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Effectiveness of the microblowing technique for controlling forebody vortex asymmetry at high angles of attack
has been investigated in low-speed wind-tunnel experiments with the F-15E � ghter aircraft con� guration. One
blowing-port installation, based on previous experiments with generic forebody shapes, was evaluated. At very
high angles of attack (® >50 deg), microblowing was effective in generating and controlling yawing moment levels
comparable to those demonstrated by high-pressure jet nozzle blowing, while requiring only 1

100 as much mass
� ow, demonstrating the leveraging available through controlling the vortex � ow� eld at the point of instability.The
microblowing port con� guration employed was unable to generate usable yawing moments at moderate angles of
attack (® <– 35 deg). Control-port optimizationpromises to improve microblowing effectiveness in the intermediate
® range.

Nomenclature
A = reference area for all coef� cients: forebody planform

area for isolated forebody;wing planform area for F-15
C Pm = control-jet mass-� ow-rate coef� cient, C Pm D Pm j=½1U1 A
CN = normal force coef� cient
Cn = yawing-moment coef� cient
CY = side-force coef� cient
D = base diameter of F-15E model forebody
d = diameter of control-jet ori� ce
FY = side force
Pm j = mass-� ow rate of control jet
Re = Reynolds number based on D, U1 D=º1
T = equivalent sonic-jet thrust
U1 = freestream � ow speed
x = axial distance from (virtual) apex of tangent ogive

forebody
® = angle of attack
¯ = sideslip angle
º1 = kinematic viscosity of freestream air
½1 = freestream air density
Á = azimuthal angle (from windward meridian)
Ã = yaw angle

Introduction

S LENDER bodies of revolution, especially those with pointed
noses, develop nonlinear lift forces as well as very large side

forces at high angles of attack ®; these characteristicsare associated
with asymmetry of the vortex system formed by � ow separationon
the leeward side of such bodies.1 In recentyears a great deal of effort
has gone into attempts to suppressand control slender-bodyvortex-
� ow asymmetry at high ®, motivated primarily by the quest for
enhanced controllabilityand maneuverabilityof high-performance
combat aircraft.2 Excellent recent reviews of this activity can be
found in papers by Malcolm3 and Williams.4

One of the more promising approaches to forebody vortex-
asymmetry management is pneumatic control, i.e., blowing, as
originally developed by Skow and Peake.5 A variation of the
pneumatic-control approach is a very low-mass-� ow technique
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known as microblowing, where very slight blowing through one
of two symmetrically placed, forward-facing ori� ces very close to
the forebody tip, controllably manipulates the asymmetry state of
the forebodyvortices.The microblowing technique,which was � rst
developed in combination with the use of bluntness to suppress
inherent asymmetry,6 bene� ts from the substantial leverage to be
derived from controlling the � ow at the point of � ow instability.
(It has long been known that minute nose-shape details are respon-
sible for triggering the instability that leads to asymmetric vortex
con� gurations.7 )

The approach embodied in microblowing is sketched in Fig. 1.
The local displacement effect of slight blowing through a jet on
one side of the nose promotes detachment of the separated-�ow
vortexon that side of the forebody, leadingto a side force toward the
oppositeside. Initial low-speedresultsobtainedwith theblunted3.5-
caliber tangent ogive forebody shape showed substantial response,
as seen in Fig. 2 (Ref. 6), which indicates the basic characteristics
of the low-energy pneumatic control. Within a range about C Pm D 0
(where C Pm D Pm j =½1U1 A, with Pm j D control-jet mass-� ow rate,
C for right jet and ¡ for left, and A D planform area of tangent-
ogive forebody shape), the effect of blowing is proportional to C Pm ,
up to limiting levels of 1CY (with differentmaxima for each ®; also
dependent on state of separating boundary layers, i.e., laminar or
turbulent).

Levy et al.8 have recentlyproducedcomputational� uid dynamics
simulations of high-® asymmetric � ow about a 3.5-caliber tangent
ogive (with a cylindrical afterbody) that lend substantial support
to the argument that displacement effects are responsible for the
controlled � ow asymmetry produced by microblowing. In these
simulations a small geometric “bump” was incorporated into the
forebody nose close to the apex. The degree of vortex-�ow asym-
metrydevelopedwas foundto increaseas theheightof thebump was
increased, until a maximum effect was reached.8 When the forces
acting on the tangent ogive forebody alone were computed, the CY

variation with bump size showed characteristics analogous to the
microblowing results in Fig. 2 (Levy, Y., unpublisheddata, 1995).

The leveragingeffect available through microblowing can be ap-
preciated if the side force FY corresponding to the maximum re-
sponse level indicated in Fig. 2 is compared to, say, the thrust T
produced by a sonic-velocity reaction-control jet having a mass
� ow correspondingto the level of C Pm providingmaximum response
(Fig. 2). Using appropriate values from Fig. 2 leads to

FY =T ¼ 680

i.e., through manipulation of the � ow instability, the microblowing
technique produces a lateral force that is 680 times the equivalent
thrust of the correspondingreaction-control jet.
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Fig. 1 Effect of forward-blowing control jets in triggering separated-� ow asymmetry on blunted tangent ogive forebody.

Fig. 2 Microblowing side-force control on blunted tangent ogive (lam-
inar separation).

Fig. 3 Microblowing effectiveness on pointed tangent ogive (laminar
separation).

Extension of the application of microblowing from the original
blunted tangent ogive forebody to the unblunted (pointed) tangent
ogive9 produced the results shown in Fig. 3, which indicate the level
of blowing C Pm needed to overcome the inherent vortex-asymmetry
characteristics of the pointed body. Adjusting for this initial offset
permits comparisonof blowing-effectivenesscurves for the pointed
and blunted tangent ogives at ® D 50 deg (Fig. 4). The pointed fore-
body with forward-blowingcontrol jets developsside-force-control
characteristics comparable to the blunted forebody. The trend sug-
gests greater extremes of CY and greater sensitivity to blowing rate
with reduced nose bluntness.

The presentpaper reports results of exploratorywind-tunnel tests
of an applicationof the microblowing technique to a � ghter-aircraft
con� guration.

Fig. 4 Microblowing effectiveness on blunted and pointed forebodies
(laminar separation).

Experiments
Microblowing effectiveness was evaluated in a brief, prelimi-

nary experiment during a joint U.S. Air Force/NASA study of F-15
high-alpha forebody vortex control via above-moldline jet noz-
zle blowing.10 A 10%-scale F-15E model was used for the low-
speed tests,which were conductedin the NASA Langley30-£ 60-ft
Tunnel (Fig. 5). Aerodynamic forces and moments were measured
by an internal strain-gauge balance. A replacement nose incorpo-
rating a pair of symmetrically placed, forward-facing � ush jet ori-
� ces was designed and constructed to mate with the existing full-
con� guration F-15E model. The control-jet installation,which was
based on the earlier tangent-ogive model experience, is shown in
Fig. 6. No variations in jet ori� ce location or pointing direction
were studied. The � ush, forward-facingori� ces were positioned at
an axial station x=D D 0:12 aft of the nose tip, where D D base
diameter of the F-15E model forebody, and were azimuthally lo-
cated at §45 deg around the nose (from the top centerline). Because
the earlier studies had revealed that the displacement effect of the
control-jet � ow was the instability-triggeringmechanism, control-
jet ori� ce diameter d was made suf� ciently large (d=D D 0:017) to
ensure subsonic � ow at all mass-� ow rates. The present tests were
all run at a freestream � ow speed U1 D 82 fps, which corresponds
to a Reynolds number, based on D, of Re D 2 £ 105, well within the
range for laminar cross� ow separation on the forebody. Clean, dry
shop air at very low pressurewas supplied to the control-jetori� ces
via � exible lines that produced no measurable balance bridging.
Microblowing mass-� ow rates were manually set using a calibrated
� oating-ball � ow meter. Additional details of model pneumatic
plumbinginstallationand tunneltestproceduresare foundin Ref. 10.
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Fig. 5 10% scale F-15E model in NASA Langley 30-by 60-ft Wind
Tunnel.

Fig. 6 Top view of microblowing control-jet con� guration in nose of
model F-15 radome.

Results
The basic microblowing performanceresults are shown in Fig. 7,

in terms of yawing moment coef� cient, Cn , variation with ®
at several blowing rates, C Pm , where C Pm D Pm j=½1U1 Sw , with
Pm j D control-jetmass-� ow rate (as before) and Sw D wing area.The
baseline (C Pm D 0) case shows nonzero Cn for ® ¸ 48 deg, a pecu-
liarity of the nose shape on this particular F-15E model that was
identi� ed previously.10 Interestingly,the onset ® for the appearance
of vortex asymmetry (as evidenced by Cn 6D 0) is consistent with
Keener and Chapman’s rule-of-thumb that the onset ® is approx-
imately twice the half-angle at the forebody apex11 if account is
taken of the F-15 forebody droop angle of »5 deg. It is evident in
Fig. 7 that, at least for ® in the range where vortex system instability
exists (i.e., for ® ¸ »40 deg), microblowing can effectivelycounter
the prevailing � ow asymmetry and even reverse it. The effect is
maximum at ® D 60 deg.

Fig. 7 High-® yawing moment generated with microblowing vortex
control.

Fig. 8 Proportionality of yawing moment to microblowing mass-� ow
rate (® = 60 deg).

Fig. 9 Microblowing effectiveness for several ®.

Data repeatability checks de� ned an uncertainty of §0.001 in
Cn measurements, whereas � ow-meter reading uncertainty com-
bined with relative calibration precision gave C Pm accuracy of
§0:025 £ 10¡6.

Cross plotting of the ® D 60 deg results vs C Pm (C for right-
side blowing, ¡ for left) shows the effectiveness of microblowing
yaw control and identi� es the anticipated proportional-effectrange
(Fig. 8). Single-sidedblowing resultsfor several® (Fig. 9) showonly
minimal responseto microblowingat ® D 45 deg and no meaningful
effect at all for ® D 35 deg.

It is instructive to compare the yawing-moment-generation ca-
pabilities of microblowing with the above-surface nozzle blowing
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Fig. 10 Comparisonofmicroblowingandabove-moldlinenozzle blow-
ing (Ref. 10) yawing moments.

Fig. 11 Robustness of microblowing effectiveness across sideslip
range.

method that has been developed.10 Using 1Cn to accommodate
nose-to-nose variations in baseline Cn , the C Pm D 4:8 £ 10¡6 mi-
croblowing data from Fig. 7 are compared with low-rate nozzle-
blowing data (from Fig. 15 of Ref. 10) in Fig. 10. Although the
microblowing approach was unable to match the nozzle-blowing
system in developing signi� cant Cn in the intermediate ® range,
at higher ® where it is effective, microblowing achieves compa-
rable results with 1

100 of the mass-� ow rate, at substantially lower
pressures.Consideringthe resultsof the forebodyasymmetric-nose-
bump experiments done by Moskovitz et al.,12 as well as our own
forebody-alonemicroblowing experiments,6 it appears quite possi-
ble that azimuthal and/or axial repositioning of the microblowing
control-jetori� ces might improve the intermediate-® effectiveness;
it was not possible to explore this prospect in the context of the
experiments reported here.

As was demonstratedfor nozzle-blowingvortex control,7 the mi-
croblowing yawing-moment response holds up well across a sub-
stantial sideslip range (Fig. 11).

Conclusions
Low-speed wind-tunnel experiments have been conducted to

study the effectiveness of microblowing, a low-energy pneumatic
technique for controlling forebody vortex asymmetry at high an-
gles of attack, applied to a full � ghter aircraft con� guration. The
following primary conclusions were drawn:

1) At very high angles of attack (® > 50 deg), microblowing was
effective in generatingand controllingsigni� cant yawing moments.

2) The microblowing port con� guration employed was unable
to generate usable yawing moment at moderate angles of attack
(® · 35 deg).

3)Yawing-momentlevelsdevelopedathigh® were comparableto
those previouslydemonstratedby high-pressurejet nozzle blowing,
while requiring only 1

100
as much mass � ow.
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