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SUMMARY 

F l o w - f i e l d  measurements have been made t o  determine the e f f e c t s  o f  core blowing on vor tex breakdown 
and con t ro l .  
water tunnels  as t e s t  p la t forms f o r  advanced f l o w - f i e l d  s imu la t i on  and measurement. 

The r e s u l t s  o f  these proof-of-concept experiments c l e a r l y  demonstrate the usefulness o f  

1. INTRODUCTION 

A t  present, t he re  are s i g n i f i c a n t  e f f o r t s  being made t o  e f f e c t  design changes which w i l l  improve 
a i r c r a f t  a g i l i t y ,  maneuverabi l i ty, and performance. But although s i g n i f i c a n t  progress has been made i n  
computational aerodynamics. r e l i a b l e  design changes s t i l l  cannot be made w i thou t  recourse t o  experiment. 
Attempts t o  extend t a c t i c a l  f l i g h t  envelopes requ i re  extensive, p r e f l i g h t ,  ground-based model t es t i ng .  
Unfor tunate ly .  conventional wind tunnel  t es t i ng  i s  expensive and t ime  consuming and most f a c i l i t i e s  were 
b u i l t  before present-day o p t i c a l  methods fo r  q u a n t i t a t i v e  f l ow  f i e l d  measurements were envisaged. 
quently, there are few nonint rus ive,  de ta i l ed  measurements o f  l ee -s ide  vor tex f l ow  f i e l d s ,  which are o f t e n  
requ i red  t o  support design eva lua t i on  and opt imizat ion.  

Conse- 

However, i n  the past, q u a l i t a t i v e  water tunnel  s imulat ions have guided many p r a c t i c a l  designs and. 
s ince most o f  these f a c i l i t i e s  have been b u i l t  w i t h  exce l l en t  o p t i c a l  access, they are i d e a l l y  su i ted  f o r  
use i n  advanced f l o w - f i e l d  d iagnost ics .  
governed by extens ive viscous wakes and v o r t i c a l  lee-s ide f lows. non in t rus i ve  o p t i c a l  measurement tech- 
niques are required. 

f l o w - f i e l d  measurements t o  support "cut  and t r y "  designs and bas ic  research. Water tunnels  are exce l l en t  
media f o r  conventional and scanning l ase r  velocimetry research (Ref. 1) and laser  f luorescence anemometer 
s tud ies o f  mix ing processes (Ref. 2). 

Since the performance o f  most l i f t i n g  and maneuvering bodies i s  

Consequently, water tunnels o f f e r  the oppor tun i t y  t o  ob ta in  inexpensive, deta i led,  

Th is  paper describes an experiment i n  which d e t a i l e 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  f l o w - f i e l d  observa- 
t i o n s  of vor tex breakdown were obta ined and describes some o f  t he  r e s u l t s  o f  attempts t o  c o n t r o l  i t s  
occurrence. 
c o n t r o l l i n g  vor tex breakdown by i n t roduc ing  r e l a t i v e l y  low r a t e s  o f  j e t  blowing along the  vortex core. 

S p e c i f i c a l l y ,  t he  experiment was designed t o  determine the  mechanisms and f e a s i b i l i t y  o f  

2. BACKGROUND 

When a slender d e l t a  wing i s  a t  an angle of  a t tack  t o  an oncoming stream, the upper- and lower- 
sur face boundary l aye rs  f l ow  outward and separate from the leading edges t o  form two f r e e  shear layers 
t h a t  r o l l  up i n t o  a p a i r  o f  v o r t i c e s  above the wing. 
u n t i l  t he  induced wing pressure f i e l d  and associated adverse strearnwise pressure gradients  cause vor tex 
breakdown. 
i ng  edge downstream o f  the wing. The phenomenon o f  vor tex breakdown ( o r  vor tex bu rs t i ng )  can have a s i g -  
n i f i c a n t  i n f l uence  on con t ro l - su r face  performance and unsteady loading. The inherent  unsteadiness o f  the 
breakdown process compounds the problem as i t  c o n t i n u a l l y  moves the  breakdown reg ion  back and f o r t h  along 
the vor tex ax is .  Th is  creates serious time-dependent f l o w  problems and asymmetrical ly disposed breakdown 
pos i t i ons  

Increas ing angle o f  a t tack strengthens the v o r t i c e s  

The f l ow  i s  f u r t h e r  complicated as the leading-edge v o r t i c e s  mix w i t h  the wake from the t r a i l -  

above the  wing t h a t  are aggravated w i t h  s ides l i p .  

Wide v a r i a t i o n s  o f  breakdown pa t te rns  have been observed. With increas ing s w i r l ,  the pa t te rns  change 
from s p i r a l  t o  near axisymmetric (Ref. 3 ) .  I n  
t h i s  breakdown process, the f i l amen t  o f  f l u i d  along the ax i s  does no t  spread out symmetrical ly from a 
f i x e d  s tagnat ion p o i n t  but, instead, takes on a s p i r a l  form around an unsteady "s tagnat ion p o i n t "  which 
va r ies  i n  both space and time. 
(Ref. 4). 
biibble. which can have s i n g i e  or  m u l t i p l e  t a i l s  (Ref. 5). 

because r e l i a b l e  q u a n t i t a t i v e  experimental data are d i f f i c u l t  t o  obta in .  
mation t o  guide f l o w - f i e l d  modeling. numerical s tud ies  o f  vor tex breakdown and c o n t r o l  have met w i t h  on l y  
l i m i t e d  success (Ref. 6 ) .  There have been two p r i n c i p a l  reasons f o r  t h i s .  
associated w i t h  breakdown produces d i r e c t i o n a l  in termi t tency.  This  leads t o  l a rge  unce r ta in t i es  i n  mean 
and ijnsteady f!ow mo:s~r.mr.nts cbtained wit!: convcnticna! p i t o t  and hot - i i i re  probes. 

Sp i ra l  breakdown most comnonly occurs over d e l t a  wings. 

Axisymmetric breakdown over d e l t a  wings. although rare,  can a l so  occur 
I n  t h i s  case, the vor tex has a roughly axisymmetric breakdown p a t t e r n  w i t h  a c h a r a c t e r i s t i c  

Unfor tunate ly ,  the parameters and condi t ions t h a t  r e s u l t  i n  vo r tex  breakdown are poor l y  understood 
With l i m i t e d  experimental i n f o r -  

F i r s t ,  f l o w - f i e l d  unsteadiness 

5eiirnd. aid perhaps 
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more important, is the fact that vortex breakdown is known to be extremely sensitive to any form of intro- 
duced disturbance. 
these reasons, almost complete reliance has been placed on flow-visualization techniques to determine 
flow-field characteristics. But. with the advent of the laser velocimeter. there are now opportunities to 
determine accurate. quantitative, flow-field velocity measurements of the vortex bursting process. 

Probes, because of their blockage, may drastically alter the breakdown position. For 

3.  EXPERIMENTAL DETAILS 

The experiment discussed here was conducted in the NASA Ames-Dryden Water Tunnel. A general layout 
of this closed-return facility which has a 41- by 61-cm vertical test section is shown in fig. 1. The 
four walls are made of plexiglass, which provides excellent optical access for both flow visualization and 
laser velocimetry. 
butterfly valve to produce test section flow velocities of up to 35 cm/sec. 
trolled by three honeycombs in the tunnel circuit, one of which is located at the test section entry after 
an effective contraction ratio of 5:l  (Fig. 1). 

The tunnel is driven by a 50-hp ac motor and the volume flow rate is controlled by a 
The flow quality is con- 

The test configuration which consisted of a 45" half delta planform model upstream of a ;&mesh 
screen is shown in Fig. 2. 
angle of attack of 15". The purpose o f  the screen was to produce an adverse pressure gradient sufficient 
to cause vortex breakdown in the test section ahead o f  the screen. 
blowing tube was installed at the apex of the half-delta wing through which jets, at velocities higher 
than the free stream, could be pumped along the core of the tip vortex. The blowing system provided for a 
maximum jet-momentum coefficient, based on wing planform area, of 0.14 at the maximum jet blowing 
pressure. 

The tests were conducted at a free-stream velocity of 11 cm/sec and a model 

To control vortex bursting, a small 

In the past, air or hydrogen bubbles have been used as tracers to visualize flow patterns in water 
tunnels. For steady flows, streak lines can be identified with streamline patterns. However, in more 
complex flows of practical interest, the use of bubbles for flow visualization has distinct drawhacks. 
First of all, their introduction acts as a fluid lubricant which alters the apparent fluid viscosity and 
therefore its turbulent structure. Second, light refraction at the gas/water interfaces will destroy 
laser beam coherence and make it impossible to obtain laser velocimeter measurements in the regions where 
the tracer Is present. 
fluorescent dyes of different colors through the vortex control tube and from a port near the apex of the 
model. Horizontal and vertical laser light sheets were generated using an argon-ion laser and a series of 
cylindrical lenses which produced a variable, thin sheet of laser light that could be focused at different 
planes in the flow field. The horizontal fluorescent sheets showed flow features in the cross-flow plane, 

whereas the vertical sheets showed the streanwise flow development. Axial and radial flow visualization 
scans were recorded on video tape. 

In the current experiment, the vortex flow field was visualized by injecting 

Three component laser velocimeter measurements were made with the system shown in Fig. 3 .  This 
fringe mode. forward scatter system, which utilized the 4880- and 5145-A lines of an argon-ion laser. was 
specifically designed to measure all three components of the vortex velocities by measuring the flow with 
two different traverse configurations. 
successive orthogonal scans measured the axial and tangential (swirl) components and the axial and radial 
velocities, respectively. Eragg-cell frequency-shifting, which is required for probing directionally 
intermittent flow fields, was incorporated in both spectral lines. Two traversing systems are shown. The 
one on the opposite side of the test section from the laser holds the collecting lens and photodetectors 
for forward-scatter light collection. 
ports the transmitting lenses. 
of the velocimeter's sensing volume; the other optics remain stationary. 
driven with computer-controlled stepper motors. 

The computer-controlled traverse system was configured such that 

The traversing system on the laser side of the test section sup- 
Mirrors fixed to this traversing system permit three-dimensional scanning 

Both traversing systems are 

Naturally occurring particles in the tunnel flow were used for light scattering. No additional seed- 
ing was required. 
ities. From these determinations, the local time-averaged velocities and velocity fluctuation levels were 
calculated. Fluctuating velocity cross-correlations were also obtained by requiring co-incidence on each 
pair of instantaneous velocity occurrences. On-line data acquisition and display were achieved by means 
of desk-top computer analysis. Details are given in Ref. 7 .  Prudent selection of data-acquisition elec- 
tronics and optical components enabled us to achieve velocity sensitivities down to 1 mn/sec. which were 
adequate for the present investigation. 

Single-particle signal processing was used to determine local time-dependent veloc- 

4. TEST RESULTS 

4.1 Laser Vapor Screen 

In the absence of jet blowing, vortex breakdown was clearly visible ahead of the mesh screen. 
scale. unsteady mtions associated with directional intermittency throughout the vortex core were appar- 
ent. These motions were associated with time-dependent axial changes in vortex breakdown position. 
Closer visual inspection showed that the breakdown was of a spiral type, which is the form most comnonly 
observed in the flow over delta wings at high angle of attack. 
spiral axis decelerated to form an abrupt kink. 
they took the form of a spiral that persisted for several turns before breaking up into large-scale 

Large- 

At breakdown. the dye filament marking the 
Instead. But the filaments did not spread out initially. 
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t u r b u l e n t - l i k e  f low.  
f low plane and along the  vo r tex  ax i s .  

These time-dependent s p i r a l i n g  occurrences appeared t o  move randomly i n  the cross- 

The e f f e c t s  o f  j e t  blowing can be d iv ided i n t o  s t a b i l i z i n g  and d e s t a b i l i z j n g  regimes tha t  are depen- 
dent on the j e t  excess v e l o c i t y  r e l a t i v e  t o  the f r e e  stream. A t  low blowing rates,  the time-dependent 
s p i r a l i n g  movement along the a x i s  i s  suppressed, although breakdown s t i l l  occurs and c ross - f l ow  v i s u a l i z a -  
t i o n  shows t h a t  there i s  s t i l l  s i g n f i c a n t  large-scale t u r b u l e n t - l i k e  mix ing and movement of the vortex 
core p r i o r  t o  breakdown. As the j e t  i n tens i t y  i s  increased. the f l ow  i n  both the l ong i tud ina l  and cross-  
f low planes i s  c o n t i n u a l l y  s t a b i l i z e d  u n t i l  a t  an optimum j e t  momentum c o e f f i c i e n t  o f  0.05, f o r  these 
experiments. bu rs t i ng  i s  completely suppressed and vor tex t r a j e c t o r y  meandering i s  s tab i l i zed .  
increases i n  j e t  v e l o c i t y  tend t o  increase l a t e r a l  growth and motion. There i s ,  then, a general increase 
i n  f l o w - f i e l d  large-scale unsteadiness although vor tex bu rs t i ng  continues t o  be suppressed. 
cross-f low, laser- l ight -sheet- f luorescence f low v i s u a l i z a t i o n  are shown i n  F ig .  4. 

Fur ther  

Examples o f  

4.2 F low-Fie ld  Measurements 

Based on the v i sua l  observations, three a x i a l  s t a t i o n s  were chosen f o r  extens ive mean and unsteady 
f low documentation. These s t a t i o n s  covered the i n i t i a l  and developing j e t  i n te rac t i on ,  and the s p i r a l i n g  
and breakdown regions. Tunnel c e n t e r l i n e  ve loc i t y  measurements were a l s o  made w i t h  the model removed t o  
determine t h e  f l o w - f i e l d  adverse pressure gradient caused by the screen. These r e s u l t s ,  shown i n  Fig. 5, 
prov ide a necessary boundary c o n d i t i o n  f o r  any f u t u r e  f l o w - f i e l d  computations. 

The mean a x i a l  and tangent ia l  v e l o c i t y  p r o f i l e s  measured three and fou r  chords from the model apex 
are shown i n  Figs. 6 and 7. 
decrease i n  vor tex core momentum as breakdown approaches. Comparisons o f  the no-blowing a x i a l  p r o f i l e s  
a t  
down r e g i o n  i s  approached, bu t  a l so  a much wider spanwise d e f i c i t  a t  the x/c = 4.0 s t a t i o n  because o f  
accentuated meandering of the vor tex s p i r a l .  C lea r l y ,  a x i a l  blowing along the core can overcome and 
reverse t h i s  momentum d e f i c i t  f o r  a substant ia l  d is tance downstream. This e f f e c t  i s  shown i n  more d e t a i l  
over the e n t i r e  j e t -b low ing  pressure range i n  Fig. 8. 

The "no blowing" a x i a l  v e l o c i t y  p r o f i l e s  show t h a t  there i s  a progress ive 

x/c = 3.0 and 4.0 show no t  on l y  a general dece le ra t i on  o f  the mean f l ow  as the time-dependent break- 

The s w i r l  p r o f i l e s  show t h a t  i n i t i a l l y  each vo r tex  has an ou te r  f r e e  vortex form w i t h  an inner  v i s -  
cous core. The s w i r l  number o f  0.3, based on the r a t i o  o f  the measured maximum l o c a l  t angen t ia l  and f ree-  
stream v e l o c i t i e s  i s  i n d i c a t i v e  o f  "moderate" vor tex strength. The p r i n c i p a l  f ea tu re  o f  each se t  o f  tan-  
g e n t i a l  v e l o c i t y  p r o f i l e s  i s  the progress ive downstream decrease i n  the maximum induced v e l o c i t y  and mean 
gradient  across the core. 
momentum a d d i t i o n  due t o  blowing enhances the core o f  the s w i r l i n g  f l ow  i n  such a way t h a t  dece le ra t i on  of  

both a x i a l  and tangen t ia l  v e l o c i t y  components i s  a l l e v i a t e d  near the  axis. 
i s  increased and breakdown i s  delayed. Radial v e l o c i t y  p r o f i l e s ,  Fig. 9. show t h a t  t he re  are a l so  s i g n i f -  
i c a n t  increases due t o  core meandering associated w i t h  vor tex breakdown. 
increased time-dependent f l o w  a n g u l a r i t y  I n  the cross- f low plane. 

A comparison o f  these tangen t ia l  and a x i a l  v e l o c i t y  p r o f i l e s  shows t h a t  the 

As a r e s u l t .  vor tex s t rength 

It i s  a lso an i n d i c a t i o n  o f  

De ta i l ed  analys is  o f  the t e s t  r e s u l t s  shows t h a t  there i s  an optimum blowing r a t e  f o r  vor tex s t a b i l i -  
z a t i o n  and c o n t r o l .  Consider f i r s t  the comparison o f  the tangen t ia l  v e l o c i t y  p r o f i l e s  shown i n  Fig. 10. 
Clear ly ,  the h ighest  j e t -b low ing  pressure degrades the vortex, reducing both the maximum induced tangen- 
t i a l  v e l o c i t y  and the mean gradient  across the v iscous core. Comparisons o f  t h i s  type have been used t o  
determine the  increases i n  maximum tangen t ia l  v e l o c i t y  and v o r t i c t y  induced by j e t  blowing. 
shows the e f f e c t  o f  j e t  blowing on the  measured maximum Induced tangen t ia l  v e l o c i t y  normalized by the 
value observed wi thout  blowing. 
An i n d i c a t i o n  o f  t he  v o r t i c i t y  induced by j e t  blowing i s  g iven i n  Fig. 12. where i t  can be seen tha t  
v o r t i c i t y  l e v e l s  o f  up t o  three times the basel ine va lue can be achieved a t  the optimum j e t - v e l o c i t y  
r a t i o .  
en t  a t  the h ighest  blowing ra tes .  
e f f e c t s  o f  moderate a x i a l  blowing, which can double t h e  extent  o f  a x i a l  vor tex preservat ion.  
shows that ,  w i t h  optimum blowing, t he  a x i a l  v o r t i c i t y  t ranspor t  can be increased by almost an order  o f  
magnitude. 

f l o w  measurements. 
although some f l ow  reve rsa l  i s  s t i l l  present a t  t he  lower v e l o c i t i e s .  j e t  blowing produces a dramatic 
improvement i n  vo r tex  s t a b i l i t y  fol lowed by some s l i g h t  degradation a t  h i g h  j e t  v e l o c i t i e s .  Dramatic 
d is turbance- level  reduct ions across the e n t i r e  vo r tex  core can be achieved w i t h  optimum j e t  blowing 
(Fig. 16). Since l o c a l  unsteadiness l e v e l s  above 30% ind i ca te  p o i n t s  i n  the f l o w  a t  which instantaneous 
f l ow  reve rsa l  occurs, we can see tha t .  without j e t  blowing. there i s  a s i g n i f i c a n t  reg ion  o f  d i r e c t i o n a l l y  
i n t e r m i t t e n t  f low. 
o f  the f l ow  f i e l d  as vo r tex  breakdown no longer occurs and l o c a l  r a t i o s  o f  the dynamic loadings are 
reduced by f a c t o r s  o f  up t o  20. 
ca l cu la ted  us ing the l o c a l  d is turbance l e v e l s  and mean f l ow  gradients. 
w i thou t  blowing. t he  mix ing- length scales, which are r e l a t e d  t o  vor tex movement i n  the cross- f low plane, 
are about equal t o  the extent  o f  the l o c a l  time-averaged viscous core. 
scales by almost a f a c t o r  of three, although the det r imenta l  e f f e c t s  o f  excess j e t  blowing are more 
c l e a r l y  evident. 
l eve l s  and mean a x i a l  v e l o c i t y  g rad ien t  a re  s i g n i f i c a n t l y  l a rge r .  
ing, the ex ten t  o f  the breakdown r e g i o n  i s  cmvarable t o  t h a t  o f  the model chord 1Pnoth. 

F igure 11 

The e f f e c t  i s  c l e a r l y  s i g n i f i c a n t .  espec ia l l y  a t  the x/c = 4.0 s ta t i on .  

A t  h igher  blowing pressures, s i g n i f i c a n t  reduct ions occur, and even det r imenta l  r e s u l t s  are appar- 
Calcu lated v o r t i c i t y  decay r a t e s  shown i n  Fig.  13 con f i rm  the favorable 

F igure 14 

Some i n s i g h t  i n t o  the  unsteady features o f  vo r tex  breakdown can be determined from the f l u c t u a t i n g  
The a x i a l  v e l o c i t y  disturbance leve ls ,  measured along the core, Fig. 15. show tha t ,  

This reg ion  i s  completely removed w i t h  blowing. There i s  a s i g n i f i c a n t  s t a b i l i z a t i o n  

Tangential cen te r l i ne  t u r b u l e n t - l i k e  mix ing- length scales have a l so  been 
These resu l t s ,  F ig .  17, show that ,  

Optimum blowing reduces these 

Cen te r l i ne  a x i a l  mixing-length scales based on measured a x i a l  v e l o c i t y  f l u c t u a t i o n  
They i n d i c a t e  that ,  wi thout  j e t  blow- 
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Turbulence modeling of these flows will also require an understanding of the mixing mechanisms 
between a free jet issuing into a surrounding swirling flow field. 
ity profile with that measured within the vortex. 
that there are significant changes in the entrainment and mixing mechanisms in the two cases. 
there is some centrifugal-force stabilization of the Iarge-SCale mixing and entrainment mechanisms. The 
effect of swirl i s  t o  restrict the jet entrainment and confine its influence along the cow. This con- 
finement improves jet effectiveness in providing an effective sink which preserves vortex coherence, 1 ife- 
time. and stability. Additional insight into the turbulent-like nature of the vortex flow fields, with 
and without jet blowing, can be deduced from Figs. 19 and 20. which show the correlation between the 
large-scale axial and tangential fluctuations. x/c = 3.0 and 4.0 
stations clearly show the spanwise increase in vortex meandering as breakdown occurs in the zero jet-flow 
velocity case. This wandering generates an extensive region of high levels of apparent shear stress that 
can be significantly confined and stabilized with blowing. 

Figure 18 compares the free-jet veloc- 
I t  is apparent. from the differences in spreading rate, 

Apparently 

Comparisons of the results at the 

5 .  CONCLUDING REMARKS 

The results of this simple experiment show that vortex breakdown can be controlled, and eliminated, 

This optimum value of 
In 

by relatively small amounts of jet blowing along the vortex axis. 
optimum value of jet-momentum coefficient for vortex control has been identified. 
0.05 corresponds to a jet excess momentum equal to the vortex-core-momentum deficit without blowing. 
restrospect. it is not too surprising that the most efficient jet-blowing pressure minimized the axial 
mean-velocity gradients across the vortex. In simplistic terms, this means that the jet gave the wing 
vortex an initial "push," which moved it with the local mean velocity; therefore, in the Lagrangian frame 
it was "unaware" of convection. Consequently, minimal energy was extracted from the vortex by mean-axial- 
velocity gradients. 

For this particular experiment, an 

O f  course, optimum blowing conditions may well be different in other, more practical situations. 
however. this optimization criterion may still hold and the experimental approach investigated here could 
well prove effective if it is applied to leading-edge-extension (LEX) vortex control o f  twin-tai 1 fighter 
aircraft. Successful application could lead to significant reductions in time-dependent dynamic loading 
and flow angularity associated with vortex breakdown. Vortex control could greatly alleviate structural 
fatigue and improve control-surface effectiveness and response. 

Finally, this work clearly demonstrates how water tunnels can be used in conjunction with advanced 
optical techniques to provide nonintrusive. detailed. flow-field measurements of complex fluid flows with 
a minimum o f  expense. 
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Figure 14. Steamwise v o r t i c i t y  convection rates.  
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Figure 17. Influence of jet blowing on tangen- 
tial velocity fluctuating length scales. 
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Figure 18. Free- and confined-jet flow profiles. 
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