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A FLIGHT INSTRUMENTATION SYSTEM FOR ACQUISITION 

OF ATMOSPHERIC TURBULENCE DATA 

Charles W .  Meissner ,  Jr. 
Langley Research Center  

SUMMARY 

A f l i g h t  i n s t r u m e n t a t i o n  system f o r  t h e  a c q u i s i t i o n  o f  a tmospher ic  tu rbu-  
l e n c e  d a t a  is d e s c r i b e d .  Airf low d i r e c t i o n  t r a n s d u c e r s  and an impact -pressure  
t r a n s d u c e r  are t h e  pr imary  i n s t r u m e n t s  f o r  measuring v e r t i c a l  and l a t e r a l  g u s t  
v e l o c i t y ,  and a s e n s i t i v e  inc remen ta l  p r e s s u r e  t r a n s d u c e r  i s  used t o  measure 
l o n g i t u d i n a l  g u s t  v e l o c i t y .  A i r p l a n e  mot ions ,  sensed  by an  i n e r t i a l  p l a t fo rm,  
are s u b t r a c t e d  from t h e  pr imary measurements d u r i n g  p o s t f l i g h t  d a t a  r e d u c t i o n  
t o  y i e l d  t r u e  g u s t - v e l o c i t y  time h i s t o r i e s .  S a l i e n t  e n g i n e e r i n g  f e a t u r e s  of  t h e  
i n s t r u m e n t a t i o n  are d i s c u s s e d ,  and a complete d e s c r i p t i o n  o f  t h e  i n s t r u m e n t a t i o n  
i s  p resen ted .  

I N T R O D U C T I O N  

Treatment  o f  a i r c ra f t  gus t - loads  response  as a random process  phenomenon 
r e q u i r e s  a clear d e f i n i t i o n  of t h e  power spectrum o f  a tmospher ic  t u r b u l e n c e .  
(See  re fs .  1 and 2 . )  I n c r e a s e d  f l i g h t  a c t i v i t y  a t  s u p e r s o n i c  speeds  and t h e  
d e s i r e  t o  v e r i f y  t h e o r e t i c a l  models o f  t h e  atmosphere have i n t e n s i f i e d  i n t e r e s t  
i n  t u r b u l e n c e  c h a r a c t e r i s t i c s  a t  t h e  l o n g e r  wavelengths  o f  t h e  power spectrum 
where i t  is  no t  w e l l  d e f i n e d .  H i s t o r i c a l l y ,  t h e  long-wavelength p o r t i o n  o f  t h e  
spectrum h a s  been d i f f i c u l t  t o  measure because i n s t r u m e n t a t i o n  d r i f t  i s  exces- 
s i v e  when t h e  time h i s t o r i e s  are  r e q u i r e d  t o  be t e n s  o f  minutes  i n  d u r a t i o n .  A 
sampling program h a s  been des igned  which u s e s  t h e  t e c h n i q u e  o f  Crane and C h i l t o n  
( r e f .  3 )  t o  d e r i v e  a tmospher ic  t u r b u l e n c e  power spectra from i n - f l i g h t  tu rbu-  
l e n c e  encoun te r s .  The  t echn ique  h a s  been improved i n  t h a t  an  i n e r t i a l  p l a t fo rm 
is used as t h e  v e l o c i t y  r e f e r e n c e  t o  o b t a i n  greater  accu racy  a t  t h e  longe r  wave- 
l e n g t h s  and i n  t h a t  l a t e ra l  and l o n g i t u d i n a l  components o f  g u s t  v e l o c i t y  are 
measured. Also ,  modern d a t a  r e c o r d i n g  and p r o c e s s i n g  t echn iques  a l l o w  l a r g e r  
s t a t i s t i c a l  samples  t o  be p rocessed .  A B-57B a i r p l a n e  h a s  been ins t rumented  a t  
Langley Research Center  t o  c o l l e c t  i n - f l i g h t  t u r b u l e n c e  da ta .  It i s  t h e  purpose 
o f  t h i s  r e p o r t  t o  d e s c r i b e  t h e  onboard i n s t r u m e n t a t i o n  system used t o  c o l l e c t  
t h e  t u r b u l e n c e  d a t a .  

The concept  o f  t h e  sampling program i s  t o  f l y  t h e  a i rp l a .ne  through a turbu-  
l e n t  a i r  mass, which produces  an  a i r f l o w  about  t h e  a i r p l a n e  as a r e s u l t  o f  t h e  
t u r b u l e n c e  o f  t h e  a i r  mass and t h e  v e l o c i t y  o f  t h e  a i r p l a n e .  Ai r f low measure- 
ments are made i n  t h e  und i s tu rbed  a i r  forward o f  t h e  a i r p l a n e  by u s i n g  an i n s t r u -  
mented boom extended from t h e  nose.  Three components o f  a i r f l o w  f l u c t u a t i o n s  
are measured a long  t h e  l a t e r a l ,  l o n g i t u d i n a l ,  and normal a x e s  o f  t h e  a i r p l a n e .  
Measurements are a l s o  made of t h e  a i r p l a n e  a t t i t u d e  and l i n e a r  v e l o c i t y  r e l a t i v e  
t o  t h e  E a r t h  by means of an  i n e r t i a l  p l a t fo rm l o c a t e d  i n  t h e  a i r p l a n e ,  and of 



a t t i t u d e  ra te .  The i n s t r u m e n t a t i o n  measures and r e c o r d s  time h i s t o r i e s  o f  t h e s e  
q u a n t i t i e s  and t o t a l  a i r  t empera tu re .  

A l l  measurements are c o n d i t i o n e d ,  sampled,  d i g i t i z e d ,  and recorded  on one 
t r a c k  o f  an a i r b o r n e  t a p e  r e c o r d e r  i n  a ser ia l  da ta  stream. T i m e  and p i l o t  com- 
ments are a l s o  recorded  on o t h e r  t a p e  t racks.  The d i g i t a l  t a p e  i s  subsequen t ly  
e d i t e d  by t h e  exper imenter  and selected p o r t i o n s  are submi t ted  f o r  s p e c t r a l  ana l -  
y s i s .  Airf low a t t r i b u t a b l e  t o  a i r p l a n e  motion i s  s u b t r a c t e d  from t h e  t o t a l  a i r -  
f low data d u r i n g  p o s t f l i g h t  da ta  r e d u c t i o n .  The  r e s u l t  i s  t h e  time h i s t o r y  ( f o r  
each component) o f  a i r f l o w  i n  t h e  t u r b u l e n t  a i r  mass d u r i n g  t h e  encoun te r .  The 
f i n a l  r e s u l t  o f  t h e  da ta  r e d u c t i o n  i s  a s p e c t r a l  p r e s e n t a t i o n  o f  t h e  g u s t  
v e l o c i t i e s .  
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SY PIBO L S  

a c c e l e r a t i o n  i n  i n e r t i a l  system x - d i r e c t i o n  

a c c e l e r a t i o n  i n  i n e r t i a l  system y - d i r e c t i o n  

a c c e l e r a t i o n  due t o  g r a v i t y  ( I g  = 9 .8  m/sec2) 

d i s t a n c e  from i n e r t i a l  p l a t fo rm t o  f low vanes 

s t a t i c  p r e s s u r e  

t o t a l  p r e s s u r e  

impact p r e s  s u r  e 

t o t a l  t empera tu re  

r e f e r e n c e  volume 

change i n  v e l o c i t y  i n  i n e r t i a l  system x - d i r e c t i o n  d u r i n g  t h e  r eco rd  
per iod  

change i n  v e l o c i t y  i n  i n e r t i a l  system y - d i r e c t i o n  d u r i n g  t h e  r e c o r d  
per iod  

change i n  v e l o c i t y  i n  i n e r t i a l  system z - d i r e c t i o n  d u r i n g  t h e  r e c o r d  
pe r iod  

t r u e  a i r s p e e d ,  m/sec 

v e l o c i t y  i n  i n e r t i a l  system x - d i r e c t i o n  

v e l o c i t y  i n  i n e r t i a l  system y - d i r e c t i o n  

v e r t i c a l  g u s t  component 



i n e r t i a l  system h o r i z o n t a l  c o o r d i n a t e s  (The i n e r t i a l  system h o r i z o n t a l  
c o o r d i n a t e s  are o r thogona l  and bear a known bu t  compl ica ted  r e l a t i o n -  
s h i p  t o  geograph ic  c o o r d i n a t e s .  For t h e  r ange  o f  d i s t a n c e s  covered 
by t h e  t u r b u l e n c e  sampling f l i g h t s ,  x i s  approximate ly  east and y 
is approx ima te ly  n o r t h . )  

Z i n e r t i a l  sys tem v e r t i c a l  c o o r d i n a t e  

U r e l a t i v e  a n g l e  o f  a t tack 

B r e l a t i v e  a n g l e  of s i d e s l i p  

A an inc remen ta l  normal a c c e l e r a t i o n  a t  a i r  r a f t  en t r o f  r a v i t y  ( l g  b i a  

inc remen ta l  a c c e l e r a t i o n  i n  i n e r t i a l  system z - d i r e c t i o n  ( l g  bias) 

AP inc remen ta l  s t a t i c  p r e s s u r e  

inc remen ta l  t o t a l  p r e s s u r e  

84, inc remen ta l  impact  p r e s s u r e  

A6 i nc remen ta l  az imuth  a n g l e  

e p i t c h  a t t i t u d e  

b p i t c h  r a t e  

4 roll a t t i t u d e  

i r o l l  ra te  

6 heading a n g l e  

iJ yaw rate 

Abbrevia t ions :  

A I D S  a i r b o r n e  i n e r t i a l  data system 

GS E ground suppor t  equipment 

P CM p u l s e  code modulat ion 

RC r e s i s t a n c e  c a p a c i t a n c e  

r m s  r o o t  mean s q u a r e  
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METHOD 

Background and de ta i l s  of t h e  method used t o  combine measurements can be 
found i n  r e f e r e n c e s  1 and 2,  bu t  t he  form o f  t h e  g u s t  v e l o c i t y  de t e rmina t ion  is  
i l l u s t r a t e d .  by t h e  f o l l o w i n g  e q u a t i o n  f o r  ver t ical  g u s t  component wg: 

wg = vT(a - 8 - e )  + va, + 1 6  
The first term on t h e  r igh t -hand s i d e  o f  e q u a t i o n  ( 1 )  r e p r e s e n t s  t h e  v e r t i c a l  
component o f  a i r f l o w  r e l a t i v e  t o  t h e  airframe, as  sensed  by t h e  f low vanes  where 
small a n g l e  approximat ions  have been made. The v e r t i c a l  speed o f  t h e  vanes  rela- 
t i v e  t o  t h e  i n e r t i a l  system i s  g iven  by the  l a s t  term. The remaining term ( V a z )  
relates the  measurements t o  t h e  E a r t h .  T h i s  e q u a t i o n  r e s u l t s  i n  c a n c e l l a t i o n  o f  
t h e  apparent  g u s t  v e l o c i t y  due t o  a i r p l a n e  motion r e l a t i v e  t o  t h e  a i r  mass 
( e x c e p t  f o r  a c o n s t a n t ) .  S i n c e  t h e  data are i n  t h e  form o f  time h i s t o r i e s  o f  
t h e  i n d i v i d u a l  a i r f l o w  and motion measurements, these must c o r r e l a t e  i n  time so 
t h a t  t h e  d i f f e r e n c e s  between motion-induced and t o t a l  a i r f l o w  can  be computed a t  
t h e  same i n s t a n t .  A i rp l ane  forward v e l o c i t y  i s  much g r e a t e r  t han  t h e  g u s t  ve loc-  
i t y  o f  t h e  t u r b u l e n t  a i r  mass, which means t h a t  t h e  a c t u a l  g u s t  a n g l e s  ( w  / V T j  
are small and the  motion c o r r e c t i o n  terms i n  t h e  e q u a t i o n  are r e l a t i v e l y  farge. .  
An i n h e r e n t  d i f f i c u l t y  w i t h  t h i s  measurement t e c h n i q u e  is t h a t  t h e  data r e s u l t  
from t a k i n g  t h e  small d i f f e r e n c e  between l a r g e  q u a n t i t i e s .  T h i s  problem i s  
e s p e c i a l l y  pronounced a t  an aerodynamica l ly  r e s o n a n t  f requency  such  as t h e  Dutch- 
roll frequency. 

SYSTEM DESCRIPTION 

Ins t rumen ta t ion .  I n s t a l l a t i o n  

A photograph o f  t h e  a i r p l a n e  and some o f  t h e  i n s t r u m e n t a t i o n  i s  shown i n  
f i g u r e  1 .  Balsa f low vanes ,  used  f o r  v e r t i c a l  and l a t e ra l  a i r f l o w  measurements, 
are mounted on t h e  nose  boom behind t h e  s t a t i c - p r e s s u r e  p o r t s .  The t o t a l -  
p r e s s u r e  p o r t ,  used f o r  l o n g i t u d i n a l  a i r f l o w  measurements, i s  l o c a t e d  i n  t h e  
nose o f  t h e  boom. 

Two s t a t o s c o p e s  are mounted i n  t h e  nose compartment. One s t a t o s c o p e  i s  
used t o  measure inc remen ta l  s t a t i c  p r e s s u r e ,  and t h e  o t h e r  i s  used  t o  measure 
inc remen ta l  t o t a l  pressure. A s t a t i c - p r e s s u r e  t r a n s d u c e r ,  an  impact -pressure  
t r a n s d u c e r ,  a r e s i s t a n c e  b r idge ,  and a m p l i f i e r s  are mounted i n  a heated box i n  
t he  nose compartment. The o u t p u t s  o f  a l l  t h e  p r e s s u r e  t r a n s d u c e r s  and t h e  resis- 
t a n c e  b r idge  are a m p l i f i e d  t o  f i l l  t h e  &-vo l t  i n p u t  r a n g e  o f  t h e  data system. 
The tempera ture  probe ex tends  i n t o  t h e  airstream from t h e  s ide  o f  t h e  nose com- 
par tment .  It is a p la t inum thermometer e lement  t h e  r e s i s t a n c e  of  which i s  mea- 
sured  by t he  r e s i s t a n c e  b r i d g e .  

The p i l o t  i n s t r u m e n t a t i o n  c o n t r o l s  and d i s p l a y s  a r e  i n  t h e  f r o n t  c o c k p i t ,  
as shown i n  f i g u r e  2.  The i n s t r u m e n t a t i o n  c o n t r o l s  a r e  i n  a c o n t r o l  pane l  
l o c a t e d  above the  p i l o t  i n s t rumen t  pane l .  From l e f t  t o  r i g h t ,  t h e r e  i s  a f a i l -  
ure warning l i g h t  l o c a t e d  over  a r eco rd  l i g h t .  The f a i l u r e  warning i s  de r ived  
from the  i n e r t i a l  p l a t f o r m  ma l func t ion  i n d i c a t o r .  A tape-remaining meter i n d i -  
cates t h e  amount of data tape a v a i l a b l e  f o r  r e c o r d i n g .  A r eadou t  of t h e  i n s t r u -  

4 



menta t ion  time code g e n e r a t o r  p rov ides  c o r r e l a t i o n  of p i lo t -obse rved  e v e n t s  w i th  
recorded  measurements. T h i s ' c o r r e l a t i o n  can  be made on t h e  v o i c e  t r a c k  of  t h e  
data t a p e .  An i n s t r u m e n t a t i o n  power swi tch  and a r e c o r d  s w i t c h  are l o c a t e d  t o  
t h e  r i g h t  o f  t h e  time readou t .  

To assist t h e  p i l o t  i n  e v a l u a t i n g  t h e  t u r b u l e n c e  l e v e l  a t u r b u l e n c e  i n t e n -  
s i t y  meter is  provided  on t h e  in s t rumen t  pane l .  T h i s  meter d i s p l a y s  t h e  root -  
mean-square (rms) va lue  o f  t h e  o u t p u t  o f  a normal-axis  acce le romete r .  The r m s  
o u t p u t  is  averaged ove r  a p i l o t - s e l e c t a b l e  p e r i o d  of from 2 t o  20 sec and has  a 
range  o f  0 t o  Ig.  

The p o s i t i o n s  of t h e  ang le -o f -a t t ack  and a n g l e - o f - s i d e s l i p  vanes  and air- 
p l ane  p i t c h  a t t i t u d e  are a v a i l a b l e  i n  one combined p i l o t  d i s p l a y .  
d i s p l a y  is used f o r  i n c r e m e n t a l  heading.  These are s e n s i t i v e  measurements and 
it is e a s i l y  w i t h i n  t h e  p i l o t ' s  c a p a b i l i t y  t o  cause  t h e  measurement o u t p u t s  t o  
exceed t h e  25 -vo l t  r ange  o f  t h e  data system and t h u s  l o s e  t h e  data. Part  o f  t he  
p i l o t i n g  task  is  t o  keep t h e s e  i n d i c a t o r s  on scale d u r i n g  t u r b u l e n c e  encoun te r s .  

A s e p a r a t e  

Located i n  t h e  rear c o c k p i t  and n o t  shown i n  f i g u r e  2 i s  a monitor  f o r  t h e  
tempera ture  probe o u t p u t ;  t h i s  is  provided f o r  t h e  u s e  o f  t h e  i n - f l i g h t  meteoro- 
l o g i c a l  obse rve r .  Also ,  a remote i n d i c a t o r  f o r  t h e  t u r b u l e n c e  i n t e n s i t y  meter 
is l o c a t e d  i n  t h e  rear c o c k p i t .  The ra te  gyros  and t h e  a i r b o r n e  i n e r t i a l  data 
system ( A I D S )  are l o c a t e d  under  t h e  rear  c o c k p i t  seat. The A I D S  i s  a product ion  
i n e r t i a l  nav iga t ion  system which has been modi f ied  f o r  t h i s  experiment .  

A normal acce le romete r  i s  mounted a t  t h e  t o p  o f  t h e  bomb bay t o  measure 
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 .  Th i s  o u t p u t  i s  n o t  used i n  t h e  e q u a t i o n s  
f o r  a i r f l o w  measurement b u t  is  used as  an  a i d  i n  e d i t i n g  t h e  raw da ta  be fo re  pro- 
c e s s i n g  begins  and can a l s o  be used f o r  a i r p l a n e  r e sponse  s t u d i e s .  

The i n s t r u m e n t a t i o n  p a l l e t  i s  mounted on t h e  bomb-bay door  i n  an  i n s u l a t e d  
box (shown w i t h  cover  removed i n  f i g .  3 ) .  The r o t a t a b l e  bomb-bay door  i s . a t  t h e  
90' p o s i t i o n  f o r  access t o  t h e  i n s t r u m e n t a t i o n .  
t o  t u r n  on and check o u t  t h e  i n s t r u m e n t a t i o n ,  i n s t a l l  t h e  p a l l e t  c o v e r ,  and 
r o t a t e  t h e  bomb bay t o  i ts  c l o s e d  p o s i t i o n .  From t h a t  time through engine  s t a r t  
and complet ion o f  t h e  f l i g h t ,  t h e  i n s t r u m e n t a t i o n  remains  on.  In s t rumen ta t ion  
turn-on is  performed i n  t h e  hangar .  A b a t t e r y  car t  powers t h e  i n s t r u m e n t a t i o n  
i n v e r t e r  and is moved w i t h  t h e  a i r p l a n e  as i t  i s  towed o n t o  t h e  ramp. After 
engine  s t a r t  when t h e  a i r p l a n e  g e n e r a t o r s  are supp ly ing  power, t h e  ins t rumenta-  
t i o n  i n v e r t e r  is swi t ched  t o  t h e  a i r p l a n e  g e n e r a t o r s  and t h e  b a t t e r y  cart  i s  
removed. When p o s t f l i g h t  i n s t r u m e n t a t i o n  check-out i s  r e q u i r e d ,  t h e  procedure  
is  r e v e r s e d .  This  p r e f l i g h t  procedure  i s  used s i n c e  t h e  A I D S  must be  a l i n e d  
wi th  t he  E a r t h  a x i s  of r o t a t i o n .  The most a c c u r a t e  a l inemen t  i s  ob ta ined  i n  t h e  
hangar where winds cannot  d i s t u r b  t h e  a i r p l a n e  d u r i n g  t h e  a l inement  pe r iod .  
power is  removed af ter  a l i n e m e n t ,  t h e  p r o c e s s  must be r e p e a t e d .  
t a t i o n  i n v e r t e r  and power c o n t r o l  u n i t  are located i n  a compartment a f t  of t h e  
bomb bay. 

Normal p r e f l i g h t  procedure is  

If 
The instrumen- 

Ground suppor t  equipment is  housed i n  two r e l a y  r a c k s .  T h i s  equipment is  
used t o  ca l ibra te  and v e r i f y  t h e  performance of t h e  data system and the  p r e s s u r e  
t r a n s d u c e r s .  The A I D S  has ground suppor t  equipment t o  v e r i f y  i t s  performance by 
e x e r c i s i n g  fac tory-provided  t es t s  which must f a l l  w i t h i n  p r e s c r i b e d  l i m i t s .  
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Airf low Measurement T ransduce r s  

F i g u r e  4 shows t h e  a i r f l o w  measurement t r a n s d u c e r s .  The t r a n s d u c e r s  are 
l o c a t e d  both i n  t h e  nose compartment and on t h e  boom. A t  t h e  t o p  o f  t h e  f i g u r e  
i s  shown a p la t inum r e s i s t a n c e  thermometer which measures  t o t a l  t empera tu re .  It 
is  ope ra t ed  i n t o  a r e s i s t a n c e  b r i d g e  and is calibrated ove r  a r ange  o f  -50° C t o  
50° C. The s t a t o s c o p e  s e t u p  used f o r  measuring i n c r e m e n t a l  t o t a l  p r e s s u r e  is  
shown i n  t h e  lower p a r t  o f  t h e  f i g u r e .  T h i s  i n s t rumen t  i s  normal ly  used t o  
detect  small changes i n  p r e s s u r e  a l t i t u d e  b u t  i s  be ing  a p p l i e d  here t o  t h e  mea- 
surement o f  l o n g i t u d i n a l  a i r s p e e d  f l u c t u a t i o n s .  The in s t rumen t  u t i l i z e s  a d i f -  
f e r e n t i a l  p r e s s u r e  t r a n s d u c e r  w i t h  t h e  i n p u t  and r e f e r e n c e  s ides  o f  t h e  d ia -  
phragm in t e rconnec ted  through a va lve .  The v a l v e  is  normal ly  open t o  e q u i l i z e  
p r e s s u r e .  When a measurement i s  r e q u i r e d ,  t h e  v a l v e  i s  c l o s e d  and t h e  p r e s s u r e  
increment  is  i n d i c a t e d  by u s i n g  a s e n s i t i v e  p r e s s u r e  t r a n s d u c e r .  Small p r e s s u r e  
f l u c t u a t i o n s  can be  a c c u r a t e l y  measured even though the  t o t a l  r ange  o f  i n p u t  
p r e s s u r e  is  greater t h a n  t h e  range  o f  t h e  t r a n s d u c e r .  The r e f e r e n c e  volume V 
i s  a cons t an t - t empera tu re  r e f e r e n c e  volume o f  h igh  t h e r m a l  mass which i s  used t o  
minimize t h e  p r e s s u r e  changes i n  t h e  t r a n s d u c e r  r e f e r e n c e  and a s s o c i a t e d  t u b i n g .  

The s t a t o s c o p e  is  housed i n  a heated box, and i s  k e p t  a t  a c o n s t a n t  temper- 
a t u r e  of  37.8' C t o  p rov ide  a s t a b l e  p r e s s u r e  r e f e r e n c e  and a f a v o r a b l e  envi ron-  
ment for  t h e  t r a n s d u c e r .  Although on ly  one t r a n s d u c e r  i s  shown i n  t h e  diagram, 
two t r a n s d u c e r s ,  d i f f e r i n g  i n  s e n s i t i v i t y ,  are  used.  The more s e n s i t i v e  t r a n s -  
ducer  i s  r e q u i r e d  a t  h igh  a l t i t u d e s  where p r e s s u r e  f l u c t u a t i o n s  are small, and 
the  less s e n s i t i v e  t r a n s d u c e r  s t a y s  on scale a t  t h e  lower a l t i t u d e s .  An i d e n t i -  
cal  s t a t o s c o p e  is used t o  measure s t a t i c - p r e s s u r e  changes.  

For minor p i l o t  c o r r e c t i o n s  which i n c r e a s e  p i t c h  a t t i t u d e ,  t h e  a i r p l a n e  
g a i n s  a l t i t u d e  and s lows.  Both o f  these e f fec ts  t end  t o  reduce  t h e  t o t a l  pres- 
s u r e  and d r i v e  t h e  ou tpu t  o f  t h e  inc remen ta l  t o t a l - p r e s s u r e  t r a n s d u c e r  o u t  o f  
r ange  o f  t he  da ta  r e c o r d i n g  system. I n  o r d e r  t o  r e l i e v e  t h i s  problem, incremen- 
t a l  s t a t i c  p r e s s u r e  i s  e l e c t r i c a l l y  s u b t r a c t e d  from t h e  inc remen ta l  t o t a l  p re s -  
s u r e  t o  r e s u l t  i n  i nc remen ta l  impact  p r e s s u r e  
measurement. 

Aqc which i s  t h e  r eco rded  

The inc remen ta l  t o t a l - p r e s s u r e  t r a n s d u c e r  o p e r a t e s  from t h e  t o t a l - p r e s s u r e  
p o r t  on t h e  f r o n t  o f  t h e  boom. The tub ing  and volumes a s s o c i a t e d  w i t h  t h e  t o t a l -  
p r e s s u r e  system e x h i b i t  pneumatic r e sonances  and t h e  fundamental  resonance  
a f fec ts  t h e  high-frequency end o f  t h e  data band. A c o n s t r i c t i o n  i s  used a t  t h e  
t o t a l - p r e s s u r e  p o r t  t o  f l a t t e n  t h e  response  o f  t h e  system and make it uniform 
over  t he  data  band. Th i s  c o n s t r i c t i o n  i s  changed depending on the  a n t i c i p a t e d  
f l i g h t  a l t i t u d e .  

The s t a t i c - p r e s s u r e  l i n e  p rov ides  t h e  r e f e r e n c e  p r e s s u r e  f o r  t h e  impact- 
p r e s s u r e  t r a n s d u c e r  and i s  connected t o  t h e  s t a t i c - p r e s s u r e  t r a n s d u c e r  and t h e  
inc remen ta l  s t a t i c - p r e s s s u r e  s t a t o s c o p e .  

The angle-of -a t tack  and a n g l e - o f - s i d e s l i p  vanes  are l o c a t e d  on t h e  boom and 
are attached t o  synchros .  The c o n v e r t e r  demodulates  t h e  synchro s i g n a l  t o  a vol-  
tage p r o p o r t i o n a l  t o  vane p o s i t i o n .  The o u t p u t s  o f  t h e  vane sys tem,  t h e  pres-  
s u r e  t r a n s d u c e r s ,  and t h e  tempera ture  t r a n s d u c e r  are p resen ted  as v o l t a g e  ana- 
l o g s  wi th  a range  o f  -5 v o l t s  t o  5 v o l t s .  
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Airp lane  Response Measurements 

The a i r b o r n e  i n e r t i a l  data system and t h r e e  g y r o s  measure t h e  r e sponse  of  
t h e  a i r p l a n e  du r ing  t u r b u l e n c e  encoun te r s .  The ra te  g y r o s  are mounted t o  i n d i -  
cate angu la r  rates about  t h e  three a i r p l a n e  axes .  The A I D S  i s  a s p e c i a l  adapta-  
t i o n  of  a 15-year-old i n e r t i a l  n a v i g a t i o n  system which i s  no longe r  i n  produc- 
t i o n  i n  t h e  Uni ted  States.  Some o f  t h e  s a l i e n t  f e a t u r e s  o f  t he  p r e s e n t  7-year- 
o l d  system are i n d i c a t e d  i n  f i g u r e  5. The i n e r t i a l  p l a t f o r m  i s  gimbaled and has 
three acce le romete r s  and two g y r o s  mounted on i t .  The acce le romete r  and gy ro  
o u t p u t s  are used as i n p u t s  t o  an  ana log  computer which d r i v e s  t h e  p l a t fo rm gim- 
b a l s  and g y r o s  through t o r q u e  motors  t o  keep t h e  p l a t f o r m  a l i n e d  w i t h  t h e  l o c a l  
v e r t i c a l  and o r i e n t e d  t o  the  i n e r t i a l - s y s t e m  r e f e r e n c e  d i r e c t i o n .  The o u t p u t  
c i r c u i t s  e l e c t r o n i c a l l y  i n t e g r a t e  t h e  platform-mounted acce le romete r  o u t p u t s .  
The i n t e g r a t o r s  are d i r e c t l y  coupled t o  p rov ide  r e sponse  t o  t he  lowes t  f requen-  
c ies  o f  i n t e r e s t .  I n t e g r a t i o n  i s  started a t  t h e  beginning  o f  a r eco rd  when t h e  
i n i t i a l  c o n d i t i o n  of z e r o  i s  removed by opening t h e  r e l a y  a c r o s s  t h e  feedback 
c a p a c i t o r .  The i n t e g r a t o r  t h e n  p rov ides  an  i n c r e m e n t a l  v e l o c i t y  o u t p u t  f o r  t h e  
d u r a t i o n  o f  t h e  r e c o r d .  The p l a t fo rm a t t i t u d e  a n g l e s  are measured by synchros  
attached t o  t h e  p l a t fo rm gimbals.  The synchro  o u t p u t s  are  demodulated by 
sync,hro-to-dc c o n v e r t e r s  which are matched t o  t h o s e  used t o  demodulate t h e  f low 
vane p o s i t i o n .  T h i s  i s  done t o  minimize t h e  d i f f e r e n t i a l  phase s h i f t  between 
t h e s e  measurements. S i n c e ,  f o r  t h i s  exper iment ,  t h e  a i r p l a n e  o p e r a t e s  over  an  
a n g u l a r  range  from -7.5' t o  7.5' i n  p i t c h  and from -20' t o  20' i n  r o l l  b u t  oper- 
a tes  over  360° i n  az imuth ,  t h e  azimuth r e s o l u t i o n  i s  c o a r s e  by comparison. I n  
o r d e r  t o  i n c r e a s e  azimuth r e s o l u t i o n ,  a track-and-hold ampl i f i e r  was provided t o  
be used as a r e f e r e n c e .  With t h e  r eco rd  o f f ,  t h e  a m p l i f i e r  n u l l s  t h e  incremen- 
t a l  azimuth A $  o u t p u t  t o  z e r o .  When t h e  r e c o r d  i s  i n i t i a t e d ,  t h e  a m p l i f i e r  
ho lds  t h e  l a s t  azimuth v a l u e  as a r e f e r e n c e  by apening  t h e  r e l a y  on t h e  track- 
and-hold a m p l i f i e r .  The d i f f e r e n c e  between azimuth o u t p u t  and t h e  r e f e r e n c e  
va lue  is a m p l i f i e d  t o  t h e  same s e n s i t i v i t y  as the  p i t c h  o u t p u t .  

Data System 

A l l  the  in s t rumen t  o u t p u t s  are  v o l t a g e  ana logs  o f  t h e  measured q u a n t i t i e s  
a t  the  i n p u t  t o  t h e  da ta  system. F igu re  6 i s  a b lock  diagram of  t h e  data sys-  
tem. The i n p u t s  e n t e r  t h e  da ta  system through a n t i a l i a s i n g  f i l t e rs .  P a s s i v e ,  
s i n g l e - p o l e ,  RC f i l t e r s  w i t h  a 3-dB f requency  of  20 Hz are b u i l t  i n t o  t h e  sys-  
t e m .  Four-pole ,  Bu t t e rwor th  r e sponse ,  a c t i v e  f i l t e r s  are o p t i o n a l l y  a v a i l a b l e  
f o r  h igh  a t t e n u a t i o n  above 32 Hz. 

The f i l t e r s  have been matched t o  t h e  q u a n t i t i e s  be ing  measured t o  o b t a i n  
n e g l i g i b l e  phase s h i f t  between t h e  measurements which are t o  be combined i n  any 
one equa t ion  du r ing  t h e  data r e d u c t i o n  p rocess .  The p a s s i v e  f i l t e r s  have an 
a t t e n u a t i o n  o f  1 dB a t  10 Hz. T h i s  a t t e n u a t i o n  i s  e a s i l y  c a l c u l a t e d  and may be 
combined w i t h  o t h e r  c o r r e c t i o n  f a c t o r s  when t h e  f i n a l  power spectrum i s  
c a l c u l a t e d .  

The pu l se  code modulat ion (PCM) system samples  and encodes each i n p u t  sig- 
n a l  w i t h  a IO-mV r e s o l u t i o n .  The PCM system has 80 c h a n n e l s ,  o f  which 25 are 
used f o r  t u r b u l e n c e  measurements. The remaining channe l s  are used f o r  synchro- 
n i z a t i o n  and e n g i n e e r i n g  measurements o r  are f i l l e d  w i t h  a code t o  a i d  i n  s i g n a l  
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synchron iza t ion  d u r i n g  data t a p e  playback.  
b i t ,  Miller code d a t a  stream. 
a f l i g h t  t a p e  r e c o r d e r .  
tracks o f  t h e  r e c o r d e r .  The t a p e  r e c o r d e r  p r o v i d e s  90 minu tes  o f  r e c o r d  time a t  
0.38 m/sec t a p e  speed .  

The PCM sys tem o u t p u t  is  a 160 k i l o -  
These data are reco rded  d i r e c t l y  on one  track of 

T i m e  code and p i l o t  comments are reco rded  on two o t h e r  

. 

F i g u r e  3 shows the  d a t a  system as mounted on t h e  p a l l e t  w i t h  t h e  components 
i d e n t i f i e d .  Also i d e n t i f i e d  are t h e  power s u p p l i e s ,  ground suppor t  equipment 
connec to r ,  f low vane,  and i n e r t i a l  system synchro-to-dc c o n v e r t e r s .  

I n s t r u m e n t a t i o n  System Accurac ies  and Sources  o f  E r r o r  

Tab le  I i s  a l i s t i n g  o f  t h e  i n s t r u m e n t a t i o n  sys tem measurements,  t h e  r ange  
of each measurement, and t h e  estimated e r r o r s  d e r i v e d  from c a l i b r a t i o n s .  Both 
s t a t i c  and dynamic a c c u r a c i e s  are inc luded .  Where q u a n t i t i e s  va ry  w i t h  f l i g h t  
c o n d i t i o n s ,  v a l u e s  are  g iven  f o r  an a l t i t u d e  o f  12.19 km and a t r u e  a i r s p e e d  o f  
192 m/sec. To cal ibrate  t h e  a n g l e  measurement i n s t r u m e n t a t i o n ,  d i rec t  calibra- 
t i o n s  us ing  p r e c i s i o n  d i v i d i n g  heads were t aken  th rough  t h e  system when i t  was 
mounted on t h e  a i r p l a n e .  P r e s s u r e  measurement i n s t r u m e n t a t i o n  was l a b o r a t o r y  
calibrated and p e r i o d i c a l l y  checked f o r  c a l i b r a t i o n  change by u s i n g  h igh -qua l i ty  
p r e s s u r e  t r a n s d u c e r s .  Measurement v a r i a b i l i t y  r e s u l t i n g  from t h e  p e r i o d i c  
checks is  combined w i t h  t h e  c a l i b r a t i o n  e r r o r s  by t h e  root-sum-square method t o  
y i e l d  a t o t a l  e r r o r  estimate. Power-supply v o l t a g e s  and in s t rumen t  ambient  tem- 
p e r a t u r e s  du r ing  f l i g h t  are kep t  t o  t h e  v a l u e s  used f o r  i n s t rumen t  c a l i b r a t i o n  
which al lowed supply-vol tage  and t empera tu re  v a r i a t i o n  e f fec ts  t o  be  neg lec t ed .  
Both power-supply v o l t a g e s  and in s t rumen t  t empera tu res  are monitored du r ing  
f l i g h t .  

Tota l - tempera ture ,  a c c e l e r a t i o n ,  and roll-, p i t c h - ,  and yaw-rate o v e r a l l  
s t a t i c  e r r o r s  were estimated by t a k i n g  t h e  r o o t  sum s q u a r e  o f  t h e  v o l t a g e  C a l i -  
b r a t i o n  e r r o r  w i t h  a +2-count eqr l iva len t  e r r o r  from t h e  PCM system. 

Systems dynamics were measured i n  t h e  l a b o r a t o r y  t o  o b t a i n  c o n s t a n t s  ( cu t -  
off  f requency,  o r  n a t u r a l  f requency ,  and damping) f o r  t h e  first- o r  second-order  
approximat ion  o f  t h e  dynamic charac te r i s t ics  o f  t h e  i n s t r u m e n t a t i o n  used t o  make 
each measurement. Dynamic character is t ics  o f  t h e  f low vanes  and t h e  inc remen ta l  
impact -pressure  pneumatic system vary  w i t h  a l t i t u d e  and airspeed. These e f fec ts  
have been e x t r a p o l a t e d  from sea - l eve l  o r  wind-tunnel measurements. 

R e l a t i v e  p h a s e - s h i f t  e r r o r s  as  shown i n  tab le  I were d e r i v e d  from t h e  same 
measurements and c a l c u l a t i o n s  as were used t o  de te rmine  ampl i tude  r e sponse ,  w i t h  
t h e  excep t ion  of t h e  p l a t f o r m  a t t i t u d e s  6 ,  $,  4 ,  and A $ .  An estimate o f  t h e  
t o t a l  phase s h i f t  f o r  p l a t fo rm a t t i t u d e s  was ob ta ined  by comparing d i r e c t  and 
through-the-platform z e r o  c r o s s i n g  time d e l a y s  measured d u r i n g  t i l t - t a b l e  move- 
ments. These tests showed t h a t  t h e  p l a t fo rm time c o n s t a n t s  add 0.75 phase  s h i f t  
t o  t h e  synchro-to-dc c o n v e r t e r  phase s h i f t  a t  1 Hz. P i t c h  a n g l e  i s  t h e  refer- 
ence f o r  t h e  phase measurements. The p h a s e - s h i f t  d i f f e r e n c e s  decrease l i n e a r l y  
t o  z e r o  a t  z e r o  f requency .  

Because of  t h e  need t o  de te rmine  ve ry  low f r equency  and phase r e sponses ,  a 
procedure  f o r  de te rmining  these  r e sponses  involved  t h e  u s e  o f  t h e  f l i g h t  PCM 
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system and a genera l -purpose  computer as shown i n  f i g u r e  7.  The i n p u t  and out-  
pu t  o f  t h e  u n i t  under  t e s t  were sampled by the  PCM system and s t o r e d  i n  t h e  com- 
p u t e r  i n  real  t i m e .  The s t o r e d  samples were t h e n  p l o t t e d  and p r i n t e d ,  and t h e  
ampl i tude  and phase  d i f f e r e n c e s  between i n p u t  and o u t p u t  were computed from t h e  
p r i n t o u t  . 

T o t a l  Temperature 

The to ta l - tempera ture-probe  ampl i tude  r e sponse  appears t o  be  q u i t e  low. 
T h i s  i s  mis l ead ing  because t h e  r e sponse  of t h e  probe  i s  composed o f  two time 
c o n s t a n t s  and t h e  probe i n d i c a t e s  70 pe rcen t  o f  t r u e  r e a d i n g  w i t h  a f requency  

1 

3 r e sponse  i n  excess  of  0 .5  Hz. 

Angles o f  Attack and S i d e s l i p  

Response o f ' t h e  i n s t r u m e n t a t i o n  f o r  t h e  ang le -o f -a t t ack  measurement is  con- 
s idered  i n  two p a r t s .  The first p a r t  i s  t h e  aerodynamic response  of t h e  vane 
and synchro and t h e  second p a r t  i s  t h e  r e sponse  o f  t h e  demodulator and data sys-  
tem. The aerodynamic r e sponses  o f  t h e  balsa f low vane and synchro have been 
i n v e s t i g a t e d  in wind-tunnel tests by Richardson and are p resen ted  i n  r e f e r e n c e  4. 
The r e s u l t s  o f  r e f e r e n c e  4 were used t o  e x t r a p o l a t e  c o r r e c t i o n s  f o r  aerodynamic 
response  which are combined w i t h  c o r r e c t i o n s  f o r  data-system dynamic r e sponse  
and can be a p p l i e d  t o  t h e  power spectrum d u r i n g  data r e d u c t i o n  i f  r e q u i r e d .  
second p a r t  o f  the r e sponse  i s  from t h e  synchro  shaf t  through t h e  data system. 
T h i s  response  has  been measured d i r e c t l y  by s i n u s o i d a l l y  r o t a t i n g  t h e  synchro 
s h a f t  a t  v a r i o u s  f r e q u e n c i e s  and obse rv ing  t h e  o u t p u t  o f  t h e  PCM system. 

The 

A s t a t i c  e r r o r  can r e s u l t  from i n s u f f i c i e n t  aerodynamic l i f t  t o  overcome 
bea r ing  f r i c t i o n .  Wind-tunnel tes ts  ( r e f .  4 )  and b e a r i n g  f r i c t i o n  measurement 
of s e v e r a l  vanes  l e d  t o  c a l c u l a t i o n s  which show t h a t  t h e  a n t i c i p a t e d  l i m i t  o f  
r e s o l u t i o n  f o r  these f low vanes  l i e s  between 0.02O and 0.09O w i t h  t h e  aerodyna- 
mic r e s t o r i n g  f o r c e  a v a i l a b l e  a t  5.6 mPa because o f  s t i c k i n g  and f r i c t i o n  i n  
t h e  connec t ing  shaf t  b e a r i n g s .  Tests i n d i c a t e  t h a t  t h i s  remains c o n s t a n t  t o  
-56.57' C as long  as l u b r i c a n t  i s  ve ry  s p a r i n g l y  a p p l i e d  t o  t h e  b e a r i n g s .  T o t a l  
measurement r e sponse  v a r i e s  w i t h  a l t i t u d e ,  b u t  t h e  dynamic ampl i tude  r e sponse  o f  
t h e  t o t a l  system i s  more uniform than  t h e  synchro and data system s i n c e  the  
aerodynamic r e sponse  ( second-order ,  underdamped) o f  t h e  f low vane compensates 
f o r  t he  response  o f  t h e  synchro  and data system ( f i r s t - o r d e r ) .  This  c a u s e s  the  
lowes t  system I-dB bandwidth (shown i n  table  I )  t o  occur  where t h e  vanes  t aken  
a l o n e  have the  most uniform re sponse ,  s i n c e  t h e  r o l l - o f f  of the  PCM system is  
uncompensated. The phase e r r o r  o f  t h e  f low vane and inc remen ta l  impact p r e s s u r e  
change w i t h  a l t i t u d e .  Estimates o f  system e r r o r s  are g iven  f o r  a 12.19-km a l t i -  
t u d e  and 192-m/sec t r u e  airspeed. These errors do n o t  i n c l u d e  t h e  e r r o r s  caused 
by f low d i r e c t i o n  changes due t o  upwash effect  which are carried by t h e  f low 
f i e l d  o f  t h e  a i r p l a n e .  
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Incremental Total Pressure 

Frequency response for the incremental total-pressure measurement is 
adjusted for altitude by selecting a predetermined constriction for the pitot 
head. Selection of the constriction and calculation of the resulting frequency 
response were accomplished by extrapolating sea-level measurements to flight 
altitude by using the second-order model provided by reference 5. Frequency 
response values are shown for a 12 192-m altitude and 192-m/sec true airspeed. 

One constriction is used for altitudes below 9144 m. The resulting 
response, calculated from the second-order model, is underdamped at sea level, 
flat at 4572 m, and overdamped at 9144 m. 
used as the inlet. Damping increases with altitude and at about 13 716 m the 
system has its best uniformity. The low resonant frequency and flat response 
give the incremental impact pressure measurement the highest relative phase 
shift of any of the measurements in table I. 

1 

Above 9144 m the full tubing area is I 

C 

The second-order model that was used to describe the total-pressure system 
is a simplification of a more nearly exact analysis. It was selected to provide 
a basis for predicting the effects of density and viscosity variations with alti- 
tude and airspeed. The plumbing associated with the pitot port is 3.97 m of 
6.35-mm tubing with a tap located 3.13 m from the pitot port. Transducer volume 
is negligible. A 0.53-m length of 6.35-mm tubing is connected to the tap. It 
is terminated by a length of 3.18-mm tubing and the qc transducer. A theoreti- 
cal analysis of the tubing network was not attempted. Instead, sea-level mea- 
surements were used to arrive at what might be termed a natural or resonant fre- 
quency and damping for the pneumatic system. The effort was directed toward 
arriving at constrictions which would make the response curve reasonably flat 
over the operating range. The resulting calculations, based on the second-order 
model, predicted a +1 dB bandwidth of from 5 to 1 1  Hz, depending on altitude. 

AIDS 

The remaining measurements in table I are derived from the AIDS. AIDS accu- 
racy depends on the accuracy of its three accelerometers, the stability of its 
three gyros, and the system mechanization. The accelerometers are factory Cali- 
brated since they are integral parts of the AIDS platform and are tested to an 
rms accuracy specification of 0.0001g. This accuracy is 20 times better than 
data system resolution, so the accelerometers are considered to contribute no 
error to the measurements of acceleration. The steady error is nulled out of 
the incremental velocity integrators by using the bias set shown in figure 5. A r 
postflight check for zero velocity after each flight gives a measure of how well 
the accelerometers and other parts of the AIDS are performing. An order-of- 

deterioration in postflight performance. Gyro drift is periodically checked and 
nulled as required. Gyro drift specification (0.01 deg/hr) is 10 times better 
than data system resolution over a 10-min data period, so this error source is 
considered to be zero. 

magnitude change in accelerometer characteristics would appear as a significant b 

The AIDS mechanization results in error buildup in the system which 
increases in time because unbounded integrations are used in the control loops. 
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The gyros  are also s e n s i t i v e  t o  t h e  l a t e ra l  a c c e l e r a t i o n s  which occur  d u r i n g  
t u r n s .  These e r r o r s  are n o t  d i s c e r n i b l e  by t h e  data sys tem i n  t h e  a c c e l e r a t i o n  
or a t t i t u d e  o u t p u t s ,  bu t  are r e a d i l y  appa ren t  i n  t h e  v e l o c i t y  ou tpu t s .  Once t h e  
AIDS is  i n  e r r o r ,  t h e  e r r o r  a p p e a r s  as a s i n e  wave w i t h  a p e r i o d  o f  84.4 min, 
called t h e  Schu le r  p e r i o d .  The ampl i tude  of t h i s  s i n e  wave on t h e  v e l o c i t y  out-  
p u t s  is  recorded  a f te r  each f l i g h t  and i s  used a s  a measure o f  A I D S  performance 
du r ing  t h e  f l i g h t .  P o s t f l i g h t  v e l o c i t y  e r r o r s  range  from 0.61 m/sec t o  6.1 m/sec 
peak t o  peak. T h i s  e r r o r  s o u r c e  is  n o t  i nc luded  i n  t a b l e  I s i n c e  i t  appea r s  as 
a discrete f requency  i n  t h e  f i n a l  spectrum determined from t h e  data. These 
e r r o r s  g i v e  t h e  AIDS-derived v e l o c i t i e s  a low f requency  o f  0.0002 Hz, below 
which t h e  estimated e r r o r s  are much higher  than  t h e  s ta ted va lues .  

P l a t fo rm a t t i t u d e  o u t p u t s  were calibrated th rough  t h e  data system. w i t h  t h e  
p l a t fo rm mounted on a tilt table .  The estimated e r r o r s  g iven  i n  table  I are fo r  
n o n l i n e a r i t y  and h y s t e r e s i s .  The inc remen ta l  v e l o c i t i e s  are  ob ta ined  by elec- 
t r o n i c a l l y  i n t e g r a t i n g '  t h e  acce le romete r  o u t p u t s .  A I D S  ground-support  .equipment 
checks t h e  accuracy  o f  i n t e g r a t i o n  by i n t e g r a t i n g  a test  s i g n a l .  There i s  no 
s p e c i f i c a t i o n  f o r  t o t a l  V x  and V and t h e r e  i s  no c a l i b r a t i o n  s i n c e  an  ade- 
qua te  t e s t  range  is  n o t  a v a i l a b l e .  'The measured error i n  t h i s  case i s  t h e  r o o t  
sum squa re  o f  s i n g l e  p o i n t  checks  o f  the maximum v e l o c i t y  e r r o r  a t  t h e  end o f  
each f l i g h t .  S i n c e  i n e r t i a l - s y s t e m  e r r o r s  t end  t o  i n c r e a s e  w i t h  f l i g h t  time, 
t h i s  e r r o r  measure averaged ove r  many f l i g h t s  g i v e s  an  upper v a l u e  o f  p l a t fo rm 
v e l o c i t y  e r r o r s .  

I n  an 18-month p e r i o d ,  a t o t a l  o f  46 f l i g h t s  were made w i t h  t h e  instrumen- 
t a t i o n  system a t  a l t i t u d e s  r ang ing  from sea l e v e l  t o  14 630 m .  For  a ser ies  o f  
25 f l i g h t s  t h e  average  p o s t f l i g h t  Schu le r  V x  and V e r r o r s  were 4.8 m/sec 
and 3.4 m/sec peak t o  peak, r e s p e c t i v e l y .  T h i s  amounx o f  S c h u l e r  o s c i l l a t i o n  
could r e s u l t  i n  a maximum t r e n d  e r r o r  o f  1.75 m/sec and 1 .24  m/sec i n  t h e  r e s u l t -  
i n g  h o r i z o n t a l  components o f  g u s t  v e l o c i t y  i f  a 10-min r e c o r d  was t aken  a t  t h e  
ze ro  c r o s s i n g  p o i n t  o f  t h e  s i n e  wave and i f  t h e  p l a t fo rm heading corresponded t o  
t he  x- o r  y - d i r e c t i o n  o f  measurement and c a l c u l a t i o n .  The A I D S  time c o n s t a n t s  
which s i g n i f i c a n t l y  a f f ec t  t h e  dynamic charac te r i s t ics  i n  t h e  f requency  range  
from 0 t o  2 Hz are a s s o c i a t e d  w i t h  t h e  e l e c t r o n i c s  i n  t h e  o u t p u t  s i g n a l  u n i t .  
The AIDS s tab le  p l a t fo rm h a s  three major sou rces  o f  dynamic response  e r r o r s .  
These are t h e  acce l ,e rometers ,  t h e  p l a t fo rm- leve l ing  s e r v o  system, and t h e  p l a t -  
form shock mounts. The acce le romete r  n a t u r a l  f requency  i s  about  75 Hz, so  i t s  
e f fec t  on t h e  measurement dynamics was disregarded.  The  s e r v o  bandwidth l i e s  
between 40 and 50 Hz. Its effect  was d i s r e g a r d e d  f o r  ampl i tude  r e sponse ,  but  a 
small phase  s h i f t  was found. The p l a t fo rm shock mount system h a s  a n a t u r a l  fre- 
quency o f  23 Hz, bu t  t h e  damping r a t i o  is  so low (on t h e  o r d e r  o f  0.02) t h a t  i ts 
effect  on r e sponse  was disregarded.  Dynamic r e s p o n s e s  o f  t h e  a c c e l e r a t i o n s  and 
inc remen ta l  v e l o c i t i e s  are c o n t r o l l e d  by c a p a c i t o r s  i n  t h e  feedback p a t h  o f  t h e  
ou tpu t  a m p l i f i e r s .  The a t t i t u d e  r e s p o n s e s  are c o n t r o l l e d  by t h e  r e sponses  o f  
t h e  synchro-to-dc c o n v e r t e r s .  These r e sponses  were measured by app ly ing  an  elec- 
t r i c a l  or mechanical  sine-wave s t i m u l u s  as a p p r o p r i a t e  and r e c o r d i n g  t h e  r e s u l t  
th rough the  data system. 
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SYSTEM EXPERIENCE AND REC0MMENI)ATION 

I n  an 18-month p e r i o d ,  a t o t a l  of 46 f l i g h t s  were made w i t h  t h e  instrumen- 
t a t i o n  system a t  a l t i t u d e s  r ang ing  from sea l e v e l  t o  14 630 m. R e s u l t s  i n  gen- 
eral were s a t i s f a c t o r y .  The e f f o r t s  expended i n  c o n t r o l l i n g  t empera tu re  and 
supp ly  Vol tage  v a r i a t i o n s  r e s u l t e d  i n  a system w i t h  low random n o i s e  wi thout  
expending the  e f f o r t  t o  v a l i d a t e  system performance ove r  t h e  wide v a r i a t i o n  i n  
envi ronmenta l  c o n d i t i o n s  exper ienced  by the  a i r p l a n e .  The pr imary s o u r c e  o f  
e r r o r  and u n r e l i a b i l i t y  was t h e  i n e r t i a l  system. Th i s  7-year-old system, which 
is a special a d a p t a t i o n  o f  a 15-year-old d e s i g n ,  is  no l o n g e r  i n  p roduc t ion  i n  
t h e  United States. Thus, r o u t i n e  suppor t  was d i f f i c u l t  t o  o b t a i n .  The most 
s i g n i f i c a n t  improvement i n  t h e  i n s t r u m e n t a t i o n  system would be t h e  s u b s t i t u t i o n  
o f  a modern i n e r t i a l  system w i t h  better performance,  fewer mechanical  compo- 
n e n t s ,  and r e a d i l y  a v a i l a b l e  s u p p o r t .  Another desirable f e a t u r e  would be  an 
i n e r t i a l  system which could  be ope ra t ed  by t h e  f l i g h t  crew. T h i s  f e a t u r e  would 
p e r m i t  o p e r a t i o n s  from remote a i r f i e l d s  and i n c r e a s e  t h e  chances  f o r  t u r b u l e n c e  
encoun te r s  and t h u s  i n c r e a s e  t h e  e f f i c i e n c y  o f  t h e  in s t rumen ted  a i r p l a n e .  

Langley Research Center  
N a t i o n a l . A e r o n a u t i c s  and Space Admin i s t r a t ion  
Hampton, VA 23665 
December 2 ,  1976 
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TABLE I.- INSTRUMENTATION SYSTEM MEASUREMENTS 

Y easuremen t 

a 

6 

i 
6 
i 

9, 
T 

P 
AP 

C 

C 

C 
A %  

Range 

-7.5O t o  7.50 

-7.5O t o  7.5O 

-1 t o  1 r a d / s e c  
-1 t o  1 r a d / s e c  

-0.5 t o  0 .5  r a d / s e c  
-50' t o  50' C 

0 t o  34.5 kPa 
0 t o  103.4 kPa 

-1.723 t o  1.723 kPa 
-0.689 t o  0.689 kPa 
-1.723 t o  1.723 kPa 
-0,689 t o  0.689 kPa 

-1g t o  l g  
-1g t o  Ig  
-1g t o  1g 
-3g t o  3a 

-30.48 t o  30.48 m/sec 
-30.48 t o  30.48 m / s e c  
-30.48 t o  30.48 m/sec 

-200 t o  20° 
-7.5O t o  7.5O 
-7.5O t o  7.5O 

0 t o  304.8 m/sec 
0 t o  304.8 m/sec 

0' t o  360' 

a N o n l i n e a r i t y  and h y s t e r e s i s .  
bEowes t system band width . 
C D i f f e r e n t i a l  p r e s s u r e .  

Est imated 
e r r o r ,  l a  

'0.09' 

a.090 

.01 rad/sec 
-008 r ad / sec  
.005 r a d / s e c  

.I66 kPa 

.476 kPa 
a .  020 kPa 
a .  OC6 kPa 
a .  048 kPa 
a .014  kPa 

.3O c 

. OOEIg 

.005g 

.005g 

.013g 

.122 m/sec 

.122 m/sec 
.122 m/sec 

a.080 
a.030 
a .  04' 
1.75 m/sec 
1.24 m/sec 

.7O 

.r-l dB frequency 
r e s p o n s e ,  Hz 

26 

26 

11  
10 
10 

b l 0  

b l 0  

. 5  

11 
1 1  
10 

7 
7 
7 
7 
7 
7 
5 

10 
10 

10 

~ 

lelative phase 
s h i f t  a t  1 Hz, 

deg 

-0.75 

-.75 

-.75 
-.75 
-.75 

-6.50 
-6.50 

-1 - 5  
-1 - 5  
-1 - 5  
-1.5 
-1.5 
-1.5 

0 
Reference 

0 

2 

0 
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Figure 3.- Instrumentation pallet. 
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