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SUMMARY 

The a p p l i c a t i o n  of active c o n t r o l s  technology t o  subsonic ,  long-range 
t r a n s p o r t  a i r c r a f t  w a s  i n v e s t i g a t e d  i n  t h r e e  Advanced Transport  Technology 
system s t u d i e s .  Relaxed s t a b i l i t y  requirements ,  maneuver and gus t  load a l l e v i a -  
t i o n ,  and active f l u t t e r  suppress ion  were t h e  concepts considered.  A d i f f e r e n t  
conf igu ra t ion  w a s  i nves t iga t ed  f o r  each of t h e  t h r e e  a i r f rame manufacturers ,  
and each had a somewhat d i f f e r e n t  approach t o  t h e  a p p l i c a t i o n  of active con- 
t r o l s  technology. Consequently, t h e  r e s u l t s  v a r i e d  i n  magnitude between t h e  
con t r ac to r s ,  b u t  s e v e r a l  t r ends  w e r e  noted. Relaxed s t a b i l i t y  requirements 
r e s u l t e d  i n  t h e  l a r g e s t  b e n e f i t s  - reduced weight., increased  r e t u r n  on inves t -  
ment, and decreased d i r e c t  ope ra t ing  c o s t s .  Maneuver load a l l e v i a t i o n ,  gus t  
load a l l e v i a t i o n ,  and f l u t t e r  suppress ion  r e s u l t e d  i n  much smaller b e n e f i t s .  
P r i o r  t o  a p p l i c a t i o n  of active c o n t r o l s  technology, a research  and development 
program d i r e c t e d  toward f u l f i l l i n g  d a t a  base  requirements ,  e s t a b l i s h i n g  e f f ec -  
t i ve  design techniques and cr i ter ia ,  improving systems m a i n t a i n a b i l i t y  and 
r e l i a b i l i t y ,  and demonstrat ing technology r ead iness  must be  completed. 

INTRODUCTION 

I n  mid-1970, NASA i n i t i a t e d  an Advanced Transport  Technology (ATT) Program 
d i r e c t e d  toward de f in ing  and developing advances i n  technology which would con- 
t r i b u t e  t o  a supe r io r  subsonic  long-haul t r a n s p o r t  a i r c r a f t .  The Langley 
Research Center played a l ead  r o l e  i n  c a r r y i n g  ou t  t h e  a i r f r ame  technology 
po r t ion  of t h i s  program. Systems s t u d i e s  w e r e  i n i t i a t e d  wi th  t h r e e  a i r f r ame  
con t r ac to r s  e a r l y  i n  t h e  program. These w e r e  Boeing, General Dynamics-Convair, 
and Lockheed-Georgia. Subsequently,  assessments from t h e  a i r l i n e  viewpoint  
w e r e  made by United and American A i r l i n e s .  

The major o b j e c t i v e s  of t h e  systems s t u d i e s  w e r e  t o  

- Inco rpora t e  p ro jec t ed  advances i n  aerodynamics, s t r u c t u r e s  and materials, 
f l i g h t  c o n t r o l s  ( i nc lud ing  a c t i v e  c o n t r o l  concepts ) ,  av ion ic s ,  propul- 
s ion ,  and a u x i l i a r y  systems i n t o  conceptual  conf igu ra t ions  

- I d e n t i f y  and quan t i fy  t h e  p o t e n t i a l  b e n e f i t s  and c o s t s  of t h e  technology 
advances 
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- Define and recommend re sea rch  a c t i v i t i e s  requi red  t o  b r i n g  t h e  advanced 
technologies  t o  a state of r ead iness  f o r  commercial a p p l i c a t i o n  by t h e  
end of t h i s  decade 

The purpose of t h i s  paper is t o  broadly summarize t h e  r e s u l t s  and recom- 
mendations of t h e  system s t u d i e s  which are p e r t i n e n t  t o  the a p p l i c a t i o n  of 
active c o n t r o l s  technology. A b r i e f  synopsis  of t h e  va r ious  approaches and the 
c o n s t r a i n t s  encountered dur ing  t h e  course  of t h e  s t u d i e s  is included i n  o rde r  
t h a t  t h e  b e n e f i t s  might be b e t t e r  understood. 
o b t a i n  t h e  l i s t e d  r e fe rences  i f  i n t e r e s t e d  i n  more d e t a i l s .  The August 1972 
i s s u e  of t h e  Ast ronaut ics  and Aeronautics ( r e f .  1) provides  an  overview of t h e  
Advanced Transport  Technology Program and t h e  a i r f rame manufacturers '  f i n a l  
r e p o r t s  are l i s t e d  as r e fe rences  2 through 7 of t h i s  paper.  

The r eade r  is  encouraged t o  

CONCEPTUAL CONFIGURATION STUDIES 

Each of t h e  a i r f r ame  companies s tud ied  several conf igu ra t ions  having 
vary ing  c r u i s e  Mach numbers, ranges,  and payloads.  F igures  1, 2 ,  and 3 show a 
r e p r e s e n t a t i v e  high-speed conf igu ra t ion  from each con t r ac to r .  
t i o n s  having des ign  c r u i s e  speeds as low as M = 0.90 w e r e  s tud ied .  The Boeing 
conf igu ra t ion  and the  General Dynamics conf igu ra t ion  are similar i n  concept,  b u t  
d i f f e r  considerably i n  a number of d e t a i l s .  Both are M = 0.98, 196-passenger, 
3000-nautical-mile design range, three-engine conf igura t ions .  The primary 
d i f f e r e n c e s  are engine and h o r i z o n t a l  t a i l  l o c a t i o n s .  Lockheed concentrated on 
a M = 0.95, 400-passenger, 5500-nautical-mile design range,  four-engine con- 
f i g u r a t i o n .  These are the conf igu ra t ions  which w i l l  be  d iscussed  f o r  t h e  
remainder of t h e  paper. 

Other configura- 

I n  a r r i v i n g  a t  t h e  above conf igura t ions  , a "basel ine" a i r c r a f t  w a s  def ined  
which incorpora ted  re laxed  s t a b i l i t y  requirements i n  o rde r  t h a t  t h e  b e s t  c r u i s e  
performance ( lowest  t r i m  drag)  might be  obta ined  without  regard  t o  maintaining 
inhe ren t  s t a b i l i t y  requirements .  
designed f o r  100-percent s t r e n g t h  and s t i f f n e s s .  The conf igu ra t ions  w e r e  then  
examined t o  determine t h e  a p p l i c a b i l t i y  of g u s t  and maneuver load con t ro l ,  r i d e  
q u a l i t y  c o n t r o l ,  and active f l u t t e r  suppression.  

These b a s e l i n e  conf igu ra t ions  had a i r f rames  

Each of t h e s e  func t ions  were examined t o  i d e n t i f y  p o t e n t i a l  b e n e f i t s ,  

t o  a conf igu ra t ion  
system f u n c t i o n a l  design,  c o s t ,  and weight.  Bene f i t s  a s soc ia t ed  wi th  relaxed 
s t a b i l i t y  requirements w e r e  i d e n t i f i e d  by "backing-of f 
having convent ional  s t a b i l i t y  c h a r a c t e r i s t i c s .  

Relaxed S t a b i l i t y  

Boeing's i n i t i a l  l o n g i t u d i n a l  design philosophy w a s  t o  select t h e  minimum 
h o r i z o n t a l  s t a b i l i z e r  volume c o e f f i c i e n t ,  
center-of-gravi ty  range as i l l u s t r a t e d  i n  f i g u r e  4.  The ba lance  l i m i t s  
s e l e c t e d  i n  t h i s  phase provided t h a t  t h e  aft-most center-of-gravi ty  l o c a t i o n  
would be l i m i t e d  t o  t h e  most-forward maneuver p o i n t  l o c a t i o n  encountered i n  t h e  

VH, which would provide t h e  requi red  



f l i g h t  envelope. (The maneuver po in t  i s  def ined as t h a t  center-of-gravity 
loca t ion  a t  which the  s t a b i l i z e r  de f l ec t ion  required f o r  a constant  load f a c t o r  
increment becomes zero during a cons tan t  speed pull-up.) 
a i r c r a f t  a t  the  landing approach condi t ion with a reasonable t a i l  l i f t  coef- 
f i c i e n t  ( C L ~  = -0.80) determined the  forward center-of-gravity portion. 

Ab i l i t y  t o  t r i m  t he  

i 

The e a r l y  design philosophy r e su l t ed  i n  conf igura t ions  which were uns tab le  
i n  l a r g e  por t ions  of t he  f l i g h t  envelope but s t a b l e  during c r u i s e ,  as shown i n  
f i g u r e  5. I n  later phases of t h e  s tudy,  i t  w a s  found t h a t  t h i s  balance 
philosophy d id  not  r e s u l t  i n  t he  b e s t  c r u i s e  performance, p a r t i c u l a r l y  f o r  a 
M = 0.98 The wing w a s  posi t ioned 
f u r t h e r  forward r e s u l t i n g  i n  a more a f t  loading envelope which i n  tu rn  allowed 
a more a f t  c r u i s e  center-of-gravity pos i t i on  t o  be  maintained. The ho r i zon ta l  
s t a b i l i z e r  volume c o e f f i c i e n t  which provided a compatible a f t  center-of-gravity 
l i m i t  w a s  found t o  be l a r g e r  than the  minimum volume c o e f f i c i e n t  s e l ec t ed  
earlier, as shown i n  f i g u r e  4. 

configurat ion with two wing-mounted engines.  

I n  s i z i n g  the  v e r t i c a l  t a i l ,  two cri teria w e r e  considered: a minimum 
d i r e c t i o n a l  s t a b i l i t y  l e v e l  (Cn For 
the  configurat ion shown i n  f iguge 1, t h e  minimum d i r e c t i o n a l  s t a b i l i t y  level 
w a s  found t o  be  t h e  l i m i t i n g  c r i t e r i o n ,  based Qn a two-segment ful l -span rudder. 
With the  v e r t i c a l  t a i l  s i zed  i n  t h i s  manner, l a t e r a l - d i r e c t i o n a l  dynamic in s t a -  
b i l i t y  exists over a l a r g e  por t ion  of t h e  f l i g h t  envelope, as shown i n  f i g u r e  6 .  
This i n s t a b i l i t y  would requi re  a f l i g h t - c r i t i c a l  augmentation system. 

= 0.002 deg-l) and engine-out cont ro l .  

General Dynamics, i n  i nves t iga t ing  relaxed s t a b i l i t y  requirements, followed 
a s i m i l a r ,  bu t  somewhat d i f f e r e n t ,  design philosophy. The configurat ions 
inves t iga ted  w e r e  similar i n  s i z e  t o  Boeing's, with t h e  ho r i zon ta l  t a i l  being 
a low r a t h e r  than a high T - t a i l  arrangement and two wing-mounted engines r a t h e r  
than a l l  t h ree  a f t .  Figure 7 i l l u s t r a t e s  t he  ho r i zon ta l  t a i l  volume s e l e c t i o n  
f o r  both conventional and relaxed long i tud ina l  s t a b i l i t y  requirements. I n  both 
cases, nose gear uns t i ck  and a b i l i t y  t o  t r i m  i n  t he  high l i f t  configurat ion are 
considered i n  e s t ab l i sh ing  t h e  forward center-of -gravi ty  loca t ion .  
conventional case,  t he  requirement t h a t  t h e  s t a t i c  margin be  g rea t e r  than o r  
equal t o  zero sets the  a f t  center-of-gravity l i m i t .  
the  a f t  center-of-gravity l i m i t  i n  t h e  case of re laxed s ta t ic  s t a b i l i t y  i s  the  
a b i l i t y  t o  t r i m  the  high-speed configurat ion t o  a wing-body l i f t  c o e f f i c i e n t  
of 1.0 with a maximum hor i zon ta l  t a i l  d e f l e c t i o n  of 15'. This  w i l l  leave about 
a 40-percent con t ro l  power reserve  t o  handle t h e  dynamic aspects of upset  
dis turbances.  
10-percent M.A.C. w a s  maintained. 
i n  ho r i zon ta l  t a i l  area may be obtained by employing relaxed long i tud ina l  sta- 
b i l i t y  concepts. 

For the  

The c r i t e r i o n  s e l e c t e d  f o r  

An opera t iona l  forward-to-aft center-of-gravity range of 
Figure 7 i m p l i e s  t h a t  a 25-percent reduct ion 

Preliminary s tud ie s  conducted by Genral Dynamics i n d i c a t e  t h a t  a f u r t h e r  
reduction i n  ho r i zon ta l  t a i l  area (about 20 percent)  may be obtained by incor- 
porat ing a geared t ra i l ing-edge con t ro l  on the  all-movable hor izonta l  t a i l .  
Balance c h a r a c t e r i s t i c s  of such a conf igura t ion  are shown i n  f i g u r e  8. 
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The major impact of t h i s  balance concept i d e n t i f i e d  by General Dynamics 
may be summarized i n  terms of t h e  changes i n  s t r u c t u r a l  weight and drag  at t h e  
trimmed c r u i s e  condi t ion .  For t h e  Mach 0.98, two-wing and one aft-mounted 
engine conf igu ra t ion  shown i n  f i g u r e  2 ,  t h e  sav ings  are 

1. Decreased drag  a t  c r u i s e  = 7 counts  (0.0007) 

2. S t r u c t u r a l  weight sav ings  due t o  decreased drag = 690 l b  (313 kg) 

In  backing of f  t o  a conf igu ra t ion  wi th  convent ional  i nhe ren t  s t a b i l i t y ,  General  
Dynamics determiend only t h e  pena l ty  due t o  t h e  t r i m  drag increment and d id  n o t  
determine t h e  weight pena l ty  a s soc ia t ed  wi th  changing t h e  s i z e  of t h e  h o r i z o n t a l  
t a i l .  Thus, t he  s t r u c t u r a l  weight savings shown are due only t o  t h e  decreased 
t r i m  drag and r e s u l t i n g  f u e l  sav ings .  

Implementation of t h i s  re laxed  s t a b i l i t y  concept r e s u l t e d  i n  a configura- 
t i o n  which is s t a b l e  i n  c r u i s e ,  b u t  uns t ab le  i n  o t h e r  po r t ions  of t h e  f l i g h t  
p r o f i l e ,  r equ i r ing  an a r t i f i c i a l  s t a b i l i t y  system. F igure  9 i l l u s t r a t e s  a 
t y p i c a l  f l i g h t  p r o f i l e  wi th  corresponding va lues  of Mach number and s t a t i c  
margin. 

Lockheed's ground r u l e s  w e r e  t h a t  t h e i r  conf igu ra t ion  would have a 
20-percent M.A.C. center-of-gravi ty  range and a p o s i t i v e  s t a t i c  margin of 
3-percent M.A.C. Thus, f o r  t h e  conf igu ra t ion  shown i n  f i g u r e  3, t h e  forward 
c.g. l i m i t  is cons t ra ined  by nose wheel l i f t  o f f ,  and t h e  a f t  c.g. l i m i t  by t h e  
a b i l i t y  of t h e  augmentation system t o  provide a minimum of 3-percent s t a t i c  
s t a b i l i t y .  

F igure  10 i l l u s t r a t e s  Lockheed's balance philosophy, assuming an  augmenta- 
t i o n  system wi th  angle-of-at tack (a) feedback. Note t h a t  as t h e  a gain  (K) 
i s  increased ,  t h e  s t a b i l i t y  l i n e  r o t a t e s  downward. The h o r i z o n t a l  t a i l  volume 
is  e s t a b l i s h e d  by t h e  va lue  of K f o r  which t h e  c o n t r o l  system experiences 
rate o r  displacement s a t u r a t i o n .  
t a i l  volume of 0.54 w a s  ob ta ined  which r e s u l t e d  i n  a 4.64-percent decrease  i n  
ramp weight and a 6.11-percent decrease  i n  r equ i r ed  t h r u s t .  

Using t h i s  approach, a reduct ion  i n  h o r i z o n t a l  

The ver t ical  t a i l  s i z i n g  philosophy w a s  e s s e n t i a l l y  t h e  same as those  of 
Boeing and General Dynamics. 

Load A l l e v i a t i o n  and F l u t t e r  Suppression 

In  t h e  a p p l i c a t i o n  of maneuver load a l l e v i a t i o n  (MLA), gus t  load allevia- 
t i o n  (GLA), and a c t i v e  f l u t t e r  suppression (FS), i t  w a s  found t h a t  t h e s e  func- 
t i o n s  w e r e  no t  independent and had t o  be considered a t  t h e  same t i m e .  Each of 
t h e  con t r ac to r s  included e f f e c t s  of a e r o e l a s t i c i t y ,  m u l t i p l e  l oad  sources ,  and 
a number of d i f f e r e n t  f l i g h t  condi t ions .  Impl ica t ions  of f a t i g u e  and r i d e  
q u a l i t i e s  w e r e  a l s o  considered i n  t h e  a p p l i c a t i o n  of MLA, GLA, ayd FS. 

For MLA, Boeing considered us ing  both inboard and outboard c o n t r o l  s u r f a c e s  
t o  s h i f t  t he  maneuver induced load inboard.  F igure  11 shows t h e  p o t e n t i a l  wing 
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box weight sav ings ,  cons ider ing  only s t r e n g t h  requirements i n  terms of c o n t r o l  
s u r f a c e  l i f t  and moment c a p a b i l i t i e s .  
shown by a n a l y s i s  t o  be f l u t t e r  f r e e  up t o  t h e  r equ i r ed  1 . 2  F igure  1 2  
i l l u s t r a t e s  t h e  impact of removing material by an  MLA system on the  f l u t t e r  
( s t i f f n e s s )  requirements.  The a d d i t i o n a l  material requi red  t o  prevent  f l u t t e r  
is  shown as a func t ion  of t h e  material removed by t h e  use  of MLA. 
noted t h a t  t h i s  a n a l y s i s  w a s  based on a conf igu ra t ion  wi th  no wing-mounted 
engines.  
f l u t t e r  requirements.  

The wing of t h e  b a s e l i n e  a i r c r a f t  w a s  
VD. 

It should be 

Configurat ions wi th  wing-mounted engines  would poss ib ly  have g r e a t e r  

A f a t i g u e  a n a l y s i s  w a s  then  conducted based on t h e  number of ground-air- 
ground cyc les  and t h e  percent  damage due t o  gus t s .  F igure  13 i l l u s t r a t e s  t h e  
a d d i t i o n a l  material r equ i r ed  t o  achieve  acceptab le  (gust-induced) f a t i g u e  damage 
rates as a func t ion  of t he  amount of material removed through t h e  a p p l i c a t i o n  
of MLA. Since t h e  f a t i g u e  increment is  l a r g e  relative t o  t h e  MLA weight reduc- 
t i o n ,  t h e  need f o r  a gus t  a l l e v i a t i o n  system t o  reduce t h e  gust-induced f a t i g u e  
damage is  ind ica t ed .  

GLA w a s  considered i n  o rde r  t o  reduce material requirements f o r  f a t i g u e  
and t o  improve r i d e  q u a l i t i e s .  A center-of -grav i ty  accelerometer  feedback 
d r i v i n g  a wing t r a i l i ng -edge  s u r f a c e  t o  reduce gust-induced v e r t i c a l  accelera- 
t i o n s  which opera ted  i n  conjunct ion wi th  t h e  p i t c h  c o n t r o l  s u r f a c e  t o  maintain 
a t t i t u d e  w a s  t h e  c o n t r o l  system concept considered.  F igure  14 i l l u s t r a t e s  t h e  
r e s u l t s  of a two-degree-of-freedom power s p e c t r a l  d e n s i t y  g u s t  a n a l y s i s .  
Airplane response i n  t e r m s  of root-mean-square center-of-gravi ty  a c c e l e r a t i o n s  
and the  a s soc ia t ed  f l a p  angles  are shown as a func t ion  of a c c e l e r a t i o n  feedback 
gain. Figure 13 shows t h e  amount of material 
requi red  f o r  f a t i g u e  as a func t ion  of the  material removed when both MLA and GLA 
are employed. 

A ga in  of 150 deg/g w a s  s e l e c t e d .  

The a p p l i c a t i o n  of an active f l u t t e r  suppression system i n  conjunct ion 
w i t h  t h e  MLA and GLA system was  a l s o  inves t iga t ed .  The c o n t r o l  system concept 
a r r i v e d  a t  w a s  an outboard t r a i l i ng -edge  s u r f a c e  responding t o  a wing-mounted 
accelerometer  s i g n a l  f e d  back through a compensation f i l t e r .  D i f f i c u l t y  w a s  
encountered i n  main ta in ing  s t a b i l i t y  of both h ighe r  and lower frequency a i r p l a n e  
modes whi le  c o n t r o l l i n g  t h e  somewhat v i o l e n t  f l u t t e r  mode a t  3.8 Hz. A roo t  
locus  p l o t  f o r  one of t h e  more promising f i l t e r  des igns  is shown i n  f i g u r e  15. 
Although success fu l  s t a b i l i z a t i o n  of t h e  f l u t t e r  mode w a s  i nd ica t ed ,  a c t i v e  
f l u t t e r  c o n t r o l  w a s  n o t  inc luded  i n  t h e  f i n a l  conf igu ra t ion  because t h e  added 
weight due t o  t h e  c o n t r o l  system w a s  approximately equal  t o  t h e  s t r u c t u r a l  
weight savings.  

General Dynamics considered a p p l i c a t i o n  of a "wing design load cont ro l"  t o  
t h e i r  conf igura t ion .  This  concept w a s  used t o  reduce wing maneuver loads ,  as 
w e l l  as gust-induced loads .  Implementation concepts which were considered 
inc lude  : 

1. Inboard f l ape ron  
2. Outboard s p o i l e r  
3.  A combination of inboard f l ape ron  and outboard s p o i l e r  
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, 
Figure  16 i l l u s t r a t e s  t h e  weight savings obta ined  through t h e  use of each of t h e  
above concepts.  Note t h a t  t h e  net savings shown are t h e  d i f f e r e n c e s  between 
s t r u c t u r a l  weight reduct ions  and c o n t r o l  system weight add i t ions .  

S ince  gust-induced loads  w e r e  found t o  b e  cr i t ical  on t h e  forward fuse l age ,  
f u r t h e r  s t r u c t u r a l  weight sav ings  were p o s s i b l e  us ing  t h e  inboard f laperon .  
Reductions i n  rms gus t  response a l l  a long  t h e  fuse l age  w e r e  a l s o  found us ing  
t h i s  concept.  
l o c a t i o n s  w i t h  and without  t h e  active c o n t r o l  system. However, since t h e  s t r u c -  
t u r a l  weight sav ings  would no t  o f f s e t  t h e  weight a s s o c i a t e d  wi th  t h e  inboard 
f l ape ron  system and s i n c e  t h e  unaugmented r i d e  q u a l i t i e s  w e r e  considered satis- 
f a c t o r y ,  t h e  inboard f l ape ron  w a s  n o t  included i n  t h e  f i n a l  r e s u l t s .  

F igure  17 i l l u s t r a t e s  t h e  g u s t  responses  a t  d i f f e r e n t  fu se l age  

General Dynamics a l s o  considered t h e  a p p l i c a t i o n  of active f l u t t e r  suppres- 
s i o n  t o  t h e  conf igu ra t ion  inco rpora t ing  t h e  wing des ign  load  c o n t r o l  system. 
Various sensor  and c o n t r o l  s u r f a c e s  w e r e  considered,  i n  several combinations. 
F igure  18 shows t h e  degree of damping obta ined  w i t h  several of t hese  c o n t r o l  
system concepts ,  as w e l l  as t h e  damping f o r  t h e  unaugmented a i rp l ane .  Two f u e l  
condi t ions  are shown. 

D i f f i c u l t i e s  w e r e  encountered i n  main ta in ing  s t a b i l i t y  of a h igher  f r e -  
quency mode whi le  s t a b i l i z i n g  t h e  c r i t i ca l  f i u t t e r  mode. Also,  t h e  r e s u l t s  
shown i n  f i g u r e  18 w e r e  based upon feeding  back i d e a l i z e d  response s i g n a l s .  
F igure  19  shows t h e  r e s u l t s  of a s tudy  on approximating such s i g n a l s  w i th  
accelerometers  and compensation networks. This  work, which w a s  no t  done on 
e x a c t l y  t h e  same conf igu ra t ion  as t h a t  of f i g u r e  18, i n d i c a t e s  t h a t  when senso r s  
and compensation networks w e r e  included,  success fu l  s t a b i l i z a t i o n  of t h e  f l u t t e r  
mode is n o t  achieved. However, due t o  a l a c k  of d e t a i l e d  aerodynamic d a t a  on 
s u p e r c r i t i c a l  wings wi th  leading-edge ( t i p )  c o n t r o l s ,  no at tempt  w a s  made t o  
opt imize t h e  proposed f l u t t e r  suppression system. It w a s  a n t i c i p a t e d  t h a t  suc- 
c e s s f u l  s t a b i l i z a t i o n  could be  achieved, b u t  t h e  b e n e f i t s  would be s m a l l e r  than 
those p red ic t ed  assuming i d e a l  feedback s i g n a l s .  
appears  t o  be t h e  combination leading-  ( t i p )  t r a i l i ng -edge  c o n t r o l  system 
i n v e s t i g a t e d  by N i s s i m  ( r e f .  8). 

The most promising concept 

Fa t igue  damage c a l c u l a t i o n s  w e r e  performed t o  determine t h e  e f f e c t s  of MLA 
and GLA on t h e  a i r c r a f t  service l i f e . .  Three conf igu ra t ions  were i n v e s t i g a t e d  

1. 
2. 100-percent s t r e n g t h  wi th  ACS 
3.  Reduced s t r e n g t h  wi th  ACS 

100-percent s t r e n g t h  without  a c t i v e  c o n t r o l  system (ACS) 

Fa t igue  damage rates w e r e  ca l cu la t ed  f o r  two wing s t a t i o n s  and two fuse l age  
s t a t i o n s .  F igure  20 summarizes t h e  r e s u l t s  f o r  t h e  t h r e e  conf igura t ions .  
Damage rates which caused gus t ,  maneuver, and ground-air-ground cyc le  are pre- 
sen ted  and a l l  va lues  are normalized t o  the  100-percent s t r e n g t h  wi thout  ACS 
conf igura t ion .  f 

Lockheed i n v e s t i g a t e d  the  a p p l i c a t i o n  of MLA, GLA, and active FS t o  the  
conf igura t ion  shown i n  f i g u r e  3 .  
peak l o a d s  t o  be  inappropr i a t e  f o r  t h e i r  conf igura t ion .  

They found t h e  use  of MLA and GLA f o r  reducing 
The maximum a l lowable  
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wing-bending d e f l e c t i o n s  w e r e  l i m i t e d  by ground c l ea rance  dur ing  rough s u r f a c e  
t a x i  and t h e  maximum d i h e d r a l  f o r  accep tab le  s t a b i l i t y  and c o n t r o l  dur ing  
c ru i se .  Thus, t he  wing of t h e  l a r g e ,  four-wing-mounted engine conf igu ra t ion  w a s  
bending-s t i f fness  c r i t i ca l  and no b e n e f i t s  were obta ined  from t h e  a p p l i c a t i o n  
of MLA and GLA. 

I n  i n v e s t i g a t i n g  p o s s i b l e  a p p l i c a t i o n  of an active f a t i g u e  load  a l l e v i a t i o n  
system, it w a s  found t h a t  f o r  t h i s  conf igu ra t ion ,  t h e  ground-air-ground cyc le  
w a s  t h e  major source  of wing f a t i g u e  damage. Thus, i t  w a s  concluded t h a t  t h e  
b e n e f i t s  of a f a t i g u e  load a l l e v i a t i o n  system i n  reducing  t h e  f a t i g u e  damage on 
t h e i r  recommended conf igu ra t ion  w a s  n e g l i g i b l e .  ? 

An active f l u t t e r  suppress ion  system which would b e  used on ly  f o r  t h a t  
po r t ion  of t h e  f l i g h t  envelope between VD and 1 .2  VD w a s  considered.  Th i s  
w a s  done i n  view of t h e  c a t a s t r o p h i c  na ture '  of most main-surface f l u t t e r  i n s t a -  
b i l i t i e s  and t h e  low p r o b a b i l i t y  of making a f i r s t - g e n e r a t i o n  f lu t t e r - suppres s ion  
system a b s o l u t e l y  r e l i a b l e .  A f l u t t e r  a n a l y s i s  w a s  conducted and i t  w a s  found 
t h a t  approximately 575 l b  (260 kg) of s t i f f n e s s  material could be  removed i n  
lowering t h e  f l u t t e r  speed from 1 .2  VD t o  VD. An active f l u t t e r  suppress ion  
system w a s  no t  synthes ized;  however, t h e  weight of such a system w a s  es t imated  
and found t o  be about 320 l b  (145 kg).  Thus, a maximum n e t  s t r u c t u r a l  weight 
sav ing  of about 255 l b  (115 kg) p e r  a i r c r a f t  was ' ind ica ted .  In r e s i z i n g  the 
a i r c r a f t ,  t h i s  becomes a 500-lb (227-kg) o r  a 0.17-percent reduct ion  i n  operat-  
i n g  weight.  Lockheed concluded t h a t  t h e s e  b e n e f i t s  would n o t  j u s t i f y  t h e  added 
c o s t ,  complexity,  and r i s k  of an a c t i v e  f l u t t e r  suppress ion  system f o r  t h e i r  
recommended design.  

SUMMARY OF RESULTS 

The b e n e f i t s  of i n t e r e s t  are weight  savings and economics f o r  t h e  s e l e c t e d  
conf igura t ions .  I n  some cases, t h e r e  is  a f a i r l y  wide spread i n  t h e  b e n f i t s  
i nd ica t ed  by t h e  va r ious  con t r ac to r s  s i n c e  they i n v e s t i g a t e d  d i f f e r e n t  config- 
u r a t i o n s  and had d i f f e r e n t  b a s i c  ground r u l e s .  The high-speed conf igu ra t ions  
d iscussed  i n  t h i s  paper were found t o  b e n e f i t  more from ACT than d i d  t h e  
lower speed conf igu ra t ions  i n v e s t i g a t e d  i n  t h e  system s t u d i e s .  The f a c t  t h a t  
t h e  b e n e f i t s  of a c t i v e  c o n t r o l s  are dependent on t h e  conf igu ra t ions  being 
s tud ied  is w e l l  recognized. Research and development recommendations of t h e  
con t r ac to r s  do agree  q u i t e  c lose ly .  The recommendations presented  h e r e i n  are 
genera l  and somewhat broad i n  scope. For the more d e t a i l e d ,  t ask- leve l  recom- 
mendations, t h e  reader  i s  r e f e r r e d  t o  r e fe rences  3 ,  5, and 7. 

Benef i t s  

F igure  21, from t h e  Boeing s tudy ,  shows t h e  changes i n  conf igu ra t ion  
r e s u l t i n g  from t h e  a p p l i c a t i o n  of active c o n t r o l s .  
technology a i r p l a n e  t o  t h e  advanced technology a i r p l a n e  wi th  active c o n t r o l s ,  
one can see t h e  d i f f e r e n c e s  i n  h o r i z o n t a l  and ver t ical  t a i l  areas. F igure  22 

Comparing t h e  convent ional  



summarizes t h e  weight 
t r o l s  as p red ic t ed  by 
t h i s  f i g u r e .  Note: 

b e n e f i t s  a t t r i b u t a b l e  t o  t h e  a p p l i c a t i o n  of active con- 
t h e  con t r ac to r s .  Some c a u t i o n  should be used i n  examining 

1. Boeing i n d i c a t e s  b e n e f i t s  a t t r i b u t a b l e  t o  MLA and GLA and FS i n  terms 
of s t r u c t u r a l  weight ,  no t  r e s i z e d  a i r c r a f t  TOGW o r  OWE. 

2. The weight sav ings  shown f o r  RSS by General Dynamics inc ludes  no 
weight sav ings  based on r e s i z i n g  t h e  vertical t a i l ,  b u t  is  based only  
on t h e  reduced t r i m  drag.  

I n  a d d i t i o n  t o  weight sav ings ,  each of t h e  con t r ac to r s  w a s  a b l e  t o  minimize 
t h e  t r i m  drag  through r e l a x i n g  s t a b i l i t y  requirements .  
t i o n a l  b e n e f i t s ,  such as reduced f u e l  requirements ,  which w i l l  be  r e f l e c t e d  i n  
Direct Operating Cost (DOC) improvements t o  be  d iscussed  below. None of t h e  
c o n t r a c t o r s  included systems s p e c i f i c a l l y  f o r  improving t h e  r i d e  q u a l i t i e s ,  as 
t h e s e  w e r e  p red ic t ed  t o  be  adequate.  However, reduct ions  i n  fuse l age  accebera- 
t i o n s  of 20 t o  40 pe rcen t  w e r e  considered f e a s i b l e .  Fa t igue  damage rates ,due 
t o  gus t  and maneuver loads  w e r e  e i t h e r  improved o r  a t  least n o t  increased  due t o  
the  a p p l i c a t i o n  of MLA and GLA, as shown i n  f i g u r e s  14 and 20. The impact on 
the  ground-air-ground cyc le  f a t i g u e  damage, .however, does appear t o  be  
de t r imen ta l .  

Th i s  r e s u l t e d  i n  opera- 

Two economic measures w e r e  u t i l i z e d :  Return on Investment (ROI) and 
Direct Operat ing Costs (DOC). 
r e s u l t i n g  from t h e  a p p l i c a t i o n  of active c o n t r o l s .  Again, n o t e  t h a t  t h e  General 
Dynamics r e s u l t s  f o r  re laxed  s t a b i l i t y  inc lude  only  t h e  e f f e c t  of reduce t r i m  
drag. Boeing used a somewhat d i f f e r e n t  approach i n  t h e i r  economics s tudy  and 
d i d  no t  show t h e  e f f e c t s  of on ly  a c t i v e  c o n t r o l s  on ROI o r  on DOC. Airplane 
p r i c e ,  which w a s  an  i n p u t  t o  t h e  ROI c a l c u l a t i o n s ,  w a s  es t imated  t o  be 4.0 t o  
6.0 percent  lower when active c o n t r o l s  were used ( r e f s .  4 and 6).  

F igure  23 summarizes t h e  percent  i n c r e a s e  i n  ROI  

F igure  24 summarizes t h e  f ind ings  wi th  r e s p e c t  t o  DOC, which inc ludes  such 
f a c t o r s  as: maintenance (a i r f rame,  engines ,  av ion ic s ,  e t c . ) ,  f u e l  usage, 
insurance,  and o t h e r  ope ra t ing  expenses.  I n  gene ra l ,  a p p l i c a t i o n  of a c t i v e  
c o n t r o l s  would reduce s t r u c t u r a l  weight which would r e s u l t  i n  lower maintenance 
c o s t s  f o r  t he  a i r f rame and engine.  However, av ion ic s  maintenance c o s t s  would 
increase .  Reduced t r i m  drag  would r e s u l t  i n  lower f u e l  c o s t s .  As  can be seen ,  
t he  o v e r a l l  e f f e c t  of apply ing  active c o n t r o l s  w a s  seen  t o  be b e n e f i c i a l  i n  
t e r m s  of DOC. 
and are contained i n  r e fe rence  9.  

More comprehensive economic s t u d i e s  have s i n c e  been completed 

Recommended Research and Development 

The recommendations of i n t e r e s t  w i l l  b e  summarized under t h r e e  broad 
headings : 

A. Research and Technology (R&T) Base 
B. I n t e g r a t e d  Design Concepts 
C. Technology Demonstration 
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A. Research and Technology Base 

1. Conduct a n a l y t i c a l  and experimental (wind-tunnel) evaluation of charac- 
teristics of leading-edge and trail ing-edge devices designed f o r  opera- 
t i o n  on s u p e r c r i t i c a l  wings. Both s t a t i c  and dynamic d a t a  are required 
f o r  speeds through t h e  t ransonic  flow regime. 

2. 
The accuracy of t h i s  method should be e s t ab l i shed  by comparisons with 

Develop improved a e r o e l a s t i c  methods f o r  f l i g h t  cont ro ls  ana lys i s .  

wind-tunnel and f l i g h t  test da t a  and t h e  s e n s i t i v i t y  of a i rp l ane  
balance and f l i g h t  con t ro l  design t o  t h e  accuracy of t h e  method should 
be established. 

3. Develop con t ro l  l a w s  which are compatible with advanced onboard com- 
puting systems and which maintain e f f ec t iveness  of t h e  system over the  
e n t i r e  operating f l i g h t  envelope. 

B. In tegra ted  Design Concepts 

1. Conduct a d e t a i l e d  study of s t r u c t u r a l  design cri teria and handling 
q u a l i t i e s  requirements f o r  vehic les  designed with ac t ive  con t ro l  con- 
c e p t s  included. 

2. Carry out a survey of opera t iona l  f l i g h t  conditions t o  point out t h e  
c r i t i c a l  load cases. This survey should cover the  e f f e c t s  of angle- 
of-attack and Mach number va r i a t ions ,  a e r o e l a s t i c i t y ,  cont ro l  sur face  
de f l ec t ion  and rate l i m i t s ,  and both clean and high l i f t  configurations.  

3. Develop design methods which a re  more s u i t a b l e  f o r  use i n  preliminary 
design allowing rap id  t r ade  s t u d i e s  between active and passive 
techniques. 

4. A d e t a i l e d  design study should be conducted, i n t eg ra t ing  the  a c t i v e  
cont ro ls  e a r l y  i n  t h e  design process ( con t ro l  configured vehic le  
concept), optimizing the  con t ro l  systems, and e s t ab l i sh ing  t h e  
r e s u l t i n g  bene f i t s .  

C. Technology Demonstration 

1. Design va l ida t ion  under a c t u a l  f l i g h t  conditions w i l l  provide the  
degree of confidence requi red  p r i o r  t o  incorporation of a c t i v e  cont ro l  
concepts i n t o  commercially c e r t i f i a b l e  t r anspor t  a i rp lanes .  This 
f l i g h t  test program could be accomplished using e x i s t i n g  a i rp lanes .  

\ 

A i r l i n e  Assessment 

Under cont rac t  t o  NASA, United Air Lines, Inc. ,  conducted an assessment 
of the system s t u d i e s  ( r e f .  10). American Ai r l ines  w a s  awarded a similar con- 
t r a c t  and, although t h e i r  r e s u l t s  are not  published as y e t ,  they appear t o  be 
reaching conclusions q u i t e  l i k e  those of United. 
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The primary area of concern t o  an a i r c r a f t  opera tor ,  is  t h a t  of systems 
r e l i a b i l i t y  and main ta inabi l i ty .  
be put i n t o  systems which would allow t h e  opera tors  t o  d e t e c t  system degrada- 
t i o n  and apply prevent ive o r  progressive co r rec t ive  ac t ions  p r i o r  t o  complete 
system f a i l u r e .  
thought by both t h e  manufacturers and the  a i r l i n e s  t o  in su re  t h a t  t h e  mainte- 
nance program which evolves w i l l  be s i m p l e ,  t imely,  and responsive t o  the  air- 
l i n e  des i r e s .  It w a s  f e l t  t h a t  the b e n e f i t s  o f f e red  by a c t i v e  con t ro l  
concepts would be se r ious ly  degraded i f  necessary t o  include mechanical backup 
systems i n  the  a i r c r a f t .  A l l ,  o r  major po r t ions ,  of an a c t i v e  con t ro l  system 
w i l l  be required t o  be opera t ive  p r i o r  t o  f l i g h t .  Consequently, the  level of 
redundancy must be such t h a t  d i spa tch  w i l l  be  poss ib l e  wi th  one system inopera- 
t i v e  and must s u s t a i n  a second f a i l u r e  i n  f l i g h t .  

They recommended t h a t  a g rea t  dea l  of e f f o r t  

The maintenance procedures should be  given a g rea t  dea l  of 

Demonstration and s e r v i c e  l i f e  eva lua t ion  i n  f l i g h t  of real is t ic  a c t i v e  
con t ro l  systems w a s  considered t o  be  almost e s s e n t i a l .  Several  on-going and 
complete a c t i v e  con t ro l  demonstration programs, such as the  A i r  Force CCV 
program with the  B-52, w e r e  noted. However, t h e  a i r l i n e s  would l i k e  t o  have 
years of opera t iona l  experience r a t h e r  than hours. It  w a s  recommended t h a t  
gust/maneuver load con t ro l  and r i d e  q u a l i t y  c o n t r o l  systems be r e t r o f i t t e d  i n t o  
seve ra l  contemporary a i r c r a f t  i n  such a manner t h a t  cu r ren t  operat ions are not  
d i s rupted .  This would allow p ro t r ac t ed  s e r v i c e  l i f e  evaluat ion.  It w a s  f e l t  
t h a t  t h i s  approach would not  only b e n e f i t  f u t u r e  a i r c r a f t ,  but  could prolong 
e x i s t i n g  a i r c r a f t  l i f e .  Such r e t r o f i t  systems would be designed such t h a t  the  
a i r c r a f t  would be a b l e  t o  d ispa tch  wi th  t h e  system f a i l e d .  Thus, redundancy 
requirements would be much less c r i t i c a l  f o r  t h e s e  i n s t a l l a t i o n s .  

There w a s  more concern expressed by the  a i r l i n e s  about the  technology 
readiness  of re laxed s t a b i l i t y  and f l u t t e r  suppression systems, pr imari ly  
because of t he  f l i g h t - c r i t i c a l  na ture  of t hese  funct ions and apparent remoteness 
of t he  so lu t ion  t o  the  system's r e l i a b i l i t y  problem. 
programs should be acce lera ted  u t i l i z i n g  both ground-based and research f l i g h t  
experiments. 
i n  cur ren t  a i r c r a f t ,  performing o the r  func t ions ,  t o  gain in-service l i f e  data .  
United s t a t e d  t h a t ,  from t h e i r  experience,  t h e r e  is  no s u b s t i t u t e  f o r  the  air- 
c r a f t  as a test bed and no labora tory  o r  tes t  c e l l  y e t  has adequately simulated 
the  a i r c r a f t  environment. 

They f e l t  t h e  b a s i c  s tudy 

Contemplated hardware f o r  re laxed s t a b i l i t y  could be i n s t a l l e d  

CONCLUSIONS 

Although somewhat d i f f e r e n t  approaches w e r e  taken i n  these  system s t u d i e s ,  
a number of i n t e r e s t i n g  p o s s i b i l i t i e s  f o r  applying a c t i v e  cont ro ls  technology 
w e r e  ind ica ted .  However, t he re  is  a need f o r  f u r t h e r  in-depth s t u d i e s  which 
would introduce t h e  a c t i v e  con t ro l  concepts earlier i n  t h e  design process and 
i n  a more in t eg ra t ed  manner. 

Relaxing the  s t a b i l i t y  requirements o f f e red  t h e  g r e a t e s t  bene f i t  and w a s  
F l u t t e r  suppression the  only concept included i n  t h e  i n i t i a l  design process. 
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offered  the  smallest b e n e f i t  according t o  the  r e s u l t s  of two of t he  cont rac tors  
and w a s  i d e n t i f i e d  as being t h e  concept most removed from the cur ren t  state of 
t he  art by a l l  of the  cont rac tors .  
a l l e v i a t i o n  w e r e  found t o  y i e l d  s i g n i f i c a n t l y  smaller b e n e f i t s  than r e l a x  
s t a b i l i t y  requirements; however, t h e  cont rac tors  pointed out  t h a t  t hese  concepts 
should be introduced a t  the  i n i t i a t i o n  of t h e  design process i n  order  t o  maxi- 
mize the  bene f i t s .  

Maneuver load  a l l e v i a t i o n  and gust load 

Each of t h e  cont rac tors  pointed out areas where t h e  bene f i t s  could have 
been g rea t e r  i f  more d a t a  and/or more t i m e  were a v a i l a b l e  f o r  design refinements 
and system optimization. Problem areas o r  areas of concern encountered by t h e  
cont rac tors  i n  t h e  course of t h e  system s t u d i e s  w e r e  r e f l e c t e d  i n  t h e  recom- 
mended research and development t a sks .  Based on t h e  r e s u l t s  of these  s t u d i e s ,  
i t  appears as though active con t ro l s  technology can provide s i g n i f i c a n t  bene f i t s  
when applied t o  subsonic, long-range t r anspor t  a i r c r a f t .  However, appl ica t ion  
w i l l  r equi re  completing a research and development program d i r ec t ed  toward 
f u l f i l l i n g  d a t a  base requirements, e s t ab l i sh ing  e f f e c t i v e  design techniques 
and criteria, improving systems main ta inabi l i ty  and r e l i a b i l i t y ,  and demon- 
s t r a t i n g  technology readiness. 
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FIGURE 20. FATIGUE DAMAGE RESULTS 
(From ref. 4 )  
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