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Forebody Flow Control at Conditions of Naturally
Occurring Separation Asymmetry
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Extensive efforts have been directed toward the development of the means by which the flow separation asym-
metry occurring on an axisymmetric slender forebody at very high angles of attack could be controlled in order to
improve the agility of advanced aircraft and missiles. To control the asymmetric flow separation represents a great
challenge, and only a few of the investigated flow-control concepts have led to viable solutions. The fluid-mechanical
processes associated with steady and alternating-pulsed blowing applications are analyzed in an effort to define
flow mechanisms that can cause the observed anomalous control characteristics.

Nomenclature

b* = wing span or maximumm body diameter

C, = dimensionlessmass flow rate of jet blowing

C, = dimensionlessflow-momentum-rate of jet blowing

D = maximum body diameter

L = microrod extension (Fig. 4)

[ = body length

¢ = x location for L =0 (Fig. 4)

M = Mach number

N = normal force, coefficient Cy = N /(pwo UOZQ)S*;
Cp = aC‘N/as

n = yawing moment, coefficient C, =n/(p,UZ /2)S*b*

Re = Reynolds number based on D and Uy,

r = local body radius

rg = Dbaseradius

ry = noseradius

S* = reference area, projected wing area or 7D?/4

T = period of alternating blowing cycle

t = time

t, = convectiontime, =1/U,,

t* = dimensionlesstime, t* = x tana /r (Fig. 17)

U, = freestream velocity

X = axial body-fixed distance from the nose tip

Y = side force, coefficient Cy =Y /(0. U2)S*;
¢, =0Cy/0&

o = angle of attack

A = increment

0, = apex half angle of slender forebody

& = dimensionless x coordinate,=x/D

Poo = freestream fluid density

T = time duration that the valve is open during
the blowing cycle

¢ = azimuth of blowing orifice, ¢ > 0 on the

startboard side
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Introduction

REVIOUS studies of fighter aircraft configurations have re-

vealed that forebody flow-control devices can generate yaw
authority that at high angles of attack, o > 30 deg, significantly ex-
ceeds that of a conventional rudder.! As measurements of typical
combat aircraft models have shown that the high-alphalateral char-
acteristics are generated by the fuselage, for example, as shown in
Ref. 2, forebody-flow-control studies have largely been conducted
on slender-nosed bodies of revolution? The challenge presented
to the designer is to find reliable means for control of the asym-
metric flow separation occurring naturally on a slender forebody
when the angle of attack exceeds the included apex angle, o > 26,
(Ref. 4). A recentpublication® gives an insightful assessmentof our
presentunderstandingof the fluid-mechanicalchallengesassociated
with successful control of forebody flow asymmetry, as revealed by
analysis of published results from careful computations and exper-
iments. Closed-loop control systems have been used with success
in this flow range.> However, that topic is beyond the scope of this
paper. In the following we confine our attention to flow domains
where the aerodynamic response to variations in any of the relevant
parameters (angle of attack, roll angle, blowing rate, etc.) remains
single valued.

Forebody Flow Control

Nose blowing has been used for control of the forebody flow
asymmetry. Since ithas been shown that the laminar shortseparation
bubble plays arole in the flow separationprocess® (Fig. 1), the blow-
ing method used by Wallis to affect the boundary layer on a stalling
airfoil’ could also be effective on bodies of revolutionat high angles
of attack. This is demonstrated by the results® in Fig. 2. Symmetric
downstream blowing in the crossflow on the windward side, 30 deg
below the lateral meridian (that is, between the flow stagnationand
separation points) did reduce the yawing moment substantially on a
cone-cylinderbody; and, as in Wallis’s case,” only minute blowing
rates were needed. However, increasing the rate by two orders of
magnitude, from C, =0.00005 to 0.00312, had no significant ef-
fect. The symmetric windward-side blowing eliminated the laminar
separationbubble and changedthe crossflow separationto the super-
criticaltype, as has been verified by oil-flow studies ? thereby greatly
reducing the crossflow asymmetry* occurring at o > 40 deg >
26, (Ref. 4) but not eliminating it. The results in Fig. 2 illustrate the
staying power of the asymmetric forebody flow separation.

A corollary to the problem of eliminating the crossflow asym-
metry occurring at o > 26, is the difficulty of controllingit. At the
angles of attack (@ > 26, ) encountered in aircraft combat maneu-
vers, geometric microasymmetry effects on a pointed nose control
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Fig. 1 Flow pattern on a 3.5-caliber pointed ogive at transitional
Reynolds numbers® (M =0.55, Re =0.8 X 10°, o =40 deg, Cy =0.5).
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Fig. 2 Effect of symmetric windward-side nose blowing on the yaw-
ing moment induced by asymmetric crossflow separation on a cone
cylinder.®

the direction of generated nonzero side forces and yawing moments
of significant magnitude>* Because of the nature of the separa-
tion asymmetry at « > 26,, it is relatively easy to control the di-
rection of the generated side force at high angles of attack but
very difficult to control its magnitude, as has been demonstrated
by the effect of microblowing’ Starboard-side forward blowing at
£ =0.20 and ¢ =135 deg on the nose of a smooth, pointed 3.5-
caliber tangent-ogive was used to promote crossflow separation,
giving the results shown in Fig. 3. The blowing had to be increased
substantially (C,, — 0.00020) before the effect of the initial geo-
metric microasymmetry, dominant at C,;, =0, could be overpow-
ered, causing the constant-magnitude side force to change direc-
tion. (Note the unusual definition of positive side force,’ used here
as well as in Figs. 6 and 7 to be discussed later shown in Figs. 3, 4,
and 5). At @ > 50deg >20, = 32.5 deg, asymmetric flow separation
and body vortices will always be present, remaining steady until
o > 60 deg, when Karman vortex shedding starts occurring on the
aftbody.!®!! The fact thatthe magnitude |Cy | inFig. 3 essentiallyre-
mained unchangedindicatesthatthe starboardblowing acted only to
overpower the dominant port-side microasymmetry effect present
at C,;, =0, flipping the separation asymmetry and associated side
force in the opposite direction when C,;, — 0.00020.

As the forward blowing was designed to promote crossflow
separation’ (Fig. 3), it is at first surprising that C,;, — 0.00020 was
required for the blowing to have any effect. That indicated that
the effect of nose blowing was more complicated than what was
originally envisioned. Experimental results for a pointed 3.5-caliber
tangent-ogive-cylindet? (Fig. 4) illustrate the physical flow process
generating the highly nonlinear,almost discontinuousCy character-
istics in Fig. 3, where the forward blowing in many respects could
have acted as the wire-protrusion in Fig. 4, both promoting asym-
metric crossflow separation when acting well aft of the nose tip.
(The authors are thankful to the reviewer that alerted us to the exis-
tence of Ref. 12.) At« =40deginFig.4,« /0, =2.44 > 2,and only
asymmetric crossflow separation exists,* the direction of which is
determined by the combined effects of existing microasymmetries
and the perturbationmechanism. When the wire approachesthe nose
tip (L/D < 1/D =0.095), the side force flips to the opposite direc-
tion, both for ¢ =45 and 170 deg. As the body had been rotated
125 deg to move the wire-rod mechanism between the starboard
side locations at 45- and 170-deg azimuth, the aggregate effect of
the body microasymmetrieshad also been rotated 125 deg, explain-
ing the opposite directions of the side force at L /D =0 for ¢ =45
and 170deg. The windwardlocation¢ = 45 deg of the fully retracted
rod mechanismat L /D =0 could have generated a disturbancethat
promoted crossflow separation, thereby contributing to the negative
side force. In contrast, rotating the tangent-ogive 125 deg leaves the
opening window of the microrod in the aft leeward location, where
it could have little effect by itself. That is, the result is similar to
that obtained by rotating the nose tip of a pointed tangent-ogive'®
(Fig. 5). When the wire rod was extended on the leeward side to
L/D =~0.05, its disturbance could apparently overpower the effect
of body microasymmetriesto switch the side force into the opposite,
port-side direction (Fig. 4).

The results indicate that in both cases, for ¢ =45 deg as well as
for ¢ =170 deg, when the wire rod approaches the body nose tip
(L/D — ¢/D in Fig. 4) it no longer acts as a microasymmetry but
ratheras alocal distortionof the axisymmetricgeometric shape, gen-
erating an asymmetric nose bluntnesseffect. This would practically
eliminatethe side force generated on that side according to measure-
ments for the 20% bluntness of the present tangent-ogive'* (Fig. 6).
The nose bluntness removes the geometric singularity generated by
the pointed nose, which according to experimental results'® for a
paraboloid nose shape (Fig. 8) would greatly limit its capability to
generateany significant side force. Thus, the blowing-inducednose-
bluntness effect in Fig. 3 could have eliminated or greatly reduced
the microasymmetry effect on the starboard half of the forebody,
permitting the inherent, unimpaired microasymmetry effect on the
oppositeside to dominateand flip the side force in the oppositedirec-
tion when C,;, — 0.00020. The nose disturbance in Fig. 6 consisted
of “a small hemispherical bump on one side of the nose,” which
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Fig. 4 Effect of wire-rod extension L/D at 45- and 170-deg starboard azimuth on measured side force at « = 40 deg and Re =2.3 X 10* (Ref. 12).
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Fig. 5 Effect of nose-tip roll angle on the side force of 3.5-caliber
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Fig. 6 Effect of 20% nose bluntness on Cy () of 3.5-caliber (pointed)
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caused the blunted tangent-ogive to generate a side force of almost
the same magnitude as for the pointed nose, indicating that success-
ful control characteristicscould be obtained by nose blowing on the
20% blunt tangent-ogive, in agreement with the results™!'* shown
in Fig. 8. (C,;, > 0 designates starboard-side forward blowing.) No
explanationis given in Ref. 9 or Ref. 14 for the use in Fig. 3 of the
unusual definition of positive Cy. ACy is presumably the blowing-
induced change of Cy. As could be expected from Fig. 6, the 20%
nose bluntness made the port (C,;, < 0)- and starboard-side(C,;, > 0)
blowing effective at |Cm| values approachingzero, in stark contrast
to the results for the pointed ogive cylinder (Fig. 3), where a change
of the starboard blowing rate had no effect until it reached the crit-
ical level where it could overpower the port-side microasymmetry
effect, reversing the direction of the side force.

The microblowing concept has been applied to a pointed ogive
cylinder with 25.4-deg apex half-angle!®!? (Fig. 9). ( For a tangent
ogive the included apex angle would be 50.8 deg, not 58.0 deg. Note
also the conventional definition of Cy.) As expected from Figs. 3
and 4, nose blowing on this pointed tangentogive produced a highly
nonlinear, almost discontinuous change of the side force, both in
water-tunnel tests,'® Re=0.007 x 10° at o/6, = 1.97 (Fig. 10a),
and in wind-tunnel tests,!”” Re =0.176 x 10 at /6, =1.58, 1.97,
and 2.36 (Fig. 10b). The laminar test results in Fig. 10a are accord-
ing to expectations, as «/6, ~2 (Ref. 4). However, the results for
Re=0.176 x 10° in Fig. 10b raise some questions. Why is the flow
separation asymmetric at o =40 deg, where o/0, =1.58 <2 and
the forebody flow separation is expected to be symmetric* Also,
why is |Cy| less at « =60 deg than at « =40 and 50 deg? The
only obvious possibility at « =40 deg is that the blowing orifices
had generated the separation asymmetry measured at C,, =0, pos-
sibly through slightly different effects on crossflow boundary-layer
transition® (Fig. 1), a distinct possibility for the Re =1.6 x 103 test
Reynolds number. Blowing orifices have been found to have signif-
icant effect on the measured side force of a slightly blunted 5-deg
cone'® (Fig. 11). The figure shows that for upstream blowing, as in
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Fig. 7 Lateral directional aerodynamic characteristics of tangent-ogive, cone, and paraboloid at zero yaw and Re =0.35 X 10° (Ref. 15).
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the case discussed here, the side force measured for C;, = 0 is of the
same magnitude as the largest side force measured for C,, # 0, but
of the opposite sign. At « = 60 deg (Fig. 10b) Karman vortex shed-
ding occurs on the cylindrical aftbody,!*!! explaining the decreased
|Cy| value.

To produce the desired linear control characteristicsat « > 6,4, a
design was proposed that used high-frequency alternating port- and
starboard-side blowing in which the time-average dwelling time
t/T at the two asymmetric conditions could be controlled.!”-??
In wind-tunnel tests of the pointed ogive cylinder (Fig. 9), this
dynamic blowing technique produced the desired linear control
characteristics'” (Fig. 12), although the slope dC,/d(t/T) was
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of a pointed ogive-cylinder body.!®

negative for « =40 deg (o /6, = 1.33) and positive for « > 50 deg
(a/6, > 1.67), typically the result of a multicellular side-force
distribution* As will be discussed later, this undesirable charac-
teristic can be eliminated by using geometric nose bluntness.
When trying this blowing technique on a 65-deg delta-wing-body
model with a pointed, slender nose, 6, = 12.8 deg (Fig. 13), wind-
tunnel tests' at @ =45 deg (« /6, =3.5) gave the results shown in
Fig. 14. Only by increasingthe blowing beyond |C,, | = 0.0020 could
useful characteristics be obtained (Fig. 15), similar to those in the
water-tunnel tests!® (Fig. 12). Comparing the ¢ = 135 deg orifice

location in Fig. 13 with the ¢ = 170 deg azimuth of the wire-rod
mechanism in Fig. 4, one would expect the result of the blowing in
Fig. 14 to be similar to that for the rod perturbationin Fig. 4. Appar-
ently, a sufficient amount of starboard blowing (C,, > 0) caused the
separation asymmetry to switch direction, the effect being similar
to that generated when the rod tip was extended halfway to the tip
(Fig. 4). Increasing the blowing to C, > 0.0020 in Fig. 14 could
have caused the blowing to have a bluntness effect on the starboard
side of the nose tip similar to the effect observedin Fig. 4 when the
rod was extended to the nose tip, in both cases causing the separation
asymmetry to switch direction. Thus, one would expect that simulta-
neous forward blowing on both sides near the nose tip could be used
to neutralize existing microasymmetries to produce zero side force,
or, more importantly, zero yawing moment at « > 26, . Results ob-
tained on the Boeing 1804 SST configuration® 22 demonstratedthat
a very low level of symmetric blowing (C,, =0.0003) was needed
to delay the appearance of nonzero Cy and C, to o > 36,. Thus,
differential blowing should be able to provide proportional control
beyond o =26,.

Flow Physics of Forebody Flow Control

InFig. 10b, where « /6,4 < 2 for @ =40 deg, symmetric flow sepa-
ration usually persists on a clean forebody,and asymmetric blowing
is needed to produce asymmetric crossflow separation with associ-
ated nonzero side force. The effect of blowing on the ogive-cylinder
model (Fig. 9) ata =50 deg (/6,4 = 1.99) and laminar flow condi-
tions (Fig. 10a) is of the type illustrated by the experimental results
in Fig. 16 for a 5-caliber tangent-ogive model.!* Forward blowing
on a moderately blunt nose tip promotes crossflow separation on
the side it is applied, generating a side force through the separation-
induced pressurerise and causing the associated forebody vortex to
be lifted up from the body surface. This in turn permits the vortex
on the opposite, nonblowing side to move inboard under the lifted
vortex, generating an increase of the normal force in the manner
illustratedin Fig. 16. The flow sketchesin Fig. 16 apply to both lam-
inar and turbulentcrossflow separation. The results show that when
the asymmetric crossflow separation occurs, generatinga large side
force at @ > 30 deg, the associated asymmetric vortex configuration
produces a substantial increase of the normal force, explaining why
Bernhardt and Williams® found that the desired lateral response to
a control input was often associated with an undesired response in
the pitch plane.

The initial conditions at |[C,|=0 in Fig. 14 are set by the mi-
croasymmetry effect of the blowing orifices, generating the mea-
sured nonzero side force. (See earlier discussion of Fig. 11.) The
microasymmetry potential is limited to the region immediately aft
of the pointed nose, where the boundary layer starts to develop.
A comment made by Mark Morkovin in a technical discussion at
the AIAA Fifth Annual Structures and Materials Conference, Palm
Springs,California, April 1-3, 1964, eloquently describes how the
microasymmetry can have such a powerful effect: “What happens
at the birth of the boundary layer affects its whole downstream life.”
Nose bluntness removes the surface area near the apex that is most
productive in generating microasymmetry effects, as was demon-
strated by the results'* in Fig. 6. This facilitated obtaining the linear
control branches for |Cm| < 0.00005 in Fig. 7.

From an operational standpoint it is, of course, safer to oper-
ate with |C, | > 0.0025 than with |C,,| <0.0020 (Fig. 14). In both
cases, for |C,| > 0.0025 as well as for |C,| < 0.0020, the asym-
metry generated by the pulsating jet'®!7 would persist for a finite
time At after the end of the pulse, as a result of the flow relax-
ation process. The size of At will affect the loading produced by
the change of crossflow separationasymmetry and associated vortex
formation. Consequently, the effect created in this manner by the
blowing method is unsteady, particularly at high blowing strengths
|C,| >0.0020, resultingin fluctuationsin the loading that vary with
the distance from the nose tip. Thus, it should not be surprising
that time-averaged Cy and C, data might be erratic. The duration
of the viscous fairing effect and, therefore, the data scatter would
be expected to diminish as /7T approaches O or 1, where the resi-
dence time on the unblown side is the smallest. The response time
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to the turning off of the blowing, measured on the full-scale F/A-18,
was 1.6 < Ar/t. <3, where ¢, is the convection time at freestream
velocity?® This persistence of unsteady viscous fairing effects on
the unblown side might have contributedto the nonlinear Cy (t/T)
characteristics in Fig. 15. In contrast, C, is dominated by the lo-
cal loading closer to the nose tip, which is relatively insensitive
to convective flow time-lag effects, explaining why the C,(t/T)
characteristicsin Fig. 15 are roughly linear.

It is well established* that, in the range 1 <wo/0,4 <2, where
crossflow separation is symmetric, various types of flow control
can change the flow separation to the asymmetric type, the easier
the closer the angle of attack is to the included apex angle 26,. At
o > 20, the crossflow separation becomes asymmetric and is more
difficult to control. This data trend is clearly visible in Fig. 12. At
o =30 deg > 0, =24.9 deg, the pulsed blowing has no significant
effect. At @ =50 deg (that is, when « approaches 26, =50.8 deg),
the control efficiency reaches its maximum for the side force, but
not for the yawing moment. That the yawing moment response
changes its direction when the angle of attack is increased from
40 to 50 deg, while the change of side force is insignificant, in-
dicates that the side-force distribution has become multicellular?
The dependence of the side-force distribution on «/6, has been
documented by Hall,* using experimental results*> obtained for a
3.5-calibertangent-ogivecylinderat Re = 0.20 x 10° (Fig. 17). The
characteristics C, (t/T) in Fig. 12 demonstrate that a multicellular
side-force distribution should be avoided, requiring t* < 12 accord-
ing to Fig. 17. For the geometry in Fig. 9, where &,,,x < 6, one finds
that this requires o < 45 deg, which is in agreement with the exper-
imental correlation between the Cy(7/T) and C,(t/T) results in
Fig. 12.

In addition to being affected by nose blowing, the crossflow sep-
aration on a slender forebody is also very sensitive to the Reynolds
number?® (Fig. 18). Increasing the subcritical Reynolds number
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from 0.28 to 0.44 x 10° more than doubled the magnitude of the
side force Cy and increased |Cy|/Cy from 0.24 to 1.14, whereas
increasing Reynolds number into the critical range (Re =0.54 x
10°) almost completely eliminated the side force. Increasing the
Reynolds numberinto the supercriticalrange (Re x 1076 =0.90 and
2.03) broughtback a side force of significant magnitude. Of course,
the yawing moment generated by the side-forcedistributiondepends
strongly on the location of the center of gravity of the flight vehicle
or in the case of tunnel tests the moment reference axis, as can be
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Fig. 17 Localside-force distribution for /y/d = 3.5 tangent-ogive cylin-
der at Re=0.2 X 10° (Ref. 24).

appreciated from Fig. 18. When considering that the side-force dis-
tribution depends on the location and strength of the applied nose
blowing, one can appreciate that successful design of forebody flow
control is no simple task. Figure 18 supports the statement made in
Ref. 27: “For aircraft with clean, axisymmetric forebodies with and
without LEXs, conventional rotary tests performed at laminar flow
conditions can provide the qualitative full-scale free-flight charac-
teristics.” The futility in trying to simulate full-scale flow condi-
tions by the use of tripping devices is conclusively demonstrated in
Refs. 27 and 28.

As discussed in Ref. 4, both maximum and minimum |cy [ max /Ca
can occur in the critical Reynolds-number range. At subcritical
crossflow Reynolds numbers, asymmetric flow separation occurs
near the 90-deg meridian to produce a normalized side force
[¢ylmax/C, of respectable magnitude. As the critical Reynolds-
numberrangeis entered, critical/subcriticalcrossflow separationcan
take place. This providesthe maximum differentialin the separation
locations on opposite sides of the body, the 80-deg meridian on one
side, and the 140-deg meridian on the opposite side, and also pro-
vides the maximum suction-pressure differential in the vicinity of
the lateral meridian, producing a side force of maximum magnitude.
This is illustrated by the results for Re =0.44 x 10° in Fig. 18. The
peak is sharp because a relatively small increase of the Reynolds
number to Re =0.54 x 10° (or a change of of C, or C,;) results
in asymmetric, critical flow separation, with nearly equal suction
pressures at the lateral meridians. As, in addition, the separation
asymmetry in this case is centered around the 140-deg meridian,
it is rather ineffective in generating a side force.?® Thus, both the
normalized value |¢y|max /|, | and the side force itself will be very
small. Finally, as Reynolds number is increased to the supercritical
region (Re >0.90 x 10° in Fig. 18), the flow separation asymme-
try moves forward toward the 100-deg meridian, where it is once
again efficient in generating a side force. This progressive change
of the flow separation type from subcritical/subcritical through
critical/subcritical and critical/critical to supercritical/supercritical
has been observed on a two-dimensional circular cylinder?’

Successful design of means for control of forebody flow asymme-
try would be simplified greatly if the multicellularside-force distri-
bution, which changes with « /0, and the crossflow Reynolds num-
ber, could be avoided. As the results? in Fig. 17 illustrate, this could
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Fig. 19 Side-force distribution at A =0.4 on pointed and blunted
ogive-cylinder bodies.>

be accomplished by increasing 6,. This might, however, not be at-
tractive to the vehicle designer when a slender forebody is required,
as in the case of the model tested in the wind tunnel”® (Fig. 13).
A more desirable solution would be to use a slight nose bluntness,
as is demonstrated by the laminar results’® in Fig. 19. When con-
sidering the method of nose blowing used (Figs. 3, 9, and 13), the
applied blowing is likely to generate a viscous nose-bluntness ef-
fect, which could be large for a pointed forebody. That this could
play a role in producing the control characteristics measured in

subscale tests is indicated by the influence of Reynolds number on
the nose-bluntnesseffect generated by the wire-rod apparatus used
in Ref. 12. One must, therefore, consider the strong call for caution
transmitted by the results in Fig. 18, which demonstrate that “vis-
cous fairing” effects*3? are significant on a pointed nose, effects
that will be distorted if boundary-layertripping devices are used.”’
Successful control of forebody crossflow separation and associated
vortex sheddingrequirescareful considerationof the lessons learned

in the past about asymmetric flow separation on slender bodies of
revolution.

Conclusions

Recent investigations of forebody flow control at incidences
above the included apex angle have revealed that successful design
depends heavily on understandingfully how the fluid mechanics are
influenced by the crossflow Reynolds number on the slender fore-
body, the forebody fineness ratio, the nose bluntness, and finally the
geometric locations of the nozzles used for blowing or suction. For
the forebody flow control to be viable, the applicationhas to remain
within specific ranges of these parameters. The reviewed database
suggeststhat some degree of geometric nose bluntnesscould greatly
simplify obtaining proportional control by using blowing or suc-
tion without resorting to any type of the high-frequency switching
schemes needed for pointed forebodies.
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