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SUMNARY 

Experiences obtained with four  methods t o  p red ic t  f l u t t e r  of wind-tunnel 
models from s u b c r i t i c a l  response d a t a  are descr ibed.  The four  methods are: 
co/quad, randomdec, power s p e c t r a l  dens i ty ,  and t h e  peak-hold spectrum. Model 
e x c i t a t i o n  techniques included both forced (s inusoida l  sweep) and random 
( tunnel  turbulence).  These methods w e r e  successfu l ly  used t o  measure t h e  
frequency and damping (or an inve r se  response amplitude proport ional  t o  t h e  
damping) i n  the  predominant f l u t t e r  modes. Implementation and app l i ca t ion  of 
each method are discussed.  
presented. 

Some r e s u l t s  and comparisons between methods are 

INTRODUCTION 

Transonic f l u t t e r  model t e s t i n g  has become an  i n t e g r a l  p a r t  of t he  develop- 
m e n t  of high-speed a i r c r a f t  such as the  Grumman F-14, Rockwell B-1, Boeing 747, 
and Lockheed C-5A. Wind-tunnel s t u d i e s  t o  e s t a b l i s h  t ransonic  f l u t t e r  clear- 
ances and t o  provide d a t a  f o r  c o r r e l a t i o n  wi th  ana lys i s  and with f l i g h t  tests 
are made using dynamically scaled a e r o e l a s t i c  models. 
l a t i o n  between f l i g h t  and wind-tunnel model tests i n  the  Langley t ransonic  
dynamics tunnel (TDT) are given i n  re ference  1. These models s imulate  t h e  com- 
p l e t e  a i r c r a f t  under near f ree- f ly ing  condi t ions and are q u i t e  sophis t ica ted  
and expensive. Since f l u t t e r  can be  an explosive-type9 d e s t r u c t i v e  i n s t a b i l i t y ,  
t h e r e  is  a s u b s t a n t i a l  r i s k  of damaging the  model when f l u t t e r  is encountered. 
Consequently, t h e r e  i s  a need t o  develop methods t o  p red ic t  t h e  f l u t t e r  condi- 
t i o n  without having t o  a c t u a l l y  experience f l u t t e r .  
similar t o  those i n  f l i g h t  f l u t t e r  t e s t i n g ,  namely, t o  i d e n t i f y  the  v i b r a t i o n  
modes cr i t ical  t o  f l u t t e r  and t o  measure and t r a c k  the  frequency and damping i n  
these  modes as t h e  test  condi t ions are var ied ,  and the  f l u t t e r  boundary is  
approached. 

Some examples of corre- 

I The requirements are 

The state of the  a r t  of s u b c r i t i c a l  f l i g h t  f l u t t e r  t e s t i n g  w a s  surveyed i n  
la te  1972 ( r e f .  2).  A t  t he  time of t h i s  survey, United S t a t e s  indus t ry  r e l i e d  
almost exclusively on s inusoida l  e x c i t a t i o n  provided by a u x i l i a r y  aerodynamic 
vanes,  i n e r t i a  shakers ,  o r  t h e  power con t ro l  system. Random e x c i t a t i o n  techni- 
ques had not been used f o r  f l i g h t  f l u t t e r  t e s t i n g .  For a number of years  t h e  
s t a f f  of the  TDT has used var ious  s u b c r i t i c a l  response methods i n  wind-tunnel 
f l u t t e r  model s t u d i e s .  I n  some cases ex te rna l  e x c i t a t i o n  of t h e  model has been 
used, s i m i l a r  t o  f u l l - s c a l e  f l i g h t  f l u t t e r  t e s t i n g .  However, t he  methods of 
e x c i t a t i o n  of models are usua l ly  more r e s t r i c t e d ,  For ins tance ,  the  model 
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c o n t r o l  system is  normally provided f o r  t r i m  and is no t  capable  of high- 
frequency i n p u t s ,  Space and weight are a l s o  usua l  too  l imi t ed  t o  a l low 
i n t e r n a l  shaker  equipment Consequently, m f t h e  model s u b c r i t i c a l  damping 
work a t  Langley has  been a s soc ia t ed  w i t h  methods t h a t  u s e  n a t u r a l  wind-tunnel 
tu rbulence  as t h e  e x c i t a t i o n  f o r c e .  

The purpose of t h i s  paper is t o  d e s c r i b e  some experiences i n  t h e  appl ica-  
t i o n  of fou r  s u b c r i t i c a l  response  methods t o  p r e d i c t  model f l u t t e r  c h a r a c t e r i s -  
t i cs  i n  t h e  Langley TDT. The fou r  methods examined are co/quad, which r e q u i r e s  
s i n u s o i d a l  forced  e x c i t a t i o n ,  randomdec and power s p e c t r a l  d e n s i t y  (PSD), which 
r e q u i r e  only random e x c i t a t i o n ,  and t h e  peak-hold spectrum method, which is 
appl ied  t o  bo th  a forced and random e x c i t a t i o n  system. The implementation of 
each method is descr ibed ,  and r e s u l t s  from t h e  a p p l i c a t i o n  of a l l  fou r  methods 
t o  a c a n t i l e v e r ,  delta-wing model i n  t h e  TDT are presented.  Since t h i s  model 
w a s  designed and b u i l t  f o r  active f l u t t e r  suppress ion  s t u d i e s  and w a s  equipped 
wi th  f a s t  a c t i n g  o s c i l l a t i n g  c o n t r o l s ,  i t  provided a unique oppor tuni ty  f o r  
determining s u b c r i t i c a l  response  d a t a  where s inuso ida l  forced  e x c i t a t i o n  is  
requi red  f o r  comparison wi th  damping d a t a  obtained us ing  random e x c i t a t i o n  
produced by turbulence.  
a complete, cable-mounted B-52 model are discussed.  

Also,  co/quad and randomdec r e s u l t s  ob ta ined  by us ing  

FOUR PREDICTION METHODS 

The f o u r  methods used t o  measure t h e  s u b c r i t i c a l  (below t h e  a c t u a l  f l u t t e r  
speed) response  c h a r a c t e r i s t i c s  are r e f e r r e d  t o  h e r e i n  as co/quad, randomdec, 
PSD, and peak-hold spectrum methods. These methods w e r e  used t o  measure t h e  
frequency and damping ( o r  a n  inve r se  response  ampli tude p ropor t iona l  t o  t h e  
damping i n  t h e  peak-hold spectrum case) i n  t h e  predominant o r  c r i t i c a l  v i b r a t i o n  
modes. 
v i b r a t i o n  mode o r  modes of i n t e r e s t ,  t h e  f l u t t e r  p o i n t  can  usua l ly  b e  estab- 
l i s h e d .  With each method, i t  w a s  assumed t h a t  t h e  response  can b e  approximated 
by t h a t  of a single-degree-of-freedom system. 
a n  accelerometer  on t h e  model under e i t h e r  a forced e x c i t a t i o n  o r  t h e  random 
e x c i t a t i o n  from t h e  tunne l  turbulence.  A l l  of t h e s e  methods can b e  used on-l ine,  
t h a t  is, used t o  t r a n s l a t e  t h e  response time h i s t o r y  samples i n t o  q u a n t i t a t i v e  
information f o r  t h e  test engineer  whi le  t h e  test  is  i n  progress .  

By s u i t a b l y  p l o t t i n g  and e x t r a p o l a t i n g  the  s u b c r i t i c a l  damping i n  t h e  

The response  d a t a  cons i s t ed  of 

B r i e f l y ,  t h e  co/quad method measures t h e  in-phase and out-of-phase compo- 
nen t s  of t h e  forced  response generated by t h e  s i n u s o i d a l  frequency sweep tech- 
nique. The randomdec method, a r e l a t i v e l y  new method descr ibed  i n  r e f e r e n c e  3 ,  
makes u s e  of ensemble averaging of t r a n s i e n t  response t o  random e x c i t a t i o n .  
The PSD method is a well-known procedure f o r  t h e  a n a l y s i s  of random response 
da t a .  It i s  obta ined  d i r e c t l y  from an ensemble average  of t h e  squa re  of t h e  
magnitude of t h e  Four ie r  t ransform of a number of segments of t h e  t ime h i s t o r y -  
I n  t h e  peak-hold spectrum method, Four ie r  components of a number of t ime h i s t o r y  
segments are determined and t h e  envelope of t h e  peak v a l u e s  of t h e s e  components 
i s  obtained as a func t ion  of frequency. 
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DESCRIPTION AND IMPLEMENTATION 

Co/quad Method 

The co/quad method involved measuring t h e  forced response of a model t o  an 
input force  such as t h a t  generated by a trail ing-edge con t ro l  sur face  as i l l u s -  
t r a t ed  schematically i n  f i g u r e  1. I f  a t r a n s f e r  func t ion  r e l a t i n g  t h e  response 
t o  the  input f o r c e  is  determined as a function of frequency, then the  damping 
i n  each mode can be obtained. For the  model appl ica t ions  presented herein,  the  
e x c i t a t i o n  fo rce  w a s  provided by o s c i l l a t i n g  an  aerodynamic con t ro l  sur face ,  and 
t h e  model dynamic response h w a s  measured with an accelerometer. Since the  
measured ac tua tor  phase l a g  and amplitude v a r i a t i o n  over t h e  frequency range of 
i n t e r e s t  w a s  s m a l l  and t h e  aerodynamic phase l a g s  of t h e  con t ro l  su r f ace  w e r e  
assumed t o  be s m a l l ,  t he  con t ro l  sur face  ac tua to r  command s igna l  6, w a s  used 
as a measure of t h e  exc i t a t ion  force.  Cross spectrum between t h e  con t ro l  sur- 
f a c e  command s i g n a l  and the  model dynamic response w a s  determined with a 
S p e c t r a l  Dynamics SD109B co/quad analyzer. This analyzer presents  two outputs 
i n  t e r m s  of in-phase (called co f o r  coincident) and out-of-phase (ca l led  quad 
f o r  quadrature) components between s igna ls .  Several means of ca l cu la t ing  the  
damping are a v a i l a b l e  d i r e c t l y  from a co and quad type of presentation. A s  
indicated i n  f i g u r e  1, the  damping of a mode w a s  estimated from the  out-of-phase 
component by t h e  frequencies labe led  fA and fB. These are the  frequencies 
a t  the  half-power poin ts  and t h e  s t r u c t u r a l  damping g can be expressed i n  
t e r m s  of these frequencies ( f i g .  1 ) .  

Randomdec Method 

To obtain a randomdec s igna ture ,  one simply c o l l e c t s  a number of segments 
of t h e  random response s igna l ,  each segment having the  same i n i t i a l  amplitude, 
and ensemble averages them. I f  t h e  sys t em is l i n e a r  and t h e  exc i t a t ion  random, 
t h e  ensemble average converges t o  t h e  t r ans i en t  response of t h e  system due t o  
t h e  se lec ted  set of i n i t i a l  conditions.  

The implementation of randomdec as used i n  t h i s  paper is  shown schemati- 
The response t i m e  h i s t o r y  shown i n  f i g u r e  2 contains many c a l l y  i n  f i g u r e  2. 

modes and is normally recorded on analog tape.  For t h e  on-line randomdec 
process, a band-pass analog f i l t e r  w a s  used f o r  mode i s o l a t i o n  and no i se  reduc- 
t ion .  The s t a r t i n g  poin t  of each ensemble member w a s  s e l ec t ed  with t h e  gating 
c i r c u i t  (a standard laboratory oscil loscope t r igger ing  c i r c u i t  w a s  used). A 
Technical Measurement Corporation 400C computer of average t r a n s i e n t s  w a s  used 
f o r  ensemble averaging. A s  t h e  s igna ture  develops, i t  i s  monitored on an  
oscil loscope. An e l ec t ron ic  counter records the  number of segments averaged 
and a X-Y p l o t t e r  provides a hard copy of t h e  f i n a l  s igna ture .  S t r u c t u r a l  
damping r a t i o  may be determined d i r e c t l y  as indicated on f i g u r e  2. 

With the  implementation as described ( f ig .  2 ) ,  t h e  d i f f e r e n t  time segments 
w e r e  averaged sequent ia l ly .  That is ,  the  computer processed a l l  t h e  r e s u l t s  
f o r  one t i m e  segment before beginning to  c o l l e c t  and average d a t a  f o r  t h e  next 
segment. Also, i n  t h e  implementation as described, t h e  averaging process f o r  
each time segment w a s  obtained by taking only segments which c ross  t h e  se lec ted  
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t r i g g e r  leve l  wi th  a pos i t i ve  slope.  Thus, t h e  randomdec s igna ture  represents  
t h e  system t r a n s i e n t  response due to  an i n i t i a l  amplitude and ve loc i ty ,  

PSD and Peak-Hold Spectrum Methods 

The PSD and t h e  peak-hold spectrum methods w e r e  implemented as shown i n  
f i g u r e  3. Both methods w e r e  implemented using a Spec t ra l  Dynamics SD330A 
Spectrascope. This analyzer employs time compression techniques t o  achieve 
minimum ana lys i s  t i m e  for  t h e  frequency-tuned band-pass f i l t e r  t o  convert t he  
input  s igna l  from t h e  t i m e  domain t o  t h e  frequency domain. 
s ion ,  the  input s i g n a l  is frequency analyzed using 250 synthesized f i l t e r  loca- 
t i o n s  t h a t  are tuned by a b u i l t - i n  sweep generator.  With operator-selected 
modes of operation, t h i s  analyzer i s  highly f l e x i b l e .  When t h e  averaging mode 
of operagion is se l ec t ed ,  t h e  average spectrum c h a r a c t e r i s t i c s  of t h e  random 
s i g n a l  h a reobta ined .  The averager examines successive ensembles of spectrum 
funct ions  and computes the  averaged sum over a predetermined length of time. 
Shown on the  l e f t  of f i g u r e ' 3  is a typ ica l  PSD obtained from the  model dynamic 
response h. The r e s u l t i n g  s igna tu re  has a peak f o r  each s t r u c t u r a l  mode and, 
f o r  well-separated peaks, t h e  damping r a t i o  may be obtained. 
f i g u r e  3, t h e  s t r u c t u r a l  damping is  equal t o  t h e  frequency bandwidth, taken a t  
t h e  half-power poin t ,  and divided by t h e  mode frequency. 

Following compres- 

A s  ind ica ted  i n  

An add i t iona l  mode of opera t ion  of t h e  Spectrascope allows f o r  de t ec t ion  
and s torage  of t h e  peak va lues  f o r  each of 250 frequency windows. I n  t h i s  mode 
of operation, an  ensemble spectrum composed of 250 frequency windows i s  obtained. 
Upon r ece ip t  of each subsequent spectrum, peak f i l t e r  response a t  each loca t ion  
is updated i n  a p o s i t i v e  d i r ec t ion .  That is, only an  increase  i n  va lue  causes 
an update to  t h e  new higher value.  
hold spectrum is  shown. 
However, the  r ec ip roca l  of t h e  peak spectrum amplitude 1/P is proportional t o  
t h e  damping r a t i o  and is used as a measure of system s t a b i l i t y .  
method w a s  applied using two forms of exc i t a t ion ,  model response t o  tunnel 
turbulence and model response t o  s inusoida l  force .  

On t h e  r i g h t  of f i g u r e  3 ,  a t y p i c a l  peak- 
With t h i s  method t h e  damping parameter is not obtained. 

The peak-hold 

APPLICATIONS TO WIND-TUNNEL MODEL TESTING 

The four s u b c r i t i c a l  response methods w e r e  applied t o  f l u t t e r  test da ta  of 
a delta-wing research  model. 
methods were made using a B-52 f l u t t e r  suppression model. 
comparisons are presented i n  f i g u r e s  4 t o  7.  

Further app l i ca t ion  of t h e  co/quad and randomdec 
Some r e s u l t s  and 

Delta-Wing F l u t t e r  Model 

A photograph of t h e  delta-wing model is  shown i n  f i g u r e  4. 
edge con t ro l  su r f ace  w a s  used t o  provide t h e  forced exc i t a t ion .  
desc r ip t ion  of t h i s  wing is  given i n  re ference  4. 
model involves primarily the  second na tu ra l  v i b r a t i o n  mode coupled with some 
primary bending. 

The t r a i l i n g -  
A de t a i l ed  

The f l u t t e r  motion of t h i s  
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The s u b c r i t i c a l  f l u t t e r  c h a r a c t e r i s t i c s  of t h i s  model i n  the  TDT a t  a Mach 
Two sets of t h e  model da ta  are shown. number of 0,90 is  presented i n  f i g u r e  5. 

Figure 5(a) presents  t h e  v a r i a t i o n  of s t r u c t u r a l  damp 
f l u t t e r  mode wi th  dynamic pressure.  
co/quad, randomdec, and PSD methods are indica ted  with t h e  open symbols. The 
model f l u t t e r e d  a t  a dynamic pressure  of 5.89 kPa (123 l b f / f t 2 )  as indica ted  
with the  closed symbol. The s o l i d  l i n e  i n  t h e  f i g u r e  i s  f a i r e d  through the  
randomdec da ta  which, of t he  t h r e e  methods shown, a p p e a r s  t o  g ive  t h e  most 
cons is ten t  fo recas t  of the f l u t t e r  point.  

The damping r e s u l t s  obtained with t h e  

A s  a word of caution, i t  should be noted t h a t  frequency sweep methods, 
when used c lose  t o  a f l u t t e r  condition, may lead  t o  dangerously l a r g e  amplitude 
response as t h e  forc ing  frequency sweeps through the  f l u t t e r  mode frequency. 

A p l o t  of t h e  inverse amplitude of t h e  peak spectrum (used as the  s t a b i l i t y  
c r i t e r i a )  is  presented i n  f i g u r e  5(b) as a func t ion  of dynamic pressure.  Shown 
are r e s u l t s  from forced e x c i t a t i o n  (same e x c i t a t i o n  system as used i n  co/quad 
method) and r e s u l t s  from random exc i t a t ion  (model response t o  tunnel turbulence). 
The b e s t  r e s u l t s  w e r e  obtained with the forced e x c i t a t i o n  ( f a i r ed  da t a )  while 
t h e  response-only d a t a  showed some s c a t t e r .  Although experience is  l imi ted  i n  
t h e  use  of t h i s  method, i t  is  included s ince  i t  appears promising as a f l u t t e r  
ind ica tor .  

Further i l l u s t r a t i o n  of t h e  type of d a t a  generated with the  use  of t he  four 
s u b c r i t i c a l  methods is  presented i n  f i g u r e  6. Shown are the  da ta  p l o t s  from 
which the  damping levels presented i n  f i g u r e  5 w e r e  obtained. The wind-tunnel 
conditions w e r e  t h e  same f o r  each method (Mach number M = 0.90; dynamic pres-  
s u r e  q = 5.42 kPa (113 l b f / f t 2 ) ) .  
a 3.33-minute logarithmic sweep from 5 t o  25 Hz w a s  used. A damping level of 
0.037 a t  a frequency of 10.8 H z  is indicated.  Approximately 40 seconds of d a t a  
w e r e  taken f o r  t h e  randomdec method giving a damping level of 0.048 f o r  a f re -  
quency of 10.6 Hz. Forty seconds of data w e r e  used f o r  t h e  PSD and peak-hold 
spectrum methods (3.33 minutes f o r  t he  peak-hold forced exc i t a t ion  procedure). 
A frequency of 10.7 Hz and a damping l e v e l  of 0.037 is indicated f o r  t h e  PSD 
method. The f l u t t e r  mode frequency f o r  t h e  peak-hold spectrum is  10.6 Hz. 

I n  t h e  implementation of t he  co/quad method, 

B-52 Model 

Further experience with t h e  co/quad forced response method and t h e  random- 
dec method w e r e  obtained using a 1/30-scale, dynamic model of a B-52. 
w a s  equipped wi th  fas t  ac t ing  con t ro l  sur faces  f o r  f l u t t e r  suppression s tud ie s  
which are described i n  re ference  5. For t h i s  model, shown on the  r i g h t  of 
f i g u r e  7 ,  the  a i l e r o n s  w e r e  used t o  generate t h e  forcing function. Thus, f o r  
t h e  co/quad method, t he  damping w a s  estimated by determining the  r a t i o  of the 
outboard-accelerometer response t o  t h e  a i l e r o n  command f o r  a frequency range of 
4 t o  24 Hz. The s u b c r i t i c a l  f l u t t e r  c h a r a c t e r i s t i c s  of t h i s  model i n  t h e  TDT 
are presented i n  f i g u r e  7. The damping r e s u l t s  obtained with the  co/quad and 
the  randomdec methods are indicated with t h e  open symbols. 
methods s a t i s f a c t o r i l y  p red ic t  t h e  measured f l u t t e r  po in t  a t  a dynamic pressure 
of 2.65 kPa (55.4 l b f / f t 2 )  as indicated by t h e  closed symbol. 

The model 

Both of these  
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OBSERVATIONS 

Although a l l  four  methods assumed t h a t  t h e  response can be charac te r ized  
by a single-degree-of-freedom system, they successfu l ly  provided a measure of 
t h e  s u b c r i t i c a l  damping l e v e l .  
c i a l l y  ava i l ab le  instrumentat ion.  The randomdec and PSD methods which depend 
on random unknown exc i t a t ion ,  i .e . ,  turbulence and bu f fe t ing ,  comp 
forced sweep co/quad method. 
tages .  
b e s t  when t h e r e  i s  l a r g e  response t o  turbulence o r  b u f f e t  e x c i t a t i o n  - t h e  
reg ion  where co/quad da ta  are least r e l i a b l e .  One l i m i t a t i o n  of t h e  random 
e x c i t a t i o n  methods is when t h e  f l u t t e r  condi t ion  involves high frequency modes 
t h a t  may not be  exc i ted  by random e x c i t a t i o n  such as turbulence and buf fe t ing .  
I n  t h i s  ins tance  t h e  forced sweep method should be used. 

Each method can be implemented with commer- 

Both types of e x c i t a t i o n  inpu t s  have t h e i r  advan- 
What is "noise" f o r  co/quad is  "input" f o r  randomdec. Randomdec works 

D i f f i c u l t i e s  t h a t  may b e  encountered wi th  t h e  use  of s u b c r i t i c a l  response 
methods include unwanted no i se  and c lose ly  spaced resonant f requencies .  Methods 
( cu r ren t ly  used i n  f l i g h t  f l u t t e r  t e s t ing )  f o r  e l imina t ing  o r  masking noise  
e f f e c t s  have been evaluated and seve ra l  new techniques suggested i n  re ference  6. 
Several  system i d e n t i f i c a t i o n  schemes w e r e  a l s o  developed i n  re ference  6 t o  
handle the  s i t u a t i o n  where two o r  more f requencies  of t h e  system are c l o s e  
together .  

A s  a r e s u l t  of experience gained during t h i s  e a r l y  implementation of the  
randomdec method, fu r the r  development of t h i s  method w a s  undertaken. A cur ren t  
implementation ( u t i l i z i n g  thenew TDT da ta  system) of t h e  randomdec procedure is  
presented i n  r e fe rence  7. The f e a s i b i l i t y  of using t h e  randomdec method i n  
conjunction wi th  a s igna ture  ana lys i s  procedure t o  determine the  damping and 
frequency va lues  of a two-mode a e r o e l a s t i c  system w a s  es tab l i shed  i n  re ference  8. 
The s igna ture  a n a l y s i s  procedure w a s  based on a least-squares  curve f i t t i n g  of 
t h e  randomdec s igna ture .  
f l i g h t  f l u t t e r  tests and f o r  t h i s  app l i ca t ion  provided a s a t i s f a c t o r y  a l t e r n a t e  
t o  more c o s t l y  conventional s u b c r i t i c a l  methods ( r e f .  9 ) .  

The randomdec method w a s  appl ied during t h e  YF-16 

The reader  is cautioned t h a t  f o r  a case where a few knots  i nc rease  i n  speed 
s p e l l s  the  d i f f e r e n c e  between a well-damped response and v i o l e n t  f l u t t e r ,  sub- 
cr i t ical  damping techniques may not  be app l i cab le  t o  p r e d i c t  the  f l u t t e r  condi- 
t i on .  However, i n  t h i s  case,  s u b c r i t i c a l  techniques w i l l  s t i l l  be of va lue  i n  
c o r r e l a t i o n  wi th  s u b c r i t i c a l  a n a l y t i c a l  d a t a  and f o r  u s e  i n  parameter i d e n t i f i -  
c a t i o n  techniques t p  def ine  the system mathematical model. 

CONCLUDING REMARKS 

Four s u b c r i t i c a l  response methods w e r e  appl ied t o  f l u t t e r  test d a t a  f o r  t he  
same model, a can t i l eve r  d e l t a  wing. Exc i t a t ion  methods included forced exci ta-  
t i o n  (co/quad and peak-hold spectrum) and random e x c i t a t i o n  (randomdec, PSD, 
and peak-hold spectrum). 
methods w a s  obtained with f l u t t e r  test d a t a  of a complete cable-mounted B-52 

Fur ther  experience with the  co/quad and t h e  randomdec 
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f l u t t e r  model, With both  f l u t t e r  models, t h e  s u b c r i t i c a l  methods t e s t e d  i n  t h e  
paper s a t i s f a c t o r i l y  pred ic ted  t h e  measured f l u t t e r  p o i n t s  e 
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Figure 1.- Implementation of co/quad method. 
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Figure 2.- Implementation of randomdec method. 
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Figure 3. -  Implementation of spectrum methods. 

Figure 4 . -  Delta-wing model. 
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Figure 5.- Comparison of subcritical methods, 
delta-wing model (M = 0.90). 
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Figure 6.- Illustration of subcritical methods. 
M = 0.90;  q = 5.42 kPa (113 lbf/ft2). 
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Figure  7.- S u b c r i t i c a l  response of B-52 model. 

191  


