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S U M A R Y  

Water facilities play a fundamental role in the design of air, ground, and marine vehicles by provid- 
ing a qualitative, and sometimes quantitative, description of complex flow phenomena. 
channels, and tow tanks used as flow-diagnostic tools have experienced a renaissance in recent years in 
response to the increased complexity of designs suitable for advanced technology vehicles. These vehicles 
are frequently characterized by large regions of steady and unsteady three-dimensional flow separation and 
ensuing vortical flows. The visualization and interpretation of the complicated fluid motions about iso- 
lated vehicle components and complete configurations in a time- and cost-effective manner in hydrodynamic 
test facilities is a key element in the development of flow control concepts and. hence. improved vehicle 
designs. 

Water tunnels, 

This paper presents a historical perspective of the role of water facilities in the vehicle design 
The application of water facilities to specific aerodynamic and hydrodynamic flow problems is process. 

discussed, and the strengths and limitations of these important experimental tools are emphasized. 

1. INTRODUCTION 

The successful development of  vehicles suitable for aerodynamic and hydrodynamic applications 
requires an understanding of the configuration flow field at design and off-design conditions. 
facilities (tunnels, channels, and tow tanks) have historically provided valuable information on the 
fundamental fluid mechanics of two-dimensional (2-0) and three-dimensional (3-0) aerodynamic and hydrody- 
namic shapes operating at low speeds. The application of hydrodynamic facilities to basic aerodynamic 
research problems that was pioneered by Ludwig Pranti in the early days of flight continues to the present 
day. 
moted a surge of interest in water facilities as a diagnostic tool. The utilization of water tunnels, 
channels. and tow tanks to visualize the 3-0 separated and vortical flow fields about advanced, highly 
swept, military aircraft and slender missile configurations operating at extreme attitudes (angles of 
attack and sideslip) has been demonstrated by many researchers. 
attained by correlating study results with aerodynamic facility and flight results has led to a substan- 
tial increase in the applications of relatively simple water facilities to the complex aerodynamic and 
hydrodynamic shapes of interest for present- and future-generation vehicles. 
zation and nonintrusive measurement techniques have been developed, modified, and implemented to provide 
qualitative and quantitative information on the steady and unsteady flow fields about isolated vehicle 
components and complete configurations. 
direct proportion to the advancement of air, ground. and marine vehicle technologies. As a consequence, 
water facilities are now an important element in the design process, yielding insight into the complicated 
vortical fluid mechanisms and structures that are characteristic of flows about advanced-technology 
vehicles. 

Water 

The advent of high-performance flight vehicles that incorporate flow separation by design has pro- 

The increased level of confidence 

Concurrently, flow visuali- 

In general, the use of hydrodynamic facilities has risen in 

The visualization of a flow phenomenon represents a major advancement toward understanding and, sub- 
sequently. controlling the fluid mechanism. Flow visualization is easily performed in water and, as a 
consequence, aerodynamic as well as hydrodynamic problems have long been studied in water facilities. 
flow properties of water are similar to those in air, provided the flow simulations are restricted to the 
incompressible regime. The selection of water as a flow-visualization medium is largely based on the 
800-fold increase in the density relative to air and, consequently, the excellent light-reflecting charac- 
teristics of tracers injected into the flow field. 
num powder, dye, or hydrogen bubbles. for example) provides direct visualization of steady and unsteady 
flows. 
ever, cost, complexity, and facility space are factors that constrain the test section size; hence, the 
model scale is generally relatively small. 
ft/sec in order to preserve the clarity of the flow structure, to avoid excessive model loads, and to 
preclude cavitation when it is an undesired phenomenon. The combination of small model scale and low 
fluid velocities results in Reynolds numbers that are orders of magnitude less than those achievable on 
larger-scale models in wind tunnels or o n  full-scale air, ground, and marine vehicles operating in their 
respective environments. 

The 

Suitable illumination of the tracer particles (alumi- 

At the same scale and speed. the Reynolds number is 15 times greater in water than in air. How- 

In addition, the fluid velocities are typically less then 10 

As a consequence of this Reynolds number mismatch. the fluid motion under 
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considerat ion must be the  k i n d  t h a t  i s  insensi t ive t o  changes i n  the  Reynolds number. 
fundamental s t ruc tu re  of the f l o w  must be similar, regard less o f  the Reynolds number. I t i s  fo r tuna te  
t h a t  many o f  t he  complex f low phenomena, p a r t i c u l a r l y  3-0 motions w i t h  v o r t i c e s  o r  predominantly separated 
regimes, associated w i t h  advanced-technology vehicles, lend themselves t o  q u a l i t a t i v e  (and sometimes quan- 
t i t a t i v e )  evaluat ion i n  these f a c i l i t i e s .  
water tunnels. channels, and towing tanks a t  low Reynolds numbers are top i cs  o f  considerable debate i n  the 
techn ica l  c o n u n i t y .  
t h e  s t rengths and l i m i t a t i o n s  of hydrodynamic t e s t  f a c i l i t i e s  appl ied t o  f low problems i n  aeronaut ica l  and 
marit ime f l u i d  dynamics. 

number o f  water f a c i l i t i e s  t h a t  have been i n  operation over the  years and t h a t  remain i n  operat ion today, 
the d iscuss ion w i l l  Center on representat ive f a c i l i t i e s .  The app l i ca t i ons  o f  water f a c i l i t i e s  t o  veh ic le  
design, encompassing the  i n t e r e s t s  of the various sessions o f  t h i s  meeting. are discussed i n  Section 3. 
O f  necessity. on ly  the  f l a v o r  of t he  myriad basic and appl ied aerodynamic and r e l a t e d  hydrodynamic s tud ies 
w i l l  be provided t o  demonstrate the  u t i l i t y  and current  p o t e n t i a l  o f  water f a c i l i t i e s .  

A t  t he  least ,  the 

The i n t e r p r e t a t i o n  and app l i ca t i on  o f  t he  r e s u l t s  obtained i n  

This meeting i s  both t imely and useful as i t  provides a forum f o r  the d iscuss ion o f  

Sect ion 2 o f  t h i s  Paper w i l l  present a h i s t o r i c a l  review o f  water f a c i l i t i e s .  Because o f  the l a rge  

2. HISTORICAL PERSPECTIVE 

2.1 From A n t i q u i t y  t o  the Renaissance 

The v i s u a l i z a t i o n  o f  complex f l ow  phenomena i n  a water medium spans m i l l enn ia .  Observations and 
speculat ions on v o r t i c a l  flows i n  nature go back t o  p r e h i s t o r i c  times (Ref. 1). Stone Age a r t i f a c t s  
depic ted the  s p i r a l  m t i o n s  t h a t  were f requent ly  observed i n  a water medium. Over 2.000 years ago, t he  
w r i t i n g s  o f  A r i s t o t l e  (384-322 8.C.) described the observations of wh i r l poo ls  a t  sea and the r e s u l t a n t  
l oss  of sh ips caught i n  t h i s  powerful f l u i d  motion (Ref. 1). Von Karman (Ref. 2) wrote o f  an e a r l y  pa in t -  
i n g  i n  Bologna, I t a l y .  of S t .  Christopher walking through a f l ow ing  stream t h a t  showed a l t e r n a t i n g  vor- 
t i ces ,  o r  Karman "vor tex streets." behind t h e  sa in t ' s  f oo t .  I n  the cen tu r ies  t o  fo l low,  the  nonsc ien t i f i c  
observations o f  f lows i n  water pers is ted.  

w r i t i n g s  and e laborate drawings of Leonardo da Vinci (1452-1519) (Ref. 3). 
(Ref. 1). Leonardo's a r t i s t i c  desc r ip t i ons  o f  nature s ing le  out  a p a r t i c u l a r  phenomenon, such as a vortex, 
from a g loba l  f l ow  f i e l d  and are. therefore,  i n  conon  w i t h  s c i e n t i f i c  experiment. 
f l o w  sketches are shown i n  Fig. 1 taken from Ref. 1. 
f l u i d  motions i n  water and a i r .  According t o  the account o f  Truesdel l  (Ref. 4). such a conclusion could 
come on ly  from d i r e c t  observat ion o f  the f l u i d  motions i n  both media. I n  fac t ,  Leonardo was the f i r s t  t o  
d iscuss water and a i r  as f l u i d s ,  and he designed the f i r s t  water tunnel  f l o w - v i s u a l i z a t i o n  f a c i l i t y  as 
shown i n  F ig.  2 (from Ref. 5). 
water medium due t o  the  e f f e c t s  o f  compress ib i l i ty .  

2.2 From 1600 t o  1800 

The e a r l i e s t  documentation of f l ow  mechanisms i n  water f o r  s c i e n t i f i c  purposes appears t o  be i n  the  
As pointed out  by Lugt 

Examples o f  h i s  f l u i d  
Leonardo f requen t l y  discussed the  s i m i l a r i t y  of 

Leonardo a l s o  recognized the  l i m i t a t i o n s  o f  s imulat ions of a i r f l o w  i n  a 

A century  a f t e r  Leonardo's passing, S i r  Isaac Newton (1642-1727) claimed t h a t  h i s  so-ca l led "s ine-  
square law o f  a i r  res is tance"  appl ied as w e l l  t o  water. where the  forces were p ropor t i ona l  t o  the respec- 
t i v e  dens i t i es  (Ref. 2). 
mental r e s u l t s  i n  water t o  motion i n  a i r  and vice versa. 
o f  Edme Mar io t te  (1620-1684). who measured the  force a c t i n g  on a f l a t  p l a t e  submerged i n  a stream o f  
water. 
ous shapes, which were pu t  i n  motion by means of a r o t a t i n g ,  o r  wh i r l i ng ,  arm. 
(1717-1783). Antoine Condorcet (1743-1794). and Charles Bossut (1730-1814) towed sh ip models i n  s t i l l  
water (see Ref. 2). 
technique t h a t  i s  so prevalent  today. 
v o r t i c e s  (Ref. 1). 

2.3 From 1800 t o  1900 

Newton's statement was noteworthy i n  t h a t  i t  promoted the a p p l i c a t i o n  o f  exper i -  
Newton's inf luence was present i n  the  experiment 

Jean Charles de Borda (1733-1799) performed experiments i n  a water f a c i l i t y  us ing bodies o f  v a r i -  
Jean Le Rond d'Alembert 

These inves t i ga t i ons  represented perhaps the  f i r s t  app l i ca t i on  o f  the towing-tank 
I n  1780, J. C. Wilke used a water f a c i l i t y  t o  study atmospheric 

Sporadic experiments us ing  water as the  working f l u i d  continued i n t o  the  19th century. I n  1839, 
Hagen (Ref. 6) conducted s tud ies o f  water f lowing through c y l i n d r i c a l  tubes. where he observed the t r a n s i -  
t i o n  from laminar t o  t u r b u l e n t  f low. Hagen subsequently conducted more de ta i l ed  t e s t i n g  of f l ow  s t a b i l i t y  
i n  tubes and documented h i s  r e s u l t s  i n  1854 (Ref. 7). 
experiments (Ref. 8) i n  which he demonstrated that f l o w  t r a n s i t i o n  occurred when a parameter, now c a l l e d  
the  Reynolds number, exceeded a c e r t a i n  value. 
r a t h e r  than photographs. 
o r i g i n a l  apparatus a t  the Un ive rs i t y  o f  Manchester and representat ive r e s u l t s  are documented by Van Dyke 
(Ref. 9). I n  1897, Hele Shaw performed experiments (Ref. 10) i n  a t h i n  tank t o  study 2-D highly-v iscous 
f lows. The experiments o f  researchers spanning four centuries, s t a r t i n g  w i t h  the work o f  Leonardo, con- 
t r i b u t e d  t o  the  development of new f l ow-v i sua l i za t i on  f a c i l i t i e s  and techniques which l e d  t o  major 
advances i n  f l u i d  mechanics. 

I n  1883, Osborne Reynolds conducted h i s  c l a s s i c  

His f l ow-v i sua l i za t i on  r e s u l t s  were documented by sketches 
I n t e r e s t i n g l y ,  Reynolds' experiments were repeated near l y  100 years l a t e r  i n  h i s  
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2.4 From 1900 t o  1935 

hydrodynamic problems was pioneered by Ludwig Prandtl  i n  Germany beginning i n  the  e a r l y  1900s. Prandt l  
conducted experiments on 2-0 shapes i n  a water channel where the  f l ow  was v i sua l i zed  on the f r e e  surface 
us ing aluminum powder. H is  f l ow-v i sua l i za t i on  method was f i r s t  documented i n  1904 i n  Ref. 11. A compila- 
t i o n  o f  P r a n d t l ' s  2-0 f l ow-v i sua l i za t i on  resu l t s  obtained a t  t he  Kaiser Wilhelm I n s t i t u t e  ( K W I )  f o r  Flow 
Research i n  Gottingen. Germany was provided by Prandt l  and T i e t j e n s  (Ref. 12) i n  1934. 
included (1) the  propagation of turbulence i n  boundary layers,  (2) vor tex shedding downstream of a p la te ,  
(3) vor tex development behind a nonrotat ing cy l inder  and the  development of Karman vor t ices,  (4) laminar 
and tu rbu len t  boundary layers, (5 )  f low development around a r o t a t i n g  cy l i nde r ,  (6) s t a r t i n g  vor tex gener- 
ated by an a i r f o i l .  (7 )  f l ow  i n  a d i f f use r  with and wi thout  suc t i on  a t  t he  wal ls ,  and (8) c a v i t a t i o n  
phenomena. 
mechanics through the  use of a water f a c i l i t y  and t h e  i n t u i t i v e n e s s  o f  t he  experimenter i s  exempli f ied by 
i t em (3) above. K a r l  Hiemenz. a student o f  Prandtl, b u i l t  a water channel i n  1911 t o  observe the f low 
separat ion behind a cy l i nde r .  The o s c i l l a t o r y  vor tex shedding t h a t  he observed was unexpected and the 
phenomenon was a t  f i r s t  a t t r i b u t e d  t o  model and tunnel  w a l l  asymmetries. The f low s i t u a t i o n  was always 
repeatable, however, despi te  carefu l  checks of the model and t e s t  f a c i l i t y .  Th is  a t t r a c t e d  the a t t e n t i o n  
of von Karman (Ref. 2) who speculated t h a t  there may be a na tu ra l  and i n t r i n s i c  reason f o r  t he  phenom- 
non. 
now-famous Karman "vor tex s t r e e t  .'I 

The u t i l i z a t i o n  of water f a c i l i t i e s  as too ls  t o  study a wide range of fundamental aerodynamic and 

H is  s tud ies 

Examples of P r a n d t l ' s  r e s u l t s  are shown i n  Fig. 3 (from Ref. 12). The advancement o f  f l u i d  

He ca l cu la ted  the s t a b i l i t y  o f  such a system o f  vor t ices,  which l e d  t o  the  understanding of t he  

The e f f o r t s  o f  Prandt l  and h i s  colleagues confirmed that ,  under c e r t a i n  condi t ions,  t he  f l ow  pa t te rns  
i n  t h e  v i c i n i t y  of a body are s i m i l a r  i n  a i r ,  water, o r  o the r  l i q u i d  o r  gaseous f l u i d s .  
Prandt l  demonstrated t h a t  t he  f l u i d  dynamic cha rac te r i s t i cs  of a body exposed t o  a f l o w  i n  one medium 
could be p red ic ted  from experiments i n  a d i f f e ren t  medium. P rand t l ' s  work overlapped the  development of 
f l i g h t  vehic les f o r  m i l i t a r y  and commercial appl icat ions. 
gated i n  hydrodynamic f a c i l i t i e s .  
t e r i s t i c s  i n  any f l u i d ,  i nc lud ing  a i r  a t  low Mach numbers. Since the  p r a c t i c a l  design o f  a i r c r a f t  d i d  not  
se r ious l y  account f o r  compress ib i l i t y  dur ing the f i r s t  20-30 years o f  i t s  h i s t o r y  because o f  the low 
f l i g h t  speeds, water f a c i l i t i e s  were appl ied t o  f l i g h t - v e h i c l e  design, a l b e i t  on a l i m i t e d  basis. 

problems were o f  a 2-0 nature and emphasized t h e  boundary-layer behavior and f low-separation character is-  
t i c s  o f  a i r f o i l  shapes s u i t a b l e  fo r  t he  r e l a t i v e l y  unswept wings o f  t h i s  period. The K W I  i n  Gottingen, 
Germany, maintained i t s  r o l e  as a leader i n  the study o f  laminar and tu rbu len t  boundary layers and the  
drag of aerodynamic shapes (Ref. 12). More frequently, however, water channel f a c i l i t i e s  were employed 
f o r  hydrodynamic f l o w  problems r e l a t i n g  t o  cav i ta t i on  phenomena and the res is tance o f  surface ships and 
submersibles. Hoerner (Ref. 13) provides an extensive l i s t  of references o f  water tunnel, channel. and 
towing-tank i nves t i ga t i ons  o f  marine vehic les conducted dur ing t h i s  period. 

2.5 From 1935 t o  1950 

On t h i s  basis, 

and a i rp lane  wings were, accordingly, i n v e s t i -  
It i s  noted t h a t  hydrodynamic can r e f e r  t o  imcompressible f l ow  charac- 

From approximately 1910 t o  1935 the major i ty  o f  water- fac i l  i t y  i nves t i ga t i ons  o f  aerodynamic flow 

The con t r i bu t i ons  o f  water f a c i l i t i e s  t o  vehic le  design increased du r ing  the  per iod 1935-1950, 
l a r g e l y  because o f  t he  g loba l  p o l i t i c a l  cl imate t h a t  would lead t o  World War I 1  and the  ensuing demands 
f o r  m i l i t a r y  a i r  and sea super io r i t y .  
i ndus t r y  t o  improve the  design o f  p r o p e l l e r  and j e t  a i r c r a f t  du r ing  World War 11. Reichardt (Ref. 14) 
described the  r e s u l t s  o f  hydrodynamic t e s t s  t o  develop e f f i c i e n t  low-speed aerodynamic shapes us ing a 
c a v i t a t i o n  method. The bas is  o f  t h i s  study was t h a t  gaseous flows a t  sonic speed had a c e r t a i n  resem- 
blance t o  f l u i d  motions a t  cav i ta t i on .  The t e s t  models were streamlined i n  the  water tunnel t o  delay 
c a v i t a t i o n  onset. The r e s u l t a n t  shapes provided a rough approximation of t he  des i red geometries i n  a i r  
t h a t  would e x h i b i t  delayed onset o f  l o c a l l y  sonic f l ow  on t h e  surface. 
ing, and wing-body t r a n s i t i o n  on the Me 262 were modi f ied i n  t h i s  manner. 
water  f a c i l i t y  t o  a i d  i n  the development o f  marine vehicles. 
oped, i n  pa r t ,  from towing-tank i nves t i ga t i ons  (Ref. 13). 
uous shape, a streamlined conning tower, and guns i n teg ra ted  i n t o  the tower. 

The water f a c i l i t i e s  i n  Gott ingen were used by the  German a i r c r a f t  

The nacel les,  nacel le-wing f a i r -  
The Germans a l so  u t i l i z e d  a 

An advanced submarine type " X X I "  was devel- 
The t e s t  r e s u l t s  l e d  t o  a h u l l  having a con t in -  

The A l l i e s  a l so  used water f a c i l i t i e s  during World War I 1  f o r  the improved design o f  marine and 
f l i g h t  vehicles. Notable water tunnel, channel, and towing-tank f a c i l i t i e s  were located a t  the National 
Phys ica l  Laboratory (NPL) and Admiralty Research Laboratory (ARL) i n  England and a t  t he  C a l i f o r n i a  
I n s t i t u t e  o f  Technology (CalTech). Nat ional  Advisory Committee f o r  Aeronautics (NACA). and David Taylor  
Model &asin (DTMB) i n  the  United States. The ma jo r i t y  o f  water f a c i l i t y  app l i ca t i ons  t o  vehic le  design 
du r ing  t h i s  pe r iod  per ta ined t o  marine c r a f t .  
t i o n  phenomena associated w i t h  sh ip  p rope l l e rs  and h y d r o f o i l s  ( sh ip  rudders and submarine planes. f o r  
example) and the  drag/resistance o f  hyd ro fo i l s ,  displacement h u l l s .  submersibles, torpedoes. surface- 
p i e r c i n g  s t r u t s ,  seaplane f l oa ts / sk i s ,  and planing c r a f t  (Ref. 13). 
addressed and solved i n  water f a c i l i t i e s  included t h a t  o f  submarine periscope v ib ra t i on ,  associated w i t h  
p e r i o d i c  vor tex shedding; t h i s  problem was a l l ev ia ted  by means o f  guidevanes. 
drag a t  water en t r y  was achieved by improved nose shapes developed from w a t e r - f a c i l i t y  t e s t i n g  
(Ref. 13). 
forebody and afterbody shapes and f i n  arrangements was performed i n  1944 by Knapp (Ref. 15) i n  the CalTech 
High Speed Water Tunnel. 
p r o j e c t i l e  and bomb designers dur ing the l a t t e r  stages o f  t h e  war. 

Typical s tud ies i n  these f a c i l i t i e s  addressed the cav i ta -  

Hydrodynamic problems t h a t  were 

The reduc t i on  o f  m i s s i l e  

A parametric study of the f l ow  separation c h a r a c t e r i s t i c s  o f  p r o j e c t i l e s  having various 

The de ta i l ed  f l o w - f i e l d  observations from t h i s  study were intended t o  a i d  the 
A i r c r a f t  wings were s t i l l  r e l a t i v e l y  
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unswept and o f  h igh  aspect r a t i o .  AS a consequence, a i r f o i l s  were genera l ly  tested, and the  r e s u l t s  were 
corrected f o r  3-0 e f fec ts .  

A common problem was manifested i n  t h e  experimental i nves t i ga t i ons  of marine and f l i g h t  vehic les 
dur ing t h i s  period, namely, how t o  t rans fe r  the model r e s u l t s  t o  f u l l - s c a l e  operation. 
s ions and f l ow  speeds o f  water tunnel, channel, and towing-tank i n s t a l l a t i o n s  genera l ly  resu l ted  i n  
Reynolds numbers i n  model t e s t i n g  t h a t  were t y p i c a l l y  two t o  th ree  orders of magnitude l e s s  than those of 
t he  f u l l - s c a l e  operation. 
nents, s k i n  f r i c t i o n  and wave resistance, t h a t  were governed by d i f f e r e n t  s i m i l a r i t y  laws. Unless f u l l -  
sca le dimensions were used, i t  was no t  poss ib le  t o  simulate c o r r e c t l y  t he  f u l l - s c a l e  cond i t i ons  i n  towing 
tanks. It became comnon pract ice,  then, t o  Sat is fy  the dynamic s i m i l a r i t y  (Froude number), producing the  
proper wave pat tern,  and t o  co r rec t  t he  s k i n - f r i c t i o n  component on the  bas is  o f  t h e  Reynolds number. The 
Reynolds number could be increased by heat ing t h e  water. However, the d i s p a r i t y  between model- and f u l l -  
sca le cond i t i ons  was s t i l l  large. The Scaling of  cav i ta t i on  phenomena observed i n  w a t e r - f a c i l i t y  t e s t i n g  
o f  sh ip  p rope l l e rs  and h y d r o f o i l s  was a Pers i s ten t  cha1)enge. p a r t i c u l a r l y  under cond i t i ons  o f  i n c i p i e n t  
and f u l l y  developed cav i ta t i on .  

The i n t r o d u c t i o n  o f  jet-powered a i r c r a f t  toward the  end of World War I 1  and the  ensuing emphasis on 
high-speed f l i g h t  posed p a r t i c u l a r  problems f o r  w a t e r - f a c i l i t y  s imulat ions owing t o  the s i g n i f i c a n t  
Reynolds number gap and the  e f fec ts  of compress ib i l i ty  (Mach number). 
h igher  speeds resu l ted  i n  undesired c a v i t a t i o n  phenonena t h a t  r e s t r i c t e d  the  speed up t o  which a f l o w  
p a t t e r n  i n  water could be expected t o  represent that around the  same shape i n  a i r .  Cav i ta t i on  could occur 
w i t h i n  t h e  f l u i d  a t  some d is tance from the  model surface. i n  the cores o f  vo r t i ces  from a i r c r a f t  p r o p e l l e r  
blade t i p s  o r  i n  t h e  separated f low past b lun t  o r  bluff  bodies, f o r  example, which precluded the  co r re la -  
t i o n  o f  t he  w a t e r - f a c i l i t y  data t o  the  cond i t i ons  i n  a i r .  Closed-section f a c i l i t i e s  could be pressur ized 
t o  de lay c a v i t a t i o n  onset: however. t h i s  was done at increased f a c i l i t y  complexity and cost. As a r e s u l t  
o f  these considerations. cons t ra in t s  were necessari ly imposed on the  use o f  water f a c i l i t i e s  as a design 
t o o l ,  p a r t i c u l a r l y  w i t h  regard t o  f l i g h t  vehicles. 

2.6 From 1950 t o  1960 

The l i m i t e d  dimen- 

For example. t he  drag of displacement h u l l s  consisted o f  two predominant compo- 

Operation o f  water f a c i l i t i e s  a t  

The work o f  German researchers dur ing World War I 1  and o f  R. T. Jones i n  the United States dur ing the  
same p e r i o d  l e d  t o  wing sweep as a means of delaying t ransonic  f low e f f e c t s  (see Ref. 2). The f l u i d  
mechanics associated w i t h  these wings was not  well-understood owing t o  the  3-0 nature o f  the f low. A t  
o f f -des ign  condit ions, t he  swept separat ion l i n e s  and ensuing vo r t i ces  were important features o f  the 3-0 
f l o w  f i e l d .  The e a r l y  1950s a l so  marked the  advent o f  f i r s t - g e n e r a t i o n  supersonic t ranspor t  (SST) a i r -  
c r a f t  f e a t u r i n g  t h i n ,  slender wings. 
l i f t  f o r  improved takeo f f  and landing performance. This was a s i g n i f i c a n t  departure from the  time-honored 
at tached- f low wing designs. 

The complexity o f  t h e  wing v o r t i c a l  f l o w  f i e l d  and t h e  associated aerodynamic n o n l i n e a r i t i e s  were 
demonstrated i n  t h e  :ate 1940s and e a r l y  195Cs by researchers i n  England, France, t he  United States, 
Canada. and Sweden (Refs. 16-20, f o r  example). These experimental i nves t i ga t i ons  underscored the  need f o r  
a f l o w - v i s u a l i z a t i o n  t o o l  i n  order t o  understand and c o n t r o l  t he  powerful f l u i d  motions. The e a r l y  
s tud ies  suggested t h a t  once f l ow  separat ion occurred everywhere along the  leading edge o f  a swept wing, 
t h e  fundamental character  o f  the vor tex was insensi t ive t o  the  Reynolds number (Ref. 21). 
s t r u c t u r e  a l so  remained much the same over a wide range o f  t he  Mach number (Ref. 22). pravided the  wing 
leading edge was swept w i t h i n  the Mach cone and shock waves d i d  not  i n t e r a c t  w i t h  the  vor t ices.  
o f  w a t e r - f a c i l i t y  app l i ca t i ons  t o  a i r c r a f t  design therefore emerged and was character ized by extens ive 
t e s t i n g  of slender wings s u i t a b l e  f o r  comnercial and m i l i t a r y  a i r c r a f t  con f i gu ra t i ons  w i t h  a requirement 
f o r  supersonic operation. 

t he  NPL i n  England, t he  O f f i c e  Nat ional  d'Etudes e t  de Recherches Aerospatiales (ONERA) i n  France, t he  
Nat ional  Aeronautical Establishment (NAE) i n  Canada, the  NACA and CalTech i n  the Uni ted States, and Kungl 
Tekniska Hogskolan (KTH) i n  Sweden. The pump-driven h o r i z o n t a l  water tunnels  a t  t h e  NPL and NAE. t he  
v e r t i c a l  water tunnel  a t  ONERA operat ing by g r a v i t y  discharge, the towing tank a t  t he  NACA, t he  f ree -  
sur face water channel and pressur ized high-speed water tunnel  a t  CalTech. and the water tank a t  t he  KTH 
represented several d i f f e r e n t  f a c i l i t y  designs t h a t  were used f o r  a comnon purpose. namely, t o  develop a 
f l o w - v i s u a l i z a t i o n  data base on a i r c r a f t  and a i r c r a f t - r e l a t e d  conf igurat ions.  
v i s u a l i z a t i o n  from experiments conducted i n  these i n s t a l l a t i o n s  establ ished water f a c i l i t i e s  as a use fu l  
d iagnos t i c  t o o l  t o  study the  f l ow  about 3-0 aerodynamic shapes operat ing w i t h i n  an expanded f l i g h t  enve- 
lope. For example, the water tunnels a t  the NPL and ONERA con t r i bu ted  t o  the understanding o f  t he  con- 
t r o l l e d  f low separations and v o r t i c a l  motions on  the SST Concorde developed j o i n t l y  by the Engl ish and the  
French. The water tank a t  t he  KTH was u t i l i z e d  i n  Sweden's p ioneer ing s tud ies o f  canard-wing a i r c r a f t .  
The water tunnel a t  the NAE deserves specia l  note owing t o  i t s  c o l o r f u l  h i s to ry .  
a t  t he  Aerodynamische Versuchsantalt i n  1939 i n  Gottingen, Germany. and, subsequently, was shipped t o  
Canada a f t e r  World War I1  (Ref. 23). 
t he  design of  cockp i t  canopy shapes f o r  t he  CF-100 and CF-103 a i r c r a f t  by generating a c a v i t a t i o n  bubble 
whose shape conformed t o  the constant-pressure contour (Ref. 24). 
t o  Re icha rd t ' s  (Ref. 14). whose work i n  Germany was discussed e a r l i e r .  
formed of  t he  l a t e r a l  i n s t a b i l i t y  caused by asymmetric breakdown of wing leading-edge vo r t i ces .  
subject  remains of great  i n t e r e s t  t o  modern-day f i gh te r  a i r c r a f t  conf igurat ions.  

BY design, the con f igu ra t i ons  u t i l i z e d  leading-edge vortex-induced 

The vor tex f l ow  

A new e r a  

The p r i n c i p a l  advocates o f  w a t e r - f a c i l i t y  appl icat ions t o  a i r - v e h i c l e  design i n  the  1950s inc luded 

The c l a r i t y  o f  the f l ow  

The f a c i l i t y  was b u i l t  

One o f  t h e  early i nves t i ga t i ons  conducted a t  the NAE was r e l a t e d  t o  

This  experimental approach was s i m i l a r  
An undocumented study was per- 

The NAE f a c i l i t y  was 
Th is  
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a lso  u t i l i z e d  t o  study the e f f e c t s  o f  t h e  exhaust from jet-powered a i r c r a f t  on the  f l o w  about t a i l  
surfaces. 

Water f a c i l i t i e s  maintained t h e i r  r o l e  i n  the marine-vehicle design process i n  the  post-World War I1  
years. Major con t r i bu t i ons  t o  the design of surface ships, submersibles, and marine p ropu ls ion  systems 
were made by researchers i n  many countr ies.  Primary c o n t r i b u t o r s  t o  marine veh ic le  technology included 
the  NACA, DTMB, Iowa I n s t i t u t e  of Hydraul ic  Research, S t .  Anthony F a l l s  Hydraul ic  Laboratory (Un ive rs i t y  
o f  Minnesota), and CalTech i n  the Uni ted States; the Ship Model Basin i n  the Netherlands; the Supramar 
company i n  Switzerland; and the  State Shipbuilding i n  Sweden. Reference 25 l i s t s  many o f  t he  research 
i n s t a l l a t i o n s  invo lved i n  mar i t ime t e s t i n g  dur ing t h i s  period. 
began i n  the l a t e  1950s. 
t he  p o s s i b i l i t y  of h igh  speeds a t  sea were due t o  the g r e a t l y  increased understanding o f  t he  f l ow  past 
hyd ro fo i l s .  I n  a manner s i m i l a r  t o  the  f i e l d  of aeronautics, water f a c i l i t i e s  played a key r o l e  i n  the 
advancement o f  hyd ro fo i  1 technology. 

2.7 From 1960 t o  1970 

An upsurge i n  the  use o f  h y d r o f o i l  c r a f t  
As noted by Acosta (Ref. 26). t he  successful achievements o f  h y d r o f o i l  c r a f t  and 

Numerous slender-wing a i r c r a f t  configurations emerged du r ing  the  1960s t h a t  were character ized by 
leading-edge vor tex format ion a t  off-design condit ions. These a i r c r a f t  inc luded t h e  F-111, YF-12. and 
XB-70 i n  the Uni ted States; the Mirage 111 and I V  i n  France; t he  HP-115 experimental a i r c r a f t  i n  England; 
t he  Concorde i n  a j o i n t  English/French e f fo r t ;  and the Viggen i n  Sweden. 
h i g h l y  maneuverable t ransonic  f i g h t e r  a i r c r a f t  began du r ing  t h i s  pe r iod  i n  the Uni ted States, and t h i s  
work would culminate i n  the F-16 and F-18 f i gh te rs  i n  the  1970s. 
wing-body s t rakes o r  leading-edge extensions (LEXes) t o  generate concentrated vo r t i ces  f o r  enhanced l i f t  
a t  t akeo f f  and landing and a t  subsonic/transonic maneuvering condi t ions.  

The water tunnels  a t  t he  NPL i n  England, ONERA i n  France, and NAE i n  Canada continued t o  be u t i l i z e d  
success fu l l y  i n  the study of slender-wing vort ices. A copy o f  t he  NPL tunnel was b u i l t  a t  t he  Un ive rs i t y  
o f  Southhampton, England, and s t a t i c  and dynamic tes t i ng  o f  slender-wing vor tex f lows was performed 
(Ref. 27). 
d e l t a  wings and s p e c i f i c  a i r c r a f t  conf igurat ions such as the  Concorde and the Douglas F-50 (Ref. 29) i n  
water tunnels, wind tunnels, and f l i g h t .  These resu l t s  estab l ished confidence tha t ,  f o r  t he  specia l  case 
o f  leading-edge v o r t i c e s  on  t h i n ,  h i g h l y  swept surfaces, water f a c i l i t i e s  could be used as a d iagnos t i c  
t o o l  desp i te  the  Reynolds number gap. ONERA assembled a l abo ra to ry  cons is t i ng  o f  two v e r t i c a l  water 
tunnels  and a water tank t h a t  was dedicated t o  the study o f  aerodynamic and hydrodynamic f l o w  phenomena. 
The French were a t  t he  foref ront  of f l ow-v i sua l i za t i on  technology and they appl ied water f a c i l i t i e s  t o  a 
wide range o f  aerodynamic f l ow  s i t ua t i ons .  
boundary-layer separat ion on 2-0 and 3-D shapes, vortex-dominated f lows on slender bodies and wings, j e t  
mix ing and i n t e r a c t i o n  phenomena. blowing f o r  boundary-layer con t ro l ,  vor tex enhancement by spanwise 
blowing, ground e f f e c t s  on the  f l ow  about the Concorde us ing a moving ground board, models w i t h  i n t e r n a l  
f l ows  (engine intakes, f o r  example), and a hel icopter  r o t o r  i n  t r a n s l a t i o n  and hover (Ref. 30). 
l abo ra to ry  became the  standard o f  excel lence i n  f l o w  v i s u a i i z a t i o n  and was the  forebearer  o f  numerous 
o the r  water f a c i l i t i e s  throughout the  world. 

In  addi t ion,  t he  des ign o f  

From the  outset ,  these designs employed 

Exce l l en t  co r re la t i ons  were obtained by Werl6 (Ref. 28) a t  ONERA o f  the vor tex behavior on 

These included laminar and tu rbu len t  boundary layers, 

The ONERA 

The NAE water tunnel  was a consis tent  source o f  u s e f u l  f l o w - f i e l d  in format ion on complex f l ow  phenom- 
ena i n  the  1960s. The 3-0 separated f low-character is t ics  about numerous aerodynamic shapes were i n v e s t i -  
oated. 
f o i l s ,  f laps, etc. Other experiments featured l i f t i n g  p r o p e l l e r s  a t  h igh  angles o f  i n c l i n a t i o n ,  ducted 
fans, and fan-in-wing arrangements. 
increased s o p h i s t i c a t i o n  of w a t e r - f a c i l i t y  experiments o f  a i r c r a f t  models and o f  the i n fo rma t ion  gained 
from these s tud ies.  
observed i n  order  t o  assess the  f l ow  e f f e c t s  leading t o  changes i n  the con f igu ra t i on  forces and moments. 

The c i r c u l a t i o n - c o n t r o l  concept f o r  enhanced, h i g h - l i f t  aerodynamics was s tud ied on round a i r -  

The wing-submerged l i f t i n g - f a n  i nves t i ga t i ons  were i n d i c a t i v e  o f  t he  

I n  t h i s  case, the f a n - a i r f o i l  i n t e r a c t i o n s  and wing-fan e f f l u x  i n te rac t i ons  were 

The heavy commercial and m i l i t a r y  t ranspor t  a i r c r a f t  t h a t  appeared dur ing t h i s  per iod generated pow- 
e r f u l  t r a i l i n g  vor tex systems t h a t  posed a f l i g h t  safety  hazard t o  t r a i l i n g  a i r c r a f t .  
f a c i l i t i e s  were we l l  su i ted  t o  study the vor tex patterns and methods o f  wake a l l e v i a t i o n ,  and the National 
Aeronautics and Space Admin is t ra t ion (NASA), t h e  Douglas A i r c r a f t  Company, and the Lockheed-Georgia 
Company i n  the  Uni ted States employed such f a c i l i t i e s  f o r  t h i s  purpose. 
experiments of t he  vor tex f lows shed from upswept rear fuselages s i m i l a r  t o  those o f  rear- loading a i r -  
c r a f t .  The vo r t i ces  were found t o  promote adverse e f f e c t s  on t h e  p i t c h  s t a b i l i t y  and c ru i se  drag and t o  
produce undesirable loadings on rea r  cargo doors (Ref. 31). 

2.8 From 1970 t o  1980 

Water towing-tank 

The NAE conducted water tunnel  

Vehic le  designers i n  t h e  1970s were once again confronted w i t h  a l a rge  experimental data gap caused 
by t h e  emerging requirement f o r  advanced t a c t i c a l  m iss i l e  and f i g h t e r  a i r c r a f t  con f i gu ra t i ons  t o  operate 
i n  a c o n t r o l l e d  manner a t  extreme a t t i t u d e s .  
wings of h i g h l y  maneuverable f l i g h t  vehic les were n o t  we l l  understood. The f l o w - v i s u a l i z a t i o n  and f low- 
measurement techniques i n  wind tunnels and i n  f l i g h t  were inadequate f o r  t he  d e t a i l e d  d e f i n i t i o n  o f  the 
h i g h l y  3-0 f low f i e l d s  t h a t  were o f t e n  characterized by m u l t i p l e  vor tex development. vor tex i n te rac t i ons .  
and vor tex breakdown. 
i t i e s  i n  t h e  veh ic le  design process. 

The vortex-dominated f lows shed from t h e  slender bodies and 

As a consequence. the 1970s marked a s i g n i f i c a n t  upsurge i n  t h e  use o f  water f a c i l -  
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To improve the  understanding of t h e  s t ructure o f  vor tex core breakdown, experiments were conducted by 
Sarpkaya i n  t h e  United States us ing a water f a c i l i t y  (Ref. 32). Water t o  which s w i r l  was imparted by 
upstream vanes flowed through a s l i g h t l y  divergent tube and the  forms o f  vor tex bu rs t i ng  were observed. 
The experimental r e s u l t s  a l s o  supported the development o f  computational methods t o  p r e d i c t  vor tex core 
i n s t a b i l i t i e s .  

Water tunnels. channels, and towing tanks were i n  operat ion i n  many countr ies,  and s tud ies i n  support 
o f  veh ic le  design were performed i n  t h e  United States, Canada, France, England, Belgium, Germany, 
Switzerland, t he  Netherlands. Sweden, Russia, Austral ia, Japan, and China. The confidence i n  water f a c i l -  
i t i e s  as a f low-diagnostic t o o l  was r e f l e c t e d  by the d i v e r s i t y  o f  research subjects  encompassing a i r .  
ground, and marine vehicles. 

h igh  angles of a t tack was Northrop Corporation i n  t h e  United States. 
of Werl6 (ONERA) i n  France, M. S .  Cahn and G. R. H a l l  l e d  t h e  e f f o r t  a t  Northrop i n  the  mid-1970s t o  
develop a water f a c i l i t y  t h a t  would augment the a i r c r a f t  design process (Ref. 33). 
Of a Small p i l o t  tunnel  modeled a f t e r  the ONERA grav i ty-d ischarge f a c i l i t y  was t h e  v i s u a l i z a t i o n  o f  t he  
LEX vor tex flows on a small-scale model o f  t he  Northrop YF-17 l i gh twe igh t  f i g h t e r  conf igurat ion.  
v i v i d  d e f i n i t i o n  o f  the YF-17 v o r t i c a l  f lows s t i nu la ted  s u f f i c i e n t  support t o  cons t ruc t  a l a rge r  water 
tunnel  t h a t  i s  s t i l l  i n  operat ion today. This f a c i l i t y  was used ex tens i ve l y  i n  a l l  o f  the m i l i t a r y  a i r -  
c r a f t  programs a t  Northrop t o  understand and control t he  forebody and wing vor tex f lows, vor tex in terac-  
t i o n s  and breakdown, and vortex-empennage in teract ions.  
Uni ted States inventory  and o f  numerous f o r e i g n  m i l i t a r y  a i r c r a f t  con f i gu ra t i ons  were tested i n  the 
Northrop i n s t a l l a t i o n .  The r o l e  o f  t h i s  tunnel r a p i d l y  expanded t o  inc lude the  study o f  2-0 nozzle 
exhaust e f f e c t s  on af terbody f l o w  separation, nozzle exhaust plumes and j e t  mixing processes. forebody and 
wing vor tex con t ro l  by a c t i v e  and passive means, hot-gas re inges t i on  phenomena on V/STOL a i r c r a f t  i n  
ground p rox im i t y ,  vor tex f l o w  management f o r  improved performance o f  top-mounted i n l e t s ,  t h r u s t  reverser  
plume t r a j e c t o r i e s  and the  e f f e c t s  on wing and t a i l  f l ow  f i e l d s ,  t he  s t ruc tu re  o f  s w i r l i n g  j e t s ,  s e l f -  
induced l a t e r a l  o s c i l l a t i o n s  (wing rock)  o f  slender planforms, de f l ec ted  wing leading- and t ra i l i ng -edge  
f l a p  e f f e c t s  on vor tex s t a b i l i t y .  o s c i l l a t i n g  wing c o n t r o l  surfaces f o r  f l ow  con t ro l .  vor tex shedding on 
an a i r c r a f t  model i n  a f l a t  spin, and canard-wing, forward-swept wing. and obl ique wing f l ow  f i e l d s  
(Ref. 34). 

ONERA i n  France and the  NAE i n  Canada continued t o  excel i n  t h e i r  h igh -qua l i t y  and d iverse appl ica-  
t i o n s  o f  water f a c i l i t i e s  t o  veh ic le  design. The confidence gained from years o f  experience i n  hydrody- 
namic t e s t i n g  l e d  t o  the use o f  t he  ONERA and NAE f a c i l i t i e s  t o  study ground veh ic le  con f igu ra t i ons  such 
as high-speed t r a i n s ,  trucks, automobiles, and snowmobiles. 
reg ions o f  3-0 f l o w  separation and t o  develop aerodynamic " f i x e s "  t o  improve the  veh ic le  performance. 
Marine veh ic le  i nves t i ga t i ons  were a l so  undertaken i n  these tunnels  t o  study the separated f l ow  f i e l d s  
about t h e  superst ructure o f  surface sh ips and h igh ly  maneuverable submarines. The t rend  toward high- 
performance a i r ,  ground, and marine vehic les f a c i l i t a t e d  the  acceptance o f  water f a c i l i t i e s  as a design 
t o o l ,  owing t o  the  complicated f l u i d  motions that were o f t e n  vortex-dominated. 

i n s t a l l a t i o n  was u t i l i z e d  t o  study t h e  vor tex formation on the  upper surface o f  an o s c i l l a t i n g  p r o f i l e ,  
which simulated the  c y c l i c  v a r i a t i o n  i n  p i t c h  of a h e l i c o p t e r  r o t o r  blade (Ref. 30). 
vortex-shedding c h a r a c t e r i s t i c s  o f  a sp inn ing f i g h t e r  model were invest igated.  
e;cllla:lon t e s t i n g  of a modern a i r c r a f t  conf igurat ion t o  i d e n t i f y  t he  e f f e c t s  o f  the body vo r t i ces  on the 
s t a t i c  and dynamic cross de r i va t i ves  (Ref. 35). 

t h e  dynamic s t a l l  behavior of o s c i l l a t i n g  a i r f o i l s  (Ref. 36) a t  the U.S. Army Research and Technology 
Laborator ies (AVRADCOM) a t  NASA Ames Research Center. 
was the  measurement of the fo rce  and moment time h i s t o r i e s  i n  combination w i t h  v i v i d  off-body f l ow  
v i s u a l i z a t i o n .  

A leader  i n  t h e  a p p l i c a t i o n  of water tunnels t o  the  s imu la t i on  o f  f i g h t e r  a i r c r a f t  f l ow  f i e l d s  a t  
In f luenced i n  l a rge  p a r t  by the work 

An e a r l y  a p p l i c a t i o n  

The 

Models o f  v i r t u a l l y  every f i g h t e r  a i r c r a f t  i n  the 

The water f a c i l i t i e s  were used t o  i d e n t i f y  

The French and Canadians were leaders i n  t h e  i n v e s t i g a t i o n  o f  unsteady v o r t i c a l  motions. The ONERA 

I n  addi t ion,  t he  
The NAE performed forced 

I n t e r e s t  i n  t h e  unsteady aerodynamics o f  he l icopter  r o t o r  blades l e d  t o  numerous i nves t i ga t i ons  o f  

A unique fea tu re  o f  t he  water tunnel  experiments 

The Flow Research Company towing tank and the Tracor Hydronautics Ship Model Basin i n  the  Uni ted 
States emerged as important water f a c i l i t i e s  fo r  aerodynamic f l ow  simulat ions. The Flow Research f a c i l i t y  
was used i n  the  general research o f  unsteady aerodynamics; separated flows; and laminar, t r a n s i t i o n a l ,  and 
t u r b u l e n t  boundary layers. 
t r a i l i n g  vor tex systems generated by models o f  wide-body commercial t ranspor t  a i r c r a f t  such as the 
Boeing 747. 

I n t e r n a t i o n a l  (Ref. 37) and the McDonnell-Douglas Corporat ion (Ref. 38). 
v i s u a l i z a t i o n  of ground-effect phenomena associated w i t h  m u l t i j e t  arrangements. 

The Tracor model basin was used ex tens i ve l y  by NASA f o r  measurements o f  t he  

The continued i n t e r e s t  i n  V/STOL a i r c r a f t  prompted the development o f  water f a c i l i t i e s  a t  Rockwell 
These were dedicated t o  the 

The U.S. A i r  Force Wright Aeronautical Laboratories (AFWAL) const ructed a small water tunnel operat- 
i n g  by g r a v i t y  discharge. 
f i g h t e r  models, i nc lud ing  several forward-swept-wi ng conf igurat ions.  

comnunities. 
i n  Gottingen. Germany, was appl ied t o  the  study o f  wing leading-edge v o r t i c e s  (Ref. 39). 

Th is  f a c i l i t y  proved usefu l  i n  v i s u a l i z i n g  the  vor tex f lows about advanced 

Water f a c i l i t i e s  a lso experienced a renaissance i n  the European government, indust ry ,  and u n i v e r s i t y  
The towing tank a t  Deutsche Forschungs- und Versuchsanstalt  f u r  L u f t -  und Raumfahrt (DFVLR) 

A water tunnel 
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b u i l t  a t  Messerschmitt-Bolkow-Blohm (MBB) i n  Munich. Germany, became a use fu l  a i d  i n  recogniz ing and so lv-  
i ng  f l ow  problems du r ing  the  a i r c r a f t  development phase (Refs. 40 and 41). 
w i t h  a h i s t o r y  o f  water f a c i l i t y  experience dat ing back t o  1950, continued i t s  fundamental f l u i d  mechanics 
research. The behavior o f  slender m i s s i l e  vo r t i ces  a t  extreme a t t i t u d e s  was inves t i ga ted  i n  a water 
tunnel a t  t he  B r i t i s h  Aerospace M i l i t a r y  A i r c r a f t  D iv i s ion  (Ref. 42). 
s e n s i t i v i t y  o f  d e l t a  wing vor tex breakdown was performed i n  a water tunnel by Svenska Aeroplan 
Akt iebolaget  (SAAB) i n  Sweden (Ref. 43). 
f a c i l i t y  a t  the von Karman I n s t i t u t e  ( V K I )  i n  Belgium (Ref. 44). 
t a ined  a leadership r o l e  i n  hydrodynamic t e s t i n g  o f  displacement h u l l s  and marine p ropu ls ion  systems. 

temat ic  experiments o f  vor tex f lows i n  the  mid-1970s us ing water towing tank and water tunnel  i n s t a l l a -  
t i ons .  
tank and the  experimental trends p e r t a i n i n g  t o  the vortex s t r u c t u r e  and d i s s i p a t i o n  were i n  q u a l i t a t i v e  
agreement w i t h  a v a i l a b l e  wind tunnel and f l i g h t  test  r e s u l t s  (Ref. 45). The s t r u c t u r e  and breakdown o f  
t he  leading-edge v o r t i c e s  shed from slender d e l t a  and cranked wing planforms were observed i n  the  water 
tunnel (Ref. 46). 

2.9 From 1980 t o  t h e  Present 

The U n i v e r s i t y  o f  S tu t tga r t ,  

A study o f  t he  Reynolds number 

Leading-edge vor tex f l o w  stud ies were a l so  conducted i n  a water 
The Netherlands Ship Model Basin main- 

The Aeronautical Research Laboratories (ARL) of t he  A u s t r a l i a n  Department o f  Defence conducted sys- 

The t r a i l i n g - v o r t e x  system generated by a rectangular planform wing was inves t i ga ted  i n  the  towing 

Water f a c i l i t i e s  have gained general acceptance throughout the  wor ld  as va luable d iagnost ic  t o o l s  t o  
a i d  i n  the  veh ic le  design process. 
motions about complicated aerodynamic and hydrodynamic shapes has been u t i l i z e d  i n  veh ic le  development 
programs i n  several countr ies.  
shown i n  the  sketches i n  F ig.  4 (from Ref. 1). 
aerodynamic shapes t h a t  are dominated by vo r tex  flows. 
3-0 separated regimes i s  an important element i n  a i r ,  ground, and marine veh ic le  performance opt imizat ion.  

The unique a b i l i t y  o f  these i n s t a l l a t i o n s  t o  v i s u a l i z e  3-0 v o r t i c a l  

V o r t i c a l  f lows have become a "way o f  l i f e "  on a l l  c lasses o f  vehic les as 

Clear ly ,  t he  i d e n t i f i c a t i o n  and con t ro l  o f  these 
The emphasis on low-observable f l i g h t  vehic les has l e d  t o  

The s o p h i s t i c a t i o n  o f  water f a c i l i t i e s  and flow v i s u a l i z a t i o n  and measurement techniques has 
increased i n  concer t  w i t h  the  advancement i n  vehicle technology. I n  a d d i t i o n  t o  the  q u a l i t a t i v e  informa- 
t i o n  gained from water- f low experiments, e f f o r t s  are now under way t o  ex t rac t  more q u a n t i t a t i v e  data than 
p rev ious l y  possible. 
handl ing h igh - reso lu t i on  images has made i t  possible t o  combine f l ow-v i sua l i za t i on  and d ig i t a l - image  pro-  
cess ing techniques t o  ob ta in  q u a n t i t a t i v e  information. 
f a c i l i t y  i n s t a l l a t i o n s .  
iments o f  v o r t i c a l  motions us ing 2-0 l ase r  velocimetry (Ref. 48). 
generate an in tense sheet o f  l i g h t  t o  enhance the v i s u a l i z a t i o n  o f  t he  f l ow  s t r u c t u r e  i n  a r b i t r a r y  planes 
(Ref. 49). A laser- induced f luorescence v i sua l i za t i on  technique can prov ide more d e t a i l e d  in format ion on 
the  s t r u c t u r e  o f  complex f l ows  (Ref. 50). The in te res t  i n  unsteady aerodynamics has l e d  t o  more soph is t i -  
cated model support apparatus and instrumented models. 

As i nd i ca ted  by Gad-el-Hak (Ref. 47). the advent o f  advanced computers capable o f  

Lasers have become a key element i n  many water 

Laser o p t i c s  have a l s o  been used t o  
Q u a n t i t a t i v e  f l o w - f i e l d  in format ion has been obtained i n  recent  water-f low exper- 

The water f a c i l i t y  "standard bearers" o f  t he  1970s continue t o  make major c o n t r i b u t i o n s  i n  t h i s  
decade t o  the  understanding and con t ro l  o f  t h e  f low about advanced vehicles. 
Northrop has been placed on t h e  establ ishment o f  a f l ow  v i s u a l i z a t i o n  data base on present- and fu tu re -  
generat ion f i g h t e r  a i r c r a f t  con f i gu ra t i ons  t h a t  are character ized by h i g h l y  coupled forebody and wing 
vor tex systems a t  extreme a t t i t u d e s  (see Ref. 51). ONERA i n  France and the NAE i n  Canada continue a long- 
s tanding t r a d i t i o n  o f  excel lence i n  water f a c i l i t y  appl icat ions t o  a i r ,  ground, and marine vehic le  design 
(Refs. 52 and 53. respect ive ly) .  

Several w a t e r - f a c i l i t y  i n s t a l l a t i o n s  i n  t h e  United States have assumed leadership pos i t i ons  i n  aero- 
n a u t i c a l  and r e l a t e d  hydrodynamic research i n  recent years. The water tunnel  a t  NASA Ames-Dryden F l i g h t  
Research F a c i l i t y ,  modeled a f t e r  t he  Northrop tunnel. has become a "workhorse" f o r  NASA s ince i t s  incep- 
t i o n  i n  the  e a r l y  1980s. 
o the r  U.S. government agencies t o  increase the  experimental data base on advanced m i l i t a r y  a i r c r a f t  con- 
f i g u r a t i o n s .  
Force supermaneuverabi l i ty program t o  study t h e  unsteady aerodynamics o f  slender wings and bodies undergo- 
i n g  p i t c h i n g  o s c i l l a t i o n s  (Refs. 54 and 55). 
maneuvers o f  a slender generic f i g h t e r  model (Ref. 56). 

const ructed a f a c i l i t y  w i t h  a v e r t i c a l  t e s t  sect ion s i m i l a r  t o  the  NASA Ames-Dryden tunnel  and i; i n i t i a t -  
i n g  a number of p ro jec ts  t o  support t h e i r  aeronautics research programs. The success o f  t he  p i l o t  water 
tunnel  a t  AFWAL a t  Wright-Patterson A i r  Force Base has l e d  t o  the  i n s t a l l a t i o n  o f  a l a r g e r  ONERA-type 
water tunnel w i t h  a v e r t i c a l  24- by 24-in. t e s t  section. This tunnel  i s  undergoing operat ional  checkout 
t e s t s  and i s  expected t o  be i n  use as a research f a c i l i t y  i n  November 1986. 
completed a new water tunnel/channel w i t h  a 15- by 20-in. ho r i zon ta l  t e s t  sec t i on  i nco rpo ra t i ng  a unique 
downstream viewing window t o  permi t  f l ow  v i sua l i za t i on  i n  the  cross-f low plane as w e l l  as the usual plan- 
form and s ide  views. 
cons t ruc t i on  and i s  intended p r i m a r i l y  t o  prov ide a c a p a b i l i t y  f o r  performing both s t a t i c  and dynamic 
experiments a t  h igher  angles of a t tack ( t o  90") t o  support technology advancements r e l a t e d  t o  f i g h t e r  
a i r c r a f t .  
24- by 24-in. t e s t  sec t i on  was recen t l y  i n s t a l l e d  a t  t h e  General Dynamics Corporation i n  F o r t  Worth t o  
support t h e i r  in-house research programs i n  advanced f i g h t e r  technology. 

In  recent  years. emphasis a t  

Considerable work has been done i n  cooperation w i t h  indust ry ,  u n i v e r s i t i e s .  and 

The Flow Research Company towing tank has most recen t l y  been used i n  support o f  the A i r  

The Tracor model bas in was used t o  s imulate the  p i tch-up 

Several o the r  organizat ions have recen t l y  acquired water tunnels. NASA's Langley Research Center 

E i d e t i c s  I n t e r n a t i o n a l  has 

A l a rge r  vers ion o f  t he  same tunnel w i t h  24- by 36-in. t e s t  sec t i on  i s  a l so  under 

A water tunnel  designed by the  Visual  Aerodynamics D i v i s i o n  o f  E ide t i cs  I n t e r n a t i o n a l  w i t h  a 
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The i n s t a l l a t i o n s  c i t e d  above have equally s i g n i f i c a n t  counterparts i n  Europe. I n  add i t i on  t o  ONERA, 
t he  B e r t i n  and Company water tunnel i n  France was u t i l i z e d  r e c e n t l y  t o  t e s t  a canard-wing arrangement f o r  
which f l ow-v i sua l i za t i on .  pressures, ve loc i t i es ,  and forces were obtained (Ref. 57). Numerous i n s t a l l a -  
t i o n s  are i n  operat ion i n  England and are used f o r  d i ve rse  aerodynamic and hydrodynamic f low problems. 
The No. 2 Ship Tank and Rotat ing Arm i n  t h e  Maneuvering Tank a t  t he  Admiralty Research Establishment, 
which has been I n  operat ion f o r  decades, demonstrated the  powerful vor tex f lows shed from the h u l l  o f  a 
modern. h i g h l y  maneuverable submarine model (Ref.  58). 
obtained on slender m i s s i l e  con f igu ra t i ons  i n  water tunnel and wind tunnel f a c i l i t i e s  was recen t l y  made a t  
t h e  B r i t i s h  Aerospace M i l i t a r y  A i r c r a f t  Div is ion (Ref. 59). Q u a l i t a t i v e  and q u a n t i t a t i v e  t e s t i n g  o f  para- 
chute canopies o f  var ious shape and po ros i t y  was conducted i n  the  Southhampton (England) Towing Channel t o  
evaluate p i t c h  s t a b i l i t y  c h a r a c t e r i s t i c s  (Ref. 60). I M I  Summerfield i n  England s tud ied the i n t e r n a l  f low 
c h a r a c t e r i s t i c s  o f  a ramrocket combustion chamber (Ref. 61). and t h e  f l ow-v i sua l i za t i on  r e s u l t s  l e d  t o  an 
improved f u e l  supply design. Unsteady f l ow  phenomena were i nves t i ga ted  i n  t h e  towing tank o f  DFVLR i n  
Germany, where a i r c r a f t  models underwent prescribed accelerat ions and decelerat ions (Ref. 62). 
U n i v e r s i t y  o f  S t u t t g a r t  constructed two new water f a c i l i t i e s .  and recent  r e s u l t s  o f  research work con- 
ducted i n  these i n s t a l l a t i o n s  are provided i n  Ref. 63. 
c r a f t  con f i gu ra t i ons  and i s o l a t e d  a i r f rame components have been tested i n  the MBB water tunnel (Ref. 41). 

A systematic comparison of vor tex pos i t i ons  

The 

Models o f  complete m i l i t a r y  and comnercial a i r -  

Water f a c i l i t i e s  are an important element i n  veh ic le  design i n  Asian countr ies. A high-speed water 
tunnel  (up t o  10 f t / sec )  designed by the Visual Aerodynamics D i v i s i o n  o f  E i d e t i c s  In te rna t i ona l  was 
i n s t a l l e d  i n  a research laboratory  a t  the Aero Indus t r y  Development Center i n  Taiwan i n  1984 t o  support 
t h e  a i r c r a f t  development programs i n  t h a t  country. Th is  tunnel  has a 24- by 24-in. ho r i zon ta l  t e s t  sec- 
t i o n .  The Peking I n s t i t u t e  i n  the  People's Republic of China has employed a water tunnel  t o  v i s u a l i z e  the  
vor tex f lows about strake-wing planforms (Ref. 64). Japanese researchers have made extensive use o f  water 
f a c i l i t i e s  t o  understand the f l u i d  f lows about the var ious aerodynamic and hydrodynamic shapes. 
o f  t h e i r  work are provided i n  Ref. 9. Mi tsubish i  Heavy Indus t r i es  employed a towing tank t o  study surface 
sh ip  designs. A study (Ref. 65) a t  Mi tsubish i  l e d  t o  the  s o l u t i o n  o f  a v i b r a t i o n  problem by improved h u l l  
design obtained through systematic water f a c i l i t y  t es t i ng .  

The burgeoning app l i ca t i ons  o f  water f a c i l i t i e s  t o  the  design o f  vehic les are apparent from the  pre- 
ceding h i s t o r i c a l  review. The fo l l ow ing  section w i l l  discuss s p e c i f i c  i nves t i ga t i ons  i n  water f a c i l i t i e s  
t o  demonstrate t h e i r  r o l e  i n  t h e  vehic le  design process. These representat ive i nves t i ga t i ons  w i l l  demon- 
s t r a t e  the  s t rengths and l i m i t a t i o n s  o f  water f a c i l i t i e s  i n  aeronautical and r e l a t e d  hydrodynamic 
research. 

Examples 

3. SPECIFIC APPLICATIONS OF WATER FACILITIES TO AERONAUTICAL AND RELATED HYDRODYNAMIC PROBLEMS 

Experiments performed i n  the  NAE. CalTech, Northrop, and NASA Ames-Dryden water f a c i l i t i e s  are 
described i n  t h i s  sec t i on  t o  prov ide a f l a v o r  o f  t h e  myriad app l i ca t i ons  o f  these i n s t a l l a t i o n s  t o  a i r ,  
ground, and marine veh ic le  design. NAE and CalTech have long-standing t r a d i t i o n s  i n  the  a p p l i c a t i o n  o f  
water tunnels  t o  aeronaut ica l  and r e l a t e d  hydrodynamic problems. The Northrop and NASA Ames-Dryden f a c i  
i t i e s  represent a "new generation" o f  water tunnels t h a t  have made s i g n i f i c a n t  con t r i bu t i ons  t o  veh ic le  
design. Empha 
s i s  w i l l  be placed on experiments pe r t i nen t  t o  cu r ren t  and f u t u r e  comnercial and m i l i t a r y  vehicles. 

3.1 Nat ional  Aeronautical Establishment, Ottawa, Canada 

Co l l ec t i ve l y .  these i n s t a l l a t i o n s  represent over 100 years o f  w a t e r - f a c i l i t y  experience. 

The NAE water tunnel  (Fig. 5) i s  a continuous-flow, c l o s e d - c i r c u i t  design having a 10- by 13-in. 
The ho r i zon ta l  t e s t  section. 

d i ve rse  experiments conducted i n  t h i s  f a c i l i t y  encompass steady and unsteady, and attached and separated 
f l ows  about a i r ,  ground, and marine vehicles. 
Dobrodzicki (Ref. 23). 

The f l u i d  t race rs  reveal  the f a n  e f f l u x ,  r e c i r c u l a t i o n  region, and foun ta in  e f f e c t .  
je t -wing f l o w  in te rac t i ons  were usefu l  i n  in te rp re t i ng  the anomalies i n  the  l i f t ,  drag, and p i t c h i n g  
moment c h a r a c t e r i s t i c s  obtained i n  wind tunnel t es ts .  
i n t e r e s t  t o  advanced f i g h t e r  a i r c r a f t  conf igurat ions w i t h  a requirement f o r  shor t  t akeo f f  and v e r t i c a l  
landing (STOVL) c a p a b i l i t y .  
regard ing the  je t - induced e f f e c t s  on the con f igu ra t i on  aerodynamics and p o t e n t i a l  hot-gas re inges t i on  
problems. 

s l o t t e d  t ra i l i ng -edge  f l a p  arrangement. 
t h a t  was app l i ed  t o  the McDonnel-Douglas YC-15 m i l i t a r y  t ranspor t  conf igurat ion.  
e f f e c t  induced by the h igh -ve loc i t y  j e t  i s  c l e a r l y  i l l u s t r a t e d  i n  the f l o w - v i s u a l i z a t i o n  photograph. 
i s  noted t h a t  t he  boundary-layer separat ion cha rac te r i s t i cs  o f  t h e  unpowered wing and f l a p  combination are 
no t  accurate ly  represented i n  the  water tunnel owing t o  t h e  s u b s c r i t i c a l  Reynolds number and the subse- 
quent laminar separation. However, the a b i l i t y  o f  t he  j e t  exhaust t o  rea t tach  the  f l o w  t o  t h e  wing and 
f l a p  surface i s  q u a l i t a t i v e l y  represented. 
t i a l  f l o w  f i e l d  are simulated i n  a quan t i t a t i ve  sense. 

Flow v e l o c i t i e s  i n  the working sec t i on  can vary from 0.2 t o  10 f t / sec .  

A d e t a i l e d  desc r ip t i on  o f  t h i s  i n s t a l l a t i o n  i s  provided by 

F igure 6 i l l u s t r a t e s  the  f l ow  about a wing w i t h  a submerged l i f t i n g  fan  i n  p rox im i t y  t o  the ground. 
The fan-wing and 

The s imu la t i on  o f  t h i s  f l ow  s i t u a t i o n  i s  o f  cu r ren t  

For such configurations. water f low v i s u a l i z a t i o n  could prov ide i n s i g h t  

F igure 7 shows the  i n t e r a c t i o n  o f  t he  simulated exhaust from a wing-mounted engine w i t h  a wing and 
This i s  rep resen ta t i ve  o f  the e x t e r n a l l y  blown-f lap (EBF) concept 

The superc i r cu la t i on  
It 

A t  h ighe r  j e t  momentum. the je t - induced e f f e c t s  on the poten- 
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The boundary-layer f low-separation cha rac te r i s t i cs  of a m i l i t a r y  t ranspor t  model are shown i n  
Fig. 8. 
t y p i c a l  o f  water tunnel  operation. Used jud ic ious ly ,  however, f low v i s u a l i z a t i o n  can i n d i c a t e  reg ions on 
the a i r c r a f t  surface t h a t  may be suscept ib le  t o  f l o w  separation. 

A r e l a t e d  study concerns the f low separation from the  upswept r e a r  fuselage t y p i c a l  o f  a rear- loading 
t ranspor t  a i r c r a f t .  The vor tex p a i r  shed frm the a f t  fuselage sec t i on  i s  shown i n  Fig. 9. The s t reng th  
and l o c a t i o n  o f  t he  vo r t i ces  w i l l  vary w i t h  the  Reynolds number because o f  t he  lack o f  a f i xed  l i n e  o f  
boundary-layer separation. Despite t h i s ,  t he  water f l ow  s imu la t i on  was used t o  i d e n t i f y  t he  source o f  
degraded performance and s t a b i l i t y  problems as well as unsteady loads on cargo doors. This  f low s i t u a t i o n  
resembles the vor tex format ion on displacement hu l ls  and submersible vehicles. 

The aerodynamic cross-coup1 i n g  ef fects  associated w i t h  an o s c i l l a t i n g  gener ic  f i g h t e r  model were 
s tud ied i n  water tunnel  f l ow-v i sua l i za t i on  experiments. 
water f l ow  s imu la t i on  revealed a l a t e r a l  o s c i l l a t i o n  o f  t he  forebody vo r t i ces  caused by an o s c i l l a t i o n  i n  
p i t c h  and. as a r e s u l t ,  t he  vo r t i ces  were observed t o  s h i f t  from one s ide  t o  the  o the r  o f  a top-mounted 
v e r t i c a l  f in .  The r e l a t i v e l y  simple experiment provided a p l a u s i b l e  f l o w  mechanism t h a t  would lead t o  
secondary l a t e r a l  aerodynamic forces i n  response t o  a primary p i t c h i n g  maneuver. Th is  study i nd i ca ted  
t h a t  t he  unsteady, separated f l o w  f i e l d  about a slender con f igu ra t i on  could be s tud ied i n  a q u a l i t a t i v e  
sense i n  a water f a c i l i t y  desp i te  the  s e n s i t i v i t y  o f  t h e  forebody v o r t i c a l  motions t o  t h e  Reynolds number. 

The modulat ion of the f low-separation cha rac te r i s t i cs  t o  improve ground veh ic le  performance was 
e f f e c t i v e l y  demonstrated i n  the  water tunnel. 
t r a c t o r - t r a i l e r  due t o  the i n s t a l l a t i o n  of a cab def lector .  Th i s  mod i f i ca t i on  l e d  t o  reduced drag and 
increased s t a b i l i t y  and i s  now a standard " f i x "  on most ground t ranspor t  vehic les o f  t h i s  class. 
r e s u l t s  from t h i s  i n v e s t i g a t i o n  i n d i c a t e  t h a t  small-scale model t e s t i n g  i n  a water f a c i l i t y  operat ing a t  
low Reynolds number can y i e l d  subs tan t i a l  design improvements on vehic les t h a t  are Reynolds-number- 
s e n s i t i v e  and nonvortex-dominated. 

Results o f  such t e s t s  must be c a r e f u l l y  in terpreted because o f  the low Reynolds number condi t ions 

A representat ive r e s u l t  i s  shown i n  F ig.  10. The 

Figure 11 reveals  a l a rge  improvement i n  the  f l ow  about a 

The 

3.2 C a l i f o r n i a  I n s t i t u t e  of Technology, Pasadena, C a l i f o r n i a  

The Hydrodynamics Laboratory a t  CalTech consists o f  the Free Surface Water Tunnel (FSWT) and the  High 
Speed Water Tunnel (HSWT). The FSWT depic ted i n  Fig. 12 i s  a c losed-c i r cu i t  c i r c u l a t i o n  system l y i n g  i n  a 
v e r t i c a l  plane. The ho r i zon ta l  t e s t  sect ion i s  20 in. wide by 30 in. deep and f l o w  speeds up t o  25 f t / sec  
can be obtained. The top. or  free, surface i s  an a i r -water  in ter face.  This arrangement a l lows invest iga-  
t i o n s  t o  be performed on bodies ac t i ng  on or a t  a prescr ibed d is tance below the  water surface, such as a 
v e n t i l a t e d  hyd ro fo i l .  
interchangeable 2-0 and axisymmetric working sections. The 2-0 section. used p r i n c i p a l l y  t o  ob ta in  sec- 
t i o n a l  c h a r a c t e r i s t i c s  of hyd ro fo i l s ,  i s  6 in. by 30 in. by 50 in. long, whereas the  axisymnetric sec t i on  
i s  14 i n .  i n  diameter and 46 in. long. Flow speeds up t o  100 f t / s e c  and pressures from 100 ps ig  t o  t h e  
vapor pressure o f  water are achievable. 

moments and t o  o b t a i n  q u a n t i t a t i v e  f l o w - f i e l d  information us ing a l ase r  doppler velocimeter (LDV). 
d e t a i l e d  account o f  t h e  CalTech f a c i l i t i e s  i s  provided by Ward (Ref. 66). 

The HSWT i s  a l so  a c losed-c i r cu i t  design l y i n g  i n  a v e r t i c a l  plane and features 

I n  add i t i on  t o  f l o w  v i sua l i za t i on ,  t he  capab i l i t i es  e x i s t  t o  measure steady and unsteady forces and 
A 

Appl icat ions o f  t h e  CalTech water f a c i l i t i e s  t o  veh ic le  design have t y p i c a l l y  per ta ined t o  marine 
c r a f t .  
Studies performed i n  the  H5WI demonstratea rne  importance o f  t ne  bounadry i d y e r  i r i  cav i i a i i u r i  iricepiiuri. 
This was accomplished us ing a Schl ieren system t o  v i s u a l i z e  the  o r i g i n  and m ig ra t i on  o f  c a v i t a t i o n  bubbles 
within the  boundary l aye r  on a b l u f f  body and the i r  subsequent entrainment i n t o  the  mainstream. 
sen ta t i ve  r e s u l t  from a study o f  c a v i t a t i o n  phenmena i s  shown i n  Fig. 13. which dep ic t s  the c a v i t a t i n g  
f l ow  over a 2-0 wedge a t  h igh  angle o f  a t tack.  

The incep t ion  and sca l i ng  o f  c a v i t a t i o n  on hydrodynamic shapes have been stud ied extens ive ly .  

A repre-  

Recent emphasis has been placed on the development o f  i n l e t s  su i tab le  f o r  wa te r - j e t  propuls ion sys- 
Sophis t icated i n l e t  models have been tested i n  t h e  HSWT and FSWT t h a t  featured t r a n s l a t i n g  and tems. 

r o t a t i n g  l i p s ,  variable-geometry wal ls ,  and aux i l i a ry  o r  secondary i n l e t s .  
content, t he  th ickness o f  t he  approaching boundary layer .  and numerous boundary-layer con t ro l  devices on 
the  i ncep t ion  o f  c a v i t a t i o n  and i n l e t  recovery e f f i c i ency  have been determined i n  these invest igat ions.  

Hydrofo i l  development p r o j e c t s  have addressed the  e f f e c t s  o f  f l a p s  i n  c a v i t y  f low, the  study o f  
hyd ro fo i l  sections having good performance i n  f u l l y  wetted and c a v i t y  f low, and the  performance o f  v e n t i -  
l a t e d  f o i l s  near a f r e e  surface. 
(Ref. 67) t o  p r e d i c t  t he  forces on supercavitat ing o r  v e n t i l a t e d  h y d r o f o i l s  o f  f i n i t e  aspect r a t i o ,  a r b i -  
t r a r y  shape, and va r iab le  submergence. 

faces were undertaken i n  the  FSWT. 
measured us ing an LDV system and the  da ta  were used t o  conf i rm a theory f o r  t h e  s t r u c t u r e  and decay r a t e  
o f  a t r a i l i n g  vortex. 

t o  y i e l d  q u a l i t a t i v e  and q u a n t i t a t i v e  sur face and off-body f l o w - f i e l d  in format ion t o  a i d  i n  theory devel- 
opment and marine and f l i g h t  veh ic le  design. 

The in f l uence  o f  upstream a i r  

The l a t t e r  experiment provided v e r i f i c a t i o n  o f  a theory by Furuya 

Aeronautical research p r o j e c t s  pe r ta in ing  t o  the t r a i l i n g  vor tex systems generated by 1 i f t i n g  sur- 
The a x i a l  and tangen t ia l  v e l o c i t y  p r o f i l e s  i n  the  wake reg ion  were 

The experiments performed i n  the  CalTech i n s t a l l a t i o n s  exempli fy t h e  c a p a b i l i t i e s  o f  water f a c i l i t i e s  
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3.3 Northrop Corporation, A i r c r a f t  D iv i s ion ,  Hawthorne, C a l i f o r n i a  

The Northrop Corporat ion water tunnel  i s  a continuous-flow. c l o s e d - c i r c u i t  f a c i l i t y  having 16- by 
24-in. v e r t i c a l  t e s t  sec t i on  (Fig. 14). Th is  i n s t a l l a t i o n  has been used as a d iagnost ic  t o o l  t o  a i d  i n  
the  a i r c r a f t  design process s ince i t s  incept ion i n  1977. I t  was preceded by a small  p i l o t  water tunnel  
having a 6- by 6-in. v e r t i c a l  t e s t  sec t i on  tha t  could operate i n  g r a v i t y  discharge and continuous-f low 
modes. 

The Northrop i n s t a l l a t i o n s  marked the advent of water f a c i l i t i e s  t h a t  were dedicated t o  the  study o f  
t he  vor tex f lows developed on advanced t a c t i c a l / f i g h t e r  a i r c r a f t  operat ing a t  extreme a t t i t udes .  These 
i n s t a l l a t i o n s  s a t i s f i e d  the  need f o r  a v i sua l i za t i on  t o o l  t o  improve the understanding and con t ro l  o f  the 
complex v o r t i c a l  flows t h a t  have become charac te r i s t i c  o f  h i g h l y  maneuverable m i l i t a r y  a i r c r a f t  beginning 
w i t h  the  General Dynamics YF-16 and the  Northrop YF-17 l i gh twe igh t  f i g h t e r s  i n  the  1970s. 

A t  a very e a r l y  stage o f  i t s  operation. t h e  p i l o t  tunnel  demns t ra ted  the u t i l i t y  o f  a water f a c i l i t y  
operat ing a t  very low speed (0.25 f t / sec )  and low Reynolds number (10,00O/ft) t o  v i v i d l y  dep ic t  t he  v o r t i -  
c a l  motion about a small-scale model of a complete f i g h t e r  conf igurat ion.  F igure 15 shows the  vor tex 
a r i s i n g  from f low separat ion along the  sharp edge o f  a wing LEX on a 1/72-scale YF-17 a t  an angle of 
a t tack o f  20". 
resu l t s ,  bear l i t t l e  resemblance t o  the  r e a l  f l o w  and are p r i n c i p a l l y  o f  p u b l i c  r e l a t i o n s  value. This i s  
ha rd l y  the  case, however, because t h i s  s ing le  f l ow-v i sua l i za t i on  photograph demonstrates several important 
f l o w - f i e l d  features t h a t  have been observed i n  wind tunnels  and i n  f l i g h t  (Ref. 34). 
i n t e r p r e t a t i o n  o f  t he  nonl inear  forces and moments and vortex-induced surface pressures i s  f a c i l i t a t e d  by 
t h e  d e t a i l e d  3-D f l o w  v i sua l i za t i on .  
t h e  wing surface and the  favorable LEX vortex-induced ef fects  on t h e  wing f low-separat ion c h a r a c t e r i s t i c s  
c o r r e l a t e  we l l  w i t h  the  nonl inear  l i f t  increase a t  moderate and h igh  angles o f  a t tack.  
t h e  vor tex core over the  wing surface l i m i t s  the maximum vortex-induced l i f t  increment and can promote 
p i t c h  i n s t a b i l i t y .  The p rox im i t y  o f  t he  unburst v o r t i c a l  f lows t o  s u i t a b l y  placed twin v e r t i c a l  t a i l s  
enhances the  s t a b i l i z e r  effect iveness. 
i n g  near the  t a i l  surfaces can induce a severe b u f f e t  environment leading t o  s t r u c t u r a l  f a i l u r e .  
through the  boundary-layer bleed s l o t s  a t  t he  juncture o f  t he  LEX and fuselage was observed t o  have an 
adverse e f f e c t  on the  LEX vor tex core s t a b i l i t y  a t  h i g h  angles o f  a t tack,  thereby reducing the  maximum 
l i f t  i n  comparison t o  the  con f igu ra t i on  w i t h  s lo t s  closed. Clear ly .  t he  a v a i l a b i l i t y  o f  off-body flow- 
f i e l d  trends through simple w a t e r - f a c i l i t y  experiments i s  o f  great  value i n  the  a i r c r a f t  design process. 

To es tab l i sh  confidence i n  the water flow simulat ions, f l ow-v i sua l i za t i on  s tud ies were performed i n  
t h e  p i l o t  and larger-scale water tunnels o f  the leading-edge vor tex behavior on th in ,  sharp-edged d e l t a  
wings encompassing a wide range of t he  leading-edge sweep angle. The vor tex pos i t i ons  determined from the 
water tunnel  t e s t i n g  were i n  reasonable agreement w i t h  r e s u l t s  obtained a t  h igher  Reynolds numbers i n  wind 
tunnels  (Ref. 34). This was due t o  the  i n s e n s i t i v i t y  of the pr imary f low separat ion a t  t he  sharp leading 
edge t o  changes i n  the  Reynolds number. The f a c t  t h a t  t h e o r e t i c a l  methods which ignore viscous e f f e c t s  
can reasonably p r e d i c t  vor tex f l ow  aerodynamics i s  one i n d i c a t i o n  of t he  Reynolds number i n s e n s i t i v i t y  o f  
such phenomenon. 
tunnel  i s  l im i ted ,  however. because o f  the viscous e f f e c t s  near the  wing surface. The upper-surface 
boundary-layer f l o w  separates near t h e  leading edge, generat ing a secondary vortex having a sense o f  r o t a -  
t i o n  which i s  opposite t o  t h a t  o f  t he  primary vortex. The secondary separat ion l i n e  and the  s t reng th  and 
l o c a t i o n  o f  t he  secondary vor tex vary w i t h  the Reynolds number. The l o c a t i o n  o f  t he  primary vor tex core 
w i i i  be a f fec ted  by the  s t a t e  of rne boundary k y e r  ana w i i i  be somewndi inbodra ana n igner  o f f  t h e  wing 
sur face when s u b c r i t i c a l  ( laminar) separat ion occurs. 

Wortmann has commented i n  a recent paper (Ref. 68) t h a t  t h i s ,  and s i m i l a r  water f a c i l i t y  

I n  addi t ion,  t he  

For example, t he  development of  a concentrated v o r t i c a l  f l ow  above 

The breakdown of 

Under c e r t a i n  condi t ions,  however, t he  occurrence o f  vor tex burst -  
The f low 

The agreement between the  vortex pos i t i ons  determined i n  the  water tunnel  and the  wind 

The vor tex breakdown c h a r a c t e r i s t i c s  compared favo rab ly  w i t h  s i m i l a r  observations made i n  wind 
tunne ls  and i n  f l i g h t ,  as shown i n  Fig. 16. 
cond i t i ons  the  r e l a t i v e  importance o f  i n e r t i a  and viscous and pressure terms was simulated i n  the water 
tunnel .  Experience suggests t h a t  the adverse pressure g rad ien t  i n  the ex te rna l  p o t e n t i a l  f l ow  f i e l d  i s  
t h e  dominant parameter a f fec t i ng  the vor tex breakdown a t  h igh  angles o f  a t tack.  
t h e  i n v i s c i d  Euler  methods t o  "capture" t h e  vortex breakdown phenomenon on t h i s  c lass o f  aerodynamic shape 
i s  based on s i m i l a r  reasoning (Ref. 69). 
a sharp leading edge, a water f l ow  s imu la t i on  i s  expected t o  prov ide an acceptable representat ion o f  the 
s i z e  and s t ruc tu re  of the wake shed from a t h i n  wing a t  a h igh angle o f  a t tack and, consequently, the 
pressure f i e l d  through which a vor tex core must t raverse.  The water tunnel  photograph o f  Fig. 17 i l l u s -  
t r a t e s  t h i s  f low s i t u a t i o n  on a small-scale model o f  an advanced f i g h t e r  f ea tu r ing  a sharp, h igh l y  swept 
LEX. 
n a l  no ise i n t e n s i t y  which i s  associated w i t h  the forward advance o f  t h e  vor tex breakdown p o s i t i o n  on 
e i t h e r  s ide  of t he  canopy. Another water tunne l - to - f l i gh t  c o r r e l a t i o n  o f  a q u a l i t a t i v e  nature i s  shown i n  
F ig.  18, which depic ts  LEX vor tex breakdown on a cu r ren t  f i g h t e r  a i r c r a f t  a t  h igh  angle o f  attack. 
water tunnel model (an inexpensive, p l a s t i c  model) e x h i b i t s  vor tex b u r s t i n g  over the  wing panel a t  a loca- 
t i o n  approximating the bu rs t  p o s i t i o n  on the  f u l l - s c a l e  a i r c r a f t .  
o f  t he  adverse pressure gradient  i n  the  external p o t e n t i a l  f l o w  f i e l d - - t h a t  w a t e r - f a c i l i t y  vortex- 
breakdown r e s u l t s  can be appl ied t o  higher-Reynolds-number phenomena i n  a i r  a t  h igh angles o f  a t tack.  

o f  these p re l im ina ry  i nves t i ga t i ons .  
years demonstrated the  s t rengths and l i m i t a t i o n s  o f  w a t e r - f a c i l i t y  s imulat ions o f  f i g h t e r  a i r c r a f t  f low 

This c o r r e l a t i o n  i nd i ca ted  t h a t  under c e r t a i n  r e s t r i c t i v e  

The apparent success o f  

Provided f l o w  separation occurs simultaneously everywhere along 

A t  a s i m i l a r  angle o f  a t tack,  p i l o t s  o f  t h i s  a i r c r a f t  have detected a sudden increase i n  the ex te r -  

The 

I t  i s  upon t h i s  premise--the dominance 

The water tunnel  became an important element i n  the  major a i r c r a f t  programs a t  Northrop as a r e s u l t  
The ensuing f l o w - v i s u a l i z a t i o n  experiments spanning the  next several 
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f i e lds .  
vortex-dominated f l o w  f i e l d  were i n s e n s i t i v e  t o  t he  Reynolds number. 

experiments. 
modi f icat ions f o r  which wind tunnel  and f l i g h t  t e s t  data were avai lab le.  
and area mod i f i ca t i ons  shown i n  Fig. 19 increased t h e  maximum l i f t  and improved the  s t a t i c  l a t e r a l -  
d i r e c t i o n a l  s t a b i l i t y  c h a r a c t e r i s t i c s  a t  h igh  angles o f  a t tack.  
enhanced s t a b i l i t y  o f  t he  LEX v o r t i c a l  f l o w  a t  angles o f  a t tack near maximum l i f t ,  a delay t o  h igher  angle 
of a t tack o f  t h e  pronounced vortex breakdown asymnetry i n  s ides l i p ,  and increased dynamic pressure i n  the  
v i c i n i t y  o f  t he  c e n t e r l i n e  v e r t i c a l  t a i l  a r i s i ng  from the  delayed breakdown o f  t he  windward LEX vortex. 

I t  was determined from the  f l ow-v i sua l i za t i on  t e s t i n g  of these models t h a t  fa i red-over  engine i n l e t s  

Emphasis was placed on s tud ies a t  high angles of  a t tack where the  phenomenological aspects o f  t he  

The F-5E, F-5F, and F-20A f i g h t e r  conf igurat ions were the  subject of extens ive f l ow-v i sua l i za t i on  
The water tunnel was used p r imar i l y  t o  ob ta in  off-body f l o w - f i e l d  i n fo rma t ion  on airframe 

For example, the LEX planform 

The water tunnel  t e s t i n g  revealed 

could y i e l d  misleading r e s u l t s  regarding t h e  vortex behavior a t  h igh angles o f  a t tack.  
LEX vor tex breakdown c h a r a c t e r i s t i c s  ind icated tha t  i n f l u x  i n t o  the side-mounted i n l e t s  a t  moderate t o  
h igh  angles of a t tack  induced a l o c a l  upwash near t h e  LEX apex so t h a t  t he  e f f e c t i v e  
was approximately 2" h igher  i n  comparison t o  the b locked- in le t  case. 
f i g h t e r  models were tested w i t h  f l ow ing  i n l e t s .  

f i g h t e r  conf igurat ions w i t h  top-mounted i n l e t s .  The water tunnel flow v i s u a l i z a t i o n .  i n  combination w i t h  
wind tunnel  t e s t  r e s u l t s ,  showed t h a t  carefu l  i n teg ra t i on  of t he  i n l e t  on the  fuselage t o  take advantage 
of t he  LEX vortex-induced sweeping a c t i o n  could e f f e c t i v e l y  con t ro l  the i n l e t  pressure recovery and 
dynamic d i s t o r t i o n  a t  h igh angles o f  a t t a c k  (Ref. 70). 

The F-5 con f igu ra t i on  was a l so  used as a test  bed t o  evaluate propuls ive l i f t-enhancement concepts. 
A representat ive study featured the app l i ca t i on  of spanwise blowing t o  the  wing upper surface t o  reener- 
g i z e  the LEX vor tex a t  h igh  a. A t  s u f f i c i e n t l y  h igh  blowing rates, a d i s c r e t e  vor tex from the  wing lead- 
i n g  edge was a l s o  apparent, as shown i n  F ig .  20. 
requi red i n  water tunnel s imulat ions t o  ef fect  a p a r t i c u l a r  change i n  the  f l ow  f i e l d  was somewhat h igher  
than t h a t  i n  wind tunnel t e s t i n g  performed a t  higher Reynolds numbers. 
blowing r a t e s  t h a t  were necessary t o  energize the  laminar  boundary l aye r  on the  wing upper surface. 

o f  t he  F-5F a t  zero s i d e s l i p  was responsib le  f o r  the l a rge  aerodynamic asymnetries a t  h igh angles of 
a t tack  t h a t  were encountered i n  wind tunnel  and f l i g h t  t es t i ng .  
s tud ies  i s  shown i n  Fig. 21. Although the primary separat ion along the  forebody sides was sens i t i ve  t o  
t h e  Reynolds number, the forebody vor tex asymnetry was promoted by an i n v i s c i d  hydrodynamic i n s t a b i l i t y  
associated w i t h  a crowding together  o f  t he  vort ices near the nose (Ref. 71).  
nism was amenable t o  study i n  the  water tunnel. Because o f  t he  laminar separation. however, the v o r t i c e s  
were more widely  spaced along the  forebody i n  comparison t o  the  case o f  t u rbu len t  separation. Therefore, 
t he  angle o f  a t tack  f o r  onset o f  the vor tex asymmetry was t y p i c a l l y  a few degrees h igher  than the onset o f  
aerodynamic asymmetries determined from wind tunnel and f l i g h t  tests .  

For example, t he  

i n  t h i s  reg ion  a 
As a consequence, a l l  ensuing 

The a b i l i t y  t o  v i s u a l i z e  the  vortex-engine i n l e t  i n te rac t i ons  subsequently l e d  t o  d e t a i l e d  s tud ies of 

In  general, i t  was found t h a t  t he  blowing momentum 

This was due t o  the increased 

Water tunnel  s tud ies confirmed t h a t  t h e  asymnetric shedding of the vo r t i ces  from the  slender forebody 

A representat ive r e s u l t  from these 

As a r e s u l t ,  t he  f l o w  mecha- 

The a b i l i t y  of t he  F-5 "shark nose" depicted i n  Fig. 22 t o  a l l e v i a t e  the vor tex asymnetry was demon- 
s t r a t e d  i n  water tunnel  f l ow-v i sua l i za t i on  tests. 
t h e  nose increased t h e  l a t e r a l  spacing o f  t he  vor t ices and, therefore, reduced the s u s c e p t i b i l i t y  t o  flow- 
f i e l d  asymmetries. 
Larit decredse i n  tne aerodynamic asynmecries aiong w i r n  improveo oeparrure/sp in resistance. S i m i l a r l y ,  
t h e  nose shape on the  reconnaissance ve rs ion  o f  the F-5F w i t h  i t s  forward-looking ob l i que  window (RECCE 
nose) was shown i n  water f low stud ies t o  reduce the asymmetric vor tex shedding a t  h igh a. 

apex reg ion  and the  a b i l i t y  of a water f a c i l i t y  t o  v i s u a l i z e  the  f l o w - f i e l d  changes. 
study of numerous other  ac t i ve  and passive methods o f  asymmetric sideload a l l e v i a t i o n  i n  the water 
tunnel .  These inc luded nose strakes. h e l i c a l  separation t r i p s ,  and normal and tangen t ia l  blowing on the 
forebody. The f l o w - v i s u a l i z a t i o n  experiments provided a r a p i d  assessment o f  t he  a b i l i t y  o f  the f low-  
c o n t r o l  devices t o  reduce/el iminate/reverse the body vor tex asymmetry. The devices t h a t  were i d e n t i f i e d  
as promising f l ow  modulators i n  the water tunnel proved e f f e c t i v e  i n  c o n t r o l l i n g  the  6-zero asymnetries 
i n  wind tunnel t e s t i n g  o f  subscale F-5 models. 

The broader planform and f l a t tened  cross sec t i on  near 

Wind tunnel  and f l i g h t  test ing o f  the F-5F/shark nose combination revealed a s i g n i f i -  

The l a t t e r  s tud ies demonstrated the  s e n s i t i v i t y  o f  t he  vortex flows t o  t h e  geometry o f  t h e  forebody 
This l e d  t o  the  

The water tunnel  was a usefu l  t o o l  i n  analyzing the d i r e c t i o n a l  s t a b i l i t y  t rends obtained i n  wind 
tunnels  and i n  f l i g h t  since a t  h igh  angles of attack the  forebody can s t rong ly  a f f e c t  t he  s t a t i c  d i rec -  
t i o n a l  s t a b i l i t y .  An example inc ludes the F-5F forebody. which develops an unusual vor tex o r i e n t a t i o n  i n  
s i d e s l i p  as shown i n  F ig.  23, On t h e  bas i s  of water tunnel/wind t u n n e l / f l i g h t  co r re la t i ons ,  the forebody 
v o r t i c e s  and t h e i r  unique o r i e n t a t i o n  were i d e n t i f i e d  as the primary source o f  s t a t i c  d i r e c t i o n a l  s t a b i l -  
i t y  a t  h igh  angles o f  a t tack.  As a consequence, the  e f f e c t  o f  forebody modi f icat ions on the yaw s t a b i l i t y  
could genera l ly  be surmised from water tunnel  t es t i ng  by observing any changes t o  the  forebody vor tex 
s t r u c t u r e  and loca t i on .  

The water tunnel  t e s t i n g  of t he  F-5 and re la ted f i g h t e r  models revealed several l i m i t a t i o n s  t o  the 
water f a c i l i t y  s imulat ions.  
tunnel  i s  in f luenced by the  wake reg ion  produced by laminar separat ion f rom t h e  rea r  p o r t i o n  o f  t he  
wing. 

A t  low angles of  attack, genera l ly  less than 10". t he  vor tex core i n  a water 

As shown i n  Figs. 24 and 25, t h i s  a l t e r s  the vor tex path and a lso produces premature d i s s i p a t i o n  o f  
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t h e  vor tex because of entrainment o f  t u rbu len t  f l u i d  from the  separated wake. 
o f  t h e  vor tex behavior i n  wind tunnels and i n  f l i g h t  a t  s i m i l a r  angles o f  a t tack i nd i ca ted  t h a t  the vor tex 
does not  bu rs t  over t h e  wing (see Fig. 25). 
conforms c lose ly  t o  t h e  curvature o f  t h e  wing, p a r t i c u l a r l y  when leading- and t ra i l i ng -edge  f l a p s  are 
deflected, and can i n t e r a c t  w i t h  downstream ai r f rame components. 
a ry - l aye r  separation a t  the s u b c r i t i c a l  condi t ions i n  the water tunnel masks the q u a n t i t a t i v e  e f f e c t s  o f  
def lected leading- and t ra i l i ng -edge  devices on the vor tex s t a b i l i t y .  
behavior on wings w i t h  thickness, camber, tw is t ,  and/or leading-edge bluntness i s  a l so  inadequate a t  
low-a condit ions. I nves t i ga t i ons  o f  these conf igurat ions,  therefore,  are 1 im i ted  t o  h igh angles o f  
a t tack  where flow separat ion occurs everywhere along the  wing leading edge. Under such condi t ions,  t he  
fundamental character o f  t he  vortex-dominated flow i s  s i m i l a r  t o  t h a t  observed a t  h igher  Reynolds 
number. 
(Ref. 72). 

t o  which t h e  w a t e r - f a c i l i t y  r e s u l t s  can be ext rapolated t o  h igher  Reynolds number. 
from wing leading-edge snags and lower and upper surface fences. f o r  example, genera l ly  proved d i f f i c u l t  
t o  s imulate i n  the water tunnel  because o f  t he  s t rong i n t e r a c t i o n  between the separated wing boundary 
l a y e r  and the  v o r t i c a l  motions. An attempt t o  represent the  i n t e r a c t i o n  o f  the vor tex generated from the 
nace l l e  strake, o r  engine "ear," o f  a comnercial t ranspor t  model w i t h  the wing upper surface proved 
f u t i l e .  
t he  wing upper surface and c l o s e l y  fo l lowed the  curvature o f  t he  wing wi thout  breakdown. 

vor tex in teract ions,  and breakdown on f i g h t e r  a i r c r a f t  f e a t u r i n g  r e l a t i v e l y  l a rge  LEXes i n  p rox im i t y  t o  
t h e  forebody. 
angle-of -at tack range owing t o  the  pers is tence o f  t he  v o r t i c a l  motions and t h e i r  p rox im i t y  t o  one 
another. 
F-18 i s  shown i n  Fig. 26. 
s i d e s l i p  and the entrainment o f  t h i s  vor tex p a i r  by the  dominant LEX v o r t i c a l  f lows. 
i n t e r a c t i o n  was very sens i t i ve  t o  small changes i n  the  s i d e s l i p  angle. 
forebody vo r tex  o r i e n t a t i o n  i n  s i d e s l i p  was found. under c e r t a i n  condi t ions.  t o  i n f l uence  the wing s t a l l  
behavior and, hence. t he  l a t e r a l  s t a b i l i t y  c h a r a c t e r i s t i c s  (Ref. 73). For example, the forebody v o r t i c e s  
were r e s i s t a n t  t o  asymmetric o r i e n t a t i o n  i n  s i d e s l i p  when radome st rakes were i n s t a l l e d  a t  40" above the  
maximum half-breadth. 
windward s i d e  o f  the a i r c r a f t .  This f l o w  s i t u a t i o n  was unsteady, however, as the  leeward body vor tex 
would p e r i o d i c a l l y  pass underneath the windward v o r t i c a l  f low. 
vor tex i n te rac t i ons  r e s u l t e d  i n  powerful vortex-induced downwash and sidewash on the windward wing panel, 
thereby delay ing complete wing s t a l l  t o  angles o f  a t tack g rea te r  than 40". This e f f e c t  was a lso observed 
i n  wind tunnel smoke-flow v i sua l i za t i on .  The increased r o l l  s t a b i l i t y  a r i s i n g  from the s t rake i n s t a l l a -  
t i o n  was confirmed i n  subscale wind tunnel and f u l l - s c a l e  f l i g h t  t e s t i n g .  I n  addi t ion.  t he  wind tunnel  
model i n s t a l l e d  on a f r e e - t o - r o l l  r i g  and the f u l l - s c a l e  veh ic le  i n  f l i g h t  revealed modest strake-induced 
l a t e r a l  osc i l l a t i ons ,  o r  wing rock, which was consis tent  w i t h  t h e  unsteady forebody-LEX vor tex i n te rac -  
t i o n s  observed i n  the  water tunnel and wind tunnel f l ow-v i sua l i za t i ons .  The inves t i ga t i ons  demonstrated 
how changes t o  the forebody f l ow  could be amp l i f i ed  downstream t o  a f f e c t  t he  wing aerodynamics and how the  
understanding o f  complicated f l o w  in te rac t i ons  could be improved through water tunnel  experiments. 

A t  t h e  h ighe r  angles o f  a t tack,  t he  water tunnel prov ided use fu l  f l o w - f i e l d  r e s u l t s  regard ing the e f f e c t s  
o f  t h e  canard downwash on t h e  wing f l o w  f i e l d .  For example, t h e  delay o f  leading-edge f l o w  separat ion on 
t h e  wing, t he  progressive development o f  the wing vor tex w i t h  increased angle o f  a t tack,  and the enhance- 
ment o f  t he  l a t t e r  a t  high a i n  the presence o f  t he  canard downwash f i e l d  were demonstrated i n  water 
f l ow  experiments. The f l o w - v i s u a l i z a t i o n  photograph o f  Fig. 27 shows a d i s c r e t e  wing vor tex on a small- 
sca le model o f  the Swedish Viggen a i r c r a f t  a t  o = 30". which i s  w e l l  beyond the angle o f  a t tack f o r  s t a l l  
o f  t he  i s o l a t e d  wing. 

The l a t e r a l  s e n s i t i v i t y  a t  h igh angles o f  a t tack  associated w i t h  asymmetric vor tex breakdown i n  s ide-  
s l i p  i s  an inherent c h a r a c t e r i s t i c  o f  any f i g h t e r  a i r c r a f t  employing l a rge  amounts o f  vor tex l i f t .  Flow- 
v i s u a l i z a t i o n  invest igat ions were conducted t o  improve the  f l o w  s i t u a t i o n  depic ted i n  Fig. 28 by s u i t a b l e  
mod i f i ca t i ons  t o  the LEX planform and add i t i on  o f  LEX fences and s l o t s  t o  modulate the  vor tex core break- 
down behavior i n  s ides l i p .  
low-speed wind tunnel data trends. 

Water 
tunnel  s tud ies of  a slender hypersonic research con f igu ra t i on  unconstrained i n  r o l l  revealed a se l f -  
induced, bounded l a t e r a l  o s c i l l a t i o n  s i m i l a r  t o  t h a t  observed i n  the  wind tunnel. 
t he  o s c i l l a t o r y  leading-edge vor tex core and breakdown phenomena provided i n s i g h t  i n t o  poss ib le  t r i g g e r i n g  
and sus ta in ing  mechanisms o f  t h i s  single-degree-of-freedom o s c i l l a t i o n .  

Water tunnel t e s t s  were performed on a 2-D e j e c t o r  nozzle t o  study t h e  e f f e c t s  o f  s w i r l  on the  
exhaust plume charac te r i s t i cs .  
reduced the  primary nozz le p o t e n t i a l  core and, hence. t he  mix ing shroud length as shown i n  F ig.  29. 
resu l t s ,  which confirmed a theory developed by Chu (Ref. 74) ,  were use fu l  f o r  such app l i ca t i ons  as j e t  
noise reduction. 

I n  contrast ,  observations 

Rather, t he  d i s c r e t e  vor tex core e x h i b i t s  a t r a j e c t o r y  t h a t  

For s i m i l a r  reasons, the laminar bound- 

The s imu la t i on  of the vor tex 

Th is  was the  j u s t i f i c a t i o n  f o r  water tunnel s tud ies o f  t he  Space Shu t t l e  O r b i t e r  by Lorincz 

The scale of t he  v o r t i c a l  motions r e l a t i v e  t o  the  boundary-layer thickness w i l l  determine the degree 
The vo r t i ces  generated 

I n  f l i g h t ,  however, the s t rake vortex observed under condi t ions o f  n a t u r a l  condensation t raversed 

A major con t r i bu t i on  o f  t he  water tunnel  per ta ined t o  the  v i s u a l i z a t i o n  o f  m u l t i p l e  vor tex flows, 

Such conf i gu ra t i ons  were shown t o  develop s t rong f l ow  i n t e r a c t i o n s  throughout the  extended 

An example o f  t he  strong coupl ing o f  forebody and LEX vo r t i ces  on a small-scale model o f  t he  
The f l o w  f i e l d  i s  character ized by symnetric forebody vor tex shedding a t  zero 

This m u l t i p l e  vor tex 
Furthermore. modulat ion o f  t he  

A t  small s i d e s l i p  angles, t he  body vor tex system was a c t u a l l y  biased toward the  

The s t rake e f f e c t s  on the  forebody-LEX 

The s imulat ion of m u l t i p l e  vortex i n t e r a c t i o n s  was extended t o  canard-wing f i g h t e r  conf igurat ions.  

Excel lent  co r re la t i ons  were obtained between the  f l o w - f i e l d  observations and 

The occurrence o f  wing rock i s  comnon t o  slender-wing a i r c r a f t  a t  h igh  angles o f  a t tack.  

The v i s u a l i z a t i o n  of 

The f l o w - v i s u a l i z a t i o n  experiments i nd i ca ted  t h a t  s w i r l  d ramat i ca l l y  
The 

12 



Another a p p l i c a t i o n  o f  t he  water tunnel t o  a nonvortex-dominated f l ow  f i e l d  per ta ined t o  t h r u s t  
reversers on an advanced f i g h t e r  con f igu ra t i on  i n  and ou t  of ground prox imi ty .  
from these experiments i s  shown i n  Fig. 30. 
ranges o f  t he  nozzle geometry. o r i en ta t i on .  and j e t  v e l o c i t y  r a t i o .  Emphasis was placed on the j e t  block- 
age and entrainment e f f e c t s  on t h e  v e r t i c a l  and ho r i zon ta l  s t a b i l i z e r  f l ow  f i e l d s .  I t  was d i f f i c u l t  t o  
i d e n t i f y  t he  p e r t i n e n t  f l o w  mechanisms. however. and t h e  c o r r e l a t i o n s  w i t h  t a i l  loads in format ion obtained 
i n  wind tunnel  t e s t s  were necessar i ly  l im i ted .  

3.4 NASA Ames Research Center. Dryden F l i g h t  Research F a c i l i t y ,  Edwards, C a l i f o r n i a  

The NASA Ames-Dryden Flow V i s u a l i z a t i o n  System (FVS) (Fig. 31) i s  a s ing le - re tu rn  f a c i l i t y  w i t h  a 16- 

A representat ive r e s u l t  
The reverser  plume shape and t r a j e c t o r y  were observed f o r  

by 24-in. v e r t i c a l  t e s t  section. 
operat ion s ince 1983. 
surement o f  t he  separated f low f i e l d s  about advanced m i l i t a r y  a i r c r a f t  conf igurat ions.  
NASA in-house research. numerous cooperative ventures have been undertaken wi th  indust ry ,  u n i v e r s i t i e s ,  
and o the r  government agencies. 
developing laser-enhanced v i s u a l i z a t i o n  (LEV) and 2-D lase r  velocimeter (LV) techniques f o r  t he  water f low 
studies. In  addi t ion.  successful attempts have been made t o  o b t a i n  q u a n t i t a t i v e  in format ion us ing i n s t r u -  
mented models. 

This i ns ta l l a t i on ,  modeled a f t e r  t he  Northrop water tunnel, has been i n  
The NASA f a c i l i t y  has been used almost exc lus i ve l y  f o r  t he  v i s u a l i z a t i o n  and mea- 

In  a d d i t i o n  t o  

The NASA f a c i l i t y  has expanded on the  Northrop tunnel  c a p a b i l i t i e s  by 

Many o f  t he  f l o w - v i s u a l i z a t i o n  studies have been made i n  support o f  t he  NASA High-Alpha Technology 
F low- f i e ld  in format ion has been obtained on small-scale models o f  t he  F/A-18, as shown i n  Program. 

Fig. 32, t o  i d e n t i f y  e f fec t i ve  passive and ac t i ve  vor tex f low-contro l  concepts f o r  f u t u r e  wind tunnel  and 
f l i g h t  t es t i ng .  

A r e l a t e d  study sponsored by the Navy featured q u a n t i t a t i v e  measurements o f  the F/A-18 twin v e r t i c a l  
t a i l  b u f f e t  c h a r a c t e r i s t i c s  i n  the  presence o f  LEX vor tex breakdown. 
combination wi th e x i s t i n g  wind tunnel  and f l i g h t  t e s t  data, provided an improved understanding o f  vor tex-  
empennage i n t e r a c t i o n s  a t  h igh  angles of a t tack that  can lead t o  severe t a i l  b u f f e t i n g .  The surface hot -  
f i l m  anemometer r e s u l t s  showed h igh  turbulence a c t i v i t y  on the  f i n s  a t  cond i t i ons  co inc ident  w i t h  vortex 
b u r s t i n g  observed from f l o w  v i sua l i za t i on .  
c i e s  from t h e  water tunnel t e s t s  co r re la ted  we l l  w i t h  wind tunnel  t e s t s  a t  h igher  Reynolds number 
(Ref. 75). 

A generic study (Ref. 48) was made of a concept t o  improve the  v e r t i c a l - t a i l  b u f f e t  environment. 
Th is  t e s t  featured the  generat ion of a " f ree vortex" w i t h  an imposed downstream pressure g rad ien t  t o  pro- 
mote core burst ing.  
surements showed t h a t  the a c t i v e  f l o w  con t ro l  s i g n i f i c a n t l y  reduced the  turbulence i n t e n s i t y .  
i n f e r r e d  from these p re l im ina ry  r e s u l t s  t h a t  core blowing appl ied t o  the  F/A-18 con f igu ra t i on  would have a 
favorable e f f e c t  on t h e  vortex-empennage in teract ions a t  h igh  angles o f  attack. 

t o  evaluate p o t e n t i a l  dynamic l i f t  bene f i t s  a t  angles o f  a t tack  beyond the  s t a t i c  maximum l i f t .  
v i s u a l i z a t i o n  revealed a l a g  i n  t h e  f l o w - f i e l d  response t o  the  a i r c r a f t  motion and a delay o f  t he  LEX 
vo r tex  b u r s t i n g  i n  comparison t o  t h e  s t a t i c  case. The l a t t e r  phenomenon was very t rans ien t .  however, as 
t h e  f l o w  f i e l d  r a p i d l y  assumed i t s  steady-state cond i t i on  upon te rm ina t ion  of t he  maneuver. I n  con t ras t  
t o  t h e  r e s u l t s  obta ined a t  NAE on a slender generic f i g h t e r  model, t he re  was no s i g n i f i c a n t  l a t e r a l  o s d l -  
l a t i o n  o f  t he  vor tex f lows due t o  the p i t c h i n g  maneuver. 
v o r t i c e s  which emanated from f i x e d  l i n e s  o f  separation and the re fo re  were r e s i s t a n t  t o  l a rge  l a t e r a l  
excursions. 

The water tunnel i nves t i ga t i on ,  i n  

The vortex frequencies, vor tex burst ing,  and dominant frequen- 

Blowing along the core was then i n i t i a t e d  t o  delay t h e  onset o f  burst ing.  LV mea- 
I t  can be 

A q u a l i t a t i v e  study was made o f  an F/A-18 model undergoing p i t c h  o s c i l l a t i o n s  and ramp-type motions 
The f l ow  

This was a t t r i b u t e d  t o  the dominance o f  the LEX 

The Space Shu t t l e  O r b i t e r  con f igu ra t i on  was tested t o  evaluate the  vortex-shedding pa t te rns  on the  
t h i c k  cranked wing a t  h igh angles o f  attack. 
used t o  develop a LEV c a p a b i l i t y  (Ref. 49) and the r e s u l t a n t  technique was then appl ied t o  several o the r  
con f igu ra t i ons .  i nc lud ing  a powered AV-8A Harr ier  model i n  ground p rox im i t y  and a drag-reduction concept 
f e a t u r i n g  a t r a i l i n g  d i s k  behind the  base o f  a cy l inder .  
p lane from the  l a t t e r  study i s  shown i n  Fig. 34. 

Douglas F-15 and F-4. t he  Grumman/DARPA X-29, the General Dynamics F-16XL. and the NASA/General Dynamics 
F-106 w i t h  vor tex f laps.  The vor tex f l ow  behavior on t h e  NASA/LTV/Rockwell F-8 obl ique wing t e s t  a i r c r a f t  
c o n f i g u r a t i o n  was v i sua l i zed  as shown i n  Fig. 35. O f  p a r t i c u l a r  i n t e r e s t  was the  asymmetric vor tex forma- 
t i o n  and breakdown on t h i s  skewed wing arrangement and the  i n t e r a c t i o n  o f  the v o r t i c a l  f l ows  w i t h  the  
v e r t i c a l  t a i l .  
ab le  l e v e l s  o f  s t a t i c  l a t e r a l - d i r e c t i o n a l  s t a b i l i t y  a t  moderate and h igh angles o f  a t tack.  

A representat ive r e s u l t  i s  shown i n  Fig. 33. This model was 

A t y p i c a l  f l ow  v l s u a l i z a t i o n  i n  a streamwise 

Other a i r c r a f t  conf igurat ions t h a t  have been s tud ied  i n  the  NASA i n s t a l l a t i o n  inc lude the McOonnell- 

The understanding and con t ro l  o f  these phenomena are essen t ia l  i n  order  t o  o b t a i n  accept- 

I n  a d d i t i o n  t o  experiments on s p e c i f i c  a i r c r a f t  conf igurat ions,  bas ic  aerodynamic research programs 
have a l s o  been supported by water tunnel experiments i n  the  NASA Ames-Dryden f a c i l i t y .  One example i s  a 
recent  study (Ref. 76) performed by Eidet ics  In ternat ional  f o r  the A i r  Force t o  i nves t i ga te  methods o f  
vor tex c o n t r o l  t o  enhance aerodynamic con t ro l  on f i g h t e r  a i r c r a f t  a t  h igh  a t t i t udes .  The aim o f  t h i s  
f l o w - v i s u a l i z a t i o n  study was t o  explore methods of a l t e r i n g  the  ha tu ra l  s t a t e  of the forebody and LEX 
v o r t i c e s  by i n t e r j e c t i n g  i n t o  the  f l ow  f i e l d  e i t he r  small  surfaces o r  blowing j e t s .  
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4. SUHMARY 

A rev iew has been made of the r o l e  of water f a c i l i t i e s  i n  veh ic le  design. The use o f  water as a 
f l ow-v i sua l i za t i on  medium began very ea r l y .  
i n  the 15th century w i t h  the observations and sketches o f  Leonard0 da Vinc i .  who a l so  designed the  f i r s t  
water tunnel. Leonard0 hypothesized t h a t  flows i n  water and a i r  were s im i la r ,  which was o f  great  impor- 
tance t o  the  advancement of f l u i d  mechanics. 

The s c i e n t i f i c  a p p l i c a t i o n  o f  water f l ow  v i s u a l i z a t i o n  began 

I n  the cen tu r ies  t o  fol low, sporadic experiments on simple shapes were performed i n  water, p r i m a r i l y  
f o r  marine c r a f t  appl icat ions.  The Pioneering research o f  Ludwig Prandt l  and h i s  col leagues and the  dawn- 
i ng  o f  t he  e r a  o f  f l i g h t  i n  the  e a r l y  20th century marked an upsurge i n  the  use o f  water f a c i l i t i e s  f o r  
veh ic le  design. I n  t h e  ensuing decades up through World War 11. water tunnels. channels, and towing tanks 
y i e l d e d  use fu l  q u a l i t a t i v e .  and sometimes quant i ta t ive,  i n fo rma t ion  on var ious aerodynamic and hydrody- 
namic shapes s u i t a b l e  f o r  f l i g h t  and marine vehicles. 

The t rend  toward increased veh ic le  s i ze  and speed posed a sca l i ng  problem f o r  water f a c i l i t y  simula- 
t ions.  The matching of t he  Froude number i n  marine c r a f t  t e s t i n g  was genera l ly  a t  the expense o f  a l a r g e  
Reynolds number gap. The sca l i ng  of c a v i t a t i o n  phenomena was a cont inual  challenge. 
t i o n s  were necessa r i l y  r e s t r i c t e d  t o  t h e  incompressible f l ow  regime and could no t  represent  the phenomena 
encountered on high-speed a i r c r a f t  t h a t  emerged during World War 11. 
match was a l so  present i n  the  t e s t i n g  o f  f l i g h t  vehicles i n  water f a c i l i t i e s .  These problems continue t o  
the  present day. 

The u t i l i z a t i o n  o f  c o n t r o l l e d  f l o w  separations and vor tex f lows by design t o  improve veh ic le  pe r fo r -  
mance emerged i n  t h e  1950s. This  increased the  u t i l i t y  o f  water f a c i l i t i e s  as a veh ic le  design t o o l  
l a r g e l y  because the  fundamental s t r u c t u r e  of these f lows was i n s e n s i t i v e  t o  the Reynolds number. The 
r a p i d  advancement of veh ic le  technology s ince that t ime has r e s u l t e d  i n  expanded operat ing envelopes and 
corresponding increase i n  the f l o w - f i e l d  complexity. Water f a c i l i t y  app l i ca t i ons  and c a p a b i l i t i e s  have 
kept  pace w i t h  these technology developments and these i n s t a l l a t i o n s  have assumed a prominent r o l e  i n  t h e  
design o f  a i r ,  ground, and marine vehicles. 
ope ra t i on  i n  several coun t r i es  around the  world, prov id ing d e t a i l e d  f l o w - f i e l d  i n fo rma t ion  t h a t  w i l l  
a s s i s t  i n  so l v ing  myriad present and f u t u r e  aeronautical and r e l a t e d  hydrodynamic problems. 
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Figure 1. 
Vinci (from Ref. 1). 

Fluid flow sketches by Leonard0 d a  Figure 2. 
glass." read from r igh t  to  l e f t  as was Leonardo's 
habit, represents the f i r s t  h i s tor ic  example o f  a 
water tunnel (from Ref. 5) .  

The box with the inscription "white 

(a) Flow past a knife edge. ( b )  Flow along a f t  portion of b l u n t  body. 

(c) KBrmhn vortex s t r ee t  downstream of cylinder. (d) Flow in a sharply diverging channel with wall 
suction. 

Figure 3 .  Representative water flow-visualization resu l t s  of Prandtl (from Ref. 12 ) .  
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(a) Leading-edge vor tex on a slender wing. 

(c) Wingtip v o r t i c e s  on a comnercial t ranspor t  
a i r c r a f t .  

(e) B i l g e  and s t e r n  vo r t i ces  on displacement 
h u l l s .  

(b) Vor t ices on the  l e e  s ide  o f  a m iss i l e .  

(d) Side-edge v o r t i c e s  on an automobile. 

( f)  Vortex f l ows  on an a i r c r a f t  c a r r i e r  f l i g h t  
deck. 

(9) Vortex flows about a maneuvering submarine. 

F igure 4. Sketches o f  vor tex f l ows  shed from a i r ,  ground, and marine vehic les ( f rom Ref. 1). 
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Figure 5 .  NAE water tunnel. F igure 6. 
tunnel ) .  

Wing-submerged l i f t i n g  f a n  (NAE water 

F igure 7. EBF arrangement (NAE water tunnel ) .  F igure 8. 
(NAE water tunnel ) .  

Surface f l o w  on a C - 5  t ranspor t  model 

F igure 9. Vortex wake o f  l i f t i n g  fuselage, s ide 
view (NAE water tunnel ) .  

F igure 10. 
angle o f  a t tack  45"- -vor t ices asymmetrical (NAE 
water tunnel ) .  

Modern a i r c r a f t  w i t h  long forebody-- 
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ORiG-IFShl F x G E  IS 
OF POOR QUALITY 

(a) O r i g i n a l  version. (b)  With d e f l e c t o r  on cab. 

F igure  11. Truck t r a i l e r  (NAE water tunnel) .  

F igure  12. Sketch o f  the  CalTech FSWT. Figure 13. Cav i ta t i ng  f l o w  about 2-D wedge a t  
h igh  angle o f  a t tack  (CalTech FSWT). 

Figure 14. Northrop Corporat ion water tunnel .  
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Figure 15. Vortex flows about YF-17 model a t  
a = 20" (Northrop water t u n n e l ) .  

Figure 16. 
number on del ta  wing vortex breakdown a t  the 
t r a i l i n g  edge (from Ref. 34) .  

Effects of wing  sweep and Reynolds 

LEX VORTEX CORE 
' VORTEX BREAKDOWN 

Figure 17. Vortex breakdown on a small-scale model of an advanced f i g h t e r  configurat ion (Northrop water 
t u n n e l ) .  
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(a) Northrop water tunnel--dye injection. (b) F1 ight--natural condensation. 

Figure 18. Correlation of vortex breakdown on a current fighter aircraft at high angle of attack. 
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Figure 19. 
attack (from Ref. 34). 

Effect of LEX planform modification on the progression of vortex bursting with the angle of 
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(a) Blowing o f f .  (b) Blowing on. 

F igure 20. 
(Northrop water tunnel ) .  

E f f e c t  o f  wing upper sur face spanwise blowing on the  leading-edge vor tex behavior a t  (I = 24" 

VORTEX ASYMMETRY VORTEX ASYMMETRY 

F igure 21. Asymmetric forebody vor tex shedding a t  F igure 22. Close-up o f  vor tex f lows developed on 
zero s i d e s l i p  (Northrop water tunnel).  forebody w i t h  shark nose (Northrop water tunnel ) .  
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Figure 23. Forebody vo r tex  o r i e n t a t i o n  i n  F igure 24. Vortex f l o w  a t  low angle o f  a t tack  
s i d e s l i p  (Northrop water tunnel ) .  (Northrop water tunnel ). 

F igure 25. Comparison o f  vor tex f l o w  behavior i n  F igure 26. Forebody-wing vor tex f l o w  i n t e r a c t i o n s  
water and wind tunnel  f a c i l i t i e s  (Northrop). on an advanced f i g h t e r  model (Northrop water 

tunnel ) .  
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Figure 27. Vortex flows on a canard-wing fighter Figure 28. Asymmetric vortex breakdown i n  
model (Northrop water tunnel). sideslip (Northrop water tunnel). 
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Figure 29. Effect of swirl on 2-D ejector nozzle Figure 30. Thrust-reverser effect i n  ground 
flow (Northrop water tunnel). proximity (Northrop water tunnel). 
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Figure  31. NASA Ames-Dryden FVS. F igure  32. 
o f  the  F/A-18 (NASA Ames-Dryden water  tunne l ) .  

Vortex f lows about a smal l -scale model 

Figure 33. 
o f  t h e  Space S h u t t l e  O r b i t e r  (NASA Arnes-Dryden 
water  tunnel  ). 

Vortex f lows about a small-scale model F igure  34. 
f low about a c y l i n d e r  w i t h  t r a i l i n g  d isk  (NASA 
Ames-Dryden water  tunne l ) .  

Laser-enhanced v i s u a l i z a t i o n  o f  the  
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(a) Low angle of attack. (b) High angle o f  attack. 

Figure 35. 
Ames-Dryden water tunnel). 

Flow visualization o f  a small-scale model of the F-8 oblique wing aircraft configuration (NASA 
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