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AN EXPERIMENTAL INVESTIGATION OF THE VELOCITY 

FLUCTUATIONS BEHIND OSCILLATING VANES 

By Donald A .  Buell 

Ames Research Center 

SUMMARY 

Vort ices  were generated i n  a  low-speed a i r s t r e a m  by a r r a y s  of  cons tan t -  
chord vanes o s c i l l a t i n g  with amplitudes up t o  16'. The r e s u l t i n g  g u s t s  a t  
t h e  c e n t e r  of  t h e  channel downstream from t h e  vanes were predominantly l a t e r a l  
o r  l ong i tud ina l  depending upon t h e  phase and arrangement o f  t h e  vanes.  The 
maximum gus t  amplitudes nea r  t h e  c e n t e r l i n e  o f  t h e  channel were over  45% of  
t h e  f ree-s t ream v e l o c i t y  i n  bo th  d i r e c t i o n s .  The l a t e r a l  e x t e n t  of  t h e  g u s t s ,  
e s p e c i a l l y  t h e  long i tud ina l  g u s t s ,  was l imi t ed ,  and vane conf igu ra t ions  t h a t  
would improve the  l a t e r a l  d i s t r i b u t i o n  were i n v e s t i g a t e d .  Se l ec t ed  components 
of  t h e  f l u c t u a t i o n s  were analyzed f o r  s p e c t r a l  conten t .  

INTRODUCTION 

The i n v e s t i g a t i o n  descr ibed  h e r e i n  was a  pre l iminary  s t e p  i n  t h e  
development of  a  gus t  genera tor  f o r  a  wind tunnel .  Generat ing gus ts  i n  a  
wind tunnel  makes i t  p o s s i b l e  t o  s imula te  ground winds f o r  s tudying  t h e  
dynamic loads on high-drag s t r u c t u r e s  exposed t o  t h e  wind. I n  t h e  p a s t ,  
turbulence has been added by means of  g r i d s  ( e . g . ,  r e f .  l ) ,  by developing a  
l a rge  boundary l a y e r  i n  an unusual ly long t e s t  s e c t i o n  (as  i n  r e f .  2 ) ,  and by 
us ing  a i r  e j e c t o r s  ( r e f s .  3 and 4 a r e  r ecen t  examples). However, i t  has not  
y e t  proved f e a s i b l e  t o  reproduce s imultaneously t h e  l a r g e  Reynolds numbers 
and turbulence  s c a l e s  app ropr i a t e  f o r  l a rge  s t r u c t u r e s .  For t h i s  reason,  
o t h e r  means of  producing turbulence  were sought ,  and moving vanes were 
thought t o  be  p o t e n t i a l l y  app l i cab le  t o  t h e  problem. The purpose of  t h e  
p re sen t  t e s t s  was t o  e s t a b l i s h  t h e  magnitude o f ,  and t h e  a b i l i t y  t o  con t ro l  
independent ly,  t h e  l a t e r a l  and long i tud ina l  v e l o c i t y  f l u c t u a t i o n s  behind 
o s c i l l a t i n g  vanes . 

O s c i l l a t i n g  vanes have been used by a  number of i n v e s t i g a t o r s  t o  
genera te  v e l o c i t y  f l u c t u a t i o n s ,  p r imar i ly  i n  t h e  l a t e r a l  d i r e c t i o n .  For 
example, Hakkinen and Richardson r e p o r t  t e s t s  ( r e f .  5) o f  an a i r f o i l  which 
spanned t h e  tunnel  and o s c i l l a t e d  i n  a  l a t e r a l  d i r e c t i o n  a t  r a t h e r  modest 
amplitudes.  Reid and Wres t le r  ( r e f .  6) used t h e  t i p  v o r t i c e s  from p i t c h i n g  
b ip lane  vanes a s  t h e  source o f  l a t e r a l  g u s t s .  Garby e t  a l .  ( r e f .  7) repor ted  
a  more i n t e n s e  l a t e r a l  gus t  behind a  cascade of p i t c h i n g  a i r f o i l s .  

The t e s t s  descr ibed  i n  t h e  p r e s e n t  r e p o r t  r ep re sen t  an ex tens ion  of  t h e  
cascade concept,  wi th  t h e  add i t i ona l  goal of producing long i tud ina l  gus ts  by 
means of appropr ia te  phase r e l a t i o n s h i p s  between t h e  a i r f o i  1s . 



P r i o r  t o  t h e  experimental work, a  d i g i t a l  computer program was w r i t t e n  
which would approximately s imula te  t h e  flow and would thus be an a i d  t o  t e s t  
o rgan iza t ion .  P l o t s  of computed flow v e l o c i t i e s  proved t o  be  h e l p f u l  i n  
v i s u a l i z i n g  t h e  flow and a r e  included i n  t h e  r e p o r t .  The computing scheme 
i s  descr ibed  b r i e f l y  i n  an appendix. 

NOTAT I ON 

image-vortex spacing i n  computer s imula t ion ,  f t  

bandwidth of spectrum a n a l y s i s ,  Hz 

vane chord, f t  

l i f t  p e r  u n i t  span l i f t  c o e f f i c i e n t ,  
(1/2)pu2c 

frequency of  vane o s c i l l a t i o n ,  Hz 

frequency of  spectrum analyzer ,  Hz 

d i s t ance  between f l o o r  and c e i l i n g  of  t e s t  s e c t i o n ,  f t  

i n t e g e r  

ho r i zon ta l  and v e r t i c a l  spacing between 1/4-chord po in t s  of  vanes,  f t  

t ime, s e c  

increment i n  l ong i tud ina l  v e l o c i t y ,  f p s  

f ree-s t ream v e l o c i t y ,  fp s  

v e l o c i t y  along probe a x i s ,  fp s  

u I v e l o c i t y  perpendicular  t o  probe a x i s ,  fp s  

v  v e l o c i t y  perpendicular  t o  t unne l  ax i s  and vane h inge  l i n e ,  fp s  

X , Y  l ong i tud ina l  and l a t e r a l  coord ina tes ,  f t  

a angle o f  a t t a c k  of vane, deg 

'av 
1 "average" angle of a t t a c k  of  vane, - (amax + amin), deg 2 

Clr angle of  a t t a c k  of vane, rad 

r vor tex  s t r e n g t h ,  f t 2 / s e c  



A increment 

i , i 7  l cng i tud ina l  and l a t e r a l  vortex-to-probe coord ina tes  i n  computer 
s imula t ion ,  f t  

P f ree-s t ream dens i ty ,  s l u g s / f t 3  

@ phase l a g  of g u s t ,  r e l a t i v e  t o  angle of a t t a c k  of  downstream vanes 
below cen te r  l i n e ,  cyc les  

mu/u  power s p e c t r a l  dens i ty  of l ong i tud ina l  g u s t ,  

@v/u power s p e c t r a l  dens i ty  of  l a t e r a l  gus t ,  ('7, per  HZ B U a  

(-1 time average o f  ( ) 

Subsc r ip t s  

B 
a  t h a t  p o r t i o n  f l u c t u a t i n g  a t  f a  5 7 

b bound vo r t ex  

max maximum 

min minimum 

t t r a i l i n g  v o r t e x  

u  gus t  v e l o c i t y  u ,  o r  uncorrected f o r  vane-linkage d i s t o r t i o n  

v gus t  v e l o c i t y  v  o r  vo r t ex  

APPARATUS 

Vanes and Drive Equipment 

Vanes wi th  constant-chord NACA 0015 a i r f o i l  s e c t i o n s  were cons t ruc ted  
from mahogany with aluminum-angle spa r s  and a  f i b e r g l a s  and r e s i n  covering.  
The vanes were mounted i n  var ious  numbers and arrangements between aluminum 
wa l l s  i n  rows and columns approximately one chord length  a p a r t ,  as i n d i c a t e d  
i n  f i g u r e  1. A channel was formed around t h e  vanes by a  wooden c e i l i n g  and 
f l o o r  approximately one chord length above and below t h e  vane a r r ay .  The 
e n t i r e  system was i n s t a l l e d  i n  a  7- by 10-foot  wind-tunnel s e c t i o n  along with 
t h e  mechanism t o  o s c i l l a t e  each vane i n  p i t c h  about t h e  quarter-chord p o i n t .  
S ide  f a i r i n g s  were i n s t a l l e d  t o  screen  t h e  a i r f l ow from t h e  o s c i l l a t i o n  



- - *  mechanism, bigure 2 is a view of the ins.taliation from the ups::reanl d1-6.e~- 
tion, Any or all of the vanes were reinovable so as to provide a variety of 
configurations for ~ the tests, 

The ii.ailes were driven by a. 125-ho1+i.sepowe;c 6-.pole indue,tio-k\ ms.tor, vi?;li "..- eh --- 
L,ne loider f ront  -na.vT."L of figuyre 2 ,  :rile ob;ee,ts 'be$,iiic2 "i:Pke mi;.t~-:: i s  v i i b l e  a r - '  - < I '- 

are shafts that connected cranks below each end of the vanes, The motor 
-7 power was transmitted to the cranks iZ-1-1ro~g11 Fqsilen.tif cl-aai~~s i.iie C~P?I~J= LIiL*.., c-h:ai? -,.. -r.. 

converted the rotary mo~tion to t"n oo.cill.a.tii-ig motion t:ransnlzi$.;ed .;lo .:l~e 
m a  vanes, ine vane pitching was approxlmateiy sinusoidal wi th time, Deviations 

from a precise sinusoidal motion were ca,~ased p a r t l y  by Linkage design and 
-pa.r"ky by distortion of the link%-ge when Large loads were tra.nsmitteddd 

The length of the linkage elements was adjust.abilb2e5 so that the p i t c h i n g  
anipZ.i'iude and "khe average angle of atta-ck of each vane co~ld be adjusted - - -  - -  
I d i d . . .  y a The maximum and minirnar.m angles of attack of ezch -van. at each 
frequency were checked (with the i&~il:d. off) by direct obse~vati~oi~ of 6he dis- 
placement of the trailing edge of the -ira,ne, The rfieasur'emen-ts tvese :r.epea"t3-T~J.e 
to within 10 percent or l o ,  whichever was larger, over the complete frequency 
range, 

Velocity and Torque-Measuring Equip~r~en-t 

Cross wires were used to sense the velocity fluctuations downstream 
from the vanes. The wires were mounted in a probe as shown in figure 5 ,  
The-re were two probes, each supported by a horiaonta:l. tube, which can be 

" a seen in figuse 4, The W.be positions were manually adjil.s.ta.bi.e I n  the stream- 
wise direction and in the latesa-l direction a-long either .the vertical o:r 
horizontal centerlines of the channel cross section, For  the more upstream 
locations, the "tbes were supported by an additional s t e e l  ss"kr~?& so "chat the 
natural frequency of the support system wov.ld a.Bway be higher ' c b n  the - i~dine --- 
frequency. 

"7 ihe hot wires were connected 'LO the following electronic equipment: 
f o u r  units which supplied current t o  the wires and, by means of a feedback 
circuit, maintained an a:pproximat.ely constant resistance 1,7 times the cold- 
wire resis"e.nce; four linearizers ib~hich squared the wire outputs t \< i i cq  and 
two sum and difference circuits, The sum and difference voltages were fed to 
an oscillogrsa-ph and 2- tape recorder, 

The outputs of each pair of wires were conrbiraed to give "Lfe velocity 
along, and perpendicular to, the axis of the probe, according to the fallowing 
approximate re lationships : 

U is proportional to (01 + 02) 
a.xi a.1 

U, is proportional to (01 - C2) 



O 1  = [V12 - (VI,U,o)2]2 = ow-tput from l h e a r i z e r  no. 1 
2- = output  f ~ o m  L inea r i ze r  no,  2 0, = [vz2 - (V,,U=~I I 

V1 = vo l t age  across  a  p rec i s ion  r e s i s t o r  due t o  cu r r en t  from wire  no ,  1 

The above r e l a t i o n s h i p s  a r e  a--proximate f o r  a ~ w l t i t u d . e  of  reasons 
which axe noted i n  var ious  sources ( e S g , ,  r e f ,  8) , I n  p a r t i c u l a r ,  t h e  ve loc-  
i t y  nnormslly chznges by more 'ehzfi t h e  fou r th  power of  t h e  wire  vol tage  at 
"se h ighe r  v e l o c i t i e s .  Addit ional  c i r c u i t r y  was inc luded  i n  t h e  l i n e a r i z e r  
ea compensate p a r t i a l l y  f o r  t h i s  l o s s  of wi re  s e n s i 0 t i v i t y y ,  P, typica,l  c a l i b r a -  
t i o n  i s  shown i n  f i g u r e  5 ,  The ho t  wises were used on ly  t o  record v e l o c i t y  
f l u c t u a t i s n s  about s e l e c t e d  w e r a g e  axial v e l o c i t i e s ,  Used in this manneT, 
t h e  anemometer ou tput  was s u f f i c i e n t l y  l i n e a r  t o  cause n e g l i g i b l e  disto:c:cion 

zfle " wave for;ri, 

* - -  Tne dynami c  :response of tile hot-wire  sys  tern was 1ndlrect3.y evalzaated by 
i n s e r t i n g  a square-wave s  i g ~ a - 1  i n t o  t h e  hot -wire  c i r c u i t  and obse:cving i t s  
speed o f  recovery a t  each h a l f - c y c l e ,  I-t  was thus determined t h a t  t h e  
response would b e  a t t enua ted  l e s s  "can 30 pe rcen t  a t  10,000 H z .  Since such 
high f requencies  wem not  a n t i c i p a t e d ,  t h e  wise nra.tptlts were passed tlzko~agh 
a 3.000-Hz f i l t e r  which caused l e s s  than  2-percent  a tzenuat ion  below 200-Hz 
and reduced e l e c t r o n i c  no i se  t o  a izegligibke ampli tude,  

W p i t o t  tu-be was mounted downstseam from t h e  vanes f o r  purposes of 
v e l o c i t y  c a l i b r a t i o n ,  The p i t o t  head was loca t ed  7 inches below and 3 inches  
to t he  s i d e  of t h e  tunnel. c e n t e r l i n e ,  a n d  16 inches 'behind. -the h inge  l i n e  - of t h e  af t -most  vanes ( f i g ,  1) , bhe v e r t i c a l  t13,be which supported - .. t h e  p i t s t  
head i s  v i s i b l e  i n  f i g u r e  4 .  

The torque t o  t he  vames was measured by means of  s t r a i n  gages n ~ s m t e d  
on a connecting s h a f t ,  This information was intended t o  i n d i c a t e  vane 
p o s i t i o n ,  bu t  mechanical looseness  d i s t o r t e d  t h e  wave shape,  The d a t a  could 
b e  used as  intended only a t  t h e  h ighe r  frequencies  where t h e  maxin~um i n e r r i a l  
s t r a i n  co inc ident  with t h e  maximum vane d e f l e c t i o n  could be c l e a r l y  
i d e n t i f i e d ,  

TESTS 

Various a.-rrangemen"es of vanes were t e s t e d  and a r e  summarized ii? t a b l e  I ,  
The t h r e e  main ca t egor i e s  denote t he  d i r e c t i o n  of  t h e  expected gus t  on t h e  
channel c e n t e r l i n e  downstream from t h e  vanes.  That i s ,  t h e  l a t e r a l - g u s t  coan- 
f i g u r a t i o n s  had the  vanes i n  each column i n  phase wi th  each o t h e r  s o  t h a t  
t h e  v e l o c i t y  ffauctuation on t h e  channel c e n t e r l i n e  would.be p r imar i ly  i n  t h e  
l a t e r a l  d i r e c t i o n .  In  t h e  longi tudina l -gus t  con f igu ra t ions ,  t h e  vanes on one 
s i d e  of t h e  c e n t e r l i n e  were 180" out  of phase wi th  those  on t h e  oppos i te  s i d e ,  
r e s u l t i n g  i n  l ong i tud ina l  v e l o c i t y  f l u c t u a t i o n s  on t h e  c e n t e r l i n e ,  The 
asyrmetrica-l  conf igura t ions  produced gus ts  i n  ba th  d i r e c t i o n s ,  



For most of  t h e  t e s t s  t h e  amplitude of  t h e  vane o s c i l l a t i o n  was as  l a r g e  
as  p o s s i b l e  (up t o  16O) without  i n c u r r i n g  severe  flow s e p a r a t i o n ,  and t h e  
average angle of  a t t a c k  was zero.  The corresponding os c i  l l a t i o n  f requencies  
were from 1 t o  15 H z .  A few t e s t s  were conducted with t h e  vanes o s c i l l a t i n g  
a t  smal l  amplitudes about var ious  average angles  of  a t t a c k ,  The range of 
o s c i l l a t i o n  frequencies  f o r  t h e  smal l  amplitude t e s t s  was extended t o  30 Hz. 

The usual  t e s t  procedure, a f t e r  adjustment o f  t h e  amplitude and average 
angle of a t t a c k ,  was t o  s e t  t h e  des i r ed  average channel v e l o c i t y  and then  
record t h e  hot-wire-anemometer ou tputs  a t  var ious  f requencies  of  vane o s c i l -  
l a t i o n .  The average channel v e l o c i t y  was determined from t h e  wind-tunnel 
manometer, which had been c a l i b r a t e d  previous ly  wi th  no vane movement by 
means of  t h e  p i t o t  tube.  The average v e l o c i t y  was s e t  between 50 and 250 
f e e t  p e r  second. The vane o s c i l l a t i o n  d i d  not  seem t o  a f f e c t  t h e  wind-tunnel 
power requirements o r  otherwise a l t e r  t h e  tunnel  ope ra t ing  c h a r a c t e r i s t i c s .  

CORRECTIONS 

Bending of t h e  vane-driving l inkage  caused t h e  o s c i l l a t i o n  amplitude t o  
i nc rease  wi th  frequency, thus  complicat ing d a t a  a n a l y s i s .  On t h e  assumption 
( l a t e r  evaluated)  t h a t  t h e  gus t s  were p ropor t iona l  t o  vane ampli tude,  t h e  
gus ts  were cor rec ted  t o  make them correspond t o  t h e  low-frequency ampli tude.  
This co r r ec t ion  amounted t o  a maximum of  11 percent  f o r  t h e  l a r g e  amplitudes 
and 50 percent  f o r  t h e  small  amplitude high-frequency p o i n t s .  An e r r o r  i n  
t h e  method e x i s t s  because t h e  vane amplitudes were known f o r  t h e  wind-off 
condi t ion  only .  I t  i s  es t imated  from t h e  torque d a t a  t h a t  t h e  wind a l t e r e d  
the  vane amplitudes by a s  much as  3 percent  f o r  l a r g e  amplitudes and 15 
percent  f o r  small  ampli tudes.  This e r r o r ,  occur r ing  a t  high f ree-s t ream 
v e l o c i t i e s ,  was ignored s i n c e  it  was r a r e l y  s i g n i f i c a n t .  

Er rors  i n  gus t  measurement a rose  from changes i n  s e n s i t i v i t y  of  t h e  
hot-wire  system as tunnel  and ins t rumenta t ion  temperatures d r i f t e d .  To 
compensate f o r  t h e s e  e r r o r s ,  t h e  average a x i a l  v e l o c i t i e s  from t h e  hot-wire  
system were compared t o  those from t h e  tunnel  manometer system dur ing  each 
t e s t ,  and t h e  s e n s i t i v i t i e s  t o  both a x i a l  and l a t e r a l  gus ts  were then  
ad jus ted .  The v a l i d i t y  of t h i s  procedure was checked by applying i t  t o  
repea t  c a l i b r a t i o n s  of t h e  ho t  wi res  a t  var ious  t imes throughout t h e  
i n v e s t i g a t i o n .  I t  was ind ica t ed  t h a t  t h e  inaccuracy remaining was a s c a t t e r  
of  i nd iv idua l  readings due p a r t i a l l y  t o  manometer f r i c t i o n .  The maximum 
e r r o r  was 15 percent  a t  50 f e e t  p e r  second, decreas ing  t o  5 pe rcen t  a t  250 
f e e t  p e r  second. Another e r r o r  i n  gus t  amplitude occurred because t h e  ampli- 
tude was measured from a time h i s t o r y  t h a t  was no t  exac t ly  s i n u s o i d a l .  An 
e f f o r t  was made t o  e l imina te  f requencies  h ighe r  than  t h e  fundamental from 
the  amplitude measurement, b u t  of course t h i s  became d i f f i c u l t  when t h e  wave 
shape was very d i s t o r t e d .  

I n  summary, co r r ec t ions  have been made t o  reduce t h e  sys t ema t i c  e r r o r s  
involved,  b u t  a number of inaccurac ies  remain, p r imar i ly  i n  t h e  form of 
d a t a  s c a t t e r .  These a r e  most s e r i o u s  a t  low speeds and small  ampli tudes.  



SPECTRAL ANALYSIS 

The frequency content  of some of t h e  v e l o c i t y  t ime h i s t o r i e s  was 
obta ined  on an e l e c t r i c a l - a n a l o g  power-spectrum analyzer .  This equipment i n  
e f f e c t  measured t h e  average power w i t h i n  a  1.25 Hz bandwidth a t  var ious  
c e n t e r  f r equenc ie s .  A 1-minute sample of d a t a  was cont inuously analyzed 
whi le  t h e  c e n t e r  frequency was changing a t  the\ r a t e  of  0 . 1  Hz p e r  second. 
The output  was smoothed wi th  a  c i r c u i t  having a  t ime cons tan t  of 4  seconds. 
This  i s  somewhat low f o r  good s t a t i s t i c a l  accuracy b u t  gave a  b e t t e r  
r e s o l u t i o n  of d i s c r e t e  f requencies ,  which a r e  t h e  main content  of  t h e  d a t a .  

The r e s u l t i n g  ana lyzer  ou tput  i s  shown i n  f i g u r e  6 f o r  a  25-Hz c a l i b r a -  
t i o n  input  wi th  a  root-mean-square amplitude of  0 .5 V .  The f l a t  t op  a t  t h e  
peak of t h e  curve i s  c h a r a c t e r i s t i c  of t h e  p a r t i c u l a r  ana lyzer  used.  

RESULTS 

Sketches o f  t h e  v o r t i c e s  i n  t h e  flow f i e l d  from t h e  computer s t u d i e s  
a r e  presented  i n  f i g u r e s  7 t o  9 .  The r e s u l t s  of t h e  gus t  measurements a r e  
presented  as  fo l lows:  t ime h i s t o r i e s  i n  f i g u r e s  10 t o  13,  amplitudes i n  
f i g u r e s  14 t o  26, phase angles  i n  f i g u r e s  27 t o  29, and power s p e c t r a  i n  
f i g u r e s  30 t o  36. 

The vo r t ex  sketches i l l u s t r a t e  t h e  ro l l i ng -up  process .  The t ime 
h i s t o r i e s  and s p e c t r a  provide a  means of a s se s s ing  t h e  wave d i s t o r t i o n  a s  
compared t o  a  s i n e  wave. The amplitudes and phase angles  fu rn i sh  t h e  b a s i c  
information of  t h e  t e s t s ,  although one must r e s o r t  t o  s p e c t r a  f o r  amplitude 
information when t h e  wave shape i s  very d i s t o r t e d .  

In  t h e  p re sen ta t ion  of t h e  r e s u l t  t h e  "average" angle of a t t a c k  i s  
taken as  the  angle midway between maximum and minimum angles  of a t t a c k  and 
i s  zero unless  otherwise noted.  When t h e  d i s t ance  behind t h e  vanes i s  
s p e c i f i e d ,  i t  has been measured from t h e  t r a i l i n g  edge of t h e  downstream 
vanes. 

DISCUSSION 

Vortex Sketches 

The v e l o c i t y  f l u c t u a t i o n s  behind a  moving vane r e s u l t  from changes i n  
s t r e n g t h  of t h e  bound vo r t ex  and a l s o  from t h e  v o r t i c i t y  which moves down- 
s t ream a f t e r  having been shed from t h e  vane. The underlying vo r t ex  s t r u c -  
t u r e  i s  p i c t u r e d  i n  f i g u r e s  7 t o  9 as  it was computed f o r  a  given i n s t a n t  of 
t ime,  The symbols i n  t h e s e  f i g u r e s  r ep re sen t  p o i n t  v o r t i c e s  t h a t  have been 
shed from t h e  vanes.  The l i n e s  from each symbol r ep re sen t  a  v e l o c i t y  v e c t o r  
t h a t  would be  measured by an observer  moving wi th  t h e  main a i r  mass a t  t h e  



v e l o c i t y  U, The i d e n t i f y i n g  f requency paramete r  fs/U i s  formed from t h e  
wa.ve nujnber f/U, l i~hich was s y s t e m a t i c a l l y  varied.  d u r i n g  toke i n v e s t i g a t i o n ,  
and a r e p r e s e n t a t i v e  vxsle d imension,  chosen a r b i t r a r i l y  t o  be  t h e  s p a c i n g  s ,  
f i e  f i g u r e s  show t h e  p o i n t  v o r t i c e s  c o a l e s c i n g  i n t o  l a r g e  t r a i l i n g  v o r t i c e s  
a t  t h e  h i g h e r  v a l u e s  of Es/U, where t h e  energy i n  t h e  s h e d  v o r t i c i - t y  i s  
l a.rge , 

The shaded a-rea i n  t h e s e  f i g u r e s  connects  t h e  p o i n t  v o r t i c e s  t h a t  haxe 
been shed  from t h e  two i n n e r  vanes i n  t h e  downstream column. Th is  a r e a  t h e r e -  
f o r e  has  a shape  t h a t  srmke f i l a m e n t s  would. a.ssume i f  t h e  smoke were d i s -  
c h a ~ g e d  from between t h e  tigo v a n e s ,  Th is  pa - t t e rn  i s -  t h e  s o - c a l l e d  s t r e a k  
Line (which i s  n e i t h e r  a  s t r e a m l i n e  n o r  a  p a r t i c l e  p a t h  i n  t h i s  s i t u a t i o n ) ,  
B r a t t  p r e s e n t s  smoke p i c t u r e s  i n  referenace 9 ,  t a k e n  beh ind  a  s i n g l e  o s c i l -  
S a t i n g  a i r f o i l ,  which a r e  s i m i l a r  t o  t h e  computed s k e t c h e s  i n  f i g u r e s  7 and 8 .  

The vane c o n f i g u r a t i o n  i n  f i g u r e s  7 and 8 i s  i d e n t i f i e d  a s  a l a t e r a l -  
g u s t  c o n f i g u r a t i o n  because  a p o i n t  on t h e  c e n t e r l i n e  o f  t h e  channel  e x p e r i -  
ences  g u s t s  i n  t h e  l a t e r a l  d i r e c t i o n  as  t h e  v o r t i c e s  p a s s  b y ,  i t  i s  a-pparent 
t h a t  t h e  same vane c o n f i g u r a t i o n  a l s o  produces  l o n g i t u d i n a l  g u s t s  a t  p o i n t s  
o f f  the c e n t e r l i n e ,  The s o - c a l l e d  l o n g i t u d i n a l - g u s t  c o n f i g u r a t i o n  s k e t c h e d  
i n  f i g u r e  9 produces p a i r s  o f  c o u n t e r r o t a t i n g  v o r t i c e s  t h a t  produce l o n g i -  
t u d i n a l  g u s t s  on t h e  c e n t e r l i r n e ,  The confus ion  i n  t h e  p a t t e r n  a t  fs/l!: o f  
0 ,150  ( f i g .  9) i s  a s s o c i a t e d  w i t h  a  l o s s  o f  e f f e c t i v e n e s s  i n  p roduc ing  g u s t s  
which w i l l  b e  p o i n t e d  o u t  i n  t h e  exper imenta l  d a t a ,  The computer s i m u l a t i o n  
i n d i c a t e d  t h a t  a l l  o f  t h e  vane c o n f i g u r a t i o n s  would e x p e r i e n c e  a l o s s  o f  
e f f e c t i v e n e s s  i f  fs /U were i n c r e a s e d  s u f f i c i e n t l y ,  Computations f o r  con- 
f i g u r a t i  ons wi thou t  w a l l s  ind ica ted .  , tha t  t h e  p rox imi ty  o f  t h e  i,?alLs was not a 
major f a c t o r  i n  t h e  Loss o f  e f f e c t i v e n e s s ,  

Time H i s t o r i e s  

Samples o f  "ce t ime h i s t o r i e s  o f  v e l a c i t i e s  a c t u a l l y  meas!u.red behi.nd t h e  
o s c i l l a t i n g  vanes a r e  p r e s e n t e d  i n  f i g u r e s  l O  t o  13, T t ~ e  t ime h i s t o r i e s  
shown a r e  f o r  v a r i o u s  vane f r e q u e n c i e s  and f r e e - s t r e a m  v e l o c i t i e s ,  F i g u r e s  
10 and 11 compare measurements made on t h e  c e n t e r l i n e  w i t h  t h o s e  n e a r  t h e  
wa l l ;  f i g u r e s  1 2  and 1 3  compare c e n t e r l i n e  measurements a.t two d i s t a n c e s  
beh ind  t h e  vanes .  The passage  o f  t h e  l a r g e  v o r t i c e s  p a s t  t h e  probe i s  
i n d i c a t e d  by t h e  l a r g e  ampl i tude waves t h a t  occur  a t  t h e  vane freqv.ency, 

R e f e r r i n g  t o  t h e  t r a c e s  o f  l a t e r a h  v e l o c i t y  v on t h e  l e f t  s i d e  of 
f i g u r e  1 0 ,  one can s e e  t h a t  t h e  fundaments-2 wave shape  i s  n o t  a b s o l u t e l y  
s i n u s o i d a l .  This  d e p a r t u r e  from t h e  d e s i r e d  wave shape  was n o t  caused by 
aerodynamic phenomena b u t ,  accord ing  t o  c a l c u l a t i o n s ,  was t h e  r e s u l t  o f  vane- 
Linkage des ign  and bend ing .  Other  d - i s t o r t i o n s ,  such as  t h e  sideways t i l t  o f  
" 1  cne l o n g i t u d , i n a l - v e l o c i t y  (u) waves on t h e  l e f t  s i d e  o f  f i g u r e  l l ,  were 
cau.sed by s e l f - i n d u c e d  d i s  tort ioaas o f  t h e  v o r t e x  sys tem,  Other i n v e s t i g a t o r s  
(e  . g .  , r e f ,  10) have observed s i m i l a r  "sa.i/.itooth" j,~~aveforms i n  high-a:rnplitude 
l o n g i t u d i n a l  waves,  

Higher  f r e q u e n c i e s ,  such as  t h o s e  i n  u. on t h e  l e f t  side o f  f i g u r e  40, 
tended t o  be j-nuitiples of the f.c.n?amer?tat. These fl.gcc.j.a"cions could  resul-i: 



from vane wakes, The edges of the shaded area in figure 8, for example, 
would represent the centers of the wakes from the two inner vanes, One cam 
see tba.i; a on .khc cen.kezlifle bjsul$ fcc2, the wakes from these t w o  ir1np-p. 
vanes four times during each cycle and that wakes from other vanes would 
cross the probe if f s / U  were large enough, 

Da-ta 5inrila-r. to figure 13 bu t  for more widely separated probe positions 
(I, 8 s and 7,5 s behind the vanes) were recorded simu.ltanesusly with a suit- 
&Ie spanwise separation of .the probes, By measuring the phase shift, i"G'(r4as 
possib %e to determine t h a t t h e  vortices mo-~red downstream at free-stream 
ve loci 'ty, wi,i;fl o. qn unco7-~Ln;- .. ,.i ~ ~ ~ ~ i n - t y  (due to wave dis.tartion, etc,) of less than 
10 percent, 

Gust knp Situdes 
- 

Lateral-gust --- configvra~:ion.- The ratio of g u s t  velocity to free-stream 
velocity is p l o t t ~ c ~ r e s  14 to 26 versus the reduced frequency para-m- 

P 

nter fs/U. Since the strength of the vortex elements shed from the vanes 
is proportional to the rate of change of the vane lift, one might expect 
the velocities induced by the trailing vortices to increase with vane fse-  
yuency. Figure 14 shows that such is the case for the configura'tion shown, - e - e  

lo w l t h l n  the accuracy of the experiment, straight lines appear to fit 
measurements over a wide range of free-streana velocities. 

-7, i r ~ ~  t h r e e  l o v ~ e ~  sets of data in figure 14 represent gusts sa"La-arious - distances b e h i n d  t h e  vanes. iE~e intercept of each line with the irertieal - a a n s  rs the gu-sj:. ,:mpli.tu.de from .the bound. vor'tices at the vanes, since there 
are no trailing vortices at zero frequency, It can be verified from the 
figure that  .the intercept varies qproximately in-versely with- distance behind 
the 'i/4.-chord point, as would be expected from simple vortex theory-, The 
slope of the lines is neakly proportional to the distanace behind the trailing 
edge, At high  values of f s / U  the net effect wa.s ail increase in 
gris t  amp Li t;_rde as the probe ?;ras moved dowrts-"--i.exm. Such an ef f ec.t cc8:c~. . t~~~s  ts 

, - 
with t11e decay process t h a t  bvould be expected further downstream, 

An increase in amax from 10" to 15' (fig, 54) increased the intercept 
of the faired Sine in proportion to amax> within the accuracy of angle 
measurement. However, the slope was increased. by a considersb ly greater 

-** : 
-t- p j:-cj .. p o ~ r  - :. f. I on. iirrs latter effect and other resu1 . t~  disc~~ssed later in the 
:report ind-lica-re .thxt .the vorticity shed from the vanes was not proportional 
-to an-nplitude, as had been an.kicipa.tee$, 

The irrverse propar'tionality of intercept to downs-tream distance is 
again a-pplicahle to 2 coluinns of vanes in phase (fig. 15) if the distances 
are measure f ~ o m  the L/i?.-chord paint of the do1nrnstrea.m vanes [thrhich defines 
-eize effec$:i.ile lo~a-cion of the bound vortices) , The slopes are likevrise pro- 
por-iional to distance do%trnstream except for the position very close to the 
vanes, ?where the slope was higher, The change in aiqli"cu.de afforded b a ~  the 
addition of a column of vanes can be rov.gh?y assessed. by compa.ring the 
single-colur~n data for amax = 15" in figure 24 with the double-column data, 



of f i g u r e  15, 4 .8 s  behind the  vanes.  I t  may be  seen  t h a t  t h e  second 
column ha rd ly  changed t h e  i n t e r c e p t  and increased  t h e  s lope  about 50 p e r c e n t .  
With the  double-column vanes t h e  maximum l a t e r a l  gus t  measured was over 
45 percent  of  t he  f ree-s t ream v e l o c i t y .  

The e f f e c t  of phase d i f f e r ences  between f r o n t  and r e a r  columns was 
b r i e f l y  i n v e s t i g a t e d  and found t o  be r a t h e r  minor. Figure 15 shows t h a t  t h e  
most extreme phase d i f f e r e n c e  t e s t e d ,  90°,  reduced t h e  i n t e r c e p t  about 
10 perceht  and t h e  s lope  about 20 pe rcen t .  

Samples of t h e  gus t  amplitudes near  t h e  wa l l  a r e  shown i n  f i g u r e  16.  I t  
i s  evident  t h a t  t h e  gus ts  near  t h e  wa l l  a r e  predominantly l o n g i t u d i n a l .  

The r e s u l t s  from t e s t s  wi th  an increased  frequency range a r e  shown i n  
f i g u r e  17. The d a t a  a r e  s c a t t e r e d  considerably from t h e  s i n g l e  s t r a i g h t - l i n e  
r e l a t i o n s h i p  previous ly  observed, b u t  i t  can be  shown t h a t  t h e  s c a t t e r  gener- 
a l l y  fol lows a  p a t t e r n .  S o l i d  l i n e s  have been f a i r e d  a long  t h e  lower bounds 
of t he  d a t a  and adequately r ep re sen t  t he  low-frequency p o i n t s ;  dashed l i n e s  
de f ine  t h e  upper l i m i t  o f  t h e  spread i n  d a t a  and u s u a l l y  pass  through t h e  
h ighes t  frequency p o i n t s .  The reason f o r  t h i s  var iance  can be  t r a c e d  t o  t h e  
gus t  co r r ec t ion  which was based on t h e  assumption t h a t  gus t  amplitude 
inc reases  with vane amplitude and t h a t  a l l  d a t a  should be  made t o  correspond 
t o  t h e  vane amplitude a t  low frequency. The c o r r e c t i o n  was apparent ly  
i n s u f f i c i e n t ,  and t h e  i n s u f f i c i e n c y  became evident  i n  t h i s  case because t h e  
change i n  vane amplitude was s o  l a rge  (100 p e r c e n t ) .  

I n  o rde r  t o  def ine  t h e  r e l a t i o n s h i p  of vane amplitude and gus t  amplitude 
c o r r e c t l y ,  t he  uncorrected d a t a  were p l o t t e d  i n  a  manner s i m i l a r  t o  f i g u r e  17, 
and t h e  s lopes  of t h e  l i n e s  through high and low frequency p o i n t s  were mea- 
sured .  These s lopes  a r e  presented  i n  f i g u r e  18 versus t h e  measured vane 
amplitude, averaged between t h e  f r o n t  and r e a r  columns. The s lopes  r ep re sen t  
t h e  e f f ec t iveness  of  t h e  shed v o r t i c i t y  i n  producing g u s t s .  I t  can be seen  
f o r  widely d i f f e r i n g  average vane angles and probe p o s i t i o n s  t h a t  t h e  e f f e c -  
t i veness  i n  producing gus t s  approaches zero while  t h e  vane amplitudes a r e  
s t i l l  f i n i t e .  Of course,  t h e  bound v o r t i c e s  a l s o  produce gus ts  a s  def ined  by 
the  i n t e r c e p t s  f o r  zero frequency i n  f i g u r e s  15 and 17.  Gusts from t h i s  
source a r e  approximately propor t iona l  t o  vane amplitude. 

The measurements i n d i c a t e d  i n  f i g u r e  17 f o r  = 0 were repea ted  a t  
a  p o s i t i o n  1 . 5 s  below t h e  c e n t e r l i n e .  There was no s i g n i f i c a n t  d i f f e r e n c e  
between these  r e s u l t s  and those  of f i g u r e  17.  

La tera l -gus t  amplitudes f o r  a  considerably d i f f e r e n t  vane conf igu ra t ion  
a r e  presented  i n  f i g u r e  19. A t  t h e  rearmost probe p o s i t i o n ,  t h e  i n i t i a l  s lope  
of t h e  d a t a  f a i r i n g  f a l l s  very nea r ly  i n  l i n e  with t h e  s lopes  f o r  t h e  two- 
column conf igura t ion  ( f i g .  18 ) ,  b u t  t h e  i n t e r c e p t  i s  roughly h a l f  t h a t  f o r  
t h e  two-column conf igura t ion .  I n  add i t i on ,  t h e r e  i s  an obvious l o s s  of 
e f f ec t iveness  a t  high va lues  of fs/U. The n e t  r e s u l t  i s  t h a t  t h e  24 vanes 
i n  conf igura t ion  C produced l e s s  than  one-half a s  l a rge  a  maximum gus t  on 
t h e  c e n t e r l i n e  as  t h e  12 vanes i n  two columns. 



Longitudinal-gust  con f igu ra t ion . -  Longitudinal gus t s  produced on t h e  
c e n t e r l i n e  by one and two columns of vanes i n  a  l ong i tud ina l -gus t  configura-  
a t i o n  a r e  shbwn i n  f i g u r e s  20 and 21 .  The l i n e s  def ined  by t h e  d a t a  p o i n t s  
had much sma l l e r  i n t e r c e p t s  b u t  much l a r g e r  i n i t i a l  s lopes  than  t h e  l i n e s  
through t h e  l a t e r a l - g u s t  d a t a  f o r  comparable l a t e r a l - g u s  t conf igura t ions  
( f i g s .  14 and 1 5 ) .  I n  a d d i t i o n ,  t h e  s lopes  changed sha rp ly  a t  an fs/U of  
about 0 .06 .  By coincidence,  t h e  maximum long i tud ina l  gus t  obtained i n  t h e  
t e s t s  ( f i g .  21) was about equal  t o  t h e  maximum l a t e r a l  gus t  ( f i g .  15 ) .  
Another p o i n t  of i n t e r e s t  i n  f i g u r e  21 i s  t h a t  t h e  i n s e r t i o n  of  s t a t i o n a r y  
vanes downstream from t h e  o s c i l l a t i n g  vanes g r e a t l y  reduced t h e  gus ts  f a r t h e r  
downstream b u t  had only minor e f f e c t s  a t  po in t s  between t h e  two s e t s  of vanes.  

As noted p rev ious ly ,  t h e  long i tud ina l  gus ts  were t h e  r e s u l t  of p a i r s  of 
c o u n t e r r o t a t i n g  v o r t i c e s .  S ince  each vo r t ex  spanned only  h a l f  t h e  h e i g h t  of 
t h e  t e s t  s e c t i o n ,  one might expect t h a t  t h e  long i tud ina l  gus t s  would be  
nea r ly  zero h a l f  way between the  c e n t e r l i n e  and t h e  w a l l ,  and t h i s  was found 
t o  be  t r u e .  Consequently, o t h e r  conf igura t ions  ( f i g .  22) were t e s t e d  wi th  
t h e  aim of  broadening the  l a t e r a l  d i s t a n c e  over which t h e  long i tud ina l  gus t  
would b e  reasonably cons tan t .  The upper four-vane conf igu ra t ion  i n  f i g u r e  22 
produced a  l a r g e  gus t  a t  t h e  c e n t e r l i n e  - about 60 percent  of t h a t  from t h e  
f u l l  two columns - b u t  i t  i s  apparent  t h a t  t h e  gus t  i s  much smal le r  a t  1 . 5  s  
below t h e  c e n t e r l i n e .  In  f a c t ,  t h e  l a t t e r  gus t  was 180° out  of phase wi th  
t h e  c e n t e r l i n e  g u s t .  I t  i s  obvious t h a t  t he  v o r t i c e s  from t h e  two lower 
vanes passed between t h e  two probe p o s i t i o n s .  The remaining two configura-  
t i o n s  have a  b e t t e r  l a t e r a l  d i s t r i b u t i o n  a t  t he  expense of producing 
considerably sma l l e r  gus t s .  

Figure 23 shows t h a t  t h e  undesired l a t e r a l  gus t  i s  l a rge  a t  t he  measuring 
p o s i t i o n s  below t h e  c e n t e r l i n e .  Although no t  shown, l a t e r a l  gus t s  on t h e  
c e n t e r l i n e  were gene ra l ly  sma l l .  

Figure 24 p re sen t s  d a t a  f o r  small  vane amplitudes and high f requencies .  
The na tu re  o f  t h e  curves makes i t  d i f f i c u l t  t o  a s c e r t a i n  t h e  e f f e c t  of  vane 
amplitude, as  was done f o r  t h e  l a t e r a l - g u s t  con f igu ra t ion .  The maximum longi-  
t u d i n a l  gus t s  f o r  t h e  e i g h t  vane conf igura t ion  i n  f i g u r e s  22 and 24 do appear 
t o  be p ropor t iona l  t o  vane amplitude. 

I n  an at tempt  t o  i nc rease  the  long i tud ina l  g u s t ,  a  conf igura t ion  wi th  
24 vanes was t e s t e d  with t h e  r e s u l t s  shown i n  f i g u r e  25. The top  s e t  of da t a  
when compared wi th  t h e  lower s e t  of d a t a  i n  f i g u r e  22 shows t h a t  t h e  addi- 
t i o n a l  vanes about doubled t h e  gus t s  a t  fs/U up t o  0 .04 .  

Asymmetric con f igu ra t ions . -  Figure 26 shows d a t a  f o r  one column wi th  
only h a l f  of t h e  vanes moving. The l a t e r a l  gus ts  were very nea r ly  h a l f  
those  induced by a  f u l l  column of vanes o s c i l l a t i n g  i n  phase ( f i g .  1 4 ) ,  and 
t h e  long i tud ina l  gus t s  were s l i g h t l y  over  h a l f  o f  those  induced by a  f u l l -  
column long i tud ina l -gus t  conf igura t ion  ( f i g .  20).  ( In  making t h e  l a t t e r  
comparison, it was assumed t h a t  t he  gus ts  were p ropor t iona l  t o  t h e  vane 
amplitude .) 



Phase Angles 

Phase information must be added t o  amplitude information t o  desc r ibe  a  
f l u c t u a t i o n .  Figure 27 shows t y p i c a l  values of t he  phase l a g  $, f o r  
var ious probe l o c a t i o n s ,  vane ampli tudes,  and phase d i f f e r ences  between two 
columns of vanes i n  a l a t e r a l - g u s t  con f igu ra t ion .  The parameter $v i s  t h e  
phase of t h e  l a t e r a l - v e l o c i t y  f l u c t u a t i o n  sub t r ac t ed  from t h e  phase of t h e  
p i t ch ing  o s c i l l a t i o n  of t h e  downstream vanes. The f i g u r e  shows t h a t  l i n e s  
through the  d a t a  very nea r ly  follow t h e  r e l a t i o n s h i p  

where Ax is t h e  d i s t a n c e  from t r a i l i n g  edge of downstream vanes t o  t h e  probe.  

A s imple i n t e r p r e t a t i o n  of t h i s  r e s u l t  can be  der ived  by assuming t h a t  
another  probe e x i s t s  a  d i s t ance  d  upstream of t h e  a c t u a l  probe.  I f  t h e  
v o r t i c e s  t r a v e l  a t  a  v e l o c i t y  U ,  a s  prev ious ly  observed, i t  takes  a  pe r iod  
of time A t  = d/U f o r  t h e  v o r t i c e s  t o  t r a v e l  from one probe t o  t h e  o t h e r .  
In  t h a t  time t h e  phase of t h e  downstream probe would l a g  t h e  phase of  t h e  
upstream probe by f  A t  cycles  which equals  

The phase a t  t he  downstream probe would then be  

This expression would take  the  same form as  t h a t  a c t u a l l y  observed i f  t h e  
hypothe t ica l  upstream probe were a t  t h e  t r a i l i n g  edge of t h e  downstream 
vanes (d = Ax) and i f  t h e  v e l o c i t y  f l u c t u a t i o n s  a t  t h a t  p o i n t  always lagged 
the  angle of  a t t a c k  of  t h e  downstream vanes by l / 2  cyc le  r ega rd l e s s  of  f r e -  
quency, f ree-s t ream v e l o c i t y ,  vane amplitude, o r  phase angle of t h e  upstream 
vanes. The f u l f i l l m e n t  of  t hese  condi t ions  sugges ts  t h a t  t h e  t r a i l i n g  
v o r t i c e s  were, i n  e f f e c t ,  formed a t  t he  t r a i l i n g  edge of t h e  downstream vanes.  

Examples of phase-angle d a t a  f o r  o t h e r  conf igura t ions  a r e  presented  i n  
f i g u r e s  28 and 29. The long i tud ina l  gus t s  downstream from t h e  vane a r r ays  
inva r i ab ly  had phase lags with l a r g e r  s lopes  and sma l l e r  i n t e r c e p t s  than 
ind ica t ed  by t h e  above express ion .  

Gust Spectra  

Figures  30 t o  36 p re sen t  power s p e c t r a  of  a  very l i m i t e d  number of 
v e l o c i t y  t ime h i s t o r i e s  t o  show t h e  energy d i s t r i b u t i o n  between t h e  longi -  
t ud ina l  and l a t e r a l  v e l o c i t y  f l u c t u a t i o n s .  I t  should be  noted t h a t  many of 
t he  s p e c t r a  have been amplif ied by a  f a c t o r  of  10 t o  make t h e  peaks c l e a r l y  
v i s i b l e .  Those small  peaks which have considerably sma l l e r  bandwidths than  
the  l a rge  peaks were mostly unrepeatable  and should be d is regarded .  



Spec t r a  f o r  single-column conf igura t ions  opera t ing  a t  l a rge  amplitudes 
a r e  shown i n  f i g u r e s  30 t o  3 3 ,  Spec t r a  of t h e  v e l o c i t i e s  i n  t h e  intended 
g u s t  d i r e c t i o n s  have a  l a r g e  peak a t  t h e  vane frequency and very o f t e n  havc 
smal l  peaks a t  twice t h e  vane frequency,  The l a t t e r  peaks a r e  a  manifesta-  
t i o n  of t h e  d i s t o r t i o n  of  t h e  s i n u s o i d a l  wave form and involve  a  modest 
amount of energy,  u sua l ly  5 percent  o r  l e s s  of t h e  energy i n  t h e  predornlnant 
peak. Small s p e c t r a l  peaks (magnified i n  t h e  f igu res )  can a l s o  b e  seen f o r  
t h e  v e l o c i t y  component perpendicular  t o  t h e  intended gus t  d i r e c t i o n .  

Spec t r a  f o r  t h e  vanes o s c i l l a t i n g  a t  smal l  amplitudes a r e  shown i n  
f i g u r e s  34 t o  36. Although t h e  vanes were intended t o  genera te  l a t e r a l  gus t s  
on ly ,  t h e  long i tud ina l  gus t s  on the  c e n t e r l i n e  and 1 , 5  s below t h e  c e n t e r l i n e  
had s p e c t r a l  peaks as  h igh  as 10 and 50 pe rcen t ,  r e s p e c t i v e l y ,  of t h e  
l a t e r a l - g u s t  energy. 

CONCLUDING REMARKS 

Veloci ty measurements downstream from o s c i l l a t i n g  vanes have 
demonstrated t h a t  gus t s  of  over  45 percent  of t h e  f ree-s t ream v e l o c i t y  can 
b e  generated i n  e i t h e r  a  l a t e r a l  o r  l ong i tud ina l  d i r e c t i o n ,  However, it was 
gene ra l ly  not  p o s s i b l e  t o  l i m i t  t h e  gus t s  t o  only one d i r e c t i o n  over  a  
s i g n i f i c a n t  p o r t i o n  of t h e  a i r s t r eam,  That i s ,  t h e  goal of completely con- 
t r o l l i n g  t h e  gus t  d i r e c t i o n  was not  r e a l i z e d .  In  a d d i t i o n ,  l a rge  Iongf tudi -  
n a l  gus ts  could be generated over  only a  small  po r t ion  of t h e  a i r s t r eam 
n e a r  the  c e n t e r l i n e .  I t  appears ,  t h e r e f o r e ,  t h a t  o s c i l l a t i n g  vanes would 
n o t  be s u i t a b l e  f o r  syn thes i z ing  two- o r  three-dimensional  gus ts  
r e p r e s e n t a t i v e  of atmospheric turbulence .  

Ames Research Center  
National Aeronautics and Space Administrat ion 

Moffet t  F i e ld ,  C a l i f .  94035, J u l y  11, 1969 



APPENDIX 

COMPUTER SIMULATION 

A p r e c i s e  computation of t h e  flow f i e l d  i s  beyond t h e  scope of t h i s  
i n v e s t i g a t i o n .  However, it was deemed u s e f u l  t o  have a  rough e s t ima te  of  
t h e  v e l o c i t i e s  induced by var ious  vane conf igura t ions  t o  h e l p  i n  t e s t  
planning,  and a  program was w r i t t e n  f o r  t h i s  purpose. The flow was considered 
t o  be  two-dimensional and p o t e n t i a l .  Po in t  v o r t i c e s  were i n s e r t e d  i n t o  t h e  
flow t o  r ep re sen t  t h e  v o r t i c i t y  a c t u a l l y  generated by t h e  vanes.  The changes 
i n  angle  of '  a t t a c k  induced a t  t h e  vanes were neglec ted  t o  save computer t ime,  
and t h e  e f f e c t i v e  amplitude of t h e  vanes was thus  i n  e r r o r .  I n  t h e  case  of  
two columns of vanes,  f o r  which t h e  flow f i e l d  p l o t s  a r e  presented ,  t h e  e r r o r  
was subsequent ly eva lua ted  by comparison wi th  experimental d a t a .  The com- 
puted gus t s  were found t o  be high by t h e  o r d e r  of 50 pe rcen t  f o r  most 
f requencies .  

The s t r e n g t h  of t h e  bound v o r t e x  which represented  t h e  vane l i f t  was 

The va lue  0.58 was drawn from c a l c u l a t i o n s  f o r  a  cascade of  a i r f o i l s  ( r e f .  11) 
with no s t a g g e r  o r  phase d i f f e r e n c e  and zero frequency. I t  agrees  approx- 
imate ly  with ex t r apo la t ion  of cascade d a t a  from re fe rence  1 2 .  

The angle  of a t t a c k ,  and, hence, t h e  bound-vortex s t r e n g t h ,  v a r i e d  
s i n u s o i d a l l y  with t ime, r equ i r ing  t h e  in t roduc t ion  of  t r a i l i n g  v o r t i c e s  of 
equal s t r e n g t h  and oppos i te  r o t a t i o n .  Each t r a i l i n g  vo r t ex ,  produced a t  
time i n t e r v a l s  A t ,  had t h e  s t r e n g t h  I't = - (drb /d t )At  and was assumed t o  
r e t a i n  t h i s  s t r e n g t h  t h e r e a f t e r .  These v o r t i c e s  were assumed t o  proceed i n  
s t r a i g h t  l i n e s  with a  v e l o c i t y  equal t o  t h e  f ree-s t ream v e l o c i t y  p lus  i nc re -  
ments induced by a l l  o t h e r  v o r t i c e s  i n  t h e  flow f i e l d .  Af t e r  t h e  next  t ime 
i n t e r v a l ,  t h e  v e l o c i t i e s  were aga in  summed a t  each of  t h e  vo r t ex  p o s i t i o n s ,  
and t h e  t r a i l i n g  v o r t i c e s  proceeded wi th  a  new speed and d i r e c t i o n .  

The presence of t h e  tunnel  wa l l s  was s imulated i n  t h e  convent ional  
manner by an i n f i n i t e  column of  image v o r t i c e s  added ou t s ide  t h e  wa l l s  f o r  
each vo r t ex  i n  th6  flow f i e l d  s o  t h a t  t h e  induced v e l o c i t i e s  perpendicular  
t o  the  wa l l s  would be zero. In  e f f e c t ,  t h i s  amounts t o  t h e  a d d i t i o n  of one 
column of  image v o r t i c e s  of  t h e  same r o t a t i o n  a s  t h e  r e a l  vo r t ex  a t  p o s i t i o n s  
xv, yv + n2H and a  second column of  image v o r t i c e s  of  oppos i te  r o t a t i o n  a t  
p o s i t i o n s  xv, H-yv + (n - 1)2H, where xv and yv a r e  coord ina tes  o f  t h e  

r e a l  vo r t ex  (yv = 0  on the  tunnel  c e n t e r l i n e ) ,  n  is  an i n t e g e r  which goes 
from 1 t o  and H i s  he igh t  of  t h e  tunne l .  The sum of  t h e  v e l o c i t i e s  
induced a t  (x,y) by t h e  p o i n t  vo r t ex  and i t s  a s soc i a t ed  images can b e  
expressed i n  t h e  fol lowing form, s i m i l a r  t o  t h a t  i n  r e f e rence  13. 

r nu = - s i n  [2. ( ~ / a >  I 
2a cosh [2n (< /a )  ] - cos [2n (n/a) ] 



r s i n h  [ 2 ~ r ( < / a )  ] Av = -- 
2 a 

where 

T, = y - yv f o r  t h e  f i r s t  column 

Q = y - (H - yv) f o r  t h e  second column 

The time i n t e r v a l  chosen was a compromise between a small  va lue  which 
would improve t h e  accuracy and a l a r g e  va lue  which would decrease  t h e  com- 
pu t ing  time. In  some cases  a vo r t ex  landed nea r ly  on top  of  another  vo r t ex  
and was l o s t  a f t e r  r ece iv ing  a very l a r g e  v e l o c i t y  increment.  Of course ,  t h i s  
could not  happen i f  A t  were i n f i n i t e s i m a l .  I t  i s  apparent t h a t  a l l  t h e  
v e l o c i t y  computations s u f f e r  s i m i l a r l y  though t o  a sma l l e r  e x t e n t .  Hence, t h e  
method i s  an approximation which tends t o  break down as  more v o r t i c e s  o r  
l a r g e r  time i n t e r v a l s  a r e  r equ i r ed .  
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TABLE I.- VANE ARRANGEMENTS AND ANGLES OF ATTACK 

direction I Configuration 

Lateral 

Lateral 

Lateral 

Lateral 

Lateral 

Lateral 

Longitudinal 

Longitudinal 

Longitudinal 

Longitudinal 

Longitudinal 

Longitudinal 

Longitudinal 

Longitudinal 

Longitudinal 

Asymmetric 

Asymmetric I 

Amplitude at 
low frequency, 

deg 
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Figure  4 . -  View from downstream of t h e  gus t -genera t ing  and measuring appara tus .  
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F igure  5.- Typica l  s t a t i c  c a l i b r a t i o n s  of t h e  ho t  wires .  
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Figure 10.- Typical velocity time histories for lateral-gust configuration 

A; Qmax = 15'. 
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Figure 11.- Typical  ve loc i ty  time h i s t o r i e s  f o r  longitudinal-gust  
configurat ion D;  %,, 12'. 



Time - 
Figure 12.- Typical velocity time histories for lateral-gust configuration 

B; am, 2 13.50'. 



Time - 
Figure 13.- Typical velocity time histories for longitudinal-gust 

configuration E; amax 12.50 O .  



Figure 

f s  - cycles u ' 
1 4 . -  Lateral-gust  amplitudes on t h e  channel cen te r l ine  behind 

l a t e r a l - g u s t  configurat ion A. 



- fUS, cycles 

Figure 15.- Lateral-gust amplitudes on the channel centerline behind 
lateral-gust configuration B; amax 13.50". 
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Figure 16.- Gust amplitudes near the channel wall behind lateral-gust 
N 

configuration B; amx = 13.50'. 
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Figure 17.- Lateral-gust amplitudes on the channel centerline behind 
lateral-gust configuration B oscillating at small amplitudes. 



Figure 18.- The variation of the uncorrected gust-frequency slope 
with actual vane-oscillation amplitude on the channel center- 
line behind lateral-gust configuration B. 
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Figure 19.- Lateral-gust amplitudes on the channel centerline behind 
lateral-gust configuration C; %,, = 12". 



Figure 20.- Longitudinal-gust amplitudes on the channel centerline 
behind longitudinal-gust configuration D; amax = 12'. 
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Figure 21.- Longitudinal-gust amplitudes on the channel centerline behind 
Longitudinal-gust configurations E and F; amax 2 12.50". 
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Figure 22.- Longitudinal-gust amplitudes behind longitudinal-gust config- 
urations G, H, and J, 
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Figure 23.- Lateral-gust amplitudes behind longitudinal-gust config- 
urations E, G, and J, 
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Figure 24.- Gust amplitudes behind longitudinal-gust configuration J 
oscillating at small amplitudes. 
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Figure 25.- Longitudinal-gust amplitudes on the channel centerline 
near longitudinal-gust configuration K; Crmax = 12'. 
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