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ESTIMATES OF THE EFKCTIVENESS OF AUTOMATIC-CONTROL 

IN ALLEVIATING WAKE VORTEX INDUCED ROLL EXCURSIONS 

Bruce E .  Tin l iny  

Arnes Research Center 

Estimates were made of the  e f f ec t iveness  of a model fol lowing type  con- 
t r o l  system i n  reducing the  r o l l  excursion due t o  a wake vor t ex  encounter .  
The estimates were obtained from sing32 degree-of-freedom computations with 
inpu t s  der ived from the  r e s u l t s  o f  wind tunnel ,  f l i g h t ,  and s imula t ion  experi-  
ments. As might be  a n t i c i p a t e d ,  t he  z n a l p s i s  i n d i c a t e s  t h a t  t he  c o n t r o l  
power cammanded by the  automatic  system must be roughly equal  t o  the  vor tex  
induced r o l l  acce l e ra t ion  i f  e f f e c t i v e  l i m i t i n g  of t he  maximum bank angle  is 
t o  be achieved. 

INTRODUCTION 

A so lu i ion  t o  t..e wake vo r t ex  probleu t h a t  permi ts  a - rpor t  capac i ty  t o  
be increased iJith nc reduct ion i n  s a f e t y  is e s s e n t i a l  t o  t h e  success  v f  t he  
upgraded t h i r d  genera t ion  a i r  t r a f f i c  c o n t r o l  system proposed f o r  t h e  1.980's 
( r e f .  1). Research is  i n  progress  on two d i f f e r e n t  approaches t o  the  pro- 
blem. One is  t o  develop a wake vor tex  avoidance system f o r  t he  te rmina l  
approach a i r space .  
the Department of  Transpor ta t ion .  The o the r  approach t o  t h e  wake vor tex  
problem, f ind ing  an aerodynamic means t o  reducd the  hazards .  has  been the  
subjec t  of  a NASA r2;earch program fi7r several years .  A number of a l l r v i a -  
t ion  tcchniques has  been developed i n  NASA ground-based research  f a c i l i t i e s  
and seve ra l  ii;ivt. shown s u f f i c i e n t  promise t o  wzrrant eva lua t ion  i n  f l i g h t  
( s e e  ref .  2 ) .  

Such a system i s  being developed under the  d i r e c t i o n  of 

Estim;ltes c f  the vortex-induced r o l l  excursions based on f l i g h t  and 
s imulat ion resu l t s  ( r e f .  3)  have ind ica ted  tha t  the r o l l  excursions w i l l  be 
l a r g e  f o r  :--.?11 a i r c r a f t  encounter ing t h e  wake of l a r g e  j e t  t r a n s p o r t s  even 
when the  wake h a s  been a l l e v i a t e d  t o  a considerable  ex ten t .  These e s t ima tes  
assume t h a t  con t ro l  of t he  encounter ing a i r c r a f t  will be manual. The p i l o t e d  
response t o  a vor tex  encounter ( r e f .  & )  has been shown t o  t y p i c a l l y  c o n s i s t  
~ 7 f  a pure ~ i m e  delay on the order  o f  9.4 s e c ,  f o i l o w e d  by a response t h a t  
commar.ds r o l l  a c c e l e r a t i o n  propor t iona l  t o  perceived r o l l  r a t e .  A consider-  
ab le  reduct ion i n  the  r o l l  excursion due t o  an encounter might result i f  an 
automatit. system were employed t o  command immediate c o r r e c t i v e  a c t i o n .  The 
requirement f o r  such systems i n  the  aerudynamic a l l e v i a r i o n  scherr.e would 
place some of t h e  burden f o r  reduct ion  i n  wake hazard on the  encounter ing 
a i r c r a f t  r a t h e r  than s o l e l y  on t h e  genera tor .  



Some computations have been made o f  t h e  e f f e c t i v e n e s s  of automatic 
systems i n  reducing the response t o  a v o r t e x  and are repor t ed  i n  r e fe rence  5 .  
These resu l t s  compared t h e  upse t s  w i th  and without  automatic  c o n t r o l  systems 
wi th  no p i l o t  inputs .  The c u r r e n t  r e sea rch  is an extens ion  of t h e  e s t ima t ion  
of r o l l  excurs ions  due t o  vo r t ex  encounters repor ted  i n  r e fe rence  3 t o  
inc lude  t h e  e f f e c t s  of automatic  c o n t r o l  as w e l l  as p i l o t  i npu t s .  
are made of t h e  excurs ions  f o r  a i r c r a f t  t h a t  vary i n  weight from a l i g h t  twin 
t o  a medium je t  t r a n s p o r t .  The a i r c r a f t  are assumed i n  each case t o  be 
following a l a r g e  heavy jet t r a n s p o r t  wi th  a s e p a r a t i o n  of 3 n. m i .  
vor tex  c h a r a c t e r i s t i c s  are assumed t o  be r e p r e s e n t a t i v e  of those measured i n  
: l ight f o r  a B-747 f o r  t h e  una l l ev ia t ed  case  ( r e f .  2)  and equiva len t  t o  t h e  
t e s t  a l l e v i a t i o n  observed i n  ground-based f a c i l i t i e s  f o r  the a l l e v i a t e d  case  
( r e f .  6). 

E s t i m a t e s  

The 

The automatic c o n t r o l  system used w a s  derived from t h e  state-rate- 
feedback model follower descr ibed  i n  r e fe rence  7 .  
e r t y  of following the  commanded inpu t ,  w i th in  l i m i t s  of c o n t r o l  power, 
r ega rd le s s  of e x t e r n a l  d i s tu rbances .  Systems were considered t h a t  were 
l i m i t e d  t o  30 percent  of t he  con t ro l  a u t h o r i t y ,  which would pe rmi t  t h e  p i l o t  
t o  maintain c o n t r o l  i n  t h e  event  of an a u t o p i l o t  hardover f a i l u r e  which 
a p p l i e s  a l l  of t h e  c o n t r o l  a v a i l a b l e .  
c o n t r o l  a u t h o r i t y  power, was a l s o  considered. Such systems, of course ,  
r equ i r e  s u f f i c i e n t  redundancy i n  t h e i r  design t o  preclude the  p o s s i b i l i t y  of 
spur ious  commands of f u l l  c o n t r o l  a u t h o r i t y .  

Tn3s system has  t h e  prop- 

An automatic system having 100 percent  

ESTIMATION PROCEDURE 

Vortex C h a r a c t e r i s t i c s  

The vo r t ex  model was based 3n t h e  v a r i a t i o n  of c i r c u l a t i o n  wi th  d i s t a n c e  
from the  vor tex  c e n t e r  as given by Iversen ( r e f .  8 )  and estimates of t he  
l a r g e  r ad ius  c i r c u l a t i o n  as computed from t h e  a i r c r a f t  span and weight. 
D e f i n i t i o n  o f  the vo r t ex  model, t h e r e f o r e ,  r e q u i r e s  va lues  of e i t h e r  t h e  peak 
t a n g e n t i a l  v e l o c i t y  o r  t h e  r a d i u s  of t h e  vo r t ex  core .  

The peak t a n g e n t i a l  v e l o c i t y  f o r  t he  una l l ev ia t ed  gene ra t ing  a i r c r a f t  is 
assumed t o  be t h a t  given by t h e  da t a  f o r  a B-747 with landing  f l a p s  given i n  
re ference  3. For t h e  una l l ev ia t ed  case,  t he  vo r t ex  is assumed t o  be equiva- 
l e n t  t o  t h a t  causing a r o l l i n g  moment c o e f f i c i e n t  of 0.04 t o  be imposed on a 
rec t angu la r  wing having a span of 1 7  percent  of the gene ra t ing  a i r c r a f t .  
Reduction of  the vortex-induced r o l l i n g  moment t o  t h i s  l e v e l  h a s  been 
observed i n  wind-tunnel t e s t s  and i s  repor ted  i n  r e fe rence  6. 
t a n g e n t i a l  v e l o c i t y  corresponding t o  t h i s  r o l l i n g  moment was es t imated  from 
s t r i p  theory according t o  t h e  method described i n  r e fe rence  2. 

The peak 

For t h e  c a l c u l a t i o n s ,  t h e  l a r g e  r a d i u s  c i r c u l a t i o n  of t h e  v o r t i c e s  shed 
by the  genera t ing  a i r c r a f t  was es t imated  t o  be 528 m2/sec (5680 f t 2 / s e c )  
which corresponds t o  t h a t  f o r  an e l l i p t i c a l  span load d i s t r i b u t i o n  f o r  an 
a i r c r a f t  wi th  the  span of a B-747 which weighs 2 . 1 8 ~ 1 0 ~  N (0.49~10~ l b ) .  
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For t h i s  c i r c u l a t i o n  and no aerodlmmic  a l l e v i a t i o n  t h e  peak v e l o c i t y ,  accord- 
ing to t h e  r e s u l t s  presented i n  reLerence 3, w i l l  be 20.4 m/sec (67 f t / s e c ) .  
With aerodynamic a l l e v i a t i o n ,  t h e  peak v e l o c i t y  w i l l  be reduced to  4.5 m/sec 
(14.7 f t / s e c ) .  
(24.6 f t ) .  

The corresponding core  r a d i i  are 1.6 m (5.4 f t )  and 7.5 m 

Est imat ion o f  P i l o t e d  Response 
t o  a Vortex Encounter 

The response t o  a vo r t ex  encounter w a s  es t imated by the method repor ted  
The maximum bank angles  es t imated by t h i s  method correspond i n  re ference  3. 

t o  a worst  case  s i t u a t i o n  where t h e  a i rc raf t  is exposed t o  t h e  maximum 
inpu:,;e t h a t  would be expected t o  occur  on t h e  b a s i s  of a n a l y s i s  of  f l i g h t  
test r e s u l t s  from i n t e n t i o n a l  encounters .  The r o l l i n g  moment i n  each case 
w a s  es t imated  by t h e  s t r i p  theory method descr ibed i n  r e fe rence  2.  This  
method does not  take  t h e  p o s s i b i l i t y  of l o c a l  s t a l l i n g  i n t o  account.  There- 
f o r e ,  t he  e s t ima tes  f o r  encounters  w i th  the  wake when no aerodynamic allevia- 
t i o n  is employed w i l l  be  somewhat high,  p a r t i c u l a r l y  f o r  t h e  smaller a i r c r a f t .  
The model of  t h e  p i l o t ' s  response w a s  der ived from t h e  r e s u l t s  of  p i l o t e d  
motion s imula t ion  and is  repor ted  i n  r e fe rence  4. 

The automatic  c o n t r o l  s y s t e m  chosen w a s  of t he  state-rate i m p l i c i t  model 
fol lowing type.  
system are given i n  re ference  7, and a block diagram of the  s p e c i f i c  s y s t e m  
considered i n  t h i s  s tudy  is  shown i n  f i g u r e  1. A r o l l  rate command system 
w a s  used, and t h e  r o l l  darr?ing parameter,  Kp,  w a s  s e l e c t e d  t o  be i d e n t i c a l  
wi th  the  aerodynamic r o l l  damping. The response t o  a r o l l  cornin:! c as there-  
f o r e  i d e n t i c a l  whether o r  no t  t he  automatic  system w a s  i n  use. Th i s  i s  
i l l u s t r a t e d  i n  f igu re  2 where the  r e s p o m e  t o  a wheel i npu t  is shovn t o  be 
the  same providing % = Lp. For widely a i f f e r i n g  va lues  of Lp small 
d i f f e rences  i n  response of t h e  automatic  system are ev ident .  

Details o f  t h e  philosophy underlying t h e  design o f  t h i s  

Calcu la t ions  were made f o r  both a f u l l  and l imi t ed  a u t h o r i t y  automatic  
system. For t h e  l imi t ed  a u t h o r i t y  system, i t  i s  assumed t h a t  the  c o n t r o l  
system commands a sepa ra t e  su r face  with mechanical s t o p s .  Examples of 
t y p i c a l  c a l c u l a t i o n s  f o r  t h e  case  where the  inposed vor tex  a c c e l e r a t i o n  
equals  t he  a i r c r a f t  c o n t r o l  powei a r e  shown i n  f i g u r e  3 f o r  t h e  case of no 
automatic system, a system with 30 percent  a u t h o r i t y ,  and a system with 
100 percent  au tho r i ty .  
near ly  maximum a i l e r o n  c o n t r o l  a u t h o r i t y  a v a i l a b l e  wi th in  s e v e r a l  t e n t h s  of 
a second is  evident  compared t o  t h e  p i l o t  time delay and subsequent response 
propor t iona l  t o  perceived r o l l  r a t e .  

The advantage of the  automatic s y s t e m  i n  imposing the  

Encountering A i r c r a f t  

Four encounter ing a i r c r a f t  were considered which ranged from a l i g h t  
twin t o  a medium s i zed  j e t  t r anspor t .  
p e r t i n e n t  t o  t h e  c a l c u l a t i o n s  are given i n  t a b l e  1. The a i r c r a f t  

C h a r a c t e r i s t i c s  of t h e s e  a i r c r a f t  
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c h a r a c t e r i s t i c s  shown were taken from mathematical models of t h e s e  a i r c r a f t  
obtained f o r  p i l o t e d  s imula t ion  by NASA. 

EFFECTIVENESS OF AUTOMATIC CONTROL SYSTEM 

Typical responses,  i n  terms of maximum bank angle ,  t o  vortex-induced 
r o l l  acceleration is shown i n  f i g u r e  4. The automatic system maintains  t h e  
maximum bank angle  t o  only  a f e u  degrees providing t h e  c o n t r o l  a u t h o r i t y  is 
not  less than t h e  magnitude of the  dis turbance.  As would be expected, when 
t h e  d is turbance  exceeds t h e  c o n t r o l  a u t h o r i t y ,  f u r t h e r  i n c r e a s e  produces 
increases  i n  bank angle  a t  approximately t h e  same rate as f o r  a manual system. 

The est imated response of t h e  a i r c r a f t  considered t o  encounters  wi th  t h e  
wake of a B-747 at  3 n. m i .  is shown i n  f i g u r e  5 .  The est imated maximum bank 
angle  f o r  both t h e  a l l e v i a t e d  and una l lev ia tcd  wake v o r t e x  a r e  shown f o r  
cases where t h e  r o l l  c o n t r o l  of t h e  encountering a i r c r a f t  w a s  unaugmented, or 
augmented with a system t h a t  could command e i t h e r  30 percent  o r  100 percent  
of t h e  c o n t r o l  a u t h o r i t y .  The maximum bank angles  can be compared t o  s e v e r a l  
c r i t e r i a  t h a t  have been proposed. The most s t r i n g e n t  c r i t e r i o n  w a s  developed 
from t h e  r e s u l t s  of a p i l o t e d  moving-base s imulat ion t h a t  i s  repor ted  i n  
re ference  9. This c r i t e r i o n  i n d i c a t e s  t h a t  t h e  hank angle  should be l i m i t e d  
t o  about 8". 
w a s  drawn t o  s e p a r a t e  a l l  simulated encounters  i n t o  nonhazardous and poss ib ly  
hazardous regions.  
the  p i l o t s  p a r t i c i p a t i n g  i n  the  s tudy r e s u l t e d  i n  a bank angle  l es  
c r i t e r i o n ,  while  t h e  bank angle  f o r  many encounters  judged :o be non'lazardous 
exceeded t h e  c r i t e r i o n .  A maximum bank angle  of 18" is s t a t e d  as a prefer -  
a b l e  c r i t e r i o n  by t h e  au thors  i n  re ference  10. This c r i t e r i o n  was a l s o  
developed from p A o t e d  s imulat ion and w a s  determined on t h e  b a s i s  of a 
p i l o t e d  r a t i n g  s c a l e  concerned with maintaining c o n t r o l  during t h e  encounter.  
The c r i t e r i o n  i s  based on an averaging of r a t i n g s  r a t h e r  than on ''worst case" 
cons idera t ions  a s  i n  re ference  9. 

The c r i t e r i o n  i s  conservat ive i n  t h a t  t h e  bank angle  boundary 

Thus no encounter considered t o  be hazardous by any of 
than t h e  

Comparison of t h e  bank angle  estimates shown i n  f i g u r e  5 with  e i t h e r  
bank angle  c r i t e r i c n  i n d i c a t e s  t h a t  automatic c o n t r o l  does not  provide a 
s u f f i c i e n t  reduct ion  i n  t h e  r o l l  excursion when no aerodynamic a l l e v i a t i o n  
device is used on a l a r g e  heavy generat ing a i r c r a f t .  The only case where 
t h e  maximum bank angle  l ies  wi th in  t h e  18" boundary i s  f o r  t h e  heavies t  
encountering a i r c r a f t  considered. The reason for t h e  i n a b i l i t y  of t h e  auto- 
matic ,)'stem t o  reduce t h e  bank angle  is obviously t h a t  t h e  vortex-induced 
r o l l i n g  exceeds the  a v a i l a b l e  r o l l  c o n t r o l  power (see table 1 ) .  The use of 
automatic c o n t r o l  a lone,  t h e r e f o r e ,  holds  l i t t l e  promise f o r  reducing air-  
c r a f t  separa t ions  t o  3 n .  m i .  

I f  aerodynamic a l l e v i a t i o n  is f e a s i b l e  t o  t h e  l e v e l  assumed, consider- 
a b l e  r' luct ion i n  t h e  maximum bank angle  occurs.  
the  h e a r i e s t  encountering a i r c r a f t  considered is shotFn t o  be w i t h i n  t h e  18' 
bank angle  boundary. 
roughly equal  t o  t h e  a v a i l a b l e  c o n t r o l  power f o r  t h e  bus iness  j e t  (LEAR 23) 

The maximum bank angle  f o r  

The l e v e l  of  t h e  vortex-induced r o l l i n g  moment i s  
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and less than the c o n t r o l  power for t h e  heavier  a i r c r a f t .  
a 100 percent  a u t h o r i t y  automatic system is e f f e c t i v e  i n  l i m i t i n g  t h e  bank 
angle  t o  5' o r  less. 
a v a i l a b l e  t o  t h e  automatic system is, of course,  exceeded by t h e  dis turbance.  
However, s u f f i c i e n t  reduct ion  i n  maximum bank angle  is obtained by t h e  
l imi ted  a u t h o r i t y  system t o  l i m i t  t h e  bank angle  t o  18' o r  less f o r  t h e  
t h r e e  a i r c r a f t  . 

For t h i s  s i t u a t i o n ,  

For t h e  30 percent  a u t h o r i t y  s y s t e m ,  the c o n t r o l  power 

The v o r t e x  induced r o l l i n g  moment exceeds t h e  c o n t r o l  power of t h e  
l i g h t  twin (PA-30) by a f a c t o r  of about 2 even f o r  t h e  assumed l e v e l  of aero- 
dynamic a l l e v i a t i o n .  However, t h e r e  i s  some experimental  evidence t h a t  
suggests  t h a t  t h e  bank angle  es t imat ion  procedure employed does n o t  apply t o  
l i g h t  a i r c r a f t .  The PA-30 has roughly one-third of t h e  weight and moment of 
i n e r t i a  of t h e  LEAR-23, n e a r l y  t h e  same span, and a s l i g h t l y  smaller wing 
area. For t h e  assumptions used i n  t h e  es t imat ion  p r o c t i u r e ,  t h e r e f o r e ,  t h e  
PA-30 is i n d i c a t e d  t o  experience roughly t h r e e  t imes t h e  r o l l i n g  acce lera-  
t i o n  of t h e  L W - 2 3  when subjec ted  t o  t h e  same v o r t e x  (see t a b l e  1). How- 
ever, t h e  experimental  r e s u l t s  a v a i l a b l e  do not  support  t h e s e  estimates. 
re ference  11, r e s u l t s  are repor ted  of i n t e n t i o n a l  encounters of both t h e  
LEAR-23 and t h e  PA-30 with t h e  wake of a medium je t  t r a n s p o r t .  The d a t a  
i n d i c a t e  t h a t  t h e  maximum r o l l  a c c e l e r a t i o n  w a s  n e a r l y  t h e  same f o r  both air- 
c r a f t .  
estimates and experiment is t h a t  t h e  l i g h t e r  a i r c r a f t  might n o t  have enough 
l i n e a r  momentum t o  p e n e t r a t e  t o  t h e  c e n t e r  of t h e  vor tex  i n  t h e  presence of 
t h e  normal and s i d e  f o r c e s  generated by t h e  vor tex  flow f i e l d .  The assimp- 
t i o n  in t h e  es t imates  was based on a n a l y s i s  of t n e  f l i g h t  records from t h e  
LEAR-23 which ind ica ted  t h a t  t h e  maximum impulse imparted w a s  equivalent  t o  
t h e  a i r c r a f t  being centered i n  t h e  vor tex  of 1 sec .  This  impulse ch,;iously 
cannot be imparted t c  t h e  l i g h t  a i r c r a f t  i f  normal and s i d e  forces  imposed 
prevent i t  from g e t t i n g  c l o s e  t o  t h e  core .  It is concluded t h a t  t h e  s impli-  
f i e d  analyses  upon which t h e  es t imat ion  is  based is not  adequate f o r  l i g h t  
a i r c r a f t .  Conclusions concerning these  a i r c r a f t  should be based on s i x  
degrees-of-freedom c a l c u l a t i o n s  of e n t r y  i n t o  t h e  v o r t e x  flow f i e l d  so t h a t  
t h e  e f f e c t s  of la teral  and v e r t i c a l  motion r e l a t i v e  t o  t h e  vortex core can 
be included. Addit ional  p i l o t e d  s imula t ion  may a l s o  be required t o  deter-  
mine acceptable  bounds on f l i g h t  pa th  excursions as w e l l  as bank angle  
excursions f o r  t h e s e  l i g h t  a i rcraf t .  

I n  

A p o s s i b l e  explanat ion f o r  t h e  apparent discrepancy between t h e  

CONCLUDING REMARKS 

Estimates of t h e  e f f e c t i v e n e s s  of automatic c o n t r o l  i n  reducing t h e  maxi- 
mum bank angle  due t o  a wake vor tex  encouliter have been made. The e s t i m a t e s  
were obtained irom s i n g l e  degree-of-freedom computations wi th  i n p u t s  der ived 
from f l i g h t ,  and s imdla t ion  r e s u l t s .  As might be a n t i c i p a t e d ,  t h e  a n a l y s i s  
i n d i c a t e s  t h a t  
vortex-induced 
angle  i s  t o  be 

t h e  a v a i i a b l e  c o n t r o l  power must be roughly equal  t o  t h e  
r o l l i n g  a c c e l e r a t i o n  i f  e f f e c t i v e  l i m i t i n g  of t h e  maximum bank 
achieved. 
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TABLE I.- PERTINENT AIRCRAFT CHARACTERISTICS 
AND ASSUMED WAKE ENCOUNTER DATA 

Accelerat ion due t o  vortex a t  3 n. m i .  

No a l l e v i a t i o n ,  rad /sec2  

A i r c r a f t  

14.3 

Wcight, N 

Moment of iilertia, kg-m2 

Wing 

Area, m2 

Al lev ia ted ,  rad /sec2  

Encounter du ra t ion ,  s ec  

I 
Span, m 

3.2 

1 

I Aspect r a t i o  

1 Taper r a t i o  

I Approach speed, m/sec 

i Rol l  damping, sec-l 

! 
I 

I 

Rol l  con t ro l  power, rad /sec2  

1 . 1 7  

1 

Ligh t  
twin 

(PA- 30) 

16,670 

4,960 

16.54 

10.97 

7.27 

.48 

42 .7  

2.6 

1 .87  

I 
.90 .57 

1 1 

1 

Business 
j e t  

(LEAR-23) 

44,450 

16,680 

21.55 

10.39 

5.01 

.51 

62.2 

1.0 

Jet t r a n s p o r t s  
- - ~ . -  

(DC-9 ) 

413,370 

488,100 

93.00 

28.47 

8.71 

.30 

66.8 

1 . 4  

1.15 1 .97 

i 
5.90 2.18 

(B-727) 

577,83C 

. ,153,000 

157.94 

32.91 

6.86 

.30 

66.8 

1 .3  

.62 

1.21 
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