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Abstract: This study investigates the aerodynamic performance of the NACA 633-421 airfoil and the effectiveness
and feasibility of intermittent disturbance flow control methods on laminar separation bubbles (LSBs). It is found that
the average velocity and influence range of the synthetic jet actuator increase with the increasing of driving frequency
and driving amplitude. LSB occurs at Re=1.0><10", and ruptures at a=6". But with intermittent disturbance control,
the stall angle of attack (AoA) increases while significantly reducing drag. Research shows that although certain
disturbance cannot fully recover from LSB stall, decreasing driving amplitude partially restores wing aerodynamic
performance, more effectively than increasing driving amplitude.
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0 Introduction

The behavior of fluid flow on surfaces is crucial
to understanding fluid dynamics. The laminar sepa-
ration bubble is a particularly fascinating phenome-
non in this sector that has a major impact on the ef-
fectiveness and performance of numerous engineer-
ing systems. A laminar boundary layer separating
away an object’s surface and forming a turbulent
flow area that reattaches further downstream is
known as a laminar separation bubble (LSB). The
LLSB develops when there is a pressure drop along
an object’s surface, causing the flow over the object
to transition from laminar to turbulent. This phe-
nomenon usually occurs during low Reynolds num-
bers. In more details, for example, when it comes
to an airfoil or a flat plate, the boundary layer is ini-
tially laminar close to the leading edge. Adverse
pressure gradients can be produced by the fluid flow-

ing over the surface due to variations in surface cur-
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vature or outside factors. This is the area where the
laminar boundary layer slows down due to an in-
crease in pressure in the flow direction. The laminar
boundary layer separates from the surface if the ad-
verse pressure gradient is sufficiently large. When
this happens, the fluid flows backward in relation to
the free stream, creating a bubble of recirculating
flow. Turbulence may replace the initially laminar
flow inside the separation bubble if it becomes unsta-
ble. Various instabilities inside the separated shear
layer are responsible for this transition. Because of
its increased momentum close to the surface, the
turbulent boundary layer can overcome the adverse
pressure gradient and reattach to the surface down-
stream of the separation point. Designing efficient
and effective aerodynamic systems, like as wings,
propellers, and turbines, requires an understanding
of the behavior of LLSBs. Also, these bubbles are
frequently seen on leading edges of thin airfoils, gas

turbine blades, and low Reynolds number micro-
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aero-vehicle wings. If not managed properly LSBs
can increase drag, decrease lift, induce flow instabil-
ities (unsteady and unpredictable behavior) and
many more. The behavior of LSBs is studied by sci-
entists and engineers using a range of approaches,
such as computational fluid dynamics (CFD) simu-
lations and wind tunnel tests, to improve the design
of aerodynamic systems. For aerodynamic devices
to be designed effectively, it is crucial to compre-
hend the science of the laminar separation bubble
and its potential controls'"™”. A LSB is illustrated in
Fig.1.
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1 Methodology

A 2D NACA633-421 laminar airfoil model
was created specifically for this experiment. Accord-
ing to the NACA number, the maximum camber
was 6% of the chord, the maximum camber was lo-
cated 33% of the chord from the leading edge and
the maximum thickness was 42% of the chord. In
this particular experimental model, as shown in
Fig. 2, the chord length was ¢=250 mm and the
span length was L=>550 mm. At the half-span of
the airfoil surface, 55 pressure taps were also in-
stalled. The diameter of each pressure tap was 0.6
mm. On the upper surface of the airfoil model, six
synthetic jet actuators were equally included with
identical span-wise spacing, =80 mm. These actu-
ators were located at 30% of the chord from the
leading edge. Each actuator featured two splay slots
with dimensions of 15 mm in length, 1 mm in
width, and a 15° splay angle. As shown in the
Fig.2, a small loudspeaker functioned as the actua-
tor. The coil moved up and down when the driving
signal was applied to the actuator, with the help of

an electric current. The membrane then moved up
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Fig.2 Experimental model (parameters &. synthetic jet

actuators)

and down in order to create two vortexes at the
slots” exit.

The wind tunnel used for the present study was
a 0.8 m suctional closed wind tunnel (Fig.3). The
size of the test section was 0.8 m X 0.8 m, the
wind speed ranged from 5m/s to 40 m/s, and the
turbulence was about 1%. The main experiment
was conducted to investigate the aerodynamic per-
formance of the NACA 633-421 airfoil at low Reyn-
olds numbers and LSB flow control with an intermit-
tent disturbance on the airfoil. Studies of the behav-
ior of objects or fluids in a controlled airflow envi-
ronment frequently involve wind tunnel experi-
ments. The NACA 633-421 airfoil model was
placed in the middle of the wind tunnel test section.
The model was connected to the six-axis force/
torque balance to collect accurate forces and torque
information, which was connected to the high preci-
sion rotary table to change the angle of attack.
Waveform generator was connected to the power
amplifier, which was connected to the synthetic jet
actuators inside the model. Model’ s pressure taps
were connected to the pressure data acquisition
(DAQ) to collect accurate pressure measurements
of the airfoil. To determine the proper revolutions
per minute (RPM) for the required airspeeds, a pi-
tot tube was used. Dynamic pressure could be calcu-

lated by combining the pitot pressure and static pres-
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sure. The dynamic pressure formula can be used to
determine airspeed from the dynamic pressure. For
Reynolds numbers 0.7X10°, 1.0X10°, 1.4X10°,
1.7X10°, the corresponding airspeeds were 4, 6,
8, 10 m/s, and the corresponding wind tunnel
RPMs were 120, 185, 225, 295 r/min. Before the
start of the experiment, the high precision rotary ta-
ble, pressure system and the force/torque system
were calibrated accordingly. The data for baselines
4,6, 8, and 10 were gathered after the airflow was
started. Following that, various synthetic jet actua-
tor frequencies and amplitudes were utilized, as
shown in Table 1, for each baseline to gather further

data (for each case angle of attack from — 6 to 26°).

Table 1 Experiment frequencies and amplitudes

Frequency/Hz Amplitude/V
0.1 1
0.2 1
0.5 1,3,5
1,3,5
1,3,5
1,3,5

2 LSB Flow Control with an Inter-
mittent Disturbance

The bursting of the LSB as it gets near the
leading edge is the primary cause of the stall to oc-
cur at low angle of attacks and Reynolds numbers.
The mean lift coefficient curves at various angle of
attacks, with and without intermittent disturbance
control, are shown in Figs.4,5. In the baseline
(Re=1.0 X 10° without control) , the stall oc-
curred at @ =6° but with the driving frequency
0.5 Hz and driving amplitude 1 V, the angle of stall
increased to @ =18, which is three times higher
than the baseline. For the driving frequency 6 Hz
and driving amplitude 5 V, the angle of stall in-
creased to « =26", which is more than four times
higher with the baseline. Additionally, Figs.6,7
show nearly the same characteristics as Fig.5. Fig.8
shows the mean lift coefficient curves for the driving
frequency 0.1 Hz and driving amplitude 1 V, the an-
gle of stall moves from a=6" to a =14", but the
mean lift coefficient moves from —6° to 14° as an ir-

regular increase.
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Fig.8 Lift characteristics of NACA 633-421 airfoil with
control (0.1 Hz, 1 V) and without an intermittent dis-
turbance at Re=1.0 X 10’

At Re=0.7X10°, the mean lift coefficient
curves at various angle of attacks with and without
intermittent disturbance control are shown in Fig.9.
In the baseline (Re 0.7 X 10° without control) the
stall occurrs at a=0°, but with intermittent distur-
bance control the stall angle extends to =20 and
the maximum lift coefficient increases from about
0.85 to 1.1 for the driving frequency 6 Hz and driv-
ing amplitude 1 V. In conclusion, when the intermit-
tent disturbance control is presented and with appro-
priate driving frequency and driving amplitude, the
existing LSB at Re=1.0X 10" is maintained without
bursting, which increases the stall angle of attack,

thus allowing for more operational space.
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Fig.9 Lift characteristics of NACA 633-421 airfoil with

control (6 Hz, 1 V) and without an intermittent dis-

turbance at Re=0.7 X 10’
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The mean drags coefficient curves at various
angle of attacks at Re=1.0X10° , with and without
intermittent disturbance control, are shown in
Figs.10,11. In the baseline (without control) , an
abrupt increase in drag can be seen after the angle of

attack @ =6", which is due to the natural bursting

process of the LSB. This phenomenon ias eliminat-
ed with the intermittent disturbance control and the
mean drag coefficient curves have become smoother
compared to the baseline, as shown in Figs.10,11.
At Re=0.7X10°, the mean drags coefficient curves
at various angle of attacks with and without intermit-
tent disturbance control are shown in Fig.12. The
mean drag coefficient curve with control of driving

frequency 6 Hz and the driving amplitude 1 V is low~
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Fig.10 Drag characteristics of NACA 633-421 airfoil with
control (6 Hz, 5 V) and without an intermittent dis-

turbance at Re=1.0X< 10’
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Fig.11 Drag characteristics of NACA 633-421 airfoil with
control (0.5 Hz, 1 V) and without an intermittent

disturbance at Re=1.0 X 10°
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Fig.12 Drag characteristics of NACA 633-421 airfoil with
control (6 Hz, 1 V) and without an intermittent dis-

turbance at Re=0.7 X 10’
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er than the baseline (without control) until the angle
of attack a=22°, afterwards the baseline’s curve is
lower. Additionally, the maximum drag coefficient
is higher than the maximum drag coefficient value of
the baseline, which is increased from about 0.48 to
0.54. In conclusion, with the intermittent distur-
bance control and with appropriate driving frequen-
cies and driving amplitudes, the drag coefficient is
which enhances

relatively lower than the baseline,

the performance and conserve energy as well.

2.1 Influence of intermittent disturbance am-

plitude

For some driving frequencies, the driving am-
plitudes needs to be lower for the lift to recover.
This phenomenon is clearly shown in Fig.13. The
intermittent disturbance from the synthetic jet actua-
tor is unable to recover the lift coefficient sufficient-
ly, but compared to the baseline, the lift coefficient
curve has a higher magnitude. And compared to
Fig.4, which is the same driving frequency with dif-
ferent driving amplitudes, the role of the driving am-
plitude in the synthetic jet actuator is clearly shown.
Contrariwise, the mean lift coefficient curves for dif-
ferent driving amplitudes but with the same driving
frequency are shown in Figs.14,15. For reasonably
high frequencies in Figs.14,15 with comparation to
Figs.4,13, all driving amplitudes are successful for
stall recovery.

The lift characteristics of NACA 633421 air-
foil without and with different driving amplitudes for

the same driving frequency (6 Hz) at Re=0.7 X 10°
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Fig.13 Lift characteristics of NACA 633-421 airfoil
with control (0.5 Hz, 5 V) and without an in-
termittent disturbance at Re=1.0 X 10°
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Fig.14 Lift characteristics of NACA 633-421 airfoil with-
out and with different driving amplitudes for the

same driving frequency (2 Hz) at Re=1.0 X 10’
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Fig.15 Lift characteristics of NACA 633-421 airfoil with-
out and with different driving amplitudes for the

same driving frequency (4 Hz) at Re=1.0 X 10’

are shown in Fig.16, which shows that even though
the amplitude is different for driving frequency
6 Hz, the mean lift coefficient curves are nearly
identical for the Re=0.7 X 10°. Fig.17 demonstrates
that the driving frequency 0.5 Hz is unable to suc-
cessfully recover the lift decrease in every driving
amplitude but the lift coefficient magnitude seems to

be increasing.
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Fig.16 Lift characteristics of NACA 633-421 airfoil with-
out and with different driving amplitudes for the

same driving frequency (6 Hz) at Re=0.7 X 10°
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Fig.17 Lift characteristics of NACA 633-421 airfoil with-
out and with different driving amplitudes for the
same driving frequency (0.5 Hz) at Re=0.7 X 10°

Compared with Fig.11, Fig. 18 shows the drag
characteristics of NACA 633-421 airfoil with and
without an intermittent disturbance at Re=1.0X
10°, where the driving frequencies are the same but
the driving amplitude is different from that in
Fig.11. For the driving amplitude 5 V, the frequen-
cy 0.5 Hz is unable to eliminate the abrupt drag coef-
ficient increase even though the magnitude is lower
than the baseline. Additionally, from Fig.19, the
drag characteristics of NACA 633-421 airfoil with-
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Fig.18 Drag characteristics of NACA 633-421 airfoil with

control (0.5 Hz, 5 V) and without an intermittent

disturbance at Re=1.0 X 10°
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Fig.19 Drag characteristics of NACA 633-421 airfoil with-
out and with different driving amplitudes for the

same driving frequency (6 Hz) at Re=0.7 X 10°

out and with different driving amplitudes for the
same driving frequency (6 Hz) at Re= 0.7 X 10° is
featured, where the driving amplitude 1 V and 5 V
mean drag coefficient curves demonstrate virtually
indistinguishable characteristics.

In conclusion, with the increase of intermittent
disturbance control driving amplitude, the lift coeffi-
cient magnitude and the maximum lift coefficient
value are increasing, but a relatively lower ampli-
tudes (1 V) for the intermittent disturbance control
driving amplitude appears to be improving the per-
formance, and energy consumption is also lower
compared to that with 5 V. Therefore, based on
these results, a conclusion can be drawn that the
driving amplitude 1 V is better suited than the driv-
ing amplitude 5 V.

2.2 Influence of intermittent disturbance fre-

quency

The mean lift coefficient curves for different driv-
ing frequencies (0.1, 0.2, 0.5, 2, 4, 6 Hz) but with
the same driving amplitude (1 V) at Re=1.0 X 107,
can be seen in Fig.20, which proves that for all fre-
quencies in the experiment, with the correct driving
amplitude, the low angle of attack stall can be recov-
ered sufficiently. Fig.21 features the lift characteris-
tics of NACA 633-421 airfoil without and with differ-
ent driving frequencies (0.5, 2, 4, 6 Hz) for the same
driving amplitude (1 V) at Re=0.7 X 10°. Compared
with different driving frequencies, 6 Hz mean lift co-
efficient curve surpasses other frequencies curves, as
shown in Fig.22, because of the reasonable linear in-
crease in the mean lift coefficient curve and the high-

est maximum lift coefficient recorded.
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Fig.20 Lift characteristics of NACA 633-421 airfoil with-

out and with different driving frequencies for the
same driving amplitude (1 V) at Re=1.0 X 10°
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Fig.22 Lift characteristics of NACA 633-421 airfoil with-
out and with control (0.5 Hz, 6 Hz) driving frequen-
cies for 1 V driving amplitude at Re=0.7 X 10°

As shown in Figs.10,11, for driving frequency
0.5 Hz and driving amplitude 1 V, the mean drag
coefficient curve is lower than the mean drag coeffi-
cient curve for driving frequency 6 Hz and driving
amplitude 5 V, which proves that with lower inter-
mittent disturbance frequencies, the mean drag coef-
ficient curves get lower and lower. Fig.23 shows
mean drag coefficient curves at Re=1.0 X 10° with

different driving frequencies but with the same am-
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Fig.23 Drag characteristics of NACA 633-421 airfoil with-
out and with different driving frequencies for the
same driving amplitude (1 V) at Re=1.0 X 10°

plitude. Fig.23 also confirms that, with lower inter-
mittent disturbance frequencies, the mean drag coef-
ficient curves get lower and lower.

In conclusion, with the increase of intermittent
disturbance control driving frequency, the stall an-
gle of attack increases. Therefore, for very low
Reynolds numbers such as Re=0.7 X 10°, the in-
termittent disturbance control driving frequency
should be higher, which turns out to be 6 Hz as the
ideal frequency (irregular lift coefficient increase can
be seen in lower frequencies, which can have unpre-
dictable behavior) , even though the energy con-
sumption is higher for that driving frequency. Addi-
tionally, with the increase of intermittent distur-
bance control driving frequency, the drag coefficient
increases, which affects the performance negatively.
Hence, finding the ideal balance between these pa-
rameters 1s the key for intermittent disturbance con-
trol. For Re=1.0X10°, 0.5 Hz driving frequency is
able to maintain the LSB without bursting. With the
low driving frequency, the drag coefficient and the
energy consumption is at the minimum. Therefore,
based on the results, 0.5 Hz intermittent distur-
bance control driving frequency is the most appropri-
ate for Re=1.0X10".

2.3 Surface pressure variations

NACA 633421 airfoil’ s upper and lower
mean pressure coefficient curves with and without
an intermittent disturbance at the angle of attack a=
10° is featured in Figs.24, 25. The area between the
upper surface curve and the lower surface curve rep-
resents the pressure difference, which directly af-
fects the lift coefficient/lift force. From Figs.24,25,
the area in between is larger with control than that
without control (baseline) , thus increasing the lift
coefficient/lift force significantly of the airfoil. Ac-
cording to Fig.26, the pressure difference between
the upper and the lower surfaces in these two differ-
ent control settings (6 Hz,5 V & 0.5 Hz,1 V), is al-
most the same, which means a lower intermittent
disturbance frequency can be used to drive the syn-
thetic jet actuator, thus decreasing the energy con-
sumption of the synthetic jet actuator. In NACA
633-421 airfoil for the Re= 1.0 X 10°, the stall oc-

curs at an angle of attack a==6" with the burst of the
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laminar separation. By the angle of attack a« =8,
the LSB is non-existent. But according to Fig.27,
the laminar separation is stable and still exists at an
angle of attack a =8 with the intermittent distur-
bance. Additionally, the mean pressure coefficient
curve’ s magnitude is much higher than that of the
baseline model, which increases the pressure differ-
ence, thus increasing the lift coefficient/lift force of

the airfoil.
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Mean pressure coefficient curves with and with-
out an intermittent disturbance control for Re=1.0 X
10° with different angle of attacks are shown in
Figs.28, 29. After the angle of attack a=6" in the
baseline model, the pressure decreases suddenly
due to the LSB burst, which can be seen in the high-
lighted area in Fig.28. But after the intermittent dis-
turbance control is being used, this scenario is elimi-
nated, as shown in the highlighted area in Fig.29
and the LSB keeps moving towards the leading
edge while maintaining the integrity.

At Re= 0.7 X 10° , the upper and the lower
mean pressure coefficient curves with and without
an intermittent disturbance at the angle of attack a=
10° is featured in Fig.30. The pressure differential,
which directly affects the lift coefficient/lift force, is
represented by the region between the upper surface
curve and the lower surface curve. With control, the

region is bigger than it is without control (base-
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Fig.28 Upper surface pressure coefficient distributions of
NACA 633421 airfoil for different angle of attacks

without an intermittent disturbance at Re=1.0 X 10°
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Fig.29

line), considerably improving the airfoil ’s lift coeffi-
cient and lift force. Fig.31 also shows the improve-
ment of the upper surface mean pressure coefficient
curve with control in regards with the baseline mod-

el. Also, according to Figs. 32,33, the upper sur-
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Fig.33 Upper surface pressure coefficient distributions of
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face mean pressure coefficient curves with an inter-
mittent disturbance control keep increasing with the
increase of angle of attack, but the upper surface
mean pressure coefficient curves without an intermit-
tent disturbance control loses pressure after the an-
gle of attack a =0° due to the stall. Additionally,
the maximum mean pressure coefficient has also in-

creased with the intermittent disturbance control.

2.4 Energy consumption of different control

parameters and efficiency

Synthetic jet actuator energy consumption can
change based on a number of variables, including
design, operating environment, and application.
The energy consumption of a synthetic jet actuator
mostly depends on the power necessary to create the
pulsing motion of the fluid. The input voltage and

current provided to the actuator are often used to
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gauge this power usage. The energy consumption of
a synthetic jet actuator can vary depending on sever-
al factors, including the design, operating condi-
tions, and the specific application. Energy consump-
tion of the synthetic jet actuator is calculated using
Egs. (1,2). For each driving frequency and driving
amplitude, the currents and voltages are collected
using a multimeter.
Power=Voltage X Current (1)
Energy=Power X Time (2)
Although the outcomes are not very precise,
Fig.34 demonstrates how energy is consumed in re-
sponse to changes in the parameters of the synthetic
jet actuator. Fig.34 shows that as both the driving
frequency and the driving amplitude of intermittent
disturbance control increase, there is an increase in
energy consumption. Based on that assumption, the
combination of the driving frequency 0.5 Hz and
driving amplitude 1 V consumes the minimum ener-
gy, and the combination of the driving frequency
6 Hz and the driving amplitude 5 V consumes the
maximum energy. Hence, for the Re=1.0 X 10’

with the driving frequency 0.5 Hz and driving ampli-
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Fig.34 Average energy consumption of the synthetic jet

actuator per iteration

tude 1V can be used, which also has better perfor-
mance than driving frequency 6 Hz &. driving ampli-
tude 1V for the equivalent Re=10 X 10°. Addition-
ally, for the same driving frequency with decreasing
driving amplitude, the energy consumption is lower.
For the same driving amplitude with decreasing driv-
ing frequency, the energy consumption is lower,
which justifies selecting driving amplitude 1 V over
driving amplitude 5 V. Hence, for the Re=0.7 X
10°, the driving frequency 6 Hz (due to the very
low speed nature, relatively high frequency is need-
ed to accomplish reasonable linear increase in the
lift) and driving amplitude 1 V can be used for over-

all performance and energy consumption vise.

3 Conclusions

A NACAG633-421 airfoil 1s chosen as the test
model for this experiment. The aerodynamic perfor-
mance of the NACA 633-421 airfoil at different
Reynolds numbers with different angle of attacks is
firstly inquired. From the investigation, it is found
out that the LSB does not exist when Re= 0.7 X
10°, but the LSB bursts when Re=1.0 X 10’ at an
angle of attack of @=6". In conclusion, it may be de-
clared that for large velocity increases and decreas-
es, the LLSB disappears and it only exists for a spe-
cific velocity range. Additionally, it is founded that
with the increase of velocity, the drag coefficient de-
creases and the pressure differential between the up-
per surface and the lower surface of the airfoil gets
larger and larger. The characteristics of the intermit-
tent disturbance flow control method is also investi-
gated. From this, it can be inferred that the outflow
velocity and the jet flow rise as the driving frequen-
cy and driving amplitude of the intermittent distur-
bance control increase.

The LSB flow control with an intermittent dis-
turbance is investigated as the main purpose of this
experiment. It is discovered that for the Re= 1.0 X
10°, with the intermittent disturbance control with
stall angle of attack, 1.SB can be delayed until a=
18 for the driving frequency 0.5 Hz and driving am-
plitude 1 V. For the driving frequency 6 Hz and driv-

ing amplitude 5 V, it is increased to a=26". In re-
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gards with the lift coefficient and the drag coeffi-
cient, the driving frequency 6 Hz and driving ampli-
tude 1 V have displayed nearly identical characteris-
tics to the driving frequency 6 Hz and driving ampli-
tude 5 V. The driving amplitude 1 V can be chosen
as the better driving amplitude in regards with the
energy consumption and performance. Additionally,
for the comparison between the two combinations of
driving frequency 0.5 Hz, driving amplitude 1 V
and driving frequency 0.5 Hz, driving amplitude
5 V, it is unable to successfully recover the lift coef-
ficient, which also supports the previous conclusion
that the driving amplitude 1 V is better for every
driving frequency at Re=1.0 X 10°. Compared with
the driving frequency 6 Hz-driving amplitude 1V,
the condition of 0.5 Hz, 1 V has a low drag coeffi-
cient curve than the driving frequency 6 Hz and al-
so manages to eliminate the abrupt drag increase at
a=6", which happens due to the LSB bursts, mean-
ing the intermittent disturbance control is able to
successfully maintain the LSB.

With the analysis of the mean drag coefficient
curves and the upper surface mean pressure coeffi-
cient distribution curves, the laminar separation bub-
ble does not exist when Re= 0.7 X 10°. But with
the intermittent disturbance control, the stall angle
of attack is able to extend until @=20" from its base-
line stall angle of attack a=0°, with the driving fre-
quency 6 Hz and driving amplitude 1 V. This case
with the 0.5 Hz driving frequency for all driving am-
plitudes is unable to successfully recover the lift. For
the other driving frequencies 2 Hz and 4 Hz, it is able
to recover the lift, but the irregular increase of the lift
makes these frequencies unpredictable for use.

In conclusion:

(1) For the intermittent disturbance control,
lower driving amplitudes (1 V) is preferable;

(2) Decreasing intermittent disturbance control
frequency decreases the drag coefficient;

(3) Increasing intermittent disturbance control
frequency increases the stall angle of attack;

(4) Increasing intermittent disturbance control
amplitude increases the lift coefficient magnitude,
relatively;

(5) Increasing driving frequency and driving

amplitude increases the outflow velocity of the syn-
thetic jet actuators.

Overall, for Re=1.0 X 107, the combination
of driving frequency 0.5 Hz and driving amplitude
1 V is the most suited due to the enhanced perfor-
mance and the less energy consumption. For Re=
0.7 X 10° , the combination of driving frequency
6 Hz and driving amplitude 1 V is ideal even though
the LLSB does not exist. For Re=0.7 X 10°, the in-
termittent disturbance control enhances performance
significantly.
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