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Proportional Control of Asymmetric Forebody Vortices

John E. Bernhardt¤ and David R. Williams†

Illinois Institute of Technology, Chicago, Illinois 60616

The ability of the unsteady bleed technique to control the asymmetry of the steady tip vortices separating from
a forebody model is demonstrated. Mean velocity pro� les measured behind the forebody model at ® = 45 deg and
Re = 6:3 £ 103 clearly show the exponential spatial growth of the disturbance in the wake. This exponential growth
is consistent with a spatial type of � ow instability. The type of spatial instability governing the � ow determines the
behavior of the vortex system. The continuous variation of vortex position with control input found at ® = 45 deg
is consistent with a convective type of instability and allows proportional control of the forebody vortices with
very low forcing amplitudes and input power levels. The forebody wake shows characteristics similar to a global
type of instability for the bistable behavior found at ® = 55 deg. For the global type of � ow instability, the vortex
system is locked into one of two stable con� gurations, and proportional control does not seem feasible under these
conditions.

Nomenclature
C p = pressure coef� cient based on freestream static and dynamic

pressures, .p ¡ p0/=. 1
2
½U 2

0 /
C y = sectional side-force coef� cient, C p sinµ dµ
C¹ = forcing coef� cient, u2s j=U 2

0 S
D = maximum diameter of the forebody model
Dl = local diameter of the forebody model
p0 = freestream static pressure
S = forebody model base area, ¼ D2=4
s j = total area of the control ports
U0 = freestream velocity
u = rms velocity through the control ports

Introduction

I T has been known for many years that slender bodies of revolu-
tion placed at high angles of attack produce a system of steady

asymmetric vortices.1 The vortex system induces an asymmetric
pressure distribution on the surface of the forebody. Integration of
the pressure distribution over the surface yields a net side force.
Under some � ight conditions, this side force can be as large as the
normal force acting on the body.

Small geometricimperfectionsin thecone tip appearto be respon-
sible for the developmentof the asymmetricvortices.As a result, the
direction of the side force (yaw left or right) is not predictable.Nu-
merical simulations by Degani2 for the � ow around a tangent-ogive
forebody model at ® D 40 deg have shown that the vortices develop
in an asymmetricpattern only when a small geometricaldisturbance
is added at the tip. Lamont3 and Zilliac et al.4 performed roll angle
experiments with tangent-ogive forebody models at high angles of
attack. For these experiments, the side force acting on the model
varied with roll angle, clearly indicating a correlation between the
vortex con� guration and the position of the geometric asymmetry.
Similar resultshavebeenobtainedby Bridgesand Hornung5 with an
elliptic cone and by Moskovitz6 using small beads placed at differ-
ent circumferential locations around the model tip. The implication
of these results is that control of the � ow asymmetry is possible by
changes in the tip geometry.

The large side forcesand yawingmoments producedby the asym-
metric forebody vortices can affect the yaw control characteristics
of an aircraft and limit the maneuverability. At high angles of at-
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tack, the forebody vortices interact with the wing and vertical tail
surfaces. These interactions can lead to roll oscillations of the air-
craft called wing rock. Furthermore, the large side forces created
by the asymmetric vortices can generate a torque resulting in the
rotation of the vehicle about its center of gravity, which is known
as coning motion. The coning motion of the body has been studied
extensively by Ericsson and Reding7 and Yoshinaga et al.8

Because of the importance of forebody vortex management, a
variety of different passive and active � ow control techniques have
been devised. Passive control techniques typically use nose strakes
to � x the � ow separation lines, which forces the vortices into a
symmetric con� guration. Malcolm9 discusses the effectivenessand
limitations of passive control techniques. Active control methods
include deployable strakes10 and jet blowing.11– 13 Jet blowing has
been demonstratedon severalaircraft including the F-5, F-15, F-16,
and X-29.

Considering the preceding remarks, one important research ob-
jective of the current investigationis to develop vortex control tech-
niques that are capable of proportional control of the asymmet-
ric forebody vortices. This type of control requires the capacity to
change the vortexsystem between a yaw-left and yaw-rightcon� gu-
ration to change the sign of the side force. In addition,the magnitude
of the side force must be variable, indicatingthat the vortex con� gu-
ration can be manipulated in a continuousmanner. Effective control
methods should be accomplished with very low input power levels
for the technique to be attractive to the designer and should not ad-
versely affect the performance of the aircraft. Ideally, the control
techniques should not involve the use of external appendages such
as nose strakes, which increase the drag on the � ight vehicle. A
potential bene� t of proportional control is that the side force and
yawing moment could be used to enhance the maneuverability of
the aircraft.

The unsteady bleed technique is used for the experiments to con-
trol the developmentof the asymmetric forebodyvortices.The basic
premise of proportional control with the unsteady bleed technique
is that controlling the initial � ow disturbance at the tip can modify
the con� guration of the forebody vortices. The interaction of the
unsteady bleed with the external � ow produces a highly localized
low-pressure disturbance in the mean � ow with variable amplitude
that dominates the built-in geometric asymmetry of the cone and
controls the formation of the tip vortices. In addition to its role as
an actuator, the unsteady bleed technique enables the investigation
of the important � ow physics by studying the response of the � ow
to a controlled input. In particular, it will be shown by use of the
controlled input that a spatial instability may be responsible for
the growth of the vortex asymmetry along the axis of the forebody
model. Therefore, a second objective of the current research is to
provide experimental evidence of the spatial instability.The funda-
mental nature of the instability will also be examined as the angle
of attack is varied.
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Experimental Con� guration
Wind-Tunnel Facility

The experiments were conducted in a low-speed, open-return
wind tunnel at the Fluid Dynamics Research Center of the Illinois
Institute of Technology. The test section of the wind tunnel was
1.83 m long £ 0:41 m wide £ 0:61 m high (72 £ 16 £ 24 in.). The
freestream turbulence level in the test section was less than 0.25%.
A mounting sting inserted through the ceiling of the test section
supported the forebody model in the wind tunnel and allowed the
angle of attack to be varied from 0 to 90 deg.

Flow-visualizationstudies used two parallel smoke wires placed
approximately 0.6 m (24 in.) upstream of the model. The two wires
were adjusted so that the smoke entered the shear layer on both sides
of the model. In this way, the two asymmetric vortices were evenly
illuminated. By using one smoke wire at a time, independent � ow
visualizationsof each vortexwere obtained.Under some conditions,
the wakes from the smoke wires created enough of a disturbance
to change the vortex con� guration. Therefore, the sectional side-
force coef� cient was constantly monitored to ensure repeatability.
Either a strobe light or a laser sheet illuminated the smoke particles
entrainedby the vortices.The strobe lightwas placedunderneaththe
test section � oor, with the camera locatedoff to the side. The strobe
light visualizationsgave a view of the entire � ow� eld. To view the
� ow locally, laser sheet � ow visualizationswere done using a 20-W
copper vapor laser. The laser sheet intersected the axis of the model
at right angles. The camera was aligned with a view looking along
the model axis.

Quantitative velocity measurements were made using a two-
component laser velocimeter operated in backscatter mode. The
system employed a 5-W argon-ion laser mounted on a milling ma-
chine for accurate positioning. A six-jet atomizer using a 50:50
mixture of glycerin and water generated seeding particles. A pair of
counters was used for signal processing.

The coordinate system de� ned for the velocity measurements is
shown in Fig. 1. The origin of the coordinate system was located
at the tip of the model. The z axis was aligned with the model
centerline. Both the x axis and the y axis were perpendicular to
the z axis and together formed a right-handed coordinate system.
The laser Dopplervelocimetry (LDV) system measured the velocity
components parallel to the x axis (u component) and the z axis (w
component). These measurements were made in the x – y plane at
different axial locations. The sectional side-force coef� cient was
continuouslymonitored during the measurements to ensure that the
seeding did not change the vortex con� guration.

Fig. 1 Forebody model with a conical nose and rounded tip.

Forebody Model Con� guration and Instrumentation
The forebody model designed for the experiments is shown in

Fig. 1 with auxiliary views of the cone. The forebody model had
a diameter of 2.86 cm (1.125 in.) and a � neness ratio of 10.7. The
tip of the cone was rounded with a 0.476-cm (0.1875-in.) radius
of curvature.The control ports consisted of small holes of diameter
1.6 mm (0.0625in.) drilled into each side of the cone tip and located
at §135 deg from the forward stagnation line. Each set of holes
was connected to a separate internal tube, so that each set could be
independentlyactivated.An additional24 holes of diameter1.6 mm
(0.0625 in.) were drilled in 15-deg increments around the azimuth
of the cylinder at a Z=D of 3.04. The pressure taps were connected
through a rotary scanner to a differential pressure transducer. The
main purpose of the pressure taps was to detect changes in the
con� gurationof the forebodyvortices. For each of the 24 azimuthal
positions, a time-averaged pressure coef� cient was calculated.The
sectional side-force coef� cient was computed from the C p values
by integrating the pressure distribution.The experimental accuracy
of the C p and Cy measurements was estimated to be §0:03 and
§0:05, respectively.

The unsteady bleed apparatus consisted of two diaphragm-type
chambers scavenged from a pair of small aquarium pumps. The
rubber chambers were driven by a vibration exciter at a forcing
frequency of 60 Hz. A 60-W power ampli� er that received input
froma functiongeneratorpowered the vibrationexciter.The forcing
amplitude was measured with a pressure transducer connected to
the control port tubes. The � ow rate through each control port tube
was regulated by a needle valve. Because the chamber valves were
blocked, the only openings in the system were the control ports.
Thus, there was no net mass added to the � ow on average over a
forcing cycle. During the � rst part of the cycle, air was pumped
out of the forcing holes. The forcing holes behaved like freejets,
and the pressure at the exit plane of the forcing holes was nearly
atmospheric.During the second half of the cycle, the same amount
of airwas suctionedback into the system.The forcingholesbehaved
like sinks, and the exit pressure dropped below atmospheric. The
unsteady bleed created a disturbance that altered the � ow at the tip
by the low-pressure region around the exit and through momentum
addition to the � ow.

The amplitude of the forcing was expressed as a nondimensional
forcing coef� cient in terms of a momentum � ux ratio. The forcing
coef� cient C¹ physically represents the ratio of the momentum � ux
from the control ports to the incoming momentum that the model
experiences.Positive forcingcoef� cientsdenote forcing throughthe
control ports on the left-hand side of the model (¡y axis), whereas
negative forcing coef� cients indicate forcing on the right-hand side
(Cy axis). The calculationof the forcingcoef� cient requiresknowl-
edge of the velocity at the exit plane of the control ports. A hot-wire
probe was used to determine the rms exit velocities, which were
related to the line pressures in the control port tubes.

Results
The results presented focus on two angles of attack, ® D 45 and

55 deg, because initial experiments with the forebody model indi-
cated that signi� cant differences in vortex behavioroccurred in this
range. Similarly, Zilliac et al.4 demonstrated that the � ow became
bistable in this range. The yaw angle of the model was � xed at
0 deg, and the Reynolds number based on the freestream velocity
and cylinder diameter was 6:3 £103 .

Forebody Vortex Behavior
The effect of forcing on the sectional side-force coef� cient is

shown in Fig. 2 for ® D 45 deg. The � lled circle indicates the side
force (C y D ¡0:51) that occurs without forcing, resulting from the
built-in geometric asymmetry of the model. When the unsteady
bleedwas activatedon the samesideas theprimaryvortex (¡y axis),
the sectionalside-forcecoef� cient initiallyincreased.The side-force
coef� cient continued to increase as the forcing level was increased
until it saturated at Cy D 0:60 with C¹ D 0:004. It was possible to
achieve intermediate values of the side-force coef� cient due to the
continuousvariation in the vortex con� guration. Any additional in-
creases in the forcing amplitude beyond the saturation point did
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Fig. 2 Effect of forcing on the sectional side-force coef� cient at ® = 45
and 55 deg.

not change the vortex con� guration but did cause a slight reduction
in the side-force coef� cient. Activation of the control on the side
opposite to the primary vortex (Cy axis) resulted in a decrease in
C y to ¡0:61 at C¹ D ¡0:003. Further increases in the forcing am-
plitude caused a small reduction in the magnitude of Cy from the
saturated value. It is important to note that the vortex system always
returned to the original unforced con� gurationafter the control was
turned off on either side.These characteristicsde� ne the continuous
behavior of the vortex system.

The forebody vortices displayed a fundamentally different be-
havior when the angle of attack was increased to ® D 55 deg, as
shown in Fig. 2. The value of the side-force coef� cient for the orig-
inal state of the vortex system was C y D 0:49, which corresponds
to the upper � lled symbol in the � gure. For positive forcing coef� -
cients, a transition point occurred at C¹ D 0:007, where the vortices
switched rapidly to the mirror image of their original con� guration
with C y D ¡0:55. No intermediate states could be attained with the
forcing system. Increasing the forcing amplitude beyond the tran-
sition point did not cause any major changes in the vortex con� g-
uration. Most importantly, the vortices did not return to their origi-
nal con� guration when the unsteady bleed was turned off. Instead,
the side-force coef� cient remained negative, with a value equal to
¡0:47 (lower � lled symbol). This behavior of the vortex system is
clear evidence of bistable states, where bistable is de� ned as the
existence of two stable states of the � ow in the absence of external
perturbations.

A similar response of the vortex system was found for negative
forcing coef� cients. In this case, the vortex con� guration switched
at a transition forcing coef� cient of C¹ D ¡0:005. Once again, no
intermediate values of Cy were achievablewith the forcing system.
Turning off the unsteady bleed recovered the original state of the
� ow� eld. The combined positive and negative forcing formed a
hysteresis loop in the Cy vs C¹ plot. The arrows in Fig. 2 show the
path around the hysteresis loop.

Three different con� gurations of the vortex system were studied
in detail at ® D 45 deg, including the unforced case (yaw right),
the symmetric case (zero yaw), and the antisymmetric case (yaw
left). The data for the unforced vortex con� guration are shown in
Fig. 3, where C y D ¡0:47. Figure 3a consists of � ow-visualization
photographsof the forebodywakeviewedfromtwo distinctperspec-

Fig. 3a Smoke wire � ow-visualization photographs of the near- and
far-side vortices for the unforced asymmetric case (yaw right).

Fig. 3b Pressure distribution for the unforced asymmetric case (yaw
right).

tives.The strobe lightvisualizationsshowsideviewsof the forebody
wake. The � ow� eld on the side of the model closest to the camera is
visualized in the near-side photograph (Cy axis). The far-side pho-
tograph(¡y axis) is a visualizationof the � ow� eld on the side of the
model farthest from the camera. The pressure tap tubing is evident
in the lower-right-hand portion of each photograph. The sides of
the model are also labeled in the laser sheet visualization.The laser
sheet visualization presents an axial view of the forebody wake.
The laser sheet intersected the model axis at a Z=D of 3.04, which
corresponded to the axial location of the pressure taps. The � ow-
visualizationphotographsfor the unforcedcaseclearlyshow that the
vortices were asymmetric, as suggestedby the nonzerovalue of C y .

The pressure distribution for the unforced vortex con� guration
is presented in Fig. 3b. The value of the azimuthal angle µ at
the forward stagnation point is 0 deg and increases to 180 deg at
the back of the cylinder.The azimuthalangle is positive for both the
near and far sides, so that the pressure distributionson the two sides
may be easily compared. The pressure data show that the higher
pressures occurred on the far side of the model (� lled circles). The
high-pressure region created a side force that acted to the right, as
indicated by the arrow in Fig. 3a.

The near symmetric vortex con� guration (C y D 0:01) shown in
Fig. 4 was attained by applying the unsteady bleed through the
far-side control ports with C¹ D 0:002. The symmetric nature of the
vorticescan be seen in both the strobe lightand laser sheet � ow visu-
alizations.The pressure distributionson the near and far sides were
almost identical, resulting in a side force that was approximately
zero. Thus, the vortices in the symmetric state are not capable of
yawing the model to the left or right.

When the control was activated on the far side with C¹ D 0:006,
the vortex system became asymmetric once again. The vortex con-
� guration, however, was the reverse of the unforced arrangement
with Cy D 0:47, as shown in Fig. 5. It is evident from the � ow-
visualization photographs that the vortex con� guration was a mir-
ror image of the con� guration for the unforced case. The vortex
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Fig. 4a Smoke wire � ow-visualization photographs of the near- and
far-side vortices for the symmetric case (zero yaw)achieved with forcing.

Fig. 4b Pressure distribution for the symmetric case (zero yaw)
achieved with forcing.

asymmetry is re� ected in the pressuredistribution,which shows that
the higher pressures occurred on the near side of the model (open
circles). The side force acted to the left, as shown by the arrow
in Fig. 5a.

Spatial Instability Characteristics
It is generally agreed that the vortex asymmetry originates in

the tip region of the forebody model. Despite careful machining
of the forebody model, the cone tip always contains small geomet-
ric imperfections. These small imperfections are referred to as the
geometric asymmetry of the cone, which produce the initial � ow
disturbance in the tip region. The development of the vortex asym-
metry is due to the ampli� cation of the initial tip asymmetry by a
spatial instability in the forebodywake. Experimental evidence that
supports the spatial instability concept is presented in this section.

One important aspect of the instability analysis is the measure-
ment of the base � ow state de� ned for the forebodywake as the state
of the vortex system in the absence of any geometric asymmetry.
Without the geometric asymmetry, the cone tip would be perfectly
axisymmetric, and the vortices would be arranged in the symmet-
ric con� guration. Consequently, the symmetric state of the vortex
system is taken as the base � ow state for the instability analysis.
Note that this de� nition of the base � ow state is not accepted by all
researchers.14

The symmetric state was attained experimentally by balancing
the geometric asymmetry with a controlled disturbance from the
unsteady bleed port. However, the forced � ow� eld may be different
from the perfectly symmetric case if the forcing changes the mean
velocity � eld. To check whether the forcing amplitude was large
enough to distort the base velocity pro� le, several different forcing
amplitudes were used. Mean and rms velocity pro� les are plotted
in Fig. 6 for ® D 45 deg. The symmetric state was � rst reached by
applying the unsteady bleed through the far-side control ports with
C¹ D 0:002 (circles). Activating the control on the near side with
C¹ D ¡0:005 caused the vortex con� guration to become asymmet-

Fig. 5a Smoke wire � ow-visualization photographs of the near- and
far-side vortices for the antisymmetric case (yaw left) achieved with
forcing.

Fig. 5b Pressure distribution for the antisymmetric case (yaw left)
achieved with forcing.

Fig. 6 Mean and rms velocity pro� les for the symmetric case repre-
senting the base � ow state.

ric once again. Symmetry was restored by increasing the forcing
amplitude on the far side to C¹ D 0:006 (squares). This process
of progressively increasing the forcing amplitude on both sides of
the model was continued until a noticeable distortion in the veloc-
ity pro� les occurred (asterisks). At the highest levels of forcing,
the nonlinear effects of the unsteady bleed have become signi� -
cant. However, at lower forcing amplitudes, the velocitypro� les are
not in� uenced by the nonlinearity of the control. Therefore, it is
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Fig. 7 Disturbance energy growth along the axis of the model.

Fig. 8 Effect of forcing on Cy at ® = 45 deg, showing a linear region.

concluded that forcing at the low level of C¹ D 0:002 produces a
symmetric velocity pro� le equivalent to the base � ow state.

The differencebetween the unforcedand symmetric velocitypro-
� les is a measure of the disturbance amplitude at a speci� c axial
location. The disturbance amplitude refers to a steady distortion of
the mean � ow. The size of the spatially growing disturbance at a
particular axial position can be quanti� ed by de� ning a disturbance
energy as follows:

Ed D
l=2

¡l=2

.Ua ¡ Us/
2

U 2
0

d

³
Y

D

´

where Ua is the asymmetric mean velocity and Us is the sym-
metric mean velocity. The quantity l represents the range of the
velocity measurements in the y direction. The growth of the dis-
turbance energy is plotted on semilog coordinates in Fig. 7. The
data indicate exponential spatial growth from the tip of the model
until Z=D D 4:5, at which point the disturbance energy saturates.
A least-squares curve � tted to the experimental data of the form
Ed D E0 exp.C Z=D/ reveals that the spatial growth rate C D 2:1
and the initial disturbance at the tip E0 D 8:9 £ 10¡5 . The initial
disturbance energy at the tip is � ve orders of magnitude less than
the disturbance energy at saturation.

The growth mechanismcan be explored further by examining the
data shown in Fig. 8, which shows the effect of forcing on C y at
® D 45 deg for control applied only on the same side as the primary
vortex (¡y axis). The curve � tted to the data indicates a region
where a linear relationship exists between the input C¹ and the
output Cy . The linear region is centered about the symmetric vortex
con� guration (C y D 0) and extends to approximately Cy D §0:30.

When the forcing is applied to the tip region, it takes a � nite
amount of time before the � ow downstream of the tip responds.
The time delay td between the application of the control and the
response of the � ow is shown in Fig. 9 for ® D 45 and 55 deg.
The delay time was measured at ® D 45 deg with a hot-wire probe
located at X=Dl D 0:5, Y=Dl D ¡0:4. For 55-deg angle of attack,
LDV measurements were acquired at X=Dl D 0:5, Y=Dl D ¡0:5.

Fig. 9 Disturbance propagation speed along the axis of the model at
® = 45 and 55 deg.

Figure 9 shows that the delay increased linearly with distance from
the tip, suggesting a constant wave speed. The wave propagation
speed is the speed at which the disturbancetravels through the fore-
body wake. The slopes of the lines drawn in Fig. 9 can be used
to determine the wave propagation speeds. The wave propagation
speeds normalized by freestreamvelocityUws at ® D 45 and 55 deg
were calculated to be 0.93 and 0.76, respectively.

Discussion
Mechanism of Vortex Asymmetry

Two different mechanisms have been proposed that attempt to
explain the development of the vortex asymmetry in the forebody
wake.The � rstmechanismis basedon the idea that the wakebehaves
like a spatial instability.2 The second mechanism used to explain the
vortex asymmetry focuses on the asymmetric separation points of
the boundary layers on each side of the model, as described by
Ericsson.15 The spatial instability mechanism will be explored in
further detail in this section.

The disturbance energy measurements provide evidence that a
spatial instability of the forebody wake is responsible for the devel-
opment of the vortex asymmetry, as suggestedby Degani.2 The data
shown in Fig. 7 clearly indicate an exponentialgrowth of the distur-
banceenergyup to thenonlinearsaturationpoint,which is consistent
with a spatial typeof � ow instability.The growthof the vortexasym-
metry with axial distancedemonstratesthat the symmetricbase � ow
state is unstable to small disturbances at the model tip. Further ev-
idence of a linear growth mechanism is presented in Fig. 8, where
a region of linearity exists between the input C¹ and the output C y .
Thus, the spatial instability characteristics of the forebody wake
play an important role in the developmentof the vortex asymmetry.

The development of the forebody � ow asymmetry appears to be
an inherently inviscid process. Marconi16 solved the Euler equa-
tions numerically for the � ow around slender right circular cones
in a supersonic stream. The computations featured � xed separation
points that were symmetrically located on the cone surface. Mar-
coni foundthatboth a symmetric and an asymmetric solutionexisted
when ® > 2:3µc , where µc is the cone half-angle. In the numerical
simulations, the asymmetric solutionwas found to be stable and the
symmetric solution unstable. The � ow returned to an asymmetric
state when the symmetry was not enforced.These asymmetric solu-
tions seem to indicate that the developmentof the vortexasymmetry
is inviscid in nature. Furthermore, asymmetric solutions of the Eu-
ler equations could be obtained with symmetric separation points.
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This result implies that asymmetric separation is not necessarily a
prerequisite for vortex asymmetry but rather a consequence of the
vortex asymmetry due to an inviscid/viscid interaction.An example
of this type of interactionis the pressure feedbackfrom the forebody
vortices to the tip in the case of global instability of the wake. The
pressure feedback locks in the vortex con� guration and causes the
separation points to be asymmetric.

The initial � ow disturbanceproduced by the geometric asymme-
try of the cone is ampli� ed by the spatial instability of the forebody
wake. Note that only a very small geometric asymmetry or � ow dis-
turbance at the tip is necessary. At ® D 45 deg and Re D 6:3 £ 103,
the measurements show that the initial disturbanceenergy at the tip
was on the orderof 10¡5 , which is comparable to those foundexper-
imentally for the forcing coef� cient. Typical orders of magnitude
for the forcing coef� cient range from 10¡7 for steady suction17 to
10¡3 for unsteady bleed.

The concept of a spatial instability is a useful framework to ex-
plain how the initial tip asymmetry can be exploited to control the
� ow with very low levels of input power. By controlling the initial
� ow disturbance at the model tip, the asymmetry of the � ow� eld
and the resulting side force can be modi� ed. For example, the � ow
can be made symmetric and the side force eliminated by balancing
the geometric asymmetry with a controlled disturbance produced
by suction, blowing, or unsteady bleed. The controlled disturbance
introduced at the tip effectively alters the net geometric asymmetry
of the cone. Control of the side force can be accomplishedwith low
forcing amplitudes and input power levels due to the ampli� cation
of the initial � ow disturbance by the spatial instability. A system
gain can be de� ned as the ratio of the side-force thrust power output
to the actuator power input.18 As a result of the spatial instability
characteristicsof the forebodywake, the system gain is on the order
of 108 at a Reynolds number of 3 £ 104.

The response of the vortex system shown in Fig. 9 amounts to
a wave propagation speed through the wake. The controlled dis-
turbance placed into the � ow near the tip propagates downstream
along the axis of the model. As a result, it takes a � nite time for the
� ow downstreamto respondto changes in the initial � ow conditions
at the tip. From a control systems perspective, a time delay exists
between the applicationof the input and the responseof the system.

Forebody Vortex Behavior
The results at ® D 45 deg show that the behaviorof the vortexsys-

tem is consistentwith a convectiveinstability.At this angleof attack,
the vortex system responds to controlleddisturbances in proportion
to the amplitude of the disturbance. In addition, when the distur-
bance is removed, the � ow returns to its unforced state. Degani2

reached a similar conclusion based on numerical computations of
the � ow around a tangent-ogive forebody model. Because of the
convective nature of the instability, a continuous change in the po-
sition of the vortices can be achieved, and proportionalcontrol with
relatively low forcing amplitudes is possible.

The behavior of the vortex system at ® D 55 deg is indicative of
a global type of instability.This vortex system behavior is clear ev-
idence of bistable states, where bistable is de� ned as the existence
of two stable states of the � ow in the absence of any external distur-
bances (not includingthe geometricasymmetry). Pressure feedback
from the vortices to the model tip induces an initial � ow disturbance
that can be greater than the disturbance produced by the geomet-
ric asymmetry. The self-induced asymmetry can lock in the vortex
con� guration.The vorticesswitch to theoppositecon� gurationonly
when the forcing is able to overcome the feedback disturbance.

In addition to the angle of attack, it has been shown that the
vortex system behavior is also dependent on the Reynolds number.
Bernhardt and Williams17 conducted experiments on the forebody
model described in this paper for 6:2 £ 103 < Re < 3 £ 104 at ® D
55 deg. As the Reynolds number was increased, the response of the
vortexsystem changed from a bistable to a two-state to a continuous
behavior. This change in the vortex system response corresponded
to a transition from a global to a convective type of � ow instability.

Conclusions
The mean velocity pro� les measured behind the forebody model

clearly show the exponential growth of a disturbance in the wake.

This exponential growth is consistent with a spatial type of � ow
instability and indicates that the symmetric base � ow state is un-
stable to small disturbances at the tip. Thus, the spatial instability
characteristicsof the forebody wake are responsible for the growth
and development of the vortex asymmetry along the model axis.
The initial � ow disturbance at the tip is provided by the geometric
asymmetry of the cone. The initial � ow disturbance is ampli� ed
along the model axis by the spatial instability.

The type of spatial instability governing the � ow determines the
behavior of the vortex system. For a given model geometry, the na-
tureof the instabilitydependson theangleof attackand theReynolds
number. The continuous response of the vortex system to forcing
found at ® D 45 deg is consistent with a convective type of insta-
bility. Therefore, proportional control of the side force is possible
for the continuousbehavior. For the bistable behavior found at ® D
55 deg, the forebody wake shows characteristicssimilar to a global
type of instability. Pressure feedback from the vortices induces a
disturbance in the � ow at the tip that can dominate the geometric
asymmetry. The self-induced asymmetry can lock in the vortices
and leads to two stable vortex con� gurations. Proportional control
of the side force does not seem possible under these conditions for
the bistable behavior.

However,it is also importantto recognizethat the fundamentalna-
ture of the spatial instability can change with the Reynolds number.
Sectional side-forcemeasurementsshow the change from a bistable
to a two-state to a continuous behavior as the Reynolds number is
increased. This change in the vortex system behavior corresponds
to a transition from a global to a convective type of instability.Con-
sequently, it seems reasonable that proportional control of the side
force can be achieved at high Reynolds numbers.

It is fortunate that the � ow around the forebody model is gov-
erned by a spatial instability.The ampli� cation of small initial dis-
turbances in the tip region by the spatial instability leads to a very
large system gain.Therefore, the most effectivecontrolof the vortex
con� gurationand the side force can be achievedby placing the � ow
actuators near the tip of the forebody model. By exploiting the spa-
tial instability in this manner, control of the forebody vortices can
be accomplishedwith very low forcing amplitudes and input power
levels. Application of the control at the tip of the model changes
the initial � ow disturbance. As a result, the vortex con� guration
is modi� ed along with the pressure distribution on the surface of
the model. Control of the side force can be accomplished by this
means.

The vortex system response to the control input applied at the
model tip is characterized by a time delay. Changes in the initial
� ow conditionsare propagatedalong the model axis at a � xed wave
speed.Therefore, it takes a � nite amount of time for the side force to
develop on the forebody model after the control has been applied at
the tip. The time delay is an importantquantitybecauseit determines
how rapidly the side force can be changed on the forebody model.
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