 2
BwTw (degrees)
0.4 - Optimum loading —
20% less Cpy
s L 4
c:Nwinglet
5.7% less in ACp,
0.2 i
0.1 f
0 I 1 ! 1 i i
0 -2 -4 -6 -8 -10 -12

ACDi (drag counts)

Figure 24. Effect of Suboptimum Winglet Loading
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The information gained from the winglet Z4 and the Z9 loading study was used to
develop three new winglet configurations. Winglets ZIl! and ZI2 were partial wing tip
chord planforms with leading-edge strakelets blending into the wing tip and were
canted outward 15 and 30 deg respectively (fig. 25 and 26). Winglet Z13 had the same
planform as Z9, but was canted at 30 degrees (fig. 27).

Several design features were common to the three new winglets. First, a blended
wing/winglet junction (fig. 28) was modeled from a successful KC-135 winglet config-
uration. Second, the winglet loadings were chosen to be approximately 20%-25% less
than the corresponding optimum loadings (fig. 29). Section design, rather than winglet
incidence reduction, was used to accomplish the suboptimum loading.  Third, the
extensive tailoring of the winglet root camber used on the previous wmglets was
eliminated. The suboptimum loading (and greater cant angles on ZI2 and Z13)
decreased the wing/winglet interference, which permitted more conventional root
camber details than the previous winglets.

Winglet Zll was designed using experimental pressure data from the partial wing tip
chord winglet (Z4) as a starting point. Two dimensional transonic airfoil analysis and
design techniques were applied, considering previous airfoil section geometry, corres-
ponding experimental pressure data, and new design requirements that included
reduction of inboard winglet surface velocities to sonic, or lower, over the entire
chord. A new airfoil design with low leading-edge loading and increased aft loading
(overall lift reduced by approximately 20%) was developed. The new airfoil was used

Veo

15 deg +BTw Bwtw

Cant angle \ /

Winglet design
plane

0.93m |
{3.06 ft} I|

Planform characteristics _._
® Ac/4=35deg Inboard
® Aspect ratio = 2.0
A A
@ (t/clyay = 0.070 f ’ |
Cip \.. T WBL 125

ef—1}=035 .
<Croot> View A-A
basic 4.03m
" trapezoid B B {13.21 ft)
f ' ——— e ——— WBLS0
View B-B

—a—
N
N
b

—————— vz
/
/ / View C-C

fe———2.67m (8.75 ft}—e
l————3.94m (12.92 ft}——————=

Figure 25, Winglet Z11 Geometry
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in the A372 design cycle previously described. Winglet ZI2 was obtained by
repositioning the winglet ZIll at 30 deg cant and changing the winglet incidence to give
the same winglet loading as ZIl,

The initial airfoil for winglet ZI3 was derived from an advanced technology airfoil that
had been successfully applied in.a previous 747 wing study. The airfoil section was
scaled down in thickness and camber with considerable leading-edge droop added to
reduce the leading-edge loading. This airfoil modification was accomplished using two
dimensional, transonic airfoil analysis and design methods., The airfoil developed was
used as the initial airfoil section for the A372 design cycle.

Of the three new winglet designs, experimental performance of Z13 was the best, with
a cruise drag reduction that was 96% of the pretest estimated value (fig. 23). Z13 was
designed using the design tools available, but it would be desirable to have a transonic
flow analysis method (e.g., FL-27) to refine the design.

Botw
30 deg /
Cant angle

Winglet design
plane

0.93m l I 1
Planform characteristics 13.06 fu

® Ac/4=35deg Inboard
® A t ratio = 2.0
spect ratio A A
® (t/clpax = 0.070 l J
C,. e WBL 125
tip \.o _—
® <_C_> =0.356 View A-A
root
basic 4.03m
trapezoid 8 B {13.21 ft) !
’ } —-C:—,>— e WBL 80
View B-B
[of C
\ A7 }
—————— w3
Z .
// / | View C-C
/ /

4
Jre———2.67m (8.75 ft)}——=qf
i-v————3.94m (12.92 ft}—————]

Figure 26. Winglet Z12 Geometry
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Figure 29. Optimum Versus Suboptimum Winglet Loadings
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5.1.2 Preliminary Trend Studies

Drag Trends—Prior to the second phase of wind tunnel testing, a winglet trend study
evaluated the sensitivity of induced drag to winglet span and cant angle. Figure 30
shows the planforms evaluated. Computer program A372 was used to determine the
induced drag savings with optimum winglet loadings. Each span/cant angle combi-
nation involved both a design run and an analysis run. The design mode was run to give
the optimum loadings for cruise, followed by the analysis mode to yield wing/winglet
loadings (as a function of angle of attack) for use in assessing the aeroelastic twist
penalty due to increased wing tip loading with winglets (fig. 31). The aeroelastic twist
increment due to winglets then was analyzed in A372 to give an induced drag penalty.

. . Span at leading Reference area,
Configuration edge, m (ft) m2 (t2)
Z9 planform 4.26 (14.0) 10.15 (109.3)
Shorter span 3.23 (10.6) 7.58 { 81.6)
Longer span 5.62 (18.5) 13.55 (145.8)

®Tip chord = 0.94m (3.1 ft} ® Root chord = 4.06m (13.3 ft)

Shorter span 0.10 (b/2)

~ 7 -

Z9 planform 0.135 (b/2) Longer span 0.18 (b/2)

Figure 30. Winglet Trend Study Geometry
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Figure 31. Winglet Trend Study—Aeroelastic Twist Increments

The results of the winglet trend study (fig. 32) show, as expected, that drag benefits
improve with cant angle. Because weight and twist effects were not significant
enough to influence the selection, winglets Z1l and Z13 were designed for 30 deg cant.
Winglet span was not increased beyond 0.135 b/2 because of flutter considerations.

Twist Trends—Preliminary trend studies were performed using theoretical estimates of
the aerodynamic loads for various winglet configurations. Wing twist results for the
typical cruise condition are shown in Figure 33. As expected, these results show that
increasing winglet span or cant increases wing tip washout. Final load results based on

wind tunnel data for the Z9 and ZI3 winglet configurations are contained in Section
5.3.2.

Weight Trends—Weight estimates of the winglet panels Z9, ZIl, ZI2, and ZI3 were
made, using wing weight estimation methods applied to the actual weight of an
existing winglet design (KC-135). To obtain weight trends, the method uses an
empirical wing weight equation that has parameters such as wing area, aspect ratio,
sweepback angle, taper ratio, and thickness ratio as variables. Using the KC-135
winglet weight and geometry as a basepoint, weight estimates of the 747 configuration

were made, The results are shown in Figure 34. Winglet attachment weights were not
estimated for the trend study.
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Figure 32. Performance Trends With Span and Cant Angle
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Figure 33. Wing Twist Increment for Winglet Trend Study

The effects of winglet span and cant angle on wing box weight were estimated from
Boeing wing sizing data, maintaining the existing wing box structural margins of
safety. Results are shown in Figure 35. The "bucket" in the cant angle trend curve
was unexpected. Bending moments were verified to increase with cant angle and no
problem was apparent in the resizing or weights computations. Because the pending
design decision was whether or not to increase the cant angle from 15 to 30 degrees,
the trend data were interpreted as showing weight to be relatively insensitive to small
variatons in cant angle, but strongly influenced by span variations. Winglet span for
the second BTWT entry was maintained at 0.135 b/2 and two cant angles (15 and 30 deg)
were tested. The weight difference between the 15 and 30 deg cant angles was
confirmed by subsequent detailed analyses of the Z9 and Z13 configurations. The trend
with reduced cant was not further examined.

Flutter Trends—Pretest flutter studies, using standard analysis methods, were con-
ducted on Z9 winglets to explore wing tip winglet concept feasibility and to establish
preliminary design estimates of acceptable geometric limits and sensitivity to payload
variations. These analyses included standard three-dimensional lift and moment
aerodynamics, but did not include oscillatory aerodynamic terms similar to those found
necessary in T-tail analyses. The types of additional aerodynamic terms used in
subsequent studies are described in Figure A-9 of Appendix A.

The configurations analyzed included the Z9 winglet (planform identical to the ZI3
final configuration) at cant angles of 0, 15, and 30 deg and two other winglets with
greater and lesser span at a cant angle of 15 deg. These latter two configurations
maintained the quarter chord sweep and taper ratio of the Z9 planform. The mass
properties were adjusted to account for the change in winglet size.
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Panel Span at Thickness Taper | Panel
Configuration area, m leading edge, | ratio, ratio, weight
(ft2) m (ft) t/c max A (Ib/airplane)
29 family 10.15 (100.3)| 4.26 (14.0) 0.087 0.23 1,000
Shorter span 7.58 (81.6)] 3.23 (10.6) 0.087 0.23 680
Longer span 13.65 (145.8)] 567 (18.5) 0.087 023 1,360
Z211and Z12 7.95 (85.6)| 4.18 (13.71) 0.070 0.35 870
Z13 10.26 (110.4)| 4.18 (13.72) 0.075 0.23 1.010
| zo family and 213 | ] Z11 and 212
0.94m
(3.08 ft)
. Span at .
\:_Véng leading edge \{-Véng
] s
* / 7
—_— 1 Z
7 1.27 2.67
.27m ____2.67m
(4.17 ft) (8.75 ft)—’—
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, (13.33 ft) e 3.9dm ____ |
(12.92 ft)
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Figure 35. Wing Box Weight Increments for Winglet Trend Study
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The critical antisymmetric BASIC flutter mode showed a minimum damping sensitivity
to both the cant and span variations. Figure 36 shows the increase in antisymmetric
BASIC mode minimum damping with an increase in cant angle for the empty payload
configuration. The trend was similar for a full payload configuration. The change in
damping with the variation of cant angle is not considered significant. Figure 37
shows the decrease in antisymmetric BASIC mode minimum damping with an increase
in winglet span for the empty payload configuration. Again, a full payload config-
uration had similar characteristics. The degradation in damping with the increased
span is significant.

From these studies, it was decided that a deficiency in methodology existed because of
the general lack of flutter sensitivity to a major aerodynamic addition. This decision
was confirmed by the results of the wind tunnel flutter test and by application of
analytical techniques developed after the pretest studies.

Figure 38 shows the results of the standard and improved methodology for a cant angle
variation. The standard methodology yielded only the antisymmetric results. The
improved methodology results in symmetric and wing tip flutter modes (as seen during
flutter testing) and also shows that cant angle is still not a significant parameter.
Section 5.2.2 contains a more detailed explanation of the methodology differences.
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Figure 36. Effect of Wing Tip Winglet Cant Angle
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5.2 TEST DATA ANALYSIS

This section discusses winglet aerodynamic and flutter testing and correlates the
results with theoretical predictions. The aerodynamics portion (sec. 5.2.1) presents
BTWT test data for the various winglet test configurations. The flutter portion (sec.
5.2.2) describes the evolution of the flutter analysis used for final structural resizing
of the wing with winglets.

5.2.1 Aerodynamics

Force and Moment Data—Figure 39 shows drag improvements due to winglets Z9 and
Z10. The measured drag reduction due to the Z9 winglet approaches the estimated
value at M = 0.70,Cp = 0.45, but deteriorates with increasing Mach number.
Modifications to the winglet (Z10) resulted in some improvement, but when tested
together with a wing tip modification, little or no benefit was obtained from the wing
tip modification,

Figure 40 shows a comparison of winglet ZIll, ZI12, and ZI3 measured drag increments
with pretest estimates. Both ZIll and ZI2 fall below the estimated level by a
significant amount, while ZI3 performs very near its estimated level at cruise (Cp =
0.45, M = 0.84). The ZI3 winglet was favored for ease of installation over the partial
chord design (Z12), and was, therefore, selected for further performance, loads, and
stability and control testing. Figure 41 shows the winglet ZI3 drag increment
compared to the pretest cruise incremental drag estimate, as a function of both Mach
number and Cp..

Pressure Data and Flow Visualization—These data are presented in Appendix B.

5.2.2 Flutter

Results of Convair Aeronautical Laboratory (CVAL) wind tunnel flutter testing of the
747 EET with wing tip winglets confirmed the necessity for improved flutter analysis
techniques to account for aerodynamic surface extensions that project out of the main
wing plane. Initial flutter studies using standard 747 flutter analysis methods showed a
modest degradation of antisymmetric wing/nacelle flutter modes. However, it was
believed that the addition of a major surface area at the tip of the wing would have
significant flutter stability effects. The CVAL 731-2 wind tunnel flutter tests subse-
quently confirmed the existence of two unique winglet induced symmetric flutter
modes and provided the necessary experimental results to begin improved method-
ology development,

Development proceeded in two stages, guided by experimental evidence that the
problem was primarily aerodynamic rather than structural. Preliminary results showed
that an empirical correlation could be achieved with selected math model modifi-
cations. However, this was accomplished at the expense of rationality by increasing
the airloads unrealistically in the wing tip/winglet area. Improved methodology was
subsequently able to restore rationality to the wing tip aerodynamic loading. Reason-
ably correlated flutter solutions were obtained using conventional strip-
theory/Theodorsen flutter methods modified with experimental steady-state airload
data on the wing and winglet surfaces. The methodology developed was subsequently
applied to the final configuration winglet studies to assess the structural weight
increments related to flutter clearance. Consideration of the more complex surface
theories was ruled out of preliminary design level studies, based on efficiency,
economy, and the success of the simpler approach.
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Lift coefficient

. Effect of Winglet Z13 on Drag

65



A summary of the wing tip winglet flutter analysis development effort for the 747 EET
Phase I program is shown in Figure 42. From this work, it has been concluded that
strip-theory/Theodorsen methods can give satisfactory winglet fl