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SUMMARY 

The impingement of a vertical jet on the ground creates a 

ground vortex which can cause significant effects on a STOL 

airplane. The ground vortex can have large effects on the 

aerodynamics of the airplane and can result in significant inlet 

distortions in temperature and in flow quality. An experimental 

investigation of the ground vortex has been made in NASA’s 

Langley Vortex Research Facility (VRF) with a moving jet over a 

stationary ground board. Data showing the ground pressures 

resulting from the ground vortex created by the jet moving over a 

fixed ground board at various speeds have been gathered. These 

ground board pressures have been analyzed and the results are 

compared to several existing studies with fixed jets over fixed 

ground boards and to previous tests of a j e t  moving over the 

ground. 

The results of this comparison show that the penetration of 

the vortex created by the moving jet is diminished when compared 

to that created by a stationary jet. This reduction is shown to 

be approximately a 30% reduction in the centerline penetration 

into the opposing air stream and a reduction in the lateral 

penetration of approximately 50%. These significant reductions 

are believed to be the result of the elimination of the ground 

boundary layer inherent in the fixed jet and ground board of the 

majority of the existing data. 

Just how much the reduction in the vortex size will affect 

the aerodynamic characteristics can n o t  be determined from the 

current data base. The data give some indication that even 
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t hough  t h e  v o r t e x  p e n e t r a t i o n  i s  s e e n  t o  be r e d u c e d ,  t h e  v o r t e x  

appears  t o  b e  s t r o n g e r .  T h i s  i n d i c a t e d  may r e s u l t  i n  a somewhat 

d e l a y e d  o n s e t  o f  t h e  f o r c e s  a s s o c i a t e d  w i t h  t h e  g round  v o r t e x  but 

t h e  f o r c e  c h a n g e  d u e  t o  t h e  v o r t e x  may be more s e v e r e .  

A d d i t i o n a l  d a t a  m u s t  be o b t a i n e d  w i t h  a moving model t e s t  t o  

p r o v i d e  model f o r c e s  i n  a d d i t i o n  t o  t h e  g r o u n d  v o r t e x  p o s i t i o n  

and s t r e n g t h .  
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INTRODUCTION 

The o p e r a t i o n  of STOL v e h i c l e s  w i l l  be  enhanced  i f  t h e  

e n g i n e  t h r u s t  i s  u t i l i z e d  t o  d e v e l o p  l i f t  o r  s t o p p i n g  f o r c e .  

T h i s  v e c t o r i n g  of t h e  e n g i n e  t h r u s t  o f t e n  r e s u l t s  i n  t h e  j e t  

i m p i n g i n g  on  t h e  g round  d u r i n g  t h e  t e r m i n a l  phases of t h e  f l i g h t .  

T h i s  can g e n e r a t e  f l o w  f i e l d s  u n d e r  t h e  a i r p l a n e  w h i c h ,  i n  t u r n ,  

can  r e s u l t  i n  l a r g e  c h a n g e s  i n  t h e  ae rodynamic  l o a d s .  I n  

a d d i t i o n  t h e  r e s u l t i n g  g a s  c l o u d  can cause h o t  gas  r e i n g e s t i o n  

a n d  p o s s i b l e  FOD t o  t h e  j e t  e n g i n e .  

The  p r i m a r y  f l o w  c h a r a c t e r i s t i c  e f f e c t i n g  t h e  a e r o d y n a m i c s  

i s  c a l l e d  t h e  g r o u n d  v o r t e x .  When a j e t  s t r i k e s  t h e  g r o u n d  

p e r p e n d i c u l a r l y ,  a w a l l  j e t  r a d i a t e s  s y m m e t r i c a l l y  a b o u t  t h e  

p o i n t  o f  i m p a c t .  T h a t  p o r t i o n  f l o w i n g  i n t o  t h e  oncoming f r e e  

s t r e a m  i s  r e t a r d e d  by t h e  f r e e  s t r e a m  and t u r n e d  back o n t o  i t s e l f  

a s  t h e  g round  v o r t e x .  T h e  g round  v o r t e x  p e n e t r a t i o n  i s  

c o n t r o l l e d  by t h e  r e l a t i v e  e n e r g i e s  i n  t h e  wal l  j e t  and  t h e  

f r e e s t r e a m  a i r  f l o w .  The w a l l  j e t  i s  a t h i n  shee t  o f  a i r  a l o n g  

t h e  g round  and  t h e  r e t a r d i n g  of t h i s  wal l  j e t  w i l l  be a f f e c t e d  by 

any g r o u n d  boundary  l a y e r  p r e s e n t .  T h e  p r e s e n c e  of a l o w  e n e r g y  

g r o u n d  boundary  a l l o w s  t h e  w a l l  j e t  t o  p e n e t r a t e  u n r e a l i s t i c a l l y  

f a r  i n t o  t h e  f r e e  s t r e a m .  The t e s t i n g  p r o c e d u r e s  u sed  w i l l  

d e t e r m i n e  i f  a g r o u n d  boundary  l a y e r  is  p r e s e n t  u n d e r  t h e  f r e e  

s t r e a m  a i r  f l o w .  T e s t i n g  i n  a w i n d  t u n n e l  w i t h  i t s  moving a i r  

w i l l  c r e a t e  a g round  boundary  w h i l e  i n  a c t u a l .  f l i g h t  t h e  a i r p l a n e  

moves t h r o u g h  s t i l l  a i r  w i t h o u t  a g r o u n d  boundary  l a y e r .  

F i g u r e  1 shows t h e  f o r m a t i o n  of  t h e  g round  v o r t e x .  The 

g round  v o r t e x  c r e a t e d  by a n  i s o l a t e d  j e t  i s  a h o r s e s h o e  s h a p e d  
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f l o w  f i e l d  a b o u t  t h e  j e t .  The  v o r t e x ,  a t  l e a s t  i n  t h e  r e g i o n  t o  

t h e  s i d e  o f  t h e  j e t ,  i s  n o t  a t r u e  v o r t e x  i n  t h a t  t h e  f l o w  i s  

s i m p l y  r e d i r e c t e d  a f t  and  t h e n  c o n t i n u e s  a l o n g  and p a r a l l e l  t o  

t h e  f r e e  s t r e a m .  I n  t h e  r e g i o n  d i r e c t l y  u p s t r e a m  o f  t.he j e t  t h e  

f l o w  w i t h i n  t h e  v o r t e x  i s  mos t  l i k e l y  s p l i t  t o  t h e  s i d e s  o f  t h e  

j e t  and  f l o w s  a f t  a r o u n d  t h e  h i g h  e n e r g y  j e t  p a t h .  These  

c h a r a c t e r i s t i c s  w i l l  h o l d  f o r  t h e  c o n c e n t r a t e d  j e t s  d i s c u s s e d  i n  

t h i s  s t u d y ,  b u t ,  i n  t h e  case o f  t h e  d i s t r i b u t e d  j e t s  s u c h  a s  j e t  

f l a p s  and l a r g e  a s p e c t  r a t i o  n o z z l e s ,  t h e  v o r t e x  f l o w  may be  

t r a p p e d  ahead of t h e  j e t  and  may r o l l  i n t o  a v e r y  s t r o n g  v o r t e x .  

The  v o r t e x  f rom t h e  j e t  f l a p  w i l l  be e n t r a i n e d  by t h e  n o z z l e  j e t  

a n d  w i l l  a p p e a r  a s  a more c l a s s i c  v o r t e x .  The  p r e s e n t  s t u d y  i s  

l i m i t e d  t o  t h e  c o n c e n t r a t e d  c i r c u l a r  j e t  c o n f i g u r a t i o n s  

e x h a u s t i n g  a t  n i n e t y  d e g r e e s ,  p e r p e n d i c u l a r ,  t o  t h e  g round  b o a r d .  

F i g u r e  2 p r e s e n t s  a d e f i n i t i o n  o f  t e r m s  f o r  t h e  v o r t e x  and  

t h e  g round  b o a r d  p r e s s u r e s  a l o n g  t h e  j e t  c e n t e r l i n e .  I n  t h e  

p r o f i l e  v i e w  t h e  j e t  w i l l  b e  b e n t  a f t  somewhat by t h e  f r e e  s t r e a m  

v e l o c i t y  and  w i l l  impinge  on  t h e  g round  a t  a p o i n t  downst ream of  

t h e  n o z z l e  c e n t e r l i n e .  T h i s  j e t  b e n d i n g  w i l l  be  o f  c o n c e r n  o n l y  

b e c a u s e  of t h e  v a r i o u s  methods  o f  d a t a  t a k i n g  i n  t h e  moving model 

tes ts  and  w i l l  b e  d i s c u s s e d  l a t e r  a s  a p p r o p r i a t e .  T h e  i m p i n g i n g  

j e t  c r e a t e s  a l a r g e  p o s i t i v e  g round  b o a r d  p r e s s u r e  r e g i o n  a s  s e e n  

i n  F i g u r e  2 .  T h e  p o s i t i v e  p r e s s u r e  d e c r e a s e s  a s  t h e  d i s t a n c e  

f rom t h e  n o z z l e  c e n t e r l i n e  i n c r e a s e s  and r e t u r n s  t o  a m b i e n t  

downstream o f  t h e  j e t .  T h e  d a t a  f rom t h e  moving model t e s t s  t o  

be d i s c u s s e d  l a t e r  i n d i c a t e  t h a t  t h e  downstream c e n t e r l i n e  

p r e s s u r e s  become n e g a t i v e  a l o n g  t h e  j e t  c e n t e r l i n e .  T h e  e a r l i e r  
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d a t a  d i d  n o t  show t h i s  c h a r a c t e r i s t i c .  Upstream o f  t h e  j e t  t h e  

g round  b o a r d  pressures  become n e g a t i v e  i n  t h e  r e g i o n  o f  t h e  

v o r t e x ,  a n d ,  a s  t h e  f o r w a r d  v e l o c i t y  o f  t h e  w a l l  j e t  s l o w s  t h e  

g round  p r e s s u r e s  s l o w l y  r e t u r n  t o  ambien t .  I n  f a c t ,  t h e  d a t a  

show a s l i g h t l y  p o s i t i v e  p r e s s u r e  ahead  o f  t h e  v o r t e x .  For 

v o r t e x  d e f i n i t i o n ,  t h e  p o i n t  a t  which t h e  n e g a t i v e  p r e s s u r e s  

unde r  t h e  v o r t e x  r e t u r n  t o  ambient  i s  p i c k e d  a s  t h e  most  f o r w a r d  

t r a v e l  o f  t h e  g round  v o r t e x .  T h i s  d e f i n i t i o n  a p p e a r s  t o  a g r e e  

well  w i t h  t h a t  e x t e n t  de te rmined  from t h e  f l o w  v i s u a l i z a t i o n  u s e d  

f o r  some o f  t h e  d a t a .  

T h e  moving model d a t a  t a k e n  d u r i n g  t h i s  s t u d y  d o e s  n o t  

p r o v i d e  c o r r e l a t i o n  of  model p o s i t i o n  t o  g round  b o a r d  p r e s s u r e s .  

T h e  g round  v o r t e x  p o s i t i o n i n g  i s  t h e r e f o r e  measured  f rom t h e  

p o i n t  of maximum p o s i t i v e  p r e s s u r e .  This maximum p o s i t i v e  

p r e s s u r e  i s  s l i g h t l y  a f t  of t h e  n o z z l e  c e n t e r l i n e  a s  t h e  n o z z l e  

passes  o v e r  t h e  p r e s s u r e  r e c o r d e r .  F i g u r e  3 shows t h e  b e n d i n g  of 

t h e  j e t  d u e  t o  t h e  f r e e  stream a i r  f l o w .  T h e  d a t a  f rom R e f e r e n c e  

1 show t h a t  a t  a h e i g h t  o f  t h r e e  n o z z l e  d i a m e t e r s  above  t h e  

g round  t h e  b e n d i n g  o f  t h e  j e t  i s  r e l a t i v e l y  i n s i g n i f i c a n t .  A t  a 

v e l o c i t y  r a t i o  of 0 . 1 0  t h e  b e n d i n g  i s  a p p r o x i m a t e l y  0 . 1 2 5  j e t  

d i a m e t e r s  a l o n g  t h e  c e n t e r l i n e .  T h e  f o r w a r d  p e n e t r a t i o n  f o r  t h i s  

c o n d i t i o n  i s  a p p r o x i m a t e l y  7 .5  j e t  d i a m e t e r s ,  a l s o  f rom R e f e r e n c e  

1. T h e  e f f e c t  of t h e  b e n d i n g  of  t h e  j e t  a t  a h e i g h t  above  t h e  

g round  b o a r d  o f  3 d i a m e t e r s  would r e s u l t  i n  a n  e r r o r  o f  l e s s  t h a n  

2% of  t h e  i n d i c a t e d  v o r t e x  p e n e t r a t i o n  a t  t h e  h i g h e s t  v e l o c i t y  

r a t i o  t e s t e d  ( 0 . 1 7 )  and  l e s s  a t  lower  v e l o c i t i e s .  T h e s e  p o s s i b l e  

e r r o r s  a r e  we l l  w i t h i n  t h e  d a t a  a c c u r a c y  of  t h e  s y s t e m  and  can be 
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dismissed. 

The existing data base consists primarily of stationary jets 

over stationary ground boards. One early study by Abbott, 

Reference 2, provided an interesting insight into the possible 

effects of a moving jet. Also, a previous study of a moving jet 

over the ground in the NASA Vortex Research Facility is presented 

in this review. These data are reviewed in the following 

sect ion. 

REVIEW OF EXISTING DATA 

There have been several previous experimental. studies of  the 

ground vortex due to deflected jets. The majority of these 

studies have used a fixed jet exiting over a stationary ground 

board in a cross flow. The ground in this case has a boundary 

layer built up due to the moving free stream. This boundary 

layer has less energy than the free stream and allows the ground 

vortex to penetrate farther up stream. The results of the 

previous studies are summarized in the following sections of this 

report. 

Centerline Vortex Penetration: Schwanties,Reference 3 ,  is 

an experimental investigation of the vortex centerline 

penetration into the oncoming free stream air. In this study, 

Schwanties was mainly concerned with the reingestion effects of  

the ground jet and the effect of the flow variables on t h e  

reingestion. 

important characteristics of the ground vortex a n d  t h e  effect of  

One experiment is described which yields some 

. 
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c 

some b a s i c  parameters  on t h a t  ground vor tex .  T h e  e f f e c t  of 

temperature  on t h e  vo r t ex  was i n v e s t i g a t e d  and S c h w a n t i e s  s t a t e s  

t h a t  no c o n s i s t e n t  e f f e c t  of j e t  temperature  can be seen .  The 

s e p a r a t i o n  p o i n t  was measured by l i g h t  p i c t u r e s  of t h e  j e t  and 

f r e e  s t ream and a r e  de f ined  by Schwanties a s  being t h e  most 

forward p r o j e c t i o n  of t h e  wal l  j e t  developed by t h e  nozz le .  T h i s  

d e f i n i t i o n  i s  d i f f e r e n t  t han  t h a t  used  by Weber and Gay and 

p resen ted  i n  Reference 4 .  Weber and Gay de f ined  s e p a r a t i o n  p o i n t  

a s  t h e  p o i n t  a t  which t h e  wa l l  j e t  began t o  l eave  t h e  wa l l  and 

t h e  maximum forward t r a v e l  was shown t o  be a s  much a s  2 0 %  forward 

of t h e  i n i t i a l  s e p a r a t i o n  p o i n t .  

Schwanties a l s o  presented  ground vor t ex  p e n e t r a t i o n  f o r  one 

temperature  ( 4 0 0  degrees  c e n t i g r a d e )  a t  s e v e r a l  j e t  v e l o c i t i e s  

and a t  d i f f e r e n t  forward speeds a l s o  v a r i a t i o n s  of nozz le  

p r e s s u r e  r a t i o  were presented .  T h i s  is  t h e  on ly  known d a t a  w h i c h  

has  s y s t e m a t i c a l l y  va r i ed  j e t  p re s su re  r a t i o .  The  p r e s s u r e  r a t i o  

does no t  appear t o  have a s i g n i f i c a n t  e f f e c t  on t h e  vo r t ex  

p e n e t r a t i o n .  T h e s e  d a t a  i n d i c a t e  t h a t  t h e  dynamic p r e s s u r e  r a t i o  

is a r e l i a b l e  c o r r e l a t i n g  parameter .  The  d a t a  from Reference 3 

a r e  compared t o  t h e  vo r t ex  p e n e t r a t i o n  w i t h  o t h e r  s t a t i o n a r y  

model d a t a  i n  Figure 4 .  

Stewar t  and Kuhn,  conducted a s t u d y  of t h e  ground vor t ex  

w i t h  a g e n e r i c  c o n f i g u r a t i o n ,  Reference 1. A j e t  model was 

t e s t e d  i n  s e v e r a l  f i x e d  p o s i t i o n s  over a f i x e d  ground board.  T h e  

s t u d y  included s e v e r a l  nozzle  shapes  and c o n f i g u r a t i o n s  w i t h  

s i n g l e  and m u l t i p l e  nozz le  arrangements.  The s i n g l e  c i r c u l a r  

nozzle  p ro jec t ed  9 0  degrees  t o  t h e  ground is  used i n  t h i s  
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comparison. 

I n  Reference 1, t h e  j e t  was t e s t e d  a t  a v a r i e t y  of h e i g h t s  

ranging from 2 5  d i ame te r s  t o  a minimum of one nozzle  diameter  f o r  

c e r t a i n  cond i t ions .  Ve loc i ty  r a t i o s  of 0 . 1 ,  0 . 2 ,  and 0 . 3  were 

t e s t ed  and t h e  vo r t ex  p e n e t r a t i o n  was determined a s  t h e  p o i n t  a t  

which t h e  ground p r e s s u r e  d i s t r i b u t i o n  r e tu rned  t o  z e r o  a s  

d i scussed  i n  t h e  p rev ious  s e c t i o n s .  Ground board p r e s s u r e s  were 

a v a i l a b l e  f o r  t h e  j e t  c e n t e r l i n e  and t h r e e  l a t e r a l  p o s i t i o n s .  

Although i t  i s  beyond t h e  scope of  t h e  p re sen t  comparison 

t h i s  d a t a  source  provided a look a t  t h e  e f f e c t  of  t h e  vor tex  on 

t h e  aerodynamic c h a r a c t e r i s t i c s  through t h e  f o r c e  balance 

i n s t a l l e d  on t h e  model s h e l l .  Some wing p o s i t i o n  e f f e c t s  a r e  

a v a i l a b l e  on  t h e  wing-fuselage combination. 

Weber and Gay, Reference 4 ,  presen ted  t h e  r e s u l t s  of a 

d e f l e c t e d  j e t  i n  ground e f f e c t  w i t h  a n  oncoming a i r  s t ream. 

Vortex shape c h a r a c t e r i s t i c s  were determined by s i d e  view 

photographs.  The i n i t i a l  s e p a r a t i o n  a s  well  a s  t h e  maximum 

p e n e t r a t i o n  could a l s o  be determined from t h e  photographs.  The 

photographs show a gas  cloud which p e n e t r a t e s  about  2 0 %  ahead of 

t he  s e p a r a t i o n  p o i n t  and r i s e s  t o  a h e i g h t  of  approx ina te ly  5 0 %  

of t h e  forward t r a v e l .  The maximum forward vo r t ex  p e n e t r a t i o n ,  

1 2 0 %  of  t h e  s e p a r a t i o n  p o i n t ,  i s  compared t o  t h e  s t a t i o n a r y  

model p e n e t r a t i o n  d a t a  base i n  F igure  4 .  

Cimbala, Reference 5 ,  d e s c r i b e s  a s e r i e s  o f  t e s t s  done by 

Pennsylvania S t a t e  Un ive r s i ty .  Data c o n s i s t e d  of  ground board 
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pressures and flow visualization of the ground vortnx with a 

smoke screen setup. Center line ground board pressures and 

several lateral rows of pressures were obtained a s  a function of 

height and velocity ratio. The centerline penetration of the 

ground vortex from the Reference 5 tests appear to agree fairly 

well with other data for stationary nozzle tests as seen in 

Figure 4 .  It appears that the centerline penetration may be 

slightly reduced over the majority of the data at the lower 

Velocity ratios. This may be due, in part, to a possible side 

wall interference. 

Colin and Olivari, Reference 6, present the results of 

another ground vortex study. Again, the data were obtained the 

jet nozzle exiting 90 degrees to a fixed ground board at varying 

velocities and heights over the ground board. Ground board 

pressure instrumentation as well as flow visualization were used 

to determine the vortex position. The  vortex penetration at the 

centerline and the lateral vortex shape were determined. Figure 

4 presents the centerline penetration for several Ve conditions 

and are compared to the stationary model data base .  

The available data showing the vortex penetration created by 

a moving jet indicates a reduced penetration into the freestream. 

Abbott, Reference 2 ,  utilized photographs of the dust cloud 

created when the jet crossed over a chalk line on the ground to 

determine the penetration. Abbott's data are compared to the 

stationary model penetration results in Figure 5. The comparison 

shows that a reduction of approximately 3 0  percent of  the 

penetration is experienced due to the elimination of the ground 
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boundary  l a y e r .  

A s e c o n d  s o u r c e  of v o r t e x  d a t a  w i t h  a moving j e t  was b r i e f l y  

d i s c u s s e d  i n  Reference 7 .  The tests were  c o n d u c t e d  by N A S A ,  a l s o  

i n  t h e  V o r t e x  R e s e a r c h  F a c i l i t y  and  were of a 0 .6  i n c h  j e t  moving 

o v e r  t h e  g r o u n d .  T h e s e  d a t a  and  model a r e  s i m i l a r  t o  t h a t  o f  t h e  

p r e s e n t  s t u d y  and  a r e  d i s c u s s e d  t o  a g r e a t e r  e x t e n t  i n  a l a t e r  

s e c t i o n .  T h e  d a t a  f rom t h e  0 . 6  i n c h  j e t  a p p e a r  t o  f a v o r a b l y  

a g r e e  w i t h  A b b o t t ' s  r e s u l t s .  

L a t e r a l  P e n e t r a t i o n  of t h e  Ground V o r t e x .  To d a t e ,  t h e  o n l y  

d a t a  d e s c r i b i n g  t h e  l a t e r a l  s h a p e  of  t h e  g round  v o r t e x  were g i v e n  

i n  R e f e r e n c e s  1, 5 ,  and  6 .  T h e s e  d a t a  w e r e  a l l  for stationary 

j e t s .  The  p r e v i o u s  i n v e s t i g a t i o n s  of moving j e t s ,  R e f e r e n c e s  2 

and  7 ,  d i d  n o t  p r o v i d e  a n  i n s i g h t  i n t o  t h e  c h a r a c t e r  of t h e  

l a t e r a l  v o r t e x  c h a r a c t e r i s t i c s .  The  e a r l i e s t  known l a t e r a l  

v o r t e x  d a t a  was p r e s e n t e d  by C o l i n  and  O l i v a r i ,  R e f e r e n c e  6. 

C o l i n  and  O l i v a r i  u t i l i z e d  a n  o i l  v i s u a l i z a t i o n  t e c h n i q u e  t o  

d e t e r m i n e  t h e  l a t e r a l  s h a p e  shown i n  F i g u r e  6 and  d i s c u s s e d  i n  

t h e  r e f e r e n c e d  s t u d y .  C o l i n  and  O l i v a r i  a l s o  d e v e l o p e d  a 

t h e o r e t i c a l  p r e d i c t i o n  e q u a t i o n  b a s e d  on  t h e  r e l a t i v e  e n e r g y  o f  

t h e  f o r w a r d  a n d  l a t e r a l  w a l l  j e t s  and  t h e  oncoming f r e e  s t r e a m  

j e t  e n e r g y .  T h a t  e q u a t i o n  a p p a r e n t l y  would p r e d i c t  t h e  l a t e r a l  

s h a p i n g  of t h e  g round  v o r t e x  f o r  t h e  d a t a  base g e n e r a t e d  by Colin 

and O l i v a r i .  The c o r r e l a t i n g  e q u a t i o n  wcrt?; 
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T h e s e  equa t ions  appear t o  work w e l l  f o r  t h e  d a t a  of 

Reference 6, bu t ,  do not  appear t o  adequate ly  p r e d i c t  t he  

p e n e t r a t i o n  i n  t h e  p l ane  of symmetry f o r  t h e  d a t a  i n  References 1 

and 5. T h i s  is  l i k e l y  t o  be t h e  r e s u l t  of t h e  v a r i o u s  o the r  

causes  s u c h  a s  wa l l  e f f e c t s  p o s s i b l e  i n  Reference 5 o r  t o  

d i f f e r e n t  ground boundary l a y e r s  c r e a t e d  by t e s t  f a c i l i t y  

c o n f i g u r a t i o n s .  F igure  7 p r e s e n t s  t h e  l a t e r a l  vo r t ex  shape from 

each of t h e  r e f e r e n c e s  a t  approximately t h e  same v e l o c i t y  r a t i o .  

I f  a s imple expres s ion  of t h e  r a t i o  of  forward p e n e t r a t i o n  t o  t h e  

p e n e t r a t i o n  a t  y=O i s  u s e d  a b e t t e r  l a t e r a l  match of t h e  s e v e r a l  

s e t s  of d a t a  a r e  shown a s  can be seen i n  F igure  8 .  

Seve ra l  o the r  t e s t  c o n d i t i o n s  a r e  a v a i l a b l e  from t h e  d a t a  

d i scussed  i n  Reference 5 which were not  inc luded  i n  t h e  publ i shed  

a n a l y s i s .  The  d a t a  included s e v e r a l  h e i g h t s  and v e l o c i t y  r a t i o s .  

I t  was suspec ted  t h a t  t h e  d a t a  may have been i n f l u e n c e d  by t h e  

t unne l  s i d e  wa l l s .  T h e  l a t e r a l  vo r t ex  shapes  of these d a t a  a r e  

p re sen ted  i n  F igure  9 .  The  r e s u l t s  i n d i c a t e  c o n s i d e r a b l e  d a t a  

s c a t t e r ,  b u t ,  a s  can be seen  i n  Figure 9a,  t h e  p e n e t r a t i o n  

appears to fall off at extremes of the lateral extent parameters. 

Figure 9a uses  a energy f a c t o r  of k=1.03, t h e  same a s  Co l in  and 

O l i v a r i .  Reducing t h i s  f a c t o r  t o  k=0.75, Figure  9 b ,  and t o  

k=0.68 i n  F igure  9c show t h a t  a b e t t e r  c o r r e l a t i o n  w i t h  base d a t a  

i s  r e a l i z e d .  Whether t h i s  i s  an energy change o r  a wall. e f f e c t  

can no t  be determined from t h e  e x i s t i n g  d a t a  base.  The composite 

d a t a  from a l l  t e s t s ,  F igure  8 ,  i n d i c a t e  t h a t  t h e  vo r t ex  f o r  t h e  

f i x e d  model could extend a s  much a s  1 3  nozzle  d i ame te r s  t o  t h e  

s i d e  f o r  a t e s t  cond i t ion  of Ve=O.lO w i t h  no w a l l  i n t e r f e r e n c e .  
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The tunnel wall f o r  the Penn State tests was only 8 nozzle 

diameters form the jet center line. It is impossible Erom the 

data currently available to determine if the side walls would 

indeed suppress the centerline vortex penetration or if there is 

any affect of  the walls on the vortex characteristics. No data 

have been found to determine if there is any effect but, it would 

be expected that the overall effect might be one of simulating a 

higher relative speed. 

GROUND VORTEX OF MOVING J E T  

An experimental study of the effects of  a moving jet on the 

ground vortex has been completed. T h i s  experimental study 

performed in t h e  Vortex R e s e a r c h  Facility at N A S A  L a n g l e y  

Research Center has shown that the vortex is affected by the 

reduction of the ground boundary layer characteristic in wind 

tunnel testing. The following sections discuss the experiment. 

The analysis of the results are compared to the vortex created by 

a stationary jet impacting on a fixed ground board. 

TEST PROCEDURES 

Test Facility. The ground effect testing of the moving jet 

was done in the Vortex Research Facility at the NASA Langley 

Research Center. The €acility was modified for ground effect 

studies by installing a 1 5 0  foot long ground plane assembly 

approximately in the center of the test section (Figure 10). The 

ground board consisted of two parts, a ramp of 100 feet length at 

a slope of 4 degrees and a 50  foot horizontal section. The model 

to be tested is attached to a moving cart at a fixed vertical 
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p o s i t i o n  i n  t h e  t u n n e l .  As t h e  c a r t  c a r r y i n g  t h e  model 

acce le ra tes  and  moves t h r o u g h  t h e  t e s t  s e c t i o n  t h e  model 

a p p r o a c h e s  t h e  g round  b o a r d  a t  a s i m u l a t e d  s i n k  r a t e  ( r a t e  of 

d e s c e n t )  which  i s  d e p e n d e n t  upon t h e  v e l o c i t y  a s  g i v e n  by t h e  

e q u a t i o n  : 

6 = vo t a n  4O. 

A f t e r  p a s s i n g  o v e r  t h e  ramp, t h e  model moves o v e r  t h e  

h o r i z o n t a l  s e c t i o n  t o  s imu la t e  cons t an t  a l t i t u d e  f l i g h t  (see 

F i g u r e  1 0 .  See Reference 8 fo r  a d i s c u s s i o n  of t h e  t e s t  f a c i l i t y  

and  t e s t  v a r i a b l e  d e f i n i t i o n .  

I n s t r u m e n t a t i o n :  T h e  d a t a  r e c o r d e d  d u r i n g  t h i s  t e s t  was 

g round  b o a r d  p r e s s u r e  d i s t r i b u t i o n .  The p r e s s u r e s  were  r e c o r d e d  

by n i n e  Endevco t i m e  s e n s i t i v e  p r e s s u r e  t r a n s d u c e r s  l oca t ed  i n  

t h r e e  rows a l o n g  t h e  model p a t h .  F i g u r e  11 shows t h e  l o c a t i o n  o f  

t h e  p r e s s u r e  t r a n s d u c e r s .  The rows of t r a n s d u c e r s  were loca ted  

a t  ( A )  2 . 5  i n c h e s  upstream o f  t h e  j u n c t i o n  of t h e  ramp a n d  t h e  

h o r i z o n t a l  s e c t i o n ,  ( B )  1 0  i n c h e s  downst ream of t h e  j u n c t i o n ,  and  

( C )  2 5  f e e t  downst ream of t h a t  j u n c t i o n .  Row A is  o n  t h e  

s i m u l a t e d  g l i d e  s l o p e  w h i l e  rows B a n d  C a r e  on  t h e  f l a t  p o r t i o n  

of t h e  g r o u n d  b o a r d .  C o n t i n u o u s  s t r i p  time h i s t o r i e s  o f  t h e  

t r a n s d u c e r  o u t p u t  were  r e c o r d e d  a s  t h e  j e t  a p p r o a c h e d  and  p a s s e d  

o v e r  each row. I n  a d d i t i o n  t h e  model s p e e d  and  t h e  j e t  n o z z l e  

c o n d i t i o n s  were r e c o r d e d .  T h e s e  d a t a  were used  t o  compute t h e  

d i s t a n c e s  a l o n g  t h e  model p a t h  and  t h e  e x i t  v e l o c i t y  of  t h e  j e t .  

Model. The model f o r  t h i s  s e r i e s  o f  t e s t s  was a o n e  i n c h  
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d i a m e t e r  n o z z l e  s u s p e n d e d  f rom t h e  s u p p o r t  s t i n g  of the moving 

c a r t .  F i g u r e  1 2  shows t h e  model and  f i g u r e  1 3  p r e s e n t s  t h e  m o d e l  

a n d  s t i n g  i n s t a l l a t i o n .  A s  c a n  be seen t h e  n o z z l e  was mounted t o  

t h e  s t i n g  and  d i r e c t e d  toward  t h e  g round  by a s e r i e s  o f  b e n d s .  

F i g u r e  14 p r e s e n t s  t h e  n o z z l e  g e o m e t r y .  The n o z z l e  i s  formed by 

i n s e r t i n g  a c o n s t r i c t i o n  w i t h  a 1 5  d e g r e e  c o n t r a c t i o n  a t  t h e  

e x i t ,  The  o u t s i d e  n o z z l e  s h a p e  was c o n t o u r e d  by a 4 5  d e g r e e  

s l o p e  t o  a n  a p p r o x i m a t e l y  0 . 0 1  i n c h  t h i c k  e d g e  a t  t h e  e x i t  of t h e  

one  i n c h  j e t  n o z z l e .  T h e  NASA n o z z l e  was f a b r i c a t e d  t o  d u p l i c a t e  t h e  

n o z z l e  used  i n  t h e  R e f e r e n c e  1 tests,  however ,  t h e  NASA j e t  

n o z z l e  was one  i n c h  i n  d i a m e t e r  w h i l e  t h e  j e t  i n  t h e  r e f e r e n c e  

had a diameter of two i n c h e s .  

T e s t  Program. T h e  t e s t s  f o r  t h e  g round  v o r t e x  s t u d y  was a 

s e r i e s  of  model p a s s e s  o v e r  t h e  g r o u n d  b o a r d .  T a b l e  1 p r e s e n t s  

t h e  c o n d i t i o n s  o f  t h e  t e s t s .  T h e  d a t a  p o i n t s  a r e  shown 

g r a p h i c a l l y  i n  F i g u r e  15. Model s p e e d  and  n o z z l e  p r e s s u r e  r a t i o  

were  v a r i e d  r e s u l t i n g  i n  v e l o c i t y  r a t i o s  ( V e = A , /  Qo/Qj)  of 0 . 1 8 ,  

0 . 0 9 ,  0 . 0 5 ,  and  0 . 0 4 .  A l l  d a t a  were  r e c o r d e d  f o r  a h e i g h t  o v e r  

t h e  h o r i z o n t a l  s e c t i o n  o f  t h r e e  i n c h e s  o r  a h e i g h t  t o  n o z z l e  

d i a m e t e r  r a t i o  ( h / d )  o f  t h r e e .  The  h e i g h t  o f  p o s i t i o n  A ( o n  t h e  

s l o p e )  was a c t u a l l y  3 .17  n o z z l e  d i a m e t e r s  above  t h e  g round  b o a r d  

while t h e  p o s i t i o n s  B and C were 3 . 0 0  n o z z l e  d i a m e t e r s  above  t h e  

g round  b o a r d .  S i n c e  p r e v i o u s  d a t a  h a s  i n d i c a t e d  t h a t  below h/d  

of a p p r o x i m a t e l y  4 t h e  v o r t e x  c h a r a c t e r i s t i c s  a r e  r e l a k i v o l y  

unchanged,  t h e  s l i g h t  d i f f e r e n c e s  b e t w e e n  t h e  h e i g h t s  a t  p o s i t i o n  

A a n d  t h a t  a t  p o s i t i o n s  B a n d  C can be i g n o r e d .  

S i m i l a r  d a t a  were  o b t a i n e d  e a r l i e r  w i t h  a t e s t  o f  a moving 
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j e t  o v e r  t h e  same g r o u n d  b o a r d .  

w i t h  a 0.6 i n c h  n o z z l e  d i a m e t e r  and  a d i f f e r e n t  t r a n s d u c e r  

p l a c e m e n t .  F i g u r e  1 6  shows t h e  l o c a t i o n  of t h e  p r e s s u r e  

t r a n s d u c e r s  f o r  t h e  0 .6  i n c h  j e t  t e s t s .  Only  t h e  t r a n s d u c e r s  

l o c a t e d  at p o s i t i o n s  9 and  1 0  p roduced  u s a b l e  d a t a .  

shows t h e  0.6 i n c h  n o z z l e  and  s u p p l y  pipe.  The n o z z l e  was 

i d e n t i c a l  t o  t h e  1 . 0  i n c h  n o z z l e  geomet ry  shown i n  f i g u r e  1 4 .  

Da ta  were o b t a i n e d  a t  a h e i g h t  o f  t h r e e  n o z z l e  d i a m e t e r s  a n d  a t  

v e l o c i t y  r a t i o s  o f  0 .080  t o  0 .132.  

The e a r l i e r  d a t a  was o b t a i n e d  

F i g u r e  1 7  

RUN 

12 
13 
14 
15 
21 
22 
25 
26 
27 
28 
29 
31 
32 
40 
42 
43 

TABLE 1. ONE I N C H  JET RUN S C H E D U L E  A N D  TEST PROSRAY 

Qm Q j  Qj /Qm 

2.808 1622.400 577.778 
3.168 1645.500 519.413 
2.837 1477.600 520.869 
3.010 1061.100 352.572 
4.277 2502.100 585.040 
4.406 2521.400 572.213 
7.392 229.600 31.063 
7.356 236.500 32.153 
7.439 230.100 30,931 
7.734 220.000 28.447 
7.849 878.400 111.906 
9.567 316.400 33.073 
9.727 323.800 33.288 
11.818 339.500 28.727 
11.818 1536.801.) 130,038 
11.949 1490.700 124.754 

V j /Vo 

24,037 
22.791 
22.823 
18.777 ' 

24.188 
23.921 
5.573 
5.670 
5.562 
5.334 

10.579 
5.751 
5.770 
5.360 

11.403 
11.169 

Ve 

0.042 
0.044 
0.044 
0.053 
0.041 
0.042 
0.179 
0.176 
0.180 
0.187 
0.095 
0.174 
0.173 
0.187 
0.088 
0.090 

V m / V  j 
V m  

48.600 
51.650 
48.850 
50.350 
59.950 
60.900 
78.850 
78.650 
79.100 
80.600 
81.250 
89.700 
90.450 
99.700 
99.700 
100.250 

DATA ANALYSIS 

T h e  g round  v o r t e x  d i s c u s s e d  p r e v i o u s l y  i n  t h e  i n t r o d u c t i o n  

is  formed when t h e  j e t  s t r i k e s  t h e  g r o u n d  and  f l o w s  f o r w a r d  i n t o  

t h e  oncoming a i r s t ream.  T h e  v o r t e x  p e n e t r a t i o n  is c o n t r o l l e d  by 

t h e  v e l o c i t y  r a t i o  and  by t h e  h e i g h t  above  t h e  g r o u n d .  

p a r a m e t e r  u t i l i z e d  i n  t h i s  s t u d y  t o  d e f i n e  t h e  v o r t e x  p e n e t r a t i o n  

T h e  
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c h a r a c t e r i s t i c s  is t h e  ground p r e s s u r e  d i s t r i b u t i o n .  The 

comparison of s e v e r a l  r e f e r e n c e s  (1 t o  7 )  show, w i t h  r e l a t i v e l y  

good agreement, t h a t  t h e  vo r t ex  boundaries  can be determined by 

t h e  nega t ive  ground board p r e s s u r e  a r e a .  T h e  r e fe rences  us:? 1 3 0 t h  

ground p r e s s u r e  and flow v i s u a l i z a t i o n  techniques  t o  map t h e  

ground vor t ex .  T h e  v o r t e x  p e n e t r a t i o n  i s  de f ined  a s  t h e  p o i n t  a t  

which t h e  nega t ive  ground board p r e s s u r e  r ecove r s  t o  ambient. 

P re s su re  D i s t r i b u t i o n .  T h e  ground board p r e s s u r e s  were 

measured by t h e  u s e  of high response p r e s s u r e  t r ansduce r s  l oca t ed  

on t h e  ground board s u r f a c e .  T h e  j e t  was passed over t h e  

t ransducer  a t  t h e  s e l e c t e d  v e l o c i t y .  T h e  t r ansduce r  responded 

w i t h  t h e  p r e s s u r e  c h a n g e  a s  t h e  jet approached a n d  t h e n  moved 

away from t h e  t r ansduce r .  T h e  p r e s s u r e  response was i n i t i a l l y  a 

smal l  p o s i t i v e  p r e s s u r e  a s  t h e  vo r t ex  f r o n t  approached t h e n  a 

nega t ive  p r e s s u r e  a s  t h e  vo r t ex  was over t h e  t r ansduce r .  The 

nega t ive  p r e s s u r e  was followed by t h e  l a r g e  p o s i t i v e  impact 

p r e s s u r e  a s  t h e  j e t  passed over t h e  t r ansduce r  t h a t  was followed 

by a nega t ive  p r e s s u r e  d i r e c t l y  behind t h e  j e t .  F igure  18 i s  a 

sample time h i s t o r y  of t h e  p r e s s u r e  v a r i a t i o n s .  For purposes  of 

a n a l y s i s , t h e  p r e s s u r e s  have been converted t o  p r e s s u r e  

c o e f f i c i e n t ,  Cp, and t h e  time h a s  been reduced t o  nozzle  diameter 

by conver t ing  t h e  t i m e  parameter t o  d i s t a n c e  u t i l i z i n g  t h e  model 

speed. Zero d i s t a n c e  i s  cons idered  t o  be loca ted  a t  t h e  p o i n t  of 

maximum p o s i t i v e  p re s su re .  T h i s  r e s u l t e d  i n  a smal l  p o s i t i o n  

e r r o r  a s  d i scussed  above. 

The p r e s s u r e  c o e f f i c i e n t  r e s u l t s  f o r  a l l  d a t a  runs  f o r  t h e  
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one inch nozzle are presented in Appendix A and the data for 0.6 

inch nozzle are presented in Appendix B. The position of the 

pressure instrumentation rows on the ground board does not appear 

to affect the vortex characteristics. The pressure variation on 

the ground board appears to be approximately the same at all 

positions. The knee, the longitudinal point at which the slope 

ramp and the horizontal section join, does not appear to affect 

the vortex. The height of the model above all three positions is 

nearly the same and any effect of the knee is not apparent at 

position B, ten nozzle diameters downstream of the knee. 

Figure 19, 20 and 21 show the ground board pressure 

distribution of the one inch jet and for the test velocities of 

Ve= 0 . 4 2 ,  0,092, and 0.17 respectively. The pressure traces 

along the center of the jet path show the positive pressure from 

the jet itself to have a larger impact area than expected. The 

jet appears to be approximately 6 nozzle diameters wide at the 

ground board for Ve of 0.09. This spreading is somewhat similar 

to that experienced with fixed nozzle position testing by 

Stewart and Kuhn, Reference 1, Colin and Olivari, Reference 6, 

and others, but is rather greater than seen during a previous 

test with a 0.6 inch moving model tested by NASA ( s e e  Figure 2 2 ) .  

The reason for this difference in the apparent spreading can not 

be isolated from the data. Jet e x i t  profiles takpn of b o t h  

nozzles do not indicate a noticeable difference in jet spreading 

as will be discussed later in this report. The apparent 

different spreading may be a different transducer response 

characteristic caused by a different mounting technique. The 
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n e g a t i v e  p ressure  i n d i c a t e d  f o r  t h e  t r a n s d u c e r s  l o c a t e d  o n  t h e  

ramp w i t h  t h e  0 . 6  i n c h  n o z z l e  a p p e a r  t o  be i n  e r r o r  a n d  a r e  n o t  

i n c l u d e d  i n  t h i s  a n a l y s i s .  

T h e  time h i s t o r i e s  o f  t h e  i n d i v i d u a l  p r e s s u r e  t r a n s d u c e r s  

a l l o w  t h e  g round  p r e s s u r e  d i s t r i b u t i o n  of t h e  v o r t e x - j e t  s y s t e m  

t o  be  d e t e r m i n e d  f o r  t h e  v a r i o u s  c o n d i t i o n s .  F i g u r e  23 and  2 4  

show t h e  p r e s s u r e  f i e l d s  f o r  v e l o c i t y  r a t i o s  o f  0 . 0 4 2  and  0 . 0 9  

r e s p e c t i v e l y .  T h r e e  d i s t i n c t  p r e s s u r e  r e g i o n s  a r e  shown by t h e  

r e s u l t s .  A n e g a t i v e  p r e s s u r e  r e g i o n  is  seen i n  t h e  v i c i n i t y  of 

t h e  v o r t e x .  T h i s  n e g a t i v e  p r e s s u r e  r e g i o n  e x t e n d s  ahead of t h e  

n o z z l e  a n d  l a t e r a l l y  s e v e r a l  n o z z l e  diameters.  The f o r w a r d  e d g e  

of  t h e  n e g a t i v e  p r e s s u r e  f i e l d  i s  t h e  f o r w a r d  e x t e n t  of t h e  

v o r t e x .  T h e  f o r w a r d  e d g e  of t h e  v o r t e x  is  c u r v e d  a f t  a s  t h e  wal l  

j e t  f o r w a r d  e n e r g y  d e c r e a s e s  a s  t h e  l a t e r a l  d i s t a n c e  increases .  

A t  a V e  o f  0 . 0 4 2  t h e  n e g a t i v e  p r e s s u r e  f i e l d  o f  t h e  g round  v o r t e x  

e x t e n d s  l a t e r a l l y  t o  a p p r o x i m a t e l y  1 8  n o z z l e  d i a m e t e r s  w h i l e  a t  

V e  o f  0 .09  t h a t  d i s t a n c e  i s  r e d u c e d  t o  a b o u t  1 0  n o z z l e  d i a m e t e r s .  

T h e  a r e a  unde r  t h e  j e t  e x p e r i e n c e s  a p o s i t i v e  p r e s s u r e  f i e l d  

d u e  t o  t h e  i m p a c t  of t h e  j e t  o n  t h e  g r o u n d .  T h e  p o s i t i v e  

p r e s s u r e  r e g i o n  i s  shown t o  be l a r g e r  t h a n  e x p e c t e d  i n  t h e s e  

d a t a .  I n  f a c t ,  a l o n g  t h e  c e n t e r l i n e  and  a t  a v e l o c i t y  r a t i o  of 

0 . 0 9  t h e  v o r t e x  i s  masked by t h e  a p p a r e n t  i m p a c t  a r e a .  The 

impac t  a r e a  i s  l a r g e r  t h a n  shown i n  R e f e r e n c e  3 ,  b u t ,  i s  a b o u t  

t h e  same a s  shown i n  R e f e r e n c e  1 a n d  7 .  No e x p l a n a t i o n  f o r  t he  

d i f f e r e n c e s  be tween this d a t a  and  t h a t  o f  R e f e r e n c e  3 c a n  be 

i s o l a t e d  f rom t h e  d a t a .  I t  i s  p o s s i b l e  t h a t  t h e  f l u s h  mount ing  

of t h e  p r e s s u r e  i n s t r u m e n t a t i o n  f o r  t h i s  t e s t  a l l o w e d  t h e  j e t  
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t u r b u l e n c e  t o  m a s k  t h e  v o r t e x  p r e s s u r e s  and  t h a t  t h e  R e f e r e n c e  3 

i n s t r u m e n t a t i o n  c o u l d  h a v e  been r e c e s s e d  s l i g h t l y  w h i c h  would 

damped t h e  t u r b u l e n c e  e f f e c t s .  

I m m e d i a t e l y  b e h i n d  t h e  j e t  a n e g a t i v e  p r e s s u r e  f i e l d  i s  

e n c o u n t e r e d .  T h i s  a rea  of n e g a t i v e  p r e s s u r e  i s  t h e  r e s u l t  o f  t h e  

h i g h  v e l o c i t y  w a l l  j e t  and  is a m p l i f i e d  by t h e  b l o c k i n g  e f f e c t  o f  

t h e  j e t  p o s t .  The f r e e s t r e a m  a i r  f l o w  is a c c e l e r a t e d  a r o u n d  t h e  

j e t  p o s t  a s  i t  f l o w s  i n t o  t h e  a r e a  b e h i n d  t h e  p o s t  t h e r e b y  

i n c r e a s i n g  t h e  n e g a t i v e  p r e s s u r e  i n  t h i s  a r e a .  

Forward E x t e n t .  F i g u r e  2 5  shows t h e  c e n t e r l i n e  v o r t e x  

p e n e t r a t i o n  of t h e  one  i n c h  j e t  compared t o  t h e  0 . 6  i n c h  j e t  and 

t h a t  of A b b o t t ' s  r o t a t i n g  arm d a t a .  The f o r w a r d  p e n e t r a t i o n  of 

t h e  g round  v o r t e x  o f  t h e  one i n c h  j e t  i s  t h e  same a s  t h a t  f rom 

t h e  e a r l i e r  t es t  o f  t h e  0 . 6  i n c h  j e t ,  R e f e r e n c e  7 .  T h e  

p e n e t r a t i o n  of t h e  g round  v o r t e x  f rom e a c h  of t h e  n o z z l e s  t e s t e d  

i n  t h e  NASA moving model f a c i l i t y  a g r e e  w e l l  w i t h  t h a t  shown by 

A b b o t t  f rom t h e  r o t a t i n g  arm r i g ,  R e f e r e n c e  2 .  A b b o t t ' s  d a t a  

were  o b t a i n e d  a t  c o n s i d e r a b l y  h i g h e r  v a l u e s  of Vj/Vo t h a n  most o f  

t h e  d a t a  b a s e  and  also h i g h e r  t h a n  t h e  moving j e t  data. T h e  

v o r t e x  p e n e t r a t i o n  of t h e  NASA moving model d a t a  show a g r o u n d  

v o r t e x  t o  be  formed a t  v e l o c i t y  r a t i o s  of  0 . 0 4 2  t o  0 . 0 9 2 ,  b u t ,  no 

v o r t e x  c a n  be f o u n d  a t  t h e  h i g h e s t  v e l o c i t y  r a t i o  t e s t e d ,  

Ve=0.17. As c a n  a l s o  be seen i n  F i g u r e  2 6 ,  t h e  v o r t e x  

p e n e t r a t i o n  of t h e  moving model d a t a  show a r e d u c t i o n  compared t o  

t h e  s t a t i o n a r y  model d a t a  b a s e  of a p p r o x i m a t e l y  30  p e r c e n t .  

' 

An e x t r a p o l a t i o n  o f  t h e  moving model d a t a  f rom t h e  l o w e r  
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v e l o c i t i e s  t o  Ve-0.17 would would i n d i c a t e  t h a t  a vor tex  a t  t h a t  

speed would be expected.  The p e n e t r a t i o n  of t h e  ground vor tex  a t  

Ve=0.17 would be expected t o  be about  two nozzle  d iameters .  The 

ground board p r e s s u r e  f o r  a sample j e t  p a s s  over t he  ground a t  

Ve=0.17 is  shown i n  F igure  18,  As can be seen ,  t h e  j e t  w i d t h ,  

p o s i t i v e  p re s su re  r eg ion ,  i s  too  wide t o  a s c e r t a i n  t h e  presence 

of a ground vor tex  i n  t h i s  case .  T h e  vo r t ex  may wel l  e x i s t  i n  

t h e  region of t h e  p o s i t i v e  p r e s s u r e  i n d i c a t e d  by the  p r e s s u r e  

in s t rumen ta t ion ,  b u t ,  i n  any case  would p e n e t r a t e  only a small  

d i s t a n c e  ahead of t h e  j e t  impact r eg ion .  

L a t e r a l  Shape, T h e  l a t e r a l  e x t e n t  of t he  ground vor tex  from 

t h e  moving j e t  t e s t s  c a n  be s e e n  i n  F i g u r e  2 7 ,  2 8 ,  and 29. The 

vor tex  i s  shown t o  extend s e v e r a l  nozz le  d i ame te r s  t o  t h e  s i d e  of 

t h e  j e t .  T h e  d a t a  show t h a t  t h e  l a t e r a l  e x t e n t  of t h e  vor tex  i s  

approximately 1 . 5  as much as  t h e  forward p e n e t r a t i o n .  The  

l a t e r a l  p e n e t r a t i o n  of t h e  j e t  vo r t ex  is t h e  c h a r a c t e r i s t i c  which 

is  thought  t o  determine t h e  ab rup t  change i n  t h e  aerodynamics of  

t h e  a i r p l a n e  i n  t h e  presence of t h e  ground. The v o r t e x ,  i f  

p r e s e n t  under a non  l i f t i n g  s u r f a c e  would be expected t o  show a 

l i f t  loss equ iva len t  t o  t h e  nega t ive  p r e s s u r e s  o n  t h e  ground 

which w o u l d  be r e f l e c t e d  back onto  t h e  s u r f a c e .  I n  a ca se  i n  

which t h e  vor tex  i s  under a l i f t i n g  s u r f a c e ,  such a s  t h e  w i n g ,  

t he  nega t ive  p r e s s u r e s  would be f e l t  o n  t h e  w i n g  a l s o .  B u t ,  i n  

t h i s  c a se  the  c i r c u l a t i o n  l i f t  i s  c r e a t e d  by t h e  ang le  of a t t a c k  

a t  t h e  w i n g  l ead ing  edge of t h e  w i n g .  T h i s  ang le  of a t t a c k  can 

be g r e a t l y  a l t e r e d  by t h e  presence of t h e  ground vor t ex .  W i t h  

t he  vo r t ex  loca ted  a f t  on t h e  w i n g  a p o s i t i v e  angle  of  a t t a c k  
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w i l l  be i n d u c e d  on  t h e  wing.  A s  t h e  v o r t e x  e x t e n t  a p p r o a c h e s  t h e  

wing l e a d i n g  e d g e  t h e  wing flow w i l l  be d i s r u p t e d  and  i f  t h e  

v o r t e x  e x t e n d s  f o r w a r d  o f  t h e  l e a d i n g  e d g e ,  t h e  l e a d i n g  e d g e  may 

b e  e n v e l o p e d  i n  a r e d u c e d  v e l o c i t y  f l o w  f i e l d  and  a s i g n i f i c a n t  

r e d u c t i o n  of t h e  c i r c u l a t i o n  l i f t  may r e s u l t .  

COMPARISON W I T H  PREVIOUS DATA 

The v o r t e x  formed by t h e  moving j e t  d i f f e r s  f rom t h a t  of a 

s t a t i o n a r y  j e t  i n  b o t h  f o r w a r d  p e n e t r a t i o n  a n d  l a t e r a l  e x t e n t  and 

shape. The  f o r w a r d  p e n e t r a t i o n  i s  r e d u c e d  by a p p r o x i m a t e l y  30 

percent  by t h e  e l i m i n a t i o n  o f  t h e  g round  boundary  l a y e r .  An e v e n  

more s i g n i f i c a n t  e f f e c t  can be s e e n  i n  t h e  l a t e r a l  p e n e t r a t i o n  o f  

t h e  v o r t e x .  The d a t a  f rom t h e  moving j e t  show t h e  l a t e r a l  s h a p e  

of  g r o u n d  v o r t e x  t o  be  a l t e r e d  from t h a t  o c c u r r i n g  u n d e r  t h e  

s t a t i o n a r y  j e t .  T h e  shape o f  t h e  v o r t e x  t o  t h e  s i d e  o f  t h e  j e t  

a p p e a r s  t o  b e  s w e p t  a f t  a t  a g r e a t e r  a n g l e .  F i g u r e  3 0  shows t h e  

l a t e r a l  s h a p e  f o r  s e v e r a l  v o r t e x  c o n d i t i o n s  of t h e  s t a t i o n a r y  and  

moving mode l s .  These  l a t e r a l  s h a p e s  a r e  c o r r e l a t e d  i n  F i g u r e  3 1  

w i t h  t h e  p a r a m e t e r s  d i s c u s s e d  p r e v i o u s l y .  The e n e r g y  f a c t o r  

shown i n  F i g u r e  3 1  is k=1.03  f rom C o l i n  a n d  O l i v a r i .  The 

s t a t i o n a r y  j e t  d a t a  base a p p e a r s  t o  be w e l l  r e p r e s e n t e d  by t h i s  

c o m p u t a t i o n  w h i l e  a much r e d u c e d  l a t e r a l  p e n e t r a t i o n  of t h e  

moving j e t  v o r t e x  i s  seen. F i g u r e  3 2  shows t h a t  i f  k = O . 5  i s  u s e d  

f o r  t h e  moving j e t  e n e r g y  r a t i o  a v e r y  good a g r e e m e n t  c a n  be 

shown f o r  t h e  c o m p a r i s o n .  The r e d u c t i o n  i n  t h e  e n e r g y  f a c t o r  is  

c o n s i s t e n t  w i t h  t h e  e x p e c t e d  r e s u l t  o f  t h e  e l i m i n a t i o n  o f  t h e  

g round  boundary  l a y e r .  
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T h e  e f f e c t  o f  t h e  r e d u c e d  r e l a t i v e  e n e r g y  d e s c r i b e d  abovc  i s  

r e f l e c t e d  i n  a r e d u c t i o n  o f  t h e  e x p e c t e d  l a t e r a l  e x t e n t  o f  t h e  

g round  v o r t e x .  F i g u r e  3 3  is  a c o m p a r i s o n  o f  t h e  l a t e r a l  e x t e n t  

of t h e  v o r t e x  formed by t h e  moving j e t  compared t o  t h a t  formed by 

a s t a t i o n a r y  j e t ,  The c a l c u l a t i o n  u t i l i z i n g  t h e  30 p e r c e n t  

r e d u c t i o n  i n  c e n t e r l i n e  f o r w a r d  p e n e t r a t i o n  and  t h e  i n d i c a t e d  

r e d u c t i o n  of 50 p e r c e n t  i n  t h e  r e l a t i v e  e n e r g y  f a c t o r ,  k, show 

a p p r o x i m a t e l y  a 50  p e r c e n t  r e d u c t i o n  i n  t h e  l a t e r a l  e x t e n t  of  t h e  

g round  v o r t e x  formed by t h e  moving model .  

N O Z Z L E  SURVEYS 

The g r o u n d  p r e s s u r e  d i s t r i b u t i o n  o f  t h e  o n e  i n c h  j e t  is  

somewhat d i f f e r e n t  f rom t h a t  o f  t h e  0 .6  i n c h  j e t .  The p o s i t i v e  

p r e s s u r e  r e g i o n  c r e a t e d  by t h e  i m p a c t  of t h e  j e t  on  t h e  g r o u n d  by 

t h e  one  i n c h  j e t  is a p p r o x i m a t e l y  twice a s  l a r g e  a s  t h a t  f rom t h e  

0 .6  i n c h  j e t .  These  d a t a  a r e  r e c o r d e d  f o r  a h e i g h t  o f  t h r e e  

n o z z l e  d i a m e t e r s  above  t h e  g r o u n d  b o a r d  f o r  e a c h  n o z z l e .  D a t a  

p r e s e n t e d  by S t e w a r t  and  Kuhn, R e f e r e n c e  1, and by C o l i n  and  

O l i v a r i ,  R e f e r e n c e  6 a p p e a r  t o  v e r i f y  t h e  l a r g e r  i m p a c t  a r e a s .  

T h e s e  r e f e r e n c e d  s t u d i e s  were  w i t h  a s t a t i o n a r y  j e t  o v e r  a 

s t a t i o n a r y  g round  b o a r d .  T h e  0 . 6  i n c h  j e t  p o s i t i v e  p r e s s u r e  

f i e l d  i s  compressed  compared t o  t h i s  o t h e r  e x i s t i n g  d a t a  b a s e ,  

b u t ,  d o e s  a p p e a r  t o  be r e p r e s e n a t i v e  o f  t h e  j e t  w i d t h  a t  t h e  

g round  h e i g h t  of  t h e  c u r r e n t  tests.  

The  j e t s  from t h e  1 . 0  and  t h e  0 . 6  i n c h  n o z z l e s  were  s u r v e y e d  

a t  s e v e r a l  d i s t a n c e s  f rom t h e  j e t  e x i t .  S u r v e y s  were  t a k e n  by a 

t o t a l  p r e s s u r e  s u r v e y  p r o b e  a t  d i s t a n c e s  o f  0 . 2 ,  1 . 0 ,  3 . 0 ,  and  
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10.0  n o z z l e  d i a m e t e r s  from t h e  n o z z l e  e x i t .  The complete d a t a  

fo r  t h e s e  s u r v e y s  a r e  p r e s e n t e d  i n  Appendix C .  T h e  j e t  s h a p e s  a t  

t h e  g r o u n d  h e i g h t  o f  h/d=3.0 a r e  p r e s e n t e d  i n  f i g u r e s  3 4  f o r  t h e  

o n e  i n c h  j e t  a n d  i n  F i g u r e  3 5  f o r  t h e  0 . 6  i n c h  j e t .  F i g u r e s  34a 

a n d  35a present  t h e  l e f t  o n e  h a l f  of t h e  j e t  and F i g u r e s  34b a n d  

35b p r e s e n t  t h e  r i g h t  p o r t i o n  of t h e  j e t .  The j e t s  f rom t h e  two 

n o z z l e s  h a v e  comparable e x p a n s i o n  c h a r a c t e r i s t i c s  a t  t h e  h e i g h t  

shown. F i g u r e  36 shows a c o m p a r i s o n  of t h e  c e n t e r l i n e  s u r v e y  a t  

t h i s  h e i g h t .  The j e t  shapes a r e  e s s e n t i a l l y  t h e  same w i t h  t h e  

s m a l l e r  j e t  showing a s l i g h t l y  g r e a t e r  c e n t e r l i n e  p r e s s u r e .  

T h e  j e t  c h a r a c t e r i s t i c s  a r e  summarized i n  F i g u r e s  37, 3 8 ,  

a n d  39 .  The c o m p a r i s o n s  a r e  made f o r  dynamic  pressure r a t i o s  of 

935 psf f o r  t h e  o n e  i n c h  j e t  a n d  1054 f o r  t h e  0.6 i n c h  j e t .  

F i g u r e  37 compares t h e  w i d t h  of t h e  je ts .  The d a t a  show no  

c o n s i s t e n t  d i f f e r e n c e s  i n  t h e  j e t  w i d t h  a t  a n y  h e i g h t .  F i g u r e  38  

p r e s e n t s  t h e  r e l a t i v e  j e t  pressures  a l o n g  t h e  f low p a t h .  The 

a v e r a g e  i n i t i a l  p r e s s u r e  r a t i o  of t h e  0 . 6  i n c h  j e t  i s  s l i g h t l y  

g r e a t e r  d u e  t o  a s l i g h t l y  skewed p r e s s u r e  d i s t r i b u t i o n  a t  t h e  

exit a n d  t h e r e f o r e  h a s  a s l i g h t l y  h i g h e r  v e l o c i t y  a l o n g  t h e  f low 

p a t h .  F i g u r e  3 9  shows t h e  j e t  shape  i n  t h e  l o n g i t u d i n a l  p l a n e  

c e n t e r l i n e .  The s p r e a d i n g  r a t e s  a r e  c o n s i s t e n t  w i t h  t h e  sma l l e r  

j e t  d e f l e c t e d  2 t o  3 d e g r e e s  l e s s  t h a n  t h e  o n e  i n c h  j e t .  T h i s  

g r e a t e r  v e l o c i t y  a n d  t h e  s l i g h t  u n d e r  d e f l e c t i o n  of t h e  j e t  t e n d  

t o  be c o m p e n s a t i n g  i n  t h e  cornparison of t h e  g round  v o r t e x  

p e n e t r a t i o n .  

The f l o w  s u r v e y s  i n d i c a t e  t h a t  t h e  p re s su re  d i s t r i b u t i o n s  
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are relatively unaffected by the jet dynamic pressure, at least 

at the test conditions. Figures 40 and 41 show the effect of the 

jet dynamic pressure on the results of for the one inch nozzle. 

The flows are the same for jet pressures of 265 and 935 psf, but 

at the lower flows, q=85 psf the indicated pressures are less 

than the calibration would suggest. These lower values are 

likely the result of the inaccuracies in the calibration at the 

lower flow rates. The tests were conducted at q>265 so the 

results are not affected by this characteristic. 

The surveys of the exit and downstream pressures of the two 

nozzles show that the jet characteristics are nearly identical at 

all positions surveyed. The flow characteristics do not show an 

explanation f o r  the different impact regions discussed earlier. 

The different impact area seen may be attributed to a n  

instrumentation or to an instrumentation installation 

discrepancy. The installation of the transducers for the later 

test of the one inch nozzle covered a larger field with a 

concentration along three lateral rows. The transducers were 

installed flush with the ground board. The 0.6 inch test 

utilized a sparse coverage with instrumentation. The comparison 

of the one inch results with t h a t  o f  References 1 and 6 indicates 

that the one inch j e t  shapes are in better agreement. The 

comparisons of the vortex penetration of the two jets indicate 

that the impact area differences are the result of the data 

acquisition or recording parameters and do not affect the vortex 

penetration. Until investigated utilizing a common data 

recording installation, these differences in the impact area will 
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remain unexplained. 

DATA B A S E  REQUIREMENTS 

The development of the aerodynamic characteristics of S T O L  

aircraft which utilize power to augment the lift or to brake the 

configuration will require additional in ground effect data. The 

available data have shown that a significant change in the 

aerodynamic characteristics can be caused by the ground vortex. 

The positioning of the vortex relative to the lifting surfaces is 

known to be a critical variable. The effect of the ground 

boundary layer has been shown by this data to be the critical in 

controlling both the forward and lateral penetration of the 

ground vortex. There is no available data to determine the 

aerodynamic increments on a moving model. 

A data base generated using a moving model and containing 

proper ground pressure measurements to determine the vortex 

penetration is required. Several test procedures can be utilized 

to provide this data. The most straight forward would be a test 

procedure utilizing the setup in the Vortex Research Facility 

for the vortex penetration study and incorporating a generic 

model to provide the aerodynamic characteristic measurements. 

This procedure provides a reasonably adequate measur2ment of the 

vortex by the ground pressure surveys and the aerodynamic 

characteristics by the balance instrumentation. S i g n i f i c a n t  

configuration variables are wing position and sweep, longitudinal 

control surface location, and jet nozzle shape and deflection. 

It is recommended that the Vortex Research Facility be used 

2 3  



to provide the extension of the ground effect data base. 

CONCLUSIONS 

The jet moving over the ground results in a reduced vortex 

from that created by a stationary jet. Most of the previously 

existing data base of jets impinging on the ground was dealt with 

as a stationary jet problem. The known possible source of error 

was the ground boundary layer created by the tunnel air moving 

over the ground. It had been expected that with the concentrated 

jets of consideration this would be a minimum problem. This 

study utilizing a moving jet over a fixed ground b o a r d  shows that 

significant difference can be expected. 

T h e  forward penetration is shown to be reduced by as much as 

30 percent and the lateral extent can be reduced by approximately 

50 percent. The overall effect of these large reductions on 

configuration aerodynamics can not be predicted without specific 

planform testing. 

It is concluded that additional moving model data with 

airplane configurations and aerodynamic force instrumentation are 

required provide data to determine the aerodynamic responses of 

the configurations. 
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