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1.0 SUMMARY 

Wing tip extensions, wing t i p  winglets, and t h e  use of ac t ive  outboard ailerons for  wing 
load alleviation were  studied a s  possible ways t o  improve fuel efficiency of t h e  Boeing 
747. The  general approach was t o  improve t h e  cruise lift-to-drag ra t io  (LID) by means  
of wing t i p  modifications while using a wing load alleviation system t o  minimize t h e  
associated s t ruc tura l  weight increase. The  existing wing jig shape and cruise Mach 
number were retained. Potent ial  fuel savings of t h e  concepts  were determined by 
detailed analyses based on wind tunnel t e s t  data .  The  analyses included s t ruc tura l  
resizing to de termine  t h e  airplane weight increment  associated with each  concept .  
Key resul ts  were: 

Wing T ip  Modifications-A wing t ip  winglet was designed tha t  performed very well 
during wind tunnel tes t ing  a t  t h e  cruise Mach number,  achieving 96% of t h e  drag 
improvement  predicted by subsonic-flow theory. F lu t te r  model test ing disclosed t h a t  
winglet aerodynamic e f f ec t s  introduced a symmetr ic  f l u t t e r  mode  and a wing t ip  
f lu t te r  mode t h a t  required increased wing st i ffness  t o  res tore  predicted f l u t t e r  speeds 
t o  acceptable  levels. 

Wing t i p  extensions up t o  3.66m (12f t )  per  s ide were  compared with t h e  best  winglet 
configuration t e s t ed ,  which had a span of 4.27m (14 f t )  c an t ed  30 deg out  from vertical.  
With aeroe las t ic  losses included, a 3.2% increase  in fullscale, maximum tr immed LID 
was es t imated  fo r  this  winglet. Trend da t a  indicate  this  i s  slightly m o r e  LID 
improvement  than  could be achieved wi th  a t i p  extension having t h e  s ame  panel 
length. Fur ther ,  t h e  winglet achieves t h e  LID improvement  with less increase in wing 
semispan (gate  clearance)  and with lower bending moments  on t h e  inboard portions of 
t h e  wing. 

When t h e  LID improvement  was adjusted to  r e f l ec t  t h e  e f f ec t s  of t h e  added wing t i p  
panel and  wing box reinforcement  weights on fuel efficiency, t h e  optimum WTE 
without WLA was found t o  be about  2.74m (9,ft). Although t h e  weight benefits of t h e  
reduced bending moments  for  t h e  winglet were  offset  by heavier a t t achmen t  s t ruc tu re  
and by t h e  f l u t t e r  weight penalty, es t imated  fuel  savings for a fixed payload were  
grea te r  fo r  t he  best  winglet than  fo r  t h e  best  wing tip a s  shown on the next  page. 

Wing Load Alleviation-The outboard ailerons on t h e  747 a r e  presently used as low- 
speed roll control surfaces. Although wing torsion loads a r e  increased, t h e  symmetri-  
cally deflected ailerons a r e  e f fec t ive  in reducing wing bending mdments  in  maneuvers, 
even at f l ight  conditions where  they a r e  aeroelastically reversed as roll control  
surfaces. An aileron balance t a b  was evaluated as a means for minimizing t h e  torsion 
increases, bu t  t h e  existing (untabbed) aileron configuration appeared preferable and 
was retained for  t h e  system concept  definition and s t ruc tura l  benefi t  studies. 

Outboard wing accelerat ion was t h e  only feedback parameter  retained in t h e  final 
system configuration, which provides both maneuver load control and damping of t h e  
f i rs t  wing bending mode. A fail-operational mechanization concept  was selected t h a t  
utilized in-line monitoring techniques wi th  t r ipl icated sensors, dual-dual computers ,  
dual electronic channels,  and  new electrohydraulic dual-tandem actuators .  Est imated 
reliability for  this  concept  approaches t ha t  of a dual yaw damper system. 
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Wing s t ruc ture  resizing analyses showed tha t  a ne t  airplane operational empty  weight 
(OEW) reduction equivalent t o  2.5% of t h e  wing s t ruc tura l  box weight could be  
achieved with t h e  final system configuration. About f our-fif ths  of t h e  benefi t  accrues  
f rom t h e  maneuver load control  function. Resizing of t h e  wing with wing load 
alleviation also caused a slight reduction in cruise LID due t o  increased aeroe las t ic  
washout. The n e t  improvement  in fuel  efficiency a t t r ibu tab le  t o  wing load alleviation 
was es t imated  to  be about  0.2%. 

Wing T ip  Modifications Combined With Wing Load Alleviation-A 1.83-m (6-ft) wing 
tip extension and t h e  best winglet we re  analyzed and t e s t ed  in combination with t h e  
existing outboard ailerons deflected symmetrically. Aileron effect iveness for t h e  rigid 
wing was about  t h e  s a m e  with ei ther  t ip  extensions or winglets. S t a t i c  aeroe las t ic  
e f f e c t s  appeared more favorable for  t h e  winglet, but increased requirements  for  
f l u t t e r  s t i f fness  probably would of fse t  t h e  apparent  advantage  in u l t imate  load sizing. 
Use of a f lu t t e r  mode control system t o  damp t h e  symmetr ic  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 no t  evaluated fo r  
e i ther  configuration. The  fue l  savings shown above for  wing load alleviation were  
determined fo r  t h e  basic wing, but t hey  a r e  considered representat ive of t h e  additional 
fuel savings t h a t  could be a t ta ined  if wing load alleviation were  combined with a wing 
t i p  modification. 

Economic Comparisons-Retrofit  of a t i p  extension or winglet appears  impract ical  
with or without wing load alleviation, s o  f l ee t  implementat ion costs  for  all concepts  
were  es t imated  assuming production l ine installation. Amortization of development 



and engineering flight test program costs  were  excluded. Production costs  were  
grea ter  for  t h e  winglet than for  a t ip  extension due to t h e  larger  s ize of t h e  winglet 
and increased complexity in t h e  wing-winglet juncture region. Wing box modification 
costs  were  excluded from t h e  wing load alleviation system costs  on t h e  assumption 
tha t  the  system would be installed concurrent  with a wing t i p  modification. Est imated 
purchase pr ice  curves (derived for  this  study as a function of market  base) and fuel 
cost  savings were used t o  compute airline return on investment  comparisons of t h e  
individual concepts. Comparisons for  a typical 1978 fuel price a r e  shown in t h e  
following figure. Escalation of fuel  prices relat ive t o  t h e  general inflation r a t e  also 
was considered, but i t  did not  a l t e r  t h e  economic rankings. 
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The most economically a t t r ac t ive  study configuration was a 1.83-m (6-ft) t i p  
extension without leading-edge f laps and without a wing load alleviation system. Since 
payload capability is volume-limited ra ther  than weight-limited on typical passenger 
routes, t h e  s tructural  weight reduction provided by t h e  wing load alleviation system 
could not be  converted t o  increased revenue, and t h e  associated fuel savings were not 
sufficient t o  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 actuat ion at high speeds. While t h e  winglet 
has excel lent  potential for  fuel savings, i t  appears  doubtful t ha t  recurring production 
costs  could be reduced sufficiently for t h e  winglet t o  become economically competi- 
t i v e  with a simple wing t i p  extension. Furthermore,  an extensive development and 
flight test program, including additional f lu t te r  research and testing, would be  
required before committ ing such concepts  t o  production. 



Phase II Recommendations-Flight test ing of maneuver and gust load alleviation con- 
cep t s  has been accomplished on t h e  B-747 as par t  of a separa te  Boeing-funded IR&D 
program and, in combination with a t ip  extension, on the  L-1011 as par t  of t h e  NASA 
(LRC)EET program. Application of a t i p  extension is an option for  normal growth of 
t h e  B-747. Near-term commercial  application of winglets t o  t h e  B-747 appears  
unlikely. As a result,  no fur ther  NASAfBoeing 747 EET Phase I1 work is recommended 
in these  technical areas. Application of winglets t o  other  models (e.g., KC-135) with 
d i f ferent  wing l i f t  distribution (tips more heavily loaded) and s t ruc tura l  charac ter i s t ics  
(not f lu t te r  critical) may allow more  benefits t o  be derived. Each configuration 
requires tailoring of t h e  winglet design for  t h e  specific application. 
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2.0 INTRODUCTION 

This study was conducted as par t  of t h e  NASA-LRC Energy Efficient Transport (EET) 
e lement  of t he  Aircraft  Energy Efficiency (ACEE) program. The overall object ive of 
t h e  ACEE program is t o  improve t h e  fuel  efficiency of a i r  transportation t o  conserve 
petroleum fuel. The 747 EET study was concerned with aerodynamic improvements in 
t h e  form of wing t i p  modifications t o  improve lift-to-drag ra t io  (LID) and in t h e  
application of ac t ive  controls for  wing load alleviation t o  minimize t h e  s t ruc tura l  
weight increment associated with t h e  wing t i p  modifications. The study concepts, 
i l lustrated in Figure 1, were analyzed individually and in combination. 
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Figure I .  Study Con figurations 

The winglets and t i p  extensions decrease induced drag, thereby improving t h e  LID. 
Tip extensions increase t h e  real aspec t  ra t io  of t he  wing, while winglets increase t h e  
ef fec t ive  aspec t  ra t io  and also produce a forward-acting fo rce  via t h e  forward 
inclination of t h e  winglet normal force  vector  (similar t o  a sail). Tip extensions differ  
aerodynamically f rom a new wing of increased span in t h a t  t h e  twist distribution of 
t h e  existing wing is not reoptimized for  t he  WTE. The study ground rule of 
maintaining existing wing jig twist  t o  minimize changes t o  production tooling (an 
important  economic consideration) tended t o  reduce t h e  LID benefits of both t h e  WTE 
and WTW. 

The wing load alleviation concept  studied was t o  use t h e  outboard ailerons t o  shif t  t h e  
wing l i f t  distribution inboard in maneuvers and low frequency gusts,  and t o  damp t h e  
f i r s t  wing-bending-mode response t o  higher frequency gusts. The elevator  was used to  
compensate for  t h e  pitching moments induced by t h e  ailerons. 



Relat ive benefits of t he  concepts  will vary from a i rcraf t  t o  aircraft .  For example, 
winglets should be  more  ef fec t ive  on t h e  KC-135 than on t h e  B-747 because of t h e  
heavier wing t ip  aerodynamic loading on the  KC-135. Structural  weight benefits of 
WLA could be  grea ter  for  airplanes such as t h e  L-1011 already equipped with high- 
speed outboard ailerons. 

The 747 EET program was planned for  accomplishment in two  phases. The f i r s t  phase, 
a 2-year study program, was completed as described in this  report.  Concepts  
identified as having potential for  near-term commercial  f l e e t  implementat ion were t o  
be identified in t h e  Phase I study. A t  t h e  conclusion of Phase I, a recommendation was 
t o  be  made regarding continuation of t h e  program into a Phase I1 act ivi ty for  fur ther  
development and flight test verification. Although continuation of t h e  747 EET 
program into Phase I1 has not been recommended, a valuable da t a  base has been 
genera ted  t h a t  can continue t o  be used for  re ference  on new and derivative airplane 
programs. 

2.1 OBJECTIVES AND SCOPE 

Objectives-Specific objectives of t h e  747 Phase I study, reported herein, were  t o  1) 
examine feasibility, benefits,  and cos ts  of wing t i p  extensions (WTE), wing t i p  winglets 
(WTW), and a wing load alleviation (WLA) system employing ac t ive  outboard ailerons, 
and 2) make a recommendation regarding continuation of t h e  program into Phase 11. 

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 test ing was conducted 
and, apar t  from wind tunnel model parts ,  no hardware was developed. Emphasis was 
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on those fac tors  t h a t  would a f f e c t  t h e  economic t rades  [e.g., l i f t  t o  drag ra t io  (LID) 
improvement ,  s t ruc tura l  weight, system reliability, and general  design complexity], 
rather  t han  on detai led s t ruc tura l  design or  control  system development, which were  
planned for  accomplishment during Phase 11. 

The  two  high-speed wind tunnel tests were  accomplished in t h e  Boeing Transonic Wind 
Tunnel (BTWT) t o  obtain force  and pressure d a t a  for winglets and for symmetrical ly 
def lec ted  outboard ailerons. Low-speed configuration (flaps down) tes t ing  was  
deferred t o  Phase 11. F lu t t e r  tes t ing  of winglets was accomplished in t h e  University of 
Washington Aeronautical Laboratory (UWAL) and t h e  Convair Aeronautical Laboratory 
(CVAL) using a low-speed f lu t te r  model dynamically scaled t o  represent  high-speed 
conditions. 

Engineering analyses were  conducted t o  de te rmine  loads, s t ruc tura l  sizing (including 
f lu t te r  stiffness requirements),  weights,  LID, performance,  and stabi l i ty  and cont ro l  
e f f ec t s  for  t h e  various concepts.  Preliminary engineering design studies were  
accomplished t o  t h e  ex t en t  necessary t o  develop conceptual  layouts and work 
s t a t emen t s  for pricing and t o  support t h e  analyt ical  e f for t .  

Production cos ts  were  est imated.  Price curves based on these  cos ts  were  used in 
addition t o  performance es t imates  t o  de te rmine  airline return on investment. The 
to t a l  package of technical  and economics d a t a  was considered in making t h e  Phase I1 
recommendation. 

2.2 STUDY APPROACH AND GROUND RULES 

2.2.1 Approach 

The original plan was t o  study t h e  WTE/WTW/WLA concepts  individually, and then 
select e i ther  a WTE or WTW for  more  detai led analysis in combination wi th  WLA as a 
"final" configuration. As t h e  study progressed, several  f ac to r s  evolved which led t o  a 
decision t o  car ry  both WTE and WTW configurations t o  t h e  end of t h e  Phase I study. 

Structural  resizing s tudies  were concerned primarily with maneuver load control  
(MLc), although gust  load alleviation (GLA) potent ial  was analyzed for  t h e  basic wing, 
and a brief f l u t t e r  mode control  (FMC) feasibility study was conducted for  t h e  wing 
with winglets. The final control  law provided some GLA capability, bu t  s ince t h e  
design object ive was t o  provide MLC, only t h e  maneuver load capability was 
considered in t h e  s t ruc tura l  sizing of t h e  WTEIWTW configurations. 

In t h e  following discussions, t h e  acronym WLR is used as a general  t e r m  encompassing 
both MLC and GLA. When consideration was l imited t o  maneuver load control  only, 
t h e  acronym MLC is used. 

Winglet Selection-The L/D improvement achieved in BTWT tes t ing  of t h e  f i r s t  winglet 
design was no b e t t e r  than  for  a 1.83-m (6-ft) WTE, although a winglet of t h a t  s ize  was  
known t o  have considerably more  potential. In addition, a f lu t te r  problem was 
identified in f l u t t e r  model test ing of t h e  winglet, which required modifying available 
f l u t t e r  analysis computer  programs before t h e  required wing st i ffness  increase ( f lu t te r  
weight penalty) could b e  est imated.  It  was decided t o  a l t e r  t h e  study approach s o  as 
t o  put more  emphasis on winglet aerodynamic designl test  and f l u t t e r  analysis while 
carrying both t h e  winglet and t i p  extensions in combination with maneuver load 
control  for  comparison. Selection of t h e  wing t ip  configuration for  Phase I1 was  
deferred t o  t h e  end of Phase I. 



Accordingly, t h ree  winglets were designed and t e s t ed  in t h e  second BTWT entry. 
Performance test da t a  were  reviewed and t h e  best  winglet (designated 213) was 
se lec ted  while loads and stability/control test ing were  in progress for  t h e  1.83-m (6-ft) 
WTEIMLC configuration. Loads and stability/control test ing was then  conducted fo r  
t h e  213 WTW with and without MLC. 

Benefits Analyses-Structural resizing and performance analyses were completed for  
t h e  1.83-m (6-ft) WTE and 213 WTW without MLC, and for  t h e  basic wing (no 
WTEIWTW) and the  1.83-m (6-ft) WTE with MLC. Resizing analyses were  partially 
completed for  a 3.66-m (12-ft) WTE, for  t h e  f i rs t  winglet design without MLC, and fo r  
t h e  best winglet (213) with MLC. 

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

0 Final s t ruc tura l  sizing was not completed for  t h e  WTW/MLC configuration for  
reasons discussed in Section 7.0 

e The existing aileron span, which was retained throughout this study, may not be 
optimum for  t h e  WTEIMLC configuration 

Rather  than expend the  resources necessary t o  complete final WTWIMLC sizing and 
aileron span optimization for  t h e  WTEIWTW configurations, a judgement was made  
t h a t  a valid .Phase I1 recommendation could be based on t h e  assumption t h a t  MLC 
would of fer  benefits for  both t h e  WTE and WTW comparable t o  those determined in 
Section 6.0 for  t he  basic wing. 

Results shown for  t h e  1.83-m (6-ft) WTE combined with MLC were  obtained from 
detailed analyses based on wind tunnel test ing with t h e  existing aileron. The d a t a  
shown for  a 2.74-m (9-ft) WTE were, in general,  es t imated  from t h e  1.83-m (6-ft) WTE, 
3.66-m (12-ft) WTE, and MLC studies. Based on sepa ra t e  Boeing studies, i t  was 
determined t h a t  leading-edge flaps probably would not  be required for  t h e  1.83-m (6-ft) 
WTE, but would be  required for a 2.74-m (9-ft) WTE. A leading-edge f lap  installation 
was included in cos t  and weight es t imates  for  t h e  2.74-m (9-ft) WTE. 

WLA System Studies-The WLA system control law and mechanization concept  devel- 
opment studies for  t he  MLC and GLA functions were  conducted for  t h e  basic wing (no 
WTEIWTW) only. However, a brief f lu t te r  mode control feasibility study was  
conducted for  t h e  WTW configuration and s t ruc tura l  weight benefits of WLA were  
examined for  both t h e  1.83-m (6-ft) WTEIMLC and 213 WTWIMLC configurations. The 
rat ionale was t h a t  wing s t ruc tura l  dynamic modes of interest  t o  t he  MLCIGLA 
functions would not differ enough between WTE/WTW configurations t o  a l t e r  t h e  
select ion of a control  law concept  or t h e  numberl type of sensors required. Different  
f i l te r  gainlphase characteris t ics  might be required in t he  detailed design, but  these  
differences were assumed t o  be unimportant for  t h e  feasibility/costs/benefits study. 
F lu t te r  mode control  was considered only for  t h e  wing with winglet .since t h e r e  was no  
f lu t t e r  weight penalty for  t he  basic wing or t h e  W ~ E  configurations with or  without 
MLCIGLA. 



The MLCIGLA system development was approached by arbitrarily select ing a config- 
uration for t h e  f i rs t  cycle of studies, analyzing t h a t  configuration t o  determine where 
improvements were  necessary, conducting t r ade  studies of a l te rna te  configurations, 
and then defining an improved configuration for  final system performance, cost ,  and 
reliability est imates.  Although design emphasis was on MLC for t h e  final WLA 
system, t h e  se lec ted  system configuration (using wing accelerometers)  also was 
e f f ec t ive  in damping t h e  f i rs t  wing bending mode in gusts. 

2.2.2 Ground Rules 

The following ground rules were established: 

Baseline Airplane-The 747-2008 configuration illustrated in Figure 3 was defined as 
t h e  baseline airplane. At t h e  operat ing weights indicated, t h e  baseline wing has 
positive s t ruc tura l  margins of safe ty  at design load conditions. 

EET baseline characteristics 
747-2008 

0 JT9D-7FW 
e Wing 4 

Mass (weight), kg (Ib) 

Maximum taxi weight 
Maximum brake release weight 
Design landing weight 
Maximum zero fuel weight 
Operating empty weight 
Fuel capacity 

70.7m (231 ft  10 in)- 

9.7 
(32 

7.75117 1 l m  (36 ft 1 in) 

(25 ft 5 in) 

Figure 3. Baseline 747-2005 Model for EET Studies 

Basic Wing Geometry-To minimize changes t o  production tooling, no changes in wing 
planform, airfoil sect ion,  or jig twist  were  allowed inboard of t h e  t i p  modification. 
This reduced t h e  benefits at tainable f rom all WTE/WTW/WLA concepts  because all  
caused more washout at cruise flight conditions, which has a n  adverse e f f e c t  on LID. 
The requirement t o  retain jig twist  is an  important  distinction between studies of t i p  
extensions and new wings with increased span, since jig twist  could be revised t o  
optimize cruise twist  for  a new wing. 

Flight Envelope-No changes t o  t h e  speed/altitude/maneuver envelope were  allowed. 



Performance  Comparisons-Fuel eff iciency was expressed in t e rms  of block fuel  
savings for  a given range with a fixed payload. The maximum taxi  weight was 
unchanged although t h e  operat ing empty  weight was modified t o  re f lec t  t h e  s tructur-  
al/system weight changes for  t h e  various concepts. 

WLA Control  Surface-Consideration was restr icted t o  t h e  outboard aileron as t h e  
primary wing load control  surface. The elevators  were  used t o  compensate pitching 
moments introduced by t h e  ailerons; their  application t o  add pitch damping for  GLA 
also was considered. 

S t ruc tura l  Resizing-Consideration was limited t o  wing s t ruc ture  only. Ground rules 
for  t r ea tmen t  of t h e  s tructural  safe ty  margins inherent in t h e  baseline wing differed, 
depending on t h e  configuration, as follows: 

e WTEIWTW Without WLA-Absorb the  existing margins as required and "beef-up" 
only where required t o  bring negative margins back t o  zero. This ground rule 
was adopted t o  determine if re t rof i t  was pract ical ;  i.e., in a re t rof i t  program, 
mater ia l  can  be  added in some a reas  by means of doublers, but  i t  is generally 
impract ical  t o  remove material.  

@ Struc tura l  Benefits of  WLA (Basic Wing)-First define a zero  margin baseline 
without WLA, then  resize t o  zero  margin with WLA t o  determine WLA benefits.  

e WTEIWTW With WLA-Resize to  zero  margins. 

2.3 REPORT ORGANIZATIOPd 

Results of t he  individual concept  s tudies (WTE/WTW/WLA) a r e  presented in Sections 
4.0, 5.0, and 6.0. Comparisons of WTE versus WTW with and without WLA and t h e  
final cos t lbenef i t  comparisons a r e  contained in Section 7.0. Selected discussions of 
methodology and supplemental da t a  a r e  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 t h e  wind 
tunnel models and faci l i tes  and summarizes t h e  conditions tested,  while t h e  ac tua l  test 
data a r e  presented in t h e  other  sections or in Appendix B as necessary t o  support those 
discussions. 

The principal discussions of WLA, both from t h e  systems and s t ruc tures  points of view, 
a r e  contained in Section 6.0. Weight and performance benefits of WLA for  t h e  
WTEIWTW configurations a re  presented in Section 7.0. 

2.4 UNITS O F  MEASUREMENT 

Results a r e  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 a r e  made  in 
t h e  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 t h e  SI unit (newton) because guidelines for  
SI usage encourage reference t o  t h e  mass of an  object  ra ther  than  t h e  weight. 
Accordingly, weight is expressed only in t h e  U.S. customary engineering unit for  force  
(pound) and t h e  corresponding mass is expressed only in t h e  SI unit for  mass (kilogram). 
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3.0 SYMBOLS AND ABBREVIATHONS 

s t ing  pi tch ang le  

c ross  sec t iona l  a r e a  

r a t i o  of root-mean-square value of load t o  root-mean- 
square  gus t  veloci ty  

c ross  sec t iona l  a r e a  ratio-modifiedlbaseline, both at 
s a m e  q s t a t i o n  

r a t i o  of root-mean-square value of load f r o m  closed- 
loop dynamic analysis t o  root-mean-square value of 
load f r o m  cont ro l s  f ixed dynamic analysis (root-mean- 
square  gus t  veloci ty  equa l s  1.0 f t l s e c )  

a l t e rna t ing  c u r r e n t  

a i r c r a f t  energy  eff ic iency 

a i rp lane  nose down 

a i rp lane  nose up 

a s p e c t  r a t i o  

Austin Trumbuli  Radio (ARINC s tandard  f o r  e l e c t r o n i c  
box s ize )  

r a t i o  of root-mean-square value of load Y t o  root-mean- 
square  gus t  veloci ty  

component  a r e a  on basel ine wing sized t o  MS = 0 

r a t i o  of root-mean-square value of con t ro l  s u r f a c e  ang le  
6 t o  root-mean-square gus t  veloci ty  

wing span 

winglet  s p a n  

wing semispan 



B 

BASIC 

BBL 

BIT 

BM 

BM(t)/BMo 

BTWT 

baseline 

a n t i s y m m e t r i c  basic f l u t t e r  mode 

body bu t tock  line 

built-in t e s t  

bending m o m e n t  

r a t i o  of t i m e  var ian t  BM t o  r e f e r e n c e  BM 

Boeing Transonic  Wind Tunnel 

C A R S R A  

chord 

wing m e a n  ae rodynamic  chord 

c e n t e r  of g rav i ty  

normal ized s t a t i c  normal  f o r c e  distribution 

q u a r t e r  chord 

c o e f f i c i e n t  

rolling m o m e n t  c o e f f i c i e n t  

sec t ion  l i f t  c o e f f i c i e n t  

C o m p u t e r  Aided Redundancy Sys tems  Rel iabi l i ty  Analysis 
(compute r  p rogram)  

chordwise f o r c e  c o e f f i c i e n t  

d rag  c o e f f i c i e n t  

induced drag  c o e f f i c i e n t  

r a t i o  of e l a s t i c  t o  rigid rolling m o m e n t  

roll damping coef f ic ien t  

l a t e r a l  s t ab i l i ty  c o e f f i c i e n t  

l a t e r a l  con t ro l  e f f e c t i v e n e s s  

c e n t e r l i n e  



C~ 

CPU 

'root 

'tlca 

CVAL 

deg 

DFR 

l i f t  coeff icient  

Control Law 2 

airplane pitching moment  coeff icient  

wing sect ion moment  coeff icient  

ra t io  of section moment  t o  section normal fo rce  

normal fo rce  coeff icient  

pressure coeff icient  

computer  processor unit 

root chord 

tab-to-aileron chord ra t io  

Convair Aeronautical Laboratory 
(General Dynamics Low-Speed Wind Tunnel) 

s ideforce due t o  sideslip coeff icient  

sect ion normal fo rce  due t o  aileron deflection 

variation normal fo rce  due t o  angle of a t t a c k  

directional stability coeff icient  

digital-to-analog conversion 

decibel 

d i rec t  cur ren t  

degree 

detai l  fa t igue  rat ing 

Young's modulus of elast ici ty 



€AS 

EET 

€1 

EMS 

fwd 

FAA 

FAR 

flaps 30 

FMC 

F~ 

equivalent a i r  speed 

energy eff icient  t ransport  

bending st i f fness  

e las t ic  mode  suppression 

bending s t r e s s  

f e e t  per second 

foo t  

square f o o t  

forward 

Federal  Aviation Administration 

Federal Airworthiness Regulation 

flight control system 

Flaps s e t  at d e t e n t  30, t h e  landing f lap  position. It  
is  one  of several  specif ic  f l a p  set t ings identified on 
t h e  f lap  control and provides f lap  act ion approximately 
equivalent t o  a hinged f lap  at 30 deg down. 

flutter.  mode control 

s t a t i c  normal fo rce  

accelerat ion due t o  gravi ty 

f l u t t e r  mode  damping 

gallon 

an t i symmetr ic  minimum damping 

minimum damping 

shear  modulus of elast ici ty 



GAG 

G J  

GLA 

HAA 

in 

in * lb 

inbd 

IMIIA 

IR&D 

ground-air-ground c y c l e  

tors ional  s t i f fness  

gus t  load al leviat ion 

high ang le  of a t t a c k  

high f requency  

hinge l ine  

h e r t z  

inch 

inch pound 

inboard 

model-to-airplane ine r t i a  r a t i o  

independent  research  and development 

bending m o m e n t  of ine r t i a  = z A z 2  

IX f o r  basel ine wing s ized t o  MS = 0 

tors ion m o m e n t  of ine r t i a  = 4A2 

3 f o r  basel ine wing sized t o  MS = 0 

ki logram 

ki logram per  c e n t i m e t e r  

15 



k n  

ks i  

'a 

KCAS 

Ke 

K EAS 

K ~ / K ~  

KW 

lb-in 

LID 

LH 

LM/LA 

LRU 

LVDT 

m 

m 2  

m a x  

m s  

M 

MAC 

ki lomete r  

kno t  

kips p e r  square  inch 

WLA sys tem ai leron gain 

kno ts  ca l ib ra ted  a i rspeed 

WLA s y s t e m  e l e v a t o r  gain 

kno ts  equivalent  a i rspeed 

model-to-airplane s t i f fness  r a t i o  

WLA s y s t e m  ga in  f o r  l a t e r a l  con t ro l  pr ior i t izat ion 

pound 

pound-inch 

lif t- to-drag r a t i o  

l e f t  hand 

model-to-airplane l eng th  r a t i o  

l ine rep laceab le  unit  

l inear  var iable  d i f fe ren t ia l  t r ans former  

m e t e r  

square  m e t e r  

maximum 

marg in  of s a f e t y  

Mach number  

m e a n  ae rodynamic  chord 



MLC 

MTW 

nmi 

OB 

OEW 

ONSB 

P a  

PCU 

PSD 

psi 

maneuver load control 

maximum taxi  weight 

nautical mile 

normal load f ac to r  (vert ical  accelerat ion)  

load f ac to r  (vert ical  accelerat ion)  a t  cg  

load f ac to r  (vert ical  accelerat ion)  a t  wing stat ion 1180 

newton 

newton me te r  

s t a t i c  neutral  point 

nose up 

number of exceedances of t he  indicated value of load 
Y per unit t i m e  

outboard 

operat ional  empty  weight 

an t i symmetr ic  outboard nacelle side. bending f l u t t e r  
mode 

pascal 

power control  unit 

power spec t ra l  density 

pounds per  square inch 



~ M I ~ A  
QSAE 

rad  

rad / sec  

R 

R&D 

R H  

RMS 

R / O  

ROI 

model-to-airplane dynamic pressure r a t i o  

quasi-s ta t ic  ae rodynamics  with  ae roe las t i c  e f f e c t s  included 

radian 

radians  per  second 

radius  

r e s e a r c h  and deve lopment  

r ight  hand 

roo t  mean  square  

round off 

r e t u r n  on i n v e s t m e n t  

second 

s tab i l i ze r  position re la t ive  t o  fuse lage  r e f e r e n c e  line 

s tab i l i ze r  t r i m  s e t t i n g  re la t ive  t o  pi lot  index 

wing a r e a  

s tab i l i ty  and con t ro l  

Internat ional  System of Units 

r e f e r e n c e  a r e a  

skin thickness  



t/c 

TE 

TED 

TEU 

UAL 

UWAL 

u u  

v, 

v~ 
Vac 

VB 

Vc 

v~ 
Vdc 

airfoil  thickness-to-chord r a t i o  

trailing edge  

trailing edge  down 

trailing edge  up 

United Airlines 

University of Washington Aeronautical Laboratory 

design gust intensity level for PSD design envelope analysis 

velocity 

f rees t ream velocity 

design maneuver speed 

volts al ternat ing cur ren t  

design speed for  maximum gust intensity 

design cruise speed 

design point dive speed 

volts d i rec t  cur ren t  

velocity-damping 

velocity-f requency 

f lu t t e r  speed 

f l u t t e r  velocity ra t io  

flow visualization 

model-to-airplane velocity rat io 

maximum operat ing speed 



Wgust 

WBL 

WDP 

WLA 

WTE 

WTW 

r e f e r e n c e  veloci ty  

s ta l l  speed 

veloci ty  r a t i o  

takeoff  r e f e r e n c e  speed  

ver t i ca l  gus t  veloci ty  

wing bu t tock  line 

wing design plane 

wate r l ine  

wing load al leviat ion 

model-to-airplane weight  r a t i o  

wing s t a t i o n  

wing t ip  extension 

wing t i p  winglet 

X 

longitudinal axis /dis tance/f  o r c e  

chordwise locat ion in p e r c e n t  chord 

l a t e r a l  ax i s /d i s tance / fo rce  

ver t i ca l  loca t ion  in p e r c e n t  chord 

ver t i ca l  ax i s /d i s tance / fo rce  

winglet  configurat ion designat ion 



GREEK SYMBOLS 

angle of a t t ack  

wing angle of a t t a c k  

winglet incidence angle 

deflection angle 

angular deflection r a t e  

aileron deflection angle 

aileron deflection command 

outboard aileron r a t e  

elevator  deflection command 

outboard elevator  deflection 

outboard elevator  r a t e  

t a b  deflection 

incremental  

differential pressure 

weight distribution 

wing spanwise logc+tion expressed a s  a fract ion of basic 
wing semispan = - (q= 1.0 at existing wing t ip,  q> 1.0 
at t i p  of wing witk WTE) 

winglet spanwise location expressed as a fract ion of 
winglet span 

standard deviation 

pitch r a t e  at cg  

sweep angle 

RMS vert ical  gust intensity 

normalized power 

vibrational frequency 



SIGN CONVENTIONS 



4.0 WING TIP EXTENSIONS 

This sec t ion  discusses t h e  addi t ion of wing t i p  extensions (WTE) t o  t h e  basel ine wing 
wi thou t  wing load al leviat ion (WLA). Comparisons with  wing t ip  winglets  (WTW) and 
discussions of WTE combined with  WLA a r e  con ta ined  in Sect ion 7.0. 

Two wing t ip  extensions w e r e  analyzed in detail .  O n e  was a 1.83-m (6-ft)  WTE 
previously t e s t e d  in a Boeing High-Speed Wind Tunnel t e s t  (BTWT 1441). The  second  
was  a 3.66-m (12-ft) WTE s e l e c t e d  f o r  analysis on t h e  basis of prel iminary (quick-look) 
t rend  s tudies  t h a t  considered f l u t t e r  and t h e  e f f e c t s  of increased ae roe las t i c  washout  
on l i f t  t o  d rag  r a t i o  (LID). Although L/D con t inues  t o  inc rease  f o r  semispan increases  
t o  3.66m (12 f t ) ,  t h e  maximum studied,  t h e  de ta i l ed  analyses  showed n e t  fue l  
eff ic iency t o  b e  l i t t l e  b e t t e r  f o r  t h e  3.66-m (12-ft) WTE than  f o r  t h e  1.83-m (6-ft) WTE 
when s t r u c t u r a l  weight  e f f e c t s  a l so  w e r e  included. 

Based on resu l t s  of t h e  t r e n d  s tud ies  and subsequent  detai led analyses,  a 2.74-m (9-ft) 
WTE was s e l e c t e d  a s  t h e  op t imum semispan  increase  f o r  a WTE wi thout  WLA. A 
longer  t i p  extension could b e  op t imum with WLA, depending upon t h e  e x t e n t  t o  which 
t h e  WLA sys tem n e g a t e s  t h e  added weigh t  penal ty .  However,  concerns  regarding 
f l u t t e r ,  t h e  need f o r  leading-edge flaps,  and g a t e l m a i n t e n a n c e  hangar  a c c e s s  inc rease  
wi th  t h e  length of t h e  WTE. 

The LID e s t i m a t e s  shown in t h e  f igures  in  this sec t ion  a r e  about  0.1% higher t h a n  t h e  
f inal  resul ts  shown f o r  t h e  WTE versus  WTW comparisons.  This i s  because,  t o  b e  
cons i s ten t  wi th  t h e  WTW analyses,  a more  de ta i l ed  analysis was used fo r  t h e  f inal  
comparisons.  Based on t h e  f inal  analyses ,  a n  L/D improvement  of about  1.9% w a s  
e s t i m a t e d  fo r  t h e  1.83-m (6- f t )  WTE. While no t  specif ical ly  analyzed without  WLA, a .  
2.6% improvement  in LID c a n  b e  in fe r red  f r o m  interpolat ion of t h e  avai lable  da ta .  
The n e t  improvement  in  fuel  e f f i c iency  also depends on t h e  added  weight  of t h e  added 
t i p  panel  and wing s t r u c t u r a l  r e in forcement  and var ies  with  t r ip  dis tance.  Final 
comparisons of f u e l  savings a r e  con ta ined  in Sec t ion  7.3.1. 

4.1 PRELIMINARY TREND STUDIES 

The s tudy plan cal led f o r  de ta i l ed  analyses  of a 1.83-m (6-ft) WTE and an a l t e r n a t e  
WTE t o  d e t e r m i n e  n e t  fuel  e f f i c iency  improvement  consider ing both L I D  and weigh t  
e f f e c t s .  Es t imat ion  of t h e  weight  e f f e c t  requires  ex tens ive  s t r u c t u r a l  resizing 
analyses ,  and could b e  done f o r  only o n e  a l t e r n a t e  configurat ion due  t o  t i m e  and 
budge t  constra ints .  The  purpose of t h e  prel iminary t rend s tud ies  was  t o  provide 
guidance in se lec t ing  t h e  a l t e r n a t e  configurat ion so t h a t  resources  would no t  b e  
was ted  on de ta i l ed  analyses  of a configurat ion having no c h a n c e  of being b e t t e r  t h a n  a 
1.83-m (6-ft) WTE. 

Pr ior  s tud ies  had shown t h a t  a e r o e l a s t i c  washout  nega ted  much of t h e  po ten t ia l  LID 
benef i t  of a WTE. Hence,  e l a s t i c  wing t w i s t  was  computed  f o r  1.83- a n d  3.66-m (6-and 
12-ft) extensions,  using loads developed f r o m  t h e  prior 1.83-m (6-ft) WTE t e s t  and 
ex t rapo la ted  t o  3.66m (12 f t ) .  Baseline wing s t i f fness  was  assumed;  i.e., no s t r u c t u r a l  
resizing f o r  t h e  t w i s t  calculat ion nor f o r  t h e  prel iminary f l u t t e r  t r end  analyses.  

These prel iminary t rend  s tudy resul ts  showed no reason t o  l imi t  t h e  semispan increase  
t o  less  t h a n  3.66m (12 f t ) ,  t h e  maximum considered in t h e  study. Because a s ignif icant  
por t ion of t h e  loads analysis was comple ted  f o r  a 3.66-m (12-ft) WTE a s  a fa l l  o u t  of 



t h e  t r e n d  s tudy,  de ta i l ed  analyses  w e r e  cont inued f o r  t h a t  configurat ion,  as repor ted  in 
Sect ion 4.2. 

4.1.1 Lif t-to-Drag Ratio Improvement 

The  configurat ions  analyzed f o r  t h e  t r e n d  s tudy a r e  shown on Figures  4 and 5. The  
BTWT 1441 1.83-m (6-ft)  t i p  extension has  a c o n s t a n t  chord, thickness,  and jig t w i s t  
t h a t  a r e  t h e  s a m e  a s  t h e  exis t ing 747 wing sec t ion  a t  wing bu t tock  line (WBL) 1169. 
The 3.66-m (12-ft) t i p  extension also has  a c o n s t a n t  th ickness/chord r a t i o  and jig t w i s t  
t h a t  a r e  t h e  s a m e  a s  t h e  exis t ing wing sec t ion  at WBL 1169, b u t  has  a t a p e r e d  chord. 
Aerodynamically,  d i f fe rences  due  t o  a tapered  planform versus  c o n s t a n t  chord 
planform w e r e  found t o  b e  negligible f o r  t h e  1.83-m (6-ft) tip. 

The exper i rgental  inc rements  shown on Figure  6 f o r  t h e  1.83-m (6-ft) WTE w e r e  used as 
a basis f o r  predict ing d rag  f o r  longer t i p  extensions.  Twist of t h e  basic-model wing 
(W46, no WTE) corresponds t o  t h e  I-g c ru i se  twis t ,  taking in to  a c c o u n t  t h e  e l a s t i c  t w i s t  
of t h e  model. No addi t ional  twis t  was  designed in to  t h e  WTE (fig. 4). This wind tunnel  
mode l  configurat ion represen t s  a f l ight  c ru i se  condi t ion with  no addi t ional  pena l t i es  
d u e  t o  a e r o e l a s t i c  twis t  because  of t h e  WTE ("existing twist"). A brief study was  m a d e  
t o  op t imize  t h e  twis t  on t h e  wing t i p  f o r  minimum induced drag,  bu t  t h e  op t imiza t ion  
had l i t t l e  e f f e c t  on d rag  and resul ted in a twis t  distribution t h a t  would b e  imprac t ica l  
t o  manufac ture .  As a resul t ,  no addi t ional  jig twis t  was  designed in to  t h e  wing t i p  
extensions.  

Figure  7 shows t h a t  (LID),,, i n c r e a s e s  with  t h e  l eng th  of t h e  WTE. The  ae roe las t i c  
t w i s t  penal ty  f o r  t h e  basel ine wing s t i f fness  (no resizing) a l so  is shown. From a n  
ae rodynamic  s tandpoint  a lone,  no t  consider ing weight  e f f e c t s ,  t h e r e  was  no a p p a r e n t  
reason not t o  consider  span extension up t o  3.66m (12 f t )  o r  m o r e  per  side.  

4.1.2 Loads and Twist 

T h e  1.83- and  3.66-m (6- and 12-ft) t i p  extensions w e r e  analyzed using baseline wing 
s t i f fness  t o  support  t h e  span extension t r e n d  s tudies .  The load resul ts  f o r  t h e s e  s tud ies  
a r e  p resen ted  and discussed in Sect ion 4.2.2. 

4.1.3 Flutter 

Prel iminary f l u t t e r  analyses  using convent ional  methods  f o r  planar  wings w e r e  
conduc ted  on WTEs t o  exp lore  feasibi l i ty  of t h e  wing t i p  extension c o n c e p t  f o r  lengths  
up t o  3.66m (12 f t ) .  Simple  c o n s t a n t  chord extension inc rements  of 0.91m ( 3  f t )  were  
added  t o  t h e  s tandard  a i rplane a n t i s y m m e t r i c  f l u t t e r  analysis.  Ident ical  weights  and 
s t i f fnesses  w e r e  used fo r  e a c h  increment ,  based on t h e  nominal a i rp lane  wing t i p  
proper t ies .  The ae rodynamic  spanwise l i f t  d is t r ibut ion was  adjusted f o r  e a c h  incre-  
m e n t  by t h e  t h e o r e t i c a l  change  of t h e  baseline a i rp lane  e x p e ~ i m e n t a l  l i f t  distribution. 

Resu l t s  of t h e s e  analyses  showed t h e  re la t ive  e f f e c t s  of WTEs on t h e  747 wing f l u t t e r  
modes. The c r i t i ca l  a n t i s y m m e t r i c  wing f l u t t e r  mode  is re fe r red  t o  a s  t h e  BASIC 
mode  and is c h a r a c t e r i z e d  by wing bending and tors ion and a f t  fuse lage  bending. 

Figure  8 shows t h e  re la t ive  change  in minimum damping of t h e  a n t i s y m m e t r i c  BASIC 
mode  a s  a funct ion of WTE length f o r  t h e  nominal a i rplane with  full wing fue l  and ful l  
payload. 
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Figure 6. Effect of 1.83m (6-ftl Tl;o Extension on Drag 
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Figure 7. Performance Trends for Wing Tip Extensions 
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Figure 8. Effect of Wing Tip Extension Length 



The t rend  results of Figure 8 show tha t  a minimum damping decrease of 0.008 would 
be expec ted  for  a 1.83-m (6-ft) extension. This is considered acceptable  without 
additional wing st i ffness  requirements  f o r  f lut ter .  Longer extensions, while feasible, 
require fur ther  analyses (including symmetr ic  analyses) and wind tunnel d a t a  t o  
determine s t i f fness  requirements. Symmetr ic  mode analyses were conducted during 
final configuration f l u t t e r  investigations, which a r e  discussed in Section 7.1.3. 

4.2 ANALYSES OF TWO WING TIP EXTENSION CONFIGURATIONS 

This sect ion discusses detailed analyses conducted for  1.83- and 3.66-m (6- and 12-ft) 
WTEs. Wind tunnel da t a  used in t h e  1.83-m (6-ft) WTE analyses were obtained f rom a 
prior Boeing test (BTWT 1441). Aerodynamic da t a  from loads test ing of this WTE were  
extrapolated for  use in t h e  3.66-m (12-ft) WTE study. 

In general ,  t h e  analyses t o  determine fuel savings consisted of loads definition and 
ul t imate and fa t igue  sizing, based upon comprehensive s e t s  of design loads, f l u t t e r  
stability checks, cruise twist ,  and weights e s t ima te s  for t he  resized wing. L/D 
computat ion accounted for  twist  e f fec ts ,  and fuel  savings es t imates  accounted for  L/D 
and weight e f fec ts .  However, t he  s t ruc tura l  loads and sizing cycle was abbreviated 
for  t h e  3.66-m (12-ft) WTE a f t e r  i t  became apparent  from preliminary weights da ta  
t h a t  fuel  savings would be only slightly more for  t h e  3.66-m (12-ft) than for  t h e  1.83-m 
(6-ft) WTE. 

The e f f ec t s  of t ip  extensions on s tabi l i ty  and control  and on t h e  flight control system 
were  determined only for  t he  1.83-m (6-ft) WTE. Preliminary design studies concerned 
with t h e  t ip  a t t achmen t  concept  and equipment  relocation, which formed a basis for  
cost  est imation,  also concent ra ted  on the  1.83-m (6-ft) WTE. In these  a reas ,  
considerable background information and drawings were  available from prior studies. 

4.2.1 Lift-to-Drag Ratio Improvement 

Figure 9 shows percent  increase in (LID),,, a s  a function of length of t h e  WTE. 
Structural  resizing decreased t h e  twist  penalty slightly, a s  seen by comparing these  
results with those on Figure 7. 

The L/D equivalent of t h e  increased operat ing empty  weight (OEW) was obtained using 
a t r ade  f ac to r  of 0.2% LID decrease  per  453.5 kg (1000 lb) of airplane mass (weight) 
increase. This t r ade  f ac to r  is valid for  nontakeoff gross weight limited missions Ee.g., 
5556 km (3000 nmi)]. Net  (L/D)max indicates  t ha t  a 2.74-m (9-ft) t ip  extension is 
near optimum. Comparisons with winglets  a r e  shown in Section 7.1.6. 

4.2.2 Loads and Twist 

This section shows the  load results used fo r  t h e  tip extension studies. Maneuver 
conditions c r i t ica l  for  design of t h e  wing s t ruc ture  were  analyzed for  t h e  baseline wing 
with 1.83- and 3.66-m (6- and 12-ft) t ip  extensions (WTE). Fat igue analyses were 
conducted only for  t h e  1.83-m (6-ft) WTE, although approximate fa t igue  mater ia l  
requirements  were  es t imated  for  t h e  3.66-m (12-ft) WTE. Required weight and 
s t i f fness  increases were  determined, and t h e  analysis was cycled t o  de te rmine  final 
load results. 



Wing tip extension per side, meters (feet) 

Figure 9, Performance Trends for Wing Tip Extension 

T h e  aerodynamic  f o r c e s  used f o r  t h e  analysis w e r e  based  on wind tunnel  t e s t  d a t a  f o r  a 
1.83-m (6-ft)  t i p  extension (BTWT 1441 t e s t )  and ex t rapo la ted  f o r  analysis of t h e  3.66-m 
(12-ft) t ip  configurat ion.  A s a m p l e  i n c r e m e n t a l  span loading f o r  t h e  1.83-m (6-ft)  t i p  
extension,  a s  de te rmined  f rom t h e  wind tunnel  d a t a ,  is con ta lned  in Appendix B. 

Figure  10 shows t h e  e f f e c t  of t h e  WTEs on wing design bending m o m e n t  and Figure  11  
shows wing twis t  d a t a  f o r  a typ ica l  c ru i se  condition. As expec ted ,  t h e  WTEs increased  
wing design bending m o m e n t  and  also inc reased  wing t ip  washout  f o r  t h e  c ru i se  f l ight  
condition. The  e f f e c t  of t h e  required increased s t i f fness  was smal l  f o r  t h e  1.83-m (6- 
f t )  t i p  extension because  t h e  baseline wing had excess  s t r u c t u r a l  margins  t h a t  w e r e  
absorbed a s  required when t h e  1.83-m (6-ft) t i p  extension was  added.  For  bo th  
configurat ions ,  f inal  load resu l t s  w e r e  obtained in one  loads-stiffness i t e ra t ion  cycle .  

The t i p  extension configurat ions  w e r e  not  c r i t i ca l  f o r  f l u t t e r  o r  gust ;  t h e r e f o r e ,  t h e  
s t i f fness  f o r  maneuver  and f a t i g u e  design gave  t h e  f inal  load and t w i s t  r esu l t s  f o r  
t h e s e  configurat ions .  

4.2.3 Structural Resizing 

The  wing box spar  webs and panels  (skins, s t r ingers ,  spar  chords) w e r e  ana lyzed  f o r  
u l t i m a t e  loads, f a t i g u e  loads, and f l u t t e r  s t i f fness  requirements .  The u l t i m a t e  s t r e s s  
analysis methods  used w e r e  ident ical  t o  those  used in t h e  747-200B c e r t i f i c a t i o n  s t r e s s  
analysis,  and included c o r r e c t i o n  f a c t o r s  obtained f rom full-scale wing s t a t i c  des t ruc-  
t ion  t es t s .  
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The fa t igue  analyses were  based on a l i fe  goal of 20 years, using t h e  typical 3-hour 
average  f l ight  length of t h e  747-2008. The analyses used a Boeing-developed fa t igue  
analysis method t h a t  utilizes detai l  fa t igue  ratings. All significant f l ight  and ground 
loads were  included or es t imated  in t h e  analyses. 

Panel skinkitringer a r ea s  were  resized using t h e  existing rat io of skin area/s tr inger  
a r ea ,  which maintains t h e  fail-safe capability of t h e  s tructure.  

To de termine  t h e  changes required t o  re t rof i t  a t ip  extension, t he  wing box s t ruc ture  
was resized t o  bring all  negative margins of sa fe ty  (MS) up t o  ze ro  (MS = 0, "beef-up" 
only). No mater ia l  was removed where positive margin of safety remained. Since 
resizing a f f ec t ed  the  wing st i ffness  (EI and GJ), a new se t  of loads, based on t h e  new 
stiffness, was used for  t h e  final sizing analysis. Results a r e  shown in Figures 12 and 
13. 
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Figure 12, Structural Sizing of Wing With 1.83m (6-ft) W TE 
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Figure 13, Structural Stiffness of Wings With Tip Extensions 



No m a t e r i a l  was required f o r  f l u t t e r  on t h e  wing with  t h e  1.83-m (6-ft) t ip  extension. 
Mid-and rear-spar  webs on t h e  wings with  t i p  extensions did not  requ i re  any  s t r e n g t h  
increase.  

To  provide a n  indication of t h e  weight  penal ty  associated with  install ing a t i p  
extension on a wing init ially having a z e r o  margin of s a f e t y  in t h e  upper and lower  
panels,  t h e s e  panels  w e r e  res ized (using t h e  s a m e  ex te rna l  loads) t o  have margins  of 
s a f e t y  equa l  t o  those of t h e  basel ine wing. Cr i t i ca l  s p a r  web  loads w e r e  no t  
ca lcu la ted ;  t h e r e f o r e ,  spar  web  gages  w e r e  not  increased above  t h e  "beef-up"-only 
sizing. If spar  web  gages  had b e e n  increased t o  main ta in  the i r  basel ine marg in  of 
s a f e t y ,  t h e  weight  i m p a c t  would h a v e  been small .  If loads  with  a t i p  extension 
produced a smal le r  sizing, t h e n  no m a t e r i a l  was removed f r o m  these  sect ions .  Sizing 
resu l t s  a r e  shown in Figures  12 a n d  14. 

T h e  3.66-m (12-ft) t i p  configurat ion sizing shown in Figures  1 3  and  14 w a s  obtained 
f r o m  using u l t i m a t e  maneuver  loads only. Airplane per formance  based upon th i s  s iz ing 
ind ica ted  t h a t  l i t t l e  benef i t  could b e  obtained re la t ive  t o  t h e  1.83-m (6-ft)  tip. 
There fore ,  f a t i g u e  and f l u t t e r  analyses  w e r e  not  accomplished,  a l though a f a t i g u e  
weigh t  i n c r e m e n t  was e s t i m a t e d .  If m o r e  weight  w e r e  added t o  sa t i s fy  f l u t t e r  
requ i rements ,  t h e  per formance  would only b e  f u r t h e r  reduced. 

A s tudy  ind ica ted  t h a t  r e t r o f i t t i n g  a t ip  extension is no t  p rac t i ca l  because  of t h e  
ex tens ive  wing s t r u c t u r a l  changes  required. 

4.2.4 Weights 

Wing t ip  extension panel  weights  w e r e  e s t i m a t e d  f r o m  a configurat ion descr ipt ion and 
layout  drawings. The p a n e l l a t t a c h m e n t  configurat ion description w a s  based on a pr ior  
Boeing s tudy of a 1.83-m (6-ft)  extension.  The  weight  of t h e  t ip  f o r  t h a t  s tudy was  
c a l c u l a t e d  f rom drawings and was  used t o  ver i fy  t h e  c u r r e n t  s tudy e s t i m a t e .  T h e  
weigh t  buildup of t h e  1.83-m (6-ft) extension is a s  follows: 

Extension of wing box 243 
Extension of leading e d g e  82 

( no leading-edge device)  
Extension of t ra i l ing e d g e  38 
Additional a c c e s s  doors  7 
Delet ions  f r o m  basel ine -54 
Miscellany and round off 2 

( s y s t e m s  relocat ion,  e tc . )  - 
Tota l  1.83-m (6-ft)  WTE 318 

The weight  of t h e  3.66-m (12-ft) extension was  e s t i m a t e d  t o  be t w i c e  t h a t  of t h e  
1.83-m (6-ft)  extension.  Wing box weigh t  i n c r e m e n t s  w e r e  e s t i m a t e d  f rom t h e  s t r e s s  
si zin gs. 

Tab le  1 c o m p a r e s  weight  i n c r e m e n t s  of t h e  1.83- and 3.66-m (6- and  12-ft) WTE with 
t h e  exis t ing margins  of s a f e t y  absorbed and maintained.  
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Figure 14. Structural Sizing of  Wing With 3.66m (12-ft) WTE 



Table 1. Wing Tip Ex tension ( W TE) Weight Summary 

4.2.5 Stab i l i ty  and Cont ro l  

Wing box reinforcementfor: 

T h e  addition of a WTE changes  t h e  s tab i l i ty  and con t ro l  c h a r a c t e r i s t i c s  of t h e  basic  
a i rp lane  t o  t h e  e x t e n t  t h a t  minor modif icat ions  t o  t h e  longitudinal f l ight  c o n t r o l  
s y s t e m  may b e  required. Some la teral -direct ional  s tabi l i ty  and con t ro l  c h a r a c t e r i s t i c s  
a r e  slightly degraded,  b u t  no ai leron span  extension or o t h e r  l a t e r a l  con t ro l  sys tem 
revisions a r e  considered necessary.  Resul ts  of th is  task w e r e  der ived f rom analyses  of 
d a t a  fo r  1.52- and  1.83-m (5- and 6-f t )  t ip  ex tens ions  obtained f r o m  prior wind tunnel  
t e s t s .  Similar e f f e c t s  a r e  e x p e c t e d  with  longer extensions.  

@ Static loads 

@ Fatigue 

Flutter 

Total delta increaselairplane 

As shown in Figure  15, a WTE resu l t s  in a n  inc rease  in rigid a i r f r a m e  longitudinal 
s tabi l i ty  due  t o  addi t ional  l i f t ing capabi l i ty  a f t  of t h e  q u a r t e r  chord of t h e  m e a n  
ae rodynamic  chord (MAC). This s tabi l i ty  inc rease  is largely o f f s e t  by a e r o e l a s t i c  
losses,  bu t  t h e  n e t  resul t  is a n  inc rease  of approx imate ly  2-3% MAC, f l aps  up. The  
corresponding increase  f o r  f l aps  30 (landing f laps)  is 3% MAC. The  increased s tabi l i ty  
will resul t  in increased s t i ck  f o r c e s  t o  maneuver .  However,  t h e  s t i ck  f o r c e s  per  g c a n  
b e  reduced t o  p resen t  levels,  if desi red,  by minor modif icat ion of t h e  f e e l  sys tem.  

T h e  WTE t e n d s  t o  inc rease  longitudinal s t a t i c  s t ab i l i ty  re la t ive  t o  t h e  basic  a i rplane,  
e x c e p t  f o r  indicat ion of tuck  (a i rplane t endency  t o  nose down with  increasing Mach 
number)  a t  speeds a l i t t l e  above  t h e  c ru i se  Mach number  which c a n  b e  in fe r red  f r o m  
t h e  wind tunnel  d a t a  comparisons in Figure  16. If m o r e  ex tens ive  invest igat ions  
(including a e r o e l a s t i c  and f e e l  sys tem e f f e c t s )  ind ica te  improvement  is required,  s o m e  
compensa t ion  c a n  b e  gained th rough  changes  such  a s  a d j u s t m e n t  of t h e  e l e v a t o r  
rigging. 
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approx imate ly  114 unit  at maximum opera t ing  speed. Landing t r i m  is m o r e  a i rp lane  
nose up by approx imate ly  314 unit  at t h e  approach r e f e r e n c e  speed. Approximately  112 
un i t  m o r e  a i rplane nose up t r i m  is required f o r  t a k e o f f .  

The addi t ion of a WTE t o  t h e  747 has  only smal l  e f f e c t s  on la teral -direct ional  s t ab i l i ty  
der ivat ives .  T h e  t i p  is e x p e c t e d  t o  inc rease  roll d u e  t o  sideslip (C p p ) by 2-3%, 
inc rease  roll d u e  t o  outboard a i leron ( C p A  ) by 3-4%, and increase  roll damping ( C ~ A )  

P by  2-3%. The  i m p a c t  of a t i p  extension onoyawing m o m e n t  and s ide  f o r c e  der iva t ives  
is negligible. 

T h e  e f f e c t s  of t h e s e  changes  on la teral -direct ional  s t a t i c  s tabi l i ty  c h a r a c t e r i s t i c s  (i.e., 
engine-out con t ro l ,  c ross  wind capabi l i ty ,  rudder induced sideslips) a r e  minimized by 
t h e  f a c t  t h a t  t h e  inc reases  in C ~ p a n d  C g  a a r e  o f f s e t t i n g  when t h e  f l a p s  a r e  down. 
F o r  f l a p s  u p  f l ight ,  where  t h e  ou tboard  a i leron i s  locked out ,  t h e  wheel  required in 
side-slip will i n c r e a s e  by 2-3%, which is  negligible. 

For  flaps-down f l ight ,  t h e  2-3% increase  in roll  damping a n d  3-4% increase  in a i l e ron  
e f fec t iveness  combine  t o  c a u s e  a loss in  roll p e r f o r m a n c e  of approximately  1%. Flaps  
up, maximum roll r a t e  will b e  reduced  2-3%. Both changes  a r e  considered a c c e p t a b l e  
( though undesirable),  so  a n  a i leron span extension is no t  manda tory  t o  m e e t  flying 
qua l i t i e s  requ i rements  with  t h e  WTE. 

The  pred ic ted  increases  in C g p  and  CpA have  of f se t t ing  e f f e c t s  on Dutch  roll 
character is t ics , ,  wi th  t h e  n e t  e f f e c t  being go no t iceab le  change  in e i t h e r  damping o r  
period. Spiral  s t ab i l i ty  will b e  very slightly increased.  

The  f l ight  con t ro l  sys tem modif icat ions  t o  c o m p e n s a t e  f o r  t h e  s tabi l i ty  and  con t ro l  
e f f e c t s  of wing t ip  extensions a r e  no ted  in Sect ion 4.3.4. 

4.3 INSTALLATION DESIGN CONCEPT 

T h e  design s tud ies  w e r e  concerned  primarily with establishing feasibi l i ty  and  providing 
prel iminary design work s t a t e m e n t s  f o r  use  in obtaining c o s t  e s t i m a t e s .  Emphasis w a s  
on production-line ins ta l la t ion f o r  f u t u r e  deliveries,  a l though feasibi l i ty  of r e t r o f i t  
a l so  was s tudied and found t o  b e  imprac t ica l .  Three-view drawings i l lus t ra t ing t h e  
WTEIWTW configurat ions  considered a s  f inal  configurat ion cand ida tes  a r e  p resen ted  in 
Sect ion 7.1.8. 

k3.1 Extension Configuration and Construction 

Previous s tud ies  of wing t i p  extensions de te rmined  t h a t  i t  was  possible t o  s impli fy  
cons t ruc t ion  and min imize  fabr ica t ion  c o s t s  if t h e  extension had a c o n s t a n t  chord,  
th ickness ,  and  twis t ,  t h e  s a m e  a s  t h e  exis t ing wing sec t ion  at WLB 1169. The extension 
cons t ruc t ion  is t h e  ' s a m e  a s  t h e  inboard wing, namely s h e e t  s t i f f e n e r  and honeycomb 
panels. The exis t ing t i p  fa i r ing is r e t a i n e d  and,  by revising exis t ing a t t a c h m e n t  ho le  
locat ions ,  is ins ta l led 1.83m (6 f t )  outboard.  

4.3.2 ExtensionIW ing Splice 

Existing wing spar  and skin panel l eng ths  a r e  t h e  maximum capab le  of being handled 
wi thou t  a f f e c t i n g  major  assembly f ix tu res  and manufac tur ing  equipment .  The wing 
and  extension,  the re fore ,  a r e  f a b r i c a t e d  a s  s e p a r a t e  units, then  spl iced at t h e  loca t ions  
shown in Figure  17. 
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Figure 17, Attachment Concept for 1.83m (6-ft) W TE 



4.3.3 Wing Structural Revision 

T h e  inboard wing box is re in forced  t o  c a r r y  t h e  increased loads f r o m  t h e  increased 
span. Reinforcing is achieved by revising t h e  machining of t h e  skin, s t r ingers ,  a n d  
f r o n t  spar. T h e  s a m e  skinls t r inger  thickness  r a t i o  is maintained,  a s  in t h e  exis t ing 
wing, t o  sa t i s fy  fa i l -safe  requirements .  Existing raw p l a t e  m a t e r i a l  and  extrusions  c a n  
a c c o m m o d a t e  t h e  thickness  inc rease  of t h e  revised par ts .  

4.3.4 Control Systems Revision 

Some rela t ively minor changes  t o  t h e  e l e v a t o r  and s tabi l izer  control  sys tems  may b e  
required.  For  example ,  t h e  e l e v a t o r s  c a n  b e  rer igged with  addi t ional  downrig ( m o r e  
t ra i l ing edge  down) t o  improve  c ru i se  s t a t i c  (speed) s tabi l i ty  and mis t r immed dive 
recovery.  The e l e v a t o r  f e e l  sys tem may b e  revised t o  maintain  s t i ck  con t ro l  f o r c e  a t  
t h e  c u r r e n t  f o r c e  level. The  s tabi l izer  l imit  swi tches  a r e  re loca ted  t o  provide 
inc reased  e l e c t r i c a l  t r im capabi l i ty .  To a c c o m m o d a t e  t h e  revised takeoff  t r i m  range,  
t h e  s tab i l i ze r  greenband is modified and t h e  greenband warning swi tches  a r e  re located.  

4.3.5 Electric and Electronic Systems 

These sys tems ,  present ly  loca ted  in t h e  t ips ,  a r e  simply moved outboard and similarly 
loca ted .  

4.4 INTERIM ASSESSMENT 

Select ion of t h e  bes t  WTE is a compromise  be tween  a number  of fac to rs ,  including 
per formance ,  manufac tur ing  cos t ,  g a t e l t a x i w a y  c lea rance ,  flying qual i t ies ,  and t h e  
e x t e n t  of t h e  deve lopment  program required t o  address  technical  concerns  such a s  
f l u t t e r  o r  buf fe t .  

A 1.83-m (6-ft)  WTE provides imp.roved fuel  e f f i c iency  and probably would no t  require  
leading-edge f l aps  o r  f l u t t e r  mate r ia l .  Access  t o  s o m e  exis t ing g a t e s  would b e  los t ,  
taxiway c l e a r a n c e s  would b e  reduced,  and s o m e  minor modif icat ions  would b e  required 
t o  main tenance  faci l i t ies .  Minor f l ight  con t ro l  sys tem revisions would b e  required 
(e.g., revised t r i m  limits),  b u t  e f f e c t s  on flying qual i t ies  would b e  minimal  with  no 
ai leron modif icat ions  required. 

A 2.74-m (9-f t )  WTE a p p e a r s  t o  b e  n e a r  op t imum with respec t  t o  improved f u e l  
e f f i c iency  f o r  appl icat ion without  WLA, bu t  leading-edge f laps  would probably b e  
required t o  avoid undesirable buf fe t ,  which would inc rease  manufac tur ing  costs .  St i l l  
l a rger  span extensions migh t  g ive  b e t t e r  fue l  e f f i c iency  with  WLA, bu t  they  would 
inc rease  concerns  regarding f l u t t e r ,  buf fe t ,  and ga te l t ax iway  c l e a r a n c e  and migh t  
require  extension of t h e  a i leron span. 

T h e  1.83-m (6-f t )  WTE h a s  economic  and  opera t iona l  advantages ,  while t h e  2.74-m 
(9-f t )  WTE h a s  p e r f o r m a n c e  advan tages ;  the re fore ,  both should b e  considered in t h e  
f ina l  comparisons wi th  winglets.  

T h e r e  is nothing unique about  wing design, manufactur ing,  or FAA cer t i f i ca t ion  of t i p  
extensions.  No c e r t i f i c a t i o n  rule  revisions o r  new special  condi t ions  should b e  
necessa ry  and ce r t i f i ca t ion  of t h e  modif icat ion should b e  routine.  



5.0 WING TIP WINGLETS 

This sect ion discusses t h e  addition of wing tip winglets (WTW) t o  t h e  baseline wing 
without wing load alleviation (WLA). Comparisons with wing t i p  extensions (WTE) and 
discussion of WTW combined with WLA a r e  provided in Section 7.0. 

The winglet s tudies  were  similar t o  t h e  t i p  extension studies in t h a t  detai led analyses 
(including s t ruc tura l  sizing) t o  de t e rmine  potential fuel  savings were  conducted fo r  
two configurations, 2 9  and 213 (sec. 5.3); however, t h e  winglet studies required a much 
larger  e f fo r t  than  did t h e  tip extension studies. Several winglets had t o  be designed 
and tes ted  in t h e  Boeing Transonic Wind Tunnel (BTWT) before sat isfactory perform- 
ance  was  achieved; f l u t t e r  model test ing was necessary and analytical tools had t o  be 
modified in t h e  a r ea s  of aerodynamic design, loads, and f lu t te r .  The winglet design 
and test da t a  analysis act ivi t ies  a r e  discussed in  Section 5.2. 

F lu t te r  tes t ing  showed tha t  t h e  winglets caused a symmetr ic  f l u t t e r  mode and a wing 
t i p  f l u t t e r  mode t o  appear  t h a t  a r e  not present fo r  t h e  baseline wing. Testing with t h e  
winglets replaced by equivalent masses, showed t h e  modes resulted f rom aerodynamic 
rather  than  mass effects .  F lu t te r  speeds with these  modes were  greatly reduced 
relat ive to  t h e  f l u t t e r  speed for  t h e  an t i symmetr ic  f l u t t e r  mode of t h e  baseline wing. 

These modes and t h e  a t tendant  reduction in f l u t t e r  speed were not predicted by t h e  
conventional f l u t t e r  analysis methods used prior to  t h e  winglet test. When t h e  
problem appeared,  t h e  f l u t t e r  study plan was expanded t o  improve t h e  winglet f l u t t e r  
analysis. As discussed in Section 5.2.2, t h e  improved analysis gave a reasonable degree 
of correlation with t h e  t e s t  resul ts  and was then used a s  part  of t h e  final s t ruc tura l  
sizing cyc l e  for  t h e  213 WTW. 

Flu t te r  sizing required addition of a significant amount  of s t i f fness  material .  The 
added f lu t t e r  weight,  when translated in t e rms  of equivalent LID, reduced t h e  LID 
benefi ts  of t h e  213 WTW by about 0.5%. Comple te  LID, weight,  and performance da t a  
a r e  presented in  Section 5.3. 

The 213 WTW gave t h e  best performance of t h e  configurations tes ted ,  achieving 96% 
of t h e  potential predicted by subsonic theory. A full-scale increase in maximum 
tr immed cru ise  LID of 3.2% (which includes t h e  adverse  e f f ec t s  of increased 
aeroelast ic  washout of t h e  basic wing) was est imated.  This i s  a significant improve- 
ment  and is  be t t e r  than  tha t  a t ta ined  by any other  winglet t es ted  to  d a t e  on a 747 
model. Having a full-chord planform and a reasonable thickness-to-chord ra t io ,  t h e  
213 i s  be t t e r  with respect  t o  winglwinglet a t t achmen t  design than t h e  partial-chord 
designs (21 1 and 212) t h a t  were  tes ted .  Hence,  t h e  213 WTW was se lec ted  as t h e  
"final" winglet configuration for  comparison with t ip  extensions and f o r  com bination 
with WLA. 

A preliminary design installation concept  was devised tha t  used th ree  s tee l  f i t t ings t o  
a t t a c h  t h e  wing spars  t o  t h e  winglet spars. This concept  was judged t o  be 
unsat isfactory with respec t  t o  s t ress  and manufacturing aspects ,  s o  a concept  
employing multiple spars  in  t h e  winglwinglet juncture region was adopted for  t h e  final 
winglet (213) a t t achmen t  design. 



5.1 TEST CONFIGURATION SELECTION 

A number of winglet configurations had been wind tunnel tes ted  on 747 models prior t o  
this  program. The  best of these  (24)  was similar t o  t h e  winglet developed for  t h e  
NASAIBoeing KC-135 Winglet Flight Tes t  Program. This design, which had a span 
equivalent t o  13.5% of t h e  wing semi-span, and associated design methods were  used a s  
a s t a r t i ng  point for  design of t h e  f i r s t  747 EET winglet (29). The 2 4  had fai led t o  
achieve  i t s  theore t ica l  performance potential at cruise Mach, s o  modifications 
intended t o  co r r ec t  rhese deficiencies  were  incorporated into t h e  29, which was 
designed t o  achieve  opt imum loading. When t h e  2 9  also fai led t o  m e e t  i t s  
performance potential,  t h e  winglet design and test act ivi t ies  were  expanded t o  
enhance development of a successful winglet. Based upon avai lable t ime,  resources, 
and tunnel occupancy, t h r ee  winglets (211, 212, 213) were designed for  t h e  second 
BTWT entry. A suboptimal loading philosophy was adopted  fo r  t h e  aerodynamic design 
of t he se  winglets, and a radius blend was incorporated in t h e  wing-winglet juncture 
region. The  winglets t e s t ed  and their  design pressure loadings a r e  i l lustrated in Figure 
18. 
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Figure 78, Winglet Configurations Tested in BTW T 

The winglet aerodynamic design procedure is  discussed in Section 5.1.1. Aerodynamic 
design was ini t ia ted on t h e  211 winglet and a brief t rend study (sec. 5.1.2) was 
conducted. The primary purpose of t h e  t rend study was t o  de te rmine  if t h e  30-deg 
c a n t  angle being considered for  t h e  212 and 213 ( to  aid in alleviating transonic 
in te r fe rence  e f f e c t s  i n '  t h e  wing-winglet juncture) would resul t  in an  excessive 
s t ruc tura l  weight penalty or agg rava t e  f lu t te r .  T h e  t rend studies indicated only a 
small weight increase with t h e  increased can t  angle, s o  aerodynamic design of t h e  212 
and 213 configurations proceeded using 30 deg of cant .  

Fabrication of winglet models 211, 212, and 213 was more detailed than for  t h e  29. 
Closer tolerances were  held on t h e  leading edges and t h e  wing-winglet juncture blend 
was machined as an integral pa r t  of t h e  winglet. 



5.1.1 Aerodynamic Design 

This sect ion describes how the  winglet design cyc le  was carr ied out  and reviews t h e  Z9 
winglet design, i t s  problem areas ,  and t h e  revised approach used for  winglets Zll, 212, 
and 213. 

The  winglet design method was based primarily on two  computer  programs: A372, a 
vortex l a t t i c e  program capable of designing t h e  winglet camber  sur face  and  A230, an  
inviscid, subsonic potential flow program t h a t  calculates  sur face  pressure distri- 
butions. Detai ls  of t he se  programs and t h e  paneling models used a r e  in Appendix A. 

The winglet design and i terat ion process is  shown in Figure 19. Winglet span, c a n t  
angle, and loading (CN) a r e  t h e  significant parameters  a f fec t ing  induced drag. Winglet 
planform and airfoil  shape  a r e  significant parameters  affect ing viscous and compres- 
sibility drag. Winglet in te r fe rence  drag  is  a strong function of Mach number, c a n t  
angle, winglet loading, planform shape,  and winglet chordwise location on t h e  wing tip. 
All t he se  f ac to r s  influence t h e  selection of winglet planform and can t  angle. (The 
drag trend portion of Section 5.1.2 discusses t h e  e f f e c t  of span and c a n t  angle on 
induced drag.) 
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Figure 19. Design Iteration 



Initial airfoil selection is a n  important  e lement  of a successful winglet design. A 
preliminary design run using computer  program A372 is  made  t o  de te rmine  t h e  
required section l i f t  coeff icient  for t h e  airfoil. The initial airfoil selection was based 
on t h e  required sect ion l i f t ,  winglet planform sweep, and cruise Mach number. 

The  chordwise vort ici ty distribution of t h e  initial airfoil section was determined for  
use in t h e  A372 design program. As a design tool, A372 allows t h e  winglet camber  
sur face  to  b e  determined fo r  a prescribed section chordwise loading shape. The 
designed camber  sur face  corresponds t o  minimum induced drag  for  t h e  wing and 
winglet with optional constraints  (e.g., specified normal fo rce  on winglet surface).  
The design of t h e  winglet in combination with an  existing wing will produce no change 
in wing geonl e t ry  and yields a prescribed geometry  for  t h e  winglet camber  surf ace. 
An important  f ea tu re  of t h e  A372 computer  program is t h a t  t h e  camber  su r f ace  fo r  
t h e  winglet is  designed in t h e  curvilinear flow a t  t h e  wing tip. 

The designed winglet camber  sur face  then  is  combined with t h e  thickness iorrn of t h e  
initial airfoil sect ion t o  make a winglet lof t .  The resul tant  winglet definition is 
paneled for  analysis in t h e  A230 potential flow program. The  A230 sur face  pressure 
distributions on t h e  wing t i p  and winglet a r e  evaluated for  in te r fe rence  e f f e c t s  and 
sui-tability of winglet sect ion pressure character is t ics .  If t h e  in te r fe rence  between 
wing and winglet is  excessive or  t h e  wir~gle t  sect ion pressure distribution requires 
modification, i terat ion will be needed. An i terat ion could involve a change in t h e  
sect ion chordwise loading shape input t o  A372 or  a change in t h e  airfoil  thickness 
distribution. When t h e  A230 analysis yields acceptable  su r f ace  pressure distributions 
t h e  design i s  complete .  

The  winglet design method described in t h e  preceding paragraphs has several limi- 
tations. T h e  A372 camber  sur face  design is  i o r  irlcompressible conditions. This may 
resul t  in excessive winglet root  loading at c ru ise  Mach number (0.84). Additionally, 
t h e  winglet camber  sur face  resulting f rom a n  A372 design run may be unacceptably 
defined over approximately one  third of t h e  inboard span (design surf a c e  indicated i s  
impract ical  t o  lof t  because of sharp  spanwise changes in twis t  and camber).  This 
resul ts  in a necessary modification to  t h e  inboard camber  geometry. The modification 
can be made  with relatively small changes t o  t h e  winglet span load, although t h e  t ime  
required may be  significant.  Another limitation involves t h e  lack  of analysis 
capability a t  cruise Mach number. The  A230 analysis is  essentially l imited t o  
predicting subsonic sur face  pressure distributions. 

2 9  was t h e  f i rs t  winglet designed in t h e  747 EET developn~ent  program. Previous 747 
studies were  done on a partial wing t i p  chord winglet 2 4  (similar t o  Zll in planform 
shape). The Z9 winglet was a full wing t ip  chord winglet of trapezoidal planform. The  
previous-study winglet (24) did not m e e t  i t s  goal for  c ru ise  drag  reduction. The main 
problem a r e a  was excessive winglet sec t ion  loading. Winglet 2 9  was designed t o  have 
essentially t h e  s a m e  optimum span loading a s  t h e  earl ier  study winglet,  but with 
approximately 27% grea ter  planform a r e a  (fig. 20). This increased a r e a  resul ted in a 
theoret ical  required section l i f t  coeff icient  t ha t  was 20% less  t han  t h e  previous 
winglet at midspan (fig. 21). The camber  sur face  (chordwise loading shape) of t h e  2 4  
winglet was modified t o  re f lec t  t h e  increased planform a r e a  of Z9 and used to  define 
t h e  Z9 winglet geometry  (fig. 22). As shown on Figure 23, t h e  2 9  winglet did not  
perform as well as  expected;  cruise drag  reduction was only 20% of est imated.  
Excessive leading-edge velocities caused significant wave drag and t h e  larger planform 
resulted in undesirable wing t i p  in te r fe rence  losses. The experimental  resul ts  of t h e  
747 EET winglet t es t ing  a r e  discussed in Section 5.2.1. 



Figure 20. Winglet Geometry Comparison 
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Both 24  and 29  winglets had extensive root  sect ion tailoring (fig. 22) t o  help minimize 
wing t i p  in te r fe rence ,  while maintaining t h e  optimum winglet span load for  minimum 
induced drag. The partial wing t i p  chord winglet had be t t e r  wing t i p  in te r fe rence  
charac ter i s t ics  a n d  less we t t ed  a r e a ,  while t h e  2 9  planform was s tructural ly simpler t o  
i n t eg ra t e  onto t h e  wing t ip ,  with lower sect ion l i f t  coeff icient  required. 

An A372 analysis was made  t o  de te rmine  t h e  e f f e c t  on induced d rag  fo r  winglet 
loadings less than  optimum. The resul ts  shown in Figure 24, indicated tha t  a 20% 
dec rease  in Z9 winglet CN would e a s e  t h e  section design requirement  with less  than a 
6% dec rease  in t h e  favorable induced d rag  increment .  

Optimum loading ----, lp 

0 29 winglet 
A372 theoretical analysis 

-3 -2 -1 0 1 2 

PWTW (degrees) 

20% less CN 

L 

5.7% less in ACD 
i 

ACD. (drag counts) 
I 

Figure 24. Effect o f  Suboptimum Winglet Loading 



The information gained f rom t h e  winglet 2 4  and t h e  2 9  loading study was used t o  
develop t h r e e  new winglet configurations. Winglets Zll and  212 were  par t ia l  wing t i p  
chord planforms with leading-edge s t rake le t s  blending into t h e  wing t ip  and.  were  
canted  outward 15 and  30 deg respectively (fig. 25 and 26). Winglet 213 had t h e  s a m e  
planform a s  29,  but was canted  a t  30 degrees (fig. 27). 

Several design f ea tu re s  were  common t o  t h e  t h r e e  new winglets. Firs t ,  a blended 
wing/winglet junction (fig. 28) was modeled from a successful KC-135 winglet config- 
uration. Second, t h e  winglet loadings were  chosen t o  be approximately 20%-25% less  
than t h e  corresponding optim um loadings (fig. 29). Section design, r a t  her than  winglet 
incidence reduction, was  used t o  accomplish t h e  suboptimum loading. Third, t h e  
extensive tailoring of t h e  winglet root camber  used on t h e  previous winglets was 
eliminated. The  suboptimum loading (and grea te r  c a n t  angles on 212 and 213) 
decreased t h e  winglwinglet in te r fe rence ,  which permit ted more conventional root 
camber  detai ls  than  t h e  previous winglets. 

Winglet 211 was designed using experimental  pressure d a t a  from t h e  partial wing t i p  
chord winglet (24)  as a s ta r t ing  point. Two dimensional transonic airfoil  analysis and  
design techniques were  applied, considering previous airfoil  section geometry,  corres- 
ponding experimental  pressure da t a ,  and  new design requirements  t h a t  included 
reduction of inboard winglet sur face  velocities t o  sonic, o r  lower, over  t h e  en t i r e  
chord. A new airfoil  design with low leading-edge loading and  increased a f t  loading 
(overall l i f t  reduced by approximately 20%) was developed. The new airfoil  was used 

Winglet design 
plane 

Planform characteristics 

e A c/4 = 35 deg 

e Aspect ratio = 2.0 

e (t/~),~, = 0.070 

WBL 125 --- WBL 8 0  
View B-B 

- - WBL32 
View C-C 

Figure 25. Winglet Z I 1 Geometry 



in t h e  A372 design cyc le  previously described. Winglet 212 was obtained by 
repositioning t h e  winglet Zll at 30 deg  can t  and changing t h e  winglet incidence t o  give 
t h e  s a m e  winglet loading as 211. 

The  initial airfoil for  winglet 213 was  derived from an  advanced technology airfoil  t ha t  
had been successfully applied in a previous 747 wing study. The  airfoil  sect ion was 
scaled down in thickness and camber  with considerable leading-edge droop added to  
reduce  t h e  leading-edge loading. This airfoil modification was accomplished using t w o  
dimensional, t ransonic airfoil  analysis and design methods. The airfoil  developed was 
used a s  t h e  initial airfoil sect ion fo r  t h e  A372 design cycle. 

Of t h e  t h r ee  new winglet designs, experimental  performance of 213 was t h e  best,  with 
a cruise drag reduction t h a t  was 96% of t h e  pre tes t  es t imated  value (fig. 23). 213 was 
designed using t h e  design tools  available, but  i t  would be desirable t o  have a transonic 
flow analysis method (e.g., FL-27) t o  ref ine t h e  design. 

Planform characteristics 
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Figure 26, Winglet z 12 Geometry 
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Figure 28. Wing- Winglet Junction Details 



Notes: e 212 loading is the same as Z l  I 

e C h i n g  = 0.45 

Figure 29, Optimum Versus Subop timum Winglet Loadings 
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5.1 -2 Prel iminary Trend Studies  

Drag  Trends-Prior t o  t h e  second phase of wind tunnel testing, a winglet t rend study 
evaluated t h e  sensitivity of induced drag  t o  winglet span and can t  angle. Figure 30 
shows t h e  planforms evaluated. Computer  program A372 was used to  de te rmine  t h e  
induced drag savings with optimum winglet loadings. Each spanlcant  angle combi- 
nation involved both a design run and an  analysis run. The design mode was run t o  give 
t h e  optimum loadings for  cruise, followed by t h e  analysis mode  t o  yield winglwinglet 
loadings (as a function of angle of a t t ack )  for  use  i n  assessing t h e  aeroe las t ic  twist 
penalty due t o  increased wing t i p  loading with winglets (fig. 3 1). The  aeroe las t ic  tw i s t  
increment  due to  winglets then  was analyzed in A372 t o  give an  induced drag penalty. 

@Tip chord = 0.94m (3.1 ft) @Root chord = 4.06m (13.3 f t )  

Shorter span 0.10 (b/2) 

29 planform 0.135 (b/2) Longer span 0.18 ( b l 2 )  

Figure 30, Wingkt Trend Study Geometry 
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Figure 31. Winglet Trend Study-Aeroelastic Twist Increments 

The resul ts  of t h e  winglet t rend study (fig. 32) show, a s  expected,  t ha t  drag  benefi ts  
improve with c a n t  angle. Because weight  and twist  e f f e c t s  were  not  significant 
enough t o  influence t h e  selection, winglets Zll and 213 were  designed for  30 deg cant .  
Winglet span was not  increased beyond 0.135 b/2 because of f l u t t e r  considerations. 

Twist  Trends-Preliminary t rend studies were  performed using theoret ical  es t imates  of 
t h e  aerodynamic loads for  various winglet configurations. Wing twist  results for  t h e  
typical cruise condition a r e  shown in  Figure 33. As expected,  these  resul ts  show t h a t  
increasing wingiet span or can t  increases wing t i p  washout. Final load resul ts  based on 
wind tunnel d a t a  for  t h e  2 9  and 213 winglet configurations a r e  contained in Section 
5.3.2. 

Weight Trends-Weight es t imates  of t h e  winglet panels 29,  211, 212, and 213 were  
made,  using wing weight est imation methods  applied t o  t h e  ac tua l  weight of a n  
existing winglet design (KC-135). To obtain weight t rends,  t h e  method uses an  
empirical wing weight equation t h a t  has parameters  such as wing a r ea ,  aspec t  rat io,  
sweepback angle, t aper  rat io,  and thickness r a t i o  as variables. Using t h e  KC-135 
winglet weight and geometry a s  a basepoint, weight es t imates  of t h e  747 configuration 
were  made. The resul ts  a r e  shown in Figure 34. Winglet a t t achmen t  weights were  not  
es t imated  for  t h e  t rend study. 
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q, fraction of wing semispan 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 .O 

I Configuration 

I B cant angle relative t o  vertical 

-0'5 t 8 Typical cruise flight condition 
0 Theoretical winglet aerodynamics 
0 Base wing stiffness 

-0.6 

3 h W T w  Wing 

Figure 33. Wing Twist Increment for Winglet Trend Study 

The e f f ec t s  of winglet span and can t  angle  on wing box weight were  es t imated  from 
Boeing wing sizing da t a ,  maintaining t h e  existing wing box s t ruc tura l  margins of 
safety.  Results a r e  shown in Figure 35. The "bucket" in t h e  can t  angle  trend curve 
was unexpected. Bending moments  were  verified t o  increase with c a n t  angle and no 
problem was apparent  in t h e  resizing or  weights computations. Because t h e  pending 
design decision was whether  or not  t o  increase t h e  c a n t  angle from 15 t o  30 degrees, 
t h e  t rend d a t a  were  interpreted a s  showing weight t o  be relat ively insensitive t o  small 
variatons in c a n t  angle, but strongly influenced by span variations. Winglet span fo r  
t h e  second BTWT ent ry  was  maintained at 0.135 b/2 and two c a n t  angles (15 and 30 deg) 
were  tested.  The  weight difference between t h e  15 and 30 deg c a n t  angles was 
confirmed by subsequent detai led analyses of t h e  29  and 213 configurations. The trend 
with reduced c a n t  was not fur ther  examined. 

F lu t t e r  Trends-Pretest f lu t te r  studies, using s tandard analysis methods, we re  con- 
ducted on 2 9  winglets t o  explore wing t ip  winglet concept  feasibility and t o  establish 
preliminary design es t imates  of acceptable  geometr ic  l imits  and sensitivity t o  payload 
variations. These analyses included standard three-dimensional l i f t  and moment  
aerodynamics, but  did no t  include oscillatory aerodynamic t e rms  similar t o  those  found 
necessary in T-tail analyses. The  types  of additional aerodynamic t e r m s  used in 
subsequent studies a r e  described in Figure A-9 of Appendix A. 

The configurations analyzed included t h e  29  winglet (planform identical t o  t h e  213 
final configuration) a t  c a n t  angles of 0, 15, and 30 deg  and two o the r  winglets with 
g rea t e r  and lesser  span a t  a can t  angle of 15 deg. These l a t t e r  two configurations 
maintained t h e  quar te r  chord sweep and taper  ra t io  of t h e  2 9  planform. The  mass 
propert ies  were adjusted t o  account  for  t h e  change in winglet size. 
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@ Existing margin o f  safety (MS) maintained 
@ Flut ter  and fatigue n o t  considered 
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Figure 35. Wing Box Weight Increments for Winglet Trend Study 



The cr i t ica l  an t i symmetr ic  BASIC f lu t te r  mode showed a minimum damping sensitivity 
to  both t h e  c a n t  and span variations. Figure 36 shows t h e  increase in an t i symmetr ic  
BASIC mode minimum damping with an  increase  in c a n t  angle fo r  t h e  empty  payload 
configuration. The t rend was similar for  a full payload configuration. The change in 
damping with t h e  variation of c a n t  angle is  not  considered significant. Figure 37 
shows t h e  decrease  i n  an t i symmetr ic  BASIC mode minimum damping with an  increase  
in winglet span for  t h e  empty  payload configuration. Again, a full payload config- 
uration had similar character is t ics .  The degradation in  damping with t h e  increased 
span is  significant. 

From these  studies, i t  was decided tha t  a deficiency in methodology existed because of 
t h e  general  lack  of f l u t t e r  sensitivity t o  a major aerodynamic addition. This decision 
was confirmed by t h e  resul ts  of t h e  wind tunnel f l u t t e r  t e s t  and by application of 
analyt ical  techniques developed a f t e r  t h e  pre tes t  studies. 

Figure 38 shows t h e  resul ts  of t h e  s tandard and improved methodology f o r  a can t  angle  
variation. The s tandard methodology yielded only t h e  an t i symmetr ic  results. The  
improved methodology resul ts  in  symmetr ic  and wing t i p  f lu t te r  modes (as seen during 
f l u t t e r  test ing)  and also shows t h a t  c a n t  angle is  still no t  a significant parameter .  
Section 5.2.2 contains a more detailed explanation of t h e  methodology differences. 

e Assumed structural 
damping, g = 0.025 

- * Constant WTW span 
(0.135 bl2)  

Winglet cant angle, degrees 

Figure 36. Effect of Wing Tip Winglet Cant Angle 
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Figure 38. Velocity-Damping Trends with Cant Angle 



5-2 TEST DATA ANALYSIS 

This sect ion discusses winglet aerodynamic and f lu t t e r  test ing and cor re la tes  t h e  
results with theore t ica l  predictions. The  aerodynamics portion (sec. 5.2.1) presents  
BTWT test d a t a  for  t h e  various winglet t e s t  configurations. The f l u t t e r  portion (sec. 
5.2.2) describes t h e  evolution of t h e  f l u t t e r  analysis used for  final s t ructural  resizing 
of t h e  wing wi th  winglets. 

52.1 Aerodynamics 

Fo rce  and Moment Data-Figure 39 shows drag  improvements  due to  winglets 2 9  and 
210. The  measured drag reduction due t o  t h e  2 9  winglet approaches t h e  es t imated  
value at M = 0 . 7 0 , C ~  = 0.45, but de te r iora tes  wi th  increasing Mach number. 
Modifications t o  t h e  winglet (210) resulted in some improvement ,  bu t  when t e s t ed  
toge ther  with a wing t i p  modification, l i t t l e  o r  no benefi t  was obtained from t h e  wing 
t ip  modification. 

Figure 40 shows a comparison of winglet 211, 212, and 213 measured drag  increments  
with pre tes t  est imates.  Both 211 and  212 fa l l  below t h e  es t imated  level by a 
significant amount ,  while 213 performs very near  i t s  es t imated  level at  cruise (CL = 
0.45, M = 0.84). The  213 winglet was favored for  ea se  of installation over t h e  part ial  
chord design (212), and was, therefore,  selected for fur ther  performance, loads, and 
stabi l i ty  and control  testing. Figure 41 shows t h e  winglet 213 d rag  increment  
compared t o  t h e  pre tes t  cruise incremental  drag es t imate ,  a s  a function of both Mach 
number and CL. 

Pressure  D a t a  and Flow Visualization-These d a t a  a r e  presented in Appendix B. 

5.2.2 Flu t t e r  

Resul ts  of Convair Aeronautical Laboratory (CVAL) wind tunnel f lu t te r  tes t ing  of t h e  
747 EET with wing t i p  winglets confirmed t h e  necessi ty for  improved f lu t t e r  analysis 
techniques to  account  for  aerodynamic su r f ace  extensions t h a t  project  ou t  of t h e  main 
wing plane. Initial f l u t t e r  studies using s tandard 747 f lu t t e r  analysis methods showed a 
modest degradation of an t i symmetr ic  wing/nacelle f l u t t e r  modes. However, i t  was 
believed t h a t  t h e  addition of a major  sur face  a r e a  at t h e  t ip  of t h e  wing would have 
significant f lu t te r  s tabi l i ty  e f fec ts .  The CVAL 731-2 wind tunnel f lu t te r  t e s t s  subse- 
quently confirmed t h e  existence of two  unique winglet induced symmetr ic  f l u t t e r  
modes and provided t h e  necessary experimental  resul ts  t o  begin improved method- 
ology development. 

Development proceeded in two stages,  guided by experimental evidence t h a t  t h e  
problem was primarily aerodynamic r a the r  than s tructural .  Preliminary results showed 
t h a t  an empirical correlation could b e  achieved with selected math  model modifi- 
cations. However, this  was accomplished a t  t h e  expense of rationality by increasing 
t h e  airloads unrealistically in t h e  wing tip/winglet a rea .  Improved methodology was 
subsequently ab l e  t o  res tore  rat ional i ty  t o  t h e  wing t ip  aerodynamic loading. Reason- 
ably cor re la ted  f lu t te r  solutions were  obtained using conventional strip- 
theory/Theodorsen f l u t t e r  methods modified with experimental  s teady-state  airload 
d a t a  on t h e  wing and winglet surfaces. The methodology developed was subsequently 
applied t o  t h e  final configuration winglet studies t o  assess t h e  s t ruc tura l  weight 
increments  related to  f l u t t e r  clearance.  Consideration of t h e  more complex sur face  
theories  was ruled out  of preliminary design level studies, based on efficiency, 
economy, and t h e  success of t h e  simpler approach. 
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A summary of t h e  wing t i p  winglet f l u t t e r  analysis development e f fo r t  for  t h e  747 EET 
Phase  I program is  shown in Figure 42. From this  work, i t  has been concluded tha t  
strip-theory/Theodorsen methods c a n  give sat isfactory winglet f l u t t e r  resul ts  when 
supported with wind tunnel tes t  d a t a  and when generalized a i r  forces  a r e  modified to 
include t h e  e f f ec t s  of s t a t i c  air f o rces  on t h e  winglet. The  number and complexity of 
potent ial  f lu t te r  modes t h a t  c a n  b e  involved in a winglet design will necess i ta te  
fur ther  coordinated test /analysis  development prior t o  flight. Consideration of 
maneuver load deformations and compressibility e f f ec t s  a r e  some  of t h e  potentially 
c r i t ica l  problem a reas  not  addressed in this  study. Detailed discussions of methods and  
resul ts  a r e  presented in t h e  following paragraphs. 

Early pre-wind-tunnel-test investigation of winglet e f f ec t s  on f l u t t e r  we re  based on 
standard Boeing 747 analysis techniques. The s tructural  modes were  based upon an  
e las t ic  axis  s t ick model built up of f ini te  elements. The  aerodynamic ma th  model was 
based upon classical strip-theory/Theodorsen unsteady a i r  forces with oscillatory 
derivat ives modified with t h e  use of s teady-state  l i f t  distributions derived from wind 
tunnel pressure model tests .  Figures A-6 and A-7 of Appendix A i l lustrate  t h e  
s t ruc tura l  and aerodynamic models. Resul ts  of t he se  pre tes t  evaluations showed 
modest degradation of t h e  famil iar  747 f lu t t e r  modes, but unique winglet induced 
modes did not  appear. The  F lu t t e r  Trends portion of Section 5.1.2 summarizes resul ts  
used t o  help scope geometr ic  constraints  during t h e  ear ly  s tages  of winglet definition. 

Events - Results 

e Standard methods showed a small decrease in minimum ""- damping of familiar 747 antisy~nmetric flutter modes 
I e standard methods I 

e Tests showed existence of unique and critical flutter modes 
with the addition of winglets. -- e Need for analysis improvement verified 

e Aerodynamic effects are dominant 

* 
I Preliminary method development 1 Wingtip loading found critical for wing tip flutter 

-_, e Static aero effects on WTWs required to show symmetric mode 
Correlation required large aerodynamic modifications 

e Improved methodology necessary 

e Additional structural degrees of freedom required to 
improve speed correlation -- 0 Experimental derivation of both wing and winglet section l i f t  

I curve coefficients I curve coefficients solves aero forcing problem with proper I @ Added struct&al degrees of freedom 1 distribution of wing tiplwinglet airloads 

iC 
I Final confiauration studies I 

--B 
cs Increased torsional stiffness required from inboard nacelle to 

wing tip for winglet flutter clearance to FAA requirements 

Figure 42. Winglet Flutter Analysis Development Summary 



Verification of unique f l u t t e r  modes caused by t h e  addition of winglets was obtained in 
low-speed f lu t t e r  model t e s t s  a t  t h e  CVAL wind tunnel in  San Diego. Detailed 
descriptions of t h e  CVAL 731-2 f l u t t e r  test program and resul ts  a r e  described in  
Section 2.0 of Appendix C. The most  significant result  is  presented in Figure 43, 
which shows t h e  wind tunnel t e s t  resul ts  superimposed for  comparison with t h e  pre tes t  
f l u t t e r  analysis predictions. Two winglet unique f l u t t e r  modes were  revealed 
experimentally. This included a high frequency (5.2 Hz) wing t i p  f l u t t e r  mode and a 
lower frequency (2.3 Hz)  symmetr ic  wing f lu t t e r  mode. Because outboard nacel le  
s t ru t  s ide bending frequency has been a significant parameter  in 747 wing f lu t t e r  
stability, t h e  wind tunnel resul ts  show t h e  f l u t t e r  speed rat ios  for  each  mode as a 
function of this  s t ru t  frequency ratio. The  nominal s t ru t  frequency,  REF, re fers  t o  
t h e  natural  vibration frequency of t h e  outboard nacel le/s trut  package when exc i ted  in 
t h e  side-bending direction. Off-nominal frequencies a r e  referred to  a s  so f t  w / o  REF 
ra t ios  less  than 1.0 and stiff f o r  w/w REF rat ios  grea te r  than  1.0. Resul ts  shown a r e  
for  t h e  original baseline Z9 (15-deg can t )  winglet configuration with an operat ing 
empty  weight (OEW) airplane, and full s tandard wing fuel (inboard mains full ,  outboard 
mains full, norm a1 reserves full, extended range fuel  tanks empty) .  

This configuration was se lec ted  for  analysis / test  correlat ion studies t o  develop t h e  
winglet f lu t te r  methodology. , The pre tes t  analysis resul ts  show two ant i symmetr ic  
f l u t t e r  modes at off-nominal s t ru t  frequencies. The  an t i symmetr ic  outboard nacel le  
side bending (ONSB) mode  appears  a t  less than nominal s t ru t  frequencies and is  
charac te r ized  by relat ive la te ra l  motion between t h e  outboard nacel le  and t h e  wing. 
The  mode appearing a t  above nominal s t ru t  frequencies is  referred t o  a s  t h e  
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Figure 43. Pretest Flutter Predictions Versus Wind Tunnel Results 



ant i symmetr ic  BASIC mode and i t  involves wing bending/torsion and a f t  body side 
bending motions. With t h e  2 9  winglet addition, t h e  an t i symmetr ic  BASIC mode 
appears  only at a relatively stiff s t ru t  frequency (much higher than  nominal), bu t  a 
cr i t ical  symmetr ic  mode i s  introduced in t h e  s t ru t  frequency range of in te res t  (near 
nominal). A t  a relatively so f t  s t ru t  f requency (lower than nominal) t h e  analysis 
predicts  t h e  an t i symmetr ic  ONSB f lu t te r  mode would be  encountered,  but test resul ts  
showed t h e  presence of a high frequency wing t i p  f lu t te r .  This wing t i p  f l u t t e r  would 
be expected t o  be insensitive to  s t ru t  frequency tuning and must be considered design 
cr i t ica l  along with t h e  symmetr ic  mode  at t h e  nominal s t ru t  frequency. In summary, 
Figure 43 presents  results t h a t  verify t h e  existence of two design-critical f l u t t e r  
modes and  i l lustrates  t h e  need for  improved analysis methods t o  predict these  modes. 

The  a r e a  of emphasis for analysis improvement  was guided by experimental evidence 
f rom t h e  CVAL t e s t s  indicating t h a t  t h e  aerodynamic e f f ec t s  of t h e  winglet addition 
were  t h e  dominant fac tors  (fig. C-11, Appendix C). Pre tes t  methodology used a 
standard 747 wing l i f t  distribution and a value of 2 n  for  t h e  l i f t  curve  coeff icients  on 
t h e  winglet aerodynamic panels. The aerodynamic improvement investigations initially 
centered  on t h e  development of a wing normal fo rce  distribution ref lect ing 
experimental  derivation of induction e f f ec t s  for  both winglets and nacelles. Wind 
tunnel rigid pressure model test d a t a  f rom BTWT test 1599 at Mach = 0.40 were  used t o  
derive t h e  sectional l i f t  curve  coef f ic ien ts  t ha t  were inserted into t h e  unsteady 
aerodynamic formulation. This approach resulted in t h e  appearance  of t h e  wing t ip  
f l u t t e r  mode. 

As expected,  th i s  wing t i p  f l u t t e r  appeared in e i ther  symmetr ic  or an t i symmetr ic  
solutions and was essentially independent of outboard nacel le  s t ru t  s ide bending 
frequency. F lu t te r  speed levels  were  found t o  be qui te  sensitive t o  t h e  wing t i p  
normal fo rce  loading, a s  shown in Figure 44. This i s  t h e  l imited region where  
significant winglet induction e f f ec t s  a r e  seen in t h e  pressure distribution da ta .  

29 WTW 
0 Operating empty weight 
0 Standard fuel 
0 Symmetric analysis 
0 1 7 degrees of freedom 

I I I I 1 I 1 I 
70 80 90 100 110 120 1 30 140 

Percent of nominal wing tip panel loadingat q =  0.975 

Figure 44. Wing Tip Normal Force Loading Effect 



A major deficiency stil l  exis ted due  t o  t h e  absence of t h e  symmetr ic  mode  f lu t te r .  
Experience with T-tail t ype  f lu t te r  analysis on o ther  programs had revealed t h e  
impor tance  of ce r t a in  s t a t i c  air f o rces  e f f ec t s  on these  surfaces,  s o  programming was  
initiated t o  incorporate  t he se  e f fec ts .  The  general level of t h e  winglet normal fo rce  
was guided by balance d a t a  information f rom earl ier  wind tunnel investigations in t h e  
University of Washington Aeronautical Laboratory (UWAL) 1215 f lu t t e r  test. Figure 45 
shows t h e  limiting behavior of t h e  winglet normal fo rce  a s  air  speed was increased. 
The  s t a t i c  a i r  f o rce  e f f ec t s  included both normal fo rce  (out-of-plane) and chord f o r c e  
(in-plane) aerodynamics on t h e  winglets. Figure A-9 of Appendix A defines t h e  f ive 
specif ic  components  considered by t h e  program for  calculat ing t h e  additional incre- 
ments  t o  t h e  overall  oscillatory generalized air fo rce  t e r m s  in t h e  f l u t t e r  equations. 
The  resul tant  f lu t te r  solutions wi th  s t a t i c  e f f ec t s  on t h e  winglet now showed t h e  
existence of t h e  symmet r i c  f l u t t e r  mode  a s  observed in t h e  CVAL 731-2 f lu t te r  t e s t .  
Figures B-18 and B-19 of Appendix B show t h e  velocity-damping (V-g) resul ts  with and 
without this  s t a t i c  e f f ec t  on t h e  winglets. 
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Figure 45. Winglet Normal Force Variation With Airspeed 

Preliminary tuning to  obtain an  empirical ma tch  of f lu t te r  speeds proved qu i t e  
difficult because improvement  in one mode  generally caused an unfavorable t rend in 
t h e  o ther  mode. In addition t o  t h e  main wing t i p  loading e f f e c t  of Figure 44, t h e  
amount of s t a t i c  normal fo rce  on t h e  winglet was  a powerful parameter .  Figure A-10 
of Appendix A shows t h e  e f f ec t s  of t h i s  parameter  on t h e  two  f lu t te r  modes of 
interest .  Preliminary correlat ion tuning utilized a forced aerodynamic loading on t h e  
main wing t ip ,  271 l i f t  curve  coeff icients  on t h e  winglets,  and an  excessive amount  of 
s t a t i c  a i r  load used in t h e  calculation of t h e  T-tail t ype  air  fo rce  increments  added t o  



t h e  regular airforces matr ices.  Figure 46 shows t h e  preliminary aerodynamics used to  
obtain correlation with t h e  f l u t t e r  test results. The  comparison of analysis and t e s t  
resul ts  using this  preliminary methodology i s  shown in Figure 47. The tuning cr i ter ion 
emphasized best correlation for  t h e  c r i t ica l  symmetr ic  mode in t h e  nominal s t ru t  
f requency region and accepted  some  compromise elsewhere. 

a, 0 

8 L ~ a i h ~ 0 . 4 0  
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empirical correlation I 

of flutter results Wing -=-/- 

I 
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With Z9 winglets7! 

c Winglet 
(assumed constant 
winglet section lift 
curve coefficient) 

q, fraction of wing semispan 

Figure 46. Preliminary Aerodynamics for Winglet Flutter Analysis 

A 17 degrees-of-freedom s t ruc tura l  model was  used throughout t h e  preliminary 
methodology development studies. The method was used to  predict  preliminary 
s t i f fness  requirements  for  f lu t te r  with winglets. The  basic conclusion, however, was  
t h e  need fo r  an improved methodology yielding comparable correlat ion resul ts  without 
forced  aerodynamic loadings. 

Although t h e  improvement  emphasis still cen tered  on obtaining a rational aerodynamic 
representat ion,  t h e  presence of t h e  high frequency 5.2 H z  wing t ip  f l u t t e r  mode  caused 
s o m e  concern t h a t  important  higher frequency modes might influence t h e  solution. 
The  addition of more  s t ruc tura l  degrees-of-f reedom was  considered for  fur ther  
investigation. In t h e  aerodynamic investigations t h e  a rb i t ra ry  use  of assumed section 
l i f t  curve coeff icients  on t h e  winglets was found t o  cause i rrat ional  distributions of 
l i f t  in t h e  vicinity of t h e  wing t iplwinglet  junction. I t  was decided t h a t  a more 
rational distribution could be obtained by considering t h e  winglwinglet a s  a single 
sur face  with a l a rge  dihedral break. Using th is  concept ,  a n  overall a r ray  of sect ion l i f t  
curve  coeff icients  was derived f rom a continuous normal fo rce  distribution from t h e  
main wing root  t o  t h e  winglet t ip, a s  shown in Figure 48. Again, t h e  BTWT 1599 wind 
tunnel d a t a  were  used, bu t  without any  excessive forcing in t h e  t ip  a rea .  Some 
smoothing over  t h e  "bucket" a r ea s  (around nacelles and a t  t h e  winglet interface)  was 
used for  mathemat ica l  conditioning purposes. The  winglet airloads used t o  compute  
t h e  s t a t i c  e f f e c t s  increments  were  reduced by 63% t o  a more acceptable  level.  Table 
2 summarizes t h e  differences between t h e  preliminary and improved methodology. 
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Table 2. Preliminary Versus Improve 

Method 0 

Structural model 

@ Finite element stick model 

Selected degrees of freedom 

Aerodynamics 

@ Modified strip theory with Theodorsen 
unsteady effects 

@ Static winglet airload effects 

@ Wing section lift curve coefficients from 
experimental cCN distribution a 

@ Winglet section l i f t  curve 
coefficients 

Methodology Summary 
I 

Yes 

17 

Yes 

Experimental 
distribution 

Yes 

24 

Yes 

a = 7.5 deg 

Modified 
distribution 

Results of t he se  changes in methodology yielded reasonable correlation with t h e  CVAL 
t e s t  d a t a  without excessive forcing of t h e  experimental  aerodynamic data. Figure 49 
shows t h e  e f f ec t s  of added structural  f reedoms with t he  f l u t t e r  speeds s ta r t ing  t o  
converge at 20 degrees-of-freedom. The  24 degrees-of-freedom solution was accepted  
as a reasonable limit.  The vibration solution covers  still-air modes up t o  twice  t h e  
frequency'of  t h e  wing t ip  f l u t t e r  and yields a reasonable f l u t t e r  speed correlation with 
t h e  tes t  d a t a  when used in conjunction with t h e  revised aerodynamics. Figure 50 
shows t h e  2 9  winglet correlation resul ts  using t h e  improved methodology. Corres- 
ponding velocity-damping and velocity-frequency trend plots a r e  shown in Figures 
B-20 and B-21 of Appendix B for  t h e  symmetr ic  ca se  a t  nominal s t ru t  frequency. 

a = 2.8 deg 

Experimental 
distribution 

The improved methodology fo r  winglet f l u t t e r  analysis was subsequently used for  final 
configuration f lu t te r  analyses on t h e  213 winglet configuration with 30 deg of cant .  
Figure 51 shows t h e  configuration validation run using CVAL 731-2 wind tunnel results 
for  t h e  2 9  winglet ro ta ted  t o  a 30-deg c a n t  angle. S e e  Appendix C ,  Section 2.2, Figure 
C-1 for  test results. Although t h e  method does not  predict t h e  symmetr ic  mode  
f lu t te r  speed very well a t  t h e  higher s t ru t  f requency,  t h e  more  cr i t ical  wing t i p  f l u t t e r  
mode  is  predicted qui te  well a t  t h e  nominal s t ru t  frequency condition. The method 
adequately predicts  t h e  shif t  of t h e  cr i t ical  f l u t t e r  mode f rom t h e  symmetr ic  mode  
with t h e  2 9  winglet t o  t h e  wing t i p  f l u t t e r  mode for  t h e  213 winglet. The wing t i p  
f l u t t e r  frequency increase from 5.2 H z  for  t h e  2 9  winglet (15-deg can t )  t o  5.6 H z  fo r  
t h e  213 winglet (30-deg can t )  a l so  was predicted analytically. The  veloci ty-dam ping 
and velocity-frequency t rend  plots associated with both symmetr ic  and an t i symmetr ic  
solutions fo r  t h e  213 winglet a r e  contained in Figures B-22 through B-25 of Appendix 
B. Cri t ical  still-air mode  shapes and frequencies  associated with t h e  213 WTW 
symmetr ic  mode  f lu t t e r  and wing t i p  f l u t t e r  a r e  shown in Figures B-26 and B-27 of 
Appendix B. 

The  improved methodology subsequently was used for  assessment of f l u t t e r  s t i f fness  
requirements  t o  clear  t h e  required FAA margins on a purely s t ruc tura l  basis. 
Increased torsional s t i f fness  was required to  clear  t h e  213 wing t ip  f l u t t e r  and 
symmet r i c  f l u t t e r  modes t o  1.2 VD margins. Figure B-28 of Appendix B shows typical 
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Figure 5 1. Simulated Z 13 Winglet Correlation Results With Improved Methodology 

distribution of s t i f fness  increases and resul tant  f l u t t e r  speed increases obtained for  
213 winglet f l u t t e r  modes. Other  studies using t h e  improved methodology a re  discussed 
in Sect ions 6.3.2 and 7.1.3, Final Configuration Studies covering t h e  213 WTW 
configuration with a baseline wing and also with a wing resized for  t h e  maneuver load 
control  (MLC) system. 

5.3 ANALYSES OF TWO WING TIP WINGLET CONFIGURATIONS 

This sect ion discusses detai led analyses of t h e  2 9  and 213 winglet configurations. 
These analyses were  similar to  those  described in Section 4.2 for  t h e  1.83-m (6-ft) and 
3.66-m (12-ft) WTE (e.g., s t ruc tura l  sizing, etc.). The  preliminary decision t o  define 
s t ruc tura l  sizing, weights,  and performance fo r  both a WTW and WTE combined with 
WLA was based on structural  sizinglweights for  t h e  29 WTW and LID for  t h e  213 WTW. 
Final comparisons (sec. 7.0) were  based on t h e  comple te  se t  of 213 analyses. 

5.3.1 Lif t - to-Drag R a t i o  

Figure 52 shows percent  increase in LID at C L  = 0.45 for  t h e  29  and 213 winglets. The 
LID equivalent of t h e  increased OEW (no f lu t t e r  penalty) was obtained using t r a d e  
fac tors  which a r e  valid for  nontakeoff gross weight limited missions [e.g., 5356 km 
(3000 nmi)]. 

The superior performance of t h e  213 winglet when compared to  t h e  29 winglet is  
evident.  The 213 winglet achieved mos t  of i t s  theoret ical  potential (without twis t  o r  
weight penalties). 
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5.3.2 Loads and Twist 

This section contains t h e  load resul ts  used for  analysis of t h e  Z9 and 213 wing t i p  
winglet configurations. Maneuver and  fa t igue  conditions cr i t ical  for  wing s t ruc tu re  
design were  analyzed for  t h e  wing with t h e  213 winglet. The 29  winglet was analyzed 
for  design maneuver conditions only since i t s  aerodynamic performance did not  
warran t  a full s t ruc tura l  analysis. The load resul ts  were  processed to  de te rmine  
required s t i f fness  increases and t h e  analysis was cycled t o  de te rmine  t h e  final load 
results. 

The  aerodynamic forces  used for  t h e  analysis were  based on wind tunnel t e s t  da ta .  
Wing and winglet pressures were  measured for  t h e  Z9 winglet configuration (BTWT 
1599 t e s t )  and wing pressures only were  measured fo r  t h e  213 winglet (BTWT 1642 test) .  
A sample  of t h e  incremental  span loads and winglet force  coeff icients  a s  determined 
f rom these  t e s t s  is  shown in Appendix B. The 213 winglet forces were  derived using 
t h e  Z9 data.  

Figure 53 shows t h e  e f f e c t  of t h e  winglets on wing design bending moment  and Figure 
54 shows wing twis t  d a t a  for  a typical  cruise condition. The  e f f ec t  of t h e  winglets i s  
to  increase wing bending moment over  t h e  outboard wing with a small reduction near  
t h e  root  and also t o  increase wing washout. The 213 winglet, which had t h e  larger  c a n t  
angle, gave  t h e  highest wing loads and t h e  most wing washout. The e f f e c t  of increased 
st i f fness  fo r  s t rength design was small  because t h e  base wing had excess s t ruc tura l  
margins, which were absorbed when t h e  winglet was added. Final load resul ts  were  
obtained in o n e  loads stiffness i te ra t ion  cycle. 
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Figure 53. Effect of Winglets on Wing Design Bending Moment 
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Figure 54. Wing Twist Increment for Winglets 

A f lu t te r  analysis of t h e  213 winglet configuration showed tha t  a s t i f fness  increase was 
required t o  prevent wing f lu t te r  fo r  this  configuration. Load and twis t  results fo r  this  
s t i f fness  a r e  shown in Figures 53 and 54 and represent  t h e  final load resul ts  for t h e  213 
winglet configuration. 

The  bending moment reduction near  t h e  wing root  does not  occur  when t h e  wing is  
assumed rigid, a s  shown in Figures 5 5  and 56. The  load reduction at t h e  root  due  t o  
wing flexibility i s  caused by a combination of aerolast ic  e f fec ts ,  which a r e  discussed in 
detai l  i n  Section 7.0. Figure 56  demonst ra tes  t h e  significance of t h e  choice of 
s t i f fness  on t h e  wing load due t o  t h e  winglet. These resul ts  show tha t  if existing wing 
structural  margins were  maintained r a the r  than absorbed, a significantly higher load 
would result. 

Local winglet loads were  derived for  design of t h e  winglet t o  wing a t t achmen t  f i t t ings 
based on a l imited survey of symmetr ic  maneuver,  l a te ra l  gust ,  and la te ra l  maneuver 
conditions. The cr i t ical  condition was a rudder maneuver I1 condition, as defined by 
FAR25.351(a)(3), which produced an ul t imate design winglet pressure of 22 060 P a  (3.2 
psi ). 
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5.3. Structural Resizing 

The wing boxes with 2 9  and 213 winglets were  resized using the  same  general 
procedures given in Section 4.2.3. Sizing results presented in Figures 57, 58, 59, and 
60, when compared with the  t i p  extension sizings in Section 4.2.3, indicate t h a t  
winglets cause fewer  wing box structural  revisions for  u l t imate  loads than  do t i p  
extensions, but require la rge  stiffness increases for  f l u t t e r  stability. 
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The 29 winglet configuration sizing shown in  Figure 57 was obtained from flaps-up 
maneuver loads only. The overall performance with this  winglet configuration 
indicated l i t t l e  or  no benefit. Consequently, t h e  study was shortened by delet ing 
fur ther  s t ruc tura l  sizing studies. 

Mid- and rear-spar webs on t h e  wings with winglets do not  require any  s t rength  
increase  for  u l t imate  o r  f a t i gue  loads. A study indicated t h a t  retrofi t t ing a winglet is  
not  pract ical  because of t h e  extensive wing s t ruc tura l  changes required. 
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5.3.4 Weights 

Weight of t h e  winglet panel (213) was es t imated  using Class I wing weight est imation 
methods (sec. 5.1.2) applied t o  a n  existing KC-135 winglet weight. The  winglet 
a t t achmen t  weight increment  was es t imated  f rom preliminary configuration descrip- 
tions, layout  drawings, and s t ruc tura l  sizing information. The  e f f ec t s  of winglet 213 
on wing box weight,  maintaining and absorbing existing s t ruc tura l  margins of sa fe ty ,  
were  es t imated  f rom t h e  s tructural  sizing studies discussed in t h e  preceding section. 

A tabulation of t h e  weight e f f e c t  of t h e  213 winglet is  contained in Table 3, based on 
structural  sizing with exist ing margins absorbed and  maintained. 

Table 3. 213 Wing Tip Winglet (W TWJ- Weight Summary 

5.3.5 Stability and Control 

Winglet installation 
458 (1010) 458 (1010) 

Winglet attachment 185 (410) 185 (410) 

A. Structural panels = 182 
B. WS 1548 rib modification = 42 
C. Rib installation = 83 
D. Spar webs = 39 
E. Spar splices = 5 

Both longitudinal and lateral-directional s tabi l i ty  and control charac te r i s t ics  of t h e  
basic 747 a r e  a f f ec t ed  by t h e  addition of wing t ip  winglets. The  2 9  and 213 winglets 
have similar e f fec ts .  With e i ther ,  minor revisions t o  t h e  longitudinal flight control  
system a r e  possibly required and airplane crosswind capabil i ty  is slightly reduced. 

F. Spar forgings = 243 
G. Parts deleted 

from baseline = -1 88 
H. Miscellaneous 

and roundoff = 4 

Wing box reinforcement 
e Maneuver and gust loads 

Fatigue 
Flutter 

Total delta increaselairplane 

218 (481) 
0 ( 0 )  

903 (1991) 

1764 (3892) 

1041 (2296) 
0 (0) 

523 (1154) 

2207 (4870) 



Wing t ip  winglets increase  t h e  rigid a i r f r ame  longitudinal s tabi l i ty  due t o  increased 
wing lifting effect iveness a f t  of t h e  quar te r  chord. As shown in  Figure 61, t h e  213 
configuration i s  slightly more  s tab le  than t h e  29. Aeroelast ic  losses a r e  expected t o  
of fse t  a major part  of t h e  increase in stability. Increased st ick forces  t o  maneuver 
will resul t  because of t h e  increased stability, however, present  fo rce  levels  can  be 
retained by minor modification of t h e  fee l  system. 
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Figure 6 1. Effect o f  Winglets on Static Longitudinal Stability 

As illustrated in Figure 62, winglets have a negligible e f f e c t  on FAA speed stability. 
The stabilizer required t o  t r im with winglets is more  airplane nose up during cruise and 
i s  similar in magnitude fo r  both t h e  29  and 213 configurations. This d i f fe rence  is  
equivalent t o  approximately 0.2 unit with t h e  e f f ec t s  of aeroelast ics  included. 

Wing t ip  winglets produce significant changes in lateral-directional s tabi l i ty  deriv- 
atives. The  changes for  t h e  2 9  winglet a r e  similar t o  those shown in Figure 6 3  fo r  t h e  
213 winglet. In t h e  c ru ise  Mach number range, s ide fo rce  due t o  sideslip (C ) and YP 
directional s tabi l i ty  (Cng) a r e  increased approximately 15%. Dihedral e f f ec t  (Cp ) i s  

increased approximately 35%. 
P 



Airplane 
nose down 

y M ~ C ,  = 0.30 

@ Rigid data 
e Flaps up 
e 4 = 3.0 trim units 

P 
@ BTWT 1642 

0.12 L Airplane 
nose up 

Figure 62. Longitudinal Speed/Trim Stability With 213 WTW 

The combination of increased directional s tabi l i ty  (C ) and increased dihedral e f f e c t  
"R 

( C p )  requires approximately 10 deg  more  wheel for  kax imum sideslip, f laps up, low 
P 
-speed. Maximum sideslip is  reduced by about  1 deg. These e f f ec t s  reduce  

crosswind capability during takeoff by approximately 4 t o  7 knots  depending on cg 
location. The resul tant  capability, however, is  stil l  suff icient  t o  m e e t  normal  
operation or FAA crosswind requirements. 

Engine out  la te ra l  control requirement  t o  m e e t  t h e  Boeing tameness c r i t e r i a  i s  
adversely a f fec ted  by t h e  increase  in C Q  Tameness is  a measure of t h e  ability t o  d 
maintain heading by using wheel only (no rudder pedal input) during a 1.4 VS takeoff  
climbout a f t e r  a cr i t ical  engine failure. Although decreased sideslip resul ts  f rom t h e  
increase in C n  , t h e  disproportionately larger  increase in C Q  requires more la te ra l  P a 
control for  balance. The FAA a i r  and ground minimum conti01 speeds a r e  virtually 
unchanged due primarily t o  t h e  smaller  sideslips encountered in these  maneuvers. 

The  increases in Cg and C caused by t h e  winglets have somewhat offset t ing e f f e c t s  D "P 
on Dutch roll character is t ics ,  resulting in a slight reduction in damping r a t i o  
accompanied with a small decrease  in period. The  n e t  e f f e c t  on t h e  Dutch roll 
oscillations is  negligible. 
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Figure 63. Effect of Z13 W TW on Static Lateral/Directional Stability 

The revisions to  t h e  flight control systems which may  be necessary t o  compensate fo r  
t h e  longitudinal s tabi l i ty  and control e f f ec t s  of WTWs a r e  t h e  s ame  a s  those noted in 
Section 4.3.4 for  WTEs, i.e., 

e Modified pitch fee l  system 
e Re-rig of t h e  elevators  
e Revised s tabi l izer  t r im greenband for  takeoff 

These recommendations a r e  based on flaps-up t e s t  resu1.s. Flaps down tes t ing  and 
fur ther  s tudy is  necessary t o  quantify t h e  e f f e c t s  and d e i ~ n e  t h e  primary f l ight  control 
system with t h e  f laps  extended. 



Figure 64. Attachment Concept for Z9 Winglet (Preliminary) 

5.4 INSTALLATION DESIGN CONCEPTS 

Installation design feasibility s tudies  were  made for  two wing t i p  winglet config- 
urations. The f i rs t ,  29 ,  consisted of conventional skin and s t i f fener  construction with 
t h e  f ront  and  rear  spar locations determined t o  f ac i l i t a t e  splicing alignment with t h e  
wing spars. An auxiliary spar  was installed t o  t ransfer  t h e  la rge  bending moment  a t  
t h e  winglet root  into t he  wing t i p  and provide a fail-safe concept .  Complex machined 
f i t t ings were  required t o  t i e  toge ther  t h e  spars  and root  rib in t h e  winglet and t h e  wing 
spars  t o  t h e  t ip  rib (fig. 64). At tachment  of t h e  winglet t o  wing f i t t ings required t h e  
use of la rge  bolts and,  while adequate ,  provided a relatively flexible load path. 

The  second configuration, 213, rect i f ied t h e  flexible wingletlwing a t t achmen t  of 2 9  by 
using a multispar configuration, as  shown in Figure 65, for  t h e  lower portion of t h e  
winglet and t h e  outboard portion of t h e  wing. The ,winglet c a n t  angle also was 
increased f rom 15 t o  30 deg. A t h r e e  view of t h e  747 with t h e  213 installed is  shown in 
Section 7.1.8. 

Both winglet configurations had approximately t h e  s ame  e f f e c t  on f l ight  controls  and 
o ther  system installations in t h e  wing tip. The  spars,  machined f rom aluminum 
forgings in t h e  213 configuration, did not  require relocation of t h e  magnetic  compass 
sensor, a s  was required by t h e  la rge  volume of s tee l  in t h e  2 9  a t t achmen t  fittings. 
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Figure 65. Attachment Concept for Z13 Winglet (Final) 

Both winglet configurations were  fabricated as sepa ra t e  units then spliced t o  a 
suitably prepared wing. Wing reinforcement was approximately the  s a m e  for  both 
winglets and t h e  s a m e  re t rof i t  problems prevailed as were  outlined for  t h e  t i p  
extension. 

5.4.1 29 Winglet Construction 

The winglet s t ruc ture  consisted of a main box section with conventional aluminum skin 
st i ffeners  and spars  construction. The  leading edge was fabricated from formed 
aluminum sheet  and t h e  trailing edge from fiberglass honeycomb panels. The lower 
end of t he  spars were spliced t o  steel fitt ings, which also spliced t h e  root rib (fig. 64). 

The winglet was a t t ached  to mating f i t t ings in t h e  wing t i p  by large d iameter  bolts. 
All f i t t ings were of fail-safe design, ensuring tha t ,  in t h e  event  of one  f i t t ing  fai lure,  
t h e  remaining pair  together  with t h e  adjacent  s t ruc ture ,  was capable of redistributing 
and react ing t h e  design load. 

5.4.2 Wing Structural Revisions for 29 Winglet Installation 

Outboard of WS 1548, t h e  honeycomb panels were  replaced by sheet-stiffener construc- 
tion, with the  exception of t h e  panel a t tached to t h e  fuel tank  vent scoop. An 
auxiliary spar was added to  back up t h e  middle a t tachment  fitting. In addition t o  
reinforcing t h e  f ront  and rear spars (for t h e  increased winglet root  loads), t h e  wing 
s t ruc tura l  box also was revised inboard. The  basic p la te  and extrusion blanks 'were 
capable of accommodating t h e  increased thicknesses. 

5.4.3 Systems Revisions for 29 Installation 

Due to  t h e  volume of s teel  in t h e  wing-winglet a t tachment  fittings t h e  magnetic  
compass sensor was relocated t o  t h e  fin f ront  spar. The high frequency antenna was 
replaced by a shunt antenna located on t h e  f in leading edge. 



3.4.4 Control Systems Revision for 2 9  Installation 

Changes t o  t h e  control  sys tems were  relat ively minor; t h e  s ame  a s  for  t h e  wing t ip  
extension (sec. 4.3). 

5.4.5 213 Winglet Construction 

Construction of winglet 213 differed f rom 2 9  in  i t s  a t t achmen t  t o  t h e  wing. As shown 
in Figure 65, a multispar a r rangement  replaces t h e  t h r ee  spars  with s teel  f i t t ings and, 
thus, provides g rea t e r  capability for  carrying t h e  increased loads at t h e  winglet 
root lwing t i p  junction. The  f ron t  and rear  spars were  spliced t o  t h e  wing spars ,  while 
t h e  o thers  t e rmina t e  at t h e  WS 1548 rib, except  in t h e  region of t h e  fuel tank vent  
scoop. The  spars  were  fabr ica ted  f rom aluminum forgings and extended up t o  t h e  
transition rib. The leading edge, t rai l ing edge, and box s t ruc ture ,  above t h e  transition 
rib, we re  all of t h e  s a m e  construction as t h e  Z9 winglet. 

5.4.6 Wing Structural Revisions for 213 Winglet Installation 

Inboard of WS 1548, wing s t ruc tura l  changes were  similar t o  those required fo r  t h e  2 9  
winglet installation and were  accommodated within t h e  existing skin p l a t e  and 
extrusion blanks. 

5.4.7 Systems Revisions for 213 Installation 

System revisioris a r e  t h e  s ame  for  t h e  213 winglet as for  t h e  2 9  except  t ha t ,  by use of 
aluminum forgings in l ieu of s teel  f i t t ings,  t h e  magnet ic  compass sensor did not  
require relocation. 

5.4.8 Control Systems Revisions for 213 Installation 

Changes t o  t h e  control systems were  t h e  s ame  as for  t h e  WTE and t h e  2 9  installation, 
(sec. 4.3). 

5.5 WTERIM ASSESSMENT 

High-speed t e s t  results have shown t h a t  a winglet can provide a significant LID 
improvement  for  t h e  747 wing although, due t o  relat ively light t i p  loading, potential 
benefi ts  a r e  less than  for  some  o the r  airplanes such a s  t h e  KC-135. F lu t te r  is t h e  
primary technical  concern for  winglet application t o  t h e  747, and t h e  increase in wing- 
box weight associated with t h e  increased st i f fness  required to  achieve sat isfactory 
f l u t t e r  speeds d e t r a c t s  f rom t h e  performance benefits. 

Operational concerns regarding g a t e  access, taxiway clearances and required mainte- 
nance faci l i ty  modifications a r e  t h e  s a m e  as for  a t ip  extension having t h e  s a m e  
semispan increase. Minor f l ight  control  system revisions would b e  required (e.g., 
revised t r im limits). Ef fec ts  on  longitudinal flying qualities would be minimized. The  
combined e f f e c t s  of increased la te ra l  and directional stability would adversely a f f ec t  
cross-wind landing capability and engine-out control speeds. 

Wing design and manufacture would b e  considerably more  complex than  conventional 
wing tips, particularly with regard t o  working out  t h e  l o f t  lines, detai ls ,  and tooling in 
t h e  winglwinglet junction region. Extensive engineering development and engineering 
f l ight  test would be required, bu t  FAA cer t i f ica t ion  should be routine. 



6.0 WING LOAD ALLEVI[BIFION 

This section discusses development of t h e  wing load alleviation (WLA) system 
configuration and shows t h e  potential weight benefits of maneuver load control (MLC) 
and gust  load alleviation (GLA) for  t he  basic wing without wing t ip extensions (WTE) or  
wing t i p  winglets (WTW). Application of WLA in combination with t ip  extensions and 
winglets and t h e  feasibility of f lu t te r  mode control (FMC) with winglets a r e  discussed 
in Section 7.0. The WLA studies for t h e  basic wing were restr icted to consideration of 
t h e  MLC and GLA functions using the  outboard aileron as t h e  primary WLA control 
surface. The distinction between t h e  WLA functions is a s  follows: 

MLC-Reduction of the  maneuver loads used for  s tructural  design. Maneuver 
loads for this  study were computed for s teady-state  maneuvers at limit load 
factor .  The concept  of using ac t ive  outboard ailerons t o  reduce maneuver loads 
is i l lustrated in Figure 66. Actuation of t h e  ailerons shifts t h e  l i f t  distribution 
inboard which reduces wing bending moments. The  resulting nose up pitching 
moment reduces t h e  balancing tai l  load, which further  reduces t h e  wing design 
loads. As discussed in Section 6.1.1, the  747 outboard aileron can be used as a 
MLC surface even at f l ight  conditions where i t  would be  reversed as a roll 
control sur face  due t o  aeroelast ic  e f fec ts .  

Wing lift 
per unit 
span 

Active MLC aileron 

Neutral for normal cruise 
@ Actuated during maneuvers to reduce wing 

0 1 .o 
q, fraction of wing semispan 

Figure 66. Maneuver Load Control Concept 



e GLA-Reduction of t h e  gust  loads used for  s t ructural  design. Gust  loads for  this  
study were  computed by means of a power spec t ra l  density (PSD) design envelope 
analysis. The final WLA control  law (fig. 67) employs wing accelerat ion 
feedback t o  t h e  ailerons. Though MLC was t h e  primary object ive in t h e  control  
law .design, alleviation of gust-induced bending moments  is  provided at lower 
gust f requencies  direct ly f rom t h e  aileron e f f e c t  on quasi-steady state l i f t  
distribution. Additional GLA is  provided through e las t ic  mode suppression (EMS) 
of t h e  f i r s t  wing bending mode. 

e EMS-Elastic mode  suppression of t h e  f i r s t  wing bending mode was studied a s  a 
means for  implementing t h e  GLA function and has been retained in t h e  final 
control  law. However, t h e  object ive of t h e  MLCIGLA functions is  t o  reduce 
design loads ra ther  than  t o  provide EMS per se. In t h e  case of f l u t t e r  mode  
suppression, t h e  t e rm "f lut ter  mode  control" has been used ra ther  than EMS t o  
avoid confusion with o ther  applications of EMS. 
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Figure 67. Final W LA Control Law (MLC Only) 

The WLA studies were  accomplished, based on t h e  aerodynamic and s t ruc tura l  dynamic 
charac ter i s t ics  of t h e  basic wing (no WTEIWTW). Objectives of t h e  f i r s t  ser ies  were: 

e MLC aileron configuration definition (plain vs. tabbed) 
e Weight benefi ts  assessment  for  t h e  MLC and GLA functions 
e MLCIGLA control law development 
e System mechanization concept  development 

The existing aileron span and chord were  retained. A balance t a b  was t e s t ed  and 
analyzed a s  a means for  minimizing t h e  increased torsion loads associated wi th  MLC; 
but  a plain aileron was se lec ted  fo r  use in t h e  s t ruc tura l  benefi ts  assessment and final 
WLA system studies. Both plain and tabbed aileron configurations were  f l ight  tes ted  
a s  par t  of t h e  Boeing WLA Demonstrator  program t o  obtain f l ight  d a t a  for  correlat ion 
with wind tunnel and analytical results. 



The potent ial  weight benefi ts  of t h e  MLC and GLA functions were  computed fo r  an 
ideal system independent of t h e  control  law development. This was done  by f i r s t  
sizing t h e  s t ruc ture  t o  accommodate  maneuver loads (only) computed with t h e  MLC 
aileron deflected t o  t h e  hinge-moment l imit ,  and then resizing with baseline gus t  loads 
(i.e., controls-fixed at neutral in  gusts) a l so  included. Closed loop analyses (sec. 6.2.5 
and 6.3.1) were  conducted t o  eva lua te  performance of an  ac tua l  system. 

Two ser ies  of WLA system configuration studies were  conducted. The  f i r s t  series,  in 
combination with t h e  s t ruc tura l  benef i t  studies, was  directed toward developing an 
understanding of t h e  potent ial  benefi ts  and problem a reas  associated with t h e  MLC 
and GLA funct ions and with t h e  preliminary sys tem mechanization concept.  The 
preliminary mechanization concept  and control  law were  subsequently adopted for  
fu r the r  development and implementat ion in RA-001 ( the Boeing f l ight  test 747 
a i r c r a f t )  as pa r t  of t h e  Boeing WLA Demonstrator  Program. Ground rules for  t h e  
preliminary sys tem mechanization were: 

e Actuators-Use existing power control units (PCUs) and off-the-shelf WLA 
servos, if possible 

e Redundancy-Dual channel,  fail  passive. One reason for  studying this  concept  
was t h a t  a triple-channel fail-operative system rever t s  t o  this  configuration 
a f t e r  t h e  f i rs t  channel failure. 

A second ser ies  of WLA system configuration studies was then conducted to  simplify 
t h e  control  law,  improve system reliability, and develop an installation concept  more  
sui table for  a production system. Ground rules for t h e  final system mechanization 
were: 

e Actuators-Consider new PCU with integrated WLA series  input 
e Redundancy-Fail-operational with dual ac tua tors  and in-line monitoring 

The  GLA function required several  additional sensors while providing l i t t l e  additional 
weight benefit;  therefore ,  t h e  requirement  for GLA was deleted from t h e  final WLA 
system. Although t h e  requirement  was f o r  MLC only, t h e  final control  law (fig. 67) 
also provides EMS of t h e  f i rs t  wing bending mode  through t h e  use of wing accelerom- 
e te rs .  Use of wing acce lerometers  simplifies t h e  problem of designing t h e  MLC fi l ter  
t o  avoid adverse e f f ec t s  on gust loads. Although t h e  final control law has a favorable 
e f f ec t  on gust  loads, baseline gust  loads (i.e., controls-fixed in gusts) were  used for  
s t ruc tura l  sizing of t h e  final configurations (WTE/WTW with MLC). Retent ion of t h e  
gust  mater ia l  improves s tructural  s a f e ty  margins following WLA system failure. 

A new aileron PCU incorporating e lec t r ica l  summing of t h e  roll control and WLA 
commands was incorporated in to  t h e  final configuration because i t  was found t o  be 
lighter,  cheaper ,  and more rel iable than  t h e  existing PCU with mechanically summed 
WLA servo inputs. Technical feasibility of t h e  electr ical  summing concept  was 
confirmed by t h e  supplier (Hydraulics Research Inc.) of t h e  WLA servos used in t h e  747 
WLA Demonstrator.  With a new PCU installation, t h e  option exists  for  installing more  
powerful ac tua tors ,  if desired. Trade studies (sec. 6.2.4) showed tha t  increased MLC 
aileron deflection offers  l i t t l e  additional weight benefit  for  t h e  basic wing. However, 
t he re  might be  advantages for  a WTE configuration if aileron span were increased 
(with associated increases in aileron st i f fness  and PCU fo rce  capability). 



The final mechanization, discussed in Section 6.4.3, approaches t h e  reliability of a 
dual, independent yaw damper system through t h e  use of a fail-operational concept  
employing in-line monitoring techniques. The  mechanization incorporates  t r ipl icated 
sensors (with signal-select) dual-dual computers ,  dual servo electronics ,  and dual WLA 
servo (T-valve) inputs t o  dual-tandem PCUs. 

An assessment  of WLA benefi ts  is  provided in Section 6.5.2. The recommended system 
design approach and t h e  relationships between s t ruc tura l  sizing, system reliability, and 
operational restrictions associated with system fai lures  a r e  discussed in Section 6.5.1. 

6.1 AILERON CONFIGURATION DEFINITION 

I t  was recognized tha t  although t h e  outboard aileron would provide wing load relief in 
t e rms  of bending moment  reduction i t  would cause  an increase in torsion loads, 
particularly in t h e  immedia te  region of t h e  outboard aileron. An aileron balance t a b  
was tes ted  and evaluated a s  a means for  reducing t h e  adverse e f f ec t s  on torsion. 

A study involving wind tunnel test ing of both a plain (untabbed) aileron and a tabbed 
aileron was conducted t o  de te rmine  aileron and t a b  fo rce  d a t a  t o  aid in select ing t h e  
best  configuration for  wing load relief.  The  t a b  studies were  conducted to de te rmine  
t h e  torsion load relief available and t o  eva lua te  t h e  adverse e f f ec t  of t h e  t a b  on wing 
bending moment  relief. 

A theoret ical  study was conducted to  de te rmine  t h e  best t a b  chord to  use for  optimum 
wing box weight reduction. Use of t h e  plain aileron configuration t o  angles higher 
than  normal blowdown angle also was considered in t h e  to ta l  configuration definition. 

The studies showed t h a t  a f t e r  taking all fac tors  into account ,  t h e  best aileron config- 
uration for  t h e  747 EET was a plain (untabbed) aileron using t h e  existing actuators .  

6.1 -1 Aileron Effect iveness 

Aileron ef fec t iveness  for plain and tabbed ailerons was  based on wind tunnel pressure 
d a t a  f rom t h e  f i r s t  EET wind tunnel pressure test (BTWT 1599). These resul ts  were  
used in t he  WLA configuration s tudies  reported in Section 6.1.2 and the  s t ruc tura l  
benef i t s  analysis reported in Section 6.2. Wing, aileron, and t a b  pressures were  
measured fo r  a plain outboard aileron and for t h e  aileron with a 30% chord full span 
balance t a b  ( tab  t o  aileron gearing, -1:l). Similar d a t a  were  measured for t h e  plain 
aileron only during t h e  second EET wind tunnel test (BTWT 1642) for  use in analysis of 
t h e  f ina l  EET configurations. 

Significant differences were noted between t h e  two s e t s  of t e s t  results,  a s  can  be seen 
f rom t h e  sample da t a  shown in Figure 68. Following a review of measurements  made  
during and a f t e r  t h e  tes t s ,  i t  was concluded tha t  t h e  aileron was misrigged during t h e  
BTWT 1599 t e s t ,  causing t h e  aileron effect iveness t o  be overpredicted. When t h e  
d i f fe rence  in rigging was accounted fo r ,  sat isfactory agreement  was achieved. 

The  required correct ion for  aileron rigging provided some calculated improvement  in 
t a b  e f fec t iveness  because i t  resulted in a calculated reduction in t h e  aileron 
ef fec t iveness  increment  only, with no change t o  t h e  t a b  increment;  thus t h e  t a b  was 
calculated t o  be  relatively more  e f fec t ive .  For t h e  d a t a  shown in Figure 68, t h e  
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Figure 68, Wing Section Aerodynamic E ffectii/eness Due to Outboard Ailerons 



chordwise cen t e r  of pressure of t h e  combined a i le ronl tab  pressure distribution (0.25 + 
C m g / C N G )  was shifted forward approximately 2% of t h e  wing chord due t o  t h e  
calculated correction. This was not  considered enough t o  justify a reanalysis of t h e  
tabbed aileron configurations. 

The  final t a b  effect iveness was only about  half t h e  theoret ical  es t imate .  For t h e  
Mach 0.875 condition, t h e  t a b  was predicted t o  sh i f t  t h e  cen t e r  of pressure forward 
approximately 10% of t h e  wing chord  relat ive t o  t h e  plain aileron, but t h e  cor rec ted  
wind tunnel results showed only about  a 5% shift. 

The  load alleviation benefi ts  of a tabbed aileron configuration will be determined by 
f l ight  test during t h e  company-funded WLA demonstrator  program using t h e  747 f l ight  
t e s t  airplane. 

Aileron Effect iveness Vs Angle of Attack-The aileron was demonstrated t o  remain 
e f f ec t ive  and reasonably linear at all angles of a t t a c k  tes ted ,  including beyond t h e  
s tal l  break in  t h e  airplane l i f t  curve,  as indicated in Figure 69. This is  a desirable 
charac ter i s t ic  of t h e  ailerons which would not  be charac ter i s t ic  of a configuration 
employing spoilers for WLA. 
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Figure 69. Aileron Effectiveness On Airplane Coefficients 

6.1.2 Bending/Torsion Trades  

0 BTWT 1642 force balance 
0 Pla~n aileron 
0 Mach = 0.875 
0 Tail off 
0 Symmetric aileron deflection 

This sect ion discusses t h e  load resul ts  used for  t h e  WLA aileron configuration selection 
studies. A l imited set of flaps-up, 2.5-g maneuver conditions based on  previous 
analysis experience was analyzed using outboard ailerons for t h e  wing load alleviation. 
Aileron aerodynamic effect iveness was based on wind tunnel test d a t a  f rom t h e  f i r s t  
EET wind tunnel test (BTWT 1599) (sec. 6.1.1). 



Figures 70 and 71 show the  wing bending moment and torsion ratios for  t he  aileron 
configurations tested.  The base notations re fer  t o  t h e  existing wing with existing 
sa fe ty  margins. Included a r e  results for  t he  plain and tabbed ailerons deflected t o  
mechanical l imits  (25 deg up) and for  t h e  plain aileron deflected t o  t h e  existing 
ac tua tor  blow-down limits. These figures also show results for unalleviated flaps-down 
maneuver and gust  conditions. As expected,  t h e  t a b  reduced t h e  torsion load increase, 
and less bending moment reduction was obtained. For all  configurations analyzed, t h e  
bending moment alleviation achieved was maximum near t h e  aileron and was reduced 
inboard. Based on t h e  es t imated  wing box weight savings for  these  configurations, t h e  
plain aileron deflected t o  t h e  existing ac tua tor  limits was se lec ted  as t h e  WLA 
configuration and was recommended for  both flaps-up and down maneuvers. Final 
maneuver load results for  this configuration, based on an  expanded set of conditions, 
a r e  reported in Section 6.2.1. Also, because the  unalleviated gusts loads became 
cri t ical  when t h e  maneuver loads were  relieved, t h e  gust analysis was extended t o  
determine the  potential weight savings benefi t  of a GLA system. 
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Figure 70. Effect of  M L C Aileron on Base Design Bending Moment 
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Figure 71. Effect o f  MLC Aileron on Base Torsion 
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Figure 72 depicts  how t h e  ailerons work t o  change wing loads for  t h e  wing root  design 
condition. The moment  curve  on this  figure shows t h a t  t h e  incremental  moment  due 
t o  aileron deflect ion,  when determined at cons tan t  angle of a t t ack ,  reverses at 17 = 
0.25, but  when combined with re t r im loads as  required t o  maintain a constant  load 
fac tor  maneuver, no  reversal occurs. The load reversal near t h e  wing root  at constant  
angle of a t t a c k  is  related t o  t h e  roll reversal phenomenon. Figure 73  shows t h a t  t h e  
aileron significantly reduces wing bending moment  over most of t h e  wing, and re t r im 
i s  a secondary e f f e c t  t h a t  produces additional load reduction and el iminates  t h e  load 
reversal charac te r i s t ics  near  t h e  wing root. Thus, t h e  plain outboard ailerons of t h e  
747, which were originally designed for  low-speed roll control,  c a n  be used symmetri- 
cal ly a t  high speed fo r  maneuver load alleviation with no n e t  load reversal  
character is t ic .  

Resul ts  of t h e  s tructural  analyses and t h e  related weight reduction t rends  for  t h e  
various WLA configurations analyzed a r e  summarized and discussed in Section 6.1.3. 
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Figure 72. Incremental Wing Loads Due to Aileron and Retrim 
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Figure 73. illustration o f  Bending Moment Alleviation Above Aileron Roll-Reversal Speed 
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Trade studies were  conducted to  de te rmine  t h e  best aileron configuration t o  be used 
for  wing load alleviation. Use of t h e  outboard aileron as a maneuver load alleviation 
device t o  reduce wing bending moment  has t h e  undesired e f f e c t  of increasing wing 
torsion. In an  a t t e m p t  t o  reduce  this  e f f ec t ,  a tabbed aileron configuration was  
investigated. 

Early studies involved investigation of t h e  best  t a b  chord to use. These studies were  
conducted using t h e  2.5-g maneuver condition for  determinat ion of design loads. The  
wing was resized, maintaining cons tan t  skinlstringer a r ea  ratios, using t h e  changes in 
loads de termined  for  t h e  various aileron t a b  chord dimensions. Figure 74  shows t h e  
resul ts  of this  study. Two sets of aerodynamics were  used, a preliminary s e t  of 
theoret ical  aerodynamics and t h e  f i r s t  wind tunnel test en t ry  (BTWT 1599) aerody- 
namics. The upper curve  shows t h e  t rend in wing box weight with increasing t a b  
chord, assuming a constant  aileron blowdown angle of -14 deg. Actually, t h e  aileron 
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Figure 74. Effect of  Tab Chord Ratio on Wing Box Weight 

will blowdown less because t h e  hinge moment is  reduced by t h e  increased chord 
balance tab.  The  lower curve  shows t h e  plain aileron and t h e  30% chord t a b  wind 
tunnel data .  It  can  be seen tha t  t h e  most benefi t  occurs  with about  a 30% chord tab. 

The e f f e c t  of t h e  resulting resized wing st i ffness  on design loads, due  t o  changes in 
aeroe las t ic  e f fec ts ,  was no t  evaluated. 

The  major concern of increased torsion levels  is  t h a t  additional s t ructural  material  
(weight) must  be added t o  t h e  wing panels. A secondary concern i s  t h e  resul tant  need 
t o  s trengthen t h e  f ront  spar.  It  was expec ted  t h a t  t h e  use of a balance t a b  would 
allow maneuver load alleviation t o  be implemented with significantly less  extensive 
f ront  spar modifications than if a plain aileron were  used. However, Figure 75 shows 
t h a t  a similar a r e a  of t h e  basic wing is  modified in e i ther  case. An additional study 
also was conducted to  see if this  conclusion was valid for  t h e  wing with a 1.83-m (6-ft) 
t ip  extension. The  figure shows this  t o  be  t h e  case ;  i.e., t h e  t ab  did not  el iminate t h e  
need t o  modify t h e  f ront  spar.  
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Figure 75 Effect of MLC Aileron Configuration on Front Spar Web Sizings 

To  de termine  t h e  overall  weight benefi ts  of a tabbed aileron configuration t o  t h e  
airplane, weight es t imates  of t h e  system and a i le ronl tab  s tructural  changes were  
made. Table 4 i s  a summary of t h e  weights associated with t h e  system (preliminary 
e s t ima te  fo r  t h e  initial system configuration), t h e  aileron s t ruc tura l  changes (including 
additional balance weights), and a t a b  lockout mechanism. The system weight ( tab  
linkages and lockout excluded) i s  independent of t h e  t a b  configuration. The  t a b  
lockout mechanism is  required t o  lock t h e  t a b  out  during flaps down f l ight  so  t h a t  
outboard aileron roll authori ty is maintained. 

Table 4. Weights for WLA System and AileronRab Changes 



Af te r  choosing a t a b  configuration with a 30% chord, a sizing study was conducted 
consisting of a loads/stress/weights cycle on  t h e  wing box. Loads were  genera ted  at 
t h e  positive high angle  of a t t a c k  (+HAA) 2.5g maneuver condition for  a plain aileron; a 
55% span, 30% chord t a b  with a -0.7:l.O gearing (WLA Demonstrator  study); and a full  
span 30% chord t a b  with a -1.0:l.O gearing. These 1-oads were  used in a s t ress  analysis 
t o  resize t h e  wing structure.  The  baseline wing s t ruc ture  was initially resized t o  zero  
margins of safety.  Each study wing s t ruc ture  then was fur ther  resized t o  zero  margin, 
and t h e  incremental  changes in s ize  were  used t o  eva lua te  wing weight benefits f rom 
t h e  MLC system. 

The loads d a t a  used for  this  study were  based on t h e  resul ts  from wind tunnel tes t ing  
of t h e  tabbed aileron configuration (BTWT 1599). Blowdown was taken in to  account ,  
based on existing ac tua to r  capability. The weight summary included a weight 
allowance of 204 kg (450 1b) for  installation of t h e  MLC system (initial configuration 
with s epa ra t e  WLA servos) on t h e  airplane, plus t h e  changes t o  t h e  aileron 
configuration t h a t  included t a b  lockout and  balance weights of 91 kg (200 Ib) for  t h e  
55% span t a b  and 16 kg (350 lb) for  t h e  full span tab. The  weights d a t a  genera ted  for  
t h e  wing when using MLC assumed t h a t  a gust  alleviation system had been utilized t o  
reduce t h e  gust design requirements  below those  for  t h e  +HAA maneuver case. Also, 
when using MLC flaps-down, i t  was  assumed t h a t  t h e  flaps-down design loads a r e  less  
than those  for  flaps-up maneuver. 

This study had t h e  following inherent  assumptions: 

e Flaps-up, +HAA maneuver case designs t h e  wing 

e Aileron t a b  i s  locked out  for  use of MLC flaps down 

e No credi t  for  aeroe las t ic  l i f t  redistribution due t o  t h e  stiffness change on t h e  
resized wing s t ruc ture  

e No allowance made  for  f lu t te r  or fa t igue  material  

The  potential a irplane weight changes resulting f rom this study a r e  shown in Figure 76. 

The  aileron balance t a b  shows very l i t t l e  weight benefi t ;  in f a c t ,  t h e  pa r t  span t a b  
with 0.7:l gearing actually adds weight as compared t o  t h e  plain aileron. Also shown in 
this  figure is  a d a t a  point taken from an  ac tua to r  sizing study (sec. 7.3.1) in  which t h e  
weight reduction for  a plain aileron utilized t o  mechanical l imit  was evaluated. This 
configuration gave nearly as much incremental  weight reduction a s  t h e  full-span t a b  
configuration. 

Results fo r  t h e  wing t i p  extension configuration also a r e  depicted in Figure 76 and 
show t h e  s ame  trends as  t h e  basic wing. 
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Figure 76. Airplane Weight Trends for Variations in MLC Aileron Tab Span 



6-1.4 Selection and Rationale 

The  primary f ac to r s  bearing on t h e  ai leron configuration selection and a plus/minus 
(goodlbad) comparison of t h e  plain and tabbed configur.ati0n.s a r e  summarized in Figure 
77. As previously discussed, t h e  t a b  of fered  no advantage in t e rms  of airplane weight 
savings or  minimization of spar modifications. However, t h e r e  were  several  disadvan- 
tages: 

Aileron configuration 

Factor considered Plain 

Airplane weight savings + 
(combined structure/system) 

Front spar modification - 

e Low-speed roll control 
e High-speed holddown 
@ Tab flutter risk 
@ System complexity 

Full-span tab (0.33 ct/ca) 

@ No significant difference 
if hinge-moment limited 

@ If not hinge-moment limited, 
more weight savings and spar 
modifications for plain aileron 

Plus/minus comparisons-plain versus tabbed 

+ Favorable effect 
- Unfavorable effect Relative to baseline 747 
0 No effect 

Figure 77. MLC Aileron Configuration Selection 

Low-Speed Roll Control-A balance t a b  reduces t h e  effect iveness of t h e  ailerons as 
low-speed roll control surfaces. 

High-Speed H o l d D o m - T h e  requirement t o  prevent an overbalanced aileron from 
floating hardover following a single hydraulic system fai lure was identified as an a r e a  
of concern. Hinge moment t r a d e  studies for  various aileron configurations were  
conducted, primarily as pa r t  of t h e  Boeing WLA Demonstrator  program. These showed 
t h a t  a full chord t a b  with -1:l gearing is unacceptable with the  existing aileron PCUs, 
but t h a t  t h e  hold-down requirement can b e  m e t  by a half-span t a b  with reduced 
gearing and uprig. The  uprig would be  undesirable for  a production system due t o  t h e  
drag penalty. 

Hold down is  n o t  a problem for t h e  plain aileron. 

AileronITab Flutter-The t a b  tends  to  induce an unstable slope in to  t h e  aileron hinge, 
moment  versus deflection curve. This is  undesirable and could lead to  f lu t te r .  

System Complexity-Use of t h e  aileron as a MLC device requires addition of an input 
in ser ies  with t h e  roll command to  t h e  PCUs. This is  t r ue  whether  a plain or tabbed 
configuration is  selected.  The tabbed configuration becomes more  complex because of 
t h e  additional linkages, hinges, and balance weights (possibly) associated with t h e  tab. 
In addition, a t a b  lockout is likely t o  be required fo r  f laps  down conditions t o  maintain 
cur ren t  low speed roll control capability. This would considerably add t o  t h e  
complexity. 



R a t i m d e  for Selection-In view of t h e  added complexi ty and o ther  disadvantages 
associated with adding a balance t a b  t o  t h e  747 outboard aileron, t h e  tabbed aileron 
would have t o  of fe r  significant advantages in t e r m s  of reduced structural  weight 
and/or modifications t o  warran t  select ion over a plain aileron. No such advantages fo r  
747 EET applications of MLC a r e  apparent ,  a1 though t h e  conclusion might be  d i f fe ren t  
for  o ther  models or applications. 

6.2 STRUCTURAL BENEFITS 

The  purpose of ac t ive  wing load alleviation is  to  reduce t h e  aerodynamic loads at t h e  
design load conditions and thus reduce s tructural  weight. Many parameters  en t e r  i n to  
t h e  study to  de te rmine  t h e  optimum control sur face  for  such an  application. 
Definition of t h e  aileron configuration was discussed in Section 6.1, toge ther  with 
aileron effect iveness determinat ion,  bending/torsion t rades,  and wing box weight 
trends. I t  i s  evident  f rom these  d a t a  t h a t  a tabbed aileron configuration did not  
provide a significant weight advantage  to  t h e  airplane relat ive t o  a plain aileron. The  
t a b  also was investigated a s  a possible device  t o  minimize t h e  spar web changes when 
adding MLC to  e i ther  t h e  baseline wing or t h e  wing with a 1.83-m (6-ft) t i p  extension, 
bu t  again i t  was found t h a t  no benefit  resulted. 

The  real s t ruc tura l  benefi t  from t h e  ac t ive  aileron comes in t h e  upper and lower 
sur face  wing panel weight reductions attainable. In f ac t ,  for  t h e  747 wing t h e  most  
benefi t  comes  from t h e  MLC function, wi th  s o m e  additional benefi t  possible from 
GLA. 

Designing for  sa t i s fac tory  fa t igue  quality i s  a major e f fo r t  in any  airplane s tructure.  
Benefi ts  f rom MLC can ,  in some  a reas  of t h e  wing, be restr icted by fa t igue  
requirements  due t o  t he  f a c t  tha t ,  although MLC can reduce s t rength  design loads and 
fa t igue  al ternat ing loads, i t  does not  a l te r  t h e  nominal 1-g flight condition loads. Thus 
t h e  I-g flight s t ress  levels will increase, because of reduced sizing of s tructure.  The  
ground-air-ground (GAG) s t ress  levels may be  increased or decreased depending on t h e  
effect iveness of t h e  WLA system. The  MLC system for  this  study was linear (no dead 
zone) fo r  t h e  low-g maneuvers considered in t h e  GAG cycle. Fat igue sizing resul ts  
without GLA showed t h a t  fa t igue  mater ia l  must be redistributed (due t o  t he  MLC 
system re la ted  load changes), but t h e  weight of t h e  fat igue material  was essentially 
unchanged. The GLA system can reduce some  of t h e  gust induced fat igue loadings and 
hence yield some benefit ,  but overall th is  is relatively small. 

In obtaining wing box s t ruc tura l  weight es t imates ,  a significant interact ion is  required 
between t h e  s t ruc tura l  disciplines of loads, s t ress ,  f l u t t e r ,  and t h e  weight engineer. A 
typical flow c h a r t  for a design cyc l e  i s  shown in Figure 78. 

6.2.1 Loads 

Maneuver-The plain aileron with existing ac tua to r  authori ty was selected for  this  
study, a s  discussed in Section 6.1.2, and was  used fo r  both flaps-up and down 
maneuvers. A comprehensive s e t  of maneuver conditions was analyzed. This set 
included all t he  conditions used for  design and cer t i f ica t ion  of t h e  study baseline wing, 
plus additional conditions cr i t ical  wi th  operation of t h e  WLA system. A reduced 
spec t rum of f a t i gue  loads was analyzed. The  airplane da t a  and methods a r e  t h e  s a m e  
a s  used for  cer t i f icat ion of t h e  baseline airplane. 
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Figure 78. Wing Structural Resizing Procedure 



Figure 79 shows t h e  e f f ec t  of WLA on t h e  wing bending moment  envelope due t o  
maneuvers. Flaps up maneuver resul ts  a r e  compared,  based on aileron effect iveness 
f rom t h e  BTWT 1599 and BTWT 1642 wind tunnel tests. Aileron effect iveness d a t a  fo r  
t h e  f laps down analysis was based on wind tunnel test results with deflected ailerons in 
a f laps  down roll configuration. For  f laps  up maneuvers, t h e  loads with t h e  BTWT 1599 
d a t a  base  were  used fo r  t h e  WLA benefi ts  study on t h e  base wing. The benefi ts  study 
was not  updated following t h e  BTWT 1642 test because only a small change in load 
benef i t  was predicted (fig. 79). Although t h e  wing sect ion aerodynamic coeff icients  
were  lower f rom t h e  BTWT 1642 t e s t ,  a s  discussed in Section 6.1.1, t h e  associated 
blowdown angles were higher, with t h e  ne t  e f f ec t  t h a t  only a small loss in load benefi t  
was predicted using t h e  BTWT 1642 data.  
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Figure 79. Effect o f  ML C on Base Design Bending Moments 

Gust-The gust loads used for the structural benefits assessment were for the baseline 
configuration with no WLA system included (open-loop analysis). The bending moment 
envelope due to gust is shown in Figure 79 and the gust load analysis method i s  
discussed in Section 6.2.5. 

Cruise Twist-Figure 80 shows t h e  change in wing twis t  for t h e  cruise flight condition 
due t o  resizing t h e  s t ruc tura l  gages of t h e  wing fo r  MLC. As expec ted ,  t h e  reduced 
s t ruc tura l  material  resulted i n  increased wing washout. The e f f e c t  of increased wing 
washout was included in aerodynamic performance est imates.  
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Figure 80. Incremental Wing Twist for MLC on Base Wing 

6.2.2 Wing Resizing 

Flu t t e r  investigations were  conducted t o  de te rmine  t h e  stability impact  due t o  
s t i f fness  variations resulting f rom a MLC designed wing. The  standard analyses were  
performed on t h e  baseline 747 airplane without WTE or WTW. Figure 81 shows t h e  
change between st i ffness  for  t h e  baseline and MLC configurations when both a r e  sized 
t o  zero  margin of s a f e ty  (MS = 0). 
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Figure 8 1. Structural Stiffness Ratios of Basic Wing With M LC 



Figure 82 shows t h e  small difference in f lu t te r  character is t ics  for  t h e  two wing 
st i ffnesses as t h e  variation of f l u t t e r  speed with outboard nacel le  s t ru t  side bending 
frequency. These resul ts  indicate  t ha t  no added f lu t t e r  material  i s  required. 

Antisymmetric 
ONSB mode I 

c Assumed structural 
damping, g = 0.03 /' 

Basic wing (no WTEMITW) I 
a MS = 0 wing stiffness 
0 MLC wing stiffness 

e Antisy mmetric 
BASIC mode 

e Assumed structural 
damping, g = 0.025 

Outboard nacelle strut side bending frequency ratio, w/wREF 

Figure 82. Wing Stiffness Design Change Effects 

Structural Resizing For MLC-The MLC system gives reduced wing bending moments  
and increased wing torsions, which com bine t o  give smaller panel skin-stringer areas. 
Installation of t h e  MLC system would require changes t o  t h e  f ron t  and mid-spar webs 
t o  support t h e  increased torsions, and reinforcement  of t h e  outboard aileron and wing 
trailing-edge panels (il lustrated in sec. 6.4.3). To de termine  t h e  benefits of MLC, t h e  
wing box was resized to  have panel margins of s a f e ty  of zero  and was compared to  a 
baseline wing box similarly resized. Cri t ical  spar  web loads were  not  calculated;  
therefore ,  spar web gages on both wings were  increased t o  bring negat ive margins of 
s a f e ty  up  t o  zero, bu t  were  not  reduced where  positive margins of s a f e ty  remained. 
The  side-of-body joint sizing was not  reduced due t o  fa t igue  considerations. All o ther  
general  analysis procedures were  t h e  s ame  as given in Section 4.2.3. The sizing resul ts  
a r e  contained in Figures 81 and 83. 
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With maneuver loads reduced by t h e  MLC system, more s t ruc ture  becomes cr i t ical  for 
gust  loads a s  shown in Figure 84. T h e  incremental  sizing above maneuver loads is  no t  
large. 

Increased upper and lower surfaces 

Figure 84. Effect of  ML C on Wing Panel Sizing for Ultimate Gust Loads 

The  majority of t h e  fat igue damage comes from t h e  GAG cycle, which is t h e  s t ress  
excursion from maximum compression t o  maximum tension occurring once per flight. 
The  MLC system may increase or decrease the  GAG cycle, depending upon t h e  wing 
stat ion and stringer being analyzed. Typical fat igue stresses with and without MLC 
a r e  shown in Figure 85. (Note t h e  increase in 1-g s t ress  levels caused by smaller sizing 
with MLC.) The locations where mater ia l  was redistributed for  fa t igue  a r e  shown in 
Figure 86. 

There was no requirement  t o  add material  for f l u t t e r  s t i f fness  on e i ther  t h e  baseline 
o r  MLC wings. 

A study indicated tha t  re t rof i t t ing  a MLC system is no t  practical because of t h e  
extensive spar web changes required. 
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Figure 85. Fatigue Stresses at Specific Locations 
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Figure 86, Effect o f  ML C on Fatigue Sizing 

6.2.3 Weights 

From t h e  s tructural  sizings of t h e  baseline wing and t h e  MLC wing, both with margins 
of sa fe ty  zero,  incremental  weight changes were  calculated t o  de te rmine  t h e  benefi ts  
of MLC. S t a t i c  maneuver and gust  design conditions were  evaluated toge ther  with 
weight increments  for  fatigue. No additional mater ia l  was required f o r  ei ther  t h e  
baseline o r  MLC wings t o  mee t  f l u t t e r  s t i f fness  requirements. 

Est imated weight benefits of t h e  MLC and  GLA functions a r e  indicated in Figure 87. 
The  WLA system allows a wing box weight reduction relat ive t o  a baseline wing 
opt imized without WLA. Not  all of t h e  wing box weight reduction can  be real ized in 
t e r m s  of reduced airplane operational empty  weight,  however, because of t h e  added 
system weight (Table 5) a s  indicated on t h e  figure. 
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Table 5. Weights Breakdown for Final W LA System 

The wing box weight increment for  t h e  pure MLC function corresponds t o  alleviation 
of maneuver loads only. The ac tua l  WLA system also influences gust  design loads, 
increasing them for  some  wing locations and reducing them for  others. For t h e  wing 
with pure MLC, about  272 kg (600 Ib) of material  is required for  gust design. This is 
indicative of t h e  maximum potential weight benefi t  for  an ideal GLA system. I t  was 
es t imated  t h a t  only about  half of t h e  potential GLA weight benefit  would be achieved 
by t h e  ac tua l  system. Comparison of t he  shaded a reas  of Figure 87 shows about  t h e  
same  weight of fat igue mater ia l  is required with o r  without MLC. The fa t igue  
mater ia l  required for  gusts could be  reduced by t h e  GLA function. 
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6.2.4 Actuator Sizing 

A study was conducted to  eva lua te  t h e  e f f e c t  on wing box weight of t h e  outboard 
aileron blowdown speed. Blowdown speed r e l a t e s  direct ly t o  ac tua tor  hinge moment  
capability. The results of t h e  study allowed determinat ion of an optimum aileron , 
ac tua tor  s ize  for  maneuver load control. 

Four wing s t ruc ture  sizings were  made for  t h e  study. Wing s t ruc ture  was sized both 
with and without aileron blowdown at both high angle of a t t ack  (+HAA) and dive 
speeds (VD). The resulting wing box weights were  calculated from t h e  sizings. Figure 
88 shows t h e  resul ts  plot ted relat ive t o  a zero  s tructural  margin baseline wing. The  
d a t a  fo r  t h e  2.5-g +HAA condition shows considerable weight reduction in  t h e  wing box 
a s  t h e  aileron angle is  increased. Conversely, t h e  d a t a  fo r  t h e  2.5-g VD condition show 
how structural  weight would have t o  be pu t  back in t h e  wing box as t h e  aileron angle  i s  
increased to  i t s  mechanical position limit.  The figure shows t h a t  t o  achieve t h e  
maximum weight benefit  from using t h e  aileron to  i t s  mechanical position l imit ,  speed 
scheduling would b e  required such tha t  t h e  2.5-g VD conditions would no t  be cr i t ical  
for  design. The cur ren t  blowdown charac ter i s t ics  a r e  such tha t  t h e  2.5-g VD condition 
would not  be critical.  Also, using t h e  aileron t o  i t s  mechanical position l imi t  at +HAA 
speed would only achieve a n  additional 104 kg (230 lb) of wing box weight saving above 
t h a t  obtained at cu r r en t  blowdown levels. 

0 -5 -1 0 -1 5 -20 -25 

Aileron deflection, tiA, degrees 

Figure 88. Effect o f  Aileron Deflection Capability on MLC Benefitsb 



This s tudy  shows only a re la t ive ly  smal l  wing box weight  reduct ion due  t o  using t h e  
a i leron t o  i t s  mechanica l  position l imit .  An a c t u a l  a i rp lane  weight  benef i t  would b e  
less  t h a n  th i s  b e c a u s e  of increased a c t u a t o r  weight  d u e  t o  requ i rement  fo r  inc reased  
power,  inc reased  s t r e n g t h  of a i leron a n d  back-up s t r u c t u r e  d u e  t o  inc reased  loads,  a n d  
addi t ional  a i leron ba lance  weights.  

Because of this  relatively small weight benefit  from use of t h e  aileron t o  i t s  
mechanical  position limit,  i t  was decided t o  retain t h e  existing ac tua tor  size (force 
capability) for  t h e  EET studies. 

6.2.5 Gust Loads With Wing Load Alleviation 

This sec t ion  s u m m a r i z e s  t h e  g u s t  load analysis  f o r  t h e  WLA sys tem on t h e  basic  wing. 
Resu l t s  a r e  shown f o r  t h e  base  a i rp lane  (open-loop analysis) and wi th  t h e  WLA system 
(MLC + GLA) a c t i v e  (closed-loop analysis). T h e  gus t  loads  f r o m  t h e  o p e n  loop analysis  
(i.e., c o n t r o l s  fixed),  w e r e  used f o r  t h e  s t r u c t u r a l  benef i t s  study. T h e  closed loop  
resu l t s  provide a n  indicat ion of t h e  GLA ef fec t iveness  of t h e  WLA sys tem.  

T h e  dynamic  analysis  used was  s imilar  t o  t h e  analysis  used f o r  c e r t i f i c a t i o n  of t h e  
basic  747-2008 airplane,  e x c e p t  f o r  modif icat ions  t o  include t h e  WLA a c t i v e  con t ro l  
su r faces .  T h e  analysis  is  summar ized  i n  t h e  following discussion, and t h e  method  used 
t o  a c c o u n t  f o r  t h e  nonl inear i t ies  of t h e  WLA sys tem is  shown. S e l e c t e d  resu l t s  f r o m  a 
t i m e  domain  s imulat ion t h a t  modeled t h e  r a t e  and position l i m i t s  of t h e  WLA 
a c t u a t o r s  a r e  presented.  O t h e r  resu l t s  f r o m  t h e  t i m e  domain s imulat ion a r e  repor ted  
in Section 6.3.1. 

Airplane Model-Vertical translation, pitch, outboard aileron, outboard elevator ,  and 11 
free-free symmetr ic  s t ruc tura l  modes were  used t o  represent  t h e  airplane responses. 
The s t ruc tura l  modes were derived using beam theory t o  represent  t h e  flexibility of 
t h e  wing, fuselage, and horizontal tail. The aerodynamic forces were  derived using 
s t r ip  theory with adjustments  t o  match  wind tunnel s t a t i c  pressure da t a  for  t h e  
analysis Mach number. Unsteady aerodynamic e f f ec t s  were  accounted for  using 
incompressible, infinite aspec t  ra t io  Wagner and Kussner functions. Structural  
damping of 0.03g was used, and gradual gust penetration e f f ec t s  were  included. The  
loads were determined using t h e  load summation method. The plain aileron was 
se lec ted  for t h e  study, as discussed in Section 6.1.4, and the  aileron effect iveness was  
based on t h e  BTWT 1642 wind tunnel test. 

T h e  ae rodynamic  d a t a  used f o r  t h e  dynamic  analysis,  when reduced to  s t e a d y  s t a t e ,  
showed good a g r e e m e n t  with  similar d a t a  f r o m  t h e  s t a t i c  maneuver  load analysis  and  
t h e  engineer ing f l ight  s imulator .  Also, s e l e c t e d  gus t  load resu l t s  f rom t h e  analysis  
w e r e  compared  with resu l t s  f r o m  a n  analysis  using t h e  Doublet  L a t t i c e  l i f t ing  s u r f a c e  
uns teady  ae rodynamic  theory ,  and  s a t i s f a c t o r y  a g r e e m e n t  was  demons t ra ted .  

Analysis Approach-A PSD design enve lope  r a t h e r  t h a n  a mission prof i le  approach  was  
used t o  d e t e r m i n e  t h e  design gus t  loads.  A mission analysis  was  n o t  conducted because  
i t  w a s  e x p e c t e d  t o  b e  noncri t ical  f o r  t h e  WLA configuration. This  was  because  t h e  
c r i t i ca l  high-speed design condi t ions  t h a t  exhibi t  reduced WLA ef fec t iveness  d u e  t o  
blowdown a n d  r e l a t e d  a e r o e l a s t i c  losses  a r e  no t  included in t h e  mission analysis  
method .  

T h e  design enve lope  loads w e r e  d e t e r m i n e d  using t h e  VonKarman s p e c t r u m  of 
a tmospher ic  tu rbu lence  with a s c a l e  of tu rbu lence  of 762m (2500 ft) .  T h e  nonlineari-  



t i es  of t h e  WLA system were accounted for  using t h e  s ame  method as tha t  used for  
analysis of t h e  747 yaw damper system gust  response. This method is  discussed fur ther  
below. 

Results-Figure 89 shows t h e  rms  bending moment due to  a 1 fps rms gust velocity. 
Resul ts  a r e  shown for  a gust penetrat ion speed condition (VB = 310 KCAS/M = 0.85) and 
for  a s t ruc tura l  cruising speed condition (VC = 375 KEAS/M = 0.875). 
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I V, speed I 
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Figure89, Effect o f  WLA on Wing RMS Bending Moments Due to PSD Gust 



The WLA system significantly reduced t h e  r m s  bending moment near  t h e  wing root  but  
caused some increase outboard of rl = 0.57 for  t h e  VC condition. The  control law used 
for  t h e  GLA function was designed t o  provide maximum reduction in wing root  bending 
moment  for  t h e  VB condition t h a t  was fhe  cr i t ical  gust  condition for  t h e  base airplane. 
This control law (denoted CL2) is shown and discussed in Section 6.4.2. Other  control 
laws, also shown in Section 6.4.2, included variations in gain schedules t h a t  gave 
improved results over t h e  outboard wing. 

The  e f f ec t  of t h e  WLA system on t h e  ne t  bending moment  envelope due t o  gust is  
summarized in Figure 90. Resul ts  a r e  shown for  t h e  base airplane (no WLA), for  t h e  

Base design BM 
BM I 

0 Critical design envelope conditions 
Base stiffness 
Plain aileron-BTWT 1642 data base 
CL2 control law 

Gust with WLA-linear 

17, fraction of wing semispan 

Figure 90, Effect o f  WLA on Wing Design Bending Moment Envelope- 
PSD Design Envelope Gust Versus Maneuver 



WLA system ac t ive  with unlimited authori ty (WLA on, linear), and with t h e  e f f e c t s  of 
position l imits  included (WLA on, nonlinear). Similar results f rom t h e  maneuver 
analysis reported in Sect ion 6.4.1 a r e  shown for  comparison. This figure shows t h a t  t h e  
bending moment  envelope for  t h e  base wing was formed by maneuver conditions. 
When t h e  maneuver loads were  al leviated by t h e  MLC system, unalleviated gust 
conditions formed t h e  envelope outboard of q = 0.30. When t h e  WLA system was 
ac t ive  fo r  both maneuvers and gusts,  t h e  portion of t h e  bending moment  envelope 
formed by gust  was l imited t o  outboard of q = 0.48. 

Nonlinear Analysis Method-Nonlinear resul ts  (with WLA on) were  computed using t h e  
method illustrated in Figure 91. Load exceedance  curves were  constructed by 
numerically integrat ing t h e  appropriate  exceedance equation. The variation of rms 
load and zero  crossing r a t e  with rms gus t  velocity used for  t h e  exceedance calcula-  
tions was based on an  approximate method developed by Dempster  and Roger (ref. 2) 
for  analysis of t h e  B-52 with ac t ive  controls. Incremental  gust  loads were  determined 
using t h e  design envelope gust intensity value (Uo) for  t h e  base airplane and with t h e  
WLA sys tem ac t ive  with unlimited authority. These values were  used t o  der ive  
allowable load exceedance  r a t e s  for t h e  design envelope conditions. The incremental  
gust loads with nonlinear WLA response were  then read  from t h e  load exceedance  
curves using t h e  derived exceedance rates .  

T i m e  Domain Simulation Results-As described in t h e  next sect ion,  t h e  t i m e  domain 
simulation used for  WLA sys tem development was modified fo r  use in exploring t h e  
e f f ec t s  of aileron ac tua to r  r a t e  and position l imi t  e f f ec t s  on flexible wing dynamic 
loads. D a t a  obtained f rom t h e  simulation a r e  shown in Figure 92  fo r  several  levels of 
turbulence. It  was apparent  from these  d a t a  t h a t  ac tua to r  r a t e  and position l imi t  
e f fec ts  great ly reduced t h e  gust  load alleviation capability of t h e  WLA system at t h e  
higher gust intensities,  part icular ly on t h e  outboard portions of t h e  wing. Since t h e  
potential s t ructural  weight benefits of a GLA system were  previously determined t o  be 
small even fo r  an  ideal system, a n  e f f o r t  t o  "fine tune" t h e  control law t o  obtain an 
optimum GLA function was not' completed,  nor was  a full s t ruc tura l  analysis conducted 
t o  de te rmine  t h e  weight benefi t  for  t h e  GLA control law. 

6.3 CLOSED-LOOP DYNAMIC ANALYSES 

Closed-loop dynamic analyses were  conducted t o  explore t h e  e f f e c t s  of t h e  WLA 
system on: 

e Wing dynamic response t o  gusts  (for t h e  basic wing without WTE/WTW) 
e Flu t t e r  (for t h e  wing with t h e  213 WTW) 

In addition t o  conventional linear system analysis reported elsewhere, a t i m e  domain 
simulation incorporating ac tua to r  r a t e  and position l imi t s  was used in examining gust 
response. One concern was whether  or not  aileron rate-limiting in s eve re  turbulence 
would destabi l ize t h e  wing bending mode. Results of frequency/amplitude sweeps 
indicated this  was not a problem. Wing bending moment  d a t a  obtained during t h e  
study were  used in t h e  evaluation of GLA e f f ec t s  on gust  loads. 
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Closed loop f lu t t e r  evaluations were  conducted for  t h e  wing with WTW by incorpor- 
ating a linear representation of t h e  WLA system in to  t h e  conventional f lu t te r  analysis. 
Resul ts  indicated closed loop f lu t t e r  speeds a r e  lower than  open loop. 

The  MLCIGLA control law (incorporating cg and wing acce lerometers ,  and  pitch r a t e  
feedback) was used for  both studies. The  gust studies were conducted using s t ruc tura l  
dynamics fo r  t h e  basic wing s o  a s  t o  provide continuity with t h e  o the r  WLA 
systemlbenefi ts  analysis. The f l u t t e r  s tudies  were  conducted fo r  t h e  wing with t h e  213 
WTW because I) closed loop analysis fo r  t h e  basic wing were  accomplished as part  of 
t h e  Boeing WLA Demonstration program, and 2) t h e  symmetr ic  f l u t t e r  mode from t h e  
winglet configuration was considered t o  be m o r e  likely t o  couple adversely with t h e  
WLA system (than t h e  an t i symmetr ic  f l u t t e r  mode of t h e  basic wing). 

6-3.1 RatelPosition Limit Effects on Gust Load Alleviation 

The benefi ts  of gust load alleviation a r e  l imited by t h e  control sur face  ac tua to r  
capabilit ies.  In high-intensity turbulence t h e  control  sur face  ac tua tors  experience 
both position and r a t e  limiting. Only a portion of t h e  potential weight savings for  GLA 
c a n  be a t ta ined  by t h e  ac tua l  GLA system. The  e f f e c t  of t h e  sa tura ted  ac tua to r  
response on closed loop stabi l i ty  i s  summarized in this  section. 

For this  study t h e  system equations were  developed in t h e  t ime  domain. Equations of 
motion for  t h e  f lexible  airplane were  reduced from t h e  se t  used in t h e  dynamic loads 
analyses (sec. 6.2.5). The  airplane degrees of freedom modeled were  two rigid body 
modes, pitch and plunge; th ree  flexible body modes, t h e  f i r s t ,  second, and fourth;  and 
t h e  elevator  and outboard aileron control  surfaces.  Unsteady aerodynamics were  
represented with t h e  Kussner and Wagner functions for  an aspec t  ra t io  of six in lieu of 
inf ini te  aspec t  ratio. This was done t o  simplify t h e  simulation m a t h  model represen- 
ta t ion by reducing t h e  order  of t h e  f i l ter .  The e f f e c t  of gradual gust penetrat ion was 
not included. 

A schemat ic  of t h e  ac tua to r  model is  shown in Figure 93. Aerodynamic loading was 
represented as a simple spring. This f o r c e  resul ts  in nonlinear valve flow r a t e  as well 
a s  e las t ic  deflections of t h e  control sur face ,  t h e  ac tua to r  rod, and t h e  ac tua to r  
support s t ructure.  R a t e  and position limiting due t o  t h e  control  sur face  hinge moment  
a r e  implied by t h e  nonlinear valve flow ra te .  Additional ac tua tor  nonlinearities a r e  
l imited valve and cylinder travel.  

Mechanical 

Control 
surface 
windup 

Figure 93. Power Actuator Model 



A block diagram of t h e  control laws used in this  s tudy i s  shown in  Section 6.4.2. 

Turbulence intensi ty rms  levels a r e  l is ted in Re fe rence  1 f o r  clear  air  turbulence and 
thunderstorm turbulence. For thunderstorm turbulence a level of 6.4 m/sec  (21 f t /sec)  
is  s ta ted .  The  WLA system i s  predicted t o  respond linearly in clear  air  turbulence. 
However, in more  severe turbulence t h e  control sur face  ac tua tors  experience both 
position and r a t e  limiting. 

In addition t o  closed-loop stabi l i ty  analysis, t h e  purpose of t h e  simulation was t o  
de te rmine  t h e  variation of rms  responses at turbulence intensities ranging t o  several  
t imes  t h e  thunderstorm level. System stabi l i ty ,  however, had to  be  confirmed t o  
establish t h e  validity of these  rms  measurements .  

To  eva lua te  t h e  closed-loop stabi l i ty  t h e  airplane was forced with sinusoidal gusts at 
each  modal frequency. Any tendency toward instability depends on t h e  magnitude and 
frequency of t h e  gust. As opposed to  random turbulence, t h e  sinusoidal exci tat ion 
allows this  situation t o  be clearly identified. The  a tmosphere  was modelled with t h e  
Dryden spectrum, and t h e  gust ampli tude was weighted accordingly at each  frequency. 
A t  t h e  short  period mode  frequency t h e  gust  ampli tude was approximately 30% of a 
given level of gust intensity. At  t h e  s tructural  mode  frequencies t h e  gust was 
a t tenuated  considerably more. 

Figure 94 shows t i m e  histories of t h e  WLA system motion sensors and t h e  outboard 
elevator  and aileron position, and  r a t e  responses t o  a la rge  ampli tude gust. A 
sinusoidal gust a t  t h e  short  period mode frequency is  stepped to  zero  a f t e r  several  
cycles. Blowdown l imits  t h e  position and  r a t e  capability of both t h e  elevator  and 
aileron actuators .  However, t h e  system remains s t ab l e  throughout t h e  continuous 
input and t h e  responses achieve a s teady  s ta te .  Af te r  t h e  gust is  stepped t o  zero  no 
oscillations a r e  sustained, and t h e  t ransient  response decays to  zero. 

The e f f e c t  of t h e  nonlinearities is  not a s  evident  a t  t h e  s tructural  mode  frequencies  as 
a resul t  of t he  rolloff of t h e  Dryden spectrum. Only aileron r a t e  limiting occurs  at t h e  
f i rs t  e last ic  mode  frequency,  and t h e  system remains stable. A t  t h e  second and four th  
e las t ic  mode frequencies  t h e  response is  l inear.  

The significance of t h e  ac tua tor  nonlinearities on sur face  r a t e s  and position at various 
levels  of random turbulence is  i l lustrated in Figures 95 and 96. Ef fec ts  on rms  loads 
were  also recorded and a r e  discussed in  Section 6.2.5. The  aileron rms  position and 
r a t e  a r e  shown in Figure 95 fo r  t h e  linear and nonlinear WLA systems. Position and 
r a t e  limiting a r e  re f lec ted  in t h e  rms  response a s  expected.  In light turbulence,  less  
aileron than t h e  linear system predicts  i s  t h e  resul t  of t h e  flexibility of t h e  ac tua to r  
backup s t ruc ture  and windup of t h e  control  surface. The  elevator  response, a s  shown 
in Figure 93, fo r  t h e  nonlinear system is g rea t e r  t han  tha t  for t h e  linear system. 
Although t h e  aileron experiences r a t e  and  position limiting in heavy turbulence,  t h e  
e f f ec t  of blowdown on t h e  outboard e leva tor  is  much less. Consequently, t h e  e leva tor  
deflection t o  compensa te  t h e  aileron pitching moment  is  m o r e  than needed, and t h e  
airplane becomes more  pitch responsive. The  additional pitch r a t e  results in  more 
elevator  being commanded through t h e  pitch r a t e  control  path. As i s  evident  in t h e  
response of both control  surf aces, t h e  ac tua to r  nonlinearities a r e  no t  s ignif icant  in 
this case for  turbulence up  t o  t h e  thunderstorm level. 
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6.3.2 Maneuver Load Control/Gust Load Alleviation Ef fec t s  On Flu t t e r  

Closed-loop studies were  accomplished on t h e  747 EETlZ13 MLC plus GLA configur- 
ation t o  assess t h e  feedback e f f e c t s  of t h e  MLC and GLA systems on f l u t t e r  stability. 

Closed-loop f lu t t e r  analyses with t h e  MLC/GLA system were  performed only in 
combination with t h e  wing t i p  winglets. The resul ts  and descriptions of t he se  studies 
a r e  reported he re  as appropriate  t o  t h e  overall  closed-loop dynamic analyses. 
Descriptions of t h e  final W T W  configuration a r e  found in  Section 7.1.3 in conjunction 
with t h e  open-loop f lu t t e r  studies. 

Figure 97 i s  a schemat ic  of t h e  system analyzed. Inputs from body cen te r  of gravi ty 
and wing accelerat ions and body pitch r a t e  a r e  used t o  control maneuver and gust  
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Figure 97. MLC/GLA Control Law and Gain Schedules for Flutter Analysis 

loads with the  outboard ailerons and outboard elevators. The system as designed can 
only a f f e c t  t h e  symmetr ic  modes. Figures 8 - 6  and A-7 of Appendix A show t h e  
s t ruc tura l  and aerodynamic models used. The open-loop analysis used t h e  improved 
methodology with t h e  addition of aileron and elevator  rotat ion degrees of freedom. 



The  closed-loop analysis adds t h e  feedback e f f e c t  with t h e  t ransfer  functions and 
ac tua tor  properties t o  t h e  open-loop formulation in t h e  S-plane. T h e  problem is  t hen  
solved for  t h e  usual f lu t te r  parameters  of velocity, frequency, and damping. 

Figure 98 shows t h e  comparison of t h e  cr i t ical  open and closed-loop symmet r i c  f l u t t e r  
modes for  t h e  final WTW configuration. The closed-loop solution resul ts  in f l u t t e r  
speeds lower than  those of t h e  open-loop solution. As noted on t h e  schemat ic ,  t h e  
MLC and GLA systems have gain scheduling t h a t  is  used to  reduce t h e  au thor i ty  of t h e  
feedback loop at higher airspeeds. T h e  f l u t t e r  speeds a r e  in t h e  velocity range where  
t h e  reduced gains apply. With an  assumed structural  damping r a t i o  of 0.015 in t h e  
symmetr ic  mode,  t h e  resul t  of t h e  closed-loop solution with reduced gains i s  
considered acceptable.  No o the r  gain or  phase variations were  analyzed. 
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Figure 98. Flutter Stability Comparisons for MLC and G LA With W TW 



6k4 SYSTEM CONFIGURATION DEFINITION 

The  recommended WLA system is  a digital,  dual channel configuration with fail- 
opera te  capability. In-line monitoring techniques a r e  applied and electrohydraulic 
power ac tua tors  for  both t h e  outboard elevators  and ailerons a r e  implemented for  cos t  
and weight savings. The  system installation includes provisions fo r  electr ical ly 
transducing primary f l ight  control commands. These primary flight control commands 
a r e  summed with t h e  WLA commands in t h e  servo electronics. In t h e  final control  law 
design, t h e  GLA function (which includes f i r s t  e las t ic  mode  suppression) and t h e  MLC 
function a r e  incorporated through t h e  use of wing accelerometers .  For fai l -operate  
capability t h e  sensors a r e  t r iple  redundant.  Failure detect ion and signal selection a r e  
performed in each  computer.  High reliability, comparable t o  t h a t  of a dual, 
independent yaw damper system, i s  achieved with t h e  final system mechanization. 

6.4.1 Study Approach a n d  Cr i t e r i a  

Control Law-A review of past ac t i ve  controls  applications (ref. 3 and 4) provided a 
baseline for  t h e  development of t h e  747 EET WLA control  laws. The  functions 
selected f o r  study on t h e  basic wing (no WTE/WTW) were  MLC and GLA. These were  
judged t o  potentially have  grea te r  payoff with less design complexity than o ther  ac t i ve  
control functions. 

The  object ive of t h e  MLC function was t o  reduce wing design bending moments  for  
maneuvers by deflect ing t h e  outboard ailerons symmetrically. For this  conceptual  
development s tudy t h e  aileron command was scaled to provide full deflect ion,  t rai l ing 
edge up a t  2.0g; i.e., 0.5g before t h e  design load f ac to r  of 2.5g was reached. 
Significant reductions in this  gain could probably be  achieved without adversely 
affect ing t h e  s tructural  benefits s ince t h e  aileron is blowdown-limited at cr i t ical  
flaps-up load conditions. A gain reduction would be  favorable in several a reas  (e.g., 
gust  loads, compensation for  MLC-induced pitching moments, buffet  margins in 
maneuvers) and should be considered in a production hardware development program. 
The  object ive of t h e  GLA function was t o  reduce  t h e  wing root  bending moment  due t o  
random turbulence (a PSD approach). To accomplish this ,  t h e  outboard ailerons were  
used to provide quasi-steady l i f t  reduction in low-frequency gusts and to increase t h e  
damping of t h e  f i rs t  wing bending mode. In preliminary studies, t h e  outboard elevators  
were  used to damp t h e  airplane pitch response in gusts,  bu t  this  feedback pa th  (and t h e  
associated feed-forward path t o  augment  t h e  pilot input t o  t h e  elevators)  was not  
included in t h e  final system configuration. 

Studies were  conducted fo r  t h e  basic 747 configuration without WTE or WTW. Design 
concepts  for  t h e  control law were  assumed t o  be independent of wing t ip  modification. 
The  e f f e c t  of WLA combined with ei ther  WTE or WTW is  discussed in Section 7.0. 
Control law analysis was conducted with t h e  existing (untabbed) aileron configuration. 

The following stabi l i ty  c r i t e r i a  were  applied to t h e  control law design: 

e Control system coupling with s tructural  modes o ther  than t h e  f i r s t  symmetr ic  
wing mode be minimized 

e The  system remain s tab le  with sensor location variations up t o  1.52m (60 in) in 
any  direction 

e The  s t ruc tura l  modes have t h e  gain and phase margins shown in Table 6 



Table 6. Gain and Phase Margins 

With WLA ac t ive  no degradation of t h e  basic airplane ride and handling qualities were  
t o  occur. Ride improvement  was a desirable object ive but not  a requirement  for th i s  
study. Activation of WLA also was required t o  be compatible  with t h e  performance of 
o ther  flight control systems, such a s  t h e  autopilot.  

System Mechanization-A dual channel,  fail-passive configuration was baselined fo r  
t h e  initial WLA mechanization studies. Reliability analysis of this configuration 
indicated t h e  need t o  retain system operat ion following a single failure. In judging t h e  
reliability, a dual yaw damper system, being similar in function, was  used a s  a 
guideline. For t h e  final system implementat ion t h e  goal was t o  achieve minimum 
complexity and cos t  with reliability comparable t o  t ha t  of a dual yaw damper  system. 

In-line monitoring techniques were  applied t o  gain fail-operate capabil i ty  with a dual 
channel configuration. This approach increased pa r t s  count relat ive to  t h e  f ail-passive 
configuration bu t  required significantly f ewer  parts  than a t r iple  channel "brick- 
walled" approach. New integrated ac tua to r  packages for  t h e  outboard elevators  and 
ailerons were  se lec ted  t o  provide hydraulic redundancy fo r  t h e  WLA system. From 
t r a d e  studies wi th  a hydromechanical concept ,  an  electrohydraul ic  package was 
recommended a s  being l ighter ,  cheaper ,  and having be t te r  performance. The  existing 
ac tua to r  force  capabilit ies were  retained. Rat ionale for  t h e  ac tua to r  sizing i s  
discussed in Section 6.2.4. 

A digital computer  was determined to be  t h e  most cost  e f fec t ive  means t o  provide 
built-in test capabil i ty  for  f au l t  monitoring and  preflight and maintenance tasks. 
Other  considerations in t h e  selection of a digital computer  were i t s  reliability and t h e  
compatibility of t h e  WLA system with fu tu re  systems. Cr i te r ia  for  f au l t  isolation 
required tha t  identification of a failed component t o  a line replaceable unit be 90% 
successful. The  probability of an ac t ive  (hardover or oscillatory) fa i lure  was required 
t o  be ex t remely  r e m o t e  (less t han  10-9). 

For  t h e  final WLA system, dispatch with no f l ight  restrictions was allowed with only 
one  channel operational.  Dispatch without WLA was permit ted,  but  restr ict ions on 
takeoff gross weight and maneuver l imits  were  imposed. Comple te  loss of t h e  system 
during f l ight  did not impact  safety.  Continuation of t h e  f l ight  was possible with 
precautionary measures,  such as avoiding s t e e p  turns or o the r  high-g maneuvers, 
necessary. 



6.4,2 Control L a w  

The  control  law for t h e  final WLA system incorporates f i r s t  e las t ic  mode  suppression 
with t h e  primary function, MLC. Two f l ight  conditions, t h e  gust  penetrat ion speed 
condition, VB, and t h e  s t ruc tura l  cruising speed condition, VC, were analyzed fo r  
elast ic  mode  dynamics. The  flexible airplane model was  t h e  s a m e  as t h a t  used fo r  
dynamic loads analyses (sec. 6.3.4) but without t h e  e f f e c t  of gradual gust penetration. 
Additional flight conditions were  analyzed with quasi-static aeroe las t ic  equations of 
motion t o  eva lua te  handling qualities. 

Final Control Law-A block diagram of t h e  final control law is  shown in Figure 99. 
From an  acce lerometer  mounted on each  wing, symmetr ic  vert ical  motion i s  sensed by 
averaging t h e  two  signals. The f i l tered signal commands symmetr ic  out board aileron 
for  elast ic  mode suppression as  well as maneuver load control.  The  gains a r e  reduced 
when t h e  flaps a r e  extended. To compensa te  fo r  t h e  aileron pitching moment ,  t h e  
outboard elevators  a r e  commanded proportionately. During la te ra l  maneuvers, with 
t h e  flaps extended, t h e  WLA authori ty i s  reduced t o  give roll control priority. 
Engageldisengage t ransients  a r e  minimized with an  easy on/off circuit.  

r-- Flap discrete 
.Gains shown for flaps up 

I .Aileron qain reduced for 

Incremental 

acceleration 

(9, UP) 

wing 9 
Right 2 

Roll command 
Bandpass for EMS 

I own 

Left 

OB aileron 

(deg. TED)  

/ I n Right 

Left 

OB elevator 

RollNVLA command U 
(deg. TED1 

proritization I 
I r n  - I Right 

Roll command I L ------,---- A 

Figure 99. Final Control Law Diagram 

The node l ine for  t h e  f i r s t  e las t ic  mode, which i s  predominantly f i r s t  wing bending, is  
on t h e  wing. Use of cg  accelerat ion feedback t o  t h e  outboard ailerons for  t h e  MLC 
function resul ts  in  adverse  coupling with th i s  mode. A wing acce lerometer  t o  outboard 
aileron path augments  t h e  f i r s t  e last ic  mode  stabi l i ty  in  a manner advantageous for  
load alleviation. This sensor also measures rigid body motion t h a t  is required fo r  t h e  
MLC function. T o  f ac i l i t a t e  t h e  f i l ter  design, t h e  wing acce lerometer  i s  loca ted  
where motion of t h e  f i r s t  mode is  appreciable,  while ac t iv i ty  of t h e  o ther  e las t ic  



modes is slight. Near t h e  outboard nacel le  i s  a region of confluence of node lines fo r  
t h e  second through sixth e las t ic  modes. The sensor was located in this region on t h e  
f ron t  spar fo r  this  feasibility study. The  practicality of this  sensor location must  be 
fur ther  evaluated in a hardware development program, considering t h e  e f f e c t s  of t h e  
vibration and c l imat ic  environment and t h e  e f f ec t s  of acce lerometer  t i l t  due t o  
variations in s teady-state  wing deflections. 

The  feedback signal is  f i l tered to  t h e  outboard aileron in two parts.  For MLC, t h e  
rigid body motion i s  sensed with a low pass f i l ter .  The  break frequency i s  chosen t o  
minimize t h e  phase lag  at t h e  shor t  period mode frequency. Implementation of this  
f i l ter  in t h e  computer  hardware also eliminates high-frequency input signals t o  prevent 
aliasing. This feedback pa th  provides good MLC performance but couples excessively 
with t h e  elast ic  modes. The  second f i l t e r  path controls  this coupling t o  achieve e las t ic  
mode  suppression. Activity of t h e  e las t ic  modes is  sensed with a high pass fil ter.  The 
f i l ter  in ser ies  with t h e  low pass f i l ter  fo rms  a bandpass network centered  near  t h e  
frequency of t h e  f i r s t  e las t ic  mode. The output  of this  f i l ter  i s  subt rac ted  from t h e  
MLC signal and resul ts  in t h e  proper augmentat ion of t h e  f i rs t  mode  stability. Also, 
coupling with o ther  e las t ic  modes is  reduced. 

Feedback t o  t h e  outboard elevators  has a negligible e f f e c t  on t h e  e las t ic  modes. This 
signal is  scaled in proportion t o  t h e  aileron MLC command t o  compensate for  t h e  
aileron pitching moment.  The e f f e c t  of t h e  aileron and elevator  path gains on t h e  
short  period mode  damping and frequency is shown in Figure 100. With only t h e  
outboard aileron loop, t h e  WLA system significantly a l t e r s  t h e  short-period mode 
character is t ics .  However, damping and frequency not  appreciably different  from t h a t  
of t h e  basic airplane a r e  achieved with t h e  outboard elevator  loop included. The small 
differences can  be a t t r ibu ted  t o  a compromise value of t h e  elevator  path gain fo r  
various flight conditions and to unbalanced l i f t  changes from t h e  aileron and elevator .  
In a typical mission, scheduled gain variations have not  been found necessary t o  
maintain acceptable  performance,  f laps up. The pitch compensation is  l imited to  t h a t  
needed with t h e  ailerons fully deflected.  
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Figure 700. Effect o f  WLA on Airplane Short-Period Characteristics 



Stability-The stabi l i ty  of t h e  final WLA system at t h e  VB condition i s  shown in Figure 
101. Rela t ive  t o  t h e  basic airplane, t h e  f i r s t  e last ic  mode has increased frequency and 
approximately twice  t h e  damping. The fourth e las t ic  mode is  modified but has 
increased stability. System stabi l i ty  at t h e  VC condition i s  shown in Figure 102. A t  
this  condition t h e  aileron is  less effect ive.  Very l i t t l e  change t o  t h e  f i r s t  e last ic  mode  
charac ter i s t ics  occurs. Coupling with t h e  four th  and s ix th  modes is  appreciable. The 
stability of both, though, is  increased, A t  both conditions, t h e  short  period mode  
damping and frequency have  not  significantly changed. 
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Figure 102. Final W LA System Stability at Vc 

A t  t h e  V B  condition t h e  s tructural  modes have t h e  required stability margins. The 
fourth mode  has  t h e  minimum phase margin of 6 4  deg  lag. With t h e  exception of t h e  
fourth and sixth modes t h e  s tabi l i ty  margins also sat isfy t h e  c r i te r ia  a t  t h e  VC 
condition. Both modes have  a phase margin of 55 deg  lag, which is  close t o  t h e  
required 60 deg. The c r i t e r i a  can  be satisfied with a ref inement  t o  t h e  f i l t e r  design or 
a small reduction of t h e  gains. 



For s tabi l i ty  analysis, mode shape variations were  simulated by varying t h e  location of 
t h e  sensor. Movement of t h e  wing acce lerometer  of 1.52m (60 in) f o r e  and a f t ,  a s  well 
as inboard and outboard, resul ts  in  only small root movements  of t h e  f i r s t  seven e las t ic  
modes, and t h e  system remains stable. Higher frequency modes a r e  decoupled with 
f i l ter ing and a r e  not  a f fec ted  by mode  shape  variations. 

MLC Performance-MLC performance i s  compared in Figure 103 with t h e  basic 
airplane response t o  a s t e p  column command. The aileron t racks  load f ac to r  and 
reduces bending loads. With WLA ac t ive  t h e  load fac tor  response is  t h e  s a m e  as t h e  
baseline response. As t h e  fee l  system of t h e  basic airplane has no t  changed, t h e  final 
WLA system does not impact  t he  s t i ck  fo rce  per g handling quality. 
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Gust Performance-At t h e  VC condition, gust loads near t h e  outboard aileron a r e  a 
concern with t h e  WLA ac t ive  a s  these  a r e  grea te r  than t h e  maneuver loads. T h e  final 
control  law is a n  a t t e m p t  t o  reduce t h e  number of sensors needed to  perform WLA 
without making gust  loads more  critical.  The  e f f ec t  of t h e  final control  law on t h e  
PSD of wing root bending moment is  i l lustrated i n  Figure 104. The  response is 
cont ras ted  with t h e  responses for  t h e  basic airplane and  for  a MLC + GLA system. 
Although t h e  short  period mode damping and frequency a r e  not  a l te red ,  t h e  MLC 
function of t h e  final control law does reduce  t h e  gus t  load at this  frequency. T h e  MLC 
+ GLA system wi th  pitch r a t e  feedback  reduces t h e  power more. At  higher 
frequencies  t h e  final control law has improved performance. With e i ther  control law a 
similar reduction of t h e  rms  load is  achieved as discussed in Section 6.2.5. 
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Figure 104. Effect o f  Control Law on Bending Moment Power Spectrum Near Wing Root 

The e f f e c t  of t h e  control law (linear sys tem)  on t h e  bending moment  near  t h e  outboard 
aileron is  shown in Figure 105. These d a t a  a r e  presented for  purposes of control  law 
comparisons only. (Structural design loads for  gust conditions a r e  discussed in sec. 
6.2.5.) A t  VB condition t h e  final control law provides more  bending moment  reduction 
than t h e  preliminary MLC + GLA system. A t  VC condition t h e  outboard bending 
momen t  i s  increased with ei ther  control  law. With t h e  final control  law, power is  
increased a t  t h e  shor t  period and f i r s t  e las t ic  mode frequencies. The MLC + GLA 
system also shows m o r e  response between t h e  two  modal frequencies  due  t o  t h e  closed 
loop f i l t e r  dynamics for  t h e  wing acce lerometer .  In comparison, t h e  rms  increase i s  
reduced with t h e  final control law. 

The outboard gust loads at t h e  VC condition can be reduced with a modification t o  t h e  
control law. The  e f f ec t  of t h e  acce lerometer  gain on t h e  rms gust  loads is  shown in 
Figure 106. As t h e  WLA system is  gradually ac t iva ted ,  t h e  outboard bending moment  
and shear  a r e  reduced. These loads eventual ly increase as t h e  gain increases,  with 
bending moment  becoming g rea t e r  than  t h e  baseline value. Torsion outboard increases 
linearly with gain. A t  t h e  wing root ,  alleviation of t h e  bending moment improves as 
t h e  gain increases. Beyond 50% of nominal gain, though, i t s  sensitivity diminishes. 
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The major f ac to r  in t h e  selection of t h e  nominal gain is t h e  MLC function. When 
blowdown is considered, a small gain reduction does not  a f f e c t  MLC performance. 
Therefore,  t h e  gust  loads c a n  be adjusted, if necessary, in th i s  manner without 
impact ing t h e  MLC function. 

Another improvement  t o  t h e  gust performance can  be a t ta ined  with t h e  elevator  loop 
removed. The  e f f ec t  on t h e  wing root  bending moment  PSD i s  shown in Figure 107 f o r  
t h e  V B  and VC conditions. Power at t h e  short  period mode frequency is  fur ther  
reduced. A t  o ther  frequencies  t h e  e f f ec t  is  negligible. The  incremental  rms  
improvement  is approximately 2% at  both flight conditions. Outboard t h e  improve- 
men t  is slightly bet ter .  
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Figure 107. Effect o f  Elevator on Wing Root Bending Moment Power Spectrum 

During gust penetrat ion longitudinal s tabi l i ty  produces a restoring fo rce  t o  pitch t h e  
airplane in to  t h e  gust. Aileron motion fo r  load alleviation also opposes this  pitching 
motion. Removal of t h e  outboard e leva tor  path, which normally compensates  for  t h e  
aileron pitching moment ,  allows t h e  WLA system t o  damp t h e  short  period mode  gus t  
response. However, this  modification must be compatible  with handling qualities and 
t h e  autopilot operation. 

The  performance of t h e  final control law in d iscre te  gusts has also been evaluated. 
The  wing root  bending moment  and aileron responses t o  a discrete  gust  a r e  shown in 
Figure 108. With WLA, ac t ive  peak loads a r e  significantly reduced. Most apparent  is 
damping of t h e  f i rs t  e last ic  mode  dynamics. Reduction a t  t h e  initial peaks is be t t e r  
t han  t h e  performance of t h e  MLC + GLA system. This improvement  is t h e  resul t  of 
less  phase l ag  between t h e  aileron and accelerometer .  
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Figure 108, Discrete Gust Response, Final Control Law 

Ride  Qualities-Ride qualities at t h e  V B  condition a r e  changed slightly by t h e  final 
control law.. A t  t h e  a f t  fuselage, gust-induced rms  accelerat ions a r e  approximately 
5% less. Essentially no change occurs at t h e  cg. A t  t h e  pilot s tat ion,  t h e  level of 
accelerat ion i s  approximately 15% higher. This e f f e c t  should be considered in a 
ref inement  t o  t h e  control  law. 

Autopilot Performance-The pitch com pensation pa th  of t h e  control law restores  t h e  
piloted response charac ter i s t ics  t o  those  of t h e  basic airplane. Consequently, 
performance of t h e  pitch autopi lot  is  no t  expected to  be  impacted by t h e  WLA system. 
The performance of t h e  basic autopilot mode, a t t i t ude  hold, following a s tep  a t t i t ude  
command i s  shown in Figure 109. Activation of t h e  WLA system is apparent  in t h e  
elevator  dynamics; however, t h e  a t t i t ude  response is  very close t o  t h a t  with WLA 
inactive. The WLA function i s  expec ted  also t o  be compatible  with t h e  performance 
of t h e  o ther  autopilot modes. Automat ic  disengagement of WLA prior t o  landing i s  
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envisioned. In this  case, autoland performance is  not  a f fec ted .  If t h e  WLA system 
remains ac t ive  during landing, t h e  f l ight  path response t o  column inputs will be a l i t t l e  
more sluggish due t o  t h e  apparent  decrease  in wing l i f t  curve  slope resulting from 
MLC aileron deflection. However, this  i s  not  expec ted  t o  have significant impact  on 
landing performance. 

Low-Speed Roll Control-The outboard aileron performs two functions, l a te ra l  control 
and wing load alleviation with t h e  f laps  extended. To retain t h e  exist ing low-speed 
la te ra l  control capabilit ies,  t h e  roll control function is  given priority at la rge  wheel 
commands (fig. 110). WLA commands a r e  reduced linearly with wheel angle; at 50 
deg wheel,  i t s  authori ty is  zero. 
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Figure 1 10. Flaps-Do wn Roll Control With WLA 

Control  Law Developrneunt-In t h e  f i rs t  design cyc le  for  t h e  MLC system, an  acceler-  
ometer  located near  t h e  c g  provided an  incremental  load f ac to r  feedback  signal. 
Without fil tering of this  feedback signal t h e  damping of t h e  f i r s t  and sixth e las t ic  
modes was reduced. A s t ruc tura l  mode f i l ter  was designed t o  decouple t h e  MLC 
system from t h e  e las t ic  modes. 

Control laws for t h e  GLA function then were  added. To control  t he  short  period mode 
response in turbulence, pitch r a t e  was f e d  back t o  t he  outboard elevators.  Symmetric  
wing motion was sensed and commanded outboard ailerons to  damp t h e  f i rs t  e las t ic  
mode response. 

The pi tch r a t e  pa th  of t h e  GLA control law modified t h e  short period mode dynamics 
and handling qualities. A feedforward path in t h e  GLA control law restored t h e  short  
period dynamics. Pilot and autopi lot  commands were  sensed by a linear variable 



different ial  t ransformer mounted on t h e  inboard elevator  PCU. The  signal was 
f i l tered t o  cancel  commands f r o m ,  t h e  pi tch r a t e  feedback pa th  t h a t  resul t  from 
maneuvers  in still air. With t h e  appropriate  gain, t h e  feedforward signal had t h e  
e f f e c t  of masking t h e  shor t  period mode dynamics of t h e  augmented airplane wi th  
s imulated dynamics representing t h e  basic airplane. 

The  f i r s t  cyc le  control law increases gust loads at some  frequencies. The  problem is  
i l lustrated in Figure 11 1. The  power spec t ra l  density of incremental  wing root  bending 
moment for  t h e  unaugmented airplane is  contrasted with t h e  spectrum for  both MLC 
and GLA ac t ive  at t h e  V B  condition. A t  t h e  short  period mode  frequency t h e  functions 
perform together  t o  reduce t h e  response. A t  t h e  frequency of t h e  f i rs t  e last ic  mode, 
t h e  outboard aileron pa th  of t h e  GLA control law suppresses t h e  response. However, 
at frequencies  between t h e  two airplane modes, a power increase is  evident.  The  
reason is  apparent  from an  examination of t h e  MLC fi l ter .  A Bode plot of t h e  f i l t e r  
f requency response is  shown in Figure 112. A t  frequencies  near  4 radlsec,  t h e  f i l t e r  
amplifies t h e  feedback signal and produces a n  out-of-phase command. The resulting 
control sur face  deflections increase t h e  wing load. 
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In t h e  second design cycle,  a modification of t h e  MLC structural  mode f i l t e r  great ly 
alleviated t h e  gust  problem. The  improvement  was real ized with an integrat ion of t h e  
MLC and GLA control law designs. The increased stabi l i ty  of t h e  f i r s t  e las t ic  mode  
derived f rom t h e  GLA control law afforded a relaxation of t h e  MLC structural  mode  
f i l t e r  design requirements. With less s t r ingent  a t tenuat ion  requirements  beyond t h e  
short  period mode  frequency,  t h e  MLC control law had improved performance during 
gust penetrat ion and dynamic maneuvers. 

These control  laws, shown in Figure 113 and denoted CL2, were  inter im t o  t h e  final 
design. The control functions and sensors identified in t h e  f i rs t  design cycle were  
retained. Representat ive anti-aliasing f i l t e rs  in t h e  digital computer  hardware also 
were  included. 

As discussed in Section 6.2, t h e  s t ruc tura l  benefi t  of MLC for  t h e  basic wing is  
approximately 771 kg (1700 lb). T h e  same  studies show t h e  potential benefit  of GLA is  
considerably less. Only a portion of t h e  GLA potent ial  probably can  be realized when 
t h e  e f f ec t s  of blowdown, torsion introduced by t h e  aileron, and performance uncer- 
ta int ies  in  t h e  ac tua l  implementation of t h e  control law a r e  considered. Mechani- 
zation of t he se  funct ions in a fail-operational a r rangement  requires t h r e e  sensors for  
MLC but 11 additional for  GLA. The small weight savings associated with GLA for  t h e  
basic wing does not  justify t h e  added complexity. In t h e  final design cycle,  
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simplification of t h e  control law t o  only t h e  MLC function was desirable. With t h e  
MLC + GLA control law, gust  loads near  t h e  outboard aileron were  increased at t h e  VC 
condition. The  object ive in t he  final control law design was t o  de te rmine  if t h e  
number of sensors could be reduced without making t h e  gust loads more  critical.  

Lk3 System Mechanization and Installation 

The  WLA system is  mechanized a s  a dual channel,  digital,  fail-operational system. For 
cos t  and weight savings, in-line monitoring techniques a r e  employed and electro-  
hydraulic power ac tua to r s  a r e  implemented. High reliability, comparable t o  t h a t  of a 
dual,  independent yaw damper system, is  achieved. 

Selected System Description-A schemat ic  of t h e  final system mechanization is  shown 
in Figure 114. Dual, self-monitored, digital computers  a r e  t h e  cent ra l  components.  
Control law computat ion is  dual redundant in each  channel (dual-dual). In addition t o  
control law computat ion,  t h e  system functions t h a t  reside within t h e  computer  unit 
a r e  a s  follows: 

e Provisions for in te r face  with t h e  external  system components,  

e, Inflight fai lure monitoring, fai lure s t a tu s  annunciation, and system shutdown. 



@ Automated pre-flight t e s t  t h a t  verifies operational integri ty of t h e  en t i r e  WLA 
system. 

c ~ ,  Semi-automated maintenance test t o  be  performed, especially in t h e  a r e a s  of t h e  
au toma ted  pre-flight test ing,  main tenance  test ing,  and  inflight monitoring. The  
au tomated  t e s t  fea tures  lead t o  t h e  select ion of a digital computer  with 
necessary input/output electronics. 
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Figure 1 14. Final W LA System Mechanization 



The two digital computers  a r e  packaged in two one-half ATR long boxes t ha t  a r e  
installed in t h e  electronics  bay. The  location of t h e  components is  shown pictorially in 
Figure 115. 
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Figure 1 1 5. W LA Control System lnstalla tion 

Six acce lerometers  equivalent to  Sundstrand Model WA-1200 a r e  installed, t h r e e  each  
at WS 1180 on t h e  l e f t  and right f ron t  spars. The  f lap  position sensors a r e  installed in 
t h e  f lap  extension system. One set of dual linear variable different ial  tansformers 
(LVDT) installed at each  aileron programmer is shared with t h e  l a t e r a l  control system. 

The  existing outboard aileron PCU is replaced with t h e  new ac tua tor  having t h e  s ame  
s t roke  and  fo rce  output.  LVDTs a r e  installed at each  aileron programmer t o  provide 
la te ra l  control input signals t o  t h e  respect ive outboard aileron PCU. The aileron 
programmers a r e  revised t o  drive t h e  new signal transducers. The  existing aileron 
lockout (fig. 11 6 ) ,  control  cables, and control linkages a r e  removed. 

The  new PCU installation i s  shown in Figure 117 for  t h e  l e f t  outboard aileron. The  
new PCU is  installed on t h e  existing s t ruc tura l  supports. Balance weight for t h e  
outboard aileron control  sur faces  is  increased t o  counterac t  t h e  weight increment  
f rom reinforcement  of t h e  aileron skin panels. Modifications t o  t h e  aileron and local 
back-up s t ruc ture ,  which were  included a s  part  of t h e  incremental  cos t  of t h e  system, 
a r e  i l lustrated in Figure 11 8. 

The  new outboard elevator  PCU has t h e  s ame  s t roke  and fo rce  output  a s  t h e  present 
single ac tua tor .  Dual LVDTs a r e  installed a t  t h e  elevator  a f t  quadrant t o  provide pilot 
commands t o  both  outboard elevator  actuators .  The existing linkages, control  
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quadrants,  and cables  between t h e  outboard elevator  PCUs and t h e  opposite inboard 
elevators  a r e  removed. The new electrohydraulic PCU installation is  shown in Figure 
119 for  t h e  l e f t  outboard elevator.  The  new ac tua tor  is  installed on t h e  exist ing 
s t ruc tura l  supports. 

Elevator control cables 
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Figure 119. Outboard Elevator Electrohydraulic Power Control Unit (PCU) Installation 

Sensor d a t a  a r e  cross s t rapped to  both computers ,  and signal selection is  performed 
within each. For  fail-operate capability t h e  motion sensors (wing accelerometers)  and 
t h e  f l ap  position sensors a r e  t r iple  redundant. The pilot roll input sensor i s  self- 
checking and need only be dual. Redundant sensors a r e  packaged together  a s  a unit t o  
enable precise input axis  alignment and calibration a t  t h e  assembly level,  thus 
minimizing sensor signal variations. To  el iminate t h e  aliasing problem, t h e  sensor 
signals a r e  connected to  t h e  digital processor through a prefi l ter .  

The  power ac tua tors  for  t he  outboard elevators  and ailerons a r e  electrohydraulic.  
Each ac tua to r  has fai l -operate  capability with two electr ical  and two hydraulic 



channels. Dual redundant se rvo  electronics  receive WLA computed commands and  
electr ical ly transduced pilot/autopilot commands. In each  s e t  of se rvo  electronics  two 
series  sums a r e  formed by combining t h e  pilot/autopilot command with e a c h  of t h e  
two  commands from one WLA computer .  The two sums a r e  then combined by f lux 
summing in t h e  a rma tu re  of a T-valve t o  position a mod piston. Fo rce  voting by t h e  
mod piston in each  channel positions t h e  main valve for  t h e  dual tandem main pistons. 

The  mode control  and display panel provides f l ight  crew in t e r f ace  with t h e  WLA 
system. The mode control and display functions a r e  divided between two panels, t h e  
overhead panel and the  mas t e r  caut ion panel. The overhead panel contains a mas t e r  
WLA system engageldisengage (0NIOFF) switch which provides c rew overr ide on WLA 
system operational s tatus,  The panel also contains t h e  controls  and displays necessary 
t o  perform t h e  preflight tes t .  All inflight de t ec t ed  fai lures  a r e  annunciated on t h e  
mas t e r  caut ion panel t o  t h e  flight crew. The in te r face  between t h e  maintenance 
personnel and  WLA system is  t h e  system t e s t  panel. Fai lure identification is  displayed 
on, and system maintenance t e s t s  a r e  ini t ia ted f rom,  this  panel. 

The  purpose of t h e  system t e s t  funct ion is t o  provide an  assessment of t h e  operat ional  
integri ty of t h e  WLA system and to  provide maintainability enhancement. The 
preflight o r  ground t e s t  is  a n  au toma ted  built-in test and diagnostic function t h a t  
checks for  fai lures  within t h e  WLA system and localizes them t o  a l ine replaceable 
unit. 

Electr ical  power (110 Vac 400 Hz and 28 Vdc) is  supplied to Channel A from t h e  
essential f l ight  instrument  busses and t o  Channel B f rom t h e  flight instrument  busses. 

Selected Systems Reliability-The Computer  Aided Redundant Systems Reliability 
Analysis (CARSRA) computer  program (ref. 5 )  has been used t o  invest igate  t h e  WLA 
system reliability. Appendix A contains a discussion of t h e  reliability modelling. 

System reliability is  essentially determined by t h e  probability of occurrence  of 
computer  fai lures  t h a t  a r e  not  de t ec t ed  and isolated by t h e  in-line monitors. During 
dual channel operat ion,  fo rce  summing in t h e  ac tua tor  provides fa i lure  protection. In- 
l ine monitors d e t e c t  and isolate  t h e  fai lure,  and t h e  failed channel is deact ivated.  If 
t h e  fai lure is  no t  de t ec t ed  and isolated,  t h e  two  channels fo rce  fight and t h e  system 
function is lost. In this  case ,  operat ion following f i rs t  fai lure i s  not possible and 
system reliability i s  degraded. 

Due to  lack  of in-service experience with self-monitored digital computers ,  t h e  ability 
of this  fai lure de tec t ion  technique t o  identify all fai lures  for fail-operational capa-  
bility cannot  be clearly defined. However, a survey of vendor capability indicates  t h a t  
at leas t  97% fai lure coverage and possibly 100% i s  a t ta inable  with state-of-the-art 
technology. The sensitivity of fai lure probability for  t h e  final system mechanization 
t o  computer  fai lure coverage is  shown in Figure 120. The  probability of system fai lure 
is  great ly increased with less t han  per fec t  fai lure detect ion.  Comple te  fai lure 
coverage i s  necessary t o  achieve reliability comparable t o  t h a t  of a dual yaw damper 
system. For long flight t imes,  even 99% coverage i s  less than desirable. The impact  
warran ts  a be t t e r  definition of in-line monitoring performance t o  adequately predict  
t h e  system reliability. 

During single channel operation, f lux summing and in-line monitoring provide fai lure 
protection. Undetected fai lures  can  cause  hardover or oscillatory control  sur face  
motion. Test d a t a  for  t h e  ac t ive  fai lure r a t e  of a self-monitored digital computer  a r e  
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reported in Reference  6 and has been used in WLA fa i lure  probability calculations. 
With only one channel operational at dispatch, t h e  probability of an ac t ive  fai lure 
(hardover or  oscillatory fai lure)  of t h e  WLA system is predicted to  be 5.2 x during 
an average  f l ight  length of 4 hours. If single channel dispatch happens less frequently 
than once every 520 departures ,  t h e  probability of WLA failing ac t ive  can  b e  
considered extremely remote. This r a t e  of deferred repair is qui te  high considering 
airline normal maintenance prac t ice  wi th  t h e  yaw damper system. With both WLA 
channels operat ional  at dis a t ch ,  t h e  probability of two  failures, t h e  second being a n  
ac t ive  failure, is  0.4 x during an average  flight length, and this i s  a n  ex t remely  
remote  occurrence.  

Se lec ted  System Development-Through several design cycles  t h e  WLA system relia- 
bility progressed substantially toward t h e  goal of high reliability with reasonable 
complexity and cost.  A functional diagram of t h e  f i r s t  cyc le  mechanization, a fai l - ,  
passive system, is shown in Figure 121. I t  consists of dual sensors, dual computers ,  and 
dual secondary servos. A sensor s e t  is associated with each  computer .  The dual servo 
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outputs  a r e  fo rce  summed through internal  fo rce  de t en t  mechanisms t h a t  provide 
hardware protect ion against failures. The mechanical outputs  of t h e  servos a r e  series 
summed with t h e  normal mechanical path commands t o  form t h e  to ta l  sur face  
deflection command inputs t o  t h e  PCUs. The fai lure probability a f t e r  1 hour of flight 
is shown in Figure 122. Equivalently, t h e  mean t i m e  between fai lure is 1250 hours. 
This poor reliability indicates  t h e  need to  re ta in  system operation following a single 
failure. 

In-line monitoring techniques, which allow each  channel t o  be self-monitored, were  
applied, thereby providing fai l -operate  capability with a dual ra ther  than  t r iple  
channel configuration. Not only was reliability improved, bu t  t h e  technique was cost  
effect ive.  This approach increased par t s  counts  relat ive t o  a dual channel,  fail-passive 
configuration but  required significantly fewer  pa r t s  than a t r ip le  channel "brick- 
walled" approach. Discussions with vendors have indicated t h a t  t h i s  concept  is  
feasible  for  both t h e  digital computer  and t h e  ac tua to r  with state-of-the-art tech-  
nology. 

In t h e  f i rs t  cyc l e  mechanization t h e  major f ea tu re  of t h e  dual servo, fo rce  summed 
concept  is t h e  built-in mechanical protection against  hardover t ype  fai lures  originating 
upstream of t h e  ac tua to r  pistons. This f ea tu re  i s  provided by a hydraulic pressure 
regulated de t en t  loca ted  between t h e  ac tua tor  piston and t h e  output  linkage. The  
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Figure 122. Progression of WLA System Reliability 

function of t h e  de t en t  is t o  l imi t  t h e  output  fo rce  capability of t h e  secondary servo. 
Sufficiently dissimilar piston commands result in a f o r c e  fight grea te r  than  t h e  de t en t  
fo rce  and in at leas t  one piston immediately camming out. In a tr iple  channel, fail- 
ope ra t e  configuration, this  capability is  retained a f t e r  t h e  f i rs t  channel failure. 

The eight  secondary servos in t h e  f i r s t  cyc le  mechanization, however, contr ibuted 
significantly t o  t h e  system cos t  and weight. As a f i r s t  update, a single secondary 
servo replaced t h e  dual fo rce  summed concept.  In-line monitoring of dual servo 
electronics  and flux summing of t h e  two .channels  were  employed for  fai lure 
protection. The hydraulics t o  t h e  outboard e leva tor  power ac tua tor  were supplied by 



one  system, and t h e  single servo concept  was consistent with th i s  redundancy, 
maintained commonali ty of parts ,  and retained t h e  r e t ro f i t  capabil i ty  of t h e  baseline 
mechanization. Except fo r  hydraulic failures, WLA was mechanized a s  fail-opera- 
tional. The improvement  t o  system reliability i s  shown in Figure 122. The mean t i m e  
between fai lure increased f rom 1250 t o  4000 hours. The dependency on a single 
hydraulic fai lure,  however, made  this  WLA system configuration much less reliable 
than dual, independent yaw dampers. 

Studies, a s  discussed in  Section 6.4.4, show advantages in t h e  a r ea s  of system weight,  
cost ,  and performance can  be achieved by replacing t h e  secondary servos and existing 
power ac tua tors  with electrohydraul ic  power actuators .  Although t h e  primary f l ight  
control system must  be revised, t h e  implementat ion with these  ac tua to r s  has at tend- 
a n t  benefi ts  in t h a t  weight is reduced, reliability i s  improved, and maintenance cos ts  
a r e  reduced. Fur thermore ,  t h e  new ac tua to r  installation allows t h e  hydraulic supply t o  
t h e  outboard elevators  t o  be revised to  a dual system. The final mechanization with 
t hese  ac tua tors  is  fail-operational fo r  hydraulic as well a s  electr ical  failures. 
Although one  aileron ac tua tor  is a t  half boost following one hydraulic fai lure,  t h e  WLA 
computer  reconfigures t h e  system to  maintain symmetr ic  control sur face  deflection. 

The cur ren t  747 yaw damper system is  used a s  a basis fo r  comparison since i t  performs 
a funct ion similar t o  WLA. However, i t  has some  unique charac ter i s t ics  t h a t  allow a 
simpler mechanizat ion than t h a t  required for  WLA. A brief description of this  system 
follows. The yaw damper system is  comprised of two independent channels; one tha t  
controls  with an  upper rudder segment ,  and one t h a t  controls  with a lower rudder 
segment .  Following t h e  fai lure of one  channel,  dutch roll damping continues to  be 
augmented by t h e  remaining channel,  although with approximately one  half t h e  
effect ivi ty.  Each channel has limited authori ty of 3.6 deg. Failure detect ion and 
protection against  hardover or oscillatory fai lure a r e  not  as  cr i t ical  as with t h e  WLA 
system because of t h e  l imited authority. A t  least  one yaw damper channel must 
funct ion for  dispatch. However, no l imitat ions or placards on airplane operat ion occur 
following fai lure of t h e  second channel in flight.  Because t h e  two yaw dampers a r e  
independent and t h e  system is  relat ively simple, high reliability is  easily achieved. 

As shown in Figure 122, system reliability has improved appreciably. Assuming both 
channels a r e  functional a t  t akeoff ,  t h e  system mean t i m e  between fa i lure  has 
increased to 75 000 hours with 97% coverage  of computer  failures. With comple te  
fai lure coverage t h e  system reliability i s  improved t o  a level comparable t o  t h a t  of a 
dual yaw damper system. 

Actuation System Trades-The out  board aileron and elevator  control  surf a c e  ac tua tors  
must  incorporate  provisions fo r  ser ies  summing WLA commands with normal pilot and 
autopi lot  commands. Essentially two  approaches a r e  possible; a conventional PCU 
with remote  servos t o  provide WLA commands, or  an  in tegra ted  ac tua tor  with 
pilot/autopilot and WLA commands summed internally. An integrated PCU can  be, in 
general ,  e i ther  a combination electrohydraulic-hydromechanical s cheme  or a n  exclu- 
sively electrohydraul ic  scheme. For t h e  747 WLA application a n  ent irely electro- 
hydraulic in tegra ted  PCU is  judged t o  be lighter,  cheaper ,  and t o  have  be t t e r  
performance.  

A proposed electrohydraul ic  scheme,  shown in Figure 123, consists of two electr ical  
and two  hydraulic channels. In each  electr ical  channel,  two  servo  amps receive 
commands from one  WLA computer  and electr ical ly transduced pilot/autopilot com- 
mands. The  two  servo amps drive a t ransfer  valve (T-valve) with each  a m p  energizing 
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Figure 723. Electroh ydraulic Actuation, Outboard Aileron 

one  T-valve coil. This provides flux summing of t h e  e lec t romagnet ic  commands 
upstream of t h e  ac tua tor  hydraulics. Control pressures f rom t h e  T-valve position a 
secondary o r  mod (modulating) piston and simultaneously t h e  main control valve. 
Commands f rom t h e  t w o  electr ical  channels t o  t h e  mod pistons a r e  combined by fo rce  
summing on a common shaft.  The resulting motion controls  a dual tandem main servo 
valve. The mod pistons position and main ram position a r e  fed  back electrically. 
Tolerances and null bias of t h e  valves can  cause  fo rce  f ights  between t h e  mod pistons 
resulting in command dead zones. To  prevent this ,  t h e  mod piston pressure 
different ials  ( A P )  can  be  fed back fo r  equalization. This scheme requires cross  
channel comparison. Another scheme,  t h e  ac t ive  on-line scheme,  renders one  mod 
piston a "slave" with A P feedback t o  t h a t  channel. The o ther  mod piston, without AP 
feedback, becomes t h e  master .  This scheme has very desirable performance charac-  
ter is t ics  a f t e r  failures. Either application of A P  feedback i s  feasible. Studies a r e  
required t o  choose t h e  best approach. 

Pilot and autopilot e lectr ical  commands rep lace  t h e  existing mechanical paths. The 
command t o  t h e  outboard elevator  i s  sensed with a n  LVDT a t  t h e  elevator  a f t  
quadrant.  This a r rangement  improves t h e  elevator  system performance a f t e r  ce r t a in  
fai lures  because t h e  outboard elevator  i s  no longer dependent on t h e  inboard elevator  
function. The outboard aileron command is  sensed at t h e  aileron programmer output.  
The asymmetrical  program needed for  t h e  outboard aileron is produced direct ly in t h e  
transducer. Furthermore,  e lec t ronic  lockout  control lers  replace t h e  present lockout 
mechanisms. For both outboard elevator  and aileron control,  dual electr ical  channels 
t ake  t h e  place of single mechanical command paths. Relat ive t o  t h e  existing primary 
flight control installation, weight is saved and t h e  reliability is  enhanced. 



Failure detect ion of each  PCU channel is employed t o  be consistent with a fail- 
operat ional  mechanization for  WLA. In dual channel operat ion t h e  f o r c e  summing 
f ea tu re  pro tec ts  against ac t i ve  failures. Monitors identify t h e  failed channel. During 
single channel operation, f lux summing and  in-line monitoring minimize fai lure 
transients.  Single channel considerations require  a cur ren t  compara tor  for  t h e  servo 
amp  outputs ,  self-monitored T-valve, and self-monitored feedback LVDTs for  fai lure 
identification. Self-checking T-valves a r e  relat ively new devices, and their  reliability 
must  be  investigated. 

An integrated hydromechanical ac tua to r  package i s  i l lustrated i n  Figure 124. Two 
secondary servos a r e  incorporated with t h e  power control unit; each  servo i s  
commanded by a WLA computer  and employs flux summing. The two mod pistons a r e  
position summed and  t h e  average  position i s  mechanically combined with 
pilot/autopilot commands t o  control t h e  servo valve. These mod pistons require 
electr ical  feedback  just as in t h e  electr ical  scheme.  However, equalization or  slaving 
is  not  needed. The existing lockout mechanism and mechanical control paths a r e  
retained. 
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During dual channel operation, this  ac tua to r  s cheme  relies on in-line monitoring for  
fai lure protection. This is  not  as desirable as  t h e  fo rce  summing concept. Following 
t h e  f i rs t  failure t h e  command gain for  t h e  remaining secondary servo is  doubled t o  
retain t h e  WLA authority. In single channel configuration, fai lure detect ion is  similar 
t o  t h a t  employed for  t h e  electrohydraulic ac tua tor .  

The electr ical  scheme has an apparent  advantage  in several  areas;  weight, cost ,  design 
simplicity, and reliability. The chief advantage of implementing a n  exclusively 
electrohydraulic ac tua tor  is  design simplicity. I t  does not need a complex linkage t o  
provide command summing or aileron sur face  deflection asymmetry  and lockout.  
Linkages inherently have compliance and backlash. This leads t o  design difficulties in 
sur face  position resolution and PCU stability. Beyond tha t ,  t h e  limited space  available 
in which t o  package t h e  outboard aileron PCU amplifies these  problems. 

The  position resolution possible with electr ical  feedback is  about an order  of 
magnitude be t t e r  than t h a t  possible with a linkage. The  position resolution required 
for  WLA renders electr ical  feedback desirable. 

Because of design simplicity t he  WLA system mechanized with electrohydraulic 
ac tua tors  is  expec ted  to cost  about a third t ha t  of t h e  system with hydromechanical 
actuators .  Mechanical paths fo r  t h e  outboard elevator and aileron portion of t h e  
primary flight control system a r e  replaced with electr ical  paths which cont r ibute  t o  a 
l ighter  system weight. It  i s  approximately half of t h e  mechanical system weight. 

Also, substitution of redundant electr ical  channels improves t h e  reliability of t h e  basic 
pitch and roll functions. Exclusively electrohydraulic ac tua tors  a r e  recommended f o r  
WLA on t h e  747 EET derivative airplane. 

6.5 RECOMMENDED DESIGN APPROACH AND ASSESSMENT 

6.5-1 Recommended Design Approach 

This subsection outlines t h e  approach to  system design and structural  sizing recom- 
mended as a s ta r t ing  point for  more  detai led definition if a development program fo r  
production application of t h e  WLA concept  t o  t h e  commercial 747 f l ee t  is initiated. 
Recommendations and rat ionale a r e  discussed for  t h e  following areas: 

e Aileronconfigurat ion 
System configuration 

e WLA authori ty limiting 
e Flaps-down operation 
0 System redundancy and structural  sizing philosophy 

Aileron Configuration 

Recommendation-Use an  untabbed aileron strengthened a s  required for  operat ion a t  
high-speed conditions. Consider extending t h e  aileron span for  applications of WLA in 
combination with a wing t i p  extension. 

Rationale-Selection of t h e  untabbed aileron is  discussed in Section 6.1.4. An aileron 
span extension could be beneficial in combination with a WTE because t h e  extended t ip  
twists  (aeroelastically) in  a direction t o  increase t h e  t ip  load when t h e  aileron is  
deflected (sec. 7.1.2). The  local aerodynamic influence (a/& e f f ec t )  of t h e  extended 



aileron would provide more load reduction, and t h e  larger  aileron would also be 
beneficial for  roll control. However, t h e  aileron would have t o  be s t i f fened,  and 
increased ac tua to r  fo rce  capability would probably b e  required. 

System Gonf igurat ion 

Recommendation-Use the  final system configuration defined in Section 6.4. 

Rationale-This configuration achieves high reliability with a reasonable degree  of 
complexity. Although designed primarily t o  provide t h e  MLC function, i t  incorporates  
EMS of t h e  f i r s t  wing bending mode and (if desired) can  provide most  of t h e  GLA 
a t ta inable  with any pract ical  system. 

WLA Authori ty Limiting 

Recommendation-Retain existing ac tua to r  force  capability. Maintain symmetr ic  
WLA aileron deflect ions following single hydraulic system fai lures  by reducing t h e  
W.LA commands a t  blowdown-limited f l ight  conditions. Based on fur ther  t r a d e  studies, 
s e t  t h e  WLA system gains and authori ty l imits  as  low as possible without significantly 
reducing t h e  weight benefits. 

Rationale-The recommended system configuration incorporates  new electrohydraulic 
ac tua tors  (outboard ailerons and outboard elevators) t h a t  could be sized t o  provide 
more fo rce  capability if desired. However, preliminary t r a d e  studies (sec. 6.2.4) 
showed very l i t t l e  additional wing box weight benefit  could be obtained by installing 
more  powerful aileron actuators .  

Reduction of t h e  MLC gain was found to  be favorable with respect  t o  closed-loop gust  
loads on some  a reas  of t h e  wing bu t  was not  fur ther  explored in this  study. Other  
potent ial  advantages of reduced MLC aileron commands include: reduced and less 
abrupt  aileron motion and less  e f f e c t  on buf fe t  boundaries for  normal maneuvers ,  
be t t e r  ability t o  compensa te  for  aileron-induced pitching moments  (because t h e  C m  vs 
6 a curve becomes more nonlinear at larger  deflection), and less unporting of t h e  
aileron balance weights. 

A t  high-speed conditions c r i t ica l  for  wing box sizing, t h e  MLC aileron was hinge- 
moment  l imited t o  about  half of t h e  mechanical  deflect ion limit. I t  is possible t h a t  
t h e  WLA command authori ty could b e  similarly limited without incurring a s t ructural  
weight penalty. 

Symmetr ic  MLC inputs a r e  desirable t o  avoid roll disturbances. The four hydraulic 
sys tems a r e  paired with t h e  dual-tandem PCUs such t h a t  none of t h e  sys tems i s  
common t o  both t he  l e f t  and right outboard ailerons. Consequently, if one hydraulic 
system fails,  t h e  MLC gain should be reduced such t h a t  t h e  commanded deflect ion 
does not  exceed t h e  hinge moment capability of t h e  PCU operat ing on one  hydraulic 
system. With this  approach, t he  WLA capability of t h e  system a t  some  f l ight  
conditions would be reduced following a hydraulic failure. 

F laps  Down Operat ion 

Recommendation-Use t h e  WLA system for  takeoff .  Conduct studies to  de te rmine  if 
t h e  system is required f o r  landing. 



Rationale-Structural weight t rend studies showed very l i t t l e  weight benefi t  could be  
obtained if t h e  WLA system were  used only for  f laps up conditions. Hence,  t h e  WLA 
system was assumed t o  b e  operational for  all flight conditions for  purposes of 
computing t h e  loads used in t h e  s t ruc tura l  benefits study. The cr i t ical  f laps down load 
condition was a takeoff case. The weight penalty, if any, associated with deact ivat ing 
t h e  system f o r  landing was not  determined. 

Deact ivat ing t h e  system for  landing would el iminate t h e  "negative d i rec t  l i f t  control" 
e f f ec t  of WLA in t h e  f l a r e  and could allow existing roll control  sensitivity t o  be 
retained for  landing without concern for  roll/ WLA command prioritization (neither is  a 
major concern). The WLA requirement for landing also would be of in te res t  in 
determining system reliability requirements  and possible placards for  dispatch with 
system failures. 

System Redundancy and St ruc tura l  Sizing Philosophy 

Recommendation-Use dual tandem PCUs and fa i l  operational WLA system 
electronics. Reliability of t h e  WLA system (including t h e  e f f ec t s  of hydraulic system 
fai lures)  should be comparable t o  cur ren t  dual,  independent yaw damper systems. 

Structural  sizing should be  based on design envelope load conditions assuming normal 
WLA sys tem and hydraulic system s ta tus ,  except  t h e  capabil i ty  for  continued s a f e  
flight and landing following system fai lures  (regardless of their  computed probability 
of occurrence)  should be assured as  follows: 

s The  s t ruc ture  should be  capable of sustaining l imi t  loads, t r ea t ed  a s  ul t imate,  
following a passive fa i lure  of t h e  WLA system 

s A t  normal flight conditions (i.e., routinely encountered in commercial t ransport  
operations),  t h e  s t ruc ture  should be ab l e  t o  accommodate  hardover or oscillatory 
t ype  fai lures  of t h e  WLA system. 

Rationale-The foregoing recommendations a r e  intended to  apply only t o  t h e  WLA 
system concept  considered in this  study for  t h e  747 or  t o  a similar installation. 
Cr i te r ia  applicable t o  WLA systems in general should r e l a t e  system reliability 
requirements  t o  t h e  level of benefits provided or ,  s t a t ed  al ternat ively,  t o  t h e  possible 
consequences of a system failure. 

In t h e  case of t h e  747, a WLA system employing ac t ive  ailerons provides wing load 
alleviation comparable t o  t h e  fin load alleviation provided by t h e  cur ren t  yaw damper 
(except in t h e  region of t h e  wing near t h e  aileron where, percentage-wise, WLA is 
more  effect ive) .  Consequently, reliability comparable t o  t h e  cur ren t  yaw damper was 
used a s  a WLA system design objective and appears  t o  be a t ta inable  with system 
complexity reasonably compatible  with t h e  benefits. 

Dual tandem PCUs a r e  recommended because, f i r s t  of all, t h e  cur ren t  747 aileron 
PCUs a r e  dual tandem. I t  would b e  impract ical  t o  consider t r ipl icated PCUs solely for  
WLA implementation; and, due t o  t h e  e f f e c t  of hydraulic system reliability, t h e  WLA 
system reliability object ive could not  be  m e t  with WLA inputs t o  a single PCU. Fail- 
operat ional  electronics  a r e  required t o  m e e t  t h e  reliability object ive and t o  provide 
more  operational flexibility for  dispatching with one  WLA channel failed. Use of dual 
e lec t ronic  channels with in-line monitoring appears  t o  be  t h e  most  cos t  e f f ec t ive  way 
of meet ing  t h e  fa i l  operat ional  requirement  fo r  t h i s  part icular  system application. 



6-52 Assessment 

The  outboard ailerons of t h e  747 were  found to  be e f fec t ive  for  use as wing load 
alleviation (WLA) control  sur faces  t o  reduce wing design bending moments. Torsion 
loads and local loads on t h e  ailerons and a t t achmen t  s t ruc ture  a r e  increased, but  t h e  
n e t  e f f ec t  of WLA i s  favorable in t e r m s  of reducing t h e  wing box weight. Since t h e  
outboard ailerons a r e  cur ren t ly  used only as law-speed roll control surfaces,  s t ruc tura l  
and f l ight  control  system modifications a r e  required t o  allow symmetr ic  aileron 
deflect ions throughout t h e  operational flight envelope. 

In general,  t h e  potential benefits of WLA fal l  in two categories: 

e, Wing box weight reduction relat ive t o  a wing optimized without WLA. 

e, Reduction of t h e  ex t en t  of t h e  s tructural  modifications required fo r  airplane 
gross weight growth or  for installation of a wing t i p  modification such a s  a t ip  
extension (Note: Application of WLA to  airplane gross weight growth was not  
analyzed in this study.) 

The  potential of WLA for  improving fuel efficiency is  related t o  t h e  f i r s t  type  of 
benefit;  i.e., airplane gross weight c a n  be increased or a wing t ip  extension c a n  be 
added without a WLA system, but  t h e  s tructural  weight increment  would be  grea te r .  
The  second type  of benefit  (less extensive s t ruc tura l  modifications) is  related t o  
implementat ion cos ts  ra ther  than fuel efficiency. For 747 derivat ive applications, 
WLA offers  t h e  f i r s t  type  of benefit ,  but  (because of t h e  s tructural  modifications 
necessary t o  allow symmetr ic  aileron deflections a t  high speed) no t  t h e  second. 

The  s t ruc tura l  benefit  analysis conducted for  t h e  basic wing with WLA (sec. 6.2) 
showed tha t  a ne t  a irplane operational empty  weight reduction equivalent t o  2% of t h e  
wing box weight could be achieved by means of MLC and t h a t  t h e  benefit  could be 
increased to  perhaps 2.5% by also taking cred i t  for  t h e  GLA capability of t h e  system. 
When t h e  wing s t ruc ture  was resized t o  t a k e  credi t  f o r  MLC, redistribution of s t rength  
mater ia l  and of fat igue material  was required. The s t rength  material  weight was 
reduced while t h e  fa t igue  mater ia l  weight remained essentially unchanged. The  
com bined e f f ec t s  of reduced bending st i f fness  and increased torsional s t i f fness  were  
such t h a t  f l u t t e r  character is t ics  were  not  adversely a f fec ted .  

Aeroelast ic  twist  was increased for  t h e  wing sized with MLC (sec. 6.2.3). Since t h e  jig 
twis t  of t h e  baseline wing was not  changed, t h e  cruise twis t  was modified (more  
washout) resulting in a small LID penalty. As indicated in Figure 125, t h e  beneficial 
e f f ec t  of t h e  airplane weight reduction more  than offsets  t h e  LID penalty, providing a 
ne t  fuel savings of about 0.2% a t t r ibu tab le  t o  WLA. 

Because of t h e  aileron and wing s t ruc tura l  modifications necessary t o  use t h e  outboard 
ailerons at high speeds (increased aileron loads and wing torsion loads), t h e  WLA 
system offers  no significant benefit  in t e r m s  of reduced s t ruc tura l  modification cos ts  
for  a wing t i p  modification. Somewhat less  s t ruc tura l  material  is  required with WLA, 
but  t h e  s a m e  general regions a r e  a f fec ted .  With cur ren t  manufacturing techniques 
(numerically controlled machines) t h e  cos ts  for  making small modifications to  t h e  wing 
box a r e  more  sensitive t o  t h e  number of par t s  a f fec ted  and t h e  na ture  of t h e  changes 
(which influence t h e  nonrecurring cos t s  for  drawing revisions, recert i f icat ion,  etc.) 
than t o  small differences in t he  skinlstringer thicknesses or spar gages. 
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Figure 125. Fuel Saving With W LA 

In shor t ,  s tudy  resu l t s  show t h e  principal economic  benef i t s  of WLA f o r  747 der iva t ive  
appl icat ions  would a c c r u e  f r o m  a n  a i rp lane  opera t iona l  e m p t y  weight  reduct ion 
re la t ive  t o  t h e  s a m e  model without  WLA. By providing increased  damping of t h e  f i r s t  
wing bending m o d e  and  reduced  pitching in  tu rbu lence ,  t h e  WLA sys tem also should 
have  a f a v o r a b l e  e f f e c t  on r ide  qualit ies.  

I t  is e x p e c t e d  t h a t  FAA cer t i f i ca t ion  of a der iva t ive  747 equipped wi th  a WLA sys tem 
could b e  accomplished by appl icat ion of ex i s t ing  F A R  25 requ i rements ,  wi thou t  t h e  
need f o r  new special  conditions.  However ,  t h e r e  a r e  s o m e  a r e a s  where  i n t e r p r e t a t i o n  
is  required,  such  a s  t h e  re la t ionship of sys tem reliabili ty t o  s t r u c t u r a l  sizing 
requ i rements ,  t h e  appl icabi l i ty  of exis t ing s t a t i c  des t ruc t ion  t e s t  resul ts ,  etc., s o m e  of 
which a r e  par t ia l ly  addressed  in  t h e  fol lowing sect ion.  T h e s e  a r e a s  of i n t e r p r e t a t i o n  
c a n  be resolved only through discussion w i t h  t h e  FAA, which was beyond t h e  scope  of 
this  feas ib i l i ty  study. 
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7.0 RMAL COWIGURATIONS STUDIES 

This sect ion provides comparisons of wing t i p  extensions (WTE) and  winglets (WTW) 
with and without maneuver load control (MLC); discusses t h e  potent ial  benefi ts  of a 
f lu t t e r  mode  control  (FMC) system, in combination with wing t i p  winglets, and  
presents  economic comparisons of t h e  final candidate configurations. Some 
operat ional  considerations, such as g a t e  and  maintenance hangar access  and possible 
takeoff  weight restr ict ions with an inoperat ive WLA system, a r e  discussed. 

Study Approach-The original plan had been t o  se lec t  one  final wing t i p  configuration 
at t h e  conclusion of t h e  individual concept  studies t o  be fur ther  analyzed in 
combination with a wing load alleviation system. This approach was a l te red  (largely 
due t o  t h e  additional t i m e  required for  aerodynamic design and f lu t t e r  analyses of t h e  
winglet configuration) such t h a t  t h e  final configuration task was oriented toward 
developing comparat ive d a t a  for  select ing t h e  best configuration ra ther  than  toward a 
more detai led analysis of a single configuration. 

Emphasis was on t h e  2 1 3  WTW combined with MLC, but  weight, performance,  and 
economic d a t a  also were generated for  two C1.83-m (6-ft) and 2.74-m (9-ft)] t i p  
extensions with MLC. Wind tunnel t e s t  d a t a  and detailed s tructural  resizing analyses 
(sec. 4.0) were  avai lable for  t h e  1.83-m (6-ft) WTE without MLC. Therefore, i t  was 
decided t o  conduct wind tunnel test ing and detai led analyses for  t h e  s a m e  C1.83-m 
(6-ft)] WTE combined wi th  MLC. Weight es t imates  for t h e  2.74-m (9-ft) WTE were 
then developed using t h e  previously established trend d a t a  (sec. 4.0). Those d a t a  were  
then used t o  compute  LID and fuel-saving comparisons. 

This approach (1) provided a solid d a t a  base for  determining MLC benefi ts  for  t h e  
1.83-m (6-ft) WTE, (2) gave a real is t ic  assessment  of t h e  fuel-savings potential of t h e  
2.74-m (9-ft) WTE for  comparison with t h e  2 1 3  WTW, while retaining a lower-cost 
WTE (no leading-edge f laps on t h e  shorter  WTE) in t h e  economic comparisons, and (3) 
avoided t h e  need t o  build additional wind tunnel model par t s  t o  t e s t  t h e  2.74-m (9-ft) 
WTE. One cyc le  of s t rength,  fat igue,  and f l u t t e r  sizing was completed fo r  both t h e  
1.83-m (6-ft) WTE and 213 WTW with MLC. Loads were  then  recycled for  t h e  WTE t o  
account  for  s t i f fness  changes and final sizing was completed. The sizing ac t iv i ty  was 
te rmina ted  for  t h e  WTWIMLC configuration a f t e r  t h e  f i r s t  cycle because (1) i t  became 
apparent  t h a t  much of t h e  weight t h a t  could b e  removed by v i r tue  of MLC would have 
t o  be replaced t o  m e e t  f l u t t e r  s t i f fness  requirements, (2) la rge  expenditures of 
engineering t i m e  and computing resources would be  required to  converge on a final 
sizing, and  (3) precise weight es t imates  were  not essential t o  economic comparisons of 
t h e  WTE/WTW/WLA concepts  because of t h e  relatively weak e f f e c t  of weight on fuel  
savings (fig. 125) as compared with t h e  e f f e c t  of LID on fuel  savings. 

I t  was judged tha t  a choice could b e  made  between t i p  extensions and winglets based 
on cos ts  and performance da t a  es t imated  for  t h e  WTEIWTW concepts  without WLA. 
The benef i t  of WLA was assessed on t h e  basis of da t a  obtained for  t h e  basic wing t i p  
(sec. 6.0). 

Although definitive s t ruc tura l  sizing and weight comparisons of WTE and WTW 
configurations were  not  completed,  t h e  comparison a t t e m p t  provided valuable insight 
concerning aeroe las t ic  e f fec ts .  At  t h e  conclusion of t h e  f i rs t  cyc le  of s t rength,  



fat igue,  and f lu t t e r  sizing with MLC, i t  was found tha t  maneuver loads were  much 
lower for  t h e  WTW with MLC than for  t h e  WTE with MLC. Pa r t  of t h e  reason was 
t h a t  aeroelast ic  twist  of t h e  wing outboard of t he  aileron caused an increase in t h e  
loads on t h e  extended tip. This led t o  a recommendation t o  consider an  aileron span 
extension for  subsequent WTEIMLC studies. The most significant reason was t h e  
e f f ec t  of t h e  winglet loads on aeroelast ic  wing loads. Small changes in orientation of 
t h e  winglet normal force  vector  and t h e  e f f ec t s  of wing deflections in bending were 
found t o  have a very strong e f f ec t  on bending moments for  t h e  inboard portions of t h e  
aeroelast ic  wing. Though not  isolated in t h e  f lu t t e r  analyses, t hese  "static" aeroelas- 
t i c  e f f ec t s  observed in t h e  loads results probably contr ibute significantly t o  t h e  
difference in f lu t t e r  characteris t ics  between t ip  extensions and winglets. 

Since t h e  747 EET program objective is t o  promote near- term commercial  f l ee t  
implementation of fuel efficiency concepts, t he  marketability of t h e  various configur- 
ations was considered. This was accomplished by computing t h e  economic return t o  
t h e  customer airline considering t h e  purchase price of t he  equipment, fuel cost  
savings, and other  factors. 

7.1 WING TIP (WTEIWTW) COMPARISONS WITH AND WITHOUT MANEUVER LOAD 
CONTROL 

The d a t a  for  t i p  extensions and winglets without WLA were generated a s  par t  of t h e  
individual concept  study tasks. Emphasis in this sect ion is on comparison of WTEIWTW 
characteris t ics .  Details regarding development of t h e  d a t a  a r e  provided in Sections 
4.0 and 5.0. 

7.1.1 Basic Concepts  

Aerodynamics-Winglets and wing t i p  extensions a r e  devices which decrease  induced 
drag, thereby improving t h e  lift-to-drag rat io (LID). Wing tip extensions increase t h e  
real  aspect  r a t io  of t he  wing, while simple end plates increase t h e  ef fec t ive  aspec t  
ratio. Winglets a r e  more  than simple end plates  because of t h e  cambered lifting 
surfaces tha t  produce a forward component of t h e  winglet normal force  (fig. 126) in 
t h e  same  manner as a sail. The winglet concept  was extensively evaluated by Dr. 
Richard T. Whitcomb (ref. 6). The winglet loading is integrated with tha t  of t h e  wing 
t o  efficiently produce significant side forces. These side forces  act to  reduce t h e  l i f t -  
induced inflow above , t h e  wing t i p  or outflow below t h e  wing tip. Both wing t i p  
extensions and winglets load up t h e  outboard wing, as shown by t h e  span loadings on 
Figure 127. Aerodynamic twist (washout) of t h e  existing wing, as well as increased 
structural  weight, penalize t h e  drag  improvement. The resultant benefit  of winglets 
for  t h e  747 was found t o  excee'd t ha t  of wing t i p  extensions for  a given increment in 
airplane s t ruc ture  weight. 

Loads-This section discusses t h e  wing load advantages of a winglet configuration as 
compared t o  a wing tip extension. The  results shown a r e  for  t h e  213 winglet and t h e  
1.83-m (6-ft) t i p  extension configurations, but t h e  basic differences demonstrated a r e  
general. 

Figure 128 i l lustrates  t h e  relat ive magnitude and orientation of t h e  normal fo rce  
vectors  and t h e  e f f ec t s  of aeroelast ici ty on wing section l i f t  coefficients. The  
condition illustrated is a 2.5-g maneuver condition critical for  wing root design loads. 
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For this  condition t h e  winglet produced t h e  largest  local load (i.e., normal fo rce  
vector) ,  due primarily t o  i t s  larger  a r e a  and,  when applied t o  t h e  geometry of a rigid 
wing, i t  also produced t h e  largest  bending moment  near t h e  wing root.  However, when 
t h e  e las t ic  bending of t h e  wing was  accounted for ,  t h e  orientat ion of t h e  normal fo rce  
vector  was changed more for  t h e  winglet,  resulting in a significant reduction in t h e  
moment  a rm for  t h e  winglet bu t  with virtually no change for  t h e  tip extension. As 
indicated, t h e  resulting bending moment near  t h e  wing root  was lower fo r  t h e  winglet 
than fo r  t h e  t ip  extension, which reversed t h e  t rend  for t h e  rigid wing. 

A second advantage for  t h e  winglet configuration was t h a t  i t  produced increased 
aeroe las t ic  washout in  t h e  outboard wing a r e a  due t o  i t s  higher local moment. This 
resulted in shifting t h e  wing spanwise cen t e r  of pressure slightly inboard relat ive t o  
t h e  1.83-m (6-ft) t ip  extension configuration. The  increased washout with t h e  winglet, 
a disadvantage for  performance, was  less pronounced a t  1-g cruise conditions. 

The combination of t he se  e f f ec t s  produced a more  favorable wing loading f o r  t h e  
winglet configuration even though the  winglet had more than 40% g rea t e r  a r ea  and 
was designed t o  approximately t h e  s ame  normal fo rce  coefficient.  

Flutter-The basic concept  of wing sur face  extension is  common t o  both t h e  planar 
wing t ip  extension and t h e  wing tip winglet configurations. From a pure f l u t t e r  
standpoint,  t h e  addition of wing t i p  mass and aerodynamic sur face  a r e a  is  generally 
conducive to  degradation of damping in t h e  cr i t ical  modes for f lu t te r .  Wind tunnel 
test ing confirmed tha t  t h e  aerodynamic e f f e c t ,  ra ther  than t h e  mass e f f e c t ,  was t h e  
dominant fac tor  in 747 f lu t t e r  speed degradation with winglets. I t  also was concluded 
from test and analysis t h a t  a WTW addition was more f l u t t e r  cr i t ical  than a WTE of 
equal a rea .  

Specif ic  parameters  responsible for  t h e  relatively poor f lu t te r  performance of t h e  
winglets have not  been isolated. On a quali tat ive basis, some unique winglet 
d i f fe rences  can be  assessed by considering t h e  additional a i r  fo rce  increments  
described in Figure A-9 of Appendix A. Normal fo rce  due t o  winglet spanwise motion 
is unique t o  t h e  WTW. Wing chordwise bending motions (observed in both test and 
analysis) suggest t h a t  incremental  forces  due t o  fo re  and a f t  motion could be  
significant. Unique spat ial  relations of t h e  WTW normal force  vector will obviously 
c r e a t e  different  forcefmoment e f f ec t s  tending t o  bend and twis t  t h e  basic wing. 
Phase relationships could be destabilizing for  some of these WTW induced air fo rce  
increments. In addition t o  t h e  unsteady motion e f f ec t s  unique t o  winglets, t h e  la rge  
dihedral break results in increased steady-state  induction e f f ec t s  as seen in Figure 48 
of Section 5.2.2. Winglets show large local section l i f t  curve coeff icients  when 
defined on the  basis of local panel rotations. In summary, t h e  configuration and 
motion e f f ec t s  of t h e  WTW c r e a t e  larger  unsteady aerodynamic forces  than do  
comparable co-planar WTEs, thus  the  WTW configuration exhibits degraded f lu t te r  
performance relat ive t o  t h e  WTE configuration. 

7.1.2 Loads and Twist 

This sect ion summarizes t h e  load resul ts  for t h e  1.83-m (6-ft) t i p  extension and 213 
winglet configurations in combination with WLA. Maneuver, fa t igue ,  and gust  
conditions cr i t ical  for design of t h e  wing s t ruc ture  were  analyzed. Aileron ef fec t ive-  
ness was based on resul ts  f rom t h e  BTWT 1642 wind tunnel test. A sample of t he se  
results is  shown in Appendix B. 



Figures 129 and 130 show bending moment  results for  t h e  wing root  design condition. 
The  winglet configuration had t h e  highest wing bending moments when analyzed on a 
rigid wing but gave t h e  lowest bending moments when wing flexibility was included. 
The  classic washout e f f ec t  and t h e  e f f ec t  of wing-up bending were  accounted for  
separately t o  identify t h e  contribution of t hese  e f f ec t s  t o  t h e  flexible wing loads. The 
more  favorable aeroelast ic  e f f ec t s  for  t h e  winglet configuration a r e  evident  from t h e  
figures. 

In addition t o  t h e  basic winglet aeroelast ic  benefits identified above, two  secondary 
benefits were  noted and a r e  discussed below. 
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Effec t  of Aeroelast ici ty on Aileron Effectiveness-As can  be  seen from Figures 129 
and 130, t h e  load reduction due t o  WLA was grea ter  for  t he  213 winglet configuration. 
This e f f e c t  is il lustrated fur ther  in Figure 131 where t h e  wing bending moment  
reduction due to  WLA is plotted. Results  a r e  shown for  t h e  rigid wing and with 
aeroelast ic  e f f ec t s  included. Note  tha t  t h e  aileron effect iveness was about  t h e  s a m e  
for  t h e  rigid wing configurations and,  as expected,  was reduced significantly due  t o  
wing flexibility. The loss of aileron effect iveness due to  wing flexibility was caused by 
aileron induced wing "wash in" wherein, when t h e  aileron i s  deflected up to  produce a 
down load on t h e  wing, t h e  wing twists  t o  a higher angle of a t t a c k  and produces a n  
offset t ing up load. This i s  a classic e f f ec t  t ha t  is well known; however, as can  be seen  
from Figure 131B, t h e  loss of aileron effect iveness due to  wing flexibility was grea ter  
for  t he  modified t ip  configurations than for  t h e  base wing. This was because these  
configurations produced load increases a t  t h e  t i p  due to  t h e  respect ive aerodynamic 
surfaces a t t ached  outboard but  with no corresponding load increase for  t h e  base wing, 
which had no additional surface outboard. 

Figure 13 1C shows tha t  when t h e  e f f ec t  of wing "up-bending" was accounted for ,  t h e  
aileron was more  ef fec t ive  for  t h e  winglet configuration than for  t h e  1.83-m (6-ft) t ip  
extension configuration. The load due to  aileron induced wash in produced a grea ter  
ne t  loss in aileron effect iveness for  t h e  1.83-m (6-ft) t ip extension than for  t h e  213 
winglet configuration, which is t h e  expected resul t  because of t he  way t h e  winglet 
load is a t tenuated  inboard when t h e  wing is deflected up. 

E f fec t  of Structural  Resizing on Final Loads-The more favorable loading charac ter -  
istics for  t he  winglet configuration resulted in reduced wing structural  sizing fo r  
s t rength  design. When t h e  reduced st i ffness was cycled in t h e  load analysis, fur ther  
load reduction resulted, as can  be seen in Figures 129 and 130. 

Envelope Load and Cruise Twist Results Summary-Figures 132 and 133 summarize t h e  
final bending moment  envelope load and wing cruise twis t  results for  t h e  213 winglet 
configuration and t h e  t i p  extensions in combination with WLA, These results a r e  based 
on wing stiffness for  a zero  margin s t rength  and fat igue design and do not  include 
f lu t t e r  s t i ffness requirements  for  t h e  winglet configuration. The  load resul ts  in Figure 
132 a r e  for  t h e  1.83-m (6-ft) t i p  extension. Cruise twis t  results a r e  shown in Figure 
133 for  both 1.83- and 2.74-m (6- and 9-ft) t i p  extensions. As shown in Figure 132, t h e  
winglet configuration gave significantly lower envelope load results than did t h e  1.83- 
m (6-ft) t i p  extension. The  s t ruc tura l  analysis for  these configurations, and t h e  
predicted weight results,  a r e  reported in Sections 7.1.4 and 7.1.5. The cruise twis t  
results were used in t h e  aerodynamic analyses reported in Section 7.1.6. 

7.1.3 F lu t te r  

Final configuration studies were conducted for  purposes of evaluating which of t h e  two 
concepts  was structural ly more  eff icient  while providing t h e  required f lu t t e r  margins. 
Throughout this  comparison each  concept  is considered a s  a n  addition t o  an existing 
747 wing and t h e  conclusions could be quite  different  for  a new wing integrated design 
concept. The uncertainties in f lu t t e r  analysis/test evaluation were not equal for  each 
configuration considered. The wing t ip extensions were  not  wind tunnel tes ted  in this  
program, whereas t h e  213 WTW benefi t ted from a 2 9  f lu t te r  test at a 30-deg can t  
angle. 
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Figure 134 summarizes and compares t h e  f l u t t e r  s tabi l i ty  charac te r i s t ics  of wing t i p  
extensions and wing t ip  winglets considered a s  final configuration candidates. The  
WTE d a t a  a r e  based on analysis only, and t h e  WTW da ta  presented here  a r e  purely 
experimental.  The  d a t a  represent  a production wing configuration with nominal 
nacel le  s t ru t  frequencies. Ce r t a in  f l u t t e r  s tabi l i ty  conclusions can  be  supported f rom 
these  comparisons. For sur face  extension a r eas  up t o  about  9.3 m2 (100 f t2) ,  t h e  
f l u t t e r  s tabi l i ty  for  t h e  WTE concept  appears  acceptable  and definitely superior to t h e  
winglet concept.  None of t h e  winglet candidates  shown would satisfy FAA f lu t te r  
requirements  without. a wing s t ruc tura l  s t i f fness  increase. High confidence d a t a  a r e  
not  available on wing t i p  extensions in t h e  2.74-m t o  3.66-m (9-to 12-ft) range, but  
analysis da t a  show such configurations a r e  feasible  f rom a f lu t t e r  standpoint.  Beyond 
t h e  1.83-m (6-ft) extension, t h e  appearance  of a low damped symmetr ic  mode could 
potentially require  s t i f fness  increases for  acceptable  ride comfor t  and/or f l u t t e r  
margin clearance.  Additional pressure distribution tests ,  low-speed f lu t t e r  tes t s ,  and 
analyses would be required t o  establish a f lu t t e r  weight comparison. Moreover, 
t ransonic tes t ing  of winglet configurations would be  required t o  ensure a co r r ec t  
evaluation of f l u t t e r  safety.  

~ ~ n a l ~ s i s - - ~ -  wind tunnel test -4 
Figure 134. Flutter Comparisons for Ex tensions and Winglets 



Final configuration f l u t t e r  analyses were  carr ied out  on th ree  selected configurations 
including wing t i p  extensions of 1.83m (6  f t )  with cons tan t  chord and 2.74m (9 f t )  with 
cons tan t  taper  and t h e  213 winglet. Figure 135 shows t h e  significant aerodynamic 
parameters  of t he se  t h r e e  configurations. Each of t h e  configurations was analyzed 
with t h e  required s t i f fness  for  t h e  incorporation of a maneuver load control system 
with t h a t  configuration. 

213 winglet 1.8311-1. (6 ft) 
Tip extension 
(constant chord) 

2 . 7 4 ~ 1  (9 ft) 
Tip extension 

Span: 4.26m (13.99 ft) Span: 1.83m (6 ft) Span: 2 . 7 4 ~ 1  (9 ft) 

Area: 10.67m2 (1 14.79 ft2) Area: 7.43 m2 (79.98 ft2) Area: 10.22 m2 (1 09.98 ft2) 
Croat: 4.06m (13.33 ft) Croat: 4.06m (13.33 ft) Croat: 4.06m (1 3.33 ft) 

Ctip: 0.94m (3.08 ft) Ctip: 4.06m (13.33 ft) Ctip: 3.39m ( I  I . I  I ft) 

Cant: 30 deg 

Figure 135. Configurations for Final Flutter Analyses 

The highest level of confidence in t h e  resul ts  ex is t s  for  those  modifications t h a t  only 
a f f ec t  t h e  famil iar  an t i symmetr ic  f l u t t e r  modes-the wing tip extensions. Even then,  
new modes a r e  introduced a s  t h e  span increases. The  wing t ip  winglets a r e  considered 
less amenable t o  standard methodology and  require more  experimental  d a t a  than wing 
t i p  extensions. 

Figure 136 compares each  of t h e  final configurations with MLC wing st i ffness  for  t h e  
appropriate  cr i t ical  f l u t t e r  mode. The configuration with t h e  leas t  damping at t h e  
lowest velocity is  t h e  2.74-m (9-ft) wing t i p  extension. I t  is assumed t h a t  t h e  inherent  
s t ruc tura l  damping would provide adequate  to ta l  damping character is t ics .  The  most  
cr i t ical  configuration is  t h e  213 winglet with t h e  symmetr ic  mode f lu t te r .  The 1.83-m 
(6-ft) wing t ip  extension is  not considered critical.  

Figure 137 compares t h e  f l u t t e r  modes for  t h e  1.83-m (6-ft) wing t i p  extension with 
and without t h e  MLC wing stiffness. The  an t i symmetr ic  BASIC mode is slightly 
degraded and t h e  an t i symmetr ic  outboard nacel le  side bending (ONSB) mode  is  slightly 
improved with t h e  MLC wing stiffness. 
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Figure 136. Flutter Stability Comparisons for Final Configurations 
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Figure 137. ML C Effect for a 1.83m (6-ft) Wing Tip Extension 



Figure 138 compares t h e  f l u t t e r  modes for  t h e  2.74-m (9-ft) wing t i p  extension with 
and without t h e  MLC wing stiffness. This t ip  extension introduces a low damped 
symmetr ic  f l u t t e r  mode  t h a t  is slightly be t t e r  with t h e  MLC wing stiffness. The  
an t i symmetr ic  ONSB mode is  slightly worse with t h e  MLC wing stiffness. The  
an t i symmetr ic  BASIC mode shows l i t t l e  change due t o  t h e  MLC wing stiffness. 

Incremental 
damping, g 

7 With MLC 

Without MLC 

@Antisymmetric 

Velocity ratio, V/VREF 

Figure 138, M L C Effect for a 2.74m (9-ft) Wing Tip Extension 

Figure 139 compares t h e  f l u t t e r  modes for  t h e  213 winglet with and without t h e  MLC 
wing stiffness. The 213 winglet f lu t te r  solution with t h e  baseline wing st i ffness  shows 
t h a t  t h e  wing t i p  f l u t t e r  mode  occurs  at a slightly lower airspeed than t h e  symmetr ic  
mode. With t h e  MLC sized wing, t h e  f l u t t e r  mode cr i t ical i ty  is  reversed and t h e  
symmetr ic  mode  now occurs  at t h e  lower airspeed. This is  caused by t h e  torsional 
s t i f fness  redistribution t h a t  resul ts  in a so f t e r  inboard wing and a s t i f fe r  ou ter  wing. 
Since t h e  symmetr ic  mode  f lu t t e r  requires inboard s t i f fness  t o  raise i t s  f l u t t e r  speed, 
t h e  MLC wing necessi tates  t h e  larger  f l u t t e r  weight penalty t o  c lear  FAA margins. 

The  final configuration closed-loop f lu t t e r  studies a r e  contained in Section 6.3.2 a s  
pa r t  of t h e  closed-loop dynamic analyses with wing load alleviation. 
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Figure 139, M L C Sizing Effect for Wing Tip Winglets 

7.1.4 Structrirai Resizing wi th  MLC 

Resizing of t h e  wing box s t ruc tu re  t o  accommodate  t i p  extensions and winglets 
without MLC i s  discussed in Sect ions 4.2.3 and 5.3.3. The wings with wing t i p  
modifications (WTEIWTW) combined with MLC were  resized to  z e r o  margin of sa fe ty  
using t h e  s a m e  general  analysis procedures used for  resizing t h e  basic wing with MLC 
(sec. 6.2.2). The resul tant  sizing fo r  t h e  1.83-m (6-ft) t i p  with MLC is shown in Figure 
140. The e f f ec t s  of MLC on t h e  bending and torsional s t i f fness  of t h e  wing with t h e  
1.83-m (6-ft) t i p  a r e  shown in Figure 141. 

The  wing with a 213 winglet and MLC required less material  for  u l t imate  and fa t igue  
loads than  t h e  wing with a 1.83-m (6-ft) t ip  and MLC, but  required la rge  s t i f fness  
increases for  f lut ter .  No f lu t t e r  material  was required for  t h e  1.83-m (6-ft) t i p  
configuration with or without MLC. 

The  wing with t h e  213 winglet and MLC was not  fur ther  resized a f t e r  t h e  addition of 
t h e  la rge  s t i f fness  increase f o r  f lu t te r .  I t  was not considered worthwhile t o  i t e r a t e  t o  
a final optimum sizing because t h e  f l u t t e r  requirements  tended t o  negate  t h e  possible 
advantages from MLC. 

Figure 142 shows t h e  wing s t ruc tura l  modification required to  add t h e  WTE or t h e  
WTW without MLC t o  t h e  baseline wing. In this case ,  t h e  existing baseline margins of 
s a f e ty  a r e  absorbed as required and t h e  wing "beefed up" where required to  give zero  
margins of sa fe ty .  The different  ex t en t  of changes required for  t h e  WTE and WTW c a n  
be  seen from this figure. 
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Figure 140. Structural Sizing of Wing With 1.83m (6-ft) WTE and MLC 
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Figure 14 1. Effect of MLC on Wing Structural Stiffness Requirements 
for 1.83m (6-ft) WTE 



o Baseline margins absorbed 
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Figure 142, Wing Structural Modifications Required to Add W TE/WTW Without MLC 
to Baseline Wing 



The wing structural  modifications required to  add the  WTE and MLC to  t h e  baseline 
wing a r e  shown in Figure 143. Again the  existing margins of safety were  absorbed and 
t h e  wing beefed up where required. The final sizing used loads generated with MS = 0 
stiffness. Changes in loads with stiffness corresponding t o  "beef-up" only sizing were  
negligible. Final sizing was not completed for  t h e  213 WTW with MLC, thus t h e  
s tructural  modifications a r e  not shown. 

S Baseline margins absorbed 
S h a d i n g  denotes skin-gage and stringer-area 

changes relative to baseline wing 

lncreased upper surface skin gages and stringer area 

lncreased lower surface skin gages and stringer areas 

lncreased upper and lower surface skin gages and stringer 
areas 

Figure 143. Wing Structural Modifications Required to Add WTE + MLC to Baseline Wing 

The wing structural  modifications required to add the  WTE and MLC to  a zero  margin 
wing a r e  shown in Figure 144. No existing positive margins of safe ty  exist and, 
therefore ,  t h e  changes a r e  larger  than  those shown in Figure 143. 

spar 

Retrofi t t ing a t ip device and MLC i s  not pract ical  because of t h e  extensive structural  
changes required. 



@ Shading denotes skin-gage and stringer area 
changes relative to MS = 0 

lncreased upper surface skin gages and stringer areas 

lncreased lower surface skin gages and stringer areas 

lncreased upper and lower surface skin gages and stringer 
areas 

Figure 144. Wing Structural Modifications Required to Add WTE + MLC to a Zero-Margin 
Baseline Wing 

7.1.5 Weights 

WTEIWTW without WLA-The increases in airplane operational empty  weight (OEW) 
necessary for  installation of wing t i p  modifications without WLA a r e  compared in 
Figure 145 for  t h e  two sets of s t ruc tura l  resizing ground rules. The da t a  shown for  t h e  
3.66-m (12-ft) WTE a r e  probably opt imist ic  s ince only a part ial  set of load conditions 
was considered and f lu t t e r  sizing was not  conducted. Weights for  t h e  1.83-m (6-ft) 
WTE and 213 WTW were  based on comple te  resizing analyses, including f l u t t e r  sizing 
(no f l u t t e r  material  required for  t h e  WTE). 

Resul ts  show tha t  a winglet can  be added with less increase in to ta l  airplane OEW than  
a panel of t h e  s a m e  length installed a s  a wing t ip  extension. The weight advantage  fo r  
t h e  winglet was found t o  b e  more pronounced when existing s t ruc tura l  margins of 
sa fe ty  were  maintained. These d a t a  (margins maintained) give an indication of t h e  
weight increments  for  t i p  modifications on a wing having no positive margins in t h e  
baseline wing box structure.  The weight increments  for  s t rength mater ia l  should be  
reasonably representat ive of t h e  corresponding increments  for a zero  margin wing, but  
t h e  fa t igue  and f lu t t e r  mater ia l  requirements  would be g rea t e r  for  t h e  ze ro  margin 
wing. 
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Figure 145. Weight Comparison of WTEMTW Without WLA 



Configurations With MEC-Airplane OEW increments  for  several wing t ip  configur- 
ations (basic wing tip, t i p  extensions, 213 winglet) combined with MLC a r e  shown in 
Figure 146. These increments  a r e  relat ive to a baseline airplane (having t h e  wing box 
s t ruc ture  sized t o  ze ro  margins without WTE, WTW, o r  WLA) tha t  is lighter than t h e  
baseline used fo r  t h e  d a t a  shown in Figure 145. As explained in t h e  introduction t o  
this sect ion,  different  baselines were  used because of differences in objectives, ground 
rules, and methods between t h e  studies of configurations with and without WLA. Due 
t o  these  differences, weight increments  have not  been shown in the  s a m e  figure fo r  
configurations wi th  and without WLA. The d a t a  without WLA (fig. 145) a r e  consistent 
as a set, and t h e  d a t a  with MLC (fig. 146) also a re  consistent a s  a set ;  but  t he  weight 
benefits of MLC for  t h e  WTE/WTW configurations should not  be inferred from t h e  
difference in weights between Figures 145 and 146. However, some observations 
regarding MLC e f fec t s  on weights can be made  as follows: 
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material 
e Increase strength 
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k t r e n g t h  
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Figure 146. Weight Comparison of WTEMTW with MLC 



MLC Benefi t  For Basic Wing Tip-The to ta l  weight increment shown in Figure 
146 f o r  a zero  length WTE corresponds t o  t h e  MLC benefits discussed in Section 
6.2.3 for  t h e  basic wing. The fat igue increment illustrated in t ha t  sect ion (fig. 
87) was  shown with and without MLC on a zero  margin wing. The fa t igue  
increment is not  illustrated in Figure 146 because i t  was qui te  small relat ive to  
t h e  MS = 0 baseline and was approximately t h e  same  for  all of t he  configura- 
tions. 

@ MLC Ef fec t  For WTE-A di rec t  comparison of weights for a given WTE with and 
without MLC is not  shown. The slope of t h e  weight vs. span curve  is a l i t t l e  
grea ter  for  t h e  wing with MLC (fig. 146) than  the  slope of t h e  corresponding 
curve for  t h e  wing without MLC (fig. 145, existing structural  margin main- 
tained). This implies t ha t  t h e  benefit  of MLC with t h e  existing aileron span is a 
l i t t l e  less  than t h e  benefit  predicted for  t h e  basic wing t ip  (sec. 6.2.3). This 
observation corre la tes  with t h e  increased load on the  extended t ip resulting from 
aeroelast ic  e f f ec t s  discussed in Section 7.1.2. The MLC benefits could be 
increased with the  WTE by extending t h e  aileron span. 

$ WTEIWTW Comparisons With MLC-Before considering the  WTE/WTW weight 
increments  shown in Figure 146, i t  should be recognized t h a t  t h e  strength- 
fa t igue  material  and f lu t te r  mater ia l  weights indicated for  t he  WTWIMLC 
configuration a r e  unrealistic because resizing analyses were terminated a f t e r  t h e  
f i rs t  cyc le  of sizing for  reasons outlined in t h e  Section 7.0 introduction. If t h e  
WTW/MLC sizing were  fur ther  cycled t o  optimize t h e  f lu t t e r  mater ia l  distri- 
bution and to  re f lec t  t h e  e f f ec t s  of f lu t te r  stiffness on s t rength  sizing, t h e  
f lu t te r  weight increment would be much less than indicated, but  t h e  s trength 
material  requirements  would be  greater .  The to ta l  weight increment would be  
reduced, but  probably not enough t o  give the  WTWIMLC configuration a 
significant weight advantage relat ive to t h e  WTEIMLC configuration. 

Although final sizing of t h e  WTWIMLC configuration was not completed,  t h e  d a t a  
resulting from the  fairly extensive resizing analyses tha t  were accomplished a r e  of 
considerable academic  in teres t  and a r e  presented for  t h a t  reason. The wing box 
s t rength  material  requirements  (fig. 146) a r e  seen t o  be much less for t he  WTWIMLC 
configuration (prior t o  resizing for  increased f lu t t e r  stiffness) than for  t h e  WTEIMLC 
configurations (not f lu t te r  critical).  ' This result,  which was unexpected since rigid 
wing aileron effect iveness was the  s a m e  for  both, was due t o  differences in aeroelast ic  
e f f ec t s  on loads (discussed in sec. 7.1.2). 

The  weight of t h e  added panel (WTEIWTW) and a t tachment  is grea ter  for  t h e  winglet, 
unless leading-edge f laps ( table 7) a r e  required on t h e  WTE, in which case t h e  added 
panel weights a r e  similar. A weights breakdown for  t he  2.74-m (9-ft) WTE (without 
leading edge flaps) is provided in Table 8. 

The WLA system weights, including strengthening of t h e  existing aileron, were  t h e  
s a m e  for  all wing t ip  configuratons. A breakdown is shown in Section 6.2.3. 

No f lu t te r  stiffness material  was required with t h e  t i p  extensions. With t h e  winglet, 
much more  f lu t te r  material  was required with MLC (fig. 146) than without (fig. 145). 
Some increase in f lu t te r  material  for  t h e  WTWIMLC wing was expected because t h e  
baseline wing for  MLC studies (zero margin) had less inherent stiffness, and resizing 
t h e  baseline wing to  t ake  credi t  for  MLC capability fur ther  reduced the  stiffness. 
However, t he  magnitude of t h e  f lu t t e r  weight increase resulting f rom t h e  f i rs t  cycle 



Table 7. Weight Breakdown for Variable Camber Flaps on 2,74m (9-ft) WTE 

Actuator support structure 
Pneumatic drive unit (2) 
Drive unit support structure 
Pneumatic ducting 

Rib modifications 
Folding nose panel 

Existing skin panel 

Table 8. Mass ( Weight) Breakdown for 2.74m (9-ft) W TE 

Leading-edge extension 

Trailing-edge extension 

Additional access doors 

Systems relocation and round-off 

of f lu t te r  sizing was exceptionally large. In f a c t ,  t h e  wing with winglet was a g rea t  
deal heavier in absolute  t e r m s  (not shown) when sized with MLC (fig. 146) than without 
(fig. 145), even though t h e  baseline wing fo r  t h e  MLC studies was lighter.  This made  i t  
apparent  t h a t  t h e  f l u t t e r  mater ia l  distribution se lec ted  for  t h e  f i rs t  cyc le  of sizing 
was not optimum for  t h e  WTW/MLC configuration. The f l u t t e r  material  was added to 
t h e  wing between t h e  engine nacelles and  outboard (as had been done for  winglet 
f l u t t e r  sizing without MLC), whereas s t rength  material  had been removed inboard 
(when resized with MLC). This suggests t h a t  f l u t t e r  mater ia l  for  t h e  WTW/MLC 
configuration could b e  reduced by distributing pa r t  of t h e  material  fur ther  inboard t o  
restore some  of t h e  s t i f fness  lost in  MLC sizing. 

Although f lu t t e r  mater ia l  requirements  could be  reduced, i t  should be  noted t h a t  
fur ther  recycling of t h e  loads and strength sizing would result in increased require- 
ments  for  s t rength  material  due t o  t h e  e f f e c t s  of t h e  f l u t t e r  s t i f feners  (sec. 7.1.2). 
Because of t h e  f lut ter-cr i t ical  na ture  of t h e  747 wing with winglets, i t  is doubtful t h a t  
t h e  weight advantage of winglets relat ive t o  t i p  extensions would be  any g rea t e r  with 
MLC than without. 



Incremental  Mass (Weight) Distributions-The change in wing mass (weight) distribution 
is il lustrated in Figures 147 and 148 for  wing t i p  modifications without WLA, expressed 
relat ive to  t he  existing baseline wing. Similar d a t a  for  configurations resized with 
MLC a r e  provided in Figures 149 and 150, expressed relat ive t o  t h e  zero  margin 
baseline. A smaller sca le  was selected for  presenting t h e  winglet d a t a  (fig. 150) due to  
t h e  larger  f lu t te r  increment. 

c Base = existing 2008 stress areas I Margins absorbed as required I 

q,  fraction of wing semispan 

Figure 147. Change in Wing Box Weight Distribution for WTE Without WLA 
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Change in 
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sizing 7 
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Figure 148. Change in Wing Box Material Distribution for 213 W TW Without WLA 
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Figure 149. Wing BOX Mass (Weight) Distributions for W T F s  + ML C 



@ Relative to MS = 0 wing 
8 First cycle sizing results 
'O Final sizing not completed 

Ultimate +fatigue material 
prior to flutter sizing 

Figure 150. Wing Box Mass (Weight) Distribution for 213 W TW + MLC 
7.1.6 Aerodynamics 

Cruise LID-Figure 151 compares cruise ra t io  for t h e  1.83-m (6-ft) WTE, 
2.74-m (9-ft) WTE, and 213 WTW. The e f f ec t  of adding MLC t o  t h e  1.83-m (6-ft) WTE 
configuration was insignificant. Again, t h e  (LID) equivalent of t h e  increased OEW was 
obtained using t r ade  fac tors  which a r e  valid for  non-takeoff gross weight limited 
missions 5556 km (3000 nmi)]. Net improvement was 2.5% for  t h e  
213 WTW compared with 1.9% for  t h e  2.74-m (9-ft) WTE plus MLC. 

Increase in 
(LID) max, 
percent 

Mach = 0.84 
213 
WTW 

Figure 151. Lift-to-Drag Comparison, W TE Versus W TW 
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The re la t ive  aerodynamic/structural eff iciency of t he  wing t i p  extensions and winglets 
is indicated by percent  improvement in (L/D)MAX plot ted versus airplane weight 
increase as shown in Figure 152. The winglet i s  more  eff icient  than the  wing t i p  
extensions if existing s t ruc tura l  margins a r e  absorbed as required and decidedly more  
eff icient  if existing structural  margins a r e  maintained. Differences between "trend 
study" d a t a  and "final" da t a  include updated methodology for  evaluating drag due t o  
twist  and weight differences as indicated. 

Structural margins absorbed 

- 
2 1 3  WTW (preliminary-no flutter weight) 

@ Structure resized for increased loads 
e No leading-edge flaps on WTE or WTW - 1.83m (6-ft) WTE 

Final 

Structural margins maintained r 
(with flutter material) 

3.66m ( 12-ft) WTE 

1.83m (6-ft) WTE 

0 1 2 3 4 

Airplane mass (weight) increase, 1000 kg (1000 Ib) 

Figure 152. W TE/W TW Relative Aerodynamic/Structural Efficiency 



Initial Buffet-Initial buffet  predictions a r e  shown on Figures 153 and 154 for  t h e  
1.83-m (6-ft) WTE and 213 WTW, respectively. Full-scale es t imates  were made  using 
wind tunnel increments  of l i f t  coeff icient  applied - t o  a flight test baseline (winglet 
off). In each  case  the  initial buffe t  boundary was improved with t h e  wing t i p  
modification. 

@ Baseline curve 
747-100 flight initial buffet boundary adjusted to 0.25F 

(pl 1.83m (6-ft) WTE curve 
e Based on BTWT 1441 increment applied-to baseline curve 
o Trimmed to 0.25E 
* Forward trip 

Baseline 

0.70 0.80 0.90 
Mach number 

Figure 153. Effect of  1.83m (6-ft) WTE on Initial Buffet 
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Figure 154. Effect of Winglet 213 on Initial Buffet 
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Low Speed-Results of a potential flow analysis of a 747-200 with a 2.74-m (9-ft) WTE 
indicate  t h a t  wing t i p  stalling will likely occur  near  t h e  cr i t ical  one-engine inoperat ive 
climb-out condition (V2) in t h e  takeoff configuration. Stalling i s  no t  predicted at t h e  
approach condition with f laps 30. Low-speed wind tunnel tes t ing  is  necessary t o  
de te rmine  what  additional leading-edge f lap  span would be required t o  e l imina te  
problems due  t o  premature  stall. However, t h e  theoret ical  analysis indicates  t h a t  a n  
extension of t h e  leading-edge f l ap  t o  WBL 1234 (about 50% of t h e  span extension) 
should be  adequate  to  pro tec t  t h e  extended wing up t o  C L ~ ~ ~ .  

The  potential reduction in approach speed is  shown on Figure 155 for  wing t ip  
extensions. Assuming t h e  leading-edge f laps  a r e  extended out  t o  wing but tockl ine 
(WBL) 1234, t h e  approach speed increment  is  1.6 knots  for  t h e  1.83-m (6-ft) WTE and 
2.3 kn for  t h e  2.74-m (9-ft) WTE. 

F l a p s  30, approach at 1.3 VS 
Y - 
V) 

%Maximum landing weight = 256 000 kg (564 000 Ib) 

2 -*-r (-3) 

Wing tip extension per side, rn (ft) 

Figure 155, Estimated Approach Speed lmprovemen t Due to W TE 

Figure 156 shows a potent ial  reduction in approach speed with f laps 30 of less  than 0.5 
kn with winglets installed on t h e  747-200. This e s t ima te  was based on 1976 low-speed 
test resul ts  of an  ear ly  winglet design. Similar resul ts  could be  ant icipated with 
winglet 213, provided t h e r e  a r e  no  separat ion or buf fe t  problems. Low-speed wind 
tunnel t e s t s  would be  required to  eva lua te  flow separation and buffet  onset points. 
However, 213 was designed at slightly less  than optimum winglet loading, and i t  is  
conceivable t ha t  no premature  wingletlwingtip stalling will occur. If fu ture  low-speed 
test ing uncovers an ear ly  stall  problem, a f i rs t  a t t e m p t  at a fix would be  t o  
incorporate  more leading-edge camber  and,  possibly, a g rea t e r  nose radius. 

Approach a t t i t ude  does not  change significantly with t h e  addition of ei ther  t ip  
extensions or  winglets. 
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Figure 156. Estimated Approach Speed Improvement Due to Winglets 

Noise-From t h e  standpoint of approach noise, i t  may not  be advantageous t o  ut i l ize 
t h e  approach speed reduction associated with t h e  wing t ip  modifications. However, 
t h e  changes in noise charac ter i s t ics  would be  insignificant. 

7.1.7 Stability and Control  

Stability and control  charac te r i s t ics  of t h e  basic  747 a r e  slightly a l te red  by t h e  
introduction of ei ther  a wing t ip  extension or wing tip winglet. The e f f ec t s  of t h e  
wing t i p  extensions on longitudinal charac te r i s t ics  a r e  larger  t h a t  those of winglets. 
Minor revisions t o  t h e  longitudinal f l ight  control  system will compensate for  t h e  
changes. Lateral-directional e f f e c t s  of winglets a r e  larger  than those  of t i p  
extensions. Although these  a r e  not  a major f ac to r ,  t h e  e f f ec t s  tend  t o  favor t h e  t ip  
extension. 

A comparison of wing t i p  extension and winglet e f f ec t s  is  summarized in Figure 157. 
Both produce an increase in longitudinal stability and a tr im shift .  The  stability 
increase is  approximately 2% mean  aerodynamic chord (MAC) g rea t e r  with t h e  t i p  
extension than with t h e  winglet over  most  of t h e  Mach range. As indicated in Figure 
157, similar modifications t o  t h e  longitudinal flight control  system may be  necessary 
t o  compensate for  t h e  e f f ec t s  of e i ther  t ip  configuration. 

Directional s tabi l i ty  (Cnp ) is  increased by t h e  winglet but is essentially unchanged by 
t h e  WTE. The increased directional stability would slightly reduce directional 
controllability during landing rollout in crosswinds. 

The  increase in rolling moment  due t o  sideslip (CQ relat ive t o  t h e  increase in P directional s tabi l i ty  (C ) is  proportionately g rea t e r  for  t h e  WTW than  for  t h e  W'TE. P Since t h e  aileron roll control effect iveness (C$8a) is  about  t h e  s a m e  for  both t h e  WTE 
and WTW, roll control margins would be  less with winglets in  demonstrat ions of 
engine-out "tameness" (Boeing cr i ter ia) .  However, controllability should b e  sat isfac-  
tory,  and no adverse  impact  on FAA cer t i f ica t ion  of crosswind landing or engine-out 
control is  ant icipated.  Changes in dutch roll charac te r i s t ics  a r e  expected to  be minor 
a s  increases in (CQP ), (Cnp)  and roll damping have offset t ing e f fec ts .  



Figure 157. Effects o f  W TE/WTW on Night Control System and Flying Qualities 

7.1.8 Installation Design 

Wing Tip Extensions-The 1.83-m (6-ft) wing t i p  extensions shown in Figure 158 a r e  of 
conventional construction and can be spliced t o  a suitably prepared wing. 

A 2.74-m (9-ft) extension is shown installed on t h e  baseline wing in Figure 159. Figure 
160 shows t h e  planform of t h e  1.83- and 2.74-m (6- and 9-ft) extensions. The  2.74-m 
(9-ft) extension has t h e  same  chord taper  and thickness-to-chord ra t io  ( t /c)  a s  t h e  
basic wing. The twist  remains constant  a t  3.5 deg outboard of t h e  existing t ip  
location. Installation of t he  1.83-m (6-ft) extension is described in Section 4.3.1. 

Installation of leading-edge devices a r e  possible in both configurations, if required. 
One V/C f l ap  can  be installed in t h e  1.83-m (6-ft) extension, two in t h e  2.74-m (9-ft) 
extension. 

The leading-edge f lap  drive system is revised a s  shown in Figure 161 and t h e  existing 
actuat ion mechanism, as shown in Figure 162, can  be installed for  t h e  new flaps in t h e  
2.74-m (9-ft) extension. 

Tip extensions provide a n  easier  splicing arrangement t o  t h e  wing and less disturbance 
of t h e  electr ical /electronic systems located in t he  t ip than a winglet installation. 
Consideration of reinforcing an  existing wing t o  accept  an extension indicated tha t ,  
while i t  is possible t o  apply external  skin doublers, difficulty i s  encountered in applying 
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Figure 160. WTE installation Design Concepts 
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Figure 161. ~Vew Variable Camber Flap Drive for 2.74m (9-ftl WTE 

Figure 162. 747 Wing Leading-Edge Variable Camber Flap Mechanism 

doublers t o  t h e  spar and stringers. Removal of numerous fas teners  from t h e  spars and 
skins makes retent ion of jig position almost impossible, and jig position is  impera t ive  
fo r  reinstallation of close to le rance  fasteners .  The doubler installations a r e  shown in 
Figure 163. To derive benefit  f rom t h e  installation of a WLA system, t h e  inboard 
upper and lower sur face  panels should b e  reduced in thickness. The f ront  spar  web and 
outboard skin panels, however, must  be  increased t o  r eac t  t h e  increased torsional load. 
Re t ro f i t  of t ip  extensions with or without WLA could reduce fa t igue  l i fe  in  addition t o  
being very expensive. 
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Figure 163. Stiffener Reinforcement for Retrofit 



Wing Tip Winglets-Study of winglwinglet a t t achmen t  me t  hods produced two candidate 
configurations. The  first  for  t h e  2 9  winglet utilized t h e  previously proposed approach 
of bolting toge ther  mating f i t t ings in t h e  winglet and wing t i p  (sec. 5.0, fig. 64). The 
f i t t ings were  fair ly complex since t hey  must  ma tch  t h e  spar geometry in t h e  wing and 
also in t h e  winglet,  splice, and t h e  ad jacent  rib, and they must  be capable  of fail- s a f e  
operation. The resulting a t t achmen t  required l a rge  diameter  bolts and even then  
provided a relat ively so f t  joint. 

A multi-spar configuration was devised for  t h e  213 winglet which was capable  of 
accommodating t h e  higher bending moments  at t h e  winglwinglet junction and  provided 
a s t i f fe r  load pa th  (sec. 5.0, fig. 65). The multi-spar approach provides be t t e r  
possibilities for  t h e  winglet construction and a t tachment .  

At tachment  of a winglet t o  t h e  wing i s  more complex than  t h e  a t t a c h m e n t  of a t ip  
extension. I t  also has a more  adverse  e f f ec t  on t h e  systems located a t  t h e  existing 
wing tip. 

Revision t o  t h e  inboard wing for  t h e  winglet (fig. 164) is  similar t o  t h e  t ip  extension. 
Therefore  t h e  observations for  re t rof i t t ing  a wing t o  accep t  a tip extension a r e  also 
applicable for  a winglet installation. 

Modifications to  t h e  flight control sys tems a r e  similar for t h e  t i p  extension and 
winglet installations. When WLA is  incorporated, t h e  wing upper and  lower sur face  
panels a r e  increased in thickness for  t h e  outboard approximately 50% span and 
decreased in thickness for  t h e  inboard 50% span. The f ron t  and mid-spar webs a r e  
increased in thickness to  r e a c t  t h e  increased torsion from t h e  ailerons being ac t iva ted  
at higher air  speeds. 

Wing reinforcement 

Elevators downrigged 
and revised trim limit 

High frequency antenna and antenna 
couplers relocated from wing tip 

Elevators downr~gged 
and revised trim limit 

Figure 164, Airplane A4odifications for 213 W TW Installation (14 f t )  



7.2 BEEIllEHTS O F  W N G  LOAD ALLEVIATION FUNCTIONS 

St ruc tura l  benefi ts  of WLA for  t h e  WTE and  WLA configurations a r e  discussed in this  
section. Benefits for  t h e  basic wing a r e  discussed in Sect ion 6.2. 

As previously noted (sec. 6.5.1), application of WLA in combination with tip extensions 
or  winglets was considered for  t h e  purpose of reducing t h e  s tructural  weight penalty 
and/or t h e  ex t en t  of t h e  wing box modifications associated with t h e  WTE/WTW 
installation. Major emphasis was on t h e  MLC function. However, t h e  GLA potent ial  
was determined by means of t h e  s a m e  procedure used fo r  t h e  basic wing (with MLC), 
and a preliminary evaluation of t h e  potent ial  benefi ts  of FMC for  t h e  wing with 
winglets also was conducted. 

7.2.1 Manuever Load Control/Gust Load Alleviation Fo r  Wing Tip  Extensions and 
Wing T i p  Winglets 

Weight Benefit-Isolation of t h e  s t ruc tura l  weight reduction a t t r ibu tab le  t o  MLC 
requires sizing t h e  s t ruc ture  for  t h e  s a m e  wing t ip  configuration with and without 
MLC, using t h e  s ame  ground rules and methodology for  both sizings. This was done for  
t h e  basic wing (sec. 6.2.2), and t h e  resul t ,  in t e r m s  of t h e  percentage of wing box 
weight reduction, was assumed t o  be a l so  applicable t o  t h e  WTE and WTW configur- 
at ions for  purposes of assessing t h e  fuel savings a t t r ibu tab le  t o  WLA. 

Resizing studies for wing t i p  modification combined with MLC were directed toward 
obtaining a weight e s t ima te  f o r  production installation of t h e  combined concepts  
ra ther  than  toward isolating t h e  weight benefi t  of MLC. Relat ive t o  t h e  production 
baseline airplane (no WTE/WTW/WLA), t h e  change in airplane OEW for  a wing t ip  
modification combined with t h e  MLC system (neglecting e f f ec t s  on gust  loads) was 
found t o  be a s  follows: 

Wing Tip Modification with MLC Change in Airplane Mass (Weight) 

1.83-m (6-ft) WTE 
2.74-m (9-ft) WTE with LE Flaps 
213 WTW 

+421 kg (930 lb) 
+1450 kg (3200 Ib) 
Final sizing not completed 

The  weight for  t h e  1.83-m (6-f t )  WTE was based on comple te  loads and s t ress  analyses, 
while t h e  wing box weight for t h e  2.74-m (9-ft) WTE was based on extrapolation of t h e  
1.83-m (6-ft) WTE sizing data. The  potential weight benefit  for  a GLA system was 
found to  be about  t h e  s a m e  for  a wing t i p  extension a s  for t h e  basic wing. 

These weight increments  a r e  no t  direct ly comparable with t h e  WTE/WTW studies of 
Sections 4.0 and 5.0 because all of t h e  wings with MLC were  sized t o  zero  s t ruc tura l  
margin of sa fe ty ,  and t h e  fa t igue  analyses were  conducted in more detai l  with MLC. 
Shear interact ion due t o  t h e  high torsion loads induced in t h e  wing a s  a result of t h e  
ac t ive  outboard aileron was an  important  consideration in t h e  study. In this  
evaluation, t h e  fa t igue  quality of t h e  s t ruc tu re  was obtained by increased s t ruc tura l  
material ,  but i t  is possible in a r ea s  a f f ec t ed  by t h e  shear  loadings t o  improve t h e  DFR 
(detail  fa t igue  rating) by change in de ta i l  design ra ther  than increased sizing. This 
would lead to  a lighter configuration but would be  more expensive from a design and 
manufacturing standpoint.  

Structural  sizing of t h e  213 winglet configuration with MLC was complicated by t h e  
necessi ty for  a s t i f fness  designed wing t o  sat isfy f l u t t e r  clearance requirements  (sec. 



7.1,4). The basic 213 WTW configuration sized to  absorb existing margins required 
about  862 kg (1900 Ib) of f l u t t e r  s t i f fness  material .  When MLC was added t o  t h e  
winglet configuration, t h e  f i rs t  cyc l e  of s t rength  and fa t igue  sizing (prior t o  f l u t t e r  
sizing) showed t h a t  t h e  213 WTWIMLC configuration would weigh about  t h e  s ame  as 
t h e  zero margin basic  wing (no MLC) configuration; hence, less than t h e  747-2008 
study baseline production model. Unfortunately, t h e  stiffness reductions associated 
wi th  s t rength  resizing of t h e  winglet configuration with MLC caused la rge  reductions 
in f l u t t e r  speeds. Past  experience had suggested t h a t  additional wing torsional 
mater ia l  spread from zero  a t  t h e  inboard nacel le  t o  a maximum a t  t h e  outboard 
nacel le  would probably be optimum for  t he  symmetr ic  f l u t t e r  mode. An a t t e m p t  was 
made  to  s tabi l ize t h e  symmetr ic  f l u t t e r  mode by adding mater ia l  in  this  manner while 
leaving t h e  inner wing sizing at t h e  values d ic ta ted  by MLC design. Material was also 
added in t h e  wing t i p  region outboard of t h e  outboard nacel le  to  s tabi l ize t h e  wing t i p  
f l u t t e r  mode. This approach t o  stabilizing t h e  symmetr ic  mode  was found t o  be 
nonoptimum because t h e  outer  wing became  heavier  a s  s t i f fness  was added, which 
fur ther  degraded t h e  symmetr ic  f l u t t e r  mode. The  WTWIMLC configuration with f i r s t  
cyc l e  f l u t t e r  sizing included was much heavier than  t h e  WTW configuration without 
MLC. This indicates  t ha t  t h e  f l u t t e r  weight penalty for  t h e  WTWIMLC configuration 
could b e  reduced by adding f l u t t e r  s t i f fness  material  to  t h e  inboard sect ion of t h e  wing 
where  s t i f fness  was reduced by strength sizing; however, this  tends  t o  nega t e  t h e  
potent ial  weight benefi ts  of MLC. These resul ts  suggest a significant benefi t  could be  
obtained f rom f lu t t e r  mode control fo r  t h e  WTWIMLC configuration. 

Ex ten t  of Structural Modifications-Apart from t h e  weight benefits,  a WLA system 
would be qui te  valuable if i t  reduced t h e  ex t en t  of s t ructural  modifications associated 
with a wing t ip  modification. Figure 165 shows t h e  nature and ex ten t  of t h e  wing box 
resizing associated with a WTE installation with and without MLC. In both cases,  any 
existing margins in t h e  baseline (747-2008) wing have been absorbed, a s  required, 
before adding material .  The  associated s tructural  modifications a r e  il lustrated in 
Figures 166 and 167. 

The  e f f e c t  of MLC is to  require  t h e  addition of more material  outboard, while allowing 
removal of mater ia l  inboard. If t h e  mater ia l  were  not  removed (i.e., not resized t o  
ze ro  margin with MLC), t h e  WTE configuration would be  considerably heavier with 
MLC than without.  Whether or not  t h e  inboard mater ia l  we re  removed, t h e  s t ruc tura l  
modifications required t o  t h e  baseline wing would b e  more extensive with MLC than 
without. Hence,  MLC does not  f ac i l i t a t e  re t rof i t  of a wing t ip  modification or reduce  
s t ruc tura l  modification cos ts  for production implementation. 

7,2.2 Flu t t e r  Mode Control  

A limited survey of f l u t t e r  mode control  benefi ts  and feasibility of such a system was 
conducted for  t h e  winglet configuration. Survey results indicate  significant weight 
savings could be  accomplished, especially in t h e  case of wing t i p  winglets combined 
wi th  MLC where substantial f l u t t e r  weight penalty i s  incurred to c lear  1.2 V D  margins. 
Current  resul ts  for  t h e  213 WTW without MLC indicate  a potential mass (weight) 
savings of about 454 kg (1000 lb). The  potent ial  savings a r e  dependent upon t h e  na ture  
of t h e  modes t o  be suppressed and t h e  proposed stability cr i ter ia .  Figure 168 shows 
t h e  high frequency 5.6-Hz wing t i p  f l u t t e r  mode and t h e  lower frequency 2.4-Hz 
symmetr ic  wing mode  associated with t h e  213 WTW. The es t imated  weight savings i s  
based on clearing both modes s tructural ly t o  V D  speed, clearing t h e  wing t i p  f l u t t e r  
s t ructural ly t o  1.2 VD, and using FMC to  suppress t h e  symmetr ic  mode t o  1.2 VD. The 
potential benefits of FMC would be grea te r  for  t h e  WTWIMLC configuration. 
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Figure 165. Effect of  M L C on Wing Structural Stiffness Requirements 
for 1.83m (6-ft) WTE 

The cr i t ical  f lu t te r  modes of interest  a s  shown in Figure 168 a r e  wing modes involving 
bendingltorsion motion and some  f o r e  and a f t  chordwise bending motion primarily in 
t h e  outer  wing a r e a  extending outboard f rom t h e  outboard nacel le  location. Use of t h e  
outboard aileron is considered t h e  logical choice for  fu tu re  closed loop investigations 
involving FMC systems with winglets. Figure 169 shows phase change and ampli tude 
response at t h e  l e f t  hand outboard aileron input quadrant a s  a function of frequency. 
Amplitude is  no t  expected to be a problem, particularly if t h e  system opera tes  on t h e  
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Figure 169. Outboard Aileron Frequency Response 

2.4-Hz low-frequency symmetr ic  mode  only and a split  aileron concept  is  employed. 
Based on o ther  work such a s  t h e  B-52 ac t ive  f l u t t e r  suppression demonstrat ions (ref. 8 
and 9), i t  appears  t h a t  phasing between the  incrementa l  wing l i f t  and t h e  wing 
displacement  will be t h e  key parameter ,  and existing hardware capabilit ies may  
require modification t o  achieve t h e  necessary responses. In-flight tuning would be 
necessary t o  establish requirements ,  but  t h e  B-52 conclusions indicate  t ha t  if adequate  
analysis methods a r e  developed t o  predict  winglet f lu t te r  t h e  controllability of t h e  
f l u t t e r  is  also predictable. 

The  question of design concept  must  consider not  only weight saving potential,  but  also 
t h e  implications of hardware modification and f l ight  safety.  Suppressing t h e  high 
frequency 5.6-Hz wing t ip  f l u t t e r  mode would most cer tainly require more  severe 
response charac ter i s t ics  and more  extensive modifications. The symmetr ic  mode at 
2.4 Hz has been shown t o  easily c lear  V D  speed without increased st i f fness  but is  
relat ively diff icul t  to  s tabi l ize t o  1.2 VD. Hence t h e  use of FMC t o  suppress only t h e  
symmetr ic  mode f rom V D  t o  1.2 V D  appears  t o  be t h e  optimum concept.  

In summary,  t h e  FMC concept  appears  feasible, has significant weight saving poten- 
t ia l ,  and would require a significant amount  of analysis and test ac t iv i ty  t o  develop 
successfully. For  t h e  winglet application, i t  is  recommended t h a t  any  fu tu re  
investigations initially concent ra te  on t h e  2.4-Hz symmetr ic  mode and explore 
capabilit ies of t h e  existing plain outboard aileron system including balance weights 
a t t achmen t s  for  f l u t t e r  safety.  



7.3 FINAL EVALUATION 

The final evaluation was concerned wi th  selection of t h e  best  type  of configuration, 
considering performance,  economics, operational fac tors ,  and o ther  d a t a  genera ted  
during t h e  study. Per formance  analyses were  made  for  t h e  configurations noted in 
Figure 170. In t h e  economic comparisons, i t  was assumed tha t  t h e  fuel  savings d a t a  
for  all  configurations applied without MLC and t h a t  additional fuel  savings of about  
0.2% could b e  a t ta ined  by combining WLA with any  of t h e  wing t ips  (because this  was 
t h e  WLA benefi t  determined from studies of t h e  basic wing t h a t  had been conducted 
specifically t o  isolate  WLA benefits). 
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Figure 170. Block Fuel Savings 

7.3-1 Per formance  Comparisons 

Fuel  Savings-Block fuel  savings per t r i p  a r e  shown on Figure 170 in kilograms (pounds) 
of fuel  and on Figure 171 in percent  for  t h e  several  EET concepts.  This comparison is  
made  for  a cons tan t  payload based on a 60% passenger load factor .  Figure 172 shows 
t h e  sensitivity of fuel  savings t o  zero  fuel  weight (payload) at 5556 km (3000 nmi) f o r  
t h e  1.83-m (6-ft) WTE and 213 winglet. Discontinuities in t h e  performance comparison 
curves a r e  caused by different  s t ep  cruise pa t te rns  than those of t h e  basic airpl-ane. 
Mission performance was based on constant  Mach 0.84 s t e p  cruise a t  a l t i tudes  of 9500, 
10 670, and  I1 890m (31 000, 35 000, and  39 000 f t ) .  This allows t h e  airplane with t h e  
t ip  modifications t o  f ly  at higher c ru ise  al t i tudes than t h e  basic airplane (if optimum) 
t o  t a k e  full advantage  of t h e  improved aerodynamics. 
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Fuel cos t  savings per t r i p  a r e  compared on Figure 173 based on 60 c e n t s  per  gallon. 
Fuel cos t  savings per year for  a range of fue l  cos t  per gallon a r e  shown on  Figures 174 
and 175 fo r  t h e  1.83-m (6-ft) WTE and 213 winglet,  respectively. All concepts  a r e  
more  e f f ec t ive  at long range, with t h e  winglets providing t h e  most  savings. 
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Figure 174. Fuel Cost Savings Per Year-747-200B With 1.83m (6-ft) . WTE 
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Figure 175. Fuel Cost Savings Per Year-747-200B With 213 Winglet 

PayloadIRange-For 747 passenger models, t he re  i s  no payload penal ty or  benefi ts  for  
any of t h e  EET concepts  up t o  about  8334-km (4500-nmi) range due  t o  airplane volume 
limits; i.e., with a full passenger payload, t h e  cargo  compar tments  can be filled with 
average  density cargo  before weight l imits  become constraints.  Significant payload 
increases a r e  available for  t h e  WTE and winglet a t  very long ranges, however, a s  
shown on Figure 176. 

7.3.2 Economic Comparisons 

The  concepts  studied in t h e  program a r e  intended to  improve fuel efficiency on 
existing routes ,  as  cont ras ted  with concepts  intended t o  provide a new capability o r  
open up new routes. For modifications of this  type, t h e  potential return on t h e  
customer airline's investment  (ROI) is usually considered in deciding between a l t e rna t e  
configurations. The ROI calculation takes  into account  t h e  cos ts  of t h e  concepts  in 
addition t o  t h e  performance benefits.  
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Figure 776, Effect o f  EET Modifications on Maximum Payload 

Purchase  Price-The major cost  t o  t h e  air l ine associated with any of t he se  concepts  
would be t h e  purchase price of t h e  equipment. In an  ac tua l  program, t h e  price would 
be  established a f t e r  a marke t  survey had been conducted to  determine t h e  expected 
number of units t o  be  produced. Since a marke t  survey was not  conducted a s  par t  of 
t h e  study, t h e  es t imated  prices a r e  shown parametr ical ly as a function of marke t  base 
(fig. 177). Pr ices  shown for  t h e  t ip  extensions and t h e  winglet do not include t h e  WLA 
system. The  price indicated for  WLA is t h e  incremental  pr ice associated with t h e  
system if installed concurrently with one  of t h e  wingtip modifications, and  i t  is based 
on t h e  final system configuration for  th i s  study (fail operational,  e lectrohydraul ic  
power control  unit, exis t ing aileron). T h e  WLA system price increment  includes 
s trengthening of t h e  aileron and backup s t ruc tu re  but excludes wing box modification 
costs ,  which a r e  included a s  part  of t h e  wing t i p  modification costs. The  price curves 
for  all of t h e  concepts  include a return t o  t h e  a i r f r ame  manufacturer  and amort izat ion 
of t h e  nonrecurring costs  for  production engineering, cer t i f icat ion,  and tooling. 
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Figure 177. Study Prices for 747 EET Modifications 

An impor tan t  ground rule  used in est imating production cos ts  for  this  study was t h a t  
research,  development, and engineering f l ight  t e s t  program cos ts  were  excluded. 
These cos ts  were  excluded because t h e  winglet is a relat ively new concept  which 
would require much more  development than wing tip extensions. The  prices would be  
higher, particularly for  t h e  winglet,  if t he se  cos ts  were included. The in ten t  was t o  
ge t  a comparison of ac tua l  production program costs ,  assuming an  equal  technical  
development s t a tu s  for  all of t h e  concepts.  

Preliminary design descriptions (work s t a t emen t s )  developed during t h e  study were  
used t o  define t h e  configurations fo r  cos t  estimation. In addition, detai led drawings 
from a prior Boeing study were  available for  t h e  1.83-m (6-ft) WTE. T h e  number of 
new par t s  required was careful ly determined fo r  this WTE and was used as a basis f o r  
es t imat ing  manufacturing costs.  Est imates for  t h e  2.74-m (9-ft) WTE and t h e  winglet 
were  obtained by considering t h e  additional par t s  and complexity relat ive t o  t h e  
1.83-m (6-ft) WTE. In t h e  c a s e  of t h e  WLA system and leading-edge flaps, cos t s  fo r  
major components (e.g., aileron ac tua tors ,  computers ,  f lap drive) were  obtained f rom 
historical da t a  or  cur ren t  prices for similar components.  

The nonrecurring engineering, ground test, and cert i f icat ion flight test resource 
requirements  for  all of t h e  concepts  were  es t imated  with re ference  to  historical data .  
Tooling costs  fo r  t h e  WTEs were  es t imated  f rom experience and extrapolated t o  t h e  
winglet, considering t h e  increased complexity. 



The increased complexity of t h e  winglet relat ive t o  t h e  1.83-m (6-ft) WTE is illustrated 
in Figure 178. This figure shows t h e  winglet projected in t h e  same  plane a s  t h e  wing 
t ip extension. Spars and ribs a r e  indicated, but  most  of t h e  stringers have been 
omit ted for  clarity. For purposes of comparing complexity, consider t h e  winglet 
installation t o  consist of t h ree  parts. Firs t ,  t h e  existing wing t i p  must be modified. 
This is somewhat more complex for  t h e  winglet. Second, t he re  is a transition section 
for  t he  winglet containing nine aluminum forgings and t h e  highly contoured wing- 
winglet juncture. This section does not  exist for a t ip  extension. Third, t he re  i s  t h e  
winglet panel with construction similar t o  t h e  WTE. This panel, about  twice  t h e  length 
of t he  1.83-m (6-ft) WTE but with a smaller chord, has more pa r t s  than the  WTE. 
Tooling i s  obviously more  expensive for  t h e  winglet; and recurring manufacturing cos ts  
a r e  es t imated  to  be about  t h ree  t imes g rea t e r  due to t h e  larger  s ize and more complex 
construction and contours. 

Wing 

1 LE rib 
0 1 inspar rib (new) 
o 1 inspar rib (revised) 

Wing 
e spars 
@ 1 inspar rib 
@ 13 intercostals 
* I LE rib 

rib, and fairing ' Complex fairings 
(TE, inspar, and LE) 

Figure 178. Structural Complexity Cumparison of WTEMTW 



Return on Investment-The economic analysis of t h e  747 EET used incremental  ROI 
analysis. This means t h a t  each  configuration i s  analyzed as  though t h e  changes t o  t h e  
baseline 747 were  options offered to  a customer,  and t h e  customer was evaluat ing 
each  option without regard for  t h e  desirability of t h e  basic airplane. This analyt ical  
approach illuminates t h e  economic desirability of each modification. The ROI analysis 
is  a costs-benefits analysis based on present value of ne t  cash  flows, referred t o  a s  n e t  
present  value (NPV), a s  indicated in t h e  following equation: 

useful l i fe  

NPV = -Investment + 2 
n = l  (cash in - cash out)  (1 + r)" 

ROI is t h e  discount r a t e  t ha t  makes t h e  sum of t h e  projected annual cos t  savings equal 
t o  t h e  initial investment  (i.e., when NPV = 0, r = ROI = discount rate).  It  is  t h e  best  
compara tor  of a l te rna t ive  investment  opportunities in a general business context .  ROI 
recognizes t h e  value of money over  t ime,  and i t  c an  be directly related t o  any airline's 
cos t  of capi tal  to  show how much a modification is  above or below t h e  hurdle ra te .  

In this  study's context ,  t h e  hurdle r a t e  i s  t h e  ROI required before an  airline would 
consider undertaking an  inves tment  opporturnity. It should be  noted tha t  there  is  a n  
inherent  uncertainty in any generalized figure of mer i t  applied t o  a specif ic  airline due 
t o  considerable variation in individual airline operations, rules, and evaluation cr i ter ia .  
A specif ic  ROI analysis using a n  airline's individual rules and hurdle cr i ter ion could 
produce considerably different  results. In general ,  however, a hurdle r a t e  of 15% a f t e r  
t axes  is considered an acceptable  cr i ter ion and is used by several  major airlines. 

Cash flows were  calculated using constant  (1978) dollars, considering t h e  purchase 
price of t h e  airplane modification as  t h e  initial investment. The cos ts  for  airport  g a t e  
and maintenance faci l i ty  modifications were  not  included. The fuel  cos t  savings were  
t h e  only cash  inflows considered. Incremental  cos ts  for insurance were  included a s  a 
cash  outflow for all concepts.  It  was assumed tha t  operational maintenance cos ts  
would be unchanged by t h e  wing t i p  modification. Though negligible, t h e  n e t  change in 
flight control  system maintenance cos ts  ($0.29 per  flight hour increase) due t o  t h e  
WLA system was included in ROI calculations for  t h a t  concept.  O the r  pert inent  
ground rules were: 

e 15 years  useful l i f e  
e 48% t a x  r a t e  
e~ Depreciation based on sum of years digits, 10 years  t o  10% residual value 
e 10% investment  t a x  c red i t  t aken  over  3 years  
@ 3704-km (2000-nmi) range 
e 850 tr ips  per year utilization 

The ROI comparisons were  made  for  a 3704-km (2000-nmi) range because t h a t  is 
approximately t h e  average  range for  cur ren t  747 f l ee t  operations. 

The  results shown in Figure 179 indicate  t ha t  a wing t i p  extension without leading- 
edge  f laps and without wing load alleviation is t h e  only study configuration t h a t  could 
be  expected to  provide an ROI in excess of t h e  hurdle ra te .  Though parametr ic  
increases in fuel  prices a r e  shown, i t  should be recognized t h a t  increased fuel  pr ice 
a l t e r s  t h e  ROI comparisons only t o  t h e  ex ten t  t h a t  fuel prices e sca l a t e  relat ive to  t h e  
overall  inflation rate .  
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Figure 179. After Tax Return on Modification Investment 



The  t rades  between initial purchase pr ice  and fuel  cost  savings for  t h e  1.83-m (6-ft) 
WTE and t h e  winglet a r e  i l lustrated in Figures 180 and 181. The  purchase price 
appears  as a n  initial cash outlay. The slope of t h e  lines re f lec t  t h e  annual fuel cos t  
savings only; i.e., t axes ,  depreciat ion,  etc. ,are not  included in these  illustrations. The  
points where t h e  curves pass through ze ro  give an  indication of t h e  relat ive t i m e  
required t o  recover  t h e  initial investment  for  t h e  various concepts.  Comparison of t h e  
figures indicates t h a t  t h e  winglet becomes more  competi t ive at longer ranges and 
esca la ted  fuel  prices. The e f f ec t  of varying t h e  purchase price c a n  be visualized by 
parallel displacement of t h e  curve(s) of interest .  

@ WTE/WTW price for 100-unit market base 
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Figure 180. WTE/WTW Price/Payback Comparison for Current Fuel Price 

Based on t h e  assumption t h a t  all parameters  a f fec t ing  ROI, except  fuel price, remain 
constant ,  t h e  ROI offered by t h e  winglet improves a s  t h e  price of fuel i s  increased. 
The  winglet would yield an  acceptable  return at around $1 .00/~a l  fuel cost ,  assuming 
t h e  price of t h e  installed winglet did not  also escalate .  That  i s  undoubtedly a n  
unreal is t ic  assumption a s  increased energy cos ts  invariably a f f ec t  o ther  parameters  in 
t h e  ROI equation, particularly production costs. The conclusion drawn f rom these  
economic comparisons was t ha t  i t  is unlikely t h a t  winglet price can  be reduced enough 
or t h a t  fue l  cos ts  will e sca l a t e  enough t o  warran t  near- term development of t h e  
winglet for  commercial  747 implementation. 
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Figure 181. WTEMTW Price/Payback Comparison for Escalated Fuel Price 

The fuel savings a t t r ibu tab le  t o  WLA were insufficient for t h e  747 EET to  provide a 
positive ROI for  t h e  system; therefore ,  ROI curves a r e  not shown fo r  wing t ip  
modifications combined with WLA. The ROI could be  more  favorable for  o the r  747 
applications or  for  o ther  airplane models. 

7.3.3 Operational Considerations 

Reliability and Maintenance Cost-WLA for  t h e  747 EET derivat ive i s  mechanized as a 
simple system with high reliability and with only a small increment  t o  t h e  t o t a l  
a irplane maintenance cost.  As discussed in Section 6.4.3, t h e  mean t i m e  between 
system fai lure i s  predicted t o  be  be t t e r  than 7 5  000 hours and t h e  reliability 
approaches t ha t  of a dual yaw damper system. Maintenance of t h e  WLA system is  
faci l i ta ted by t h e  built-in t e s t ,  which identifies a failed component t o  t h e  l ine 
replaceable unit (LRU) level. 

The  maintenance cos t  with WLA is an  additional $0.29 per  flight hour. On a 
component by component basis this  i s  similar t o  t h e  cos t  for  a dual yaw damper 



system. Dispatch with only one  WLA channel operational is  an object ive for  all except  
very  long range routes. Thus no delay or cancel lat ion cos ts  were  included in t h e  
maintenance cost est imates.  

E f f e c t  of System Failures-This subsection summarizes t h e  s t ruc tura l  analysis for  
fai lures  of t h e  WLA system. The fai lures  analyzed included both passive and hardover 
fai lures  of t h e  aileron control sur face  with t h e  wing resized to  zero  margin of s a f e ty  
with MLC. 

InfHight Failures-With t h e  sur face  failed in t h e  neutral  position (passive failure) 
t h e  s t ruc ture  was analyzed fo r  t h e  design l imit  load envelope using a s a f e ty  
f ac to r  of 1.0. In addition t h e  s t ruc ture  was es t imated  to be failsaf e for  a passive 
fai lure of t h e  WLA system using l imit  loads fo r  a normal operat ing condition and  
a fa i l sa fe  f ac to r  of 1.0. Finally, l imi t  loads were  computed fo r  a hardover fai lure 
of t h e  aileron for  a normal operat ing condition. The  bending moment  resul ts  
f rom this  condition fo r  a s a f e ty  f ac to r  of 1.0 were shown t o  be less  than t h e  
design envelope. 

Placards Fo r  System Off Dispatch-Figure 182 shows design bending moment 
envelope resul ts  for  t h e  WLA system inact ive and a takeoff  gross mass (weight) 
reduction of 22 680 kg (50 000 lb). The wing design bending moments  for this  
configuration exceeds t h e  design envelope fo r  t h e  basic configuration with ac t ive  
WLA but t h e  torsions a r e  reduced. A penal ty of 91 kg (200 lb)  was predicted t o  
provide required wing s t rength  for  this  configuration. 
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Figure 182. Wing Bending Moment Envelope Ratio for Reduced Takeoff Gross 
Weight With WLA System Inoperative 

G a t e  and Hangar Access-A brief survey of t h e  impact  of WTE or WTW on 
airport  ground operat ions and main tenance  faci l i t ies  was conducted by United 
Airlines (UAL) a s  a subcontract  s tudy i tem.  Some of t h e  concerns expressed by 



UAL a r e  outlined in Figure 183. In general ,  i t  was concluded t h a t  t he se  concerns 
would not be  a f a c t o r  in choosing between t i p  extensions and winglets for  t h e  
747, provided t h e  winglet did not ex tend  below t h e  wing tip. Winglets below t h e  
wing t ip  could in te r fe re  with parking and flight line maintenancelrefuel ing 
operations. Cos ts  fo r  modifying maintenance faci l i t ies  (docks, etc.) were  
es t imated  and found t o  b e  relat ively minor. A more detai led examination 
involving cost lbenefi t  t rades  for  t h e  selected configuration was recommended by 
UAL prior t o  committ ing t h e  selected concept  to  production. 

213 WTW-2.13m (7-ft) 
semispan increase 

1.83m (6-ft) WTE 

O UAL study identified potential problem areas: 

Terminal area 

Taxi lanes Reduced clearances and loss 
o Aprons of gates at some airports 
o Parking gate clearances 

(b Maintenance facilities-some-hangar and dock modifications 
required (relatively minor) 

@ Not a factor in choosing between 1.83m (6-ft) WTE versus 213 WTW 

Figure 183, Increased Semispan Operational Concerns 

7.3.4 Retrofit Feasibility 

Feasibility of r e t ro f i t  using doublers t o  s t rengthen t h e  wing box, was  considered for  
t h e  WTE and WTW configurations with and without MLC. I t  was concluded t h a t  
r e t ro f i t  would not  be pract ical  for any of t h e  configurations. 

Re t ro f i t  of a winglet (29) with a 15 deg  c a n t  angle  probably would be technically 
feasible  if f l u t t e r  s t i f fness  requirements  could be l imited to  t h e  relatively small 
portion of t h e  outboard wing where  s trength mater ia l  was required. Even if this  could 
be  achieved (not likely) cos ts  for r e t ro f i t  would be  considerably higher than for  a 
production l ine installation. Tip extensions require s t rength  "beef-up" fur ther  inboard 
than winglets (f lut ter  neglected). The length of t h e  required s tr inger  doublers would 
prohibit their  en t ry  in to  t h e  wing inter ior  through fuel tank access  doors. Disassembly 
of t h e  wing would be  so  extensive t ha t  jig position could not  be held. 



7.4 RESULTS SUMMARY 

Wing t i p  Modif ica t ims  without  WLA-Final LID comparisons were made  for  t h e  1.83-m 
(6-f t)  WTE, 2.74-m (9-f t)  WTE, and 2 1 3  WTW using wing twis t  distributions corres- 
ponding t o  wing box s t ruc ture  resized to  accommodate  t h e  wing t i p  modifications, 
assuming t h e  exist ing s tructural  margins were  absorbed before adding new material .  
To  give an indication of t h e  relat ive fuel  efficiency, an  equivalent LID increment  
based on a n  LID versus weight t r a d e  f ac to r ,  also was es t imated  t o  account  for  t h e  
e f f e c t s  of t h e  added WTEIWTW panel and wing-box weights. The LID versus weight 
t r ade  f ac to r  of 0.2% equivalent LID decrease  per 453.5 kg (1000 lb) increase in 
airplane mass (OEW) is  valid for  missions not l imited by takeoff gross weight; i.e., 
5556 km (3000 nmi). The  final comparisons showed t h e  following LID relationships: 

LID increase without WLA, % 
Actual  Ne t  (adjusted for  AOEW) 

1.83-m (6-ft) WTE 
2.74-m (9-ft) WTE 

2 1 3  WTW 

1.7 
1 .9 (includes leading-edge 

f l a p  weight e f f ec t )  
2.5 

The  relat ive eff iciency of t h e  concepts  can  be  inferred from t h e  n e t  LID comparisons. 
The  actual  percentage fuel savings vary with t r ip  distance, a s  discussed in Section 
7.3.1. 

Wing Load Alleviation-Application of WLA t o  t h e  basic wing of t h e  747 (sec. 6.0) was  
found t o  offer  t h e  potential for  an  airplane OEW reduction of approximately 2.5% of 
t h e  wing-box weight. When t h e  adverse  e f f ec t s  of t h e  LID reduction associated with 
t h e  twis t  modification resulting f rom wing structural  resizing were  combined with t h e  
favorable e f f ec t s  of t h e  airplane OEW reduction, t h e  net  fuel savings a t t r ibu tab le  t o  
WLA was qui te  small; approximately 0.2%. Because payload is volume-limited r a the r  
t han  gross-weight l imited for  typical 747 passenger routes, t h e  airplane OEW benefi t  
of WLA could not  be converted t o  additional revenue in t h e  form of increased payload. 

Final s t ructural  sizing was not  completed for  t h e  WTWIMLC configurations for reasons 
noted above. A judgement was m a d e  t h a t  t h e  WLA benefits determined for  t h e  basic 
wing would apply t o  e i ther  wing t i p  modification combined with WLA. Therefore,  t h e  
n e t  LID improvements  l is ted above for  t h e  WTEIWTW without WLA could b e  increased 
about  0.2% if combined with WLA. 

EconomicComparisons-Although t h e  winglet provides t h e  best improvement in LID 
and  fuel  efficiency, manufacturing cos ts  were  es t imated  t o  be about  t h r e e  t imes  those  
of t h e  1.83-m (6-ft) WTE. Manufacturing cos ts  for t h e  2.74-m (9-ft) WTE also were 
higher than  for  t h e  shor te r  WTE, largely because of t h e  cost  increment  associated with 
t h e  leading-edge flaps. Economic s tudies  t h a t  considered t h e  costs  t o  t h e  airplanes a s  
well a s  t h e  fuel  savings, showed t h e  1.83-m (6-f t)  WTE t o  be t h e  most  economically 
a t t r ac t i ve .  



8.0 CONCEUS16ONS AND RECOMMENDATIONS 

This study has been valuable in providing complete aerodynamic and structural 
comparison data for the  concepts, based on consistent sets of ground rules relative t o  
the  same baseline model. The analyses and wind tunnel testing conducted in this 
program will be useful for reference in subsequent studies, has promoted a better  
understanding of the  concepts (particularly as applied t o  a flexible wing), and has 
identified some problem areas concerning winglet applications. 

A number of conclusions and recommendations of in te res t  t o  specific technical  
disciplines were  made  during t h e  s tudy and a r e  contained in t h e  main body of t h e  
report.  Only those of m o r e  general  in te res t  a r e  presented in t h e  following sections. 

8-1 CONCLUSIONS 

WTE and WTW without WLA 

e Fuel efficiency of current 747-200 production models (heavier than the  original 
747-100) can be improved by t h e  addition of wing t ip  extensions or winglets. 
Block fuel reductions on the  order of 1.5 t o  3% can be achieved, depending on the  
length of the  added wing t ip extension/wing t ip  winglet (WTE/WTW) panel and 
the  route' length considered. As expected, t h e  percentage fuel savings are  
greater for t h e  longer routes. 

e Selection of t h e  best  wing t i p  modification for  t h e  747 i s  a compromise between 
performance,  cost ,  stability and control,  f l u t t e r ,  and operational (gate  clearance,  
etc.) considerations. Winglets have advantages in t h e  a r ea s  of performance and 
ga t e  clearance,  while t ip  extensions a r e  less expensive and a r e  also preferable in 
t h e  o ther  a r ea s  noted. The cos t  vs benefi t  t rades  a r e  such t h a t  a t ip  extension 
would provide a be t te r  return on investment  t o  customers with a typical route  
s tructure.  Winglets might be advantageous for extremely long range routes  with 
escalated fuel  prices. 

e When viewed in t e rms  of return on customer investment ,  a 1.83 t o  2.74-m (6 t o  
9-f t )  wing-tip extension appears  optimum. The  requirement for  leading-edge 
f l ap  protection and o ther  s t ruc tura l  design, manufacturing, and operational 
concerns would be considered in making t h e  final selection. 

e The  full-chord, sub-optimally-loaded winglet aerodynamic design approach was 
successful. The  winglet design resulting from this  study achieved nearly all of 
t h e  theoret ical  potential for  a winglet of t h a t  span (0.135 b/2) and c a n t  (30 deg  
out from vertical). Therefore,  fur ther  significant drag  improvements  cannot  be  
expected f rom aerodynamic design ref inements  alone; but instead could be 
achieved only through increased winglet s ize  (f lut ter  penalty), c a n t  angle 
variations (possibly), and reductions in aeroe las t ic  and/or s t ruc tura l  weight 
penalties. The  performance penalty associated with increased aeroe las t ic  
washout of t h e  basic wing might be  reduced through an  i te ra t ive  
design/test/analysis process wherein t h e  winglet design and cruise twis t  of t h e  
wind tunnel model were  modified to  re f lec t  t h e  new cruise shape of t h e  wing 
with winglets. This procedure was not used in this  study. 



e Relat ive t o  simple wing span extensions, winglet design is a considerably more  
difficult  task. Winglet configuration development is  more  sensitive t o  aerody- 
namic/structural  interactions. Winglet analysis techniques a r e  stil l  in t h e  
developmental s t age  and have not  been adequately correlated against full-scale 
flight results. Structural  design and tooling a r e  complicated by t h e  curvilinear 
intersect ing surfaces. Consequently, a production winglet installation would 
require a more extensive development and manufacturing program wi th  a t tend-  
a n t  higher production costs. The question of whether  t h e  performance potential 
of t h e  winglet could b e  real ized at an  a t t r ac t i ve  cost would require a full-scale 
development program t o  be determined with confidence. 

Wing Load Alleviation 

The  existing 747 outboard aileron can  b e  used to  reduce wing design bending 
moments  in maneuvers  and turbulence. Although torsion loads a r e  increased, a 
plain aileron is  preferable t o  a tabbed configuration. The t a b  provides no more 
ne t  airplane operational empty weight reduction than does t h e  plain aileron, and  
has several  disadvantages such as increased complexity and reduced roll control 
power. 

a A maneuver load control (MLC) system would allow an airplane operational 
empty  weight reduction equivalent t o  2% of t h e  wing box weight. If a gust  load 
alleviation (GLA) system were  able  t o  make t h e  maneuver load control designed 
wing entirely non-gust-critical, a further  1% reduction in wing box weight would 
be  possible. However, due t o  torsion loads induced by t h e  ailerons, adverse 
e f f ec t s  of phase lag induced by t h e  filters,  and e f f ec t s  of ac tua tor  ratelposi t ion 
limits, only about  half of t h e  gust load alleviation (GLA) potential can be  
realized by an  ac tua l  system. The final maneuver load control system, which 
utilizes wing accelerat ion as t h e  only feedback parameter ,  provides e las t ic  mode 
suppression of t h e  f i rs t  wing bending mode and is e f fec t ive  in reducing power 
spectral  density gust loads. However, it may be  preferable t o  retain some  of t h e  
gust mater ia l  in t h e  wing t o  minimize possible loading restr ict ions for  dispatch 
with t h e  system inoperative. 

e Fatigue mater ia l  distribution had to  be modified when t h e  wing box was resized 
with maneuver load control,  bu t  t h e  t o t a l  weight of t h e  fa t igue  mater ia l  was 
essentially unchanged. If f u r the r  resized to  t a k e  c red i t  for gust load alleviation, 
a small reduction in fa t igue  mater ia l  weight could be achieved. 

a Fuel savings associated with t h e  weight reduction potential of MLCIGLA a r e  
small for  t h e  747. Aerodynamic eff iciency (LID) is  slightly reduced by t h e  
increased aeroe las t ic  washout resulting from resizing with wing load alleviation 
(WLA). The airplane operat ional  empty weight benefits a r e  l imited by t h e  
system weight and t h e  added s t ruc tura l  weight  necessary t o  use t h e  outboard 
aileron as a high-speed control  surface. A t  typical operat ing ranges, a mass  
(weight) reduction of 2268 kg (5000 lb) would b e  necessary t o  achieve a 1% fuel  
savings. 

a The wing load alleviation system offers  l i t t l e  potential for  increased revenue 
through increased payload, because passenger models of t h e  747 a r e  typically 
volume-limited rather  than  weight-limited at all except  very long ranges. 



e Although t h e  wing load alleviation system would b e  reliable and relatively inex- 
pensive (if installed concurrently with another  modification requiring wing box 
resizing and recert i f icat ion) ,  return on investment  t o  t h e  airline probably would 
be una t t rac t ive  due t o  t h e  small revenuelfuel cos t  benefits. The  operat ional  
empty  weight reduction and return on investment  should be be t t e r  for  an  
airplane already equipped with high speed outboard ailerons because t h e  aileron 
and wing box would contain most of t h e  material  required by t h e  higher torsion 
and  local aileron loads. Further  improvements  in t h e  return on investment  
a t t r ibu tab le  t o  wing load alleviation could be expected if provisions were  
incorporated in a new airplane design, s ince aeroelast ic  twis t  penalties (LID) and 
most of t h e  f l ight  control  system component cos ts  (e.g., ac tua tors ,  computers)  
could be avoided. 

(g The  new electrohydraulic outboard aileron and outboard elevator  power control 
units recommended a s  pa r t  of t h e  maneuver load control  system installation 
would improve t h e  existing ac tua t ion  system in t e r m s  of reduced weight and 
complexity, and  improved functional availability. 

e A f lu t t e r  mode control system would offer  no weight benefits for t h e  747 basic 
wing or  t h e  wing with wing t ip  extensions s ince no additional mater ia l  is  required 
for  f l u t t e r  c learance  with or without MLCIGLA. However, f l u t t e r  mode control  
would be beneficial for  t h e  wing with winglet, particularly in combination with 
maneuver load control.  The winglet introduces a symmetr ic  f l u t t e r  mode t h a t  
could be damped by a f l u t t e r  mode  control system employing t h e  outboard 
aileron. 

8.2 RECOMMENDATIONS 

A t  t h e  conclusion of this  Phase  I study e f fo r t ,  recommendations were  t o  be made  
rega,rding final configuration selection and continuation of t h e  program in to  Phase I1 
for  fur ther  development and flight test .  These a r e  described below. 

8.2.1 F i n d  Configuration 

Wing T ip  Modification--Wing t i p  extensions ra ther  than winglets should be  considered 
for  near  t e rm implementat ion on 747 derivatives. 

Wing Load Alleviation System--Results of this study do  not  support a general 
recommendation t o  incorporate  a wing load alleviation system into 747 derivat ive 
passenger models, soley for  t h e  purpose of reducing operational empty  weight,  due  to  
t h e  low return on investment .  However, t h e  system may offer  benefits for  specif ic  
747 applications and t h e  economic t rades  would be more  favorable for a i r c r a f t  
designed with provisions fo r  high-speed outboard aileron actuat ion.  Potent ial  benefits 
should be reviewed a f t e r  flight t e s t  d a t a  from t h e  Boeing Wing Load Alleviation 
Demonstrator  program a r e  available. 

Design recommendations regarding t h e  wing load alleviation system configuration and 
system/structural  design approach a r e  presented in Section 6.5. 



Flight tes t ing  of MLC/GLA concepts  has been accomplished as par t  of a sepa ra t e  
Boeing-funded IR&D program, and  flight test ing of a WTEIWLA combination on t h e  L- 
1011 is  included in t h e  NASA EET program. No fur ther  NASA-funded research appears  
necessary for  application of WTEIWLA concepts  t o  t h e  B-747 and near- term 
commercial  application of winglets appears  unlikely. As a result,  no fur ther  
NASAIBoeing 747 EET Phase I1 work is recommended in these  technical  areas.  
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APPENDIX A-METHODOLOGY 

1.0 AERODYNAMICS 

A372 and8320 Computer  Programs-Computer programs A372 and A230 were  used for  
t h e  analysis and design of winglwinglet configurations in t h r ee  dimensional flow. The 
747 EET winglets were  designed using t h e  A372 program. Program A230 was used t o  
ca lcu la te  t h e  potential flow pressure distributions with and without winglets (Mach 
number = 0.70). Nacelle and body e f f ec t s  a r e  relatively small at t h e  wing t ip  region 
and were  not included in ei ther  program paneling model. 

A372 i s  a n  incompressible, potent ial  flow program in which each  lifting sur face  (wing 
and winglet) is represented by a multihorseshoe vortex lat t ice.  This l a t t i c e  is placed 
along t h e  camber  line, and airfoil  thickness is  not simulated. Figure A-1 shows a 
typical winglwinglet paneling configuration for  A372. The dashed outline indicates t h e  
winglwinglet planforms. Strengths of individual vortex e lements  a r e  determined by 
satisfying tangent  flow boundary conditions at specific points on t h e  camber  surface.  
The boundary points a r e  shown a s  + signs on t h e  figure. Since t h e  fuselage was not 
modeled, t h e  wing sur face  extended t o  t h e  plane of symmetry.  Lift ,  induced drag,  and 
moments  for t h e  configuration were obtained in t h e  program by a vector  summation of 
t h e  net  fo rce  (and fo rce  t imes  moment a rm)  act ing on each  vortex panel. 

Figure A - I ,  Typical Represen tation of Wing Tip and Winglet in A372 by a Multihorseshoe 
Vortex Lattice 

A-3 



Program A372 can be used for both analysis and design. In the design mode, a part of 
the configuration can be held in a fixed position while other parts are allowed t o  move 
about a reference position. A372 determines the locations of the moveable portions 
that give optimum (i.e., minimum) induced drag for the total configuration. For the  
analysis mode all geometry is fixed. 

Two types of A372 design optimization runs were  made. The f i r s t  allowed t h e  winglet 
airfoil sect ions t o  twis t  t o  give minimum induced drag. This t ype  of optimization was  
used t o  establish t h e  winglet sect ion l i f t  required prior t o  select ion of a compatible  
initial airfoil  for  t h e  A372 winglet design cyc le  described in Section 5.0. The second 
type  allowed both twist  and camber  of winglet sections t o  vary and was used for  t h e  
A372 winglet design mentioned in Section 5.0. Both types of design yield t h e  s a m e  
minimum C D ~  because i t  is  a function of spanwise loading, but  not of chordwise load 
distribution. Only the. winglet geometry  is  varied when minimizing induced drag with 
A372 because t h e  wing i s  an existing configuration and must be  maintained. Another 
capabil i ty  is addition of optional constraints.  During t h e  747 EET winglet design 
program i t  was found necessary to  use suboptimum winglet loading. This was 
accomplished in A372 by specifying t h e  winglet side fo rce  for  which t h e  winglet 
geometry  was t o  be optimized. 

Figure A-2 shows a comparison of t h e  wing (alone) spanload for A372, A230, and 
experimental  results. The agreement  between A372 and the  experimental  spanloading 
i s  qu i te  good. The A230 spanloading is  slightly high over  t h e  outboard portion of t h e  
wing. 
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Figure A-2. Wing Spanload Theory Versus Experiment 



A230 is  a subsonic potent ial  flow program t h a t  analyzes a rb i t ra ry  configurations with 
thickness. Source panels and vortex la t t ices  a r e  distributed over t h e  configuration t o  
represent  thickness and lifting e f fec ts ,  respectively. Singularity s t rengths a r e  
calculated by solving a s e t  of linear algebraic  equations t h a t  express e x a c t  tangent  
flow boundary conditions. Force and moment calculations a r e  made only on t h e  source 
panel surfaces. They a r e  based on an  integrat ion of pressures where t h e  pressure is  
assumed cons tan t  over a source panel. Figures A-3 and A-4 show typical A230 
paneling. 

The  A230 program uses Gothert 's rule as a model t o  calculate  subsonic flow. The  
program is limited t o  use where no  significant shock waves would likely occur s ince  
these  cannot  be properly accounted for. Usage with slight supervelocities where no 
strong shocks occur would not be unreasonable. Because t h e  flow on t h e  winglet is 
strongly linked t o  viscous ef fec ts ,  t h e  A230 prediction of winglet loadings is too high 
(Figure A-5). 

Figure A-3. Typical A230 Source Paneling for Wing and Winglet 



Figure A-4, Typical A230 Source Paneling for Wing Tip and Winglet 
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2.0 FLUTTER 

Phase I studies for  wing t ip  winglets and wing t ip  extensions have utilized basic 747 
methodology where possible with methodology developments applied as necessary t o  
cor re la te  with wind tunnel f lu t te r  t e s t  results. 

The s tandard s t ruc tura l  model used was a f in i te  e lement  s t ick  model as shown in 
Figure A-6. The f igure shows t h e  s t ick beam modeling necessary for  t h e  closed loop 
maneuver load control  (MLC) analysis including e lements  providing t h e  co r r ec t  nacel le  
frequencies  and mode shapes, control  sur face  hinge points, and wing and body sensors. 

Figure A-6. Structural Model for Flutter Analyses 

Figure A-7 shows t h e  aerodynamic model for  t h e  closed loop MLC analysis with wing 
t ip  winglets and includes outboard ailerons and outboard elevators.  The aerodynamic 
program uses Theodorsen's strip-theory with three-dimensional induction e f f ec t s  and 
experimentally derived sca le  factors .  Figure A-8 shows t h e  equivalent planforms, and 
aerodynamic paneling for  t h e  wing t ip  extension analyses. 

Figure A-7. Flutter Aerodynamic Model for Wing Tip Winglet and Control Surfaces 



Figure A-8. Flutter Aerodynamic Models for Wing Tip Extensions 

Figure A-9 shows t h e  additional aerodynamic forces  included in t h e  improved 
methodology for  t h e  analysis of wing t ip  winglets. The magnitude of t h e  winglet 
forces  is determined from s t a t i c  normal  fo rce  and chord fo rce  experimental  da ta .  
These forces  a r e  then made oscillatory using Theodorsen's function, C(k), and added t o  
t h e  normal f lu t te r  air  forces. 

Effects accounted for: 3. Normal force due to winglet "pitch" 

1. Normal force due to fore and aft motion 

4. Normal force due to winglet spanwise motion 

2. Chordwise force due to fore and aft motion 

5. Span 

Figure A- 9. Static Effects on Oscillatory Winglet Air Forces ' 



The s t a t i c  e f f ec t s  on t h e  oscillatory winglet a i r  forces  represent  a key variable in t h e  
empir ical  tuning of t h e  f l u t t e r  solution t o  ma tch  experimental  results. Figure A-10 
shows t h e  e f f e c t  of t h e  winglet s t a t i c  normal  force  on t h e  symmetr ic  mode f lu t te r  and 
wing t i p  f lu t te r  modes. A normalized fo rce  ra t io  of 1.0 represents  t h e  level se lec ted  
for  t h e  improved methodology. At  this  point t he  symmetr ic  mode f lu t te r  speed 
becomes nearly constant  and any  increase in fo rce  level is ineffect ive for  this  mode, 
while t h e  wing t i p  f l u t t e r  mode is rapidly stabilized. 
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Figure A- 10. Typical Static Normal Force Effect on Flutter Speeds 

3.0 FLIGHT CONTROLS 

Reliability Estimates- The EET program work statement specifies that the Computer 
Aided Redundant Systems Reliability Analysis (CARSRA) computer program (ref A-1) 
be used t o  investigate the wing load alleviation (WLA) system reliability character- 
istics. The CARSRA approach i s  t o  partition the system into stages, each of which 
consists of a s e t  of ident ical  redundant modules. A module is  t h e  smallest  functional 
en t i ty  t r ea t ed  by t h e  program, and  is assumed t o  have a known constant  fai lure rate .  
The operational s t a tu s  of each  s t age  is  modeled by a f in i te  order  Markov process in 
which each  state corresponds t o  a particular redundancy state. The system fai lure 
probability then is  evaluated by computing t h e  contribution from each  stage.  

The operat ional  s t a tu s  of a module in a particular s t a g e  can  depend on modules in 
o ther  s tages  being operational.  A module which, when failed, causes t h e  loss of 
function of another  module in a different  s t age  is t e rmed  a "dependency module", and 
t h e  corresponding s t a g e  a "dependency stage". The reliability model dependency t r e e  
for t h e  final system mechanization is shown in Figure A-1 1. The lines connecting t h e  
different  s tages  indicate  t h e  dependency structure.  For t h e  WLA function t h e  
ac tua tors  a r e  dependent on t h e  survival of t h e  computer  s t age  and t h e  hydraulic 
stages. Cross s trapping and signal select ion of t h e  sensor da t a  allows t h e  sensor s tages  
t o  be independent. CARSRA t r e a t s  dependency between s tages  by "exhaustive 
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Figure A- 1 I .  Reliability Model Dependency Tree- Final W LA Mechanization 

conditioning". The essence of this  approach is t o  make t h e  nondependency s t ages  
independent via conditioning upon t h e  fai lure s t a tu s  of t h e  dependency stages. The 
signal consolidation points or voting nodes, shown a s  circles  in t h e  figure, represent  
functions needed for  system survival. Besides t h e  trivial s t a t e  of no s t a g e  failures, 
several  success configurations exist.  WLA is  considered t o  function successfully 
following t h e  loss of ei ther  outboard elevator  function but  not  both, o r  t h e  loss of t h e  
wheel position sensor d a t a  e i ther  separa te ly  or in combination with one  outboard 
elevator  failed. 

Failure r a t e s  a s  input t o  t h e  CARSRA program a r e  assumed t o  be constant; i.e., no t  
t ime  varying. Actual  time-to-failure d a t a  sat isf ies  this assumption if t h e  number of 
fai lures  of a specif ic  module t ype  is exponentially distributed in t ime,  Poisson 
distributed. This fai lure r a t e  is t h e  instantaneous fai lure r a t e  due t o  hazards, ra ther  
than  t o  "burn-in" or "wear-out" causes which a r e  t i m e  dependent. 

The fai lure r a t e  da t a  used in this  analysis have been collected f rom several  sources. 
The  primary sources of fai lure information a r e  t h e  airlines' component installation and 
removal records. The records generally specify reason for  removal and  t h e  mainten- 



ance  shop determinat ion,  f rom which t h e  fai lure mode can be  identified. Time t o  
fai lure can  be determined by noting t h e  a i rc raf t  flight t ime when t h e  component was 
installed, and t h e  t i m e  when removed. These "raw" da t a  a r e  processed and a r e  
summarized in t e rms  of unscheduled component  removals' per 1000 unit flight hours, 
and percentage  of those  removals t h a t  were  justified. Another source is  a previous 
reliability analysis (ref A-2). Still o the r  sources a r e  miscellaneous airline serv ice  
reports  and Customer Service records. Finally, for  lack of any d a t a  at all, t h e  
reasonable guess or  e s t ima te  based on similarity is used. 
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APPENDIX B-SUPPORTIEIG DATA 

1.0 AERODYNAMICS 

1.1 PRESSURE DATA 

Figure B-1 shows t h e  pressure distribution on winglet 29 at th ree  spanwise s tat ions at 
CL = 0.45, M = 0.84. The lowest s ta t ion  has a peak local Mach number (normal t o  
quarter-chord span line) approaching a value of 1.3. A shock wave was in evidence on  
t h e  inboard surface during a lampblack flow visualization run (fig. B-2) which 
corresponds t o  t h e  pressure distribution of Figure B-1. The midspan pressure s tat ions 
on t h e  l e f t  and right hand winglets were  used for  on-line verification of t h e  winglet 
incidence angle t o  avoid any  flow asymmetry problems. 

Symbol-side qwinglet 

0 LH 0.74 
0 LH Q RH 0.44 

V RH 0.14 

l nboard surface 

Mach = 0.84 

Outboard surface 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 .O 

(X/C)winglet 

Figure B- 1. Winglet Z9 Pressures 



e Lampblack oil flow at  mach = 0.84, CL = 0.45 BID BTWT 1599 e PWTW = -1.5 deg e Wing upper surface 

Figure B-2, Winglet Z9 Flow Visualization 

Figures B-3, B-4, B-5, and B-6 compare experimental  pressure distributions for a 
previous study winglet (24)  t o  theoret ica l  pressure distributions for  24, 211, and 212 
winglets a t  a root and a t ip  span station. The important differences between winglet 
2 4  and winglets 211 and 212 a r e  t h e  much lower leading-edge velocities and increased 
a f t  loading found on Zll and 212. Figures B-7 and B-8 compare  experimental  pressure 
distributions for  winglet 2 9  with theoret ica l  pressure distributions for 2 9  and winglet 
213 at a roo t  and a t ip  span stat ion,  respectively. The 213 winglet has lower leading- 
edge velocities and more  a f t  loading than 29. This i s  similar t o  t h e  comparison 
between winglet 2 4  and winglets 211 and 212, but t h e  shape of t h e  pressure distribution 
for winglet 213 is distinctly di f ferent  from t h a t  of winglets 211 and 212, 

Figure B-9 shows t h e  e f f e c t  of winglets 29,  210, and wing t i p  modification on t h e  
outboard wing upper su r face  pressure distribution at near  cruise conditions. The  2 9  
winglet produced a substantial shock at approximately 50% chord. A wing t i p  airfoil 
modification was designed in a n  a t t e m p t  t o  rel ieve t h e  shock. A t  t h e  s a m e  t ime, some 
of t h e  camber  of t h e  root  section of t h e  winglet was removed by filling in t h e  inboard 
contours (210). The combination succeeded in moving t h e  peak velocity well forward,  
but any drag gains were  l imited due t o  a leading-edge shock ( a t  approximately 10% 
chord) and a midchord velocity level t h a t  was still  excessively high. When winglet 210 
was tes ted without t h e  wing t i p  modification, only a slight improvement over t h e  29 
pressure distribution was noted, 
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Figure B-3. Winglets 24 and Z7 1 Pressures Near Root Section 
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Figure B-5. Winglets 24 and 212 Pressures Near Root Section 
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Figure B-6. Winglets 24 and 212 Pressures Near Tip Section 
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Figure B-7, Winglets 29 and 2 73 Pressures Near Root Section 
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Figure B-8. Winglets Z9 and 2 13 Pressures Near Tip Section 
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Figure B-9. Effect of Winglets and Wing Tip Modification on Upper Surface Wing Pressure 



Figures 0-10, B-11, and 8-12 show, for  M = 0.7, t h e  experimental and theoret ical  
e f fec ts  on wing t ip  pressure distribution of winglets 211, 212, and 213, respectively. 
The additional experimental distribution at M = 0.84 shows no evidence of s trong 
shocks or excessive winglet interference. 

- A Cant r .  = n n c  = 15 deg YL - "_-.., 

Experimental results 

Figure B- 10. Outboard Wing Pressures With Z7 7 Winglets Installed 



Experimental results 

Theoretical prediction (inviscid) 

G, I 

- I I I I I I I I I 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 .O 

(XIC)wing 

Figure B- 1 I. Outboard Wing Pressures With 212 Winglets Installed 
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Figure B- 12. Outboard wing ~ressures With 213 Winglets Installed 



1 2  LAMPBLACK FLOW V6UAkEWTION P H O T ~ I W A P ~  

Figure B-2 shows t h e  wing t ip and winglet 2 9  flow for  incidence angle = -1.5 deg. The 
winglet 2 9  shock wave indicated by t h e  pressure distribution shown in Figure B-1 i s  
visible in t h e  flow photograph. Figure B-13 shows t h e  flow on t h e  wing t ip and winglet 
210 with t h e  wing t i p  modification and Figure B-14 shows t h e  flow without t h e  wing t i p  
modification. The flow quality f o r  winglet 210 (with o r  without t h e  wing t ip  
modification) i s  generally improved relat ive to  winglet 29,  but t h e  winglet shock wave 
is still  present. 

Figure B-15 shows t h e  flow on winglet 211. Inboard surface  flow on winglet 211 shows 
some trailing-edge separation in t h e  l a s t  several  percent chord over most of t h e  span. 
Winglet 212 has more  extensive separation on t h e  inboard surface  (fig. B-16). I t  is 
apparent  t h a t  these  two  winglets incorporated too  much a f t  camber. Figure B-17 
shows t h e  flow on winglet 213 with no appreciable trailing-edge separation. 

@a Lampblack oil flow at Mach = 0.84, CL = 0.45 e BTWT 1602 se PWTw = -1.5 deg de Wing upper surface 

Figure 8- 13. W inglet Z I0 With Wing Mod Flow Visualization 



e Lampblack oil flow at Mach = 0.84, CL = 0.45 e BTWT 1602 e . h T W  = -1.5 deg cs, Inboard surface 

Figure B- 14. Winglet Zl0 Flow Visualization 

e Lampblack oil flow at Mach = 0.84 e BTWT 1642 @ hTW = -1.0 deg e Inboard side 

Figure B- 15. Wnglet PI I Flow Wsualization 



e Lampblack oil flow at Mach = 0.84 e BTWT 1642 e kTW = '1.0 deg @ lnboard side 

Figure B- 16. Winglet 212 Flow Visualization 

@ Lampblack oil flow at Mach = 0.84 @ BTWT 1642 @ hTW = 0 deg @ Inboard side 

Figure B- 17. Wingle t Z 13 Flow Visualization 



2.0 FLUTTER 

Selected f lu t te r  analysis results a r e  presented in  this  appendix t o  provide additional 
visibility of t h e  charac ter i s t ics  of t h e  wing t ip  winglet f l u t t e r  modes. Supplemental 
d a t a  is  in  t h e  form of velocity-damping (V-g) plots and velocity-frequency (V-f) plots 
showing t h e  t rends with air  speed fo r  c r i t i ca l  modes in t h e  solution. The  g = 0 crossing 
represents  t h e  point at which t h e  to ta l  damping in t h e  mode i s  equal t o  i t s  inherent  
s t ruc tura l  damping. For  re ference  purposes assumed s t ruc tura l  d a m p i n g ,  based upon 
experience,  associated with f l u t t e r  boundaries in t h e  main t e x t  a r e  as follows: 

e Antisymmetric  ONSB mode g = 0.030 
e Antisymmetric  BASIC mode g = 0.025 
e Symmetr ic  mode g = 0.015 
e Wing t i p  f l u t t e r  mode  g = 0.010 

Figures B-18 and B-19 show t h e  V-g comparisons for  t h e  2 9  preliminary methodology 
resul ts  without and with t h e  s t a t i c  e f f ec t s  on t h e  winglets a s  defined in Figure A-9 of 
Appendix A. The  cr i t ica l  mode for  t h e  symmetr ic  f l u t t e r  (Mode 5) does not  go 
unstable unless t h e  s t a t i c  e f f ec t s  a r e  included. Figures B-20 through B-25 show 
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Figure B- 18. Velocity-Damping Results Without Static Effects on Winglets 
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Figure B- 19. Velocity-Damping Results With Static Effects on  Winglets 



corresponding pairs of V-g and  V-f plots for  solutions using t h e  improved methodology 
with t he  s t a t i c  e f f ec t s  on t h e  winglets. Figures B-20 and B-21 show t h e  29  WTW 
results. A comparison of methodologies can  be seen for  t h e  2 9  winglet by looking at 
Figures B-19 and B-20. Note  t ha t  two wing t i p  f l u t t e r  modes (Mode 10 and Mode 12) 
appear  with t h e  improved methodology and t h e  "bucket" t ype  f l u t t e r  (Mode 12) is t h e  
lower speed mode. In both cases  t h e  12th flexible mode decreases rapidly in frequency 
with air speed and eventually goes unstable as a wing t i p  f lu t te r .  Figures B-22 and B- 
25 show final 213 resul ts  for  t h e  symmetr ic  and an t i symmetr ic  solutions. The  wing t i p  
f l u t t e r  corresponding t o  experimental  results observed in t h e  CVAL wind tunnel test is  
t h e  5.6 Hz wing t ip  f l u t t e r  (12th flexible mode) in t h e  symmetr ic  solution. Antisym- 
me t r i c  f l u t t e r  modes were  not  observed experimental ly at t h e  nominal outboard 
nacel le  s t r u t  s ide bending frequency. 
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Figure B-20, Velocity-Damping Results With Improved Methodology 
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Figure B-2 1. Velocity- Frequency Results With Improved Methodology 
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Figure B-22. Velocity-Damping Results for 213 Winglet Symmetric Analysis 



Ref: Fig B-23 for 
associated V-g plot 
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Figure B-23. Velocity- Frequency Results for Z 13 Winglet Symmetric Analysis 
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Figure B-24. Velocity-Damping Results for 213 Winglet Antisymmetric Analysis 



Ref: Fig 8-25 for 
associated V-g plot 
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Figure B-25, Velocity-Frequency Results for 213 Winglet Antisymmet~ic Analysis 



Figures B-26 and B-27 show t h e  symmetr ic  still a i r  modes t h a t  develop into t h e  
symmetr ic  and t i p  f l u t t e r  modes. The s t ruc tura l  model presented i s  designed for  t h e  
MLC closed loop analysis and shows t h e  fuselage, nacelles,  wing e las t ic  axis,  and 
control sur face  hinge l ine deflections. The  la rge  amount  of wing t ip  twis t  in t h e  wing 
t i p  f l u t t e r  mode may b e  noted by t h e  opposite deflections at t h e  aileron hinge l ine and 
t h e  wing e las t ic  axis. 

1 5th flexible mode-2.49 Hz I 

Undeformed elastic axis 

Figure B-26, Critical Still-Air Mode Shape for 213 Symmetric Flutter Mode 

112th flexible mode-6.80 Hz I 
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Figure B-27. Critical Still-Air Mode Shape for 213 Wing Tip Flutter Mode 



Figure B-28 wing i l lustrates  t h e  type  of wing torsional (GJ) s t i f fness  increases t h a t  
we re  required to  c lear  1.2 VD f lu t te r  margins with t h e  213 winglet configuration. On a 
pure s tructural  approach, one  can  n o t e  t ha t  t he re  i s  excess margin for  wing t i p  f l u t t e r  
when t h e  requirements  for  t h e  symmetr ic  mode a r e  met .  These d a t a  were  used a s  
f i r s t  c u t  guidelines and generally required rei terat ion with t h e  increased bending 
st i f fness  and mass increments  associated with GJ requirements. 
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Figure B-28. Flutter Torsional Stiffness Requirements for Wing 
With 213 Winglet 



3.0 LOADS 

This section contains sample force  coeff icient  da t a  derived from wind tunnel pressure 
tests .  Figure B-29 shows t h e  e f f ec t  of t h e  213 WTW and 1.83-m (6-ft) WTE on t h e  
wing spanwise l i f t  distribution at Mach 0.85 as derived at maximum airplane CL using 
wind tunnel pressure data.  Similar d a t a  were  derived at o ther  Mach numbers as a 
function of wing angle of a t t a c k  and added t o  t h e  base wing l i f t  (and moment) 
distributions fo r  use in t h e  aeroelast ic  loads analyses of t h e  WTW and WTE config- 
urations. 

Figures B-30 and B-31 show t h e  force  coeff icients  for  t h e  2 9  winglet at Mach = 0.875 
as derived f rom wind tunnel pressure data.  Similar d a t a  were  derived at o the r  Mach 
numbers. These results were used to establish linearized force  coeff icients  for  use in 
t he  aeroelast ic  loads analysis of t h e  2 9  WTW configuration. 213 winglet fo rce  
coeff icients  and associated design loads were derived based on t h e  2 9  winglet results. 

Figure B-32 shows t h e  variation of aileron effect iveness associated with t h e  213 WTW 
and 1.83-m (6-ft) WTE as determined by wind tunnel test. Except for  t h e  "carry over" 
airload on t h e  1.83-m (6-ft) WTE configuration, which was included in t h e  aeroelast ic  
loads analysis, t h e  aileron effect iveness for  these  configurations was similar to t he  
effectiveness for  t h e  base wing. Some simplification t o  the  aeroelast ic  loads analysis 
was achieved by taking advantage of this  similarity where appropriate. 
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e Design CL 

Relative to base wing 

Wind tunnel test points 

@ Z13 WTW (BTWT 1642) 
1.83m (6 f t )  WTE (BTWT 1441) 0.3 

Incremental lift 
distribution, 

ACQ 0.2 

1.83m (6 f t )  WTE 

0.1 

0 

-0.1 L Q, fraction of wing semispan 

Figure B-29. Effect of  WTW and WTE on Wing Li f t  Distribution 
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Figure B-30. Z9 WTW Force Coefficients Based on .Integrated Pressures (Cn, C,, CT) 
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BTWT 1642 test 
@ Plain aileron 

Mach = 0.85 
eaW=O 

Wind tunnel test points 

0 213 WTW 
@A 1.83rn (6 f t )  WTE 
a Base wing 

q, fraction of wing sernispan 
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Figure B-.32, Effect o f  WTW and WTE on Aileron Effectiveness 
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APPENDIX C 

WIND TUNNEL TESTING 

Two t y p e s  of wind tunnel  t e s t ing  were  conduc ted  during this  program: 

e High-speed f o r c e  and pressure  model  t e s t ing  of winglets  and maneuver  load 
c o n t r o l  (M LC) a i l e rons  

e F l u t t e r  model  t e s t ing  of winglets (lowspeed model sca led  t o  represen t  high-speed 
condi t ions)  

The  program emphas ized  development  and analysis of a sa t i s fac to ry  high-speed 
configurat ion;  the re fore ,  flaps-down configurat ion t es t ing  was  not accomplished. 

F o r c e  and pressure  d a t a  were  obtained during t w o  747 EET test e n t r i e s  in  t h e  Boeing 
Transonic Wind Tunnel (BTWT). The f i r s t  winglet design (29)  and t w o  MLC ai leron 
configurat ions  (plain and full-span tab)  w e r e  t e s t e d  in t h e  f i r s t  e n t r y  (BTWT 1599). 
Shortly a f t e r  th i s  EET t e s t ,  t h e  opportuni ty  p resen ted  itself t o  exper iment  wi th  
modif icat ions  (ZIO) to  t h e  2 9  configurat ion a s  a n  add-on t o  ano ther  Boeing t e s t  (BTWT 
1602). In t h e  second EET e n t r y  (BTWT 1642), t h r e e  winglets  (Zll, 212, 213) w e r e  t e s t e d ,  
and t h e  untabbed ai leron was t e s t e d  in combinat ion with t h e  best  winglet  (213) and t h e  
1.83-m (6-ft)  WTE. The run sequence  in both e n t r i e s  encompassed ae rodynamics ,  
s t ab i l i ty  and con t ro l  (S&C), and loads tes t ing.  

F lu t t e r  t e s t s  w e r e  accomplished during t w o  low-speed tunne l  en t r i es .  The f i r s t  e n t r y  
was  in t h e  University of Washington Wind Tunnel (UWAL 1215), while t h e  second e n t r y  
was in t h e  Convair Aeronaut ical  Laboratory (CVAL 731). 

Only t h e  UWAL e n t r y  had been planned, bu t  baseline cor re la t ion  runs (routinely 
accomplished during al l  f l u t t e r  t e s t s )  showed a model  p a r t  was d e f e c t i v e  t h a t  could 
in f luence  t h e  qual i ty  of t h e  results.  An abbrev ia ted  set of d a t a  were obtained t o  
provide a n  indication of winglet  e f f e c t s .  The winglet t e s t ing  disclosed t h e  e x i s t e n c e  
of a s y m m e t r i c  mode t h a t  significantly reduced f l u t t e r  speeds.  Following addi t ional  
analysis and repair  of t h e  model  pa r t ,  a m o r e  ex tens ive  t e s t  was conduc ted  at t h e  
CVAL where  t h e  e x i s t e n c e  of t h e  s y m m e t r i c  mode was confi rmed and a wing t ip  
f l u t t e r  m o d e  was encounte red .  

1.0 FORCE AND PRESSURE TESTING 

F o r c e  and  pressure  t es t ing  w e r e  accomplished t o  support  winglet  ae rodynamic  design 
deve lopment  and per formance ,  S&C, and loads analyses  of t h e  various s tudy configur- 
ations.  Wing pressure  d a t a  w e r e  obtained in bo th  BTWT entr ies .  Due t o  t i m e  and 
budget  cons t ra in t s ,  winglet  s u r f a c e  pressure  d a t a  were  obtained only fo r  t h e  2 9  
configurat ion.  Both plain and tabbed  ai lerons w e r e  t e s t e d  in t h e  f i r s t  wind tunne l  
e n t r y ,  while only plain a i lerons were  t e s t e d  in t h e  second. To conserve t e s t  t i m e  in 
t h e  second en t ry ,  loads and S&C tes t ing  w e r e  conduc ted  only f o r  t h e  b e s t  (213) WTW 
configuration. 



I. 1 MODEL AND FACIETTIES DESCRIPTION 

Testing was  performed in t h e  Boeing Transonic Wind Tunnel, a closed-circuit single- 
re turn  type  with a 2.44-by-3.66m (8-by-12 f t )  slotted-wall t e s t  section. The model was  
mounted on a st ing s t ru t  using a n  internal  fo rce  balance. Mach numbers ranged f rom 
0.40 to  0.97. 

The test ing (BTWT 1599 and 1642) was performed on t h e  existing 0.03-scale full-span 
pressure model (TE 1007) of t h e  747-200. Figure C-1 shows a n  overall  view of t h e  
model with winglets installed. The l e f t  wing was instrumented t o  read upper-surface 
pressures and t h e  right wing instrumented t o  read lower-surface pressures. Ten 
chordwise rows of pressure ports  were  located spanwise, a s  shown in Figure C-2. 

Figure 22 (sec. 5.1.1 of t h e  basic document)  shows t h e  2 9  and 210 winglet planforms 
with typical airfoil  sections. The 210 winglet was a modification t o  t h e  2 9  winglet. 
An outboard wing modification also was tes ted  with t h e  210 winglet. The 2 9  (and 210) 
winglets were  equipped with th ree  rows of pressure ports. Figures 25, 26, and 27 (sec. 
5.1.1) show winglets 211, 212, and 213 planforms and airfoils. No pressures w e r e  
available on these  th ree  winglets. Figures 28 (sec. 5.1.1) and C-3 show detai ls  of t h e  
winglwinglet junctions t h a t  were  modeled. 

The 1.83-m (6-ft) wing t ip was a constant  chord extension of t h e  present  t ip a s  shown 
in Figure 4 (sec. 4.1.1 of t h e  basic document). This model was developed fo r  a previous 
Boeing-sponsored t e s t  (BTWT 1441) and was used during t h e  BTWT 1642 test t o  
determine aileron effect iveness  for  t h e  combined WLA and WTE configuration. The 
t ip  extension was equipped with one row of pressure ports  located midway along t h e  
wing t ip  extension (WTE). 

747-200 model with 213 winglets 
(0.03 scale) 
BTWT installation 

Figure C- 7. Winglet High-Speed Wind Tunnel Test Model 



I Row locations I 

15.0 60.0 92.5 

Row locations G, H, and I 

Figure C-2. Wing Pressure Port Locations for 747 Mind Tunnel Model 



Figure C-3. Winglet Blended Junction (View Looking A f t l  

1.2 WINGLET TEST SUMMARY 

Aerodynamics-Winglet  t e s t i ng  was  conducted  in t w o  phases. T h e  f i r s t  phase  cons is ted  
of t w o  tests (BTWT 1599 and 1602) conduc ted  during November and  December  of 1977. 
The  second phase occurred  in J u n e  of 1978 (BTWT 1642). A summary  of t h e  d a t a  
acqui red  during t h e s e  t h r e e  t e s t s  i s  presented  on Table  C-I. 

Ini t ial  t e s t i ng  used winglet  29 ,  b u t  this  winglet  fa i led  t o  ach ieve  i t s  pe r fo rmance  goal  
d u e  t o  excess ive  leading-edge ve loc i t ies  t h a t  caused  s igni f icant  wave  d r a g  plus 
undesirable wing t i p  i n t e r f e r e n c e  losses. Winglet 210, a modificat ion t o  2 9  t o  r educe  
t h e  roo t  c a m b e r ,  resu l ted  in s o m e  improvement ,  but  s t i l l  fe l l  sho r t  of t h e  goal.  
Winglet 210 also was  t e s t e d  with a n  outboard  wing modificat ion designed t o  improve  
t h e  pressure  distr ibut ion.  L i t t l e  o r  no  bene f i t  was  obtained.  

Three  new winglets  were  designed f o r  t h e  second phase of test ing.  The  design 
philosophy incorpora ted  use of a f t - loaded airfoi ls ,  blended junctions be tween  wing and 
winglet ,  and g r e a t e r  c a n t  angle  as follows: 

211-Partial chord  planform wi th  leading-edge s t r a k e l e t  and 15-deg c a n t  angle  

212-Partial chord  planform wi th  leading-edge s t r a k e l e t  and  30-deg c a n t  angle  

@ 213-Trapezoidal p lanform and 30-deg c a n t  ang le  

Winglet 213 was  t h e  best  of t h e s e  t h r e e  winglets  and achieved nearly al l  of i t s  
t h e o r e t i c a l  potent ia l ;  winglets  211 and 212 fel l  sho r t  of t he i r  goals. Trailing-edge 
sepa ra t ion  on t h e  low pressure ( inboard)  s u r f a c e s  indica ted  t h a t  t h e  l a t t e r  t w o  winglets  
incorpora ted  t o o  much a f t  camber .  



Table C- I .  Test Condition Summary for Aerodynamics Testing 

Second BTWT entry (BTWT-2) 

Notes: 

Boundary layer trip strip on wing 
located at 10% chord, all runs 

0 F indicates force data 

0 P indicates pressure data 

c VIZ indicates flow visualization 

eW series 

0 deg to  7 deg by 0.2-deg increments 
7 deg to maximum by 0.5-deg increments 

[p a for tail off CL = 0.35 
CL = 0.45 

a for tail off CL  = 0.45 

0 deg to 7 deg by-0.2-deg increments 

-6 deg to 9 deg by 0.5-deg increments 
0 deg to 7 deg by 0.2-deg increments 

C 7 deg to maximum by 0.5-deg increments 



Test ing per formed  during this s tudy  was l imi ted  by budget  cons t ra in t s  and tunnel  
availabili ty.  The po ten t ia l  of t h e  212 p a r t i a l  chord  winglet was theore t i ca l ly  a b o u t  
equa l  t o  213, b u t  a n  e f f o r t  t o  re f ine  t h e  212 winglet  trail ing e d g e  t o  improve  i t s  
pe r formance  had t o  be cur ta i led.  The c o n c e p t  of using a wing glove t o  f u r t h e r  
improve  junction loading was  never  fully explored. However,  t h e  t es t ing  which w a s  
done  was  a d e q u a t e  t o  c o m p l e t e  t h e  c o s t l b e n e f i t  study. More ex tens ive  t es t ing  is 
necessa ry  prior t o  f l ight  tes t ing.  

Loads-Wing pressure  d a t a  w e r e  obtained f o r  t h e  2 9  and 213 winglet configurat ions  f o r  
a c o m p l e t e  range  of Mach and or points a s  summar ized  in Table  C-2. Winglet 
p ressures  w e r e  obtained only on t h e  2 9  configurat ion due  t o  budget  l imita t ions .  
Se lec ted  d a t a  a r e  p resen ted  in Appendix B. 

Table C-2. , Wind Tunnel Run Log Summary for Loads Testing 

-2 deg to rnax by 2-deg increments 



Stability a n d  Control-Pi tch runs and a l imi ted  number  of y a w  runs were m a d e  f o r  t h e  
2 9  and  213 configurat ions  t o  d e t e r m i n e  t h e  e f f e c t s  on longitudinal and l a t e r a l /  
d i rec t iona l  s t ab i l i ty  charac te r i s t i cs .  A s u m m a r y  of t h e  s tab i l i ty  and con t ro l  t e s t ing  is 
p resen ted  in Table  C-3. 

Table C-3, Wind Tunnel Test Summary for Stability and Control Testing 

Notes: 
e Wing trip strip a t  10% local chord 
s Z13: Cant = 30 deg (outboard t i l t )  

Incidence = 0 deg 
a Z9: Cant = 15 deg (outboard t i l t )  

Incidence = -1.5 deg (leading edge outboard) 
0 Horizontal tail on configurations set at d F R L  = 0 deg 

'W~th  and without balance weights 

WTW 

Horizontal 
tall 

1.3 MLC AILERON E S T  SUMMARY 

BTWT 1642 

Loads Testing-The var ious  configurat ions  t e s t e d  during t h e  t w o  BTWT tunnel  e n t r i e s  
a r e  summar ized  in Figure  C-4 and t h e  assoc ia ted  Mach and  angle  of a t t a c k  ranges  a r e  
t abu la ted  in Table  C-2. F o r c e  ba lance  d a t a  was recorded fo r  a l l  loads t e s t s  wi th  t h e  
hor izontal  t a i l  removed.  

BTWT 1599 

Sample d a t a  f rom t h e  t e s t s  is shown in Sect ion 6.1.1 of t h e  basic document  f o r  t h e  
basic wing and in Appendix B f o r  t h e  2 9  winglet  a n d  1.83-m (6-ft) t i p  extension. 

SQMIi.$)r and Cmtrd  TetJwg-Force balance da t a  were  obtained t o  determine t h e  
e f f ec t s  of symmetrically deflected ailerons on airplane l i f t  and pitching moment,  
Both tail-on and tail-off da t a  were obtained. The test conditions a r e  presented in 
Table C-3. 
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0 Basic wing test points 
TE down 20 - 

@ Test points repeated with 
@ 29 WTW 
2 1 3  WTW 
a 1.83m (6 ft) WTE installed 

BTWT 1599 BTWT 1599 and 
BTWT 1599 and 

BTWT 1599 

TE up 

-15 .- 

Figure C-4. Wind Tunnel Configurations for Loads Testing 

1.4 DATA REDUCTION 

F o r c e  and M o m e n t  Data-The wind tunnel  t e s t  d a t a  w e r e  reduced using s tandard  .BTW T 
d a t a  reduct ion procedures .  

D a t a  Reduc t ion  Correct ions-The following cor rec t ions  were used during test d a t a  
reduction: 

Wind-off z e r o s  
Init ial  loads  
Ba lance  o u t p u t  c o r r e c t e d  f o r  in te rac t ions  and t e m p e r a t u r e  e f f e c t s  
S t a t i c  weight  t a r e s  
Sting-balance def lec t ions  
Moment  t r a n s f e r s  t o  t h e  wing 0.25 m e a n  ae rodynamic  chord 
Wall i n t e r f e r e n c e  cor rec t ions  
S t a t i c  pressures  recorded in t h e  c a p  plenum c o r r e c t e d  t o  t e s t  sec t ion  c e n t e r l i n e  
condi t ions  (11% porosity walls) 
Upflow cor rec t ions  
Stabi l i ty  axis convers ions  
Skin f r i c t ion  d rag  c o r r e c t i o n s  



The upflow used in final data reduction was obtained experimentally during the BTWT 
1603 test  which followed the 210 test. 

Skin fr ict ion drag was cor rec ted  for  deviations in tempera ture  t o  a nominal Reynolds 
number per  foot.  

Prior t o  use in t h e  aerodynamic analysis, t h e  fo rce  da t a  were faired using the  curve  
fairing routine option available in t h e  da t a  manipulation program. 

Pressure Data-Data generated in t he  test sect ion were f i rs t  reviewed with t h e  aid of 
online pressure plots and limited fo rce  balance plots. The on-line pressure plots, in 
conjunction with periodic leak checks of t h e  pressure ports, were used t o  determine 
t h e  functional s t a tu s  of t h e  ports. A list  of nonfunctional ports was used t o  derive a 
preliminary set of pressure plots. These plots were  thoroughly reviewed t o  verify t h e  
proper consideration of nonfunctional ports. A fur ther  i terat ion genera ted  a s e t  of 
cor rec ted  pressure plots with a tabulated s e t  of integrated pressure da t a  in t h e  form 
of sect ion aerodynamic coefficients.  

The integrated pressure da ta  were linearized and incremental  coeff icients  for  t h e  
winglet, t ip  extension, and aileron configurations determined. The incremental  d a t a  
were  combined with existing base wing data.  This approach was used t o  preserve t h e  
basic wing aerodynamic da t a  t ha t  had previously been adjusted t o  co r r e l a t e  with f l ight  
t e s t  load measurements. 

2.0 FLUTTER TESTING 

The unique na ture  of t he  WTW configuration and lack of analyt ical  and t e s t  experience 
with such configurations dictated t h e  necessity of an early wind tunnel f lu t te r  tes t  
program t o  provide confidence in t h e  preliminary design evaluation. Because t h e  
scope of Phase I preliminary design s tudies  was limited due t o  t h e  resources available, 
t he  WTE configurations were  considered t o  be more conventional and amenable t o  
analysis, with a be t t e r  level of confidence relat ive to  winglet analysis. For these  
reasons, i t  was e lec ted  t o  de le te  t h e  WTE concept  from initial wind tunnel investi- 
gations and concent ra te  t h e  t e s t  e f fo r t  on t h e  winglet configuration. The approach 
was t o  gain early verification of whether  or not winglets were  a cr i t ica l  f l u t t e r  
problem for  t h e  747 EET airplane. From these experimental  results, any f lu t te r  da t a  
obtained then could be  used t o  develop t h e  analysis programs t o  a s t a t e  where they  
could economically provide t h e  answers t o  what  s t ruc tura l  penalties would be  incurred 
t o  design a f lut ter-free winglet configuration. Finally, t h e  wind tunnel model was  
designed t o  economically provide design development da ta ,  including the  e f f e c t s  of 
winglet geometry variations and f lu t te r  sensitivity t o  t h e  usual airplane flight 
configurations such as payload and wing fuel  distribution. Summary descriptions of t he  
747 EETIWTW wind tunnel f l u t t e r  t e s t  program a r e  provided in t h e  following 
subsections. Section 2.1 describes t h e  model, t es t  techniques, and faci l i ty  used. 
Section 2.2 presents  a summary of major results obtained. 

2.1 MODEL AND FACILITIES DESCRIPTION 

An existing dynamically scaled 747 f lu t te r  model was modified t o  support wind tunnel 
investigations of wing t ip  winglet e f f ec t s  on 747 f lu t te r  character is t ics .  The model 
tested was  a 0.046-scale dynamic model of t h e  747-200B airplane. Figures C-5 and C- 
6 show t h e  model installed in t h e  Convair Aeronautical Laboratory wind tunnel. The 



Figure C-5. Flutter Model Wind Tunnel Test installation (C VA L) 

Figure C-6. Flutter Test Model With Winglets-Side View 



dynamic sca le  fac tors  a r e  listed in Table C-4. The model was scaled t o  represent  t h e  
airplane at an a l t i tude  of 4877m (16 000 f t )  based upon a wind tunnel density a l t i tude  
of 152m (500 ft). The model was a t t ached  t o  a vert ical  rod in t he  cen t e r  of t he  tunnel 
working section. The  rod allowed freedom in pitch, yaw, and vert ical  translation and 
provided a low frequency restraint  t o  t he  model in roll, side translation, and fore  and 
a f t  translation. The model was "flown" in t h e  tunnel by remote  control of t h e  
horizontal stabilizer trim. The model nacelles had flow-through fan  cowls scaled t o  
give an inlet  mass flow ra t io  equivalent t o  t h e  airplane at t h e  design dive speed. 

Table C-4. Subsonic Flutter Model Scale Factors 

9 Dimension (L) LM 0.046 - 
LA 

Density(p) PM 152m (500 ft) 1.618 

PA 4877m (16000 f t )  

Speed (V) (incompressible flow) v~ 0.1956 - 
v~ 

Stiffness (K) K~ -= 
K~ 

(L~ILA)~ ( P ~ / P ~ ) ( v ~ I V ~ ) ~  0.277 x 

@ Weight (W) W~ 
-= 

A 
(LM/LA13 (pM/pA) 0.158 x lom3 

@ Mass moment of inertia ( I )  'M 
-= (L~ ILA)~  (pM/pA) 0.333 x 1 o - ~  

I A 

@ Frequency (w)  -= W~ 
(LA/LM) (VM/VA) 4.252 

W~ 

a Dynamic pressure (q) q~ 
-= ( v ~ I v ~ ) ~  (pM1pA) 0.061 9 
q~ 

9 Fraction of model weight to - 0.168 
be supported 

M = Model A = Airplane 

The winglets were  installed a s  shown in Figure C-7. Figure C-8 shows t h e  winglet 
geometry. The following par t s  were made for  test ing winglets: 

0 A set of 29 winglets 
0 A s e t  of a t t achmen t  brackets  t o  allow th ree  different  incidence angles and a 

different  can t  angle a t  one incidence angle 
A pair of weights and a t t achmen t  f i t t ings  t o  represent  t he  mass, cen ter  of 
gravity, and inert ia  of t he  winglets t o  allow evaluation of t h e  winglet mass 
e f f e c t s  alone 

Existing nacelle s t ru ts  provided a range of side bending and vert ical  bending 
frequencies. Existing fuel weights provided fuel  quantity increments  of 25%. Existing 
payload weights provided full and empty  payload configurations. 



Figure G7. Flutter Model Winglet lnstalla tion 
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Figure 6-8. Winglet Z9 Geometry 



Nine cal ibrated acce lerometers  were  installed in t h e  model, as shown in Figure C-9. 
These acce lerometers  provided modal frequency,  phasing, and relat ive amplitude. 
Convair provided wind tunnel tempera ture ,  pressure, and airspeed at each  t e s t  point. 
High-speed motion pictures  (250 f r ames  per  second) were  taken  at selected t e s t  points 
from t h e  tunnel bellmouth and side. The acce lerometer  t r aces  and motion pictures  
were  used for  modal identification, in addition t o  visual observations made during t h e  
test. 

Figure C-9. Flutter Model Accelerometer Ins tallation 

2.2 WINGLET TEST SUMMARY 

Wind tunnel f lu t te r  t e s t s  were accomplished in t h e  CVAL faci l i ty  t o  define t h e  f l u t t e r  
character is t ics  of t h e  747 airplane with wing t i p  winglets, Table C-5 contains a list  of 
t h e  t e s t  parameters .  Specific objectives were  t o  determine: 

The e f f e c t  of wing t ip  winglets, WTW c a n t  angle, and WTW incidence angle on 
f lu t te r  charac te r i s t ics  

e The cr i t ical  payload and wing fuel  condition for  f lu t te r  with winglets installed 
e The e f f e c t  of outboard nacelle s t r u t  f requencies  on wing f lu t te r  with winglets 

installed 

The  addition of winglets had a significant e f f e c t  on t h e  f lu t te r  characteris t ics ,  
including t h e  introduction of a symmetr ic  f lu t te r  mode and a wing t i p  f lu t te r  mode. 
The  following conclusions a r e  based on t h e  f lu t t e r  model test results: 

e The addition of wing tip winglets had a significant e f f e c t  on f lu t te r  charac te r -  
is t ics  by lowering f l u t t e r  speeds and introducing a symmetr ic  f lu t te r  mode. A 
wing t ip  f l u t t e r  mode also was evident for  cer ta in  configurations. 

a Winglet mass e f f ec t s  lowered f lu t te r  speeds. 
a Winglet aerodynamics significantly lowered f lu t te r  speeds. 



e Flut te r  speeds with winglets were a f fec ted  by changes in payload in t h e  s a m e  
manner as t h e  basic airplane is a f fec ted  by changes in payload. 

e The e f f e c t  of c a n t  angle was small. 
c[s Flut te r  speed decreased as t h e  winglet incidence became more positive. 
6 Flut te r  speeds with winglets were not significantly a f fec ted  by inboard nacelle 

s t ru t  side and vert ical  bending frequencies. F lu t te r  speeds and modal charac te r -  
is t ics  with winglets were significantly a f fec ted  by outboard nacelle s t ru t  side 
bending frequency. The symmetr ic  f l u t t e r  mode speed was significantly 
increased with a decrease in outboard nacelle s t ru t  vert ical  bending frequency. 

e Flut te r  speeds with winglets increased with a reduction in outboard main fuel  
and, t o  a lesser ex ten t ,  with a reduction in inboard main fuel. However, no 
usable fuel placard was defined t h a t  would not require some o ther  means of 
raising f l u t t e r  speeds. 

Table C-5. Flutter Test Configuration 

Fuel variation: Inboard mains-25% to 100% 

Figures C-10, C-11, and C-12 a r e  included to  show the  e f f e c t  of winglet mass, 
aerodynamics, and can t  angle on t h e  f lu t te r  charac te r i s t ics  of t he  baseline airplane. 
The results a r e  presented a s  f l u t t e r  speed versus outboard nacelle s t ru t  side bending 
frequency for  each  of t he  winglet parameters .  

Figure C-10 shows the  e f f ec t  of adding the  winglet to  t h e  baseline airplane, 
introducing the  wing t ip  f lu t te r  and symmetric  f lu t te r  modes. Figure C-11 shows t h e  
e f f e c t  of winglet mass and aerodynamics separately on t h e  f lu t te r  charac te r i s t ics  of 
t h e  baseline airplane. Figure C-12 shows the  e f f e c t  of changing the  15-deg can t  angle 
of t he  2 9  winglet t o  t he  30-deg c a n t  angle of t he  213 winglet. 
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Figure C- 10. Winglet Effect on Flutter Characteristics 
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Figure C- 11. Effect of Wingtet Mass and AerodynrPmics 
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