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SUMMARY 

An analytical method for predicting the longitudinal aero- 
dynamic characteristics of externally blown flap configurations 
is described. Two potential flow models make up the prediction 
method: a wing and flap lifting-surface model and a turbofan 
engine wake model. A vortex-lattice lifting-surface method is 
used to represent the wing and multiple-slotted trailing-edge 
flaps. The jet wake is represented by a series of closely 
spaced vortex rings normal to a centerline which is free to 
move to ccnform to the local flow field. The two potential 
models are combined in an iterative fashion to predict the jet 
-.gake interference effects on a typical EBF configuration. 
Comparisons of measured and predicted span-load distributions, 
individual surface forces, forces and moments on the complete 
configuration, and flow fields are included. 

INTRODUCTION 

The short take-off arid landing requirements for STOL air- 
craft necessitate a means of achieving very high lift coeffi- 
cients on aircraft in take-off or landing configuration with 
little sacrifice in cruise performance. The externally blown 
jet-augmented flap (EBF) provides such a means. The jet efflux 
from engines mounted beneath the wing is allowed to impinge 
directly on the slotted flap system (fig. l), thus producing a 
large amount of additional lift through engine wake deflection 
and mutual interference effects. 

An analytical method for predicting the longitudinal aero- 
dynamic characteristics of EBF configurations has been developed 
ref. 1 )  Potential flow models of the lifting surfaces and the 
jet wake are combined in an iterative fashion to satisfy two 
requirements. First, the tangency boundary condition must be 
satisfied at selected points on each lifting surface, and second, 
the centerline of each jet wake must lie along a streamline of 
the total flow field. One goal of the EBF method is to predict 
* 
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t h e  t o t a l  loads and d i s t r i b u t i o n  of loads  on each component of 
t h e  wing-flap conf igurat ion under t h e  inf luence of mul t ip le  j e t  I 
wakes. A second goal  is  t h a t  a  minimum of empir ical  information 
be required a s  input  t o  t h e  method. 

This paper conta ins  a d i scuss ion  of t h e  technica l  approach 
t o  t he  pred ic t ion  of EZBF aerodynamic c h a r a c t e r i s t i c s ,  a  d iscuss ion - -; 

of t he  development of t h e  p o t e n t i a l  flow models, and some 1 .  

comparisons with data .  

SYMBOLS 

sec t ion  normal-force c o e f f i c i e n t  

drag c o e f f i c i e n t ,  p o s i t i v e  a f t  

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

pitching-moment c o e f f i c i e n t ,  p o s i t i v e  nose up 

normal-force c o e f f i c i e n t  

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

t o t a l  t h r u s t  c o e f f i c i e n t  f o r  a conf igurat ion with 
mul t ip le  j e t s  

l o c a l  rad ius  of c i r c u l a r  j e t ,  m ( f t . )  

i n i t i a l  rad ius  of c i r c u l a r  j e t ,  rn ( f t . )  

a x i a l  ve loc i ty ,  d s e c  ( f t / sec)  

free-stream ve loc i ty ,  Wsec  ( f t / s ec )  

i n i t i a l  j e t  wake ve loc i ty ,  Wsec  ( f t / s ec )  

j e t  coordinate  system wi th  o r i g i n  a t  t h e  cen te r  of 
t h e  j e t  i n l e t  

wing coordinate  system with o r i g i n  a t  ,the wing r o o t  
chord leading edge 

angle of a t t ack ,  degrees 

j e t  wake vor tex cy l inder  s t rength ,  d s e c  ( f t / s ec )  

f l a p  de f l ec t ion  angle,  degrees 



convergence to le rance  

j e t  model vor tex r i n g  spacing, m ( f t . )  

dimensionless spanwise coordinate  

d ihedra l  angle ,  degrees 

ANALY S IS 

Wing-Flap Vortex-Lattice Model 

The l i f t i n g  sur faces  of ex t e rna l ly  blown f l a p  conf igura t ions  
c d n s i s t  of a wing and mul t ip le-s lot ted t ra i l ing-edge f l aps .  The 
l i f t i n g - s u r f a c e  model needed t o  represen t  t h e  t y p i c a l  EBF wing- 
f l a p  conf igurat ion must be  capable of handling ind iv idua l  l i f t i n g  
sur faces  and p red ic t i ng  t h e  spanwise and chordwise load d i s t r i b u -  
t i o n s  on each surface .  Mutual i n t e r f e r ence  between sc r faces  must 
3e  considered along with i n t e r f e r ence  e f f e c t s  induced by some 
ex te rna l  source of d is turbance,  fai example, t h e  wake of a high 
bypass r a t i o  t u r b o j e t  engine. I t  is a l s o  e s s e n t i a l  t h a t  t h e  
l i f t i n g - s u r f a c e  model be  capable of p red i c t i ng  t h e  ve loc i ty  f i e l d  
induced i n  t l ~ e  v i c i n i t y  of t h e  wing and f l aps .  The above 
requirements a r e  b e s t  f u l f i l l e d  through t h e  use of a vortex- 
l a t t i c e  model of t h e  l i f t i n g  surfaces .  

The wi.7g and f l a p s  a r e  divided i n t o  a rea  elements, i n  each 
of which i s  placed a horseshoe vortex. Its bound l e g  i s  a l igned 
with  t h e  e lemmt  qua r t e r  chord and i t s  t r a i l i n g  l egs  l i e  along 
t h e  s i d e s  of t h e  element a s  i l l u s t r a t e d  i n  f i g u r e  2. The t r a i l i n g  
l egs  a r e  positioned i n  the  plane of t h e i r  o r i g i n a t i n g  element, 
and they a r e  def lec ted  s o  t h a t  they l i e  i n  t h e  plane of each 
sur face  downstream of t h e  o r i g i n a t i n g  surface .  The t r a i l i n g  l e g s  
extend t o  i n f i n i t y  i n  t h e  plane of t h e  l a s t  sur face  contacted. 

The boundary condi t ions ,  expressing t h e  flow tangency t o  
t h e  camber surface ,  a r e  s a t i s f i e d  a t  a s e t  of con t ro l  po in t s  
located a t  the  midspan of t he  three-quar ter  chord l i n e  of each 
a rea  element. The wing con t ro l  po in t s  a r e  a l l  assumed t o  l i e  i n  
t h e  plane containing t h e  roo t  chord and making an angle wi th  
t he  Z = 0 plane. The con t ro l  po in t s  on each f l a p  a r e  assumed 
t o  l i e  i n  t h e  chord plane of t h e  f l ap .  The boundary condi t ion 
equations ( r e f .  1) s t a t e  t h a t  t h e  t o t a l  flow i s  tangent t o  t h e  
camber sur faces  of t h e  wing and f l a p s  a t  each con t ro l  point .  The 
t o t a l  ve loc i ty  a t  each con t ro l  po in t  i s  made up of t he  f r e e  
stream, t h e  ve loc i ty  induced by t h e  vo r t ex - l a t t i ce  horseshoe 
vortex system, and add i t i ona l  v e l o c i t i e s  induced by an ex te rna l  
source of d is turbance.  The s o l u t i o r  of t he se  equat ions  provides  
t he  unknown value of t h e  c i r c u l a t i o n  of each horseshoe vortex. 



Once the circulation strengths are determined, the flow field 
surrounding the lifting surface can be computed as well as the 
surface load distributions. The force on each area element is 

i 
calculated as the product of density, local velocity norma-- to 
the element of vorticity, and circulation strength. The total 
force on each area element is made up of two contributions: that 
acting on the bound leg of the horseshoe vortex and the force 
acting on the trailing legs contained within the area element. 
There is only one bound leg associated with each area element, 
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but numerous trailing legs may be present along each side of the 
area element, one for each area element upstream of the element 
being considered. All three components of force on each vortex 
leg are computed on each area element. These are resolved into 
normal and axial forces in each area element. The section char- 
acteristics of each lifting surface are computed from these 
elemental forces and finally the total individual surface forces 
are resolved into the gross aerodynamic characteristics relative 
to the aircraft axis system. 

The vortex-lattice method is restricted to calculating 
longitudinal characteristics, and compressibility corrections 
are not included in the method. No small angle assumptions are 
used in the theoretical model. 

Since the EBF model is to be used as a predictive technique, 
it is important that the vortex-lattice method be applicable to 
typical EBF configurations. The wing and flap configuration * 
parameters are listed as follows: 

Wing 

Leading-edge shape: May have up to 30 breaks in sweep. 

Trailing-edge shape: Same as leading edge. 

Taper: Determined from leading-edge and trailing-edge 
specification. 

Tip chord: Parallel to root chord. 

Dihedral: Constant over the semispan. 

Mean camber surface: May have both twist and camber. 

Thickness: Neglected. 

Flaps 

Number: Up to ten individual flap segments. 

Location: Only trailing-edge flaps are considered; gaps 
between surfaces are permitted. 

Leading-edge shape: Straight. 

Trailing-edge shape: Straight. 

Taper: Linear. 



Root chord: 

T i p  chord: 

Span: F u l l  

Def lec t ion:  

Mean camber 

Thickness: 

Must l i e  i n  a v e r t i c a l  p lane  p a r a l l e l  t o  t h e  
wing r o o t  chord. 

P a r a l l e l  t o  r o o t  chord. 

o r  p a r t i a l  span. 

D i f f e r e n t  f o r  each f l a p .  

su r face :  Each f l a p  may have b o t h  camber and 
t w i s t .  

Neglected. 

The v o r t e x - l a t t i c e  arrangement on each l i f t i n g  s u r f a c e  i s  
genera l  enough t o  provide  good f l e x i b i l i t y  i n  d e s c r i b i n g  t h e  
load ing  d i s t r i b u t i o n .  A maximum of t h i r t y  (30) spanwise rows of 
v o r t i c e s  may b e  used,  and each l i f t i n g - s u r f a c e  component can have 
a maximum of t e n  (10) chordwise v o r t i c e s .  The a r e a  elements  on 
a l i f t i n g  s u r f a c e  have the same chord a t  each spanwise s t a t i o n ,  
b u t  t h e  element chords  need n o t  b e  t h e  same on adjacer? s u r f a c e s .  
Thus, t h e  number of chordwise elements  on each l i f t i n g  s u r f a c e  
may b e  chosen according t o  t h e  accuracy requ i red  i n  t h e  p r e d i c t e d  
chordwise load ing  d i s t r i b u t i o n .  I n  t h e  spanwise d i r e c t i o n ,  t h e  
widths  of  t h e  a r e a  elements  may b e  v a r i e d  t o  f i t  t h e  loading 
s i t u a t i o n s ;  t h a t  is,  i n  r eg ions  of  l a r g e  spanwise load ing  
g r a d i e n t s ,  t h e  element widths  may be reduced t o  a l low c l o s e r  
spacing and more d e t a i l e d  load p r e d i c t i o n s .  Convergence of 
p r e d i c t e d  r e s u l t s  a s  a f u n c t i o n  of  l a t t i c e  arrangement on wings 
and f l a p s  i s  desc r ibed  i n  Appendix A of r e f e r e n c e  2.  One r e s t r i c -  
t i o n  on t h e  spanwise l a t t i c e  arrangement on t h e  wing and f l a p s  i s  
t h e  requirement t h a t  t h e  l a t t i c e  elements  on t h e  f l a p s  be d i r e c t l y  
a l igned  w i t h  t h o s e  on t h e  wing. Th i s  requirement  is imposed be- 
cause of t h e  d e f l e c t i o n  of  t h e  vor tex  t r a i l i n g  l e g s  and t h e  neces- 
s i t y  f o r  a l l  t r a i l i n g  l e g s  t~ l i e  a long t h e  edges of  a r e a  elements.  

When a wing-f lap c o n f i g u r a t i o n  h a s  m u l t i p l e  spanwise f l a p  
segments wi th  d i f f e r e n t  d e f l e c t i o n  a n g l e s  l i k e  t h a t  shown i n  
f i g u r e  2 ,  c e r t a i n  d i f f i c u l t i e s  a r i s e  i n  c a l c u l a t i n g  t h e  load ing  
d i s t r i b u t i o n s  on t h e  f l ap . segments ,  p a r t i c u l a r l y  nea r  t h e  f l a p  
edges. The problem is  caused by t h e  d e f l e c t e d  t r a i l i n g  l e g s  from 
t h e  upstream a r e a  elements  on t h e  wing. The i n d i v i d u a l  c i r c u l a -  
t i o n  s t r e n g t h s  can  b e  l a r g e ;  b u t  when t h e  s i d e  edges o f  t h e  a r e a  
elements  co inc ide ,  t h e  t r a i l i n g  vor tex  l e g s  tend t o  cance l  and 
t h e  n e t  s t r e n g t h  of  t h e  t r a i l i n g  v o r t i c i t y  on t h i s  s i d e  edge is  
q u i t e  small .  When t h e  s i d e  edges do n o t  co inc ide ,  a s  i s  t h e  c a s e  
on a d j a c e n t  f l a p s  wi th  d i f f e r e n t  d e f l e c t i o n s ,  t h e  n e t  s t r e n g t h  of 
t h e  t r a i l i n g  l e g s  a long t h e s e  edges can  be la rge .  Th i s  h a s  two 
e f f e c t s  on t h e  l o a d i n g  c a l c u l a t i o n .  F i r s t ,  t h e  unbalanced 
t r a i l i n g  l e g  s t r e n g t h s  can cause  c n r e a l i s t i c  c i r c u l a t i o n s  t o  be 
computed nea r  t h e  f l a p  edges; and because of  t h e  mutual i n t e r -  
f e r e n c e  between p a n e l s ,  t h i s  can be f e l t  on surrounding panels .  
Second, t h e s e  c i r c u l a t i o n  d i s t r i b u t i o n s  on t h e  f l a p s  l e a d  t o  
unusual f o r c e  d i s t r i b u t i o n s .  T h i s  p a r t i c u l a r  problem i s  n o t  

i 
1 %  

t 

i 



unique wi th  t h i s  au thor  a s  Rubbert p r e s e n t s  an e x t e n s i v e  
i n v e s t i g a t i o n  of t h e  same t y p e  of  d i f f i c u l t y  i n  r e f e r e n c e  3. 

S ince  t h i s  problem h a s  a l a r g e  e f f e c t  on ly  on t h e  flay. 
loads  on t h e  a r e a  elements  nea r  t h e  edges of  t h e  f l a p s ,  and t h e  
t o t a l  e f f e c t  on t h e  g r o s s  l o a d i n g  on t h e  c o n f i g u r a t i o n  is  smal l ,  
t h e  fo l lowing approximate s o l u t i o n  is  app l i ed  t o  t h i s  a r e a .  The 
wing t r a i l i n g  v o r t i c i t y  a t  t h e  semispan s t a t i o n  corresponding t o  
t h e  f l a p  s i d e  edges is no t  allowed t o  a e f l e c t  a long t h e  f l a p s  b u t  
i s  a r b i t r a r i l y  forced t o  move a f t  i n  t h e  p lane  of t h e  wing. I t  
is  r e l a t i v e l y  unimportant a s  t o  t h e  exac t  p o s i t i o n  ass igned t o  
t h e  wing t r a i l i n g  l e g s  so long  a s  they  a r e  combined; t h e r e f o r e ,  
t h e  cho ice  was made to  l e a v e  t h e  wing t r a i l i n g  l e g s  ( a t  t h i s  one 
semispan s t a t i o n  only)  undef lec ted .  There is s t i l l  an imbalance 
i n  t h e  t r a i l i n g  l e g s  a s s o c i a t e d  wi th  t h e  f l a p  edges,  b u t  it 
g z n e r a l l y  h a s  only  a smal l  e f f e c t  on t h e  r e s u l t i c g  f l a p  c i r c u l a -  
t i o n  d i s t r i b u t i o n .  I n  a d d i t i o n  t o  t h e  modi f i ca t ion  t o  t h e  wing 
t r a i l i n g  l e g  p o s i t i o n s ,  t h e  imbalance i n  t h e  t r a i l i n g  vor tex  
~ t r e n y t h  on t h e  f l a p  edges produced some l a r g e  f o r c e s  on t h e  
f l a p  edges. For  t h i s  reason,  it was necessary  t o  n e g l e c t  t h e  
normal-force component due t o  t h e  t r a i l i n g  v o r t e x  l e g  a t  t h e  f r e e  
edge of each f l a p .  These modi f i ca t ions  smoothed t h e  p r e d i c t e d  
load d i s t r i b u t i o n  on t h e  f l a p s  w i t h  n e g l i g i b l e  e f f e c t  on t h e  
t o t a l  load ing  on t h e  conf igura t ion .  

Vortex Ring J e t  Model 

A p o t e n t i a l  f l o w  model of a h igh-bypass- ra t io  turb0fa.n 
engine wake is  needed which w i l l  p rovide  a means f o r  c a l c u l a t i n g  
t h e  induced v e l o c i t y  f i e l d  b o t h  i n s i d e  and o u t s i d e  t h e  boundary 
of t h e  j e t  wake. The flow model should s i m u l a t e  t h e  ent ra inment  
e f f e c t  e x h i b i t e d  by jet wakes, t h e  jet boundar ies  should  behave 
according t o  observed spreading r a t e s  f o r  jets i n  a coflowing 
stream, and t h e  wake should b e  p o s i t i o n e d  under t h e  i n f l u e n c e  of  
a l i f t i n g  s u r f a c e  such t h a t  it l i e s  a long  a s t r eaml ine .  Such a 
p o t e n t i a l  f low model of a jet wake w i t h  c i r c u l a r  c r o s s  s e c t i o n  
i s  presented  i n  r e f e r e n c e  2 ,  and t h e  f low model i s  extended t o  
e l l i p t i c  c r o s s - s e c t i o n a l  j e t s  i n  r e f e r e n c e  1. 

The f low model c o n s i s t s  of  a d i s t r i b u t i o n  of v o r t i c i t y  p laced  
on t h e  s u r f a c e  of an  expanding c y l i n d e r  w i t h  c i r c u l a r  o r  e l l i p t i -  
c a l  c r o s s  s e c t i o n .  The s t r e n g t h  of t h e  v o r t i c i t y  is determined 
by t h e  jet t h r u s t  c o e f f i c i e n t .  The d i s t r i b u t i o n  of  v o r t i c i t y  on 
t h e  c y l i n d e r  i s  modeled by a series of  vor tex  r i n g s  c o a x i a l  w i t h  
t h e  jet c e n t e r l i n e  and having t h e  same c r o s s - s e c t i o n a l  shape a s  
t h e  c y l i n d e r .  Each r i n g  r e p r e s e n t s  a f i n i t e  increment of l eng th  
of t h e  c y l i n d e r ,  and t h e  vor tex  s t r e n g t h  of  each i n d i v i d u a l  r i n g  
i s  equal  t o  t h e  n e t  v o r t i c i t y  on t h e  incrementa l  l e n g t h  of  c y l i n -  
d e r  which it rep laces .  The momentum i n s i d e  t h e  jet boundary 
remains c o n s t a n t ;  and i f  t h e  expansion of  t h e  boundary i s  spec i -  
f i e d  c o r r e c t l y ,  t h e  mass f l o w  i n s i d e  t h e  boundary i s  i n  good 



agreement with actual jets. Thus, the model represents the 
momentum, mass, and entrainment characteristics of a turbulent, 
coflowing jet. While the velocity profile within the jet is 
approximated by a uniform profile (fig. 3), the induced veloci- 
ties outside the jet boundary are accurate because they are 
related to the entrainment induced flow. 

Measured velocity profiles in the wake of a JT15D-1 jet 
engine mounted beneath a wing are available in reference 4. The 
profiles were measured on both the wing side and the free side of 
the engine centerline at a point approximately two nozzle diame- 
ters downstream of the engine exit. These data are shown in fig- 
ure 4 for CT = 0.56. A circular vortex ring jet model was 
designed to expand at a rate that would produce the same mass 
flow at the measured profile station. The resulting pre :~.i.ted 
velocity profile is also shown in figure 4. The jet moc~-~ #,as 
approximately 5 percent less momentum than the real jet; tWre- 
fore, the vortex ring model can satisfactorily match boti. ltrcisis 
and momentum of an actual jet if the correct spreading rate is 
known. Any interference calculation taking place inside the jet 
boundaries will be reasonably accurate when averaged over the 
total wake area, but there may be certain inaccuracies locally 
due to differences in the shape of the velocity profile within 
the wake. 

Use of the vortex ring jet model requires three items to 
determine completely the analytical description of the jet. The 
first item is the initial vortex ring strength which is related 
to the thrust and momentum in the jet. The remaining two items 
are the boundary of the jet and the position of the jet center- 
line. The jet centerline can either be located a priori, or it 
can be left free to move under the influences of the free-stream 
velocity, the wing and flap loading induced flow field, and the 
jet induced flow field. The objective in permitting the center- 
line to move freely is to be able to position it along the 
streamline of the wing-flap-jet flow which leaves the center of 
the exhaust. Iterations can be performed until convergence is 
attained between the jet centerline and the streamline position. 

To complete the description of the jet wake, the boundary of 
the jet must be specified at all points along the jet. An analyt- 
ical method is available in reference 5 which gives the radius 
distributions for axisymmetric jets in a coflowing stream for 
various velocity ratios. Unfortunately, a similar series of 
curves is not available for noncircular cross-sectional jets. It 
is here that empirical evidence must be used to complete the 
specifications of the jet. 

Little data exist on the cross-sectional shape of nonaxisym- 
metric jets in a coflowing stream. Jet wake extent and profiles 
measured aft of the last flap on a four-engine EBF configuration 
are presented in reference 6. These data illustrate that 



i n i t i a l l y  c i r c u l a r  j e t s  tend t o  mix and ,=come e l l i p t i c a l  i n  
c r o s s  s e c t i o n  a f t e r  i n t e r a c t i o n  wi th  t h e  f l a p s .  The expansion 
c h a r a c t e r i s t i c s  of t h e s e  jets between t h e  engine e x i t  and t h e  
s t a t i o n  a f t  of tlia win); i s  undetermined. Modeling of  t h e  j e t  
i n  t h i s  r eg ion  r e q u i r e s  s ims ly  a  good eng inee r ing  e s t i m a t e  u n t i l  
more d e t a i l e d  measurements become a v a i l a b l e .  

Iiiterference C a l c u l a t i o n  

C a l c u l a t i o n  of t h e  aerodynamic l o a d i n g  of  a  wing-f lap ccnf ig -  
u r a t i o n  under t h e  i , i f luence of  t h e  j e t  wake oC a tu rbofan  engine  
is  done wi th  t h e  combination o f  t h e  two p o t e n t i a l  f low models 
described above. The two flow models a r e  combined by superpos i -  
t i o n  ( f i g .  5 ) .  The jet model induces a  v e l o c i t y  f i e l d  on t h e  
winy and f l a p  which produces an i n t e r f e r e n c e  load ing  on t h e  
lift in^ s u r f a c e s .  The wing and f l a p  loadins ,  induce a  v e l o c i t y  
f i e l d  i n  t h e  v i c i n i t y  of t h e  j e t  and tend t o  d e f l e c r  t h e  jet 
away from t h e s 2  s u r f a c e s ,  It is  assumed t h a t  t h e  engine t h r u s t  
i s  unaffec ted  by t h e  presence  of  t h e  wing-flap. Btzause of  t h e  
mutual i n t e r a c t i o n  between t h e  j e t  and l i f t i n g  s u r f a c e s ,  an 
i t e r a t i v e  s o l u t i o n  i s  requ i red .  The s o l u t i o n  i s  c a r r i e d  o u t  i n  
t h e  fo l lowing manner. 

Before any c a l c u l a t i o n s  a r e  made, t h e  j e t  c e n t e r l i n e  i s  
pos i t ioned  wi th  r e s p e c t  t o  t h e  wing and f l a p .  The i n i t i a l  loca-  
t i o n  of t h e  c e n t e r l i n e  car. b e  based on some a p r i o r i  knowledge 
of t h e  flow f i e l d  beneath  t h e  wing and f l a p  system, o r  it can 
b e  l o c a t e d  i n  a  s t r i c t l y  a r b i t r a r y  fashion.  For exm.ple,  it i s  
q u i t e  accep tab le  t o  choose t h e  i n i t i a l  jet c e n t a r l i n t  t o  be  a  
s t r a i g h t  l i n e  a f t  from t h e  engine exhaust  a s  i l l u s t r z t e d  i n  
f i g u r e  5. 

The (expanding) jet boundary and c r o s s - s e c t i o n a l  shape 
d i s t r i b u t i o n  should be chosen according t o  whatever procedure 
seems most a p p r o p r i a t e ,  and t h i s  d i s t r i b u t i o n  (which w i l l  b e  
unchanged from t h i s  p o i n t  on) is placed on t h e  c e n t e r l i n e  t o  
d e f i n e  an i n i t i a l  jet wake. The jet- induced v e l o c i t y  f i e l d  i s  
computed ;t s e l e c t e d  c o n t r o l  p o i n t s  on t h e  l i f t i n g  s u r f a c e s  and 
t h e  c i r c u l a t i o n  d i s t r i b u t i o n  on t h e  wing and f l a p s  i s  obta ined 
such t h a t  t h e  tangency boundary cond i t ion  is satisfied a t  each 
c o n t r o l  po in t .  

A t  t h i s  p o i n t  i n  t h e  s o l u t i o n ,  t h e  boundary c o n d i t i o n  on 
t h e  wing and f l a p  s u r f a c e s  is  s a t i s f i e d  but t h e  jet p o s i t i o n  has  
no t  been inf luenced by t h e  presence of t h e  wing and f l a p .  The 
wing-flap i n f l u e n c e  c o n s i s t s  of  modifying t h e  j e t  l o c a t i o n  t o  
cause  t h e  j e t  c e n t e r l i n e  t o  l i e  along a s t r e a m l i n e  of t h e  combined 
jet-wing-flap flow. The i n i t i a l  j e t  c e n t e r l i n e  is  a d j u s t e d  by 
c o ~ ~ p u t i n g  t h e  t o t a l  flow f i e l d  a t  a  number o f  p o i n t s  on t h e  
cen t -e r l ine  and moving t h e  c e n t e r l i n e  t o  a  new p o s i t i o n  such t h a t  
it l i e s  along t h e  computed flow d i r e c t i o n  a t  t h e  s p e c i f i e d  p o i n t s .  



This  completes t h e  f i r s t  i t e r a t i o n .  I n  t h i s  s i t u a t i o n ,  t h e  wing 
and f l a p  loading is  n o t  compatible  w i t h  t h e  jet f l o w  f i e l d  
corresponding t o  t h e  new p o s i t i o n  of t h e  jet. Thus, a  second 

i 
i t e r a t i o n  is needed. 

The f l o w  f i e l d  corresponding t o  t h e  ad jus ted  jet p o s i t i o n  
is computed, and a new wing-flap loading d i s t r i b u t i o n  is obta ined.  
The jet c e n t e r l i n e  is  aga in  moved t o  l i e  a long the new flow 
d i r e c t i o n s .  This  procedure is continued u n t i l  either the c e n t e r -  
l i n e  p o s i t i o n  or t h e  t o t a l  wing and f l a p  l o a d i n g  converges t o  
w i t h i n  a  d e s i r e d  to le rance .  W i t h  a converged s o l u t i o n ,  t h e  t o t a l  
f low i s  tangen t  t o  t h e  wing and f l a p  s u r f a c e s  and t h e  jet c e n t e r -  
l i n e  l i e s  along a s t r e a m l i n e  o f  t h e  flow. 

It  i s  iu r ing  the i t e r a t i o n  procedure and t h e  subsequent  
motion o f  t h e  j e t  c e n t e r l i n e  t h a t  ano the r  b i t  o f  empiricism is 
used. The combination of the two p o t e n t i a l  f low inodels r e s u l t s  
i n  t h e  d e f l e c t i o n  of t h e  j e t  such that  it p a s s e s  beneath  t h e  
wing and f l a p  su r faces .  A t y p i c a l  converged s o l u t i o n  w i l l  show 
t h e  maximum jet c e n t e r l i n e  d e f l e c t i o n  ang le  t o  be c l o s e  t o  t h e  
maximum f l a p  angle.  Measurements i n d i c a t e  t h a t  t h e  t u r n i n g  
e f f i c i e n c y  o f  a  t y p i c a l  EBF c o n f i g u r a t i o n  can drop a s  low a s  
0.75 a t  h i g h  f l a p  angles.  Consequently, a  l i m i t  on jet d e f l e c -  
t i o n  ang le  i s  imposed d u r i n g  t h e  i t e r a t i o n  p rocess  t o  more 
r e a l i s t i c a l l y  model j e t  d e f l e c t i o n  f o r  h igh  f l a p  d e f l e c t i o n  angles.  

RESULTS 

The methods of a n a l y s i s  desc r ibed  i n  t h e  p rev ious  s e c t i o n  
have b e e i ~  app l i ed  t o  a number of d i f f e r e n t  EBF c o n f i g u r a t i o n s  
under v a r i o u s  flow cond i t ions .  Convergence c h a r a c t e r i s t i c s  o f  
t h e  i t e r a t i o n  procedure a r e  examined, and comparisons w i t h  
experimental  data a r e  presented .  

Convergence C h a r a c t e r i s t i c s  

For purposes of examining the convergence c h a r a c t e r i s t i c s  
of  t h e  p r e d i c t i o n  method, t h e  four-engine EBF c o n f i g u r a t i o n  o f  
r e f e r e n c e s  4 and 7 w a s  chosen. This  l a r g e - s c a l e  model h a s  a 25O 
swept wing w i t h  an a s p e c t  r a t i o  of 7.28 and a t a p e r  r a t i o  o f  0.4. 
The t r a i l i n g - e d g e  f l a p  system considered  f o r  t h e  c a l c u l a t i o n s  
c o ~ ~ s i s t s  of t h r e e  fu l l - span,  s l o t t e d  f l a p s .  Two JTlSD-1 tu rbofan  
engines a r e  pylon mounted beneath  each wing a t  7 = 0.25 and 
0.42. T h e  l a t t i c e  arrangement f o r  t h i s  c o n f i g u r a t i o n  i s  shown 
i n  f i g u r e  6. The i n i t i a l  assumption f o r  t h e  jet c e n t e r l i n e  i n  .- 
a l l  c a s e s  is a s t r a i g h t  l i n e  c o i n c i d e n t  w i t h  t h e  engine c e r ~ t e r l i n e .  
The convergence s t u d i e s  a r e  c a r r i e d  o u t  f o r  t h e  f l a p s  i n  a  take-  
o f f  p o s i t i o n  ( d f  = G0/200/409) and a c o n f i g u r a t j m  ang le  of 
a t t a c k  of .l8.5O. 



Convergence of t h e  total  wing-flap normal-force c o e f f i c i e n t  
is shown i n  f i g u r e  7 f o r  t h r u s t  c o e f f i c i e n t s  of 2.3 and 4.0. A t  
the end of the f o u r t h  i t e r a t i o n ,  b o t h  c a s e s  have converged t o  
w i t h i n  7 percent .  This  convergence p a t t e r n  h a s  been observed on 
t h e  same c o n f i g u r a t i o n  a t  o t h e r  ang les  o f  a t t a c k  and on o t h e r  
similar conf igura t ions .  

The convergence o f  the noxmal-force c o e f f i c i e n t  on each 
component of t h e  wing-flap c o n f i g u r a t i o n  is  shown i n  f i g u r e  8. 
Each component t e n d s  t o  converge according t o  i ts own p a t t e r n ,  
b u t  a l l  components reach convergence a t  about  t h e  same t i m e .  

The convergence p a t t e r n  of  t h e  spanwise d i s t r i b u t i o n  of 
s e c t i o n  normal f o r c e  on a  s i n g l e  component, f l a p  2 ,  o f  t h e  conf ig-  
u r a t i o n  is shown i n  f i g u r e  9 through f o u r  i t e r a t i o n s .  The peak 
load ings  a r e  caused by d i r e c t  jet i n t e r a c t i o n  w i t h  t h e  f l a p .  
The span l o a d s  on t h e  o t h e r  components have a  s i m i l a r  convergence 
p a t t e r n  and t h e s e  a r e  presented  and d i scussed  i n  r e f e r e n c e  1. 

The convergence r e s u l t s  j u s t  desc r ibed  a r e  t y p i c a l  of  t h o s e  
observed on o t h e r  EBF c o n f i g u r a t i o n s  over  a wide range of f low 
condi t ions .  The method h a s  never  f a i l e d  t o  converge, b u t  conver- 
gence is  slower f o r  h i g h  f l a p  angles .  Genera l ly ,  c a l c u l a t i o n s  
have been i n i t i a t e d  w i t h  a s t r a i q h t  jet c e n t e r l i u e  because o f  t h e  
s i m p l i c i t y  i n  p r e s c r i b i n g  t h e  inpu t ;  however, t h e  number of 
i t e r a t i o n s  requ i red  f o r  convergence can b e  reduced i f  t h e  i n i t i a l  
c e n t e r l i n e  is l o c a t e d  c l o s e r  t o  t h e  f i n a l  p o s i t i o n .  On the b a s i s  
of c a s e s  run, convergence i s  more r a p i d  i f  t h e  c e n t e r l i n e  
approaches i t s  f i n a l  p o s i t i o n  from above r a t h e r  t h a n  below, 
because t h e  c o r r e c t i n g  v e l o c i t i e s  caus ing  t h e  c e n t e r l i n e  p o s i t i o n  
t o  change a r e  l a r g e r  i f  the c e n t e r l i n e  s t a r t s  t o o  c l o s e  t o  t h e  
wing and f l a p s .  

EBF Data Comparisons 

The o v e r a l l  EBF p r e d i c t i o n  method w a s  eva lua ted  by comparing 
p r e d i c t e d  r e s u l t s  wi th  d a t a  on s e v e r a l  EBF conf igura t ions .  These 
comparisons a r e  presented  and d i scussed  i n  d e t a i l  i n  r e f e r e n c e  1, 
and r e s u l t s  presented  h e r e i n  a r e  t y p i c a l  examples of  t h o s e  
included i n  t .hat r e fe rence .  

The first c o n f i g u r a t i o n  t o  be considered  i s  t h e  four-engine 
model of  r e f e r e n c e s  4 and 7 wi th  take-off  f l a p  s e t t i n g  ( a f  = 0°/ 
2 0 ~ / 4 0 " ) .  The j e t  t u r n i n g  e f f i c i e n c y  was assumed t o  be 85 pe r -  
c e n t  which l i m i t e d  t h e  j e t  downward d e f l e c t i o n  ang le  t o  34' f o r  
a l l  c a l c u l a t i o n s .  The p r e d i c t i o n s  t o  fo l low have a l l  converged 
t o  w i t h i n  an  8-percent  t o l e r a n c e .  The convergence i s  not  t h e  
same a t  a l l  ang les  of  a t t a c k ,  t h u s  in t roduc ing  some u n c e r t a i n t y  
i n  t h e  s l o p e  of  t h e  p r e d i c t e d  curves.  



I n  f i g u r e  10,  t h e  pred ic ted  sec t ion  normal-force c o e f f i c i e n t  
on f l a p s  1, 2, and 3 are compared with  experimental r e s u l t s  a t  
Cw = 4 and a = 18.5O obtained from reference 7. Wing da t a  a r e  

a I 
not  ava i l ab l e  f o r  t h i s  conf igurat ion.  The predic ted peak loadings 
on f l a p s  1 and 2 a r e  g r e a t e r  than those  measured and cover a 
smaller por t ion  of t h e  wing. This i nd i ca t e s  t h a t  t h e  chosen jet 
model has  not  expanded s u f f i c i e n t l y  a t  th is  s t a t i o n  and perhaps 
should be expanded a t  a f a s t e r  r a t e  t o  produce b e t t e r  agreement 
with experinlent, A s  noted on t h e  f i gu re ,  t h e  predic ted t o t a l  
normal-force c o e f f i c i e n t s  on f l a p s  1 and 2 a r e  l a r g e r  than t h e  
value obtained by i n t s g r a t i n g  t h e  measured d i s t r i b u t i o n ,  The 
comparison f o r  f l a p  3 i n  t h i s  same f i g u r e  shows good agreement 
between t h e  predic ted and measured loading d i s t r i b u t i o n s .  The 
peak loadings,  t h e  width of t h e  loading, and t h e  t o t a l  normal 
fo rce  on t h e  f l a p  a r e  a l l  i n  good agreement, Since t h i s  f l a p  is  
neares t  t o  t h e  ,mint a t  which t h e  j e t  wake is  spec i f ied ,  based 
on measurements i n  t h e  wake of a s imi l a r  EBF configurat ion 
( r e f .  6), t h e  j e t  model i s  probably i n  b e t t e r  agreanent with t h e  
ac tua l  jet on t h i s  f l a p  than on t h e  previous two f l aps .  

The predic ted and measured longi tud ina l  aerodynamic coe f f i -  
c i e n t s  on t h e  four-engine EBF model with take-off f l a p  configu- 
r a t i o n  a r e  compared i n  f i g u r e  11. The pred ic ted  curves include 
es t imates  f o r  t h e  force  and moment cont r ibu t ions  due t o  t h e  
fuselage and engines. No es t imate  of viscous drag i s  included 
i n  t h e  pred ic ted  drag curve. The power-on r e s c l t s  i n d i c a t e  
t h a t  t h e  method is converging on a l i f t  coeffic. ient  t h a t  is t o o  
low aL low angles  of a t t ack .  This r e s u l t  may be caused by a 
poor es t imate  f o r  t h e  j e t  t u rn ing  e f f ic iency .  The pred ic ted  
pitching-moment c o e f f i c i e n t s  a r e  i n  reasonable agreement with 
experiment, bu t  t h e  moment curve s lopes  a r e  i n  e r r o r ,  The pre-  
d i c t ed  drag curves a r e  i n  good agreement wi th  experiment. 

Comparisons of t he  measured and predic ted sec t ion  normal- 
fo rce   coefficient.^ on t h e  same wing with landing f l a p  configu- 
r a t i o n  (6f = 15O/35O/55O) a r e  shown i n  f i g u r e  12 f o r  Cy = 4 
and a = 6.5O. The high loading peaks on t h e  wing a r e  caused by 
t h e  j e t  being dr iven up aga ins t  t h e  a f t  po r t i on  of t h e  wing by 
t h e  induced upwash from t h e  high loading on t h e  f l aps .  The 
loading peaks a r e  a l s o  narrow compared t o  t h e  da ta ,  another 
i nd i ca t ion  t h a t  t h e  r e a l  jet may be spreading f a s t e r  than t h e  
assumed a n a l y t i c a l  model. The loading peaks and spanwise ex t en t  
of t he  je t - i i idxed  loading on t h e  f l a p s  a r e  i n  reasonable 
agreement a s  i l l u s t r a t e d  i n  t h e  remainder of f i g u r e  12. 

The measured and predic ted longi tud ina l  aerodynamic coe f f i -  
c i e n t s  on t h e  landing f l a p  conf igurat ion a r e  compared i n  f i g -  
u re  13. The o v e r a l l  r e s u l t s  a r e  very s i m i l a r  t o  those  presented 
f o r  t h e  trrke-off conf igurat ion.  These r e s u l t s  were obtained 
assuming j e t  t u rn ing  e f f i c i ency  of approximately 0.70; thus ,  t h e  
j e t  tu rn ing  angle was l imi ted  t o  a maximum downward de f l ec t ion  
of 38.5O. 



The predicted flow field aft of the trail~ng edge of the 
last flap at a spanwise station corresponding ttl the centerline r' 
of the inboard jet is shown in figure 14 for the take-off conCi9- 
urz ion (Ef = 0°/200/400) at Cp = 2.3 and a = l8.5O. The uni- 
formity of the jet flow characteristics of the vortex ring nude! 
is well illustrated. In the inset, the measured flow field aft 
of a similar EBF configuration under similar flcw conditions is 

- 
reproduced from reference 6. The measured flow field, also I 

aligned with the centerline of the inboard jet, is very much like 
the predicted flow field. 

The results presented thus far have all been obtained using 
a circular cross-sectional jet model because adequate informatio~ 
needed to specify an elliptic jet boundary are not available. 
Some results obtained using the elliptic jet model are de- 
scribed in reference 1. The elliptic jet used had the same 
initial momentum and cross-sectional area distribution along the 
centerline as the circular jet model. The elliptic jet was 
assumed to expans linearly from a circular cross section at the 
engine exit to a 2:l ellipse aft of the last flap. The same 
jet turning efficiency used for the circular jet model was 
retained. The calculation was carried out for the landing flap 
configuration at a = 18.5O with the following results. The 
predicted loading is distributed differently 01-er the wing and 
flap surfaces due to the different cross-sectional shape of the 
two jets, but the total normal force imparted to the wing-flap 
configuration by the elliptic jet model is only 2 percent diff- 
erent from that obtained from the circular jet model. It appears 
that the cross-sectional shape of the jet is important if loading 
distributions.are important; but if gross aerodynamic forces are 
the goal of the calculation, the jet cross-sectimal shape is 
relatively unimportant so long as the momentum in the jet is 
correct. 

C ONC LUD ING REMARKS 

An engineerii~g prediction ~~tethod developed to predict the 
loading distributions and longitudinal aerodynan'ic characteristics 
of externally blown flap configurations has been described. 
Comparisons of measured and predicted gross lift, drag, and 
pitching-moment coefficients on configmations with moderate 
flap angles (bf 40°) indicate generally good agreement for all 
thrust levels. This is due principally to the correct modeling 
of the entrainment and momentum characteristics of the engine 
wakes and to the proper treatment of the mutual interference 
between the jet wake and wing-flap. The interference model 
creates, on the wing-flap, both the momentum reaction due to jet 
deflection and the additional induced circulation characteristic 
of EBF systems. 



A s  t h e  f l a p  angles  increase  beyond 40°, t h e  predic ted 
r e s u l t s  agree  l e s s  wel l  with t h e  data .  The assumption t h a t  t h e  
wing-flap induced in t e r f e r ence  on t h e  j e t  a f f e c t s  only i t s  
c e n t e r l i n e  and not  i t s  boundary becomes less accurate  as t h e  
j e t  i s  more highly  deformed, and it i s  poss ib l e  t h a t  t h i s  i s  
responsible  f o r  t h e  poorer agreement a t  t h e  higher  f l a p  angles. 

Comparisons of measured and pred ic ted  spanwise loading 
d i s t r i b u t i o n s  on t h e  ind iv idua l  l i f t i n g  su r f aces  i nd i ca t e  good 
q u a n t i t a t i v e  ayres~nent i n  some cases  and poor agreement i n  
o thers .  Generally, t h e  c o r r e c t  ~ ~ l l i t a t i v e  behavior is predic ted 
i n  ah ich  l a r g e  peak loadings crcci- i o c a l l y  on t h e  f l a p s  due t o  
d i r e c t  impingement of t h e  j e t  wakes, b u t  t h e  magnitude of t h e  
pea.l.3 is  not  cons i s t en t ly  i n  good agreement witk the data .  The 
di:fezences a r e  f e l t  t o  be  due pr imar i ly  t o  t h e  modeling of t h e  
v e l a c i t y  p r o f i l e  wi th in  t h e  wake and t h e  boundary of t h e  wake. 
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Figure 1.- EBF configuration. 

Figure 2.- Wing-flap vortex-lattice model. 

Figure 3.- Circular vortex ring wake model 
and velocity profiles. 
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Figure 4 . -  Measured and predicted ve loc i ty  prof i les  
i n  the wake of a JT15D-1 j e t  engine. 
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Figure 5.-  Convergence of inboard j e t  centerline on 
a four-engine EBF configuration. 
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Figure 6.- Vortex-lattice arrangement for 
EBF configuration. 

ITERATION 

Figure 7.- Convergence of the total wing-flap 
normal-force coefficient on a four-engine 
EBF configuration. 
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Figure 8.- Convergence of normal-force 
coefficients on the wing and flaps of 
a four-engine EBF configuration. 

Figure 9.- Convergence of predicted spanwise 
distribution of section normal-force 
coefficients on flap 2 of a four-engine 
EBF configuration. 
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Figure 10.- Measured and predicted sect ion normal-force 
coef f ic ients  on the l i f t i n g  surfaces of a 
EBF model. 
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Figure 11.- Measured and predicted longitudinal aerodynznic 
characterist ics  of a four-engine EBF configuration. 
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Figure 12.- Measured and predicted section normal- 
force coefficients on the lifting surfaces of a 
f our-engine EBF configuration. 
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Figure 12.- Concluded. 
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Figure 13.- Measured and predicted longitudinal 
aerodynamic characteristics of a four-engine 
EBF configuraticn. 

Figure 14.- Measured and predicted flow 
fields aft of EBF configurations. 




