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ABSTRACT 

A g u s t  gene ra to r  capable  of  producing s i n u s o i d a l  l a t e r a l  

and l o n g i t u d i n a l  g u s t s  h a s  been developed f o r  t h e  purpose of  

s tudy ing  t h e  g u s t  response of a model r o t o r - p r o p e l l e r  i n  t h e  

MIT Wright Brothers  Wind Tunnel. 

T h i s  g u s t  gene ra to r  u t i l i z e s  harmonic c i r c u l a t i o n  c o n t r o l  

of twin p a r a l l e l  a i r f o i l s  t o  achieve  t h e  harmonic l i f t  v a r i a t i o n  

r equ i red  f o r  g u s t  genera t ion .  

The g u s t  gene ra to r  des ign ,  c o n s t r u c t i o n ,  and t e s t i n g  i s  

descr ibed .  Typ ica l  t e s t  r e s u l t s  a r e  p resen ted  i n  the form of  

l a t e r a l  and l o n g i t u d i n a l  g u s t  p e r t u r b a t i o n  v e l o c i t i e s  a s  a  f w c -  

t i o n  of  g e n e r a t o r  reduced frequency. 
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SECTION 1 

INTRODUCTION 

The s imula t ion  of  s i n u s o i d a l  l a t e r a l  and l o n g i t u d i n a l  

g u s t s  i n  t h e  wind tunne l  i s  d i f f i c u l t  t o  achieve  wi th  a s imple 

device  ove r  t h e  range of f r equenc ies  and ampli tudes of  i n t e r e s t .  

A number of  i n v e s t i g a t o r s  have developed methods of  gen- 

e r a t i n g  s i n u s o i d a l  l a t e r a l  g s s t s  u s ing  va r ious  arrangements of 

o s c i l l a t i n g  vanes o r  a i r f o i l s  wi th  o s c i l l a t i n g  jet f l a p s  i n  

s l o t t e d ,  open, and c losed  test  s e c t i o n s .  I n  some c a s e s  t h e  

technique  used i s  a p p l i c a b l e  t o  t h e  gene ra t ion  of s i n u s o i d a l  

l o n g i t u d i n a l  gus t s .  The techniques  of References 3 and 4 a r e  of  

p a r t i c u l a r  i n t e r e s t ,  s i n c e  they u t i l i z e  o s c i l l a t i n g  j e t  f l a p s  

having a  minimum o f  v i b r a t i n g  mech~nism and t h e r e f o r e  a h igh  f r e -  

quency c a p a b i l i t y ,  do n o t  r e q u i r e  ztajor mod i f i ca t ions  t o  t h e  

test  s e c t i o n ,  and a r e  capable of gene ra t ing  both  l a t e r a l  and 

l o n g i t u d i n a l  gus t s .  However, k ~ e y  bo th  r e q u i r e  q u i t e  l a r g e  j e t  

momentum c o e f f i c i e n t s  t o  achieve accep tab le  g u s t  ampli tudes.  

S ince  t h e  a v a i l a b l e  a i r  supply i n  t h e  Wright Brothers  

Wind Tunnel a t  MIT i s  of  modest c a p a c i t y ,  it was decided t o  apply 

t h e  p r i n c i p l e  of a i r f o i l  c i r c u l a t i o n  c o n t r o l  t o  o b t a i n  t h e  o s c i l -  

l a t i n g  l i f t  necessary  f o r  g u s t  genera t ion .  By t h i s  means it was 

p o s s i b l e  t o  reduce t h e  r e q u i r e d  j e t  momentum c o e f f i c i e n t s  by an 

o r d e r  of magnitude. 

The method of  approach was taken  from t h e  work desc r ibed  

i n  Reference 6 ,  which u t i l i z e d  a  hollow e l l i p t i c a l  a i r f ~ i l  having 

two blowing s l o t s  a t  t h e  r e a r ,  formed by t r u n c a t i n g  t h e  e l l i p t i c  

s e c t i o n ,  and f i t t i n g  a  c i r c u l a r  c y l i n d e r  i n t o  t h e  r e s u l t i n g  gap. 

The i n t e r i o r  of  t h e  a i r f o i l  was d iv ided  i n t o  two plenum chambers, 

one supplying each s l o t .  T e s t s  were conducted wi th  blowing from 

one o r  both  s l o t s .  Large l i f t  c o e f f i c i e n t s  were genera ted  a t  

r e l a t i v e l y  sma l l  j e t  momentum c o e f f i c i e n t s  C where 
1-1 ' 



and T = s l o t  t h r u s t  

q = free-stream dynamic p ressure  

c = a i r f o i l  chord 

I n  t h e  p r e s e n t  a p p l i c a t i o n ,  o s c i l l a t i n g  l i f t  was obta ined 

by e c c e n t r i c a l l y  mounting t h e  t r a i l i n g  edge c y l i n d e r  and ro ta -  

t i n g  it i n  such a manner t h a t  t h e  s l o t s  a l t e r n a t e l y  opened and 

c losed,  a s  descr ibed i n  d e t a i l  i n  Sect ion  3. 

The cons ide ra t ions  t h a t  l e d  t o  t h e  f i n a l  design configura- 

t i o n  a r e  desc r ibed  i n  t h e  fol lowing sec t ion .  



SECTION 2 

DESIGN CONSIDERATIONS 

The fol lowing model i s  suggested i n  t h e  l i t e r a t u r e  f o r  

t h e  power s p e c t r a l  dens i ty  of  l o n g i t u d i n a l  v e l o c i t y  f l u c t u a t i o n s  
r e s u l t i n g  f  rorn j ,sotropic atmospheric turbulence7 : 

where uu = s tandard  dev ia t ion  of  l o n g i t u d i n a l  turbulence  

v e l o c i t y  
L = turbulence  s c a l e  length  

w = spacewise c i r c u l a r  frequency r 
A s i m i l a r  model is  suggested f o r  l a t ~ r a l  v e l o c i t y  f luc tu -  

a t i o n s .  

The complete s imula t ion  of t h e s e  models o f  atmospheric 

turbulence  i n  t h e  wind tunne l  i s  obviously impossible.  However, 

a reasonable r epresen ta t ion  a t  s e l e c t e d  f requenc ies  is p o s s i b l e  

us ing  t h e  technique descr ibed below. 

Consider t h e  arrangement shown i n  Figure  2. Twin v e r t i c a l  
a i r f o i l s  a t  zero inc idence  a r e  mounted symmetrical ly t o  t h e  l e f t  

and r i g h t  o f  t h e  wind-tunnel c e n t e r l i n e .  The t r a i l i n g  edge por- 

t i o n  of  each a i r f o i l  c o n s i s t s  of an o s c i l l a t o r y  c i r c u l a t i o n  con- 

t r o l  assembly d r iven  by an electric motor (see Sec t ion  3 ) .  Any 
d e s i r e d  frequency of  a i r f o i l  s i n u s o i d a l  l i f t  v a r i a t i o n  can be 

p resc r ibed  by c o n t r o l  of motor r o t a t i o n a l  speed. 

A s s u m e  i n  t h i s  i n s t a n c e  t h a t  t h e  s i n u s o i d a l  l i f t  v a r i a t i o n  

of  t h e  two a i r f o i l s  occurs  a t  frequency w and out-of-phase by 180 
degrees.  Then each a i r f o i l  w i l l  shed a  time-varying vor tex  wake 

which w i l l  induce incremental  l o n g i t u d i n a l  and v e r t i c a l  v e l o c i t i e s  

o v e r  t h e  region between t h e  a i r f o i l s  u ( x , h , t )  and w(x,h , t )  , re- 
s p e c t i v e l y .  I f  t h e  l i f t  v a r i a t i o n  is 180 degrees out-of-phase, 



it i s  s e e n  from F igu re  1 t h a t  t h e  v e l o c i t i e s  w(x ,h , t )  due t o  

t h e  wakes o f  bo th  f l a p s  c a n c e l  e x a c t l y  a t  t h e  t u n n e l  c e n t e r l i n e  

and n e a r l y  c a n c e l  e l sewhere ,  w h i l e  t h e  v e l o c i t i e s  u  (x ,h ,  t) a r e  

a d d i t i v e .  The presence  o f  t h e  t u n n e l  w a l l s  can b e  accounted f o r  

i n  t h e  t h e o r e t i c a l  a n a l y s i s  by t h e  method o f  images.* 

I t  can b e  shvGn t h a t  t h e  d i s t r i b u t i o n  o f  p e r t u r b a t i o n  ve- 

l o c i t i e s  gene ra t ed  f a r  downstream i n  a  r s c t a n g u l a r  wind t u n n e l  i s  
g iven  by 

u  s i n h  kKl 
- = k  cosh k r  s inwt  
vCll s i n h  kiG 

s i n h  kEl 
s i n h  kr s inwt  

s i n h  kEw 

i n  t h e  out-of-phase c a s e ,  and 

s i n h  kQ * - k  5- s i n h  k'jZ s inwt  
cosh kQ 

v s inh  kEl 
= k  cosh kx  s inwt  
vC R cosh kQ 

i n  t h e  in-phase c a s e ,  where 

u  = s e r t u r b a t i o n  l o n g i t u d i n a l  v e l o c i t y  ampl i tude  

V = p e r t u r b a t i o n  l a t e r a l  v e l o c i t y  ampl i tude  

V = t u n n e l  v e l o c i t y  

Cc = a i r f o i l  l i f t - c o e f f i c i e n t  ampli tude 

k  = reduced frequency o f  l i f t  v a r i a t i o n  wb/V 

w = f requency o f  l i f t  v a r i a t i o n  

b = a i r f o i l  semichord 

* 
Thi s  p o r t i o n  o f  t h e  a n a l y s i s  i s  due t o  W.Johnson, A m e s  Research 

Center  . 



- 
hl = non-dimensional d i s t a n c e  E m m  w a l l  t o  a i r f o i l ,  hl/b 

= non-dimensional d i s t a n c e  from wall t o  tunne l  
W 

c e n t e r l i n e ,  hw/b - 
R = non-dimensicnal d i s t a n c e  from t u n n e l  c e n t e r l i n e ,  L / b  

The g u s t  g e n e r a t o r  des ign  w a s  governed by t h e  fo l lowing  

c o n s i d e r a t i o n s :  

1. The test s e c t i o n  o f  t h e  Wriglyk Bro the r s  Wind Tunnel 

h a s  an o v a l  c r o s s - s e c t i o n  t e n  f e e t  wide and seven 

f e e t  high.  

2 .  The model t o  b e  t e s t e d  was a r o t o r - p r o p e l l e r ,  having 

a d iameter  o f  t h r e e  f e e t ,  i n  t h e  c r u i s e  mode. 

3.  The a v a i l a b l e  t u n n e l  a i r  supply  was l i m i t e d  i n  flow 

r a t = .  

4 .  The des ign  advance r a t i o  of  t h e  r o t o r - p r q e l l e r  was 

t o  be  u n i t y .  

5. The gust .requency range of  i n t e r e s t  was from z e r o  

t o  1 .5 / r evo lu t ion  i n  terms o f  r o t o r  r o t a t i o n a l  

speed. 

6 .  A i r f o i l  spac ing  was t o  b e  two r o t o r  d iameters  t o  

avoid  i n t e r f e r e n c e  o f  t h e  a i r f o i l  wakes wieh t h e  

r o t o r .  

7. The maximum g u s t  i nc remen ta l  v e l o c i t i e s  w e r e  t o  be 

f i v e  p e r c e n t  of  f r e e  s t r e a m  a t  a t u n n e l  speed o f  

1 2 0  f e e t  p e r  second. 

A t  an advance r a t i o  o f  u n i t y ,  i .e. , 

r o t o r  r o t a t i o n a l  speed i s  g iven  by 

~t a frequency r a t i o  of  1 .5 ,  i .e , 

t h e  g u s t  f requency is  



Then the upper l i m i t  on gus t  genera to r  reduced frequency i s  

I t  is  d e s i r a b l e  t o  keep t h e  reduced frequency low t o  minimize 

flow d i s t o r t i o n  over  t h e  r o t o r  d isk .  On t h e  o t h e r  hand, t h e  in -  
cremental g u s t  v e l o c i t i e s  a r e  p ropor t iona l  t o  kcR,  and s i n c e  from 

Reference 6 

then kcR % (chord) 1 / 2  

S i n c e  t h e  tunne l  a i r  supply was l i m i t e d ,  t h e  a i r f o i l  chord 

was s i z e d  by t h e  requirement t o  achieve maximum g u s t  incremental  
v e l o c i t i e s  of f i v e  pe rcen t  of  f r e e  stream a t  t h e  design tunne l  
speed of 173 f e e t  pe r  second. 

The above cons ide ra t ions  l e d  t o  t h e  fol lowing g u s t  gener- 

a t o r  parameters : 

The d e t a i l  des ign  of t h e  g u s t  genera to r  is descr ibed i n  

t h e  fol lowing sec t ion .  



SECTION 3 

MECHANICAL DESCRIPTION AND TEST PROCEDURE 

3.1 In t roduc t ion  

The g u s t  genera to r  descr ibed i n  t h i s  s tudy uses  two i d e n t i -  

c a l  a i r f o i l s .  A method f o r  producing high-frequency, s i n u s o i d a l  

v a r i a t i o n s  of  t h e  l i f t  o f  each a i r f o i l  is requi red .  The high f r e -  

quencies precluded o s c i l l a t i n g  t h e  a i r f o i l s  o r  even a  blown f l a p  

mounted on t h e  a i r f o i l s .  The a v a i l a b l e  a i r  supply a l s o  placed 

r e s t r i c t i o n s  on t h e  p o s s i b l e  a l t e r n a t i v e s .  I t  was determined 

t h a t  t h e  requirements could be m e t  by a  s p e c i a l  form of  c i r c u l a -  

t ion-con t ro l l ed  a i r f o i l  (CCA) . 
A t y p i c a l  ZCA has  a  t h i c k  s e c t i o n  (15-50% chord) , moderate 

camber , and a  b l u n t  t r a i l i n g  edge having an upper s l o t  (see 
Figure 2a ) .  P ressur ized  a i r  e j e c t e d  from t h e  s l o t  delays upper 

s? \ r face  boundary-layer s e p a r a t i o n ,  moving t h e  s t a g n a t i o n  p a i n t  t o  

%ria underside of  t h e  t r a i l i n g  edge and c r e a t i n g  l i f t .  The amount 

o f  l i f t  genera ted  i s  governed by t h e  jet-momentum c o e f f i c i s n t ,  

C,,. 
Such an a i r f o i l  can produce l i f t  a t  zero  angle  of a t t a c k ,  

and i s  a l s o  capable of genera t ing  a l i f t  c o e f f i c i e n t  near  t h e  

t h e o r e t i c a l  maximum. 

R.J .  Kind has experimented wi th  a  somewhat d i f f e r e n t  form 

o f  C C A . ~  (See Figure 2b). It has an e l l i p t i c a l  s e c t i o n ,  zero  

camber, and both an upper and a  lower blowing slat .  The p o s i t i o n  

o f  t h e  s t a g n a t i o n - p o i n t  i s  then governed by AC t h e  d i f f e r e n c e  ,,' 
between t h e  upper and t h e  lower C 's. For t h e  p resen t  a p p l i c a t i o n ,  

P 
t h e  primary advantage of  such a  symmetrical CCA i s  t h a t  it pro- 

duces p o s i t i v e  o r  nega t ive  l i f t  equa l ly  w e l l .  A method of  r a p i d l y  

varying AC would then produce a  l i f t  v a r i a t i o n  s u i t a b l e  f o r  
P 

presen t  purposes. Such a  method, us ing  a  r o t a t i n g  c y l i n d e r  t o  

a c t  a s  an a i r  va lve ,  is descr ibed below. 



3.2 Genera l  D e s c r i p t i o n  

The b a s i c  des ign  o f  t h e  CCR used i s  shown i n  F igu re  3. 

It i s  an e l l i p t i c a l  s e c t i o n  a i r f o i l ,  modi f ied  by t h e  a d d i t i o n  o f  

a  r o t a t a b l e  c y l i n d e r  r eces sed  i n t o  t h e  .':railing edge. The c y l i n d e r  

i s  s m a l l e r  i n  d i ame te r  t han  t h e  wid th  o f  t h e  channel  c o n t a i n i n g  it, 

and t h e  r e s u l t i n g  gcps  form t h e  upper and t h e  lower blowing s l o t s .  

Most i m p o r t a n t l y ,  t h e  c y l i n d e r  i s  e c c e n t r i c a l l y  mounted t o  a c t  

a s  a cam. The channel  wid th ,  c y l i n d e r  d i ame te r  and e c c e n t r i c i t y  

a r e  chosen s o  t h a t  t h e  " lobe" o f  t h e  c y l i n d e r  comple te ly  c l o s e s  

each s l o t  once p e r  r e v o l u t i o n .  The channel  a l s o  forms a  

secondary plenum forward o f  t h e  c y l i n d e r ,  and it, i n  t u r n ,  

i s  connected by a i r  passages  t o  t h e  primary plenum i n s i d e  of  t h e  

a i r f o i l .  

F igu re  4 shows t h e  o p e r z t i o n  o f  t h e  c y l i n d e r .  Low p r e s s u r e  

a i r  is f e d  t o  t h e  wing and p r e s s u r i z e s  t h e  primary and secondary 

plenums. I n  F igu re  4a ,  t h e  c y l i n d e r  l o b e  is ati z e r o  deg rees ,  t h e  

upper and lower  s l o t s  have t h e  same s ~ z e ,  (tU = tR) ,  AC = 0 ,  v 
and no l i f t  i s  genera ted .  F igu re  4b shows t h e  c y l i n d e r  l o b e  a t  

4 5  deg rees ,  tk > tU, AC i s  n e g a t i v e  and t h e  wing is  producing 
lJ 

nega t ive  (downward) l i f t .  By t h e  t i m e  t h e  l o b e  g e t s  t o  90 de- 

g r e e s ,  F i g u r e  4c,  tR is maximum, tU = 0 ,  AC i s  maximum n e g a t i v e  
lJ 

and maxirnwn n e g a t i v e  l i f t  i s  produced. Thl? c y l i n d e r  con t inues  

t o  r o t a t e ,  opening t h e  upper  s l o t ,  c l o s i n g  t h e  lower ,  u n t i l  a t  

180 d e g r e e s ,  F igu re  4d, 
tU 

= ti and t h e  wing ha9e r e t u r n e d  t o  

zero  l i f t .  A s  t h e  c y l i n d e r  completes i t s  r e v o l u t i o n ,  t h e  lower 

gap is not; decreased ,  t h e  upper  gap i n c r e a s e d ,  and a t  270 degrees  

Figure  4e, maximum p o s i t i v e  l i f t  i s  produced. F i n a l l y ,  i n  

Figure  4 f ,  t h e  c y l i n d e r  i s  a t  360 deg rees ,  and t h e  c y c l e  beg ins  

again.  

The a i r f o i l  c o n f i g u r a t i o n  chosen h a s  s e v e r a l  advantages:  

1) The a b i l i t y  t o  o p e r a t e  a t  h igh  frequency 

2 )  Mechanical  s i m p l i c i t y  s i n c e  t h e  on ly  moving 

p a r t  i s  t h e  r o t a t i n g  c y l i n d e r  



3) The c a p a b i l i t y  of genera t ing  a high l i f t  

c o e f f i c i e n t  a t  low jet momentum c o e f f i c i e n t s .  

3.3 Deta i led  Descr ip t ion  

The two CCA t h a t  comprise t h e  g u s t  genera tor  a r e  i d e n t i c a l ,  

e l l i p t i c a l  s e c t i o n ,  cons tan t  chord wings o f  66-inch span and 

25.9-inch chord. The s e c t i o n  has zero camber, 20% th ickness /  

chord r a t i o ,  and 7.7% c y l i n d e r  diameter/chord r a t i o .  The c y l i n d e r  

c e n t e r  i s  mounted a t  t h e  96% chord pos i t ion .  The th ickness  r a t i o ,  

c y l i n d e r  s i z e ,  and c y l i n d e r  p o s i t i o n  w e r e  chosen t o  match t h a t  of  

Reference 6,  whi le  t h e  span was d i c t a t e d  by t h e  s i z e  of  t h e  test  
s e c t i o n  of t h e  Wright Brothers  Wind Tunnel (7  by 10-foot o v a l ) .  

The primary s t r u c t u r e  of  t h e  wing c o n s i s t s  of  a  forward 

s p a r  a t  50% chord,  an a f t  channel ( spa r )  a t  90% chord and two 

t i p  r i b s .  (See Figure  5). The por t ion  ahead of t h e  s p a r  con- 

sists of s imple mahogany f a i r i n g ,  while  t h e  space between t h e  

s p a r  and t h e  channel  forms t h e  primary plenum. 

The s l o t  width was determined by an i n i t i a l  measurement 

t h a t  showed t h e  a i r  supply capable of providing a flow v e l o c i t y  

of 700 f e e t  p e r  second through a two-square-inch opening. Since 

t h a t  was t h e  d e s i r e d  s l o t  v e l o c i t y ,  t h e  t o t a l  gap (upper p lus  

lower) was set a t  a  convenient 0.020 inches ,  f o r  a t o t a l  s l o t  

a r e a  (both a i r f o i l s )  of 2.5-square inches.  

The c y l i n d e r  i t s e l f  i s  made from t h i c k  wa l l  4130 steel 

tub ing ,  c e n t e r l e s s  ground t o  an o u t s i d e  diameter  of  1.9 80 inches. 

I t  is div ided i n t o  f o u r  equal  spanwise segments, supported by 

t h r e e  in te rmedia te  and two t i p  bearings.  I n  o rde r  t o  provide f o r  

e c c e n t r i c  mounting, t h e  ends of t h e  c y l i n d e r  segments were bored 

o u t  and f i t t e d  with alumiljum bushings having 7/8-inch ho les  e?ff- 

s e t  0.010 inch  from t h e  cen te r .  

The t r a i l ing-edge  channel was d iv ided  i n t o  f o u r  equal  

segments, w i t h  in termedia te  bearing suppor t s  between t h e  segments. 



The channels were machined from aluminum. The c a v i t y  width is  

2.000 inches ,  and i n  conjunct ion with t h e  c y l i n d e r  o u t s i d e  di- 

ameter of  1.980 inches and e c c e n t r i c i t y  of  0.010 inch ,  pro- 

v ides  f o r  t h e  d e s i r e d  s l o t  width and c losure .  The c a v i t y  is  

deeper than necessary and a c t s  a s  a  secondary plenum. Half-inch 

holes  on three-quarter- inch spacing a r e  d r i l l e d  through t h e  chan- 

n e l  t o  connect primary and secondary plenums. 

The channels and in te rmedia te  bea r ing  suppor t s  a r e  t i e d  

toge the r  by bolted-in s p l i c i n g  p l a t e s .  These al low t h e  channels 

t o  be cen te red  over  t h e  c y l i n d e r  during assembly s o  t h a t  equal  

upper and lower s l o t  widths can be  adjus ted .  The adjustment 

guarantees t h a t  alignment w i l l  b e  maintained a f t e r  assembly of  

t h e  wing is completed. 

To keep the t r a i l i n g  edge a s  aerodynamically c l ean  as  

poss ib le ,  t h e  in termedia te  bear ing  suppor ts  c a r r y  small  diameter  

r o l l e r  bea r ings  recessed  i n t o  t h e  ends of t h e  cy l inders .  F igure  6 

shows a c r o s s  s e c t i o n  through a t y p i c a l  bea r ing  support .  The 

support  i s  made from half- inch carbon steel s tock.  The r o l l e r  

bearing r i d e s  on a 7/8-inch steel s h a f t  t h a t  a c t s  a s  an i n n e r  

race. The s h a f t  is  f i t t e d  i n t o  t h e  e c c e n t r i c  aluminum bushings 

of the  ad jacen t  cy l inders .  The c y l i n d e r ,  bushing, and s h a f t  a r e  

pinned t o g e t h e r  t o  ensure  t h a t  a19 bushings a r e  e c c e n t r i c  i n  t h e  

sane d i r e c t i o n  and tha t ,  a l l  four  c y l i n d e r  segments a r e  synchronizsd. 

I n  add i t ion ,  h o l e s  a r e  d r i l l e d  i n t o  t h e  aluminum bushings t o  c a r r y  

ba lancing weights.  An O-ring on t h e  c y l i n d e r  f a c e  runs a g a i n s t  

a  t e f l o n  washer i n s e t  i n  t h e  bea r ing  suppor t  t o  maintain a  pres- 

s u r e  seal. 

The forward s p a r  is a s imple r e c t a n g u l a r  s e c t i o n  aluminum 

bar .  Holes a r e  d r i l l e d  through f o r  t h e  attachment o f  t h e  mahogany 

f a i r i n g ,  whi le  t h e  ends a r e  i n s e t  2nto t h e  t i p  r i b s  by 3/8 inch 

f o r  added r i g i d i  Ly . 
The t i p  r i b s  a r e  c u t  o u t  o f  one-inch aluminum p l a t e .  Two 



2-1/2-inch a i r  i n l e t s  a r e  c u t  i n  t h e  a f t  p o r t i o n ,  The t r a i l i n g  
edge of t h e  r i b  c a r r i e s  a  b a l l  bea r ing  mounted i n  a  ho lde r  ad- 
j u s t a b l e  f o r  preload. On one end o f  t h e  wing, t h e  b a l l  bear ing  
rides on a  s t u b  s h a f t  coming o u t  of  t h e  end c y l i n d e r ,  whi le  on 
t h e  o t h e r ,  an extended s h a f t  is  used t o  connect t h e  c y l i n d e r  t o  
t h e  d r i v e  mechanism. 

The wing s k i n  over  t h e  a f t  p o r t i o n  must hold  t h e  primary 
plenum pressure .  It i s ,  t h e r e f o r e ,  made from 1/4-inch aluminum 
p l a t e ,  ben t  t o  t h e  e l l i p t i c a l  contour.  Because of t h e  sk in  th ick-  
n e s s ,  no i n t e r n a l  ribs a r e  used, b u t  equally-spaced t i e - b o l t s  
ho ld  t h e  s ~ i n s  t o g e t h e r  a t  70% chord. 

3.4 Mounting and T e s t  Procedure 

Figures  7 and 8 show t h e  g u s t  genera to r  a i r f o i l s  mounted 
i n  t h e  Wright Brothers  Wind Tunnel. They a r e  mounted v e r t i c a l l y  
and have a s e p a r a t i o n  of s i x  f e e t .  A i r  is supp l i ed  t o  a  l a r g e  

manifold of  s ix-inch PVC p ipe  and then  t o  t h e  upper and lower 
t i p  r i b s  of each wing by four-inch PVC p ipe  runners.  A D.C. 

motor, mounted on t o p  of t h e  tunnel ,  d r i v e s  t h e  c y l i n d e r s  by 
means of t iming b e l t s  and pul leys .  

Pe r tu rba t ion  v e l o c i t y  mess t renents  w e r e  made by an "x" 
conf igura t ion  h-t-wire anemometer probe. The wind tunnel  i s  
run a t  a  series of speeds. A t  each speed,  t h e  flow v e l o c i t y  
and p e r t u r b a t i o n  are measured f o r  a  series o f  c y l i n d e r  r o t a t i o n a l  
speeds. This  is  done f o r  t h e  c y l i n d e r s  synchronized in-phase t o  
produce l a t e r a l  g u s t s ,  and then f o r  t h e  c y l i n d e r s  180 degrees 
out-of-phase t o  produce long i tud ina l  gus t s .  



SECTION 4 

DISCUSSION OF RESULTS 

S i n c e  t e s t i n g  was conducted a t  c o n s t a n t  a i r  supply  mass 

flow and p r e s s u r e ,  t h e  jet momentum c o e f f i c i e n t  C of  t h e  a i r -  
P 

f o i l s  v a r i e d  i n v e r s e l y  a s  t h e  s q u a r e  of  t u n n e l  v e l o c i t y .  Then 

from t h e  r e s u l t s  of  Reference 6,  t h e  a i r f o i l  l i f t  c o e f f i c i e n t ,  

C j ,  v a r i e s  approximately w i t h  C a s  
P 

Theref o r e ,  

From t h e  t h e o r y  o f  S e c t i o n  2 f o r  t h i s  c a s e  

The re fo re ,  t h e  r a t i o  of  p e r t u r b a t i o n  v e l o c i t y  t o  t u n n e l  v e l o c i t y  

should v a r y  i n v e r s e l y  w i t h  t u n n e l  v e l o c i t y  f o r  c o n s t a n t  a i r  f l ow 

and p r e s s u r e .  

The exper imenta l  r e s u l t s  i n d i c a t e d  such an  i n v e r s e  v a r i a -  

t i o n  w i t h  t u n n e l  v e l o c i t y .  Typ ica l  expe r imen ta l  r e s u l t s  a t  

t unne l  c e n t e r  a r e  shown i n  F i g u r e s  9 and 10 f o r  t u n n e l  speeds  of  

40, 60, 82.5, 100, and 120 m i l e s  p e r  hour.  The cor responding  

t o t a l  plenum volume f low was 800 c u b i c  f e e t  p e r  minute  a t  a  

plenum p r e s s u r e  of  4 pounds p e r  squa re  inch .  Shown f o r  compari- 

son  i n  e a c h  f i g u r e  i s  a  t h e o r e t i c a l  cu rve  f o r  t h e  c a s e  V = 82.5. 

S ince  t h e  a i r f o i l  l i f t  c o e f f i c i e n t  CR was unknow.1, t h e  t h e o r e t i c a l  

curve  i n  each  f i g u r e  was a r b i t r a r i l y  matched t o  t h e  expe r imen ta l  

p o i n t  a t  reduced frequency k of  0.6. I t  i s  seen  t h a t  t h e  t h e o r e t i -  

c a l  c u r v e s  p r e d i c t  t h e  expe r imen ta l  t r e n d s  f a i r l y  w e l l .  

The exper imenta l  d i s t r i b u t i o n s  o f  l o n g i t u d i n a l  and l a t e r a l  

g u s t  p e r t u r b a t i o n  v e l o c i t i e s  ove r  a  f o u r - f o o t  squa re  c e n t e r e d  on 



t h e  t unne l  c e n t e r  l i n e  a r e  shown i n  F i g u r e s  11, 12,  1 3  and 14  

f o r  reduced f r e q u e n c i e s  of 0.5 and 1.0.  The t h e o r e t i c a l  c u r v e s  

shown were a r b i t r a r i l y  matched t o  an  exper imenta l  p o i n t  on t h e  

l i n e  x  = 0. The t h e o r e t i c a l  ? r e d i c t i o n  o f  t h e  l a t e r a l  d i s t r i b u -  

t i o n s  i s  s e e n  t o  b e  reascnab2e.  The s c a t t e r  i n  t h e  d a t a  i s  

presumably due t o  t u n n e l  f low p e c u l i a r i t i e s .  

The theo ry  of  S e c t i o n  2 i n d i c a t e d  d u r i n g  t h e  genera-  

t i o n  of  l o n g i t u d i n a l  g u s t s ,  l a t e r a l  g u s t  components would occur  

a t  p o i n t s  n o t  e q u i d i s t a n t  from t h e  two g e n e r a t o r  a i r f o i l s ,  and 

v i c e  ve r sa .  The exper imenta l  d i s t r i b u t i o n s  of  t h e s e  c r o s s -  

v e 1 o c i t j . e ~  i s  shown i n  F i g u r e s  15 ,  16,  1 7 ,  and 18 f o r  reduced 

f r e q u e n c i e s  o f  0.5 and 1 .0 .  The t h e o r e t i c a l  c u r v e s  shown w e r e  

a r b i t r a r i l y  matched t o  an  exper imenta l  p o i n t  on t h e  l i n e  x = 0. 

For  unknown reasons ,  t h e  t h e o r y  o v e r p r e d i c t s  t h e  l a t e r a l  d i s t r i b u -  

t i o n  of t h e  c r o s s - v e l o c i t i e s .  
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FIGURE I. GUST GENERATOR GEOMETRY 



C O N V E N T I O N A L  CCA 

blowing s lo t  7 

F I G U R E  23 

upper pler~um 7 \ upper blowing slot 7 

lower plenum---/ \ 
lower blowing s l o t 1  

FIGURE 2 b  



GUST GENERATOR A I R F O I L  C R O S S - S E C T I O N  

Mahogany Fairing 

Primary Plenum Trail ing Edge 

Channel 

Seconda r y Plenum 
- 13.0 I' - 11.9'' 

d . 2 5 . 9 "  

FIGURE 3 





GUST G E N E R A T O R  A I R F O I L  PLAN V IEW 

(Top Wing  Skin R e m o v e d  ) 
I 

SPLICING PLATE ( I n s e t )  

Inter mediate 

Bearing Support  

' Trailing E d g e  Channel L R o t a t i n g  Cylinder 

( p a r t i a l l y  h i d d e n )  

I F IGURE 5 A 



BEAFjING SUP PORT CR OSS-SECTION 

Teflon W a s h  er '0'- R in g 

Intermediate  

Bearing Supp  art I / Locating Pin I 
FIGURE 6 





F I G .  8 GUST GENERATOR SIIOW?? MOUFJTED I N  THE WRIGHT T3ROTIIEF.S 

K I N D  TUZJNEL AT M.1.X'. 



FIGURE 9 LONGITUDINAL GUST VELOCITY VERSUS REDUCED 
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FIGURE 10 L A T E R A L  GUST VELOCITY VERSUS REDUCED 
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F I G U R E  I I L O N G I T U D I N A L  G U S T  V E L O C I T Y  D ISTRIBUTION,  
k = 0 .5  
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F I G U R E  12 L O N G I T U D I N A L  G U S T  VE L O C I  T Y  DISTRIBUTION, 

k = 1.0 
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FIGURE 13 L A T E R A L  GUST VELOCITY DISTRIBUTION, 
k = 0 . 5  



FIGURE 1 4  L A T E R A L  GUST V E L O C I T Y  D I S T R I  BUTION, 
k = 1.0 



F I G U R E  15 L O N G I T U D I N A L  G U S T  V E L O C I T Y  D U R I N G  
L A T E R A L  G E N E R A T I O N ,  k = 0 . 5  



H O R I Z O N T A L  L O C A T I O N  - X FT.  

F I G U R E  16 L O N G l T U D l N A  L GUST V E L O C I T Y  DURING LATERAL  
G E N E R A T I O N ,  k = 1.0 
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FIGURE 17 LATERA L GUST VE LOC IT  Y DURING LONGITUDINAL 
GENERATION, k = 0 . 5  



F I G U R E  18 L A T E R A L  G U S T  V E L O C I T Y  DURING LONGITUDINAL 
G E N E R A T I O N  k = 1.0 
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