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Side Force Reduction of Cone-Cylinder
Using Microballoon Array Actuator

Tzong-Shyng Leu,* Jeng-Ren Chang,” and Pong-Jeu Lu*
National Cheng Kung University, Tainan 701, Taiwan, Republic of China

The reduction of side force acting on a cone—cylinder slender body using a microballoon array actuator is
examined. This microballoon array actuator can be inflated to a height of approximately 1.2 mm on the curve
surfaces of the slender body. Experimental results indicate that side forces can be significantly reduced by inflating
actuators near the weak and strong separated vortex structures. The mechanism of side force reduction has been
investigated via both hot-wire and surface pressure measurements. Interestingly, unlike the conventional methods
of changing the vortices from asymmetric to symmetric pairing for side force reduction, a microballoon array
actuator makes vortices more asymmetric. It was found that two mechanisms can characterize the reduction of
side force. The first mechanism involves that the weak side vortex lifts off prematurely because the microballoon
actuation replaces the vortex pair structures with a more asymmetrically positioned pattern, enabling the formation
of a new (third) vortex in the near-wall region. The second mechanism involves the strength of the newly generated
(third) vortex being able to be effectively controlled via the microballoon actuation. Microballoon actuators can
effectively alter the evolution of the new (third) near-wall vortex structure.

Nomenclature
A = cylinder cross-sectional area
C, = normal force coefficient, N /g. A
C, = pressure coefficient, (p — poo)/go
C, = total side force coefficient, S/g A
Cs.x/p = sectional side fore coefficient at X/D,
1 2
- Cp(sin@)r do
)

D = cylinder diameter
L = body length
N = normal force
p = surface static pressure
Poo = freestream static pressure
oo = freestream dynamic pressure, %pU 2
Re = Reynolds number, Uy, D/v
S = side force, defined positive in positive

Y -axis direction
U,V,W = velocitiesin X, Y, Z directions, respectively
Us = freestream velocity
X, Y, Z coordinate system fixed with test model,

as shown in Fig. 1
v = dynamic viscosity of air
Da = microballoon actuator position
©p = circumferential location of pressure orifices
[7n = roll angle
Wy = nondimensional streamwise vorticity,

(OW/dY —dVdZ)/(Us/D)
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I. Introduction

IDE force occurrence on slender bodies of revolution at medium

to high angle of attack [(AOA) > 300 deg] has long been ob-
served. Flowfield features and characteristics for a slender body
at high AOA have received considerable attention.!™* These in-
vestigations brought useful information in understanding the be-
havior of a slender body at high AOA. This information could be
used to improve the design of high-performance aircraft and guided
missiles. These studies demonstrate that AOA is the key flowfield
parameter. For a slender body at moderate AOA (10 < AOA <30
deg), the flow separating from the body rolls up into a pair of sym-
metric vortices. These symmetric vortices may become asymmet-
ric when the AOA exceeds some critical value. Significant side
force results from the appearance of these two asymmetric vor-
tices. The magnitude of this side force can equal that of the nor-
mal force acting on the slender body, which frequently causes an
aircraft to spin or a missile to tumble in situations where these ef-
fects are not thoroughly considered as part of the control system
design.

A peculiar phenomenon is associated with high-AOA slender-
body flow, namely, a geometrically symmetrical body may develop
asymmetric airloads when rotated around its axis of revolution. Ac-
cordingly, roll angle was introduced as another important parame-
ter, in addition to AOA, for characterizing the slender-body flow.
With regard to the roll angle effect, a number of researchers have
found that side force depended heavily on roll angle.>®* As AOA
exceeded the vortex onset angle that generates side force, the vari-
ation of side force with respect to the roll angle altered from a
continuous distribution to a square waveformlike distribution.’ Zil-
liac et al.’ further examined the trends of side force variation vs nose
roll angle. Tiny imperfections, even as small as the dust particles
(approximately 3-;m diameter) incidentally coating the nose of the
model, were found to change the direction and phase of the side
force distribution in response to the roll angle change. The find-
ing by Zilliac et al.’ implies that the leading-edge vortex genesis
and subsequent growth are highly sensitive to small imperfections
of the nose tip. In addition to the AOA and the roll angle, side
force is also sensitive to other parameters, including nose fineness
ratio, nose bluntness, nose geometry, Reynolds number, body slen-
derness, surface roughness, freestream turbulence, and so on.b~10
However, for simplicity, this study only considers AOA and roll
angle.

Aerodynamic control of a slender body at moderate to high
AOA flow is important for combat air vehicles. Recently, numerous
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techniques have been developed for controlling forebody vortices.
These control methods can be divided into two categories, namely,
passive and active methods. Passive control methods are relatively
simple and require no auxiliary power or control loop. However,
active control methods require a sensor and feedback loop system
to sense the current states and require energy expenditure to actively
facilitate the control actuation.

With regard to the passive control methods, one such method'!
involved a pair of helical trips that were used to force nonuniform
crossflow separation from the forebody to disrupt the formation of
concentrated leeside vortices. Experiments demonstrated that the
helical trip device can effectively reduce the side force. Clark and
Peoples'? installed small winglets on the forebody to alter the wake
flowfield. The experimental results demonstrated that the proposed
device could markedly reduce yawing moments. Asghar et al.'3
investigated side force control by adding a leeside fin to a circular
cone. Flow visualization tests showed that the fin can generally
suppress the asymmetric vortices.

Regarding active control methods, Moskovitz et al.'* used a ro-
tating forebody tip that varies in cross-sectional shape from a circle
at its base to an ellipse at its apex. Variation of side force with roll
angle is found quite obvious, and side force can be controlled by
adjusting the tip roll angle. Fidler'> controlled the asymmetric vor-
tex on a slender body at high AOA by rotating the nose. Numerous
researchers'®~1° investigated the blowing methods of controlling the
side force and yawing moment of aircraft and missiles. The exper-
imental results showed that a small amount of blowing momentum
is sufficient to produce a significant change in the side force and
yaw moment. Forebody vortex flow can also be controlled by the
movable strakes.?>?! The experimental results showed that the side
force of the model could be considerably changed as strakes were
actuated at different azimuth positions. However, it was also found
that excessively large nose strakes may induce pitching instability.
The side-jet control method®*?} has been employed for controlling
missile attitude because of its rapid burning rate, which generates in-
stant control forces. Furthermore, the side-jet force can be amplified
by the interaction between the side jet and the external flow. To sum-
marize, the effectiveness of all of the previously mentioned control
methods stems from producing aerodynamic forces and moments
by influencing the characteristic vortex dynamics structure over the
slender forebody region.

Recently, microelectromechanical-system technology has devel-
oped rapidly because of its numerous advantages, such as low cost,
fast response, high sensitivity, small volume, light weight, redun-
dancy, and so on. Grosjean et al.* conducted the experiment of
F-15 fighter aerodynamic control by using microballoon actuators
packaged on the leading edge of the wing. Their experimental re-
sults demonstrated that the rolling moment could be influenced once
microballoon actuators were actuated. Lee et al.?* installed micro-
magnetic actuators on the leading edge of a delta-wing airplane.
Following actuation, the rolling, pitching, and yawing moments on
delta-wing aircraft changed markedly. Huang et al.?® controlled an
unmanned aerial vehicle sized aircraft using the so-called M? system
that combined the microactuators, microsensors and microelectron-
ics in a single device. These examples show that microactuators can
serve as an excellent tool for aerodynamic control despite their small
size. Provided microactuators are actuated at the sensitive places of
the vehicle, small disturbances caused by microactuators can be
amplified via the instability mechanism of the flowfield, creating
macroscaled control forces for maneuvering the flying vehicles.

Previous studies found that the most effective way of controlling
the side force of a slender body was to interfere with the initial
vortex generation position near the forebody apex. Creating a small
disturbance near the apex can significantly change the features of the
vortical flowfield over a slender body at a high AOA. Moreover, the
effectiveness and mechanism of microarray actuators have not been
completely studied and are not well understood for slender-body
flow. Based on this, this study investigates the control effects of the
flexible microballoon array actuator on the aerodynamic character-
istics associated with a cone—cylinder. The most sensitive region of
actuation over this cone—cylinder slender body was also searched
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Fig. 1 Schematic of coordinate systems.

for. Nevertheless, the tiny space imposes practical difficulties for
installing an active actuator in the apex region. As a result, the best
possible location for control implementation is the cone surface,
where flow is still highly susceptible to disturbances.

II. Experimental Setup

Experiments were conducted in an open-type low-speed wind
tunnel. The test section is a circular tube 50 cm in diameter and
140 cm in length. The flow speed at the test section ranges from 2.0
to 35.0 m/s, and the turbulence intensity is less than 0.5%.

A body-fixed coordinate system (X,Y,Z) is used to describe the
flowfield measurements and the physical quantities to be discussed.
This coordinate system is illustrated in Fig. 1. The X axis points in
the downstream direction along the body axis of revolution. The Y
axis directs the starboard direction, with the Z axis defined using a
right-hand rule. Angular positions such as roll angle ¢,, actuation
angle ¢,, and pressure orifice angle ¢, are defined positive in a
clockwise sense and measured from the windward stagnation point
on the plane ¥ =0.

The experimental model is a cone—cylinder slender body, and
the diameter of the cylinder D is 50 mm. The cone has a fineness
ratio of two and the cylinder length is three times of its diameter.
An annular recess was machined 60 mm in length along the cone
surface, from X/D = 0.84 to 2, and 0.8 mm in depth over the cone
region of the model. It is generally agreed that the slender-body
vortical flow is most sensitive to the conditions near the tip region.
Because the actuators are placed as close as possible near the tip
of the cone, the control effectiveness should be more significant.
Because of the limited space and the difficulties of the package
near the apex of the cone, it was chosen in the current study to
place the actuators spread from X/D =0.84 to 2 over the cone
section. A fan-shaped flexible microballoon array actuator can be
flush mounted on the curved surface of the cone section. Also, the
pressure orifices are drilled annularly around the X/D =2.4 and
3.6 stations, respectively, both measured from the cone apex. The
pressure orifices have an interval of 10-deg separation among one
another. Figures 2a and 2b show photographs of the cone—cylinder
model and the wind-tunnel experimental setup.

Surface pressure and overall aerodynamic forces of the cone—
cylinder are measured using a pressure transducer and load cell,
respectively. The velocity measurement is measured using, respec-
tively, the single-type and X-type hot wires. The hot wire is mounted
on a three-dimensional traversing mechanism that is controlled by
a microprocessor-based computer. Velocity flowfield measurement,
however, will be utilized to show the vortex pair structure variation
caused by the actuation of the microballoon actuators.

III. Microfabrication of Flexible
Microballoon Actuator
Grosjean et al.?* first used a microballoon actuator for aero-
dynamic control in 1998. They performed the experiment on a
fighter F-15 aerodynamic control by using microballoon actuators
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Fig. 2 Photographs of a) cone—cylinder model and b) wind-tunnel ex-
perimetnal setup.

packaged on the wing surface. Their experimental results indicated
that the rolling moment could be effectively influenced once mi-
croballoon actuators are actuated at critical locations on the leading
edge of the wing. Because the actuators used by Grosjean et al.>* are
rigid substrates, the original curved geometry of the leading edge of
the wing surface has to be reshaped when the actuators are installed.
In the present study, a flexible microballoon array actuator was man-
ufactured using a newly designed micromolding technology.?’ In so
doing, the microballoon array actuator can be packaged on any curve
surface of the cone—cylinder slender body without surface profile
modification. All parts of the actuator are made from polydimethyl-
siloxane (PDMS).?® The mother mold is a fan-shaped mold milled
by the use of precision machining. It includes six actuator mem-
branes that are molded in a fan-shaped distribution. The membrane
area is 50 x 2 mm in length and width, and the base depth of the
flexible microballoon actuators is approximately 400 wm. Figure 3
shows the schematic of the flexible microballoon array actuator.

The fabrication processes of the flexible microballoon actuators
are described as follows. An excessive amount of PDMS is injected
into the mother mold first. Then, the membrane thickness is con-
trolled by the rotational speed of the spin coater. The centrifugal
force, which is governed by the rotational speed, can fling away
the excessive PDMS. Then, the mother mold is put on a horizontal
plane for approximately 10 min to let the PDMS settle. The mother
mold is finally placed on a heated plate, set at a baking temperature
of 100°C for 20 min for shape forming. The test results show that
the membrane thickness possesses excellent uniformity and can be
controlled precisely.

In this study, the flexible microballoon actuator is actuated by us-
ing external high-pressure source. For all wind-tunnel experiments
in this study, the pressure source is fixed at 11 psig (~180000 N/m?),
and the actuator membrane can be inflated to about 1.2 mm in height
at this pressure setting.

Actuator
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Fig. 3 Schematic of cone-shaped microballoon array actuator.
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Fig. 4 Distributions of side force coefficient C; and normal force coef-
ficient C,, of cone—cylinder slender body at different AOA, no microbal-
loon actuation and roll angle fixed at ¢, =100 deg.

IV. Aerodynamic Characteristics of Cone-Cylinder
Slender-Body Flow

The present experiments were conducted in an open-type low-
speed wind tunnel. The operational flow speed at the test section
can range from 2.0 to 35.0 m/s. In this paper, the results are shown
for a freestream velocity of U,, = 20 m/s and a Reynolds num-
ber, defined as Re=pU.,D/u, of 6.7 x 10*. Other experiments
have also been investigated for different Reynolds number ranges,
Re=6.7x 10>~ 1.2 x 10°, in this wind tunnel. The results are
qualitatively similar to those of the experiment with Re = 6.7 x 10*.
The side force S, defined positive in the Y direction (starboard di-
rection as viewed from downstream), was measured by the use of a
load cell.

Before investigating the effect of the microballoon array actua-
tor on the slender-body aerodynamics, the experiments were first
conducted to study the high-AOA aerodynamic characteristics of
the cone—cylinder slender body with no microballoon control actu-
ation. Figure 4 shows the control-free normal force coefficient C,
and the side force coefficient C; variations with the AOA chang-
ing from 0 to 60 deg and the roll angle fixed at ¢, = 100 deg. This
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shows that the side force increases rapidly when the AOA exceeds
30 deg. The side force reaches its maximum within the AOA range
between 50 and 55 deg. Once the AOA increases beyond 55 deg,
the side force decreases dramatically. When the crossflow charac-
teristics of the cone—cylinder slender body were analyzed, it was
found that symmetric vortex pairs rolled up on the leeward side of
the forebody for the low-to-medium AOA range AOA <30 deg. The
symmetry of the vortex pair makes the side force in this AOA range
negligible. When AOA further increases beyond 30 deg, the original
symmetric vortex pairs become asymmetric and the side force starts
to appear. The side force approaches its maximum as AOA reaches
about 50 ~ 55 deg. If the AOA is further increased, the side force
drops abruptly, and the flow exhibits unsteady wakelike vortex shed-
ding, which is similar to the flow over a vertical circular cylinder.

As asymmetric vortex pair or side force prevails, the surface
pressure distribution becomes asymmetric also. The vortex-induced
surface pressure variations are unequally distributed over the two
sides of the leeward region, with one side variation much stronger
than the other. In this study, for the sake of convenience, the vor-
tex side was named the strong vortex side, for the much stronger
vortex-induced surface pressure variation, and the other side was
named the weak vortex side. Because of the asymmetric flow sepa-
ration and the hydrodynamic instability of the symmetric vortices,
the strong side vortex is located closer to the leeward surface of the
slender body. The strong side vortex may generate stronger negative
pressure (suction force) on the slender body. Figure 4 also shows
that the normal force increases with AOA. Moreover, the variation
of normal force is found to be more regular and monotonic in trend
than that of the side force.

In addition to the AOA influence, side force also varies with
roll angle ¢, even when microballoon actuators are not actuated.
Figure 5 shows the variation of side force with respect to the roll
angle when AOA is increased from 40 to 55 deg. There exists an
oscillatory distribution of the side force as roll angle changes. It is
observed that side force variation with roll angle is characterized
by a trend of low to moderate, asymmetric wavy distribution when
the AOA is set at AOA =40 and 45 deg, as shown in Figs. 5a and
5b. As a higher AOA is attained between 50 and 55 deg, the side
force exhibits a square-wavelike pattern and periodically changes its
direction between positive and negative values as roll angle varies,
as shown in Figs. 5c and 5d.

For the cases illustrated in Figs. 5c and 5d, the variations of
side force with roll angles and the associated vortical structures
can be divided into three types. In the first type, net side force
is negative for roll angle in the ranges of 0 < ¢, <70 deg and
170 < ¢, <220 deg. In the second type, for roll angles residing in
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Fig. 5 Variations of side force coefficient C; at different roll angles ¢,
when AOA is a) 40, b) 45, ¢) 50, and d) 55 deg.
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Fig. 6 Variations of side force coefficient C; and normal force co-
efficient C,, of cone-cylinder slender body at different roll angles
(AOA =50 deg).

the regions of 90 < ¢, < 150 deg and 240 < ¢, < 310 deg, the side
force is positive. For these two types, flowfield is characterized by
a stable asymmetric vortex pair, and the induced side force is either
positive or negative depending on which side the strong vortex is lo-
cated. In the third type, it is found in the experiments that the vortical
structures exhibit unsteadiness, causing the model vibrate for roll
angles in the regions of 70 < ¢, <90 deg, 150 < ¢, < 170 deg, and
220 < ¢, < 240 deg, where side force switches intermittently from
negative (or positive) to positive (or negative) values. When taking
a long-time average of the third type of side forces, it is found that
the fluctuating side force may result in a nearly zero mean in these
unsteady flow regions. Variation of the normal force with roll angle
for AOA fixed at 50 deg is also shown in Fig. 6. Itis observed that the
variation of normal force with roll angle is significantly smaller than
that of the side force. Therefore, the emphasis of the present study
will focus on the side force control for either the first (negative)
or the second (positive) side force type. For these two types, flow-
field is characterized by a stable asymmetric vortex pair. Hot-wire,
pressure, and force sensor signals show basically steady trends with
small fluctuations superimposed. The time-averaged measurements
can, therefore, represent the characteristics of the vortical flowfield
studied.

V. Microballoon Controlled Cone-Cylinder
Slender-Body Flow

A. Single Actuator Control

The aerodynamic characteristics of the control-free cone—
cylinder slender-body flow have been investigated in the preceding
section. They indicate that side force generated for the cone—cylinder
slender body is extremely sensitive to the AOA and the roll angles as
well. The present work further explores the microballoon controlled
aerodynamics of the cone—cylinder slender body at high AOA. In
this section, single actuation is first investigated. Figure 7 shows the
variation of the side force coefficient C; when one microballoon
actuator is actuated at different actuation angles ¢,. Two effective
actuation angle regions have been found based on the side force di-
rection preference before control actuation. For those side forces that
are positive before actuation (¢, = 100, 120, and 290 deg, shown in
Fig. 5d), the side force can be effectively alleviated when the actuator
is actuated in the region from ¢, = 50 to 90 deg. On the other hand,
for those side forces that are negative before actuation (¢, = 60, 190,
and 200 deg, shown in Fig. 5d), the side force can be reduced signif-
icantly as a single actuator is actuated in the region from ¢, =270
to 310 deg. Recall that when initial side force is positive (or nega-
tive) before actuation, the 0 ~ 180 deg (or 180 ~ 360 deg) half-side
of the cone—cylinder slender body corresponds to the weak vortex
side defined earlier. Moreover, the effective actuation angle range
of 50 < ¢, <90 deg for the positive side force case is the mirror
image of the effective region of 270 < ¢, <310 deg with respect
to the dividing symmetry plane for the negative side force case.
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Fig. 7 Variations of side force coefficient of cone-cylinder slender body
with single actuator forcing at different actuation angles ¢, for various
roll angles ¢, (AOA =55 deg).
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Fig. 8 Side force coefficient C of cone—cylinder slender body for case
of AOA =55 deg and roll angle ¢, =190 deg.

For both cases, effective controls all occur at an angle range within
50 < |¢,| <90 deg, as measured from the windward stagnation line
toward the weak vortex side. The same experiments were also con-
ducted for other AOA at 50, 45, and 40 deg, respectively. The results
indicate that the preceding effective actuation angle works equally
well and shows no dependence on these AOA. A very useful conclu-
sion can be drawn from these experimental observations; namely,
the side force can be effectively alleviated when the microballoon
actuator is located on the weak vortex side, within an actuation angle
range of 50 ~ 90 deg measured from the windward stagnation line.

B. Multi-Actuator Control

The results shown in the preceding section indicate that a sin-
gle actuator can significantly alleviate the side force of the cone—
cylinder slender body when the actuator is forced within an appro-
priate angle range over the weak vortex side. Follow-up experiments
further explored the flow controlled simultaneously by two actua-
tors. Figure 8 shows the results when the AOA = 55 deg and the roll
angle at ¢, = 190 deg. The diamond symbols in Fig. 8 represent the
results that side force reduction can be significantly achieved when
a single actuator control is enforced within 280 < ¢, <310 deg.
The experiments with double actuations are then conducted for
one actuation employed at either ¢, =280 or 310 deg, combined
with the other actuator actuated at different actuation angles within
0 < ¢, <360 deg. Figure 8 shows that the side force can be further
reduced to nearly zero when one actuator working at the effective
actuation angle range over the weak vortex side (¢, =280 or
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Fig. 9 Distribution of side force magnitudes when two actuators are
employed (AOA =55 deg), lower and upper triangular portions are for
cases with side force being originally negative (¢, = 60,190, and 200 deg)
and originally positive (¢, =100, 120, and 290 deg), respectively: @,
|Cs]<0.5; A, 0.5<|Cs| <1; ©,1<|Cs| <1.55 and [, |Cs| > 1.5.

310 deg) is augmented by the other side force actuated simulta-
neously at ¢, = 100 deg.

Extensive studies have been performed to examine the multi-
actuation effectiveness. Figure 9 illustrates the results and shows the
distributions of side force when any combinations of two actuators
are employed for a cone—cylinder body at AOA = 55 deg. The abso-
lute values of the control-free side force coefficients fall between 1.7
and 2.0. For cases with side force being originally negative (¢, = 60,
190, and 200 deg) or originally positive (¢, = 100, 120, and 290 deg),
the magnitudes of side force coefficient |C;|, when control was ac-
tivated, are found to be distributed in the lower and upper triangular
portions of Fig. 9, respectively. These side force amplitudes are clas-
sified into four levels, namely, filled circular symbols for |C;| < 0.5,
filled triangular symbols for 0.5 < |C;| < 1.0, hollow diamond sym-
bols for 1.0 < |C,| < 1.5, and hollow square symbols for |C,| > 1.5.
The lower triangular portion of Fig. 9 represents the results for the
initially negative side force flows whose corresponding weak vortex
sides are located in the region of ¢, = 180-360 deg. For those cases,
most of the side force can be effectively alleviated when one actuator
is placed in the region of 270 ~ 310 deg (the weak vortex side) and
the other located in the region of 60~ 110 deg (the strong vortex
side). Similarly, the data in the upper triangular portion of Fig. 9 de-
scribe the results associated with originally positive side force cases
having their corresponding weak vortex side located in the region
of 0-180 deg. For these flowfields, side forces can be effectively
reduced when actuators are located in the regions of 50 ~ 90 deg
(the weak vortex side) and 250 ~ 300 deg (the strong vortex side),
respectively. Both results can be summarized in a simple rule that
states that the side force can be effectively reduced using one actu-
ator located in the region of 50 ~ 90 deg (weak vortex side) and the
other in the region of 60 ~ 110 deg (strong vortex side), measured
oppositely from the stagnation line on the windward side.

The experiments also included studies of the induced normal
force when two actuators located in the regions of 50~ 90 deg
and 250 ~ 300 deg are employed. Figure 10 shows a typical nor-
mal force for AOA varying from 0 to 60 deg when the roll angle
is fixed at ¢, = 100 deg. It is seen that, in the high-AOA range, the
normal force could be slightly enhanced when two actuators located
at ¢, =70 and 280 deg were turned on. Figure 11, however, shows
the side force annihilation due to this flow control using two balloon
actuators. Figures 10 and 11 together show that, at high AOA, lift
can be maintained or enhanced, whereas the undesirable side force
is greatly eliminated using the present multi-actuation method. For
otherroll angles at different angles of attack, the experimental results
also indicate that the side force can be reduced with the same trends
as shown in Fig. 11. Physically, the present flow control method ad-
justs the asymmetry of the leeward side vortical structures. However,
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Fig. 11 Comparison of side forces generated at different AOA
(- =100 deg), actuators located at o, =70 and 280 deg.

the overall coherence of the vortex formation mechanism is not sac-
rificed, resulting in a strong suction effect that is maintained on the
leeward side and produces the vortex lift required.

VI. Mechanism of Side Force Reduction Using
Microballoon Array Actuator

The preceding force measurement experiments conjecture an en-
hanced vortical structure that dwells on the leeward side as the bal-
loon actuators were activated. To determine more precisely how
this control-induced vortical structure is, it is necessary to exam-
ine flowfield measurements to elaborate on the physical mechanism
involved.

A. Flowfield Velocity Measurement

To understand the detailed mechanisms of side force reduction
with microballoon actuation calls for three-dimensional velocity
measurements. An X-type hot wire has been used twice to measure
the velocity data sets of (U, V) and (U, W) and was then converted
into a three-dimensional velocity (U, V, W) field. Figures 12 and 13
illustrate the cross-sectional (V, W) velocity vector plots obtained
at X/D = 3.6 for the slender body without and with control actua-
tion. These velocity vectors are constructed by taking the long-time
average of the measured data. Figures 14 and 15, however, show
the constant nondimensional streamwise vorticity w, contours cal-
culated from those velocity vectors, respectively.

The vortex pair structures are clearly identified in Figs. 12 and 13.
Note that one vortex is situated close to the body surface on the right-
side and the other away from the body surface on the left-hand side.
This asymmetric vortex pair induces a strong positive side force. In
Fig. 12, the left- and right-side vortex core positions (Y/D, Z/D)
appear to be roughly at (—0.5, 1.8) and (0.4, 0.45), which coincides

Fig. 12 Sectional velocity vector distribution: X/D = 3.6, AOA =50 deg,
@r =100 deg, and control free.
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Fig. 13 Sectional velocity vector distribution: X/D = 3.6, AOA =50 deg,
r =100 deg, double actuation, and ¢, =70 and 250 deg.

with the locations of the maximum streamwise vorticity seen in
Fig. 14. Note that in Fig. 13 the vortex cores move to new positions
(Y/D, Z/D) at (—.0.4,2.3) and (0.5, 0.75) when microballoons
are actuated, respectively, at ¢, = 70 and 250 deg. Figure 13 shows
that the vortex on the left side (weak vortex side) migrates upward
to a position further away from the cylinder. Note that instead of
changing vortex structures from being asymmetric to symmetric
for side force reduction, which the conventional control methods
adopted, microballoon array actuation causes vortex pair structures
become even more asymmetric. As noted in Figs. 14 and 15, a
third high vorticity-concentrated region is formed over the near-wall
region of the left side (weak vortex side). Figure 14 illustrates that
the original third vortex was loosely formed at the near-wall position
Y/D =—0.7,Z/D = 0.7 before the control actuation. When control
is turned on, this third vorticity-concentrated region is strengthened
into a clear vortex structure appearing at Y /D = —0.5, Z/D = 0.45,
as shown in Fig. 15.

Collecting seven sectional velocity measurements together, one
can derive a depiction of the weak-side vortex core and the third vor-
tex core trajectories developed from the cone apex. Figure 16 shows
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Fig. 14 Nondimensional streamwise vorticity w,: X/D=3.6, AOA =
50 deg, o =100 deg, and control free.
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Fig. 15 Nondimensional streamwise vorticity wy: X/D =3.6, AOA =
50 deg, and ¢, =100 deg, double actuation, and ¢, =70 and 250 deg.

—&—  Control-free (weak vortex)
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X/D

Fig. 16 Side view of vortex core trajectories developed from cone apex:
AOA =50 deg, ¢, =100 deg, double actuation, ¢, =70 and 250 deg,
control-free side force C; =1.79, and control-on side force C; =0.29.

the trajectory of the weak-side vortex cores, which initially stay close
to the model surface above the cone section, and then experience
a liftoff at downstream location X /D = 2.4 above the cylinder sec-
tion, caused by the formation of a third vortex structure developed
inboard around the leeward surface. Luo et al.° conducted similar
flow visualization experiments using an ogive—cylinder model held
at AOA = 50 deg. Their investigation found that the weak-side vor-
tex lifts off earlier than the strong-side vortex, and at the same time
a third near-wall vortex is formed at the weak vortex side. In Fig. 16,
similarly, it is found that the weak-side vortex, when forced by mi-
croballoon actuation, lifts off earlier around location X/D =1.6 as
compared to the one without control actuation. The enhanced new
(third) vortex also shows premature liftoff in the near-wall region
as microballoon actuation is employed.

B. Sectional Side Force Measurement

Figures 17 and 18 show the surface pressure distributions obtained
on the cross sections X/ D = 2.4 and 3.6 for the cone—cylinder held at
AOA = 55degand ¢, =70 deg. InFigs. 17 and 18, the surface distri-
butions associated, respectively, with control-free, single actuation
at ¢, = 280 deg and double actuation at ¢, =280 and 100 deg are il-
lustrated. Figures 17 and 18 show that the body surface experiences
greater suction (negative) pressure on the left side (strong vortex)
side than on the right side (weak vortex) side before microballoon
actuation. The asymmetric distributions of the surface pressures be-
tween 0~ 180 deg and 180 ~ 360 deg cause side force formation
in the control-free flowfields. For single- and multi-actuation cases,
the degree of asymmetry at cross section X /D =2.4 (Fig. 17) is sig-
nificantly decreased. By integrating surface pressure distributions,
one can calculate the sectional side force (side force per unit span)
along the cylinder. At section X/D = 2.4, the sectional side force
is alleviated after control actuations, but remains strong enough to

2 T | ‘ T | T T
- X/D=24 4
—&—  Control-free
1= = ¢.=2800n 7
3 —A— ¢,=280" & 100" on|

0 60 120 180 240 300 360
Pp

Fig. 17 Surface pressure distributions of cone—cylinder flows with and
without control actuation: AOA =55 deg and ¢, =70 deg.
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Fig. 18 Surface pressure distributions of cone—cylinder flows with and
without control actuation: AOA =55 deg and ¢, =70 deg.
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Fig. 19 Sectional side force C, y,p distribution along body: AOA =
55 deg and , =70 deg; total side force coefficients equal to Cs = —1.87,

Cs = —0.662, and C; = 0.221 for control-free, single-actuation, and
doube-actuation fowfields, respectively.

change the direction of the side force. Nevertheless, farther down-
stream, the asymmetric surface pressure distribution at the cross
section X/D =3.6 (Fig. 18) clearly switches the direction of the
sectional side force as control actuations are activated.

By integration of surface pressure C), distributions in Figs. 17 and
18, the sectional side force coefficients Cy x,p at location X /D for
control-free and control-on cases are shown in Fig. 19. Though there
are only two sectional side forces (X/D =2.4 and 3.6) available,
three schematic lines showing the sectional side force distributions
developed along the body, for control-free and control-on cases, are
shown in Fig. 19 based on the following evidence:

1) In accordance with the studies by Lamont and Hunt,' the side
force distribution of an ogive—cylinder was found to be oscillatory
along the slender body. Though Lamont and Hunt’s' model is dif-
ferent from the current cone—cylinder, the high-AOA characteristics
between an ogive—cylinder and a cone—cylinder differ only in on-
set angles and magnitude of side force. The sectional side force
distributions of cone—cylinder slender body, therefore, should have
similar oscillatory behavior along the slender body.

2) The sectional side forces show a trend of increase from a
smaller (or negative) value at X/D =2.4 to a larger (or positive)
value at X/D = 3.6. This indicates a significant side force variation
occurring along the slender body.

3) The total side forces vary from C; = —1.78 for the control-free
case to C; = 0.221 for the double-actuation case. This suggests that
the sectional side force distributions appearing in Fig. 19 are mostly
negative before microballoon actuation, and are then change to a
mixed, partially negative and positive distribution as microballoon
actuations are employed.

This fundamental trend change explains again the effect of the
control-induced third vortex structure that produces additional suc-
tion pressure and the resultant counteracting side force as well. The
total side force of the cone—cylinder can be changed from a signif-
icantly negative value (C; = —1.87, control free) to a slightly posi-
tive value (Cy = 0.221, double actuation) using the present balloon-
type flow control method. With microballoon actuation, the vortical
structure on the weak vortex side undergoes dramatic change. The
sectional side force changes in such a way that the positive and the
negative parts of the distribution cancel each other, resulting in a
large reduction of the net total side force.

VII. Conclusions

In this work, the reduction of side force via microballoon array
actuation on a high-AOA cone—cylinder slender body was examined.
A microballoon array actuator is formed using PDMS elastomer and
micromolding techniques that can be packaged on curved surfaces
of a cone—cylinder slender body. When controls are activated, the
microballoon actuator can be inflated to a vertical height of about
1.2 mm, which exceeds the thickness of the attached boundary layer
before separation.

In the search for the optimal side force control of a cone—cylinder
slender body, aerodynamic force measurement experiments investi-

gated the reduction of side force when employing a single or multi-
actuator. Side force measurement results indicate that the effective-
ness of microballoon actuation varies with the forcing locations.
The side force can be effectively reduced provided a single actuator
is placed on the weak vortex side, with a forcing angle range of
50~ 90 deg, as measured from the windward stagnation line. For
multi-actuator forcing, a simple rule was identified for the side force
control strategy. The side force can be almost completely eliminated
when the weak and strong side actuators are located oppositely in
the effective forcing range of 50 ~ 90 deg as measured from the
windward stagnation line. The experimental results also show that,
in the range 0 < AOA < 60 deg, this control method can effectively
alleviate the side force acting on the cone—cylinder for any roll
angles.

The side force reduction mechanism was examined by surveying
the surface pressure and velocity field measurements. Interestingly,
rather than changing vortical flow structures from asymmetric to
symmetric, as is often done by conventional control methods, the
present microballoon array actuator control can increase the asym-
metry of vortical structures. The reduction of side force can be
characterized based on two major mechanisms. The first mechanism
derives from the early weak-side vortex liftoft after microballoon
actuation, causing a substantial change of the vortical structures.
This mechanism enables the premature formation of a new (third)
vortex originating upstream from a concentrated high vorticity in
the near-wall region. The second mechanism involves the induced
new (third) vortex being strengthened due to microballoon actu-
ation. Because of the participation of the new (third) vortex that
grows and lifts off from the weak vortex side of the slender body,
the original vortex induction mechanism is altered, producing an
oscillatory distribution of the sectional side force distribution along
the body. In summary, microballoon actuators can enhance the evo-
lution and growth of this newly generated near-wall (third) vortex
structure. The control-induced mixed positive and negative parts of
the sectional side forces can be manipulated to cancel one another
out, thus, significantly reducing the total side force acting on the
slender body at high AOA.
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