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EXPERIMENTAL  INVESTIGATION OF EFFECT  OF 
JET DECAY  RATE  ON  JET-INDUCED 
PRESSURES  ON  A  FLAT  PLATE 

BY 
John M. Kuhlman, Don S. Ousterhout, 

and  Ronald W. Warcup 
Old  Dominion  University 

SUMMARY 

An  experimental  study  of  the  interaction  between  a  lift 
jet  and  an  aircraft  wing  for a  jet  VTOL  aircraft  was  performed 
for  the  simplified  model  of  an  unheated,  subsonic,  circular  jet 
exiting  at  right  angles  to  a  flat  plate  into  a  uniform  subsonic 
crosswind.  The  effects  of  jet  dynamic  pressure  decay  rate  upon 
the  jet  location  and  jet-induced  pressure  distribution on the 
plate  were  studied  over  a  range  of  jet-to-crossflow  velocity 
ratios  of 2.2 - < R - < 10. Jet decay  rate  was  varied  through  use 
of  cylindrical  centerbodies  with  flat  or  hemispherical  tips 
submerged  in  the  jet  nozzle  at  various  depths  below  the  jet 
exit  plane. 

Quicker  jet  dynamic  pressure  decay,  caused by the  presence 
of a  centerbody,  resulted  in  reductions  in  the  jet-induced  lift 
loss by as much as 45 percent  relative  to  values  €or  jets  with 
no  centerbody  at  larger  values  of  crossflow  velocity.  Jet 
dynamic  pressure  decay  rate  slightly  decreased  the  pitching 
moment. Also,  the  jet  centerline  trajectory  was  found  to  turn 
in  the  crossflow  direction  more  rapidly  as  jet  decay  rate 
increased. Thus,  future  VTOL  model  studies  must  attempt  to 
simulate  as  accurately  as  possible  the  anticipated  jet  exhaust 
nozzle  geometry  and  the  resulting  jet  decay  rate  to  insure  proper 
prediction  of  the  magnitude  of  the  jet  interaction  induced  loads. 



INTRODUCTION 

The performance  of j e t  powered VTOL a i r c ra f t  has   been   the  
s u b j e c t   o f  a l a r g e  a m o u n t   o f   r e c e n t   r e s e a r c h   e f f o r t .   S u c h   e f f o r t s  

have  been  aimed a t  t h e   d e v e l o p m e n t   o f   p r e d i c t i v e   t e c h n i q u e s   f o r  

u s e   o n   s p e c i f i c   f u l l - s c a l e  VTOL c o n f i g u r a t i o n s   u s i n g  wind t u n n e l  

models   and/or   mathematical   models   of   the   f lowfield  about   the 

a i r c r a f t .  One p a r t i c u l a r   p r o b l e m  area of   g rea t   impor tance  i s  
t h e   i n t e r a c t i o n   b e t w e e n   t h e   e n g i n e   e x h a u s t  j e t s  a n d   t h e   a i r c r a f t  

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

from a h o v e r   c o n f i g u r a t i o n   t o   f o r w a r d   f l i g h t .  I t  i s  found   t ha t  

such  a j e t  induces   nega t ive   p re s su res   on   t he   a i r f r ame   a round   t he  

exhaus t ,   and   thus   an   incrementa l  loss i n   t h e   l i f t   f o r c e  on t h e  

a i r c r a f t .  Also, d u r i n g   f o r w a r d   f l i g h t   t h i s   j e t - i n d u c e d   p r e s s u r e  
d i s t r i b u t i o n  i s  h ighly   asymmetr ica l ,   wi th  a s m a l l   p o s i t i v e  

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

r e g i o n   b e h i n d   t h e   j e t ,   t h e r e b y   l e a d i n g  t o  a nose   up   p i tch ing  
moment. B o t h   t h e   l i f t   l o s s   a n d   p i t c h i n g  moment i n c r e a s e   a s  

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

Many p rev ious  wind tunne l   s tud ie s   have   measu red   t he  

pe r fo rmance   and   i n t e rac t ion   e f f ec t s  for  s p e c i f i c  VTOL a i r c r a f t  

c o n f i g u r a t i o n s   ( r e f s .  1 and 2 ) .  Also, o t h e r   s t u d i e s   h a v e   b e e n  

made of  a s i m p l i f i e d   m o d e l ,   h a v i n g   t h e   e s s e n t i a l   c h a r a c t e r i s t i c s  

o f   t h e  j e t  i n t e r a c t i o n   p r o b l e m ;   t h a t   o f  a c i r c u l a r  l e t  e x i t i n g  

a t   r i g h t   a n g l e   t o  a f l a t   p l a t e   a l i g n e d   p a r a l l e l   w i t h  a uniform 

c ross f low.   Such   s tud ie s   have   r epor t ed   bo th   t he   j e t - induced   l oad  

d i s t r i b u t i o n s   o n   t h e   f l a t   p l a t e   ( r e f s .  3 ,  4 ,  5, 6 ,  7 )  a n d   t h e  

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

( r e f s .  8 ,  9 ,  1 0 ) .  Fearn  and  Weston  ( ref .  3 )  found  the  key 

nondimens iona l   parameter   govern ing   the   d i s t r ibu t ion   and   magni -  

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

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

p r o f i l e s .   I n   a n o t h e r   p a p e r   t h e  same au thor s   mode l l ed   t he  

i n t e r a c t i o n   o f  a j e t  and a c r o s s w i n d   a s  a p a i r   o f   c o n t r a r o t a t i n g  
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v o r t i c e s   ( r e f .  11). C h a r a c t e r i s t i c s   o f   t h i s   v o r t e x   p a i r   h a v e  

been  documented  by  Kamotani  and  Greber  (ref. 9 ) .  T h i s   v o r t e x  
j e t  model   has   been   u t i l i zed   by  D i e t z  ( ref .  1 2 )  i n  a mathematical  
model t o  p red ic t   j e t - induced   p l a t e   su r f ace   p re s su res   based   upon  
t h e   l o c a t i o n   a n d   s t r e n g t h   o f   t h e   v o r t e x   p a i r   a s s o c i a t e d   w i t h   t h e  

j e t .  Work o n   t h e   j e t - c r o s s f l o w   i n t e r a c t i o n   p r o b l e m   r e l a t e d  t o  
VTOL a i rc raf t   per formed  before   1970  has   been   summar ized   by  

Margason ( r e f .  13). 

Most o f   t h e s e   s t u d i e s   h a v e   b e e n  made f o r   c o n f i g u r a t i o n s   w i t h  
e s s e n t i a l l y   u n i f o r m  j e t  e x i t  dynamic   p re s su re   p ro f i l e s .  T h i s  i s ,  

h o w e v e r ,   n o t   t h e   t y p e   o f   i n i t i a l   p r o f i l e  t o  b e   e x p e c t e d   i n   a c t u a l  
VTOL a i r c r a f t   e x h a u s t  jets ( r e f s .  1 4 ,  1 5 ,  1 6 ,  1 7 ) ,  d u e   t o   t h e  
d u c t i n g   a n d   s l o t t e d   n o z z l e   v a n e s ,  as w e l l  a s  t o  the  annu la r  
n a t u r e  of t h e  f low  through t h e  engine  i t s e l f .  Zieg ler   and  
Wooler ( r e f .  1 8 )  and   Liv ings ton  ( r e f .  1 9 )  have   s tud ied  some 
effects  of s t r a t i f i e d ,  nonuniform je t s  and   have   found   d i f f e ren t  

i nduced   p re s su res   t han  €or  models w i t h  u n i f o r m   i n i t i a l   j e t  
dynamic   p ressure   p rof i les .   Fur ther ,   Gent ry   and   Margason  
( r e f .  2 0 )  have  found €or  a j e t  i n   h o v e r  t h a t  t h e  l i f t  loss 

w a s  g r e a t l y  a f fec ted  by t h e  j e t   d e c a y  r a t e ,  t h e  l i f t  loss 
b e i n g   i n c r e a s e d   a s  t h e  j e t  decay r a t e  inc reased .  

The c u r r e n t  work i s  an   ex tens ion   o f   t he  work by Liv ings ton  
( r e f .  1 9 1 ,  s y s t e m a t i c a l l y   i n v e s t i g a t i n g   t h e   e f f e c t s   o f   v a r y i n g  
j e t  decay ra te  upon t h e   j e t - i n d u c e d   p r e s s u r e   d i s t r i b u t i o n   a n d  j e t  

c e n t e r l i n e   l o c a t i o n   f o r  a c i r c u l a r ,   s u b s o n i c  a i r  j e t  e x i t i n g  
p e r p e n d i c u l a r  t o  a f l a t   p l a t e   i n t o  a uni form,   subsonic   c ross f low.  
Jet  decay ra te  h a s   b e e n   v a r i e d   t h r o u g h   u s e   o f   c y l i n d r i c a l   c e n t e r -  
bodies   submerged   in   the  j e t  nozz le  a t  v a r i o u s   d e p t h s   b e l o w   t h e  
e x i t   p l a n e .  Data has   been   ob ta ined   ove r  a range   of  jet-to- 
c r o s s f l o w   v e l o c i t y  ra t ios  of 2 .2  " < R < 10. R e s u l t s  are 
p r e s e n t e d   i n   g r a p h i c a l   f o r m   f o r   t h e  j e t  c e n t e r l i n e  t ra jector ies ,  
j e t  c e n t e r l i n e   d y n a m i c   p r e s s u r e   d e c a y ,   i n t e g r a t e d   l i f t  loss and 
p i t c h i n g  moment,  and p r e s s u r e   c o e f f i c i e n t   d i s t r i b u t i o n s .  The 
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present  results  have  been  briefly  summarized  by  Kuhlman  and 
Warcup (ref.  21) . 

SYMBOLS 

Data are presented  in  nondimensional  form,  or  in  both SI 
Units  and U . S .  Customary  Units  where  appropriate.  Measurements 
and 

A 

C 
P 

D 

Dn 

AL 

AM 

P 

9 

qm 

r 

R 

S 

T 

ve 

v, 
X 

Y 

4 

calculations  have  been  made in U . S .  Customary  Units. 

effective  jet  exit  area, m2 (ft2) 

pressure  coefficient, P - Pno  jet 
q m  

effective  jet  diameter,  m  (ft) 

nominal  jet  diameter  (jet  orifice  diameter),  m  (ft) 

jet-induced  lift  loss, N (lb) 

jet-induced  pitching  moment,  m-N  (ft-lb) 

static  pressure, N/m2 (lb/ft2) 

dynamic  pressure, N/m2  (lb/ft2) 

crossflow  dynamic  pressure,  N/m2  (lb/ft2) 

radius,  m  (ft) 

'e - jet-to-crossflow  velocity  ratio 

arc  length  measured  along  jet  trajectory,  m  (ft) 

jet  thrust, N (lb) 

effective  jet  exit  velocity, m/s  (ft/s) 

vcu 

streamwise  coordinate,  origin  at  center of jet  orifice, 

m  (ft) 

transverse  coordinate,  origin  at  center  of  jet  Orifice, 

m  (ft) 



Z 

S u b s c r i p t s :  

01 f r e e  stream 

e e f f e c t i v e  

max  maximum 

n nominal 

no j e t  value  measured  with z e r o  j e t  v e l o c i t y  

APPARATUS 

The expe r imen ta l   s tudy  w a s  c o n d u c t e d   i n   t h e  l o w  speed   c losed  
c i r c u i t  w ind   t unne l   l oca t ed  a t  Old  Dominion Univers i ty ,   which   has  

a test  sec t ion   0 .915  m by 1 . 2 2  m ( 3   f t  by 4 f t ) .   C r o s s f l o w  
a i r speeds   ranged   f rom  13 .7  m / s  t o  6 2  m / s  ( 4 5   f t / s  t o  203 f t / s ) ,  

cor responding  t o  f r e e  stream Mach numbers  of  0.04 t o  0.18. J e t  
Mach number  based  on  the j e t  e f f e c t i v e   e x i t   v e l o c i t y  w a s  0 . 4 ,  

and j e t  Reynolds  number  based  on  the j e t  e f f e c t i v e   d i a m e t e r  

w a s  2 x 105. 

The f l a t   p l a t e  w a s  made from  hard  board  sheet  0 .915  m Or 
35.4 Dn wide by 1 . 2 2  m o r  47.3 Dn l ong .  The p l a t e  w a s  0.019 m 

(0.062 f t )   t h i c k ,   f i t t e d   w i t h  a round  leading  edge,  and  mounted 

0.106 m f rom  the   t unne l  tes t  s e c t i o n   f l o o r .  The  boundary 
l a y e r   o n   t h e   f l a t   p l a t e  w a s  t r i p p e d   u s i n g  a method  descr ibed 
by B r a s l o w ,  Hicks,   and Harris ( r e f .  2 2 ) .  A v i e w   o f   t h e   p l a t e  

mounted i n   t h e  t es t  sec t ion  a p p e a r s   i n   f i g u r e  1. 

The j e t  e x i t e d   p e r p e n d i c u l a r  t o  t h e   p l a t e   t h r o u g h  a c i r c u l a r  
o r i f i c e  0.0258 m (0.085 f t )   i n   d i a m e t e r .  The n o z z l e   c e n t e r  w a s  

l o c a t e d  0 . 6  m ( 2  f t )  back   f rom  the   p l a t e   l ead ing   edge   on   t he  
p l a t e   c e n t e r l i n e .  
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The p l a t e  was f i t t e d   w i t h  226  s ta t ic  p r e s s u r e   t a p s   l o c a t e d  

on   rays   emanat ing   f rom  the   cen ter  of t h e  j e t  as shown i n  

f i g u r e  2. T h e s e   p o r t s  were made of 0 .061  c m  d i a m e t e r   s t a i n l e s s  

s teel  tub ing .  The d i s t a n c e s   f r o m   t h e   n o z z l e   c e n t e r l i n e   t o   t h e  

v a r i o u s  s t a t i c  p r e s s u r e   t a p   l o c a t i o n s  are l i s t e d   i n   t a b l e  1. 

The a i r  j e t  w a s  c r e a t e d  by  an a i r   c o m p r e s s o r   c o n n e c t e d   t o  a 

0 . 1 4  m ( 0 . 4 6 6  f t )   d i a m e t e r  plenum  chamber  and a smoothly  con- 

t o u r e d  30:l area c o n t r a c t i o n   r a t i o   n o z z l e .  A sec t ion   v iew  of  

t h e  plenum  and  nozzle is  shown i n   f i g u r e  3 .  Je t  a i r  f low rates 
were measured  using a tu rb ine   t ype   f l owmete r .  J e t  mass f low 

ra te  was he ld   cons tan t   on   any   one  t es t  r u n ,   u s i n g   a n   e l e c t r o n i c  

f e e d b a c k   c o n t r o l ,   t o   w i t h i n  20.2 p e r c e n t .  

A l s o  shown i n   f i g u r e  3 i s  an  example  of   the  type of c e n t e r -  

b o d y ,   o r   p l u g ,   u s e d   t o   v a r y   t h e   j e t   d y n a m i c   p r e s s u r e   d e c a y  rate.  
The centerbody shown i s  c y l i n d r i c a l ,   w i t h  a diameter   of  0 .019  m 

( 0 . 0 6 2  f t ,  or  0 . 7 5  D n ) ,  having a h e m i s p h e r i c a l   t i p   p o i n t e d   i n  

t h e   j e t   f l o w   d i r e c t i o n .  A l s o  u t i l i z e d   i n  some tests w a s  a 
s e c o n d   c y l i n d r i c a l   p l u g   o f   t h e  same d iame te r   w i th  a f l a t ,   o r  

square ,   end .  Jet  d e c a y   r a t e  was v a r i e d  by varying  the  submer-  

g e n c e   d e p t h   o f   t h e   p l u g   t i p   b e n e a t h   t h e   j e t   e x i t   p l a n e .  

The p l a t e  s t a t i c  p r e s s u r e   p o r t s  were connec ted   by   p l a s t i c  

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

p r e s s u r e   t r a n s d u c e r   a n d   d i g i t a l   r e a d o u t   d e v i c e .  The p r e s s u r e  

t r a n s d u c e r  w a s  c a l i b r a t e d   u s i n g  a dead  weight  tester.  

A moto r i zed ,   t h ree   deg rees   o f   f r eedom  t r ave r s ing   mechan i sm 

was  mounted t o   t h e   t o p   o f   t h e   t u n n e l  t e s t  s e c t i o n ;   t h i s   t r a v e r s e  

i s  shown i n  f i g u r e  1. P i t o t   s t a t i c   a n d   t o t a l  head  probes were 
mounted t o   t h e   t r a v e r s e   t o   i n v e s t i g a t e   t h e   c h a r a c t e r i s t i c s   o f  

t h e   j e t ,   s u c h  as  c e n t e r l i n e   l o c a t i o n  and  dynamic  pressure  decay. 

Temperatures were monitored  using 0 . 0 2 5  c m  diameter   chromel-  

a lumel   thermocouples .   Tunnel   temperature  was nominal ly  310 K 

( 5 6 0  R ) ,  w i t h   t h e  j e t  e x i t   t e m p e r a t u r e   n o m i n a l l y  1 5  K ( 2 7  R )  
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below  the  tunnel  temperature.  Tunnel  temperatures  gradually 
increased  during  each  individual  data  run,  but this-tempera- 
ture  increase  was  generally  less  than 12 K (22 R). 

EXPERIMENTAL  PROCEDURE 

The  plate  was  initially  aligned  parallel  to  the  plane  of  the 
tunnel  test  section  floor. Flow angularity  between  the  plate  and 
the  crossflow was less  than 0.5 degrees,  based  upon  measured 
static  pressures on the  plate  with no jet  flow. The plate  sur- 
face  was  carefully  waxed.  The  gap  between  the  plate  and  the 
nozzle  was  filled  and  smoothed. A separation  bubble  was  observed 
at  the  plate  leading  edge  which  extended 0.08 m  in  the  transverse 
and 0.05 m in  the  flow  directions.  Tufts  placed on the  plate 
showed  no  other  flow  irregularities.  Turbulence  intensities  in 
the  crossflow  were  nominally 0.2 percent  as  measured  with  a  hot 
wire  anemometer. The  crossflow  was  measured  to be  uniform  to 
within 1 percent  in  a  plane  perpendicular  to  the  flow  direction 
over  the  jet  exit. 

The  jet  nozzle  and  plenum  were  aligned  with  the  plate  to 
insure  axial  symmetry  of  the  jet-tnduced  plate  pressure  distri- 
bution  for  a  representative  nozzle  configuration  with  no 
centerbody  and  no  crossflow. 

Jet exit  plane  dynamic  pressure  profiles  were  measured 
in  the  no  crossflow  or  static  case  using  a  pitot  static  probe. 
The  centerbodies  were  adjusted  in  the  jet  nozzle  to  insure 
symmetry  of  the  initial  jet  profiles  with no crossflow. The 
measured  dynamic  pressure  profiles  were  used  to  calculate  the 
jet  thrust,  since it was  not  feasible  to  measure  thrust  directly. 
Jet  configurations  with  no  centerbody  in  the  nozzle  were  found 
to  have  uniform  dynamic  pressure  profiles  (to  within 1 percent) 
with  radius,  until  the  nozzle  boundary  layer  was  reached. 
Examples of the  effect  of  the  centerbodies  on  the  initial 
dynamic  pressures  are  shown  in  nondimensional  form  in 
figure 4 .  Generally,  as  the  centerbody  tip was moved  toward 
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the  nozzle  exit  plane  the  exit  dynamic  pressure  profiles  became 
more  nonuniform,  with  the  momentum  defect  at  the  jet  axis 
becoming  larger. 

For  the  various  nozzle  configurations  calibrated  above,  the 
jet-induced  pressures on the plate were  measured  for  a  range of 
crossflow  velocities.  Static  pressures  were  electrically 
averaged  at  each  port  location  for  a  minimum of 5 seconds,  to 
obtain  a good  mean  value,  since  Fearn  and  Weston  (ref. 3) and 
Kuhlman  (ref. 23) have  observed  large,  low  frequency  static 
pressure  fluctuations on the  plate  in  the  lee  of the jet.  Static 
pressure  data  presented  are  the  difference  between  jet  on  and  jet 
off  conditions. The jet  induced  lift  loss, AL, and  pitching 
moment, AM, were  obtained  by  integrating  these  static  pressure 
differences  using  a  constant  pressure  panel  approximation. 

Jet centerline  locations  were  measured  for  each  nozzle  con- 
figuration  over  a  range  of  crossflow  speeds  using  a  total  pressure 
Kiel  probe  mounted  on  the  traverse.  The  jet  centerline  location 
was  defined  to  be  the  locus of points  of  maximum  total  pressure 
in  the  plane  of  symmetry of the  flow. 

Dynamic  pressure  decay  along  the  jet  centerline  for  these 
configurations was measured  using  a  pitot  static  probe.  The 
centerline  trajectory  data  were  numerically  curve  fitted,  and 
used  to  orient  the  pitot  probe  tangent  to  the  local  flow 
direction.  These  dynamic  pressure  decay  data are the maximum 
local  dynamic  pressures at various  positions  along  the  arc 
length of the  jet  trajectory. 

Data  for  different  nozzle  configurations or different 
centerbody  locations  have  been  compared  at  the  same  value of 
jet-to-crossflow  velocity  ratio  using  a  technique  described  by 
Ziegler  and  Wooler  (ref.  18)  and  Livingston  (ref. 19). All  nozzle 
configurations  have  been  tested  at  approximately  the  same  effective 
jet  exit  velocity,  corresponding  to  a  jet  Mach  number of 0 . 4 .  
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The e f f e c t i v e   v e l o c i t y   h a s   b e e n   c a l c u l a t e d  as t h a t   o f   a n   e q u i v a l e n t  
j e t  wi th  a constant   dynamic pressure a n d   c i r c u l a r   s h a p e   c r e a t e d  by 
an   i s en t rop ic   expans ion   f rom  the   measu red   s t agna t ion   cond i t ions  
i n   t h e  plenum t o  the  measured j e t  e x i t  s t a t i c  p r e s s u r e .   T h i s  
e q u i v a l e n t  j e t  i s  also r e q u i r e d  t o  have   t he  same mass f low rate 
a n d   t h r u s t ,  T , as m e a s u r e d   f o r   t h e   a c t u a l  j e t  w i t h  a nonuniform 
e x i t  d y n a m i c   p r e s s u r e   p r o f i l e .  A l s o  c a l c u l a t e d   f r o m   t h i s   p r o -  
cedure  i s  a c i r c u l a r   e f f e c t i v e  j e t  area, f rom  wh ich   an   e f f ec t ive  
j e t  d i ame te r ,  D , has   been   ca l cu la t ed .  The e f f e c t i v e  j e t  

d i a m e t e r   d e c r e a s e s  as t h e   c e n t e r b o d y   t i p  i s  moved toward   the  j e t  

e x i t  p l ane .  The e f f e c t i v e  j e t  diameter   has   been  used t o  non- 
d imens iona l i ze  a l l  dimensions,   such as j e t  c e n t e r l i n e   l o c a t i o n ,  

d i s t a n c e   a l o n g   t h e  j e t  c e n t e r l i n e ,   a n d   p l a t e   s u r f a c e  area.  The 
e f f e c t i v e  j e t  ve loc i ty   has   been   used  t o  ca l cu la t e  t h e   j e t - t o -  

c r o s s f l o w   v e l o c i t y  r a t i o ,  R . This  i s  i n   c o n t r a s t   t o   t h e   u s u a l  
procedure  where R i s  d e f i n e d  as  t h e   s q u a r e  roo t  o f   t h e  r a t i o  

of j e t  t o  c ross f low  dynamic   p ressures ,   bu t  it i s  e s t i m a t e d   t h a t  
t h i s   g e n e r a l l y   l e a d s  t o  no  more  than a 5 p e r c e n t   c h a n g e   i n   t h e  
computed v e l o c i t y   r a t i o .  However, u n c e r t a i n t i e s   i n  D and R 

of 1 0  p e r c e n t   a r e   e s t i m a t e d   f o r   t h e   f l a t - e n d e d  plug f lu sh   conf igu ra -  
t i o n   d u e  t o  a n   i n a c c u r a c y   i n   t h e   m e a s u r e d   t h r u s t .  

I t  i s  e s t i m a t e d   t h a t  f l o w  condi t ions   dur ing   any   one   run  
were c o n s t a n t  t o  w i t h i n  1 t o  2 p e r c e n t .  Je t  c e n t e r l i n e   l o c a t i o n s  
were r e p e a t a b l e  t o  w i t h i n  2 p e r c e n t .   S t a t i c   p r e s s u r e s  on t h e  
p l a t e  were g e n e r a l l y   r e p e a t a b l e  t o  w i t h i n  2 pe rcen t ,   and   t he  
i n t e g r a t e d   l i f t  losses a n d   p i t c h i n g  moments and   the  j e t  dynamic 
p r e s s u r e   d e c a y   d a t a  are e s t i m a t e d  t o  have  an  accuracy  of 5 

p e r c e n t .  

PRESENTATION O F  RESULTS 

Data f o r   t h e   j e t - i n d u c e d   p l a t e   s u r f a c e  s t a t i c  p r e s s u r e  

d i s t r i b u t i o n ,  j e t  c e n t e r l i n e   l o c a t i o n ,   j e t - i n d u c e d   l i f t  loss 
a n d   p i t c h i n g  moment,  and j e t  dynamic  pressure  decay  have  been 
o b t a i n e d   f o r  a r a n g e   o f   j e t - t o - c r o s s f l o w   v e l o c i t y  ra t ios  of 
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2.2 " < R < 10. These  data  have  been  obtained  for  the  following 
jet  centerbody  configurations: 

1. no centerbody 

2. round  ended  centerbody  with  tip  submerged  one  nominal 
jet  exit  diameter, Dn , below  nozzle  exit  plane 

3. round  ended  centerbody  submerged 0.5 Dn below  nozzle 
exit 

4. round  ended  centerbody  flush  with  nozzle  exit 

5. flat  ended  centerbody  submerged  1.375 Dn below  nozzle 
exit 

6. flat  ended  centerbody  submerged  0.875 Dn below  nozzle 
exit 

7. flat  ended  centerbody  submerged  0.375 Dn below  nozzle 
exit 

8. flat  ended  centerbody  flush  with  nozzle  exit 

Results  of  these  wind  tunnel  studies  for  various  configura- 
tions  and  values  of R are  presented  in  the  following  figures: 

DATA FIGURE 

Constant  pressure  contours  5-38 

Jet  centerline  locations  39-47 

Jet-induced  nondimensional  lift  loss  48-49 

Jet-induced  nondimensional  pitching  moment  50-51 

Jet centerline  dynamic  pressure  decay  52-60 
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D I S C U S S I O N  OF  RESULTS 

A s  d i s p l a y e d   i n   f i g u r e s  5 th rough  38 ,   the   j e t - induced   p la te  

p r e s s u r e   d i s t r i b u t i o n s  are g e n e r a l l y   c h a r a c t e r i z e d  by a small pos i -  
t i v e  p r e s s u r e   r e g i o n   a h e a d   o f   t h e  j e t  and a much l a r g e r   n e g a t i v e  
p r e s s u r e   r e g i o n  t o  t h e   s i d e   o f   a n d   b e h i n d   t h e  j e t .  A s  observed 
by  Fearn  and  Weston ( r e f .   3 ) ,   t h e   j e t - t o - c r o s s f l o w  r a t i o ,  R , 
is  a key   pa rame te r   gove rn ing   t he   d i s t r ibu t ion   o f   t he   j e t - - induced  
loads .  A s  t he   c ros s f low  inc reases ,   co r re spond ing  t o  a dec rease  
i n  R , t h e   p r e s s u r e s  become more asymmetr ica l   fore- to-af t .   In  

f i g u r e  9 t h e   p r e s e n t   d a t a   f o r  a c o n f i g u r a t i o n   w i t h  no  centerbody 
i n   t h e   n o z z l e  a t  R = 3 . 9  a r e  compared  with  data  of  Fearn  and 
Weston ( r e f .  3 )  a t   t h e  same value  of  R and a s i m i l a r   j e t  Mach 
number .   Cons tan t   p ressure   contours   genera l ly   agree   wi th   the   da ta  

o f   r e f e rence  3 t o   w i t h i n   t h e   e s t i m a t e d   a c c u r a c y   w i t h   w h i c h   t h e i r  
l o c a t i o n s   c a n   b e   d e t e r m i n e d   e x c e p t   i n   t h e   v i c i n i t y   d i r e c t l y   b e h i n d  
t h e   j e t .  

Data t aken  a t  s imilar  va lues   o f  R , b u t   w i t h  a centerbody 
i n   t h e   n o z z l e ,   g e n e r a l l y  show ve ry  s imilar  p re s su re   con tour s   ahead  

o f   t h e   j e t ,   b u t   g r e a t l y   c h a n g e d   c o n t o u r s   b e h i n d   t h e  j e t .  A s  t h e  
c e n t e r b o d y   t i p  i s  moved toward   the  j e t  e x i t   p l a n e ,   t h e s e   c o n t o u r s  

i n   t h e  lee  o f   t h e   j e t   a r e   p u l l e d   i n   c l o s e r   t o   t h e   j e t   e x i t .   T h u s ,  
t h e   d a t a   i n d i c a t e   t h a t   t h e   p r e s e n c e  of a c e n t e r b o d y   i n   t h e   j e t  
n o z z l e   s i g n i f i c a n t l y   a f f e c t s   t h e   j e t - i n d u c e d   p r e s s u r e   d i s t r i b u t i o n ,  
e s p e c i a l l y  a t  t h e  lower va lues   o f  R ( h i g h e r   c r o s s f l o w ) .   S i m i l a r  
p re s su re   con tour   shapes   have   been   r epor t ed   i n   r e f e rence  4 .  

Je t  c e n t e r l i n e  trajectories f o r  a r a n g e   o f   j e t - t o - v e l o c i t y  
r a t i o s  €or j e t  conf igu ra t ions   w i th   no   cen te rbody  are compared i n  
f i g u r e  3 9  w i t h  s imilar  d a t a   t a k e n  by  Margason ( r e f .   8 ) .   R e s u l t s  
shown are a leas t  s q u a r e s  power l a w  €it t o  t h e   a c t u a l   d a t a .  A s  

t h e   c r o s s f l o w   i n c r e a s e s  ( R  d e c r e a s i n g ) ,   t h e  j e t  i s  d e f l e c t e d  
more r a p i d l y   i n   t h e   c r o s s f l o w   d i r e c t i o n .  

A s  shown i n   f i g u r e s  4 0  t o  4 7 ,  f o r   f i x e d   v a l u e s   o f   t h e  

v e l o c i t y  r a t i o ,  R , t h e   p r e s e n c e  of a c e n t e r b o d y   i n   t h e  j e t  
nozz le   causes  a s l i g h t   i n c r e a s e  i n  t h e  j e t  t u r n i n g .  A s  t h e   p l u g  
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t i p  i s  moved up t o w a r d s   t h e   n o z z l e   e x i t ,   t h i s   t u r n i n g   g e n e r a l l y  

becomes   more   r ap id .   Hence ,   j e t s   fo r   con f igu ra t ions   w i th   cen te r -  

bod ie s  l i e  s l i g h t l y   c l o s e r   t o   t h e   p l a t e   s u r f a c e .  

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

p r e v i o u s l y   d i s p l a y e d   i n   f i g u r e s  5 t o  38 a p p e a r   i n   f i g u r e  48 

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

body  (round  ended  plug)  and  f igure 4 9  f o r   f l a t   e n d e d   c e n t e r b o d y  

c o n f i g u r a t i o n s .  The l i f t  loss h a s   b e e n   c a l c u l a t e d   f o r  a c i r c u l a r  

a r e a  on t h e   p l a t e   e q u a l   t o  43 times t h e  j e t  e f f e c t i v e   e x i t   a r e a ,  

and   nond imens iona l i zed   by   t he   ca l cu la t ed   j e t   t h rus t .  On bo th  

f i g u r e s   t h e   c u r r e n t   r e s u l t s   f o r   n o z z l e s   w i t h  no p lug  are  
d i sp layed   fo r   compar i son   pu rposes .   Fo r   each   pa r t i cu la r   nozz le  

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

l e f t  t o  r i g h t  o n   t h e   h o r i z o n t a l   a x i s ,   t h e   j e t - i n d u c e d   l i f t  loss, 
AL , i n c r e a s e s   g r e a t l y ,   r e a c h i n g  7 0  p e r c e n t   o f   t h e   j e t   t h r u s t  

a t  ( R ) - I  = 0 . 4  f o r   t h e  no p l u g   c o n f i g u r a t i o n .  Two approximate 

i n t e g r a t i o n s   o f   t h e   p r e s s u r e   c o n t o u r   r e s u l t s   o f   F e a r n   a n d   W e s t o n  

( r e f .   3 )  are  shown i n   f i g u r e  48 fo r   compar i son   w i th   t he   p re sen t  

r e s u l t s   f o r   j e t s   w i t h  no c e n t e r b o d i e s .  The p r e s e n t   l i f t   l o s s e s  

f o r  j e t s  w i t h  no cen te rbody   a r e   rough ly  7 5  p e r c e n t   a s   g r e a t   a s  

r e s u l t s   a t   t h e  same va lue   o f  R by  Fearn  and  Weston  from 

re fe rence   3 .  

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

f i g u r e s  48 and 4 9  a t  a f i x e d   v a l u e   o f   c r o s s f l o w - t o - j e t   v e l o c i t y  

r a t i o ,  it i s  s e e n   t h a t   t h e   p r e s e n c e   o f  a c e n t e r b o d y   i n   t h e  j e t  
n o z z l e   g r e a t l y   r e d u c e s   t h e   j e t - i n d u c e d   l i f t  loss. Th i s  

r e d u c t i o n   i n  AL i n c r e a s e s   a s   e i t h e r   p l u g   t i p  i s  moved closer 
t o   t h e   n o z z l e   e x i t   p l a n e ,   r e a c h i n g  a 35 p e r c e n t   r e d u c t i o n   o v e r  

t h e  no p l u g   c a s e   a t  R- l  = 0 . 4  f o r   t h e   r o u n d   e n d e d   p l u g   t i p  

f l u s h   t o   t h e   p l a t e   s u r f a c e ,   a n d  a 4 5  p e r c e n t   r e d u c t i o n   o v e r   t h e  

no p lug  case a t  R-l = 0 . 4  f o r   t h e   f l a t   p l u g   f l u s h .  

F i g u r e s  50 and 51 show t h e   p i t c h i n g  moment about  t h e  t r a n s -  
v e r s e   a x i s   t h r o u g h   t h e  j e t  o r ig in ,   nond imens iona l i zed  by t h e  
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calculated  jet  thrust  times  the  effective  jet  diameter  for  the 
round  ended  and  flat  ended  plug  configurations  respectively. 
Again,  the  pitching  moment  has  been  calculated  for  a  circular  area 
on the  plate  equal to 4 3  times  the  jet  effective  exit  area. As 
observed  for  the  lift loss, the  nose  up  induced  pitching  moment 
increases  as  the  crossflow is increased,  corresponding  to  in- 
creased  forward  flight  speeds.  The  pitching  moment  is  slightly 

decreased by the  presence  of  a  centerbody  in the-jet nozzle  at 
higher  values  of  crossflow  velocity. 

The  effect  of  crossflow on the  jet  centerline  decay is shown 
in  figure 5 2 ,  for  jets  with  no  centerbody in the  nozzle.  The 
ratio  of  the  local  maximum  dynamic  pressure  minus  the  free  stream 
q, divided  by  exit  plane  maximum  qmax  minus  free  stream qm is 
shown  as  a  function of nondimensional  arc  length  along  the  jet 
trajectories  shown  earlier  in  figures 39 to 4 7 .  With  no 
crossflow ( R  = a) the  jet was observed  to  have  a  potential  core 
that  persisted  over 5 effective  jet  diameters  from  the  exit 
plane. As the  crossflow  increased,  corresponding  to  decreasing 
R , the  dynamic  pressure  decay  rate  increased  until  it 
appeared  that  the  maximum  dynamic  pressure  began  to  decrease 
within  one  jet  diameter of the  jet  exit  at R = 2.5  . 

Figure 53 compares  results  for  the  nondimensional  jet 
centerline  dynamic  pressure  decay  at  a  constant  jet-to-crossflow 
velocity  ratio  of R = 8 for  the  round  ended  plug  configurations 
with  results  shown in the  previous  figure  for  the  no  plug  case. 
As  the  plug  tip  is  moved  upwards  toward  the  jet  exit  plane,  the 
jet  decay  to  the  crossflow  q  occurs  more  rapidly.  Similar 
results  are  seen in figure 5 4  for  nozzle  configurations  with  the 
flat  ended  plug  at R = 8 . Again  the  plug  causes  quicker  jet 
decay.  Figures 5 5  through 60 show  similar  results  for  the  various 
plug  locations  at  values  of R of 6, 4, and 2.5. In  all  cases 
the  jet  centerline  dynamic  pressure  decays  more  rapidly  as  the 
centerbody is moved  toward  the  jet  exit  plane. 
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The e f f e c t s   o f  a centerbody i n  t h e  j e t  nozz le  may be 

summarized as r e s u l t i n g   i n :  

1. n o n u n i f o r m   i n i t i a l  j e t  d y n a m i c   p r e s s u r e   p r o f i l e s ,  

2 .  more r a p i d  j e t  t u r n i n g ,  

3 .  more  rapid j e t  cen te r l ine   dynamic   p re s su re   decay ,  and 

4. d e c r e a s e d   i n d u c e d   l i f t  l o s s  a t  h igh   c ros s f low,  

a s suming   t he   ve loc i ty  r a t i o  i s  he ld   cons t an t .   Th i s   r educed  
i n d u c e d   l o a d i n g   o n   t h e   p l a t e   o c c u r s   i n   s p i t e   o f   t h e   f a c t  t h a t  t h e  

j e t  i s  observed t o  l i e  c l o s e r  t o  t h e   p l a t e .   B a s e d   o n   r e s u l t s  

i n   r e f e r e n c e  11, t h i s   i n d i c a t e s   t h a t   t h e   c e n t e r b o d y   c a u s e s  
a weaken ing   o f   t he   vo r t ex   pa i r   a s soc ia t ed   w i th   t he  j e t .  

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

show an   oppos i t e   t r end   t han  was observed  by  Gentry  and  Margason 

( r e f .  2 0 )  f o r  j e t s  wi th   no   c ross f low.  

The c u r r e n t   r e s u l t s ,   w h e r e   t h e   c e n t e r b o d y   c a u s e s   q u i c k e r  
j e t  decay  and a r e d i s t r i b u t i o n  of t h e   i n d u c e d   l o a d s ,   e x p l a i n  

d i sc repanc ie s   be tween   da t a  of O u s t e r h o u t   ( r e f .  4 )  and   da ta   o f  
o t h e r   i n v e s t i g a t o r s   ( r e f s .  3 ,  5 ,  6 ,  7 ) .  The j e t  u s e d   i n   r e f e r -  

ence 4 was obse rved   t o   beg in  t o  decay much more r a p i d l y   t h a n  

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

core g e n e r a l l y   e x i s t e d   f o r  4 t o  6 diameters   beyond  the j e t  
e x i t .   T h i s   q u i c k e r  j e t  d e c a y   i n   r e f e r e n c e  4 i s  b e l i e v e d  t o  

be   t he   cause  of t h e   o b s e r v e d   p i n c h i n g   i n   o f   t h e   p r e s s u r e  

con tour s   beh ind   t he  j e t  e x i t .  

F u r t h e r ,   t h e   p r e s e n t   r e s u l t s   i n d i c a t e   t h a t   j e t   d e c a y   r a t e  

has  a s i g n i f i c a n t   e f f e c t  upon  je t - induced   loads   a round  the  j e t .  

Model j e t  VTOL s t u d i e s   s u c h  as  r e f e r e n c e s  1 and 2 mus t   t he re fo re  
a t t e m p t   t o   m a t c h   p r o t o t y p e  j e t  e x i t  a n d   d e c a y   c h a r a c t e r i s t i c s .  

14 



CONCLUSIONS 

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

decay ra te  on j e t  loca t ion   and   j e t - induced   l oads   on  a f l a t  
p l a t e   h a v e  shown t h a t :  

1. The presence   o f  a c e n t e r b o d y   i n   t h e  j e t  nozz le   l eads  
t o  nonuniform j e t  e x i t  dynamic   p re s su re   p ro f i l e s   and  more r a p i d  

decay  of   the j e t  dynamic  pressure.  

2 .  More r a p i d  j e t  dynamic  pressure  decay rates r e s u l t   i n  

s l i g h t l y  more r a p i d   d e f l e c t i o n   o f   t h e  j e t  i n   t h e   f r e e  steam 
d i r e c t i o n .  

3 .  More r a p i d  j e t  decay r a t e  l e a d s  t o  a c h a n g e   i n   t h e  j e t -  
i n d u c e d   p r e s s u r e s   o n   t h e   f l a t   p l a t e ,   w h e r e   p l a t e   c o n s t a n t  

p r e s s u r e   c o n t o u r s   b e h i n d   t h e   j e t  move n e a r e r  t o  t h e  j e t  e x i t  
as j e t  decay ra te  i n c r e a s e s .  

4 .  I nc reased  j e t  decay ra te  l e a d s  t o  a l a r g e   d e c r e a s e   i n   t h e  

j e t - i n d u c e d   l i f t  loss, and a s l i g h t   d e c r e a s e   i n   p i t c h i n g  moment. 

I t  is  t h e r e f o r e  recommended t h a t   a l l   e x p e r i m e n t a l  VTOL model 
s t u d i e s   a n d   t h e o r e t i c a l   m o d e l s   a t t e m p t  t o  d u p l i c a t e  as n e a r l y  as 

p o s s i b l e   t h e   a n t i c i p a t e d   f u l l  scale j e t  exhaus t   decay   charac te r -  
i s t ics  t o   i n s u r e   p r o p e r   p r e d i c t i o n   o f   t h e  j e t  i n t e r f e r e n c e  
l o a d i n g   o n   t h e   a i r c r a f t .  

15 



REFERENCES 

1. 

2 .  

3. 

4 .  

5. 

6. 

7. 

8. 

9 .  

1 0 .  

11. 

1 2 .  

Vogler ,  Raymond D.:  I n t e r f e r e n c e   E f f e c t s   o f   S i n g l e   a n d  
M u l t i p l e  Round o r  S l o t t e d  Jets on a VTOL Model i n  
T r a n s i t i o n .  NASA T N  D-2380, August 1 9 6 4 .  

Margason,  Richard J.;  and  Gentry,  Gar1 L . ,  Jr . :  Aerodynamic 
C h a r a c t e r i s t i c s   o f  a F i v e - J e t  VTOL C o n f i g u r a t i o n   i n   t h e  
Trans i t i on   Speed  Range. NASA T N  D - 4 8 1 2 ,  1 9 6 8 .  

Fearn,   Richard L . ;  and  Weston,  Robert P . :  The  Induced 
P r e s s u r e   D i s t r i b u t i o n   o f  a Jet  i n  a Crossf low,  NASA T N  D- 
7916, Ju ly   1975 .  

Ousterhout,   Donald S . :  An E x p e r i m e n t a l   I n v e s t i g a t i o n   o f  a 
Cold Je t  Emi t t ing   f rom a Body o f   R e v o l u t i o n   i n t o  a 
Subsonic Free  Stream. NASA CR-2089, August 1 9 7 2 .  

S o u l l i e r ,  A.:  T e s t i n g  a t  S I .  MAS f o r  Basic I n v e s t i g a t i o n   o n  
Jet  I n t e r a c t i o n s .   D i s t r i b u t i o n   o f   P r e s s u r e s  Around t h e  
J e t  O r i f i c e .  NASA TTF-14066, Apr i l   1968.  

Bradbury, L. J. S . ;  and Wood, M. N . :  The S t a t i c   P r e s s u r e  
D i s t r i b u t i o n  Around a C i r c u l a r  Je t  Exhausting  Normally 
from a Plane  Wall I n t o   a n  Airstream. B r i t i s h  ARC C .  P .  
N o .  8 2 2 ,  1 9 6 5 .  

Vogler ,  Raymond D . :  S u r f a c e   P r e s s u r e   D i s t r i b u t i o n s   I n d u c e d  
on a F l a t  P l a t e  by a Cold A i r  Je t  I s s u i n g   P e r p e n d i c u l a r l y  
f rom  the  P l a t e  and Normal t o  a Low Speed  Free-Stream  Flow. 
NASA T N  D-1629 ,  March  1963. 

Margason,  Richard J . :  The Pa th   o f  a Je t  Di rec t ed  a t  Large 
Angles t o  a Subsonic   Free S t ream.  NASA T N  D - 4 9 1 9 ,  
November 1 9  6 8. 

Kamotani,  Yasuhiro;  and  Greber, Isaac: Experiments  on a 
Turbulent  Je t  i n  a Cross Flow. NASA CR-72893, June  1971. 

Rudinger,  G . ;  and Moon, L. F.:  Laser-Doppler  Measurements 
i n  a Subsonic  J e t  I n j e c t e d   i n t o  a Subsonic  Cross Flow. 
ASME Journa l  of F lu ids   Engineer ing ,   September  1 9 7 6 ,  
pp.  516-520. 

Fearn,  Richard;  and  Weston,  Robert P . :  V o r t i c i t y   A s s o c i a t e d  
w i t h  a Je t  i n  a Cross Flow. AIAA J o u r n a l ,  V o l .  1 2 ,  N o .  1 2 ,  
December 1 9 7 4 ,  pp.  1666-1671. 

D i e t z ,  W. E . ,  Jr.: A Method f o r   C a l c u l a t i n g   t h e   I n d u c e d  
P r e s s u r e   D i s t r i b u t i o n   A s s o c i a t e d   w i t h  a Jet  i n  a Crossf low.  
M.S. T h e s i s ,   F l o r i d a   U n i v e r s i t y ,   1 9 7 5   ( a l s o   a v a i l a b l e  as 
NASA CR 146434,  1975).  

1 6  



13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

Margason,  Richard J.: Review  of  Propulsion-Induced  Effects 
on Aerodynamics  of  Jet/STOL  Aircraft.  NASA TN D-5617, 
February  1970. 

Hall,  Gordon R.; and  Rogers,  Kenneth H.: Recirculation 
Effects  Produced  by a Pair of Heated  Jets  Impinging on 
a  Ground  Plane.  NASA  CR-1307,  May  1969. 

Abbott, W.  A.: Studies of Flow Fields  Created by  Vertical 
and  Inclined  Jets  when  Stationary  or  Moving  over  a 
Horizontal  Surface.  British  ARC C.  P.  No. 911, 1967. 

Hall,  Gordon R.: Recirculation  and  Injestion  Character- 
istics of a  Large-Scale  VTOL  Lift  Engine  Pod.  NASA  CR- 
7.2410, August  1968. 

Ryan,  Patrick E.;  and  Cosgrove,  Wayne  J.: The  Effect  of 
Exhaust  Conditions,  Surface  Winds,  and  Geometric  Scale 
on Hot  Gas  Ingestion  for  Two Jet VTOL  Configurations. 
NASA  CR-66965,  September  1970. 

Ziegler,  H.;  and  Wooler,  P. T.: Analysis  of  Stratified  and 
Closely  Spaced  Jets  Exhausting  into  a  Crossflow.  NASA  CR- 
132297,  November  1973. 

Livingston, D. K.:  An Experimental  Investigation  of  a  Cold 
Jet  with  Solid  Center  Body  Emitting  from  a  Flat  Plate 
into  a  Subsonic  Free  Stream. M.S. Thesis,  Old  Dominion 
University, May  1975. 

Gentry,  Gar1  L.; and Margason, Richard J.: Jet Induced Lift 
Losses on  VTOL Configurations  Hovering  In  and  Out  of 
Ground Effect. NASA  TN  D-3166,  February  1966. 

Kuhlman,  J.  M.;  and  Warcup, R.  W.: Effects  of  Jet  Decay 
Rate  on Jet Induced  Loads  on  a  Flat  Plate.  AIAA  Paper 
No. 77-596,  Proceedings  of  AIAA/NASA  V/STOL  Conference, 
Palo  Alto,  California,  June 6-8, 1977. 

Braslow, A.  L.; Hicks, R.  M.;  and Harris, R. V.,  Jr.:  Use 
of  Grit-Type  Boundary-Layer-Transition  Trips.  Presented 
at  Conference on Aircraft  Aerodynamics,  Langley  Research 
Center, May 23-25,  1966,  published  in  NASA  SP-124. 

Kuhlman, J. M.: A  Vorticity  Shedding  Phenomenon  in  the  Wake 
of an  Air Jet in  a  Crossflow.  Virginia  Journal  of  Science, 
Vol. 26, No. 2, p.  106. 

17 



T a b l e  1. F l a t  p la te  pressure p o r t  
locat ions.  

P r e s s u r e  Radial Distance 
P o r t  N o .  c m  ( i n . )  

1 1 . 9 0 5  ( 0 . 7 5 0 )  
2 2 . 2 2 3  ( 0 . 8 7 5 )  
3 2 . 5 4 0  ( 1 . 0 0 0 )  

4 3 . 4 9 3  ( 1 . 3 7 5 )  
5 4 . 4 4 5  ( 1 . 7 5 0 )  
6 5 . 3 9 8  ( 2 . 1 2 5 )  

6 . 3 5 0  ( 2 . 5 0 0 )  
7 . 3 0 3  ( 2 . 8 7 5 )  
8 . 2 5 5  ( 3 . 2 5 0 )  

1 0  

11 

1 2  

9 . 2 0 8  ( 3 . 6 2 5 )  
1 0 . 1 6 0  ( 4 . 0 0 0 )  
1 1 . 4 3 0  ( 4 . 5 0 0 )  

1 3  1 2 . 7 0 0  ( 5 . 0 0 0 )  
1 4   1 3 . 9 7 0  ( 5 . 5 0 0 )  
1 5  1 5 . 2 4 0  ( 6 . 0 0 0 )  

1 6  

1 7  

1 8  

1 6 . 5 1 0  ( 6 . 5 0 0 )  
1 7 . 7 8 0  ( 7 . 0 0 0 )  
1 9 . 0 5 0  ( 7 . 5 0 0 )  

1 9  
20 

2 1  

2 0 . 3 2 0  ( 8 . 0 0 0 )  
2 0 . 6 3 8  ( 8 . 1 2 5 )  
2 0 . 9 5 5  ( 8 . 2 5 0 )  

22   21 .273  ( 8 . 3 7 5 )  
2 3   2 1 . 5 9 0  ( 8 . 5 0 0 )  
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F i g u r e  1. E x p e r i m e n t a l   a p p a r a t u s .  
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Figure 2. Plate  pressure  port  distribution. 
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FLAT PLATE I 
4 1 . 0  Dn$- 

h 

\ 4 . 5  Dn 

Figure 3. Cross-sectional  view of jet  nozzle,  plenum, 
and centerbody. 
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Figure 4. Examples of nondimensional  jet  exit 
plane  dynamic  pressure  profiles, no 
crossflow. 
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CROSSFLOW - 

Figure 5. Constant  pressure  contour  data;  no  plug, R = 9.11. 



CROSSFLOW 

x/D 
- 3  -2 -1 0 1 2 3 4 5 6 7 

Figure  6. Constant p r e s s u r e   c o n t o u r  data; no p lug ,  R = 7 .81 .  
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Figure 7. Constant pressure contour  data;  no plug, R = 6.51. 
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Figure  8 .  Cons tan t   p re s su re   con tour   da t a ;  no p lug ,  R = 5 . 2 0 .  
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F igure  9 .  Constant   pressure  contour   data;   no  centerbody  in  nozzle, R = 3.9. 
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F i g u r e  10. Constant p r e s s u r e  contour  data; no p l u g ,  R = 2.60 .  
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CROSSE CROSSFLOW 
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Figure 11. Constant  pressure  contour data: round  plug  down 1.0 Dn, R = 9.96. 
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Figure 12. Constant  pressure  contour  data;  round  plug  down 1.0 D R = 7.47. 
n' 
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F i g u r e  13. C o n s t a n t   p r e s s u r e   c o n t o u r   d a t a ;   r o u n d   p l u g ,  down 1 . 0  Dn,  R = 4.98 .  
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Figure  1 4 .  Constan t   p ressure   contour   da ta ;   round  p lug  down 1 . 0  D n ,  R = 2 .49 .  
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Figure 15. Constant  pressure  contour  data;  round  plug down 0.5 D,, R = 10.35. 
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Figure  1 6 .  Cons tan t   p ressure   contour   da ta :   round  p lug  down 0 .5  D n ,  R = 7.76 .  
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F i g u r e  1 7 .  C o n s t a n t   p r e s s u r e   c o n t o u r   d a t a ;   r o u n d   p l u g  down 0 . 5  Dn,  R = 5.18. 
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Figure  1 8 .  Cons tan t   p ressure   contour   da ta ;   round  p lug  down 0.5 Dn,  R = 2.59. 
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Figure 19. Constant  pressure  contour  data;  round plug  flush, R = 9.08. 
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Figure  2 0 .  Cons tan t   p ressure   contour   da ta ;   round  p lug  f l u s h ,  R = 6.81. 
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Figure 21. Constant  pressure  contour  data;  round  plug  flush, R = 4.54. 
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Figure 22. Constant  pressure  contour  data;  round  plug  flush, R = 2.27. 



CROSSFLOW 
____) 

-3  -2 -1 0 1 

0 

2 3 4 5 6 7 

b P  

P Figure  23.  C o n s t a n t   p r e s s u r e   c o n t o u r   ' d a t a ;   f l a t   e n d e d   p l u g  down 1.375 Dn, R = 9 . 4 8 .  
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Figure 24. Constant  pressure  contour  data;  flat  ended plug down 1.375 Dn, R = 7.10. 
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Figure 25. Constant  pressure  contour  data;  flat  ended  plug  down 1.375 Dn, R = 4.74. 



Y /D 
6 

CROSSFLOW 
____t 

4 

3 

0 

2 

I I 0 
- 3  -2 -1 0 1 2 3 4 5 6 7 

F i g u r e   2 6 .   C o n s t a n t   p r e s s u r e   c o n t o u r  data;  f i a t  ended p lug  down 1.375 Dn, R = 2.37. 
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IP 
cn Figure  27. Constant   pressure  contour  data; f l a t  ended p lug  down 0.875 D,, R = 9.36. 
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F i g u r e  28 .  C o n s t a n t   p r e s s u r e   c o n t o u r   d a t a ;  f l a t  ended plug down 0 .875  Dn,  R = 7.01 .  
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4 Figure  29 .  Cons tan t   p re s su re   con tour   da t a ;   f l a t   ended   p lug  down 0.875 Dn, R = 4.67 .  
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Figure 30. Constant  pressure  contour  data;  flat  ended  plug down 0.875 Dn, R = 2.34. 
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W Figure 31. Cons tan t   p re s su re   con tour .da t a ;   f l a t   ended   p lug  down 0.375 D n ,  R = 8.74.  
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Figure 32 .  Constant   pressure  contour   data;   f la t   ended  plug down 0 .375  Dn, R = 6.55. 
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P Figure  33. C o n s t a n t   p r e s s u r e   c o n t o u r   d a t a ;  f l a t  ended  plug down 0.375 Dn,  R = 4 . 3 6 .  
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Figure  3 4 .  Constan t  pressure c o n t o u r   d a t a ;   f l a t   e n d e d   p l u g  down 0.375 Dn, R = 2 . 1 8 .  



CROSSFLOW 5 t 

F i g u r e  3 5 .  Constant  p r e s s u r e   c o n t o u r  d a t a ;   f l a t  ended p lug  f l u s h ,  R = 8.78. 
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F i g u r e   3 6 .   C o n s t a n t   p r e s s u r e   c o n t o u r  data:  f l a t  e n d e d  plug flush, R = 6.58. 
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Figure  3 7 .  Constan t   p ressure   contour   da ta ;   f la t   ended   p lug   f lush ,  R = 4 . 3 9 .  
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Figure  3 8 .  Cons tan t   p re s su re   con tour   da t a :   f l a t   ended   p lug   f l u sh ,  R = 2 . 1 9 .  
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Figure 39. Jet  centerline  trajectories  for  configurations 
with  no  centerbody. 
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Figure 40. Jet  centerline  trajectories €or configurations 
with  round-ended  centerbodies, R = 8. 
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Figure 42. Jet  centerline  trajectories  for  configurations 
with  round ended  centerbodies, R = 6. 
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Figure 43. Jet  centerline  trajectories  for  configurat 
with  flat  ended  centerbodies, R = 6. 
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Figure 44. Jet  centerline  trajectories f o r  configurations 
with  round  ended  centerbodies, R = 4. 
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Figure 45. Jet  centerline  trajectories for  configurations 
with  flat  ended  centerbody, R = 4. 

63 



0 NO  PLUG 1 0 ROUND  PLUG DOWN 1 .0  Dn 
16 i 

I ROUND  PLUG DOWN 0.5 Dn 
I 1 0 ROUND  PLUG  FLUSH 

l4 i 
I 

i 

* i  I 

I 
I I I I 1 -  I 1 

0 
I I 

3 6 9 1 2  

Figure 46. Jet  centerline  trajectories for configurations 
with  round  ended  centerbodies, R = 2.5. 

64 



18- 

0 NO PLUG 
0 FLAT  PLUG  DOWN 1.375 Dn 

FLAT  PLUG  DOWN 0.875 Dn 
0 FLAT  PLUG  DOWN 0.375 Dn 

16- 

14- 0 FLAT  PLUG  FLUSH 

Figure 47. Jet  centerline  trajectories €or configurations 
with flat-ended centerbodies, R = 2.5. 
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F i g u r e  4 8 .  I n t e g r a t e d   l i f t  l o s s  fo r   round   ended   p lug  
conf igura t ions   compared  with unplugged je ts .  
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F i g u r e  4 9 .  I n t e g r a t e d   l i f t  loss f o r   f l a t   t i p p e d   p l u g  
configurat ions  compared  with  unplugged je ts .  
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F i g u r e  50. P i t c h i n g  moment fo r   round   ended  center- 
bodies   compared  with  unplugged  configur-  
a t ions .  
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Figure 51. Pitching  moment for  flat  ended  center- 
bodies  compared  with  unplugged  configur- 
ations. 
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F i g u r e  5 2 .  Dynamic p r e s s u r e   d e c a y  along j e t  t r a j e c t o r y .  N o  c e n t e r b o d y   i n   n o z z l e .  
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F i g u r e  53. Dynamic p res su re   decay   a long  j e t  t r a j e c t o r y  R = 8.  
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F i g u r e   5 4 .   D y n a m i c   p r e s s u r e   d e c a y   a l o n g  j e t  t r a j e c t o r y  R = 8 .  
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F i g u r e  55. Dynamic pressure decay  along  jet  trajectory R = 6. 
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F i g u r e  56.  Dynamic p r e s s u r e   d e c a y   a l o n g  j e t  t r a j e c t o r y  R = 6 .  
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F igu re  57 .  D y n a m i c  pressure decay along j e t  t ra jectory R = 4 .  
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F i g u r e   5 8 .   D y n a m i c   p r e s s u r e   d e c a y  along j e t  t r a j e c t o r y  R = 4 .  
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Figure 59. Dynamic  pressure  decay  along  jet  trajectory R = 2.5. 
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Figure 60. Dynamic  pressure  decay  along  jet  trajectory R = 2.5. 
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