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SUMMARY 


Dynamic wind-tunnel tests have been conducted on a 1, 6-scale model o ' a  
general-aviation airplane equipped with an all-mechanical gust-alleviation sys­
tem which uses auxiliary aerodynamic surfaces to drive the flaps. The longitu­
dinal short-period motions were studied under simulated gust conditions in order 
to (1)  verify the mathematical model used in a previous study to predict the 
performance of the full-scale system and (2) determine the amount of normal-
acceleration alleviation which could be attained. The normal-acceleratlon 
response, pitching response, and flap response were measured for different con­
figurations with the system active and without the system active for comparison. 
The tests confirmed the general relationships between the experimental variables 
and the model responses predicted by the mathematical model, but there were sig­
nificant differences in the absolute values of the responses. For example, the 
pitching response increased when the normal-acceleration response was alleviated 
as predicted by theory, but the levels of the responses were not accurately pre­
dicted by theory. The experimental results for the model were used to estimate 
a reduction of 30 percent in the rms normal-acceleration response of a similar 
full-scale airplane in atmospheric turbulence. 

INTRODUCTION 


The ride of light airplanes in turbulent weather is characteristically rough 
and uncomfortable. The up-and-down heave motions are especially large because of 
the low wing loadings of light airplanes. These motions could be alleviated by 
an automatic system using sensors, computers, and powered servos to drive the 
airplane's lift-controlling devices. Such a system, however, would probably be 
too costly and complex for widespread use in the general-aviation fleet at this 
time. A simpler and potentially less costly alleviation system was built and 
tested with encouraging results in France some years ago (ref. 1 ) .  This all-
mechanical system used the horizontal tail surfaces (which were designed to 
rotate about chordwise axes near the fuselage) to drive the trailing-edge flaps
through an internal linkage system. Such mechanical systems appear to offer an 
inexpensive gust-alleviation capability for light airplanes. 

A system somewhat similar to the French design has been proposed recently. 

It is designed primarily to reduce the heave response to vertical gusts at cruise 

flight conditions. The present system is also all mechanical, but it uses two 

auxiliary aerodynamic surfaces rather than the horizontal tail surfaces to drive 




the flaps. These auxiliary aerodynamic surfaces are mounted on either side of 

the fuselage near the leading edge of the wing and are connected by rigid exter­

nal linkages to the flaps. This design does not require modification to the 

basic horizontal tail surfaces and should result in shorter, lighter linkages 

and other advantages compared to the French design. 


The presently proposed system has been studied using a radio-controlled 
model (ref. 2). A subjective evaluation of this model's performance indicated 
that the system reduced the lift response to angle-of-attack changes; however, 
no quantitative turbulence response measurements were made. The system has also 
been studied theoretically (refs. 3, 4, and 5). These theoretical studies pre­
dicted that the system would reduce the normal-acceleration response about 
50 percent while increasing the pitching response about 100 percent. These pre­
dictions, however, were based on an assumed set of ideal flap-response charac­
teristics which might be difficult to achieve in a practical installation. 
Quantitative experimental data on the performance of the system in gusts were, 
therefore, needed for two purposes: first, to verify the mathematical model 
used in the theoretical studies and, second, to see how much alleviation could 
be attained with a practical system. Dynamic model tests in a simulated gust
field were used to provide the required data. The model was dynamically scaled 
to be representative of a typical light airplane, and the gust-alleviation sys­
tem was constructed in accordance with typical general-aviation construction 
practices. 

Results of dynamic-model tests conducted in the Langley transonic dynamics 
tunnel (TDT) are presented. A 1/6-scale model of a single-engine, four-place, 
light aircraft equipped with the proposed gust-alleviation system was used in 
the tests. Test variables included the mechanical gearing ratio between the 
flap and vane, the use or absence of a loading spring, and two different flap-
chord lengths. Four different types of tests were conducted: (1) the quasi-
static flap response to angle-of-attack changes, (2) the dynamic flap response 
to disturbances from a trimmed equilibrium position, (3) the dynamic short­
period.responseof the airplane to disturbances from a trimmed condition, and 
( 4 )  the dynamic-model response to sinusoidal gust disturbances in the frequency 
range from 0.5 Hz to 4.0 or 5.0 Hz. Three different types of response measure­
ments were made: ( 1 )  the normal-acceleration response at the model center of 
gravity, (2) the pitching response, and (3) the flap-vane response. These mea­
surements were compared to theoretically calculated responses using the mathe­
matical model of reference 5. 


SYMBOLS 

a constant in Von Karman gust spectrum (1.339) 


H 
ch hinge.-moment coefficient, ~ 

2 



M 
Cm pitching-moment c o e f f i c i e n t ,  -

Z 
CZ v e r t i c a l - f o r c e  c o e f f i c i e n t ,  -

C mean aerodynamic chord ,  m 

C f  f l a p  chord,  m 

f f requency,  Hz 

a c c e l e r a t i o n  o f  g r a v i t y ,  9.8 1 m/sec2 

H hinge moment referred t o  f l a p  hinge l i n e  f o r  v a r i a b l e s  subsc r ip t ed  f 
and referred t o  vane hinge l i n e  f o r  v a r i a b l e s  subsc r ip t ed  v ,  N-m 

If f l a p  i n e r t i a  about  f l a p  a x i s  ( t o t a l  f o r  both s i d e s ) ,  kg-m2 

I V  vane i n e r t i a  about  vane d i h e d r a l  hinge l i n e  
( t o t a l  f o r  both s i d e s ) ,  kg-m2 

I Y  p i t c h  i n e r t i a ,  kg-m2 

i inc idence  o f  vane r e l a t i v e  t o  l o c a l  f low ang le  due t o  t r i m  c o n t r o l ,  
r ad  (see e q .  ( A 3 1 1  

.ir r a t i o  o f  f l a p  i n e r t i a  t o  f l a p  i n e r t i a  p l u s  vane i n e r t i a  reflected back 
If 

t o  f l a p  a x i s ,  
If + Y21v 

K nega t ive  of  r a t i o  o f  f l ap -de f l ec t ion  change t o  angle-of-at tack change, 
-A6 f/Aa 

KO 	 loading  s p r i n g  torque  a t  ze ro  f l a p  d e f l e c t i o n ,  N-m 


K S  loading  s p r i n g  g r a d i e n t ,  N-m/rad 


KV s t a t i c  v e r t i c a l  a l l e v i a t i o n  f a c t o r  (see eq.  ( A 6 1 1  


KY r a t i o  o f  p i t c h  r a d i u s  of g y r a t i o n  t o  mean aerodynamic chord,  ky/c 


kY p i t c h  r a d i u s  o f  g y r a t i o n ,  


L scale l eng th  o f  t u rbu lence  assumed t o  be 1000 m 


R r a t i o  o f  t a i l  l e n g t h  t o  mean aerodynamic chord 
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'n effective vane length (see eq. ( A l O ) ) ,  m 

1, longitudinal distance from airplane center of gravity to vane quarter
chord (vane length), m 

M pitching moment, N-m 

m mass, kg 

n normal acceleration, positive downward, g units 


q pitching velocity, rad/sec; also, dynamic pressure, N/m2 


S area of wing, m2 


Sf area of flap, m2 


S Laplace variable, sec-l 


t time, sec 


V true velocity with respect to undisturbed air mass, m/sec 


wg vertical velocity of gust, positive upward, m/sec 


WO increment in vertical velocity with respect to undisturbed 

air mass, m/sec 


2 vertical force, positive downward, N 

a angle of attack, rad or deg 

increment in angle of attack with respect to undisturbed air mass,

wo/V, rad 


flap-vane gearing ratio, A6,/A6, 


flap deflection, positive when trailing edge is down, rad or deg 


tunnel gust-generating-vane position, deg 


vane dihedral deflection angle, positive when outboard end 

is down, rad 


E downwash angle, positive downward, rad 

5 damping ratio 


e pitch angle, rad or deg 

h geometric scale factor of model (equal to 1/6) 
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lJ r e l a t i v e  d e n s i t y  f a c t o r ,  m/pSc 


P d e n s i t y  of a i r ,  kg/m3 


on rms normal a c c e l e r a t i o n ,  g u n i t s  


% r m s  v e r t i c a l  g u s t  v e l o c i t y ,  m/sec 


a n  normal-accelerat ion power s p e c t r a l  d e n s i t y ,  g2/rad/m 


@wg Von Karman gus t  spectrum f o r  v e r t i c a l  g u s t  v e l o c i t y ,  m2/sec2/rad/m 


sz wave number, w/V,  rad/m 


w f requency,  rad/sec 


wn n a t u r a l  f requency,  r ad / sec  


Subsc r ip t s :  


f f l a p  


g g u s t  


n normal a c c e l e r a t i o n  


t t a i l  


V vane 


W wing 

A bar over a symbol denotes  t he  Laplace t ransform o f  a v a r i a b l e .  Dots over 
a symbol r ep resen t  d e r i v a t i v e s  w i t h  r e s p e c t  t o  t i m e ,  except  i n  t he  case o f  damp­
i n g  d e r i v a t i v e s  such as chP,f where t h e  d e r i v a t i v e  is  def ined  by the  r e l a t i o n  

S t a b i l i t y  d e r i v a t i v e s  are i n d i c a t e d  by s u b s c r i p t  n o t a t i o n ;  f o r  example, 

ac,
cz, = ­

aa 
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DESCRIPTION OF THE GUST-ALLEVIATION SYSTEM 

A sketch of the basic components o f  the g u s t - a l l e v i a t i o n  system i s  pre­
sented  i n  f i g u r e  1 .  Two a u x i l i a r y  aerodynamic s u r f a c e s ,  or vanes,  are mounted 
on e i ther  s i d e  o f  the fuse l age  near  t he  wing. These vanes are hinged about  
chordwise axes  on either s i d e  o f  the fuse l age ,  pe rmi t t i ng  the  d i h e d r a l  ang le  t o  
vary i n  response t o  g u s t s ,  as shown i n  t h e  f r o n t  view o f  f i g u r e  1 .  The vanes 
a l s o  p ivo t  about  a spanwise axis (s ide view o f  f i g .  1 )  t o  change the i r  ang le  o f  
inc idence  as a func t ion  of s t i c k  p o s i t i o n  i n  o rde r  t o  provide p i l o t  c o n t r o l .  As 
t h e  vanes move upward ( i n c r e a s e  the i r  d ihedra l )  i n  response t o  a n  up g u s t ,  t he  
f laps  are deflected upward by the  flap-vane l i nkages .  The f l a p s  decrease the  
l i f t  on the  wing by an amount almost equal  t o  t he  i n c r e a s e  i n  l i f t  on the  wing 
due t o  the g u s t  which caused the vane d i h e d r a l  d e f l e c t i o n .  I n  t h i s  way the  
l i f t  on the  a i r p l a n e  is maintained r e l a t i v e l y  cons t an t  regardless of the  g u s t s  
encountered by the  a i r p l a n e .  The f l aps  are in t e rconnec ted  so t h a t  they deflect  
toge the r  symmetr ical ly  t o  prevent  t he  system from producing r o l l i n g  moments. 

T h i s  g u s t - a l l e v i a t i o n  system ach ieves  its a l l e v i a t i o n  by reducing the l i f t -
curve s l o p e  o f  t he  a i r p l a n e  t o  a small va lue  so  t h a t  there are small changes i n  
l i f t  due t o  gust-induced a n g l e s  o f  attack. T h i s  s m a l l  response t o  changes i n  
a n g l e  of attack would p r a c t i c a l l y  e l i m i n a t e  t he  p i l o t ' s  a b i l i t y  t o  change the  
f l i g h t  p a t h  by us ing  the  e l e v a t o r  u n l e s s  some s o r t  o f  compensation was pro­
vided.  The spanwise p ivo t  a x i s  f o r  changing vane inc idence  and t h e  p i l o t ' s  con­
t r o l  linkage shown i n  the  s i d e  view of  f i g u r e  1 are provided f o r  t h i s  purpose. 
A s  the  e l e v a t o r  is deflected, t he  vanes are r o t a t e d  about  t h e i r  quarter-chord 
l i n e s  by an angle  equal  t o ,  bu t  i n  t he  oppos i t e  d i r e c t i o n  from, the  change i n  
ang le  of  attack commanded by the  e l e v a t o r  d e f l e c t i o n .  The s t eady- s t a t e  angle  of  
attack o f  the  vanes is, t h e r e f o r e ,  cons t an t ;  and,  except  f o r  t r a n s i e n t s ,  the  
f l a p s  do no t  respond t o  changes i n  ang le  o f  at tack due t o  e l eva to r -con t ro l  
i n p u t s .  However, the  f l a p s  s t i l l  respond t o  changes i n  ang le  o f  at tack due t o  
g u s t s .  Because the  primary purpose o f  t h i s  f n v e s t i g a t i o n  was t o  s tudy  g u s t  
response ,  the  f l ap -e l eva to r  i n t e rconnec t ion  was n o t  implemented on the  scale 
mode 1. 

A loading  s p r i n g  is  provided so t h a t  t h e  vanes do no t  have t o  ope ra t e  a t  a 
near  ze ro  ang le  o f  attack i n  o rde r  t o  main ta in  t he  f l a p  equ i l ib r ium p o s i t i o n  a t  
ze ro  d e f l e c t i o n .  A t  a z e r o  vane ang le  o f  attack the  vane w i l l  be gene ra t ing  
drag bu t  no l i f t  and w i l l  t he re fo re  unnecessa r i ly  pena l i ze  the  a i r p l a n e ' s  per­
formance. The l i f t  on t h e  vane a t  a p o s i t i v e  vane a n g l e  o f  at tack must be ba l ­
anced by the  load ing  s p r i n g  i n  o rde r  t o  keep the  f l ap  d e f l e c t i o n  a t  the  c e n t e r  
z e r o  p o s i t i o n  f o r  t he  trimmed f l i g h t  cond i t ion  i n  the  absence o f  g u s t s .  If the 
f l i g h t  cond i t ion  changes,  e i ther  the  s p r i n g  pre load  or t h e  vane inc idence  rela­
t i v e  t o  t h e  a i r p l a n e  must be r ead jus t ed  t o  r e p o s i t i o n  t h e  f l a p  t o  ze ro  deflec­
t i o n  f o r  t h e  new ang le  of attack of the  a i r p l a n e .  A p o s i t i v e  vane ang le  of  
at tack r e s u l t s  i n  t he  system a l l e v i a t i n g  h o r i z o n t a l  g u s t s  as  w e l l  as v e r t i c a l  
g u s t s  s i n c e  t h e  l i f t  on t h e  vanes w i l l  change w i t h  airspeed. Hor izonta l  g u s t s  
are o f  much less  importance than v e r t i c a l  g u s t s ,  however, except  f o r  low-speed 
approaches.  
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TEST EQUIPMENT 

Wind Tunnel 

The wind-tunnel tes ts  were conducted i n  the  Langley t r a n s o n i c  dynamics tun­
n e l  (TDT).  The tunne l  i s  o f  t h e  s i n g l e - r e t u r n  type  and i s  powered by a motor-
dr iven  fan .  The tunne l  has a 4.88-mZ t e s t  s e c t i o n  ( f i g .  2) .  

~~~Gust-generation system.- The tunne l  is  equipped w i t h  a gus t -genera t ing  sys­
t e m  which has  two vanes on each s i d e  o f  the  converging s e c t i o n  o f  t h e  tunne l  
( f i g .  3 ) .  The vanes have a span o f  1 .1  m ,  a t a p e r  r a t i o  o f  0 .5 ,  and an a s p e c t  
r a t i o  of 1.2.  They are s i n u s o i d a l l y  o s c i l l a t e d  about  t h e i r  q u a r t e r  chord by a 
flywheel crank system d r iven  by synchronized hydrau l i c  motors.  The vanes can be 
d r iven  a t  ampl i tudes  up t o  +12O, a t  f r equenc ie s  from 0 t o  20 Hz. The v o r t i c e s  
t r a i l i n g  o f f  t h e  t i p s  o f  the vanes produce o s c i l l a t i o n s  i n  t h e  v e r t i c a l  v e l o c i t y  
or ang le  o f  a t t a c k  i n  t h e  t e s t  s e c t i o n .  See r e f e r e n c e  6 f o r  more de t a i l s  on t h e  
g u s t-genera t ing  system . 

Gust-angle c a l i b r a t i o n . - A crossed  hot-wire anemometer w a s  used t o  measure 
t h e  v a r i a t i o n s  o f  ang le  of a t t a c k  produced by- the  gus t -genera t ing  vanes.  This  
anemometer was mounted on a remotely c o n t r o l l e d  s t i n g  t o  f a c i l i t a t e  making g u s t  
measurements a t  d i f f e r e n t  l o c a t i o n s  i n  t h e  t e s t  s e c t i o n .  The g u s t  measurements 
were obtained a t  the  r equ i r ed  t e s t  cond i t ions  wi th  t h e  model and its mounting 
system removed i n  o rde r  t o  avqid i n t e r f e r e n c e  of  t h e  model on t h e  measurements. 
The output  o f  t h e  anemometer w a s  recorded on a frequency modulated (FM) t ape  
recorder .  After t h e  tests the  r eco rd ings  were reduced us ing  a real-time ana­
l y z e r .  The real-time ana lyze r  w a s  used i n  a peak-hold mode which s t o r e s  t h e  
spectrum of  t h e  i n p u t  i n  250 f i l t e r  l o c a t i o n s  or frequency windows. Subsequent 
spectrums are taken  p e r i o d i c a l l y ,  bu t  t h e  l e v e l  i n  each f i l t e r  l o c a t i o n  is 
updated only i n  a p o s i t i v e  d i r e c t i o n ;  t h a t  i s ,  the  va lue  i n  each f i l t e r  i s  
changed only i f  t h e  new spectrum va lue  exceeds the  p r e s e n t  va lue .  I n  t h e  pres­
e n t  a p p l i c a t i o n ,  a 0- t o  25-Hz range w a s  used wi th  a r e s u l t i n g  frequency r e so lu ­
t i o n  o f  0.15 Hz. 

The measured gust-angle  v a r i a t i o n s  on t h e  tunne l  c e n t e r l i n e  a t  t h e  test sta­
t i o n  and a t  two o t h e r  p o i n t s ,  one above and one below t h e  c e n t e r l i n e ,  are shown 
i n  f i g u r e  4. As can be seen by t h e  data i n  f i g u r e  4, the  gust-angle  v a r i a t i o n s  
a t  low f r equenc ie s  f o r  t h e  o f f - c e n t e r l i n e  p o s i t i o n s  were s l i g h t l y  less than  a t  
t h e  c e n t e r l i n e .  S ince  t h e  c e n t e r  o f  g r a v i t y  o f  t h e  model w a s  no t  res t r ic ted t o  
t h e  c e n t e r l i n e  o f  t h e  tunne l  or even t o  t h e  v e r t i c a l  l i n e  between t h e  upper and 
lower probe measurement s t a t i o n s ,  t h e  t r u e  g u s t s  encountered by t h e  model were 
not  e x a c t l y  known. The spanwise v a r i a t i o n  o f  the  g u s t s  was n o t  measured because 
previous  tests (ref.  7) showed t h a t ,  over  -+1 m from t h e  c e n t e r l i n e ,  the  v a r i a t i o n  
i n  the  g u s t  ang le  was about  -+10 percen t .  

I n  o rde r  t o  fac i l i t a te  t h e  subsequent frequency-response c a l c u l a t i o n s  f o r  
t h e  model, an a n a l y t i c a l  expres s ion  f o r  t h e  g u s t  ang le  as a func t ion  o f  fre­
quency w a s  der ived  us ing  t h e  data from a l l  t h r e e  probe l o c a t i o n s .  The a n a l y t i ­
cal express ion  was i n  t h e  form o f  a power series wi th  terms up t o  t h e  f i f t h  
power o f  t h e  frequency,  and t h e  c o e f f i c i e n t s  f o r  t h e  terms were determined us ing  
a l eas t - squa res  l i n e a r - r e g r e s s i o n  a n a l y s i s .  The data from t h e  c e n t e r l i n e  were 
weighted twice as  h e a v i l y  as t h e  o f f - c e n t e r l i n e  data because t h e  model w a s  n e a r  
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the  c e n t e r l i n e  most o f  the  t i m e .  The g u s t  ang le  c a l c u l a t e d  from t h i s  express ion  
is shown by the  dashed l i n e s  i n  f i g u r e  4 .  

Dynamic Model 

Model desc r ip t ion . - The model was a l/B-scale model o f  a s ingle-engine ,  
four -p lace ,  high-wing l i g h t  a i r p l a n e .  The dimensions o f  t h e  model and gus t -
a l l e v i a t i o n  system are shown i n  f i g u r e  5. Note i n  f i g u r e  5 ( b )  t h a t  the  vanes 
and f l a p s  were mass balanced so t h a t  v e r t i c a l  t r a n s l a t i o n a l  a c c e l e r a t i o n s  o f  
t he  model d i d  no t  cause flap-vane a c c e l e r a t i o n s .  The d i h e d r a l  p i v o t  axes of 
t h e  vanes and the f l a p  r o t a t i o n  axes  were provided w i t h  b a l l  bea r ings  t o  mini­
mize f r i c t i o n .  The f l a p s  and vanes had approximately 520° t r a v e l  whi le  the  vane 
inc idence  had +15O t r a v e l .  An a d j u s t a b l e  be l l c rank  system, which was mounted 
under t he  w i n g a s  shown i n  f i g u r e  6 ,  made i t  possible t o  vary the  gea r ing  r a t i o  
between the vane and f l a p .  

Scal ing.- Table I lists t h e  p e r t i n e n t  phys ica l  characteristics o f  t h e  
model, t h e  test v e l o c i t y ,  and t h e  dynamic-response s c a l i n g  f a c t o r s .  The scale 
f a c t o r s  f o r  a l l  t he  parameters  i n  table I were based on main ta in ing  cons t an t  
Froude number V2/gc and r e l a t i v e  d e n s i t y  f a c t o r  m/pSc between model and 
f u l l - s c a l e  a i r p l a n e .  Inasmuch as t h e  model was flown a t  atmospheric  dens i ty  and 
i n  the  same g r a v i t a t i o n a l  f i e l d  as the f u l l - s c a l e  a i r p l a n e ,  t he  two f a c t o r s  are 
equ iva len t  f o r  f l i g h t  a t  sea l e v e l  a t  t h e  same l i f t  c o e f f i c i e n t .  S a t i s f y i n g  
these s c a l i n g  parameters i n s u r e s  t h a t ,  i f  t he  nondimensional aerodynamic param­
eters are the  same f o r  t h e  model and f u l l - s c a l e  a i r p l a n e ,  the  motions f o r  a 
given gus t  angle-of-at tack d i s tu rbance  w i l l  be geomet r i ca l ly  similar, t he  time 
h i s t o r y  of  load f a c t o r  w i l l  be the  same, and the  damping r a t i o s  o f  t r a n s i e n t  
motions w i l l  be  the  same. The numerical  f a c t o r s  g i v i n g  the  r a t i o s  o f  some o f  
the  dimensional v a r i a b l e s  are shown i n  table I. 

Model parameters.- The model's i n e r t i a l  parameters  and loading  s p r i n g  gra­
d i e n t  are compared t o  the scaled va lues  o f  the  f u l l - s c a l e  a i r p l a n e s  i n  table I. 
The mass o f  t h e  model was scaled approximately the  same as t h e  a i r p l a n e ,  bu t  t he  
p i t c h  i n e r t i a  Iy was almost  50 percent  t o o  large. The model f l a p  and vane 
i n e r t i a s  were about  twice as large as  t h e  i n e r t i a s  estimated i n  r e fe rence  3 and 
about  20 percent  less than the  more real is t ic  va lues  based on an unpublished 
engineer ing  des ign  estimate. The fact  t h a t  t h e  model s p r i n g  g r a d i e n t  is  larger 
than  t h e  scaled a i r p l a n e  va lue  used i n  t he  engineer ing  des ign  is  n o t  cons idered  
important .  The s p r i n g  was used p r imar i ly  t o  o b t a i n  a d i f f e r e n t  set  o f  f l ap -
response characteristics f o r  comparison w i t h  the  spr ing-absent  data. Although 
the  model was no t  i n  perfect scale, the  model responses  should be  f a i r l y  repre­
s e n t a t i v e  o f  a f u l l - s c a l e  l i g h t  a i r p l a n e  w i t h  t h e  system i n s t a l l e d .  

Mounting system.- The model was r e s t r a i n e d  i n  the  tunne l  by t h e  dynamic rod 
mounting system shown schemat ica l ly  i n  f i g u r e s  7 and 8. The mounting system had 
b a l l  bear ings  placed a t  90° i n t e r v a l s  around t h e  mounting rod .  (See f ig .  8.) 
These bear ings  allowed approximately 3 m o f  v e r t i c a l  t r a v e l  by r o l l i n g  up and 
down the rod ,  and the  p i t c h  p ivo t  allowed about  30° freedom about  t h e  p i t c h  axis. 
The model was c a r e f u l l y  cons t ruc ted  and balanced so t h a t  t h e  l o n g i t u d i n a l  and 
v e r t i c a l  coord ina te s  of the  c e n t e r  o f  g r a v i t y  were n e a r l y  on the  p i t c h  p ivo t  
axis. The model could e a s i l y  t w i s t  about  the  rod t o  provide  yaw freedom of  360°, 
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bu t  on ly  a s m a l l  f r a c t i o n  o f  t h i s  t r a v e l  w a s  used because o f  t h e  d i r e c t i o n a l  
s t a b i l i t y  o f  t h e  model. 

Two steel cables were a t t ached  t o  t h e  bear ing  housing so t h a t  t he  model 
could be r e s t r a i n e d  i n  t h e  middle  o f  t h e  tunne l  be fo re  and after t h e  tests were 
run.  Also, two small, l i g h t  nylon l i n e s  were a t t ached  t o  t h e  v e r t i c a l  t a i l  t o  
r e s t r a i n  t h e  model i n  p i t c h .  The s teel  cables, t h e  nylon l i n e s ,  and t h e  mult i ­
conductor cable shown i n  f i g u r e  7 t ra i led  from t h e  model i n  long loops  dur ing  
t h e  dynamic tests. The i n f l u e n c e  o f  these cables and l i n e s  on t h e  model was 
assumed t o  be n e g l i g i b l e .  This  assumption w a s  p a r t i a l l y  based on t h e  fact  t h a t  
t he  larger and probably more important  cables were ar ranged  so t h a t  t h e i r  r e s u l ­
t a n t  f o r c e  passed as c l o s e l y  as p o s s i b l e  t o  t h e  p i t c h  p i v o t  a x i s  ( t h e  c e n t e r  o f  
g r a v i t y ) ,  t h u s  minimizing t h e  moments they produced. The r e s u l t a n t  f o r c e  pro­
duced by t h e s e  cables and l i n e s  w a s  a l s o  l a r g e l y  i n  t h e  d i r e c t i o n  of  model drag, 
and t h e  model w a s  completely r e s t r a i n e d  i n  t h a t  d i r e c t i o n .  Any f o r c e  i n  t h e  
l i f t  d i r e c t i o n  is  thought  t o  be small compared t o  t h e  l i f t  on t h e  wing. 

Controls.- The model w a s  equipped wi th  s e v e r a l  d i f f e r e n t  f e a t u r e s  f o r  
remotely c o n t r o l l i n g  and trimming t h e  model, a t  t h e  des i r ed  test  cond i t ions ,  as 
shown i n  f i g u r e  7. A se rvocon t ro l l ed  e l e v a t o r  was used f o r  trimming the.mode1 
i n  p i t c h ,  a se rvocon t ro l l ed  vane-incidence system was used f o r  trimming t h e  
f l a p ,  and a motor-driven screw w a s  used t o  t ens ion  t h e  loading  sp r ing .  The con­
t r o l  commands t o  t h e s e  systems were s e n t  from a small pane l  opera ted  manually by 
a l l p i lo t l l  i n  t h e  tunne l  c o n t r o l  room w h i l e  observing t h e  model's cond i t ion .  
These p i l o t  commands were s e n t  v i a  electrical  s i g n a l s  through a I-cm-diameter 
mult iconductor  cable. A l i g h t  nylon l i n e  w a s  a t t ached  t o  t h e  outboard end o f  
t h e  vane and was used t o  deflect  t h e  in te rconnec ted  vane-flap system f o r  t h e  
f lap-d is turbance  measurements. 

Ins t rumenta t ion . - The model was equipped w i t h  a v a r i e t y  of  onboard i n s t r u ­
mentat ion,  as  shown i n  f i g u r e  7. Two l i n e a r  acce lerometers ,  mounted f o r e  and 
a f t  o f  t h e  p i t c h  p ivo t  p o i n t  on t h e  model c e n t e r  o f  g r a v i t y ,  were used t o  mea­
s u r e  t h e  a c c e l e r a t i o n  a t  t h e  c e n t e r  o f  g r a v i t y  by averaging  t h e  s i g n a l s  from 
both acce lerometers .  A p i t c h - r a t e  gyro mounted forward o f  t he  c e n t e r  o f  g r a v i t y  
and a poten t iometer  a t t ached  t o  t h e  mounting system were used t o  measure t h e  
p i t c h  rate and p i t c h  a t t i t u d e  o f  t h e  model, r e s p e c t i v e l y .  Another potent iometer  
attached near  t h e  f l a p  h inge  l i n e  was used t o  measure t h e  flap-vane p o s i t i o n .  
The e lec t r ica l  power t o  and t h e  response s i g n a l s  from t h e  onboard senso r s  were 
s e n t  through t h e  mult iconductor  cable. The ou tpu t s  o f  t h e s e  t r ansduce r s  were 
recorded on an FM t a p e  r eco rde r  f o r  subsequent a n a l y s i s  u s ing  t h e  real-time 
analyzer  descr ibed i n  t h e  wind-tunnel s e c t i o n .  An o s c i l l o g r a p h i c  r eco rde r  w a s  
a l s o  used f o r  t h e  real-time reco rd ings  o f  t he  t r ansduce r  ou tpu t s .  

PROCEDURE 

Wind-Tunnel Tests 

Test condi t ions . - The tunne l  w a s  run us ing  a i r  a t  normal a tmospheric  pres­
s u r e  and d e n s i t y .  The t u n n e l  v e l o c i t y  w a s  approximately 22 m/sec. Th i s  veloc­
i t y  was r equ i r ed  f o r  Froude s c a l i n g  a t  c r u i s e  cond i t ions .  Because t h e  TDT is  a 
t r a n s o n i c  f a c i l l t y ,  t h i s  v e l o c i t y  w a s  below t h e  normal o p e r a t i o n a l  envelope. 
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Consequently,  t h e  v e l o c i t y  could not  be a c c u r a t e l y  c o n t r o l l e d  and va r i ed  as much 
as 5 pe rcen t  dur ing  a g iven  run ,  and from run t o  run .  The Reynolds number a t  
the  des i r ed  test cond i t ion  was 0.37 X lo6 based on t h e  model wing chord. 

Types o f  test.- Four types  o f  tests were made. The gus t -genera t ing  vanes 
were not  used f o r  the first three types .  The first type  o f  test was used t o  
measure t h e  f l a p  response t o  a s lowly changing ang le  of  attack. The model was 
r e s t r a i n e d  i n  heave (steel cables i n  t e n s i o n ) .  The f l a p s  were trimmed t o  ze ro  
d e f l e c t i o n  us ing  t h e  vane-incidence c o n t r o l .  The model was then s lowly  p i tched  
throughout  its l i m i t  o f  t r a v e l  us ing  t h e  e l e v a t o r  c o n t r o l .  The p i t c h  a t t i t u d e  
( ang le  o f  attack) o f  the model was p l o t t e d  a g a i n s t  t h e  f l a p  d e f l e c t i o n .  

The dynamic response o f  the  flap-vane system w i t h  the model r e s t r a i n e d  i n  
both heave and p i t c h  (bo th  t h e  s teel  cables and nylon l i n e s  attached t o  the t a i l  
i n  t ens ion )  was measured i n  the second type  of  tes t .  For t h i s  t e s t ,  t h e  f l a p  
was trimmed t o  a z e r o  d e f l e c t i o n ,  and then  the  f l a p  was d e f l e c t e d  t o  its l i m i t  
o f  t r a v e l  by p u l l i n g  on the  l i g h t  nylon l i n e  a t t a c h e d  t o  t h e  vane. The l i n e  
was then released, and the r e s u l t i n g  f l a p  motion w a s  recorded on t h e  real-time 
o s c i l l o g r a p h .  

The purpose o f  the  t h i r d  type  of  test  was t o  determine the  shor t -per iod  
motion w i t h  the  model free i n  both heave and p i t c h  as  i n  t he  later gust-response 
tests. After the  model was trimmed w i t h  the tunne l  running,  t h e  model was d i s ­
turbed  by p u l l i n g  and r e l e a s i n g  t h e  lower o f  t h e  two nylon l i n e s  attached t o  t he  
v e r t i c a l  t a i l .  The r e s u l t i n g  motion was recorded on the  rea l - t ime o s c i l l o g r a p h .  

The f o u r t h  type  of test involved measurement o f  t h e  model's response t o  t he  
s i n u s o i d a l  v e r t i c a l  g u s t  e x c i t a t i o n .  I n  these tests the  model was free t o  heave 

-	 and p i t c h  as the  g u s t  vanes were o s c i l l a t e d  a t  + 1 2 O  i nc idence  change. The fre­
quency o f  t he  g u s t  vane o s c i l l a t i o n  was steadily decreased ( l i n e a r  sweep) from a 
frequency of  15 t o  0.5 Hz over a per iod of  approximately 10 min. During these 
tests the  model response t o  the  genera ted  g u s t s  was recorded on t h e  FM tape 
reco rde r  f o r  later playback i n t o  t h e  real-time a n a l y z e r .  

Experimental  v a r i a b l e s . - Three basic experimental  v a r i a b l e s  were i n v e s t i ­
gated during these  tests. The first and most impor tan t  was the  gea r ing  r a t i o  y ,  
which is def ined  as  the  r a t i o  of  t h e  change i n  vane d i h e d r a l  a n g l e  t o  t h e  r e s u l t ­
i n g  change i n  f l a p  d e f l e c t i o n .  The second v a r i a b l e  was the  use or absence of 
the loading  s p r i n g  with its r o t a t i o n a l  s p r i n g  g r a d i e n t  K,. The t h i r d  v a r i a b l e  
was t h e  flap-chord l eng th .  The f l a p  chord was extended approximately 50 percent  
by a t t a c h i n g  t h i n  s t r i p s  o f  balsa t o  t h e  upper and lower edges of  t h e  f l a p .  
More mass-balance weight was added t o  compensate f o r  t h e  added mass of  t he  balsa 
s t r i p s .  The balance weight w a s  added t o  t he  vane weight i n s t e a d  of t h e  f l a p  
weight f o r  convenience so t h a t  the  t o t a l  system was approximately balanced.  

Theore t i ca l  Analysis  

The t h e o r e t i c a l  s t a t i c  f l a p  g a i n  K and the t h e o r e t i c a l  f l a p  n a t u r a l  fre­
quency on f and f l a p  damping r a t i o  < f  were c a l c u l a t e d  us ing  equa t ions  (A5), 
(A7), and ( A 8 1  i n  appendix A.  The va lues  f o r  t h e  s ta t ic  aerodynamic terms %f, 
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C h V ,  and C b f  used i n  these equa t ions  were from unpublished wind-tunnel data 

on t h e  s u b j e c t  model and are presented  i n  table 11. The va lues  f o r  t h e  nondimen­
a ch a ch- ­s i o n a l  dynamic terms 

c% at$) and Q f  - at$)- are a l s o  given i n  

table I1 and were c a l c u l a t e d  us ing  procedures  i n  r e f e r e n c e s  3 and 8, 
r e s p e c t i v e l y .  

The equa t ions  o f  motion used t o  r ep resen t  t h e  combined model-flap response 
were taken from r e f e r e n c e  5 and are reproduced i n  appendix B. The Z-force and 
pitching-moment equa t ions  are based on the  o r i g i n a l  a n a l y s i s  g iven  i n  refer­
ence 9. The aerodynamic d e r i v a t i v e s  used i n  t h e  equat ions  were determined from 
s ta t ic  wind-tunnel measurements o f  t he  s u b j e c t  model descr ibed i n  r e fe rence  5 
and are l i s t e d  i n  table 11. F lap  equat ion  characteristics ( K ,  % , f ,  and S f )  
were taken  from the  p r e s e n t  q u a s i - s t a t i c  and dynamic f lap-response tests. The 
a c t u a l  t unne l  test v e l o c i t y  a t  the  t i m e  of  maximum model response  was used i n  
the  t h e o r e t i c a l  a n a l y s i s  rather than the  des i r ed  v e l o c i t y .  The equa t ions  of 
motion were so lved  t o  produce the r o o t s  of  the characteristic equat ion  and t h e  
frequency response t o  g u s t  angle-of-at tack changes. 

The two low-frequency shor t -per iod  r o o t s  of  t h e  characterist ic equat ion  
were used f o r  comparison w i t h  t h e  measured responses .  The f lap-response measure­
ments were compared w i t h  c a l c u l a t i o n s  us ing  equa t ions  (A71  and ( A 8 1  rather than  
the  characteristic r o o t s ,  s i n c e  these measurements were made w i t h  t h e  model 
r e s t r a i n e d  so t h a t  the shor t -per iod  motion would no t  i n f l u e n c e  the measurements. 

One o f  the  primary purposes  o f  t h e  p re sen t  tests w a s  t o  determine t h e  
amount of  a l l e v i a t i o n  a f u l l - s c a l e  v e r s i o n  of t h e  system would produce i n  atmo­
. sphe r i c  tu rbulence  based on t h e  experimental  r e s u l t s .  The r m s  normal accelera­
t i o n  per  u n i t  of  r m s  v e r t i c a l  g u s t  v e l o c i t y  was taken  as  t h e  measure of  a l l e v i a ­
t i o n  and was given f o r  the  f u l l - s c a l e  a i r p l a n e  by 

I- 1 

where 1k(Qljw a s  t he  a i r p l a n e  response  based on the  experimental  model r e s u l t s ,  

and awB(Q) was. t he  one-dimensional Von Karman g u s t  spectrum f o r  v e r t i c a l  g u s t
v e l o c i t i e s .  Thus 
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w i t h  

L = 1000 m 

a = 1.339 

52 = w/v 
and 

V = 53.64 m/sec 

The a i r p l a n e  response term --(a) was taken t o  be equal  t o  t h e  co r re -
L 3  1

sponding model response co r rec t ed  for scale d i f f e r e n c e s  as fol lows:  Assuming 
t h a t  ag i s  small 

a i r p l a n e  

Because n and ag scale 1 t o  1 (see table 1) 

[:(a)] a i r p l a n e  = [;(Q)b,,, 
S u b s t i t u t i n g  t h i s  r e l a t i o n s h i p  i n  the  previous  one produces t he  scaled r e l a t i o n ­
s h i p  between the  a i r p l a n e  response and the  measured model response 

a i r p l a n e  

The s c a l i n g  between the  wave number $2 f o r  t h e  f u l l - s c a l e  a i r p l a n e  and t h e  
experimental  model frequency f can a l s o  be determined us ing  t h e  scale factors 
i n  table I: 

A-1 /%.I 

(f)model = (z)
model 

= (7)
a i r p l a n e  

but  

so  t h a t  

a i r p l a n e  
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I n  o rde r  t o  compare the  exper imenta l ly  l lpredictedl l  rms normal a c c e l e r a t i o n  
w i t h  t h e o r e t i c a l l y  p red ic t ed  v a l u e s ,  t h e  t h e o r e t i c a l  model frequency responses  
were m u l t i p l i e d  by the  same Von Karman g u s t  spectrum as were the experimental  
frequency responses .  Both %he experimental  and t h e o r e t i c a l  r m s  va lues  were 
f u r t h e r  co r rec t ed  f o r  d i f f e r e n c e s  i n  model mass, model wing area, and tunne l  
dynamic p res su res .  (The t h e o r e t i c a l  c a l c u l a t i o n s  included a l l  t h e s e  differ­
ences . )  The basic model ( w i t h  vanes  removed) was t aken  as t h e  s tandard  condi­
t i o n ,  and a l l  o t h e r  c o n d i t i o n s  were co r rec t ed  t o  be comparable w i t h  t h i s  condi­
t i o n .  The combined c o r r e c t i o n  w a s  a f i r s t - o r d e r  approximation g iven  by the 
fol lowing formula: 

m Sbas ic  qbas i c  
( an )co r rec t ed  = (an)uncorrected mbas ic  q 

The combined c o r r e c t i o n s  were u s u a l l y  small and averaged about  5 percent  w i t h  a 
maximum of  11  pe rcen t .  

RESULTS AND DISCUSSION 

The fo l lowing  r e s u l t s  are presented  according t o  t h e  type  o f  response.  
There are three model c o n f i g u r a t i o n s  t h a t  are referred t o  i n  the  fo l lowing  d i s ­
cuss ion .  The f f a l l e v i a t e d l lmodel c o n s i s t s  of  the  model w i t h  vanes i n s t a l l e d  and 
a c t i v e l y  d r i v i n g  the  f laps ,  as desc r ibed  earlier.  The vanes could be removed 
from the  model and the  f l a p s  r i g i d l y  f i x e d  so t h a t  t h e  model resembled an unmod­
i f i e d  l i g h t  a i r p l a n e .  T h i s  conf igu ra t ion  is called the  lfbasicllmodel h e r e i n  and 
is used as the  s tandard  f o r  comparison w i t h  t he  "a l l ev ia t ed f1  model. The t h i r d  
model conf igu ra t ion  w a s  the  same as the  l l a l l ev ia t ed l f  model except  both the  vanes 
and f laps  were f i x e d .  

Data are n o t  presented  f o r  a l l  types  o f  measurements f o r  a l l  c o n f i g u r a t i o n s  
t e s t e d ,  bu t  it is thought  t h a t  s u f f i c i e n t  data are presented  t o  cover  c o n d i t i o n s  
of  i n t e r e s t .  The exper imenta l ly  determined responses  are compared w i t h  t h e o r e t i ­
cal  p r e d i c t i o n s  i n  each s e c t i o n .  It w i l l  be  shown t h a t  t h e  theory  usua l ly  pre­
d i c t s  t he  c o r r e c t  g e n e r a l  r e l a t i o n s h i p  ( t r e n d s )  between the  change i n  a v a r i a b l e  
and the  r e s u l t i n g  change i n  a response.  There are s i g n i f i c a n t  d i f f e r e n c e s ,  how­
eve r ,  i n  the  magnitude o f  t he  va lues  o f  p red ic t ed  and measured responses .  

Quas i -S ta t i c  F lap  Response 

The v a r i a t i o n s  of  f l a p  d e f l e c t i o n  w i t h  p i t c h  a t t i t u d e  ( ang le  of  a t tack)  o f  
t he  model f o r  two p a r t i c u l a r  c o n f i g u r a t i o n s  are shown i n  f i g u r e  9 ( a > .  (The nega­
t i v e  of  t h e  s l o p e  o f  t h i s  type  o f  p l o t  is  t h e  s t a t i c  f l a p  ga in  K i n  eq.  (B31.1 
The data show up t o  2 O  of  h y s t e r e s i s  i n  t h e  q u a s i - s t a t i c  response ,  probably due 
t o  f r i c t i o n  i n  the system. There a l s o  appears  t o  be a d i s t i n c t  o f f s e t  i n  the 
data near  a p i t c h  a t t i t u d e  o f  z e r o  f o r  t h e  cond i t ion  wi thout  t he  sp r ing .  T h i s  
o f f s e t  was probably due t o  excess ive  free p lay  i n  t he  flap-vane l i nkages  which 
became apparent  when the  vane changed from an up t o  a down load.  The s p r i n g ,  
however, r equ i r ed  t h e  vane t o  have an up load  a t  a l l  f l a p  d e f l e c t i o n s  so  t h a t  
the  free p lay  w a s  less n o t i c e a b l e .  The o f f s e t  w a s  n o t  r e a d i l y  apparent  f o r  t he  
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extended-chord cond i t ion  either,  perhaps due t o  the  imbalance o f  t he  f l a p  because 
t h e  mass balance  f o r  the  f l a p  ex tens ion  w a s  added t o  t he  vane for convenience.  
The h y s t e r e s i s  and change i n  free p lay  shown i n  the d a t a  were n o t  accounted f o r  
i n  any o f  t h e  t h e o r e t i c a l  p r e d i c t i o n s  o f  t h e  model g u s t  responses  which are pre­
sented  subsequent ly  because a l i n e a r  mathematical model was used. The marked 
change i n  s l o p e  a t  t h e  l i m i t s  o f  t r a v e l  is caused by t h e  vane or the  f l a p  h i t t i n g  
its s t o p s .  

A comparison o f  the  measured s l o p e  o f  t h e  curve o f  f l a p  d e f l e c t i o n  a g a i n s t  
ang le  o f  a t t a c k  based on equat ion  ( A 5 1  f o r  v a r i o u s  c o n f i g u r a t i o n s  i s  g iven  i n  
f i g u r e  9 ( b ) .  The d a t a  p o i n t s  are g e n e r a l l y  concent ra ted  around the  p e r f e c t  
agreement l i n e .  This  agreement i n d i c a t e s  t h a t ,  as t h e  g e a r i n g  r a t i o  w a s  changed 
t o  produce t h e  d i f f e r e n t  d a t a  p o i n t s ,  the  t h e o r e t i c a l l y  p red ic t ed  r e l a t i o n s h i p  
between t h e  gea r ing  r a t i o  and K was demonstrated exper imenta l ly .  

Dynamic F lap  Response 

A t y p i c a l  t ime-his tory f l a p  response produced by r e l e a s i n g  the  f l a p  from 
the  d e f l e c t e d  p o s i t i o n  is  shown i n  f i g u r e  10 (a ) .  The f l a p  response  is almost  
c r i t i c a l l y  damped. Even though the  model was r e s t r a i n e d  i n  p i t c h ,  a s l i g h t  
o s c i l l a t i o n  appears ,  bu t  t h i s  o s c i l l a t i o n  is n o t  cons idered  s i g n i f i c a n t .  The 
damping and n a t u r a l  frequency o f  t h e  f l a p  were c a l c u l a t e d  f o r  many d i f f e r e n t  
cond i t ions  from similar t ime-his tory  r eco rds  us ing  the  procedure i n  r e f e r e n c e  10 
f o r  heav i ly  damped second-order systems. The resu l t s  o f  these c a l c u l a t i o n s  are 
compared t o  p red ic t ed  damping r a t i o s  and n a t u r a l  f r equenc ie s  i n  f i g u r e  1 0 ( b ) .  
(The gea r ing  r a t i o  y was va r i ed  t o  produce the  d i f f e r e n t  d a t a  p o i n t s  f o r  a 
g iven  conf igu ra t ion  of  sp r ing  and f l a p  chord.)  The measured flap-vane damping 
r a t i o s  were g e n e r a l l y  greater than t h e  p red ic t ed  ones ,  probably because t h e  
f r i c t i o n  i n  t h e  h inges ,  b e l l c r a n k ,  and l i n k a g e s  was n o t  accounted f o r  i n  t he  
t h e o r e t i c a l  p r e d i c t i o n s .  The measured flap-vane n a t u r a l  f r equenc ie s ,  on the  
o t h e r  hand, were s l i g h t l y  less than p red ic t ed .  The damping r a t i o s  were n o t  w e l l  
c o r r e l a t e d  wi th  t h e  perfect  agreement l i n e ,  probably a l s o  because of  t he  fric­
t i o n .  'The n a t u r a l  f r equenc ie s ,  which are probably no t  in f luenced  as much by 
f r i c t i o n ,  however, were f a i r l y  w e l l  c o r r e l a t e d  w i t h  t h e  p e r f e c t  agreement l i n e .  
T h i s  r e s u l t  i n d i c a t e s  tha t  the c o r r e c t  r e l a t i o n s h i p  between the  gea r ing  r a t i o  
and t h e  n a t u r a l  frequency was demonstrated exper imenta l ly .  

Short-Period Response 

A t y p i c a l  shor t -per iod  t r a n s i e n t  o s c i l l a t i o n  produced by d i s t u r b i n g  the  
a l l e v i a t e d  model i n  p i t c h  is  shown i n  f i g u r e  I l ( a ) .  The damping r a t i o s  and na t ­
u r a l  f r equenc ie s  o f  similar t r a n s i e n t  o s c i l l a t i o n s  were c a l c u l a t e d  us ing  proce­
dures  descr ibed  i n  r e f e r e n c e  10 f o r  l i g h t l y  damped second-order systems. The 
r e s u l t s  of these c a l c u l a t i o n s  f o r  d i f f e r e n t  experimental  c o n d i t i o n s  are shown i n  
f i g u r e  I l ( b ) .  (The gea r ing  r a t i o  Y was va r i ed  t o  produce the  d i f f e r e n t  data 
p o i n t s  f o r  a g iven  conf igu ra t ion  of  loading  s p r i n g  and f l a p  chord.)  

Both the  measured and p red ic t ed  damping r a t i o s  o f  t h e  basic model (shown by 
t h e  diamond-shaped symbols i n  f ig .  I l ( b ) )  are smaller than  the  va lue  o f  0.8 t o  
1.0 obtained from unpublished f l igh t - tes t  data f o r  a f u l l - s c a l e  a i r p l a n e  similar 
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t o  the  p resen t  model. Thus, both t h e  p red ic t ed  and measured damping r a t i o s  f o r  
t h e  basic model and t h e  a l l e v i a t e d  cond i t ions  may be less  than f u l l - s c a l e  V a l ­
ues .  Larger damping r a t i o s  are desirable s i n c e  r e fe rence  11 has  ind ica t ed  t h a t  
a damping r a t i o  o f  less than  0.25 may be u n s a t i s f a c t o r y  from a hand l ing -qua l i t i e s  
s t andpo in t .  The measured v a l u e s  may be low because t h e  mounting system and t h e  
c o n t r o l  l i n e s  and cables were i n f l u e n c i n g  t h e  model i n  some way. 

The measured damping r a t i o s  wi th  t h e  a l l e v i a t i o n  system ope ra t ing  are less 
than t h e  p red ic t ed  shor t -per iod  damping r a t i o s .  Both t h e  p red ic t ed  and measured 
short-per iod damping r a t i o s  f o r  t h e  a l l e v i a t e d  cond i t ions  are g e n e r a l l y  less 
than those  f o r  t h e  basic model, as shown i n  f i g u r e  l l ( b ) ;  t h e r e f o r e ,  t h e  theo­
re t ica l  p r e d i c t i o n  t h a t  a l l e v i a t i o n  reduces  t h e  shor t -per iod  damping is demon­
strated exper imenta l ly .  The measured n a t u r a l  frequency of  t h e  s h o r t  per iod  
shows better agreement wi th  t h e  p red ic t ed  va lues  than  t h e  damping r a t i o s .  
Again, t h e  shor t -per iod  frequency i s  g e n e r a l l y  less  f o r  t h e  a l i e v i a t e d  condi­
t i o n s  than f o r  t h e  basic ( u n a l l e v i a t e d )  cond i t ion ,  as p red ic t ed  by theory.  

Vert ical-Gust  E x c i t a t i o n  Response 

Time-history r ep resen ta t ion . - T ime  h i s t o r i e s  o f  t h e  responses  o f  t h e  basic 
model and t h e  a l l e v i a t e d  model du r ing  a sweep o f  t h e  gus t -genera t ing  vanes are 
shown i n  f i g u r e  12. The frequency o f  g u s t  vanes was approximately 5.0 Hz a t  t h e  
beginning o f  the  record  and 0 ,5  Hz a t  t h e  end of  t h e  record .  The large, low-
frequency o s c i l l a t i o n  i n  t h e  p i t c h  and o t h e r  responses  is t y p i c a l  o f  t h e  occa­
s i o n a l  p i l o t - c o n t r o l  maneuvers used t o  maintain t h e  model near  t h e  midd le  of t h e  
tunne l .  The higher-frequency responses  are due t o  t h e  g u s t s  genera ted  by t h e  
tunne l  vanes and con ta in  t h e  informat ion  o f  i n t e r e s t .  These responses  are 
approximately s i n e  waves o f  t h e  same frequency as t h e  gus t -genera t ing  vanes,  
t hus  i n d i c a t i n g  t h e  response being measured i s  no t  a t r a n s i e n t  response ;  t h a t  
i s ,  t h e  sweep rate o f  g u s t  vanes was slow enough so  t h a t  a good approximation o f  
t h e  frequency response o f  t h e  model w a s  obtained.  

The envelopes o f  t h e  r e sponses  a t  t h e  beginning o f  t h e  record  (h igh  fre­
quency) are small because the  g u s t s  genera ted  by the  vanes a t  high frequency are 
very small. (See f i g .  4.) A s  t h e  frequency decreases, t h e  magnitude of  t h e  
responses  grows larger and r eaches  a maximum near  a frequency c l o s e  t o  t h e  mod­
e l ' s  shor t -per iod  frequency.  

Frequency-domain r ep resen ta t ion . - The time h i s t o r i e s  recorded on t h e  FM 
t a p e  r eco rde r  were played back i n t o  t h e  real-time ana lyze r  u s ing  t h e  peak-hold 
mode descr ibed  i n  t h e  s e c t i o n  on wind-tunnel c a l i b r a t i o n .  The r e s u l t s  o f  t h i s  
da ta - reduct ion  procedure f o r  t h e  t i m e  h i s t o r i e s  shown i n  f i g u r e  12 are presented  
i n  f i g u r e  13. It is apparent  from t h e  f i g u r e  t h a t  t h e  a l l e v i a t e d  cond i t ion  had 
less  normal-accelerat ion response and more p i t c h  response  than  d i d  the basic 
model wi th  f l a p s  f i x e d .  The inc reased  p i t c h i n g  response  is due t o  t h e  p i t c h i n g  
moments introduced by t h e  f l a p s  (from t h e  change i n  effective wing camber and 
downwash on t h e  h o r i z o n t a l  t a i l )  and confirms t h e  t h e o r e t i c a l  p r e d i c t i o n s  o f  
r e f e r e n c e s  3 ,  4, and 5. The f l a p  response shows a symmetrical  peak nea r  t h e  
shor t -per iod  frequency f o r  t h e  a l l e v i a t e d  condi t ion .  
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_ _ _ _ _ ~ ~ . - -Frequency-response representat-&o>.- The frequency-response r e p r e s e n t a t i o n  
was c a l c u l a t e d  by t ak ing  a response ampli tude i n  f i g u r e  13 a t  a g iven  frequency 
and d i v i d i n g  it by the  l eas t - squa res  approximation o f  t he  gust-angle  amplitude i n  
figure 4 a t  t h e  same frequency.  T h i s  procedure was r epea ted  a t  s e v e r a l  frequen­
cies  from 0.5 t o  4 Hz i n  o rde r  t o  describe the  frequency-response curve.  The 
c a l c u l a t i o n s  were no t  made f o r  f r equenc ie s  above 4 Hz because t h e  g u s t  ang le  was 
very  small a t  h igher  f r equenc ie s ,  and the  r e s u l t i n g  accuracy o f  t h e  c a l c u l a t i o n s  
d e t e r i o r a t e d .  

The r e s u l t s  o f  these c a l c u l a t i o n s  are shown i n  f i g u r e  14. The shapes of  
the response cu rves  have changed, r e f l e c t i n g  t h e  gus t - ang le ' s  f u n c t i o n a l  depen­
dence on frequency. The r a t i o  o f  f l a p  ampli tude t o  g u s t  ampli tude shows a peak 
va lue  which is much higher than the  q u a s i - s t a t i c a l l y  measured ra t io  o f  f l a p  
d e f l e c t i o n  t o  ang le  o f  attack (only  2.8 f o r  t h i s  c o n f i g u r a t i o n ) .  This  r e s u l t  
confirms the  p r e d i c t i o n  of  r e f e r e n c e  5 and is  s i g n i f i c a n t  because i t  shows the  
l i m i t a t i o n  of the  system i n  a l l e v i a t i n g  large g u s t s  wi thout  the  f laps  h i t t i n g  
the mechanical s t o p s  a t  the  l i m i t  of  the  f l a p  t r a v e l .  Because the  peak dynamic 
f l ap  response f o r  l o  o f  g u s t  ang le  is more than twice as large as the  quas i -
s ta t ic  f l a p  d e f l e c t i o n ,  t h e  system w i l l  be able t o  provide l i n e a r  a l l e v i a t i o n  o f  
g u s t s  less than one-half t he  magnitude t h a t  might be  i n f e r r e d  from t h e  quas i -
s ta t ic  response.  

Agreement w i t h  theory.- A comparison o f  p red ic t ed  and measured frequency 
responses  is shown i n  f i g u r e  15. For a r e l a t i v e l y  large g e a r i n g  r a t i o  
Y = 0.691 ( f ig .  1 5 ( a ) )  the  p red ic t ed  f l a p  response and p i t c h i n g  response were 
about  one-half o f  tha t  measured. The predic ted  normal-accelerat ion response was 
i n  much bet ter  agreement.  I n  f i g u r e  15(b)  (Y = 0.516) t h e  agreement between t h e  
p red ic t ed  and t h e  measured p i t c h i n g  and f l app ing  response is somewhat be t te r ,  
even though the p red ic t ed  responses  were st i l l  less than  the  measured responses .  
The agreement f o r  t he  normal-accelerat ion response ,  on t h e  o t h e r  hand, i s  n o t  as  
good as t h a t  f o r  t he  previous  cond i t ion  above the  I1kneet1 o f  t he  curve  which 
occurs  near  the  shor t -per iod  frequency. The o v e r a l l  agreement i s  probably bet­
ter f o r  t h i s  case than f o r ' t h e  first case, however. 

It is  be l ieved  t h a t  t he  agreement i s  bet ter  f o r  two reasons:  (1 )  us ing  a 
s p r i n g  reduced t h e  n o n l i n e a r i t y  i n  the  s ta t ic  f l a p  response ,  as  shown i n  f ig­
u r e  9 ,  and (2) t h e  f l a p  response was less than one-half  t h a t  o f  f i g u r e  15(a) 
because o f  the  lower gea r ing  r a t i o  and the  use o f  t he  load ing  sp r ing .  The non­
l i n e a r i t i e s  i n  t h e  basic aerodynamic c h a r a c t e r i s t i c s  o f  t he  f l a p  and vane were 
t h u s  reduced because o f  t h e  smaller f l a p  d e f l e c t i o n s .  

It should be noted t h a t  the disagreement between the  p red ic t ed  r e s u l t s  and 
the  experimental  r e s u l t s  is even greater than t h a t  pred ic ted  by the  u n c e r t a i n t y  
i n  t he  s ta t ica l ly  measured aerodynamic d e r i v a t i v e s ,  as d iscussed  i n  r e f e r e n c e  5. 
Part of t h i s  i n c r e a s e  i n  the discrepancy is thought  t o  be due t o  the  experimen­
t a l  v a r i a t i o n s  caused by changes i n  tunnel  speed,  u n c e r t a i n t y  i n  t he  a c t u a l  g u s t
ang le ,  and v a r i a t i o n  of the  f r i c t i o n  i n  t he  flap-vane system. It is p o s s i b l e  
t h a t ,  w i t h  extreme care i n  t he  model bu i ld ing  and i n  the  test  measurements, both 
s ta t ic  and dynamic, these d i sc repanc ie s  could be reduced. U n t i l  it can be dem­
o n s t r a t e d  t h a t  t h e  discrepancy can be reduced i n  t h i s  manner, however, dynamic 
tests must be made t o  v e r i f y  t h e o r e t i c a l  p r e d i c t i o n s .  
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Experimental ly  Estimated Ful l -Scale  Airplane Response 

t o  Atmospheric Turbulence 

Power spec t r a . - The exper imenta l ly  estimated normal-accelerat ion power 
s p e c t r a  ( f o r  t h e  same two experimental  cond i t ions  as i n  f i g s .  12,  13,  and 14) 
are shown i n  f i g u r e  16. The d i f f e r e n c e  i n  the  l e v e l s  o f  t he  basic and a l l e v i ­
ated cond i t ions  is larger i n  t h i s  f i g u r e  than i n  f i g u r e  13 because the  l e v e l s  
are p ropor t iona l  t o  t h e  ampli tude squared. The shape of  t h e  curves  is a l s o  d i f ­
f e r e n t  because the  model response  is t o  the  Von Karman g u s t  spectrum rather than 
t h e  TDT g u s t  spectrum. 

Amount of  a l l e v i a t i o n . - The normalized r m s  normal-accelerat ion responses  t o  
a tmospheric  tu rbulence  f o r  s e v e r a l  d i f f e r e n t  c o n d i t i o n s  are shown i n  f i g u r e  17 
as a func t ion  of  flap-vane gea r ing  r a t i o .  These va lues  are equal  t o  t h e  square  
r o o t  o f  t h e  area under cu rves  such as those  i n  f i g u r e  16. Even though the  areas 
are over  only a res t r ic ted range of  f requency,  they  should con ta in  most of  t h e  
power which would be contained i f  a l l  f r equenc ie s  were inc luded;  t h a t  is ,  t h e  
frequency range i n c l u d e s  t he  r eg ion  around the  shor t -per iod  frequency which con­
t a i n s  most o f  t h e  power (see t h e  large-frequency-range power s p e c t r a  i n  re f .  3 ) .  
That most o f  t h e  power is  i n  the  reg ion  of  t h e  shor t -per iod  frequency is espe­
c i a l l y  t r u e  i f  the  reasonable  assumption is made t h a t  t h e  p i l o t  would damp o u t  
t h e  low-frequency phugoid response.  

A s  shown i n  appendix A ,  i n c r e a s i n g  the  gea r ing  r a t i o  causes  t h e  s t a t i c  
a l l e v i a t i o n  f a c t o r  t o  i n c r e a s e ,  t he  f l a p  n a t u r a l  frequency t o  decrease, and the 
f l a p  damping r a t i o  t o  i n c r e a s e .  The t h e o r e t i c a l  r e l a t i o n s h i p  among these three 
f a c t o r s  is s l i g h t l y  d i f f e r e n t  f o r  each of  t h e  three combinations of  f l a p  chord 
and loading  s p r i n g  tested.  A s  shown i n  r e fe rence  5 ,  i n c r e a s i n g  t h a t  s ta t ic  
a l l e v i a t i o n  f a c t o r  i n c r e a s e s  t h e  a l l e v i a t i o n  up t o  a t h e o r e t i c a l  optimum a l l e v i ­
a t i o n  f a c t o r  o f  0.75 i f  the f lap-response characterist ics are assumed cons t an t .  
It was a l s o  shown t h a t  reducing t h e  f l a p  damping r a t i o  above about  0.25 reduces 
t h e  amount of  a l l e v i a t i o n .  There are, t h e r e f o r e ,  c o n f l i c t i n g  t h e o r e t i c a l  t r e n d s  
as the  gea r ing  r a t i o  is  i n c r e a s e d ,  and a s t a t i c  a l l e v i a t i o n  f a c t o r  of less than 
0.75 might be  expected t o  be optimum. The a c t u a l  optimum gea r ing  r a t i o  ( s t a t i c
a l l e v i a t i o n  f a c t o r )  is a complex func t ion  of  t h e  flap-vane aerodynamic and ine r ­
t i a l  characterist ics and a i r p l a n e  o r  model character is t ics .  

Although there is  some scatter i n  t h e  data,  there seems t o  be a minimum a t  
an approximate gea r ing  r a t i o  o f  0 .5  f o r  the  nominal a l l e v i a t e d  cond i t ion  (Ks  = 0 
and cf = 0.068 m ) .  The optimum experimental  a l l e v i a t i o n  achieved was about  
30 percent  f o r  t h i s  conf igu ra t ion .  The exper imenta l ly  determined optimum gear­
i n g  r a t i o  o f  0.5 corresponds t o  a c a l c u l a t e d  s ta t ic  a l l e v i a t i o n  f a c t o r  of 0.41 
so  t h a t  the  optimum occurred a t  a nonzero e f f e c t i v e  l i f t - c u r v e  s l o p e  as  pre­
d i c t e d  by theo ry  ( r e f .  5 ) .  The t h e o r e t i c a l l y  p red ic t ed  optimum p o i n t  seems t o  
be a t  a s l i g h t l y  higher g e a r i n g  r a t i o  or a h igher  s ta t ic  a l l e v i a t i o n  f a c t o r ,  
a l though t h e  t h e o r e t i c a l  curve  i s  nea r ly  f l a t  i n  the  reg ion .  A t  low gea r ing  
r a t i o s  (=0.2) t h e  exper imenta l  a l l e v i a t i o n  is  less  than  t h e  t h e o r e t i c a l  probably 
because break-out f r i c t i o n  is  more dominant a t  low g e a r i n g  r a t i o s .  The theo re t ­
i c a l l y  p red ic t ed  response o f  t he  basic una l l ev ia t ed  a i r p l a n e  is  p r a c t i c a l l y  the  
same as tha t  p red ic t ed  exper imenta l ly .  
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The spring-on data (Ks = -0.23 N-m/rad and cf = 0.068 m )  show an o p t i ­
mum l e v e l  a t  a higher  mechanical g a i n  than  t h a t  of  t h e  spr ing-of f  case (Ks = 0 
and cf = 0.068 m ) .  There appears  to  be s l i g h t l y  less rms a l l e v i a t i o n  (more 
response)  wi th  t he  s p r i n g  on than  wi th  t he  s p r i n g  o f f ,  a l though the  d i f f e r e n c e  
may be wi th in  the accuracy of  t he  measurements. T h e o r e t i c a l l y ,  t h e  a l l e v i a t i o n  
should be about  t h e  same because the s ta t ic  a l l e v i a t i o n  f a c t o r  and t h e  f l a p  
n a t u r a l  frequency were about  the same. However, t h e  load ing  e f f e c t  of  the 
spr ing  on the  f l a p  bea r ings  and the  h o r i z o n t a l  g u s t - a l l e v i a t i o n  c a p a b i l i t y  o f  
t h e  s p r i n g  may have caused some d i f f e r e n c e s  i n  the response .  

Only two gea r ing  r a t i o s  were tested f o r  the extended-flap-chord cond i t ion .  
For the  higher g e a r i n g  r a t i o ,  t h e  a l l e v i a t i o n  achieved was as good o r  better 
than  tha t  achieved f o r  t h e  shorter-chord c o n d i t i o n s ,  t h a t  is, about  40 pe rcen t .  
The p resen t  a l l e v i a t i o n  w a s  achieved i n  s p i t e  of t h e  fact t h a t  t he  c a l c u l a t e d  
f l a p  n a t u r a l  f requency was p r a c t i c a l l y  one-half that  of  t h e  shorter-chord o p t i ­
mum cond i t ions .  A s  shown i n  r e f e r e n c e  5 ,  t he  shor te r -chord  f l a p  should be supe­
r i o r  t o  the longer-chord f l a p  because of the  inc reased  n a t u r a l  f requency.  T h i s  
seemingly c o n t r a d i c t o r y  r e s u l t ,  however, is  n o t  f i r m l y  established because of t he  
small amount of  data obta ined .  Fu r the r  tests are needed t o  e s t a b l i s h  the  rela­
t i o n s h i p  between f l a p  chord and a l l e v i a t i o n .  It is p o s s i b l e  t h a t  t h e  p i t ch ing -
moment c h a r a c t e r i s t i c s  o f  an extended-chord f l a p  are favorab le  and t h a t  t h i s  
effect outweighs the effect o f  t h e  reduced n a t u r a l  f requency of  t h e  flap-vane 
system. 

CONCLUDING REMARKS 

Dynamic wind-tunnel tests have been made o f  a 1/6-scale  model of' a genera l -
a v i a t i o n  a i r p l a n e  equipped w i t h  an aeromechanical g u s t - a l l e v i a t i o n  system. 
Experimental  r e s u l t s  have been compared w i t h  t h e o r e t i c a l  p r e d i c t i o n s  of  t he  
mathematical model o f  r e f e r e n c e  5 us ing  s t a t i c a l l y  determined aerodynamic char­
acteristics and dynamically measured f lap- response  c h a r a c t e r i s t i c s .  The exper i ­
mental  results included the  normal -acce lera t ion ,  p i t c h i n g ,  and f l a p p i n g  responses  
t o  e x t e r n a l  d i s t u r b a n c e s  and t o  s i n u s o i d a l l y  vary ing  g u s t  d i s tu rbances  i n  t he  
l o n g i t u d i n a l  shor t -per iod  frequency range.  

The mathematical model u s u a l l y  p red ic t ed  t h e  c o r r e c t  r e l a t i o n s h i p  between a 
change i n  a g iven  v a r i a b l e  and the  r e s u l t i n g  change i n  t he  response b u t  d i d  not  
a c c u r a t e l y  p r e d i c t  the a b s o l u t e  l e v e l  of  response.  These d i s c r e p a n c i e s  were t o o  
large t o  be  accounted for by the  u n c e r t a i n t y  i n  t he  s t a t i c a l l y  measured aerody­
namic c h a r a c t e r i s t i c s .  U n t i l  b e t t e r  agreement is obta ined  between t h e  exper i ­
mental  and the  t h e o r e t i c a l ,  dynamic tests probably should be conducted t o  v e r i f y  
t h e o r e t i c a l  p r e d i c t i o n s .  

S p e c i f i c  conclus ions  and resul ts  are as fo l lows:  

( 1 )  An averaged va lue  f o r  t h e  r m s  a l l e v i a t i o n  i n  normal a c c e l e r a t i o n  f o r  
t he  bes t  conf igu ra t ion  was 30 pe rcen t .  T h i s  va lue  was p r e d i c t e d  f o r  t h e  f u l l -
scale a i r p l a n e  i n  a tmospheric  tu rbulence  based on the  experimental  model r e s u l t s  
over  the  frequency range i n v e s t i g a t e d .  This  frequency range was thought t o  con­
t a i n  most of  t he  power i n  a p r a c t i c a l  s i t u a t i o n .  
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(2) The f l a p  response t o  q u a s i - s t a t i c  angle-of-at tack changes was i n  gen­

eral  agreement wi th  t h e o r e t i c a l  p r e d i c t i o n s .  

(3 )  The f l a p  damping r a t i o  and n a t u r a l  frequency were greater and less ,  
r e s p e c t i v e l y ,  than  t h e o r e t i c a l l y  p red ic t ed .  

(4 )  The shor t -per iod  frequency and damping were reduced f o r  a l l e v i a t e d  con­
f i g u r a t i o n s  as compared wi th  t h e  u n a l l e v i a t e d  c o n f i g u r a t i o n ,  as was p red ic t ed  
t h e o r e t i c a l l y .  The measured shor t -per iod  damping r a t i o  w a s  s u b s t a n t i a l l y  less 
than t h e o r e t i c a l l y  p r e d i c t e d ,  however. 

(5 )  The normal-accelerat ion response t o  g u s t s  was reduced and t h e  accompany­
i n g  p i t c h i n g  response was inc reased  f o r  a l l e v i a t e d  c o n f i g u r a t i o n s  compared wi th  
t h e  una l l ev ia t ed  conf igu ra t ion .  

( 6 )  The dynamic f l a p p i n g  response t o  g u s t s  was much larger than t h e  quas i -
s t a t i c  f l a p  response.  This  r e s u l t  was p red ic t ed  t h e o r e t i c a l l y .  

( 7 )  The measured f l a p p i n g  and p i t c h i n g  responses  t o  g u s t s  were larger than 
t h e o r e t i c a l l y  p r e d i c t e d ,  a l though t h e  discrepancy was reduced f o r  smaller v a l u e s  
o f  t h e  s ta t ic  a l l e v i a t i o n  f a c t o r .  

(8) Extending t h e  f l a p  chord 50 percent  produced as  good or better a l l e v i a ­
t i o n  than t h e  nominal shorter- 'chord cond i t ion .  Theory would p r e d i c t  a decrease 
i n  a l l e v i a t i o n  due t o  t h e  lowered flap-vane n a t u r a l  f requency.  

Langley Research Center 

Nat iona l  Aeronaut ics  and Space Adminis t ra t ion 

Hampton, VA 23665 

Ju ly  13, 1977 
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APPENDIX A 

ANALYSIS OF THE EFFECT OF THE MECHANICAL GEARING R A T I O  

AND LOADING SPRING GRADIENT ON THE STATIC ALLEVIATION FACTOR, 

FLAP NATURAL FREQUENCY, AND DAMPING RATIO 

The equat ion  f o r  t h e  h inge  moment about  t h e  f l a p  h inge  l i n e  is  g iven  i n  
r e f e r e n c e  5 and repea ted  he re  

where 

a = atrim+ a. + ag 

l v i  
av = a + - +.i  (A31

V 

This  equation Ps equ iva len t  t o  t h e  s i m p l i f i e d  second-order form 

where 
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APPENDIX A 

( A 6 1  

If 
ir = ( A 9 1  

If + Y21, 

( A 1 0 1  

The s t a t i c  v e r t i c a l  a l l e v i a t i o n  f a c t o r  K, is ze ro  f o r  no a l l e v i a t i o n  and one 
f o r  f u l l  s ta t ic  a l l e v i a t i o n .  The e f f e c t i v e  l i f t - c u r v e  s l o p e  i s  ze ro  f o r  f u l l  
s ta t ic  a l l e v i a t i o n  as shown i n  appendix A of  r e f e r e n c e  5. 

The t h e o r e t i c a l  v a r i a t i o n  of  K,, u n , f ,  and Sf w i t h  t h e  gea r ing  r a t i o  y 
is  shown i n  f i g u r e  A I  f o r  two experimental  model cond i t ions .  The model charac­
t e r i s t i c s  used i n  t h e  c a l c u l a t i o n s  are those  l i s t e d  i n  table 11. A s  the  gea r ing  
r a t i o  i n c r e a s e s ,  t h e  s t a t i c  v e r t i c a l  a l l e v i a t i o n  f a c t o r  K, and t h e  f l a p  damping 
r a t i o  Cf  i n c r e a s e  while  t h e  f l a p  n a t u r a l  frequency un,f decreases. 
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A P P E N D I X  A 

Ks, N-m/rad cf , m 

1.0 0 0.068r -0.23 .068. 

Kv .5 

0 

100 .. 

I 
1 I I I I I I

0 :.2 .4 .6 1.0 1.2 1.4 

Gearing ratio, y 

Figure A1.- Calculated flap-vane response characteristics 
f o r  experimental model. 
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APPENDIX B 

EQUATIONS OF MOTION USED I N  THE THEORETICAL PREDICTION 

OF MODEL RESPONSE TO GUSTS 

The equat ions  o f  motion used he re in  are taken d i r e c t l y  from re fe rence  5. 
They are repea ted  here  f o r  convenience: 
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TABLE 1.- MODEL CHARACTERISTICS AND TEST VELOCITY COMPARED WITH FULL-SCALE 


VALUES; SCALE FACTORS FOR MODEL-RESPONSE MEASUREMENTS 


[The geometr ic  scale f a c t o r  i s  A = 0.16671 


Model characterist ics and t e s t  v e l o c i t y  

Parameter Numerical va lue  
Parameter scale f a c t o r  of parameter Model va lue  

11, kg A3 
Iy, kg-m2 A5 

I f ,  kg-m2 A5 

Iv, kg-m2 A5 

K,, N-m/rad A4 

V ,  m/sec A 1  /2  


Parameter 

t ,  sec 
f ,  Hz e ,  rad 
9, rad/sec 
6 f ,  rad 
n ,  g u n i t s  
ag, rad 

scale f a c t o r  

4.63 10-3 a4. 87 
1.29 10-4 .34 

1.29 10-4 1.31 x 

1.29 10-4 5.04 10-4 

7.73 10-4 -.23 
4.08 x 10-l 22 .o 

Model response scale f a c t o r s  

Airplane va lue  
(scaled t o  model s i z e )  

4.83 
.23 

f b.36 10-4 

( c.94 10-4 

b2.94 10-4 

~ 7 . 2 4  10-4 

d-.07 t o  - . I5  
e22.0 

Parameter Numerical va lue  of  parameter 
scale f a c t o r  s c a l e  f a c t o r  

A1/2 0.408 
A-1/2 2.45 

1 .o 1 .o 
A-1/2 2.45 

1 .o 1 .o 
1 .o 1 .o 
1 .o 1 .o 

a5.13 kg w i t h  g u s t - a l l e v i a t i o n  system i n s t a l l e d .  

bEst imated i n  r e f e r e n c e  3. 

CUnpublished estimates based on a detai led engineer ing  des ign  o f  a 


research ve r s ion  o f  t h e  system.
dSpring g r a d i e n t  used i n  engineer ing  des ign .  
eApproximate c r u i s e  v e l o c i t y .  
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TABLE 11.- MODEL CHARACTERISTIC-S USED I N  THEORETICAL ANALYSIS 

S , m2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.452 
Sf (both  f l a p s ) ,  m2 . . . . . . . . . . . . . . . . . . . . . . . . .  0.0512 
c , m  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.247 
cf ,  m .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.0676 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -1.948 
C% 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.203 
%W 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -0.664 
C% 
C f o r v a n e s o f f .  . . . . . . . . . . . . . . . . . . . . . . . . .  -4.765
k w  

f o r v a n e s o n  . . . . . . . . . . . . . . . . . . . . . . . . . .  -4.901 
c k W  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -0.164 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -1.073 

awaa . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.276 
awaSf  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.098 
R . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.934 
2, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -0.065 
cbf 
C h v .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -2.28 

ChAv . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -5.61 

*ChSf used i n  t h e  c a l c u l a t i o n s  f o r  f i g u r e  9 ( b )  f o r  t h e  extended-flap-chord 

cond i t ion  was assumed t o  be equal  t o  (1.50)2Ch6 
f 

f o r  t h e  basic f l a p  chord 

l i s t ed  he re in .  
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Flap (deflected position)A f 
C r - - - - - - - l  J I  r - - - - - - I  

I - - - - - _ ,  
Flap-vane linkage 

(chordwise pivot) 

(a) Front view (flaps and vanes shown in deflected positions by dashed lines). 


Loading spring (under tension) 1 

Elevator 

Stick v 
Vane incidence (spanwise pivot) 

(b) Side view (flap and vane shown in neutral position). 


Figure 1.- Schematic representation of gust-alleviation system. 
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(a> Gust angle 0.91 m above centerline. 
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(b) Gust angle 'on centerline. 
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(c)  Gust angle 0.91 m below centerline. 

Figure 4.- Gust angle produced by oscillating gust vanes in Langley 

transonic dynamics tunnel. 
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1.5' 

L 1 

3.5O / I  

Pitch pivot point 

(center of gravity) 


r 

(a) Three-view drawing of model. (All dimensions are in m.) 


Figure 5.- Three-view drawing of model with detailed views of vane and flap. 
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W 
N 4 1.27 43.35  l-

,-Balance weight 

A 
2.67 

8.89 
pivot axis 

Vane section is 

symmetrical  with 

hinge line 


maximum thickness of 

14 percent 

Vane 

,-Balance weight (inside wing) 
II 1r 

Flap 

(b) Detailed views of vane and flap. ( A l l  dimensions are in cm.) 

Figure 5.- Concluded. 
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Figure 6.- Photograph of flap-vane linkages and bellcrank system showing holes 

G used to vary flap-vane gearing ratio. 
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Key @ Vane-incidence pivot axis  

Pitch pivot axis  @ Elevator se rvo  

Ball bearings 0 Loading spring 

Vane-incidence servo  @ Motor fo r  tensioning loading spring 
Forward accelerometer  @ 6.35-mm steel  rod held in tension 
Aft accelerometer @ 1.59-mm flexible steel cable for heave res t ra in t  

Pitch-rate gyro @ Nylon line for flap-vane deflection 

Pitch-attitude potentiometer @ 1-c m  multiconductor cable 
Flap-position potentiometer @ Nylon line for pitch res t ra in t  

Figure 7.- Schematic representa t ion  of model's instrumentat ion arrangement. 



6.35-mm circular  s teel  1.59-mm flexible steel  
rod held in tension cable for  vertical  
between tunnel ceiling restraint  
and floor 

A 
In 

ched to tl I 
mode1 bulkhead I U ;  

(roll restraint  bearings) 

B B  

1-cm multic0,nductor cable 

1.59-mm flexible s teel  
cable fo r  vertical  
res t ra int  

Figure 8.- Dynamic mounting system used to allow model 
vertical, pitch, and yaw freedom. 
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(a) Typical quasi-static flap response. 


Ks’ N-m/rad C f ’  m 

0 0.068 
-0.23 .068 
0 ,102 

0 1 2 3 4 
Predicted K 

( b )  Negative of slope of quasi-static flap response, K. 

Figure 9.- Quasi-static flap response to angle-of-attack changes 

with model restrained in heave. 
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cf = 0.068 m 
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(a) Typical time history of flap response. 
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Figure 10.- Dynamic flap-response characteristics after release from a 

deflected position with model restrained in heave and pitch. 
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F igure  11.- Model shor t -per iod  response c h a r a c t e r i s t i c s .  
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(b) Alleviated model (y = 0.516, Ks 0, Cf = 0.068 m). 

Figure 12.- Time-history response of model to gusts generated by 

sweeping TDT gust vanes from about 5 Hz to 0.5 Hz. 
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Figure  13.- Peak model responses  as a func t ion  of frequency. 
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Figure  14.- Model f requency response  (model response  d iv ided  by g u s t  a n g l e ) .  
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(a) Alleviated model (y = 0.691, Ks = 0, ,cf = 0.068 m). 

Figure 15.- A comparison of measured and theoretically 

predicted model responses. 
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Figure 15.- Concluded. 
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Figure 16.- Power of spectrum of nominal acceleration for a full-scale airplane 
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