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Th is  paper p resen t s  s t a t i c  aerodynamic loads  measurements from wind-tunnel 
tests of a f u l l - s c a l e  upper-surface b l ~ ~ w n  j e t - f l a p  conf igura t ion .  The measured 
loads  a r e  compared wi th  c a l c u l a t i o n s  us ing a r e c e n t l y  developed method f o r  pre- 
d i c t i n g  l o n g i t u d i n a l  aerodynamic c h a r a c t e r i s t i c s  of upper-surface blown jrt- 
f l a p  con; cgurations . 

INTRODUCTION 

The performance and s t a b i l i t y  and c o n t r o l  of upper-surface blown (USB) j e t -  
f l a p  conf igura t ions  have been w e l l  documented. (See r e f s .  1 t o  9 . )  These 
r e s u l t s  have u s u a l l y  been presented as f o r c e  and moment c o e f f i c i e n t s  over t h e  
range of v a r i a b l e s  i n v c s t  i g a t  ecl, and most e a r l y  models were smal l -scale  and 
powered w i t h  compressed-air s imulated engines.  Some informat ion has been pub- 
l i s h e d  concerning d e t a i l e d  wing and f l a p  load d i s t r i b u t i o n s .  (See r e f s .  9 

The development of a n a l y t i c a l  methods f o r  p r e d i c t i n g  USB performance and 
loads  has  lagged behind t h e  e x p e r i ~ e n t a l  work by 2 o r  3 years .  Such methods, 
which t r e a t  t h e  aerodynamic i n t e r a c t i o n  between l i f t i n g  s u r f a c e s  and t h e  high- 
v e l o c i t y  exhaust  wake, a r e  now beginning t o  appear i n  t h e  l i t e r a t u r e .  (See 
r e f s .  12 t o  14. )  

I n  t h i s  paper,  r e s u l t s  of a loads  i n v e s t i g a t i o n  on a f u l l - s c a l e  USB con- 
f i g u r a t i o n  powered wi th  turbof an engines (presented previously  i n  r e f .  9)  a r e  
presented.  I n  a d d i t i o n ,  comparisons a r e  made w i t h  c a l c u l a t e d  r e s u l t s  based on 
an a n a l y t i c a l  method p r e s e n t l y  being developed under c o n t r a c t  (which is an  
extension of t h e  method of r e f .  14) .  Measured wing and f l a p  l o a d s  d a t a  a r e  
presented f o r  parametr ic  v a r i a t i o n s  i n  ang le  of a t t a c k ,  f l a p  d e f l e c t i o n  ang le ,  
and engine power s e t t i n g ,  and f o r  one engine inopera t ive .  
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SYMBOLS 

8 - .  i : " - 
Measurements and calculations were made in U.S. Customary Units and are I 1 .  

, "  . . , 

presented in both the International System of Units (SI) and U.S. Customary . i . i  
Units. . I '  i 

. *.: 

a' 
: . I  

location of leading edge of Krueger flap projected onto wing refer- - ,q 
ence plane and expressed as a fraction of local wing chord ! :?J. 

; :?"g > 

b' location of trailing edge of USB flap, double-slotted flap, or : .  - - :; li .; 
aileron, projected octo wing reference plane and expressed as a .: A 

fraction of local wing chord . ; . 
, ,-. $ 

: :?q 
wing span, m (ft) . .- ,. -4 

P - Pm : 
pressure coefficient, , . 

n, . - 
-.I 

T ; 

static thrust cosfficient, - 'i 
qmS i 

local wing chc - d ,  m (f t) I 

section normal-force coefficient, ; I  ACp d(3 

initial height of rectangular vortex ring 

initial width of rectangular vortex ring 

local static pressure, N/m2 (lb/ft2) 

free-stream static pressure, N/m2 (lb/ft2) 

free-stream dynamic pressure, ~ / m ~  (lb/ft2) 

wing area, m2 (ft2) 

static thrust force, N (lb) 

chordwise coordinate, m (ft) 

- I .  

spanwise coordinate, m (ft) . :  
8 L 

' J .  . , 

vertical coordinate, m (ft) 

angle of attack, deg , 
, . 
I 

. 

.. . 
> 

aileron deflection, deg 

deflection of USB and double-slotted flap (deflected together), deg ; 
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Abbreviations: 

boundary-layer cont ro l  

upper-surface blown 

DESCRIPTION OF INSTRUMENTED MODEL 

.- The model used i n  these tests is shown i n  the  Langley fu l l - s ca l e  tunnel i n  
f i gu re  1. The model had a wing span of 10.7 m (35.0 f t )  and was equipped with 
two JT15D-1 turbofan engines (with nominal bypass r a t i o  of 3.3). 'ihe h i g h - l i f t  
system consis ted of leading-edge Krueger f l a p s  extending from the  engine 
nace l les  t o  the  wing t i p s ,  leading-edge blowing boundary-layer con t ro l  (BLC), 
upper-surface blown (USB) f l a p s  extending from the  fuselage t o  approximatelv 
40 percent of t he  semispan, double-slotted f lap-  extending from approximately 
40 percent t o  approximately 70 percent of the  semispan, a i l e rons  (capable of 
symmetrical def lec t ion)  extending from approximately 70 percent of the semispan 
t o  the  wing t i p ,  and a i l e ron  blowing BLC. The exhaust nozzle had an aspect 
r a t i o  of 6.0 and a de f l ec to r  attached t o  it  t o  improve the  spreading and turning 
of t he  j e t  exhaust. The r i g h t  s i de  of the  modi!l wa:: 3.nstrumented with s t a t i c  
pressure o r i f i c e s  a t  t he  e igh t  spanwise s t a t i o n s  indicated by the  dashed l i n e s  
i n  f i gu re  l ( a ) .  A t o t a l  of 270 pressure o r i f i c e s  were located on port ions of 
the fuselage, wing, leading-edge Krueger f l a p ,  USB f l a p ,  double-s l j t ted f l a p ,  
and a i le ron .  No s t a t i c  pressure o r i f i c e s  were located on the  nace l le .  

Chordwise sec t ions  taken a t  s t a t i o n s  A, B,  and Z ir. f i gu re  l ( a )  a r e  shown 
i n  f i gu re  l ( b ) .  The th r ee  s ec t i ons  a r e  taken through the  cen te r  of the  engine, 
the double-slotted f l a p ,  and the  a i l e ron ,  respec t ive ly .  Note t h a t  f l a p  and 
a i l e ron  de f l ec t i on  angles a r e  defined with respec t  t o  t he  wing reference plane 
indicated by the  cen te r  l i n e .  A f l a p  de f l ec t i on  of 32O and a symmetrical s i l e -  
ron def lec t ion  of 20° corresponds t o  a t yp i ca l  take-off configuration. A f l a p  
def lec t ion  of 72' and a symmetrical a i l e ron  de f l ec t i on  of 50° corre-p - onds t o  a 
t yp i ca l  landing configuration. 

ANALYTICAL PREDICTION METHOD 

An ana ly t i ca l  m?thod, present ly  being developed under a NASA cont rac t ,  was 
used t o  pred jc t  t he  s t a t i c  aerodynamic loads and the longi tud ina l  aerodynamic 
c h a r a c t e r i s t i c s  of t he  USB configurat ion shown i n  f i gu re  1. The method uses  
po t en t i a l  flow models t o  represent  the  l i f t i n g  sur faces  and engine wake and pre- 
d i c t s  the in te r fe rence  between these  sur faces  and the  engine wake. The l i f t i n g  
surfaces  a r e  represented by a nonplanar vortex l a t t i c e  and the  engine by an 
expanding rectangular  vortex "ring" model. Figure 2 i l l u s t r a t e s  the  aerody- 
namic paneling scheme used t o  model t he  wing, f l a p s ,  and a i l e ron .  The shaded 
panels i n  f igure  2 a r e  those which rece ive  d i r e c t  in te r fe rence  from the  engine 
wake. Figure 3 i l l u s t r a t e s  t he  simulated shape and loca t ion  02 the  engine 
exhaust wake and the wake center  l i n e .  The shape of t he  wake was empir ical ly  
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tailored to the USB configuration of figure 1; that is, the width was deter- 
mined by measuring the width of soot deposits from photographs in reference 9, 
and the height was determined from velocity profiles in reference 11 (which used 
the same engine and wing-flap as ref. 9). The rectangular vortex rings are 
normal to the wing and flap surfaces, resulting in a jet which is tangent to 
those surfaces. The wake center line moves aft at a constant y-station (see 
axis system in fig. 3) and it leaves the trailing edge of the last flap tangent 
to that surface. It then returns to the free-stream direction via a parabolic 
path at a distance equal to approximately 1 root chord downstream. 

There are sane limitations of the analytical prediction method which pre- 
vent complete simulation of the physical properties of the USB model. For 
example, the method cannot simulate either the exhaust nozzle deflector or 
leading-edge and aileron blowing BLC. In addition, there is no provision in the 
computer program for eliminating the contributions to the normal-force coeffi- 
cient from that portion of the wing under the nacelies. 

, -, 

RESULTS AND DISCUSSION : , . I  , 
' :  I 
t ,  2 

Experimental Data 

Figure 4 contains chordwice pressure distributions at a high thrust coef- 
ficient for the landing flap deflection. Shown is a portion of the nacelle and 
the upper surface of the wing and USB flap taken along chordwise section A of 
figure l(a) . The lines normal to the surf ace of the wing and flap indicate the 
location of static pressure orifices and the magnitudes of the pressures. The 
solid curve represents the wind-on condition (wind velocity was approximately 
14 m/sec (45 ft/sec) at sea level), and the dashed curve represents the wind- 
off condition. Both distributions have the same general shape with about a 
20-percent difference in magnitude. In both distributions the peak pressures 
occur at the knee of the flap. Also shown in the figure is ? region of positive 
pressure2 at the point of exhaust impingement on the upper surface of the ving. 
The shapes of these pressure distributions are very similar to those ;hewn in 
reference 10 and to those obtained in recent static tests of another large-scale 
USB model, in which peak pressures also occcr at the knee of the flap. 

Figures 5 to 8 contain plots of section normal-force coefficient cn as ,i 
a function of no~dimensional semispan position -Y-- for the present tests. 1 i , . :  b/2  
Note that thz location of the exhaust nozzle is identified in each of these 
figures. Since no pressure orifices were located on the nacelles, cn does 

1 ; :  
not include contributions from the nacelles. A common characteristic in fig- 1 

ures 5 to 8 is the "dip" in t h e  normal-force coefficient dist~ibutions. The 
dip occurs inboard of the nozzle center line and is due to positive pressures 
on the wing upper surface in the region of exhal:st impingemellt. The positive 
pressures result in significantly lower sectio:. normal-force coefficients rela- 
tive to adjacent spanwise stations, which h a w  smaller positive pressures. 



-- In figures 5 to 8, values of both section nomal-force coefficient cn - and angle of attack ct for constant values of thrust coefficient C,, were 
obtained by interpolation of the basic corrected data. 

Effect of engine thrust coefficient.- Figure 5 shows spanwise normal- 
force coefficient distributions for thrust coefficients of 0, 2.15, and 3.93. 
The angles of attack were 9.63O, 8.62O, and 7.9s0, respectively (the difference 
in a has a negligible effect on the comparison). Examination of figure 5 
indicates that from the fuselage center line to approximately 80 percent of the 
semispan the normal-force coefficients increased with increwing thrust coeffi- 
cient. At the nozzle center line the normal-force coefficient for maximum 
thrust was an order of nwgnitude greater than that for zero thrust. Outboard, 
near the tip and well removed from the influence of the engine exhaust, the 
section normal-force coefficients for the two power-on conditions approached a 
common value, indicating that Cn is independent of Cv near the tip. 

Effect of angle of attack.- Figure 6 shows spanwise normal-force coeffi- 
cient distributions for angles of attack of -1.3', 8.!j0, 18.3', and 28.3'. This 
plot indicates that from the fusela,,e center line to a positio~ slightly out- 
board of the nozzle, the spanwise normal-force coefficient is primarily depen- ' dent on the engine exhaust and shows little dependence on angle of attack. 
However, outboard of the nozzle the normal-force coefficient increases with 
increasing angle of attack as might be expected. 

Effect of flap deflection angle_.- Figure 7 shows spanwise normd-force 
coefficient distributiozs for flap deflection angles of 72' and 32'. The angles 
of attack were 8.48' for 6f = 72' and 8.03~ for 6£ = 32' (the difference 
in a has a negligible effect on the comparison). Examination of figure 7 
indicates that the normal-force coefficfents are consistently larger for the 
72' flap setting than for the 3Z0 flap setting. From near the tip to well 
within the spanwise extent of the exhaust nozzle, the normal-force coefficients 
for the 72' setting are consistently approximately twice as large as those for 
the 32' setting. Also of interest are cn variations from the midpoint of the 
exhaust nozzle to slightly outboard of the exhaust nozzle. For the 72' flap 
deflection, maximum values of cn occurred within the spanwise extent of the 
exhaust nozzle; for the 3:' flap deflection, maximum values of cn occurred 
outboard of the exhaust nozzle. The locations of these maxir~um values indicate 
that there was more spanwise spreading of the high-velocity exhaust for the 
smaller flap deflection angle than for the higher flap deflectioa angle. 

Effect of one enpine inoperative.- Figure 8 shows spanwisc normal-force 1 coefficient distributions on the right wing of the model for both engines 
I operating, right engine only, left engine only, and both engines inoperative. 
I The normal-force coefficient distributions for both engines operating and right 
I engine only are very similar, with maximum variations in the region behind the 

exhaust nozzle. The spanwise normal-force coe'ficient distributions for left 
I engine only and both engines inoperative are almost identical, indicating that 

there io very little lift carryover for this model. This result is not in 
I agreement with results from other USE conf lgurat ions with one engLne i:ioperative 
I (for example, see ref. 10). One reason for the absence of lift carryover for 



l i f t  carryover  wi th  one engine  i n o p e r a t i v e ,  a s  i n d i c a t e d  by some unpubltshed 
d a t a  r e c e n t l y  obta ined.  

- 
;L 1 $,$?I 
.- . .,'.;p. 

t h e  p resen t  model could be s e v e r e  f low s e p a r a t i o n  on t h e  f u s e l a g e  due t o  t h e  . ' I . % s t .  

Analy t i ca l  Ccmparison 

i n t e r f e r e n c e  3etween t h e  fuse lage  and n a c e l l e s  ( r e f .  9) .  It i s  be l i eved  t h a t  a 
leading-edgs? Krudger f i a p  between t h e  fuse lage  and n a c e l l e s  could provide  

1 I 2% ,:,q 

CONCLUDING REMARKS 

. < 

Some pre l iminary  a n a l y t i c a l  r e s u l t s  obta ined by us ing  t h e  p r e d i c t i o n  
I + % 

method mentioned previously  a r e  presented i n  t h i s  s e c t i o n  of t h e  paper and com- \ : 
pared wi th  experimental  d a t a .  Figure  9 c o n t a i n s  comparisons of exper imenta l  2 ,, 

and a n a l y t i c a l  spanwise normal-force c o e f f i c i e n t  d i s t r i b u t i o n s  a t  t h r e e  power 
s e t t i n g s  f o r  a f l a p  d e f l e c t i o n  of 72'. Measurements were made a t  8 spnnwise 
l o c a t i o n s ,  and a n a l y t i c a l  c a l c u l a t i o n s  were performed a t  16 l o c a t i o n s .  For 
Cp = 0 ( i n  t h e  upper l e f t  s i d e  of f i g .  9) t h e r e  is  good agreement between pre- 
d i c t e d  and measured r e s u l t s  outboard of t h e  nozzle.  The p red ic ted  l o a d s  a r e  
too high i n  t h e  nozzle  region.  A s  s t a t e d  p rev ious ly ,  some of t h i s  d i f f e r e n c e  , .  

may b e  expla ined by t h e  l i f t i n g  s u r f a c e  model i n  t h e  c u r r e n t  program. The wing ' , .\ 
i ! :I i n  t h e  n a c e l l e  r eg ion  is represented wi th  a v o r t e x - l a t t i c e  arrangement and is 

allowed t o  c a r r y  loads  a s  i f  t h e  n a c e l l e  were not  p resen t .  Therefore.  t h i s  pro- \ / 1 
cedure must b e  pe rmi t t ing  too much load t o  be  c a r r i e d  by t h e  wing i n  t h i s  region.  
For power-on cond i t ions  ( i n  t h e  lower l e f t  and lower r i g h t  s i d e s  of f i g .  9) t h e  
t h e o r e t i c a l l y  p red ic ted  normal-force c o e f f i c i e n t  d i s t r i b u t i o n s  show reasonably 
good agreement w i t h  t h e  exper imenta l  r e s u l t s .  The peak l o a d s  f o r  both  theo- 
r e t i c n l  and exper imenta l  r e s u l t s  occur w i t h i n  t h e  spanwise e x t e n t  of t h e  exhaust  
nozzle ;  however, t h e  t h e o r e t i c a l  peak loads  a r e  a p p r ~ x i r ~ i a t e l y  20 pe rcen t  h igher .  
P a r t  of t h i s  d i f f e r e n c e  is due t o  t h e  s t a t i c  p r e s s u r e  d i f f e r e n c e s  j u s t  mentioned. 
Another f a c t o r  c o n t r i b u t i n g  t o  t h e  d i f f e r e n c e  is t h a t  t h e  a c t u a l  f low is h igh ly  
complex i n  t h i s  region,  wi th  a r e a s  of p o s i t i v e  and nega t ive  p r e s s u r e s  on t h e  

, .. 

S t a t i c  p ressures  were measured on t h e  f u s e l a g e ,  Krusger f l a p ,  wing, 
upper-surface blown (USB) f l a p ,  double-s lo t ted  f l a p ,  and a i l e r o n  of (i l a rge -  
s c a l e  USB model equipped wi th  turbofan engines.  Sec t ion  normal-force c o e f f i -  
c i e n t s  were determined from s t a t i c  p r e s s u r e  d a t a .  The power-on s e c t i o n  normal- 
f o r c e  c o e f f i c i e n t s  d i r e c t l y  behind t h e  exhaust  nozzle  were about an e r d e r  of 
magnitude l a r g e r  than t h e  power-off c o e f f i c i e n t s  a t  t h e  same l o c a t i o n .  The 
s e c t i o n  normal-force c o e f f i c i e n t s  were i n s e n s i t i v e  t o  ang le  of a t t a c k  w i t h i n  
the  spanwise e x t e n t  of t h e  exhaust  nc)zzle, bu t  very  s e n s i t i v e  t o  both f l a p  
d e f l e c t i o n  ang le  and t h r u s t  c o e f f i c i e n t .  Grea te r  spanwise sp read ing  was 
observed wi th  t h e  f l a p s  d e f l e c t e d  f o r  t h e  take-of f  c o n f i g u r a t i o n  (32") than 
f o r  t h e  l and ing  conf igura t ion  (72'). For one engine  i n o p e r a t i v e ,  t h e r e  was 
very l i t t l e  l i f t  carryover  a c r o s s  t h e  fuse lage  f o r  t h i s  model. 

i 

wing uppei s u r f a c e .  The a n a l y t i c a l  p r e d i c t i o n  method cannot s i m u l a t e  t h i s  
e f f e c t .  Outboard, near  t h e  wing t i p  and away from t h e  in f luence  of t h e  engine 
exhaust ,  t h e  t h e o r e t i c a l  and exper imenta l  r e s u l t s  a g r e e  more c l o s e l y .  

1 

a t t ached  flow i n  t h i s  region a l ~ d  t h e r e f o r e  provide  b e t t e r  flow c o n d i t i o n s  f o r  

. . 

.: 1 

, -.$ 
I .? 
! ? A 



Some experimental data were ccmpared with analytical results of a method 
presently being developed under contract. Preliminary results from this method 
indicate that the analytically predicted shape of the spanwise distribution of 
section normal-force coefficients is correct, but the magnitudes are appr~xi- 
mately 20 percent high for the power-on conditions. 
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Figure 4.- Chordwise s t a t i c  pressure distributions along 
engine center l i n e .  C,, - 3.93; 6f = 72% 

Figure =,.- E f f e c t  of thrust coef f ic ient  on spanwise loads* 
a . 100 (nominal) ; 6 f  = 72'; 6 ,  50'. 
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Figure 6.-  Effect of angle of attack on spanwise loads. 
C, - 2.5; 6f = 72'; 5,  = 50'. 
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Figure 7 . -  Effect of f lap def lect ion  on spanwiss loads. 
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Ygure 8.- Effect of one engine inoperative on spanwise loads on 
right wing. a = lo0 (nominal); df = 32'; $ = 20'; 
C,, = 1 . 0  per engine. 
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Figure 9 . -  Measured and calculated spanwise loads. 
a = lo0 (nominal); 8f = 72'; 6, = 50'. 




