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HYBRID UPPER SURFACE BLOWN FLAF PROPULSIVE-LIFT CONCEPT
FOR THE QUIET SHORT-HAUL RESEARCH AIRCRAFT

John A Cochrane® und Robert J, Carros*
Ames Research Center, NASA, Molifett Pietd Uitifomia 94035

Abstroct

The hybrid upper susfoce blowing concept consists of wing-
mounted turbofan engines with s njor pertion of the Tun exbaust
directed over the wing upper surface to provide high levels of
propulsive 1it, but with 2 portion of the far airflow directed over
selected portions of the nitframe to provide boundary luyer con-
trol, NASA-sponsored preliminary design studies identified the
hybrid upper surface blowing concept os ihe best propulsive lift
=oncept to be applied to the Quist Short-Tlaul Resenret Alreraft
(QSRA) that s planned as & flight facility to conduct flight
researzh af Jov! nolse levels, high approach lift coefficients, and
steep approaches. Data from NASA in-house and NASA-sponsored
small and large-scale wind tunpel tests of various configurations
using this concept are presented,

Nomenclature
b = wing span
BLC = boundary layer control
c, = lift coeffictent, El'dé'
Crymg = lift coefticlnt at zero angle of attack
Cly=_ge = lift coefficient at an angle of attack of -2°
CLypax = Maximum lift coefficlent
Cr = rolling-moment cocfficient, mllim;qé—l::mwm.
Ch = yawing-moment zoefficient, Mi’-‘-ﬁ?—:’&m
Cr = thrust coefficient, ﬁ(ﬁsi-‘-nﬂ
C“ = blowing momentum coefficient,
gross thrust from BLC nozzle
qs
L = lift

total pressure at engine nacelle cxit

Pig/Peo = pressure ratio, Tunnel static pressure
q9 . = free-stream dynamic pressure

S = wing arcea

v = yelocity

w/s = wing loading

o = angle of attack

Sp = deflection angle of the trailing edge Nap

* Acrospace Enginecers. Members AIAA

Introduction

Ltatly studies of tow cost propulsivesift research aireraft Jed

to the concent of the hybrid upper surface biowing system. n

this concept, the major portfon of the turbofun exhavst nir is
Blown over the upper surface of the Haps 1o pravide lifs augmens
tution, but a portion of the turbofan air is used for boundary
layer contral, In the various applications of the conuept, the
blowing for the boundary layer control may be applicd to the
leading edge, the fap knee, the Nap trailing edge, the pileron, or
to combinations of these lovations, Figure } shows the arrange-
ment of this type of hybrid upper surface blowing system
schematically.

The Quiet Shord-laul Reseurch Alreraft (QSRA) Isa
propulsive-lift aircraft intended to be used as a fucility lor
terminal area operations fight research directed toward the
development of deslgn and certification criteria, It is 4 modifi-
cation of the C-8A Bulfalo and uses four YF-102 turbofan engines
and an advanced propulsive-lift wing, Feafures of the QSRA
include 2 steep approach capability st high Nt coefficients and
at Jow noise Jevels with margins for safe engine-out operation.

Preliminary design studies, siunmarized in references 1 and
2, identified the hybrid upper surface blowing system as the pre-
ferred propulsive-lift concept for the QSRA,

Small and larpe-scale experimental programs were initiated
to study the acrodynamics of these concepts for upplication to
the QSRA. This paper reports some ol the resulls of these
experimentnl programs,

Small-Scale Hybrid Upper Surface Blowing Tests

A series of small-scale wind tusinel tests of the trailing edge
blowing version of the upper surface blowing (USB) concept was
conducted by the Lockliced-Georgla Campany. The tests were
conducted under contract to Ames Research Center and are
reporicd in reference 3. Figure 2 is a photograph of the model
used in these tests and Fig, 3 presents the principal dimensions
of the model. Slgnificant daia concerning the effests of nacelle
chordwise location, nacelle nozzle configuration, flap knee
blowing, and fap trailing edge deflection were obtained,

Figure 4 summarizes the resuits of a series of tests to study
the effect that USB exhaust nozzle chordwise position has on
1ift coefficient. For the three positions tested, the effect was
small but showed that a forward location resulted in a higher 1ift
coefficient, Configuration studies showed that structural and
balance considerations limited how fur forward the nacelle/
engine could be located, and, since the acredynamic eifect Is
small, these factors would predominate In the selection of a
chordwise location. All other factors being equzl, however, a
forward location would be preferred. Figure 5 shows the results
of a study of the effect of various nozzle configurations. The
basfc nozzles were rectangular in cross seetion with an aspect ratio
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of 4.0, A dellector plate was attached to the fop surface of the
exit posze amd tested at dellections of 0%, 10°, and 20%, These
defleetions resubied in “kickdown® smples of 20°, 30°, vnd 40°,
respeetively, [ nddition, the nozzle was tested with the delegtor
setat 107 and with side plates added to inhibit spanwise ltow.
The dati showed that the plates used to inhibit spanwise spread-
frigg were detgimental to performance and that the higher nozzle
ellector plate deflections improved yerfonmance. This Is believed
to be due to spreading of the Jet efflux which results in o more
lavorable rtjo of Jet hieight to flap radivs, Low vilues of this
pargmeter have been shown to improve turning of the jet eftlux.

The effect of varlous teailing edpe 1Tap blowing srrangements
is summarized in Fig, 6,

Variation number 1 was a conventional upper surface blow-
Ing arrangement and varintions 2, 3, and 4 consisted of USH in
combiuation with internal blowing at the flap knee, at the lap
frafling edge, and 5t both of these locatlons simuttancously,
Data were taken for nozzle pressire ratios ranging from 1,2 (o
1.6, The effect of pressure ratio at n constant value of thrust
cocfficient was found to be negligible. As shown in Fig, 6, the
greatest improvement In lift coefficlent occurred as a result of
internal blowing at the flop knee. Data presented later in this
paper, and the results of other studies, indicate that this phenom-
enon Is configuration-sensitive and that foap-knee blowing would
not result in large increases in it coefficient for USB systems In
which the ratio of jet height to flap radius is small, An advantage
of flap-knee blowing is that smnller radius flaps may be used In
order to simplify struetural and mechanleal desipn, As will be
shown later, other techniques are also available to permit the
use of smalter flap radii.

Figure 7 shows the ¢ffect of deflection of 4 small control
flap, located at the trafling edge of the main Aap, for various
thrust coefficlents at an angle of attack of 0%, A Mup of this sort
Is useful as a Night path control device because it has relatively
low hinge moments and can be actuated ot high rates.

A comparison of the slopes of the lines for the three thrust
coefficients in Flg, 7 shows that the elfectiveness of the control
flap increases with Increasing thrust coefficient, The basic Jata
from which Fig. 7 was derived showed that at a thrust coefficlent
of zero (no USB blowing) the control flap was almost com-
pletely ineffeetive, Thus, the mechanism by which the control
flap provides flight path contro) Is primarily one of vadation in
the flow tuming angle and is thus equivalent to thrust vectoring.

Large-Scale Hybrid USE Tests

Based on the above results, an existing 42-( wing span
model was modified for a large-scale {est of the flap-knee,
boundary-layer-control (BLC) version of the hybrid USB
<icept.

A pliotogrdph of this model is shown in Fig. 8 and the
principal dimensions are given in Fig. 9. The mode! was powered
by five JT15D-] engines. Four of the engines were used to pro-
vide for conventional upper surfuce blowing and the fifth engine
was used to provide for independently variable flap-knee BLC,
The aileron was undrooped and was not blown, Fixed leading
edge slats were provided as was a variable control flzp at the
trailing edge of the main flap. The USB engine nozzles were
configured to represent a nozzle using a sepatate core exhaust
{split flow) that was nol tumed with the main *fan" flow;a
special nozzle was required to accomplish this singe the JT15D-]
engine is a mixed flow engine. The results of this test program
are presented in reference 4.
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The objective of the largescale tests was to evaluate the
effect of various conligusations oy perform anve, with partivalur
emphasis on engire-out performance. Initiv) testing was dirccted
al detenmining the optinnm nozede dedlector plate position. T
ure 10 shows the result of this evalation wite Uw mumber 4
vagine inoperative, These dutd show that inerensed deflector plate
deBection improved the available 1ift coetfizent amd also reduced
the engine-ont rolling moment. With ull ergings opuerative, shere
wats o similar inerease in LN coefficient bat, of course, there were
no asymmetric lift forees 1o generate o olling moment. As dis-
cussed wiglier in connection with the smallsuale tests, the ligher
dellector plate deflections appeor to provide o more faverahle
ritio of jet helght to Map radius, thus improving (ow turming;
improved flow turning resnlis in the higher lift coefTicient, The
spreqding of the Mow (wilch reduces the jet heigt) also improves
spanwise distribution i the engine-out case snd thereby reduces
the engine-out rolling moment,

An investigation was made o determine the effectiveness of
Nap-knee BLC, Flgure 11 presents the results of this investigation
for the all-cngines-operative case at a thrust coefTicient of 2.0 and
for two main Aap deflections. At the low Nop deBection (repre
sentative of o takeotT Nop setting), the effect of DLC (Cy = 0.14)
on lift coefficlent was negligible. lowever, at the high flap
deflection (representative of o landing Nap setting), a substantisl
improvement in [ift coefficient was observed nt Cp=0.13, Fige
ure 12 shows the effect of BLC (Cy = 0.17) lor the sume Oap
deflection and thrust coefTiclent, but with the number 4 enpine
inaperative, 1n this case the improvement In lift coefficient is
less but the stalling angle of attack has been Increased and both
rolling and yawing moiients have been reduced. Figure 13 §s
similar to Fig. 12 except that thrust coefficient has been reduced
to a value of 1.0, €y =0.084, and the trafling cdge control flap
l1as been defiected 20°, This is the equivalent of a greater maln
flap deflection und a more severe turning requirement. In this
case, & greater improvement in {ift coefficient oceurs but of more
Importance are the relatively large reductions in rolling and yaw-
fng moments. These data show that flap-kuee BLC can be bene-
ficinl, but that the benefits to be derived are highly confipuration-
dependent.

As with the small-seale miodel, the use of o trailing edge Nap
Tor flight path control was investigated, Figpure 14 shows the
variation In flight path angle as a function of control flap deflec-
tion for o thrust cocfficient of 1.0 at an nngle of attack of 0°, A
comparison of these data with the data presented in Fig. 7 shows
that for the same thrust coefficient (C = 1.0), the control flap
was more ¢ffective on the smoll-senle mode] than on the large-
scale model, This Is probably due to the differences in configura-
tion, particularly ftap deflection (607 vs 82°). 1t should be noted
that the “nominal™ flight paths shown in Figs, 7 and 14 are not
as steep as those normally envisioned for STOL aircraft during
approach. This is becausc of the fact that the models were not
configured as complete sireraft and, therefore, did not have all
of the sources of drag that would be present in an netual aircraft,
In the large-scale model, for example, there was no landing gear
or horizontal tail and the model was untdmmed longitudinally.
The QSRA studies! 2 showed thot steep approaches can be
achieved at approach speeds that are compatible with short field
operation (G0 to 70 knots) when the drag of an appropriately
configured airplane is accounted for,

Small-Scale Semi-Span Hybrid USB Test

A smallscale wind tunnel test program was conducted by
The Boeing Company to determine the effectiveness of voriex
generators and internal blawing BLC to improve the engine
exhaust jet turning aver the USD flap system. Results of the



test, which was conducted under contrict 10 Ames Reseirch
Cuenter, uee reporded i reference 5. Figure §5 is u pholograph
und Flg. 16 [s a sketch of the modet used in this test, The jet
exhiust nozzle was i low uspect rtio eraise type.,

Installation of vortex generators in the engine exhaust just
forwurd of the USB Iap knee resulted in o significant increuse In
1 coeflicient us shown in Fig. 17 for @ Nop setting representstive
of u typlead approach/landing configuration, ‘The ¢ffectivencss
of the vortex penerators knproves with Incrvasing jet energy. For
exsmple, vortex generators increase Cp, by 1,0 at approach
thrust and, at high thrust levels (CT = 3.0), the CL improvement
[s 2.3, The lift coefficient levels are compared at a==2° 10
avold nonlinearities in CL vs o and to represent the higher
geometele angles of ottack of Interest since angle of attack, In
this quasi-two-dimenslonal test configuration, represents much
higher angles of attack for a three-dimensional case becouse vortex
effects on downwash are minimal with this model{/tunnel copfigu-
ration, The increased Cf, [s partly due to improved flow attach-
ment over the USB flap and partly due to spreading of the fet
exhaust by the vortex generators. Both the jet spreading effect
and the improved jet tuming can be seen in the oll flow photo-
graphs of reference 5,

Compared to vortex generators, BLC blowing at the knee
of the USB flap was less effective except at low engine power
settfngs. Figure 18 shows that Cp, increased by about the same
amount at approach thrust for botl methods of boundary layer
control; however, C,, improvement was oply 0,6 at Cr=3 for
BLC blowing at the flap knee.

A comparison of boundary layer control when using vortex
peterators and when using blowing at the USB fiap knee is shown
in Fig, 19 for a Nap setting of 35°/60°, The tw - .1cthods show
an equivalent improvement in Cp, at approach Limist and show
an advantage in using vortex gencrators at the higher engine thrust
levels, Blowing BLCat the aft USB flap segment was also investk
gated, The results, presented in Fig. 20, show that blowing at this
focation was more effective than blowing at the flap knee and was
more cffective than vortex generators at approach thrust power
settings; vortex generators are shown to be superior BLC devices
at high power settings. 1t should be noted, however, that ducting
air to achieve blowing at this aft flap segment is very difficult
in an actual aircraft, Blowing at the aft Nop location is superior
to blowing at the flap knee because blowing at the aft flap segment

adds omentun 10 the jet flow in sn area where tie bowdary
laydr is close Lo separation,

Presented in Figs, 21 and 22 ane outboard enginerout duta
that show USH blowing to be more effective in improving the
lift than vortex generstors. This Is due mainly to the BLC blow-
fng enbaneing tie Naw qualities in the Dap region located behind
the inoperative engine, The combined use of vortex generitors
andl blowlng at the Nap Kiee fucther improves the Jift, bs shown
in Pig. 22,

Concloding Remarks

Three secles of wind tunnel tests were completed to provide
basie data on the characteristics of several varfations of the hybsd
upper sutface blowlng concept. These data show thal the hybrid-
USB concept can provide improvements In perforinance und
reductions In engine-out rolling and yawing moments, However,
the characteristics observed are highly configuration-sensitive,
Accurate prediction of the ¢ waracteristics of 4 specilic configura-
tion will require wind tunnc| tests of a representative powered
model,
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