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Aerodynamic Characteristics of the External USB Powered
Lift System Using Side Fences for Enhancement of |
Coanda Flow Attachment

Masataka Maita* Hirotoshi Fujieda**, Shigemi Shindo*
ABSTRACT

The fundamental aspects concerning the effect of side fences on powered lift
augmentation for the external upper surface blowing propulsive-lift configuration, as
ascertained by wind tunnel experiment, are presented in this paper.

From the comparisons of aerodynamic performances we have made of configurations
using side fences and of those using either vortex generators or using no special devices,
we conclude that the USB propulsive-lift concept using side fences for enhancement of
engine exhaust flow attachment has promising potential for attaining very high and
efficient powered lift performances.
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By The nozzle kickdown angle, angle
NOMENCLATURE between horizontal and top surfagclze
. internal leaving angle, [deg.]
ARe ASPe_Ct. ratio defined as nozzle area  4p Static pressure difference relative to
A . divided t;y square of nozzle ambient pressure Pg
height h, A/h®. Cp Pressure coefficient defined as AP
* Noise and Emission Research Group divided by jet dynamic pressure at
* VISTOL Aircraft Research Group nozzle exit, AP/0.5 Ujet
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One engine inoperative (Inboard
engine out)

One engine inoperative (Outboard
engine out)

Simulator-engine’s fan rotor speed,
[rpm]

Axial force

Vertical force

Static thrust force based upon
engine calibrations with flaps re-

moved, T = +/Fyn? +F,?

USB flap deflection angle, [deg.]
Jet turning angle, [deg.]

Jet turning efficiency

Angle of attack, [deg.]

Free stream dynamic pressure,
0.50U%

Wing area

Mean aerodynamic chord of wing
Lift coefficient defined as lift force
divided by free stream dynamic
pressure times wing area, Lift/qS
Drag coefficient defined as drag
force divided by qS

Pitching moment coefficient de-
fined as pitching moment divided

by qS¢

G Thrust coefficient defined as engine
thrust T divided by qS

Y Flight path angle, [deg.]

CLmax Maximum lift coefficient

INTRODUCTION

The design of a short takeoff and landing
[STOL] aircraft requires high values of maxi-
mum lift with appropriate lift/drag ratios. Exter-
nal upper surface blowing is one of the primary
concepts for producing the powered high lift
required for STOL operations. Powered Ilift
augmentation during low speed STOL operations
is derived by deflecting the turbofan engine
exhaust flow downward adjacent to the wing/
flap upper surface by Coanda principles?

One of the difficulties with USB-STOL air-
craft relates to the attachment of the engine
exhaust flow to the wing and extended USB flap
surfaces during low-speed operations.

Some of the important parameters governing
jet exhaust turning characteristics are the thick-
ness of wall jet and the radius of curvature of the
flap upper surfaces, which are directly dependent

§)/8¢
1.0 |
KHI @
NAL-USB O
vc-14 O
Kickdown angle
By = 25° 6) = Turning Angle
u 51 = Flap Deflection
0.5
° Angle
ﬁu =15
ﬁu = 100
L 1 " 1 1 1 1 i
1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

ASPECT RATIO ARe

Figure 1 Effects of USB Nozzle Geometries (Nozzle Aspect Ratio, Nozzle
Kickdown Angle) on Jet Turning Angle.
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upon the USB nozzle wing/flap geometry. The
major aerodynamic design efforts in the USB
configuration, powered by high-bypass ratio tur-
bofan engines, have been directed to the area of
the engine nozzle and the USB flaps.

At low speed, a relatively wide and thin
exhaust jet results in better flow attahcment and
hence powered lift augmentation, which is usual-
ly accomplished by designing the turbofan-engine
nozzle exit geometry to have a higher aspect
ratio with a higher nozzle kickdown angle. (cf.
Figure 1)

In general, optimal USB designs which will
enhance the exhaust flow attachment at low
speed STOL operations will degrade overall
efficiency at a high speed cruise operation. A
high aspect ratio nozzle increases nacelle cruise
drag and/or high-kickdowned USB nozzle designs
will result in cruise drag penelty associated with
the nozzle Boattail flow separations) as shown
in Figures 2 and 3. (cf. Braden et.al) To
overcome the problem of these two incompatible
design demands, several flow attachment devices
which are retractable during cruise operation

2.4

i

have been developed for USB-STOL applications.
Vortex generators and USB nozzle side doors on
the YC-14® are typical examples.

Vortex Generators developed by Boeing Com-
mercial Airplane Co., however, have revealed
some defects in their performances. One particu-
lar problem is that installation of YVortex Genera-
tors resulted in noise increase and thrust losses.
Also retractability of 4 Vortex Generators per 1
Turbofan engine during takeoff and cruise opera-
tions require several actuator mechanisms which
bring in the additional structure complexity
and/or weight penalty.

Following the concept of “the simple the
better”, and to fullfill aeroacoustic design
demands that attachment devices should bring
about efficient powered lift with aerodynamical-
ly cleaner flow deflections®, we have developed
side fences as an alternative solution for enhanc-
ing Coanda attachments applied to the USB-
STOL propulsive-lift system.®

As could be observed in the flow visualization
photographs of 1 and 2 (by tufts), mechanisms
of enhancing Coanda attachment by side fences

Nozzle Pressure Ratio = 1.85

1 |

0 10

[Mg = 0.68 CL = 0.40]

)
30 40 50 [“deg]

Nozzle Boattail Angle

Figure 2 Effect of USB Nozzle Boattail Angle on Nacelle Drag Ratio to Bb=6°

1.0
ACp/aCp
ARg = 1.25

0.8\ ~ s

\_o,.,’ Nozzle Pressure Ratio= 1.85 @
2200
0.6 123 L L { ! |
1.0 2.0 3.0 4.0 5.0 6.0 ARe

Nozzle Aspect Ratio

Figure 3 Effect of USB Nozzle Exit Aspect Ratio on Nacelle Drag Ratio to ARe =1.25
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which results in efficient jet turning without
much loss of engine thrust, and does not neces-
sitate retraction during cruise operations which
will avoid the additional complexity of USB
system structures.

In the present paper, we attempt to sum-
marize the principal results and conclusions
concerning the effect of side fences on powered-
lift aerodynamic performances as ascertained by
wind tunnel experiments, together with pre-
liminary experiments.

Ambient air flowing in PRELIMINARY STUDIES

and under the exhaust,
causing separations on oo . )
flap As preliminary studies, a number of static

experiments on the aerodynamic characteristics

Flow Visualization Photograph 1 of side fences have been undertaken. The model

Without any devices

assembly used in these preliminary studies was
designed by scaling down to exactly 8 percents
of the NAL Quiet STOL Aircraft’s USB powered

Flow separations on
flap being disclosed
by Side Fence

Flow Visualization Photograph 2
With Side Fences installed

and vortex generators may be qualitatively com-
pared as follows: the installation of side fences
prevents ambient air, which causes exhaust flow
separation, from flowing in and under the jet
exhaust, while vortex generators, which are
installed on wings at an incidence angle of about
30°, prevent it by directing the exhaust flow

toward regions where the flow separates to create Rear View
an outward velocity component. Side fences are Figure 4 Basic Model Configuration used in
installed essentially parallel to the exhaust flow, Preliminary studies
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Figure 5 Experimental model setups for preliminary studies

lift system and the turbofan engine exhaust was
simulated by a compressed air jet. Photographs
of its basic model configuration are shown.

Axial and normal forces exerted by wing and
flap, and USB nozzle thrust were measured by 6
Load Cells (cf., Figure 5) from which were then
reduced thrust vectoring performances such as
the thrust turning angle §; and its efficiency 7.
The basic D-shaped USB nozzle exit geometry
has an aspect ratio of 2.64 with a kickdown angle
of 19° as shown in Figure 6. Some experiments
were conducted for cases using different kick-
down angle nozzles, ie., modifications of the
basic nozzle §,;,=19°, as illustrated by Figures 6
and 7, to compensate for the kickdown effects
on Side Fence. Thirty-eight static pressure ports
were provided on the main-wing and USB flap
upper surfaces and their locations are presented
by Figure 8 and 9.

Spanwise static pressure profiles [correspond-
ing pressure ports positions from 21 through 36]
are presented in Figure 11, 12, 13 and 14 for the
case 8f=60° configuration, 8;=19° nozzle geom-
etry with different exhaust flow attachment
devices, i.e., Side Fences, Vortex Generators and
no device respectively. In the figures, the static
pressure difference AP relative to the ambient Py

23.1

ﬂu_l_
T

sh

Modifications of a basic nozzle to higher

F. | 6h o
19{ 0 )
2271 1.2 11039
235 | 1.9 | 693
29 | 446
Figure 6 USB Nozzle Geometry
Kickdowned nozzles
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Figure 7 USB Nozzle Exit Geometry
Corresponding nozzle exit shapes to Figure 6
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STATIC PRESSURE PORTS ON WING/FLAP
Figure 8 Locations of static pressure ports (38 points) on Wing and Flap
upper Surfaces

NO WSTA wC NO WSTA FC
1 92.0 187.0 19 92.0 89.0
2 92.0 145.0 20 305.44 98.0
3 92.0 103.0 21 20.0 64.0
4 232.44 103.0 22 52.0 64.0
5 305.44 103.0 23 72.0 64.0
6 378.44 103.0 24 92.0 64.0
7 92.0 61.0 25 112.0 64.0
8 305.44 61.0 26 132.0 64.0
9 92.0 19.0 27 164.8 64.0

10 112.0 19.0 28 178.0 64.0

11 132.0 19.0 29 218.0 64.0

12 164.8 19.0 30 231.2 64.0

13 178.0 19.0 31 265.44 64.0

14 218.0 19.0 32 285.44 64.0

15 231.2 19.0 33 305.44 64.0

16 265.44 19.0 34 325.44 64.0

17 285.44 19.0 35 345.44 64.0

18 305.33 19.0 36 380.04 64.0

37 92.0 19.0
38 305.44 19.0

Figure 9 Locations of static pressure ports in terms of Wing Station [WSTA]
and Wing and Flap chord [WC, FC]
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Figure 10 Data comparisons based upon a pressure coefficient Cp by different nozzle
set-up velocities, for the same configuration basis.
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Figure 11 Spanwise Cp profiles of Side Fence (thick solid line) being compared with
Cp of no-device case (thin solid line) for one engine operative.
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Figure 12 Spanwise Cp profiles of Side Fence case for both engine operative AEO,
compared with Cp for one engine operative OEI (In), OEI (out).
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Figure 13 Spanwise Cp profiles of no-device case for both engine operative AEO,
compared with Cp for OEI (In), OEI (Out).
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Vortex Generators

5§=60" By =19°
Outboard Engine Inboard Engine
2gAP Centerline Cent|erline
YU?jeq g I~ % ]
0.4 { ] Vortex Generators
- 03F o AEO
e OEI(In)
a OEI (Out)
-0.2F
—0.1F
N
00— a1 Al ool A,,Q/]'j 1 A~P\¢1— i e A PNt Lo 4

380 360 340 320 300 280 260 240 220 200 180 160 140 120 100 80 60 40 20 O

385.8

USB Flap Wing Station
(WSTA)

Spanwise Static Pressure Profile

Figure 14 Spanwise Cp profiles of Vortex Generators case for both engine operative case
AEO, compared with Cp for OEI (In), OEI (Out).

were nondimensionalized by the nozzle exit
dynamic pressure O.SpUJ?et as the pressure coeffi-
cient Cp. Data comparisons based upon a pres-
sure coefficient Cp avoid the error caused by the
nozzle exhaust velocity set-up of each respective
case, as shown in Figure 10.

In Figure 11, Cp profiles of Side Fence were
compared with those of no-device for one engine
operative OEIl(In) or OEI(Out). Both engines
operative cases [AEQ] are represented by thick
solid lines in Figures 12 and 13. Side fences
produced higher negative Cp profiles compared
with no-device or Vortex Generators (cf. Figure
14).

The tendency for two' separate low aspect
ratio nozzle exhausts from the outboard and
inboard engines to appear to combine into a
single high aspect ratio nozzle exhaust flow was
found except for Vortex Generators, where static
pressure recovery occurred in the portions be-
tween the two jets [WSTA around 180—-240].

Qualitative explanations concerning the roles
of Vortex Generators on exhaust flow attach-
ment mechanisms were as follows: i.e. Vortex
Generators, installed on wing surface with an

incidence angle of 30° or so, directing the
exhaust flow toward regions where the flow
separates, to create an outward velocity com-
ponent which then prevents ambient air from
flowing in and under the jet exhaust; thinned jet
thickness enhancing Coanda attachment; the
rotational velocity components of the vortices
scrubb boundary layer air from the flap surface
[Boundary Layer Control]; Entrainment effect
by the inwardly rotating large-scale vortices. One
and/or some of the above cited mechanisms were
assumed to be caused by Vortex Generators,
themselves.

However, as shown in Figure 14, due to thrust
losses by Vortex Generators themselves, negative
Cp values were reduced and directing exhaust
outward by one pair of vortex generators re-
sulted in prevention of the neighbouring vortex
generators’ role, thus cancelling out the respec-
tive neighbouring vortex generators’ roles, i.e. for
example, outwardly directed exhaust flow by the
right-side pair of vortex generators of the out-
board engine and the left-side pair of vortex
generators of the inboard engine are opposite in
direction respectively which thus deteriorates

This document is provided by JAXA.
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Outboard Engine
Nozzle Exjt

0 Side Fence
® Vortex Generators
{Single Flap)
& Side Fence
4 Vortex Generators
a No-device
{Fore/Main Flaps)

Outboard Engine

& =60"
By=19"[Single Flap]
By=22"[F/M Flaps]

\{ Fore/Main Flap

Single Flap
Trailing Edge*

Tratling Edge’

CHORDWISE STATIC PRESSURE PROFILE

{Engine Centerline]

Figure 15 Chordwise Cp profiles outboars engine centerline

both roles as has been found in Cp recovery
occurring in the portions near WSTA 180—240.

Chordwise static pressure profiles in terms of
a pressure coefficient Cp are presented in Figure
15, comparing Side Fences with Vortex Genera-
tors. Solid lines denote Cp profiles along a single
flap (8r=60° flap setting) while dotted lines
denote profiles along fore and main double flaps
(also 6f=60° setting; note that the double flap
perimetric length over flap upper surfaces is
longer and its trailing edge corresponds to the
position 2, given in Figure 15). It is of interest to
note that a single flap configuration possibly
resulted in lesser negative pitching moment than
double flap configurations, which eased the
longitudinal trim by tail planes, because the
aerodynamic center on a single flap (near 1/4
chord) located more forwardly than that attained
by double flaps, while lift forces, being propor-
tional to integrals of Cp over surfaces, were
approximately equal for the same turning angles
8;.
In Figures 16,17,18 and 19, thrust vectoring
performances are presented for cases of flap
setting §f=60°,55°,40° and 62° respectively
where the jet turning angle ; in degrees and the

Vertical Force/Nozzle Thrust
90° 80°

5£=60° By=19°

o Side Fence
& No-device
e Vortex Generators

1.0

0.9
0.8
0.7
0.6
0.5+
0.4r
0.3r
0.2

0.1

0 0.1 02 03 0.4 05 06 0.7 0.8 0.9 1.0
Axial Force/Nozzle Thrust
Thrust Vectoring Performance
Figure 16 Thrust vectoring performances for
flap setting ¢ = 60°, USB nozzle
kickdown angle of 19°,

thrust turning efficiency nj are expressed in polar
coordinates while in Cartesian coordinates, lift

force divided by nozzle thrust(y-axis) and drag
force divided by nozzle thrust (x-axis). Side
fences attained higher turning angles and better
efficiencies for all cases compared with Vortex

This document is provided by JAXA.
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Vertical Force/Nozzle Thrust

&p=55%"
O Side Fence g,=19"
& No-device §;=19"
® Vortex Generators £,=19"

90* .
80
1.0

0.9

0.8
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0.3
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0.1

o 0.1 Oh.lli 0.I4 0.15 0.6 6.7 0.8 0.9 ].00.
Axial Force/Nozzle Thrust
THRUST VECTORING PERFORMANCE
Figure 17 Thrust vectoring performances for
flap setting §f = 55°, USB nozzle
kickdown angle of 19°.

Vertical Force/Nozzle Thrust 57=40° gy =19°
o Side Fence

90° 0° & No-device
1.0 8 e Vortex Generators
0.9
0.8
0.7
0.6
0.5
0.4

20°

0.3
0.2} 10°
0.1

i . ; N : 0°

0 0102 03 04 05 06 0.7 08 09 1.0

Axial Force/Nozzle Thrust

Thrust Vectoring Performance

Figure 18 Thrust vectoring performances for
flap setting §f = 40°, USB nozzle
kickdown angle of 19°,

Generators as has been suggested by Cp profiles
data.

The tendency for the thrust defection without
any attachment devices to become comparable to
Side Fences for lower flap setting configuration
5=40° was due to an increase in radius of

0.7

0.6

0.5

0.4

6.3

0.2

0.1

5r=52.

Vertical Force/Nozzle Thrust o Side Fence 3,=19'

o Side Fence 3,=23.5"

a No-device 8,=19"

& No-device R,=23.5"

¢ Vortex Generators 8,=19"
o Vortex Generators 8,=23.5

¥ 1 i 1 1 0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Axial Force/Nozzle Thrust

THRUST VECTORING PERFORMANCE

Figure 19 Thrust vectoring performances for

flap setting §f= 62°, USB nozzle
kickdown angles By = 19° and 23.5°.

Vertical Force/Nozzle Thrust

90°
1.0

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2+
0.1

: 0°

0 0.1 02 0304 0506 07 08 09 1.0

Axial Force/Nozzle Thrust
Thrust Vectoring Performance

Figure 20 Thrust vectoring performance (jet

turning angle 6 in degrees and the
efficiency nj being expressed in polar
coordinate, lift force (y-axis) and drag
force (x-axix), both divided by nozzle
thrust being expressed in Cartesian
coordinate.
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curvature of wing/flap upper surfaces which thus
enhanced a Coanda effect by itself and made side
fences no longer necessary. Figure 21 presents
the effect of inboard and outboard engines thrust
ratio X on thrust deflections. The Inboard engine
being located farther forward in chordwise than
the outboard engine due to a swept back main
wing, its exhaust produces higher scrubbing drag
over longer flow path lengths as shown in Figure
22. When X takes a value greater than unity (i.e.
inboard engine thrust being greater than out-
board engine thrust), the turning efficiency nj
tends to deteriorate. However, the jet turning
angle §j tends to be improved which is thought
to be the adjustment effect of the two jets’
velocities (the flow path lengths of the inboard
side exhaust jet are longer by approximately 2h,
where h is the USB nozzle exit height length, and
hence its velocity is under more a decayed stage
than the outboard jet’s) in view of the basic
concept that two separate low aspect ratio nozzle
exhausts appear to act as a combined single
higher aspect ratio nozzle exhaust which en-
hances the Coanda effect.

By sensing static pressure ports on the Side
Fence as shown in Figure 23, Cp profiles were
investigated. Figure 24 presents Cp profiles and

Vertica! Force Nozzle Thrust

Side Fence
Gr=62" 3,=22"

N=Thrust{, Thrust,,,

0.4
0.3
0.2

0.1

L 1 1 1 | 0’
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Axial Force Nozzle Thrust

THRUST VECTORING PERFORMANCE

Figure 21 Thrust vectoring performances for
flap setting 6= 62°, USB nozzle

kickdown angle of 22°.

their contours on a side fence for the flap setting
8f=60° configuration with the nozzle kickdown
angle $,=19°. Results were of great importance
in determining the optimum geometry of side
fence. Higher negative values of Cp occurred in
the vicinity of small radius of curvature portions
indicating that the side fence plays its dominant
role there. It might be possible to reduce the
heights of side fence near flap trailing edges or
wing trailing edges as suggested by the lower
negative values of Cp. And also the necessary
heights of the side fence depend upon the USB
nozzle kickdown angle fy. Where fy=26° (cf.
Figure 25) corresponding Cp contours shifted to

Kickdown AEO OEI (In) OEI (Qut)
Angle gy Dg Dg Dy
19° 3.79 2.89 3.81
23.5° 4.22 3.22 4.27

26° 4.44

19° 12.19 With Vortex Generators

AEO All Engines Operative
Dg Scrubbing Drag to Jet Thrust at 26.1kg

OEI (In) Inboard Engine Inoperative
Dy Scrubbing Drag to Jet Thrust at 13kg

OEI(Out) Outboard Engine Inoperative
D¢ Scrubbing Drag to Jet Thrust at 13kg

Figure 22 Scrubbing drag over wing surfaces

o [Static Pressure Ports on Side Fence]

Figure 23  Locations of static pressure ports on
Side Fence
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smaller portions. These tendencies were quite
reasonable because a higher kickdowned USB
nozzle brought the exhaust jet flow spreading
outwardly so that its wall jet thickness became
thinner which enhanced the Coanda parameter
and the side fence tended to play a lesser role.

STATIC PRESSURE PROFILE ON SIDE FENCE
Figure 24 Cp profiles on Side Fence for

8f=60°, By = 19° Outboard
engine side

Static Pressure Profile on Side Fence

Figure 25 Cp profiles on Side Fence for

5f=60°, Bu = 26° configuration.

Outboard engine side

WIND TUNNEL EXPERIMENT

A research program has been undertaken at
the National Aerospace Laboratory [NAL] to
determine the effect of side fences on the
powered lift aerodynamic characteristics of a
four-engine USB configuration. The 8%-scale
semispan model used in this study simulates the
NAL Quiet STOL Research Aircraft (cf. Figure
26) which has a nominal quarter-chord wing
sweep back angle of 20°. The inboard and
outboard engine nacelles are located at 23.8
percent (Wing station, WSTA=92) and 79.2
percent (WSTA=306) of USB flap span (385.8

—— 10178 FJ

Figure 26 General View of NAL Quiet STOL
Research Aircraft

This document is provided by JAXA.



14 TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-686T

mm), and 40.0 and 36.6 percent of wing chord
respectively.

Simulator engines equipped with D-shaped
exhaust nozzles (ARg=2.63, By=19°) were
supplied with high pressure air from the fuselage
and control valves to permit simulation of the
exhaust flow characteristics of turbofan engines.

A photograph of the wind-tunnel installation
for the basic model configuration is presented in
Figure 27-(1),(2).

The engine static thrust calibrations to deter-
mine the thrust as a function of engine reference
pressure were carried out prior to testing with
the engines installed on the half-model and with
the USB flaps and the main wing trailing edge
plates removed. The static thrust was computed
as the resultant of the normal and the axial

Figure 27 — (1) A photograph of the wind
tunnel installation for a basic
model configuration.

x s

Side f(mues‘

Figure 27 — (2) Basic model configuration with
side fences installed.

forces.

The thrust coefficients Cj stated in nomencla-
ture for the wind-on aerodynamic tests were
determined from the summation of the static
thrust of the inboard and outboard engines based
on the engine reference pressure recorded at
wind-on data points.

The tests wre conducted with the horizontal
taill removed. The static performances were
measured at an angle of attack of 0° for the USB
flap configuration, 8 =60°. Wind-on aerodynamic
tests were conducted with several values of thrust
coefficients Cj which were held constant as the
angle of attack « was varied through an range of
—10° to approximately 35°. Aileron and Wing
leading edge boundary layer controls were in-
corporated to delay the wing stall toattain higher
maximum lift.

The locations of the five side fences installed
are at WSTA=40, 147, 200, 254, and 360
respectively. The height of the side fence is 15
mm which is approximately 30 percent of the
maximum height of D-shaped USB nozzle, h.

Figure 28 shows the effect of side fences on
static jet turning performance for the USB flap
configuration, 8=60°, compared with the typical
deployment of vortex generators (with an in-
cidence angle of 30° and an aspect ratio [chord
to span] of 2.5). The results are presented in
terms of the jet turning angle §; as functions of

8 =60"
100" Single Double
flap flap
Turning O Side fences
Angle -~&-~  —de—  No device
6, --p-- —m— Vortex generators
-0
_______ o7
0 o i
AW‘

50°

C,=049 C,=0.91 C,=147
L L 1 ' L L

0 10.0 20.0 30.0 40.0 50.0 60.0

N, (10° rpm)
Effect of side fences on the jet
turning performance

Figure 28
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the simulator engine’s fan rotor speed N;. The
installation of side fences provides about 10°
improvement. Also values of the jet turning angle
6j tend to increase with increasing fan rotor
speed, except for the configuration using no
special devices.

Figure 29 presents the customary polar plot

Vertical Force/Nozzle Thrust
Fp=60" By =19
o Side Fence
a No-device
® Vortex Generators

i

Z 1 i \ 0
0 0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 09 1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

Axial Force/Nozzle Thrust

Figure 29 Thrust vectoring performace

.

P
.

1.0}

8y =160"

which summarizes the thrust vectoring perform-
ance at fan rotor speed N; =50000 rpm. The USB
configuration with side fences achieves higher jet
turning efficiency (nj=0.89) compared with vor-
tex generators (nj=0.80). The results are quite
consistent with the preliminary static data.

The aerodynamic characteristics for the cor-
responding USB flap configuration in the low-
speed wind tunnel experiment (Usc=30m/s) as a
plot of the lift coefficient C;, and the drag
coefficient Cp against the angle of attack « are
presented in Figure 30 and 31 respectively. The
data are shown for the thrust coefficient
C=0.49, 091 and 1.47. For the thrust coeffi-
cient C;=1.47, a maximum lift coefficient was
6.62 (side fences), whereas the power-off maxi-
mum lift coefficient was about 2.2. The dramatic
improvement in lift characteristics by the instal-
lation of side fences is shown in Figure 30. Also,
side fences achieved a lift performance superior
to vortex generators; ie., an increase in both
maximum lift coefficient Cy .« and stall angle
of attack can be seen. The wing stall occurred
beyond approximately 19° of attack angle for

Landing flap

Side fences

——— Vortex generators
No device

. Ci=147

Cj=0.91

Ci=0.4g

1 1 ]

1 o
35.0 40.0
ALPHA (deg.)

L
25.0 30.0

Figure 30 Effect of side fences on lift characteristics (£ = 60°, By = 19°)
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8;=60" Single flap No device
Side fences
20l (C,=1.47) /Vortex generators
C (C;=1.47)
? Side fences t— Vortex generators
(C;=0.91) (C,;=0.91)
1.5F Single fences
\Vortex generators
(C,=0.49)
1.0
0.5
— ‘ A ' ) % 00 30 400
-10.0 — 00~ 50 100 150 200 0 , . ]
. ALPHA (deg.)
-05 -/,//
_1'0_
Figure 31 Effect of side fences on drag characteristics (6f = 60°, By = 19°)
8,=60" Single flap
Cu Side fences
Vortex generators
o5+ eeeee No device
-10.0 -5.0 0.0 5.0 10.0 i5.0 20.0 25.0 30.0 35.0 40.0
T T T v T T H T T

Figure 32 Effect of side fences on pitching moment ¢

ALPHA (deg.)

oefficient (6f = 60°, By = 19°)
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the thrust coefficient C;=1.47 with side fences coefficient Cy against angle of attack a for the
configuration (16° of attack angle with vortex landing flap configuration with the horizontal
generators), accompanying sudden increase of tail off. As indicated in the pitching moment
drag coefficients. As indicated in Figure 31, side plots, the USB configuration with side fences
fences induced considerable drag, compared with paid a slight penalty for its superior lift perform-
vortex generators, in the high angle of attack ance; i.e., higher negative pitching moments were
range for the USB flap configuration, & £=60°. observed compared with vortex generators. In
Figure 32 presents the pitching moment view of the results indicated in Cp profiles and
their contours on the inner surface of the side

fence presented in Figures 24 and 285, it is

O e (e possible, by tailoring the side fences, to further

Side fences
Standard fences

Cy fences reduce the size of side fences without deteriorat-

Ay=19" & =60" Outboard Engine
Bu=26" &=60" Outboard Engine
By=26" 8;=60' Inboard Engine

——€P fences

_Standard side fences

00 50 0D 50 100 B0 ®0 B0 ®I B WD
ALPHA (deg)

[STATIC PRESSURE CONTOUR (Cp=—0.1) ON SIDE FENCE }
Figure 33 Comparison of standard side fences

and Cp fences in lift characteristics Figure 34 Geometry of Cp fences

8;=50" Single flap
Side fences

2ol No device
......... Vortex generators

4 1 1 i L { 1

i b 1
-10.0 -50 00 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0

ALPHA (deg.)
Figure 35 The lift coefficient for the landing flap configuration 6= 50°
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ing their performances. Figure 33 presents the
comparison of standard side fences add Cp fences
(cf. Figure 34) in lift characteristics.

Figure 35 presents the lift characteristics for
the landing USB flap configuration &£=50°,
where the configuration without any special
devices attains comparable lift coefficients to
those attained by the configuration with vortex
generators installed. In Figure 36, the lift charac-
teristics of 40° USB double (fore/main) flap
configuration without any special devices are
compared with those of vortex generators. For
such the low flap setting configuration as double
flap 8£=40, it may be of no use to install the flow
attachment device like vortex generators.

The lift-drag polars for the landing flap
configuration §f=60° as shown in Figure 37
indicates that configurations using either side
fences or vortex generators have the positive drag
necessary for descent in the required high lift
range. Based upon the untrimmed C; /Cy, data of

8,=40" Double flaps

Vortex generators

No device

00 50 00 50 W0 10 00 B0 00 Ko 00
ALPHA ideg.)

Figure 36 The lift coefficient for the USB
' double flap configuration §f = 40°

Figure 37, the landing configuration with side
fences installed has better descent capability than
with vortex generators, for example, with the
flight path angle y=—8° and the thrust coeffi-

8, =60° Single flap
a=18°
-Y=8°
—— Side fences
@=20" . Vortex generators
S \”‘\\\ Ci=147
AN C;=0.91
e =049
a=20°
1.0
i 1 1 1 1 i
-0.5 0.0 0.5 1.0 1.5 2.0 2.5 Co

Figure 37 Lift-drag polars for the landing flap configuration
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cient C;=0.91, side fences achieved Cy =5.2 at the
angle of attack a=15°, while in order to arrest
this descent at the same flap setting with the
same thrust in a configuration using vortex
generators, the required approach angle of attack
goes beyond the stall angle of this configuration
with a decrease in Cy (=4.8).

CONCLUDING REMARKS

The fundamental aspects concerning the
effect of side fences on powered lift augmenta-
tion for the external upper surface blowing
propulsive-lift configuration, as ascertained by
wind tunnel experiment using the 8%-scale semis-
pan model of NAL Quiet STOL Research Air-
craft, were presented.

From the comparisons we have made of
configurations using side fences, those using
vortex generators and those without any special
devices, we conclude that the USB propulsive-lift
concept using side fences for enhancement of
engine exhaust flow attachment has promising
potential for attaining high and efficient powered
lift performances. It should be emphasized that
the preceding comparisons are mainly based
upon data of lift-drag and longitudinal aero-
dynamic characteristics, and wind tunnel studies
are to be further continued to obtain data such
as lateral or trim characteristics required for
more detailed quantitative performance com-
parisons.
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