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Effect of Nose Slenderness on Forebody Flow Control
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When attempting to transfer the forebody � ow control technology developed on military aircraft to commercial
aircraft, such as the Boeing 1804 SST, additional � ow parameters become important. The reason for the complica-
tion of the technology transfer is the large difference in forebody slenderness, with apex half-angles below 10 deg in
the commercial case compared to above25 deg for military aircraft. Available experimental results are interpreted
on the basis of the existing database for bodies of revolution.

Nomenclature
b = wing span
c = reference length, c D D
D = maximum body diameter
lN = nose length
M = Mach number
Pm = blowing mass � ow rate, coef� cient C¹ D Pm=q1 S
N = normal force, coef� cient CN D N=q1 S; cn D @CN =@»
n = yawing moment, coef� cient Cn D n=q1 Sb
q1 = dynamic pressure, ½1U 2

1=2
Re = Reynolds number, usually Re D U1c=º1
r = local body radius
S = reference area, projected wing area, ¼ D2=4

for body alone
t = time
t¤ = nondimensional time, x tan ®=r
U1 = freestream velocity
x = axial distance from the nose
Y = side force, coef� cient CY D Y=q1 S; cy D @CY =@»
® = angle of attack
µ = direction angle of blowing (Fig. 8)
µA = apex half angle
º = kinematic viscosity of air
» = dimensionless x coordinate, » D x=c
½ = density of air
Á = azimuth angle of blowing port (Fig. 8)

Subscripts

A = apex
max = maximum
1 = freestream conditions

Introduction

P REVIOUS studies on � ghter aircraft con� gurations1 have re-
vealed that forebody � ow control devices can generate yaw

authorityexceedingthat of the rudder for anglesof attack near max-
imum lift, typically ® > 30 deg. Recent tests at low angles of attack
of subscale models of a combat aircraft2 and a high speed transport
con� guration3;4 were intendedto demonstratethepotentialfor trans-
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fer to commercial aircraft of the forebody � ow control technology
in use on military aircraft. These experiments not only produced an
extensive database but also raised many questions. The authors2¡4

found that forebody blowing behaved very differently for the two
con� gurations.Before attempting to transfer existing forebody� ow
control capability for use on commercial aircraft the all-important
in� uence of forebody slenderness on asymmetric � ow separation
characteristics5;6 has to be taken into account.

Background
In Ref. 2 the pneumatic vortex control (PVC) devices were in-

vestigated on a 6% scale model of the F-16 forebody. The tests
were performed at 0 · ® · 18 deg, M D 0:8, and Re D 0:85 £ 106

based on the maximum forebody cross-section dimension (Fig. 1).
An analysis5 of experimental results for sharp tangent ogive, sharp
cone, paraboloid, blunt tangent ogive, and blunt cone geometries7

shows that as longas thecross� owMachnumber M1 sin ® does not
exceed0.4 thereare noapparentcompressibilityeffectson thecross-
� ow separation characteristics. Consequently, as the experimental
results in Fig. 1 are for ® < 30 deg, they are of incompressiblenature
and can be compared with the low speed results for the Boeing SST
aircraft.3 Figure1 shows that thedesired linearCn dependenceon the
blowing rate was obtained.However, the responseat ® D 15 deg for
C¹ D 0:004 was only equivalent to a 5-deg rudder de� ection on the
full-scaleaircraft.4 Of course, with the apex half-angle µA > 25 deg,
the forebody cross� ow was still attached at ® < 25 deg,5 and the
blowing only tilted the boundary layer displacementsurface to gen-
erate the side force on the forebody that produced the measured
Cn response. These test results did not give any indication of what
would happen when the same PVC geometry was applied to a 3%
scale model of the Boeing 1804 SST aircraft3 (Fig. 2), which has
a much more slender nose than the F-16, µA < 10 deg compared to
µA > 25 deg, respectively.

The results3 in Fig. 3 show that at ® D 4 deg, i.e., for ®=µA < 0:5,
the Cn.C¹/ characteristics were linear, as observed earlier for the
F-16 forebody at a ® · 18 deg, i.e., for ®=µA < 1 (Fig. 1). How-
ever, when the angle of attack was increased to ® D 12 deg, i.e.,
®=µA > 1:2, the magnitude of the Cn.C¹/ slope was initially, at
C¹ · 0:0004, one order of magnitude larger than at ® D 4 deg. Al-
though the difference in slot length, 8 in. at ® D 4 deg compared to
1 in. at ® D 12 deg, could have had some effect, the main reason is
that ® D 12 deg is in the range 1 < ®=µA < 2, where symmetric fore-
body cross� ow separation occurs in the absence of blowing.5 The
modest blowing rate C¹ D 0:0004 was enough to cause a change
to asymmetric cross� ow separation. One expects that even lower
blowing rates would be required at higher ® until ®=µA ¸ 2, where
the blowing has to overcome the effect of nose microasymmetry.5;6

Once this change from symmetric to asymmetric cross� ow separa-
tion had taken place, however, the Cn.C¹/ slope for C¹ > 0:0004
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Fig. 1 Pneumatic vortex control (PVC) at M = 0.8 on a 6% scale model
of the F-16 forebody.2

Fig. 2 3% scale model of the Boeing 1804 SST aircraft.3

was of the same modest magnitude as for ® D 4 deg. This initially
very large effect of blowing, preventingthe establishmentof the de-
sired linearCn.C¹/ characteristics,is caused by the bistable charac-
ter of the cross� ow separation asymmetry.5 It is a general problem
in forebody � ow control.6 One solution to this problem has been
described,8 i.e., to control the time duration of the bistable left- and
right-hand asymmetric separation con� gurations. As this type of
control is likely to have a feedback loop, it solves the problem of
the lateral movement of the cross� ow stagnationpoint on a maneu-
vering combat aircraft, which most conventional forebody control
devices1 are subject to.9

SST Con� guration
The experimental results3 for C¹ D 0:0040 in Fig. 4 show control

reversal to occur at ® > 10 deg, and the data in Fig. 5 demonstrate

Fig. 3 Effect of asymmetric slot blowing on SST model at ® = 4
and 12 deg (Ref. 3).

Fig. 4 Sensitivity to angleof attack of the effect of asymmetricblowing
by 1-in. slot at the most forward location on SST model.3

Fig. 5 Effect of symmetric blowing by the 1-in. slot geometry (1/0) on
Cn(®) for SST model.3

that symmetric blowing of very modest magnitude, C¹ D 0:0003,
can eliminate the effect of nose microasymmetry5 at ® > 20 deg
(C¹ D 0/. To understandthese characteristicsoneneeds to revisit the
databasefor ogive-cylinderand cone-cylinderbodies.5;6 The incom-
pressibleexperimentalresults10 in Fig. 6 for ® D 50 deg illustratethe
great sensitivity to Reynolds number of the cross� ow separation at
®=µA D 1:8 and indicate that the SST will have a multicellular type
of forebody cross� ow separation at ® ¸ 18 deg. As is discussed in
detail in Ref. 5, the cross� ow characteristics of a circular cylin-
der change dramatically with Reynolds number,11 the symmetric,
critical cross� ow separation geometry giving the minimum drag.
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Fig. 6 Side-force distribution at ® = 50 deg on an ogive-cylinder
through the critical Reynolds number range.10

Fig. 7 Expected effects of � ow-separation type on the normalized
side force.5

Accordingly, the asymmetric cross� ow separation on an inclined
bodyof revolutionwill changewith Reynoldsnumber as illustrated5

in Fig. 7, showing that both the maximum and minimum local side-
force/normal-force ratio can be established in the critical Re range.
This is demonstrated by the experimental results10 in Fig. 6, where
the maximum jCY j=CN ratio occurred at Re D 0:44 £ 106 and the
minimum at Re D 0:54 £ 106 , where Re is based on the maximum
body diameter. As the tests of the SST model3;4 were performed
at Re D 0:51 £ 106, based on the maximum forebody diameter, the
cross� ow conditions were in the critical range and the � ow con-
ditions producing the minimum side force on the forebody could
be established. This explains why in Fig. 5 symmetric blowing at
the miniscule rate C¹ D 0:0003 could result in the elimination of
the yawing moment generated by nose microasymmetry effects5 at
C¹ D 0.

The nonblowing slot and nozzle geometries for forebody blow-
ing on the 3% scale model of the Boeing 1804 SST model3 (Fig. 8)
generated a nose microasymmetry different from that on the clean
model, judging by the experimental results4 in Fig. 9. Blowing ori-
� ces on a 5-degcone presentedsimilar deviationfrom the asymmet-
ric � ow characteristicsfor the clean model.12 This microasymmetry
effect of the nozzle at » D 1:0 from apex and µ D 30 deg (Figs. 8
and 9) was overpowered by blowing at C¹ D 0:0020, producing Cn

Fig. 8 PVC slot and nozzle orientation on the SST model.3

Fig. 9 Microasymmetry effect of nonblowing slot or nozzle.4

of similarmagnitudeon the left- and right-handsideof the forebody3

(Fig. 10). At C¹ D 0:0040 the effect of moving the 1-in. slot (Fig. 8)
progressivelyaft on the forebody3 (Fig. 11a) was insigni� cant until
® > 10 deg, i.e., ®=µA > 1, where asymmetricblowing can cause the
symmetric cross� ow separation to become asymmetric.5;6 Moving
the 2-in. slot had a similar effect (Fig. 11b). (Slot con� gurations
were designated by the slot length and location, e.g., 2=4 is a 2-in.
slot 4 in. aft of the most forward locationpossible.) It is noteworthy
that in the most forward location both slot lengths (1=0 in Fig. 11a
and 2=0 in Fig. 11b) produced control reversal, giving Cn > 0 for
® > 17 deg, i.e., for ®=µA > 1:7, and both generated very similar
Cn.®/ trends for slot locations 2 and 4 (or more) in. aft (1=2 and
2=4 in Figs. 11a and 11b, respectively).

The large effect of slot location, as well as the control reversal
in Figs. 4 and 11, can be explained on the basis of results obtained
on missile bodies.5 The experimental results10 in Fig. 6 show how
increasing the supercritical Reynolds number, Re > 0:54 £ 106,
started the development of a side force closer and closer to the
nose apex, resulting in a multicellular side-force distribution. The
experimental results for an lN =D D 2:5 ogive-cylinder13 in Fig. 12a
show that the side-forcedistribution moved closer and closer to the
nose tip also when the angle of attack is increased at a constant
Reynolds number. The results in Fig. 12a were shown to collapse
on one curve when applying the impulsive � ow analogy for slen-
der bodies14 and plotting the local side force as a function of the
dimensionless time t¤ D x tan ®=r (Fig. 12b). Also, boundary layer
blowing can affect � ow separation in a way that in many aspects is
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Fig. 10 Capability of C¹ = 0.0020 left- and right-side nozzle blowing
(at µ = 30 deg at the 1-in. location) to overpower the nozzle microasym-
metry effect.4

a) 1-in. slot

b) 2-in. slot

Fig. 11 In� uence of axial slot location on the effect of C¹ = 0.0040
blowing.4

similar to the effects of changing the Reynolds number, increasing
blowing being somewhat equivalent to increasing the supercritical
Reynolds number (Fig. 6). Thus, when in Fig. 4 the blowing was
increased from C¹ D 0:0003 to 0.0040, the side-force distribution
would be expected to change in a manner similar to that when the
Reynolds number is increased in Fig. 6, say from Re D 0:44 £ 106

to 0:90 £ 106. This would change the resultingyawing moment dra-
matically,explainingthe data trend for C¹ D 0:0040 in Fig. 4, where

a) cy as a function of axial position

b) cy as a function of nondimensional time

Fig. 12 Local side-force distribution for lN /D = 3.5 tangent-ogivecylin-
der at Re = 0:2 £ 106 (Ref. 13).

the blowing effect on Cn even reverses its trend when ® > 10 deg,
i.e., ®=µA > 1. In this high alpha range the blowing controls the
separation asymmetry.

Moving the blowing slot aft (Figs. 11a and 11b) would increase
the length of the � rst asymmetric load cell, an effect similar to that
of decreasing the Reynolds number in Fig. 6 from Re D 0:90 £ 106

to 0:44 £ 106 , for example.The experimentalresults in Fig. 6 for the
effect of Reynolds number on the side-force distribution on bodies
of revolutionqualitatively illustrate the potential effect of changing
the slot location for blowing at critical cross� ow conditions on the
SST model (Figs. 11a and 11b).

In the case of advanced � ghter aircraft, such as the F-16, where
the effective apex half-angle is larger than 25 deg, the natural cross-
� ow asymmetry is delayed to ® ¸ 50 deg, and any multicellular
side-force distribution can only be established at very high angles
of attack, e.g., at ® D 60 and 70 deg in Fig. 12a. The onset of asym-
metric � ow separation is delayed further by the upwash induced by
Leading Edge Extension surfaces (LEXs) in the case of the F-16
aircraft.15;16 Thus, the application of forebody � ow control to com-
bat aircraft is much simpler than in the case of a commercialaircraft
con� guration, such as the SST discussed here, where the slender
forebody will produce a multicellular side-force distribution in the
angle-of-attack range of practical interest for takeoff and landing.
This makes the design of a successful forebody � ow control mech-
anism more dif� cult than in the case of � ghter aircraft.

Conclusions
An analysisof publishedexperimentaland theoretical results has

shown why the transfer of forebody � ow control technology from
military to commercial aircraft is not simple. However, the experi-
mentally observed forebody control performance can be explained
on the basis of existing knowledge of high-alpha � ows on bodies
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of revolution. Consequently, the conclusion to be drawn from this
exploratory analysis is that the potential bene� ts are likely to jus-
tify the further research and development that will be needed be-
fore successful commercial use of forebody � ow control will be
possible.
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