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SUMMARY 

To determine the  f e a s i b i l i t y  of a l t e r i n g  t h e  formation and decay of 

a i r c r a f t  t r a i l i n g  vor texes  through aerodynamic means, NASA used t h e  test capa- ' 

b i l i t i e s  of two wind tunne ls  and two towing bas ins .  This paper descr ibes  t h e  

f a c i l i t i e s ,  common models, and measurement techniques t h a t  w e r e  employed i n  

t h e  eva lua t ion  of vo r t ex  minimization concepts. 

INTRODUCTION 

The i n i t i a l  t a sk  of t h e  NASA Wake Vortex Al l ev i a t i on  Program w a s  t o  

eva lua te  t he  many devices and concepts t h a t  had been proposed t o  a l ter  vor tex  

formation and decay. F a c i l i t i e s ,  t he re fo re ,  w e r e  a major concern because t h e  

c h a r a c t e r i s t i c s  of t h e  v o r t e x  system must be  determined from t h e  po in t  of 

genera t ion  t o  po in t s  f a r  downstream, represen t ing  i n  scale t h e  area of i n t e r e s t  

t o  a following a i r c r a f t .  
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The problems, measurement techniques,  and s c a l i n g  of Reynolds number 

and v i s c o s i t y  e f f e c t s  were discussed among both Government and indus t ry  re- 

searchers  i n  prepara t ion  f o r  t h e  eva lua t ion  program. It w a s  gene ra l ly  agreed 

t h a t  eva lua t ion  t e s t i n g  should be l imi t ed  t o  those  f a c i l i t i e s  t h a t  can re- 

c r e a t e ,  i n  model s c a l e ,  an a c t u a l  vo r t ex  pene t r a t i on  s i t u a t i o n .  It w a s  f u r t h e r  

agreed t h a t  the  f a c i l i t i e s  should have common models, s tandard  measurement 

techniques,  and be capable  of providing a model Reynolds number on the  order  

of 0.5 m i l l i o n  o r  g rea t e r ,  based on t h e  generat ing model chord. The f a c i l i t i e s  

s e l ec t ed  included t h e  40- by 80- ft wind tunne l  a t  NASA's Ames Research Center,  

t he  v e r t i c a l / s h o r t  takeoff  and landing (V/STOL) wind tunnel  a t  Langley Research 

Center,  and t h e  Hydronautics Ship Model Basin i n  Laurel ,  Md. I n  add i t i on ,  t h e  

i n a c t i v e  549-m long towing bas in  a t  Langley w a s  modified w i th  a new overhead 

c a r r i a g e  system t o  provide a towing system us ing  a i r  as t h e  test  medium i n  

l i e u  of water, as used a t  t h e  Hydronautics f a c i l i t y .  The new i n s t a l l a t i o n  w a s  

designated t h e  Langley Vortex Research F a c i l i t y .  The models s e l ec t ed  inc lude  

a 0.03- scale jumbo-jet t r a n s p o r t  generat ing a i r c r a f t  and two t r a i l i n g  wing 

models r ep re sen t ing ,  i n  span and aspec t  r a t i o ,  a s m a l l  j e t  t r anspor t  and busi-  

ness  j e t .  

t o  measure d i r e c t l y  t h e  induced r o l l i n g  moment of t he  vor tex  on the  t r a i l i n g  

models. 

Each f a c i l i t y  had t h e  c a p a b i l i t y  t o  generate  a vor tex  system and 

This paper descr ibes  t h e  eva lua t ion  f a c i l i t i e s  and the  s tandard meas- 

urement technique. 

including o the r  measurement and v i s u a l i z a t i o n  techniques t h a t  have been 

appl ied  t o  t h e  s tudy of wake vor texes  i n  these  f a c i l i t i e s .  

It w i l l  a l s o  i n d i c a t e  t h e  range of test c a p a b i l i t y  

It should be  noted t h a t  re fe rence  1 descr ibes  t he  development of a laser 

velocimeter f o r  vo r t ex  flow a n a l y s i s  and the  use of t he  water towing f a c i l i t y  

a t  the  Univers i ty  of Ca l i fo rn i a ,  Berkeley. Although these  were not  p a r t  of 

t he  s tandard  eva lua t ion  apparatus ,  they both cont r ibu ted  s i g n i f i c a n t l y  t o  

improved understanding of t h e  complex na tu re  of t he  a i r c r a f t  t r a i l i n g  vor tex  

system during the  eva lua t ion  program. 
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SYMBOLS 

wingspan of vo r t ex  genera tor  model, m bW 
c l o c a l  wing chord, m 

c average wing chord, m 

X 

- 

d i s t ance  behind vo r t ex  genera tor  model, m 

MODEL DESCRIPTIONS 

Vortex Generating Models 

The generat ing a i r c r a f t  model used i n  each of t he  f a c i l i t i e s  w a s  a 

0.03- scale jumbo j e t  t r a n s p o r t ,  shown i n  f i g u r e  1. 

geometric c h a r a c t e r i s t i c s  are given i n  f i g u r e  2. The i n i t i a l  model b u i l t  f o r  

use i n  t h e  Hydronautics Ship Model Basin w a s  cons t ruc ted  of aluminum, s t a i n l e s s  

steel,  and p l a s t i c .  

us ing molds constructed from t h e  Hydronautics model. Mounting techniques varied 

between f a c i l i t i e s  and are discussed i n  subsequent f a c i l i t y  desc r ip t ions ;  

A ske tch  and p e r t i n e n t  

The t h r e e  remaining models w e r e  molded of f i b e r  g l a s s ,  

however, each generat ing model w a s  equipped with  a f o r c e  balance t o  measure 

t h e  performance impact of t he  vo r t ex  a l l e v i a t i o n  concepts.  The generat ing 

models were equipped with  two spanwise segments of t r i p l e- s l o t t e d  t r a i l i n g-  

edge f l a p s  and f u l l  span leading-edge slats.  Flap bracke ts  w e r e  a v a i l a b l e  t o  

provide f l a p  de f l ec t ions  f o r  each of t he  spanwise segments. 

The generat ing model used i n  t he  Ames 40- by 80- ft  tunne l  used flow- 

through n a c e l l e s  and had no i n t e r n a l  a i r  duct ing.  The Hydronautics model had 

i n t e r n a l  tubing f o r  dye i n j e c t i o n  t h a t  can be pressur ized  f o r  s t u d i e s  of 

vo r t ex  d i s s i p a t i o n  concepts w i th  very low m a s s  flow (2 .1  x 

high mass flow s t u d i e s ,  such as engine t h r u s t  e f f e c t s ,  t he  Hydronautics 

f a c i l i t y  incorporated an overhead scoop and c e n t r i f u g a l  pump arrangement as 

shown i n  f i g u r e  3. Water i s  taken i n  through t h e  scoop and pumped through '  

two s t reamlined s t r u t s  pos i t ioned  ahead of t he  model. The flow w a s  sca led  t o  

m3/s). For 
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achieve  t h e  proper momentum and r a t i o  of  exit v e l o c i t y  t o  forward speed. The 

t h r u s t  of each s t r u t  w a s  set t o  equal  25 percent  of t h e  genera t ing model drag 

a t  t h e  test l i f t  c o e f f i c i e n t .  

s t r u t s  were v a r i e d  t o  i n v e s t i g a t e  t h e  e f f e c t s  of  engine placement. 

The lateral and vertical  p o s i t i o n s  of t h e  

The model used i n  t h e  Langley Vortex Research F a c i l i t y  w a s  equipped wi th  

high-pressure a i r  (690 kPa (100 p s i ) )  and i n t e r n a l  tubing t o  s imula te  t h e  

engine t h r u s t  on a l l  f o u r  engines.  Flow rates have been ad jus ted  t o  provide 

t h e  appropr ia te  t h r u s t  f o r c e ;  however, t h e  r a t i o  of model j e t  v e l o c i t y  t o  t h e  

model forward speed i s  h igher  than t h a t  . for  f u l l  scale. 

The V/STOL tunnel  model a l s o  is equipped wi th  high-pressure a i r  (690 kPa 

(100 p s i ) )  t h a t  can be  used t o  s imula te  t h r u s t  i n  t h e  manner s imilar  t o  t h e  

Vortex Research F a c i l i t y  model. To d a t e ,  m a s s  flow tests i n  t h e  V/STOL tunnel  

have involved only very-low-mass i n j e c t i o n  schemes and j e t t y p e  s p o i l e r s .  

Following Probe Models 

The probe models are i l l u s t r a t e d  i n  f i g u r e  4 along wi th  p e r t i n e n t  

geometric c h a r a c t e r i s t i c s .  

(0.03 s c a l e )  and aspec t  r a t i o  of a c u r r e n t  day s m a l l  j e t  t r a n s p o r t  a i r c r a f t  

and a business  j e t .  The Hydronautics probe models are const ructed  of aluminum, 

Each i s  a s t r a i g h t  r ec tangu la r  wing having t h e  span 

al though t h e  o t h e r  probe models are const ructed of b a l s a  wood. A l l  of t h e  

probe models were instrumented wi th  a single-component r o l l  balance wi th  t h e  

exception of t h e  Hydronautics model, which a l s o  included l i f t  and drag f o r c e  

measurement. - 

TEST PROCEDURES 

The s tandard  test  procedure involves  genera t ion  of a vor tex  system i n  

t h e  ground f a c i l i t y  and surveying t h e  flow f i e l d  a t  var ious  d i s t a n c e s  downstream 

using t h e  roll- balance- equipped fol lowing model as a sensor .  Although i t  is 
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recognized that t h i s  technique represen ts  only one of many types of penetra-  

t i o n s  l i k e l y  t o  occur i n  a real s i t u a t i o n ,  i t  does represen t  one judged t o  be  

most hazardous from a p i l o t / c o n t r o l  s t andpoin t .  

t h a t  l a r g e  reduc t ions  i n  t h e  induced r o l l i n g  moment w i l l  r e s u l t  i n  reduc t ions  

i n  t h e  s e v e r i t y  of o t h e r  upse t  s i t u a t i o n s .  Figure  5 shows t h e  test s e tup  f o r  

each of t h e  fou r  f a c i l i t i e s .  The genera t ing  a i r c r a f t  are mounted i n  t h e  

V/STOL and 40- by 80- ft t unne l s  i n  t h e  most forward p o s i t i o n  of t h e  test sec- 

t i o n ,  and t h e  probe models are used t o  survey t h e  vo r t ex  f i e l d  a t  d i s c r e t e  

downstream loca t i ons .  Because t h e  genera t ing  models i n  these  f a c i l i t i e s  are 

s t a t i o n a r y  and t h e  airstream is  moving, t h e  probe models can sense  t h e  vo r t ex  

a t  a given p o s i t i o n  over a long per iod of t i m e .  

from 10 t o  40 s. 

per  second and averaged over t h e  sample per iod;  d a t a  from t h e  40- by 80- ft 

tunnel  w e r e  s e l e c t e d  as only t h e  h ighes t  peak w i th in  t h e  sample per iod.  Com- 

par i son  of t h e  two a n a l y s i s  techniques,  us ing d a t a  from t h e  V/STOL tunne l  

taken a t  7.5 span leng ths  downstream wi th  t h e  l a r g e  probe model, ind ica ted  

approximately 10 percent  h igher  va lues  us ing  t h e  peak measurements over t h e  

averaged measurements, It would be  expected t h a t  t h e  d i f f e r e n c e  measured wi th  

t h e  smaller model, o r  a t  g r e a t e r  d i s t ances  downstream wi th  e i t h e r  model, would 

be  g r e a t e r  because of t h e  meandering of t h e  vor tex .  

It is a l s o  s a f e  t o  assume 

Typical  sample per iods  ranged 

Rolling-moment da t a  i n  t h e  V/STOL tunne l  w e r e  sampled once 

I n  t h e  towing f a c i l i t i e s ,  both models are moving and t he  d a t a  recording 

t i m e  is  l im i t ed .  A normal test  run i n  t h e  Hydronautics f a c i l i t y  w a s  approx- 

imately  25 s ,  which provides about 15 s f o r  a s i n g l e  ver t ical  survey through 

t h e  vor tex.  

p r i o r  t o  t h e  run,  and t h e  sample t i m e  i s  approximately 2 s .  

nau t i c s  and Vortex Research F a c i l i t i e s ,  t h e  h ighes t  peak d a t a  per  sample w e r e  

used. 

I n  t h e  Vortex Research F a c i l i t y ,  t h e  probe model i s  pos i t ioned  

I n  both  Hydro- 

Figure  6 i n d i c a t e s  t he  range of downstream d i s t ances  i n  generat ing model 

span leng ths  t h a t  can b e  t e s t e d  i n  t h e  var ious  f a c i l i t i e s .  

r epresen t  d i s t ances  f o r  which d a t a  have been obtained t o  da te .  

whi le  t o  no t e  t h a t  f i g u r e  6 shows t h e  test c a p a b i l i t y  f o r  t h e  V/STOL tunne l  

extends w e l l  i n t o  t h e  d i f f u s e r  s ec t i on .  Trends of t h e  rolling-moment d a t a  

obta ined i n  t h e  d i f f u s e r  and cor rec ted  f o r  dynamic p r e s su re  change have been 

The dark  areas 

It i s  worth- 
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found t o  b e  i n  genera l  agreement w i t h  those  a t  comparable d i s t a n c e s  from the 

Vortex Research F a c i l i t y  and from Hydronautics. Furthermore, r e fe rence  1 

suppor ts  t h e  d i f f u s e r  r e s u l t s  by comparing measurements made i n s i d e  t h e  test 

s e c t i o n  behind a 1.22-m s t r a i g h t  wing model wi th  measurements o u t s i d e  t h e  test 

s e c t i o n ,  bu t  a t  i d e n t i c a l  span l eng ths  behind a 2.44-m s t r a i g h t  wing model. 

HYDRONAUTICS SHIP MODEL BASIN 

The Hydronautics Ship Model Basin i s  a water-towing f a c i l i t y  95 m long 

and 8 m wide, w i t h  a water depth of 4 m ,  Two independently powered c a r r i a g e  

systems are used t o  propel  t h e  vor tex  genera t ing model and t h e  fol lowing 

probe model. Maximum speed f o r  conducting constant- speed runs i s  6 m / s ;  

however, t h e  eva lua t ion  tests w e r e  conducted a t  a 

corresponds roughly t o  t h e  approach speed i n  span l eng ths  pe r  second of t h e  

f u l l - s c a l e  a i r c r a f t .  

1.0 x 10 . 
and i n  f i g u r e  8 f o r  t h e  fol lowing model. The genera t ing model i s  a t t ached  wi th  

a p a i r  of r i g i d  f a i r e d  s t r u t s  t h a t  are mounted t o  a tilt t a b l e .  

t a b l e  provides f o r  a p i t c h  a t t i t u d e  adjustment from -4' t o  1 2  

model fuse lage  re fe rence  l i n e .  Vertical pos i t ion ing  i s  provided by s u b s t i t u t-  

i n g  s t r u t s  of d i f f e r e n t  lengths .  

however, tests have been conducted a t  depths of 1.70 and 2.48 m. 

depth p laces  t h e  genera t ing model j u s t  under one span l eng th  above t h e  tank 

f l o o r  f o r  i n v e s t i g a t i o n  of vor texes  i n  ground e f f e c t .  

nominal 3.8 m / s ,  which 

T e s t  Reynolds number a t  t h i s  speed i s  approximately 
6 The c a r r i a g e  system is shown i n  f i g u r e  7 f o r  t h e  genera t ing model 

The tilt 
0 relative t o  t h e  

Normal test  depth i s  0.79 m below t h e  s u r f a c e ;  

The la t ter  

Lateral adjustment of t h e  genera t ing model is  k0.71 from t h e  tank 

c e n t e r l i n e .  

p o s i t i o n  2.28 m r i g h t  of t h e  c e n t e r l i n e ,  g iv ing  a t o t a l  la teral  survey 

c a p a b i l i t y  of 3 m. 

al lowing a ver t ical  survey of 0.46 m a t  a maximum rate of 0.04 m / s .  

scale, t h i s  would represen t  a climb ra te  s l i g h t l y  less than  30 m/min. 

The fol lowing model can b e  ad jus ted  from t h e  c e n t e r l i n e  t o  a 

The fol lowing model has  a motor-driven ver t ical  scan  system 

I n  f u l l  
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Separa t ion  d i s t ance  between the  two models w a s  determined using t h e  t i m e  

d i f f e r e n t i a l  f o r  the two c a r r i a g e s  t o  pass a po in t  halfway down t h e  tow tank 

and the  measured speed of t h e  ca r r i ages .  For a l l  tests, a s u f f i c i e n t  number 

of vertical  and lateral surveys w e r e  conducted t o  a s su re  t h a t  t h e  maximum 

imposed r o l l i n g  moment presen t  w a s  measured a t  t h e  va r ious  downstream d i s t ances .  

A sample t ime- history of d a t a  obtained during a test run i s  shown i n  f i g u r e  9 .  

I n  t he  rolling-moment t r a c e ,  t he  moment level b u i l d s  and decays as t h e  

following model rises through the  vor tex .  The maximum peak f o r  each run i s  

considered the  maximum imposed r o l l i n g  moment. 

P r i o r  t o  t h e  vo r t ex  eva lua t ion  program, explora tory  tests w e r e  made i n  

t h e  Hydronautics f a c i l i t y  us ing  ho t  w i r e  anemometers and a vor tex  s w i r l  m e t e r  

t o  de f ine  vo r t ex  c h a r a c t e r i s t i c s .  

VORTEX RESEARCH FACILITY 

A ske tch  of t h e  Langley Vortex Research F a c i l i t y  is  shown i n  f i g u r e  10. 

A gasoline-powered carriage i s  shown mounted on t h e  554-m overhead t r ack ,  

wi th  the  vortex- generating model b lade  mounted beneath the  c a r r i a g e .  The 

following model i s  loca ted  50 m downstream of t he  vo r t ex  generat ing model (a  

scale d i s t ance  of 1.63 km (0.88 n. mi.))  through a series of trailers t o  

measure the  r o l l i n g  moment induced by t h e  vo r t ex  of t he  lead  model. 

The test s e c t i o n ,  constructed t o  i s o l a t e  t he  wake of t h e  c a r r i a g e  and 

trailers from the  model wake, i s  92 m long with  a 0.05-m opening along the  

cen te r  of t he  c e i l i n g  t o  allow the  model b lade  mounts t o  pass .  

of the bu i ld ing ,  shown a t  t h e  en t rance  of t h e  test s e c t i o n ,  encloses  t he  

e n t i r e  length  of the t r ack .  

The e x t e r i o r  

The overhead t r ack  extends 308 m upstream of t h e  en t rance  t o  t h e  

covered area where each test  i s  i n i t i a t e d .  Af t e r  t he  c a r r i a g e  is launched, 

t h e  automotive d r ive  system a c c e l e r a t e s  through f i r s t  and second gear  t o  a 

v e l o c i t y  of 31 m / s ,  which i s  he ld  cons tan t  by a c r u i s e  c o n t r o l  throughout . the  

length  of t h e  covered area. A t  t he  test p o s i t i o n ,  31 m i n s i d e  the  covered 
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area, smoke (vaporized kerosene) i s  deployed f o r  flow v i s u a l i z a t i o n .  (See 

r e f .  2 . )  A t  t h i s  po in t ,  high-speed motion p i c t u r e  and TV cameras are used 

t o  f i l m  the motion of t h e  v o r t e x  produced by t h e  generat ing model, w h i l e  t h e  

aerodynamic f o r c e s  experienced by t h e  model are recorded. 

t h e  fol lowing model reaches  t h i s  test po in t ,  measuring t h e  vortex- induced 

r o l l .  Cal iper  brakes are appl ied  as t h e  v e h i c l e  leaves t h e  covered area, 

b r ing ing  t h e  v e h i c l e  t o  a 1-g s t o p  over t h e  next  77 m of t rack .  

After 1 .6  s ,  

Figure  11 i l l u s t r a t e s  da t a  trace taken from a t y p i c a l  run. A s  t h e  model 

e n t e r s  t h e  c losed test s ec t i on ,  downwash of the  c a r r i a g e  i s  i s o l a t e d  from t h e  

vo r t ex  system and t h e  vo r t ex  rises s l i g h t l y  i n t o  t h e  path  of t h e  probe model 

i nd i ca t ed  by t h e  s l i g h t  jump i n  r o l l i n g  moment a t  t i m e  equa l  t o  10 s. 

one meters, o r  1 s later ,  t he  test sample begins  and covers t h e  next  2 s of 

data .  The maximum induced r o l l i n g  moment is determined using t he  peak r o l l i n g  

moment during t h e  test  i n t e r v a l  wi th  the  a i d  of video recording showing t h e  

p o s i t i o n  of t h e  probe r e l a t i v e  t o  t h e  vo r t ex  core .  Normal test  Reynolds number 

i n  t h e  Vortex Research F a c i l i t y  i s  4.7 x 10 . 

Thir ty-  

5 

V/STOL WIND TUNNEL 

The V/STOL tunnel ,  loca ted  a t  NASA's Langley Research Center,  has a test  

s e c t i o n  4.42 m high,  6.63 m wide, and 15 .24  m long.  (See f i g .  1 2 . )  It can b e  

operated as a c losed tunne l  wi th  s l o t t e d  w a l l s ,  o r  as one o r  more open config-  

u ra t i ons  by removing t h e  s i d e  w a l l s  and c e i l i n g .  Tunnel speed i s  v a r i a b l e  from 

0 t o  100 m / s  (200 knots ) .  I n  t h e  vor tex  program, a major i ty  of t h e  tests w e r e  

run  a t  a freedstream dynamic pressure  i n  t he  test s e c t i o n  of 430.90 Pa, which 

corresponds t o  a v e l o c i t y  of 27.4 m / s .  The Reynolds number based on t h e  gen- 

e r a t i n g  model chord w a s  approximately 4.7 x 10 . Inves t iga t ions  of t h e  e f f e c t  

of Reynolds number on t h e  rolling-moment d a t a  were conducted up t o  Reynolds 
6 numbers 1 x 10 . No s i g n i f i c a n t  e f f e c t s  were detected.  Blockage co r r ec t i ons  

were app l ied  t o  t he  d a t a  by t h e  method of r e f e r ence  3. 

t o  t h e  ang le  of a t t a c k  and t o  t h e  drag w e r e  app l ied  i n  accordance wi th  r e f e r-  

ence 4.  Basic aerodynamic da t a  of l i f t ,  drag,  and pitching-moment c o e f f i c i e n t s  

5 

Jet- boundarycorrect ions  
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f o r  t h e  genera t ing  model w e r e  obtained over  an angle- of- attack range of 
0 0 -4 t o  +24 

The probe model w a s  a t tached  t o  a t r a v e r s e  mechanism capable of moving 

the  model approximately 2 m l a t e r a l l y  and v e r t i c a l l y .  

t r a v e r s e  mechanism w a s  pos i t ioned  a t  var ious  downstream d i s t ances  and t h e  flow 

f i e l d  w a s  surveyed. 

shown i n  f i g u r e  1 3  w e r e  produced. 

wi th in  t h e  survey area w e r e  e a s i l y  recognizable ,  p a r t i c u l a r l y  when us ing  t h e  

smaller probe model. Other test  c a p a b i l i t i e s  used i n  t h e  s tudy of vor texes  i n  

t h e  V/STOL tunnel  inc lude  t h e  three-component hot-wire anemometers and v i sua l-  

The electric- powered 

Contours of cons tan t  averaged r o l l i n g  moment such as 

The l o c a t i o n  of s i n g l e  o r  mu l t i p l e  vor texes  

i z a t i o n  techniques employing smoke and n e u t r a l l y  buoyant hydrogen soap bubbles. 

40- BY 80-ET' SUBSONIC WIND TUNNEL 

The 40- by 80- ft  subsonic wind tunne l  is a c lo sed- c i r cu i t  wind tunne l  

used p r imar i ly  f o r  determining the  low-speed aerodynamic c h a r a c t e r i s t i c s  of 

a i r c r a f t  and spacecraf t .  The oval-shaped test  s e c t i o n  measures 1 2 . 1 9  m high 

by 2 4 . 3 8  m wide and i s  2 4 . 3 8  m long. Airflow is produced by s i x  va r i ab l e-  

speed 12.19-m diameter fans ,  each powered by a 4 . 4 7 4  MM e l e c t r i c  motor. 

is  cont inuously v a r i a b l e  from 0 t o  100 m / s  ( 2 0 0  knots)  a t  atmospheric pres-  

s u r  e. 

Speed 

A photograph of t h e  experimental  s e t u p  f o r  the  v o r t e x  s t u d i e s  i s  shown 

i n  f i g u r e  4 .  
s e c t i o n  and t h e  following model a t  t h e  ex i t ,  

loca ted  i n  t h e  i n l e t  and i s  a t tached  by a s i n g l e  s t r u t  through a s t ra in- gage 

balance t o  measure l i f t .  

remotely through an a c t u a t o r  and ind ica to r .  

24 .4  m a fol lower  model is mounted on a s i n g l e  s t r u t  t h a t  can be remotely 

posi t ioned v e r t i c a l l y  over a 3.05 m range and l a t e r a l l y  over a 4 . 2 7  m range.  

The fol lower  model i s  a t tached  t o  i t s  s t r u t  through a s t ra in- gage balance t o  

measure r o l l i n g  moment. 

adequate s e n s i t i v i t y  would be  provided f o r  t he  r o l l i n g  moment encountered on 

each model. 

The genera tor  model is  loca t ed  a t  t he  forward end of t h e  test 

The genera tor  model is  c e n t r a l l y  

The angle  of a t t a c k  of t h e  genera tor  i s  set 

Downstream of t h e  generator  model 

Ful l- sca le  range f o r  t h e  balance i s  such t h a t  
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Figure  15 shows a t y p i c a l  record  of rolling-moment v a r i a t i o n  wi th  t i m e .  

The source  of  t h e  unsteadiness  of t h e  rolling-moment s i g n a l s  i s  t h e  meander 

of t h e  vor texes  i n  t h e  wind tunne l  due t o  wind-tunnel turbulence.  Earlier 

s t u d i e s  i n  t h e  tunne l  ( r e f .  5) have shown t h a t  s i n g l e  vor texes  can move about 

as much as 1 m a t  t h i s  downstream loca t ion .  

shown on f i g u r e  15 are i n t e r p r e t e d  as corresponding t o  t h e  t i m e s  when t h e  

fol lowing model i s  a l i n e d  wi th  a vor tex  cen te r .  

shown, t h e  peak r o l l i n g  moment w a s  repeated t h r e e  t i m e s .  

The peak rolling-moment values  

During t h e  38 s of d a t a  

The genera tor  model w a s  t e s t e d  i n  both  t h e  upr igh t  and inver ted  p o s i t i o n s  

t o  eva lua te  s t r u t  i n t e r f e r e n c e  e f f e c t s .  It w a s  found t h a t  f o r  t h e  conventional  

conf igura t ions  , where t h e  vor texes  are shed p r imar i ly  from t h e  wingt ip  region,  

no s t r u t  i n t e r f e r e n c e  could be  found. However, f o r  t h e  conf igura t ions  wi th  t h e  

span- loading s h i f t e d  inboard,  i n  which vor texes  are shed inboard of t h e  wingt ip ,  

an i n v e r t e d  mounting of t h e  genera tor  model w a s  required  t o  avoid i n t e r f e r e n c e  

caused by the  wake of t h e  model mounting s t r u t .  Figure 1 4  shows t h e  genera to r  

model i n  t h i s  inver ted  pos i t ion .  

Other t e s t  equipment used i n  t h e  40- by 80- ft tunne l  f o r  v o r t e x  s tudy 

includes  a hot-wire anemometer mounted on a r o t a t i n g  arm t o  survey t h e  vor tex  

flow f i e l d .  The equipment and technique are descr ibed i n  r e f e r e n c e  5. 

COMPARISON OF TEST DATA 

Figure  16  p resen t s  curves of l i f t  c o e f f i c i e n t  versus  angle of a t t a c k  f o r  

t h e  f o u r  genera t ing a i r c r a f t  models i n  t h e i r  r e s p e c t i v e  f a c i l i t i e s .  

case, t h e  genera t ing model w a s  i n  t h e  normal landing- flap conf igura t ion  and 

t h e  t a i l  incidence  w a s  set a t  0 . The curves i n d i c a t e  good agreement between 

f a c i l i t i e s  throughout t h e  angle-of- attack range. 

conducted a t  a l i f t  c o e f f i c i e n t  of 1 .2  t o  approximate landing approach con- 

d i t i o n s  and comparisons of d a t a  between f a c i l i t i e s .  

I n  each 

0 

A major i ty  of t h e  tests w e r e  
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Figure  1 7  shows va lues  of t h e  induced r o l l i n g  moment measured by the  

probe models with  the  genera t ing  a i r c r a f t  i n  t he  normal landing f l a p  config-  

u r a t i o n  a t  a l i f t  c o e f f i c i e n t  of 1 .2 .  

f i g u r e  17 (a ) ,  show a r e l a t i v e l y  cons i s t en t  t rend  of rolling-moment c o e f f i c i e n t  

wi th  downstream d i s t ance  i f  one neglec t s  t he  d a t a  po in t s  taken i n  t h e  d i f f u s e r  

s e c t i o n  of t h e  V/STOL tunnel.  The d a t a  f o r  the  s m a l l  probe model show a wider 

v a r i a t i o n ,  wi th  the  V/STOL tunne l  da t a  w e l l  below t h a t  f o r  t he  o the r  f a c i l i t i e s .  

The lower va lues  of t he  rolling-moment c o e f f i c i e n t  may r e s u l t  from t h e  da t a  

processing technique used i n  the  V/STOL tunnel  and i t s  e f f e c t  on t h e  s m a l l  

The da t a  from t h e  l a r g e  probe model, 

model measurements. 

The comparison of base l ine  da t a  between f a c i l i t i e s  is  intended t o  a i d  

t h e  reader  i n  viewing r e s u l t s  from o ther  papers of t h i s  conference. 

c r i t e r i o n  f o r  success  of an a l l e v i a t i o n  concept w a s  based on the  a b i l i t y  of 

t he  concept t o  reduce the  imposed rolling-moment c o e f f i c i e n t  a t  a downstream 

range of about 2 km (1 n. mi.) t o  a l e v e l  t h a t  can be countered by t h e  air- 

plane ' s  c o n t r o l  system. 

rolling-moment c o e f f i c i e n t  c a p a b i l i t y  is approximately 0.08; f o r  the business  

je t ,  t he  va lue  i s  about 0.05. I f  t he se  va lues  are appl ied  i n  t h e  Hydronautics 

The 

For the  s m a l l  t r anspor t  a i r c r a f t ,  t h e  con t ro l  induced 

f a c i l i t y ,  which had the  h ighes t  test Reynolds number, the  t a r g e t  a l l e v i a t i o n  

a t  1 . 9  km (1 n.mi . )  r ep re sen t s  a 32-percent reduc t ion  i n  rolling-moment 

c o e f f i c i e n t  f o r  t he  l a r g e  probe model and a 60-percent reduc t ion  f o r  t he  s m a l l  

probe model. 

of concept i n  l i e u  of abso lu t e  values .  

These reduc t ions  were considered i n  judging t h e  e f f ec t iveness  

SUMMARY REMARKS 

To determine t h e  f e a s i b i l i t y  of a l l e v i a t i n g  t h e  formation and decay of 

a i r c r a f t  t r a i l i n g  vor texes  through aerodynamic means, NASA used t h e  test  

c a p a b i l i t i e s  of two wind tunne ls  and two towing bas ins .  

included t h e  40- by 80- ft  subsonic wind tunne l  a t  Ames Research Center and the  

V/STOL tunne l  a t  Langley Research Center. An i n a c t i v e  towing bas in  a t  Langley 

(renamed the  Vortex Research F a c i l i t y )  w a s  converted t o  a high-speed (31 m/s) 

The wind tunne ls  
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, 

towing bas in  using air as t h e  test medium; and a c o n t r a c t o r ' s  water towing 

f a c i l i t y  w a s  used, t h e  Hydronautics Ship Model Basin,  i n  Laurel ,  Md. With 

common models and measurement techniques employed, each f a c i l i t y  w a s  capable 

of c r e a t i n g  a scale model v o r t e x  system and measuring t h e  imposed r o l l i n g  

moment on a probe model a t  var ious  downstream d i s t ances .  

l i f t  d a t a  f o r  the  b a s e l i n e  genera t ing  model ( landing configurat ion)  showed 

good agreement between f a c i l i t i e s .  

Comparison of t h e  

The imposed r o l l i n g  moments on t h e  probe models from t h e  b a s e l i n e  model 

showed r e l a t i v e l y  good agreement between f a c i l i t i e s  f o r  t h e  l a r g e  probe model. 

Agreement f o r  t he  s m a l l  probe model w a s  no t  as good. Therefore,  t o  eva lua te  

vo r t ex  a l l e v i a t i o n  concepts,  it w a s  necessary t o  consider  a percentage reduc t ion  

i n  rolling-moment c o e f f i c i e n t  f o r  each model a t  each f a c i l i t y  i n  l i e u  of an 

abso lu te  t a r g e t  level. 
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Figure 4.--Photograph of t r a i l i n g  models. (a) S m a l l .  

(b)  Large. 
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40 BY 80 FOOT WIND TUNNEL 

INSTRU/MENT~-'.-, c-- 
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DIMENSIONS IN METERS 

VORTEX FLOW FACILITY 

V/STOL TUNNEL 

Tunnel test section 

Model mounted i n  forward bay 

HYDKONAUTICS SHIP MODEL BASIN 

b 

Figure 5.--Test arrangement in evaluation facilities. 
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Figure 7.--Generating model carriage system--Hydronautics facility. 

~- 

Figure 8.--Probe model carriage system--Hydronautics facility. 
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Figure 9.--Sample time history of vortex penetration--Hydronautics facility. 
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La rge probe model 

Figure 11.--Sample time history of vortex penetration--Vortex Research Facility. 
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Figure 12.--Photograph of test appara tus  i n  V/STOL tunnel .  
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Figure  14.--Photograph of test s e t u p  i n  t h e  40- by 80- ft wind tunnel .  

I w 

0 

Figure 15.--Sample of r o l l i n g  moment v a r i a t i o n  with t i m e  i n  t h e  40- 

by 80-f t tunnel .  / 
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Figure 16.--Comparison of generating-model lift coefficient data from the 

evaluation facilities. 
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Figure 17.--Comparison of induced rolling-moment coefficients from the -evalua- 

tion facilities. (a) Large probe model. (b) Small probe model. 
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