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FOREWORD 

0 

The papers collected together in this document were presented at a Workshop held by the Structures and Materials Panel 
I on the Flight of Flexible Aircraft in Turbulence. Discussion centered on the collection and analysis of turbulence data obtained 

from commercial flights and also from specially equipped aeroplanes. 

The reason for resuscitating a topic covered very fully by the Structures and Materials Panel some fifteen years ago is that 
the new technical capacity which has become available makes it possible to enlarge the existing data banks by a large factor and, 
furthermore, to improve the descriptions of atmosphere, (derived from all too few flight hours), which is still the foundation of 
the relevant airworthiness regulations. 

Three of the presentations deal with the means for measuring actual time histories of turbulence, and the spectrum 
associated; most of the others took advantage of the Aircraft Integrated Data System (A.I.D.S.) to propose methods for 
collecting acceleration data and deriving gust statistics. 

It is hoped that this comon effort will improve our knowledge of an environment which is of great importance for the new 
generation of aircraft being designed in the NATO community. 

. 

G.COUPRY 
Chairman, Sub-committee on 
The Flight of Flexible Aircraft 
in Turbulence 

. 
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ABSTRACT 

0 

The Structures and Materials Panel of AGARD is studying the Flight of Flexible Aircraft in Turbulence. This, the first 
section of a two-part report, contains presentations given at the first of two Workshops on the State-of-the-Art in the 
Description and Modelling of Atmospheric Turbulence; topics covered here are (a) Measurements of Turbulence by Specially- 
equipped Aircraft and (b) Data Collection and Reduction of Incremental Accelerations observed in Commercial Flights. 0 

* * *  

Le Groupe de I’AGARD chargC de 1’Ctude des Structures et des MatCriaux etudie actuellement le vol des avions flexibles 
dans les turbulences. Ce document, qui est le premier chapitre d‘un rapport comportant deux parties, contient les exposes qui 
ont CtC prCsentCs lors du premier de deux ateliers sur Etat  de I’art en ce qui concerne la difinition et la modelisation de la 
turbulence atmosphtrique; les thtmes abord6s ici sont: (a) Mesures des turbulences par des avions specialement equip6 et (b) 
ProcCdures de recueil et d’exploitation des donnies concernant les increments d’accileration observCs sur les vols 
commerciaux. 
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STATUS REVIEW OF ATMOSPHERE TURBULENCE 
AND AIRCRAIT RESPONSE 

by 

J.C.Houbolt 
Chief Aeronautical Scientist 

NASA Langley Research Center 
M.S.243, Hampton, VA 23665 

USA e 

. ABSTRACT 

A b r i e f  r e v i e w  i s  made o f  where  we s t a n d  p r e s e n t l y  w i t h  r e s p e c t  t o  o u r  
u n d e r s t a n d i n g  o f  a i r c r a f t  e n c o u n t e r  o f  a t m o s p h e r i c  t u r b u l e n c e ,  b o t h  f r o m  t h e  p o i n t  o f  
v i e w  o f  d e s c r i b i n g  o r  m o d e l i n g  t h e  t u r b u l e n c e  and w i t h  r e s p e c t  t o  o u r  a b i l i t y  t o  
c a l c u l a t e  r e s u l t i n g  a i r p l a n e  l o a d s .  

Some o f  t h e  more r e c e n t  s t u d i e s  o f  g u s t  measuremen ts  and o f  r e d u c i n g  a i r l i n e  g u s t  
r e s p o n s e  d a t a  a r e  d i s c u s s e d .  S p e c i a l  a t t e n t i o n  i s  g i v e n  t o  g u s t  a n a l y s i s  r e q u i r e m e n t s  
as  i n v o l v e d  i n  a i r p l a n e  c e r t i f i c a t i o n  and  w h e t h e r  t h e r e  i s  a need f o r  a d d i t i o n a l  o r  
d i f f e r e n t  r e q u i r e m e n t s .  The p a p e r  c o n c l u d e s  w i t h  t h e  r e v i e w  o f  a r e c e n t  s t u d y  i n  w h i c h  
a m a z i n g l y  s i m p l e  and  u n i v e r s a l  g u s t  r e s p o n s e  e q u a t i o n s  were  d i s c o v e r e d ;  t h e  p o s s i b l e  
i m p a c t  o f  t h e s e  new f i n d i n g s  on  f u t u r e  work  i s  i n d i c a t e d .  

L I S T  OF SYMBOLS 

u l  

Symbol  : 

a 

A 

Ar 

C 

k 

k 

. 

An 

rl 

. Ir 
* 

P 

. lJW - 

0 

n 

O e f i  n i  t i o n :  

s l o p e  o f  t h e  l i f t  c u r v e  

r e s p o n s e  t r a n s f e r  c o e f f i c i e n t  as i n  u A n  = Auw 
a s p e c t  r a t i o  

w i n g  c h o r d  

r e d u c e d  f r e q u e n c y ,  k = % 
n N0c 

r e d u c e d  f r e q u e n c y  f o r  z e r o  c r o s s i n g s ,  k o  = -7 

r e d u c e d  s h o r t  p e r i o d  f r e q u e n c y ,  k s  = -zTT SC 

i n t e g r a l  s c a l e  

z e r o  c r o s s i n g  p e r  second,  N o  - - - v  
n C  k o  

w i n g  a r e a  

v a r i o u s  g u s t  i n t e n s i t y  d e s i g n  v a l u e s  

a i r p l a n e  speed  

a i  r p l  ane w e i g h t  
a n g l e  o f  a t t a c k  f o r  a i r p l a n e  i n  l e v e l  f l i g h t  r e f e r r e d  t o  t h e  C L  = 0 
c r o s s i n g  p o i n t  

i n c r e m e n t a l  l o a d  f a c t o r  due t o  g u s t s  

number o f  s t a n d a r d  d e v i a t i o n s  

mass p a r a m e t e r ,  U = 

a i r  d e n s i t y  

rms v a l u e  f o r  g u s t  i n t e n s i t y  

2w 
aP c g s  

O W  
combi  n e d  s e v e r i  t y  and s c a l e  p a r a m e t e r ,  

power  s p e c t r u m  f o r  g u s t s  

a n g u l a r  f r e q u e n c y  

a r e d u c e d  f r e q u e n c y ,  n = 



1-2 

INTRODUCTION 

T h i s  r e p o r t  g i v e s  a b r i e f  r e v i e w  o f  w h e r e  we s t a n d  t o d a y  w i t h  r e s p e c t  t o  m e a s u r i n g  
a t m o s p h e r i c  t u r b u l e n c e ,  o f  m o d e l i n g  t h e  t u r b u l e n c e  i n  c o n v e n i e n t  a n a l y t i c a l  f o r m  f o r .  
d e s i g n  use ,  and  o f  o u r  a b i l i t y  t o  d e s i g n  a i r p l a n e s  f o r  t u r b u l e n c e  e n c o u n t e r .  I t  i s  
p e r h a p s  w o r t h w h i l e  t o  men i n t h a t  t h e s e  c o n s i d e r a t i o n s  were  c o v e r e d  i n  two  r e v i e w  
p a p e r s  o f  some y e a r s  ago. !s8 A l t h o u g h  t h e  b a s i c  p o i n t s  and f i n d i n g s  p r e s e n t e d  i n  
t h e s e  two  p a p e r s  s t i l l  s t a n d ,  t h e r e  have  been l i m i t e d  c o n t i n u i n g  e f f o r t s  t o  o b t a i n  
t u r b u l e n c e  d a t a ,  b o t h  i n  s p e c i a l i z e d  and  r o u t i n e  f l i g h t s ,  and  t o  r e d u c e  and  i n t e r p r e t  
t h e s e  d a t a  i n  a more c o n s i s t e n t  o r  u n i v e r s a l  manner .  I n  t u r n  t h e  q u e s t i o n  a r i s e s  o f  
w h e t h e r  we need  changes  o r  i m p r o v e m e n t s  i n  o u r  d e s i g n  a p p r o a c h e s .  I t  i s  f i t t i n g ,  
t h e r e f o r e ,  t h a t  we g e t  t o g e t h e r  t o  d i s c u s s  some o f  o u r  more r e c e n t  f i n d i n g s  and  c o n c e r n s  
a b o u t  a i r p l a n e  t u r b u l e n c e  e n c o u n t e r .  The p r e s e n t  r e p o r t  i s  n o t  e x h a u s t i v e  i n  i t s  
c o v e r a g e ;  t h e  m a i n  a t t e m p t  i s  t o  b r i n g  o u t  some o f  t h e  key  c o n c e r n s  t h a t  a r e  on t h e  
h o r i z o n  s o  as  t o  s e t  t h e  s t a g e  f o r  d i s c u s s i o n  and  i n t e r c h a n g e  i n  t h i s  w o r k s h o p .  

MEASUREMENT AND ANALYSIS OF TURBULENCE 

A b o u t  a y e a r  ago,  Mur row gave  a p a p e r  b e f o r e  t h i s  g r o u p  r e v i e w  ng' a number o f  
t u r b u l e n c e  s t u d y  e f f o r t s  t h a t  had  been  o r  were  g o i n g  on i n  t h e  U . S . I  He i s  g i v i n g  an 
u p d a t e  t o  t h i s  p a p e r  t o d a y .  I n  a d d i t i o n ,  7 o r  8 o t h e r  p a p e r s  a r e  t o  be p r e s e n t e d  w h i c h  
r e v i e w  t h e  work  t h a t  has  been  g o i n g  on i n  t h e  U.S.  and  s e v e r a l  c o u n t r i e s  i n  E u r o p e  on 
t h e  measurement  and  a n a l y s i s  o f  a t m o s p h e r i c  t u r b u l e n c e  t h r o u g h  t h e  use  o f  i n s t r u m e n t e d  
a i r p l a n e s .  I w i l l ,  t h e r e f o r e ,  l e a v e  t h e  r e v i e w  o f  t h e  measurement  and  a n a l y s i s  o f  
t u r b u l e n c e  up t o  t h e  a u t h o r s  t h a t  we w i l l  h e a r  f r o m  s u b s e q u e n t l y  i n  t h i s  workshop .  

R E D U C T I O N  AND INTERPRETATION OF G U S T  ACCELERATION DATA 

' 

- 

I t  has been a s t a n d a r d  p r o c e d u r e  t o  t a k e  measured  a i r p l a n e  v e r t i c a l  a c c e l e r a t i o n  
d a t a  and  t o  deduce  t h e  e f f e c t i v e  g u s t  i n t e n s i t y  t h a t  p r o d u c e d  t h e  a c c e l e r a t i o n  by means 
o f  t h e  e q u a t i o n  

( 1 )  An = ,* K U, 

w h e r e  K i s  t h e  K 

e q u a t i o n  a r e  t h a t  t h e  a i r p l a n e  i s  a p o i n t  mass w i t h  v e r t i c a l  d e g r e e  o f  f r e e d o m  o n l y ,  and  
t h a t  t h e  g u s t  i s  a d i s c r e t e  g u s t  t h a t  i s  u n i f o r m  i n  t h e  s p a n w i s e  d i r e c t i o n .  When power 
s p e c t r a l  me thods  a r e  c o n s i d e r e d ,  a s i m i l a r  e q u a t i o n  r e s u l t s ,  e x c e p t  now i t  i s  f o u n d ,  as  
shown i n  t h e  f i g u r e ,  t h a t  t h e  a l l e v i a t i o n  f a c t o r  K i s  n o t  o n l y  a f u n c t i o n  o f  t h e  mass 

p a r a m e t e r  I.I b u t  a l s o  on t h e  p a r a m e t e r  - , where L i s  t h e  i n t e g r a l  s c a l e  o f  
C 

t u r b u l e n c e .  I t  i s  seen, t h e n ,  t h a t  i f  measuremen t  a i r p l a n e s  o f  d i f f e r e n t  c h o r d s  a r e  
u s e d  ( a n d  i f  L f o r  a g i v e n  a l t i t u d e  i s  chosen  f i x e d )  t h a t  t h e  deduced  v a l u e  o f  U, 

2L 
u s i n g  t h e  a p p r o p r i a t e  - c u r v e  w i l l  b e  q u i t e  d i f f e r e n t  t h a n  t h e  v a l u e  f o u n d  by  u s i n g  t h e  

C 2L 
K c u r v e .  Coupry  has  f o u n d  t h a t ,  t h r o u g h  u s e  o f  a f a m i l y  o f  c u r v e s  s i m i l a r  t o  t h a t  
shown i n  f i g u r e  1, t h e  deduced  v a l u e  o f  U t e n d  t o  f a l l  i n  a more c o n s i s t e n t  and  
n a r r o w e r  p a t t e r n  ( a  l e s s  s c a t t e r e d  c u r v e  f o r m a t i o n )  t h a n  o b t a i n e d  by u s e  o f  t h e  K g  
c u r v e .  

s i n g l e  d e g r e e  o f  f r e e d o m  a i r p l a n e .  The r e s u l t s  s h o u l d  be d e r i v e d  on t h e  b a s i s  t h a t  t h e  
a i r p l a n e  has  two  d e g r e e s  o f  f reedom,  name ly  v e r t i c a l  m o t i o n  and  p i t c h .  L a t e r  i n  t h i s  
p a p e r  r e s u l t s  b a s e d  on a two d e g r e e  f r e e d o m  s y s t e m  w i l l  be p r e s e n t e d .  

AIRCRAFT CERTIFICATION D U E  TO GUST ENCOUNTER 

c u r v e  shown i n  f i g u r e  12. The p r i m e  a s s u m p t i o n s  t h a t  l e d  t o  t h i s  
9 

2L . 

9 

T h e r e  i s ,  however ,  an i m p o r t a n t  i t e m  s t i l l  m i s s i n g .  F i g u r e  1 r e s u l t s  a r e  f o r  a 

I n  t h e  U . S .  t h e r e  has been e s s e n t i a l l y  no change  f o r  many y e a r s  i n  t h e  g u s t  d e s i g n  
r e q u i r e m e n t s  o u t l i n e d  i n  t h e  FAR and  i n  t h e  M i l i t a r y  S p e c i f i c a t i o n s ,  and  no change  seems 
t o  be f o r t h c o m i n g .  D e s i g n  i s  s t i l l  l a r g e l y  b a s e d  on t h e  d i s c r e t e  g u s t  f o r m u l a  ( e q u a t i o n  
11, and  on  t h e  u s e  o f  a power  s p e c t r a l  a p p r o a c h .  I w o u l d  l i k e  t o  o b s e r v e  t h a t  t h e  
v a l u e s  o f  P and  b, t h e  p r o p o r t i o n  o f  t i m e  i n  t u r b u l e n E e  and  turbu;,ence s e v e r i t y ,  as u s e d  
i n  t h e  P S D  a p p r o a c h ,  h a v e  been  f o r  y e a r s  r e g a r d e d  as t o o  s e v e r e ,  b u t  t h e y  r e m a i n  
unchanged .  As an a t t e m p t  t o  i m p r o v e  t h i s  s i t u a t i o n ,  u p d a t e d  P and s e v e r i t y  v a l u e s  were  
d e r i v e d  and  p u b l i s h e d  i n  r e f e r e n c e  4 .  I b e l i e v e  t h e s e  u p d a t e d  v a l u e s  s h o u l d  be t a k e n  
i n t o  a c c o u n t  i n  any f u r t h e r  d e l i b e r a t i o n s  we may have  on changes  o r  i m p r o v e m e n t s  i n  o u r  
d e s i g n  a p p r o a c h e s .  

I S  THERE A N E E D  FOR A CHANGE I N  GUST D E S I G N  P R O C E D U R E S  . . 
A1 t h o u g h  t h e  g u s t  d e s i g n  p r o c e d u r e s  h a v e  e s s e n t i a l l y  r e m a i n e d  t h e  same f o r  y e a r s ,  

a t  l e a s t  h e r e  i n  t h e  U . S . ,  t h e r e  i s  c o n c e r n  e x p r e s s e d  f r o m  some q u a r t e r s  t h a t  p e r h a p s  
some changes  o r  a d d i t i o n s  t o  t h e  d e s i g n  p r o c e d u r e s  a r e  needed.  I n t e r e s t  i n  changes  h a s  
been  e s p e c i a l l y  f o c u s e d  b e c a u s e  o f  a p a r t i c u l a r  S t a t i s t i c a l  D i s c r e t e  G u s t  a n a l y s i s  
me thod  t h a t  h a s  been  a d v o c a t e d  by  J o n e s  o f  R A E  F a r n b o r o u g h .  I n  an a t t e m p t  t o  b r i n g  o u t  
t h e  c o n c e r n s  o f  v a r i o u s  i n d i v i d u a l s  more c l e a r l y ,  a g u s t  s p e c i a l i s t  m e e t i n g  was h e l d  i n  
San A n t o n i o ,  T e x a s ,  May 22, 1986.  
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The f o l l o w i n g  i s  a l i s t i n g  i n  a b b r e v i a t e d  f o r m  o f  some o f  t h e  c o n c e r n s  o r  p o s i t i o n s  
t h a t  v a r i o u s  i n d i v i d u a l s  e x p r e s s e d ;  t h i s  l i s t i n g  s e r v e s  t o  i n d i c a t e  t h e  t e n o r  o f  t h e  
m e e t i n g .  

1. T h e r e  was c o n c e r n  t h a t  y e t  a n o t h e r  me thod  m i g h t  b e  added  t o  t h e  s i x  a l r e a d y  
r e q u i r e d  t o  o b t a i n  FAA/JAR c e r t i f i c a t i o n  ( t h e  s i x  c i t e d  were:  s t a t i c  e l a s t i c ,  
PSD d e s i g n  e n v e l o p e ,  PSD m i s s i o n  a n a l y s i s ,  d i s c r e t e  t u n e d  g u s t  (CAA),  
r o u n d - t h e - c l o c k  and  n e g a t i v e  g u s t s  (RLD).  

a. S t a t i c  e l a s t i c  g u s t  l o a d s  gave o r i g i n a l  d e s i g n  
b. Ua = 85 gave  l o w e r  l o a d s  
c. 50 f p s  t u n e d  g u s t  and  r o u n d - t h e - c l o c k  g u s t s  gave  g r e a t e r  w e i g h t s  
d. Tuned  d i s c r e t e  " t o o  s e v e r e "  

2.  D i f f e r e n t  m e t h o d s  g i v e  d i f f e r e n t  l o a d s :  

3 .  No d i f f i c u l t y  i n  t h e  PSD a p p r o a c h  t o  h a n d l e  b a l a n c e d  l o a d s  

4 .  PSD a p p r o a c h  has p r a c t i c a l  p r o b l e m s  

5 .  T ime  doma in  a n a l y s i s  s h o u l d  b e  used ,  p a r t i c u l a r l y  t o  h a n d l e  n o n - l i n e a r  s y s t e m s  

6 .  The S t a t i s t i c a l  D i s c r e t e  G u s t  me thod  s h o u l d  be d e v e l o p e d  f u r t h e r ,  e s p e c i a l l y  as  

I t  i S  c l e a r  f r o m  t h i s  l i s t i n g  t h a t  t h e  S t r u c t u r e s  and M a t e r i a l s  p e o p l e  o f  AGARD 
m u s t  g e t  t o g e t h e r  t o  f o r m  j o i n t l y  a l i s t  o f  c o n c e r n s  t h a t  r e p r e s e n t  a c o n s e n s u s ,  and  
t h e n  t o  t a k e  s t e p s  t o  r e s o l v e  t h e s e  c o n c e r n s .  I o f f e r  a few comments a b o u t  some o f  t h e  
i t e m s  i n  t h e  l i s t i n g .  R e g a r d l e s s  o f  t h e  d e s i g n  me thod ,  t h e r e  i s  one i t e m  o f  
c o m m o n a l i t y ;  t h a t  i s ,  t h e  g u s t  s e v e r i t y  m u s t  b e  s t a t e d  i n  some way. The f a c t  t h a t  
d i f f e r e n t  me thods  g i v e  d i f f e r e n t  l o a d s  s u g g e s t s  t h a t  t h e  s e v e r i t y  v a l u e s  have  n o t  been  
c h o s e n  i n  a c o n s i s t e n t  way. 

a t o o l  f o r  h a n d l i n g  n o n - l i n e a r i t i e s  

I n  a way t h e  c h o i c e  o f  g u s t  s e v e r i t y  v a l u e s  i s  s o r t  o f  a r b i t r a r y ,  and  i s  a way o f  
c o v e r i n g  up  a l l  o u r  s i n s  o r  i g n o r a n c e s  i n  t h e  s i m p l i f y i n g  a s s u m p t i o n s  we make i n  o u r  
a n a l y s e s .  C o n s i d e r  t h e  i n c r e m e n t a l  v e r t i c a l  a c c e l e r a t i o n  t h a t  t h r e e  d i f f e r e n t  me thods  
m i g h t  i n d i c a t e :  t h e  d i s c r e t e  g u s t  a p p r o a c h  may y i e l d  

An = -03 u d  

. w h i l e  t h e  power  s p e c t r a l  a p p r o a c h  may g i v e  

An = .0175 U, 

and  t h e  t u n e d  g u s t  me thod  i n d i c a t e s  

An = . 0 3 3 3  U t  

We n o t e  t h a t  i f  we c h o o s e  

u d  = 50 f p s  

'0 = 85.7 
U t  = 45 

t h e n  a l l  t h r e e  a p p r o a c h e s  l e a d  t o  t h e  same i n c r e m e n t a l  l o a d  f a c t o r  o f  1 .5.  My f e e l i n g  
i s  t h a t  we h a v e  n o t  done enough  s t u d y  o f  t h e  t y p e  i l l u s t r a t e d  by  t h e s e  e x a m p l e s  t o  
e s t a b l i s h  t h e  g u s t  s e v e r i t y  v a l u e s  i n  o u r  v a r i o u s  a p p r o a c h e s ,  o r  t o  see i f  a c o n s i s t e n t  
s e t  o f  s e v e r i t y  v a l u e s  c a n  b e  e s t a b l i s h e d  w h i c h ,  when a p p l i e d  t o  p a s t  a i r c r a f t ,  l e a d  t o  
c o n s i s t e n t  d e s i g n  l o a d s .  

v e r s a t i l e  and  c a n  do j u s t  a b o u t  a n y t h i n g  t h a t  any o t h e r  me thod  c a n  do. I f  i n d i v i d u a l s  
h a v e  f o u n d  some d i f f i c u l t y  i n  a p p l y i n g  t h e  a p p r o a c h ,  t h e s e  d i f f i c u l t i e s  s h o u l d  b e  
b r o u g h t  o u t ;  I f e e l  s u r e  ways c a n  be f o u n d  t o  s o l v e  t h e  a p p a r e n t  p r o b l e m .  R e f e r e n c e  1 
and  5, f o r  examp le ,  g i v e  ways f o r  h a n d l i n g  c o m b i n e d  l o a d s ,  i n  s p i t e  o f  t h e  f a c t  t h a t  

W i t h  r e s p e c t  t o  t h e  power  s p e c t r a l  a p p r o a c h ,  I have  f o u n d  t h a t  i t  i s  q u i t e  

some f e l t  t h a t  t h i s  was n o t  p o s s i b l e .  

W i t h  r e s p e c t  t o  t h e  S t a t i s t i c a l  D i s c r e t e  G u s t  a p p r o a c h ,  I m u s t  a d m i t  t h a t  i t  

c r e d i b i l i t y .  T h i s  s i t u a t i o n  s u g g e s t s  t h e  f o l l o w i n g .  B e f o r e  t h e  commun i t y  a t  l a r g e  c a n  
e v a l u a t e  t h e  SDG a p p r o a c h  o r  u n d e r s t a n d  i t s  v a l u e  t h e  f o l l o w i n g  s h o u l d  b e  done: 

. a p p e a r s  c o m p l i c a t e d ,  t h a t  t h e r e  seems t o  be a m y s t i c  o r  m a g i c  a b o u t  i t ,  and  t h a t  t h e  - t e r m i n o l o g y  u s e d  i s  c o n f u s i n g .  I do n o t  know t h a t  i t  h a s  any r e a l  v a l u e  o r  

1. O u t l i n e  t h e  a p p r o a c h  i n  a c l e a r  s t e p  by s t e p  manner ,  d e v o i d  o f  any n e e d l e s s  

2 .  Show i t s  a p p l i c a t i o n  by  way o f  a few examp les ,  n o t  c o n n e c t e d  w i t h  p r o p r i e t a r y  

j a r g o n .  

i n t e r e s t s .  
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3. Show why i t  i s  c o n s i d e r e d  t o  be n e c e s s a r y  o r .  w h a t  i t  c a n  do t h a t  o t h e r  

4. B r i n g  a l l  i n t e r e s t e d  p a r t i e s  t o g e t h e r  t o  make s u r e  t h e y  a l l  u n d e r s t a n d  i t  

a p p r o a c h e s  c a n n o t .  

c l e a r l y .  

T h r o u g h  s t e p s  o f  t h e  n a t u r e  i n d i c a t e d  g u s t  s p e c i a l i s t s  w o u l d  t h e n  be b e t t e r  a b l e  t o  
e v a l u a t e  i t s  u s e f u l n e s s ,  and  i n  t u r n ,  j u d g e  w h e t h e r  i t  s h o u l d  b e  i n t r o d u c e d  as a n o t h e r  
a n a l y s i s  t o o l .  

a t i m e  doma in  p r o c e d u r e .  As an examp le  o f  t h i s  app roach ,  r e f e r e n c e  6 p r e s e n t s  a d i r e c t  
t i m e  h i s t o r y  m e t h o d  f o r  e s t a b l i s h i n g  g u s t  l o a d s  f o r  t h e  o f t e n  u s e d  c a s e  o f  an a i r p l a n e  
w i t h  v e r t i c a l  m o t i o n  f r e e d o m  o n l y .  G u s t s  a r e  s y n t h e s i z e d  i n  a M o n t e  C a r l o  f a s h i o n  t o  
p r o v i d e  f o r  a r a t h e r  r e a l i s t i c  n o n s t a t i o n a r y  t y p e  o f  g u s t  e n c o u n t e r .  F i g u r e  2, t a k e n  
f r o m  r e f e r e n c e  6 ( f i g u r e  14 o f  t h i s  r e f e r e n c e ) ,  i l l u s t r a t e s  t h e  n a t u r e  o f  t h e  r e s u l t s  
o b t a i n e d .  The t u r b u l e n c e  i s  seen  t o  b e  q u i t e  n o n s t a t i o n a r y  and  v e r y  r e a l i s t i c  i n  
appearance ;  n o t i c e  t h e  i s o l a t e d  t y p e  g u s t s ,  and  even  t h e  r e c u r r e n c e s  o f  l a r g e  g u s t s  i n  
sequence .  W i t h  t h e  c o m p u t e r  power  we have  a v a i l a b l e  t o d a y  t h e r e  i s  no r e a s o n  why t h e  
p r o c e d u r e  g i v e n  i n  t h i s  r e f e r e n c e  c a n n o t  be expanded  t o  i n c l u d e  two  o r  more d e g r e e s  o f  
f reedom. D i r e c t  t i m e  h i s t o r i e s  o f  l o a d s  w o u l d  r e s u l t ,  and  no a m b i g u i t y  i n  t h e  
i n t e r p r e t a t i o n  o f  t h e s e  l o a d s  s h o u l d  be p r e s e n t .  F u r t h e r  d e v e l o p m e n t  o f  t h i s  d i r e c t  
t i m e  h i  s t o r y  a p p r o a c h  i s  h i g h l y  recommended. 

A w o r d  s h o u l d  b e  s a i d  a b o u t  n o n l i n e a r  s y s t e m s .  The a r g u m e n t  i s  s o m e t i m e s  
p r e s e n t e d  t h a t  newer d e s i g n  a p p r o a c h e s ,  such  as t h e  SDG method,  a r e  needed  t o  h a n d l e  t h e  
r e s p o n s e  o f  n o n l i n e a r  s u b s y s t e m s - - s u c h  as  g u s t  l o a d  a l l e v i a t i o n .  I w i s h  t o  c a u t i o n  t h a t  
t h i s  a r g u m e n t  i s  s u b j e c t  t o  q u e s t i o n .  When we a n a l y z e  t h e  r e s p o n s e  o f  an a i r p l a n e  t o  
t u r b u l e n c e  we make a number o f  s i m p l i f y i n g  a s s u m p t i o n s - - f o r  many y e a r s ,  f o r  examp le ,  we 
t r e a t e d  t h e  a i r p l a n e  as a p o i n t  mass w i t h  v e r t i c a l  m o t i o n  o n l y .  The g u s t s  f e l t  by t h e  
a i r p l a n e  a c t  i n  a l l  d i r e c t i o n s ,  y e t  we t r e a t  t h e  l o n g i t u d i n a l  and  l a t e r a l  r e s p o n s e  
s e p a r a t e l y .  We assume t h e  g u s t s  a r e  u n i f o r m  a c r o s s  t h e  spans,  b u t  we know t h e r e  i s  a 
s p a n w i s e  v a r i a t i o n  j u s t  as  t h e r e  i s  a v a r i a t i o n  a l o n g  t h e  p a t h  o f  t h e  a i r p l a n e .  The 
e r r o r s  i n t r o d u c e d  by  a l l  t h e s e  a s s u m p t i o n s  may e a s i l y  e q u a l  o r  e x c e e d  any e r r o r  t h a t  i s  
i n t r o d u c e d  by  t r e a t i n g  a n o n l i n e a r  s u b s y s t e m  i n  a l i n e a r  way. Thus,  t h e r e  i s  l i t t l e  
p o i n t  i n  r e f i n i n g  o r  i n t r o d u c i n g  a new a n a l y s i s  so as  t o  be a b l e  t o  t a k e  c e r t a i n  
n o n l i n e a r i t i e s  i n t o  a c c o u n t  p r e c i s e l y ,  when a l l  t h e  r e s t  o f  t h e  a s s u m p t i o n s  a r e  l e f t  t o  
f i r s t  o r d e r  c r u d e n e s s .  The t r e a t m e n t ,  f o r  examp le ,  o f  t h e  a i r p l a n e  as a s i n g l e  d e g r e e  
o f  f r e e d o m  o r  as  a t w o  d e g r e e  o f  f r e e d o m  s y s t e m  l e a d s  t o  v a s t l y  d i f f e r e n t  r e s p o n s e  
r e s u l t s ,  as  a l a t e r  f i g u r e  w i l l  show. 

SOME NEW REMARKABLY SIMPLE RESPONSE EQUATIONS 

We h e a r  r u m b l i n g s  t h a t  t h e r e  a r e  a l r e a d y  t o o  many g u s t  a n a l y s i s  p r o c e d u r e s .  I m u s t  
c o n f e s s  t h a t  I am g o i n g  t o  compound t h e  s i t u a t i o n  by s h o w i n g  t h e  b a s i s  f o r  s t i l l  a n o t h e r  
a p p r o a c h .  The r e s u l t s  p r e s e n t e d  i n  t h i s  s e c t i o n  a r e  f r o m  some a n a l y s e s  I have  made o v e r  
t h e  p a s t  s e v e r a l  y e a r s .  J u s t  by  r e a r r a n g i n g  t h e  g o v e r n i n g  r e s p o n s e  e q u a t i o n s  i n  
s l i g h t l y  d i f f e r e n t  f o r m ,  and by  i n t r o d u c i n g  a b a s i c  f l i g h t  c o n d i t i o n ,  I have  f o u n d  t h a t  
t h e  g u s t  r e s p o n s e  r e s u l t s  c o u l d  be made t o  c o n d e n s e  t o  an  a m a z i n g l y  s i m p l e  f o r m .  O n l y  a 
summary o f  t h e  r e s u l t s  i s  g i v e n ,  w i t h o u t  t h e  s u p p o r t i n g  a n a l y s i s .  I u r g e  g u s t  
s p e c i a l i s t s  t o  s t u d y  t h e s e  r e s u l t s ,  and  r e e x a m i n e  t h e i r  a n a l y s e s  on t h e  b a s i s  o f  t h e  
n o t i o n s  p r e s e n t e d  h e r e ;  i t  i s  hoped t h a t  t h e y  w i l l  c o n f i r m  t h e s e  new f i n d i n g s  and  t h a t  
t h e y  f i n d  t h e i r  r e s u l t s  a l s o  c o n d e n s e  i n  s i m i l a r  f a s h i o n .  

d e g r e e s  o f  f r e e d o m ,  v e r t i c a l  m o t i o n  and  p i t c h .  Spanw ise  g u s t  g r a d i e n t s  a r e  t a k e n  i n t o  
a c c o u n t .  The p o i n t  s p e c t r u m  c h o s e n  i s  t h e  von  Karman s p e c t r u m ,  b u t  w r i t t e n  i n  t h e  
f o l l  o w i n g  f o r m :  

( -  2L C )5/3[1 + 8j (1.339 % k)' ]  

A t  t h e  same t i m e  c o n s i d e r a t i o n  s h o u l d  be g i v e n  t o  a n o t h e r  a n a l y s i s  a p p r o a c h ,  n a m e l y  

The a n a l y s i s  i s  a power  s p e c t r u m  a p p r o a c h  and  i s  b a s e d  on an a i r p l a n e  w i t h  two  

2 

2 
O W  

( 3 )  
2 

a 1  = n (+)2/3 
where  

T h i s  i s  an i m p o r t a n t  s t e p ;  i t  makes a l l  t h e  s p e c t r a  p a s s  t h r o u g h  t h e  same p o i n t s  a t  
h i g h  f r e q u e n c i e s ,  r e g a r d l e s s  o f  t h e  s c a l e  o f  t u r b u l e n c e ,  see f i g u r e  3. 

i n f l u e n c e  on  t h e  o u t p u t  r e s p o n s e .  To i l l u s t r a t e ,  f i g u r e  4, t a k e n  f r o m  r e f e r e n c e  7 ,  
compares  t h e  d i s t r i b u t i o n  o f  r e s p o n s e  power f o r  a s i n g l e  d e g r e e  o f  f r e e d o m  a i r p l a n e  w i t h  
t h e  two  d e g r e e  o f  f r e e d o m  case .  Even  t h o u g h  e q u a t i o n  2 was u s e d  i n  b o t h  c a s e s ,  we n o t e  
t h a t  t h e r e  i s  a l o t  o f  r e s p o n s e  a t  l o w  f r e q u e n c i e s  f o r  t h e  s i n g l e  f r e e d o m  case ,  and  t h a t  

t h e  r e s u l t s  depend  on c. 

We s h o u l d  n o t e  t h a t  t h e  i n c l u s i o n  o f  t h e  p i t c h  d e g r e e  o f  f r e e d o m  has  a p r o n o u n c e d  

2L 
By c o n t r a s t ,  t h e  r e s p o n s e  power a t  l o w  f r e q u e n c i e s  i s  

.. 
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v i r t u a l l y  e l i m i n a t e d  f o r  t h e  two degree  of freedom a i r p l a n e s ,  (because  of a i r p l a n e  
wea the rcock ing) ,  and i n s t e a d  t h e  response power t e n d s  t o  c o n c e n t r a t e  around t h e  s h o r t  
pe r iod  f requency;  we a l s o  f i n d ,  because of t h e  way we ar ranged  equa t ion  2 ,  t h a t  t h e  

r e sponse  i s  e s s e n t i a l l y  independent  of t h e  va lue  of - c - .  
2L 

The response  equa t ion  f o r  incrementa l  v e r t i c a l  a c c e l e r a t i o n  i s  found t o  be 
ap SV 

~n = ‘7 K ( l l o 1 )  ( 4 )  
b 

V 

c glJ = - K(na1)  

2w 
where p = ’-, n r e f e r s  t o  a chosen number of s t anda rd  d e v i a t i o n s ,  and where K i s  a n  Pcg 
a l l e v i a t i o n  f a c t o r  given by 

e 

1 1 2  
K = [ I  f o  f l  f 2  f 3  d k ]  (5) 

I n  t h e  equa t ion  f o r  K ,  fo  i s  t h e  a i r p l a n e  t r a n s f e r  f u n c t i o n ,  f l  i s  t h e  unsteady l i f t  
f u n c t i o n  f o r  g u s t  p n e t r a t i o n  e f f e c t s ,  f 2  t a k e s  i n t o  account  spanwise g u s t  v a r i a t i o n  
e f f e c t s ,  and f j  = -* r e f l e c t s  t h e  i n p u t  g u s t  spectrum a s  given by equa t ion  2 .  

The s p e c i f i c  e q u a t i o n s  used f o r  t h e  f l  and f 2  a r e  (unpub l i shed  work of t h e  a u t h o r )  

f W 

a l  

1 

1 + 2.32vk + u 2 k 2  
f =  
1 

1 + .55 A r k  

f 2  = 1 + .66 A r k  + .34 A:k2 

1.5 

B + ArB 
where U ”  

W i t h  t h e  use of t h e s e  f l  and f2 f u n c t i o n s ,  t h e r e  i s  no d i f f i c u l t y  found i n  
e s t a b l i s h i n g  r e a l i s t i c  va lues  of N o ,  t h e  ze ro  c r o s s i n g  parameter .  

i t  was found t h a t  K cou ld  be g iven  i n  very good approximat ion  by 
The a n a l y s i s  was a p p l i e d  t o  a number of d i f f e r e n t  a i r p l a n e s .  I n  a remarkable  way, 

K = . 9 5 6  (6) 

f o r  a l l  t h e  a i r p l a n e s  s t u d i e d ,  and f o r  p r a c t i c a l  purposes  t h e  r e s u l t s  were found t o  be 

e s s e n t i a l l y  independent  of C .  
2L 

I t  i s  now use fu l  t o  i n t r o d u c e  t h e  l e v e l  f l i g h t  c o n d i t i o n s  of t h e  a i r p l a n e ,  namely 
a 2  

W =F p V  Sa 

where a i s  t h e  ang le  of a t t a c k  necessary  t o  main ta in  l e v e l  f l i g h t ,  r e l a t i v e  t o  t h e  
C L  = 0 c r o s s i n g  p o i n t  of t h e  CL ver sus  a curve ,  s e e  f i g u r e  5.  T h i s  equa t ion  y i e l d s  

( 7  1 
p- v =  - 

a 
s 

I f  equa t ion  3 ,  6 ,  and 7 a r e  i n s e r t e d  i n  equa t ion  4 ,  t h e  va lue  f a r  A n  condenses  t o  t h e  
fo l lowing  s imple  and u n i v e r s a l  r e s u l t .  

.A .(I7497 n ‘ I w  
( 8 )  7 ~n = 

6 

‘ I W  
Note,  a p a r t  from t h e  g u s t  parameter  ‘1/3 , t h e  va lue  of A n  i s  dependent  e s e n t i a l l y  

L 
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o n l y  on a; t h e  speed  o f  t h e  a i r p l a n e ,  t h e  w e i g h t ,  and  t h e  a l t i t u d e  a r e  a l l  a u t o m a t i c a l l y  
t a k e n  i n t o  a c c o u n t .  The c h o r d  c e n t e r s  i n  o n l y  a s e c o n d a r y  way because  o f  t h e  
s i x t h -  r o o t  v a r i a t i o n .  

Q W  
, i s  a c o m b i n e d  p a r a m e t e r  and  i t  s h o u l d  be t r e a t e d  7 Now f u r t h e r ,  t h e  v a l u e  

as  such;  t h e r e  i s  no need  t o  t r y  t o  s e p a r a t e  t h e  s e v e r i t y  o w  and  t h e  s c a l e  L v a l u e s .  
C o n s i d e r  t u r b u l e n c e  d a t a  as o b t a i n e d  f r o m  an i n s t r u m e n t e d  a i rp1an .e .  G e n e r a l l y ,  measured  
t u r b u l e n c e  l e a d s  w e l l  d e f i n e d  s p e c t r a l  v a l u e s  i n  t h e  s t r a i g h t  l i n e  p o r t i o n  o f  t h e  4 

s p e c t r u m '  ( t h e  n f a l l - o f f  p o r t i o n ) ,  see f i g u r e  6. E q u a t i o n  14 i n  r e f e r e n c e  1 

i n d i c a t e s  t h a t  by t a k i n g  any p o i n t  a l o n g  t h i s  s t r a i g h t  l i n e  p o r t i o n ,  t h e  v a l u e  o f  

i s  g i v e n  by  

W 

7 -  
Q W  5 / 3  1 / 2  

= [ 1 . 9 1 9  n1 o w  (n,)] L713 ( 9 )  

Q W  
Thus,  i s  a c o m b i n e d  p a r a m e t e r  t h a t  f a l l s  o u t  n a t u r a l l y  f r o m  measured  s p e c t r a l  

v a l u e s ;  t h e r e  i s  no need  t o  e s t a b l i s h  s e p a r a t e  v a l u e s  f o r  a w  and  L.  

A n o t h e r  p o i n t  o f  i n t e r e s t  c a n  be made f r o m  e q u a t i o n  9.  The e q u a t i o n  i n d i c a t e s  t h a t  
Q W  

i s  a c o n s t a n t  f o r  a g i v e n  s e t  o f  s p e c t r a l  d a t a ;  t h u s  7 

I f  we l i k e n  a w  t o  g u s t  s e v e r i t y  U, and  L t o  g u s t  g r a d i e n t  d i s t a n c e  H, t h e n  we have  

r: U at H l j3 

a r e s u l t  w h i c h  J o n e s  has  o b s e r v e d  i n  h i s  SDG a p p r o a c h .  Thus h i s  r e s u l t  o b t a i n e d  f r o m  
e x a m i n i n g  s e q u e n t i a l  d i s c r e t e  t y p e  g u s t  i s  n o t  t o o  s u r p r i s i n g ,  s i n c e  i t  a p p a r e n t l y  can  
b e  p r e d i c t e d  by  t h e  power  s p e c t r a l  a p p r o a c h .  

s t u d i e d  \ 

The a n a l y s i s  a l s o  i n d i c a t e d  t h e  f o l l o w i n g  g e n e r a l  e x p r e s s i o n  f o r  a l l  a i r p l a n e s  

V 1 .084 
n~ k~ = T 
.496 

N o  = - 
k o  = ,46 

IJ 

k o  = 1.29 k s  
.8  

A sumary o f  t h e  r e s u l t s  o b t a i n e d  when t h e  D r y d e n  t y p e  s p e c t r u m  (n - 2  f a l l - o f f )  
was u s e d  i s  as f o l l o w s  



The r e s u l t s  f o r  t h e  l o a d  exceedance  c u r v e s  a r e  a l s o  g r e a t l y  s i m p l i f i e d ,  b u t  t h e s e  
r e s u l t s  a r e  n o t  p r e s e n t e d  h e r e .  

B e s i d e s  t h e  s i m p l i f i e d  d e s i g n  e q u a t i o n s ,  t h e  r e s u l t s  o f  t h i s  s e c t i o n  p r o v i d e  a new 
way t o  deduce  g u s t  s e v e r i t y  l e v e l s  f r o m  measured  a c c e l e r a t i o n  d a t a .  Thus,  i f  e q u a t i o n s  
3 and  6 a r e  s u b s t i t u t e d  i n t o  e q u a t i o n  4, t h e  r e s u l t  i s  

V 
( 1 1 1  -7% uL 

An = .013211  

& a W  
w h e r e  U L  - - I-, 

u n i v e r s a l  f o rm;  t h e  use  i n  d e r i v i n g  c h a r a c t e r i s t i c  a t m o s p h e r i c  v a l u e s  o f  UL f r o m  
measured  A n ' s  i s  recommended, j u s t  as U, has  been d e r i v e d  f r o m  an e q u a t i o n  l i k e  - e q u a t i o n  1 i n  t h e  p a s t .  I t  i s  e s t i m a t e d  t h a t  d e s i g n  v a l u e s  f o r  UL w i l l  b e  a r o u n d  10 .  

; i n  t h i s  f o r m  V i s  i n  f p s ,  and  c i s  i n  f e e t .  T h i s  e q u a t i o n  i s  o f  

We c o n c l u d e  t h i s  s e c t i o n  by s p e c u l a t i n g  w h a t  e q u a t i o n s  8 and  10 m i g h t  l o o k  l i k e  when 
p r e s e n t e d  i n  a d e s i g n  a p p l i c a t i o n  f o r m .  Assume t h e  e q u a t i o n s  have  been  a p p l i e d  t o  a 
number o f  e x i s t i n g  a i r c r a f t  i n  r e t r o s p e c t  manner ;  e s s e n t i a l l y  t h e  i n t e n t  w o u l d  be t o  
d e r i v e  d e s i g n  c h o i c e s  f o r  

I-, a w  I-, a w  -LI/~ o r  '7 . When e x a m i n e d  i n  t h i s  way, r e s u l t s  o f  t h e  f o l l o w i n g  v e r y  s i m p l e  

and  g e n e r a l i z e d  f o r m  may, f o r  examp le ,  be f o u n d .  

F o r  a von  Karman t y p e  s p e c t r a l  i n p u t ,  

15 b .50 
A n = ( - )  - 

C Ja 

1 An = 1.5 (-1 
C 

o r  

15 

C 
o r  An = 1.5 (-1 

a n d  f o r  t h e  D r y d e n  t y p e  s p e c t r a l  i n p u t ,  

.50 
An = - 

/a 

a o r  

Ja . 5 5  5c, o r  An = 1.5 

where  c i s  i n  f e e t  and  a i n  r a d i a n s  r e p r e s e n t s  t h e  l e v e l  f l i g h t  a n g l e  o f  a t t a c k  t h a t  i s  
a s s o c i a t e d  w i t h  some s o r t  o f  a v e r a g e  c r u i s i n g  c o n d i t i o n  f o r  t h e  a i r p l a n e .  The 
a p p l i c a t i o n  o f  t h e s e  a m a z i n g l y  s i m p l e  e q u a t i o n s  g i v e s  d i r e c t l y  t h e  d e s i g n  i n c r e m e n t a l  
l o a d  f a c t o r  f o r  g u s t  e n c o u n t e r .  A l l  c o n d i t i o n s  o f  f l i g h t  speed, w e i g h t ,  and a l t i t u d e  
a r e  a u t o m a t i c a l l y  t a k e n  i n t o  a c c o u n t .  The c o n s i d e r a t i o n  o f  t h e s e  e q u a t i o n s  and  t h e  
s p e c i f i c  e v a l u a t i o n  o f  t h e  a p p r o p r i a t e  c o e f f i c i e n t s  a r e  recommended. 

CONCLUDING REMARKS 

The c o v e r a g e  i n  t h i s  p a p e r  i n d i c a t e s  t h e  f o l l o w i n g  r e c o m m e n d a t i o n s :  

* 1. A u n i f i e d  and  c o n s i s t e n t  way s h o u l d  b e  a g r e e d  upon  f o r  r e d u c i n g  g u s t  
a c c e l e r a t i o n  d a t a  t o  g u s t  s e v e r i t y  v a l u e s .  

2 .  The P's and  b ' s  i n  t h e  d e s i g n  r e g u l a t i o n s  s h o u l d  b e  u p d a t e d .  

d - 3 .  G u s t  s e v e r i t y  l e v e l s  i n  t h e  v a r i o u s  d e s i g n  a p p r o a c h e s  s h o u l d  be e v a l u a t e d  so as 
t o  g i v e  c o n s i s t e n t  d e s i g n  l o a d  v a l u e s .  
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4 .  The SDG a p p r o a c h  s h o u l d  be l i s t e d  i n  a c l e a r  and  s i m p l e  s t e p  by s t e p  manner ,  
and  i t s  a d v a n t a g e s  o v e r  o t h e r  a p p r o a c h e s ,  I f  any,  s h o u l d  b e  b r o u g h t  o u t  c l e a r l y  
by  examp les .  

m e t h o d  f o r  c a l c u l a t i n g  g u s t  l o a d s ,  s i m i l a r  t o  t h e  p r o c e d u r e  u s e d  i n  r e f e r e n c e  
6 .  

5 .  C o n s i d e r a t i o n  s h o u l d  b e  g i v e n  t o  t h e  d e v e l o p m e n t  o f  a d i r e c t  t i m e  h i s t o r y  

u w  
6 .  S p e c t r a l  d a t a  s h o u l d  b e  e v a l u a t e d  t o  y i e l d  t h e  - p a r a m e t e r  as g i v e n  b y  

e q u a t i o n  9. 1 / 3  
b 

L 

7 .  The s i m p l i f i e d  g u s t  d e s i g n  p r o c e d u r e  p r e s e n t e d  h e r e i n  s h o u l d  be e x a m l n e d  f o r  
i t s  u n i v e r s a l  a p p l i c a b i l l t y .  
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A SUMMARY OF ATMOSP HE R I C TURBULENCE MEASUREMENTS 
WITH SPECIALLY-EQUIPPED AIRCRAFT I N  THE U.S.A. 

By H. N. M u r r o w  
N A S A  L a n g l e y  R e s e a r c h  C e n t e r  

Hampton, V i r g i n i a  23665 

ABSTRACT 

T h i s  p a p e r  summar i zes  t h e  t e c h n i q u e  o f  measurement  o f  a t m o s p h e r i c  t u r b u l e n c e  i n  t h e  

c o n d u c t e d  o v e r  t h e  l a s t  15 y e a r s .  L i b e r a l  use  i s  made o f  r e f e r e n c e s  f o r  d e t a i l s .  Some 
r e c o m m e n d a t i o n s  r e s u l t i n g  f r o m  a S p r i n g  1986  w o r k s h o p  on a t m o s p h e r i c  t u r b u l e n c e  a r e  a1 so 
p r e s e n t e d .  

. f o r m  o f  t r u e  g u s t  v e l o c i t y .  S p e c i f i c  a s p e c t s  p o i n t e d  o u t  a r e  r e l a t e d  t o  N A S A  p r o g r a m s  

L I S T  OF SYMBOLS 

a 

0 

Y 
s 

a 

+ 
A Y  

d i s t a n c e  b e t w e e n  i n e r t i a l  p l a t f o r m  a c c e l e r o m e t e r s  and  f l o w  
d i r e c t i o n  s e n s o r s  

e a s t - w e s t ,  n o r t h - s o u t h ,  and v e r t i c a l  a i r c r a f t  v e l o c i t i e s  

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

a i r s p e e d  i n c r e m e n t  f r o m  t h e  mean v a l u e ,  r e f e r e n c e d  t o  b e g i n n i n g  
o f  d a t a  r u n  

rms v a l u e  

h e a d i n g  

a n g l e - o f - a t t a c k  

a n g l e - o f - s i d e s 1  i p  

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

r o l l  a t t i  t u d e  

h e a d i n g  i n c r e m e n t  f r o m  mean v a l u e  f o r  t h e  r u n  

b a r  o v e r  a symbol  i n d i c a t e s  mean v a l u e  f o r  a d a t a  r u n  

d o t  o v e r  a symbol  i n d i c a t e s  t i m e  d e r i v a t i v e  

INTRODUCTION 

A number o f  f l i g h t  i n v e s t i g a t i o n s  have  been  c o n d u c t e d  t o  measure  a t m o s e h e r i c  
t u r b u l e n c e .  I n  many c a s e s  t h e  a i r c r a f t  i t s e l f  i s  t h e  s e n s o r  and  v a l u e s  o f  d e r i v e d "  
g u s t  v e l o c i t y  a r e  p r o v i d e d  u s i n g  t h e  r e l a t i o n s h i p  shown on t h e  l e f t  hand  p o r t i o n  o f  
f i g u r e  1. U s e f u l  c o m p a r i s o n s  c a n  be made o f  g u s t  e n c o u n t e r  s t a t i s t i c s  b e t w e e n  d i f f e r -  
e n t  a i r c r a f t  w i t h  a d i f f e r e n t i a t i n g  p a r a m e t e r  t h a t  i n c l u d e s  w i n g  l o a d i n g ,  l i f t - c u r v e  
s l o p e ,  and  a g u s t  a l l e v i a t i o n  f a c t o r .  The a c t u a l  a i r  v e l o c i t y  f l u c t u a t i o n s  i n  t h e  
a tmosphere ,  o r  t r u e  g u s t  v e l o c i t y ,  however ,  can  be d e t e r m i n e d  i f  a s e n s o r  w i t h  good f r e -  
quency  r e s o n s e  c h a r a c t e r i s t i c s ,  s u c h  as an a n g l e - o f - a t t a c k  vane  f o r  t h e  v e r t i c a l  g u s t  
v e l o c i t y  component ,  i s  mou'hted on a r i g i d  boom a d i s t a n c e  f o r w a r d  o f  t h e  a i r c r a f t  ade- 
q u a t e  t o  e l i m i n a t e  upwash e f f e c t s ,  and  i f  t h e  a i r c r a f t  m o t i o n s  c a n  be a c c u r a t e l y  mea- 
s u r e d  t o  p r o v i d e  c o r r e c t i o n s  t o  t h e  b a s i c  f l o w  vane measurements.  The e q u a t i o n  on t h e  
r i g h t - h a n d  s i d e  o f  f i g u r e  1 i s  an examp le ,  i n d i c a t i n g  t h a t  a t i m e  h i s t o r y  o f  t r u e  g u s t  
v e l o c i t y  w i l l  r e s u l t .  The p r i m a r y  p u r p o s e  o f  t h i s  p a p e r  i s  t o  d e s c r i b e  v a r i o u s  a s p e c t s  

NASA p rog rams .  As an a d d i t i o n a l  p o i n t  o f  i n t e r e s t ,  some r e c o m m e n d a t i o n s  r e s u l t i n g  f r o m  
a w o r k s h o p  on a t m o s p h e r i c  t u r b u l e n c e  h e l d  a t  NASA-Langley i n  A p r i l  1986  a r e  i n c l u d e d .  

- , o f  t r u e  g u s t  v e l o c i t y  measuremen ts  made i n  r e c e n t  y e a r s  i n  t h e  U.S.  w i t h  e m p h a s i s  on 

- 
- AIRCRAFT AND PURPOSE OF MEASUREMENTS 

The p h o t o g r a p h  i n  f i g u r e  2 i s  o f  an a i r p l a n e  ( 8 - 5 7 8 )  t h a t  was s p e c i a l l y  
i n s t r u m e n t e d  by  N A S A  t o  p r o v i d e  a c c u r a t e  t r u e  g u s t  v e l o c i t y  measuremen ts  o v e r  a b r o a d  
f r e q u e n c y  r a n g e  b u t  w i t h  s p e c i a l  emphas is  on t h e  l o w  f r e q u e n c y  o r  l o n g  w a v e l e n g t h  r e g i o n  
( r e f s .  1 , 2 ) .  A t m o s p h e r i c  t u r b u l e n c e  power s p e c t r a  a r e  u s u a l l y  t h o u g h t  o f  as c o n f o r m i n g  
t o  t h e  von  Karman e x p r e s s i o n  where  t h e  i n t e n s i t y  o r  s t a n d a r d  d e v i a t i o n ,  U ,  and  an i n t e -  
g r a l  s c a l e  vc!lue, L ,  c a n  b e  u s e d  t o  d e f i n e  a p a r t i c u l a r  power s p e c t r u m .  
l o c a t e s  t h e  k n e e "  o r  b r e a k  i n  t h e  s p e c t r u m  c u r v e .  C o n v e n t i o n a l  a i r c r a f t  p r i n c i p a l  
r e s p o n s e s  t o  g u s t s  o c c u r  a t  f r e q u e n c i e s  h i g h e r  t h a n  t h e  b r e a k ,  b u t  f o r  v e r y  l a r g e  a n d  

The L v a l u e  



1-2 

v e r y  f a s t  f l e x i b l e  a i r c r a f t ,  s i  n i f i c a n t  r e s p o n s e s  w o u l d  o c c u r  a t  v e r y  l o n g  w a v e l e n g t h s ,  
o r  f r e q u e n c i e s  b e l o w  t h e  b r e a k  ? r e f .  3 ) .  
r e f .  1 was t o  i d e n t i f y  t h e  s p e c t r a l  shape f o r  a t m o s p h e r i c  t u r b u l e n c e  a s s o c i a t e d  w i t h  
v a r i o u s  m e t e o r o l o g i c a l  c o n d i t i o n s  and  a t  a l t i t u d e s  b e t w e e n  sea l e v e l  and  50,000 f t .  The 
same i n s t r u m e n t a t i o n  s y s t e m  was a l s o  i n s t a l l e d  i n  t h e  a i r c r a f t  shown i n  t h e  p h o t o g r a p h  
o f  f i g u r e  3 t o  o b t a i n  d a t a  a t  a l t i t u d e s  up t o  65,000 f t .  U n f o r t u n a t e l y ,  due t o  i ncom-  
p a t i b i l  i t y  o f  t h e  nose  boom a r r a n g e m e n t  w i t h  a n o t h e r  e x p e r i m e n t  s y s t e m  w i t h  h i g h e r  
p r i o r i t y ,  o n l y  a s m a l l  amount  o f  d a t a  were  o b t a i n e d  a t  t h e  h i g h e r  a l t i t u d e s .  L a t e r ,  t h e  
a i r p l a n e  o f  f i g .  2 was m o d i f i e d  t o  i n c l u d e  booms a t  t h e  w i n g  t i p s  ( shown i n  f i g u r e  4 )  t o  
a l l o w  s p a n w i s e  g r a d i e n t s  o f  t u r b u l e n c e  t o  be measured  ( w i n g  span  a b o u t  60 f t . ,  r e f .  4 ) .  
A n o t h e r  NASA a i r c r a f t  has been i n s t r u m e n t e d  t o  measure a t m o s p h e r i c  t u r b u l e n c e  t o  s u p p o r t  
a n a l y s i s  o f  d a t a  f r o m  a t m o s p h e r i c  c o n s t i t u e n t  s a m p l i n g s .  A p h o t o g r a p h  o f  t h e  nose  boom 
on  t h i s  a i r c r a f t  i s  g i v e n  i n  f i g u r e  5.  

A n o t h e r  h i g h l y  i n s t r u m e n t e d  N A S A  a i r c r a f t  i s  shown i n  f i g u r e  6. The p u r p o s e  o f  
f l i g h t s  o f  t h i s  a i r c r a f t  i s  t o  s t u d y  h a z a r d s  i n v o l v e d  i n  f l i g h t  o p e r a t i o n s  i n  s e v e r e  
s t o r m s  ( r e f .  5). The p r i m a r y  emphas is  t o  t o  c h a r a c t e r i z e  l i g h t n i n g  h a z a r d s .  The 
i n s t r u m e n t a t i o n  s y s t e m  p r o v i d e s  a t m o s p h e r i c  t u r b u l e n c e  measuremen ts  ( t r u e  g u s t  v e l o c i t y )  
and  m o s t  f l i g h t s  have  been made i n  a s t o r m  e n v i r o n m e n t ;  however ,  up t o  t h i s  t i m e  t h e  
o n l y  t u r b u l e n c e  d a t a  a n a l y s i s  p e r f o r m e d  has  been  f o r  d e r i v e d  g u s t  v e l o c i t y  v a l u e s .  

The N a t i o n a l  C e n t e r  f o r  A t m o s p h e r i c  R e s e a r c h  ( N C A R )  has  a l s o  i n s t r u m e n t e d  s e v e r a l  
a i r c r a f t  t o  a c q u i r e  t r u e  g u s t  v e l o c i t y  measuremen ts  ( r e f .  6); however ,  t h e  f l i g h t  sam- 
p l i n g s  have  been  p r i m a r i l y  i n  s u p p o r t  o f  o t h e r  a t m o s p h e r i c  r e s e a r c h  e x p e r i m e n t s .  B o t h  
f i x e d  and f r e e  vanes have  been u t i l i z e d  as t h e  p r i m a r y  s e n s o r s .  Some r e c e n t  work a t  
NCAR has  c e n t e r e d  on p r o v i d i n g  a t m o s p h e r i c  t u r b u l e n c e  measuremen ts  w i t h  a s y s t e m  o f  f i v e  
p r e s s u r e  measuremen ts  on t h e  s u r f a c e  o f  a s p e c i a l  nose  s e c t i o n  on t h e  a i r c r a f t  ( r e f .  
7). E f f o r t s  a r e  underway  a t  t h e  p r e s e n t  t i m e  t o  v a l i d a t e  t h e  sys tem.  

A m a j o r  p u r p o s e  o f  t h e  p r o g r a m  d e s c r i b e d  i n  

EQUATIONS, DATA, AND DATA P R O C E S S I N G  

a r e  shown i n  f i g u r e  7 .  F o r  t h e  NASA a i r c r a f t ,  l i g h t w e i g h t  m a s s - b a l a n c e d  b a l s a  vanes  
p r o v i d e  t h e  p r i m a r y  measurement  f o r  t h e  v e r t i c a l  and l a t e r a l  componen ts  and a s p e c i a l  
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  y i e l d s  t h e  l o n g i t u d i n a l  component .  As shown on t h e  
f i g u r e ,  t h e  o t h e r  t e r m s  p r o v i d e  c o r r e c t i o n s  t o  t h e  p r i m a r y  measurement  f o r  a i r c r a f t  
m o t i o n .  Measuremen ts  f o r  a i r c r a f t  m o t i o n  c o r r e c t i o n s  come f r o m  r a t e  g y r o s  and  an i n e r -  
t i a l  p l a t f o r m .  I n  g e n e r a l ,  v a l u e s  u s e d  a r e  i n c r e m e n t s  f r o m  t h e  mean v a l u e  f o r  t h e  r u n .  
F i g u r e s  8 and  9 l i s t  measuremen ts  ( r e f .  2 )  i n d i c a t i n g  ranges, '  a l l o w a b l e  e r r o r  ( b o t h  
a m p l i t u d e  and p h a s e )  f o r  d e t e r m i n a t i o n  o f  g u s t  v e l o c i t y  v a l u e s  w i t h i n  t1 f p s  f o r  t h e  
r a n g e s  s p e c i f i e d  ( n e a r l y  a l l  f l i g h t  measuremen ts  w i l l  be w e l l  w i t h i n  tFiese r a n g e s ) ,  and  
measured  e r r o r s .  

p r o v i d e d  as  a n a l o g  s i g n a l s  t h r o u g h  o n b o a r d  m a t c h e d  a n t i - a l i a s i n g  f i l t e r s .  The l o w  f r e -  
quency  s i g n a l s  f r o m  t h e  i n e r t i a l  n a v i g a t i o n  s y s t e m  ( I N S )  a r e  d i g i t a l  s i g n a l s  and ( f o r  
t h e  s p a n w i s e  g r a d i e n t  p r o g r a m )  p i e z o e l e c t r i c  p r e s s u r e  t r a n s d u c e r s  w i t h  d i g i t a l  s i g n a l  
o u t p u t s  were  u t i l i z e d .  A l l  s i g n a l s  were  p l a y e d  t h r o u g h  a p u l s e  code  m o d u l a t i o n  c o n v e r -  
s i o n  and  r e c o r d e d  on a f l i g h t  t a p e .  

The p o s t - f l i g h t  d a t a  r e d u c t i o n  shown on f i g u r e  11 i n v o l v e s  f i r s t  c o n v e r t i n g  t h e  
f l i g h t  t a p e  t o  two t a p e s ,  one f o r  t h e  h i g h  f r e q u e n c y  d a t a . c h a n n e l s  a t  200 samp les  p e r  
sec .  and  t h e  o t h e r  f o r  t h e  i n e r t i a l  n a v i g a t i o n  s y s t e m  d a t a  a t  40 samp les  p e r  sec.  A 
w i l d p o i n t  r e m o v a l  p r o c e s s  and  f i l t e r i n g  o f  d i g i t a l  c h a n n e l s  i s  p e r f o r m e d  and t h e  r e s u l t -  
i n g  d a t a  a r e  merged  i n t o  an e n g i n e e r i n g  u n i t s  (EU) t a p e  a t  40 samp les  p e r  sec .  G u s t  
v e l o c i t y  t i m e  h i s t o r i e s  a r e  t h e n  d e r i v e d  a c c o r d i n g  t o  t h e  e q u a t i o n s  shown i n  
f i g u r e  7 a t  40 samp les  p e r  sec .  The r e s u l t i n g  d a t a  t a p e  ( c a l l e d  SPANMAT f o r  t h e  c a s e  
shown i n  t h e  f i g u r e )  can  t h e n  be used  f o r  v a r i o u s  s t a t i s t i c a l  a n a l y s e s .  Power s p e c t r a  
c a n  be p r o v i d e d  t o  20 Hz, however  m o s t  d a t a  a r e  n o t  p r e s e n t e d  above  10 Hz. 

Maneuvers  a r e  p e r f o r m e d  i n  smooth a i r ,  r e s u l t i n g  i n  a i r c r a f t  m p t i o n s  as l a r g e  o r  l a r g e r  
t h a n  w o u l d  be e x p e c t e d  d u r i n g  d a t a  r u n s .  D a t a  a r e  p r o c e s s e d  t h r o u g h  t h e  e n t i r e  p r o c e s s -  
i n g  sequence w i t h  t h e  f i n a l  r e s u l t  b e i n g  a t i m e  h i s t o r y  o f  g u s t  v e l o c i t y  w h i c h  s h o u l d  be 
z e r o .  The v a l u e s  o b t a i n e d  a r e  an i n d i c a t i o n  o f  adequacy o f  t h e  c o r r e c t i o n  p r o c e d u r e .  
Examp le  c a s e s  a r e  g i v e n  i n  f i g u r e s  1 2 a - c .  F o r  t h e  r u n  i n  f i g u r e  12a t h e  p i l o t  p e r f o r m e d  
l a r g e  p i t c h i n g  maneuvers ;  t h e  d a t a  o f  f i g u r e  12b  a r e  a r e s u l t  o f  l a r g e  y a w i n g  m o t i o n  and  
t h a t  o f  f i g u r e  1 2 c  f o r  a i r s p e e d  v a r i a t i o n s .  The r e s u l t i n g  g u s t  v e l o c i t i e s  a r e  s a t i s f a c -  
t o r y  e s p e c i a l l y  c o n s i d e r i n g  t h e  m a g n i t u d e  o f  t h e  a i r c r a f t  m o t i o n s .  

B-57B was t o  p r o v i d e  e s t i m a t e s  o f  t h e  i n t e g r a l  s c a l e  v a l u e ,  L, i n  t h e  von Karman mode l .  
F o r  t h i s  o b j e c t i v e ,  t h e  r e g i o n  o f  i n t r e s t  i n  t h e  power s p e c t r a  was a t  t h e  l o w  v a l u e s  o f  
f r e q u e n c y  o r  i n v e r s e  w a v e l e n g t h .  F o r  s p a n w i s e  g r a d i e n t  s t u d i e s ,  however ,  t h e  v a l u e s  a t  
t h e  l a r g e  i n v e r s e  w a v e l e n g t h s  ( n e a r  t h e  N y q u i s t  f r e q u e n c y )  a r e  i m p o r t a n t  ( r e f .  9 ) .  F o r  
t h e  l o n g  w a v e l e n g t h  emphas is ,  power e s t i m a t e s  a r e  d e s i r e d  a t  m a l  1 f r e q u e n c y  i n c r e m e n t s  
(,f) i n  o r d e r  t o  o b t a i n  e s t i m a t e s  a t  v e r y  l o n g  w a v e l e n g t h s ,  however ,  t o  m i n i m i z e  s c a t t e r  
b e t w e e n  i n d i v i d u a l  power e s t i m a t e s ,  t h e  s t a t i s t i c a l  d e g r e e s  o f  f r e e d o m  ( a  l i n e a r  

The e q u a t i o n s  u t i l i z e d  f o r  d e t e r m i n a t i o n  o f  t h e  t h r e e  componen ts  o f  g u s t  v e l o c i t y  

F l i g h t  d a t a  r e c o r d i n g  i s  as shown on f i g u r e  10. The p r i n c i p a l  measuremen ts  a r e  

A c c u r a c y  a s s e s s m e n t s  a r e  made a c c o r d i n g  t o  t h e  p r o c e d u r e  g i v e n  i n  r e f .  8 .  

As s t a t e d  p r e v i o u s l y ,  t h e  p r i n c i p a l  g o a l  o f  t h e  e a r l i e r  s a m p l i n g  p r o g r a m  w i t h  t h e  
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f u n c t i o n  of both f and record  l e n g t h )  should be a s  l a r g e  a s  p o s s i b l e ,  thus t h e  two 
requi rements  a r e  i n  c o n f l i c t .  Long r eco rds  a r e  always d e s i r e d ,  however. 

I t  i s  impor t an t  t o  p o i n t  o u t  t h a t  d u e  t o  a tuned f requency  of t h e  p l a t fo rm i n  
i n e r t i a l  nav iga t io ;  sys tems,  a i r c r a f t  v e l o c i t y  measurements will  o s c i l l a t e  a t  t h e  
s o - c a l l e d  "Schu le r  f requency  ( r e f .  1 0 )  i . e .  84-minute pe r iod .  T h i s  i s  r e l a t i v e l y  
unimpor tan t  f o r  t u r b u l e n c e  measurements where measurements a r e  d e v i a t i o n s  from t h e  mean 
and runs a r e  of 10 minutes  o r  l e s s ,  however, f o r  w i n d  o r  w i n d  shea r  measurements where 
t h e  t o t a l  v e l o c i t y  measurements a r e  used,  t h e  ampl i tude  of t h e  Schu le r  o s c i l l a t i o n  can 
l e a d  t o  e r roneous  r e s u l t s .  F igu re  14 ( f rom r e f .  1 0 )  shows v a r i a t i o n s  i n  peak v e l o c i t y  
e r r o r  measured a f t e r  f l i g h t s  of from 1 - 6 hours  d u r a t i o n .  The ampl i tude  of t h e  o s c i l -  
l a t i o n  i s  v a r i a b l e ,  b u t  e r roneous  v e l o c i t y  i n d i c a t i o n s  of 3 me te r s / sec  a r e  common. 

T h e  sampling program w i t h  t h e  8-578 a i r c r a f t  has been t e rmina ted .  Tapes c o n t a i n i n g  
t h r e e  components of g u s t  v e l o c i t y  a s s o c i a t e d  w i t h  va r ious  me teo ro log ica l  phenomena a r e  
on f i l e  and a r e  summarized i n  f i g u r e  15.  S t a t i s t i c a l  degrees  of freedom g r e a t e r  t han  
20 a r e  d e s i r e d .  I t  should be poin ted  o u t  t h a t  s i g n i f i c a n t l y  l a r g e r  va lues  a r e  
ob ta ined  f o r  h o r i z o n t a l  g u s t  v e l o c i t y  components. T h i s  i s  be l i eved  t o  be due t o  t h e  
f a c t  t h a t  a t  the  long wavelengths  measured i n  t h i s  program, genera l  w i n d  p a t t e r n s  a r e  
d e t e c t e d ,  and, a s  seen  i n  t h e  power s p e c t r a  p re sen ted  i n  r e f .  11, t h e  power a t  long 
wavelengths  does not  conform t o  t h e  von Karman model. These d a t a  a r e  a v a i l a b l e  f o r  
v a r i o u s  s t a t i s t i c a l  a n a l y s e s .  To d a t e ,  some t a p e s  have been provided  i n  coope ra t ion  
w i t h  t h e  R A E  ( U . K . )  and N L R  ( N e t h e r l a n d s ) .  

RESULTS FROM ATMOSPHERIC T U R B U L E N C E  WORKSHOP 

A workshop focused  on v a r i o u s  a s p e c t s  of a tmospher ic  tu rbulence ,  r e l a t e d  t o  
a v i a t i o n ,  rocke t  and space  programs was he ld  a t  t h e  N A S A  Langley Research Center  i n  
Apri l  1986. The proceedings  a r e  a v a i l a b l e  ( r e f .  1 2 ) .  At tendees  r e p r e s e n t e d  government,  
i n d u s t r y ,  and u n i v e r s i t i e s ,  and were e x p e r t  i n  a r e a s  of measuring,  model ing,  p r e d i c t i n g ,  
and unde r s t and ing  p rocesses  of a tmospher ic  t u r b u l e n c e .  From t h e  measurement s t a n a p o i n t ,  
t h e  fo l lowing  recommendations were made: 

1 .  A r e p o s i t o r y  should be e s t a b l i s h e d  f o r  a l l  a tmospher ic  t u r b u l e n c e  d a t a .  

2 .  The e x i s t i n g  da ta  base should be updated,  expanded and eva lua ted .  

3. Measurements should be ob ta ined  i n  t h e  60-100K f t .  a l t i t u d e  r eg ion .  

I Addi t iona l  recommendations cons ide red  p e r t i n e n t  here  inc lude :  

1 .  A s t a n d a r d ,  s imple ,  q u a n t i t a t i v e ,  automa.ted tu rbu lence  encounter  r e p o r t i n g  pro- 

2 .  A s y s t e m a t i c  i n fo rma t ion /educa t ion  program should  be developed u t i l i z i n g  c i r c u -  

3 .  Design p r o c , e d u r e s / c r i t e r i a  should be c r i t i c a l l y  reviewed i n  regard  t o  a v a i l a b l e  

4 .  A summary document should  be e s t a b l i s h e d  d e s c r i b i n g  t h e  v a r i o u s  e x i s t i n g  and 

cedure  should  be e s t a b l i s h e d  world-wide. 

l a r s  and manuals.  

d a t a ,  a n a l y s i s  c a p a b i l i t i e s ,  des ign  t r e n d s ,  and f o r  v e h i c l e s  such a s  h e l i c o p t e r s .  

proposed t u r b u l e n c e  models and t h e i r  a p p l i c a t i o n s .  

CONCLUDING R E M A R K S  

F l i g h t s  of a i r c r a f t  i n s t rumen ted  t o  measure t rue g u s t  v e l o c i t y  t ime h i s t o r i e s ,  and 
focused  o n  a tmospher ic  t u rbu lence  r e s e a r c h ,  a r e  e s s e n t i a l l y  n o n - e x i s t e n t  i n  t h e  U . S .  a t  
the p r e s e n t  t ime.  The B-57B a i r c r a f t  has been d e a c t i v a t e d .  Other  a i r c r a f t  w i t h  t h i s  
c a p a b i l i t y  a r e  u t i 1  i z e d  p r i m a r i l y  t o  suppor t  o t h e r  programs. Requirements  and proce-  
du res  f o r  a c q u i r i n g  d e t a i l e d  measurements were desc r ibed .  E x i s t i n g  da ta  a r e  on f i l e  and 
a v a i l a b l e  f o r  s p e c i a l  a n a l y s e s ,  however. R e s u l t s  of a workshop he ld  in  1986 provided 
recommendations f o r  f u t u r e  e f f o r t s .  
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Derived gust velocity True gust velocity 

. 

C.G. acceirations 

2 a wfs 

Anqle-ofiitack and 
aircraft motion 

w - v a v - v ~ + w a + ~ e  
9 

Individual gusts 
Gust time history 

, 
F i g u r e  1 - Compar ison o f  D e r i v e d  and T r u e  G u s t  V e l o c i t y  

F i g u r e  2 - 8-578 A t m o s p h e r i c  T u r b u l e n c e  Sampl ing  A i r p l a n e  

F i g u r e  3 - System I n s t a l l a t i o n  on NASA 8-57F A i r c r a f t  



F i g u r e  4 - 8-578 Equlpped  t o  a c q u i r e  Spanwlse G r a d i e n t  D a t a  

F i g u r e  5 - Nose boom on N A S A  E l e c t r a  A i r c r a f t  

F i g u r e  6 . L o c a t i o n  o f  r e s e a r c h  s e n s o r s  and equ ipment  on t h e  N A S A  F -1068  a i r c r a f t  

. 

. 
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1 Gust 

component 
velocity = [ measurement Primary ] + [Aircraft motion corrections 

Longitudinal 

= [AV] + [vax sin 3 + v cos $1 
9 ay 

U 

Lateral 

Vertical 

- [vo] + [ -ve + vaz + Z B  - vas] 
9 

W 

Figure 7 - Equations f o r  the  determinat ion o f  g u s t  v e l o c i t y  component time h i s t o r i e s  

Overall system Measured 
allowable system error 

Measurement Range error ( lo)  @ 25OC 
a, Balsa angleQf-attaCk f 7.5O . 0 9 O  . 0 3  

flow vane relative (. 1) 
p ,  Balsa angle-of- f 7.5O .No . 0 3  

sideslip flow vane relative (. 1) 
6 ,  pitch rate f 1 Rlsec .012 Rlsec . 01 
4, yaw rate f 112 Rlsec .006 Rlsec .005 
6, ro i l  rate f 1 Rlsec .012 Rlsec .008 
T, free a i r  temp * 5OoC .555OC .3OC 

notal temp) 
qc, impact pressure 0-5 PSlD . 0 3  PSI .013 

AP , incremental f .25 PSlD .003 PSI .0007 
static pressure f . l  PSlD .0003 

A P  , incremental f .25 PSlD .003 PSI .0007 
T total pressure f . l  PSlD .OM3 

P , static pressure 0-15 PSlA . l  PSI .04 
S 

A,,,, acceleration f 1G .02  G .om 
time 0-365 days . 001 sec 

Figure 8 - Measurements l i s t  f o r  MAT a i r c r a f t  ( 8 - 5 7 8 )  

1 - -  
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Airborne inertial data system (A IDS)  

Measurement Range error (la) 6' 25OC 

Overall system Mea s u red 
allowable system error 

1 G to -1 G .006 G .!I05 

1G to - l G  .006G . 0 8  

3G to -3G .018 G .013 

f 100 FPS . 6  FPS . 4  

f 100 FPS . 6  FPS . 4  

f 100 FPS . 6  FPS . 4  

AX 

. AY 

AZ 

'AX 

'AY 

'AZ 
0 20 to 5; . 16: .08 

* ;io .08 
.04 

.03 
4to -4' . of .03 
-4 to -7.5O . 1  .03 

5 to -5 
-5 to -2OO 

0 e 7.5 to 4O . 1  

F i g u r e  8 b  - Measurements l i s t  c o n t i n u e d  ( a i r b o r n e  i n e r t i a l  d a t a  s y s t e m )  

Overall system Meas u red 
allowable system error  

Measurement Range error (la) 6' 25OC 

A *  7. 5 .MO . 0 9 O  

'X 2000 FPS 15 FPS 6 FPS 

2000 FP S 15 FPS 6 FPS 'Y 

0 * 0-360' .5O .7 

F i g u r e  8 c  - Measurements l i s t  c o n t i n u e d  ( a i r b o r n e  i n e r t i a l  d a t a  s y s t e m )  

Allowable Measured 
Fu I I -scale phase error,  relative phase 

Measurement range deqrees @ 1 Hz, deqrees 
~~ 

e 
A @  
a and p 
0 
e ,  6 * 
AX' AY 
AZ 

'AX' 'AY 1 'AZ 

f 7.5' 
f 7.5: 
f 7.5 

f 1 radlsec 
f . 5  radlsec 
f 1 G  
f 3G 

f 1OOFPS 

f 20° 

f 1. 5 
f 1. 5 
f L 7  
f .92 
f 1.4 
f 1.4 
f . 7  

f . 7  

f 1. 4 

-. 75 
-. 75 
.25 
-. 75 

-1. 5 
-1.5 
-1.25 
-1.25 

-1.25 

f 1 G  f 1. 7 +1. 1 
- 0-360' f 1.5 -. 75 
f .25 f L 7  

Lo f . 1  f 1. 7 

AN * 
"Total Hi 

F i g u r e  9 - Measurements l i s t  c o n c l u d e d  ( p h a s e  m a t c h i n g )  
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- -  

* INS  (conditioned digital) signals 

. 
b 

P C M  
conversion 

n Tape 1 

Main (filtered analog) signals I I 

F i g u r e  10 - , F l i g h t  d a t a  r e c o r d i n g  

units 

Calibration I 
coefficients ,-Piezoelectric data 

Calibration 
coeffilcients 

- 
1 sps 

SPANMAT 

F i g u r e  11 - P o s t - f l i g h t  d a t a  r e d u c t i o n  s c h e m a t i c  

Altitude, 26 200 ft 
mlsec ftlsec - 20 

- 10 6 

3 6 \"I Ve 

20 
10 
0 
10 

L ,  - 20 

wg p1-y0 
0 2 6 10 14 18 

Time, sec 

F i g u r e  12 - Accuracy  assessment  w i t h  f l i g h t  d a t a  

( a )  v e r t i c a l  component 
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Altitude, 15 300 ft 
mlsec ftlsec 

‘ax 
ay 

v ill- - -In 
1 1 1 1 1 I I  I I I I I +I10 ‘g-3L 

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 
Time, sec 

Figure 1 2  - Accuracy assessment  continued 

( b )  l a t e r a l  component 

Altitude, 14 700 tl 
(Run in very slight turbulence) 

mlsec ftlsec 

v o  
30 

I ‘ l l l l l l l l l J  

0 4 8 12 16 20 24 28 32 36 40 44 
Time, sec 

Figure 1 2  - Accuracy assessment  concluded 

( c )  l ong i tud ina l  component (run made i n  s l i g h t  turbulence )  

. . 

. - 
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Power 
spectral 
density 

Freq region important for L determination 

.For L determination: 
*Power estimates at s m l i  Af 
*Long data r u n s  

.For spanwise gradient determination: 
*Nyquist at h iqh freq 

I I 

Inverse wavelenqth 

Figure 13 - Regions o f  Emphasis in Power Spectra 

10 

8 

Maximum 6 
velocity 
error, 

m/s 4 

2 

0 

0 

O A  
A degraded performance 

O B  
0 

U 

Y I I 
1 2 3 4 5 6 

Flight duration, hrs 

FIgure 14  - Measured Schuler o s c i l l a t i o n  data on ramp a f t e r  f l i g h t  

Altitude Cft) 

-4-6K 
9-15K 

23-46K 

19 - 35K 

L 5K 

5.5 - 1 4 5 K  

42K 

Figure 15 - 

Mountain waveloragraphic (3 flts) 

Na runs  Statistical D. 0. F. o w  (ftlsec) 

9 13 - 40 4 6 - 1 . 3  
9 10 - 23 1 2 - 1 2 5  
3 21 - 40 1 5  - 4 4  

Wind-shearljet stream (4 fits1 
8 10 -31  L 5 - 2 9  

(1 f l t l  Lowalt i tude convection (1 f l t l  
1 45 1 8  

Convection, sea- breeze convergence 111) 
6 11 - 21 4 6 - 1 . 8  

Complex effects (1 fltl 
4 14 - 28 5 - 8  

Ov (ftlsec) 

4 7 - 2 1  

6 3 - 17.7 
7.8-23 

1 3 - 1 7  

1 9  

7.2 - 10.3 

15.5 - 28.7 

Measured g u s t  v e l o c i t y  time h i s t o r i e s  a v a i l a b l e  

1-11 
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MEASUREMENT AND ANALYSIS OF LOW ALTITUDE ATMOSPHERIC TURBULENCE 
OBTAINED USING A SPECIALLY INSTRUMENTED GNAT AIRCRAFT 

by 

Dr G.W. F o s t e r  and J . G .  Jones  
Procurement Execu t ive ,  M i n i s t r y  of Defence 

FS( B )  1 D i v i s i o n ,  Royal A i r c r a f t  Es t ab l i shmen t  
Bedford M K 4 1  6AE, E n g l a n d ,  

AGARD SMP Workshop, Athens,  September 1986 

* SUMMARY 

Detai led measurements of a tmosphe r i c  t u r b u l e n c e  made by a s p e c i a l l y  in s t rumen ted  
Gnat a i r c r a f t  a t  a l t i t u d e s  below one thousand fee t  o v e r  a v a r i e t y  of t e r r a i n s  are 
d e s c r i b e d .  A programme of f l y i n g  y i e l d e d  abou t  400 runs  f o r  which time h i s t o r i e s  of t h e  
th ree  components of t u r b u l e n c e  are a v a i l a b l e .  These runs  are  a n a l y s e d  t o  g i v e  pa rame te r s  
which summarise t h e  s t a t i s t i c a l  c h a r a c t e r i s t i c s  of t h e  t u r b u l e n c e  encoun te red .  A ve ry  
s t r o n g  r e l a t i o n s h i p  between two pa rame te r s  from t h e  S t a t i s t i c a l  D i s c r e t e  Gust a n a l y s i s  
t e c h n i q u e  and one from t h e  Power S p e c t r a l  Dens i ty  t e c h n i q u e  i s  i d e n t i f i e d .  

LIST OF SYMBOLS 

a 

A 

l a b  

- F  

H 

h 

k 

L 

Ls t d  

n ( S ,  x )  

r 8  
1 

S 

9 t  
1. 

paramete r  d e f i n i n g  o v e r a l l  ra te  of 
o c c u r r e n c e  of ramps ( o r  more 
a c c u r a t e l y  smooth i n c r e m e n t s ) ,  see 
E q .  ( A - 1 )  

i n t e r c e p t  of s t ra ight  l i n e  i n  PSD 
graph w i t h  1 c y c l e  per metre a x i s ,  
see Eq.(2)  

i n t e n s i t y  pa rame te r  d e f i n i n g  ampli-  
t u d e  d i s t r i b u t i o n  of ramps (smooth 
i n c r e m e n t s ) ,  see E q . ( A - l )  

g a i n  of f i l t e r  i s  1/F, see Eq.(A-2) 

l e n g t h  of ramp (smooth i n c r e m e n t s )  , 

h e i g h t  

s c a l i n g  pa rame te r  d e f i n i n g  r e l a t i v e  
i n t e n s i t y  of ramps (smooth 
i n c r e m e n t s )  of d i f f e r i n g  l e n g t h s ,  
see Eq.(A-1) 

see F i g  25 

s c a l e  l e n g t h  of t u r b u l e n c e  

s t a n d a r d  scale l e n g t h  (2500 f t ,  - 
762 m )  used i n  c a l c u l a t i o n  of a , 
see E q s . ( 7 )  and ( 9 )  

d e n s i t y  (when d i f f e r e n c i n g  o v e r  
d i s t a n c e  S) of rate of o c c u r r e n c e  
o f  peaks and t r o u g h s  w i t h  s i z e  
g r e a t e r  t h a n  x 

d e n s i t y  ( a t  ramp l e n g t h  H )  of rate 
of o c c u r r e n c e  of ramps w i t h  ampli-  
t u d e  greater t h a n  w 

Appendix) 
l o c a l  s l o p e  of PSD curve  (see 

d i f f e r e n c i n g  d i s t a n c e  

t ime 

component of v e l o c i t y  a l o n g  a i r -  
c r a f t  body f i x e d  x a x i s ,  com- 
ponen t  of t u r b u l e n c e  v e l o c i t y  i n  
t h a t  d i r e c t i o n ;  p o s i t i v e  forward 

t r u e  a i r s p e e d  
component of v e l o c i t y  a l o n g  

a i r c r a f t  body f i x e d  y a x i s ,  

W 

w,  wg 

X 

X 

Y 

Z 

a 

a 

R 

B 

A t  

K 

x 

a 

- 
a 

component of t u r b u l e n c e  
v e l o c i t y  i n  t h a t  d i r e c t i o n ;  
p o s i t i v e  t o  s t a r b o a r d  

ampl i tude  of ramp (smooth 
i n c r e m e n t ) ,  see F i g  25 

component of v e l o c i t y  a l o n g  
a i r c r a f t  body f i x e d  z a x i s ,  
component of t u r b u l e n c e  
v e l o c i t y  i n  t h a t  d i r e c t i o n ;  
p o s i t i v e  downwards 

s i z e  of peak o r  t r o u g h  

a i r c r a f t  body f i x e d  a x i s ,  

a i r c r a f t  body f i x e d  a x i s ,  

a i r c r a f t  body f i x e d  a x i s ,  

a n g l e  of a t t a c k  

pa rame te r  d e f i n i n g  o v e r a l l  ra te  

p o s i t i v e  forward 

p o s i t i v e  t o  s t a r b o a r d  

p o s i t i v e  downwards 

of o c c u r r e n c e  of peaks and 
t r o u g h s ,  see Eq.(A-2) 

a n g l e  of s i d e s l i p  o r  more accu- 
r a t e l y ,  as the  t a n g e n t  d e f i -  
n i t i o n s  of i n c i d e n c e  a n g l e s  
are be ing  used ,  f l a n k  a n g l e  
a t t a c k ,  Ref 23 

i n t e n s i t y  pa rame te r  d e f i n i n g  
ampl i tude  d i s t r i b u t i o n  of 
peaks and t r o u g h s ,  see 
Eq. (A-2) 

sampling i n t e r v a l  

wave number t h a t  i s  c y c l e s  p e r  

w id th  o f  f i l t e r  i s  S/x , see 

s t a n d a r d  d e v i a t i o n  p a r t i c u l a r l y  

u n i t  d i s t a n c e  

Eq (A-2) 

of t u r b u l e n c e  speed 

estimate of t u r b u l e n c e  i n t e n -  
s i t y ,  see Eqs.(6)  and ( 8 )  
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'diff  

1 

one s t a n d a r d  d e v i a t i o n  of t h e  
smoothed d i f f e r e n c e d  s i g n a l  
s i t y ,  see Eqs.(6) and ( 8 )  

INTRODUCTION 

9 power s p e c t r a l  d e n s i t y  

Between J u l y  1981 and A p r i l  1983 Gnat XP 505" ( F i g  1) under took  a f l y i n g  programme 
t o  c o l l e c t  samples  of measurements of a tmosphe r i c  t u r b u l e n c e  p a r t i c u l a r l y  a t  low a l t i t u d e  
u s i n g  s p e c i a l  i n s t r u m e n t a t i o n  i n s t a l l e d  f o r  t h e  t a s k ,  Ref 1. Being a h i g h l y  manoeuvrable 
f a s t  j e t ,  t h e  Gnat was able t o  unde r t ake  f l i g h t  p r o f i l e s  c l o s e l y  a k i n  t o  o p e r a t i o n a l  
s t r i k e  a i rc raf t  ove r  a l l  t y p e s  of t e r r a i n .  The aim of t h e  programme was t o  sample t h e  
t u r b u l e n c e  encoun te red  i n  a r ange  of a tmosphe r i c  c o n d i t i o n s  o v e r  v a r i o u s  t y p e s  of t e r r a i n  
and a t  a number of h e i g h t s .  It was n o t  i n t e n d e d  t o  g a t h e r  s t a t i s t i c s  f o r  t h e  t u r b u l e n c e  
encoun te red  d u r i n g  a l l  f l y i n g  of the  Gnat.  
s p e c t r a l  and s t a t i s t i c a l  d i s c r e t e  g u s t  t e c h n i q u e s  w i t h  t h e  i n t e n t i o n  of improving t h e  t u r -  
b u l e n c e  models tha t  are used i n  areas such  as c o n t r o l  system d e s i g n  and g e n e r a t i o n  o f  
s y n t h e t i c  t u r b u l e n c e .  A s u b j e c t  o f  p a r t i c u l a r  concern was t h e  a c c u r a t e  mode l l ing  of t h e  
rates of o c c u r r e n c e  and form of extreme g u s t s .  

b u l e n c e  measurements made by Gnat XP 505 and i n t r o d u c e s  t he  data r e d u c t i o n  methods,  
i n c l u d i n g  t h e  t y p e s  of s t a t i s t i c a l  a n a l y s i s ,  b e i n g  a p p l i e d  t o  t h e  f l i g h t  r e c o r d i n g s .  A 
f u r t h e r  Report  (Ref 3) w i l l  soon be a v a i l a b l e  g i v i n g  de ta i l s  of t h e  a n a l y s i s  of a large 
number of samples  of t h e  t u r b u l e n c e  data. The p r e s e n t  paper  summarises some o f  t he  
r e s u l t s .  

2 FLIGHT PROGRAMME 

The r e s u l t i n g  samples  were a n a l y s e d  u s i n g  bo th  ' 

An RAE Report  (Ref 2)  has been p u b l i s h e d  which p r e s e n t s  a few examples of t h e  t u r -  

A t o t a l  of 389 t u r b u l e n c e  sampling runs  have been comple t e ly  a n a l y s e d .  F i g  2 shows 
t h e  approximate geograph ic  l o c a t i o n s  w i t h i n  B r i t a i n  of t h e s e  runs  t o g e t h e r  with a n  i n d i -  
c a t i o n  of t h e  s e v e r i t y  of t u r b u l e n c e  uv (see below) encoun te red  d u r i n g  each  run.  Note 
t h a t  t h e  p o i n t s  i n  F ig  2 have been s h i f t e d  s l i g h t l y  when n e c e s s a r y  t o  a v o i d  p o i n t s  
o v e r l a y i n g  one a n o t h e r .  

Most of t h e  s o r t i e s  took p l a c e  from RAE Bedford A i r f i e l d  and t h e r e  were a large ? 
number of f l i g h t s  i n  t h e  Bedford l o c a l  area. F l i g h t s  o v e r  t h e  Cotswolds,  Severn/Wye 
v a l l e y  area, and t h e  mountains of South and Mid Wales gave a s e l e c t i o n  of t e r r a i n s  of 
i n c r e a s i n g  roughness .  Two p e r i o d s  of f l y i n g  from Kin loss  i n  S c o t l a n d  gave some r u n s  o v e r  
v e r y  rugged t e r r a i n  and two such  runs  have been d e s c r i b e d  i n  d e t a i l  i n  R e f  2 .  F l i g h t s  - 
o v e r  t h e  East Anglian Fens and t h e  S u f f o l k  c o a s t  gave examples o f  t u r b u l e n c e  o v e r  smoother 
t e r r a i n ,  and t o  complete  t h e  p i c t u r e  t h e r e  were some f l i g h t s  o v e r  t h e  sea, mos t ly  t h e  
North Sea o f f  East Anglia .  Each of t he  runs  ana lysed  was a l l o t t e d  a ' T e r r a i n  Roughness 
R a t i n g '  i n  the range 0 t o  8, see Tab le  1. 

I n  most c a s e s  t he  p i l o t  made a t  l ea s t  t h r e e  runs  a l o n g  a p a r t i c u l a r  s t r a i g h t  t r a c k  
a t  r a d i o  alt imeter h e i g h t s  of 250, 500 and 1000 f t  (75,  150 and 300 m ) .  C l e a r l y ,  main- 
t a i n i n g  c o n s t a n t  r a d i o  h e i g h t  o v e r  rough t e r r a i n  was i m p o s s i b l e  and i n  t h e s e  c o n d i t i o n s  
t h e s e  nominal h e i g h t s  tended t o  become minimum h e i g h t s .  The r e s t r i c t i o n  t o  s t r a i g h t  runs  
c o n f l i c t e d  t o  some e x t e n t  w i t h  t h e  aim of sampl ing  t u r b u l e n c e  a l o n g  r e a l i s t i c  f l i g h t  pro- 
f i l e s  f o r  low l e v e l  a t t a c k  a i rc raf t  and s o  some runs  were made w i t h  t h e  a i r c r a f t  
manoeuvring t o  f o l l o w  v a l l e y s  and so  f o r t h .  U n f o r t u n a t e l y  removing t h e  e f f e c t s  of a i r -  
c ra f t  motion from t h e  r e s u l t i n g  f l i g h t  d a t a  t o  g i v e  t u r b u l e n c e  time h i s t o r i e s  w i t h o u t  
s p u r i o u s  g u s t s ,  a d i f f i c u l t  t a s k  even f o r  t h e  wings - l eve l  runs  (see below),  proved unre- 
l i a b l e  f o r  t h i s  t y p e  of f l y i n g  and so  i t  was n o t  employed ve ry  much. 

which f l y i n g  t h i s  low was p e r m i t t e d  were v e r y  l i m i t e d :  t h e  extreme North of S c o t l a n d ,  
d u r i n g  t h e  approach t o  RAE Bedford A i r f i e l d  and ove r  t he  sea. The p i l o t s  were under- 
s t a n d a b l y  r e l u c t a n t  t o  o p e r a t e  t h i s  low o v e r  t h e  sea due t o  t h e  l a c k  of v i s u a l  h e i g h t  
c u e s .  Some runs  a t  h i g h e r  a l t i t u d e s  t h a n  1000 f t  were made, b u t  f i n d i n g  t u r b u l e n c e  here 
was more d i f f i c u l t .  

When p o s s i b l e  runs  a t  100 f t  r a d i o  h e i g h t  were made. However, t h e  l o c a t i o n s  i n  

A s  t h e  t o t a l  r e c o r d i n g  time was l i m i t e d  t o  18 minu tes  t h e  r e c o r d e r s  were o n l y  
s w i t c h e d  on d u r i n g  runs .  The p i l o t  k e p t  n o t e s  on t h e  l o c a t i o n  and c o n d i t i o n s  of t he  
v a r i o u s  runs .  

t 

Because of t h e  problems caused by g e t t i n g  water i n t o  t he  Conrad Yawmeter and t 

m i n i a t u r e  p i t o t  pneumatic p i p e s  which form p a r t  of t h e  t u r b u l e n c e  s e n s i n g  system (see 
below),  f l y i n g  i n  r a i n  was avoided.  Water i n  t h e s e  p i p e s  would e f f e c t  t h e i r  dynamic 
r e s p o n s e  and cou ld  f r e e z e  so d i s a b l i n g  t h e  system comple t e ly .  Data from f l i g h t s  where t h e  - 
p i l o t  r e p o r t e d  t h a t  r a i n  had been p e n e t r a t e d  was always reviewed c a r e f u l l y .  Avoiding r a i n  
w i l l  of c o u r s e  have b i a s e d  t h e  m e t e o r o l o g i c a l  c o n d i t i o n s  under  which t h e  data was 
g a t h e r e d .  

a r e p r e s e n t a t i v e  example h e r e .  The p i l o t  o r i g i n a l l y  i n t e n d e d  t o  perform r u n s  i n  t h e  
The d a t a  g a t h e r e d  d u r i n g  one p a r t i c u l a r  f l i g h t ,  f l i g h t  number 716, w i l l  be used as 

* Now on d i s p l a y  i n  t h e  Sc ience  Museum, London. 
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B r e c o r  Beacons area of South Wales. However, as he saw the re  was r a i n  ove r  t h e s e  moun- 
t a i n s ,  he  i n s t e a d  found a c l e a r  p a t c h  West of Birmingham and d i d  f o u r  runs  on a l i n e  run- 
n i n g  South from B r i d g n o r t h ,  F i g  3. This f l i g h t  p a t h  was a c r o s s  wind. Two of t h e  runs  
r eco rded  were head ing  North a l o n g  s e c t i o n s  of t h e  ground t r a c k  shown I n  F i g  3 and t h e  
o t h e r  two head ing  South.  

3 DATA CAPTURE AND H A N D L I N G  

3 .1  I n s t r u m e n t a t i o n  

The i n s t r u m e n t a t i o n  c a r r i e d  by Gnat XP 505 ( F i g  4 )  i s  d e s c r i b e d  i n  d e t a i l  i n  Ref 1. 
The main a i r  data s e n s o r s  were p a i r s  of Conrad Yawmeters and m i n i a t u r e  p i t o t  t u b e s  on t h e  
ex tended  nose probe of the  a i r c r a f t ,  F ig  5.  A Conrad Yawmeter c o n s i s t e d  of two hypodermic 
s t e e l  t u b e s  w i t h  ang led  ends ,  F i g  6. The p r e s s u r e  d i f f e r e n c e  a c r o s s  each doub le  t u b e  was 
s e n s e d  and r eco rded .  I n  a d d i t i o n  t o  t h e  Conrad Yawmeters on t h e  nose  p robe ,  i n c i d e n c e  and 
s i d e s l i p  were a l s o  measured by wind vanes c a r r i e d  on t h e  wing t i p  p robes  and t h e  nose 
p robe .  Vanes w i t h  balsa wood blades were used as these g i v e  b e t t e r  f r equency  r e sponse  
t h a n  metal o r  carbon f i b r e  vanes due t o  t h e i r  low i n e r t i a ,  a t  t h e  expense of be ing  less 
r o b u s t .  

An i n s t r u m e n t a t i o n  pack occupied the  rear c o c k p i t  and c o n t a i n e d  the  MODAS d i g i t a l  
t a p e  r e c o r d e r  (Ref 4 )  used f o r  d a t a  c a p t u r e .  T h i s  gave a 12 b i t  r e s o l u t i o n ,  and t h e  
m a j o r i t y  of i n s t r u m e n t s  were reco rded  a t  256 samples p e r  second.  

3.2 Data h a n d l i n g  

F i g  7 summarises t he  f low of data d u r i n g  t h e  p o s t - f l i g h t  a n a l y s i s  of an  a i r b o r n e  
r e c o r d i n g .  The f i r s t  stage was t o  produce a computer compa t ib l e  t a p e  (known as REDUC 
t a p e )  and ' q u i c k  l o o k '  pen p l o t s  of some of t h e  i n s t r u m e n t s .  Based on t h e s e  p l o t s  and the  
p i l o t ' s  r e p o r t s ,  runs  t o  be a n a l y s e d  were chosen.  I n  g e n e r a l  f o r  t h e  t u r b u l e n c e  sampling 
programme these were picked t o  be r e p r e s e n t a t i v e  s e c t i o n s  between 60 and 90 s e c  l o n g  of 
t h e  runs  r eco rded  by the  p i l o t .  

Program I l l C ,  which i s  d e s c r i b e d  i n  d e t a i l  i n  Ref 1, was used t o  e x t r a c t  t he  
chosen a n a l y s i s  runs  from t h e  REDUC tape and app ly  c a l i b r a t i o n s  t o  y i e l d  time h i s t o r i e s  i n  
e n g i n e e r i n g  u n i t s  f o r  each i n s t r u m e n t  and d e r i v e d  q u a n t i t y .  These were s t o r e d  on a Gnat 
data magnet ic  t a p e .  Run names were a s s i g n e d  a t  t h i s  stage.  I n  g e n e r a l  t h e  names used 
take the  form Gnat 'Three d i g i t  f l i g h t  number' ' two d i g i t  run number'.  

f rom wind t u n n e l  t e s t s  Ref 5 t o  get a i r  f low d i r e c t i o n s  and speed a t  t h e  nose probe based 
o n  data from the  Conrad Yawmeters and m i n i a t u r e  p i t o t .  I l l C  a l s o  de-skewed t h e  s e q u e n t i a l  
samples by u s i n g  l i n e a r  i n t e r p o l a t i o n  t o  synchron ize  t he  a p p a r e n t  s ampl ing  i n s t a n t  of t he  
v a r i o u s  i n s t r u m e n t s .  

For f l i g h t  716 f o u r  a n a l y s i s  runs  each  of 90 s e c  d u r a t i o n  were e x t r a c t e d  from t h e  
f l i g h t  r e c o r d i n g s .  These runs  are named Gnat 71601,2,3 and 4 .  They are  composed of t h e  
middle  s e c t i o n s  of each of t he  f o u r  runs  r eco rded  by t h e  p i l o t .  F i g  8 g i v e s  time h i s t o r y  
p l o t s  from some of t he  i n s t r u m e n t s  f o r  t he  f i r s t  of these f o u r  r u n s .  Note,  i n  p a r t i c u l a r ,  
t he  t r a c e s  of ba romet r i c  h e i g h t  and ground h e i g h t  ( t h e  l a t t e r  i s  o b t a i n e d  by s u b t r a c t i n g  
t h e  r a d i o  a l t imeter  r e a d i n g  from t h e  fo rmer )  which g i v e  an i m p r e s s i o n  of t h e  t e r r a i n  
c r o s s e d  and the  f l i g h t  pa th  t a k e n  ove r  i t .  Time h i s t o r i e s  are a l s o  g i v e n  i n  F i g  8 f o r  the  
f l o w  a n g l e s  a t  the nose probe as measured bo th  by t h e  Conrad Yawmeters, l a b e l l e d  ALPHA(CY)  
and BE,TA(CY) , and by the  balsa vanes which are l abe l l ed  ALPHA(NP) and BETA(NP). I l l C  does 
n o t  c o r r e c t  f o r  i n s t r u m e n t  dynamic c h a r a c t e r i s t i c s  and so  p r e s s u r e  l a g s  i n  pneumatic 
i n s t r u m e n t s  have n o t  been r e c t i f i e d  a t  t h i s  s t a g e .  

The c a l i b r a t i o n s  performed by program I l l C  i n c l u d e d  a p p l y i n g  t h e  r e s u l t s  o b t a i n e d  

3 .3  C a l c u l a t i o n  of t u r b u l e n c e  time h i s t o r i e s  

The n e x t  stage i n  t h e  p r o c e s s i n g  was t o  d e r i v e  time h i s t o r i e s  of t he  a tmosphe r i c  
t u r b u l e n c e  encoun te red  d u r i n g  t h e  a n a l y s i s  runs .  This invo lved  c o r r e c t i n g  f o r  i n s t r u m e n t  
dynamic behav iour  and removing the  e f f e c t s  of a i r c r a f t  o r ,  more a c c u r a t e l y ,  s e n s o r  motion 
from t h e  measurements of a i r f l o w  speed and d i r e c t i o n .  We w i l l  h e r e  c o n c e n t r a t e  on the  
d e r i v a t i o n  of t h e  t h r e e  components of t u r b u l e n c e  (ug , v and w ) u s i n g  t h e  a i r f l o w  
i n f o r m a t i o n  from the  pneumatic i n s t r u m e n t s  a t  the  nose pro%, (Conras  Yawmeters and 
m i n i a t u r e  p i t o t ) .  The u s e  of data from the  balsa wood wind vanes on t h e  wing t i p  probes 
and on the  nose probe,  which g i v e  i n f o r m a t i o n  abou t  t he  spanwise v a r i a t i o n  of t h e  t u r -  
b u l e n c e ,  i s  d i s c u s s e d  i n  Ref 6 and Ref 7. 

3.3.1 C o r r e c t i o n s  f o r  pneumatic p i p e  dynamics 

The p r e s s u r e  t r a n s d u c e r s  used by t h e  Conrad Yawmeters and m i n i a t u r e  p i t o t  were 
s i t u a t e d  i n  t h e  nose bay of t h e  a i r c r a f t  and so  there  were p i p e  runs  of 1.65 m between the  
p r e s s u r e  s e n s i n g  o r i f i c e s  on t h e  nose probe and these t r a n s d u c e r s .  Between the  inboa rd  
end of t h e s e  p i p e s  and t h e  p r e s s u r e  t r a n s d u c e r s  enc losed  volumes (7.91 c c )  were f i t t e d  t o  
r educe  the  amount of ' o rgan-p ipe '  r e sonance ;  however, there  was s t i l l  a r e s o n a n t  peak 
between 16 and 18 Hz. F i g  9 shows the  r e s u l t s  of ground tes t s  Ref 1 t o  i n v e s t i g a t e  t h e  
f r equency  r e sponse  of t h e  p i p e s  as i n s t a l l e d  i n  t h e  a i r f r a m e  u s i n g  o s c i l l a t i n g  p r e s s u r e  
g e n e r a t o r s ,  and compares t h e  measurements w i t h  p r e d i c t i o n s  made u s i n g  t h e  t h e o r e t i c a l  
method of Bergh and Tijdeman Ref 8. The agreement i s  e x c e l l e n t  and s o  the  t h e o r e t i c a l  
method has been used t o  p r e d i c t  t h e  behav iour  i n  f l i g h t  as shown i n  t h e  f i g u r e .  
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Program TURB (see Fig 7) incorporates digital filters which attempt to correct the 
incidence and sideslip signals from the Conrad Yawmeters and the airspeed from the 
miniature pitot so as to remove the effects of this resonance. Fig 10 is an example of 
the frequency response of the Finite Impulse Response (FIR) digital filters used. This 
filter attenuates the signal around 17 Hz as required but introduces some amplification 
between 20 Hz and 55 Hz. Just beyond 2 0  Hz this is not unreasonable as the filter is 
correcting for the attenuation caused by the pipes in this region. In general though, 
introducing amplification at high frequencies is undesirable due to the effects it has on 
noise in the signal. Fortunately the combined effects of the pipes pneumatic attenuation 
beyond 20 Hz and the 25  Hz fourth order Butterworth analogue (electrical) antialiasing 
filters, which are applied to the signal before sampling in the aircraft's recording 
system, are together sufficient to remove completely any undesirable consequences from the 
amplification caused by these digital filters. 

Based on the above mentioned theoretical method the dynamic behaviour of the 
pneumatic pipes was calculated for a range of pressures and temperatures covering the con-' 
ditions which could be encountered in the pipes in flight. The characteristics of the 
digital filters used in program TURB were scheduled with the pressures and temperature at 
each instant in flight to match the expected behaviour of the pipes at the flight 
conditions. 

3.3.2 Removal of sensor motion 

To remove the component in the recorded airflow velocity which arises from the 
movement of the sensors in sympathy with the airframe so leaving just the motion of the 
air (the turbulence), the velocity of the airflow sensors at each instant in time during a 
run has to be obtained. This was achieved by integrating the recordings from inertial 
sensors, e linear accelerometers and angular rate gyros. 
mounted near the airflow sensors on the nose probe of the Gnat (though they were present 
at the ends of the wing tip probes) and so it was necessary to use the instruments mounted 
in the rear cockpit and assume the airframe and nose probe formed a rigid body between the 
instrumentation pack and the airflow sensors. If this assumption is not valid one would 
expect particular problems at frequencies corresponding to the natural modes of the 
airframe and nose probe. Ground resonance testing of an early version of the Gnat Ref 9 
gave (with full underwing fuel tanks) a first wing symmetric bending mode at 9.1 Hz, 
asymmetric wing bending at 15.9 Hz and fuselage bending at 29.0 Hz. The nose probe fitted 
t o  Gnat XP 505  has a natural frequency of 31.4 Hz both laterally and normally. Only the - 
first two of these are within the frequency range observable by the Conrad Yawmeters Fig 9 
and no contamination at these frequencies has been seen in the turbulence power spectral 
densities produced (see below for some examples). Of course quasi-static distortion at 
lower frequencies may occur but the success achieved in removing contamination at the - 
dutch roll and short period frequencies tends to indicate that this was not a problem. 

The integration of kinematic equations which is part of the process of removing 

Such instruments were not 

sensor motion tends to be very sensitive to zero offsets in the instruments; for example a 
zero offset in a lateral accelerometer will, when integrated, produce an increasing side 
velocity which, if uncorrected, would contaminate the estimated side gusts. Therefore, 
prior to using program TURB, an Instrument Compatibility Check (ICC) program developed at 
the RAE by Reid Ref 10 was applied to the available instrument time histories so as to 
estimate these zero offsets for each run. This ICC program also proved useful in analys- 
ing a series of manoeuvres in calm air to identify position error corrections for the 
instrumentation system, particularly upwash and sidewash correction factors. 

Since the ICC program produces time histories for a , B and Vt based on the 
inertial instruments the difference between these and the observations will be the tur- 
bulence. However, it was found preferable to recompute the turbulence in the separate 
program, TURB, for several reasons. A major one was to allow the ICC program to work with 
only a very much thinned (but adequate) version of the time histories (usually eight 
samples per sec), so reducing the amount of storage and computation it required, while 
TURB could handle the data at the full sampling rate of the airflow sensors and so produce 
time histories of the three components of turbulence at 256 samples per sec. The ICC 
program passes values for initial conditions and zero offsets to TURB as shown in Fig 7. 

still with respect to an aircraft body axis system (head, side and normal). They are not 
components in earth axes (North, East and vertical), nor are they along-heading, across- 
heading and vertical which is an example of another possible set. It would be possible to 
resolve into either of the latter two systems using the pitch attitude and bank angle 
recordings and (for earth axes) the heading recording. However, the aim of the turbulence' 
investigation programme was to gather data on the turbulence and gusts which are encoun- 
tered, and have an influence upon, aircraft flying at low altitude. It thus seems pref- 
erable to produce turbulence records which allow such information to be extracted 
directly. Transforming into either of the other axes systems mentioned above might be - 
extremely useful when, for example, carrying out comparisons with ground features but 
would not yield information which was directly useful in aircraft, as opposed to meteoro- 
logical, studies. In practice the restriction to straight runs mentioned earlier, the 
fairly small pitch attitudes reached in the turbulence measuring runs and the pilot's 
efforts to keep the wings level mean that the normal component is very nearly the same as 
vertical component. The convention that in aircraft body axes z is downwards means that 
positive values of wg correspond to DOWN gusts. 

It should be noted that the three components of turbulence produced by TURB are 
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For  d i s s e m i n a t i o n  t o  o t h e r  u s e r s  and l o n g  term s t o r a g e ,  t he  time h i s t o r i e s  of t h e  
t h r e e  components of t u r b u l e n c e  produced by TURB were t r a n s f e r r e d  t o  Gnat TURB magnet ic  
t a p e s  ( F i g  7 ) .  

3.3.3 Assessment of e x t r a c t e d  t u r b u l e n c e  

F i g  11 shows t h e  t u r b u l e n c e  time h i s t o r i e s  f o r  t h e  f i r s t  run i n  f l i g h t  716. The 

NP MP UG f o r  Nose Probe, M i n i a t u r e  P i t o t ,  based U component of Gust,  

th ree  components are l abe l l ed :  

NP CY VG f o r  Nose Probe, Conrad Yawmeter, based V component of Gust,  and 

NP CY WG f o r  Nose Probe, Conrad Yawmeter, based W component of Gust .  

To b r i n g  o u t  t h e  d e t a i l  a v a i l a b l e  more c l e a r l y  F i g  12 shows the  f i r s t  second of t h e  t h r e e  
components of Gnat 71601 w i t h  each i n d i v i d u a l  sample p l o t t e d .  The smoothing caused by the  
a n t i a l i a s i n g  f i l t e r s  and t h e  p i p e s  i s  a p p a r e n t .  

f i r s t  two runs  from f l i g h t  716 and compares them w i t h  t h e  power s p e c t r a  of  the f i n e  
a i r s p e e d ,  R and a . The a n g l e s  from t h e  Conrad Yawmeters f o r  i3 and a have been 
m u l t i p l i e d  by t h e  mean speed of t h e  a i r c r a f t  d u r i n g  a run so  as t o  c o n v e r t  them t o  t h e  
same u n i t s ,  metres per s e c ,  as the  t u r b u l e n c e  components vg and wg from program TURB 
w i t h  which they  are be ing  compared. The power s p e c t r a  are p l o t t e d  on log - log  a x e s ;  t he  
h o r i z o n t a l  axes have t h e  u n i t s  Her t z  (e c y c l e s  p e r  s e c )  and t h e  v e r t i c a l  a x e s  ( m  
s-1)2/Hz . For t u r b u l e n c e  which matches t h e  von Karman model the  power s p e c t r a  shou ld  be 
f l a t  a t  low f r e q u e n c i e s ,  changing t o  a s l o p e  of -5/3 a t  h i g h e r  f r e q u e n c i e s .  A s t r a i g h t  
l i n e  w i t h  s l o p e  -5/3 h a s  t h u s  been f i t t e d  t o  t h e  t u r b u l e n c e  s p e c t r a  between 1 Hz and 10 Hz 
i n  each p l o t .  I n  a l l  c a s e s  t he  t u r b u l e n c e  s p e c t r a  f o l l o w  t h i s  l i n e  u p t o  a lmos t  25 Hz a t  
which p o i n t  t he  a n t i a l i a s i n g  and pneumatic f i l t e r s  cause  a sudden r a p i d  a t t e n u a t i o n  of t h e  
s i g n a l s ,  an  e f f e c t  a l r e a d y  remarked upon i n  t h e  time h i s t o r i e s  above. The removal of 
a i r c r a f t  motion i s  a p p a r e n t  by comparing t h e  v and wg s p e c t r a  a t  f r e q u e n c i e s  below 
2 Hz w i t h  t h e  co r re spond ing  u n t r e a t e d  in s t rumenf  s p e c t r a .  
i n  D a t  the  d u t c h  roll f r equency  of the  a i r c r a f t ,  0.6 Hz, which has been comple t e ly  
removed from vg . 
a n c e s  between 10 Hz and 20 Hz can a l s o  be judged from the  p l o t s  i n  F i g  13. For t h e  ug 
and vg components t h i s  has, i n  a l l  c a s e s ,  been most s a t i s f a c t o r i l y  done. However, i n  

., r u n  Gnat 71602 t h e  wg component of t u r b u l e n c e  s t i l l  shows a s l i g h t  'hump' above t h e  -5/3 
s t r a i g h t  l i n e .  It would appear t ha t  t h e  s i z e  of t h e  resonance i n  t h e  a Conrad Yawmeter 
p i p e s  i n  these two runs  was greater t h a n  t h a t  p r e d i c t e d  by the  t h e o r e t i c a l  method. It 
w i l l  l a t e r  become a p p a r e n t  t h a t  t h i s  a f f e c t e d  many, though n o t  a l l ,  of t he  wg r e c o r d s  t o  
some e x t e n t .  No e x p l a n a t i o n  f o r  t h i s  anomaly has been found. 

f a c t o r s  means t h e  t u r b u l e n c e  power s p e c t r a  fall somewhat below t h o s e  d e r i v e d  d i r e c t l y  from 
R and a even i n  t h o s e  p a r t s  of t h e  f r equency  range where n e i t h e r  s e n s o r  motion no r  p i p e  
dynamics con tamina te s  the  raw f low a n g l e s .  It shou ld  be no ted  t h a t  t h e  s idewash and 
c o r r e c t i o n  f a c t o r s  have been assumed t o  be independent  of f r equency  and t h e  v a l u e s  i d e n t -  
i f i e d  a t  low f r equency  (around t h e  a i r c r a f t ' s  r i g i d  body modes) have been t a k e n  as 
c o n s t a n t s .  

F i g  13 p r e s e n t s  the  power s p e c t r a l  d e n s i t i e s  of t h e  t u r b u l e n c e  components f o r  t h e  

Of p a r t i c u l a r  n o t e  i s  t h e  peak 

. 
The s u c c e s s  ach ieved  i n  c o r r e c t i n g  f o r  the  a m p l i f i c a t i o n  caused by t h e  p i p e  reson-  

I n  the  vg and wg p l o t s  t he  i n t r o d u c t i o n  w i t h i n  TURB of t h e  upwash c o r r e c t i o n  

To a l l o w  a h i g h  r e s o l u t i o n  p r e s s u r e  t r a n s d u c e r  t o  be used on t h e  m i n i a t u r e  p i t o t  
p i p e ,  a t r a n s d u c e r  w i t h  a l i m i t e d  range compares t h e  m i n i a t u r e  p i t o t  p r e s s u r e  a g a i n s t  t h e  
p r e s s u r e  i n  an  enc losed  volume. If t he  t r a n s d u c e r  approaches  i t  l i m i t s ,  f o r  example due 
t o  a large change i n  a i r c r a f t  speed o r  he igh t ,  t h e n  a v a l v e  between t h e  m i n i a t u r e  p i t o t  
p i p e  and t h e  enc losed  volume opens t o  e q u a l i s e  t h e  p r e s s u r e  on e i t h e r  s i d e  of t h e  t r a n s -  
d u c e r .  For  more d e t a i l s  of t h i s  d e v i c e  see Ref 1. During t h e  5 t o  6 second p e r i o d s  when 
t h i s  v a l v e  i s  open i t  h a s  been n e c e s s a r y  t o  make use  of t he  c o a r s e  a i r speed  d e r i v e d  from 
t h e  a i r c r a f t  p i t o t  system rather t h a n  the  h i g h e r  r e s o l u t i o n  and h i g h e r  bandwidth s i g n a l  
f rom the  m i n i a t u r e  p i t o t  system. Program I l l C  t h e r e f o r e  i n s e r t s  t he  c o a r s e  airspeed i n t o  
t h e  f i n e  a i r s p e e d  time h i s t o r y  d u r i n g  p e r i o d s  when t h e  v a l v e  is open. 

r e s u l t i n g  f i n e  a i r s p e e d  time h i s t o r y  a t  t h e  p o i n t s  where t h e  v a l v e  opened o r  c l o s e d .  . S e v e r a l  improvements were made t o  t h e  a l g o r i t h m  used by I l l C  t o  c a r r y  o u t  t h i s  i n s e r t i o n  
* s o  as t o  avo id  t h e  r e s u l t i n g  s p u r i o u s  s t eps  i n  f i n e  a i r s p e e d ,  b u t  t h e  problem was most 

p e r s i s t e n t  and s t i l l  a f f l i c t s  some of t h e  ug t r a c e s .  

3.4 S t a t i s t i c a l  a n a l y s i s  of t u r b u l e n c e  time h i s t o r i e s  

3 .4 .1  I n t r o d u c t i o n  t o  t e c h n i q u e s  

b u l e n c e  produced by the  Gnat. 

used above. I n  e s s e n c e ,  it i n v o l v e s  c o n s i d e r i n g  t h e  power i n  a s i g n a l  i n  a ser ies  of 
( u s u a l l y  q u i t e  narrow) f r equency  bands; t h u s ,  c o n c e p t u a l l y  one i s  i n v e s t i g a t i n g  how the  
s i g n a l  i s  composed of s i n u s o i d a l  waves. The v a r i a t i o n  of t h e  power s p e c t r a l  d e n s i t y  0 

I n  some r e c o r d s  problems were encoun te red  i n  e n s u r i n g  the  c o n t i n u i t y  of t he  

. 
Two t y p e s  of time ser ies  a n a l y s i s  have been a p p l i e d  t o  t h e  time h i s t o r i e s  of t u r -  

The more famil iar  of these, Power S p e c t r a l  Dens i ty  (PSD) a n a l y s i s ,  has a l r e a d y  been 
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with frequency o r  wave number K (the inverse of wave length)* may be compared with 
theoretically derived spectra such as those proposed by von Karman (Ref 11) o r  Dryden 
(Ref 12). 
identified. Fig 14 illustrates the spectral densities given by these two models f o r  the 
across path components of turbulence (vg and wg) f o r  two values of L , the scale 
length, which is a parameter that appears in both models. 

techniques for using the resulting information, f o r  example in the aircraft design pro- 
cess, are widely employed. Its limitations are, however, often not appreciated and two of 
these deserve comment. First, the power spectra gives no information on the probability . 
distribution of the signal o r  changes in the signal. Often, in applications where prob- 
ability distributions are needed, the simple (but questionable) assumption is made that 
they are Gaussian (Normal) In form. Second, PSD analysis gives no information about the 
rate of occurrence o r  shape of discrete events in a signal whereas the occurrence of large,. 
discrete events is often critical in aircraft o r  control system design. 

Statistical Discrete Gust (SDG) method which does give information about the statistical 
properties of changes and rates of change of signals. It is probably worth noting here 
that it is the distribution of changes in turbulence velocities rather than of absolute 
velocities which are of most importance to an aircraft. A brief introduction to SDG tech- 
niques is given in the Appendix. 

Parameters which characterise a sample of turbulence in these models may be 

PSD analysis is a well established tool f o r  analysing atmospheric turbulence, and 

To complement the PSD technique, Jones (Ref 13, Ref 14 and Ref 15) has advocated a 

3.4.2 Implementation of techniques 

Program IllW (Ref 16) was the main t o o l  used to carry out these types of analysis, 
Fig 7. A standard way of processing turbulence runs was chosen and implemented by two 
IllW USE-files (Ref 16). The first of these, IllWTURB (see Table 2a) configures IllW to 
read the files of observation data produced by program TURB and sets various items that 
are not to be left at their default values. In particular it should be noted that, f o r  
the calculation of the power spectral density by means of a Fast Fourier Transform tech- 
nique, the data was split into blocks 4 sec long. Each block overlaps its neighbours by 
50% and the linear trend was removed from each block (by subtracting the best least 
squares fit straight line from each block), but no window, such as Hanning (Ref 17), was 
used., The second USE-file, IllWRUN (see Table 2b), carried out the analysis of the three 
components of a turbulence run. Comments in these tables explain much of the details of 
the analyses being performed. 

The output from IllW consists of  three streams: 

1 A line-printer type of listing (the 'main output file') giving a detailed account 
of  the data read, analyses performed and results produced. Any errors which occurred are 
also noted here. 

. 

2 Graphs produced within IllWRUN by the PLOT THREE instruction of IllW. These sum- 
mary plots contain information pertinent to both SDG and PSD analyses. 

3 Parameters identified by fitting statistical models which are appended to three 
files: FITTABLES(/UG), FITTABLES(/VG) and FITTABLES(/WG). These files eventually contain 
the parameters f o r  all 389 runs analysed. 

Fig 15 presents the plot produced f o r  one component of the first run from flight 716. The 
plot is composed of three graphs which illustrate different aspects of the analysis 
performed. 

In the lower right corner is a power spectral density graph. The horizontal axis 
is wave number which has units cycles per metre while the vertical axis (which is labelled 
simply POWER), is power spectral density with units (metres/sec)2 per (cycle per metre). 
Log-log axes are again employed. The definition of power spectral density adopted in this 
paper is such that 

m 

where U is the standard deviation of the signal. The limits of integration, zero to * 
plus Infinity, not minus infinity to plus infinity, should be noted. The power spectral 
density estimates from the FFT algorithm are shown connected by a solid line while the 
broad band spectral estimates which arise as a by-product of the SDG analysis (Ref 16) are 
shown as individual points, square symbols. A straight line with fixed slope of -5/3 has - 
been fitted to the four broad band points which have the highest wave numbers (the right- * 
most four); it will be noted that the von Karman model approaches a slope of -5/3 

. 

* Herein 'frequency' is used f o r  quantities having the dimensions 'cycles per unit time', 
while 'wave number' is used those f o r  having units 'cycles per unit distance'. As the 
earli'er section was concerned with instrument characteristics it was convenient there to 
work with frequencies. For investigating turbulence it is better to employ wave number so 
that the results are not dependent on the speed of the sampling aircraft. 
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asymptotically for high wave numbers (see Fig 14). The range of these points is shown 
along the bottom of the graph. The exact wave number range will depend on the flight 
speed during each individual run but was approximately 0.01 cycles/m to 0.1 cycles/m (that 
is wave lengths between 100 m and 10 m); in terms of frequency the range is in fact always 
2 Hz to 16 Hz. In many cases one could probably have included the next one or two broad 
band points with lower wave numbers in the fitting process as they too often fall on the 
-5/3 part of the spectrum but this would have meant applying an algorithm to find the 
straight part of the spectrum. Limiting the range to the four points was simpler. Going 
to higher wave numbers, the next broad band point would fall at a frequency of 32 Hz which 
is beyond where the anti-aliasing filters have started to attenuated the signal. 

This fitted line has an equation of the form 

@ ( K )  = 

The value of A (which is the intercept of the fitted line at a wavenumber of 1 cycle per - metre) is based only on the intensity of the high frequency content. A quantity known as 
o is derived from A as follows. Starting from the von Karman expressions for the power 
spectral density (Ref 181, which are for the along path U component 

g 

@ ( K )  = 4U2 L 1 
[1+(1.339L 271 K )  2] 5/6 

where (Ref 18 Eq.9.38) 

g and for the across path components v and w Q 

. 

(3) 

(5) 

- 
a standard scale length, Lstd , of 2500 ft (762 m) is employed and o is then the value 
which needs to be used for U in the relevant Eq.(3) or FQ.(5) so-as to match the fitted 
straight line at high wave numbers. The resulting equations for o are for U g 

where 

63 and for v and w g 

where 

2 3 . 3 5 5  (8) 

The factors which appear above are employed in IllWRUN, see Table 2b. 

for the standard deviation of the original signal Oobs , are not inflated by large low 
frequency components in the signal. Values of uV have been used as a guide to the 
turbulence intensity of each run. 
to 6.9 m/s. The symbols in Fig 2 are also based on uV . Values for both U and Oobs 
for all three components of the runs from flight 716 are given in Table 3. 

estimate points but without constraining the gradient. This fitted line is not plotted 

- - 
Values of U give estimates of the turbulence intensity which, unlike the values 

The values for the-389 runs analysed ran@ from 0,3 m/s 

IllWRUN goes on to fit another straight line to the same four broad band spectral 
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but the gradient so identified is output to the FITTABLES and will later give a means of 
checking the validity of the proposition that the slope of the power spectral density is 
-5/3 in this wave number range. The gradients for the runs from flight 716 appear in 
Table 3. 

the SDG analysis. In this plot a value of 1/3 has been used for the scaling parameter 
k , which determines the relationship between the rates of occurrences of ramps of differ- 
ent lengths. This value of k is only appropriate for ramp lenghts (the patterns here 
being simple ramps) for which the local slope of the power spectral density graph for 
corresponding wave lengths is -5/3 (see Ref 2 and Ref 19); the corresponding wave lengths ~ 

are twice the ramp lengths and wave number is the inverse of wave length. The four 
shortest ramp lengths thus usually collapse quite well using this value of k . The exact 
lengths of these ramps depends on the airspeed for each run but usually covers the range 
5 m to 50 m, in many cases the next one or two ramp lengths also collapse into the same 
family, which extends the range upto 100 or 200 m. 

smallest values of x (x being the size of the peak or trough in the smoothed, differ- 
enced signal caused by the occurrence of a ramp in the original signal). Departure from a 
straight line for small x is not unexpected; see the discussion following Eq.(A-2). An 
interesting point is that almost every individual distribution intersects the x = 0 axis 
extremely close to AS n(S,x) = 0.2. This indicates that with the particular thinning 
(that is decimation) applied to get each successive ramp length, and with the differencing 
and smoothing applied before spotting peaks and troughs, the resulting thinned, smoothed, 
differenced signal is so band limited that every fifth point is a peak or trough. 

and four standard deviations of the smoothed, differenced signal for the four shortest 
ramp lengths. The range of x/(FSk) 
key in the top right hand corner of the cumulative distribution graph. This fitted line 
is shown on each cumulative distribution graph along with the a and 6 which can be 
derived from the intercept and slope of the line. These two parameters characterise the 
overall rate of occurrence of ramps in the signal and the amplitude distribution of the 
ramps. The a and 8 estimates, together with values for the standard deviations (le 
68.2% confidence intervals) on the estimates, are also appended to the FITTABLES so trat 
the distributions and correlations of a and 8 for all the runs can be investigated. . 
The estimates for the runs in flight 716 are given in Table 3. 

The graph in the top right hand corner of Fig 15 shows the single most intense 
increment, that is the largest ramp, observed in the record for each ramp length. These - 
are the end points of each distribution in the cumulative distribution graph presented in 
a different way. The line shown is based on the a and 8 derived from fitting the 
cumulative distribution points; using these values in Eq.(A-2) with n(S,x) = l/(record 
length), that is a rate of occurrence of once in the distance covered by the run, the 
expected size of x that should occur.once in the run can be derived for each of the 
range of pattern lengths. The deviation of the observed single most intense increment 
points from the line thus shows how well the model derived from fitting between one and 
four standard deviations predicts the tails of the distributions. 

four and eight standard deviations of the smoothed, differenced signal for the same four 
ramp lengths. This line is not plotted but the a and 8 estimates are appended to the 
FITTABLES. This will allow the distributions of the intense increments (large ramps) to 
be investigated. 

The large graph on the left of the plot is the cumulative distribution produced by 

The curve onto which the individual distributions collapse usually bends at the 

A straight line is fitted to the points of the cumulative distributions between one 

thus fitted for each pattern length is shown in the 

A further straight line is fitted to the cumulative distribution points between 

.Table 3 gathers together the items identified from the four runs in flight 716. 
This Table also includes estimates of the scale length L which has been derived from the 
following formula 

There are several techniques for estimating the scale length of turbulence samples. Frost 
and Lin (Ref 20 Chapter V) discuss such techniques and the method adopted here is similar .. 
to their method No 3. The scale length is an important parameter in spectral descriptions 
of turbulence. Fig 14 gives an example of its influence on the shape of the power 
spectral density. 

4 ASSEMBLED RESULTS 
f 

The preceding section has described how individual turbulence sampling runs were 
analysed. One of the main results of this analysis was estimates for a set of parameters 
which describe and summarise various statistical properties of the turbulence encountered. 
In this section we will be concerned with looking at the properties and distribution of 
each of the parameters across 389 runs which have been analysed in detail. 
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4 . 1  Power s p e c t r a l  d e n s i t y  pa rame te r s  

F i g  16 g i v e s  h i s tog rams  f o r  t h e  s l o p e  of t h e  l i n e  f i t t e d .  t o  t h e  power s p e c t r a l  den- 
s i t y .  The von'Karman (Ref 11) model p r e d i c t s  a v a l u e  of -5/3 (-1.667) f o r  t h i s  s l o p e  

-1.685 and -1.665 are q u i t e  remarkably c l o s e  t o  t h i s .  For t h e  normal g u s t s  wg yghowever, 
t h e  mean v a l u e  i s  -1.503. Two f a c t o r s  can be advanced as c o n t r i b u t i n g  t o  t h i s  anomaly. 
The f i r s t  Is an  i n s t r u m e n t a t i o n  problem which was i n t r o d u c e d  above.when d i s c u s s i n g  the  w 
power s p e c t r a l  d e n s i t y  f o r  run Gnat 71602. It there became a p p a r e n t  t h a t  t h e  'organ-pipee 
r e sonance  i n  t h e  nose probe a Conrad Yawmeter p i p e s  was no t  always be ing  e n t i r e l y  
removed by t h e  c o r r e c t i v e  a l g o r i t h m  i n  program TURB. The i n c r e a s e d  power i n  t h e  r i g h t  
hand p a r t  of t h e  spectrum a r i s i n g  from t h i s  w i l l  t end  t o  d e c r e a s e  ( a b s o l u t e l y )  t h e  s l o p e  
of t h e  f i t t e d  l i n e .  

and i t  w i l l  be s e e n  t ha t  t h e  mean v a l u e s  f o r  t h e  head g u s t  ug and s i d e  g u s t s  of 

The second f a c t o r  a r i s e s ,  however, from a real  a p r o p e r t y  of t h e  t u r b u l e n c e .  
F i g  17 shows s c a t t e r  p l o t s  f o r  the  power s p e c t r a l  d e n s i t y  s l o p e  f o r  each run a g a i n s t  t h e  
a v e r a g e  r a d i o  h e i g h t s . *  F i g  17a i s  f o r  runs  ove r  smoother t e r r a i n s  while  F i g  17b i s  f o r  
t h e  rougher  t e r r a i n s .  It i s  n o t i c e a b l e  t ha t  f o r  t he  w component o v e r  a l l  t y p e s  of 
t e r r a i n s  (and i n  f a c t  f o r  t h e  v 
s i t y  s l o p e  d e c r e a s e s  f o r  low a l t f t u d e s .  If t h e  s c a l e  l e n g t h  i s  d e c r e a s i n g  a t  t h e s e  low 
a l t i t u d e s  i t  i s  p o s s i b l e  t ha t  t he  l e f t  hand part  of the  spectrum be ing  f i t t e d  no l o n g e r  
be longs  t o  t h e  -5/3 r e g i o n  bu t  f a l l s  below t h i s  l i n e ,  and s o  ought n o t  t o  have been 
i n c l u d e d  i n  t he  f i t t i n g .  I t s  i n c l u s i o n  w i l l  t end  t o  reduce the  s l o p e  of t h e  f i t t e d  l i n e .  

To i n v e s t i g a t e  more d i r e c t l y  t h e  wave l e n g t h  a t  which t h e  power s p e c t r a l  d e n s i t y  
d e v i a t e s  from a -5/3 s l o p e  F ig  18 g i v e s  s c a t t e r  p l o t s  f o r  s c a l e  l e n g t h ,  estimated u s i n g  
E q . ( l O ) ,  a g a i n s t  ave rage  r a d i o  he ight ,  a g a i n  s e p a r a t e d  i n t o  smoother and rougher  
t e r r a i n s .  Once a g a i n  t he  v e r t i c a l  a x i s  i s  l i m i t e d  t o  400 m and here t h e  h o r i z o n t a l ,  s c a l e  
l e n g t h ,  axis ,  has been l i m i t e d  t o  1500 m. P o i n t s  g i v i n g  v a l u e s  of L greater t h a n  1500 m 
are  a l l  p l o t t e d  j u s t  o f f  the  a x i s  s c a l e .  Using E q . ( l O )  t o  estimate s c a l e  l e n g t h  means 
t h a t  a von Karman model (e Eq.(3)  f o r  t h e  ug component o r  E q . ( 5 ) ' f o r  the  vg and wg 
components) h a s  been f i t t e d  t o  the  observed s p e c t r a  by t a k i n g  a e q u a l  t o  t h e  s t a n d a r d  
d e v i a t i o n  of the  o b s e r v a t i o n s  and choos ing  L so  t h a t  t he  h i g h  wave number ( h i g h  f re-  
quency)  asymptote  of Eq. (3 )  o r  E q . ( 5 ) ,  (whichever  i s  r e q u i r e d )  matches as c l o s e l y  as 
p o s s i b l e  the  par t  of the  observed spectrum between abou t  0 .01  cycle/m and 0.1 cycle/m ( s e e  
e a r l i e r  d i s c u s s i o n  conce rn ing  e x a c t  range used )  where a -5/3 s l o p e  i s  assumed t o  be 
a p p r o p r i a t e .  T h i s  t echn ique  produces th ree  s e p a r a t e  estimates f o r  t h e  s c a l e  l e n g t h  of t h e  
t u r b u l e n c e  encoun te red  d u r i n g  each run,  one f o r  each component. It i s  c l e a r  from the  
appea rance  of the  s c a t t e r  p l o t s  i n  F i g  18 t h a t  t h e  estimates of s c a l e  l e n g t h  based on t h e  
ug component t end  t o  be l o n g e s t  ( w i t h  many be ing  very l o n g  ove r  rough t e r r a i n )  and t h o s e  
from t h e  wg component s h o r t e s t .  Although t h e  s c a t t e r  i n  t h e s e  g raphs  ( p a r t i c u l a r l y  ove r  

* t h e  rougher  t e r r a i n s )  i s  enormous, t h e r e  i s  some ev idence  of s c a l e  l e n g t h  i n c r e a s i n g  w i t h  
a l t i t u d e .  Due t o  t h e  s c a t t e r ,  t r y i n g  t o  q u a n t i f y  t h e  r e l a t i o n s h i p  i s  open t o  q u e s t i o n ,  
b u t  t a k i n g  s c a l e  l e n g t h  e q u a l  t o  a l t i t u d e ,  as shown by the  l i n e  on each  g raph ,  u p t o  a 
h e i g h t  of 400 m ( t h e  l i m i t  of t h e  i n f o r m a t i o n  a v a i l a b l e  h e r e )  would n o t  be i n c o n s i s t e n t  
w i t h  t he  data f o r  t he  smoother t e r r a i n s .  Somewhat l o n g e r  s c a l e  l e n g t h s  are i n d i c a t e d  f o r  
t h e  rougher  t e r r a i n s ,  p a r t i c u l a r l y  f o r  t h e  h o r i z o n t a l  components. 

component ove r  m o o d  t e r r a i n )  the power s p e c t r a l  den- 

4.2 S t a t i s t i c a l  d i s c r e t e  g u s t  pa rame te r s  

The pa rame te r s  a v a i l a b l e  f o r  each component of each run which c h a r a c t e r i s e  t h e  t u r -  
bu lence  i n  SDG terms are the  v a l u e s  of a and 6 . We have a v a i l a b l e  two p a i r s  of 
a , 13 v a l u e s  f o r  each run component; t he  f i r s t  g o t  from f i t t i n g  the  d i s t r i b u t i o n  of mod- 
e ra te  t o  h i g h  i n t e n s i t y  ramps (one t o  f o u r  s t a n d a r d  d e v i a t i o n s )  i n  a t ime h i s t o r y ,  and the  
second from f i t t i n g  the  extreme ramps ( f o u r  s t a n d a r d  d e v i a t i o n s  onward).  

Fo r  samples of t u r b u l e n c e  which can be d e r i v e d  from one a n o t h e r  by 

( I )  s c a l i n g  t h e  ampl i tude  of t h e  s i g n a l ,  and/or  

(11) s t r e t c h i n g  ( o r  compressing)  t h e  d u r a t i o n  of the  s i g n a l ,  and/or  

(ill) add ing  ( o r  d e l e t i n g )  p a t c h e s  of qu ie scence  i n  t h e  s i g n a l ,  

a s imple  r e l a t i o n s h i p  ho lds  between a , 6 and A (where A a p p e a r s  i n  Eq.(2)  and i s  a 
measure of t h e  i n t e n s i t y  of t h e  t u r b u l e n c e  i n  t h e  wave l e n g t h  r e g i o n  where k = 1/3 i s  
a p p r o p r i a t e ) .  Th i s  r e l a t i o n s h i p  i s :  . 

. 
ao2 = c o n s t a n t  - 

A 
-2 

* a = c o n s t a n t  x (R) . .  JA 

* The s e n s i t i v i t y  s e t t i n g  used f o r  t h e  r a d i o  alt imeter l i m i t e d  i t s  range  t o  j u s t  ove r  
400 m and so  t h e  p o i n t s  shown above t h e  400 m l i n e  could be a t  any a l t i t u d e  g r e a t e r  t h a n  
400 m .  
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See R e f  21 f o r  t h e  d e r i v a t i o n  of E q . ( l l ) .  S c a l i n g  t h e  ampl i tude  of t h e  s i g n a l  changes 0 
and Jr by t h e  s c a l i n g  f a c t o r ,  so  t h e i r  r a t i o  i s  unchanged, while  a , which measures t h e  
ra te  of occur rence  of i nc remen t s  i n  t h e  s i g n a l  p e r  ramp l e n g t h ,  i s  a l s o  unchanged. 
S t r e t c h i n g  t h e  s i g n a l  has t h e  similar e f f e c t s  i n  t h a t  6 and a change by t h e  same f a c -  
t o r  (which i s  now a f u n c t i o n  of t h e  amount of s t r e t c h i n g  and o f  k )  , w h i l e  a i s  s t i l l  
unchanged. Adding p a t c h e s  of q u i e s c e n c e  d e c r e a s e s  a , t he  same t o t a l  number of 
i nc remen t s  be ing  d i l u t e d  ove r  a l a r g e r  number of ramp l e n g t h s .  

S c a t t e r  p l o t s  of a a g a i n s t  6/& on log-log a x e s  f o r  each  component of a l l  
t h e  runs ,  u s i n g  the  f i r s t  a , f3 p a i r  ( tha t  i s  1-4 s t a n d a r d  d e v i a t i o n  f i t t i n g )  are shown 
I n  F ig  19. 

There are good c o l l a p s e s  t o  s t r a i g h t  l i n e s ,  p a r t i c u l a r l y  f o r  t h e  vg and com- 
ponen t s ,  bu t  t h e  s t r a i g h t  l i n e  i s  somewhat steeper t h a n  t h e  -2 g i v e n  by E q . ( l l ) .  
c o l l a p s e s  are a l l  t h e  more remarkable  when i t  i s  realised t h a t  many of t h e  p o i n t s  are 
d e r i v e d  from runs  f o r  which t h e  v a l u e  of k used (1/3)  i s  n o t  t h e  most a p p r o p r i a t e .  I n  
F i g  20 on ly  t h o s e  components where t h e  s l o p e  of t he  power s p e c t r a l  d e n s i t y  i s  between 
-1.600 and -1.733 have been a c c e p t e d .  F i t t i n g  s t r a i g h t  l i n e s  t o  t h e s e  p o i n t s  and t a k i n g  
a v e r a g e  v a l u e s  ove r  the  t h r e e  components g i v e s  

%,se 

T h i s  l i n e  i s  shown i n  F ig  19. 

t h a t  f o r  t h e s e  h i g h  v a l u e s  of a t he  p o i n t s  t end  t o  l i e  above the  f i t t e d  l i n e s  and a 
steeper s l o p e  t h a n  -2.53 might be a p p r o p r i a t e  f o r  t h e  h i g h  a l p h a  r e g i o n .  

Eq . (12 )  i s  i n  terms of a , 13 and A . These parameters are p r o d u c t s  of t h e  
p r e s e n t  a n a l y s i s  t e c h n i q u e s .  It i s  u s e f u l  t o  r e c a s t  t h i s  e q u a t i o n  i n  terms of pa rame te r s  
which more d i r e c t l y  c h a r a c t e r i s e  t h e  t u r b u l e n c e  such as:  

( I )  a and b , which appea r  i n  the  SDG model of t u r b u l e n c e  (see Appendix) and are 
r e l a t e d  i n  a s imple  way t o  a and 6 , Eq.  (A-3) , and 

(11) U and L , which appea r  i n  t h e  von Karman model, Eq.( 3)  and Eq . ( 5 ) .  

A c l o s e  examinat ion of the  l e f t  hand end of t h e  three components i n  F i g  20 r e v e a l s  

Then 
-2.53 

a = 3.85 ( E )  

where, f o r  t he  U , head g u s t  component g 

A = 0.115 o2 L-2/3 

and f o r  t he  v and w s i d e  and normal g u s t  components g g '  

2 L-2/3 . A 0.153 U 

F i g  21 u s e s  t h e  second a , p p a i r ,  g o t  from f i t t i n g  the  i n t e n s e  ramps i n  t he  
r e c o r d s .  A s  each p o i n t  p l o t t e d  h e r e  i s  based on f a r  fewer o c c u r r e n c e s  t h a n  i n  t he  pre- 
c e d i n g  f i g u r e s ,  one would e x p e c t  t h e  u n c e r t a i n t y  i n  each p o i n t  t o  be greater and t h u s  the  
much greater s c a t t e r  i n  t he  p o i n t s  p l o t t e d .  The l i n e  d e f i n e d  by E q . ( 1 2 )  i s  shown on these 
g r a p h s .  This l i n e  i s  n o t  a p a r t i c u l a r l y  good model f o r  t h e s e  sets of data,  b u t  i t  shou ld  
be  noted t h a t  i t  performs b e s t  ( tha t  i s  i t  i n t e r s e c t s  t he  s ca t t e r  of p o i n t s  though i t s  
s l o p e  i s  t o o  s h a l l o w )  i n  t h e  a range 0.1 t o  1.0 (e log10 (a) between -1 and 0 ) .  
T h i s  i s  ve ry  n e a r l y  t he  range of a of t h e  p o i n t s  i n  F i g  20, and i t  was t h e s e  on which 
Eq.(12)  was based. Even so ,  t h e  marked d i f f e r e n c e s  between F i g  19 and F i g  21 t e n d s  t o  
i n d i c a t e  t h a t  t h e  pa rame te r s  which c h a r a c t e r i s e  t h e  rates of o c c u r r e n c e  of t h e  I n t e n s e  
ramps i n  a p a t c h  of t u r b u l e n c e  form a d i f f e r e n t  f ami ly  t o  t h o s e  c h a r a c t e r i s i n g  even t h e  
moderate  t o  large ramps. 

R e t u r n i n g  t o  the  data shown i n  F i g  19, hav ing  e s t a b l i s h e d  t h i s  s t r o n g  c o n n e c t i o n  
between a , p and A one would c l e a r l y  l i k e  t o  d i s c o v e r  what d e t e r m i n e s  where a par- '* 

t i c u l a r  p a t c h  of t u r b u l e n c e  f a l l s  on t h e  l i n e  d e f i n e d  by E q . ( 1 2 ) .  To t h i s  end t h e  t ime 
h i s t o r i e s  of the  three components w i t h  lowes t  a v a l u e s  are shown i n  F i g  22, w h i l e  
t h e  three wi th  h i g h e s t  zg a p p e a r  i n  F i g  23 (similar p l o t s  cou ld  have been p r e s e n t e d  f o r  
t h e  ug and wg components) .  

It i s  immediately a p p a r e n t  t h a t  t h e  low a runs ,  F i g  22, c o n t a i n  b u r s t s  of h i g h e r  
t u r b u l e n c e  a c t i v i t y  i n t e r s p e r s e d  w i t h  p e r i o d s  of much lower a c t i v i t y .  I n  t he  c a s e  of t he  
vg components of runs  Gnat 72305 and Gnat 68901 t h e r e  are p e r i o d s  of a lmos t  calm a i r  
between the  t u r b u l e n c e  e n c o u n t e r s .  The l a t t e r  run i s  the  o u t l y i n g  p o i n t  a t  the  low a 

- -c 
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end of t h e  vg ( c e n t r e )  graph i n  F i g  19. It was g a t h e r e d  f l y i n g  E a s t e r l y  abou t  11 km 
s o u t h  of Cairngorm i n  Sco t l and  a t  a r a d i o  h e i g h t  of 360 m ( b a r o m e t r i c  height  974 m )  i n  
c loudy wea the r .  It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  a and B/K of t h i s . o u t l y i n g  p o i n t  
a g r e e  ex t r eme ly  c l o s e l y  w i t h  t h o s e  found i n  Ref 22 f o r  run 70-2 g a t h e r e d  by t h e  Canadian 
N a t i o n a l  Aeronau t i c s  Es t ab l i shmen t  T33 a i r c r a f t  f l y i n g  i n t o  and th rough  a thunde rc loud  on 
11 J u l y  1977. 

The h i g h  a r u n s ,  F i g  23 on t h e  o t h e r  hand, show an  ex t r eme ly  con t inuous ,  h i g h l y  
packed c h a r a c t e r .  It i s  worth emphasizing,  p a r t i c u l a r l y  w i t h  regard t o  t h e  p r o d u c t i o n  of 
s y n t h e t i c  t u r b u l e n c e  f o r  f l i g h t  s i m u l a t o r s ,  t h a t  t u r b u l e n c e  which i s  t h i s  con t inuous  i s  

end of F ig  19 vg component. Most a tmosphe r i c  t u r b u l e n c e  has a c h a r a c t e r  resembling t h e  
r e c o r d s  from f l i g h t  716 (see F i g  11 f o r  an  example) t h e  a v a l u e s  of which f a l l  i n  t h e  
r ange  0.288 t o  0.496. 

The above o b s e r v a t i o n s  based on a comparison of F i g  2 2  and F i g  23 do,  t h e r e f o r e ,  
con f i rm t h e  model p o s t u l a t e d  a t  t h e  s t a r t  of t h i s  s e c t i o n .  Records w i t h  low a v a l u e s ,  
and co r re spond ing ly  h i g h  v a l u e s  of B/m , do indeed have p a t c h e s  of q u i e s c e n c e ,  wh i l e  
h i g h  a r e c o r d s  l a c k  such p a t c h e s  completely and are h i g h l y  packed i n  c h a r a c t e r .  

The th ree  low a runs  i n  F ig  22 were i n  f a c t  a l l  a t  h i g h e r  a l t i t u d e  ( r a d i o  
h e i g h t s  239 m, ove r  400 m and 363 m )  whi le  t h e  three h i g h  a runs  were a t  ex t r eme ly  low 
a l t i t u d e s  ( 4 1  m, 27 m and 32 m ) .  To see whether t h i s  i s  a g e n e r a l  t r e n d  F i g  24 shows 
s c a t t e r  p l o t s  of a a g a i n s t  mean r a d i o  he ight  f o r  t h e  p o i n t s  used i n  F i g  20 ( t h a t  i s  w i t h  
power s p e c t r a l  d e n s i t y  s l o p e  between -1.600 and -1.733),  s e p a r a t e d  i n t o  smoother F ig  24a 
and rougher  F i g  24b t e r r a i n s .  There i s  no c l e a r  c o r r e l a t i o n  of a w i t h  h e i g h t ,  no r  w i t h  
t e r r a i n  roughness .  P l o t s  f o r  a a g a i n s t  s u r f a c e  wind speed a l s o  showed no c o r r e l a t i o n .  

. e x c e p t i o n a l ;  runs  Gnat 69806 and Gnat 6 9 9 0 2 ' a r e  t h e  two o u t l y i n g  p o i n t s  a t  t h e  h i g h  a 

1 

5 CONCLUSIONS 

The measurements of a tmosphe r i c  t u r b u l e n c e  made by Gnat XP 505 of RAE Bedford have 
, b e e n  d e s c r i b e d .  These were mainly a t  a l t i t u d e s  below 1000 f t  ove r  a v a r i e t y  of t e r r a i n s  

w i t h i n  B r i t a i n .  P r o c e s s i n g  of t h e  data which was g a t h e r e d  y i e l d e d  abou t  400 runs  f o r  
which t h e  time h i s t o r i e s  of t h e  th ree  components of t u r b u l e n c e ,  uncontaminated by a i r c r a f t  
motion and i n s t r u m e n t  c h a r a c t e r i s t i c s ,  are a v a i l a b l e .  Any d e f i c i e n c i e s  i n  t h e s e  r e c o r d s  
have been noted.  . 

These 400 runs have been ana lysed  u s i n g  bo th  power s p e c t r a l  d e n s i t y  and s t a t i s t i c a l  
d i s c r e t e  g u s t  t e c h n i q u e s  t o  g i v e  a se t  of pa rame te r s  which summarises t h e  s t a t i s t i c a l  
c h a r a c t e r i s t i c s  of t h e  t u r b u l e n c e  encoun te red  d u r i n g  each run. Assembling the  r e s u l t s  
from a l l  t h e  runs  confirmed t h e  p r e d i c t i o n  of t h e  von Karman model t h a t  t h e  power s p e c t r a l  
d e n s i t y  decays a t  a rate of -5/3 and, f u r t h e r m o r e ,  a l lowed a very s t r o n g  r e l a t i o n s h i p  
between two parameters from the s t a t i s t i c a l  d i s c r e t e  g u s t  t e c h n i q u e  and one from t h e  power 
s p e c t r a l  d e n s i t y  t echn ique  t o  be i d e n t i f i e d  (Eq.(12)  and F i g  1 9 ) .  
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APPENDIX 

AN INTRODUCTION TO STATISTICAL DISCRETE GUST TECHNIQUES 

The purpose of SDG analysis is to investigate the rate at which ramp shaped gusts 
occur in flight through a turbulent atmosphere. The aim is to quantify the rate of 
occurrence of ramps which are bigger than a specified size and have length in a specified 
range, Fig 25. Such rates of occurrence can be used in theoretical studies of aircraft 
response to turbulence; it is particularly important to be able to quantify the rate of 
occurrence of big ramps with a length which, in some way, 'tunes' with the aircraft 
dynamics, so producing a violent response which leads to crew discomfort or even struc- 
tural damage. 

increments') encountered per unit distance with length in the ran e H to H + dH and I 

size greater than w , Fig 26. 
found applicable to many atmospheric turbulence measurements is 

We define N'(H,w)dH to be the number of ramps (or more accurately Ismooth 

An example of an a n a l y t d  NI which has been 

where 

a is a dimensionless parameter defining the overall rate of occurrence of smooth 
increments , 

(b has the dimensions velocity/lengthk) , and 

increments of differing lengths. 

b is an intensity parameter defining the amplitude distribution of smooth increments 

k is a dimensionless scaling parameter which defines the relative intensity of smooth 

Fig 27 gives an impression of the surface defined by Eq.(A-l) and its 
interpretation. . 

To investigate the form of NI which describes a given time history requires a 
technique for quantifying the number and size of ramps in the record, followed by a means 
of fitting postulated analytic models to the observed distribution and identifying para- 
meters in the models (such as a , b and k in Eq.(A-1)). One approach would be to - 
attempt to detect and count the occurrence and size of smooth increments present in a time 
history for a specified set of length ranges. However, a more convenient and quicker 
method has been described in Ref 15. In this method, digital smoothing filters are 
applied to the sampled record to remove increments which are only maintained for an inter- 
Val much shorter than a specified interval S (% a low pass filter in the frequency 
domain), and the filtered record is differenced over a length S ( g  the sample value at 
a distance S behind is subtracted from each sample; a high pass filter in the frequency 
domain). After this smoothing and differencing the occurrence and size of peaks* (or 
troughs) in the signal is counted. The result, for a particular choice of S , is an 
observed cumulative distribution n(S,x) of the number of peaks or troughs per unit 
distance of size greater than x , for a series of levels of x . The analysis is usually 
carried out for a number of different values of S . 

Using this method means that the relationship between the distribution n(S,x) of 
peaks and troughs in the smoothed differenced signal has to be related to N'(H,w) which 
is the distribution of smooth increments in the original record. The extrema in the 
smoothed, differenced signal will in fact arise from ramps with lengths H in a band 
surround S . The width of this band, 6s will depend on the filters used. 

the exponential form of Eq.(A-l), then for large x 
As an example of the relationship between n(S,x) and N'(H,w) , if the latter has 

where 

and 

a = 0.89a ,these corrections are to allow for the xact distributl 

. 
(A-3) R = b/1.12 'of n(S,x) being approximated by an exponential form, 

h depends on the range of ramp lengths let through by the filtering, the range 

F depends on the attenuation caused by the filtering, so w = x/F . 
. - effectively has a width 6s = S / h  , 

* Hence the name "Peakspotter', although this is only a part of the computations carried 
out. 
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The d e r i v a t i o n  of Eq.(A-2) from Eq.(A-l) re l ies  on x be ing  * l a rge* ,  and s o  might 
n o t  be v a l i d  f o r  low i n t e n s i t y  ramps, see Appendix C of Ref 15. 

Rea r rang ing  and t a k i n g  l o g a r i t h m s ,  Eq.(A-2) g i v e s  

l x .  l o g  xSn(S,x) = l o g  a - - - ’ Fsk 
(A-4) 

A n a l y s i s  of a g i v e n  r eco rd  f o r  a se t  of v a l u e s  0% S and a series of v a l u e s  of x 
( a t  each S) y i e l d s  p a i r s  ( x , n ( S , x ) )  . P l o t t i n g  x/FS a g a i n s t  l o g  xSn(S,x) shou ld  
f o r  each S produce p o i n t s  on a s t r a i g h t  l i n e  and, f u r t h e r m o r e ,  w i t h  t h e  c o r r e c t  cho ice  

s i n g l e  s t r a i g h t  l i n e  h a s  a s l o p e  -1/8 and i n t e r c e p t  l o g  a , from which a and b may 
be d e r i v e d  u s i n g  Eq.(A-3). 

i ndependen t  of H . I n  p r a c t i c e  i t  may be n e c e s s a r y  t o  u s e  s e v e r a l  v a l u e s  o f  k 
c o r r e s p o n d i n g  t o  d i f f e r e n t  r anges  of va lue8  of H . 
c u r v e  ( p l o t t e d  on log-log a x e s )  a t  t h e  wave number co r re spond ing  t o  a p a r t i c u l a r  v a l u e  of 
H (e a t  a wave number K of  1/2H) , . t h e n  t h e  v a l u e  of k t o  u s e  a t  t h a t  H i s  

, o f  k t h e  p o i n t s  w i l l  c o l l a p s e  on a s i n g l e  s t r a i g h t  l i n e  f o r  a l l  v a l u e s  of S . The 

I n  t h e  above d i s c u s s i o n  it h a s  been assumed t h a t  a ,  b and k i n  Eq.(A-l) are 

It can be shown” t h a t  i f  S ( K )  i s  t h e  l o c a l  s l o p e  of t h e  power s p e c t r a l  d e n s i t y  

( A - 5 )  

PSD p l o t s  t h u s  g i v e  a good gu ide13  t o  t h e  r anges  of H i n  which 
v a l u e  of k t o  use  i n  each range.  
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Table 1 

Terrain Roughness Ratings 

Descr i pt ion Examples 

Sea well away from land 

Sea just offshore 

Flat land East Rnglian Fens 

Not hi 1 ly Bedfordshire 

Roll ing hi 11s Cotswolds, Severn valley 

Hills with peaks up t o  2500' Mid Wales, N. Scot land 

Hills with peaks up t o  3000' South Wales, Brecon Beacons 

Mountains with peaks over 3000' W. Coast Scot land 

Symbols a r e  used in figures 17, 1 8  and 24. Ratings u p  t o  3.5 a r e  considered t o  
be 'smoother' terrains and over 3.5 ar e  'rougher'. 
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Pig 2 5  A ramp shaped gust 
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AN INTERIM COMPARISON OF OPERATIONAL CG RECORDS IN 
TURBULENCE ON SMALL AND LARGE CIVIL AIRCRAFT 

i J.Taylor 
Consultant 

32 Limes Avenue 
Camberley, Surrey 

UK 

Summary 

Operational records have been made on B r i t i s h  Airways a i r c r a f t  for 
the  per iod May 1980 to A p r i l  1985 and  analysed fo r  about 650,000 f l y i n g  
hours on a number of d i f ferent  a i r c ra f t .  Records have been obtained fo r  
about 2 to  5 minutes of Normal Acceleration, P i tch  Angle, Roll Angle, 
Height and Speed fo r  near ly  a l l  those events which had an increment of l g  
o r  more i.e. 29 events; s im i la r  records have also been obtained for  near ly  
a l l  those events w i t h  an increment of 0.59 o r  more w i t h  f l aps  down fo r  the 
period May 1983 to A p r i l  1985 i.e. 33 events. 

A n  in ter im examination of the 29 events wi th  1 excess g o r  more, w i th  

747's), i s  made and includes an estimate of the interaction of manoeuvres 
, and turbulence, an  estimate of the frequency of occurrence of high level 

in tens i ty  gusts and of the equiprobabi l i t y  re la t ionships of gust levels and 
gust gradients. I t  i s  found tha t  gusts tha t  a r e  important for  a p a r t i c u l a r  
response a r e  strongly dependent on the r a t e  per5Km at which zero 
crossings occur i n  that  response. Using the Kaynes formulae for gust 
in tens i ty  and zero crossings i t  i s  found tha t  the equipcobabi l i ty  
re la t ionships of gust levels and gust gradients  can be represented on a 
s ing le  diagram fo r  a l l  sizes of a i r c r a f t  a t  al I heights. 

I 
I 
I special emphasis on 15 of them ( 3  BAC 1-11, 2 737's, 3 T r i s t a r  and 7 

. 

This  work was done as a Contract w i t h  B r i t i sh  Aerospace 
under the  excellent supervision of M r  H Hitch. 

1. Intraduction. 

As a result of the arrangements made on 3 Oct 1983 for  B r i t i s h  Airways 
to  supply B r i t i s h  Aerospace w i t h  SESMA Events 238 "High Normal 
Acceleration F l i gh t "  and fu r the r  arrangements wi th  CAA on 25 A u g  1986 a 
total  of 62 events have been made ava i l ab le  for  the present investigation. 
The total of 62 l i s t ings  i s  made up of 29 wi th  an increment of l g  or  more 
( 2  Trident, 5 BAC 1-11, 3 8737, 2 8757, 5 T r i s t a r  and 12 8747) for  the 5 
year period May 1980 to A p r i l  1985 and 33 w i t h  an increment of 0.59 or 
more w i th  f l a p s  out ( 2  8757 and 31 8747) fo r  the two year  period May 1983 
to  A p r i l  1985. A l l  the da ta  from these l i s t ings  of height, speed, p i tch  
angle, roll angle a n d  normal acceleration a t  the CG has been copied on to 
floppy d iscs to be used in the complete investigation. 

This paper i s  an in te r im report and i s  based en t i re ly  on the da ta  f r o m  
the 29 events w i t h  an increment of l g  o r  more, and especially on 15 of 
them; i t  i s  complementary to the paper' b y  G.Coupry, which i s  based on 
a l l  the  peaks w i t h  a n  increment of 0.59 o r  more for  the same 5 years. In 
order to  fac i l i t a te  th is  presentation, i t ,  for  the most part, omits the 
da ta  from the Tr ident  and B757 to conform w i t h  Coupry 's main comparison 
of 8747, Tr is ta r ,  BAC 111 and 8737. Table 1 i s  an ext ract  from reference 1 
a n d  shows the to ta l  hours analyzed on these 4 a i rc ra f t .  
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A n  essential requirement fo r  the description of turbulence for  modern 
a i rcraf t ,  especia l ly  those that a r e  r e l y i n g  on ac t ive  contro ls  for  gust 
load a1 lev ia t ion (GLA), i s  that the gust pat terns shal I be ident i f ied  in 
addi t ion to re ta in ing  an adequate descript ion of the in termi t tent ly  
continuous nature of the turbulence. Neither discrete gust types nor 
spectral types of current requirements g i ve  an adequate descript ion of the 
turbulence. Whilst spectral procedures a r e  of a form that i s  su i tab le for 
ca lcu la t ing  s tandard  deviat ions of responses from s tandard  deviat ions of . 
continuous turbulence no information i s  normally ava i l ab le  of the nature of 
the i n d i v i d u a l  gusts. In th is  respect they a r e  deficient for  GLA a i r c ra f t  
and requirements, addi t ional  to those covered b y  the spectral 
requirements, a r e  needed. Whilst discrete gust requirements use gust 
shapes in the i r  bas ic  procedures, the development of them to cover 
continuous turbulence has  not resul ted in a suf f ic ient ly  precise 
description of re la t ionships between peaks and gradient  distances for GLA 
a i r c  r a f t  . 

Ear ly  in the development of discrete gust requirements i t  was 
appreciated tha t  the a i r c r a f t  properties were important in def in ing the 
gust shape tha t  produced the gust load3 and the gust gradient  was defined 
in terms of chord lengths. More recent work indicates that an important 
characterist ic i s  the ra te  a t  which zero crossings occur, which means that 
a re l i ab le  method of determining the number of zero crossings i s  required. 
This w e n t  work uses a spectral method of describing continuous 
turbulence tha t  i s  of a form sui tab le for  making a study of the the nature 
of the i nd i v idua l  gusts. The d is t r ibu t ions  of gust velocities and  a number 
of a i r c ra f t  responses were examined together wi th  the d is t r ibu t ions  of .. 
t h e i r  derivatives. A l l  were found to have the fol lowing p robab i l i t y  
density. 

( 1  1 2 2 2  U(x l )  = ( l / ~ ~ ~ ) ~ / ~ / ~ e x p ( - x ~ / 4 ~  x )dx ______--_-_ ---------- 
where U(x l )  = the p robab i l i t y  density of xl 

n 
L 

U = the var iance of x1 
(equation 11 of Reference 2) 

I t  was found tha t  the d i s t r i bu t i on  of the levels crossed for  the var ia tes 
were appropr iate to that, that would occur when the va r ia te  and i t s  
de r i va t i ve  were independent. In order to g ive  more confidence in 
ca lcu lated values of zero crossings, the measured data from a T33 and 
from a Canberra tha t  were used in reference 2 was subjected to a s t r i c te r  
test f o r  independence in reference 3. I t  was found fo r  both a i r c ra f t  that  
for  ver t i ca l  gust velocity and for  normal acceleration at  a po in t  near the 
CG of the a i r c ra f t  the corre la t ion coefficient between each parameter and 
i t s  de r i va t i ve  was very smal I; procedures for  ob ta in ing  re la t ionships 
between peaks and gust gradient  distances were developed from the T33 
and Canberra da ta  and w i l l  be used on the B r i t i sh  Airways da ta  for  the 5 
year period. 

2. T ime-H i stories. * 
4 

Whenever there is  known to be an er ro r  in the o r ig ina l  recordings the 
l i n e  where i t  occurs i s  ident i f ied b y  inser t ing  a minus s ign  before the f 

frame number and a s  the er ro rs  may not be in the data that i s  be ing used * 

i t  was decided to p l o t  the rfcords to check for drop-outs before re ject ing 
data. This  method was used successfully on  the CAADRP special events of 
B r i t i s h  Airways, where the number of drop-outs was large. 

Prel iminary p lo ts  were made near those frames that  were known to 
have er ro rs .  These e r ro rs  were neg l ig ib le  in Events 2122, 7406, 4215, 3273, 
0849, 3007, 3840, 1195 and 4178. They were serious in 3427 and 1692. For 
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those in which the er ro rs  were serious a l l  the frames ident i f ied as  hav ing  
e r ro rs  a re  omitted in the p lo ts  of p i t ch  angle,roII angle and normal 
accelerat ion a t  the centre of g r a v i t y  of the a i r c ra f t  in F igure  1A-G for  
the whole record of each of the SESMA Events w i t h  an acceleration 
increment of l g  o r  more. The e r ro rs  in Event 1692 occur such a long time 
before the s t a r t  of the turbulence that simple in terpolat ion of the records 
to  replace the er ro rs  would have a neg l ig ib le  effect on any resul ts  
obtained. 

t 

A v isual  examination of F igures IA-G suggests that in addi t ion to the 
frames that were identi f ied a s  possibly conta in ing er ro rs  there were 2 
other events that  appeared to have drop-outs. These a r e  in the g record of 
the T r i s ta r  in Event 2854 and in the p i t c h  record of the T r i s t a r  in Event 
3427. The drop-out in 2854 i s  a s ing le read ing  and i s  replaced b y  a simple 
in terpolat ion.  There a r e  so many frames ident i f ied as  conta in ing er ro rs  in 
Event 3427 that the whole record must be regarded w i t h  suspicion and i s  
therefore no t  used in th i s  paper. For  th is  in te r im report a fur ther  13 of 
the remaining 28 events a r e  omitted as follows: 

2 Tridents and 2 B757's (Events 4882, 3420, 2514 and 4100) so that the 
comparison w i l l  be on BAC 111, 8737, B747 and T r i s ta r  as in Ref. 1.  

4 Events fo r  which the weight of the a i r c ra f t  i s  not known (Events 
3938, 3273, 1521 and 2122) to avoid an  e r ro r  due to the poss ib i l i t y  
of a bad  estimate of the weight. 

2 Events that a r e  of much longer dura t ion  than the others (Events 
1195 and 4178): examination of the records of Event 4178 shows that  

However both Events should be of considerable value for the full 
Report. 

3 Events that a r e  of shor t  dura t ion  (Events 7099, 4887 and 3120) in 
which the to ta l  number of gusts invo lved would not appreciably 
affect any results obtained without them. 

a the maximum g increment i s  s l i gh t l y  less than l g  i.e. 0.969. 

. 

3. Procedure for determining gust peaks and their gradient distances. 

The grad ien t  distance i s  estimated from a knowledge of the derivative. 
The procedure for  ca l cu la t i ng  the de r i va t i ve  a t  a po in t  i s  the same as the 
one used in Reference 1; the cubic  through the two points  each side of the 
po in t  under consideration is  ca lcu lated and the tangent a t  the point  i s  
taken to be the grad ien t  at tha t  point. 

The peaks a r e  ident i f ied as the highest magnitudes between successive 
zero crossings thus requiring the nomenclature of +ve peaks and -ve 
peaks. A n  empir ical procedure i s  used to  ca lcu late the gradients  of these 
i n d i v i d u a l  gusts. For the purpose of Design Requirements i t  i s  convenient 
to assume a gust shape of ( 1  - cos) so i t  was decided that the gradients 
should be chosen so tha t  any coefficients tha t  were used in conjunction 
w i t h  the peak magnitude and the maximum der i va t i ve  would be identical to 
those fo r  a ( 1  - cos) shape. Thus fo r  normal acceleration 

H = the grad ien t  distance. 
G = the range 07 normal acceleration from the .appropriate trqugh. 

G = the r a t e  of change of normal acceleration w i t h  respect to 
distance. 

I 
For a gust sequence made up ent i re ly  of gusts of (1-cos) shape, each 

s t a r t i n g  a t  the 1 G datum, w i t h  no gaps between gusts and a l ternate ly  +ve 
and -ve peaks the average gradient  distance H would be 1/4 of the 
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I 

N( 0) = 4/3:1/2~) (aD/o) _____-________-_________ --- (5) 1 

This equation ( 5 )  w i l l  be used to calculate the  zero crossings N(0)for the  

average distance between zero crossings in one direct ion i.e. 4HN(O) = 1 .  
For the condition in which each trough has the opposite s ign to i t s  
associated peak, the average would be 4HN(O) = 2. I t  seems appropr iate 
therefore to present the  data in the non-dimensional un i t  4HN(O); i t  i s  
conven ient to regard 4HN( 0) = 1 as standard, as the H would correspond 
more d i rect ly  w i t h  that used in current Design Requirements. For 
convenience in grouping data at  d i f ferent heights, H i s  given in 
metres X (square root ret.  a i r  density). t 

Having identi f ied the peaks a decision has  to be taken on which 
maximum der ivat ives should b e  associated w i th  the entry to, and e x i t  from 
the gust and also the value of the appropr iate troughs. To fac i l i ta te  
making th is  decision, 4 seconds of the more intense turbulence in  each of 
the T33 and Canberra tims-histories of gust velocity and CG normal 
acceleration were selected for special examination. A number of 
procedures =re t r i e d  and the fol lowing is  the one that  appeared to be the 
most consistent and the most l i ke ly  to g i v e  s imi lar  values for the gradient 
distances of the ver t i ca l  gust velocity and  for  normal acceleration at  a 
po int  near  the CG of the a i rcraf t .  

A. Choose the largest magnitude of the de r i va t i ve  that occurs at  the 
the peak or  between i t  and the time that  the der ivat ive passes 
through zero. 

B.  Choose the largest range from peak to trough w i t h  the same 
restr ict ions.  

4. Relationship of peaks and ranges and gradient distance. 

The response of normal acceleration near  the centre of g r a v i t y  of the 
a i r c r a f t  i s  such that when the osci l lat ions due to s t ructura l  v ibrat ions 
a r e  removed the cumulative d i s t r i bu t i on  of peaks does not d i f fe r  much f rom 
that  for  the level crossings. This i s  achieved in the  plots of peaks and 
gradient distances b y  rep lac ing a l l  troughs w i th  the same sign as the i r  
associated peaks b y  the  datum value w h i  1st re ta in ing  the same gradient. 
The d i s t r i bu t i on  of  level crossings i s  g iven by 

. 

- - 

(4) 
1 2 2  

N( x1 ) = 4/3( 1 /2n ) ( uD/u ) J0exp ( -xl /4a x 3 dx --------- 
(equation 14 of Reference 2) 



5.  SESMA Records. 

5.1 Kaynes Response Factors 
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1 

I . 

l -  

The records that have been taken from the l i s t ings  of SESMA Events 
include the weight of the A i r c ra f t  a t  the time that the maximum increment 
of g occurs. The records a r e  tabulated in successive frames, each for one 
second; each frame has  normal acceleration at 8 readings per second, 
p i tch  angle and 1-011 angle at  2 or 4 per second, depending on the 
a i rcraf t ,  and speed and height at 1 per  second and also there i s  a frame 
number, which gives the time in seconds to an a r b i t r a r y  scale. By 
ident i fy ing the frame in which the maximum increment of g occurs the 
associated speed and height can be ident i f ied.  These have been found for 
each of the Events a n d  a r e  presented in Table 2. In addi t ion to th is  basic 
data, the Lift Coefficient, the Maximum Gust Velocity, the Gust Response 
Factor and the Zero Crossings a r e  also given. The Lif t  Coefficient was 
provided b y  CAA for a number of the Events, the remainder being al located 
the a r b i t r a r y  value 5 for  th is  paper. The Gust Response f a c t o r s  y d  the 
Zero Crossings a re  calculated by  the Kaynes procedure for 
Tw-dimensional Spectra of Turbulence using a scale of turbulence of $000 
f t  d iv ided b y  the r e l a t i v e  a i r  density (a), l w h i c h  i s  the scale used in 
1965 w i t h  the Hal l  Response Faf ly- .  Coupry also uses Hal l  but  w i t h  a 
scale of 440 m div ided b y  ( a )  . Thus, Coupry has s imi lar  scales of 
turbulence to the ones used in th is  paper except that  they would tend to be 
h ighe r  a t  low a l t i t ude  and lower a t  high al t i tude. 

I t  is considered tha t  as the data being examined i s  for 650,000 f l y i n g  
hours over a period of 5 years i t  should g i ve  an opportuni ty to compare 
the resu l t s  fo r  dif ferent a i r c r a f t  a n d  check to what extent the descript ion 
of the gusts becomes independent of the a i r c r a f t  that i s  used for the 
measurements. I t  i s  considered that  the data should be suff ic ient  to make 
a comparison between measured and calculated values of zero crossings. 

5.2 Separation of Turbulence and Manoeuvres 

As mentioned in paragraph 2 f i f teen SESMA Events have been selected 
for  t he  study of the g response of small and large a i r c r a f t  in severe 
Atmospheric Turbulence. A I  I the records conta in  severe turbulence and the  
f i r s t  step in the analysis i s  to determine the durations for  which the 
anal%& should be made. Analyt ical  methods were used in the ea r l i e r  
work to do th is  but i t  can be seen from the records of F igure 1 that i t  
is r a r e  fo r  a p a r t i c u l a r  t raverse of severe turbulence to have a n  intensi ty 
that var ies appreciably and a v isual  inspection i s  probably the best that 
can be done to ident i fy the time boundaries to the nearest second. Having 
selected the durat ions of the severe portions of the traverses, the 
character ist ics of the turbulence w i l l  f i r s t  be examined b y  reducing the 
response in to  cunponents of turbulence and of manoeuvres, whether70r not 
t he  manoeuvre was produced b y  the turbulence. I t  has been shown for a 
range  of a i r c r a f t  that i t  was possible to select a frequency below which 
the amount of turbulence was small. I t  corresponds to a wavelength of 
about 2000 metres for  a l l  the a i r c r a f t  examined in th is  present paper. Thus 
for th is  s tudy of turbulence i t  i s  adequate to select a s ingle f i l t e r i n g  
frequency of 0.12 HZ for  at I the traverses. I t  wou Id be  necessary to make 
a more ref ined selection for  detai led studies of the manoeuvres themselves 
for in such a case i t  would be preferable to select a higher frequency to 
include more of the manoeuvre contr ibut ion even a t  the expense of hav ing  
a l i t t l e  more turbulence. 

The upper frequency for  w h i c h  g records and direct  measuremene of 
turbulence gave s im i la r  records was also discussed in the ea r l i e r  work on 
the present subject. This of course had had to be done on research f l i g h t s  



3-6 

but i t  was considered that  an upper l im i t  of 2 HZ would be a good choice 
for BAC 1-11 and Trident. This l i m i t  does not change r a p i d l y  w i t h  size of 
a i rc ra f t  and i t  i s  thought that i t  would be sui table also for the larger 
a i rcraf t .  Fortunately a l l  the SESMA records a r e  at 8 g readings per second 
w h i c h  i s  associated with a f i l t e r  at 2 HZ. A l l  the events have been 
f i l te red  at  0.12 HZ to g i ve  the components above and below 0.12 HZ. The 
intensities of the g, p i tch  angle and roll angle have been calculated for 
the durat ion of each severe t raverse of turbulence and a r e  given in Table 
3 .  The correlat ion factors of the three parameters in  p a i r s  have been 
calculated fo r  a range of delay times. The maximum correlat ion factors 
and their  appropr iate delay times in 1/8 second u n i t s  a re  also given in 
the Table. A prel iminary examination of the relat ionship between the 
manoeuvres and the turbulence suggests that the va r ia t i on  in intensi ty of 
the manoeuvre component does not seem to depend on  either the a i r c r a f t  or  
the intensity of the turbulence for the recorded traverses, a l l  of which 
had a n  increment of l g  o r  more. I t  has an RMS va lue of about 0 . l g  in a l l  
cases; the ear l ier  work on BAC 1-11 and Tr ident for  a lower l im i t  of 0.69 
for the  g increment also showed a manoeuvre contr ibut ion of 0. lg RMS 
value. 

4 

5.3 Turbulence components 

The complete records of the severe portions of the  traverses are taken 
as a means of est imating the characterist ics of the turbulence data 
obtained from the SESMA records. Whilst there a r e  very few troughs that 
have the same s ign as the peaks i t  was considered that no Design 
Requirement was needed to incur such a condition. I t  was decided 
therefore that i t  would be preferable to replace any trough wi th  the same 
sign as the peak b y  a trough a t  lg, but re ta in ing  the same maximum 
gradient;  th is  has the effect of increasing the gradient distance in 
proport ion to the increase i n  range from peak to trough. When the long 
wavelengths a r e  removed from the records to produce the turbulence 
components between 0.12 HZ and 2 HZ, the total number of peaks i s  
increased and some of these, usual ly  small ones, have troughs of the same 
sign as their  associated peaks and should be modified b y  the method just  
described. F i r s t l y ,  the frequency range 0.12 to 2 HZ, corresponding to the 
turbulence component, w i l l  be examined. The peaks and ranges have been 
p lo t ted  against gradient distances for each traverse in non dimensional 
form using the method that was developed in t h e  ear l ier  work . The Zero 
Crossings a r e  calculated from equation ( 5 ) ,  using the measured values for 
the standard deviat ions of the g and of i t s  der ivat ive.  For comparison 
between dif ferent traverses, inc lud ing the ones tha t  had been taken on 
CAADRP Events w i t h  g increments of 0.69 and above, equiprobabi l i ty  
curves have been included that were deduced from the 487 up peaks of the  
CAADRP records as follows: the locus of points, in which there a re  5 gusts 
of h igher magnitude and of lower gradient distance, was determined, 
which i s  1 % of the total.  Simi lar ly a locus for 24 gusts, which i s  about 5 
% of the total was also determined. In order to obta in  an  equiprobabi l i ty  
l i n e  for the ranges, those ranges associated w i t h  peaks greater than the 5 
% equiprobabi l i ty  l ine  were used. The appropr iate 1 % equiprobabi l i ty  l ine  
for ranges i s  also p lo t ted in the figures. A l l  of the traverses have A - 
records that a r e  consistent wi th  these equiprobabi l i ty  lines. Figure 2 
shows a comparison of large a n d  small a i rc ra f t .  The upper diagrams a r e  

peak and the ranges associated w i t h  those peaks above the 5% 
equiprobabi l i ty  l ine. The lower 2 diagrams a r e  for the peak down gusts. 
In each f igure the  two left  hand diagrams a r e  for a small a i r c r a f t  and the 
r ight hand ones for a large one. As these f igures are plotted on 
non-dimensional scales of S.D. of gust intensi ty and of 4HN(O) ,  the scales 
in m/sec CAS and m.(square root of r e l a t i v e  a i r  densi ty)  a re  di f ferent for  

3 

for peak up gusts, each showing the gradients on ex i t  and ent ry  to the - c 
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each diagram. F i g  2A i s  fo r  a BAC 1-11 a n d  a T r i s ta r  each at  13700 f t  and 
F i g  28 i s  for  a 8737 and a 8747 at  23000 f t .  In a l l  cases the records f i t  
equal ly well on the non-dimensional basis. To i l l u s t r a t e  the effect of 
size, scales have been included of gust gradient  distance in  mX(square 
root of the r e l a t i v e  a i r  densi ty) ;  th is  p a r t i c u l a r  u n i t  of gradient 
distance i s  chosen because the calculated value of N(O)/(square root of the 
r e l a t i v e  a i r  densi ty)  i s  less dependent on height than N ( 0 ) ;  see Table 2. 

1) I t  w i l l  be seen that t h e  two small  a i r c r a f t  have much the same gradient 
distances on these scales at  the di f ferent heights as have the large 
a i r c r a f t  but  there i s  a r a t i o  of about 5 to 7 between the small  and large 
a i r c r a f t  a t  both heights. . 

, A l l  the records for  a l l  the heights have been combined in F igure 3 .  In , 
th is  case they have been grouped on the non-dimensional basis. The value 
of turbulence intensi ty chosen was a standard deviat ion of 5 m/second CAS 
calculated w i t h  the  Kaynes Response Factor. As i t  had been noticed in the 
examination of the i nd i v idua l  records that  the measured N ( 0 ) ' s  did not 
d i f fe r  much from the Kaynes calculated value i t  was decided to use the 
calculated values in each case. This has the advantage that the 
comparison of d i f ferent traverses and of di f ferent a i rc ra f t  a r e  a l l  made 
for Kaynes Response Factors and Zero Crossings. 

The value of 5 m/sec CAS for  s tandard deviat ion of turbulence 
intensity that was chosen for F i g  3 was del iberately selected to be a 
l i t t l e  on the h igh  side of the actual  average for the records taken and in 
consequence the number of gusts outside the  1 % equiprobabi l i ty  l ine i s  
about 2 or  3 at any  po in t ;  the to ta l  number of up gusts i s  622 so that  
there would have been an expected number  of about 6 had the average 
in tens i ty  been taken. The associated range of 1% equiprobabil  i t y  is  about 
1.6  times the peaks as had occurred w i t h  t he  CAADRP records. 

5 . 4  Turbulence a n d  manoeuvres combined 

1 

. 
I t  was stated in paragraph 5.2 that there is no marked relat ionship 

b e t w e n  the manoeuvre g and the turbulence g at  d i f ferent heights or 
ove ra l l  g intensi ty ( fo r  traverses with a g increment of l g  or more) or 
b e t w e n  a i rc ra f t .  The s tandard deviat ion of the manoeuvre of a l l  the  
severe portions of the traverses was about 0.1 9, w h i c h  i s  about 1.6  m/sec 
CAS, so the probable manoeuvre ( i .e. the magnitude that  i s  as l i k e l y  to be 
above o r  below the  actual one at a specified t ime)  i s  about 1 m/sec CAS. I t  
seems tha t  a n  ove ra l l  addi t ion of 1 m/sec CAS to g i ve  an ind icat ion of the 
manoeuvre contr ibut ion for each traverses would b e  a reasonable one to 
use. Likewise some value has  to be  used for  the intensi ty of the turbulence 
as a bas i s  for  comparison a n d  i t  seems reasonable to use 5 m/sec CAS as 
was used in paragraph 5 . 3  for the turbulence components. F igure 4 gives a 
p l o t  of a l l  the records of the basic g data of the severe turbulence 
combined. They a r e  compared with equiprobabi l i ty  l ines for  an RMS value 
of 5 m/sec CAS p l u s  a constant value 1 m/sec CAS to account for the 
manoeuvre contr ibut ion in the 1 % line. This w o u l d  represent the expected 
l i m i t  for  a traverse w i t h  a s tandard deviat ion of 5 m/sec CAS and 
containing 100 up gust peaks. Such a traverse would be of the order of 30 
km, which is  about 3 times the average length of the 15 SESMA traverses 
that have been examined. A n  examination of F i g  4 shows that the number 

a . of gusts more severe than th is  at any point  is  about 2 or  3 so that  on the 
assumption that  the 15 traverses examined accounted for  half the total in 
the 29 traverses recorded, the l im i t  load would have occurred about 5 
times du r ing  the 650,000 f l y i n g  hours. 

A 

The total records of F i g  4 a r e  separated i n t o  several height bands in 
F i g  5; F i g  5A shows the records below 15000 f t  a n d  presents the small and 
large a i r c r a f t  separately. The agreement between the small and large 
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a i rc ra f t  i s  good a n d  represents about the same number of f l y i n g  hours. 
The l imi t  load l ine represents about the l imi t  of each set of records. F i g  
58 shows s im i la r  records for 1 5 0 0 0  to 25000 f t .  The agreement between small 
and large a i r c r a f t  i s  good but the gusts for each a r e  ra the r  below the 
l i m i t  l i ne .  This i s  accounted fo r  to some extent b y  the f l y i n g  hours for 
each set being a l i t t l e  under h a l f  those below 15000 ft.' F i g  5C shows the 
records for  f l y i n g  above 25000 ft. In this case the large a i rc ra f t  had 
about 7 times as many f l y i n g  hours as the small ones and in consequence 
there were n o  traverses b y  the BAC 1-11 and the 8737. However there was 
one traverse made b y  the Tr ident so th is  has  been compared wi th  the large 
a i rc ra f t .  The Trident resul ts  a r e  ra the r  few but do not seem to be 
incanpatible w i t h  those on the large a i rcraf t ,  w h i c h  a r e  a good sample 
a n d  agree well w i t h  the proposed l i m i t  load. There a r e  about 1 or 2 gusts 
above the  l i m i t  a t  each point .  

I t  may be concluded that the 1 % equiprobabi l i ty  l ines of peaks and 
ranges for  dif ferent gradient distances on F i g  4 a r e  the same for a l l  
a i rc ra f t  and for a l l  heights when the normal acceleration at the CG is  
convwted to  gusts b y  using a scale of turbulence of 1000 f t / ( a i r  
density) and Kaynes values for Gust Response Factors and Zero 
Crossings; the gust gradient distance that  i s  shown i s  for  an N(0) of 
0.007/m X (sq  r t  of r e l a t i v e  a i r  densi ty)  and w o u l d  need amending for 
any other  value. 

5.5 Frequency of peak gusts at d i f ferent heights 

In  the present analys is  each peak that  i s  recorded, i s  the maximum 
value between zero crossings and t h e i r  d i s t r i bu t i on  should be the same as 
the number of level crossings. The total  number that  were recorded for a l l  
a i r c r a f t  a r e  g iven in Table 4. In the same Table are given the 
corresponding numbers for  the turbulence components only.  As wou Id be 
expected the turbulence has ra the r  more small peaks but fewer large ones. 
The number that  occur at 1 1  m/sec in the basic data a r e  about the same as 
the  n u m b e r  at 10 m/sec in the  turbulence component only;  th is  i s  the 
amount that i s  assumed for the  1% equiprobabi l i ty  l i n e  in F igure 5. 

Coupryl has made a study of a l l  the peaks above 0.5 g that  occurred 
on the BAC 1-11 ,  8737, T r i s t a r  and 8747 during the same 5 year period. A t  
each height band Coupry found that, b y  using the Hal l  Response Factor, 
there was agreement between the dif ferent a i rc ra f t .  A s imi lar  resul t  would 
have been achieved w i t h  the Kaynes Response Factors although the actual 
values would have been s l i g h t l y  dif ferent. He found that there was a 
factor of about 1 0  between the number of gusts at 7 m/sec and the number 
at  1 1  m/sec. A l l  Coupry 's gusts were, of course, for  the basic data. This 
paper i s  concerned only wi th  the severe traverses that included an and 
a r e  presented in Table 5 for  dif ferent height bands and  for small and 
large a i rc ra f t .  A s  would be expected the total number of gusts at about 11  
m/sec i s  f a r  fewer than Coupry found from a study of a l l  the traverses 
that included an increment of 0.59 or  more. However Table 5 shows the 
factor between 7 m/sec and 1 1  m/sec to be about 3 ra the r  than 10. Also the 
factor i s  about the same for  the di f ferent heights and for small  and large L. 

a i rc ra f t .  

. 
1 

6.  Conclusions. . 
Data has been collected from 650,000 f l y i n g  hours on BAC 1-11 ,  8737, 

T r i s t a r  and 8747 of speed, height, normal acceleration a t  the CG, p i t c h  
angle and r o l l  angle for  those occasions when an increment of 1 g or  more 
occurred. After f i l t e r i n g  at  0.12 HZ to separate predominantly manoeuvres 
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from turbulence, an examination of the records, where the g f luctuat ions 
were severe, showed tha t  t h e  gradient distances of the gusts were strongly 
dependent on the zero crossings. I t  was found that the relat ionship 
between peaks and gradient distances was s ta t i s t i ca l l y  the same for a l l  
a i r c r a f t  and a t  a l  I heights, a s  one preselected from an ea r l i e r  study us ing 
non-dimensional scales of gust velocity in terms of s tandard deviat ions 
and gust gradient  distance i n  terms of 4HN(O). There i s  a p robab i l i t y  of 
about 0.01 that there a r e  no peaks w i t h  a gradient distance less than 0.8 
times 4HN(O), the gust velocity then increases steadi ly wi th  gradient 
distance to  an asymptotic value of about 3.7 s tandard deviations. The 
manoeuvres were on average the equivalent of about 1 m/sec CAS and no 
dependence was found on the sever i ty of the turbulence, for  the records 
examined w h i c h  a l l  had an increment of l g  or more, or on the height or on 
the type of a i rc ra f t .  

7. Proposal. 

A model of turbulence i s  proposed in a form that i s  ident ical  for  a l l  
heights as follows: 

A. A t raverse of 30 Km. 
B.  Continuous Turbulence w i t h  an RMS value of 5 m/sec CAS and a 

scale of turbulence of 1000 f t / ( a i r  densi ty) ,  normal accelerations 
at  the CG and non-dimensional gust gradient distances being 
calculated using Kaynes Response Factors and Zero Crossings for 
Two-dimensional Spectra of Turbulence. 

m/sec CAS gust. 
C. A n  addi t ional  manoeuvre component that  i s  the equivalent of 1 

Q 
The resul tant  equiprobabi l i ty  l i n e  that i s  produced for gust 

velocities and gradient distances i s  such that i t  i s  considered that for  
any  po in t  on i t  there would have been about 5 occurences that  were more 
severe in the 650,000 f l y i n g  hours recorded. 

8.  Future Developments. 

For the most p a r t  only 15 traverses have been used in the present 
paper. I t  i s  expected t h a t  t h i s  study w i l l  b e  continued to take account of 
the other 13 w i t h  increments of l g  or more and the one w i t h  10 minute 
durat ion and a n  increment of 0.969. To th is  end fur ther  information i s  
required on a i rc ra f t  weights (presumably from B r i t i s h  Airways), Lift 
Coefficients (possibly ind i rect ly  from the f i rms through M r  Coupry) and 
FI igh t  Profi  les for  the 8757 and Tr ident (from CAA or M r  Coupry). I t  i s  
hoped also to examine the 32 events w i t h  a n  increment of 0.59 or more wi th  
f l aps  down and to include in th is  invest igat ion a more ref ined study of the 
interact ion of gusts and manoeuvres: in th is  study the two events (1195 
and 4178) of 10 minute durat ion should be of considerable value, 
especial ly for tak ing account of p i t c h  and roll angles. 



3-10 

References 

1. G. COUPRY Analyse s tat is t ique de l a  turbulence 
a t  msphe r ique. 

R.T.4/3567 050 R 
Fev 1986 

2. J. TAYLOR Atmospheric Turbulence Loads Jou r . R . Ae. S. 
of A i rc ra f t .  Dec 1977 

1 

3. J. TAYLOR Gust descript ion fo r  ac t i ve  control technology. Report No 
Report o n  responses to  turbulence of a T33 and WBR/JT/4. 

1-11 : appl icat ion to selected CAADRP special events. 
a Canberra and a ca lcu lated response of a BAC 19 Dec 1979 , ~ 

I 

4. J. TAYLOR Gust descript ion for  ac t i ve  control technology. WBR/JT/6 
25 Nov 1981 

5. I . W .  KAYNES A i r c ra f t  Centre of Grav i ty  Response to R G M 3665 
Two-Dimensional Spectra of Turbulence June 1970 

6. J. TAYLOR Manual on A i rc ra f t  Loads. AGARDogr aph 
No 83 (1965) 
Pe r g a  mon 

7. J. TAYLOR Mathematical Model fo r  the Separation of LBF Rep. No 
Gust and Manoeuvre Loads of C i v i l  A i rcraf t .  FB-141( 1979) 

. I 



3-1 1 

O.N.E. R.A. RT 4/3567 RY 050 R 

Table 1 :  F l ight  profi les of 6-747, BAC 1-11 ,  6-737, Tr is tar  dur ing 
recording period May 1980 to Apri l  1985. 
(Extract from ONERA Report No RT 4/3567 RY 050 R )  

Page 31 



3-12 

Table 2: Peak G Increments and Gust Velocities for Kaynes Response Factors 

Units: Height f t ,  CAS Knots, Weight Kg, UK m/sec CAS 
Date Event Aircraft  Height CAS Weight G CLA UK 
Jan 82 4882 TRIDENT 3 7105 356 54130 2.36 5 16.86 
Sep 83 3420 TRIDENT 3 29600 309 57510 -.38 4.957 -19.78 
Oct 81 3938 BAC 1-11 5100 280 0 2.16 5 0 
JuI 82 7099 BAC 1 - 1 1  18795 250 32650 2.16 5.217 16.35 
Jun 83 2312 BAC 1-11 13745 264 36880 -.26 5.262 -18.37 
Jun 84 2291 BAC 1 - 1 1  7560 261 32570 0 5.05 -14.18 
Oct 84 3396 BAC 1-11 22835 321 33390 2.18 6.141 11 .61 
Jut 80 2124 TRISTAR 5 29170 298 136200 -.06 6.106 -13.1 
Aug 82 7406 TRISTAR 2 15750 339 162200 -.03 5.445 -14.43 
Aug 83 3427 TRISTAR 1 32100 282 168900 2.05 6.089 16.13 
Aug 84 2854 TRISTAR 2 13780 279 136300 -.07 5.286 -16.54 
Sep 84 3120 TRISTAR 2 7030 274 156300 -.04 5.236 -18.56 
May 80 1692 8747-136 10231 338 303000 2.3 5 22.38 
Aug 81 3273 8747-136 11077 225 0 -.27 5 0 
May 82 6556 8747-136 35336 278 248500 -.OS 5.182 -17.49 
M a r  83 0849 8747-136 31122 312 288100 2.14 5 19.39 
May 83 1521 8747-136 21979 311 0 -.03 5 0 
Jun 83 2108 8747-136 35062 293 255300 2.11 5.63 16.86 
May 84 2122 8747-136 16127 308 0 -.15 5 0 

Aug 80 2766 8747-236 28301 316 330000 2.18 5 21.77 

Aug 84 3007 8747-136 11919 321 214600 2.04 4.949 14.99 
Mar 81 1195 8747-236 10917 307 239600 -.18 5 -19.13 

D e  83 4887 8747-236 7441 305 218100 2.03 4.832 16.31 
NOV 84 3840 6747-236 22992 308 217000 -.08 5 -15.62 
Oct 81 4178 8737-236 10317 263 45990 .04 5.943 -15.78 
Oct 84 3841 8737-236 23251 282 44700 -.2 6.36 -16.59 
D ~ c  84 4215 B737-236 4282 283 52300 -. 18 5 -22.51 
JuI 84 2514 B757-236 10610 222 71000 -.l 5 -20.65 
D ~ c  84 4100 8757-236 17540 288 78800 -.06 5 -1 6.28 

K 
.6044 
.6453 
0 
.5763 
.5908 
.56 55 
.5587 
.57 24 
.6073 
,6199 
.5788 
.5909 
.63 36 
0 
.63 
,6605 
0 
,6197 
0 
.57 
.5857 
.6885 
.5684 
.5 926 
.6112 
.6154 
.6615 
.5843 
.6109 

NO/m. SQRa 
.00657 
.00699 
0 
.00789 
.00752 
.00761 
.00828 
.0057 
.00505 
.00545 
.00528 
.00501 
.00393 
0 
.00469 .I 

.00436 
0 . 00 476 
0 
.00462 
.00442 
.00411 
.00451 
.00461 
.00724 
.00759 
.0065 3 
,00608 
.00608 

? 

f 
4 
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T a b l e  3. M a x i m u m  C o r r e l a t i o n  factors for  high and low frequency ranges. 

F X =  N o r m a l  acceleration: FY=  Pi tch angle: FZ=  R o l l  angle: D e l a y  in 1/8 s 
S342oH E v e n t  3420:TRIDENT 3 ABOVE 0.12 HZ 

STANDARD DEVIATIONS : .284913 G .a9459 DEG 1.21575 DEG 
DELAYS DATA RANGE CORRELATION FACTORS 

MEANS : -6.7162800E-04 G .00218542 DEG -.a56498 DEG 

v 

X Y Z 1st  Last M zx XY 
0 1 2 633 776 -.327343 -.OB73074 -53518 

4 S342OL E v e n t  3420:TRIDENT 3 BELOW 0.12 HZ 
MEANS : .a29027 G -2.70081 DEG -5.11438 DEG 
STANDARD DEVIATIONS : .0927831 G .761625 DEG 1.55925 DEG 

DELAYS DATA RANGE CORRELATION FACTORS 
X Y Z 1st Last Yz zx XY 
16 0 32 633 776 -.e23342 -.718706 ,83008 

S2312H E v e n t  2312: BAC 1-11 ABOVE 0.12 HZ 

STANDARD DEVIATIONS : .215441 G .616854 DEG 2.10113 DEG 
DELAYS DATA RANGE CORRELATION FACTORS 

MEANS : .00108365 G -.00'%6522 DEG .00205662 DEG 

X Y Z 1st  L a s t  Y z  zx XY 
0 1 2 769 1280 .010763 -.00934637 ,561 159 

S2312L E v e n t  231 2: BAC 1-11 BELOW 0.12 HZ 

STANDARD DEVIATIONS : .OB46458 G .885138 DEG 3.47466 DEG 
MEANS : 1.08141 G -1 . a 9 9 6  DEG -2.68636 DEG 

1 DELAYS DATA RANGE CORRELATION FACTORS 
X Y Z 1st Last M zx XY 
0 16 0 769 1280 .255019 .163109 -.622876 

m 
S2291H E v e n t  2291 : BAC 1-11 ABOVE 0.12 HZ 

STANDARD DEVIATIONS : .252256 G .703512 DEG 1.66429 DEG 
DELAYS DATA RANGE CORRELATION FACTORS 

MEANS : .00198248 G -.0255688 DEG -.0760713 DEG 

X Y Z 1st  Last M zx XY 
0 1 1 609 848 -.394586 -.312375 ,741735 

S2291L E v e n t  2291 : BAC 1-11 BELOW 0.12 HZ 
MEANS : .999764 G 6.6158 DEG 8.14909 DEG 
STANDARD DEVIATIONS : .0595804 G 2.53522 DEG 14.3512 DEG 

DELAYS DATA RANGE CORRELAT ION FACTORS 
X Y Z 1st  Last M zx XY 
0 0 0 609 848 .e97294 .0969994 .154865 

S3396H E v e n t  3396: BAC 1-11 ABOVE 0.12 HZ 

STANDARD DEVIATIONS : .355479 G .725579 DEG 2.03519 DEG 
DELAYS DATA RANGE CORRELAT ION FACTORS 

MEANS : -.00129893 G -.0040137 DEG -.lo8592 DEG 

X Y Z 1st Last M zx XY 
0 1 5 305 448 .761282 .406605 .721726 . S3396L E v e n t  3396: BAC 1-11 BELOW 0.12 HZ 

' MEANS : .938866 G .612266 DEG 5.07595 DEG 
STANDARD DEVIATIONS : .163479 G .518717 DEG 4.06298 DEG 

DELAYS DATA RANGE CORRELATION FACTORS - 
1 X Y Z 1st  L a s t  M zx XY 

0 0 12 305 448 ,47421 .595132 .196102 
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S7406H Event 7406:TRISTAR 2 ABOVE 0.12 HZ 

STANDARD DEVIATIONS : .272732 G .576228 DEG .738288 DEG 
DELAYS DATA RANGE CORRELATION FACTORS 

MEANS : -e00228538 G -.0042986 DEG -0502858 DEG 

X Y Z 1st Last M zx XY 
0 0 0 673 832 .0920076 ,31177 .709478 

s7406L Event 7406:TRISTAR 2 BELOW 0.12 HZ 

STANDARD DEVIATIONS : .0331955 G 1.07648 DEG .471031 DEG 
DELAYS DATA RANGE CORRELATION FACTORS 

MEANS : 1.06296 G .171798 DEG -1 -25653 DEG 

X Y Z 1st Last  M zx XY 
0 0 0 673 832 -.608684 .352461 -.518874 

A2854H Event 2854:TRISTAR 2 ABOVE 0.12 HZ 

STANDARD DEVIATIONS : .236582 G .334967 DEG .940596 DEG 
DELAYS DATA RANGE CORRELAT ION FACTORS 

X Y Z 1st Last  Yz zx XY 
0 0 0 1009 1456 .0983201 .054446 .520848 

MEANS : 1.1376100E-04 G .00287301 DEG -.0131956 DEG 

A2854L Event 2854:TR ISTAR 2 BELOW 0.1 2 HZ 
MEANS : 1.00997 G 1.32335 DEG .502977 DEG 
STANDARD DEVIATIONS : .139908 G .910943 DEG 2.81771 DEG 

DELAYS DATA RANGE CORRELATION FACTORS 
X Y Z 1st Last  Yz zx XY 
0 0 16 1009 1456 -.181802 -516627 -222447 

S2108H Event 2108: B747-136 ABOVE 0.12 HZ 
MEANS : .00036737 G 8.9320900E-04 DEG ,0073864 DEG 
STANDARD DEVIATIONS : .164694 G .27144 DEG 1.32923 DEG 

DELAYS DATA RANGE CORRELAT ION FACTORS 
X Y Z 1st Last  M U( XY 
0 3 8 705 1264 -.281496 -.00270872 .336328 

S2108L Event 2108: 8747-136 BELOW 0.12 HZ 

STANDARD DEVIATIONS : .17723 G .676524 DEG 2.04932 DEG 
DELAYS DATA RANGE CORRELATION FACTORS 

X Y Z 1st Las t  YZ zx XY 
24 0 24 705 1264 .402269 .300759 .340173 

MEANS : 1.00712 G -964744 DEG -.go1056 DEG 

S3007H Event 3007: 8747-136 ABOVE 0.12 HZ 

STANDARD DEVIATIONS : .215137 G .462984 DEG 2.87718 DEG 
DELAYS DATA RANGE CORRELATION FACTORS 

MEANS : -1.1822200E-04 G -4.3621800E-04 DEG .0191628 DEG 

X Y Z 1st Last  M zx XY 
0 1 0 273 1200 -.0235883 -0442625 -68096 

S3007L Event 3007: B747-136 BELOW 0.12 HZ 
MEANS : 1.01793 G 5.72281 DEG 4.28014 DEG 
STANDARD DEVIATIONS : .lo1932 G 2.04877 DEG 5.45108 DEG 

DELAYS DATA RANGE CORRELAT ION FACTORS 
X Y 2 1st Las t  M zx XY 
0 0 0 273 1200 -.151025 -.0489775 .124286 
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S2766H Event 2766: 8747-236 ABOVE 0.12 HZ 

STANDARD DEVIATIONS : .159254 G .388459 DEG 1.37193 DEG 
DELAYS DATA RANGE CORRELATION FACTORS 

0 1 0 785 1856 -.0385997 -.0589124 .405825 

MEANS : -.00055872 G .00232767 DEG .0018346 DEG 

. X Y Z 1st Las t  Yz zx XY 

S2766L Event 2766: B747-236 BELOW 0.12 HZ 
MEANS : 1 .00426 G 2.19105 DEG .818921 DEG 

' STANDARD DEVIATIONS : .0800375 G .957353 DEG 4.77989 DEG 

X Y Z 1st Las t  Yz zx XY 
0 0 0 785 1856 .0813661 -.298!344 -.0667383 

DELAYS DATA RANGE CORRELAT ION FACTORS 

S3840H Event 3840: 8747-236 ABOVE 0.12 HZ 

STANDARD DEV IAT IONS : .132994 G .la9266 DEG .979984 DEG 
DELAYS DATA RANGE CORRELATION FACTORS 

MEANS : 2.0538900E-04 G 7.9736400E-04 DEG -0103565 DEG 

X Y Z 1st Las t  M zx XY 
0 3 3 337 1280 .0491688 .18225 .3842 

S3840L Event 3840: 8747-236 BELOW 0.12 HZ 

STANDARD DEVIATIONS : .0457844 G .249209 DEG 1.1314 DEG 
DELAYS DATA RANGE CORRELATION FACTORS 

MEANS : 1 .0043 G -.818812 DEG -.486473 DEG 

X Y Z 1st Las t  M zx XY 
16 0 0 337 1280 7.0743300E-05 -.263743 -.276775 * 

S3841H Event 3841 : B737-236 ABOVE 0.12 HZ 
MEANS : 1 .4194900E-04 G .0031141 DEG ,0358954 DEG 
STANDARD DEVIATIONS : .175802 G .343547 DEG 1.99628 DEG 

DELAYS DATA RANGE CORRELATION FACTORS 
X Y Z 1st Last Yz zx XY 
0 1 0 193 800 .138002 .131795 .622381 

S3841L Event 3841 : 6737-236 BELOW 0.12 HZ 

STANDARD DEVIATIONS : .0458048 G .e51696 DEG 5.11181 DEG 
DELAYS DATA RANGE CORRELATION FACTORS 

MEANS : e983355 G 6.06562 DEG -1 -24518 DEG 

X Y Z 1st Las t  YZ zx XY 
24 0 0 193 800 -.a1175 -.177463 -428057 

S4215H Event 4215: 8737-236 ABOVE 0.12 HZ 

STANDARD DEVIATIONS : .le9235 G ,430809 DEG 1.68623 DEG 
DELAYS DATA RANGE CORRELATION FACTORS 

MEANS : 7.0700400E-05 G .0121224 DEG -.0301281 DEG 

X Y Z 1st L a s t  YZ zx XY 
0 1 0 513 880 -.a33623 .124009 .544358 

S4215L Event 4215: B737-236 BELOW 0.12 HZ 
MEANS : 1 .loo6 G 11.5379 DEG -14.5876 DEG 

s STANDARD DEVIATIONS : .0634441 G 1.57981 DEG 2.38636 DEG . 
DELAYS DATA RANGE CORRELATION FACTORS 

X Y Z 1st Last YZ zx XY 
* 24 0 0 513 880 -.732248 .299184 -.333289 . 
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S2514H Event 2514: 8757-236 ABOVE 0.12 HZ 

STANDARD DEVl AT IONS : .136574 G ,283509 DEG .a64455 DEG 
DELAYS DATA RANGE CORRELATION FACTORS 

MEANS : -8.9614800E-04 G -.00271682 DEG 4.0438100E-04 DEG 

X Y Z 1st Last  M zx XY 
1 0 0 433 1280 -.0969021 -e116327 ,653894 

S2514L Event 2514: 8757-236 BELOW 0.12 HZ 

STANDARD DEVIATIONS : .0694474 G 1.4774 DEG 1.72334 DEG 
DELAYS DATA RANGE CORRELATION FACTORS 

MEANS : -991171 G 3.85949 DEG -.560308 DEG 

X Y 2 1st Last Yz zx XY 
0 0 0 433 1280 -.lo8312 -.200144 .301106 

S4100H Event 4100: 8757-236 ABOVE 0.12 HZ 

STANDARD DEVIATIONS : .237438 G .524469 DEG 1.35167 DEG 
DELAYS DATA RANGE CORRELAT ION FACTORS 

MEANS : -4.5974200E-04 G -.00933281 DEG -e00595636 DEG 

X Y 2 1st Last Yz zx XY 
1 0 3 673 1056 -10054 -e0542255 -435143 

S41OOL Event 4100: 8757-236 BELOW 0.12 HZ 

STANDARD DEVIATIONS : .058153 G .a36178 DEG 4.27861 DEG 
DELAYS DATA RANGE CORRELAT ION FACTORS 

MEANS : .992236 G 4.41809 DEG -7.54922 DEG 

X Y Z 1st Last  M zx XY 
0 24 0 673 1056 .669673 -.606129 -.525818 

S1692H Event 1692: 8747-136 ABOVE 0.12 HZ 

STANDARD DEVIATIONS : .222053 G .229502 DEG .742128 DEG 
DELAYS DATA RANGE CORRELATION FACTORS 

MEANS : -.00213454 G -.00125734 DEG -0323204 DEG 

X Y 2 1st Last  M zx XY 
0 0 0 993 1280 -.0408431 -e14641 ,531771 

S1692L Event 1692: 8747-136 RELOW 0.12 HZ 

STANDARD DEVIATIONS : .110003 G .769284 DEG 5.99823 DEG 
DELAYS DATA RANGE CORRELAT ION FACTORS 

MEANS : 1.01492 G -1.03469 DEG 1.85864 DEG 

X Y Z 1st Last M zx XY 
8 8 0 993 1280 .a09759 .645595 .488497 

S6556H Event 6556: 8747-136 ABOVE 0.12 HZ 

STANDARD DEVIATIONS : .156647 G .314962 DEG .716239 DEG 
DELAYS DATA RANGE CORRELAT ION FACTORS 

X Y Z 1st Last  M zx XY 
0 1 4 793 1080 .426071 .0876508 .343273 

MEANS : .00160106 G -.00282157 DEG -.003221656 DEG 

S6556L Event 6556: 8747-136 BELOW 0.12 HZ 
MEANS : .998976 G 1.19723 DEG 1.39607 DEG 
STANDARD DEVIATIONS : .1237 G .678963 DEG 1.20206 DEG 

DELAYS DATA RANGE CORRELAT ION FACTORS 
X Y Z 1st Last  M zx XY 
16 0 0 793 1080 .39115 -.120793 .470509 
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S0849H Event 0849: 8747-136 ABOVE 0.12 HZ 

STANDARD DEVIATIONS : .223391 G .474397 DEG 1.0074 DEG 
DELAYS DATA RANGE CORRELATION FACTORS 

MEANS : 5.07451OOE-04 G e0244487 DEG -0781514 DEG 

X Y Z 1st Las t  M zx XY 
2 7 0 369 496 .443893 -.29513 .432568 

S0849L Event 0849: 8747-136 BELOW 0.12 HZ 
MEANS : 1 .a461 G 1.66111 DEG -.431447 DEG 

* STANDARD DEVIATIONS : .0961925 G .49709 DEG ,753322 DEG 
DELAYS DATA RANGE CORRELATION FACTORS 

X Y Z 1st Las t  M zx XY 
0 16 16 369 496 .go0847 ,755186 .940895 i 

S2124H Event 2124:TRISTAR 5 BELOW 0.12 HZ 

STANDARD DEVIATIONS : .24004 G .644584 DEG 1.36544 DEG 
DELAYS DATA RANGE CORRELATION FACTORS 

MEANS : -.00308003 G -.014584 DEG .0160968 DEG 

X Y Z 1st Las t  M zx XY 
10 8 0 101 244 -.59295 -.276175 .550899 

S2124L Event 2124:TRISTAR 5 BELOW 0.12 HZ 
MEANS : ,886899 G 1.73001 DEG 7.60991 DEG 
STANDARD DEVIATIONS : .154663 G 1.54673 DEG 7.48874 DEG 

DELAYS DATA RANGE CORRELATION FACTORS 
X Y Z 1st Las t  M zx XY 
24 0 0 101 244 -.631406 -783082 -.a41888 

. 
Table 4. Comparison of numbers of gus ts  f rom the  b a s i c  data on a l l  

a i r c r a f t  at a l l  he igh ts  and  from t h e  data above 0.12 Hz. 

Gusts Number of gusts  l a r g e r  than s ta ted  v a l u e  
Basic Data Data above 0.12 HZ 

m/s ec 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

8 19 
20 

a 

0 

-ve 
503 
336 
252 
175 
122 
86 
56 
37 
27 
21 
18 
16 
13 
12 
11 
9 
8 
4 
3 
2 
2 

+ve 
507 
361 
267 
204 
153 
99 
75 
57 
35 
24 
19 
14 
10 
9 
6 
5 
5 
3 
3 
3 
2 

To tal 
1010 
6 97 
51 9 
379 
275 
185 
131 
94 
62 
45 
37 
30 
23 
21 
17 
14 
13 
7 
6 
5 
4 

-ve 
627 
409 
296 
197 
1 26 
88 
61 
43 
28 
23 
16 
12 
11 
9 
7 
6 
4 
3 
2 
2 
1 

+ ve 
622 
431 
306 
204 
146 
83 
55 
43 
31 
19 
15 
7 
5 
4 
4 
3 
3 
3 
2 
1 
1 

Total  
1249 
840 
602 
401 
272 
171 
116 
86 
59 
42 
31 
19 
16 
13 
11 
9 
7 
6 
4 
3 
2 
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Table 5. Comparison of numbers of gusts from the basic d a t a  on Small 
and Large  Aircraft  a t  different heights. 

BELOW 
Gusts 

m/s ec 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

15000 FT. BASIC DATA. 
Number of gusts larger than stated va lue  
BAC 1-11 & 6737 TRISTAR G 8747 

-ve +ve Total -ve 
73 74 1 47 104 104 208 
47 61 108 71 72 1 43 
38 52 90 56 59 115 
28 48 76 w, 45 89 
20 42 62 32 37 69 
17 33 50 23 25 48 
11 23 34 18 20 38 
8 14 22 11 16 27 
7 10 17 8 11 19 
4 5 9 6 9 15 
4 5 9 5 7 12 
4 3 7 4 5 9 
4 2 6 2 4 6 
3 1 4 2 4 6 
3 0 3 2 3 5 
2 0 2 2 2 4 
2 0 2 2 2 4 
2 0 2 1 1 2 
2 0 2 1 1 2 
1 0 1 1 1 2 
1 0 1 1 1 2 

+ve Total 

15000-25000 FT. BASIC DATA. 
Gusts Number of gusts larger than stated value 

m/sec 
0 
1 
2 
3 
4 
5 
6 
7 

9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

a 

-v e 
76 
57 
44 
27 
14 
9 
4 
4 
2 
2 
2 
2 
2 
2 
2 
2 
2 
0 
0 
0 
0 

BAC 1-11 
+ve 
77 
58 
41 
26 
17 
5 
4 
4 
2 
2 
1 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 

G 8737 
Total 
1 53 
115 
85 
53 
31 
14 
8 
8 
4 
4 
3 
3 
2 
2 
2 
2 
2 
0 
0 
0 
0 

-v e 
97 
52 
26 
20 
14 
9 
4 
2 
2 
2 
2 
2 
2 
2 
2 
1 
0 
0 
0 
0 
0 

TR ISTAR G 8747 
+ve 
98 
55 
31 
23 
13 
7 
4 
3 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Total 
195 
1 07 
57 
43 
27 
16 
8 
5 
3 
2 
2 
2 
2 
2 
2 
1 
0 
0 
0 
0 
0 

t 

. 
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EVENT 3930: ERC i - i q :  E RULL UNO PITCH 

Fig.lA SESMAEvents with 
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EVENT ~~P~;TRISTIIE P: 6 ROLL nwn PIKH 

Fig.lB SESMA Events with Increment Greater than 1G 
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WEN7 1 4 4  B737-!l36; 6 WLL HNP PIlCH 

Fig. 1C SESMA Events with Increment Greater than 1G 
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Fig.lE SESMA Events with Increment Greater than 1G 
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Fig.lF SESMA Events with Increment Greater than 1G 
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. EVCNT 4178: 6737-236: G ROLL PA0 PITCH . 
Fig.lG SESMA Events with Increment Greater than 1G 
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Fig.) Gust Peaks and Gradient Distances for Severe Turbulence for 
all Aircraft at all Heights. Turbulence Component 0-12 to 2 HZ 



Fig.4 Gust Peaks and Gradient Distances for Severe Turbulence for 
all Aircraft at all Heights. Basic Data 0 to 2 HZ 
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SUMMARY 

The Flight Research Laboratory of t h e  National Aeronautical Establishment of Canada operates  a T-33 and a 
Twin O t t e r  a i rc raf t  instrumented for  atmospheric research studies. This paper describes the  instrumentation 
in the  a i rc raf t  with emphasis on the  strapped-down inertial/Doppler system used to derive t h e  mean and 
turbulent Components of t h e  atmospheric motion. Example d a t a  from several research projects a r e  presented 
to demonstrate  t h e  measurement and analysis capabilities of t h e  a i rc raf t  and their d a t a  playback facilities. 

L INTRODUCTION 

The Flight Research Laboratory of t h e  National Aeronautical Establishment of Canada (NAE) currently operates  
six fixed-wing a i rc raf t  and four  helicopters in a variety of research programs. Two of these a i rc raf t  a r e  instrumented 
specifically for  atmospheric research studies. The NAE T-33 (Figure I), a single-: igine military jet t ra iner ,  was f i rs t  
instrumented in  1962. In i t s  role as an  atmospheric motion sensor, it has  been employed in numerous studies on topics 
ranging from wake turbulence and cloud seeding to jet s t reams and terrain-induced turbulence. Throughout these 
projects, the  a i rc raf t  measurement, d a t a  acquisition and playback systems have been continually updated to improve 
accuracy and capacity, as documented in References 1 to 3. The recording system, for  example, has evolved from a 
continuous t r a c e  film device, to FM analog, to serial-digital and soon to a compact  s t reamer t a p e  drive. 

The second NAE atmospheric research a i rc raf t  is  a deHavilland of Canada Twin O t t e r  STOL transport (Figure 1). 
Development of i t s  on-board instrumentation began in 1974 when t h e  NAE entered into a cooperative cloud physics 
research program with t h e  Atmospheric Environment Service of Canada (AES). Over the  intervening twelve years, i t s  
instrumentation and playback facilities have also undergone continuous expansion and refinement (Ref. 4). The aim of 
this  development program was to produce a versatile research a i rc raf t  well equipped for flight dynamics experiments, as 
well as to c r e a t e  an  atmospheric research platform capable of carrying and supporting other  investigators' instruments 
and experiments. When in i t s  cloud physics role, for  example, t h e  integration of t h e  NAE air  motion system and the AES 
part ic le  spectrometers  has  made t h e  Twin O t t e r  a recognized state-of-the-art cloud physics research aircraf t .  Other  
applications of this  a i rc raf t  have included air  motion measurement around storms, a i r  pollution studies and the  
determination of CO2 fluxes above various crops in order to infer growth rates. 

This paper will describe t h e  current  instrumentation in t h e  NAE T-33 and Twin O t t e r  and, by presenting example 
d a t a  from several research projects, demonstrate  some of the  measurement and analysis capabilities of t h e  a i rc raf t  and 
their  support systems. Some of t h e  procedures used to ensure accuracy will be outlined, and the paper will close with a 
brief summary of t h e  instrumentation improvements planned for  both a i rc raf t  in the  next two years. 

2. AIRCRAFT AND INSTRUMENTATION 

- 

The T-33 and Twin Ot te r ,  with their very different flight envelopes (Table I), complement one another in t h e  
atmospheric research role and together  can meet  most operational requirements. The low speed and manoeuvrability of 
the  Twin O t t e r  make it ideal for low altitude studies. Nevertheless, i t  has been f i t t ed  with an oxygen system and can  
make sensitive measurements to an al t i tude in excess of 20,000 feet .  The T-33 is, of course, much fas te r  and can  be 
flown to about 41,000 feet, suitable for mountain wave and jet s t ream studies. I ts  higher wing loading and load limits of 
+7.3 and -3.0 G allow i t  to opera te  near severe storms, as well as to find application in flight mechanics experiments t h a t  
require a military manoeuvring load envelope. 

The measurement of atmospheric motion by an  a i rc raf t  requires t h e  computation of the  vector difference between 
the  aircraft 's velocity re la t ive to t h e  a i r  and i t s  velocity relative to t h e  ground. There a r e  two basic methods to 
accomplish this, differing primarily by what means and in which axis system t h e  inertial+ velocity is sensed. The INS 
method utilizes t h e  s table  platform of an inertial navigation system to measure t h e  aircraft 's velocity in earth-relative 
axes. This is  subtracted from t h e  t r u e  airspeed (TAS) vector  (resolved into ear th  axes using t h e  a i rc raf t  heading and 
at t i tude)  to derive the  t rue air motion. In the  strapped-down (SD) method, both the  air-relative and the  inertial velocity 
a r e  measured in a i rc raf t  body axes, the  differences a r e  formed, and only the  resultant wind components a r e  resolved into 
ear th  axes. 

At  t h e  NAE t h e  SD method is used for both t h e  Twin O t t e r  and T-33. When these a i rc raf t  were being 
instrumented, this method offered several advantages for  NAE's applications, t h e  f i rs t  being cost. The purchase of INS 
systems would have required prohibitive one-time expenses, whereas t h e  SD systems have been built up through the use 
of existing hardware and timely purchases of the  other  necessary components. Early INS systems required more 
electr ical  power than could be spared, especially on the  Twin Otter .  Without t h e  requirement for lengthy platform 
alignment, t h e  SD method allows rapid launching of t h e  aircraf t ,  an advantage in some weather-related experiments. 
Finally, in flight mechanics studies the  emphasis is on t h e  a i rc raf t  forcing functions and responses, which a r e  best 
measured directly in a i rc raf t  body axes. 

The main s teps  in t h e  application of t h e  SD method to t h e  computation of the  t r u e  air  motion a r e  shown in Figure 
2. The sensors currently used for  air motion measurement on the  Twin O t t e r  and T-33 a r e  listed in Table 2, with their 
locations illustrated in Figures 3 and 4. References 3 to 5 can  be consulted for  more detailed descriptions of t h e  sensors 
and t h e  equations used in these calculations. 

* . 

The air velocity relative to the  a i rc raf t  ( the TAS vector) is  sensed on both a i rc raf t  on a 1.9 m noseboom, however 
t h e  instruments used to measure flow angles differ. On t h e  T-33 t h e  positions of balsa vanes a r e  determined by synchros 

* In this work t h e  ear th  is  assumed to be the  inertial f rame of reference. 
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to give t h e  angles of a t t a c k  and sideslip, while on the  Twin O t t e r  flow angles a r e  measured by a Rosemount 858 5-hole 
probe and associated differential pressure transducers. 

A third-order complementary filtering routine is used in the  computation of the  3-axes inertial velocity 
components. The high frequency contribution originates with t h e  accelerometer  and r a t e  gyro signals, is  integrated as 
per the  equations of motion and high-pass filtered to remove long te rm drifts. The complementary f i l tered low 
frequency component is provided by a 3-axis Doppler radar. The breakpoint of t h e  f i l ter  is usually set at 0.02 Hz. The 
products of t h e  f i l ter  routine a r e  the  3-axes inertial velocities (e.g. Wmix) which have no long-term drif t ,  t h a t  is, they 
a r e  valid over t h e  frequency range from D.C. to the  upper limit determined by the  anti-alias f i l ters  applied to t h e  raw 
d a t a  signals (5 Hz on the  Twin Ot te r ,  10 Hz on the  T-33). The three  components of the  t rue  air  motion are then 
calculated from t h e  difference between t h e  air-relative and t h e  inertial velocity components. The resulting wind 
components can  then be resolved into ear th  axes  using t h e  measured a i rc raf t  heading and t h e  pitch and roll attitudes. 

In addition to t h e  a i r  motion systems, each  a i rc raf t  is equipped to make a considerable number of other  
measurements, which include atmospheric state parameters, radio-altimeter and pressure height and a multi-level event  
marker. (Table 3, Figs. 3 and 4). Both aircraf t  can  record geographical position from a GNS-SOOA a r e a  navigation 
system. The Twin O t t e r  has  t h e  optional capability of carrying a Loran-C system in areas of good coverage, while the  T- 
33 can  record glideslope and localizer deviations for specific studies at airports. The T-33 is also instrumented to 
measure the  pilot's flight control inputs, th ro t t le  position and the  engine RPM. Video and voice records a r e  made on the  
Twin O t t e r  by a VCR with three  selectable  camera  positions, two with external  fields of view and one focused on t h e  
colour weather radar. In t h e  cloud physics role, t h e  Twin O t t e r  carr ies  four wing-mounted PMS* laser spectrometers  to 
measure aerosol, cloud droplet and precipitation particles over a size range from 0.1 to 6400 pm. These a r e  owned and 
operated by t h e  AES. I t  also has various inlets for airborne sampling and the  collection of cloud water  and precipitation. 
In weather modification experiments, the  T-33 has served as t h e  cloud seeding aircraf t ,  carrying seven silver iodide 
f lares  in t h e  pod under each wing (Fig. 1). 

At present, the  most significant difference in the  project instrumentation on the  two a i rc raf t  is  the  on-board 
computing capability, or more specifically, t h e  display of real-time d a t a  and the  degree of interaction with t h e  computer 
available to t h e  operator. The T-33 carr ies  a DEC LSI-11/73 processor with sof tware stored in core  or EPROM, giving a 
limited capability for  in-flight program changes. Wind speed and direction, TAS, s ta t ic  temperature  and RMS vertical 
gust velocity can  be calculated and displayed in the  rear  cockpit on 16 LED characters. Real-time computed da ta  a r e  not 
recorded. The Twin O t t e r  carr ies  two microprocessors, an  LSI-11/23 performing t h e  real-time computations of wind, 
fluxes etc., and a DEC Falcon which manages the  recording of t h e  sensor outputs and computed parameters. Full 
interaction with the  main processor is provided by a console-mounted keyboard with programs loaded from a dual floppy 
disk unit! Alpha-numeric d a t a  are presented on 12 x 40-character plasma display units in t h e  cockpit and the  rear  cabin. 

The recorder on the  T-33 is a rugged Nagra reel-to-reel device on which IO-bit digital d a t a  are wri t ten in ser ia l  
format  (Table 4). Thirty-two parameters  a r e  recorded at 32 samples/sec each on a single t rack  of t h e  1/4-inch tape. A 
second t rack records voice from t h e  intercom and the  radios. The Twin O t t e r  da ta  acquisition system has recently been 
converted to a s t reamer t a p e  drive, which has  a capacity of 70 Mbytes on a 6 x 4-inch compact  cartridge. The recording 
format  is under computer control and is therefore  very flexible. At  present, 64 parameters, including the  real-time 
computed winds, a r e  wri t ten in 16-bit words at a r a t e  of 16 samples/sec. Voice is  recorded on separa te  s te reo  cassette 
recorders with voice-chip annotated t ime,  and on the  audio t rack of t h e  VCR. When the  Twin O t t e r  is  flown in cloud 
physics studies, a second d a t a  acquisition system developed by t h e  AES is added to record t h e  massive amount of d a t a  
generated by the  particle spectrometer  probes. An interface between the  NAE and AES microprocesors allows t h e  
exchange of data. The complete  NAE d a t a  buffer is recorded by the  AES system so t h a t  cloud par t ic le  measurements, 
for example, can  be correlated with the  motion and thermal  s t ructure  of t h e  atmosphere. 

Ground support equipment for each a i rc raf t  includes portable LSI-11/23 or 4 / 7 3  field d a t a  playback systems (Refs. 
3 and 4). They permit 
development of the  airborne sof tware and provide initial d a t a  printout, char t  recorder traces, flight t rack  plots and other  
programmed calculations, such as hea t  and momentum fluxes. For  more detailed numerical analysis, flight da ta  can  b e  
transcribed to 9-track t a p e  and sent  to the  NRC Computation Centre. Their IBM-3081 time-shared main f r a m e  has a 
large number of peripherals and an  extensive library of system software, as well as a number of programs developed 
specifically to process the  Twin O t t e r  and T-33 data. 

3. 

Although some of t h e  hardware differs, the  capabilities of the  two systems a r e  similar. 

RESEARCH PROGRAMS AND EXAMPLE DATA 

The T-33 and the Twin O t t e r  have spent a total of 36 aircraft-years at t h e  NAE instrumented as atmospheric 
research aircraf t .  They have been involved in numerous projects as research priorities have evolved through t h e  years. 
Not all of these were directly re la ted to the  measurement of atmospheric turbulence for  aeronautical applications, but 
most required good air  motion sensing to achieve their objectives. Figure 5 depicts the  t ime history of t h e  major a reas  
of research in  which these a i rc raf t  have been involved. The reference sections in References 3 and 4 list resulting 
papers and reports from these act ivi t ies  through 1980, with a selection of publications since t h a t  t ime given as 
References 6 to 17 in this paper. 

From being f i rs t  instrumented in 1962 through to the  mid 1970's, t h e  T-33 was used primarily in basic research of 
the  nature  and energet ics  of turbulence generated by a variety of sources, including jet s t ream shears, mountain waves, 
thunderstorms, a i rc raf t  vortex wakes and terrain-induced effects upon the  earth's boundary layer. In the  last half of the  
1970's, research on weather modification was important in  North America, and both t h e  T-33 and t h e  Twin O t t e r  were 
used in these studies. The T-33 served as the  cloud seeding a i rc raf t  and collected a considerable amount of d a t a  on 
turbulence within t h e  tops of towering cumulus clouds. The Twin O t t e r  was outf i t ted as a cloud physics research a i rc raf t  
with ai r  motion sensing and laser particle spectrometers  to record t h e  dynamics and microphysics of clouds. 

In t h e  1980's weather modifcation has become unpopular, and Canada's atmospheric priority has shifted to air  
pollution, in particular to the  complicated processes tha t  lead to t h e  formation of acidic precipitation. Additional inlets, 
f i l ters  and chemical analyzers have been added to the  Twin O t t e r  for a i r  pollution studies at several North American 
locations, including the  high Arctic. Concern over the  increasing concentration of CO2 in the  atmosphere has led to t h e  
development of instrumentation to measure CO2 and H 2 0  fluxes above various ecosystems to parameter ize  the  gaseous 
exchange ra tes  between vegetation and the  atmosphere. There is also a growing interest  in severe storms, both the  
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summertime convective complex and t h e  wintertime mesoscale disturbance t h a t  sweeps up t h e  east coast of North 
America and has a large impact on many major cities and the  off-shore oil industry. This has led to further 
instrumentation refinements and participation in special studies of these  phenomena. 

The T-33 has been involved in a diverse series of experiments in t h e  1980's. These have included further low 
alt i tude turbulence measurements analyzed by t h e  Statist ical  Discrete Gust Method, and parameter identification 
studies, t ha t  is, t h e  computation of t h e  a i r c ra f t  stability derivatives. I ts  well-calibrated s t a t i c  pressure system has been 
applied to pressure surveys to 41,000 feet in t h e  ICAO Flight Level Separation Program. The  a i rc raf t  has also been used 
to expose Canadian astronauts to aerospace operational conditions, and has served as an  instrumentation platform for  
basic research on voice recognition in an  accelerating environment for  fu ture  application to voice-dialogue systems in 
the  cockpit. 

In this section, example da ta  f rom a few of these studies a re  presented to demonstrate some of t he  capabilities of 
t he  a i rc raf t  instrumentation and t h e  products available from the  da t a  analysis software. 

Figure 6 shows t ime  histories for  a T-33 seeding run at 15,000 f e e t  through the  top  of a vigorous towering cumulus 
cloud. In fac t ,  on this run t h e  T-33 measured record turbulence levels unequaled in any other cloud penetration in the  
five years of this experiment (Refs. 6 - 11). A plot of t h e  plan and elevation views of t h e  gust vectors for this run (Fig. 7) 
more clearly i l lustrates t he  air  motion within this cloud top. Downdrafts were  measured on en t ry  to t h e  downwind side' 
of t h e  cloud, followed by a 650 m wide a rea  of strong updraft cen t red  just upwind of t h e  mid-cloud position and smaller 
downdrafts within t h e  upwind wall of t he  cloud. The peak vertical  gust component reached 12.5 m s-1, which, when 
combined with t h e  longitudinal and la te ra l  components, produced a gust vector of over 15 m s -1. The RMS longitudinal 
and vertical  gust levels within cloud were 5.2 and 5.4 m s-l respectively. These gusts produced a peak vertical  
acceleration increment of 1.18 G and an  RMS within cloud of 0.35 G. 

The strongest gust ye t  measured by t h e  Twin Ot t e r  was the  result of a wave encounter over t he  Adirondack 
Mountains of northern New York State (Fig. 8). The a i rc raf t  was cruising south at 7000 f e e t  with an abeam wind from 
the  west averaging 38 m s-l (73 knots). Prior to the  onset of t h e  turbulence, t he  a i rc raf t  en te red  a smooth, increasing 
downdraft (WGE) which reached 5 m s-1. The eak  gust (a t  t = 16 sec in Fig. 8) featured sharp excursions in the  lateral  

t h e  vertical  acceleration registered excursions of +0.68 and -0.78 G from t h e  level flight condition. 

Contrasted with this event was another Twin Ot t e r  mountain wave encounter at 7000 f e e t  over Maine (Fig. 9). On 
this occasion, t h e  c rew (including one of t h e  authors) was unaware of an  unusual occurrence until t h e  wave pa t te rns  were 
observed in t h e  da ta  on playback. These da ta  demonstrate t he  sensitivity of t he  instrumentation and its ability to 
measure long wave (-15 km), low amplitude (2.9 m s-1) motions of t h e  atmosphere. 

and vertical  components of -15.8 and -15.3 m s- P '  within one second. During t h e  reversal in t h e  vertical  gust component, 

In 1981 t h e  Twin Ot t e r  joined 13 other instrumented a i rc raf t  in Montana in a major study of convective cloud 
systems (CCOPE). One  of the  most interesting cases was the  study of the  outflow of cool air  from a dying thunderstorm. 
The Twin Ot t e r  was flown at 4000 f t  msl (-1500 f t  agl) back and for th  on a north/south t rack  5 - 10 miles east of t he  
storm. Although the  storm did not appear very vigorous at this t ime, t h e  gust front measured by t h e  Twin Ot t e r  
certainly was. Three penetrations of the  cool outflow are shown in Figure 10. The tempera ture  dropped about 5 deg C in 
each  case and t h e  wind speed increased by about 15 m s-1 (-30 knots) with l i t t l e  change in direction. Vertical gusts of Z 6 
m s-1-produced a very rough ride in t h e  Twin Otter.  Pa r t  of this study involved a comparison of t he  aircraft-derived 
winds with those measured by a triangular a r ray  of Doppler radars. The low alt i tude wind shears associated with gust 
fronts of this nature a r e  hazardous to a i rc raf t  during takeoff or approach. Well-calibrated Doppler weather radars offer 
promise as a means of early detection of these hazards, as has been demonstrated at Denver's Stapleton Airport (Ref. 18). 

Several plotting routines have been developed to reproduce the  a i rc raf t  flight paths relative to the  ground or to t h e  
moving airmass. Figure I1 shows t h e  ground t rack  derived from t h e  recorded GNS-5OOA da ta  for a par t  of one Twin Ot t e r  
flight. The a i rc raf t  was being flown in a study of t h e  dispersion of a t racer  gas released from a second aircraft .  The 
Twin Ot t e r  airborne software has an  'airmass pointer' routine tha t  presents t he  aircrew with command bearing and range 
to return to the  parcel of air  in which the  routine was initiated. In this case t h e  pointer was set while circling with the  
release a i r c ra f t  in t he  upper l e f t  of Figure 11. After t h e  gas release, t h e  Twin Ot t e r  was held off to the  northwest for a 
f ew minutes, and then, following the  pointer, flown downwind to the  southeast to in te rsec t  t h e  pointer position at each  
of t h e  'P' event  marks indicated on the  flight track. In cloud physics studies, t h e  pointer routine finds particular 
application in relocating a specific cloud in a cluttered sky in order to accomplish repeated penetrations. 

At t h e  request of Agriculture Canada, t h e  NAE has been conducting annual experiments to measure the  vertical  
f lux of CO2 and water vapour in t h e  boundary layer above various types of vegetation (Refs. 12 and 13). The  program has 
been concentrated on the  development of airborne instrumentation and analytical techniques to measure gaseous 
exchange ra tes  over wide a reas  to infer vegetation growth rates. In this experimental environment (low alt i tude,  light 
winds and small vertical  gusts damped by proximity to the  ground), valuable experience is being gained on probing the  
aircraft 's  ability to make accura te  gust and flux measurements. 

Figure 12 shows t ime  histories for one 7-km run at an alt i tude of 40 m over mixed farmland and forest. The 
vertical  gust t r ace  is typical of these runs, with an RMS value of only 0.6 m s-1. The eddy correlation technique is used 
to derive CO2 fluxes from t h e  product of the  vertical  gust t imes  fluctuations in the  CO2 concentration, as measured by 
an  infrared radiation absorption device. The bottom th ree  t races  show IO-second running means of t h e  contributions to 
the  C 0 2 ,  hea t  and water  vapour fluxes. The radiometer t r ace  reveals t ha t  this run was flown in sca t te red  cloud 
conditions. The vegetation and the  atmosphere above i t  respond rapidly to changes in incident radiation. The patches of 
sunlight a r e  clearly associated with increased activity on the  tempera ture  t race ,  t h e  upward flux of hea t  and water 
vapour and the  downward flux of C02.  Average cospectra for CO2 and sensible hea t  (Fig. 13) show t h a t  most of t h e  
contributions to the  flux as measured by t h e  Twin Ot t e r  fa l l  in t h e  wavelength range of 50-1000 m. Through comparison 
with ground-based measurements, es t imates  a r e  being made to determine to what ex ten t  these cospectra may be 
truncated. The main limitation appears to be  at long wavelengths, due largely to the  restricted lengths of t he  runs. I t  
appears t h a t  runs in excess of 10 km a r e  required for accura te  estimation of t he  fluxes (Ref. 17). 

During the  period 1982-1984, a considerable e f for t  was expended on t h e  investigation of low alt i tude turbulence 
modeling techniques. Turbulence da ta  were  collected by t h e  T-33 over hilly and f l a t  terrain to alt i tudes as low as 20 m. 
These da t a  were  then 'fitted' to two types of turbulence model, t h e  power spectral  representation and the  Statist ical  
Discrete Gust (SDG) model. Power spectral  modeling appeared to f i t  most da t a  sets very well, as typified by Figure 14. 



4-4 

On the  other  hand, the SDG analysis of t h e  d a t a  showed a lack of convergence for  t h e  lower al t i tude turbulence (Fig. 15). 
I t  appears  tha t  this is a result of t h e  breakdown of t h e  self-similar scaling of t h e  turbulent eddies when t h e  measurement 
height is of t h e  order of t h e  scale length of t h e  gust being considered (Ref. 14). 

NATO air forces  conduct low level training missions over  Labrador, operating from t h e  base at Goose Bay. In t h e  
late 1970's, there  was a proposal for a cooperative low al t i tude turbulence research project in t h e  s a m e  area. The NAE 
T-33 was flown there  to make some preliminary measurements and to collect d a t a  over a terrain different  from t h a t  
near  its home base. Figure 16 shows traces for a run at 50 m al t i tude from over Melville Lake (sea level) onto t h e  shore, 
which rises steeply to about 600 m msl ( the fourth trace shows terrain height computed from t h e  difference between the  
radio al t imeter  height and pressure altitude). The t races  show t h e  expected increases in the  mean wind and turbulence 
over t h e  higher terrain. They also indicate tha t  t h e  air  motion measurements a r e  well compensated for  t h e  a i rc raf t  
motion, for  there  a r e  no significant disturbances in t h e  gust t races  during t h e  1 / 2 4  pull-up and climb up t h e  rising shore. 

4. ACCURACY CHECKS 

Operators  of turbulence research a i rc raf t  face t h e  constant vigil of maintaining or improving t h e  accuracy of t h e  
measurements and, in particular, ensuring tha t  t h e  a i rc raf t  motion e f fec ts  a r e  minimized. Since t h e  measured wind is 
t h e  small difference between two relatively large vectors, even a small percentage error  in e i ther  the  TAS or t h e  iner t ia l  
velocity can  produce a large percentage error  in t h e  computed wind components. To  retain confidence in t h e  
measurements and de tec t  t h e  f i r s t  signs of a deteriorating sensor or a sof tware bug, t h e  a i rc raf t  are routinely subjected 
to standard tests. Oscillations in pitch, roll and yaw a r e  conducted in smooth air  and any resultant excursions in t h e  gust 
traces from the  assumed s teady wind values give an indication of inaccuracies in t h e  compensation for  a i rc raf t  motion 
(Fig. 17). Typical tests with t h e  T-33 and Twin O t t e r  have produced residual RMS gust velocities of 0.3 - 0.4 m s-1 (Refs. 
3 and 4). 

Accurate  measurement of t h e  mean wind is very important in many of t h e  Twin O t t e r  pollution studies . To test 
t h e  precision of t h e  system, a box pa t te rn  with I - 2 minute legs is flown at an  al t i tude where t h e  winds are expected to 
be relatively invariant. If the  legs of t h e  box are aligned along and across the  wind direction, then the  leg-averages of 
t h e  winds, TAS and inertial velocities can  be used to identify t h e  source of an  error  in t h e  measurements. A visual 
presentation of t h e  wind vectors is also helpful. Figure 18 illustrates a Twin O t t e r  flight t rack  with t h e  measured 
absolute wind vectors shown at a 6-second interval. If t h e  measured mean wind vector is subtracted, there  results a plot 
of t h e  relative wind vectors, a l l  of which would be zero  in a n  ideal case. In this  case (Fig. 19), there  is a slight s tarboard 
bias in the  wind measurements, which indicates a possible offset in t h e  measurement of sideslip angle or a misalignment 
of t h e  Doppler radar. Carefully timed reciprocal runs along a fixed ground t rack  (such as a straight  railway line) provide 
a method to discriminate a groundspeed error  from one in t h e  airspeed vector. 

To maintain accuracy of t h e  iner t ia l  velocity measurement, considerable c a r e  must be taken to ensure consistent 
calibrations of the  accelerometers  and r a t e  gyros which contr ibute  to t h e  high frequency component. The low frequency 
contribution measured by t h e  Doppler radar can  be a f fec ted  by the  ref lect ive properties of t h e  earth's surface. For 
example, a two percent change is required in t h e  Doppler calibration for  flight over water ,  which is applied in t h e  Twin 
O t t e r  sof tware through the  use of a function switch. In a recent  experiment over the  Atlantic Ocean off Halifax, 
methods were developed to compensate for t h e  e f fec ts  of large waves and t h e  current  (Ref. 16). However, t h e  most 
serious problems for  t h e  Doppler measurements a r e  presented by flight in some types of precipitation, when t h e  Doppler 
can lock onto t h e  precipitation instead of t h e  ground. In these cases, t h e  Twin O t t e r  sof tware computes an  optional 
inertial velocity with the  low frequency contributions provided by the  Loran-C and t h e  r a t e  of change of pressure 
al t i tude (Fig. 2). 

There are also on-going effor ts  to maximize t h e  accuracy of t h e  airspeed vector measured by t h e  aircraf t .  These 
focus on the  flow angle sensors and t h e  determination of the  position errors  for the  s t a t i c  and dynamic pressure probes. 
Wind tunnel tests were used to ascer ta in  the  natural frequency and damping rat io  for seven different designs of balsa and 
aluminum flow vanes (Ref. 19). Prior to i t s  installation on t h e  Twin Ot te r ,  t h e  Rosemount 858 5-hole probe was carefully 
calibrated in t h e  NAE 6 x 9-ft wind tunnel, primarily to verify t h e  fac tors  t h a t  re la te  t h e  measured differential pressures 
to t h e  flow angles and to document the  airflow effects of the  s t ructure  supporting t h e  probe (Ref. 5). The effects of two 
methods of preventing blockage of t h e  pressure lines in heavy precipitation or  ice crystal  clouds were  also studied. 

The presence of the  a i rc raf t  and the  disturbed airflow about it a f f e c t  the  accuracy of t h e  measured airspeed 
vector, and hence t h e  resul tant  wind components. Standard methods of determining these position errors  have been used, 
which include tower flyby, trailing cone, a i rc raf t  intercomparison and tracking by a cinetheodolite camera  (Ref. 20). 
Aircraft-generated flow disturbances can  also distort the  par t ic le  images and concentrations measured by t h e  laser 
spectrometers. This has led to considerable theoretical and in-flight investigation of the  aerodynamic influence of the  
wing on these measurements (Refs. 21 and 22). 

I 

5. TURBULENCE MEASUREMENT WITHOUT A GUST BOOM 

P a r t  of this workshop will address the  use of commercial a i rc raf t  flight recorder da ta  to derive atmospheric 
turbulence data. Prior to 1980, t h e  NAE Twin O t t e r  had its present inertial velocity capability but lacked a noseboom for 
the  measurement of flow angles, and therefore  was instrumented essentially t h e  same as a modern commercial airliner. 
Vertical gusts were calculated using an  angle of a t t a c k  derived from t h e  measured vertical acceleration, tha t  is, the  
wing served as the  angle of a t t a c k  sensor through the  l if t  expression utilizing airspeed, density, a i rc raf t  weight and t h e  
lift curve slope (Ref. 4). After  t h e  noseboom was installed, t h e  approximate vertical gust (WZF) continued to be 
calculated for  comparison with t h e  vertical gust (WGE) computed using the  boom-measured angle of a t tack.  Both 
methods employed the  s a m e  inertial velocity to cor rec t  for airplane motion. 

A comparison of t h e  RMS gust velocities produced by t h e  two methods for  71 cumulus cloud penetrations showed 
excellent agreement, with a median difference of only 0.04 m s-1. The WZF t r a c e  from one of these penetrations is 
shown in Figure 20 and closely approximates tha t  for  WGE, t h e  vertical gust calculated using the  angle of a t t a c k  vane. 
Vertical gust spec t ra  (e.g. Fig. 21) show close correlation up to about 1.0 Hz, where t h e  high frequency content  of t h e  
approximate gust is t runcated because t h e  a i rc raf t  does not fully respond to gusts at these frequencies. At  t h e  low speed 
of t h e  Twin Ot te r ,  this means t h a t  only gusts of wavelengths shorter than about 70 m would not be well represented 
which may not be a serious limitation for some studies. For a commercial airliner with a cruise TAS of about 240 m s-I 
and a reduced response due to its higher wing loading, t h e  wavelength limit for this approximate method may be of the  
order of 500 m. 
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To maintain operations with highly instrumented atmospheric research a i rc raf t  requires continual development of 
t h e  hardware and software and t h e  acquisition of improved sensors as they become available. The miniaturization of 
computers and o ther  supporting electronics, plus t h e  scientists '  desire to see real-time da ta  to effectively direct  t he  
research flight, leads to more complete on-board processing and improved displays. 

The NAE T-33 will shortly b e  undergoing a complete electrical  rewiring as par t  of a life extension program being 
applied to all Canadian T-33 aircraft .  This will provide an  opportunity to install an  entirely new, compact da ta  
acquisition system being built to f i t  t he  demanding confines of t he  T-33 nose bay and cockpit. I t  will employ an  LSI-11/73 
processor, dual floppy disks and a keyboard to provide a real-time computational capability similar to t h a t  on t h e  Twin 
Ot te r .  Data  will be  recorded in serial-digital format  on a 70-Mbyte streamer.  An advancement in real-time display is 
planned, using a Sharp EL unit with $7 pixels to provide both an  alpha-numeric and a graphic capability. 

6. PLANNED FUTURE DEVELOPMENTS 
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Major changes are also underway for  t h e  Twin Otter.  In an  e f for t  to reduce weight and electrical  power 
requirements while improving accuracy, a Litton-90 Inertial Reference System (IRS) has been ordered. I t  utilizes laser 
ring gyros and high quality acce lerometers  to provide an inertial  velocity in t h e  a i rc raf t  (SD) axes system. I t  is planned 
to employ Kalman fi l tering to mix t h e  IRS da ta  with low frequency components, to be  provided initially by the  Doppler 
radar and Loran-C. The IRS will have t h e  capability to accept  signals from the  satellite-based Global Positioning System 
(GPS) when available, which can  then be  used to replace the  Doppler radar and eliminate precipitation e f f ec t s  on the  
wind measurements. More flexibility is desired in the  real-time software,  which will likely require a new computer,  
possibly a Micro-Vax. Graphic displays a r e  planned, compatible with the  model being installed on t h e  T-33. In t h e  CO2 
flux program, the re  is a desire to improve short-wave gust resolution from 10 to 5 m. This will require a doubling of t h e  
recording r a t e  to 32 Hz, with t h e  anti-alias fi l ters set with breakpoints of IO Hz. An essential par t  of this improvement 
will be the  fabrication of a new, s t i f fe r  noseboom with a natural  frequency significantly higher than the  12 Hz  of t h e  
cur ren t  boom. Plans also call  for  further investigation of t h e  position errors at the  noseboom using the  trailing cone and 
cinetheodolite tracking. 

In t h e  near future,  t h e  principal a r eas  of research for  t he  Twin Ot t e r  will continue to be atmospheric pollution 
(possibly including toxic chemicals) and the  gaseous exchange between vegetation and t h e  atmosphere. Flights a r e  
planned to compare measured winds with Canada's f irst  Doppler weather radar, possibly as par t  of a larger study of wind 
shear. After i t s  rewiring and re-instrumentation, t h e  T-33 will continue to be  applied to experiments in flight 
mechanics. 
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TABLE 1 

NAE ATIWXPEERIC RESEARCE AIRCRAFT 

Description and Performance 

R e g i s t r a t i o n  
Max Gross Weight, lb 
W i n g  Span, f t  
Wing Area, f t 2  
W i n g  Loading, p s f  
Opera t iona l  C e i l i n g ,  f t  

Max Cru i se  Speed, I A S  k t  

Range, n m i  
Load L i m i t s ,  G 

Canadair Silver S t a r  debvllland DHC-6-200 
T-33 nk3 Twin O t t e r  

C-FSKH 
16800 
42.4 

237 
71 
41000 

505 
1000 

+7.3 
-3.0 

C-FPOK 

11579 
65.0 
420 
28 
20000 

150 
500 
+3.5 
-1.8 
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TABLE 2 
IIAE ATnOSPIIERIC RESEARCH AIRCRAFT 
Sensors for Air Motion Measurement. 

T-33 Twin Otter 

Flow Angles, a & B 6.1-ft gust boom 
Balsa vanes 
Synchros 

6.1-ft gust boom 
Rosemount 858 5-hole probe 
Differential pressure 
transducers 

Differential 
transducers (2) 

Quartz crystal 
transducer 

Variable capacitance 
sensor 

Dynamic Pressure 
(Airspeed) 

Static Pressure 

Differential 
transducer 

Quartz crystal 
temperature 
compensated 
transducer 

Inertial Velocity 3-axis servo 

Rate gyros 
Marconi Doppler 
radar 

accelerometers 
3-axis servo 
accelerometers 

Rate gyros 
Decca Doppler radar 

Attitude gyro 

C-12 Compass 

Platinum element 

Attitude gyro 

C-12 Compass 

Platinum element 

Body Angles 

Heading 

Total Temperature 

TABLE 3 
NAE ATHOSPIIERIC RESEARCH AIRCRAFT 

Other Measurements 

T-33 Twin Otter 

GNS-500A 
Localizer, Glide Slope 

10-level 

Loran-C or GNS 500A Geographical Position 

Event Marker 

Time 

Absolute Height 

Additional Temperatures 

Additional Static Pressure 

Control Inputs 

16-level 

NAE clock 

Radio altimeter 

Dew point 
Reverse flow 

NAE clock 

Radio altimeter 

Dew point 
Reverse flow 

Fin-mounted trailing 
static cone 

Potentiometers on 
elevator, aileron, 
rudder and throttle 

Engine RPM 

Cameras 

Cloud Physics 

Tachometer-generator 

Side-looking 16 m 

AgI seeding pod 

- 
VCR with 3 cameras 

4 PMS laser 
spectrometers+ 

JW, King liquid water+ 

Air, cloud water and 
precipitation 
sampling systems 

Bendix RDR-1300 Weather radar 

US-owned 
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Airborne Processor: 

Real-Time Display 

Recorder: Type 

TABLE 4 
t?AE ATMOSPHERIC RESEARCH AIRCRAPT 
Processor, Display and Recorder 

T-33 

DEC LSI-11/73 

EPROM 

16 LED characters 

Fixed - winds, 
temperature, gust 
RMS, TAS 

Nagra, reel  

Data Format Serial-Dig1 t a l  

Resolution 10-bit 

Parameters 32 (raw) 

Rate 

Capacity 

Voice 

32 Hz 

2 hours 

2nd track 

Cloud Physics - 

Rrln otter 

DEC LSI-11/23, FALCON 

Dual floppy d i s k  
Keyboard 

12 x 40 character 
Plasma display 
(cockpit & cabin) 

Programmable - winds,  
temperatures, 
fluxes, pointer etc. 

CDC Streamer, 
cartridge 

Serial-Digital 

16-bit 

64 (including real- 
time computed data) 

16 Hz 

8 hours 

On separate 
cassettes, VCR 

Particle data on AES 
recorder 

" 



. . 

. 
.) 

FIG. 2: AIR MOTION MEASUREMENT 
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I. STATICPROBE 11. FlGNALCONDlTlONlNG UNIT 21. ACCELEROMETER PACKAGE 
2. BETA VANE 12. PHASE ENCODER UNIT n. GNSEORN 
3. ALPHA VANE 1 1  PROJECTCONTROLUNIT m. wprm ANTENNA 
4. VERTICALGVRO 14. ON6 6001 CDU 24. AILERON WSlTlON POT. 
6. TOTAL TEMPERATURE PROBE 16. RADARALT. ANTENNA 26. MOVIE CAMERA 
6. MAGNETICTAPE RECORDER 
1. RATE GYRO PACKAGE 
8. PRESSURE SENSOR APT 
D. W E W R E S E W R P g  

18. GNS SCQA ANTENNA 
11. DOPPLER SDC 
le. ELEVATOR r081T10N POT. 
18. RUDDER W61TWN POT. 

10. PRESSURESENSOR Pg m. TnRorrLE POSITION WT. 

FIG. 3 INSTRUMENT LOCATIONS FOR NAE T-33 

I 

I . 
FIG. 4 NAE TWIN OTrER ATMOSPHERIC RESEARCH AIRCRAFT As INSTRUMENTED 

FORGASEOUSEXCHANGEMEASUREMENT 
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FIG. 5 NAE ATMOSPHERIC RESEARCH AIRCRAFT - PROGRAM HISTORY 

LONGITUDINAL OUST 
.- 

- 
4.. - 

L.. - "(II - "/9 
VERTICAL GUST 

a. . 

TEMPERATURE . ~ .  . . ._ 

FIG. 0: TIME HISTORIES FOR THE MOST TURBULENT CLOUD 
PENETRATION IN EXPERIMENT 
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FIG. 7: STRONQEST GUST MEASURED BY T-33 IN CUMULUS CLOUM . 

. 

. . 

FIQ. 8: TWlN OTTER TURBULENCE ENCOUNTER IN ADIRONDACKS 
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FIG. 9 MOUNTAIN WAVE ENCOUNTERED AT 7 W  OVER MAINE, WAVELENGTH AND 
AMPLITUDE WERE CALCULATED TO BE 15 km AND 360 m RESPECTIVELY 

5.0 -. 10.0 y.0 10.0 0.0 

yio r 

VERTICAL OUST 0 
VELOCm 
Lm/..cl . -10 

20 

TEMPERITLIRE 
I -C I  

* . 
10 L 
c. - - 

0.0 5 0  10.0 15.0 ZQ.0 
TIME, MIN 

FIG. 1 0  TWIN OTTER GUST FRONT DATA MEASURED IN 1981 CCOPE EXPERIMENT 
IN MONTANA. ON THREE OCCASIONS THE AIRCRAFT PENETRATED THE COOL 

OUTFLOW FROM A DYING THUNDERSTORM 



. 
FIG. 11: TWIN OTTER FLIGHT TRACK DURING TRACER EXPERIMENT 

FIG. 12: TWIN OTTER DATA FROM CO FLUX PROJECT. BOTTOM FOUR TRACES 
ARE 1MEC RUNNING MEANS OdTHE CONTRIBUTIONS TO THE CO2. 

HEAT AND WATER VAPOUR FLUXES 
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FIG. 1 4  T-33 GUST SPECTRA FROM LOW ALTITUDE NRBULENCE STUDY 
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FlQ. 10; TWIN OTTER RELATIVE WINOS . 

FIQ. 20; TWIN OTTER CLOUD PENETRATION 
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AIRCRAFT DYNAMICS - AERODYNAMIC ASPECTS AND WIND TUNNEL TECHNIQUES 
by 

K.J. Orlik-Rkkemann 
Unsteady Aerodynamics Laboratory 

National Research Council of Canada 
Ottawa, Ontario, KIA OR6, CANADA 

1. INTRODUCTION 

The dynamic behaviour of modern fighter a i rc raf t  depends much more on the  unsteady aerodynamics 
considerations than in t h e  past. Until quite recently an a i rc raf t  designer would display only a passing in te res t  in 
t h a t  subject, concentrating probably on classical problems such as aeroelasticity and flutter.  Dynamic stability 
parameters  were  most of ten  determined by low angle-of-attack calculation methods, without much recourse to 
experiments; indeed suitable facil i t ies were rather scarce  and the  priority habitually assigned to dynamic stability 
testing very low indeed. The results obtained from those few dynamic experiments t h a t  were performed were most 
of ten  used to confirm t h a t  t he re  were  no particular problems present ra ther  than to b e  applied as one of t h e  design 
parameters  or inputs. And yet,  for most of t h e  a i rc raf t  of t h e  past, such a modest level of investment in unsteady 
aerodynamics and dynamic characterist ics of a i rc raf t  was, in fac t ,  quite adequate,  and many excellent a i rc raf t  
were  successfully designed in this fashion. 

I t  was only with t h e  advent of modern advanced requirements for a fighter a i rc raf t  performance t h a t  
this time-honoured methodology had become clearly inadequate. The new requirements include t h e  ability to fly at 
high angles of a t t ack  in the  presence of extensive regions of separated or vortical flows, relaxed s t a t i c  stability, 
greatly increased agility and t h e  in te res t  in unorthodox geometries such as closely-coupled-canard or tail-first 
configurations. There is  also considerable in te res t  in t h e  ability t o  perform very rapid maneuvers and in the  
aerodynamic characterist ics of large amplitude motions. The t ime  lags and t h e  unsteady phenomena associated 
with the  resulting flow fields may significantly a f f ec t  t h e  dynamic behaviour of modern fighter a i rc raf t  and may 
become as important for  a i rc raf t  design as t h e  classical s t a t i c  performance criteria.  

The unsteady aerodynamics involved is mostly very complex and, although considerable e f for t  is now 
applied to the  development of various analytical  and numerical methods of calculations, t h e  most important source 
of d a t a  - at the  present t ime  - consists of experimental  techniques. Consequently, in this lecture,  a review will 
f i r s t  be  made of t h e  various aerodynamic aspec ts  affecting a i rc raf t  dynamic behaviour, to be  followed by a survey 
of t h e  most pertinent experimental  techniques. In both cases the  presentation will emphasize applications to high 
performance fighters, such as a r e  exemplified, for  instance, by flight at high angles of attacks.  

- 

\ 

2. AERODYNAMIC ASPECTS 

The aerodynamic aspects of a i rc raf t  dynamics were  reviewed by t h e  present author in an 1983 survey 
paper in t h e  Journal of Aircraft  (Ref. I). For completeness, this re ference  is reproduced in full at t h e  end of notes 
for  this lecture.  I t  therefore  only remains to add a few remarks about some of t he  most recent developments in 
this field. 

2.1 Rapid, Large-Amplitude, Pitch-up Motions 

High-angular-rate, large-amplitude pitch-up motions may result in maximum l i f t  coefficients fa r  
beyond t h e  steady maximum values. In low speed experiments involving two-dimensional airfoils t h a t  perform 
pitch-up motions at constant pitch ra te ,  B, up to a maximum angle of a t tack ,  a and then remain at t h a t  angle, 
dynamic l i f t  levels of t h ree  t imes  t h e  corresponding steady l if t  values have been observed (Ref. 2). This is 
illustrated in Fig. I, where the  maximum l i f t  coefficient,  CLmax, is  plotted versus a dimensionless pitch ra te ,  
k=&c/2V, for different values of amax, where c is t h e  airfoil chord and V t h e  f r ee  s t r eam velocity. As deduced 
f rom measurements of t h e  unsteady pressure distributions during such motions, this l i f t  augmentation is caused by 
an energetic separation vortex which originates at t h e  leading edge and convects downstream as the  angle of 
a t t a c k  increases. This mechanism is similar to the  well-known phenomenon of deep  dynamic stall  (Fig. 21, as 
described e.g. by McCroskey in his 1982 review of Unsteady Airfoils (Ref. 3). Although dynarnic s ta l l  has 
previously been of interest  mostly in connection with t h e  helicopter blade oscillations and wind turbines, i t  may 
now prove to be  very important also for  t h e  a t ta inment  of sustained dynamic maneuvering in t h e  post-stall flight 
regime such as e.g. described by Herbst (Ref. 4) as "supermaneuverability" (Fig. 3). Of course, for  such a purpose, 
t h e  characterist ics of complete configurations, rather than merely two-dimensional data,  will be  needed. 
Experiments a r e  now being planned to obtain such information. 

For performance evaluation i t  may be useful to present t h e  e f f ec t  of t h e  a i rc raf t  motion-time history in 
some integrated fashion, ra ther  than as t h e  maximum l i f t  coefficient t ha t  can  be  achieved only momentarily. One 
such possibility, proposed in Ref. 2, is  to consider t h e  a rea  bounded by t h e  l if t- t ime curve f rom above and the  
s t a t i c  maximum lift  f rom below, which may be  said to define an e f fec t ive  impulse function, IC, over a cycle. Such 
a representation allows for  comparison of airfoil (or a i rc raf t )  performance between cases where t h e  motion-time 
history is  fundamentally different and this approach therefore  lends itself well for l i f t  optimization analysis. The 
variation of IC with k for two airfoils is  shown in Fig. 4. Results a r e  depicted for several  values of a m a x  and V. A 
rapid increase in IC at low k is followed by a more gradual increase or even a gradual decrease  at higher values of 
k. with a max, but is 
achieved by terminating t h e  unsteady motion and maintaining an amax at or near t he  value for which, for a given 

strongest and most persistent vortex. 

. 

~ 

Furthermore, t h e  maximum performance does not necessarily increase monotonously 

. k, t h e  maximum CL can be  obtained. I t  is  believed t h a t  such conditions correspond to t h e  occurrence of t h e  

2.2 WinR Rock 

Wing rock i s  an undamped oscillation, primarily around the  roll axis, t ha t  is  exhibited by many modern 
fighter a i rc raf t  when flying at higher angles of attack. Several possible scenarios for  t h e  occurrence of wing rock 
have already been discussed in Ref. 1. Since wing rock is a very debilitating phenomenon, causing maneuver 
limitations ranging in severity f rom degradation in tracking effectiveness to loss of control, a considerable amount 
of work is currently being done to alleviate this problem by increasing our understanding of the  underlying basic 
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aerodynamic phenomena. This work  ranges all  t h e  way f rom ef for t s  to postulate mathematical  models for t he  
prediction of wing rock characterist ics,  such as reported in Refs 5-7, t o  sys temat ic  low speed investigations, such 
as performed at NASA Langley Research Center  and described by Nguyen et a1 in Ref. 8. 

The NASA Langley studies comprise (a) wing rock encountered on highly-swept configurations, such as 
slender de l ta  wings, and (b) wing rock induced by slender forebodies. The former  type,  already discussed in Ref. 1, 
seems to be  associated with t h e  alternating lifting-off and rea t tachment  of leading edge vortices during each  
oscillation cycle. This results in t h e  occurrence of incremental  rolling moments which promote and oppose t h e  
oscillation in an  alternating fashion. The l a t t e r  type  of wing rock is associated with t h e  motion of forebody 
vortices and their  interaction with the  wing and empennage. In both cases strong vortex flows a r e  present and i t  is 
t h e  motion of these  vortices, t h e  mutual interaction of t h e  two main forebody vortices or t h e  two leading edge 
vortices (because of t h e  slenderness of t he  wing), and possibly t h e  phase lag between the  motion of t h e  vortices and 
t h e  motion of t h e  wing or a i rc raf t ,  t ha t  provide t h e  basic mechanism for t h e  wing rock. 

- 

The importance of t he  forebody vortex flow for t h e  occurrence of unstable damping in roll and, 
eventually, wing rock, is  well i l lustrated in Figs 5 and 6. Damping in roll is  shown for  a range of angles of a t t ack  
for an F-5 configuration with 3 a l te rna t ive  wings. The roll damping becomes highly unstable for  all  t h ree  wings in 
about t h e  same  range of angle of a t t ack  f rom 30" to 45", indicating susceptibility to wing rock in t h a t  range of a .  
I t  is known t h a t  t he  full-scale F-5 a i rc raf t  is prone to la rge  amplitude wing rock in t h e  same  angle-of-attack range. 
I t  is obvious t h a t  t h e  planform of t h e  wing is not responsible for t he  very unstable roll damping above a =  300. 
Further corroboration was recently obtained durin tests of a model of t h e  X-29A Forward Swept Wing Airplane, 
which incorporates t h e  exac t  fuselage forebody ?which has a f l a t  elliptical cross-section) of t h e  F-5 but is  
completely.different f rom t h e  F-5 in almost every other aspect.  Forced oscillation d a t a  for t h e  X-29A showed the  
same  lightly unstable roll damping in t h e  30' to 45" ang le s f - a t t ack  range. I t  seems c lear  t ha t  t h e  basic cause of 
the  unstable roll damping in all these  cases is t he  flow about t he  only common configuration feature,  namely t h e  
forebody. 

,. 

In order to genera te  sufficient rolling moments to cause wing rock, t h e  basic forebody vortex flow must 
in te rac t  with some a i rc raf t  component further downstreams. This was illustrated during t h e  Langley experiments 
during which the  wing and vertical  tai l  were  alternatively removed f rom the  model. I t  was shown tha t ,  with only 
t h e  wing or only t h e  vertical  t a i l  removed, t h e  model still  exhibited t h e  wing rock, which only disappeared when 
both t h e  wing and t h e  vertical  t a i l  were  removed at t h e  same  time. 

With t h e  forebody playing such a fundamental  role in t h e  generation of wing rock, it was only natural  to 
investigate in some detail  t he  e f f ec t  of t he  forebody cross-section on the  static la te ra l  stabil i ty as well as on t h e  
wing rock occurrence and amplitude. This is  now being done at NASA Langley (Ref. 8) on a generic fighter model, 
as par t  of a larger ongoing investigation, during which many forebodies and wings a r e  systematically varied. Some 
preliminary results a r e  shown in Figs 7 and 8 for t h e  generic model configured with a trapezoidal wing with 26" 
leading-edge sweep and conventional tail. Four forebodies, al l  with the  same  3.9:1 fineness ratio,  but different 
cross-sectional shapes (circular, vertical  ellipse, horizontal ellipse and triangular) were  initially studied. 

The preliminary results show t h a t  t he  forebody cross-section has a very strong influence on the  static 
la te ra l  stability, C l a  , with t h e  horizontal-ellipse and triangular cross-sections providing t h e  s t i f fes t  "restoring 
spring" e f f ec t s  in the  angle-of-attack range in which wing rock was observed in the  free-to-roll tests. Above t h a t  
range, t h e  forebody/wing/tail flow fields appear to b e  no longer strongly coupled. I t  is noteworthy t h a t  t h e  same  
two  cross-sections were  also found to be  highly susceptible to wing rock, causing t h e  highest wing-rock amplitudes, 
reaching 30". It is  also interesting t h a t  t h e  horizontal-ellipse forebody is similar to t h e  F-5 forebody discussed 
earlier and t h a t  t h e  wing-rock characterist ics for  those two configurations a r e  qui te  similar. 

Work is continuing at NASA Langley to fur ther  explore t h e  forebody induced wing-rock phenomenon. 
Although most of t he  present e f for t  is conducted at low Reynolds numbers and certainly will have to be  
complemented by experiments at higher Reynolds numbers, cer ta in  similari t ies between t h e  results obtained so far  
and flight test da ta  (such as those mentioned above) seem to indicate t h a t  at least t h e  basic mechanism is being 
properly identified. 

. 

2.3 Tumbling 

Recent design t rends  for  fu ture  combat  a i rc raf t ,  such as t h e  use of tail-first or tailless configurations 
and highly relaxed s t a t i c  stability, have rekindled in te res t  in a dangerous flight phenomenon known as tumbling. 
Last investigated during and immediately a f t e r  World War 11 (see Ref. Y), tumbling was identified as a potential  
danger for  a i rc raf t  with design fea tures  t h a t  included one o r  more of those mentioned above; i t  was also pointed 
ou t  t h a t  accelerations in a tumble may be  exceptionally dangerous. Since the  conventional a i rc raf t  will not 
tumble, no more work in this a r ea  was conducted for  approximately 35 years. 

Last year, however, 'studies were  conducted in t h e  NASA Langley 20 - Feet Vertical Spin Tunnel on a 
dynamically scaled model of t h e  X-29A a i rc raf t ,  which makes use of canards and highly relaxed s t a t i c  stability. 
After initially confirming t h e  occurrence of tumbling (which was coupled with cyclic variations in linear as well as 
angular rates) in a series of f r e e  - tumbling tests, more controlled experiments were  conducted in single-degree-of- 
freedom, free-to-pitch tests (Refs 8 and IO). Autorotation was obtained by e i ther  imparting an  initial rotation to 
t h e  model in t h e  proper direction, or by releasing t h e  model from a proper a t t i t ude  with zero  rate. Once  initiated, 
t he  autorotation persisted indefinitely. I t  was found t h a t  t h e  canard and wing f lap  positions had l i t t l e  e f f e c t  on t h e  
motion, while t h e  s t r ake  flaps had a very la rge  e f fec t .  For instance, with s t rake  flaps fully down, only nose-down 
autorotation could be  induced, regardless of t he  initial release conditions. Reversing t h e  s t r ake  flaps to full up 
permitted a nose-up autorotation. 

Figures 9 and 10 show t h e  static pitching-moment and pitch damping d a t a  obtained.from s t a t i c  and 
forced-oscillation experiments, respectively. The highly unstable pitching moment charac te r i s t ics  for  angles of 
a t t ack  lower than b5"l and higher than l l45" I, as well as pitch undamping in t h e  regions of around + 130' and 
-120", a r e  clearly visible. Using these d a t a  in a simulation programme, t h e  t ime  history of t h e  motion for  a full 

scale a i rc raf t  could be  predicted (Fi 11) and compared to scaled-up (in t ime) frame-by-frame readings of movies 
taken during t h e  free-to-pitch tests !I&. 12). Average pitch r a t e  was about - 130°/sec, and maximum recycling 
values of axial  and normal accelerations at t h e  pilot station were  0 to - 3 g and + 1.5 g, respectively. Although t h e  
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a t t i t ude  d a t a  a r e  predicted qui te  closely, t h e  match of velocity.and acceleration d a t a  is  not nearly as good, 
indicating t h e  need for further work in both obtaining t h e  basic d a t a  and improving t h e  mathemat ica l  model. 

The above experiments were  all  performed with the  controls fixed. Although i t  is unlikely t h a t  in a 
highly augmented modern a i rc raf t  t h e  controls would remain fixed through a large amplitude motion such as 
tumbling, t h e  susceptibility to tumbling remains as a possible th rea t  in off-nominal si tuations involving failures in 
t h e  a i rc raf t  control system. Unfortunately, one  of t he  bes t  means to increase resistance to tumbling is to l imit  an  
a i rc raf t ' s  agility in pitch. However, control laws a r e  now being developed at NASA Langley for  highly-relaxed- 
stabil i ty fighter a i rc raf t ,  which - assuming t h a t  some controls a r e  still  operational - would ensure a combination of 
high agility and good resistance to pitch departure.  

2.4 Flow Control 

Any a t t empt  to achieve high agility and t rue  supermaneuverability must include the  ability to manage 
and control t h e  t ime  dependent, separated flows tha t  a r e  charac te r i s t ic  of such flight conditions. In t h e  past  such 
a t t empt s  were  primarily aimed at reducing or eliminating regions of separation and promoting flow a t tachment ,  as 
exemplified by the  use of vortex generators on wings of many cur ren t  a i rc raf t .  For a high agility fighter,  
however, t h e  separated-flow areas  can be  expected to dominate t h e  flow around the  a i rc raf t ,  and i t  is t he  
manipulation and even enhancement of t h a t  separated flow ra ther  than i t s  reduction or elimination tha t  becomes 
the  primary goal of any flow control procedure. For instance, if t he  residence t ime  of t he  leading edge separation 
vortex mentioned in Section 2.1 could be  extended, beneficial e f f ec t s  on t h e  dynamic l if t  enhancement and its 
duration would result. 

As discussed by Lang and Francis (Ref. 11) w e  are ,  at t h e  present t ime,  only taking t h e  first  s teps  in any 
such control a t t e m p t s  of t he  unsteady separa ted  flows. Most of these  first  e f for t s  use t h e  idea of an  oscillating 
spoiler to force  and manipulate t h e  flow. One of t he  earliest  such studies dea l t  with t h e  unsteady loading induced 
by a harmonically oscillating fence  on one sur face  of t he  airfoil and i t s  e f f e c t  on both a fixed and a moving 
trailing edge f lap  (Ref. 12). A related investigation of t he  spoiler-generated flow field (Ref. 13) revealed the  
developing vortical  charac te r  of t h e  separation zone and described the  behaviour of t h e  suction peak on the  airfoil 
surface. In an  extension of these  experiments to higher angles of a t t ack  (Ref. 141, a spoiler located at  the  20% 
chord location was found to induce small  spanwise vortices which greatly a f f ec t ed  flowfield curvature,  possibly 
increasing lift.  Subsequent measurements confirmed a 60 to 110% unsteady load enhancement over t h e  maximum 
steady flow value. It was also shown tha t  a pulsed air  jet may b e  successfully employed in place of a spoiler. 

The management of a 2 D separated flow region has been systematically investigated at IIT (Ref. 15). 
Separated flow field was  genera ted  by using a wedge of a height equal to t h e  local thickness of t he  turbulent 
boundary layer and t h e  unsteady vorticity field was controlled by an  oscillating f l ap  with a variable waveform. 
Results have shown local sur face  pressure coefficient increases of nearly one hundred percent (Fig. 13) and a 
reduction of flow a t t achmen t  length to thirty percent of t he  natural  steady flow separation case. I t  was observed 
t h a t  t h e  most e f fec t ive  rea t tachment  control occurred for  reduced frequencies of 0.07 to 0.08 (Fig. 141, and tha t  
t he  use of a triangular waveform, with a 90% duty cycle, resulted in a be t t e r  organized, energe t ic  and persistent 
vortex than some other cases having t h e  same  amplitude and period. Similar results were  subsequently obtained for 
a separated flow generated by a backward facing s t ep  (Ref. 16); in t h a t  work i t  was also suggested t h a t  t h e  control 
imparted by an  ac t ive  flap oscillation is independent of whether t h e  incoming boundary layer is transitional or 
turbulent. 

Separation control can  also be  achieved by actively st imulating t h e  separated shear layer by sound at 
selected frequencies, as recently shown in Ref. 17. 

An example of manipulating t h e  flow in a 3 D case is provided in Ref. 18, which deals with t h e  wing 
rock induced by leading edge vortices, t ha t  was already discussed in Ref. I and Section 2.2. I t  was shown tha t  by 
mounting a small  de l t a  canard in f ront  of a main de l ta  wing, self-induced roll oscillations of the  en t i re  
configuration (in a free-to-roll experiment) were  obtained in a much larger range of angle of a t t ack  and with larger 
roll amplitude than with t h e  main wing alone (Fig. 15). This was ascribed to t h e  increased t ime  lag (because of t he  
larger length of t h e  canard-wing) between t h e  wing response and t h e  movement of leading-edge vortices. Up t o  
30' t h e  vortices f rom t h e  canard and t h e  wing were  combined, while at higher angles of a t t ack  t h e  resulting vortex 
breakdown at t h e  wing trailing edge was providing a damping which reduced t h e  roll angle amplitude. In t h e  range 
44' <a< 46' an  interesting unstable asymmetr ic  oscillation was recorded (Fig. 16), which could easily flip f rom t h e  
positive to t h e  negative roll angles and viceversa, and which was related to t h e  capturing of one  of t h e  canard's 
vortices by t h e  opposite semiwing while t he  o ther  vortex was shed in to  t h e  flow. Also at the  lower semiwing, a 
major vortex breakdown was detected.  These observations, although, in a sense, describing undesirable results of 
controlling t h e  flow, provide a useful insight in to  t h e  fluid dynamics of these ra ther  complex phenomena. 

2.5 Digital Datcom 

Some of the  s t a t i c  and dynamic stabil i ty derivatives may be  obtained f rom a computerized version of 
t h e  USAF Stability and Control Datcom, called Digital Datcom. This includes t h e  d i rec t  and the  cross derivatives, 
but not any cross-coupling derivatives. The configurations and speed regimes for which Digital Datcom methods 
for  dynamic derivative prediction a r e  available a r e  listed in Fig. 17. More details, including a comparison with 
wind tunnel d a t a  for  several  configurations and Mach numbers (see examples in Fig. 18), can  be  found in Ref. 19. 
All Datcom methods for  dynamic derivatives, however, assume a t t ached  flow and hence a r e  restricted to t h e  low 
angle of a t t a c k  regime. 

3. WIND TUNNEL TESTING TECHNIQUES 

As mentioned in t h e  Introduction, t h e  most important source of dynamic stabil i ty da t a  for t h e  advanced 
flight conditions or unorthodox configurations which a r e  of in te res t  for  t h e  modern fighter design, lies in 
experimental  investigations. Although, in principle, experiments can be  performed both in wind tunnels and in f r ee  
flight, t h e  l a t t e r  cannot b e  rigorously carried out  until a prototype is built and even  then i t  usually does not provide 
the  well-defined experimental  conditions which a r e  available in a laboratory. On the  o ther  hand, of course, 
although wind-tunnel testing is usually conducted at too low a Reynolds number and may b e  subject to some form 
of wind-tunnel or support-interference e f fec ts ,  i t  does, by and large,  provide valuable information, obtained under 
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well controlled test conditions. I t  is of ten only through a combination of both wind tunnel and fl ight d a t a  with 
some additional d a t a  sources such as dynamic model flight tests, analytical  studies and piloted simulation tha t  a 
comple t e  d a t a  set required for  a satisfactory design can  be  obtained (Fig. 19). However, as discussed by Chambers  
et a1 (Ref. For 
example,  conduct of piloted simulator studies cannot  b e  accomplished without dynamic stabil i ty parameters ,  and 
t h e  interpretation and analysis of dynamic model flight tests and airplane flight tests may b e  subject to 
considerable question without dynamic wind tunnel data .  Dynamic wind-tunnel experiments appear,  therefore ,  to 
const i tute  t h e  most important  experimental  source for dynamic d a t a  and t h e  remainder of th i s  paper will b e  
devoted to examining t h e  various techniques t h a t  a r e  presently available o r  under development for such testing. 

Reviews of t h e  wind-tunnel techniques for dynamic stabil i ty tes t ing  have been presented by t h e  present 
author at several  occasions in t h e  past  (Refs  21-24). Since Ref s  23 and 24 a r e  easily accessible to t h e  AGARD 
community, t h e  mater ia l  presented therein will not be  reproduced he re  but  will only be  included by a suitable 
reference,  as appropriate. Of t h e  multi tude of techniques available (Fig. 20), only those tha t ,  in t h e  author's 
opinion, a r e  currently t h e  most important  o r  t h e  inost p romis ing  for t h e  future,  will b e  listed. 

3.1 

ZO), dynamic wind tunnel tests a r e  also to some ex ten t  involved in each  of these procedures. 

Single DOF Forced Oxi l l a t ion  - Measurement of Reactions 

This is commonly referred to as t h e  "forced oscillation" technique, and is, by fa r ,  t h e  most o f t en  
encountered and most versati le technique in use today. I t  c an  be  used for angular oscillation, such as in pitch, yaw 
o r  roll, as well as for translational oscillation, such as in plunge o r  in la te ra l  translation. In t h e  former case, t h e  
dynamic derivatives around a fixed axis, i.e. composi te  derivatives (such as C + Cm& ) (see Ref. I), c a n  be  
obtained while in t h e  l a t t e r  case derivatives due to linear acceleration (such as C"i), - which in a linear si tuation 
a r e  approximately equal to t h e  derivatives due to t h e  t i m e  r a t e  of change of t h e  angle  in t h e  s a m e  plane of motion 
(such as Cm&) a r e  measured. In most cases t h e  drive is inexorable (of t h e  hydraulic o r  mechanical type), resulting 
in a constant  amplitude sinusoidal oscillation. In some cases, a n  electromagnet ic  drive i s  used, resulting in a 
constant  amplitude of t h e  applied torque (or force), unless a motion-amplitude stabilizing circuitry is used. 
Although in all  t h e  cases t h e  motion i s  in a single degree-of-freedom (DOF), a l l  thtee aerodynamic moments and 
two  aerodynamic forces  (normal fo rce  and side force)  can be  measured, usually with a single-piece construction 
strain-gauge balance. The derivatives a r e  obtained f rom t h e  in-phase and quadrature  components of t h e  measured 
aerodynamic reactions with respect  to t h e  model motion, and t h e  frequency and amplitude data.  All direct ,  cross 
and cross-coupling derivatives can  be  obtained using th i s  technique in various degrees  of freedom. The d i rec t  
derivatives can also be  obtained from t h e  measurement of t h e  torque and i t s  phase with relation to t h e  induced 
motion. Examples of t h e  instrumentation used at NAE and AEDC and of t h e  required d a t a  acquisition and 
reduction systems a r e  given in Ref. 25. Numerous applications of this technique, as used at NASA Langley, 
ONERA Chalais-Meudon, ONERA Modane, AEDC-VKF, AEDC-PWT, DFVLR and NAE, a r e  described in Section 5 of 
Ref. 24. The technique is also used in Sweden (FFA, Ref. 26) and China (SARI, NAI and BIA). A recen t  sting- 
mounted Swedish pitch/yaw apparatus  i s  shown in Fig. 21. 

3.2 Multi DOF Forced Oscillation - Measurement of Motion 

In th i s  technique, t h e  model is suspended elastically in such a way t h a t  i t  can oscil late in several  
degrees  of f reedom simultaneously, although one degree of freedom (choice depends on t h e  oscillation frequency) is 
usually predominant. The amplitude and phase of t h e  various motions (rather than of t h e  various reactions,  as in 
t h e  preceding section), together  with t h e  information about t h e  driving fo rce  or torque and frequency, a r e  
measured and f ed  in to  a system of equations of motion, which i s  then solved for t h e  unknown stabil i ty derivatives. 
In t h e  limiting case of a single DOF oscillation, t h e  above technique reduces to t h e  "constant-amplitude torque" 
subgroup of t h e  preceding section, where t h e  d i rec t  derivatives can  be  obtained f rom t h e  amplitude and phase of 
t h e  forced motion and t h e  forcing torque and frequency (in t h e  s a m e  DOF) by means of a direct  calculation rather  
than indirectly by solving a system of equations. That  type of technique is used at RAE - Bedford, DFVLR-AVA 
and NASA - Langley, as described in Section 6 of Ref. 24. In t h e  l a t t e r  case t h e  model is elastically suspended for 
multi-DOF experiments by a system of cables, whereas at RAE and DFVLR t h e  model i s  mounted on a spring unit 
(a t tached to t h e  st ing) which l imits t h e  number of DOF's to 2 or  3 (Ref. 27). 

3.3 

' 

Single DOF Free Oscillation - Measurement of Motion 

This technique i s  t h e  oldest  and t h e  simplest of t h e  various oscillatory techniques. I t  involves t h e  
evaluation of a decaying oscillatory motion performed by an elastically suspended model following some initial 
disturbance. No complicated drive o r  control system a r e  usually required and t h e  d a t a  reduction is relatively 
s t ra ight  forward. Although t h e  results a r e  representative of an amplitude range rather  than of a discrete  value of 
amplitude,  with modern instruwentation this amplitude range can  be made sufficiently small  so tha t  any variations 
of t h e  results with amplitude can b e  obtained as conveniently as with other  methods. The  technique, however, is 
l imited to t h e  measurement of t he  d i rec t  derivatives (damping and stiffness) only, and in i t s  simplest  fo rm is  not 
suitable for use under conditions of dynamic instability o r  in the  presence of large static moments. For these 
reasons t h e  free-oscillation technique i s  now gradually being replaced by t h e  various forced-oscillation techniques. 
Some examples of i t s  use in t h e  past  a r e  given in Section 7 of Ref. 24. 

3.4 Half-Model Test ing 

The use of half models (semi-span models) for tes t ing  of symmetr ical  configuiations at symmetr ic  flow 
conditions has been a recognized experirnental procedure for a long t ime. The technique eliminates interference 
problems usually associated with the  presence and with t h e  motion of t h e  sting, permits t he  use of models larger 
than otherwise possible and allows for a more convenient arrangement  of t h e  test equipment (utilizing t h e  space 
outside of t h e  wind tunnel). On t h e  other  hand, t h e  use of half models has some problems of i t s  own, such as t h e  
possible effect of t h e  gap  between t h e  model and t h e  wind tunnel wall and, at higher speeds, t h e  effect of a n  
interaction between t h e  shock and t h e  wall boundary layer. Since all applications a r e  s t r ic t ly  l imited to 
symmetr ical  flow conditions, t h e  technique cannot  be  used a t  higher angles of a t t ack ,  even for  symmetr ical  
configurations. 

Half models can  be  used for experiments involving pitching o r  plunging oscillation using appropriate 
f r e e  - or  forced - oscillation techniques described before. The technique is particularly recommended for cases 
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where s t a t i c  o r  dynamic s t ing  interference e f f ec t s  may be  significant o r  when t h e  shape of t h e  model afterbody i s  
incompatible with a sting mounting. Other  possible applications include t h e  determination of t h e  dynamic 
interference between t w o  oscillating models and t h e  measurement of t h e  e f f e c t  of t h e  jet exhaust plume on t h e  
pitching o r  plunging oscillations of a model (Ref. 28). The technique i s  used for  oscillatory testing in many 
countries,  including Sweden (FFA), Canada (NAE), USA (AEDC), China (SARI, BIA) and Japan (NAL). 

3.5 Rotary Motion 

There a r e  a number of wind tunnel techniques where t h e  model i s  performing a continuous rotary rather  
The t w o  most important  var ie t ies  of such a rotary motion a r e  as than  oscillatory motion, as discussed so far.  - follows: 

3.5.1 Rolling - a rotary motion of t h e  model around t h e  body axis o r  around t h e  wind axis, at ze ro  to moderate  
angles of a t t ack ,  usually at ze ro  sideslip and at low to moderate  rotation rates. The main purpose of t h e  rolling 
experiments  is to determine stabil i ty derivatives due to rolling, such as encountered during a rolling maneuver. 
Although - s t r ic t ly  speaking - quite  different,  such derivatives a r e  sometimes used interchangeably with those 
obtained f rom roll oscillation experiments.  Rolling techniques can  be  fur ther  subdivided in to  techniques using 
s teady roll and those using f r e e  decay of t h e  roll rate.  Apparatuses employing these techniques can  be  found at 
NASA - Langley, AEDC, FFA, BAC - Warton and DFVLR-Koln, and a r e  described in Section 9.1 of Ref. 24. 

3.5.2 Coning - a rotary motion of t h e  model around t h e  wind axis, at arbi t rary angle  of a t t ack ,  usually non-zero 
angle  of sideslip and low to moderate  rotation rates. Such a motion i s  sometimes referred to as t h e  lunar motion 
and t h e  apparatuses employed for  such experiments a r e  usually called rotary balances. The main purpose of t h e  
coning experiments i s  to obtain t h e  aerodynamic coeff ic ients  ( ra ther  than derivatives) as functions of t h e  coning 
rate.  These a r e  required for a be t t e r  simulation of t h e  aerodynamic phenomena t h a t  a r e  associated with t h e  steady 
spin motion of a i r c ra f t  and spin recovery. The coning motion is also one of t h e  fundamental  character is t ic  motions 
derived in t h e  mathematical  models of Tobak and Schiff (Ref. 29) and t h e  aerodynamic moments  measured during 
such a motion a r e  required for  prediction of even nonspinning maneuvers. I t  should be  noted tha t  many apparatuses 
used for  s teady roll about  t h e  wind axis can  be  used interchangeably as rotary balances, t h a t  i s  for t h e  purpose of 
obtaining t h e  various aerodynamic reactions as functions of t h e  roll rate.  The difference l ies mainly in t h e  
instrumentation and in t h e  d a t a  reduction. Several  rotary balances a r e  now in exis tence for  both low-speed and 
high-speed wind tunnels, including those at NASA Langley, NASA-Ames, BAC-Warton, D F V L R - K h ,  Aeronautica 
Macchi and IMF. These were  described in Section 9.2 of Ref. 24 and in Ref. 30. A new rotary balance at RAE- 
Bedford (Ref. 31) i s  shown in Fig. 22. 

._ 

. All rotary balances, of course,  c a n  be  used to obtain derivatives due to t h e  r a t e  of roll. In addition, by 
slightly t i l t ing t h e  axis of a rotary balance with respect  to t h e  wind axis, i t  i s  possible to superimpose a n  oscillatory 
motion in pitch and yaw on t h e  main rotary motion. Such a motion, called "oscillatory coning", may permit  t h e  
determination of additional derivatives, viz. those due to oscillatory pitch and yaw (Ref. 32). 

3.6 Pure  Rotation 

Since t h e  results of oscillatory experiments (such as in pitch) around a fixed axis a r e  in t h e  fo rm of 
composi te  derivatives which contain derivatives due to pure rotation (such as q )  and derivatives due to t h e  t ime- 
rate-of-change of t h e  angular deflection in t h e  s a m e  plane of motion (such as 6 ), t he re  i s  a need to sepa ra t e  such 
component derivatives so t h a t  each  can b e  inserted at i t s  proper position in t h e  equations of motion. To sepa ra t e  
t h e  t w o  parts,  additional experiments a r e  required, in which e i ther  a pure angular motion (with t h e  appropriate 
aerodynamic deflection angles remaining constant)  o r  a pure translation (with t h e  appropriate angular r a t e s  
remaining zero) i s  simulated. As already discussed, under cer ta in  conditions t h e  translational acceleration i s  
aerodynamically equivalent to t h e  time-rate-of-change of t h e  aerodynamic angle in t h e  s a m e  plane of motion. 
Effects  of translational accelerat ion can be measured by single DOF forced oscillation experiments in vertical  o r  
la te ra l  translation, as done at NAE, using methods described in Section 3.1. Simulation of pure angular motion (or 
pure rotation) in pitch or yaw can  be achieved by snaking motion experiments o r  experiments in a suitably curved 
flow, while pure rolling can  be  simulated by experiments  in a suitably arranged rolling flow. These l a t t e r  
techniques, which were all  developed at NASA-Langley in t h e  1950's and have now been transferred,  together  with 
t h e  6 f t Stabil i ty Tunnel, to t h e  Virginia Polytechnic Institute, will be  briefly described in t h e  following paragraphs. 
More details  can  be  found in Ref. 33. 

3.6.1 Snaking Motion - This combines yawing and la te ra l  motions of a model in such a manner as to produce pure 
yawing. The apparatus  (Fig. 23) generates  a n  oscillatory motion in t h e  xy plane so t h a t  t h e  model always heads in to  
t h e  re la t ive  wind or,  in other  words, so tha t  t h e  instantaneous angle of yaw - which includes vector  components 
generated by t h e  two  basic motions - remains constant  at all  times. = V sin I), at which 
condition t h e  angle of yaw contributed by t h e  yawing oscillation i s  exact ly  cancelled by t h e  angle of yaw induced 
by t h e  la te ra l  oscillation. A comparison of d a t a  obtained by algebraic summation of snaking and translational 
oscillation tests with t h e  d a t a  obtained f rom angular oscillation tests (around a fixed axis) i s  shown in Fig 24. 

3.6.2 Curved Flow - This technique i s  based on t h e  concept  of simulating a s teady curved-flight condition by using 
a fixed model and arranging t h e  wind-tunnel flow in such a way t h a t  i t  is curved in a circular path in t h e  vicinity of 
t h e  model and tha t  i t  has t h e  velocity variation normal to t h e  s t reamlines  in d i rec t  proportion to t h e  local radius of 
curvature.  This is achieved by using flexible side walls for curving t h e  flow and by employing special  vertical-wire 
drag screens upstream of t h e  test section for producing t h e  desired velocity gradient in t h e  flow across  t h e  tunnel 
(Fig. 25). These screens vary in s ize  across  t h e  wind tunnel, with t h e  most dense portion of t h e  screens located at 
t h e  inner radius of the  curved test section. The technique allows measuring pure yawing (due to r only) o r  pure 
pitching (due to q only) derivatives with a fixed model mounted on a s t a t i c  balance. The simulation of t h e  steady 
curved flight i s  not exact ,  however, and usually corrections have to be  applied for  t h e  buoyancy e f f e c t  caused by 
t h e  s t a t i c  pressure gradient normal to t h e  s t reamlines  (which does not ex is t  in curved flight). In addition, t he re  a r e  
dissimilarities in t h e  behaviour of t h e  model boundary layer (which on t h e  model in a curved flow tends to move 
towards the  cen te r  of curvature,  contrary to i t s  normal tendency in curved flight), and possible problems due  to a 
rather  high degree of turbulence behind the  wire screens. Hopefully, however, in many cases these phenomena may 
be considered to have only a minor e f f e c t  on t h e  measurements of t h e  purely-rotary derivatives. 

3.6.3 Rolling Flow - When a model at an angle  of a t t a c k  performs a rolling motion about a fixed body axis, t h e  

; 

This occurs  when 
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resulting aerodynamic react ions a r e  functions of both t h e  roll r a t e  and t h e  simultaneously occurring t i m e  r a t e  of 
change of t h e  angle of sideslip. This is  similar to the  previously discussed composite effect resulting f rom pitching 
or  yawing oscillation around a fixed axis. To obtain aerodynamic derivatives due to "pure" rolling, one  can  use a 
s ta t ionary model immersed in a rolling flow. The rolling flow must b e  generated in such a way t h a t  its velocity 
component normal to t h e  tunnel axis  increases proportionally to t h e  radial distance. This can  b e  achieved by using, 
upstream of t h e  test section, a large rotor  with several  vanes t h a t  a r e  specially shaped in order  to impart  a sui table  
solid core  vortex motion to t h e  flow. One fascinating fu ture  application of this  technique would be to impart  
pitching or yawing oscillation to t h e  model and obtain measurements of t h e  various damping, cross and cross- 
coupling derivatives in t h e  presence of t h e  rolling flow, thereby providing valuable d a t a  for  s tudies  of t h e  incipient 
spin and spin entry and, in particular, oscillatory spin (Ref. 33). 

3.7 Control Surface Oxi l la t ion  

So fa r  we  have dea l t  with dynamic stability tes t ing of full or half models of complete  configurations. A 
brief comment  should also be included about  t h e  stability character is t ics  re la ted to t h e  oscillation or motion of t h e  
various control surfaces. These a r e  normally of two kinds: (1) t h e  hinge moment derivatives of an oscillating 
sur face  and (2) t h e  derivatives of t h e  aerodynamic react ions imparted to t h e  model by t h e  oscillation of a control  
surface. Although t h e  main interest  lies usually in  the  s t a t i c  control derivatives, t h e  t rend i s  increasing towards 
also obtaining some dynamic control  derivatives, which may become important  in connection with high-rate 
maneuvers and quick-acting controls. The necessary experiments a r e  most conveniently performed using a half 
model of t h e  a i rc raf t  configuration; t h e  hinge moment measurements can b e  performed with any single DOF 
oscillation method mentioned before, whereas t h e  aerodynamic reactions on t h e  model itself can  be obtained using 
methods similar to those employed for  cross and cross-coupling derivative measurements. Some suitable 
experimental techniques a r e  mentioned in Section 14 of Ref. 23. 

3.8 Non-Linear Dynamic Loads 

The various wind-tunnel techniques previously mentioned a r e  character ized by t h e  relatively small  
amplitude motion t h a t  they impar t  to t h e  model. It has traditionally been assumed t h a t  under these  conditions t h e  
resulting aerodynamic phenomena a r e  linearly re lated to t h e  model motion, implying t h a t  if a sinusoidal motion is 
used, as is typically t h e  case, t h e  aerodynamic reactions a r e  also sinusoidal and of t h e  s a m e  frequency as t h a t  of 
t h e  model oscillation. In such a case t h e  desired aerodynamic information can  be represented in t h e  form of 
stability derivatives t h a t  can  b e  obtained using procedures like t h e  ones discussed in Refs  25 and 28. 

The applicability of t h e  locally linearized aerodynamics model, implicit in  t h e  derivative formulation, 
to large amplitude and high r a t e  maneuvers, has been increasingly questioned over  t h e  las t  few years. 
Consequently, a new wind-tunnel technique, specifically designed to invest igate  t h e  aerodynamic loads act ing on a 
model subjected to large amplitude and/or high r a t e  motions has  been recently developed at NAE. 

3.8.1 D a t a  Reduction - The goal is  to measure t h e  instantaneous value of the  react ions in t e r m s  of the  
corresponding instantaneous value of t h e  pertinent motion variables. Since no assumption of linearity is  made, t h e  
components of t h e  reactions at t h e  oscillation frequency as well as at i t s  harmonics need to be determined. 
Therefore t h e  technique basically consists of measuring t h e  Fourier coeff ic ients  of t h e  balance outputs  
(deflections), which a r e  converted into their  causat ive loads by using the  appropriate  model-balance system 
mechanical t ransfer  functions. The inverse Fourier Transform is then applied to t h e  above coeff ic ients  in order  to 
represent  t h e  reactions in t h e  t i m e  domain. This apparently round-about approach is required in order to account 
for  t h e  dynamic response of t h e  model-balance system, which can  have a substantial impact  on t h e  observed 
balance outputs. Inertial effects a r e  eliminated by means of t a r e  measurements. Further detai ls  on the  technique 
can b e  found in Ref. 34. The current  implementation of t h e  instrumentation system and d a t a  reduction procedures 
a r e  described in Ref. 35. 

3.8.2 React ion Representation - Once t h e  concept  of stability derivatives can no longer be used, i t  becomes 
imperat ive to formulate  an  appropriate  representation of the  non-linear aerodynamic d a t a  in order to effect ively 
utilize it in flight mechanics computations. One possible representation (Ref. 36) i s  based on t h e  assumption t h a t  
there  is a well defined (although not necessarily single valued) relationship between t h e  instantaneous value of any 
given aerodynamic reaction and t h e  corresponding instantaneous value of the  motion variables. In a topological 
sense, this representation implies the  exis tence of a unique (again not necessarily single valued) "reaction 
hypersurface" t h a t  defines t h e  react ion in te rms  of n motion variables. 

If t h e  hypersurface could b e  experimentally obtained in i t s  ent i re ty  - e.g. by means of t h e  technique 
summarized in the  previous sect ion - i t  could be used to carry out sirnulations without resorting to mathematical  
models. Pract ical  considerations, however, limit t h e  number of experiments  t h a t  can be performed to obtain t h e  
very large d a t a  base required to suitably define the  hypersurface, therefore  necessitating some level of 
mathematical  modelling to supplement t h e  empirical data. 

A detailed description of t h e  hypersurface representation with i t s  ra ther  wide-ranging implications can  
be found in the  above reference and is, therefore ,  not included here. However an  example of how the  
representation can b e  applied to the  simple case of a single DOF motion is briefly mentioned here  for 
completeness. Let  us consider a hypothetical case of a motion about t h e  roll body axis where t h e  react ion C ~ i s  a 
function of @ and p only, in which case the  react ion surface becomes three  dimensional and can thus be readily 
visualized. A schematic  hysteret ical  sur face  is arbitrarily postulated as an  illustration (Fig. 26). The motion of the  
model is represented by a t ra jectory in the  @ -  p phase plane and the corresponding value of the  reaction is defined 
by t h e  reaction surface. The surface depicted in Fig. 26 is character ized by threshold values t h a t  a r e  independent 
of t h e  ra te ,  corresponding to t h e  case of "s ta t ic  hysteresis", as opposed to the  situation shown in Fig. 27 where the 
thresholds a r e  a linear function of rate ,  indicating a convect ive t i m e  lag effect on t h e  threshold values. Both 
reaction surfaces  a r e  single valued everywhere except  at t h e  line defining the  "step" indicating tha t  "minor loopslt 
a r e  permissible under oscillation amplitudes below t h e  threshold value. A double valued reaction sur face  where 
such minor loops do not occur is shown in Fig. 28, in which case the  only way to t ransfer  f rom one branch of the 
hysteresis curve to t h e  other  is by exceeding t h e  threshold value. 

The react ion surface for an  80 degree de l ta  wing in subsonic flow has been approximately determined 
(Ref. 371, on t h e  basis of experimental  d a t a  obtained by Nguyen et al. (Ref. 38). Although suff ic ient  information 
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was not available to precisely define t h e  surface,  t h e  results indicate tha t  t he  sur face  concept is applicable to  this 
case. 

4. CONCLUDING REMARKS 

In this lec ture  a brief review was presented of some of the  aerodynamic aspec ts  of the  dynamic 
behaviour of a modern, high performance fighter a i rc raf t  and of some of t h e  more important experimental  
techniques t h a t  a r e  available for measuring t h e  dynamic stability parameters  of an  a i rc raf t  in a wind tunnel. 
Because of space  l imitations many topics had to be  omi t ted  and the  reader is referred to t h e  three  volumes listed 
in "Bibliography", and in particular to Refs  I, 23 and 24 by t h e  present author,  for further details. More recent 
pertinent information can  be  found in Refs 39-46. I t  is hoped tha t  ?he present review, together with t h e  above 
additional material, may provide a useful insight in to  the  aerodynamics of a maneuvering modern fighter and may 
serve  as a guide to t h e  large variety of wind tunnel methods tha t  have to be  used in order to obtain t h e  dynamic 
d a t a  required for t h e  design of such an a i rc raf t .  
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Fi . 6. Low-speed damping in roll for models of Fig 
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Fig. 25. NACA/VPI curved flow test section (Ref. 33) 

Fig. 27. Schematic reaction surface - threshold 
values linearly dependent on rate (Ref. 36) 

Fig. 28. Schematic reaction surface -threshold 
values independent of rate, minor loops not 
permitted (Ref. 36) 
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RE-ASSESSMENT OF GUST STATISTICS USING CAADRP DATA 
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r 

1.0 INTROD 

by 
B.W.Payne, A.E.Dudman and K.C.Griffiths 

British Aerospace plc 
Military Aircraft Division 
Weybridge, Surrey, UK 

JCTION 

During the past fifteen years the Dynamics Department at BAe Weybridge have carried out a number of detailed investigations 
into a wide range of gust design procedures, varying from discrete gust to continuous turbulence on a number of different 
aircraft. 

As a result of a study (Ref. 1) into a unified procedure for meeting power spectral density and statistical discrete gust 
requirements for flight in turbulence (Ref. 2), it was recommended that additional flight measurement evidence on the structure 
of high intensity turbulence events needed to be obtained on a more routine basis in order to support the gust parameters used 
in gust prediction procedures. 

Thus in the early eighties it was agreed by the Civil Airworthiness Authority (CAA) and BAe that a reassessment of the gust 
statistics should be undertaken together with a study of turbulence events taken from routine operational flights. 

The first part of the contract was to reassess the American and British gust statistical data. This data was collected in the most 
part prior to 1950 and formed a large part of the gust probability information upon which the current discrete gust 
airworthiness requirements are based. Whereas the second part was set to re-assess the current high vertical acceleration 
response data and routine data from the CAA Data Recording Programme (CAADRP) as has been measured upon the BAC 
1-1 1 500 Series on standard airline routes, reference Figure 1. 

The first part covered the ‘Re-assessment of American Data and British Data’ and was reported in Reference 3. It concluded 
that the earlier derived gust velocities were over estimated because of the limitations in the aircraft modelling techniques at the 
time, implying that the probability of meeting the design gust is lower than was intended. 

The second part of the contract, ‘Analysis of High Acceleration and Routine CAADRP Data’ compared it with the predicted 
‘Mission Analysis’ theoretical gust exceedance results. 

Therefore the main topics of the report covers comparison of the predicted gust loads for a probability of 2 x 10-5 exceedances 
per hour (as defined in JAR 25.305(d)) with those analysed from the measured data. 

However it should be noted that the measured and predicted analyses were concerned only with the BAC 1-11 500 Series 
aircraft in order to reduce the required amount of formal aircraft mathematical modelling. 

Also the original assessment of the American data measured prior to 1950 (against which the certification requirements for 
gust loads are based) and British data measured in 1966 have also been compared with the 198 1 re-assessment of the earlier 
data (Ref. 3), as well as the measured distributions of maximum derived gust velocities from CAADRP data. 

These are the topics of this report and presentation to the 1986 AGARD workshop on ‘Turbulence’. 

2.0 OBJECTIVES 

The objective of this report is to compare the measured incremental c.g. accelerations of the BAC 1-1 1 operating on scheduled 
flights with the equivalent theoretical predictions in a gust environment. 

3.0 ANALYSIS OF MEASURED DATA 

The raw data used in this analysis was obtained from the CAADRP programme, which has great potential as a source of 
information on gust statistics, covering many thousands of hours of scheduled flight operations, using modern operational 
techniques. 

In addition to the ‘special event’ (CAADRP ‘B’) flights of each encounter of severe turbulence, giving a c.g. acceleration greater 
than 0.50 ‘g’, there also existed records of ‘routine’ (CAADRP ‘A) flights which, together with research into the airline 
operations, were used to define exact operating procedures for Mission Analyses studies. Therefore it was possible to define 
accurately the pattern of ‘g’ exceedances in the mission segments of total operational characteristics for comparison on a 
Mission Analyses basis, with the derived c.g. acceleration exceedances. The raw CAADRP data for c.g. acceleration consisted 
of standard flight data and it should be noted that the data was only available at eight samples per second. The basic theory 
associated with the analyses was to identify the speed, weight and altitude together with the time and then obtain only the 
response due to a gust encounter. This data was then evaluated for an accurate assessment of the probability of exceedance for 
the aircraft c.g. acceleration. 
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A ‘g’ counting algorithm was developed for analysing the routine BAC 1-1 1 collected data, which counted positive and 
negative level crossings in one pass. However in order to separate true gust contributions on the trace from manoeuvre induced 
accelerations, a digital high pass filter with a corner frequency at 0.1 Hz was used, thus allowing two sets of level counts to be 
measured; one for the raw record and the other for the ‘gust only’ acceleration. 

The ‘routine’ flight CAADRP ‘ A  data was broken down in order to determine the average mission, including inside the Berlin 
Corridor, with confidence limits such that the following parameters could be identified :- 

0 Average take-off weight 
0 Average altitude 
0 Average speed 

Regarding the ‘special event’ CAADRP ‘B’ data, these were also broken down into the average flight conditions and 
exceedance counts evaluated for each segment. 
The analyses of the measured data is basically split into four parts, the first and second for the determination of flight segments 
and incremental c.g. acceleration data from ‘routine’ CAADRP ‘ A  data respectively, and the third for the incremental c.g. 
acceleration data obtained from the ‘special event’ CAADRP ‘ B  data. The fourth part relates to the data collected on flights 
inside the Berlin Corridor. The determination of the flight segment data was taken from the routine flights. 

Average time in each reduced mission segment 
Exceedance counts of c.g. acceleration for each segment 

In view of all the detailed data that was available, only a random sample of 124 flights, involving 95 flight hours, reference 
Figure 2, and covering the period July 1978 to October 1980, was obtained from the CAADRP programme. 

These flights included those inside and outside the Berlin Corridor, and it should be noted that during this period the airline’s 
BAC 1-1 1 fleet made 24,028 departures from Berlin out of a total of 93,852, thus approximately 50% of the BAC 1-1 1 flights 
involved a trip through the Berlin Corridor. The altitude limitations in the corridor were constrained to be below 9,500 feet. 

From this data it was possible to determine the average mission for the BAC 1-1 1 500 Series, consisting of 14 flight segments, 
covering take-off, climb, cruise, descent and approach conditions. The flight envelope, up to 30,000 feet was split up into 
approximately 5000 feet bands. A breakdown of all the flight segments showing the average altitude, condition, speed and flap 
position for each segment are shown in Figure 3. This shows the average conditions, including the standard deviation, in terms 
of time, altitude, speed and weight for all flights, with the average mission approximating to 46.4 minutes. 

Figure 4 shows the number of flights inside and outside the Berlin Corridor where the average mission times are approximately 
44.1 and 50.3 minutes respectively. 

- 
’ 

It should be noted that a segment defined as 13 (descent) was also considered, but no data could be successfully analysed within 
this segment and was omitted from any further analyses. 

(a) Routine Data - CAADRP ‘A’ - Incremental c.g. Accelerations 

The measured incremental c.g. accelerations exceedances from the ‘routine’ CAADRP data are shown as CAADRP ‘A in 
Figure 5 and covered accelerations up to 0.3g during this period for the random sample of 124 flights, approximating to 95 
Flight hours. 

However the data did include accelerations up to 0.7g, reference Figure 6, however because the sample above 0.3g was so 
insignificant they were not included in the final analysis. 

(b) Special Event Data - CAADRP ‘B’ - Incremental c.g. Acceleration 

The special event data was evaluated in two parts, firstly defined as CAADRP ‘B’covering the period May 1980 to April 1983, 
and secondly defined as CAADRP ‘C‘ which covers the period from May 1980 to October 1983. 

CAADRP ‘B’ measured data covered high incremental c.g. acceleration events greater than 0.5g from 49,395 flight hours, 
reference Figure 2 and the analysed results in terms of acceleration exceedances are shown Figure 5. 

The detailedhformation of the c.g. accelerations in terms of the probability of excedances per hour for the segments is defined 
in Figure 7. This figure shows that segment exceedance results are well grouped together, but that Segment 12 gives the most 
significant results, although it should be noted it is based upon a very small period of time. CAADRP ‘C‘ measured data is 
similarly based but includes an extra six months of data, therefore representing 58,733 flight hours, reference Figure 2. All the * 
points, including CAADRP ‘B’ have been used for the exceedance calculations and the results, in terms of incremental c.g. 
acceleration exceedances are shown in Figure 5 together with the CAADRP ‘ A  and ‘B’ results. 

I 

-~ 

Regarding the additional six months of flight data in isolation, it can be seen that the results are very similar to those obtained 
from three years of analysis, except for one point that gave an incremental value of 1.30g compared to the highest values seen in 
the earlier data of 1.1Og. However the difference between 1.13g and 1.25g respectively is small at the probability of 2 x 10-5 
exceedances per hour (defined as the datum exceedance). 
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(c) Berlin Corridor Data 

Since flights through the Berlin Corridor were restricted to flying below 9500 feet, it was considered that this could be an 
important aspect in the correlation of results, so CAADRP ‘ B  data were split into flights inside and outside of the Berlin 
Corridor. 

This was achieved by breaking down the data into flights that arrived at or departed from Berlin, and flights to and from other 
airfields, reference Figure 4. Figure 8 shows the measured differences in the probability of exceedances per hour for inside and 
outside the Corridor are very small. 

4.0 THEORETICAL PREDICTIONS 

The mathematical models used in this work were consistent and similar to those used in the various design stages of the BAC 1- 
11 other than that these models used up-to-date information with regard to structural stifhess and aerodynamic data. 

Standard symmetric gust response calculations in the frequency plane were used to carry out the necessary Continuous 
Turbulence Mission and Discrete 1-Cosine Gusts analyses. 

Also a review was made to evaluate the effect of the autopilot and the accelerometer transfer function. 

(a) Mission Weights 

The missions were broken down into two weight cases, a heavy weight case corresponding to take-off climb and cruise, and a 
lighter weight case corresponding to descent and landing. 

The take-off weight was an average weight over the corresponding flight segments (Ref. 6), whereas the landing weight allowed 
for fuel burn during the average mission length of flight. 

The two weight cases used in the analysis are detailed as follows in terms of basic aircraft weight, payload and fuel. 

Light Weight Heavy Weight 
lb lb 

Basic A/C 54,600 54,600 
Payload 17,500 17,500 
Fuel 8,100 2,400 

Total AUW 80,200 74,500 

Noting that the fuel weight included 2,400 lbs of reserve. 

(b) Structural 

Basically the analyses were performed using a symmetric structural model, the structure being treated as a series of branches, 
front fuselage, rear fuselage, wings, fin, tail and engines. 

Normal modes were calculated for each of the branches using standard ‘lumped mass’ representation and stiffness influence 
coefficients. 

Sub-sets of these branch modes together with the rigid body modes, joint flexibilities and control surfaces were built to form a 
‘normal mode’ representation of the whole aircraft. 

A table of frequencies for the branch modes and definition of the mode shapes are given in Figure 9. 

Figure 10 shows the first 12 symmetric normal modes (including rigid heave and pitch) which were used in the gust analyses. 

(c) Aerodynamic 

The aerodynamic forces were calculated using two-dimensional strip theory, with three-dimensional quasi static stiffness 
derivatives calculated from the current rigid aircraft aerodynamic loading data. In the case of the BAC 1-1 1 aerodynamic 
forces on the wing, tail and nacelles were included and found sufficient to give the symmetric rigid body characteristics in the 
short period pitching mode. 

The model also included representation of gust input delays by use of ‘Kussner’ applied gust lag functions and a ‘Wagner’ lift 
growth function for each lifting surface. 
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(d) Autopilot 

It can be seen from Figure 3, which defines details regarding the measured data that for most of the segments the autopilot was 
engaged, therefore there was a need to study the effect of the autopilot on the response. 

From earlier response work carried out on the BAC 1-1 1 (Ref. 4) where similar mathematical modelling techniques were used, 
the effect of autopilot has been calculated for symmetrical gust loads. The exceedance curves presented in this report show for 
acceleration, that although there were some variation in the results for the front fuselage and tailplane, with and without 
autopilot, there were insignificant differences at the c.g. position. ir 

Therefore, it was assumed in this study, that the effect of autopilot can be neglected and the predicted results can be assumed 
valid for c.g. acceleration without autopilot. 

(e) Aircraft Accelerometer Transfer Function 

All the CAADRP c.g. acceleration data, taken from the BAC 1-1 1 500 Series aircraft, was measured using a Plessey PV 714 
accelerometer, and a full description of the accelerometer may be found in Reference 5. 

In order to match the measured results, the characteristics of the PV 714 accelerometer needed to be modelled. Therefore a 
model incorporating a second order filter with characteristics of 1.85 Hz and 34% critical damping was used, and the 
compared measured and predicted frequency responses shown on Figure 9 are very similar. It should be noted that the 
recording system in the aircraft provided c.g acceleration data at eight points per second, thus only low frequency information 
is contained in the measured data. 

(t) Mission Analysis Method 

Solutions of the aircraft equations of motion were undertaken in the frequency plane in order to derive the transfer functions 
relating the response of various parts of the aircraft (Interesting Quantity) to unit gust input. These transfer functions were then 
used to derive the Continuous Turbulence coefficients A and No. for Mission Analysis, and for checking purposes the response 
to Discrete 1-Cosine Gusts was also calculated. 

The Mission Analysis procedure used in these analyses are as those defined in JAR 25.305. Although the Mission Analysis 
method has been used basically to predict only the exceedance curves for c.g. acceleration, response forces were also evaluated 
for checking the response. * 

The values of P1, P2, b l  and b2, reference Figure 11, have been determined at the average altitudes shown in Figure 3 for each 
Mission segment together with the times for each segment factored such that the total Mission time equalled one hour. 

(g) Analyses 

* 

Using the mathematical models of the BAC 1-1 1 500 Series aircraft for the two AUW’s of 80,200 lbs and 74,500 lbs together 
with two sets of aerodynamic data for Mach No. 0.5 and 0.78, the responses of the aircraft for each segment have been analysed. 
The data nearest to the measured segment data was then used, such that Segments 2 to 5 (Climb) and 9 to 12 (Descent) used 
equivalent 0.5 Mach No. data, whereas for Segments 5 (Cruise) to 8 (Descent) used the data associated with Mach No. 0.78. 

Due to the complexities of setting up the detailed aerodynamic data for other speed and flap conditions, the take-off and 
approach condition segments have not been modelled. 

Using the measured altitude and speeds for each segment the dynamic response was calculated in terms of A and No. for c.g. 
acceleration, the Mission Analysis method was applied for calculation of the incremental acceleration exceedance curves. 

5.0 COMPARISON OF THEORETICAL PREDICTIONS 

(a) Mission and Segment Response 

The predicted c.g. acceleration exceedance curves were determined for ‘All’ flights, for flights in and outside the Berlin corridor 
together *th the detailed segment curves without autopilot as defined in Figure 3. c . 
The comparison of the segments, without autopilot, in terms of exceedances, are shown in Figure 12, where it is noted that the 
maximum incremental accelerations of 2.598 at the datum exceedance value is for Segment 10 (Descent). On Figure 13, the 
Segment 3 BC, the Vc case and the 16 segment Mission have been compared showing that the Vc case has the largest 
incremental c.g. acceleration of 2.938 at the datum exceedance value. 

_.. - 

, The response for the single Segment 3BC (which has the longest time in a segment) and ‘All’ segments are very comparable at 
2.428 and 2.388 respectively, but, as expected, lower than the Vc case for the similar exceedance. However the segment 
exceedance results at low incremental acceleration are higher than the Vc case. 

It also should be noted that the exceedance curves for seven flight segments with the longest times are almost identical to those 
produced for the sixteen segment mission presented in Figure 13. 
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(b) Berlin Corridor 

i 

8 0  

V 
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As stated in Section 3 more than half of the CAADRP ‘B’ were flown through the Berlin Corridor at a restricted height of below 
9500 feet which was considered to be an important aspect in the correlation of the measured results. 

Figure 14 presents the predicted effects of such flights compared with ‘All’ flights and it can be seen that although the results for 
the Berlin Corridor give the highest exceedances they are only marginal different to those outside the Corridor and ‘All’ flight 
exceedances. At the datum exceedance, the results are 2.39g and 2.36g inside and outside of the Berlin Corridor compared 
with 2.388 for ‘All’ flights. 

(c) Parameter Variations 

The effect of the standard deviations changes (about the datum value) on the predicted exceedance values were evaluated in 
this study and found to be small and can be neglected as a significant variation in the analysis of the measured data. 

(d) Effect of Accelerometer Transfer Function 

Results were obtained using the filtered and unfiltered c.g. acceleration data from the analysis for the flight segments. It was 
shown that the filter reduces the effective acceleration results by 0.07g relative to the ‘All’ flights acceleration of 2.38g at the 
datum. 

6.0 COMPARISON OF PREDICTED AND MEASURED RESULTS 

(a) Mission Analysis 

The measured incremental c.g. acceleration CAADRP data and the equivalent Mission Analysis prediction results were 
compared in terms of probability of exceedance per hour. Figure 15 shows this comparison and it can be seen from the results 
that the predicted Mission Analysis values were approximately twice the measured CAADRP values, all of which was based 
upon approximately 59,000 flight hours of BAC 1-1 1 Series 500. That is, at the datum probability of 2 x 10-5 exceedances per 
hour, the measured value of 1.25g can be compared with the predicted value for ‘All’ flight data of 2.388. 

For comparison purposes the predicted exceedance curve for the Vc Mission case were also shown which has the equivalent 
acceleration of 2.93g. At low incremental c.g. accelerations, the Mission Analysis results compared fairly well with the 
CAADRP data, although the accelerations for a given exceedance were still larger than the predicted data. 

(b) Berlin Corridor 

The exceedance values for the Berlin Corridor can be compared by reviewing Figures 8 and 14 respectively, where it is shown 
that there was very little difference between flights inside and outside of the Berlin Corridor for both the measured and 
predicted data. 

The predicted values were shown to have an approximate factor of two greater than the measured exceedances values. 

(c) Comparison with Design Condition Results 

Calculations were carried out of c.g. acceleration response to design gust velocity using the various Airworthiness requirements 
for transport aircraft. Figure 16 shows the differences in the incremental c.g. acceleration results at the datum exceedance for 
the Pratt, Tuned Discrete, 1 2 . 5 ~  Discrete and PSD @EA & Mission) analyses compared with the equivalent measured 
CAADRP results. 

It can be seen that the Mission Analysis ‘1’ (16 segment) generally gives comparable results to those from the Pratt, Tuned 
Discrete Gust and the PSD method approximating to 2.2g for the datum exceedance value. However the Mission Analysis ‘2’ 
results for the Vc segment were large, as expected, at 2.9g. All these predicted design results were compared with the CAADRP 
analysis and showed that the Design values were aproximately twice the measured result of 1.3g at the datum probability. 

7.0 COMPARISON OF CAADRP MEASURED DATA WITH EARLIER DATA 

(a) Earlier Data from 1950 

The gust velocities used in Airworthiness Certification were based upon aircraft c.g. acceleration data collected prior to 1950. 
Reference 4 presents some of the results, taken from a DC-3 and Martin 2-0-2, upon which values of derived gust velocities 
were calculated. 

These original Airworthiness assessments were based on a ‘Pratt’ solution with a rigid aircraft. However during the re- 
assessments of the gust velocities for these aircraft and additional measured data taken from a Viscount aircraft, modem 
flexible aircraft calculations were used for assessing the gust velocities. The results from this re-assessment can be seen in 
Figure 17, where it was noted that the re-assessed maximum derived gust velocities relative to the average flight miles were 
approximately 25% less than those obtained using the original ‘Pratt’ assessment. 
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(b) Measured CAADRP Data 

The measured CAADRP results for the BAC 1-1 1 aircraft have also been compared with the original assessments, reference 
Figure 18. In determining the ratio of incremental c.g. accelerations to gust velocity, the results from three methods, ‘Pratt’, 12.5 
Discrete and Tuned Discrete Gust have been included. 

All the methods were based upon incremental accelerations, with Pratt using rigid aircraft data for all flight segments, whereas 
the Discrete Gust used flexible aircraft and were based upon flight segment 3BC. 

It should be noted that the concept for converting accelerations to gust velocities uses the same level of probability as used in 
the original assessment of the American data, (Ref. 3). Flight Segment 3BC was used to obtain typical average values of 
incremental acceleration for given gust velocities. The average statute flight miles for the BAC 1-1 1 were based upon the 
58,733 hours of flight time together with the speed data from CAADRP. 

f 

The tuned Discrete Gust of equal probability to the 1 2 . 5 ~  Discrete Gust gives a further reduction in derived gust velocity 
relative to the reassessed ‘Pratt’ estimate, which is fully consistent with the 25% reduction derived in Ref. 3 for the DC-3, 
Martin 2-0-2 and the Viscount. 

8.0 CONCLUSIONS 

The results of this study of the BAC 1-1 1 500 Series measured and predicted analyses were concluded as follows 

An analysis of the measured CAADRP data, based upon a significant 58,733 flying hours, gave an incremental vertical 
c.g. acceleration of 1.25g at the datum probability value of 2 x 10-5 exceedances per hour. 

The theoretical predictions from all the flight segments in the ‘Mission Analysis’ gave an incremental c.g. acceleration of 
2.38g at the datum exceedance value. 

Therefore in the comparison between the measured and predicted analyses for a similar mission considerably differences 
were found with measured frequencies of exceedance of about one half those predicted using current airworthiness 
requirements. 

The measured differences from the CAADRP analysis for flights inside and outside of the Berlin Coxidor were small 
which was consistent with the predicted differences. This to some degree was unexpected since it was assumed that flying 
inside the Berlin Corridor at the restricted altitude of 9,500 feet would provide higher accelerations at a given exceedance 
value. 

A comparison of the frequency distribution of maximum derived gust velocities for the measured CAADRP data and the 
original American data obtained prior to 1950 shows that the gust velocities have been approximately halved. 
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Fig.1 BAC One-Eleven - 500 Series 
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IN 

IN 

CAADRP 'A' 
ROUTINE DATA 
95 FTIGHT HOURS (1 24 FLIGHTS) 

15000-10000 DESCENT 308.6 12387 373.0 0.59 

6 10000 DESCENT 292.2 6723 323.2 0.50 

OUT 6 1000 APPROACH 1 4 1 .O 500 142.0 0.22 

JULY 1978 to OCTOBER 1980 
AG < 0.3 G ONLY 

CAADRP 'B' 
HIGH G EVENTS 
49395 FLIGHT HOURS 

MAY 1980 to APRIL 1983 
AG > 0.5 G ONLY 

CAADRP 'C' (INCLUDES CAADRP 'B) 
HIGH GEVENTS 

58733 FLIGHT HOURS 
MAY 1980 to OCTOBER 1983 
AG > 0.5 G ONLY 

Fig.2 

FLIGHT 
SEGMENT 

FLAP 
POSITION 

 AUTO- ALTITUDE A/C SPEEDkts ALTITUDE SPEEDkts MACH 
1 PILOT RANGEft CONDITION EAS t TAS No 

1 OUT 0-6 5000 T/O 168.1 1705 172.4 0.26 

OUT 6 10000 CLIMB 265.4 4696 284.6 0.44 2 0 
I I I I I I 

I N )  6 15000 1 CLIMB I 286.8 I 9755 I 332.5 I 0.52 3 0 

3BC 0 IN 6 15000 CRUISEBC 306.3 8939 350.6 0.55 

IN 6 15000 CRUISE 311.2 12327 375.8 0.60 3 0 

4 0 IN 15000-20000 CLIMB 28 1.2 17018 366.5' 0.59 ' 
IN 15000-20000 CRUISE 30 1.5 16785 391.5 0.63 4 0 

5 0 IN I 20000-25000 1 CLIMB I 268.8 I 21821 I 379.9 I 0.62 I 
5 0 IN 20000-25000 CRUISE 282.0 22857 405.8 0.67 

IN 25000-30000 CLIMB 252:5 26472 387.3 0.65 6 0 

6 0 IN 25000-30000 CRUISE 271.3 27978 427.6 0.72 

IN 30000-25000 DESCENT 286.1 26436 438.5 0.73 7 0 

8 0 IN 25000-20000 DESCENT 293.3 21642 413.3 0.68 

IN 20000-15000 DESCENT 301.6 17162 394.0 0.64 9 0 

10 0 

11 0 

12 0 OUT 1 6 10000 I DESCENT I 290.7 I 6377 I 319.8 I 0.50 I 
14 26'/45' 

Fig.3 Routine CAADRP Flight Segment Data 
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Fig.10 BAC 1-11 GustStatistics 
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Reassessment of operational gust velocities 
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on a DC-3, Martin 2-0-2 and Viscount with those from an 
Assessment using the Latest Modelling Techniques 
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ACQUISITION OF GUST STATISTICS FROM AIDS-RECORDED DATA 
by 

J.B. de Jonge, A.J.P. v.d. Wekken and R. Noback 
National Aerospace Laboratory NLR 

Anthony Fokkerweg 2. 1059 CM Amsterdam 
The Netherlands 

ABSTRACT 
0 

Since more than ten years, service load data, including c.g. acceleration peaks, recorded in B747 

This paper describes the procedures applied to reduce the acceleration data to "derived gust veloci- 

The validity of the assumptions made in the derivation are discussed. 

aircraft have been stored at NLR in the so-called AIDS-Fatigue Data Base. 

ties". The results are presented and compared with other data sources. 

LIST OF SYMBOLS 

a speed of sound (m/s) 
z PSD response factor (s/m) 

bl,b2 

C discrete response factor (s/m) 
C mean wing chord (m) 

gust intensity parameters, referring to non-storm turbulence and storm turbulence respectively 
(m/s) - 

1 lift curve slope (degree- ) 

increase in lift curve slope due to the flap angle (degree-') 
- CLa 

AC 

F(pg) gust alleviation factor 
FpSD(vg) continuous alleviation factor 
g gravity constant (m/s2) 
h altitude (m) 
L scale of turbulence (m) 
m airplane mass (kg) 

La flap 

w 

incremental load factor 

PSD frequency response parameter; number of positive zero crossings per unit distance flown 

gust frequency parameters; relative time spent in non-storm turbulence and storm-turbulence 
respectively 

NO 

P1,P2 

S wing area (m') 

"de , derived gust velocity (m/s EAS) - AnZ 

C 
An 
- , derived PSD gust velocity (m/s EAS) z "0 

V velocity (m/s) 

'e 
P air density (kg/m3) 

equivalent velocity = V . @ (m/s) 

air density at sea level (kg/m3) 

mass ratio = 

) ?  
PO 

2m 
p CL .c s lJg 

'' 8 a 
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4888.50 
10,836.61 
81.667.49 

1. INTRODUCTION 

Since more than ten years, service load data have been retrieved from AIDS-recordings obtained in 
Boeing 747 aircraft operated by the KSSU-group (KLM, Swissair and SAS). These data have been stored at mR 
in the so-called AIDS Fatique Data Base. 

detailed statistical information about the aircraft usage and load experience (refs. 1, 2, 3). 
On the other hand, as the information stored includes the values of c.g. acceleration peaks that have 
occurred, the Data Base can be used to provide statistical information about atmospheric turbulence. 

The present paper describes the procedures applied to reduce the acceleration data to "derived gust veloci- 
ties". The results are presented and compared with other data sources. 

In a discussion, the assumptions made in the data reduction and the associated limitations on validity 
of the obtained data are reviewed. It is recommended to define common standard reduction procedures, which 
are based on a more realistic representation of gustiness and aircraft response. 

Currently, this Data Base covers more than 20000 flights, or 100.000 flight hours. The Data provide 

1,530; 607 
4,928,235 
39.812.982 

-a 

2. DESCRIPTION OF THE DATA BASE 

A complete description of the AIDS Fatigue Data Base and the procedures followed for its creation 
have been presented in the refs. 1 and 2. The present description will be restricted to those aspects that 
are relevant in the context of this paper. 

including speed, altitude, instantaneous weight and c.g. acceleration. The latter parameter is scanned 
eight times per second. 

This (very large) data stream is not always recorded but only then if specific criteria are met. One 
of these criteria is the occurrence of an incremental acceleration lAnzl L 0.18. Hence, one may say that 
all periods of turbulence of any importance are recorded. 

The AIDS-recordings are processed by KSSU-operators in their respective computer facilities through a 

The AIDS-system used for KSSU-747, performs a continuous scanning of a large number of parameters, 

number of application programs. One of these programs is the "Fatigue Data Program", which extracts the 
required data to be stored in the Fatigue Data Base. 

includes a search of the recorded acceleration histories for peaks and valleys (maxima and minima), where- 
by a range-filter of 0.18 g is maintained. That means, successive "recognized" peaks and valleys differ at 
least 0.18 g from each other. 

gether with their time of occurrence, and flap setting and roll angle at time of occurrence*. 
From the additional data stored, the altitude, speed and instantaneous A/C weight at any time, and hence 
at the instant of each acceleration peak/valley, can be obtained. 

The AIDS-data are analysed and the extracted data are stored on a flight-by-flight basis. The analysis 

~ 

The values of the successive acceleration peaks and valleys are stored in the Fatigue Data Base, to- 

* 
Because the exact weight at the acceleration peak is known, one may say that the data available is 

more complete than provided by the "classical" VGH recorders used by NACA/NASA (ref. 4). 
The current Data Base includes 20205 flights, covering 101157 flight hours and 47,066,322 nautical miles of 
flight. 
It may be noticed that this data sample is considerably larger than the NASA VGH data sample of 42188 
flight hours presented in ref. 4. 

30000 to 40000 feet, being the cruise altitude for the 747 aircraft. 
However, as shown in the table below, a very large part of the data refers to the altitude band from 

> 40000 
All altitudes 

Distribution of Data over altitude bands 

~~ 

234.00 113,056 
101,156.85 47,066,322 

[ Flight hours [ Distance (NM) 
0- 5000 I 3530.25 I 681.441 
5-15000 
15-30000 
30-40000 

Main statistics of the flights contained in the AIDS-fatigue data base have been presented in table 1. 

3. REDUCTION PROCEDURES 

It was decided that the deduction of statistical gust data from the AIDS data base should be done in + 
such a manner as to allow a comparison of the results with already available turbulence statistics. 
This means that the assumptions to be made with regard to gust "nature" and shape and aircraft response 
should preferably be the same as those underlying existing turbulence descriptions. 

I 
I 

c 
I '  

* The roll angle has recently been added to the list of stored data, as a possible means to distinguish 
(turning) manoeuvre induced accelerations. 
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The existing descriptions can be divided into two types, namely those based on a Discrete gust model 
and those assuming a continuous turbulence, further indicated as "PSD-model". 
The discrete gust statistics are presented as exceedance frequencies per mile of "derived gust velocities" 
as a function of altitude. 

RAF, data, based on fatigue meter readings. 
There are two major data sources namely the data presented by NASA, based on VGH recordings, and the 

In both cases, acceleration peak values have been reduced to "derived gust velocities", assuming a 
rigid airplane responding in plunge motion only. However, the NASA derivations assumes a 1-cos gust with 
25 chords length, whereas the British assume a ramp gust with a constant length of 100 ft. Moreover, a 
difference exists in that the NASA data consider acceleration peaks that have been filtered according to a 
"peak between means" criterion, whereas the British acceleration peaks are filtered according to what has 
been defined as "restricted level cross count criterion" (ref. 5). 

4 

The PSD-turbulence environment is usually defined by means of the parameters P1, P2 and bl, b 

Although the PSD-description is based on a completely different model of turbulence, it should be 
recognized that continuous turbulence measurements have served so far essentially to justify the model as 
such (normality, spectrum shape, turbulence scale L): the statistical parameters P and b were actually 
determined from the same VGH-data batch forming the basis of the NASA Ude statistics (see ref. 6 and 
ref. 8). 

To allow comparison with both "discrete" and "PSD"-gust descriptions it was decided to reduce the 
AIDS-acceleration data in a manner comparable to the reduction of the VGH-data. 

For this purpose, the acceleration peaks in the AIDS-data base were first filtered using the "peak 
between means" criterion, see figure 1. The resulting acceleration peak values (classified according to 
magnitude and altitude band) are presented in table 2. These acceleration values were then reduced to 
derived gust velocities, both on a "discrete" basis and a PSD-basis. The PSD-data were then further pro- 
cessed to obtain P- and b-values. 
The procedures will be described in some more detail below. 

- a. Discrete gust model 

Acceleration values An 

as a 2 5 function of altitude (refs. 6, 7). 

were reduced to derived gust velocities Ude according to: 

T 

where 

and 2m 

a 
lJg = P C L  c s  

is calculated as a function of M, paZ, CL and flap position: 
'La 

with, for the 747 aircraft, KL = 1.23 x (mZ.N-'. degrees) 
K = 0.31 (degrees) n 

where C is the following function of.Machnumber: 
La rig 

0.093 

0.101 
0.118 

In the configuration with flaps down the CL 
the increase in lift curve slope as a funetfon of flap angle the following table is used: 

value is considerably higher than with flaps up. To calculate 
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flap angle 

(degrees) 

0 
1 

5 
10 

20 
25 
30 

AC 

(degree 

La flap 
-1  

0. 
.005 
.015 
.017 
.019 
.020 
.020 

The effect of the flap position in the calculation of gust spectra is not negligible. Approximately 30 X, 

of all recorded load factor peaks occur in a flap down configuration (see Ref. 11). 
The CL 
Boeinga(ref. 9) .  

expression for flaps up fits the curves presented in figure 2, that were originally provided by 

For all variables in the above equations, the value prevailing at the time of the acceleration peak 

can either be directly taken or calculated from the AIDS data base. 
The resulting distribution of Ude-occurrences, according to altitude band and magnitude. is presented 

in table 3. 

- b. PSD-gust model 

The acceleration values An were reduced to "derived PSD-gust velocities" U according to 

An 
uU -f (m/s EAS) 

where the PSD response factor a is given by 

The response parameter X, or rather FpSD (ug) was calculated under the following assumptions: 
- i 
ii 
- I= 

The result could be approximated by the following expression: 

rigid aircraft*, with plunge response freedom only 
"Von Karman" turbulence spectrum with scale length L - 765 m at' all altitudes 
finite span and sweep back effects are taken into account (see ref. 10) 

FpSD (pg) = -0.086 + .413 lolog pg 

The reader will have noticed that actually 

The resulting distribution of U 
The reader should note that U gas been presented in EAS instead of TAS as is often the case in other 
publications. 
Next, the U -distributions were used to establish values for the parameters bl, b2 and PI, P2 for the 
various altftude bands. 
The procedure which is illustrated in figure 3. is based on the assumption that the number of exceeding6 
N(U ) of gust level Uu at a specific altitude is given by: 

occurrences has been presented in table 4. 

N(Ua) = io [P1 exp (- ?)+ P2 exp (?)I 
In this equation, E 
(in this case the 787). 

is an average N -value for the particular altitude band and the recording aircraft 

* Flexibiliby effects on CL are included, as described under a. 
a 



As shown in figure 3, the N(U )-curve, drawn in a semi-logarithmic grid is approximated as the sum of the 
two straight lines. The slope: of these lines define bl and b2, and the intersections with the vertical 

axis give T.P1 and N . P  
0 2' 

In order to find a value for F, an analysis was made of a set of "unreduced" acceleration traces 
obtained from the AIDS-recordings. Xn example of such a trace, showing a relatively long turbulence patch, 
is given in figure 4. 

By calculating the Power Spectrum of these traces and dhriding by the Von Karman turbulence spectrum, 
the shape of the A/C transfer function was estimated. Figure 5 gives the result, showing a peak at a fre- 
quency of appr. 4 cycles per km. 

This value has been further adopted as N-value. 
The resulting values of P 
table 5 and are depicted 4; :iL figures 6, 10 together with the parameter values defined in ref. 6 .  Note 
that b and b are given in m/s TAS. 

b and b fougd for the various altitude intervals have been tabulated in 

1 2 

4. REVIEW OF OBTAINED GUST DATA 

Figure 6 presents the obtained Ude exceedance curves for all altitude bands considered. 
In the figures 7 and 8,  these data are compared with the data presented in NACA TN 4332 (ref. 8). for 
altitudes below 10000 ft and above 10000 ft respectively. The data were regrouped to (wider) altitude 
bands, corresponding with those considered in ref. 8. 

ref. 8. 

- The 747 data include manoeuvre-induced load factor increments, which were essentially filtered out from 
the NASA-VGH data. 
Manoeuvring is concentrated in lower altitude bands and largely results in positive load factor incre- 
ments. Indeed, the load data for the lower altitudes show the expected asymmetry (more upward than down- 
ward loads). However, the inclusion of manoeuvres alone is insufficient to explain the difference with 
the ref. 8 data. In fact, the downward gust data alone are already more severe than NACA TN 4332. 

- The 747 data at lower altitude refer to climb and descent phases, largely in the direct neighbourhood of 
the departure or destination airport. Turbulence avoidance is hardly possible. The NACA 4332 data in the 
2000-10000 ft altitude band probably exist for a major part of cruise data for piston engined feeder 
liners and include turbulence avoidance procedures. 

Figure 7 shows that the 747-data at low altitude are considerably more severe than those presented in 

Possible contributing factors to this difference are: 

Figure 8 shows that the present gust data for the altitudes above 10000 ft are slightly less severe 
than those in NACA TN 4332. 

Taking into account that, specifically the data above 30000 ft refer to cruise conditions, and that 
the current means for predicting and thus avoiding turbulence are considerably better than in the late 
fifties, the observed lower gust load experience for 747 at higher altitude is in accordance with expec- 
tations. 

1, b2, P The continuous gust parameters b 
values defined in ref. 6 .  

intensity parameter b presently 
found are approximateiy 1.5 times larger than those given in ref. 6 .  The present Pl-valuest which are 
approximately the same at very low altitude, are for higher altitudes appr. 10 times 1ower.than those of 
ref. 6. 

lower altitudes. On the other hand, the P ' s  presenely found are considerably less than dose given in 
ref. 6 for all altitude levels. 

ref. 6 ,  but that it is considerably less frequently encountered. 

and P have been compared in the figures 9 and 10 with the 1 2 
Looking first at the "non-storm" parameter values b and P1 it may be noted that like in ref. 6 the 

appears to be only slightly dependent on altitude. The values for b 

With regard to the "storm"-parameters b2 and P figure 9 shows considerably higher b values at the 
2 

In summary, the present data suggest that atmospheric turbulence is more intense than specified in 

5. DISCUSSION 

The majority of modern transport aircraft are equipped with multichannel flight recorders. So, every 

The programme described in this paper has shown that it is relatively easy and inexpensive to obtain 

Fortunately, severe turbulence encounters are rare: deduced P -values were less than 10 , so storm 

day thousands of flight hours, including many hours of flight in turbulence, are being recorded. 

large amounts of "rough" statistical information about gustiness from such recordings. 

type turbulence conditions are prevailing less than 0.01 percent oP the time. This implies that very large 
samples are required to establish reliable statistical information on the probability of specifically the 

V- more severe gust encounters, and the gathering of such data, preferable on a cooperative basis, should be 
stimulated. 

reduction and processing of the recorded data is urgently required. 

-4 

li 

To be able to compare data stemming from different sources, agreement on methods to be applied in 

*, *. 
As explained previously, the data reduction procedures used in the present study were not selected 

because of their "physical relevance", but primarily to obtain compatibility with other data sources, 
specifically the NACA VGH data. 
It is felt that this a i m  has been fulfilled: a data set of significant size has become available that 
could be compared with previous data. 

However, at the same time, the limitations of the data 0btained;associated with the "weaknesses" i n  

It may be recalled that the procedures applied were essentially based on the following (simplifying) 
the data reduction procedures should be recognized. 

assumptions: 
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- a. A "discrete" gust concept: the recorded acceleration traces are reduced to "discrete acceleration 
bumps" using the peak between means criterion. Each "acceleration bump" is due to a "discrete gust" of 
specified shape and length. It must be recognized that the "PSD-data" were actually derived from the 
"discrete" data and are hence still "quasi discrete" in nature; the essential difference is that in U 
derivation a constant gust length of 25 chords is assumed; the Ua is calculated on the basis of a 
"weighted average response, considering all possible gust lengths and taking into account their relative 
probability. 
It must be admitted, however, that actually recorded acceleration traces, like the one presented in 
figure 4, show the continuous nature of turbulence response and shed serious doubt on the ultimate 
validity of discrete gust approaches. 

In the present analysis of the 747-data the flexibil$ty has been taken into account by using a 
It, that means the effect of the wing deformation under load on the overall CL 

de 

- b. The airplane is assumed rigid and responding only in plunge. 

C was included. 
La flex a. 

Figure 2 shows that this effect is really very large and cannot be ignored. In fact, one of the 
problems encountered in the data reduction was to obtain trustworthy C 

The effect of elastic mode excitations has not been included. In our opinion, these elastic modes will 
have in general a limited effect on the c.g. acceleration response (but they may be important for e.g. 
wing bending moment or torsion). 
With regard to the neglection of response in pitch, it is our feeling that this assumption may be 
justified in a discrete gust concept in so far as pitch response may have little influence on the maxi- 
mum value of the incremental acceleration caused by a discrete gust-bump; the c.g.-acceleration response 
on continuous turbulence, however, may be heavily influenced by pitch motion. The transfer function 
shown in figure 5 indicates a pitch response at 4 cycles per kilometer, as discussed previously. 

-data. 
La flex 

To conclude this discussion, it is our conviction that a possible "standard" procedure for reduction 
of gust load data, to be commonly agreed upon, should be based on a more realistic gust model and better 
aircraft response representation than the "classical" procedures described in this paper. 

6. CONCLUSIONS 

1. Modern transport aircraft are usually equipped with multichannel flight recorders. Thus, thousands of 
flight hours are recorded every day. * 

2.  This paper has shown how the recordings may be used to yield in a relatively easy and inexpensive way, 
statistical gust load data. 

3. In order to be able to compare data from different sources, agreement should be reached on common 
"standard" data reduction procedures. 

4. These procedures should be based on a more realistic gust presentation, and a better aircraft response 
model than the "classical" procedures used in the past. 

r 
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TABLE 5 
Values of the turbulence parameters P 1, P23 blp bp 

Altitude band 

< 1500 ft 
1500- 3000 ft 
3000- 5000 ft 
5000-10000 ft 
10000-15000 ft 
15000-20000 ft 
20000-25000 ft 
25000-30000 ft 
30000-35000 ft 
35000-40000 ft 

j t  3 

p1 

.61 

.35 

.18 
5.3. 
9.2. 
6.0.10-3 
3.1. 
2 .5.1 0-3 
1.9. 
1 .5.1 0-3 

p2 

1.10-~ 
2.5.1 f4 
1.3.1 0-4 
5.0. 
5.6.10-5 
5.8. 
6 . 3 .  

3.8.10-5 
1.1. 
7.9. 

bl 
(m/s TAS) 
1.58 
1.45 
1.38 
1.49 
1.60 
1.46 
1.53 
1.55 
1.54 
1.61 

b2 
(m/s TAS) 
4.99 
5.98 
4.91 
5.22 
4.16 
4.07 
3.37 
3.34 
3.90 
3.97 

I PEAKSNALLEYS I N  AIDS DATA BASE 

@ PEAKS "BETWEEN MEANS,  
CONSIDERED I N  ANALYSIS 

"2 

2 -  
t 

1 .  

0 -  

I 
-1 

Fig. 1 Reduction of peak data by "peak between means" criterion 
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Fig. 3 Graphical determination of turbulence parameters 
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Fig. 6 Ude-exceedance curves 
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PRESENTATION DES TURBULENCES ATMOSPHERIQUES EXTREMES 

par Gabriel COUPRY 

Office National d'Etudes et de Recherche6 A6rospatiales (ONERA) 
92322 ChPtillon Cedex - France 

RESUME 

L'analyse de p r h  d'un million d'heures de vols effectuee pendant 5 an8 sur la 
flotte de British Airways, pour des facteurs de charge superieurs B 0.5 g a permis de 
proposer une description nouvelle des turbulences atmospheriques extrdmes. L'appari- 
tion de paquets de turbulence pour lesquels un niveau de turbulence Bled est depass6 
ob6it 1 une loi de Poisson ; la moyenne de cette 101 de Poisson dgcroft elle-msme 
exponentiellement avec l'amplitude. On en deduit que les turbulences extrdmes obeis- 
sent ft la statistique des valeurs extrsmes de Gumbel, avec toutes les possibilites 
d'extrapolation qu'offre une telle formulation. 

EXTREME GUSTS DISTRIBUTION 

SUMMARY 

The reduction of about one million of flight hours flown during 5 years by 
British Airways, for events where the load factor has exceeded 0,s has made it 
possible to propose a new description of atmospheric turbulence in extreme 
conditions. Encounter of patches of turbulence where gusts are greater than a given 
value obeys a Poisson distribution, the mean of which decreases exponentially with 
amplitude. This means that the probability of very big gusts can be represented by 
the Gumbel's extreme value theory. 
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INTRODUCTION 

La motivation pour des recherche6 nouvelles sur la modelisation de la turbulence atmospherique est 
fondee sur les remarques suivantes : 

- La reglementation pour le calcul des avions aux rafales est b a d e  sur une description de l'atmos- 
phe're d6duite d'un faible nombre d'heures de vol (de l'ordre de 60000 heures) 1 partir d'avions souvent 
limites en altitude, de dimensions et de vitesses tres differentea de celles des avions actuels, et non 
equip& de radars d'orage. 

- L'installation sur les avions de nombreuses Compagnies Aeriennes d'enregistreurs embarques sophis- \, 
tiques (AIDS par Aircraft Integrated Data System) permet une analyse automatique rapide de different8 para- 
me'tres de vols. 

A la demande de l'ONERA, la CAA et British Airways ont accept6 de fournir 1 l'0ffice l'ensemble des 
informations de vol relatives aux depassements dus 1 la turbulence d'un seuil de 0'5 g de variation d'acce- 
letation, et ceci pendant 5 anS. C'est ainsi que prZs d'un million d'heures de vol (dont 500000 pour les 
seuls Boeing 7 4 7 )  ont et6 analysees et plus de 6000 Bvhements observes, correspondant tous 1 de tre's 
fortes turbulences. 

e 

Le passage des accelerations aux turbulences a et6 effectue par la formule de Hall qui a permis 
d'obtenir des descriptions de l'atmosph8re cohgrentes, quelque soit le type d'avion considere, ce qui 
n'Btait pas le cas pour la formule de Pratt. 

L'analyse systematique, par tranche d'altitude, de la probabilite de rencontre d'un paquet de turbu- 
lence d'un niveau superieur B un seuil donn6 a fait apparaftre des distributions de Poisson dont la Doyenne 
decroissait exponentiellement avec l'amplitude. On en deduit que cette probabilite obeit 1 la theorie des 
valeurs extrgmes de Gumbel. 

I - CALCUL DES TURBULENCES 
1.1 - Banque de donnees d'acc616rations 

British Airways indique le nombre d'heures analysees chaque mois pour chaque type d'appareil et 
fournit, pour chaque BvPnement, l'ensemble des paradtres de vol (Date, segment de v01, aeroports de depart 
et d'arrivke, masse, vitesse, altitude, configuration,  CL,^ , . . .). 
CAA B partir de plus d'une centaine de vols caracteristiques. 

> 
Par ailleurs, le profil moyen de vol des Boeing 747 a et6 etabli en collaboration entre 1'ONERA et la 

1.2 - Stationnarite ?J 

Avant toute analyse d6taillee, on s'est assure que le phenome'ne presentait un certain degr6 de 
stationnarite. Cette stationnarite est trPs bien illustree dans le tableau 1 qui presente, pour la flotte 
des Boeing 7 4 7 ,  le nombre de foie en 1000 vols OS une acceleration de 0,5 g a et6 depassee, pour chacune 
des 5 andes de collection de donnges. 

Tableau 1 - Nombre d'6vPnements par 1000 vols 

t 
Y 

1.3 - Calcul de la turbulence 
Le traitement de plusieurs milliers d'informations interdit tout calcul precis de la turbulence 1 par- 

tir des facteurs de charge, calcul par ailleurs impossible du fait que certaines informations (telles que 
le centrage ou la repartition du carburant) ne sont pas accessibles. On est donc amen6 1 se servir de 
formules simplifies qui ne conside'rent que le degre de liberte de pompage de l'avion. a 

En cons6quence. on n'aboutit surement pas B une description de la turbulence reelle, mais plut6t a w  
statistiques de "quelque chose" dont on espPre qu'elle est significative, c'est-adire telle que ses sta- 
tistiques, deduites d'un type d'avion, permettent de prevoir les facteurs de charge subis par un autre type 
d'avion, &me tree different. 
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On relie classiquement la turbulence W 1 l'acc616ration y d'un avion de masse M B la vitesse V par la 
fonuule : 

M y  = l?/2SKCL,CrV~ 
dans laquelle K represente le facteur d'attenuation de rafale, et C , la pente de la portance de l'avion 
flexible. 

La formule de Pratt, fondee sur le calcul de la reponse de l'avion B une rafale de forme l-cOs2nL/pe 
B des descriptions differentea de l'atmosphsre B partir des acc616- longueur LBgale 1 25 cordes a abouti 

rations mesurges respectivement sur Boeing 747, Bac 111 et Boeing 737. 

La formule de Hall, que nous avons utilisee par la suite, part d'un mode'le de turbulence continue pour 
lequel on calcule le rapport de 1'6cart type d'accgl6ration B l'gcart type de turbulence. L'utillsation 
d'une formule fondee sur la notion de turbulence continue pour l'analyse d'gve'nements isol6s se justifie 
par le fait que l'avion traverse des rafales de longueurs al6atoires dont la repartition est fix6e par la 
densite spectrale de turbulence choisie. 

Lee calculs effectues ici, pour une echelle de turbulence : 

A = 440 (en mGtres) 

ont permis d'aboutir B des descriptions de l'atmosphe're tre's voisines quelque soit l'avion sur lequel les 
informations ont et6 recueillies. 

1.4 - Resultats 
L'ensemble des resultats dedults des vols analyses des flottes de Boeing 747, Bac 111 et Boeing 737 

est present6 dans les figures 1 3 6, pour les 6 tranches d'altitude consIder6es. Le nombre de dgpassements 
par mile nautique en fonctlon de l'amplitude de rafale est present6 par une droite dans la representation 
semi-logarlthmique, ce qui veut dire que le nombre de depassements par mile nautlque dlcroft 
exponentiellement avec l'amplitude, tout au moins pour les turbulences extr8mes envisagees icl. 

On remarquera par ailleurs que ces fonctions sont tre's coherentes pour les trois types d'avions consi- 
d6r6sD ce qui est un argument en faveur de la formule de Hall, pour une distribution en altitude de 
1'Bchelle compatible avec les connaissances actuelles. 

.i 

I1 - MODELISATION DE LA TURBULENCE 
11.1 - Distribution de Poisson des turbulences extr8mes 5 

On a verifie que l'apparltion d'6ve'nements (depassements d'un seull W de turbulence) ob6issait 1 une 
101 de Poisson. Pour ce falre, on a procede de la manisre suivante : pour la tranche d'altitude consid6r6eD 
on a compte le nombre total d'6vSnements superieurs 1 une valeur W, mesures pour une flotte d'avions ; on 
en a deduit le nombre moyen d'eve'nements par semalne et, dant l'hypothe'se d'une 101 de Poisson, la probabi- 
lit6 theorique PT (K) pour qu'une semalne appartienne 1 la classe K (K 6vSnements dans la semalne). On a 
par ailleurs d6termin6, s' partir de la banque de donnees, la distribution statistlque delle PE (K) des 
semaines de classe K. 

Les resultats de la comparaison entre statistlques theoriques et exp6rimentales sont presentes dans 
les tableaux 2, 3 et 4. 

CLASSE 

I Tableau 2 - Lois de Poisson - Altitudes comprises entre 5000 et 10000ft. 

CLASSE 

Tableau 3 - Lois de Poisson - Altitudes comprises entre 20000 et 30000ft. 
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ALTITUDES P o  

.00686 

10000 - 20000ft .00526 

20000 - 30000ft .00057 

.00027 

<looooft 

> 30000 f t 

CLASSE f 
P (K) -3439 .3971 .1659 -0186 

Tableau 4 - Lois de Poisson - Altitudes superieures B 30000ft. 

L'ensemble des resultate est relatif, pour toutes lee altitudes, aux depassements de 8m/s de turbu- 
lence. 11s montrent 1 l'evidence que les turbulences intenses ob6iesent a une 101 de Poisson. 

11.2 - Theorie des valeurs extrlmes 
Les conclusions des discussions precedentes sont lea suivantes : - les tr& fortes turbulences ob6issent - la moyenne de cette loi de Poisson decroft exp6rientiellement avec l'amplitude. 
Ces deux conditions suffisent pour s'assurer que lee tree fortes turbulences sont decrites par la 

une loi de Poisson, 

theorie des valeurs extremes de Gumbel. 

V 

,525 

.585 

.617 

.627 

Dane ces conditions, la probabilite de rencontrer, dans une tranche d'altitude, K depassement d'un 
seuil W de turbulence intense pour une distance D parcourue est donnee par : 

03 p ( W ) e s t  de la forme : 
~ ( w )  po exp ( - V W  

En consequence : 

P o w ( K )  = - ( p o D I K e x p ( - K U W )  exp ( - P o D e x p ( - V W ) )  
K!  

ce qui est classiquement la distribution des valeurs extremes. 

~~~~ 

Tableau 5 - Valeurs de p et de v - 

CON CLUS IONS 

L'etude qui a et6 presentee dans ce rapport repose sur l'analyse de pres d'un million d'heures de vol 
d'avions commerciaux. Elle a mis en lumisre les points suivants : 

- La formule de Pratt doit ltre abandonnee, car elle aboutit B des descriptions de l'atmosph8re inco- 
herentee, c'est-adire differentea suivant le type d'avion sur lequel les informations ont et6 collectdes. 

- La formule de Hall, avec un choix approprie et raisonnable de l'echelle, aboutit 3 une description 
coherente de la turbulence relativement independante des types d'avions consider6s. 

- Pour les fortes turbulences, seules considerdes ici. le nombre moyen de depassements par mile 
nautique d'un seuil de reference decroft exponentiellement avec ce seuil. 

- L'apparition de fortes turbulences oait B une loi de Poisson dont la moyenne decroft exponentiel- 
lement avec l'amplltude ; elle est donc parfaitement decrite par la theorie des valeurs extrlmes de 
Gumbel. 

Les resultats devront ltre compares, par des tranches d'altitude plus Btroites, avec la description de 
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