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Introduction

HE objective of this study is to accomplish active control of

vortex breakdown over delta wings. The first step in this effort
is toidentify a physical quantity that indicates the existence of vortex
breakdown and can be used as a feedback signal for active control.
Previous studies’-? suggest that pressure fluctuations induced by the
helical mode instability of vortex breakdown is a good candidate.
Measurement of pressure fluctuations at a single location on the
wing surface can be sufficient for control purposes. The variation
of the amplitude of pressure fluctuations (or rms value of pressure)
with the breakdown location seems monotonic.? Hence, in this study,
the rms value of pressure was chosen as the control variable, and a
feedback control strategy was considered.

The second element in active control of vortex breakdown is to
identify a flow controller to influence the vortex breakdown location.
Several methods were shown to delay vortex breakdown. Blowing
and suction in the tangential direction along the leading edge,** suc-
tion applied around the vortex axis,>® and use of leading-edge flaps’
are among them. For most of the techniques mentioned, however,
the relationship between the control parameter and the vortex break-
down location is unknown or undesirable (i.e., not monotonic). A de-
sirable controller should have a monotonic relationship between the
control parameter and breakdown location. Sweep angle has such a
relationship. Therefore, variable sweep angle control was employed
in this study. The relationship between the sweep angle and vortex
breakdown location is very well known from static experiments.

A delta wing with variable sweep was fabricated (see Fig. 1a).
Measured rms value of pressure coefficient at a fixed point close to
the trailing edge (x/c = 0.94, y/c = 0.27) is shown as a function
of angle of attack and sweep angle in Fig. 1b. The flat region near
A = 70 deg shows the pressure fluctuation level in the absence of the
vortex breakdown over the wing (C, = 0.05). With increasing angle
of attack or decreasing sweep angle, the vortex breakdown moves
over the wing as the rms pressure level increases and finally reaches a
saturation. This approximate monotonic relation between the sweep
angle A andrms C, suggests that a feedback control may be feasible.
The increase in pressure fluctuations with the decreasing sweep
angle is due to the increasing length of the breakdown region over the
wing, as well as increasing circulation of the leading-edge vortex.?

An important consideration for the feedback control is the system
dynamic response. 1t is well known that the dynamic response of
the vortex breakdown location in unsteady flows is characterized by
time-lag effects. It was suggested that the response of the breakdown
location is similar to that of a first-order system.? Estimated values
of the time constant for different types of motion are summarized
in Ref. 8. Flow-visualization experiments’ for variable sweep angle
in a water channel showed that the normalized time constant is
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Fig. 1a Schematic of variable sweep delta wing.
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Fig. 1b RMS value of pressure coefficient as a function of angle of
attack and sweep angle.

tU/c = 2-7. The idealization as a first-order system suggested
that either proportional or integral control (or a combination of both)
could be suitable for this application.

Experimental Setup

Experiments were carried out in a closed-circuit wind tunnel with
a cross-sectional area of 61 by 61 cm. Details of the experimental
setup and model can be found in Ref. 8. The chord length of the
wing shown in Fig. 1a was ¢ = 268 mm and the Reynolds number
was Re = 190,000. The range of sweep angle was from A = 60 to
A = 70 deg. Two thin plates were used to change the sweep angle.
The motion of the plates was guided with a cable-pulley-pin system.
A bicycle brake cable, whose sheath was fixed near the trailing edge
and outside the wind tunnel, was attached to a drum, which was
driven by a dc motor servo system. This flexible system allowed the
use of variable sweep even for a pitching motion of the delta wing.
The unsteady surface pressure was measured by a high-sensitivity
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Fig. 2 Block diagram: a) feedback control system showing signal conditioning components and b) with transfer functions.

piezoelectric transducer (PCB model 103A). The measurement lo-
cation was x/c = 0.94, y/c = 0.27, which was chosen based on
previous measurements.! The active control experiments were con-
ducted both for a stationary and a pitching delta wing. The pitching
mechanism was similar to the one used by LeMay et al.” The angle of
attack was varied between 15 and 23 deg. A variable speed dc motor
and a speed controller were used to drive the pitching mechanism.

Since the rms value of pressure was chosen as the control variable,
an approximation for the rms pressure was necessary in a real-time
control loop. The raw pressure fluctuation signal p’(r) was rectified
and low-pass filtered.® The latter quantity is denoted by p,4, which
represents the amplitude of the pressure fluctuations. The signal
pa(t) was used as the control variable. The overall objective of the
control system was translated into a control objective of maintaining
a particular value of pressure amplitude p4 (¢). The implementation
of the controller can be more easily understood by considering the
block diagram representation of the system as shown in Fig. 2a. The
plant in this control system consists of two parts: the mechanical
position dynamics of the sweep angle mechanism and the vortex
breakdown process. The pressure amplitude p,(f) was obtained by
rectifying and low-pass filtering, after the signal from the pressure
transducer was passed through a high-pass filter. The rectification
was obtained using a full-wave bridge rectifier. The signal condi-
tioning circuits and the feedback control system for the sweep an-
gle were implemented using operational amplifiers. These circuits
were constructed on a breadboard. The block diagram of the feed-
back control system with the transfer functions is shown in Fig. 2b.
The power amplifier, dc motor, and sweep angle mechanism were
modeled as a dc motor with a directly coupled inertia. Frequency
response tests of the sweep angle mechanism indicate that this is
a reasonable approximation. The transfer function for this model
is shown in Fig. 2b. The time constant t; was estimated from the
step response tests as 1) = 0.25 s, (9.3¢/Uy). As indicated earlier,
the vortex breakdown process is modeled as a first-order dynamic
system with time constant 7,. The time constant 7, was estimated
from the water channel experiments’ as 1, = (2-7)¢/ Us.

Since the sweep angle positioning mechanism provides an inte-
gral relationship in the forward path, an integral controller for the
overall control system was relatively easy to implement. In addi-
tion, integral control has the advantage of small steady-state error.
The only parameter needed in the controller design was the gain
Kp. Since specific values of the plant parameters were not easily
obtained, the gain K, was chosen by trial and error.

Results

First, the active control experiments were conducted for the sta-
tionary delta wing at angle of attack @ = 19 and 23 deg. The results
for « = 23 deg are shown in Fig. 3. Initially, the sweep angle was
set to A = 60 deg and the desired voltage v, (corresponding to
a desired pressure amplitude p44) was chosen as 1.0 V. For this
value of sweep angle, the vortex breakdown location was over the
wing and closer to the apex. In Fig. 3, plots of pressure fluctuation
p' (1), feedback voltage v,(¢), and sweep angle A(¢) are shown. At
around t = 5 s, the feedback control was turned on. Note that the

pressure

a)

8 10
time in seconds

12

1.5+ E
! T st T
0.5r 1
0 s . . . . . A .
o] 2 4 6 8 10 12 14 16
b) time in seconds
75
70r 1
. f\\
D
2
g /
2 [
& |
2654 / )
g f
@« !
a i
2 /
@ !
3 f
@ !
60— 4
i
55 . L . . L L
Q 2 4 6 8 10 12 14 16
c) time in seconds

Fig. 3 Variation of a) pressure fluctuation p’(f), b) feedback voltage

v4(t), and c) sweep angle A(#) as a function of time, v = 23 deg.
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Fig. 4 Variation of a) angle of attack a(t), b) pressure fluctuation p’(f), ¢) feedback voltage v,(f), and d) sweep angle A(f) as a function of time,

af(t) = 19 + 4 cos(wt) (deg), k = we/2Us = 0.12.

sweep angle A(f) increases and becomes nearly constant around
A = 68.5 deg after a small overshoot. This new sweep angle corre-
sponds to a case where the breakdown location is downstream of the
wing. The decrease in raw pressure fluctuations and feedback volt-
age accompany the variation of sweep angle. Similar results were
obtained for « = 19 deg. Experiments for different values of the
desired voltage vy, which represents the desired pressure amplitude,
were carried out. When this parameter was increased to vy = 1.5V,
the overshoot of the sweep angle was not observed.

The active control experiments for the pitching delta wing were
conducted in a similar way. As the delta wing was pitched period-
ically between 15 and 23 deg, i.e., a(t) = 19 + 4cos(wt) (deg),
the initial sweep angle was set to 60 deg. For this range of an-
gle of attack, the vortex breakdown was over the wing during the
whole cycle. The plots of angle of attack «(¢), pressure fluctuation
p’(r), feedback voltage v, (¢), and sweep angle A(f) are shown in
Fig. 4 for a desired voltage v; = 1.0 V and a reduced frequency
k = wc/2U,, = 0.12, where w is the radiai frequency of the pitch-
ing motion. Again, the feedback control was turned on suddenly.
It is seen that the sweep angle A(¢) increases and becomes nearly
constant around a new value for which the breakdown location is
downstream of the wing. Itis also seen that the magnitude of pressure
fluctuations decreases substantially as a result of feedback control.

Conclusions

It is shown that pressure fluctuations induced by the helical mode
instability of vortex breakdown can be used to control the vor-
tex breakdown location. Measurement of pressure fluctuations at
a single location on the delta wing is sufficient for this purpose.
The monotonic variation of the amplitude of the pressure fluctua-
tions with vortex breakdown location makes the feedback control

possible. Based on previous experiments on the dynamic response
of vortex breakdown location, the system was idealized as a first-
order system, and integral control was used. The active control of
vortex breakdown was achieved for stationary as well as pitching
delta wings.
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