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SUMMARY 

The da t a  presented i n  t h i s  r e p o r t  i n d i c a t e  t h a t  t he  wing-mounted s p l i n e  

is a e f f e c t i v e  vortex- at tenuat ing device. A comparison of t he  vortex-induced 

r o l l i n g  moment r e s u l t s  a t  a separa t ion  scale d i s t ance  of 0.70 km (0.38 n. mi , )  

obtained i n  the  Langley Vortex Research F a c i l i t y  with those measured i n  f u l l -  

scale f l i g h t  i nd i ca t e  good agreement f o r  t he  unattenuated vortex configurat ion.  

The comparison a l s o  ind ica t e s  t h a t  the  s p l i n e  e f fec t iveness  i n  f l i g h t  w a s  

g r ea t e r  than i n  t he  ground f a c i l i t y  t e s t .  

show t h a t ,  f o r  t h e  heavy commercial j e t  a i r c r a f t  s tud ied ,  use of t he  sp l ines  

does r e s u l t  i n  some degradation of t he  climb gradient  and rate of climb, b u t  

t he  a i r c r a f t  should m e e t  c e r t i f i c a t i o n  requirements. 

The r e s u l t s  of an appl ica t ions  study 

INTRODUCTION 

The in t roduc t ion  of l a r g e ,  wide-body t ranspor t  a i r c r a f t  has r e su l t ed  i n  

an add i t i ona l  s a f e t y  problem i n  the terminal area because of the  s t r eng th  

and pers i s tence  of t he  l i f t- induced vortex.  Because vor tex  s t r eng th  i s  a 
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funct ion o the  l i f t  f o r  a p a r t i c u l a r  aspect  r a t i o  and wing platform, t h e  

vortexes produced by t h e  heavy t r anspor t  a i r c r a f t  t h a t  are now i n  service 

have become a hazard t o  following a i r c r a f t .  The p e r s i s t e n t  na ture  of t he  

vor tex  flow prolongs t h i s  unseen hazard t o  long a f t e r  the  vortex-generating 

a i r c r a f t  has passed. NASA i s  engaged i n  a broad research program to  increase  

understanding of vo r t ex  behavior and t o  develop methods of a t tenua t ing  the  

t r a i l i n g  vortexes.  

This paper presen ts  the  r e s u l t s  of some of t h e  experimental research 

and development a t  Langley Research Center of a vortex- at tenuat ing device 

r e f e r r ed  t o  as a sp l ine .  

development of t he  s p l i n e  device i n  t h e  Langley Vortex Research F a c i l i t y ,  a 

co r r e l a t i on  of f u l l - s c a l e  and small- scale test  r e s u l t s ,  and r e s u l t s  of an 

appl ica t ions  study t o  eva lua te  t he  impact of employing s p l i n e s  on a modern, 

heavy j e t  t ranspor t  a i r c r a f t .  

The areas of research discussed include the  

SYMBOLS 

b wing span, m 

c mean geometric chord, m 
- 

CR 
r o l l i n g  moment due t o  r o l l i n g  ve loc i ty ,  aCR/a(pb/2U) per rad  

P 

C R  

CR vortex- induced rolling-moment coe f f i c i en t  

r o l l i n g  moment due to yawing ve loc i ty ,  acR/a(rb/2U) per  rad  
r 

V 

CR 
r o l l i n g  moment due t o  s i d e s l i p ,  aC,/af3 per rad  

B 
C . r o l l i n g  moment due t o  t o t a l  a i l e r o n  de f l ec t ion ,  aCR/aSa per r a d  
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r o l l i n g  moment due t o  rudder def lec t ion ,  aC,/36 per  rad r 
2 r 

I moment of i n e r t i a  about l ong i tud ina l  body axis, kg-m xx 
2 I 

I 

moment of i n e r t i a  about lateral body axis, kg-m 

moment of i n e r t i a  about vertical  body axis, kg-m 
YY 

2 
z z  

L J roll-yaw product of i n e r t i a ,  kg-m xz 

L r o l l i n g  moment, m-N 

P 

4 

4' 

r 

a 

r 

6 

6 

e 

angular rate about longi tud ina l  body a x i s ,  rad / s  

dynamic pressure ,  N/m 

angular rate about la te ra l  body axis, rad /s  

angular rate about v e r t i c a l  body a x i s ,  r ad / s  

wing area, m 

v e l o c i t y  component along the  l ong i tud ina l  body a x i s ,  m / s  

angle  of s i d e s l i p ,  rad 

t o t a l  a i l e r o n  de f l ec t i on ,  rad 

rudder de f l ec t i on ,  rad 

p i t c h  a t t i t u d e  i n  Earth re fe rence  system, rad 

r o l l  a t t i t u d e  i n  Earth re fe rence  system, rad 

heading relative t o  Ear th  re fe rence  system, rad 

2 

2 

TESTS I N  THE LANGLEY VORTEX RESEARCH FACILITY 

Preliminary Vortex Research 

Ear ly  vo r t ex  research t h a t  l e d  t o  t h e  s p l i n e  concept w a s  conducted i n  

a p i l o t  ve r s ion  of t h e  Langley Vortex Research F a c i l i t y .  

used a s t a t i o n a r y  a i r f l ow  v i s u a l i z a t i o n  method allowing a g r e a t e r  i n s i g h t  

This p i l o t  f a c i l i t y  
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i n t o  t he  a c t u a l  motions of t h e  wingt ip  vortex.  The flow v i s u a l i z a t i o n  method 

( re f .  1) developed i n  t h e  p i l o t  Vortex Research F a c i l i t y  is based on the  f a c t  

t h a t  the  a i r  molecules a f f ec t ed  by t h e  wingtip are set  i n t o  c i r c u l a r  motion 

with no longi tud ina l  flaw, wi th  the  exception of those molecules i n  t he  vortex 

core  i t s e l f .  To make t h i s  c i r c u l a r  vor tex  motion v i s i b l e ,  a sc reen  of smoke 

is produced through which a model i s  propelled.  As t he  model passes through 

the smoke screen,  and f o r  some t i m e  afterward,  i t  is poss ib le  t o  photograph 

the  e n t i r e  l i f e  span of t h e  vortex.  (Although t h i s  same relative motion i s  

present  i n  t h e  conventional wind tunnel ,  t he  test  s ec t ion  usua l ly  i s  not  of 

s u f f i c i e n t  length t o  observe the  f u l l  development of the vortex.  

The f i r s t  tests w e r e  conducted using a wing panel mounted on the  

monorail c a t apu l t  system i n  the  Langley towing basin .  

made t h a t  i l l u s t r a t e d  the  vortex- al leviat ing e f f e c t  of a number of configura- 

t ions .  These configurat ions  w e r e  e s s e n t i a l l y  geometric modifications of the 

Preliminary runs w e r e  

wingtip,  such as end p l a t e s ,  t i p  planform v a r i a t i o n s ,  t i p  extensions,  flow- 

through nace l l e s ,  and many o thers  t h a t  had only a s m a l l  e f f e c t  on the  f a r-  

f i e l d  vor tex  flow, and w e r e ,  therefore ,  not  so lu t ions  t o  t he  vor tex  pe r s i s t-  

ence problem. 

It w a s  proposed t h a t  an unfavorable o r  p o s i t i v e  pressure  grad ien t  appl ied 

j u s t  downstream of the  wingtip might fo rce  t h e  vor tex  t o  d i s s i p a t e .  This  

pressure  gradient  w a s  appl ied by a dece le ra t ing  chute a t  each wingtip,  which 

v i r t u a l l y  eliminated t h e  vor tex  flow i n  both t h e  near and f a r  f i e l d .  The 

mechanism behind t h e  success of t h i s  approach i s  believed t o  be the  r e s u l t  of 

d i s rup t ing  the  vor tex  a x i a l  flow p lus  t he  shear ing stress between the  ro ta-  

t i o n a l  vor tex  flow and t h e  l i n e a r  flow of t h e  mass of a i r  forced forward i n t o  
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each vor tex  core  by t h e  dece le ra t ing  chutes.  A s  a more p r a c t i c a l  app l i ca t ion  

of t h i s  idea,  t h e  s p l i n e  concept w a s  t e s t e d  and found t o  produce the  same 

vor tex  a t t enua t ing  e f f e c t  as t h e  dece le ra t ing  chute. The sp l ine  configurat ion 

has  the  advantage t h a t  i t  can be r e a d i l y  r e t r a c t e d  du r ing , c ru i se  f l i g h t  and 

deployed f o r  landing. 

Langley Vortex Research F a c i l i t y  Descr ipt ion 

The later small- scale, s p l i n e  vor tex  a t t enua t ion  tests described i n  

t h i s  paper w e r e  conducted i n  t he  Vortex Research F a c i l i t y .  I n  t h i s  new 

f a c i l i t y  t h e  s t a t i o n a r y  a i r f l ow v i s u a l i z a t i o n  method w a s  again employed as i n  

t he  earlier inves t iga t ions .  It w a s  poss ib le  t o  determine the aerodynamic 

forces  assoc ia ted  with t he  vor tex  generating model, and by posi t ioning a second 

model i n  t h i s  vor tex core  downstream of the  lead model i t  w a s  poss ib le  t o  

determine the  vortex- induced r o l l i n g  moment. 

Research F a c i l i t y  i s  shown i n  f i g u r e  1. 

An o v e r a l l  view of the  Vortex 

The car r iage  i s  mounted on t h e  

548.64-m overhead t rack ,  wi th  a vortex-generating a i r c r a f t  model blade mounted 

beneath t h i s  car r iage ,  and a following vortex probe model located 48.77 m 

downstream (a  scale d i s t ance  of 0.70 km) , through a series of trailers t o  

measure the induced r o l l i n g  moment r e s u l t i n g  from t h e  lead  model vortex.  

The test sec t ion ,  constructed t o  i s o l a t e  t he  wake of t he  ca r r i age  and 

t r a i l e r s  from the  model wake, i s  91.4 m long with a 5.08-cm opening along the  

cen te r  of t h e  c e i l i n g  t o  allow the  model blade mounts t o  pass. The e x t e r i o r  

of the  bu i ld ing  shown a t  the  entrance of t he  test  s e c t i o n  encloses t he  e n t i r e  

length of t h e  t rack.  
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T e s t  Model Description 

I. 

Photographs of t h e  two models used i n  the  s p l i n e  vo r t ex  a t t enua t ion  in-  

v e s t i g a t i o n  are shown i n  f i g u r e s  2 and 3 .  These are 0.07-scale models of the  

generat ing a i r c r a f t  and probe a i r c r a f t  used i n  t he  f u l l- s c a l e  f l i g h t  tests 

discussed later i n  t h i s  paper. 

The model of t h e  vo r t ex  generating a i r c r a f t  with t h e  s p l i n e  device 

i n s t a l l e d  on t h e  wingt ip  w a s  b lade  mounted beneath the  ca r r i age  on an i n t e r n a l  

six-component strain- gage balance. 

f r e e  t o  r o t a t e  as the  model moved.through the  test  f a c i l i t y .  The e f f e c t  of 

The three-bladed model p rope l le rs  were 

t h r u s t  w a s  determined by powering each model p rope l l e r  with  a s m a l l  recipro-  

ca t ing  engine capable of producing t h e  s c a l e  t h r u s t  l e v e l  of an engine on the  

f u l l- s c a l e  generat ing a i r c r a f t ,  The e f f e c t s  of t h r u s t  were neg l ig ib l e .  

The 0.07-scale model of the  low wing, s i n g l e  engine vor tex  probe a i r c r a f t  

is shown i n  f i g u r e  3.  A t  t h i s  scale, the mean geometric wing chord o f .  t h i s  

model i s  11.43 cm, r e s u l t i n g  i n  a Reynolds number of 230 000 a t  the test  

v e l o c i t y  of approximately 30.48 m / s .  Although low Reynolds number l i f t  d a t a  

are no t  ava i l ab l e  f o r  t h i s  type of a i r c r a f t ,  i t  w a s  doubtful ,  based on the  

da t a  from the  low Reynolds number test of re fe rence  2,  t h a t  t h e  flow over t he  

model wing w a s  a t tached a t  the  angles  of a t t a c k  induced by t h e  vortex.  

e a r l y  tests the  r o l l  measurements made were unusually constant  throughout t he  

length of t h e  test sec t ion .  

pos i t i on  relative t o  t h e  wingt ip  of t h e  vo r t ex  generating model during each 

run, and as a r e s u l t  of the  vor tex  meander, t h i s  model w a s  no t  pe r f ec t ly  

During 

The probe a i r c r a f t  model w a s  i n  one f ixed  

centered i n  the  vor tex  a t  a l l  t i m e s  throughout t h e  e n t i r e  length  of t he  test 
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sect ion.  The induced r o l l i n g  moment measured by the  probe model therefore  

var ied  with t h e  degree of vor tex  penetrat ion.  The constant  r o l l i n g  moment 

measured, therefore ,  ind ica ted  t h a t  t he  wing of the  probe model w a s ,  indeed, 

s t a l l e d  and t h a t  t h e  vortex-induced r o l l  w a s  probably g rea t e r  than t h a t  

measured a t  t h i s  low Reynolds number. 

To avoid t h i s  reduced performance f o r  t h e  following model, the  wing 

panels of t he  probe model were def lec ted  i n  a manner t o  reduce the  relative 

vortex- induced angle of a t t ack .  When pene t ra t ion  of t he  vortex produced by 

the  l e f t  wing of the  generating model occurs,  an upflow i s  imposed on t h e  l e f t  

wing of t he  probe model and a downflow on t h e  r i g h t  wing. By reduction of the  

angle  of a t t ack  of the  l e f t  wing and increase  of t h a t  of the  r i g h t  wing by 

physical ly  def lec t ing  each wing panel separa te ly ,  t h e  vor tex  t angen t i a l  

ve loc i ty  relative t o  each wing panel is  reduced, such t h a t  the  induced angle 

of a t t ack  i s  below the  angle a t  which wing s t a l l  occurs a t  the  test Reynolds 

number. 

vor tex  induced- rolling moment w a s  found t o  be  + 3  . 
The wing panel de f l ec t ion  angle r e s u l t i n g  i n  the  g r e a t e s t  measured 

0 

Trans i t ion  w a s  f ixed  by applying a 100- grit  Carborundum s t r i p  of 0.254 

cm width on a l l  upper and lower sur faces  a t  the  5-percent l o c a l  chord 

p o s i t  ion. 

TEST RESULTS 

Ef fec t  of Spl ine Spanwise-Position 

The formation of t h e  l i f t- induced vor tex  occurs near  the  t i p  of a 

l i f t i n g  wing having a constant  span load over a l a r g e  percent of the  span, 
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such as t h a t  t h e o r e t i c a l l y  associated with a wing t h a t  is not  tapered,  twis ted,  

or  swept. The wing of t h e  generating model used i n  t h i s  i nves t iga t ion  w a s  

tapered and twisted; therefore ,  the  f i n a l  ro l lup  of a l l  t he  s m a l l  vor texes  

formed along the  span of the  wing with each change i n  l i f t ,  p lus  t he  vortex 

c rea ted  a t  t he  wingtip,  coalesce inboard of t h e  wing t i p .  Model tests were 

conducted t o  determine t h i s  ro l lup  pos i t i on ,  us ing t h e  flow v i s u a l i z a t i o n  

technique of reference 1. The s p l i n e  device w a s  posi t ioned a t  t h i s  l oca t ion  

and a t  o ther  spanwise loca t ions  along the  wing span while the  r e s u l t i n g  

r o l l i n g  moment w a s  measured by the probe model t o  determine t h e  spanwise 

pos i t i on  t h a t  produces t he  maximum vortex a l l e v i a t i o n .  These r o l l i n g  moment 

values  induced on the  probe model a t  a separa t ion  d is tance  of 0.23 km are 

presented i n  f i g u r e  4 .  

The bas i c  da ta  of f i g u r e  4 show the  maximum r o l l i n g  moment induced by 

the  generating model without vor tex a t tenua t ion .  

induced r o l l i n g  moment a t t r i b u t e d  t o  t h e  wingtip-mounted s p l i n e  device i s  

approximately 28 percent of t he  maximum. The a t tenua t ing  e f f e c t  becomes 

progressively g rea t e r  as t h e  s p l i n e  is moved inboard,  reaching a maximum 

r o l l  reduct ion a t  approximately the  75-percent semispan pos i t ion .  

r o l l i n g  moment a t  t h i s  po in t  i s  reduced approximately 36 percent below t h a t  

The reduct ion i n  vortex-  

The induced 

f o r  t h e  configurat ion without sp l ines .  

t he  a t t enua t ing  e f f e c t  of the  s p l i n e  decreases as the s p l i n e  is  moved f u r t h e r  

inboard. The s p l i n e  w a s  t i p  mounted f o r  t he  fu l l- sca l e  f l i g h t  test because of 

s t r u c t u r a l  considerat ions;  therefore ,  the  f l i g h t  rolling-moment measurements 

presented here  are considered somewhat conservative.  

These f o r c e  data a l s o  i n d i c a t e  t h a t  
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Visual da ta  f o r  t he  unattenuated configurat ion presented on f i g u r e  5 

i n d i c a t e  the  formation of t he  vor tex  system as t h i s  model moves through the  

smoke screen. The d i s t i n c t  vor tex cores ,  

and the  wing downwash may r e a d i l y  be  seen 

ment of the  vor tex  system with t i m e .  The 

the  surrounding c i r cu l a to ry  f i e l d ,  

as w e l l  as t h e  growth and move- 

f i n a l  photograph is of t h e  probe 

model as i t  pene t ra tes  t he  vo r t ex  produced by t h e  l e f t  wing panel  of t he  

generating model. 

Visual da t a  obtained f o r  t he  generating model with t ipmounted  sp l ines  

presented i n  f i g u r e  6 i n d i c a t e  t h a t  t he  high-energy vor tex  core  produced by 

the  b a s i c  unattenuated model i s  eliminated by the  flow f i e l d  of t h e  s p l i n e  

device and the  c i r c u l a t i o n  around the  core  i s  g r e a t l y  reduced. The vortex 

probe model shown i n  t he  f i n a l  photograph measures the  r o l l i n g  moment induced 

by t h i s  a l t e r e d  vortex.  Visual da ta  obtained with t h e  s p l i n e  device loca ted  

a t  the  var ious  spanwise pos i t ions  (not shown) i n d i c a t e  a more dispersed flow 

pa t t e rn  than shown here.  

there  is a tendency f o r  the  t i p  vor tex  t o  form, bu t  i t  is rap id ly  d i ss ipa ted  

A s  t he  sp l ines  are moved inboard along the span 

as i t  moves i n t o  t he  flow f i e l d  produced by the  sp l ine .  

Visual da ta  of t he  wake a t  separa t ion  d is tances  several kilometers 

(miles) downstream from t h e  vor tex  generating model i n d i c a t e  t h a t  t he re  is  a 

tendency f o r  t he  vor tex  t o  reform possibly as a r e s u l t  of t he  remaining 

c i r cu l a t ion .  

the  l a r g e  diameter vor tex  t h a t  did reform when penetrated by t h e  probe 

a i r c r a f t  induced very l i t t l e  r o l l .  

This s a m e  r e s u l t  w a s  a l s o  noted during f l i g h t  test,  although 
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Ef fec t  of Spl ine  D i a m e t e r  

Preliminary q u a l i t a t i v e  r e s u l t s  obtained i n  t he  p i l o t  f a c i l i t y  ( r e f .  1) 

i n d i c a t e  t h a t  the  required s p l i n e  diameter f o r  vor tex  a t t enua t ion  below the  

hazard level w a s  approximately 55 percent  of t h e  wing mean geometric chord. 

The e f f e c t  of s p l i n e  diameter on t h e  vortex-induced r o l l i n g  moment measured 

i n  t h e  Vortex Research F a c i l i t y  by t h e  following model i s  presented i n  f i g u r e  

7. These da t a  i n d i c a t e  t h a t  t h e  vortex a t t enua t ion  of t h e  s p l i n e  device i s  

a func t ion  of the  exposed area as would be expected. However, reducing the  

diameter from 55 t o  35 percent c r e su l t ed  i n  only a small change i n  t he  

reduct ion i n  induced r o l l i n g  moment. 

drag associated with  the  s p l i n e  is  a d i r e c t  func t ion  of f r o n t a l  area, there-  

fo re ,  the  35-percent ; diameter s p l i n e  would have s u b s t a n t i a l l y  less drag 

than the  55-percent diameter sp l ine .  Therefore, the  40-percent-diameter 

s p l i n e  would probably be optimum, considering both vor tex  a t tenua t ion  and 

drag. 

s i z a b l e  decrease i n  vor tex  a t t enua t ion  while the  l a r g e s t  s p l i n e  t e s t e d  (65 

percent c )  r e su l t ed  i n  an increase  i n  vor tex a t t enua t ion  t h a t  

much f a r t h e r  downstream and prevented the  vo r t ex  from reforming. 

Wind tunnel  tests have shown t h a t  t he  

The smallest diameter s p l i n e  t e s t ed  (27 percent E) r e su l t ed  i n  a 

extended 

However, 

i t  would be  expected t h a t  t h i s  l a r g e r  s p l i n e  would cause s i g n i f i c a n t  increase  

i n  drag. 

The e f f e c t  of s p l i n e  diameter on the  development of t he  l i f t- induced 

vortex is  shown v i s u a l l y  on f i g u r e  8. 

0.23 km (0.13 n. mi.) downstream from t h e  vor tex  generating model. 

f o r  t h e  smallest diameter s p l i n e  (upper left- hand photograph) i n d i c a t e  t he  

vo r t ex  i s  beginning t o  reform at  t h i s  s h o r t  separa t ion  d is tance .  

These da t a  w e r e  obtained approximately 

The r e s u l t s  

As  t he  
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s p l i n e  diamater i s  increased,  i t  can be seen t h a t  vor tex  development i s  f u r t h e r  

retarded. 

E f fec t  of Spl ine Chordwise Pos i t i on  

The s p l i n e  pos i t i on  behind the  wing t r a i l i n g  edge w a s  based on exper- 

imental wind tunnel  tests (not reported)  such t h a t  t he  impingement of the  

s p l i n e  pressure  f i e l d  on the  wing sur faces  causes a minimum l o s s  i n  l i f t  and 

increase  i n  drag. 

s i g n i f i c a n t  as any l o s s  of l i f t  might be. 

The increase  i n  drag during landing is  not  considered as 

FLIGHT TEST DESCRIPTION 

Detailed descr ip t ions  of the  a i r c r a f t ,  systems, and procedures used i n  

these tests are presented i n  reference 3 and summarized b r i e f l y  here .  

The a i r c r a f t  shown i n  f i g u r e  9 w a s  used as the generating a i r c r a f t  

because i t  was ava i l ab l e  and could be adapted f o r  t i p  sp l ines  without undue 

t i m e  o r  expense. 

used are as follows: 

Some add i t i ona l  c h a r a c t e r i s t i c s  of t he  generating a i r c r a f t  

Empty opera t iona l  m a s s ,  kg (lb,) . . . . . . . . . . . . . .  22 294 (49 150)  

2 2 Wing area, m ( f t  ) .  . . . . . . . . . . . . . . . . . . . .  135.8 (1462.0) 

Wing mean aerodynamic chord, m ( f t )  . . . . . . . . . . . . . . .  4 (13.61) 

Wing aspec t  r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . . .  9.44 

Wing incidence ( roo t ) ,  deg . . . . . . . . . . . . . . . . . . . . . . . .  4 

Wing incidence ( t i p )  deg . . . . . . . . . . . . . . . . . . . . . . . . .  1 

J 
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Horizontal  t a i l  area, m2 ( f t 2 )  . . . . . . . . . . . . . . . .  30.2 (324.9) 

2 Vertical t a i l  area, m2 (f t ) . . . . . . . . . . . . . . . . .  16.7 (179'. 3) 
Engine . . . . . . . . . . . . . . . . . . . . .  P r a t t  and Whitney 2000 D-5 

Prope l le r  data:  

Type . . . . . . . . . . . . . . . .  Hamilton standard constant  speed 

Gear r a t i o .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  2:l 

Blade a c t i v i t y  f a c t o r  . . . . . . . . . . . . . . . . . . . . . . . .  100 

D i a m e t e r ,  m ( f t )  . . . . . . . . . . . . . . . . . . . . .  3.97 (13.0) 

For these tests, t he  b a s i c  a i r c r a f t  w a s  modified by t h e  i n s t a l l a t i o n  of 

the  s p l i n e s  ( see  f i g .  l o ) ,  a s p l i n e  j e t t i s o n  system, and a flow v i s u a l i z a t i o n  

system f o r  vor tex marking. A s  previously noted, tests i n  t he  Vortex Research 

F a c i l i t y  ind ica ted  t h a t  s p l i n e s  loca ted  inboard of t he  wing t i p s  would be  

more e f f e c t i v e  than s p l i n e s  loca ted  a t  the  t i p s .  (See f i g .  4 . )  With f l a p s  

down, t he  optimum s p l i n e  loca t ion  would have been f u r t h e r  inboard. However, 

because the extensive s t r u c t u r a l  modifications required t o  l o c a t e  t he  s p l i n e s  

inboard precluded anything but  a tip-mounted loca t ion ,  t h e  f l i g h t  tests w e r e  

made with t he  s p l i n e s  a t  t he  wing t i p s  and with t he  f l a p s  r e t r ac t ed .  

motion p i c tu re s  showed t h a t  t h i s  configurat ion posi t ioned the  s p l i n e s  i n  a 

loca t ion  t o  i n t e r a c t  with t h e  t i p  vor texes ,  even though opt imizat ion of t he  

s p l i n e  l oca t ion  w a s  not  possible .  

I n f l i g h t  

A diagram of the  probe a i r c r a f t  is  shown i n  f i g u r e  11. For these  tests, 

the  probe a i r c r a f t  w a s  equipped with onboard d i s tance  measuring equipment 

(DME); an S-band radar  t racking beacon, and a f ixed  16-mm motion p i c t u r e  

camera. Additional information on t h e  c h a r a c t e r i s t i c s  of the  probe a i r c r a f t  
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include t h e  following: 

Mass : 

Empty operat ion,  kg ( l b  ) . . . . . . . . . . . . . . 
Gross t akeof f ,  kg ( l b  ) . . . . . . . . . . . . . . 

m 

m 

I n e r t i a s  (approximate) : 

2 2 kg-m (s lug- f t  ) . . . . . . . . . . . . . . . 
IXX’  

2 2 I kg-m (s lug- ft  ) . . . . . . . . . . . . . . . . . 
YY’ 

2 2 
Izz, kg-m (s lug- ft  ) . . . . . . . . . . . . . . . . . 

2 kg-m2 ( s lug- f t  ) . . . . . . . . . . . . . . . JXz 

Wing data :  

2 Area,m ( f t 2 >  . . . . . . . . . . . . . . . . . . . . . 
Span, m ( f t )  . . . . . . . . . . . . . . . . . . . . . 
Chord, m ( f t )  . . . . . . . . . . . . . . . . . . . . . 

799 (1761) 

1009 (2225) 

1356 (1000) 

1900 (1401) 

2700 (1991) 

67.6 (50) 

14.9 (160) 

9.14 (30) 

1.6 (5.3) 

Ai leron data :  

Span, m ( f t )  . . . . . . . . . . . . . . . . . . . . . 1.6 (5.3) 

Chord, m ( f t )  . . . . . . . . . . . . . . . . . . . . . 0.305 (1.0) 

Engine type . . . . . . . . . . . . . . . . . . . . . . Lycoming 0-360-A3A 

On a t y p i c a l  pene t r a t i on  f l i g h t ,  t h e  two a i r c r a f t  would rendezvous and 

e s t a b l i s h  the- des i red  a i r speeds ,  headings,  and a l t i t u d e s .  The probe a i r c r a f t  

records ,  DME, and camera w e r e  turned on, and t h e  vortex-marking system i n  t h e  

generat ing a i r c r a f t  w a s  a c t i va t ed ,  When the des i red  separa t ion  d i s t ance  

between t h e  two a i r c r a f t  w a s  e s t ab l i shed ,  t h e  probe a i r c r a f t  approached t h e  

vo r t ex  t r a i l  along’ a p a r a l l e l  course. Shallow-angle pene t r a t i ons  were then  

made from j u s t  above o r  below t h e  t ra i l .  For f l i g h t s  without s p l i n e s ,  pene- 

t r a t i o n s  w e r e  made a t  s epa ra t i on  d i s t ances  between 9.26 km (5 n. m i . )  and 
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3.70 km ( 2  n. mi.). 

as 0.6 km (0 .32 n. mi.). 

r a t i o n  a t  a nominal a l t i t u d e  of 2100 m (7000 f t )  and indicated a i r speeds  of 

With s p l i n e s  i n s t a l l e d ,  pene t ra t ions  were mzde as c lose  

A l l  pene t ra t ions  were made i n  t h e  flaps-up configu- 

50+5 m / s  (90+10 knots) .  The test Reynolds number, based on these  nominal 

6 values  and t h e  'c of t he  probe a i r c r a f t ,  w a s  4.364 x 10 . 
I n  comparing vortex a t t enua t ion  r e s u l t s  from f l i g h t  tests with  those 

from ground f a c i l i t i e s ,  a d i f f e r ence  i n  t e s t i n g  technique should be  noted. I n  

these  f l i g h t  tests (as  i n  f l i g h t  tests i n  general)  it w a s  o f t en  d i f f i c u l t  t o  

p rec i se ly  pos i t i on  the  probe a i r c r a f t  i n  t h e  vor tex  core. Some f ac to r s  t h a t  

contr ibuted t o  t h i s  d i f f i c u l t y  w e r e  s m a l l  vor tex  core,  meander of t he  vor tex  

because of atmospheric dis turbances ,  and t h e  tendency of t h e  probe a i r c r a f t  

t o  r o l l  away from the  core. ( I n  these  t e s t s ,  t h i s  problem w a s  less severe  

with  t he  a t tenua ted  (splines-deployed) vor tex because the  core  s i z e  w a s  l a r g e r  

and the  vor tex  less in tense . )  Data presented from the  Vortex Research 

F a c i l i t y ,  however, were determined when i t  w a s  c e r t a i n  t h a t  the  probe model 

w a s  w i th in  the vor tex  core.  

To minimize t h i s  d i f f e r ence  i n  test technique, t he  f l i g h t  tests involved 

a l a r g e  number of pene t ra t ions  t o  increase  t h e  p robab i l i t y  t h a t  the  maximum 

poss ib le  induced- roll  acce le ra t ions  of the  probe a i r c r a f t  w e r e  achieved. The 

v a l i d i t y  of t h i s  technique i s  discussed later i n  t h i s  paper. 

DATA ANALYSIS AND RESULTS 

One of the  parameters used t o  evaluate  vor tex  a t t enua t ion  e f fec t iveness  

w a s  t h e  maximum r o l l  acce l e ra t ion  6 derived from measured rate da t a  recorded 
W X  

28 4 



by the  probe a i r c r a f t  during pene t ra t ions  with con t ro l s  as nea r ly  n e u t r a l  as 

possible .  

The maximum values  obtained ( r e f .  3) are shown i n  f i g u r e  1 2 .  Data are 

presented f o r  the  generating a i r c r a f t  without s p l i n e s ,  and wi th  t h e  2.28-m 

sp l ines  i n s t a l l e d .  It is evident t h a t  the  sp l ines  w e r e  e f f e c t i v e  i n  a t ten-  

uat ing the  vor tex  e f f e c t s  over the  range of d i s tances  shown. 

Many penetrat ions  were made t o  provide a l a r g e  s ta t i s t ica l  sampling. 

A s  noted i n  re fe rence  3, these r e s u l t s  include the  e f f e c t s  of s m a l l  

a i l e r o n  def lec t ions .  

from the  Vortex Research F a c i l i t y ,  add i t i ona l  analyses w e r e  conducted t o  

express the  f l i g h t  r e s u l t s  i n  terms of t h e  rolling-moment coe f f i c i en t  

r e su l t i ng  from vortex alone.  

To provide a comparison of the  f l i g h t  d a t a  with data 

The equation of motion i n  r o l l  ( s ee  ref.  4 ,  ch. 3) i s  given by 

L = $Ixx - E J  + q ' r ( I Z z  - I 
xz YY )- pqJxz 

where a dot  above a symbol denotes a de r iva t ive  with respec t  t o  t i m e .  

The l i nea r i zed  equation,  expressed i n  t e r m s  of rolling-moment coe f f i-  

c i e n t s  ( r e f .  4 ) ,  i s  

.. .. 
___.---  - -  + b c  - C , B = C  % 6 a + C R  6 6 r qSb qSb 2u R 

r a r (3 

where 

. 
$I = p + q' s i n  $I t an  8 + r cos $I t a n  8 (3) 
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and 

$ = (4’ s i n  9 + r cos 9) sec 8 ( 4  1 

Equation (2) w a s  used as t h e  b a s i s  of t h i s  ana lys i s  because a computer 

program w a s  ava i l ab l e  and sample cases showed less than a 

i n  t he  r e s u l t s  from the  complete and l i nea r i zed  (computer) methods. 

4 percent  d i f f e r ence  

Adding a term CR f o r  t he  vo r t ex  e f f e c t ,  and transposing terms i n  
V 

equation ( 2 ) ,  gives  t he  r e l a t i o n s h i p  used i n  t h i s  ana lys i s :  

.. .. 
( 5 )  r 6 

r 

6 -  a 
- -  =---.--- $ b c  - c  B - c  

P 53 a r 2u R 
V 

Equation ( 5 )  w a s  used t o  determine values  of C a t  0.1-s t i m e  i n t e r v a l s  
V 

R 

during each vortex pene t ra t ion  of i n t e r e s t ,  and t h e  maximum values  are pre- 

sented as the f l i g h t  test  C values  i n  t h i s  r epo r t .  I n  t h e  so lu t ion  of 

equation ( 5 ) ,  the  i n e r t i a s ,  wing area, and wing span of t h e  probe a i r c r a f t  
V 

R 

w e r e  used. Aerodynamic and con t ro l  de r iva t ives  w e r e  those obtained i n  earlier 

Langley Research Center f l i g h t  test  and s imulator  tests with t h i s  a i r c r a f t  : 

-0 2741 -1 

-1 

-1 

C R , r a d  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C R , r a d  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -07 

P 

r 

B 
-. 045 C R , r a d  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
-. 0365 -1 

C, , rad . . . . . . . . . . . . . . . . . . . . . . . . . . .  
- 014 a -1 “6 

, rad . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C% 

r 
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Airspeed, dynamic pressure ,  con t ro l  pos i t i on ,  a t t i t u d e ,  and rate information 

were determined from measurements recorded during the  vortex pene t ra t ions .  

An ind ica t ion  of t h e  accuracy of t h i s  procedure w a s  shown, using t h e  

r e s u l t s  of f l i g h t  tests with  t he  probe a i r c r a f t  i n  which a i l e r o n  r o l l s  were 

performed i n  undisturbed air  (Ca  

f l i g h t- t e s t  da ta  w e r e  used with equation (5), and Ca 

f o r  a number of ro l lmaneuvers .  

= 0) .  Data as l i s t e d  f o r  probe a i r c r a f t  and 
V 

h i s t o r i e s  w e r e  ca lcu la ted  

I n  a l l  cases, t he  max imum ca lcu la ted  values  of 
V 

C a  

the  a n a l y t i c a l  method w a s  much smaller than the vortex-induced values.  

were between 0 and 0.003. This ind ica ted  t h a t  the  e r r o r  r e s u l t i n g  from 
V 

Maximum values  of C from t h i s  ana lys i s  are shown i n  f i g u r e  13. The 
V 

R 

6 is a l s o  shown. The da t a  ‘kg a 
a 

maximum a i l e r o n  r o l l i n g  moment c o e f f i c i e n t ,  
max 

show t h a t  f o r  t he  unattenuated (no sp l ine )  vor tex ,  the  vortex-induced r o l l  w a s  

l a r g e r  than the  maximum a i l e r o n  r o l l  a t  separa t ion  d is tances  c lo se r  than 8 

km ( 4  n. mi.) and w a s  about 60 percent above t h a t  va lue  a t  4 .11  km (2.22 n. 

mi.) .  For the  a t tenua ted  (splines-on) case, the  vortex-induced r o l l  

c o e f f i c i e n t  w a s  always less than the  r o l l  c apab i l i t y  of the  a i l e r o n  under the  

same conditions.  

GROUND FACILITY/FLIGHT TEST CORRELATION 

A comparison of t h e  r e s u l t s  obtained i n  t h e  Langley Vortex F a c i l i t y  

with those obtained i n  f l i g h t  is  presented i n  f i g u r e  14. 

induced by the  l i f t- induced vor tex  of the  0.07-scale generating model w a s  

measured a t  a scale d is tance  of 0.70 km (0.38 n. mi.) downstream of t h i s  

model, although the  f l i g h t  da t a  are presented a t  separa t ion  d is tances  ranging 

The r o l l i n g  moment 
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from 4.11 to 9.09 km. 
same value of U/Uf (where Uf is the velocity of the following aircraft) as 
the 0.07 scale tests. 

The flight data in this figure has been corrected to the 

A flight rolling moment coefficient of the 0.058 is obtained for the basic 
configuration at a separation distance of 0.70 km using the straight line extra- 

polation shown. This extrapolation is based on flight test results presented by 

Marvin R. Barber, et al, in this report. There is reasonable agreement between 

the "no splines" data based on this extrapolation. This indicates that the test 

techniques employed in the ground and the flight experiments were valid for this 

configuration. 

The attenuated rolling-moment coefficients (splines on) presented in fig- 
ure 14 are for the wing-tip mounted spline device with a diameter equal to 
55 percent of the mean geometric wing chord. It was possible during the flight 

test to probe as close as 0.60 km behind the vortex-generating aircraft allowing 
a direct comparison between flight and model test results. 

The tip-mounted spline reduced the vortex-induced rolling moment in flight 
approximately 72 percent at a separation distance of 0.70 km while the model 
results indicate a vortex roll reduction of approximately 27 percent at this 

same separation distance. These data indicate that a greater vortex attenuating 
effect is derived from the spline device in flight than in the ground facility. 

Although the reason for this discrepancy has not yet been determined it might be 

conjectured then that Reynolds number may have a large affect on the flow field 

developed by the spline device reducing its vortex attenuating effect at model 

scale. The model visual data indicate that the well-organized vortex core is 

nearly eliminated while the circulation outside of the core remains and produces 
the rolling moment measured by the following model. 

ciated with the circulation would be affected by model scale. 
The lower velocities asso- 
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APPLICATIONS STUDY 

During these  f l i g h t  tests, the  performance of the  generating a i r c r a f t  

with sp l ines  a t tached w a s  evaluated and found t o  be  acceptable  ( r e f .  3 ) .  

However, because t h i s  generating a i r c r a f t  w a s  not  a represen ta t ive  commercial 

a i r c r a f t ,  a preliminary study w a s  conducted f o r  NASA by the Boeing Go. t o  

evaluate  the  performance of t he  a i r c r a f t  shown i n  f i g u r e  15. Results are 

presented i n  reference 5. 

I n  summary, i t  w a s  concluded t h a t  f o r  sp l ines  deployed only on approach, 

t he  concept appears f e a s i b l e  from the  s tandpoint  of s t r u c t u r e s ,  s t a b i l i t y  and 

cont ro l ,  performance, and operations. The l a r g e s t  s p l i n e  e f f e c t s  are decreases 

i n  landing climb grad ien t  and climb rate,  and an inc rease  i n  approach noise .  

Even with these pena l t i e s , t he  a i r c r a f t  would meet c e r t i f i c a t i o n  requirements. 

Ef fec t s  on other  parameters such as takeof f ,  c ru i se ,  range, approach speed, 

and so  f o r t h ,  were ind ica ted  t o  be i n s i g n i f i c a n t .  

CONCLUDING REMARKS 

The r e s u l t s  obtained during t h i s  i nves t iga t ion  ind ica t e  that-- 

(1) The s p l i n e  device is  e f f e c t i v e  i n  reducing the  s t r eng th  of t he  

l i f t- induced vortex.  

(2 )  A comparison of t he  vortex-induced r o l l i n g  moment obtained i n  t he  

Langley Vortex Research F a c i l i t y  with f u l l- s c a l e  f l i g h t  r e s u l t s  

i n d i c a t e  good agreement f o r  t h e  unattenuated a i r c r a f t  configurat ion.  

This implies t h a t  the  test techniques employed on the  ground and 

i n  f l i g h t  experiments w e r e  va l id .  
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(3) A comparison of da t a  a t  0.70 km ind ica t e s  t h a t  t h e  vo r t ex  

a t t enua t ion  achieved i n  f l i g h t  w a s  g r ea t e r  than w a s  obtained i n  

the  ground f a c i l i t y ,  i nd i ca t ing  that the  ground f a c i l i t y  w a s  

conservat ive wi th  t h i s  device. 

A preliminary s tudy ind ica ted  t h a t  t h e  i n s t a l l a t i o n  of s p l i n e s  on 

cur ren t  commercial j e t  a i r c r a f t  would b e  f e a s i b l e .  

pena l t i e s  would r e s u l t  i n  t h e  landing phase climb capab i l i t y  and 

approach noise .  Even wi th  the  pena l t i e s ,  however, t h i s  a i r c r a f t  

would m e e t  cur ren t  c e r t i f i c a t i o n  requirements. 

(4) 

S ign i f i can t  

REFERENCES 

1. Pat te rson ,  J. C . ,  Jr.; and Jordan, F. L . ,  Jr.: A S t a t i c- A i r  Flow 

Visua l iza t ion  Method t o  Obtain a T i m e  History of the  Lift- Induced 

Vortex and Circulat ion.  NASA TM X-72769, 1975. 

2. Jacobs, E. N . ;  and Sherman, A.: A i r f o i l  Section Cha rac t e r i s t i c s  as 

Affected by Varia t ion of Reynolds Number. NACA TR-586, 1937. 

3. Hastings,  E. C . ,  Jr.; Pa t te rson ,  J .  C . ,  Jr.; Shanks, R. E . ;  Champine, 

R. A.;. Copeland, W. L.; and Young, D. C.: Development and F l igh t  

T e s t s  of Vortex Attenuating Splines.  NASA TN D-8083, 1975. 

4. Blakelock, J. H.: Automatic Control of A i r c r a f t  and Missiles. John 

Wiley & Sons, Inc.  , Apr. 1965. 

5. Tracey, P. W . ;  and Berger, John H.: The Ef fec ts  of I n s t a l l i n g  Vortex 

Attenuation Devices on the  Design, Performance, and Operations of 

a Heavy Commercial Jet Transport. Boeing Report Number D6-37174, 

1975. 

290 



29 1 



Figure  2.--Photograph of 0.07- scale model of p r o p e l l e r  d r i ven  t r a n s p o r t  a i r c r a f t  

used as t h e  vortex- generating model. 

Figure  3.--Photograph of 0.07- scale model of s i n g l e  engine l i g h t  a i r c r a f t  used 

as t h e  vo r t ex  probe model. 
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Figure  7.--Effect of s p l i n e  d iameter  on the v o r t e x  a t t e n u a t i o n  of wingtip-  

mounted s p l i n e .  
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Figure 9.--Diagram of unmodified generating aircraft. 
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Figure 10.--Sketch of spline assembly at wingtip. 
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Figure  11 .--Diagram of probe a i r c r a f t  . 
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Figure 12.--Maximum roll acceleration. 
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Figure 13.--Maximum vortex-induced rolling moment coefficient from flight tests. 
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