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SUMMARY 

A s t a t u s  r e p o r t  and review of wind-tunnel model experimental  techniques 
t h a t  have been developed t o  s tudy  and v a l i d a t e  t h e  u s e  of a c t i v e  c o n t r o l  
technology f o r  t h e  minimizat ion of a e r o e l a s t i c  response are presented.  Model- 
i ng  techniques,  test procedures ,  and d a t a  a n a l y s i s  methods used i n  t h r e e  model 
s t u d i e s  are descr ibed.  The l s tud ie s  inc lude  f l u t t e r  mode suppress ion  on a 
delta-wing model, f l u t t e r  mode suppress ion  and r i d e  q u a l i t y  c o n t r o l  on a 
1/30-size model of t h e  B-52 CCV a i r p l a n e ,  and a n  a c t i v e  l i f t  d i s t r i b u t i o n  
c o n t r o l  system on a 1/22-size C-5A model. 

INTRODUCTION 

Dynamic and a e r o e l a s t i c  wind-tunnel models have played an important  r o l e  
i n  t h e  development of a i r c r a f t  and space technology. I n  many ins t ances  model 
tests are t h e  most economical means, both i n  terms of t i m e  and c o s t ,  of 
determining needed d a t a  as compared t o  o the r  methods such as a n a l y s i s  and 
f l i g h t  tests. Models can be  used t o  ob ta in  r e s u l t s  a t  condi t ions  where ana- 
l y t i c a l  r e s u l t s  are known t o  be inaccura t e ,  f o r  i n s t a n c e ,  t r anson ic  speeds.  
Ord ina r i ly  model r e s u l t s  can be obta ined  i n  a more t imely manner than  f l i g h t  
r e s u l t s ,  and model tests are more amenable t o  conducting ex tens ive  parametr ic  
s t u d i e s  than  are f l i g h t  tests. Aviat ion a p p l i c a t i o n s  of dynamic models have 
included such d i v e r s e  areas as f l u t t e r ,  g u s t  response,  and landing  loads whi le  
space a p p l i c a t i o n  inc ludes ,  among o t h e r s ,  launch v e h i c l e  b u f f e t i n g  and ground 
wind load s t u d i e s .  Some of t h e  many uses  of models i n  aerospace a p p l i c a t i o n s  
are descr ibed  i n  r e fe rences  1 and 2 ,  f o r  example. Perhaps t h e  ex tens ive  u s e  
of models is b e s t  i l l u s t r a t e d  by t h e  f a c t  t h a t  a l i t e r a t u r e  search  under t h e  
category of dynamic models g ives  a l i s t i n g  of over  2500 pub l i ca t ions .  This  
continued u s e  of models has  r e s u l t e d  i n  modeling technology reaching a r a t h e r  
advanced state of development. However, new technology and advanced concepts 
are con t inua l ly  being developed which o f f e r  new cha l lenges  t o  modeling tech- 
nology. Active c o n t r o l  technology is  one of t h e  l a tes t  cha l lenges .  

The a d d i t i o n  of active c o n t r o l s  t o  models adds a new complexity t o  model- 
i ng  technology. I n  p a r t i c u l a r ,  c o n t r o l  s u r f a c e  and a c t u a t i o n  systems must be  
minia tur ized ,  u s u a l l y  under severe weight r e s t r i c t i o n s ,  and new t e s t i n g  tech- 
niques must be developed. 
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The NASA Langley Research Center  has embarked on a r e sea rch  program t o  
develop experimental  techniques s o  t h a t  wind-tunnel models can be  employed t o  
s tudy  and v a l i d a t e  active c o n t r o l  systems used t o  minimize a i r c r a f t  a e r o e l a s t i c  
response.  Although t h e  major t h r u s t  of t h i s  work is experimental ,  cons iderable  
emphasis i s  a l s o  be ing  p laced  on t h e  development of a n a l y t i c a l  techniques.  
This  paper p re sen t s  a s t a t u s  r e p o r t  and review of t h e  experimental  work t h a t  
has been accomplished t o  da t e .  An earlier status r e p o r t  is presented  i n  
r e fe rence  3. Some experiences i n  t h e  t e s t i n g  of t h r e e  d i f f e r e n t  models i n  t h e  
Langley t r anson ic  dynamics tunne l  are repor t ed  he re in .  
s e n t i n g  some b a s i c  experimental  r e s u l t s  from t h e  t h r e e  s t u d i e s ,  such t o p i c s  as 
model des ign  and cons t ruc t ion ,  active c o n t r o l  system implementation, and wind- 
tunnel  test techniques are d iscussed .  Some comparisons between model experi-  
mental r e s u l t s  and a n a l y s i s  are made, and i n  one i n s t a n c e  some comparisons 
between model and f l i g h t  test r e s u l t s  are presented .  

In a d d i t i o n  t o  pre- 

The f i r s t  model program i s  a f l u t t e r  suppress ion  s tudy  us ing  a delta-wing 
model. This  r e sea rch  model, which is a s i m p l i f i e d  r e p r e s e n t a t i o n  of a contem- 
porary supersonic  t r a n s p o r t  des ign ,  w a s  used t o  develop b a s i c  f l u t t e r  suppres- 
s i o n  modeling technology and t o  e v a l u a t e  t h e  aerodynamic energy f l u t t e r  
suppress ion  concept developed by N i s s i m  i n  r e fe rence  4 .  I n  a d d i t i o n  t o  t h e  
r e s u l t s  presented  i n  r e fe rence  3, some l a t e r * d a t a  obta ined  by us ing  t h e  d e l t a -  
wing model are presented  i n  r e fe rence  5. 
s i z e  dynamically s c a l e d  a e r o e l a s t i c  model of t h e  B-52 c o n t r o l  configured 
v e h i c l e  (CCV). Both f l u t t e r  mode c o n t r o l  (FMC) and r i d e  q u a l i t y  c o n t r o l  (RQC) 
systems w e r e  implemented i n  t h i s  model s tudy which w a s  done i n  coopera t ion  w i t h  
the  Air Force F l i g h t  Dynamics Laboratory.  Some B-52 model f l u t t e r  suppress ion  
r e s u l t s  are given i n  r e fe rence  6 .  The Boeing Company, Wichita Div is ion ,  has 
provided c o n t r a c t u a l  a s s i s t a n c e  dur ing  both t h e  delta-wing arid B-52 model 
s t u d i e s .  
and used a 1 /22-s ize  C-5A model. Under c o n t r a c t  t o  t h e  A i r  Force,  t h e  Lockheed- 
Georgia Company designed and b u i l t  t h e  model, and provided t echn ica l  support  
f o r  t h e  wind-tunnel tests. The model w a s  equipped wi th  an  active l i f t  d i s t r i -  
bu t ion  c o n t r o l  system (ALDCS) which used active c o n t r o l l e d  a i l e r o n s  and 
h o r i z o n t a l  t a i l  t o  r e d i s t r i b u t e  t h e  dynamic wing loading  i n  o r d e r  t o  decrease  
t h e  wing roo t  bending moment. This  C-5A model s tudy  w a s  performed i n  conjunc- 
t i o n  wi th  t h e  development of a proposed l i f t  d i s t r i b u t i o n  c o n t r o l  system f o r  
t h e  f u l l - s c a l e  a i r c r a f t .  
descr ibed  i n  r e fe rence  7 .  

The second model s tudy  used a 1/30- 

The t h i r d  model s tudy  w a s  a l s o  done i n  coopera t ion  w i t h  t h e  A i r  Force 

The evo lu t ion  of t h e  proposed a i r c r a f t  system is  

DELTA WING FLUTTER SUPPRESSION STUDY 

General 

The delta-wing model s tudy  was  t h e  f i r s t  active c o n t r o l  f l u t t e r  suppres- 
s i o n  s tudy  undertaken a t  t h e  Langley Research Center.  I n  gene ra l ,  t h i s  program 
w a s  i n i t i a t e d  t o  develop t h e  b a s i c  technology r equ i r ed  f o r  active c o n t r o l  
modeling s t u d i e s  and, i n  p a r t i c u l a r ,  t o  demonstrate  experimental ly  t h a t  f l u t t e r  
can be  suppressed by us ing  active c o n t r o l l e d  aerodynamic su r faces .  The f l u t t e r  
suppress ion  concept chosen f o r  implementation w a s  t h e  aerodynamic energy method 



developed by N i s s i m  ( r e f .  4 ) .  Simply s t a t e d ,  t h i s  aerodynamic energy concept 
says t h a t  f l u t t e r  cannot occur i f ,  f o r  a l l  allowable o s c i l l a t o r y  motions, posi- 
t ive work is  done by the  wing on the  surrounding airstream. 
is  t r ans fe r r ed  from t h e  wing t o  t h e  airstream. 

That is, energy 

A photograph of t h e  delta-wing model mounted i n  t h e  t ransonic  dynamics 
tunnel i s  presented i n  f igu re  1, and model geometry is shown i n  f igu re  2. 
1.28 aspect r a t i o  model planform w a s  a cropped d e l t a  with a leading-edge sweep- 
back angle of 50.5O, a t a p e r  r a t i o  of 0.127, and a c i r c u l a r  arc a i r f o i l  s ec t ion  
with a thickness-to-chord r a t i o  of 0.03. 
mounted on t h e  wing lower sur face  t o  simulate engine nace l les .  
can t i l eve r  mounted t o  a r i g i d  mounting block t h a t  w a s  bo l ted  t o  the  tunnel 
sidewall .  The mounting block was  enclosed i n  a simulated fuselage f a i r i n g  
which extended ahead of and behind t h e  wing. 
the  wing root ou ts ide  of t h e  tunnel w a l l  boundary l aye r .  The model w a s  
equipped with leading- and trail ing-edge aerodynamic con t ro l  sur faces .  The 
cont ro ls  w e r e  actuated by an e lec t rohydraul ic  system which w a s  cont ro l led  by a 
feedback system t h a t  w a s  implemented on an analog computer loca ted  i n  the  
tunnel cont ro l  room. 

The 

Two high-fineness r a t i o  bodies w e r e  
The model w a s  

This mounting arrangement brought 

Design and Construction Considerations 

Design.- Since the  delta-wing study w a s  of a research na tu re ,  i t  w a s  no t  
necessary tha t  t he  model scale any p a r t i c u l a r  fu l l - s ca l e  a i rp l ane  wing. How- 
ever, f o r  research s t u d i e s  t o  be  as re levant  as poss ib le ,  i t  is  des i r ab le  t h a t  
t h e  models used be representa t ive  of cur ren t  o r  proposed configurations.  Con- 
sequently,  t h e  delta-wing model design w a s  based on a contemporary supersonic 
t r anspor t  configuration. I n  p a r t i c u l a r ,  t h i s  model w a s  a s impl i f ied  l / l 7 - s i z e  
version of t h e  Boeing 2707-300 configuration. 
a model t ha t  had similar f l u t t e r  c h a r a c t e r i s t i c s  t o  those of t he  prototype and 
would f l u t t e r  w e l l  wi th in  t h e  operating boundary of t h e  transonic dynamics 
tunnel. Other cons t r a in t s  t o  the  model design w e r e  t h a t  the  construction tech- 
nique w a s  t o  be as simple as p r a c t i c a l  and tha t  construction cos t  w a s  t o  be 
kept t o  a minimum. I n  developing t h e  delta-wing f i n a l  design, some preliminary 
wind-tunnel s t u d i e s  w e r e  made by using d i f f e r e n t  s i z e  models t h a t  d i f f e r e d  from 
one another i n  s t i f f n e s s  and m a s s  p roper t ies .  Some r e s u l t s  of t h i s  study are 
reported i n  re ference  8. From t h e  r e s u l t s  of t h i s  study a f i n a l  design w a s  
se lec ted .  The f l u t t e r  boundary of t he  f i n a l  design ( ca l l ed  configuration C i n  
r e f .  8) i s  very s i m i l a r  t o  t h e  boundary ( f o r  one weight condition) of a r a t h e r  
expensive dynamically sca led  replica-type model of t h e  prototype configuration 
when both sets of d a t a  are sca led  t o  a i rp l ane  values.  

The design ob jec t ive  w a s  t o  have 

Construction.- The cons t ruc t ion  of t he  delta-wing model w a s  r e l a t i v e l y  
simple. The bas i c  s t r u c t u r e  w a s  an aluminum a l loy  i n s e r t  which tapered i n  
thickness i n  t h e  spanwise directi 'on. Portions of t h e  i n s e r t  w e r e  chemically 
mi l led  t o  simulate s p a r s  and r i b s .  The i n s e r t  w a s  covered with ba l sa  wood 
t h a t  w a s  contoured t o  give t h e  des i red  a i r f o i l  s ec t ion .  The b a l s a  wood w a s  
covered with one l a y e r  of f i b e r  g l a s s  c lo th  which w a s  doped t o  the  wood. The 
two engine nace l l e s  w e r e  made of steel  tubing with b a l s a  wood nose and t a i l  
streamlining f a i r i n g s .  The nace l l e s  w e r e  ba l l a s t ed  with lead weights t o  give 
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t h e  d e s i r e d  mass and i n e r t i a  p r o p e r t i e s .  
t he  n a c e l l e s  w e r e  r i g i d .  The fuse l age  f a i r i n g  w a s  cons t ruc ted  of wood. The 
b a s i c  s t r u c t u r e  of the  leading-- and t r a i l i ng -edge  c o n t r o l  su r f aces  w a s  a m e t a l  
tub ing  axle wi th  b a l s a  wood bonded t o  t h e  axle. Two hardwood r i b s  w e r e  
incorpora ted  i n  each s u r f a c e  t o  provide a d d i t i o n a l  chordwise s t i f f n e s s .  Each 
c o n t r o l  s u r f a c e  w a s  covered wi th  a t h i n  s h e e t  of f i b e r  g l a s s  c l o t h  t h a t  w a s  
doped i n t o  p lace .  

Relative t o  t h e  b a s i c  wing s t r u c t u r e ,  

F l u t t e r  Suppression Sys t e m  

The f l u t t e r  suppress ion  system implemented on t h e  delta-wing model w a s  
based on t h e  aerodynamic energy concept descr ibed  i n  r e fe rence  4. 
mentat ion of t h i s  method used both leading-edge and t ra i l ing-edge  c o n t r o l  
su r f aces .  The d e f l e c t i o n s  of t hese  c o n t r o l  s u r f a c e s  are r e l a t e d  t o  t h e  dynamic 
motions of t h e  wing through a con t ro l  l a w  which relates c o n t r o l  s u r f a c e s  
r o t a t i o n s  t o  wing displacement and r o t a t i o n .  
shown i n  f i g u r e  3.  The elements of t h e  C and G matrices are real numbers whose 
magnitudes are determined by aerodynamic energy cons idera t ions .  I n  theory i t  
is p o s s i b l e  t o  determine va lues  of t h e  C and G ma t r ix  elements s o  t h a t  f o r  a l l  
a l lowable wing motions energy is  always t r a n s f e r r e d  from t h e  wing t o  t h e  
surrounding airstream and f l u t t e r  cannot occur.  However, i n  practice it i s  n o t  
necessary t h a t  f l u t t e r  be precluded from occurr ing  a t  a l l  f l i g h t  condi t ions ,  
bu t  only t h a t  t h e  f l u t t e r  speed be increased  by some predetermined amount. 
That i s ,  f l u t t e r  cannot occur wi th in  some s p e c i f i e d  f l i g h t  envelope. 

The imple- 

The r e s u l t i n g  mat r ix  equat ion  is  

Control  laws.- Three d i f f e r e n t  c o n t r o l  l a w s  w e r e  used f o r  t h e  delta-wing 
model. The t h r e e  c o n t r o l  laws are shown i n  f i g u r e  4 .  The f i r s t  two (A and B) 
used both leading-edge and t r a i l i ng -edge  c o n t r o l  su r f aces .  Control  Law C used 
only a t r a i l i ng -edge  su r face .  Since t h e  i n i t i a l  p a r t  of t h e  s tudy  w a s  aimed 
a t  demonstrating t h e  b a s i c  aerodynamic energy concept ,  t h e  f i r s t  c o n t r o l  l a w  
(Control  Law A) used w a s  t h a t  given i n  r e fe rence  4 .  The va lues  used f o r  t h e  
C and G ma t r ix  elements w e r e  t h e  same as those  N i s s i m  developed by us ing  two- 
dimensional unsteady aerodynamic theory.  Control  Law B w a s  s i m i l a r  t o  t h e  
f i r s t  except  t h a t  three-dimensional unsteady aerodynamic theory (doublet  
la t t ice  method) w a s  used t o  determine t h e  terms i n  t h e  C and G matrices. Con- 
t r o l  Law C w a s  a l s o  developed by us ing  three-dimensional aerodynamics, b u t  used 
only t h e  t ra i l ing-edge  c o n t r o l  su r f ace .  I n  implementing both Control  Laws B 
and C on t h e  model, some d i f f i c u l t i e s  w e r e  encountered. I n  e f f e c t ,  t h e  
system w a s  so s e n s i t i v e  t h a t  i f  t he  model w a s  d i s tu rbed  i n  s t i l l  a i r  t h e  con- 
t r o l  s u r f a c e s  would begin t o  o s c i l l a t e  and d r i v e  t h e  model. The exact reason 
f o r  t h i s  problem has no t  been determined, bu t  i t  is  be l ieved  t o  be due t o  
i n e r t i a  coupling between t h e  c o n t r o l  s u r f a c e  and t h e  wing po r t ion  of t h e  model. 
This  d i f f i c u l t y  w a s  cured by compromising t h e  a n a l y t i c a l  va lues  f o r  t h e  coef- 
f i c i e n t s  i n  t h e  G mat r ix .  
i n  f i g u r e  4 .  Analy t i ca l  s tudy  r e s u l t s  i nd ica t ed  t h a t  t h e  requi red  adjustment 
i n  G matrix va lues  had l i t t l e  e f f e c t  f o r  Control  Law C .  However, f o r  Control  
Law B t h e r e  w a s  a cons iderable  degrada t ion  of t h e  expected f l u t t e r  dynamic 
p res su re  i n c r e a s e  when t h e  G ma t r ix  va lues  w e r e  decreased.  However, Control  
Law B s t i l l  gave b e t t e r  performance i n  terms of i n c r e a s e  i n  f l u t t e r  dynamic 
p res su re  than t h a t  ca l cu la t ed  f o r  Control  Law A. 

The o r i g i n a l  G matrix va lues  are shown i n  parentheses  
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Implementation.- Some of t h e  phys ica l  components of t h e  f l u t t e r  suppres- 
s i o n  system are shown i n  t h e  photograph presented  i n  f i g u r e  5. 
block diagram of t h e  system i s  presented  i n  f i g u r e  6.  
sensed by two accelerometers  t h a t  w e r e  l o c a t e d  i n  l i n e  wi th  t h e  inboard edges 
of t h e  c o n t r o l  su r f aces .  
of t h e  chord. 
d i t i o n i n g  equipment t o  an analog computer which w a s  l o c a t e d  i n  t h e  tunne l  
c o n t r o l  room. 
computer. 
t h e  a c c e l e r a t i o n  s i g n a l s  w e r e  a l s o  programed on t h e  computer. 
t he  analog computer may be  seen  i n  t h e  upper l e f t  of f i g u r e  5.) 
computer processed t h e  accelerometer  s i g n a l s  t o  determine appropr i a t e  a c t u a t o r  
command s i g n a l s .  
w e r e  mounted i n  t h e  fuse l age  f a i r i n g  a t  t h e  model r o o t .  
t r o l l e d  t h e  supply of hydrau l i c  f l u i d  t o  min ia tu re  a c t u a t o r s  t h a t  w e r e  mounted 
i n  the  model a t  t h e  inboard edge of each c o n t r o l  s u r f a c e .  Control  s u r f a c e  
angular  p o s i t i o n  was  determined by us ing  min ia tu re  s i l i c o n  s o l a r  cells  a t t ached  
t o  each a c t u a t o r  s h a f t .  Hydraul ic  and electric l i n e s  w e r e  rou ted  t o  t h e  
a c t u a t o r s  and sensors  i n  t renches  c u t  i n t o  t h e  b a l s a  wood which covered t h e  
aluminum inser t .  The model w a s  a l s o  equipped wi th  several r e s i s t a n c e  w i r e  
s t ra in-gage  br idges  which w e r e  used t o  monitor model response.  
n o t  i nd ica t ed  i n  f i g u r e  6 ,  p rovis ion  w a s  provided f o r  in t roducing  e x t e r n a l  
comand s i g n a l s  t o  the  c o n t r o l  s u r f a c e s .  External command s i g n a l s  t o  t h e  
t ra i l ing-edge  s u r f a c e  w e r e  used f o r  performing frequency sweeps and could be 
in t roduced  wi th  t h e  f l u t t e r  suppress ion  system e i t h e r  ope ra t ing  (closed-loop) 
o r  no t  ope ra t ing  (open-loop) . 

A s i m p l i f i e d  
The wing motion w a s  

The accelerometers  w e r e  l o c a t e d  a t  30 and 70 percent  
The accelerometer  ou tput  s i g n a l s  w e r e  f e d  through s i g n a l  con- 

The aerodynamic energy c o n t r o l  l a w  w a s  programed on t h e  analog 
The i n t e g r a t i o n  and d i f f e r e n c i n g  ope ra t ions  r equ i r ed  t o  process  

(A p o r t i o n  of 
The analog 

Command s i g n a l s  w e r e  passed t o  hydrau l i c  se rvovalves  which 
The servovalves  con- 

Although it i s  

Control  s u r f a c e  a c t u a t o r s  .- I n i t i a l l y  i t  w a s  decided t o  mechanize t h e  
c o n t r o l  a c t u a t i o n  system wi th  an electromechanical  system. 
cept: w a s  t o  mount an electric torque motor e x t e r n a l  t o  the  model ( inboard of 
t h e  model roo t )  and t r ansmi t  t h e  torque  t o  t h e  c o n t r o l  s u r f a c e  by mechanical 
sha f t ing .  
t i o n  w a s  expended i n  t r y i n g  t o  come up w i t h  a s a t i s f a c t o r y  electromechanical  
system wi th  l i t t l e  success .  The major d i f f i c u l t y  w a s  a s s o c i a t e d  wi th  the  
s h a f t i n g  which had t o  e x h i b i t  l i t t l e  wind-up y e t  be  l i g h t  weight and n o t  con- 
t r i b u t e  any apprec iab le  i n c r e a s e  i n  s t i f f n e s s  t o  t h e  b a s i c  wing. F i n a l l y ,  i t  
w a s  decided t o  swi tch  t o  a hydrau l i c  a c t u a t i o n  system w i t h  t h e  a c t u a t o r s  
l oca t ed  i n  t h e  model a t  t h e  c o n t r o l  su r f aces .  
a c t u a t o r s  e x i s t e d  t h a t  w e r e  small enough t o  f i t  w i t h i n  t h e  model aerodynamic 
contour and provide t h e  r equ i r ed  torque ,  n o t  t o  mention t h e  l i g h t  weight 
requirement,  i t  w a s  necessary  t o  des ign  and f a b r i c a t e  s p e c i a l  a c t u a t o r s .  The 
a c t u a t o r  des ign  and f a b r i c a t i o n  i s  descr ibed  i n  r e fe rence  9.  The a c t u a t o r  is 
e s s e n t i a l l y  a c losed  compartment t h a t  i s  sepa ra t ed  i n t o  two chambers by a vane 
which r o t a t e s  on a s h a f t  t h a t  a t t a c h e s  t o  the  c o n t r o l  s u r f a c e  ax le .  The amount 
of s h a f t  r o t a t i o n  i s  determined by t h e  d i f f e r e n c e  i n  hydrau l i c  p re s su re  between 
t h e  two chambers. The a c t u a t o r  weighs 56.7 grams (0.125 l b )  and i s  ca a b l e  

The o r i g i n a l  con- 

Considerable  des ign  e f f o r t  w i th  accompanying l abora to ry  experimenta- 

S ince  no min ia tu re  hydrau l i c  

of provid in  a 4.52 N-M (40 in- lb)  to rque  output  w i t h  a 6.9 x 103 kN/m s 
(1000 l b / i n  5 ) supply p re s su re  over  t h e  frequency range from 0 t o  25 Hz. A 
photograph of an assembled a c t u a t o r  a t t ached  t o  t h e  t r a i l i ng -edge  c o n t r o l  sur- 
f a c e  is  presented  i n  f i g u r e  7 .  The development of t h e s e  min ia tu re  a c t u a t o r s  
r ep resen t s  a s i g n i f i c a n t  c o n t r i b u t i o n  t o  a c t i v e  c o n t r o l  modeling and i s  n o t  
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l i m i t e d  t o  t h e  delta-wing model app l i ca t ion .  I n  f a c t ,  s i m i l a r  a c t u a t o r s  w e r e  
used i n  t h e  C-5A s tudy  t o  be d i scussed  later i n  t h i s  paper.  
necessary  t o  des ign  and f a b r i c a t e  s p e c i a l  cont ro l - sur face  p o s i t i o n  i n d i c a t o r s .  
Here aga in  t h e  space a v a i l a b l e  w a s  one of t h e  most s i g n i f i c a n t  des ign  con- 
s t r a i n t s .  The new p o s i t i o n  senso r  ( r e f .  9) i s  a r a t h e r  simple device  t h a t  
uses two s i l i c o n  solar c e l l s  t h a t  are mounted on a common base t h a t  i s  
a t t ached  t o  t h e  a c t u a t o r  s h a f t .  The s o l a r  cel ls  are i l l umina ted  by a sta- 
t i ona ry  l i g h t  source.  The i n t e n s i t y  of t he  i l l u m i n a t i o n  changes as t h e  s h a f t  
r o t a t e s ,  and a vo l t age  i s  produced which i s  l i n e a r l y  p ropor t iona l  t o  t h e  
tangent  of t h e  s h a f t  r o t a t i o n a l  angle .  

It w a s  a l s o  

Control  s u r f a c e  loca t ion . -  Since the  s p e c i f i c  aerodynamic energy c o n t r o l  
l a w  developed i n  r e fe rence  4 w a s  based on two-dimensional unsteady aerodynamic 
theory,  i t  w a s  necessary t o  conduct an a n a l y t i c a l  s tudy  t o  determine an  
appropr i a t e  l o c a t i o n  f o r  t h e  c o n t r o l  su r f aces .  This  s tudy  is descr ibed  i n  
re ference  10,  and some of t h e  r e s u l t s  are shown he re  i n  f i g u r e  8. Three pos- 
s i b l e  c o n t r o l  s u r f a c e  l o c a t i o n s  w e r e  considered as w e l l  as d i f f e r e n t  l o c a t i o n s  
of t h e  model motion accelerometer  sensors .  I n  a l l  cases t h e  accelerometers  
w e r e  l oca t ed  a t  30 and 70 pe rcen t  of the  l o c a l  chord. The combination of 
c o n t r o l  s u r f a c e  and sensor  l o c a t i o n s  used f o r  t h e  delta-wing model w a s  t he  mid- 
span s u r f a c e s  wi th  t h e  accelerometers  a l ined ’wi th  t h e  inboard edge of t h e  
su r faces .  This  combination gave t h e  second b e s t  i n c r e a s e  i n  f l u t t e r  dynamic 
pressure .  The most improvement w a s  ob ta ined  f o r  outboard c o n t r o l  s u r f a c e s  and 
outboard sensor  l o c a t i o n s ,  bu t  t h e  use  of t h i s  combination would have been ve ry  
d i f f i c u l t  s i n c e  t h e  wing w a s  very  t h i n  i n  t h i s  reg ion .  
o u t  t h a t  t h e  mathematical  model used t o  gene ra t e  t h e  d a t a  presented  i n  f i g u r e  8 
w a s  s l i g h t l y  d i f f e r e n t  from t h e  f i n a l  delta-wing model s o  t h e  expected f l u t t e r  
dynamic inc rease  f o r  t h e  model would no t  b e  expected t o  be e x a c t l y  those  
shown i n  t h e  f i g u r e .  

It  should be  poin ted  

T e s t  Techniques 

Wind tunnel.-  As  w a s  t h e  case f o r  a l l  of t h e  model s t u d i e s  descr ibed  i n  
t h i s  paper,  t h e  delta-wing model w a s  t e s t e d  i n  t h e  Langley Research Center  
t r anson ic  dynamics tunnel .  This  f a c i l i t y  i s  s p e c i a l l y  designed f o r  and almost 
t o t a l l y  dedica ted  t o  t h e  t e s t i n g  of dynamic a e r o e l a s t i c  models. The closed-  
c i r c u i t ,  s ing le - r e tu rn  tunnel  has  a 4.88-m (16-foot) r ec t angu la r  test s e c t i o n  
with flow expansion s l o t s  i n  a l l  f o u r  w a l l s .  The tunne l  f low cond i t ions  are 
cont inuously c o n t r o l l a b l e  over  t h e  Mach number range from about 0.07 t o  1 .2  a t  
t o t a l  p re s su res  from nea r  vacuum t o  s l i g h t l y  above one atmosphere. E i t h e r  a i r  
o r  f reon  may be used as t h e  test  medium. All r e s u l t s  r epor t ed  h e r e i n  w e r e  
ob ta ined  by us ing  f reon .  

v 

S u b c r i t i c a l  response.- I n  active f l u t t e r  suppress ion  s t u d i e s  i t  is  n o t  
only d e s i r a b l e  t o  determine actual  f l u t t e r  d a t a  p o i n t s ,  b u t  i t  is  a l s o  neces- 
s a r y  t o  determine s t a b i l i t y  information a t  cond i t ions  below the  f l u t t e r  
boundary. The d e s i r e d  informat ion  i s  t h e  damping of t h e  c r i t i ca l  f l u t t e r  mode. 
Two techniques have been used wi th  cons iderable  success  f o r  determining sub- 
cr i t ical  damping l e v e l s .  Both methods are based on t h e  assumption t h a t  t he  
response i s  t h a t  of a single-degree-of-freedom system. The f i r s t  technique i s  
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based on the procedure desc r ibed  i n  r e fe rence  11 and is  r e f e r r e d  t o  as 

r e q u i r e  t h a t  t he  system be  e x c i t e d  by s p e c i a l  shakers ,  bu t  depends on flow 
turbulence t o  supply t h e  necessary  inpu t .  The randomdec method i s  i l l u s t r a t e d  
schemat ica l ly  i n  f i g u r e  9. 
t h r e e  components - t h e  responses  t o  a s t e p ,  t o  an impulse,  and t o  a s t a t i o n a r y  
random fo rce .  The system response t o  a s t e p  f o r c e  i s  obta ined  by an ensemble 
average of a number of t i m e  s w e e p s ,  s i n c e  t h e  response t o  an  impulse and t o  a 
random f o r c e  average t o  zero.  The t i m e  averaging w a s  accomplished by us ing  a 
s m a l l  special-purpose computer. I n  t h e  implementation here  t h e  d i f f e r e n t  t i m e  
segments w e r e  averaged s e q u e n t i a l l y .  That i s ,  t h e  computer processed a l l  t h e  
r e s u l t s  f o r  one t i m e  sample be fo re  beginning t o  c o l l e c t  t h e  average d a t a  f o r  
t h e  next  sample. The averaging process  f o r  each t i m e  sample w a s  s t a r t e d  when 
t h e  output  s i g n a l  reached a predetermined l e v e l .  The model s enso r  output  w a s  
passed t o  a ga t ing  c i r c u i t .  
w a s  opened and t h e  s i g n a l  passed t o  t h e  computer and averaged wi th  va lues  from 
previous samples. E lec t ron ic  f i l t e r s  were used t o  i s o l a t e  t h e  f requencies  of 
modes of i n t e r e s t .  The averaged s i g n a l  has t h e  appearance of t h e  damped o s c i l -  
l a t i o n  of a single-degree-of-freedom system. The system damping i s  obtained 
from t h i s  decaying o s c i l l a t i o n .  Although the  randomdec method has been used 
q u i t e  s u c c e s s f u l l y  i n  many cases t o  determine s u b c r i t i c a l  damping l e v e l ,  t h e  
method is  not  f r e e  from pkoblems. 
The f i r s t  is n o i s e  contamination of t h e  s i g n a l .  A t  low l e v e l s  of f low turbu- 
l ence ,  t h e  output  of t h e  model response sensor  is r e l a t i v e l y  low. However, 
s i n c e  t h e  e l e c t r o n i c  n o i s e  l e v e l  i s  independent of s enso r  ou tpu t ,  t h e  s i g n a l -  
to-noise  l e v e l  i s  r e l a t i v e l y  low and t h e  r e s u l t  i s  low-quality decay s igna tu res .  
For tuna te ly ,  t h i s  d i f f i c u l t y  i s  most severe  a t  condi t ions  removed from the  
f l u t t e r  condi t ion .  A s  t h e  f l u t t e r  condi t ion  is  approached t h e  system response 
n a t u r a l l y  i n c r e a s e s  and the  s ignal- to-noise  l e v e l  i nc reases .  The second prob- 
l e m  is when t h e r e  are two o r  more s t r u c t u r a l  f requencies  i n  c l o s e  proximity 
t o  one another .  Although s i g n a l  f i l t e r i n g  i s  u s e f u l ,  i t  i s  very d i f f i c u l t  t o  
completely f i l t e r  ou t  t he  unwanted mode. Although t h e  band-pass f i l t e r  i s  set 
f o r  a very narrow range of frequency, t h e  s i g n a l  level o u t s i d e  t h e  band is  n o t  
completely a t t e n u a t e d  because of f i l t e r  r o l l - o f f .  Th i s  r e s u l t s  i n  a bea t  
occur r ing  i n  t h e  randomdec decay s i g n a t u r e  and makes determining quan ta t ive  
va lues  of t h e  damping d i f f i c u l t .  The decay looks l i k e  t h a t  of a coupled two- 
degree-of-freedom system. 

randomdec." Unlike most s u b c r i t i c a l  response procedures,  randomdec does n o t  I 1  

The system response i s  assumed t o  be  composed of 

When the  p r e s e t  s i g n a l  level w a s  reached, t he  g a t e  

Two d i f f i c u l t i e s  are worthy of mention here .  

The second technique,  desc r ibed  i n  more d e t a i l  i n  r e fe rence  1 2 ,  r e q u i r e s  
t h e  measuring of t h e  forced  response of t h e  model. This  method i s  i l l u s t r a t e d  
schemat ica l ly  i n  f i g u r e  10  and w i l l  be  r e f e r r e d  t o  as t h e  Co-Quad method. The 
model is e x c i t e d  by a s i n u s o i d a l  f o r c e  of vary ing  frequency and t h e  correspond- 
i n g  dynamic response i s  measured. S p e c i a l  e l e c t r o n i c  equipment i s  used t o  
r e so lve  t h e  response i n t o  in-phase ( c a l l e d  Co f o r  co inc ident )  and out-of-phase 
( c a l l e d  Quad f o r  quadrature)  components re la t ive t o  t h e  s i n u s o i d a l  command 
s i g n a l .  The damping of t h e  system i s  obta ined  f o r  each s t r u c t u r a l  mode from 
t h e  v a r i a t i o n  of t he  co inc iden t  component t r a n s f e r  func t ion  wi th  frequency. 
Each resonant  cond i t ion  is  t r e a t e d  as i f  i t  w e r e  t h a t  of a single-degree-of- 
freedom response,  and t h e  damping i s  obta ined  by us ing  t h e  formula shown i n  
t h e  f igu re .  For active c o n t r o l  models t h e  Co-Quad method i s  e a s i l y  implemented 
s i n c e  an active c o n t r o l l e d  aerodynamic s u r f a c e  can be  used t o  provide t h e  

837 



s i n u s o i d a l  f o r c e  input .  
obtained by o s c i l l a t i n g  t h e  t r a i l i ng -edge  c o n t r o l  su r f ace .  
d a t a  w e r e  ob ta ined  i n  terms of t h e  r a t i o  of accelerometer  output  
s i g n a l  6, t o  t h e  t ra i l ing-edge  c o n t r o l .  The d i f f i c u l t i e s  encountered wi th  
t h i s  method were s imilar  t o  those  descr ibed  f o r  t h e  randomdec method, namely, 
n o i s e  and c l o s e l y  spaced resonant  f requencies .  However, i n  c o n t r a s t  t o  
randomdec, t h e  n o i s e  i n  t h i s  case is  n o t  p r imar i ly  ins t rumenta t ion  n o i s e  but  
i s  t h e  random response of t h e  model which is superimposed on t h e  s i n u s o i d a l  
response. The Co-Quad method r e q u i r e s  a longer  d a t a  ga the r ing  per iod  than t h e  
randomdec technique. Typica l ly  about 30 seconds w e r e  requi red  f o r  randomdec 
whi le  t h e  Co-Quad frequency sweeps of about 4 minutes w e r e  used. 
method is  somewhat dangerous t o  use  a t  cond i t ions  very  near  t h e  f l u t t e r  condi- 
t i o n  s i n c e  t h e  a d d i t i o n  of t h e  s i n u s o i d a l  f o r c e  t o  a model t h a t  a l r eady  has 
s i g n i f i c a n t  response r e s u l t s  i n  extremely l a r g e  amplitudes as t h e  f o r c i n g  f r e -  
quency sweeps through t h e  c r i t i ca l  f l u  t ter mode. 

For t h e  delta-wing model frequency response d a t a  were 
Co-Quad response 

h l  t o  command 

The Co-Quad 

For t h e  delta-wing model bo th  t h e  randomdec and Co-Quad methods w e r e  suc- 
c e s s f u l l y  used. I n  gene ra l ,  t h e  randomdec method appeared t o  b e  t h e  b e t t e r  of 
t he  two methods. 
of t h e  randomdec decay s i g n a t u r e ,  appear t o  g e t  b e t t e r  as f l u t t e r  condi t ion  is  
approached. 
t he  f a r t h e r  you w e r e  away from t h e  f l u t t e r  condi t ion .  Where damping d a t a  w e r e  
ob ta ined  by us ing  both methods, t h e  r e s u l t s  w e r e  w i t h i n  what would be expected 
t o  be the  experimental  scatter band. 

The randomdec r e s u l t s ,  as judged by t h e  q u a l i t a t i v e  appearance 

I n  c o n t r a s t  t h e  Co-Quad method appeared t o  g ive  t h e  b e s t  r e s u l t s  

Resul t s  

F l u t t e r . -  F l u t t e r  s t u d i e s  of t h e  delta-wing model w e r e  conducted a t  Mach 
numbers M of 0.6, 0 .7 ,  0.8, and 0.9. Tests w e r e  performed both wi th  (closed- 
loop)  and without  (open-loop) active c o n t r o l s .  For t h e  open-loop s t u d i e s  the  
c o n t r o l  s u r f a c e s  w e r e  kept  a t  Oo d e f l e c t i o n  by applying hydrau l i c  p re s su re  t o  
the  a c t u a t o r s .  The p res su r i zed  system ac ted  as a s t i f f  s p r i n g  t o  keep t h e  
r o t a t i o n a l  frequency of each c o n t r o l  s u r f a c e  many t i m e s  h ighe r  than t h e  wing 
f l u t t e r  frequency. Once t h e  open-loop f l u t t e r  boundary of t h e  wing w a s  
e s t ab l i shed ,  an eva lua t ion  of t h e  e f f e c t s  of each of t h e  t h r e e  c o n t r o l  l a w s  on 
r a i s i n g  t h e  boundary w a s  made. However, s t u d i e s  f o r  Control  Laws A and B w e r e  
r e s t r i c t e d  t o  M = 0.9 because of a high-frequency, large-amplitude o s c i l l a -  
t i o n  of t h e  leading-edge c o n t r o l .  This  phenomenon occurred around 65 Hz, as 
compared t o  t h e  f l u t t e r  frequency of from 11 t o  12.5 Hz. It i s  be l ieved  t h a t  
o s c i l l a t o r y  motion w a s  introduced i n  some manner by t h e  mechanization of t he  
leading-edge con t ro l ,  and w a s  no t  a consequence of t h e  c o n t r o l  l a w ,  s i n c e  t h e  
motion w a s  a l s o  observed t o  a lesser degree wi th  t h e  c o n t r o l  loop open. 

A comparison of ca l cu la t ed  and experimental  r e s u l t s  showing the  e f f e c t  of 
each c o n t r o l  l a w  on r a i s i n g  t h e  open-loop f l u t t e r  boundary is presented  i n  
f i g u r e  11. The r e su l t s  are presented  i n  terms of pe rcen t  i nc rease  i n  dynamic 
p res su re  a t  M = 0.9.  
pres su re  w a s  obtained.  The observed f l u t t e r  motions f o r  both open- and 
closed-loop opera t ions  w e r e  s i m i l a r .  The c a l c u l a t e d  inc rease  f o r  Cont ro l  Law A 
is  i n  e x c e l l e n t  agreement wi th  t h e  experimental  va lues .  

By us ing  Control  Law A a 12-percent i nc rease  i n  dynamic 

An earlier a n a l y t i c a l  
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t reatment  f o r  t h i s  c o n t r o l  l a w  w a s  r epor t ed  i n  r e fe rence  3 and showed a 
21-percent i n c r e a s e  i n  t h e  f l u t t e r  dynamic pressure .  The d i f f e r e n c e s  between 
theory and experiment i n  r e fe rence  3 were a t t r i b u t e d  i n  p a r t  t o  t h e  i n a b i l i t y  
of t h e  aerodynamic theory t o  adequately p r e d i c t  c o n t r o l  s u r f a c e  p re s su re  d i s -  
t r i b u t i o n s .  Ear ly  i n  t h e  des ign  of t h e  delta-wing model s t a t i c  hinge-moment 
measurements w e r e  made t o  a i d  i n  t h e  des ign  of t h e  c o n t r o l  a c t u a t o r s .  It  is 
shown i n  r e fe rence  1 3  t h a t  t h e  c a l c u l a t e d  va lues  of h inge  moment are somewhat 
h igher  than those  t h a t  w e r e  measured. 
t he  t h e o r e t i c a l  unsteady aerodynamic fo rces  f o r  t h e  leading-  and t ra i l ing-edge  
c o n t r o l  s u r f a c e s  w e r e  ad jus t ed  t o  t ake  i n t o  account t h e  d i f f e r e n c e s  between 
measured and c a l c u l a t e d  s t a t i c  hinge moments. 
Control  Law B i n d i c a t e  a p red ic t ed  i n c r e a s e  of 24 percent .  The experimental  
r e s u l t s  demonstrate a minimum i n c r e a s e  of 22 percent .  Experimental  r e s u l t s  f o r  
Control  Law B do not  r e p r e s e n t  a closed-loop f l u t t e r  p o i n t  s i n c e  f u r t h e r  
i nc reases  i n  dynamic p res su re  w e r e  r e s t r i c t e d  by t h e  high-frequency o s c i l l a t i o n  
of t h e  leading-edge c o n t r o l  s u r f a c e  mentioned earlier. O f  t h e  t h r e e  c o n t r o l  
l a w s  i n v e s t i g a t e d ,  t h e  l a r g e s t  i n c r e a s e  i n  f l u t t e r  dynamic p res su re  w a s  
ob ta ined  wi th  Control  Law C. A minimum i n c r e a s e  i n  dynamic p res su re  of 30 per- 
cen t  w a s  ob ta ined  wi th  t h i s  c o n t r o l  l a w .  The model w a s  no t  t e s t e d  t o  the  
closed-loop f l u t t e r  cond i t ion  s i n c e  t h e  goal  f o r  t h e s e  tests w a s  set a t  a 
30-percent i n c r e a s e  i n  dynamic p res su re  assuming t h a t  closed-loop f l u t t e r  w a s  
no t  encountered. The a n a l y t i c a l  r e s u l t s  indicat 'e a 34-percent i nc rease .  

For t h e  p re sen t  a n a l y t i c a l  i n v e s t i g a t i o n  

The a n a l y t i c a l  r e s u l t s  f o r  

The e f f e c t i v e n e s s  of Cont ro l  Law C i n  suppress ing  t h e  f l u t t e r  motion i s  
v i v i d l y  demonstrated by t h e  time h i s t o r y  of t h e  wing bending s t ra in-gage  out- 
pu t  shown i n  f i g u r e  12. T i m e  i s  inc reas ing  from l e f t  t o  r i g h t .  The tunne l  
dynamic p res su re  w a s  slowly inc reased  u n t i l  open-loop f l u t t e r  occurred (see 
l e f t  of f i g u r e ) .  A t  t h i s  p o i n t  t h e  f l u t t e r  suppress ion  system w a s  turned on 
as i s  ind ica t ed  by t h e  v e r t i c a l  dashed l i n e  on t h e  r i g h t  s i d e  of t h e  f igu re .  
Note t h a t  when t h e  system is  turned on, o s c i l l a t o r y  f l u t t e r  motion i s  r a p i d l y  
damped t o  a closed-loop n o - f l u t t e r  condi t ion .  The degree of confidence i n  t h e  
c o n t r o l  system w a s  such t h a t  when open-loop f l u t t e r  w a s  encountered, t h e  a c t i v e  
c o n t r o l  loop w a s  c losed  t o  suppress  t h e  motion. 

I n  o r d e r  t o  e v a l u a t e  t h e  active c o n t r o l  system a t  o the r  Mach numbers, 
Control  Law C w a s  both a n a l y t i c a l l y  and exper imenta l ly  s t u d i e d  from 
t o  M = 0.9. The r e s u l t s  ob ta ined  are presented  i n  f i g u r e  13  i n  terms of t h e  
v a r i a t i o n  of f lu t te r - speed- index  parameter wi th  Mach number. The experimental ly  
measured open-loop f l u t t e r  boundary and t h e  closed-loop n o - f l u t t e r  po in t s  f o r  
each Mach number are presented .  A t  M = 0.8 a 9.4-percent i n c r e a s e  i n  f l u t t e r -  
speed-index (20 pe rcen t  i n  dynamic pressure)  i s  shown. Unfortunately,  a t  t h i s  
po in t  t he  model w a s  damaged due t o  s a t u r a t i o n  of t h e  closed-loop system because 
of l i m i t e d  a v a i l a b l e  a c t u a t o r  angles  ( t9" ) .  S a t u r a t i o n  caused t h e  analog com- 
p u t e r  ampl i f i e r s  t o  overload and forced  t h e  c o n t r o l  s u r f a c e  t o  go hard  aga ins t  
i t s  s t o p  r e s u l t i n g  i n  open-loop f l u t t e r .  The model w a s  r epa i r ed  and t e s t e d  a t  
Mach numbers of 0 .7  and 0.6.  A modest i n c r e a s e  i n  f lu t te r - speed- index  of 
5.7 percent  (12 percent  i n  dynamic pressure)  w a s  demonstrated at t h e s e  two 
Mach numbers. 1 

M = 0.6 

A comparison of c a l c u l a t e d  and experimental  r e s u l t s  (Control  Law 6) i s  
a l s o  presented  i n  f i g u r e  13. The c a l c u l a t i o n s  f o r  t h e  open-loop system show 
reasonable  agreement a t  a l l  Mach numbers. 
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S u b c r i t i c a l  response.- Some s u b c r i t i c a l  response d a t a  obta ined  by us ing  
t h e  Co-Quad technique are presented  i n  f i g u r e  1 4  f o r  a Mach number of 0.90. 
Both the  in-phase and out-of-phase response i n  terms of t h e  r a t i o  of accelerom- 
eter output  h 1  t o  t r a i l i ng -edge  command signal 6,,, are presented.  The 
curves on t h e  l e f t  of f i g u r e  1 4  r ep resen t  t h e  model f o r  open-loop ope ra t ion  a t  
a dynamic p res su re  approximately 5 percent  below t h e  open-loop f l u t t e r  boundary. 
The curves t o  t h e  r i g h t  i n  t h i s  f i g u r e  show t h e  model closed-loop response 
(Control Law C) at the  open-loop f l u t t e r  dynamic p res su re .  A q u a l i t a t i v e  
measure of t h e  active c o n t r o l s  i n  reducing t h e  fo rced  response of t h e  system 
is  evident  by the  reduct ions  i n  peak amplitudes around t h e  f l u t t e r  frequency 
of 11 Hz. Also shown i n  f i g u r e  1 4  are c a l c u l a t e d  response da t a .  Note t h a t  
t he  a n a l y s i s  does p r e d i c t  w e l l  t he  genera l  behavior  of t h e  response.  For t h e s e  
c a l c u l a t i o n s ,  t he  e f f e c t i v e n e s s  of t h e  t r a i l i ng -edge  c o n t r o l  w a s  reduced by t h e  
r a t i o  of measured-to-calculated s t a t i c  hinge moments. 

B-52 MODEL STUDY 

General 

The planned B-52 model program inc ludes  s t u d i e s  i n  f o u r  active c o n t r o l  
areas. These areas are f l u t t e r  mode c o n t r o l ,  r i d e  q u a l i t y  c o n t r o l ,  maneuver 
load c o n t r o l ,  and r e l axed  s t a t i c  s t a b i l i t y .  To d a t e  a p o r t i o n  of t he  planned 
f l u t t e r  mode c o n t r o l  (FMC) and r i d e  q u a l i t y  c o n t r o l  (RQC) tests have been 
completed. The completed f l u t t e r  suppress ion  and r i d e  q u a l i t y  c o n t r o l  wind- 
tunnel  tests are desc r ibed  he re in .  The f l u t t e r  mode c o n t r o l  p o r t i o n  of t h e  
model program i s  being conducted i n  cooperat ion w i t h  t h e  A i r  Force F l i g h t  
Dynamics Laboratory wi th  c o n t r a c t u a l  support  be ing  suppl ied  i n  a l l  fou r  areas 
by The Boeing Company, Wichita Div is ion .  

The B-52 model program a c t u a l l y  began i n  t h e  l a t e  1960's  when a 1/30-size 
dynamically sca l ed  a e r o e l a s t i c  model of t h e  B-52E a i r c r a f t  w a s  cons t ruc ted  f o r  
use  i n  symmetric gus t  s t u d i e s  i n  t h e  t r anson ic  dynamics tunnel .  Although pro- 
v i s i o n  w a s  provided f o r  i nco rpora t ion  of active c o n t r o l l e d  midspan a i l e r o n s  
and e l e v a t o r  i n  t h i s  o r i g i n a l  model, only g u s t  response s t u d i e s  without  active 
c o n t r o l  w e r e  conducted. The r e s u l t s  from these tests are n o t  publ ished.  With 
the  i n i t i a t i o n  of t h e  B-52 CCV a i r p l a n e  program, i t  w a s  decided t o  convert  t h e  
B-52E model t o  a model of t h e  CCV a i r c r a f t  and expand t h e  model program t o  
inc lude  t h e  four  active c o n t r o l  areas mentioned above. The B-52 CCV a i r p l a n e  
program i s  desc r ibed  i n  r e fe rence  1 4 ,  and some f l i g h t  r e s u l t s  are presented  i n  
re ference  15. These CCV model tests o f f e r  t h e  unique oppor tuni ty  of v a l i d a t i n g  
wind-tunnel model techniques s i n c e  f l i g h t  d a t a  would b e  a v a i l a b l e  f o r  comparison 
wi th  t h e  model r e s u l t s .  Although some modi f ica t ions  t o  t h e  s t r u c t u r a l  s t i f f n e s s  
and m a s s  w e r e  requi red  i n  conver t ing  t h e  o r i g i n a l  model t o  a CCV model, most of 
t h e  modi f ica t ions  were a s s o c i a t e d  wi th  t h e  i n s t a l l a t i o n  of new aerodynamic 
c o n t r o l  s u r f a c e s  which inc luded  outboard a i l e r o n s ,  f l ape rons ,  and a p a i r  of 
fuselage-mounted h o r i z o n t a l  canards.  A photograph of t h e  complete f r ee - f ly ing  
model mounted on t h e  two-cable suspension system i n  t h e  t r a n s o n i c  dynamics 
tunnel  is presented  i n  f i g u r e  15. 



The o b j e c t i v e s  of t h e  B-52 model wind-tunnel tests w e r e  t o  demonstrate t h e  
e f f e c t i v e n e s s  of t h e  FMC system and t h e  RQC system, and t o  o b t a i n  d a t a  f o r  
c o r r e l a t i o n  with a n a l y s i s  and a i r p l a n e  f l i g h t  r e s u l t s .  The design of t h e  model 
systems w a s  based on t h e  corresponding CCV a i r c r a f t  systems. The FMC system 
used a c t i v e  con t ro l l ed  f l ape rons  and outboard a i l e r o n s .  A p a i r  of fuselage-  
mounted h o r i z o n t a l  canard s u r f a c e s  w a s  used f o r  t h e  RQC system. The l o c a t i o n s  
of t h e  c o n t r o l  su r f aces  are shown i n  f i g u r e  16 .  The feedback loops f o r  both 
systems w e r e  implemented on an analog computer. The model c o n t r o l  s u r f a c e s  
were ac tua ted  by us ing  an electromechanical  system. 

Design and Construct ion 

Scaling.-  The B-52 model w a s  a 1 /30-s ize  dynamically sca l ed  a e r o e l a s t i c  
model of t h e  B-52 CCV a i r p l a n e .  The model weighed about 26 kg (57.75 l b )  and 
had a wing span of 188 c m  (6.16 f t ) .  
dynamic s i m i l i t u d e  parameters of reduced wavelength, mass r a t i o ,  and Froude 
number. Some of t h e  s c a l i n g  r e l a t i o n s h i p s  and corresponding model /a i rplane 
f l i g h t  condi t ions  are presented  i n  f i g u r e  17 .  S ince  t h e  a i r p l a n e  f l i g h t  condi- 
t i o n s  are a t  r e l a t i v e l y  low Mach numbers where compress ib i l i t y  e f f e c t s  are 
s m a l l ,  i t  w a s  no t  considered necessary t o  match t h e  Mach number between the  
a i r p l a n e  and t h e  model. It i s  f o r t u n a t e  f o r  t h e  B-52 model s tudy  t h a t  f l i g h t  
condi t ions  were at  r e l a t i v e l y  low speeds s i n c e  Mach number and Froude number 
s c a l i n g  are d i f f i c u l t  t o  s a t i s f y  s imultaneously whi le  s t i l l  matching both 
reduced wavelength and mass r a t i o .  A d i scuss ion  of t h e  c o n f l i c t i n g  requi re -  
ments of Mach number and Froude number s c a l i n g  i s  presented  i n  r e fe rence  2. 

The model w a s  designed t o  match the  

Construction.-. The cons t ruc t ion  technique used f o r  t h e  B-52 model w a s  one 
t h a t  has been s u c c e s s f u l l y  used f o r  a number of yea r s  i n  b u i l d i n g  a e r o e l a s t i c  
models. Some d e t a i l s  of t h e  model cons t ruc t ion  are shown i n  f i g u r e  18. 
Aluminum a l l o y  s p a r s  and beams w e r e  used t o  provide t h e  b a s i c  s t i f f n e s s  of t h e  
wings and fuse l age ,  r e spec t ive ly .  Segmented pods cons t ruc ted  of wood frames 
covered wi th  t h i n  p l a s t i c  s h e e t s  w e r e  a t t a c h e d  t o  t h e  s p a r s  and beams-to pro- 
v ide  t h e  proper  aerodynamic contour .  The empennage w a s  no t  e l a s t i c a l l y  sca l ed .  
Both t h e  h o r i z o n t a l  and ver t ical  t a i l  were r e l a t i v e l y  s t i f f ,  b u t  d id  have t h e  
proper  t o t a l  weight and center-of-gravi ty  l o c a t i o n .  The engine n a c e l l e s  w e r e  
r i g i d  s t reaml ined  bodies  t h a t  had the  proper  i n e r t i a  p r o p e r t i e s .  The n a c e l l e s  
w e r e  a t t ached  t o  t h e  wing s p a r s  by f l e x i b l e  beams which s imulated t h e  pylon 
s t i f f n e s s .  Externa l  f u e l  tanks were a t t ached  nea r  t h e  wings t i p s .  The tanks  
w e r e  b a l l a s t e d  t o  s imula t e  t h e  m a s s  t h a t  had t o  be added t o  t h e  a i r p l a n e  t o  
produce a f l u t t e r  cond i t ion  w i t h i n  t h e  a i r p l a n e  ope ra t ing  boundary. 

. T e s t  Techniques 

Mounting system.- The B-52 model w a s  mounted i n  t h e  t r anson ic  dynamics 
tunne l  by us ing  a modified ve r s ion  of t h e  two,cable suspension system descr ibed  
i n  r e fe rence  16 .  
The model w a s  supported by two cab le  loops ,  c a l l e d  f l y i n g  cab le s ,  which w e r e  
a t t ached  t o  t h e  model at a common p o i n t .  The cab le s  w e r e  routed through low 
f r i c t i o n  pu l l eys  loca t ed  on t h e  tunne l  w a l l s .  The forward cable  loop w a s  i n  
t h e  vertical plane,  and t h e  a f t  cab le  loop w a s  i n  t h e  h o r i z o n t a l  plane.  The 

A p o r t i o n  of t h e  c a b l e  support  system i s  shown i n  f i g u r e  15. 
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c a b l e s  were kept  under t ens ion  by s t r e t c h i n g  a s o f t  s p r i n g  i n  t h e  rear loop. 
This  mount system provided freedom f o r  t h e  model t o  t r a n s l a t e  l a t e r a l l y  and 
v e r t i c a l l y  and t o  r o t a t e  about t h e  p i t c h ,  r o l l ,  and yaw axes.  I n  addi ton  t o  
the  f l y i n g  cables ,  fou r  a d d i t i o n a l  cables w e r e  a t t a c h e d  t o  t h e  model t o  provide 
emergency r e s t r a i n t  (see f i g .  15). These snubber cab le s  extended out  through 
the  tunne l  w a l l s  t o  a shock absorber  system and a remotely con t ro l l ed  a c t u a t o r .  
These cab le s  w e r e  s l a c k  du r ing  normal test opera t ions .  The model w a s  e s s e n t i a l l y  
flown i n  t h e  tunne l  test  s e c t i o n  on t h e  mount system by a p i l o t  l oca t ed  i n  t h e  
tunnel  c o n t r o l  room. For t h i s  model t h e  p i l o t  remotely opera ted  t h e  h o r i z o n t a l  
s t a b i l i z e r  t o  provide p i t c h  c o n t r o l .  For many models, e x t e r n a l  r o l l  c o n t r o l  i s  
a l s o  provided, bu t  t h i s  w a s  n o t  done f o r  t h e  B-52 model. Proper  r o l l  a t t i t u d e  
(wings l e v e l )  w a s  obtained by manually s e t t i n g  small t r i m  t a b s  loca t ed  on each 
wing by a t r ia l -and-er ror  process .  Once a s a t i s f a c t o r y  t a b  s e t t i n g  w a s  ob ta ined  
dur ing  t h e  f i r s t  test run,  i t  w a s  no t  necessary  t o  change t h e  s e t t i n g  f o r  l a te r  
runs.  

For f l u t t e r  model t e s t i n g  t h e  primary mount system des ign  requirements are 
t h a t  t h e  model must be s t a b l e  on t h e  mount system, and t h a t  t h e  f requencies  of 
a l l  r i g i d  body modes must be  w e l l  s epa ra t ed  from t h e  f requencies  of t h e  s t r u c -  
t u r a l  modes. For l o n g i t u d i n a l  r i d e  q u a l i t y  c o n t r o l  s t u d i e s ,  t h e r e  i s  the  addi- 
t i o n a l  requirement t h a t  t h e  shor t -per iod  mode must be  s imulated as accura t e ly  
as poss ib l e .  Since the  two-cable system in t roduces  some s p r i n g  r e s t r a i n t s  t o  
t h e  model t h a t  do no t  e x i s t  i n  f r e e  f l i g h t ,  t h e  shor t -per iod  mode i s  a f f e c t e d ,  
and an a d d i t i o n a l  r i g i d  body mode (p r imar i ly  a ver t ica l  t r a n s l a t i o n  mode) i s  
added. I n  des igning  t h e  B-52 model mount system, p a r t i c u l a r  a t t e n t i o n  w a s  given 
t o  proper ly  s imula t ing  t h e  a i r p l a n e  shor t -per iod  mode and t o  keeping of t he  
r i g i d  body t r a n s l a t i o n a l  mode frequency as low as poss ib l e .  

F l u t t e r  mode c o n t r o l  (FMC).- For t h e  most p a r t  t h e  wind-tunnel test tech- 
n iques  used f o r  t h e  B-52 model FMC s t u d i e s  w e r e  t h e  same as those  used f o r  t h e  
d e l t a  wing. 
w e r e  used. Some a d d i t i o n a l  techniques were a l s o  used i n  an e f f o r t  t o  determine 
s u b c r i t i c a l  damping from t r ans2en t  response d a t a .  
w a s  d i s tu rbed  by s i n u s o i d a l l y  d r i v i n g  t h e  a i l e r o n  and then ab rup t ly  removing 
t h e  d r i v i n g  f o r c e  t o  g ive  a t r a n s i e n t  response.  
response w a s  generated by d r i v i n g  t h e  e l e v a t o r  w i th  a one-cycle s i n e  wave pulse .  
Nei ther  of these  two methods w a s  very s a t i s f a c t o r y  f o r  determining damping d a t a  
s i n c e  t h e  t r a n s i e n t  response w a s  a lmost ,  sometimes t o t a l l y ,  obscured by the  
response of t h e  model t o  tunne l  turbulence.  It is i n t e r e s t i n g  t o  mention t h a t  
t r a n s i e n t  response methods w e r e  s a t i s f a c t o r i l y  used t o  determine damping dur ing  
t h e  B-52 CCV f l i g h t  tests. 
c o n t r o l  s u r f a c e  input  response w a s  h ighe r  f o r  t h e  model than  f o r  t h e  a i rp l ane .  
The l a c k  of success  wi th  t r a n s i e n t  methods f o r  t h e  B-52 model does no t  mean t h a t  
t r a n s i e n t  response damping de termina t ion  techniques cannot be developed f o r  
model use ,  bu t  r a t h e r  means t h a t  more development work needs t o  b e  done. 

Both t h e  randomdec and Co-Quad s u b c r i t i c a l  response techniques 

I n  one technique t h e  model 

I n  another  method a t r a n s i e n t  

Apparently t h e  r a t i o  of tu rbulence  response t o  

Ride q u a l i t y  c o n t r o l  (RQC).- P a r t  of t h e  RQC tests were accomplished by 
us ing  an airstream o s c i l l a t o r  system t o  provide a symmetric s i n u s o i d a l  gus t  
i npu t  t o  the  model. The o s c i l l a t i n g  vane system c o n s i s t s  of a set of b ip l ane  
vanes i n s t a l l e d  on each s i d e  w a l l  i n  t h e  en t r ance  cone t o  the  tunnel  test sec- 
t ion .  The vane system is  shown in f i g u r e  19 .  The vanes are s i n u s o i d a l l y  
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o s c i l l a t e d  ( e i t h e r  symmetrically o r  an t i symmetr ica l ly)  through mechanical 
l inkages  by a hydrau l i c  motor and f lywheel  arrangement. 
component is induced i n  t h e  f low i n  t h e  c e n t e r  po r t ion  of t h e  test s e c t i o n  
by t h e  t r a i l i n g  v o r t i c e s  from t h e  vane t i p s .  The i n s t a l l a t i o n  and e a r l y  u s e  of 
t he  vane system i n  t h e  t r anson ic  dynamics tunne l  is  descr ibed  i n  r e fe rence  1 7 .  
The gus t  vane system has  been c a l i b r a t e d  and some t y p i c a l  r e s u l t s  are presented  
i n  f i g u r e  20 i n  t h e  form of a contour  p l o t .  The d a t a  shown are t h e  v a r i a t i o n  
of f low angle  of a t t a c k  wi th  frequency and lateral p o s i t i o n  ac ross  t h e  tunnel .  
Note t h a t  t h e  g u s t  ang le  decreases  r ap id ly  wi th  inc reas ing  frequency and t h a t  
there is some v a r i a t i o n  i n  f low ang le  wi th  la teral  pos i t i on .  
measurements were made wi th  t h e  RQS system on and o f f  whi le  t h e  airstream 
o s c i l l a t o r  system frequency w a s  v a r i e d  from 1 t o  16  Hz. Also, frequency sweeps 
w e r e  made us ing  e x t e r n a l  s i n u s o i d a l  command signals t o  t h e  model canards.  The 
canard frequency was  cont inuously v a r i e d  over t h e  frequency range from 4 t o  
24 Hz. T rans fe r  func t ions  w e r e  determined us ing  t h e  Co-Quad technique. 

A v e r t i c a l  v e l o c i t y  

Model response 

Active Control  Systems 

The B-52 model used active c o n t r o l l e d  outboard a i l e r o n s  and f laperons  f o r  
t h e  FMC system. A p a i r  of h o r i z o n t a l  canards w e r e  used f o r  t h e  RQC system. 
The a c t u a t i o n  systems f o r  a l l  of t h e s e  su r faces  w e r e  of t he  electromechanical  
type  as opposed t o  t h e  e l e c t r o h y d r a u l i c  system used on t h e  a i r p l a n e .  The con- 
t r o l  s u r f a c e s  w e r e  ac tua t ed  by e lectr ic  torque  motors mounted i n  t h e  model 
fuse lage .  The motors mechanically connected t o  t h e  c o n t r o l  s u r f a c e s  through a 
r a t h e r  complex mechanism of l i nkages .  The complexity of t h e  syptem can b e  seen  
by examining t h e  photograph shown i n  f i g u r e  18 .  A more d e t a i l k d  d e s c r i p t i o n  of 
t h e  a c t u a t i o n  system is presented  i n  r e fe rence  10 .  The c o n t r o l  l a w s  were 
implemented and an analog computer l oca t ed  i n  t h e  tunne l  c o n t r o l  room. 
c o n t r o l  l a w  w a s  wired t o  a s e p a r a t e  removable pa tch  panel .  

Each 
I 

FMC system.- The design of t h e  FMC system w a s  based on t h e  r e s u l t s  of 
previous experience and ana lyses  of t h e  B-52 a i r p l a n e .  These r e s u l t s  i nd ica t ed  
t h a t  s t a b i l i z i n g  aerodynamic f o r c e s  are produced over  t h e  e n t i r e  f l u t t e r  o s c i l -  
l a t i o n  cyc le  when t h e  incremental  l i f t  generated by t h e  c o n t r o l  s u r f a c e s  l a g s  

produce t h e  requi red  phase l a g  between l i f t  and displacement a t  the  f l u t t e r  
frequency. The a i r p l a n e  FMC system i s  descr ibed  i n  r e fe rence  18. A s i m p l i f i e d  
block diagram of t h e  model FMC system is  presented  i n  f i g u r e  21. 
w a s  redundant s i n c e  t h e r e  w e r e  two independent feedback loops.  The f i r s t  loop 
used the  outboard a i l e r o n s  as t h e  a c t i v e  aerodynamic su r faces .  Accelerometer 
s i g n a l s  from both  t h e  l e f t  and r i g h t  wings w e r e  averaged and passed through a 
shaping f i l t e r  t o  genera te  t h e  a i l e r o n  feedback command s i g n a l  which w a s  routed 
t o  the  s i n g l e  a i l e r o n  a c t u a t o r .  The f l ape ron  loop w a s  s i m i l a r  t o  the  a i l e r o n  
loop except  t h a t  each f l ape ron  had i ts  own a c t u a t o r .  I n  concept theirnodel and 
B-52 CCV a i r p l a n e  systems are t h e  same, t h e  only d i f f e r e n c e  i s  i m  the  a c t u a t o r  
dynamic c h a r a c t e r i s t i c s .  That is ,  a comparison of t h e  two t r a n s f e r  func t ions  
would show a d i f f e r e n c e .  However, over t h e  frequency range of i n t e r e s t ,  t h e  two 
a c t u a t o r s  do have similar dynamic c h a r a c t e r i s t i c s .  Note t h a t  p rovis ion  w a s  pro- 
vided a t  summing junc t ions  (see upper l e f t  of f i g .  21) f o r  in t roducing  e x t e r n a l  
command signals t o  t h e  a c t u a t o r s .  

%the  wing displacement by 90°. Thus, t h e  FMC feedback system w a s  designed t o  

The FMC system 

i 

The e x t e r n a l  command s i g n a l s  were used t o  
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d r i v e  t h e  c o n t r o l  s u r f a c e s  f o r  model e x c i t a t i o n .  
used when t h e  FMC system is e i t h e r  ope ra t ing  (closed-loop) o r  n o t  ope ra t ing  
(open-loop) . 

The command signals can be  

RQC system.- The RQC system w a s  designed t o  provide about  a 30-percent 
reduct ion  i n  t h e  RMS ver t ica l  a c c e l e r a t i o n  level a t  t h e  p i l o t ' s  s t a t i o n .  A 
s i m p l i f i e d  block diagram of t h e  RQS system i s  presented  i n  f i g u r e  22. 
s t a t i o n  a c c e l e r a t i o n  s i g n a l s  are f e d  back through a shaping f i l t e r  t o  produce 
the  requi red  canard command s i g n a l s .  
compensation t o  account f o r  t h e  d i f f e r e n c e s  i n  dynamic c h a r a c t e r i s t i c s  between 
t h e  model and a i r p l a n e  a c t u a t o r s .  
descr ibed  i n  r e fe rence  19 .  

P i l o t  

I n  t h e  RQC system i t  w a s  necessary  t o  add 

The des ign  of t h e  model RQC system i s  

B-52 Resu l t s  

FMC system.- The primary o b j e c t i v e s  of t h e  model FMC system s t u d i e s  were 
t o  e s t a b l i s h  t h e  open-loop (F'MC o f f )  f l u t t e r  v e l o c i t y ,  t o  demonstrate t h e  
e f f e c t i v e n e s s  of t h e  closed-loop system (FMC on) ,  and t o  o b t a i n  d a t a  f o r  cor- 
r e l a t i o n  wi th  model a n a l y s i s  and f u l l - s c a l e  f l i g h t  tests. 

During t h e  FMC s t u d i e s  t h e  open-loop f l u t t e r  v e l o c i t y  w a s  determined, and 
both open- and closed-loop s u b c r i t i c a l  response measurements w e r e  made above 
and below t h e  open-loop f l u t t e r  v e l o c i t y .  As descr ibed  previous ly ,  several 
experimental  techniques w e r e  used f o r  determining t h e  s u b c r i t i c a l  response 
c h a r a c t e r i s t i c s .  I n  genera l ,  t h e  most u s e f u l  r e s u l t s  w e r e  from t h e  forced  
response Co-Quad technique.  
out-of-phase components of t h e  wing a c c e l e r a t i o n  
displacement 6,,, as a func t ion  of frequency are shown i n  f i g u r e  23. These 
r e s u l t s  are approximately 6 percen t  i n  v e l o c i t y  below t h e  measured open-loop 
f l u t t e r  po in t .  The curves t o  t h e  l e f t  on this  f i g u r e  are t h e  frequency 
response of t h e  open-loop system; t h e  curves t o  t h e  r i g h t  r ep resen t  t h e  closed- 
loop response.  The e f f e c t i v e n e s s  of t h e  FMC i n  reducing t h e  forced  response 
of t he  system i s  r e a d i l y  apparent  by comparing t h e  resonant  response peaks of 
t h e  open- and closed-loop systems. 

Representa t ive  measurements of t h e  in-phase and 
ZwBL 78:3 t o  a i l e r o n  command 

The randomdec technique worked b e s t  as t h e  f l u t t e r  speed w a s  c l o s e l y  
It w a s  approached and t h e  damping i n  t h e  f l u t t e r  mode became very  small. 

e s p e c i a l l y  u s e f u l  he re  s i n c e  i t  w a s  considered hazardous t o  apply e x t e r n a l  
exc i t a t ion ,  A t y p i c a l  response t i m e  h i s t o r y  trace f o r  t h e  r i g h t  wing accel- 
erometer Z ~ L  47 .8 ,  and t h e  a s s o c i a t e d  randomdec s i g n a t u r e ,  taken approxi- 
mately 3 percent  i n  v e l o c i t y  below t h e  f l u t t e r  po in t ,  is  shown i n  f i g u r e  24. 

A comparison of c a l c u l a t e d  and measured f l u t t e r  mode damping ve r sus  air- 
speed f o r  t h e  model is presented  i n  f i g u r e  25. 
ob ta ined  from t h e  forced  response technique wh i l e  t h e  c a l c u l a t e d  va lues  were 
obtained from t h e  c h a r a c t e r i s t i c  r o o t s  of t h e  equat ions  of motion. The compar- 
i son  shows the  a n a l y s i s  t o  be  conserva t ive  by about  10 pe rcen t  i n  p r e d i c t i n g  t h e  
open-loop f l u t t e r  v e l o c i t y .  Th i s  d i f f e r e n c e  may be  a t t r i b u t e d  i n  p a r t  t o  t he  
fact  t h a t  t h e  measured s t r u c t u r a l  damping of t h e  model w a s  somewhat h ighe r  than  
t h e  damping used i n  t h e  f l u t t e r  a n a l y s i s .  Both experimental  and a n a l y t i c a l  

The measured va lues  w e r e  

844 



r e s u l t s  show t h a t  the  FMC system provides  a s u b s t a n t i a l  i n c r e a s e  i n  damping 
nea r  t he  open-loop f l u t t e r  v e l o c i t y .  The measured closed-loop d a t a  show t h e  
system t o  be less e f f e c t i v e  than a n a l y t i c a l l y  p red ic t ed .  Th i s  d i f f e r e n c e  is  
be l ieved  t o  be due t o  h y s t e r s i s  i n  t h e  outboard a i l e r o n  a c t u a t o r  system com- 
bined wi th  a reduced e f f e c t i v e n e s s  of t h e  c o n t r o l  s u r f a c e s  t h a t  w e r e  n o t  
accounted f o r  i n  t h e  a n a l y s i s .  The maximum v e l o c i t y  t e s t e d  w i t h  t h e  closed- 
loop system w a s  48.3 m / s e c  (158 f t /sec) ;  however, no damping va lues  w e r e  
measured above 47.2 m / s e c  (155 ft /sec) ( ind ica t ed  by a dashed l i n e  i n  f i g .  2 5 ) .  

A comparison of measured f l u t t e r  mode damping versus  a i r speed  f o r  t he  
model and f u l l - s c a l e  a i r p l a n e  is  shown i n  f i g u r e  26 i n  tenns of a i r p l a n e  
v e l o c i t y .  
records.  A s  i n d i c a t e d  i n  t h i s  f i g u r e  t h e  model open-loop f l u t t e r  speed is  
about 7.9 percen t  h ighe r  than t h e  a i r p l a n e  f l u t t e r  speed.  This  d i f f e r e n c e  i s  
a t t r i b u t e d  t o  minor v a r i a t i o n s  i n  model m a s s  and s t i f f n e s s  from the  r equ i r ed  
va lues  combined wi th  some cable-mount e f f e c t s  on t h e  r i g i d  body dynamics of 
t h e  model. The c a l c u l a t e d  a i r p l a n e  f l u t t e r  speed w a s  about  8.3 percent  below 
t h e  measured po in t .  
l a t e d  f l u t t e r  v e l o c i t i e s  f o r  bo th  t h e  model and a i r p l a n e  i n  t h a t  t h e  a n a l y s i s  
w a s  conserva t ive  i n  both cases by about t h e  same amount. The d a t a  i n  f i g u r e  26 
show t h a t  t h e  model and a i r p l a n e  have t h e  same closed-loop damping t rends .  I n  
both cases t h e  closed-loop system s i g n i f i c a n t l y  inc reases  the  damping near  t h e  
open-loop f l u t t e r  v e l o c i t y .  Although some d i f f e r e n c e s  i n  damping level do 
exist ,  i t  is f e l t  t h a t  t h e  c o r r e l a t i o n  between model and a i r p l a n e  is  q u i t e  
reasonable.  A s  i n d i c a t e d  i n  t h e  f i g u r e ,  both t h e  model and a i r p l a n e  w e r e  
t e s t e d  above t h e  open-loop f l u t t e r  v e l o c i t y .  

The a i r p l a n e  damping va lues  w e r e  ob ta ined  from t r a n s i e n t  response 

Thus a cons is tency  does e x i s t  between measured and calcu- 

RQC system.- The o b j e c t i v e s  of t h e  RQC s t u d i e s  w e r e  t o  demonstrate t h e  
e f f e c t i v e n e s s  of a r i d e  c o n t r o l  system i n  reducing t h e  a c c e l e r a t i o n  a t  the  
p i l o t ' s  s t a t i o n  and t o  o b t a i n  d a t a  f o r  c o r r e l a t i o n  wi th  a n a l y s i s  and f u l l -  
scale f l i g h t .  During t h e  RQC s t u d i e s  t h e  open-loop (RQC o f f )  and closed-loop 
(RQC on) response of t h e  model t o  e x t e r n a l  e x c i t a t i o n  w a s  measured. The f i r s t  
series of tests t h a t  were performed involved measuring t h e  response of t h e  
model t o  a s i n u s o i d a l  gus t  f i e l d  generated by t h e  o s c i l l a t i n g  vanes.  The f r e -  
quencies  of t h e  primary modes of i n t e r e s t  w e r e  a t  2 ,  13, and 17.5  Hz. Sample 
r e s u l t s  ob ta ined  from t h e  in-phase and out-of-phase components of t h e  p i l o t  
s t a t i o n  a c c e l e r a t i o n  Znose as a func t ion  of vane frequency are presented  i n  
f i g u r e  27. The curves t o  t h e  l e f t  are t h e  open-loop response;  t h e  curves t o  
t h e  r i g h t ,  t he  closed-loop response.  Attenuat ion of t h e  closed-loop response 
around 2 Hz i s  apparent .  
t h a t  the  e f f e c t  of t h e  r i d e  c o n t r o l  system is  no t  obvious.  These r e s u l t s  f o r  
t h e  h igher  modes are due t o  t h e  f a c t  that t h e  e f f e c t i v e n e s s  of t h e  o s c i l l a t i n g  
vanes i n  genera t ing  t h e  gust f i e l d  f a l l s  o f f  r a p i d l y  a t  t h e  h ighe r  va lues  of 
frequency (see f i g .  20) .  The canard s u r f a c e s  w e r e  used t o  genera te  t h e  exc i t a -  
t i o n  f o r  t h e  h igher  modes. Resul t s  a t  t h e  s a m e  t es t  condi t ion  obtained from 
a canard frequency sweep are shown i n  f i g u r e  2 8 .  The canard amplitude w a s  2". 
The d a t a  are presented  f o r  both t h e  open- and closed-loop system i n  t e r m s  of 
t h e  r a t i o  of p i l o t  s t a t i o n  a c c e l e r a t i o n  Znose t o  canard command s i g n a l  6c ,c  
as a func t ion  of canard frequency. The e f f e c t  of t h e  RQC system on t h e  h ighe r  
modes i s  now evident .  It appears t h a t  some combination of t e s t i n g  techniques 
i s  requi red  t o  accu ra t e ly  d e f i n e  t h e  system response curves.  

.. 

However, t h e  response i n  t h e  13-Hz mode i s  s o  low 
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C-5A ALDCS MODEL STUDY 

General 

I n  an e f f o r t  t o  reduce wing f a t i g u e  damage and thereby  prolong t h e  service 
l i f e  of t h e  C-5A f leet ,  the  A i r  Force has con t r ac t ed  wi th  t h e  Lockheed-Georgia 
Company t o  develop and f l i g h t  test a C-5A a i r p l a n e  wi th  an  active l i f t  d i s t r i -  
but ion c o n t r o l  system (ALDCS). 
mental  inboard-wing stresses experienced d u r i n g  gus t s  and f l i g h t  maneuvers. 
The ALDCS uses  e x i s t i n g  c o n t r o l s  on t h e  a i r p l a n e  - a i l e r o n s  t o  unload t h e  
wing t i p s  and e l e v a t o r s  t o  keep t h e  a i r p l a n e  i n  t r i m .  S p e c i f i c  des ign  goa ls  
f o r  the  ALDCS are t o  reduce t h e  symmetric f l i g h t  incremental  wing roo t  bending 
moment by at least  30 percent  whi le  l i m i t i n g  any i n c r e a s e  i n  t o r s i o n a l  moment 
t o  less than 5 percent .  A d e t a i l e d  d e s c r i p t i o n  of t h e  a i r p l a n e  ALDCS i s  p re -  
s en ted  i n  r e fe rence  20. 

This  system is  designed t o  reduce t h e  inc re -  

A wind-tunnel s tudy  of a dynamically s c a l e d  a e r o e l a s t i c  model equipped 
wi th  t h e  proposed ALDCS w a s  undertaken f o r  t h e  fo l lowing  o b j e c t i v e s :  (1) t o  
determine t h e  ALDCS e f f e c t i v e n e s s ;  (2) t o  i n v e s t i g a t e  t h e  adverse coupl ing of 
s t r u c t u r a l  modes due t o  t h e  ALDCS, p a r t i c u l a r l y  wing f l u t t e r ;  and (3) t o  
ob ta in  experimental  d a t a  f o r  c o r r e l a t i o n  w i t h  a n a l y s i s  and t o  guide f l i g h t  
tests. 
f i g u r e  29. The model program w a s  a j o i n t  e f f o r t  of t h e  A i r  Force,  t h e  Lockheed- 
Georgia Company, and t h e  Langley Research Center .  The model s tudy w a s  per- 
formed concurren t ly  w i t h  t h e  development of t h e  a i r p l a n e  ALDCS and w a s  com- 
p l e t e d  w i t h i n  a 9-month per iod p r i o r  t o  t h e  beginning of a i r p l a n e  f l i g h t  tests. 
Bas ica l ly ,  t h e  model program involved t h e  mod i f i ca t ion  of an e x i s t i n g  1/22-size 
f l u t t e r  model t o  match Froude number s c a l i n g ,  t h e  inco rpora t ion  of t h e  ALDCS 
i n  the model, and wind-tunnel tests i n  the t r a n s o n i c  dynamics tunnel .  

A photograph of t h e  1 /22-s ize  model used i n  t h e  s tudy  is  presented  i n  

Some unique f e a t u r e s  of t h e  C-5A model s tudy  w e r e  t h a t  i t  w a s  t he  f i r s t  
s ca l ed  model s tudy  of a l i f t  d i s t r i b u t i o n  c o n t r o l  system, and t h e  model had 
an onboard hydraul ic  system. This  hydrau l i c  system inc luded  pump, f l u i d  
cool ing  system, and servovalves  t h a t  powered t h e  c o n t r o l  s u r f a c e  a c t u a t o r s .  
The weight of t h i s  system (about 16.3 kg o r  36 l b )  w a s  absorbed as onboard 
cargo i n  t h e  fuse l age .  
s p e c i a l l y  developed wind-tunnel systems and model technologies  such as (1) t h e  
two-cable suspension system f o r  minimum r e s t r a i n t  t o  permit  t h e  model t o  be 
e s s e n t i a l l y  f r ee - f ly ing ,  r e fe rence  16;  (2)  a l though no t  used, a s p e c i a l  r o l l  
c o n t r o l  system w a s  a v a i l a b l e  which a l t e r e d  t h e  mount system c a b l e  angles  i n  
case t h e  a i l e r o n  d e f l e c t i o n s  needed t o  keep t h e  model i n  r o l l  t r i m  because 
excess ive ,  r e fe rence  21; (3) a l i f t - s i m u l a t i o n  (cable-pneumatic sp r ing )  dev ice  
t h a t  provided t h e  c a p a b i l i t y  of vary ing  t h e  model l i f t  c o e f f i c i e n t  f o r  given 
test condi t ions ,  r e f e rence  22; ( 4 )  an o s c i l l a t i n g  vane system which generated 
s i n u s o i d a l  gus ts ,  r e f e rence  17 ;  and (5) a i l e r o n  a c t u a t o r s  on t h e  model wing 
which w e r e  b a s i c a l l y  d u p l i c a t e s  of those  developed f o r  t h e  delta-wing f l u t t e r  
suppress ion  model prev ious ly  descr ibed .  

The C-5A model s tudy  r equ i r ed  t h e  a p p l i c a t i o n  of many 
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Model 

Scaling.-  Although a 1 /22-s ize  f l u t t e r  model of t h e  complete C-5A a i r p l a n e  
w a s  a v a i l a b l e  from earlier f l u t t e r  c l ea rance  s t u d i e s  i n  t h e  t r anson ic  dynamics 
tunnel ,  the d e c i s i o n  w a s  made t o  rescale and modify t h e  model t o  match t h e  
a i r p l a n e  Froude number. This  allowed a c l o s e r  s imula t ion  of t h e  aerodynamic 
loading  and dynamic c h a r a c t e r i s t i c s  of t h e  a i r p l a n e ,  t hus ,  a b e t t e r  eva lua t ion  
of t h e  ALDCS could be made. For a Froude number s c a l e d  model, t he  mass r a t i o  
and reduced wavelength are a l s o  matched a t  t h e  s e l e c t e d  des ign  test condi t ions .  
The model s c a l i n g  f a c t o r s  w e r e  de r ived  s o  t h a t  Froude number w a s  matched f o r  
t h e  model at  a Mach number of 0.263 and a dynamic p res su re  2.394 kN/m2 
(50 l b / f t 2 )  i n  t h e  wind tunne l  w i t h  f r eon  as t h e  test  medium. 
i n g  a i r p l a n e  f l i g h t  condi t ions  w e r e  a Mach number of 0.58 and a dynamic pres-  
s u r e  of 19.87 kN/m2 (415 l b / f t 2 )  which corresponded t o  an a l t i t u d e  of 1524 m 
(5000 f t ) .  It w a s  assumed t h a t  a t  t h e s e  r e l a t i v e l y  low subsonic  Mach numbers 
t h e  compress ib i l i t y  e f f e c t s  were n o t  important  and t h a t  t h e r e  would not  be any 
s i g n i f i c a n t  d i f f e r e n c e s  between t h e  aerodynamic c h a r a c t e r i s t i c s  of t h e  model 
and t h e  a i r p l a n e .  

The correspond- 

Design and cons t ruc t ion . -  The C-5A ALDCS model w a s  designed t o  scale two 
a i r p l a n e  conf igu ra t ions ,  wing f u e l  loadings  of 0 .and 33 percent  w i t h  approxi- 
mately 113 400 kg (250 000 l b )  of cargo f o r - b o t h  cases. 
had a wing span of 3.037 m (9.96 f t ) .  
65 .1  kg (143.5 l b ) ,  and t h e  33-percent f u e l  conf igu ra t ion  weighed 77.2 kg 
(170.2 l b ) .  To minimize c o s t s ,  components of an e x i s t i n g  f l u t t e r  model were 
used as much as p o s s i b l e  i n  t h e  ALDCS model. 
t i o n  w a s  used. Some of t h e  cons t ruc t ion  d e t a i l s  are shown i n  f i g u r e s  30 and 31. 
The m e t a l  spars c a r r i e d  t h e  s t r u c t u r a l  loads  and s imula ted  t h e  s t i f f n e s s  
c h a r a c t e r i s t i c s .  The b a l s a  wood pods dup l i ca t ed  t h e  aerodynamic shape and 
w e r e  b a l l a s t e d  (with t h e  s p a r s )  t o  s imula t e  t h e  mass c h a r a c t e r i s t i c s .  The 
ALDCS model r equ i r ed  c l o s e  s imula t ion  of t he  wing p r o p e r t i e s .  Therefore ,  new 
wing s p a r s ,  engine-pylon s p a r s ,  and fuse l age  s p a r s  w e r e  cons t ruc ted .  (The 
fuse lage  s i g n f i c a n t l y  a f f e c t e d  t h e  wing dynamics.) 
pods w e r e  a l s o  cons t ruc ted .  The e x i s t i n g  f l u t t e r  model empennage w a s  used i n  
t h e  ALDCS model; consequently,  t h e  empennage s t i f f n e s s  w a s  n o t  proper ly  sca l ed .  
I n  reworking t h e  empennage t o  inco rpora t e  t h e  h o r i z o n t a l  t a i l  active c o n t r o l  
mechanism, an at tempt  w a s  made t o  s imula t e  t h e  r equ i r ed  s c a l e d  mass p r o p e r t i e s  
of t he  o v e r a l l  empennage; however, t h e  f i n a l  empennage w a s  cons iderably  under 
weight.  The a i l e r o n s  w e r e  s c a l e d  and cons i s t ed  of a metal s p a r  covered wi th  
b a l s a  wood which w a s  f a i r e d  t o  g ive  t h e  proper  s c a l e d  aerodynamic shape. The 
aileron-wing gap w a s  n o t  s e a l e d  on t h e  model, a l though t h e  gap w a s  kept  as 
s m a l l  as p r a c t i c a l .  

The 1/22-size model 
The O-percent f u e l  conf igu ra t ion  weighed 

A s p a r  and pod type  of construc-  

Some new wing and fuse l age  

With the  except ion  of t h e  empennage, t h e  model s imulated t h e  m a s s  and 
s t i f f n e s s  of t h e  a i r p l a n e  q u i t e  w e l l ,  i nc lud ing  t h e  important  wing s t r u c t u r a l  
mode f requencies  and mode shapes.  It w a s  concluded t h a t  t h e  model adequately 
represented  t h e  a i r p l a n e  f o r  t h e  purposes of t h e  ALDCS study.  

Control systems.- The aerodynamic s u r f a c e s  used f o r  active c o n t r o l s  on 
the  C-5A a i r p l a n e  cons i s t ed  of t he  a i l e r o n s  and t h e  e l e v a t o r s .  However, f o r  
p r a c t i c a l  model des ign  cons ide ra t ions ,  t h e  all-movable h o r i z o n t a l  t a i l  w a s  used 
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t o  provide active p i t c h  c o n t r o l  i n s t e a d  of t h e  e l e v a t o r s .  An appropr i a t e  com- 
pensa t ion  w a s  made i n  t h e  c o n t r o l  l a w  t o  account f o r  t h i s  d i f f e rence .  

A l l  a c t i v e  c o n t r o l  s u r f a c e s  on t h e  model w e r e  ac tua t ed  by an onboard 
hydrau l i c  system. The a i l e r o n  a c t u a t o r s  w e r e  of t h e  same des ign  as those  
used f o r  t h e  delta-wing research  model descr ibed  earlier. 
could be remotely c o n t r o l l e d  (by t h e  model p i l o t )  t o  permit  s ta t ic  r o l l  t r i m  
con t ro l .  The t a i l  a c t u a t o r  c o n t r o l l e d  t h e  dynamic p i t c h  ang le  of t h e  complete 
h o r i z o n t a l  s t a b i l i z e r  and w a s  simply a h y d r a u l i c a l l y  ac tua t ed  p i s t o n  (see 
f i g .  30).  The p i s t o n  housing w a s  mechanically coupled t o  an e lectr ic  motor 
d r i v e  system ( a l s o  c o n t r o l l e d  by t h e  p i l o t )  which could move t h e  complete 
p i s t o n  u n i t  and thus vary t h e  t a i l  s ta t ic  p i t c h  ang le  f o r  model p i t c h  t r i m .  
The p i s t o n  drove t h e  t a i l  dynamically and worked a g a i n s t  two c o i l  s p r i n g s  which 
at tempted t o  keep t h e  p i s t o n  i n  a centered  p o s i t i o n .  I n  t h e  event of a hydrau- 
l i c  f a i l u r e ,  t h e  cen te r ing  sp r ings  would keep t h e  h o r i z o n t a l  s t a b i l i z e r  at i t s  
s t a t i c  t r i m  s e t t i n g ,  whereas t h e  a i l e r o n s  would tend t o  become f r e e - f l o a t i n g  
and s e l f - a l i n i n g  wi th  the  wing countour.  

The a i l e r o n  a l s o  

The power f o r  t h e  hydrau l i c  system w a s  provided by an  onboard hydrau l i c  
pump ( see  f i g .  31). This  pump w a s  an  a i r c r a f t  system t h a t  w a s  adapted t o  t h e  
model and had an output  p re s su re  of 11.3 x lo3 kN/m2 (1600 l b / i n 2 ) .  
l engthy  ope ra t ion  of t h e  hydrau l i c  system, i t  w a s  necessary  t o  coo l  t h e  hydrau- 
l i c  f l u i d ,  and a water cool ing  j a c k e t  w a s  provided onboard t h e  model. The 
water w a s  e x t e r n a l l y  pumped t o  t h e  j a c k e t  through f l e x i b l e  p l a s t i c  hoses  which 
w e r e  secured t o  the  ins t rumenta t ion  umbi l ica l  cord.  

For 

Servovalves w e r e  used t o  c o n t r o l  t h e  h y d r a u l i c  p re s su re  suppl ied  t o  t h e  
con t ro l  s u r f a c e  a c t u a t o r s .  These valves w e r e  of t h e  same type  as those  used 
f o r  t he  delta-wing model. The model a c t u a t i o n  system w a s  compensated by 
e l e c t r o n i c  c i r c u i t r y  t o  g ive  frequency response c h a r a c t e r i s t i c s  t h a t  c l o s e l y  
matched t h e  t r a n s f e r  func t ions  of t h e  a i r p l a n e  a c t u a t o r s .  

Instrumentat ion.-  Bending and t o r s i o n a l  moments on t h e  model w e r e  measured 
by us ing  res i s tance-wire  s t r a i n  gages mounted a t  s e v e r a l  spanwise s t a t i o n s  on 
t h e  wings and a t  t h e  r o o t s  of t h e  ver t ical  and h o r i z o n t a l  t a i l  su r f aces .  
Ai le ron  hinge moments were measured by us ing  s t r a i n  gages mounted on each 
a i l e r o n  p ivo t  a r m .  Vertical a c c e l e r a t i o n  on each wing near t h e  a i l e r o n  and a t  
t h e  fuse l age  c e n t e r  of g r a v i t y  w a s  measured by us ing  accelerometers .  Fuselage 
angle  of a t t a c k  w a s  measured by us ing  a servoaccelerometer .  The angular  posi-  
t i o n  of each c o n t r o l  s u r f a c e  w a s  measured by us ing  potent iometers .  
center-of-gravi ty  p i t c h  rate w a s  measured by us ing  a p i t c h  rate gyro. Tension 
i n  t h e  model suppor t  cab les  w a s  measured by us ing  load  cel ls .  

Fuselage 

Control  Law 

A s i m p l i f i e d  diagram of t h e  active c o n t r o l  systems used i n  t h e  C-5A ALDCS 
model is  presented  i n  f i g u r e  32. 
i n g  on t h e  model, t h e  bas i c  a i r c r a f t  p i t c h  s t a b i l i t y  autmentat ion system 
(p i t ch  SAS) and t h e  ALDCS. Both commanded symmetric a c t u a t i o n  of t h e  c o n t r o l  
su r f aces .  The p i t c h  SAS employed a feedback from t h e  p i t c h  rate gyro a t  t h e  

There w e r e  two active c o n t r o l  systems opera t -  
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fuse l age  c e n t e r  of g r a v i t y  t o  a c t u a t e  t h e  h o r i z o n t a l  t a i l .  
feedbacks from both t h e  p i t c h  rate gyro and the  f u s e l a g e  center-of-gravi ty  
accelerometer  t o  a c t u a t e  t h e  h o r i z o n t a l  t a i l  and feedbacks from t h e  wing t i p  
accelerometers  t o  a c t u a t e  t h e  a i l e r o n s .  
from t h e  two wings w e r e  summed i n  o rde r  t o  f i l t e r  ou t  unsymmetrical motions. 
The c a p a b i l i t y  of supply ing  e x t e r n a l  command s i g n a l s  t o  t h e  c o n t r o l  s u r f a c e s  
w a s  included. The ga ins  KSTmy KAIL,  and KSAS w e r e  scheduled s i g n a l  ga ins  
manually set according t o  a predetermined Mach number dynamic p res su re  schedule.  

The ALDCS employed 

Note t h a t  t h e  a c c e l e r a t i o n  s i g n a l s  

T e s t s  and Procedure 

A summary of t h e  C-5A ALDCS model test conf igu ra t ion  and test  parameters 
The 33-percent wing f u e l  conf igu ra t ion  w a s  t e s t e d  is presented i n  f i g u r e  33. 

f i r s t  because t h i s  was  a more realistic f l i g h t  cond i t ion ,  and, hence, consider-  
ab ly  more d a t a  w e r e  ob ta ined  wi th  t h i s  conf igura t ion .  The O-percent f u e l  con- 
f i g u r a t i o n ,  after a b r i e f  ALDCS e f f e c t i v e n e s s  check, w a s  ex t ens ive ly  investi- 
gated t o  determine t h e  ALDCS e f f e c t  on f l u t t e r  because t h i s  wing conf igu ra t ion  
had t h e  lowest  f l u t t e r  speed (ALDCS o f f ) .  

Model suppor t  and test techniques.-  The f r e e - f l y i n g  mount system used f o r  
t h e  C-5A model w a s  e s s e n t i a l l y  t h e  same as t h a t  prev ious ly  descr ibed  f o r  t h e  
B-52 model w i th  t h e  except ion  t h a t  t h e  pul leys  w e r e  mounted i n  t h e  model 
fuse l age  r a t h e r  than on t h e  tunnel  wall. The model was r e s t r a i n e d  by using 
t h e  snubber cab le s  du r ing  t h e  f l u t t e r  tests a t  Mach numbers above about 0.7 
because t h e  model w a s  uns t ab le  i n  a Dutch r o l l  type  mode. 
l oad  tests, t h e  model w a s  no t  on ly  snubbed bu t  w a s  a l s o  t i e d  down by cab le s  
a t t ached  t o  t h e  nose and rear of t h e  fuse lage .  

During t h e  dynamic 

I n  t h e  s ta t ic  aerodynamic s t u d i e s ,  t he  s imula ted  l i f t  device  shown i n  
f i g u r e  34 w a s  employed. 
a t t ached  t o  t h e  fuse l age  a t  t h e  model c e n t e r  of g r a v i t y  which would e x e r t  a 
down f o r c e  t o  t h e  model as needed. This  w a s  accomplished by a t t a c h i n g  t h e  
cab le  t o  a p i s t o n  e s s e n t i a l l y  f l o a t i n g  i n  an a i r  c y l i n d e r  which w a s  l oca t ed  i n  
the  plenum o u t s i d e  of t h e  tes t  s e c t i o n .  By vary ing  t h e  a i r  p res su re  on t h e  top  
s i d e  of t h e  p i s t o n ,  a down load could be  t r ansmi t t ed  t o  t h e  model. I n  opera- 
t i o n ,  as the  model ang le  of a t t a c k  w a s  v a r i e d ,  t h e  a i r  p re s su re  t o  t h e  cy l inde r  
w a s  ad jus t ed  t o  compensate f o r  t h e  a d d i t i o n a l  model l i f t  and t o  main ta in  t h e  
model at its normal f l y i n g  p o s i t i o n  n e a r  t h e  c e n t e r  of t he  tunnel .  By measuring 
t h e  t ens ion  i n  t h e  cab le ,  t h e  a d d i t i o n a l  l i f t  on t h e  model could be measured. 

B r i e f l y ,  t h i s  device  cons i s t ed  of a s i n g l e  cab le  

Aileron and s t a b i l i z e r  frequency sweeps w e r e  ex tens ive ly  employed i n  t h e  
dynamics tests. I n  t h e s e  sweeps, a n  e x t e r n a l  s i n u s o i d a l  electrical  s i g n a l  
w a s  suppl ied  t o  the  c o n t r o l  system t o  a c t u a t e  symmetrically t h e  c o n t r o l  s u r f a c e s  
and genera te  aerodynamic fo rces .  The model response t o  these  aerodynamic 
e x c i t a t i o n  f o r c e s  w a s  measured. 
20 Hz. Severafl. c o n t r o l  s u r f a c e  amplitudes w e r e  used. Symmetric a i l e r o n  and 
s t a b i l i z e r  step/ramp func t ions  w e r e  a l so  employed t o  e x c i t e  t h e  model. 
t h e  ALDCS e f f e c t i v e n e s s  s t u d i e s  involved use  of s i n u s o i d a l  gus t s  generated by 
the tunne l  o s c i l l a t i n g  vane system. 

The frequency sweeps ranged from about 0.5 t o  

P a r t  of 

Both symmetric and antisymmetric gus t s  were 

849 



used i n  t h e  tests. The gus t  vane frequency w a s  v a r i e d  from 0.7 t o  16 Hz. I n  
o rde r  t o  reduce t h e  s t a t i c  bending moments, a l a r g e  po r t ion  of t h e  tests were 
performed wi th  t h e  a i l e r o n s  set a t  a nominal ang le  of +5" t ra i l ing-edge  up 
( c a l l e d  up r ig  angle) .  

S t a t i c  aerodynamic measurements.- With t h e  model f r ee - f ly ing  and the  l i f t -  
s imulat ion-device c a b l e  a t t ached ,  s t a t i c  aerodynamic data w e r e  measured a t  
dynamic p res su res  of 1.92 and 2.39 kN/m2 (40 and 50 l b / f t 2 ) .  
t h r e e  a i l e r o n  up r ig  angles  of 0", +lo", and -lo",  t h e  model w a s  v a r i e d  through 
t h e  angle-of-at tack range about the  normal f l y i n g  a t t i t u d e .  
compensated f o r  by a d j u s t i n g  t h e  down f o r c e  i n  t h e  l i f t  cab le .  Thus, s t a t i c  
aerodynamic d a t a ,  such as model C L ~  and c ~ g ,  and the effect of  the a i l e r o n  
on t h e  wing l i f t  d i s t r i b u t i o n  could be derived. 

For each of t h e  

The added l i f t  w a s  

Dynamic load measurements.- The purpose of t h e s e  tests w a s  t o  determine 
t h e  dynamic wing and empennage loads  produced by o s c i l l a t i n g  t h e  a i l e r o n s  and 
s t a b i l i z e r .  
var ious  amplitudes.  During t h e s e  tests t h e  model w a s  r e s t r a i n e d  by t h e  snubber 
cables  and tie-down cab le s  a t  t h e  nose and rear of t h e  fuse lage .  Th i s  fuse l age  
r e s t r a i n t  w a s  used i n  an e f f o r t  t o  s t r u c t u r a l l y  uncouple t h e  wing and empennage 
approximating a c a n t i l e v e r  r o o t  condi t ion  SQ t h a t  t h e  experimental  d a t a  could 
be c o r r e l a t e d  wi th  a n a l y s i s  where t h e  wing and empennage w e r e  t r e a t e d  independ- 
e n t l y  as c a n t i l e v e r e d  s t r u c t u r e s .  

Data w e r e  ob ta ined  f o r  a i l e r o n  and s t a b i l i z e r  frequency sweeps a t  

ALDCS e f f e c t i v e n e s s  tests.- The ALDCS e f f e c t i v e n e s s  tests were made wi th  
t h e  model f r ee - f ly ing  and a nominal a i l e r o n  u p r i g  of +5". The e f f e c t i v e n e s s  
of t h e  ALDCS i n  reducing wing loads  w a s  examined f o r  a v a r i e t y  of test v a r i a b l e s  
as shown i n  f i g u r e  33. An earlier ve r s ion  of t h e  c o n t r o l  l a w ,  i d e n t i f i e d  by 
a n a l y s i s  as d e s t a b i l i z i n g  a h ighe r  s t r u c t u r a l  mode, was a l s o  t e s t ed .  

F l u t t e r  tests.- The test procedure w a s  t o  vary Mach number M and dynamic 
p res su re  q a long  an e s s e n t i a l l y  cons tan t  t o t a l  p re s su re  l i n e  wi th  t h e  model 
ALDCS o f f .  A t  d i s c r e t e  p o i n t s  a long each cons t an t  p re s su re  pa th ,  t h e  model 
response t o  an a i l e r o n  s t e p  w a s  measured. The a i l e r o n  s t e p  w a s  repea ted  wi th  
the  ALDCS on. These M-q sweeps w e r e  i n i t i a t e d  a t  a low d e n s i t y  level i n  t h e  
tunne l ,  and t h e  sweeps repea ted  a t  h igher  d e n s i t y  levels u n t i l  t h e  envelope W a s  
c l ea red  o r  f l u t t e r  w a s  ob ta ined .  Because of a model Dutch r o l l  type  of 
i n s t a b i l i t y  on t h e  cab le  mount, i t  w a s  necessary  t o  conduct a p o r t i o n  of t h e  
f l u t t e r  tests wi th  t h e  model snubbed. 

Resu 1 ts 

The major o b j e c t i v e s  of t h e  6-5A ALDCS model s tudy  w e r e  s u c c e s s f u l l y  
accomplished. The model and t h e  active c o n t r o l  systems appeared reasonably 
r e p r e s e n t a t i v e  of t h e  a i r p l a n e ,  and t h e  model ALDCS achieved i t s  des ign  goa l  
i n  reducing wing dynamic bending moment. 
system s i g n i f i c a n t l y  d i s t o r t e d  the  r i g i d  body modes, t h e  e f f e c t  of t h e  ALDCS 
on these  modes w a s  n o t  determined. The ALDCS e f f e c t  on t h e  model wing f l u t t e r  
c h a r a c t e r i s t i c s  appeared t o  b e  n e g l i g i b l e ,  probably because t h e  wing f l u t t e r  

However, because t h e  model suspension 
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mode w a s  antisymmetric, whereas the ALDCS w a s  desigfied t o  a t t e n u a t e  symmetric 
loads  only.  Some t y p i c a l  r e s u l t s  are presented  i n  f i g u r e s  35 t o  38. 

The model appeared t o  s imula t e  reasonably w e l l  t h e  o v e r a l l  s t a t i c  aero- 
dynamic c h a r a c t e r i s t i c s  i nc lud ing  wing load d i s t r i b u t i o n  of t h e  a i rp l ane .  
However, the  a i l e r o n s  were n o t  as e f f e c t i v e  as those  of t h e  airplane' .  
model a i l e r o n  d e f l e c t i o n  produced less (ranging from about  15  t o  35 percent )  
of a load change than  w a s  produced on t h e  a i r p l a n e  f o r  t h e  same d e f l e c t i o n .  
Aileron ga ins  of 1 .6  t i m e s  nominal w e r e  t h e r e f o r e  included i n  t h e  test param- 
eters. 
o s c i l l a t i o n s  compared favorably  wi th  a n a l y s i s .  

A given 

The dynamic e f f e c t s  on t h e  model loads  due t o  t h e  c o n t r o l  s u r f a c e  

The ALDCS e f f e c t i v e n e s s  w a s  e s t a b l i s h e d  b e s t  by t h e  a i l e r o n  frequency 
sweeps. The a i l e r o n  sweeps e x c i t e d  h ighe r  frequency modes b e t t e r  thanl 'e i ther  
t h e  s t a b i l i z e r  sweeps  o r  t h e  s i n u s o i d a l  gus t  sweeps. 
step/ramp response d a t a  have n o t  been reduced s u f f i c i e n t l y  t o  determine t h e i r  
q u a l i t y .  The response of t h e  model wing t o  a t y p i c a l  a i l e r o n  sweep a t  t h e  
sca l ed  f l i g h t  condi t ion  is  shown i n  f i g u r e  35. For t h e s e  sweeps, t he  model 
s ca l ed  t h e  33-percent wing f u e l  conf igu ra t ion ,  t h e  a i l e r o n  amplitude w a s  set 
f o r  +5', t h e  ALDCS w a s  a t  nominal a i l e r o n  ga in ,  and t h e  p i t c h  SAS wars on. 
normalized wing bending moment a t  t h e  wing r o o t  s t a t i o n  i s  shown on t h e  l e f t  
p l o t ;  t he  normalized wing t o r s i o n a l  moment i s  shown on t h e  r i g h t .  
quency of t h e  wing f i r s t  bending mode w a s  about 4 Hz. Another mode which con- 
t r i b u t e d  s i g n i f i c a n t l y  t o  t h e  model response had a frequency of about 11 Hz. 
It can be seen  t h a t  t h e  major e f f e c t  of t h e  ALDCS is  t o  reduce t h e  bending 
moments by about 50 percent  a t  the  4-Hz mode; t h e  t o r s i o n a l  moments w e r e  a l s o  
reduced by the  ALDCS. 
along t h e  wing span i s  shown f o r  t h e  same condi t ions  i n  f i g u r e s  36 and 37. 
f i g u r e  36 t h e  bending moments p e r t a i n  t o  the  4-Hz mode. The t o r s i o n a l  moment 
i n  f i g u r e  37 is f o r  t h e  11-Hz mode where t h e  t o r s i o n a l  moments are g r e a t e s t .  
It can be seen  t h a t  t he  load  r educ t ion  experienced a t  t h e  r o o t  is  obta ined  i n  
n e a r l y  t h e  s a m e  propor t ion  over  t h e  e n t i r e  span. 

A t  t h e  p re sen t  t i m e ,  the 

The  

The f r e -  

The d i s t r i b u t i o n  of t h e  bendixg and t o r s i o n a l  moments 
I n  

I n  the  f l u t t e r  tests, the 33-percent wing f u e l  conf igu ra t ion  d i d  not  
f l u t t e r  w i th in  t h e  s c a l e d  f l i g h t  envelope. The 0-percent f u e l  conf igu ra t ion  
experienced antisymmetric wing f l u t t e r  a t  t h e  two p o i n t s  shown i n  f i g u r e  38. 
The d a t a  i n  t h i s  f i g u r e  are presented  i n  t h e  form of a i r p l a n e  equ iva len t  air- 
speed. I n  each in s t ance ,  t h e  ALDCS had no e f f e c t  on t h e  f l u t t e r .  The model 
f l u t t e r  occurred a t  a frequency of about 13 Hz and appeared t o  c o n s i s t  of a 
combined h ighe r  wing bending and t o r s i o n a l  mode w i t h  most of the motion on t h e  
outboard po r t ion  of t h e  wing. 
earlier f l u t t e r  model tests a 

A similar type  of wing f l u t t e r  occurred du r ing  

CONCLUDING REM4.EXS 

I n  t h i s  paper t h e  experiences t o  d a t e  i n  t e s t i n g  a e r o e l a s t i c  models 
equipped wi th  active c o n t r o l s  i n  t h e  Langley Research Center t r anson ic  dynamics 
tunnel  have been descr ibed .  Such items as model des ign ,  cons t ruc t ion ,  and test  
techniques have been desc r ibed  i n  d i scuss ing  t h r e e  model experimental  programs. 
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A l s o ,  some t y p i c a l  d a t a  r e s u l t s  have been presented. 
w e r e  a simple delta-wing f l u t t e r  suppression model, a 1/30-size dynamically 
sca led  a e r o e l a s t i c  model of t h e  B-52 CCV, and a 1/22-size dynamically sca led  
a e r o e l a s t i c  model of t he  C-5A a i r c r a f t .  
eva lua te  the  aerodynamic energy concept of f l u t t e r  suppression. The B-52 model 
w a s  equipped with f l u t t e r  mode con t ro l  and r i d e  q u a l i t y  con t ro l  systems, while 
t h e  C-5A model w a s  equipped wi th  a l i f t  d i s t r i b u t i o n  con t ro l  system. 
th ree  s t u d i e s  a c t i v e  cont ro ls  were successfu l ly  implemented on t h e  models. The 
delta-wing f l u t t e r  suppression system d i d  provide an increase  i n  f l u t t e r  dynamic 
pressure,  and t h e  experimental r e s u l t s  are i n  reasonable agreement wi th  analyt-  
ical  trends. Both B-52 model systems provided improved performance, and t h e  
FMC experimental r e s u l t s  compare favorably wi th  a n a l y t i c a l  and f l i g h t  data. 
The C-5A ALDCS d id  provide a s i g n i f i c a n t  reduction in incremental dynamic bend- 
ing  moment on the  wing with no apparent e f f e c t  on t h e  f l u t t e r  c h a r a c t e r i s t i c s .  

The th ree  model s t u d i e s  

The delta-wing model w a s  used t o  

I n  a l l  

Experiences with these  models have ind ica ted  t h a t  t h e  addi t ion  of a c t i v e  
cont ro l led  aerodynamic sur faces  has, indeed, added complexity t o  a e r o e l a s t i c  
modeling technology. However, no insurmountable obs tac les  have been encountered 
i n  these  th ree  s tud ie s ,  and the  success t o  d a t e  indicates t h a t  much use fu l  
information can be obtained from model test  r e s u l t s .  
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LEAD 1 NG -EDGE 

Figure 2.- Sketch of delta-wing model. ( A l l  l i n e a r  dimensions are i n  
meters .) 
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FLU1 D ACCELERATION ,' V2 
' NUMBER' GRAVITY ACCELERATION 6 

GROSS WEIGHT 

FLUID VELOCITY , '\ v 
\ 

' REDUCED WAVELENGTH' V I  BRATI ON VELOC ITY 13 I 

A I RPLANE MODEL 
170097 Kgm 25.67 Kgm 

m MASS OF BODY ' -  ' MASS APPARENT MASS OF FLUID. 

ALT I TU DE 

DENS I TY 

MEDIUM 

6400 m (FMC) 
1646 m (RQC) 

3 .631 Kglmz (FMc) 2.572 Kglm3 
1.041 Kglm (RQC) 4.123 Kglm 

A I R  FREON (95%) 

Figure  17.-  B-52 model s c a l i n g  parameters .  
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