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NOTAT ION 
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wing aspect r a t i o ,  - 

S 

wing span, m ( f t )  

boundary layer control  

chord (streamwise), m ( f t )  

mean aerodynamic chord, m ( f t )  

drag coef f ic ien t ,  (see data reduction section) 
q s  

momentum drag coeff ic ient  due t o  engine i n l e t  flow 

t o t a l  i sentropic  t h rus t  coeff ic ient ,  

i sentropic  j e t  t h rus t  coeff ic ient  of main blowing s l o t ,  

i sentropic  t h rus t  

q s  

ro l l i ng  moment coef f ic ien t ,  
ro l l ing  moment 

qSb 
l i f t  

l i f t  coeff ic ient ,  - 
qs  

pitching moment coef f ic ien t ,  moment 
qsF 

yawing moment coef f ic ien t ,  yawing moment 
q Sb 

P-P- 
local  pressure coeff ic ient ,  - 
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t a i l p ipe  t h rus t  coeff ic ient ,  
t a i l p ipe  t h rus t  

q s 

s ide force  coef f ic ien t ,  
s ide  force 

qs 

isentropic  j e t  th rus t  coeff ic ient  of a i leron,  i sentropic  th rus t  

q s 
i sentropic  j e t  th rus t  coefficient  of f l a p  BLC blowing s l o t ,  

i sentropic  th rus t  

q s  
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Y 

z 

a,AL 

0, BETA 

isentropic jet thrust coefficient of aft BLC blowing slot, 

isentropic thrust 

qS 

blowing nozzle slot height, cm (in) 

horizontal tail incidence, positive with trailing edge down, deg 

mass rate of flow, Kg/sec (lbm/sec) 

local pressure, N/sq m (Ib/sq ft) 

freestream dynamic pressure, N/sq m (lb/sq ft) 

wing planform area, sq m (sq ft) 

airfoil thickness, m (ft) 

chordwise station, m (ft) 

spanwise station, m (ft) 

vertical distance from wing chord plane, m (ft) 

model angle of attack, deg 

angle of sideslip of plane of symmetry, deg 

aileron deflection = 30/0 denotes left aileron at 30°, 

right aileron at 0') positive with trailing edge down, deg 

control flap deflection (6c = 0/20 denotes left control flap 

at oO, right control flap at 20'; control flaps are not 

deflected on ailerons) positive with trailing edge down, 

deg; see figure 2(d) 

flap deflection ( ~ 3 ~  = 60/30 denotes inboard flap at 60' and 

outboard flap (no aileron) at 30'; 6f = 60 denotes inboard 

flap at 60' and no outboard flap) positive with trailing 

edge down, deg 

slat deflection, positive with leading edge down, deg 
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Subscripts 

aileron 

aft BLC blowing slot 

flap BLC blowing slot 

elevator 

flap 

main blowing slot 

slat 

horizontal tail 

total conditions 

uncorrected 

vertical tail 

original slat geometry (T-415) 

modified slat geometry (T-418) 

freestream conditions 
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SUMMARY 

This report  presents the  data from an investigation of the aerodynamic 
character is t ics  of the expandable duct- je t  f l a p  concept. The investigation 
was made using a large-scale model i n  the Ames 40- by 80-foot Wind Tunnel. 

The expandable duct- je t  f l ap  concept uses a lower surface, s p l i t  f l ap  
and an upper surface, Fowler f l a p  t o  form an in te rna l ,  var iable  area cavity 
f o r  the  blowing a i r .  Small amounts of blowing a re  used on the  knee of the 
upper surface f lap  and the knee of a short-chord, t r a i l i n g  edge control 
f lap.  The bulk of the  blowing i s  a t  the t r a i l i n g  edge. The f l a p  could 
extend the f u l l  span of the  model wing o r  over the inboard par t  only, with 
blown ailerons outboard. 

Primary configurations tes ted  were two f l ap  angles, typical  of takeoff 
and landing; symmetric control f l a p  deflections,  primarily f o r  improved 
landing performance; and asymmetric aileron and control f l a p  deflections,  
f o r  l a t e r a l  control. The t e s t s  were made with and without t he  horizontal 
t a i l  a t  wind tunnel dynamic pressures from 1144 Newtons per square meter 
(23.9 pounds per square foot)  t o  158 Newtons per square meter (3.3 pounds 
per square foot) .  These correspond t o  Reynolds numbers from 5.35 mill ion 
t o  1.99 million, based on the  wing mean aerodynamic chord. The range of 
j e t  th rus t  coeff ic ients  was 0 t o  2.31. 

INTRODUCTION 

The expandable duct-jet  f l a p  concept is being studied as a means of 
a t ta ining STOL performance i n  a turbofan powered a i r c r a f t .  The concept is 
a der ivat ive of a basic  j e t  f l ap  and has the principal j e t  located a t  the 
f l a p  t r a i l i n g  edge. 

The basic  j e t  f l ap  concept has been extensively considered a s  a propul- 
s ive  high l i f t  device on many types of a i r c r a f t .  Integration of t h i s  con- 
cept i n to  high wing-loading a i r c r a f t  has been d i f f i c u l t  because of the  
problem of providing suf f ic ien t  duct area needed f o r  high thrus t  from the 
wing j e t .  Additionally, it is d i f f i c u l t  t o  achieve the proper values of 
l i f t  t o  drag r a t i o s  needed f o r  STOL descent without high f l ap  deflections 
and subsequent flow separation and buffet  problems. 



The expandable duct-jet flap is an attempt to provide solutions to 
these problems while maintaining the inherent characteristics of the basic 
jet flap. It has a cavity formed by a lower surface of the expanding flap, 
the rear wing spar, and the upper surface of the flap system. The resulting 
cavity increases with flap deflection and is used for the ducting of compressor 
air to the blowing system. The blowing system primarily consists of the main 
jet near the flap trailing edge and a BLC slot at the knee of the flap. In 
addition, a short-chord, control flap is available at the trailing edge to 
provide additional deflection of the main jet. The control flap's purpose 
is to control the lift to drag ratio without adverse separation and buffet 
problems. 

A large-scale model was built and tested in the Ames 40- by 80-foot Wind 
Tunnel to determine the aerodynamic characteristics of the expandable duct- 
jet flap concept. The wing planform of the model was geometrically similar 
to that of the augmentor wing model discussed in reference 1, 2 and 3. The 
flap system extended either the full span or 70 percent of the span with the 
remainder used as a blown aileron. The compressed air for the blowing nozzles 
was provided by the cold air from two turbofan engines mounted in the fuselage. 
Tests at forward speed, out of ground effect, were made for flap angles of 30" 
and 60' and various deflections of the control flap. The investigation also 
included the effects of a high-position horizontal tail, sideslip, and dif- 
ferential aileron and control flap deflection. 

The tests were performed in cooperation with the Lockheed-Georgia Company 
and the Flight Dynamics Laboratory of the Department of the Air Force. 

MODEL AND APPARATUS 

Figures l(a) through l(e) show the model installed in the Ames 40- by 
80-foot Wind Tunnel. The wing chord plane is in the approximate center of 
the test section. 

Basic Model 

Tables I and I1 give geometric data for the model. Sketches of the 
model are shown in figure 2. A three-view of the model and a typical wing 
section are shown in figures 2(a) and 2(b) respectively. 

The wing was equipped with a full-span, leading edge slat. The slat 
position was modified midway through the investigation (see figure 2(c)). 
The flap system could be configured either as a full span flap or with the 
outboard 30 percent as a blown aileron. 

The horizontal tail was equipped with a fixed, leading edge slat (see 
figure 2(d)). The elevator and rudder deflection were 0' throughout the 
test. When the horizontal tail was not installed, a rake having five direc- 
tional probes was used in its place. A nose fairing was installed during 



part of the test (see figure 2(a)). The model was equipped with sound sup- 
pressors on the engine inlet and the tailpipe exit. 

Blowing System 

Supply -The model was equipped with a separate blowing system for each 
wing. The blowing system is shown schematically in Figure 2(e). The compres- 
sed air was the cold or bypass air of two JT15D-1 turbofan engines. 

The hot gas from the engine core exhausted out tailpipes in the rear of 
the fuselage. Tailpipe cooling air was brought into the fuselage through 
the inlet on the underside of the fuselage (see figure 2(a)) and ejected 
through an annular ejector at the tailpipe exit. The cold air was ducted to 
the wing blowing slots through the wing box spar. 

p i n  jet The blowing slot dimensions for the main jet and the B ~ C  jets 
are s own in figure 3 while typical spanwise total pressure distributions 
for CJ 's less than and greater than 0.4 are given in figure 4. The main jet - 

1 

slot dimensions are controlled by the movable segment on the trailing edge 
of the lower surface of the flap system (see figure Z(f)). The dimensions 
did not change with changes in control flap deflection. The overall dimen- 
sions did differ for 30' and 60" flap deflection (see figure 3), Where the 
outboard 30 percent of the flap system was used as a blown aileron, the main 
jet slot was blocked. 

BLC jets -The flap BLC slot was located on the knee of the upper surface 
of the flap as shown in figure 2(f). The overall dimension differed for 30' 
and 60' flap deflections (see figure 3). The flap BLC slot was used for the 
blowing slot on the blown aileron. The aft BLC slot was located on the upper 
knee of the control flap as shown in figure 2(f). The dimensions were fixed 
as shown in figure 3. The aft BLC slot was blocked on the blown aileron. 

Instrumentation 

The instrumentation used to measure the flow conditions in the blowing 
system is shown schematically jn figure 5. Surface static pressure orifices 
were located at three spanwise stations on the right wing (n = -195, .467, 
.816). 

TESTS 

Table I11 is an index to the investigation. The investigation was done 
in two phases (T-415 and T-418). The only change in configuration between 
the two phases was a change in the wing slat from position 1 to position 2. 
The tests were primarily done by increasing angle of attack at constant air- 
speed and duct pressure. The angle of attack range was -8' to 24'. Sideslip 
was varied from -18- to 4' at constant angle of attack. The wind tunnel dynamic 



pressure range was from 1144 N/sq m (23.9 lb/sq ft) to 158 N/sq m (3.3 
lb/sq ft) giving a Reynolds number range from 5.35 million to 1.99 million. 

n o  basic £la deflections were used; 30' representing a takeoff con- t figuration; and 60 representing a landing configuration. The model was 
tested with both a full-span flap and with the outboard 30 percent span 
configured as a blown aileron and set at 30° or 10'. Several values of 
symmetric control flap deflection were tested for each flap configuration 
Asymmetric control flap and aileron deflections were tested for lateral con- 
trol. The range of the jet thrust coefficient, 

C~ I 
, was from 0 to 2.31. 

The division of CJ into its components; CJ , C , C , C is shown 
I JF 'BLC 'BLC~ 'a 

in figure 6 for the various configurations. 

The horizontal tail was installed during part of the investigation and 
tested at several values of incidence. For two power-off runs, the nose 
fairing was installed and the model tested at two flap deflections; O0 and 
60'. 

DATA ACQUISITION AND REDUCTION 

Data Acquisition 

Six-component force data were obtained from the wind tunnel balance 
system. The moment center was located at the .35 c point and .20 r below 
the wing chord plane. 

Total temperature and pressure within the duct were recorded for the 
locations shown in figure 5. The tailpipe mass flow and thrust were 
measured with a total pressure and temperature rake installed during a 
wind-off test prior to model assembly. These measurements were used to 
evaluate the tailpipe thrust and mass flow as functions of tailpipe total 
pressure and temperature which were recorded during the wind tunnel tests. 

Other data obtained during the test included surface static pressures 
at three spanwise stations on the right wing (n = .195, .467, .816), direc- 
tional probe measurements of the downwash at the horizontal tail location, 
and photographs of wing surface tufts. 

Data Reduction 

Blowing parameters -The thrusts for the three blowing slots on each wing 
were computed from the measured duct total pressures and temperatures and 
the measured areas for each slot. No correction was made for nozzle dis- 
charge or velocity efficiencies. Results of several wind-off tests indica- 
ted that the nozzle thrust coefficient (actual thrust/isentropic thrust) is 
approximately 0.85. 



Force and moment d a t a  -The forces  and moments due t o  t h e  i n l e t  momentum 
drag and t h e  t a i l p i p e  t h r u s t  have been subt rac ted  from a l l  fo rce  and moment 
d a t a  presented.  The i n l e t  momentum drag was computed using t h e  c a l i b r a t i o n s  
of t h e  t a i l p i p e  f o r  t h e  co re  mass flow and t h e  computed, i s e n t r o p i c  mass flow 
from t h e  blowing s l o t s  f o r  t h e  f a n  flow. The fo rces  a r e  resolved with 
respect  t o  t h e  wind axes while  t h e  moments a r e  resolved with respect  t o  the  
s t a b i l i t y  axes. The co r rec t ions  f o r  i n l e t  momentum drag and t a i l p i p e  t h r u s t  
a r e  a s  follows : 

CL = C - CT s i n  a 

Lu 

CD = CD + C,. cos a - C 

C U D ~ l  

Cm = Cm - . I 34  CT + C ( .347 cos a -2.816 s i n  a) 

c u D~ 

whereC , C D ,  C m ,  C , Cn , C, a r e  based on measured forces  and moments 
Lu u u Yu u u 

and a is the  correc ted  angle of a t t a c k .  

Wind tunnel  wall co r rec t ions  - A l l  of t h e  d a t a  presented have been correc-  
t ed  f o r  wind tunnel  wall  c o n s t r a i n t s .  Conventional co r rec t ions  a r e  used, but  
t h e  l i f t  c o e f f i c i e n t  i s  replaced by t h e  e f fec t ive  c i r c u l a t i o n  l i f t  c o e f f i c i e n t .  

C~ 
, defined a s :  

aero  

c + c + c ) s i n  ( ~ f  + a) 

Laero " B L C ~  

( fu l l - span f l ap )  

(part-span f l a p  p lus  a i l e ron)  

where Af i s  a jet angle  determined from wind-off t e s t s .  



The wind tunnel wall corrections are, therefore: 

CD = C + .00793 cL2 
D~ aero 

and with the horizontal tail on, 

C = C + .0326 CL 
in 

"'c aero 

DATA PRESENTATION 

The data are presented in figures 7 to 24. Table IV is an index to the 
data figures. The jet coefficients and dynamic pressures listed are nominal 
values. 
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TABLE I. - MODEL REFERENCE DIMENSIONS 

Wing 

Area, s q  m (sq f t )  
Aspect r a t i o  
Taper r a t i o  
Span, m ( f t )  
Root chord, m ( f t )  
Tip chord, m ( f t )  
Mean aerodynamic chord, m ( f t )  
Sweep a t  1/4 chord, deg 
A i r f o i l  s e c t i o n  (see Table 11) 

Incidence, twist 

Ver t i ca l  Ta i l  

Area, sq  m (sq f t )  
Aspect r a t i o  
Taper r a t i o  
Span, m ( f t )  

Root chord, m ( f t )  
Tip chord, m ( f t )  
Mean aerodynamic chord, m ( f t )  
Sweep a t  1/4 chord, deg 
A i r f o i l  s e c t i o n  
Volume c o e f f i c i e n t  

Horizontal  T a i l  

Area, sq  m (sq f t )  
Aspect r a t i o  
Taper r a t i o  
Span, m ( f t )  
Root chord, m ( f t )  
Tip chord, m ( f t )  
Mean aerodynamic chord, m ( f t )  

Sweep a t  1/4 chord, deg 
A i r f o i l  s ec t ion  ( inver ted)  
Volume coe f f i c i en t  

21.37 (230.0) 
8.00 
0.30 

13.080 (42.895) 
2.510 (8.250) 

.750 (2.475) 
1.790 (5.881) 

27.5 
NACA 65A - 4 XX 

roo t  t / c  = .125 
t i p  t / c  = . I05 

0 

2.310 i7.58j 
38.5 

NACA 0012 

6.72 (72.3) 
4.00 

.49 

2.590 (8.50) 
1.740 (5.71) 

.850 (2.80) 
1.350 (4.42) 

25 
NACA 64-012 

1.038 



Basic Airfoil 
x/c (100) 

TABLE 11. - WING AIRFOIL COORDINATES, n = -1945 



TABLE 11. - CONCLUDED 

S l a t  Inner  Surface 

x/c (100) 

2.50 
2.625 
2.75 
3.00 
3.25 
3.50 
3.75 
4.00 
4.25 
4.50 
4.75 
5.00 
5.50 
6.00 
6.50 
7.00 
7.50 
8.00 
9.00 

10.00 
11.00 
12.00 
13.00 
14.00 

Flap Upper Contour 

x/c  (100) 

58.347 
58.50 
58.75 
59.00 
60.00 
61.00 
62.00 
63.00 
64.00 
65 .OO 
66.00 
67.00 
68.00 
69.00 
70.00 
71 .OO 
71.50 
72.00 
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(a) Top view of model. 

Figure 1. - Views of the model installed in the Ames 40- by 80-foot 
Wind Tunnel. . .~ 
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(c] Rear v i w  of model. 

F i g w g  1. - Centinusd. 
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@) Wing section geometry. 

Figure 2. - Continued 
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(c) S l a t  s ec t ion  geometry. 

Figure 2. - Continued. 



(d) Horizontal t a i l  section geometry. 

Figure 2. - Continued. 



[e) Schematic of the air supply s y s t m .  

Figure 2. - Continued. 



(f) Flap section geometry. 

Figure 2. - Concluded. 



(a) &f = 60°, full-span flap. 

Figure 3. - Dimensions of model blowing s l o t s .  

















Figure 5. - Schematic of wing duct instrumentation layout. 
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(a) bf = 60°, full-span flap. 





Figure 6 .  - Continued. 





Figure 7. - The affect of CJ on the longitudinal 
T - 

characteristics of the model; full-span flap, 

6c 
= 0° ,  horizontal tail off. 



(b) 6f = 60°/300, 6s1  = 4SS 

Figure 7. - Continued. 



Figure 7 .  - Continued. 



Figure 7. - Concluded. 



(a) €ic = 0' , 6s1 = 60'. 

Figure 8. - The effect of CJ on the longitudinal characteristics of 
I 

the model; part-span flap, 6f = 60°, = 30°, horizontal tail off. 



(b) = Oo, 6 = 60°.  
s 2 

Figure 8. - Continued. 



(c) = lo0, 6 = 60'. 
s2 

Figure 8 .  - Continued. 



(d) 6= = 20' &s2 = 60'. 

Figure 8. - Continued. 



(e) E c  = 30'. 6 = 60'. 
= 1  

Figure 8 .  - Continued. 



(f) 6= = 40°. 6s2 = 60'. 

Figure 8. - Continued. 



(g) = SO0, 6 = 60'.  
5 1 

Figure 8.  - Concluded. 



(a) 6c = 0'. 

Figure 9. - The effect of CJ on the longitudinal characteristics of 
I 

the model; part-span flap, 6f = 60°, 6 a = 30°, 6 = 60', i = -10'. 
S 2 t 



(b) 6c = 20'. 

Figure 9 .  - Continued. 



(c )  6 = 40'. 
C 

Figure 9. - Concluded. 



Figure 10. - The effect of CJ on the longitudinal characteristics of 
I 

the model; part-span flap, bf = 60°, 6= = lo0, 6 s 2 = 60°, horizontal 

tail off. 



- - -- -- 
$ 2  m 

Figure 11. -The effect of CJ on the longitudinal characteristics of the 
I 

model with twice normal C ; part-span flap, 6f = 6 0 ° ,  6 = 30°, 
"BLC 

a 

6 = 60°,  horizontal tail off. 
s2 



(a) 6 = 0'/-20'. 
C 

Fggure 12. - The effect of CJ on the longitudinal characteristics of the 
I 

model; part-span flap, Cif = 60°, 6a = 30°, 6 = 60°, horizontal tail off. 
s 2 



(b) = 0°/400. 

Figure 1 2 .  - Concluded. 



Figure 13. - The effect of CJ on the longitudinal characteristics of the 
I 

model; part-span flap, 6f = 60°, 6a 
= 3O0/1Oo, 6c = 0°, 6 = 60°,  = 2 

horizontal tail off. 



(a) 6 c =  0'. 

Figure 14. - The effect of CJ on the longitudinal characteristics of the 
I 

model; full-span flap, 6f = 30°/300, 6sl = 60°, horizontal tail off. 



(b) 6c = 30°. 

Figure 14. - Concluded. 



(a) 6C = OD,  6 s 1 = 60°. 

Figure 15. - The effect of CJ on the longitudinal characteristics of the 
I 

model; part-span flap, 6f = 30°, = 30°, horizontal tail off. 



(b) b c = O ,  6 =60°. 
5 2  

Figure 15. - Continued. 



Figure 15. - Continued. 



(d) 6= = SO0, 6 a 60'. = 1 

Figure 15. - Concluded. 



(a) Effect of CJ ; i = -15 . 
t 
1 

Figure 16. - Longitudinal characteristics of the model with the horizontal 
tail installed; part-span flap, 6f =30°, 6 a =30°, 6 c = 0 0 ,  6s2 = 60'. 



(b) Effect of it. 

Figure 16. - Concluded. 





(b) bc = 0°/20*. 

Figure 17. - Continued. 



(c)  6c 0°/400. 

Figure 17. - Concluded. 



Figure 18. - Longitudinal characteristics of the model with the nose 
fairing and horizontal t a i l  installed; 6f = 0'. 6c = 0° ,  6 = 60°, 

s2 
i = o O .  
t 

t a i l  s l o t  off, CJ = 0 .  
I 



Figure 19. - The effect of tail incidence, it, on the model pitching moment, 
nose fairing and horizontal tail installed; A f  = 0° ,  6c = 0°,  6 = 60°, 

s2 I 
tail slot off. I 



(a) 6c = 0'. 

Figure 20. - The effect of CJ on the lateral-directional characteristics 
I 

of the model; part-span flap, 6f - 60'. = 30'. 6 = 609, horizontal 
s 2 

tail off, CJ = 0. 
I 





( c )  6C = 0°/-20'. 

Figure 20. - Continued. 



(d) 6c = 0°/400. 

Figure 20. - Concluded. 



Figure 21. - The effect of CJ on the lateral-directional characteristics 
I 

of the model; part-span flap, 6f = 60°, = 30°/10", 6c = OD, 6 = 60°, 6a s2 

horizontal tail off. 



(a) ~ffect' of a, 6, = 0'. 

Figure 22. - Lateral-directional characteristics of the model in sideslip; 
part-span flap, 6f = 60°, 6a = 30°, 6 S2 = 60°, i t = 10'. 



(b) Effect of CJ , a = 4', 6c  = 20' .  
I 

Figure 22. - Continued. 



(c) Effect of CJ , a = l Z O ,  bc = 20'. 
I 

Figure 22. - Continued. 



(d) Effect of a, 6c = 40".  

Figure 22. - Concluded. 



(a) 6c = O O .  

Figure 23. - The effect of CJ on the lateral-direction characteristics of 
I 

the model, part-span flap, 6f = 30°, = 30°, 6 = 60'. horizontal tail off. 
s 2 



(b) 6c = O0/ -20 ' .  

Figure 23. - Continued. 



(c)  6C 0° /200 .  

Figure 23. - Continued. 



(d) bc = O0/4O0. 

Figure 23. - Concluded. 



(a) c r = 4 O .  

Figure 24. - The effect of CJ on the lateral-directional characteristics 
I 

of the model in sideslip; part-span flap, 6* = 30°, = 30°, 6c = 0 ° ,  



(b) a = 12'. 

Figure 24. - Concluded. 
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