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Effect of Spanwise Blowing on the
Aerodynamic Characteristics of the F-5E

Gary E. Erickson*
Northrop Corporation, Hawthorne, Calif.

A 1/10-scale F-5E was tested to investigate the spanwise blowing concept to provide improved aerodynamic
characteristics with primary emphasis on high angle-of-attack performance and stability. Test data were ob-
tained in the Northrop 7 X 10-ft low-speed facility at a freestream Mach number of 0.18 for a range of model
angle of attack, sideslip, jet momentum coefficient, and leading- and trailing-edge flap deflection angles.
Spanwise blowing on the 32 deg-swept wing from the wing/leading-edge extension (LEX) junction at a nozzle
sweep angle of 55 deg resnlted in LEX and wing leading-edge vortex enhancement and large vortex-induced lift
increments and drag polar improvements at the higher angles of attack. Spanwise blowing improved the
lateral/directional characteristics by delaying wing stall and maintaining vertical tail effectiveness to higher
angles of attack. Deflecting the leading- and trailing-edge flaps down to 24 deg and 20 deg, respectively, delayed
to higher model attitudes the more beneficial effects of blowing. Blowing reduces the specific excess power

available for maneuvering the F-5E.

Nomenclature

Cp = aerodynamic drag coefficient

C, = aerodynamic lift coefficient

Cir =total lift coefficient, including nozzle thrust
components

Cor =total pitching moment coefficient, including nozzle
thrust components

of =rolling moment coefficient

C, =yawing moment coefficient

Cy =side force coefficient

C, =jet momentum coefficient, WV;/8q, Srer

D =total drag force, including nozzle thrust com-
ponents

g = gravitational acceleration

L =total lift force, including nozzle thrust components

M, =freestream Mach number

D, =stagnation pressure at nozzle exit

Do = freestream static pressure

o = freestream dynamic pressure

Set =wing reference area

v =jet velocity due to isentropic expansion to
freestream static pressure ‘

Ve = freestream velocity

T =net engine thrust

W =aircraft weight

w =nozzle-air weight flow rate

o =angle of attack

B =angle of sideslip

S, =leading-edge flap deflection angle

o, =trailing-edge flap deflection angle

oy =horizontal tail incidence angle

" =nozzle sweep angle

Ap =wing leading-edge sweep angle

AC, =drag increment due to blowing, Cp (jet on) — Cp
(jet off)
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Introduction

TABLE leading-edge vortices are characteristic of the

flow over thin, highly sweptback wings at moderate-to-
high angles of attack. This flow situation is illustrated in the
water-tunnel photograph in Fig. 1 and occurs because the
favorable spanwise pressure gradient causes the separated
leading-edge flow to form into a stable vortex over the wing.
For moderately sweptback higher aspect ratio wings suitable
for fighter aircraft, however, these vortex-induced lift
benefits are not achieved due to vortex breakdown over the
wing at moderate angles of attack, as shown in the water-
tunnel photograph in Fig. 2. If vortex breakdown could be
delayed to higher angles of attack, the resulting vortex lift
would significantly improve fighter maneuver performance.

A promising technique that has proven favorable to the
formation and control of the leading-edge vortex on
moderately swept wings is spanwise blowing, illustrated in the
flow visualization photograph! in Fig. 3, which consists of
blowing a concentrated jet over the wing’s upper surface in a
direction essentially parallel to the wing leading edge.
Spanwise blowing artificially induces spanwise flow gradients
similar to those that appear naturally on highly swept wings?-
and effectively delays vortex breakdown to higher angles of
attack. A stable flow can, thus, be maintained over a wider
range of flight attitudes and Mach numbers. Studies which
demonstrate the control of separated flow regions by lateral
blowing have been made by Werlé® and Cornish.’ Additional
research conducted by Dixon et al.,? !0 Bradley et al., 12 and
Campbell* applied the spanwise blowing concept to the
lifting surfaces of various research model configurations and
determined the amount of vortex lift achievable. More recent
studies by Erickson and Campbell'* have determined the
effect of blowing on lateral/directional stability of a general
research model configuration.

The objectives of the current investigation are unique in
that they are designed to provide a comprehensive data base
on the effect of spanwise blowing on the aerodynamic
characteristics of a model of an existing fighter configuration
with particular emphasis on high angle-of-attack performance
and stability and to provide a realistic evaluation of the effect
of blowing on fighter maneuver performance. Accordingly, a
low-speed wind-tunnel investigation was conducted in the
Northrop 7 x 10-ft facility using a 1/10-scale F-5E. Six-
component force and moment data were acquired at a
freestream Mach number of 0.18 for a range of mode! angle
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Fig. 1 Stable leading-edge
vortices on a slender planform;
o =35 deg.

Fig. 2 Leading-edge
vortex breakdown on a
moderately swept wing;
o =20 deg.
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of attack, sideslip, jet momentum coefficient, and leading-
and trailing-edge flat deflection angles.

Wind-Tunnel Model and Apparatus

A three-view drawing of the 1/10-scale F-SE wind-tunnel
model is shown in Fig. 4. A photograph of the model mounted
in the Northrop 7 x 10-ft low-speed facility is presented in Fig.
5.

The two wing blowing nozzles shown in Fig. 4 were 0.132-
in. inner diam stainless steel tubing. The tubing was routed
through each wing at the intersection of the wing leading edge
and fuselage to extend spanwise on the wing upper surface to
the wing/LEX junction. The nozzle sweep angle A, was 55
deg.

Instrumentation and Calibration

Six-component force and moment data were recorded by
means of an internally mounted strain-gage balance. High-
pressure air was routed through stainless steel tubing from
below the model and connected to the blowing nozzles

mounted: on the wing upper surface by means of swage-lock
fittings.
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Fig. 3 Spanwise blowing on a 44 deg swept trapezoidal wing; a=20
deg (from Ref. 1).
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Fig. 4 F-5E three-view drawing (all dimensions in inches).

The jet momentum coefficient C, is defined as:
C,=wV,/8q., S €)]

where W is the measured air weight flow rate and V, is the jet
velocity reached by isentropic expansion from the stagnation
pressure at the nozzle exit to freestream pressure, given by

V; =109.6VT, [1 - (p../p,)?"] @

T, and p, are the measured upstream total temperature and jet
exit total pressure, respectively. In order to insure equal flow
rates through each nozzle, static pressure taps were installed
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Fig. 5 Photograph of 1/10-scale ¥-5E mounted in Northrop 7 x 10-ft

wind tunnel.

-
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Fig. 6 Water-tunnel photograph of 1/40-scale ¥-5F; a) blowing off,
o =24 deg; and b) blowing on, oo =24 deg.

upstream of the nozzle exits and throttle values were used to
equalize static pressures.

It should be noted that wind-tunnel data obtained for
C,=0.02-0.12 correspond to 7-33% of the F-5E engine
airflow for the test Mach number of 0.18. Although these
rates are not viable for the F-5E, these C, values may be
acceptable for future aircraft with engines designed for high
bleed rates with relatively low sensitivity of thrust loss to
engine bleed.

Water-Tunnel Studies

Preliminary flow visualization studies were made in the
Northrop water-tunnel facilities of a 1/40-scale F-SF. Results
from this investigation indicated that blowing from the
wing/LEX junction at a nozzle sweep angle of approximately
55 deg enhanced both the LEX and wing leading-edge vortices
at moderate-to-high angles of attack. A typical result from
this study is shown in Fig. 6 which illustrates the effect of
blowing at o =24 deg.

The water-tunnel investigation stimulated a low-speed test
in the Northrop 7 X 10-ft wind-tunnel using a 1/10-scale F-5E.
Results from this test are presented in the following sections.

Wind-Tunnel Studies
The longitudinal characteristics presented in the following
sections include nozzle thrust components, except where
otherwise indicated. The longitudinal data presented in this
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Fig. 7 Effect of spanwise blowing on the longitudinal characteristics;
5,/6,=0/0.
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Fig. 8 Effect of spanwise blowing on the aerodynamic drag
characteristics; 8,, /6, =0/0.

report are referred to the stability-axis system, whereas the
lateral/directional data are referred to the body-axis system.
The moment reference center is taken to be at 25% of the
mean aerodynamic chord, which is illustrated in Fig. 4. Data
presented in this paper were obtained with a horizontal tail
deflection angle 6, of — 17 deg. ‘

Flaps Undeflected (6, /6, =0/0)

Figure 7 illustrates the effect of spanwise blowing on the
longitudinal characteristics at 3=0 deg. Blowing results in
vortex-induced lift increments, particularly at higher angles of
attack, which increase with increased blowing rate. In ad-
dition, blowing delays wing stall to slightly higher angles of
attack. The significant point to note is that spanwise blowing
is quite effective on the F-SE wing, which has a relatively low
leading-edge sweep angle of 32 deg. Blowing results in
essentially no effect on the stability level and an extension of
the linear pitching moment to higher values of lift.

The effect of blowing on the aerodynamic drag charac-
teristics (thrust effects excluded) is shown in Fig. 8. Spanwise
blowing improves the drag polar shape relative to that ob-
tained with no blowing. Increased blowing rate results in a
slight increase in drag at low lift levels and a significant drag
reduction at moderate-to-high values of lift.

Figure 9 presents the effect of blowing on the
lateral/directional characteristics at 8= —10 deg. Spanwise
blowing results in favorable increments in rolling moment
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Fig. 9 Effect of spanwise blowing on .the lateral/directional

characteristics; 8= — 10 deg; 6, /Bf =0/0.

04 004 0 -0.04 -0.08

Y cn

] 0 8 16 24 32 40 :
@, DEG Cm. T

-0.2

Fig. 10 Effect of spanwise blowing on the longitudinal charac-
teristics; 6, /8,- =24/20.

and yawing moment coefficients up to angles of attack of
approximately 24-26 deg, depending on blowing rate. Figure 9
indicates that rolling moment is very dependent on jet
momentum coefficient. Blowing is undoubtedly resulting in
differential lift increments, the greater increments being
generated on the advancing wing, which has lower effective
sweep angle and, hence, benefits more from spanwise
blowing. This asymmetry of forces creates a stable rolling
moment increment which increases with increased blowing
rate. The favorable yawing moment increments due to
blowing, which are most significant in the wing stall region
(C, =0), can be attributed to a delay to higher angles of attack
of the dynamic pressure loss at the vertical tail that is
associated with LEX and wing leading-edge vortex break-
down.

Flaps Deflected (3,, /6, =24/20)

The effect of spanwise blowing on the longitudinal
characteristics at §=0 deg is presented in Fig. 10. Deflecting
the leading-edge flap down to 24 deg delays leading-edge flow
separation and, hence, the more beneficial effects of blowing,
to higher angles of attack. The lift increments due to blowing
at the moderate angles of attack are undoubtedly due to
enhancement of the LEX vortex and, in part, to an im-
provement in trailing-edge flap effectiveness. At the higher
angles of attack at which flow separation occurs either at the
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Fig. 11 Effect of spanwise blowing on the aerodynamic drag
characteristics; 6, /8f =24/20.
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Fig. 12 Effect of C; and 5,/5, on the drag increments due to
blowing; C, =0.06.

leading edge or the leading-edge flap knee, a leading-edge
vortex is generated on the wing. Blowing effectiveness is
limited, however, due to the excessive angle of attack and the
adverse pressure gradient associated with the deflected
trailing-edge flap.

Increased downwash on the horizontal tail with blowing on
at the low to moderate lift levels is reflected in the pitching
moment curves. Blowing results in a noseup pitching moment
increment, the magnitude of which is dependent on blowing
rate.

The effect of blowing on the aerodynamic drag charac-
teristics (thrust effects excluded) is shown in Fig. 11. The data
suggest that blowing in conjunction with leading- and trailing-
edge flaps results in greater improvement in the drag polar
shape relative to that obtained with flaps retracted. Figure 12
illustrates the effect of C; and 8,/6, on the drag increments

.due to blowing at C, =0.06. As might be expected, extending

the flaps delays the more significant drag reductions due to
blowing to higher values of lift. The large drag benefits with
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Fig. 13 Effect of spanwise blowing on the lateral/directional

characteristics; 8 = — 10 deg; 8, /6f =24/20.
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Fig. 14 Effect of spanwise blowing on specific excess power;
5,/8,=0/0.

blowing on at the higher lift values may be due, in part, to the
suction pressures associated with the augmented wing leading-
edge vortex acting on the extended leading-edge flap.

Figure 13 illustrates the effect of blowing on the
lateral/directional characteristics at 8= — 10 deg. Deflecting
the leading-edge flap down delays leading-edge flow
separation to higher angles of attack and thereby improves the
lateral/directional characteristics that were obtained with
flaps retracted (Fig. 9). As a result, the favorable increments
in rolling moment and yawing moment due to blowing are
reduced. It is of interest that the lateral/directional charac-
teristics obtained at the higher blowing rates (C, =0.06 and
0.12) and with flaps retracted (Fig. 9) are comparable to those
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obtained without blowing (C, =0) and with flaps extended
(Fig. 13).

Specific Excess Power

An attempt to demonstrate the effect of spanwise blowing
on F-SE performance is made in Fig. 14 for 8, /8, =0/0 where
the specific excess power available for maneuvering is
presented as a function of load factor. The source of blowing
is assumed to be engine compressor bleed air. Engine thrust of
5000 1b/engine (sea-level static rating; maximum after burner)
and takeoff gross weight of 15,450 b have been assumed, in
addition to a Mach number of 0.23. Taking into account the
thrust loss associated with 7% engine bleed, which
corresponds to the lowest blowing rate considered in the
present studies, net thrust is 7200 1b. This value of net thrust is
considerably less than the value that would be obtained if
engine thrust were reduced by C, g, S,es (T=98251b). The lift
L and drag D forces are the total loads measured on the F-5E
and, therefore, include the spanwise thrust components in the
lift and drag directions.

The results show that spanwise blowing reduces the specific
excess power available for maneuvering the F-5E. The data,
therefore, indicate that the reduction in thrust associated with
blowing exceeds the improvements in aerodynamic charac-
teristics due to blowing. It should be noted, however, that
spanwise blowing may have practical application in future
aircraft with engines designed for high bleed rates with
relatively low sensitivity of thrust loss to engine bleed.

Conclusions

A 1/10-scale F-5E was tested to investigate the effect of
spanwise blowing on the aerodynamic characteristics with
primary emphasis on high angle-of-attack performance and
stability. Test data were obtained in the Northrop 7 X 10-ft
low-speed wind tunnel at a freestream Mach number of 0.18
for a range of model angle of attack, jet momentum coef-
ficient, and leading- and trailing-edge flap deflection angles.

The results of this investigation indicate that spanwise
blowing from the wing-LEX junction with a nozzle sweep
angle of 55 deg generates significant vortex-induced lift in-
crements at the higher angles of attack, improves the drag
polars, and extends the linear pitching moment to high lifts.
Spanwise blowing improves the lateral/directional charac-
teristics by delaying wing stall and maintaining vertical tail
effectiveness to higher angles of attack. The more significant
blowing-induced benefits in longitudinal characteristics are
delayed to higher angles of attack by deflecting the leading-
edge flap. Furthermore, since a deflected leading-edge flap
delays flow separation at the leading edge to higher o’s, the
subsequent improvement in lateral/directional characteristics
without blowing limits the beneficial effects when blowing is
applied. Spanwise blowing reduces the specific excess power
available for maneuvering the F-SE, assuming that the source
of blowing is engine compressor bleeding air.
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