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SUMMARY

This paper presents static aerndynamic loads measurements from wind-tunnel
tests of a full-scale upper-surface blown jet-flap configuration. The measured
loads are compared with calculations using a recently developed method for pre-
dicting longitudinal aerodynamic characteristics of upper-surface blown jet-
flap coni.gurations.

INTRODUCTION

The performance and stability and control of upper-~surface blown (USB) jet-
flap configurations have been well documented. (See refs. 1 to 9.) These
results have usually been presented as force and moment coefficients over the
range of variables investigated, and most early models were small-scale and
powered with compressed-air simulated engines. Some information has been pub-
lished concerning detailed wing and flap load distributions. (See refs. 9
to 11.)

The development of analytical methods for predicting USB performance and
loads has lagged behind the experimental work by 2 or 3 years. Such methods,
which treat the aerodynamic interaction between lifting surfaces and the high-
velocity exhaust wake, are now beginning to appear in the literature. (See
refs. 12 to 14.)

In this paper, results of a loads investigation on a full-scale USB con-
figuration powered with turbofan engines (presented previously in ref. 9) are
presented. In addition, comparisons are made with calculated results based on
an analytical method presently being developed under contract (which is an
extension of the method of ref. 14). Measured wing and flap loads data are
presented for parametric variations in angle of attack, flap deflection angle,
and engine power setting, and for one engine inoperative.
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SYMBOLS

Measurements and calculations were made in U.S. Customary Units and are
presented in both the International System of Units (SI) and U.S. Customary

Units.

al

bl

location of leading edge of Krueger flap projected onto wing refer-
ence plane and expressed as a fraction of local wing chord

location of trailing edge of USB flap, double-slotted flap, or
aileron, projected orto wing reference plane and expressed as a
fraction of local wing chord

wing span, m (ft)

P = P
9

static thrust coefficient, alg

pressure coefficient,

o0

local wing chc.d, m (ft)

t

b
section normal-force coefficient, AC d(%)

a'
initial height of rectangular vortex ving
initial width of rectangular vortex ring
local static pressure, N/m? (1b/ft2)
free-stream static pressure, N/m2 (1b/ft2)
free-stream dynamic pressure, N/m2 (1b/ft2)
wing area, n? (ftz)

static thrust force, N (1b)

chordwise coordinate, m (ft)

spanwise coordinate, m (ft)

vertical coordinate, m (ft)

angle of attack, deg

aileron deflection, deg

deflection of USB and double-slotted flap (deflected together), deg
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Abbreviations:
BLC boundary-layer control

USB upper-surface blown
DESCRIPTION OF INSTRUMENTED MODEL

The model used in these tests is shown in the Langley full-scale tunnel in
figure 1. The model had a wing span of 10.7 m (35.0 ft) and was equipped with
*wo JT15D-1 turbofan engines (with nominal bypass ratio of 3.3). ‘“‘he high-lift
system consisted of leading~edge Krueger flaps extending from the engine
nacelles to the wing tips, leading-edge blowing boundary-layer control (BLC),
upper-surface blown (USB) flaps extending from the fuselage to approximately
40 perceut of the semispan, double-slotted flaps extending from approximately
40 percent to approximately 70 percent of the semispan, ailerons (capable of
symmetrical deflection) extending from approximately 70 percent of the semispan
to the wing tip, and aileron blowing BLC. The exhaust nozzle had an aspect
ratio of 6.0 and a deflector attached to it to improve the spreading and turning
of the jet exhaust. The right side of the model wa: jinstrumented with static
pressure orifices at the eight spanwise stations irdicated by the dashed lines
in figure 1(a). A total of 270 pressure orifices were iocated on portions of
the fuselage, wing, leading-edge Krueger flap, USB flap, double-slstted flap,
and aileron. No static pressure orifices were located on the nacelle.

Chordwise sections taken at stations A, B, and C in figure 1(a) are shown
in figure 1(b). The three sections are taken through the center of the engine,
the double-slotted flap, and the aileron, respectively. Note that flap and
aileron deflection angles are defined with respect to the wing reference plane
indicated by the center line. A flap deflection of 32° and a symmetrical aile-
ron deflection of 20° corresponds to a typical take-off configuration. A flap
deflection of 72° and a symmetrical aileron deflection of 50° corresponds to a
typical landing configuration.

ANALYTICAL PREDICTION METHOD

An analytical method, presently being developed under a NASA contract, was
used to predict the static aerodynamic loads and the longitudinal aerodynamic
characteristics of the USB configuration shown in figure 1. The method uses
potential flow models to represent the lifting surfaces and engine wake and pre-
dicts the interference between these surfaces and the engine wake. The lifting
surfaces are represented by a nonplanar vortex lattice and the engine by an
expanding rectangular vortex "ring' model. Figure 2 illustrates the aerody-
namic paneling scheme used to model the wing, flaps, and aileron. The shaded
panels in figure 2 are those which receive direct interference from the engine
wake. Figure 3 illustrates the simulated shape and location of the engine
exhaust wake and the wake center line. The shape of the wake was empirically
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tallored 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 iet 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 rocot chord downstream.

There are some 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 nacellies. l

RESULTS AND DISCUSSION

Experimental Data

Figure 4 contains chordwise 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 1(a). The lines normal to the surface 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 2 region of positive
pressure; at the point of exhaust impingement on the upper surface of the wing.
The shapes of these pressure distributions are very similar to those chown in
reference 10 and to those obtained in recent static tests of another large-scale
USB model, in which peak pressures also occur at the knee of the flap.

Figures 5 to 8 contain plots of section normal-force coefflicient c¢, as
a function of nondimensional semispan position S%E‘ for the present tests.

Note that tha location of the exhaust nozzle is identified in each of these
figures. Since no pressure orifices were located on the nacelles, c, does
not include contributions from the nacelles. A common characteristic in fig-
ures 5 to 8 is the "dip" in the normal-force coefficient distsibutions. The
dip occurs inboard of the nozzle center line and ¥s due to positive pressures
on the wing upper surface in the region of exharst impingement. The positive
pressures result in significantly lower sectio: normal-force coefficients rela-
tive to adjacent spanwise stations, which have smaller positive pressures.
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In figures 5 to 8, values of both sectiorn normal-force coefficient

Cn
and angle of attack a 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 9.63°, 8.62°, and 7.95°, 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 increacing thrust coeffi-
cient. At the nozzle center line the normal-force coefficient for maximum
thrust was an order of magnitude 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 c¢, is independent of Cu near the tip.

Effect of angle of attack.- Figure 6 shows spanwise normal-force coeffi-
cient distributions for angles of attack of -1l. 3° , 8.5°, 18.3°, and 28.3°. This
plot indicates that from the fusela_e center line to a positior 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 2ngle of attack as might be expected.

Effect of flap deflection angle.- Figure 7 shows spanwise normal—force
coefficient distributions for flap deflection angles of 72° and 32°. The angles
of attack were 8.48° for 8¢ = 72° and 8.03° for 8¢ = 32° (the difference
in a has a negligible effect on the comparison). Examination of figure 7
indicates that the normal-force coeffic’ents are consistently larger for the
72° flap setting than for the 32° flap setting. From near the tip to well
within the spanwise extent of the exbaust 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 cp variations from the midpoint of the
exhaust nozzle to slightly outboard of the exhaust nozzle. For the 72° flap
deflection, maximum values of c¢, occurred within the spanwise extent of the
exhaust nozzle; for the 3.° flap deflection, maximum values of ¢, occurred

outboard of the exhaust nozzle. The locations of these maxinum values indicate
that there was more spanwise spreading of the high-velocity exhaust for the
smaller flap deflection angle than for the higher flap deflection angle.

Effect of one engine inoperative.- Figure 8 shows spanwise normal-force
coefficient distributions on the right wing of the model for both engines
operating, right engine only, left engine only, and both engines inoperative.
The normal~-force coefficient distributions for both engines operating and right
engine only are very similar, with maximum variations in the region behind the
exhaust nozzle. The spanwise normal-force coefficient distributions for left
engine only and both engines inoperative are almost identical, indicating that
there is very little lift carryover for this model. This result is not in
agreement with results from other USB configurations with one engine inoperative
(for example, see ref. 10). One reason for the absence of 1lift carryover [or
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the present modzl couléd be severe flow separation on the fuselage due to the
interference Letween the fuselage and nacelles (ref. 9). It is believed that a
leading-edg= Kru:ger fiap between the fuselage and nacelles could provide
attached flow in this region aud therefore provide better flow conditions for
lift carryover with one engine inoperative, as indicated by some unpublished
data recently obtained.

Analytical Cemparison

Some preliminary analytical results obtained by using the prediction
method mentioned previously are presented in this section of the paper and com-
pared with experimental data. Figure 9 contains comparisons of experimental
and analytical spanwise normal-force coefficient distributions at three power
settings for a flap deflection of 72°. Measurements were made at 8 spanwise
locations, and analytical calculations were performed at 16 locations. For
Cy = 0 (in the upper left side of fig. 9) there 1s good agreement between pre~
dicted and measured results outboard of the nozzle. The predicted loads are
too high in the nozzle region. As stated previously, some of this difference
may be explained by the lifting surface model in the current program. The wing
in the nacelle region is represented with a vortex-lattice arrangement and is
allowed to carry loads as if the nacelle were not present. Therefore. this pro-

cedure must be permitting too much load to be carried by the wing in this region.

For power-on conditions (in the lower left and lower right sides of fig. 9) the
theoretically predicted normal-force coefficient distributions show reasonably
good agreement with the experimental results. The peak loads for both theo-
retical and experimental results occur within the spanwise extent of the exhaust
nozzle; however, the theoretical peak loads are approxinately 20 percent higher.

Part of this difference is due to the static pressure differences just mentioned.

Another factor contributing to the difference is that the actual flow is highly
complex in this region, with areas of positive and negative pressures on the
wing upper surface. The analytical prediction method cannot simulate this
effect. Outboard, near the wing tip and away from the influence of the engine
exhaust, the theoretical and experimental results agree more closely.

CONCLUDING REMARKS

Static pressures were measured on the fuselage, Kruager flap, wing,
upper-surface blown (USB) flap, double-slotted flap, and aileron of a large-
scale USB model equipped with turbofan engines. Section normal-force coeffi-
cients were determined from static pressure data. The power-on section normal-
force coefficients directly behind the exhaust nozzle were about an cider of
magnitude larger than the power-off coefficients at the same location. The
section normal-force coefficients were insensitive to angle of attack within
the spanwise extent of the exhaust nozzle, but very sensitive to both flap
deflection angle and thrust coefficient. Greater spanwise spreading was
observed with the flaps deflected for the take~off configuration (32°) than
for the landing configuration (72°). For one engine inoperative, there was
very little lift carryover across the fuszlage for this model.
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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 approxi-
mately 20 percent high for the power-on conditions.

421

S

, 1
N e Ead s Snuacns Seaastas asumnly Siabatr Bl TN L3 “a s '



&,

R

2 Taag

PR PSS AR

10.

11.

12.

422

UDURPUNSENAE Y
* e e
- -
2 ——-

i

e e ————

REFERENCES

Phelps, Arthur E.; Letko, William; and Henderson, Robert L.: Low-Speed
Wind-Tunnel Investigation of a Semispan STOL Jet Transport Wing-Body With
an Upper-Surface Blown Jet Flap. NASA TN D-7183, 1973.

Phelps, Arthur E., IIl; and Smith, Clharles C., Jr.: Wind-Tunnel Investi-
gation of an Upper Surface Blown Jet-Flap Powered-Lift Configuration.
NASA TN D-7399, 1973.

. Aoyagi, Kiyoshi; Falavski, Michael D.; and Koenig, David G.: Wind Tunnel

Investigation of ~ Large-Scale Upper Surface Blown-Flap Transport Model
Having Two Engines. NASA TM X-62,296, 1973.

. Aoyagi, Kiyoshi; Falarski, Michael D.; and Koenig, David G.: Wind .unnel

Investigation of a Large-~Scale Upper Surface Blown-Flap Model Having
Four Engines. NASA TM X-62419, 1975.

. carros, Robert J.; Boissevain, Alfred G.; and Aoyagi, Kiyoshi: Aerodyunamic

Characteristics of a Large-Scale Hybrid Upper Surface Blown Flap Model
Having Four Engines. NASA TM X-62460, 1975.

Smith, Charles C., Jr.; Phelps, Arthur E., III; and (.»neland, W. Latham:
Wind-Tunnel Investigation of a Large-Scale Semispuan rlodel With an l'nowept
Wing and an Upper-Surface Blown Jet Flap. NASA TN D-7526, 1974.

. Parlett, Lysle P.: Free-Flight Wind-Tunnel Investigation of a Four-Engine

Sweptwing Upper-Surface Blown Transport Configuration. NASA TM X-71932,
1974.

. Phelps, Arthur E., IlI: Wind-Tunnel Investigation of a Twin-Engine

Straight-Wing Upper-Surface Blown Jet-Flap Configuration. NASA TN D-7778,
1975.

. Staff ¢ Langley Research Center: Wind-Tunnel Iuvestigation of the Aero-

dynaric Performance, Steady and Vibratory Loads, Surface Temperatures and
Acoustic Characteristics of a Large-Scale Twin-Engine Upper-Surface Blown
Jet~-Flap Configuration. NASA TM X-72794, 1975.

Smith, Charles C., Jr.: anc White, Lucy C.: Pressure Distribution of a
Twin-Engine Upper-Surfa ¢ Blown Jet-Flap Model. NASA TM X-71937, 197%.

Shivers, Jjames P.; and Smith, Charles C., Jr.: Static Tests of a Simulated
Upper Surface Blown Jet-Flap Configuration Utilizing a Full-Size Turbofan
Engine. NASA TN D-7816, 1975.

Lan, C. Edward; and Campbell, James F.: Theoretical Aerodynamics of
Upper-Surface~Blowing Jet-Wing Interaction. NASA TN D-7936, 1975.




g -

P S 3 4

( ' 7 1 ;
e - 1 w--l ‘ | P SR
’.' _I - ,.‘ ~ ' i § : ' .é ‘ ! [
i “é ,,.‘4' ) : ) “‘:‘ ‘»(} -4 “ ¢ ? R ~ xl‘ L '
‘\ ‘] L: : - j i x orad. x - [ pe—— - oy I N
i
”%;f 13. Lan, C. Edward: A Theoretical Investigation of Over-Wing-Blowing
2‘ Aerodynamics. NASA CR-~144969, 1976.
,f": 14. Mendenhall, M. R.; Perkins, S. C., Jr.; foodwin, F. K.; and Spangler, S. B.:
e B Calculation of Static Longitudinal Aerodynamic Characteristics of STCL
%! ‘1‘ Aircraft With Upper-Surface-Blown Flaps. NASA CR-137646, 193,..
if;':;
P
Lo
te
}t.
|
v
i {
i
|
=\'.
Do f
I f‘
{
423 |
i
y



*' '“;— il ol o 7 l e
'?wﬁ_l__ | li:__;}-;‘:l;lL Vi i B o b
M =i

RN

o ——

§ USB FLAP
(—_T
oy

-C-

|

FLAP
DOUBLE-5LOTTED — \ / ’
FLAP f

(b) Chordwise sections.

Figure 1.- Test configuration.
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Figure 6.- Effect of angle of attack on spanwise loads.
C, = 2.5; 8 = 72°% &84 = 50°.
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Figure 7.- Effect of flap deflection on spanwise loads.
Cu = 2,5 u=10° (nominal).
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Tigure 8.- Effect of one engine inoperative on spanwise loads on
right wing. a = 10° (nominal); d&f = 329; Ga = 20°;
Cy = 1.0 per engine.
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Figure 9.- Measured and calculated spanwise loads.
o = 10° (nominal); &8¢ = 72°; &, = 50°.
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