
A wing-jet interaction theory is presented for predicting the aerodynamic I 

characteristics of upper-surface-blowing and over-wing-blowing configurations. i .  

For the latter c~nfiguratior~s, a new jet entrainment theory has also been de- j : .  
. , ,  veloped. Comparison of predicted results kith some available data showed good 

. I agreement. Some applications of the theory are also presented. I 1 :  
. j t 

I 
I; . - 1 
.. . . . , INTRODUCTION i. ,. t . 

.:I Wlen a wing is in close proximity to a jet, additional forces and moments 
will be induced on the wing. In the case 3f upper-surface-blowing (USB) con- 
figuraticns, where the relatively thick jet from the high bypass-ratio turbo- 
fan engines blows cn the wing upper surface, these forces and moments can not 
be satisfactorily explained by the thin jet flap theory (ref. 1). With an 
over-wing-blowing (OWE) configuration, the conventional jet engine exhaust may 
be blowing aft or ahe~d of the wing leading edge and close to or away from the 
wing surface. It has been found that its wing aerodynamic characteristics are 
under?redicted by entrainment effects alone, in particular, when the jet is 
close to the wing surface (ref. 2 ) .  It is evident, then, that additional 
physical mechanisms for these effects ~iiust be identified. In this paper, they 
will be called the "jet interaction effects." By "interaction," it is implied 
that in the physical process, not only the wing flow field is perturbed in the 
presence of the jet, but also the jet flow is disturbed by the wiag as well. 

In the past, this jet interaction process has been applied mainly in the ! 
I 

wing-slipstream interaction problem. For example, Shollenberger (ref. 3) de- 
I 

veloped a method wherl.in the jet shape distortion is allowed in predicting 
interaction effects. However, jt is not applicable to the case where the jet , , , . 

I, \ ,  ' 
Mach number is different from the freestream val~ue (Mach number nonuniformity) 
and its applications to US3 or OWB configuratio~:~ have not been reported. On 1 )  r 

r t i  

the other hand, Mendenhali et al. (ref. 4) used several circular jets with s ,  :! \ :  
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. . '  
presc r ibed  boundaries t o  approximate a  r e c t a n g u l a r  USB j e t  wi thout  inc lud ing  I I .. .. ; 
t h e  i n t e r a c t i o n  process  mentioned above. I . .  

" 
I n  developing t h e  a n a l y t i c a l  method f o r  OWB c o n f i g u r z t i o n s ,  Krenz ( r e f .  5) i i 

used s i n k  panels  on p resc r ibed  j e t  boundaries.  No sys temat ic  method of comput- i . I  

ing  t h e  s i n k  s t r a g t h  a t  a r b i t r a r y  j e t  v e l o c i t y  r a t i o s  has  been presented.  To 
, 

s imula te  the  j e t  entrainment e f f e c t ,  Putnam ( r e f .  6 )  obta ined t h e  s i n k  s t r e n g t h  
of a l i n e  s i n k  d i s t r i b u t i o n  along the  j e t  a x i s  by Squ i re  and Trouncer 's  method 
f o r  incompressible,  non-neated j e t s  ( r e f .  7 ) .  I n  both s t u d i e s ,  no interii:;tion . , 

e f f e c t s  h a w  been accounted f o r .  

I n  t h i s  paper,  r e s u l t s  from a  t h e o r e t i c a l  i n v e s t i g a t i o n  of  j e t  i n t e r a c t i c n  , , 
e f f e c t s  f o r  USB and OWB conf igura t ions  i n  t h e  p a s t  two y e a r s  w i t i  be summa- 
r i z e d .  The p resen t  theory accounts  f o r  d i f f e r e n c e s  between t h e  j e t  and f ree -  ! ! 

stream dynamic p ressures  and Mach numbers. The j e t  shape can be r e c t a n g u l a r  
o r  c i r c u l a r  and t h e  j e t  e x i t  can be a t  an a r b i t r a r y  I s c a t i o n .  However, the  
theory is  a  l i n e a r  one s o  t h a t  t h e  j e t  boundary d i s t o r t i o n  is no t  accounted 

i ; 
fot-. I ,  f '  i 

SYMBOLS 

a , i 
Values a r e  given i n  both ST and U.S. Customary Units .  The me-.1lrementr, I 

and c a l c u l a t i o n s  were made i n  U.S. Custor.ary Uni ts .  j i 
wing aspec t  r a t i o  

chord l e n g t h ,  m ( f t )  

induced d rag  c o e f f i c i e n t  

t o t a l  l i f t  c o e f f i c i e n t  

d i f f e r r n c e  i n  l i f t  c o e f f i c i e n t s  wi th  j e t  on and o f f  

C pitching-moment c o e f f i c i e n t  
m 

C jet-momentum c o e f f i c i e n t  
lJ 

' 1 C '  jlt-momentum c o e f f i c i e n t  r e f e r r e d  t o  pa 
I ' P 

I ,  
Do 

j e t  e x i t  d iameter ,  m ( f t )  i ; 
1 

i i S u n i t  vec to r  tangent t o  j e t  pa th  



: 
, pf ,n nozzle t o t a l  p ressure ,  ~ / m ~  ( l b / f t 2 )  I 

I ! r I  1 i 
! I . I  . '  . , , - 

I 
LA---- i 

8 -.I 

, . j e t  Mach number 

f rees t ream Mach number 
, ,  . 

wing a r e a ,  m2(f t2)  

= P,/P 
j 

j e t  v e l o c i t y ,  m/sec ( f t l s e c )  

ou te r  flow v e l o c i t y ,  mlsec ( f t l s e c )  

je t -entra ined flow v e c t o r ,  m/sec ( f t l s e c )  

* * 

f rees t ream v e l o c i t y  v e c t o r ,  m/sec ( f t l s e c )  

- 
'I u n i t  v e c t o r  normal t o  j e t  s u r f a c e  

1 
j e t  a x i s  system, r,armal and tangent  t o  t h e  j e t  s u r f a c e ,  r e s p e c t i v e l y  r' , s 

wing-fixed rec tangu la r  coord ina tes  wi th  n o s i t i v e  x-axis along a x i s  
of symmetry po in t ing  downstream, p o s i t i v e  y-axis po in t ing  t o  r i g h t ,  
and p o s i t i v e  z-axis po in t ing  upward, m ( f t )  

. .I j 
"a: 

ambient s t a t i c  p ressure ,  ~ / m 2  ( l b I f t 2 )  

i I 

jet e x i t  coard ina te ,  m ( f t )  

car h6.r funct ion.  z = zc (x,y) 
C 

, ieight of j e t  a x i s  above t h e  wing plane,  m ( f t )  

angle  of a t t a c k ,  deg 

vor tex  s t reni : th ,  m Ysec (ft2/9r?c) 

f  1: 9 angle ,  deg 

j e t - d e f l e c t i o n ,  deg 



I 
j e t  s u r f a c e  
tangency cond i t ion  (1) 1 

I 

i ----- .- .. I .  
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:;- X t a p e r  r a t i o  
"; + 

7 

liz, 
leading-edge sweep ang le ,  3eg 

u = Vm/Vj  

-m . - - C  -C 

P '  = Vm.e/V. .e  
J 

. . 
P d e n s i t y ,  kg/m3 ( s l u g s / f t 3 )  
- 
'j 

nondimensional v e l o c i t y  p o t e n t i a l  f o r  t h e  j e t  flow 

- 
$0 

n o n d i m e n s i o ~ a l  v e l o c i t y  p o t e n t i a l  f o r  t h e . o u t e r  flow 

DESCRIPTION OF THE METHOD 

I 

Basic  Concept 
I 

i Consider a  two-dimensional i n v i s c i d ,  incompress ible  f low i n  which a j e t  i 

is s i t u a t e d  a s  shown i n  f i g .  1, where a  vor tex  r is assumed t o  e x i s t  i n  t h e  
. '  o u t e r  flow. I n  o rde r  t o  s a t i s f y  t h e  j e t  s u r f a c e  boundary cond i t ions  which 

r e q u i r e  t h a t  t h e  s t r e a m l i n e s  a t  both  s i d e s  of t h e  j e t  s u r f a c e  be p a r a l l e l  and 
t h e  s t a t i c  p ressures  the12 be cont inuous ,  i t  is necessary  t o  in t roduce  addi- 
t i o n a l  v o r t i c e s  a s  has  been shown by t h e  image method ( r e f .  8 ) .  For t h e  p lanar  

i 
j e t ,  t h e  lower region i n  which t h e  v c r t e x  r o r i g i n a t e s  w i l l  r e c e i v e  a d d i t i o n a l  I 

d i s tu rbances  represen ted  by t h e  v o r t e x  "A" ( i . e . ,  r e f l e c t i o n  e f f e c t ) .  I f  t h e  
vor tex  r is now replaced by an a i r f o i l ,  t h e s e  a d d i t i o n a l  d i s tu rbances  on t h e  
a i r f o i l  w i l l  te i n  t h e  form of upwash, thus  i n c r e a s i n g  t h e  l i f t .  The vor tex  I 
11 I 1  B r e p r e s e n t s  t h e  d i s ru rbance  of t h e  j e t  flow by t h e  wing. S imi la r  explana- I 
t i o n  can be given f o r  a  c i r c u l a r  j e t .  It is seen,  then ,  t h a t  t h e  l i f t  i nc re -  / 
ment due t o  j e t  i n t e r a c t i o n  is mainly due t o  t h e  r e f l e c t i o n  of wing-created i 
dis tu rbances  a t  t h e  j e t  su r face .  

Three-Dimensional Fornu la t ion  

I n  t h e  three-dimensional  c a s e ,  t h e  image method can not  be used. However, 
t h e  b a s i c  concept expla ined shove remains a p p l i c a b l e .  That i s ,  t h e  a d d i t i o n a l  
upwash on the  wing due L O  t h e  j e t  s u r f a c e  r e f l e c t i o n  can be computed by s a t i s -  

I 

i 

, 

fy ing t h e  j e t  s u r f a c e  bouqdary cond i t ions  t o g e t h e r  wi th  t h e  wing tangency con- I i 

d i t i o n .  I n  t h e  l i n e a r  theory ,  t h e s e  cond i t ions  can be w r i t t e n  a s  ( r e f .  21, 



jet surface 
pressure continuity 

wing tangency 

ed flow vector. To satisfy eqs. (1)-(2), the jet 

because of the Mach number nonuniformity. Eq. (3) is satisfied in the usual 
manner with a wing vortex sheet. The results are then reduced to algebraic 
equations for unknown vortex strengths through the application of a quasi- 
vortex-lattice method (ref. 1). This vortex model is illustrated in fig. 2. 
Note that for USB configurations, the jet entrainment is not directly included. 
Instead, it enters the problem through the Coanda jet reaction, because the 
Coanda turning is due to the jet entrainment. The Coanda jet reaction is cal- 
culated here with the linear momentum principle and is illustrated in fig. 3. 
It is seen that the total lift component due to the Coanda jet reaction is 

Similarly, drag component due to the Coanda jet reaction is given by 

1 .  

where the thrust component is also included. The jet flap effect is also I ' .  

calculated in the present method as described in ref. 1. 
I I 1 :  

On the other hand, for OWB applications, the jet entrainment is calcula- 
ted according to a newly developed method (ref. 2) which is applicable to a 
compressible heated jet. To avoid nonhomogeneous jet propertics in the mathe- 
matical model, an equivalent uniform jet is used which satisfies the conserva- 

! 
I 

201 i 

i 
i 

i : 

I .  

2 



tion of mass, linear momentum and hcat content. If the jet does not intersect 3 . .. 
the wing, a circular jet is assumed. This circular jet is in turn approximated i 

by a polygon for interaction computation. In case the jet intersects the wing, '; i 

a rectangular or circular jet may be chosen in the calculation, depending on ,; , 

I whether or not the jet would follow the wing surface and deflect at the trail- .: 
ing edge at some angle relative to the chord line. This deflection angle can 
only be determined empirically at present by correlation with experimental i ,,'\ ; 
data. I 'I 

i. 4 

COMPARISON WITH EXPERIMENTAL DATA ., 
;; 

In comparing the USB data, the =alculations wete done with experimental 
jet deflectior angles measured under wind-off ccnditions. The data of a trans- 
port-type configuration of Smith, et al. (ref. 9) with AR = 7.8, X = 0.73 and 
AL = 0' are compared in fig. 4. The moment arms for the Coanda forces are 

I 

measured directly from fig. 3 of ref. 9. The skin friction and the scrubbing 
drags ar? not accounted for in the moment computation. It is seen that the 
predicted results agree reasonably well with the data. ' r  should be rioted 
that all results were obtained by adding the predicted jet-inducsd increments 
to the experimental jet-off values. Since. the method also predicts the in- 

! \ -  
t ! 
! ' 

duced Arag, its comparison can be made approximately by using the relation: i 1 -  
I. 

I ' .  

i~ 

Eq. (7) approximately represents the incremental induced drag due to the angle 
of attack. The results are compared i.n the following table with good agreement: 

, I- 
, I 
i 

AC A C AC 
D, (a) "D, (a) D, ( a )  D, (11) 

I Theory Exp. Theory Exp. Theory Exp . Theory Exp. 
. 4  < . * ! 9' 

6' 3.096 0.15 0.233 0 . 2  0.322 0.3 0.375 0.35 

11' 0.227 0.3 0.5 0.5 0.658 0 . 6  0.752 0.65 I .  

/ 
\ $: 

. , 
The jet induced lift increments for a fighter, vectored-thrust (VT) 

4 configuration of AR = 3.7 given in ref. 10 :are compared in fig. 5. Since 
, - rhe model airfoil is thin (5%) and the camber is of supcrcritirnl type but 

unknown, it w l ~ s  assumcd to be a flat wing in the computation to simulate the 



s o n i c ,  which is n o t  al lowed i n  t h e  p r e s e n t  subson ic  computer program, t h e  
j e t  Mach number is assumed t o  b e  Ma and an  e q u i v a l e n t  v e l o c i t y  r a t i o  I s  used 

; ;$I 
. t *- as d e s c r i b e d  i n  r e f .  6 .  I f  t h e  s t a t i c  t h r u s t  c o e f f i c i e n t  is C,', nondimension- 

a l i r e d  w i t h  t h e  ambient  p r e s s u r e ,  t h e n  C  i n  terms of f r e e s t r e &  dynamic . . U I 
p r e s s u r e  is  g iven  by 

2C' 
c =A 
P 

8)  
Y M ~  

.d '$1 where C t  is g i v e n  i n  r e f .  10 and I is t h e  r a t i o  o f  s p e c i f i c  h e a t s .  From r!le corn-- ,A - 
I r P 

p a r i s o n ,  it  is s e e n  t h a t  t h e  agreement is reasonably  $sod. 

f ;: The OWB d a t a  by Fa lk  ( r e f .  11)  and Putnam ( r e f .  1 2 )  a r c  compared w i t h  
I.:, t h e  p r e d i c t e d  r e s u l t s  i n  f i g s .  5 and 7. r e s p e c t i v e l y .  From f i g .  6 ,  i t  is 
*.: 1 .,: s e e n  t h a t  AC d e c r e a s e s  r a p i d l y  a s  t h e  j e ~  is  moved upwards from t h e  wing 
1 .  "-I L 

s u r f a c e .  T h i s  is because  w i t h  t h e  j e t  c l o s e  t o  t h e  wing, t h e  i n t e r a c t i o n  
e f f e c t s  become impor tant .  I n  a d d i t i o n ,  i f  t h e  j e t  i n t e r s e c t s  t h e  wing, t h e  
j e t  f l a p  e f f e c t  due t o  t h e  j e t  d e f l e c t i o n  a t  t h e  t r a i l i n g  edge r e l a t i v e  t o  
t h e  chord l i n e  w i l l  a l s o  be  s i g n i f i c a n t .  Both e f f e c t s  dirulnish r a p i d l y  w i t h  
t h e  d i s t a n c e  t o  t h e  wing s u r f a c e .  I t  is a l s o  seen  from bo th  f i g s .  6  and 7 
t h a t  j e t  en t r a inmen t  a l o n e  w i l l  u n d e r p r e d i c t  AC i f  t h e  jet  i s  c l o s e  t o  t h e  
wing. L  

SOME ADDITIONAL RESULTS 

A s  mentioned above,  t h e  j e t  i n t e r a c t i o n  e f f e c t s  a r e  mainly due t o  t h e  j e t  
s u r f a c e  r e f l e c t i o n  of wing-created d i s t u r b a n c e s  which a r e  p r o p o r t i o n a l  t o  t h e  
j e t - O L L  wing loading .  The re fo re ,  i t  is impor tant  i n  t h e  i n t e r a c t i o n  computa- 
t i o n  t o  s i m u l a t e  t h e  j e t - o f f  l i f t  a s  c l o s e l y  a s  p o s s i b l e .  To see how t h e  j e t -  
o f f  l i f t  can  a f f e c t  t h e  i n t e r a c t i o n  ? f f r c t s ,  t h e  c o n f t g u r a t i o n  o f  Smith,  e t  a l .  
g iven  i n  r e f .  9 ,  is a g a i n  used under t h e  c o n d i t i o n s  of  a = l o ,  6 = 0 ° ,  6 = 

f j 
12' and C P P  2. I f  NACA 642A215 ( a =  0.5)  and NACA 641A412 (a = 0.5)  a i r -  

, . 
2 f o i l s  are used a t  t h e  r o o t  and t h e  t i p ,  r e s p e c t i v e l y ,  as shown i n  r e f .  9 ,  t h e  , , 

1: t h e o r e t i c a l  je t - induced ACL would b e  0.826. On t h e  o t h e r  hand,  i f  a symmetrical.  
:.: .- a i r f o i l  is used,  ACL becomes 0.688, a d e c r e a s e  o f  192,  I n  a d d i t i o n ,  i t  has  been / / 

shown t h a t  t h e  j e t  f l a p  e f f e c t  ( i . e . ,  t h e  e f f e c t  o f  j e t  d e f l e c t i o n  r e l a t i v e  t o  
' t h e  chord)  i s  always b e n e f i c i a l  ( r e f .  1 ) .  That means t h a t  a t h i c k  a i r f o i l  w i t h  

some t r a i l i n g - e d g e  a n g l e  w i l l  g i v e  b e t t e r  aerodynamic c : ~ . ? r a c t e r i s t i c s  t han  a  
t h i n  a i r f o i l  w i t h  l i t t l e  t r a i l i n g - c d g e  ang le .  



It has  been shown exper imental ly  and t h e o r e t i c a l l y  t h a t  t h e  wing load ing  
with USB has  high peak i n  t h e  j e t  region.  Therefore ,  i t  is  of i n t e r e s t  t o  
s e e  how trad,-offs can be made between l i f t  c a p a b i l i t y  and aspec t  r a t i o  i n  
c ru i se .  Assume t h a t  a = 2' and = 10' without f l a p  d e f l e c t i o n  and t h e  j e t  

- 
is blowing from t h e  l ead ing  edge. The r e s u l t s  a r e  shown i n  f i g .  8. It is 
seen t h a t  al though t h e  l i f t  w i l l  be decreased by 60% a t  C,, = C when AR is 

P ./. > ', .::$ 
reduced from 8 t o  4, t h e  decrease  is  only 42.7% i n  t h e  c i r c u l a t i o n  l i f t  and * .  

34.2% i n  t h e  t o t a l  l i f t  ( including t h e  j e t  r e a c t i o n )  a t  C = 1. The decrease  
lJ ..; 

i n  the  l i f t  c a p a b i l i t y  wben t h e  aspect  r a t i o  is  reduced i s  seen t o  decrease  
4. 
' -.?{ 

a s  C i s  increased.  . c..: i . . 
LJ , ,':3 

'..< J 
One advantage o f  OWB conf igura t ions  wi th  t h e  j e t  no t  i n t e r s e c t i n g  t h e  l .* .I 

wing is t h a t  t h e  j e t  scrubbing drag can be  e l imina ted .  Furthermore, t h e  j e t -  
entrainment c rea ted  upwash w i l l  i n c r e a s e  t h e  loading and t h e  leading-edge 
t h r u s t .  It is  of  i n t e r e s t  t o  compare t h e  i n t e r a c t i o n  e f f e c t s  of r e c t a n g u l a r  
j e t s  wi th  c i r c u l a r  ones assuming the  same c ross - sec t iona l  a r e a  and e n t r a i n -  
ment. The j e t  axis i s  taken t o  be a t  z /D = 1.2 and t h e  entrainment i s  

1 0  - 
computed assuming a c i r c u l a r  j e t .  The r e s u l t s  a r e  shown i n  f i g .  9. It is 
seen t h a t  both  rec tangu la r  and c t r c u l a r  j e t s  perform e q u a l l y  w e l l .  However, 
i t  may be f e a s i b l e  t o  lower t h e  rec tangu la r  j e t  t o  i n c r e a s e  t h e  performance 
without scrubbing t h e  wing. It i s  a l s o  seen from t h e  f i g u r e  t h a t  t h e  aero- 
dynamic performance can be g r e a t l y  improved by an over-wing-blowing j e t ,  a s  
has  a l s o  been noted by Putnam ( r e f .  6 ) .  

CONCLUDING REMARKS 

A t h e o r e t i c a l  method has  been presented f o r  p r e d i c t i n g  t h e  aerodynamic 
c h a r a c t e r i s t i c s  of USB and OWB conf igura t ions .  The p red ic ted  r e s u l t s  show 
good agreement w i t t  some a v a i l a b l e  data .  The jet i n t e r a c t i o n  e f f e c t s  have 
been shown t o  be important when t h e  j e t  is on o r  c l o s e  t o  t h e  wing s u r f a c e .  
Because of t h e  n a t u r e  of t h e  i n t e r a c t i o n  p rocess ,  h igher  i n t e r a c t i o n  l i f t  
can be ac'lieved by increasin.g t h e  j e t -o f f  l i f t .  For a rec tangu la r  wing wi th  
USB i n  c r u i s e ,  t h e  t o t a l  l i f t  is shown t o  decrease  by 34.22, compared with 

- ,  
60% with  j e t  o f f ,  when t h e  aspect  r a t i o  i s  reduced from 8 t o  4. I t  was shown 

i?." f o r  the  OWB conf igura t ions  t h a t  t h e  i n t e r a c t i o n  e f f e c t s  depend s t r o n g l y  on 

.I t h e  d i s t a n c e  of t h e  jet s u r f a c e  t o  t h e  wing. 
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PLANAR JET C I RCULAR JET 

Figure 1.- 111ustration of two-dimensional, inviscid jet interaction process. 

RECTANGULAR JET C l RCULAR JET 

Figure 2.- Three-dimensional vortex model for jet interaction process. 
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Figure 3. - Force clue to thc Ca:inda j c t  rrb:lt:t ion on 
LISB conf igiirat ions. 



--- THIN I ! T  F l A P  

( a )  Lift d a t a .  
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F i g u r c  4 . -  E s ~ i m . ~ t l c ~ n  o f  ac.-(vjyn;lmic ~ * l r ~ t t r i s t i ~ s  ~ > f  ., 1'SH ~ . o n i i e u r , l t  ion 
f  C,, = 2 (results trhtaint-t i  L v  nJJinji t h e  p r~ ,d ic . t t .~ i  j ~ l t -  i...luc~.cl 
values t o  t h C  t . sperimcnts1 j c c - o f  f  v;~lues). 



EXPERIMENT (REF. 10) 
M* Pti71~, If '  deg 

A .4 3 10 
0 .7 2 5 

Figure 5.- Estimation of jet-induced lift for the vectored-thrust fighter 
configuration of reference 10. 

0 EXPERIMENT (REF. 11) 
THEOR\, - PRESENT --- PRESENT. ENTKAI N M E M  ONLY --- PUTNAM (REF. 6). FYTRAINMENT ONLY 
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Figure 6.- Estimation of jet-induced lift for a rectangular wing 
having OWB. a = 0'; AR = 2.  
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0 EXPERIMENT (REF. 12) I 
THEORY 

.03 r PRESENT ---- PRESENT, ENTRAI NMEMT 

Figure 7 . -  Estimation of jet-induced l i f t  for the OWB configuration of 
reference 12. pt = 1 . 9 ;  a = OO. 

ALL RESULTS ARE BASED 
ON WING AREA OF AR = 8 

AR = 

T = % DECREASE IN  LIFT 
FOR AR = 4 

Figure 8 . -  Theoretical e f f ec t  of aspect rat io  on USB l i f t  capabil i ty .  
Fb, = M = 0; ci = 2'; 6f  = 0'; 6 j  = 10'; NACA 651-412. 
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- --- JET-OFF 

Figure 9 .  - Compnrisorl of t t i e o r e t  i c - n l  aerodynamic-s obtn!nt3d by j e t s  of 
rectangular and c i r c u l a r  c r o s s  s e c t  ion on t h e  conf igitrclt i o n  of 
reference 9 .  AR = 7.8; /IL = oO; A = 0 .73;  6 *  = OO. 




