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Active control of a global thermocapillary instability
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Active control was applied to oscillatory thermocapillary flow in an open cylindrical container filled
with Silicone oil. Thermocapillary convection was driven by imposing a radial temperature gradient
on a flat free surface. This is an extension of the previous work by Shiomiet al. who applied
proportional feedback control by locally heating the surface at a single position using the local
temperature signal at a different position fed back through a simple algorithm. Although significant
attenuation of the oscillation was detected, an uncertainty remained if global stabilization was
achieved. In the present paper, two sensor/heater pairs were installed to achieve the global
suppression of the oscillation. Successful global stabilization of the oscillation was achieved in a
range of Marangoni number, with the best performance in the weakly nonlinear regime. Using a
reliable temperature measurement method, quantitative analysis is carried out to quantify the
performance of the control. The optimal values of gain and relative position of sensor/heater pairs
were identified. ©2002 American Institute of Physics.@DOI: 10.1063/1.1497375#
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I. INTRODUCTION

In the floating zone method, a containerless method
produce single crystals, it is well know that the oscillato
state of the thermocapillary convection causes detrime
striations in the chemical composition of the finished crys
Industrial need has motivated a number of experimental,
oretical, and numerical works to clarify the onset mechan
of the instability on various geometries commonly on ha
zone models.2–4 The present work attempts to suppress
oscillation by applying active control. While there is a stro
motivation from the industrial application, this is also a
attractive case for flow control in general, since it is a sl
phenomenon with a limited number of modes active in
global instability, and stabilization of the flow can be do
by measuring and modifying temperature which is usua
easily accessible. Furthermore, the closed geometry m
feedback control possible.

One of the first to apply active feedback control throu
local modification of the temperature was Bau and
workers, in a series of papers on control of thermal conv
tion. For two-dimensional Rayleigh–Be´nard convection,
Tang and Bau5 have theoretically demonstrated the possib
ity to delay the onset of the convection by almost one or
of magnitude. This was followed by an experimental work
Howle6 where the feedback control achieved significant s
pression of two-dimensional convection in a slender b
The control method was also tested for three-dimensio
convection by Tang and Bau,7 where the obtained stabiliza
tion fell far short of the theoretical prediction done for tw
dimensional convection.

There are only a few reported studies of active contro
thermocapillary convection. An attempt to stabilize the th
mocapillary wave instability in an experiment on a pla
fluid layer has been made by Benzet al.8 The temperature
signal and the phase information sensed by thermocou
near the cold end of the layer was fed forward to contro
3031070-6631/2002/14(9)/3039/7/$19.00
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laser which heated the downstream fluid surface along a l
For an axisymmetric base state, Petrovet al.9,10 at-

tempted to stabilize the oscillation in a half-zone model,
applying a nonlinear control algorithm using local tempe
ture measurements close to the free surface and heati
thermoelectric element placed at a location diametrically
posite the measurement. A successful control was obse
at the sensor location for Ma;17 750, however infrared vi-
sualization revealed the presence of standing waves
nodes at the feedback element and the sensor. This wa
solved by adding a second sensor/heater pair which all
the control to damp out both waves propagating clockw
and counterclockwise and thus standing waves. The pe
mance of the control was reported for a fixed Ma;15 000,
where the critical value was Ma*14 000.

The present study uses the annular configuration. In
geometry, a generic flow of a character similar to the one
the float zone method is studied.11 As shown in Fig. 1, the
system is an open cylindrical container filled with liquid
have a flat free upper surface. A heated pipe with a p
scribed temperature is located on the axis of the contai
The outer cylindrical wall is maintained at a lower tempe
ture. Thermocapillary convection is thus driven by imposi
a radial temperature gradient on the flat free surface.

Kamotaniet al.11 first demonstrated the thermocapilla
oscillation in a cylindrical container of the annular type f
high Pr. A three-dimensional oscillatory flow with a period
surface temperature pattern was obtained. Comparing
data in normal gravity with the ones obtained in micrograv
where the container size was varied, the upper limit of
container size below which Marangoni convection domina
over buoyancy convection was identified.12,13 The major ad-
vantage of this geometry is that having the free surface p
pendicular to gravity, it can be kept flat, thus better quan
tative analysis can be achieved. The bottom tempera
condition is adiabatic.
9 © 2002 American Institute of Physics
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This paper is a continuation of Shiomiet al.,1 where we
have attempted to apply the control method with a sin
sensor/heater pair. Although a significant attenuation was
tained at the sensor position, an uncertainty remained if
global stabilization was indeed achieved in all cases. M
detailed measurements with multiple sensors in various
muthal positions have suggested that evaluating the con
scheme with single sensor signal could lead us to overe
mation of the performance. As reported by Petrovet al.,10

applying control with one sensor/heater pair could cha
the mode to a standing wave with nodes at the probe p
tions.

II. EXPERIMENT

The Marangoni number is defined as Ma5gDTR/ma,
DT5Th2Tc , where g, a, and m are the surface tensio
coefficient, thermal diffusivity and dynamic viscosity, r
spectively.Th andTc are the temperatures of the hot and co
walls. The temperature is nondimensionalized asu5(T
2Tc)/DT throughout the analysis.

The experimental apparatus and procedure are the s
as in Shiomiet al.,1 where more details are given. The e
perimental setup is shown in Fig. 2. A radial temperat
gradient was imposed along the free surface by circula
warm water through the pipe heater and cold water thro
the copper cylinder. The aspect ratio Ar~ratio between the
height of the fluid H and the radius of the cellR! was kept 1.
The ratio of the diameter of the heated pipeRh to R is Hr
50.21.

FIG. 1. Geometry.

FIG. 2. Experimental setup.
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The first step is to determine the azimuthal wave nu
ber. This was done by having two sensors in different a
muthal position and measuring the phase difference. For
particular geometry~Ar51, Hr50.21!, the oscillation was
found to have the azimuthal wave number of 3. Hence, p
ing the heater 120 degrees away in the azimuthal direc
from the paired sensor, temperature oscillations at the p
tions would be in phase. A simple cancellation scheme
then realized by applying a voltage proportional to the
verted temperature fluctuation at sensor to a heater.

In order to control the two traveling waves with oppos
direction of rotations, two sensor/heater pairs were insta
as shown in Fig. 2. Sensor1 and Heater1 were positione
f50° and f5120°, respectively, throughout the expe
ments. Sensor2 and Heater2 could be traversed along
azimuthal direction but their relative angle was kept at 12
The radial positions of all the sensors and the heaters we
the midgap of the cell,r 5Rh1(R2Rh)/2.

Having the temperature signals at two different a
muthal positions, clockwise and counterclockwise propag
ing waves can be identified. The amplitude of the oscillat
based on the base frequency,û is the result of the superim
position of two waves with opposite direction of rotation

û~f,t !5A1 sinn~f2vt1h1!1A2 sinn~f1vt1h2!,
~1!

whereA1 andA2 , are the amplitudes, andh1 andh2 are the
phase of the clockwise and counterclockwise propaga
waves, respectively.v and n denote the frequency and th
azimuthal wave number of the base frequency compon
Utilizing the experimentally accessible values,

û15 û~f1 ,t !, û25 û~f2 ,t !,
]û1

]t
,

]û2

]t
, v, n

~2!

we can solve for

A1 ,A2 ,h1 ,h2 . ~3!

û was computed by applying a band-pass filter to p
the frequency component around the base frequency.v cor-
responds to the peak of the power spectrum.

By reconstructing the two waves, we can clarify wheth
the wave structure is standing or traveling by comparingA1

andA2 . As it was reported by Shiomiet al.,1 traveling waves
were observed in most cases. Occasionally, we did ob
A1;A2 when (e;O(0)), which suggests a standing wave.e
is the overcritical parameter defined ase5(Ma
2Macr!/Macr. It seemed that standing waves were mo
likely to appear for smallere, however no conclusive ten
dency could be observed on the condition for a stand
wave to appear.

The amplitude of the oscillation isAA1
21A2

2 with A1 and
A2 measured as described above. To confirm the accurac
the temperature measuring technique and the reliability
the quantitative analysis, the bifurcation curve was dra
~Fig. 3!. The uncontrolled part of all the measurements p
sented in this paper have contributed to this figure. Fittin
bifurcation curve to the data giving the points close to t
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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bifurcation a large weight, a good agreement with superc
cal Hopf bifurcation14 was obtained in the weakly nonlinea
regime. The plots fall beneath the bifurcation curve as
nonlinearity becomes stronger. By extrapolating the cu
down to the criticality, the critical Marangoni number wa
found to be Macr546 438.

The gain of the control is set manually. For each Ma,
gain was varied to find its optimal value, i.e., the gain givi
the smallest suppression ratiog(Gopt). g is the ratio of
AA1

21A2
2 with control to the one without. Typical pictures o

the gain dependency of the control performance is show
Fig. 4. Here the gain is the ratio between the heater ou
voltage to the output voltage from the sensor system whic
proportional to the local temperature. Starting from t
smallest gain, the suppression ratio decreases as gai

FIG. 3. Circles, the amplitude of the oscillation without control. Line, t
square root curve fit to the data. Interpolating the line toAA1

21A2
250, we

obtained the critical Marangoni number Macr546 270.

FIG. 4. The suppression ratio for various values of control gain.g, ratio of
the amplitudes with and without control:e5(Ma2Macr!/Macr.
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creases. As the gain exceeds the optimal value, the sch
loses the control and the system becomes chaotic.

III. RESULTS

A. Weakly nonlinear regime

The measurements were done for a range ofe. In Fig. 5
the result obtained fore50.08 is shown. Another importan
parameter isdf, which is the angle between two senso
heater pairs~f12f2!. Here the result fromdf590° is pre-
sented since it turned out to give the best performance
range ofe. The influence ofdf will be discussed further in
a later section. Whendf590°, and the azimuthal wave
number is 3, the phase difference of two signals is one-fou
of the period of the oscillation.

Figure 5~a! shows the time history of the temperatu
signal at Sensor1, where the control is successful to supp
the amplitude of the oscillation down to about 10% of t
initial value. Turning on the control, the amplitude of th
temperature oscillation was quickly suppressed to about 2
of the initial value. This is followed by a transient increase
the amplitude. Within a duration of about 20 seconds,
oscillation is gradually damped until the amplitude reach
the minimum value. This state can be maintained indefinit
and is quantitatively repeatable. Note that the mean valu
the oscillation has not changed before, during, and after
plying the control. This indicates that the heat delivered
the fluid during the control is sufficiently small not to alte
the base state appreciably. When the control was turned
the oscillation slowly goes back to the initial state in abo
30 seconds. A similar picture was obtained from the tempe
ture signal at Sensor2 which indicates, this time, that glo
suppression is achieved.

The corresponding heater output power is shown in F
5~b!. The heater output of course follows the temperat
signal. The initial overshoot reaches up to 1.5 mW, howev

FIG. 5. ~a! Time history of the temperature signal obtained from Senso
u5(T2Tc)/DT, whereT is the local temperature,Tc is the cold wall tem-
perature, andDT is the imposed temperature difference.~b! Simultaneously
measured heater output power:e50.08,df590°.
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp



m

av
th
a
e

s
y
o
ol

5
lid
re
ha
up
an
h

n
I

m
tro
he

ac-
aly-
ise

ger
as

to a

tin

ture

ting

3042 Phys. Fluids, Vol. 14, No. 9, September 2002 J. Shiomi and G. Amberg
once the periodic signals are stabilized, the state can
maintained with heater output no more than 50mW.

Figure 6 describes the time history of the computed a
plitudes of the waves propagating~a! clockwise,~b! counter-
clockwise, and~c! their superimposition fore50.08. Since
one of the two waves is dominant, the oscillation has a tr
eling structure when the control is not applied. Where
control was turned on/off are denoted with dotted lines. M
jor damping was achieved for both waves. Both amplitud
were suppressed to about 10% of their original values. A
the raw signal~Fig. 5!, the amplitudes of two waves deca
rather gradually over 20 seconds until it becomes alm
constant around its minimum value. Turning off the contr
both waves go back to the original states.

The power spectrum density for the signals in Fig.
~e50.08! is shown in Fig. 7. The dashed line and the so
line represent spectra with control and without control,
spectively. The spectra were calculated by taking more t
20 periods of basic oscillation into account. Here, the s
pression of the oscillation can be confirmed by the signific
decrease in energy around the base frequency. The first
monic component has completely disappeared.

In some cases, we have observed that the directio
rotation changed before and after applying the control.
Fig. 8, we can observe that the oscillation which was do
nated by clockwise rotating wave before applying the con
is dominated by counterclockwise wave after turning off t
control.

FIG. 6. Time history of the computed amplitudes of the waves propaga
~a! clockwise,~b! counterclockwise, and~c! their superimposition. Dotted
lines represent when the control was turned on/off:e50.08,df590°.
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B. Strongly nonlinear regime

The performance of the control shows different char
teristics when the nonlinearity becomes stronger. The an
sis of the amplitudes of two waves propagating clockw
and counterclockwise fore50.38 is shown in Fig. 9. Com-
pared with the weakly nonlinear case, an even stron
dominance of the counterclockwise propagating wave w
observed, which implies that the wave structure is closer

g

FIG. 7. The power spectrum density for the nondimensional tempera
signal without control~solid line! and with control~dashed line!: e50.08,
df590°.

FIG. 8. Time history of the computed amplitudes of the waves propaga
~a! clockwise, ~b! counterclockwise, and~c! their superimposition. Solid
lines represent when the control was turned on/off:e50.1, df560°.
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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pure traveling wave. Even though significant attenuation
the oscillation is still obtained, the performance of the co
trol falls short of the one seen for smallere. As in Fig. 9~c!,
turning on the control, the amplitude is immediately damp
to 30% of the initial value. Then, as has been observed
small e, the oscillation shows a transient increase. In t
case this modulation is rather large and could not be c
pletely damped within 80 seconds, though the amplitude
the envelope did decrease significantly. As discussed by
omi et al.,1 the modulation may suggest the appearance
another mode being triggered by the control. The pres
positioning of sensors and heaters stabilizes mode 3,
could possibly destabilize the modes with other spatial str
tures. During the control, the amplitudes of the two wav
become similar, which means that the oscillation has a sta
ing structure. Removing the control, the oscillation quick
goes back to the initial state. The wave reversal as seen in
weakly nonlinear case was observed in this regime as w

C. Performance of control

Overall performance of the control in a range ofe is
presented in Fig. 10. Circles denote the values ofg(Gopt)
which is the suppression ratiog at the optimal value of the
gain G. The distance of two sensor/heater pairs in azimut
direction is df590°. The best performance was obtain
close to criticality. In the regime with weak nonlinearit
g(Gopt) increases rapidly withe, except fore<0.12 where
g(Gopt) remains almost constant at its minimum. This min

FIG. 9. Time history of the computed amplitudes of the waves propaga
~a! clockwise, ~b! counterclockwise, and~c! their superimposition. Solid
lines represent when the control was turned on/off:e50.38,df590°.
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mum limit appears due to the random noise in the exp
ment. In this regime, the magnitude of the noise is com
rable to that of the controlled signal.

When e is above 0.22, the trend changes andg(Gopt)
remains almost constant. Since the way we computedg does
not take harmonics into account, we have also shown
suppression ratio of the amplitudes with and without cont
computed by integrating the spectra of the signals over
the harmonic components. As the energy around the
harmonic frequency should make larger difference for str
ger nonlinearity, stars start to deviate from the circles w
increasinge. However, the difference in magnitude is not
large that the performance of control should be doubted.

Petrovet al.10 have achieved a successful control using
nonlinear control scheme fore close to criticality~e&0.09!.
However we have shown that in this range ofe, our linear
control method is quite sufficient to stabilize the oscillatio
Furthermore this simple and robust method has achieved
nificant attenuation of the oscillation for a range ofe<0.42.
Here we need to keep in mind that these studies were don
different geometries. Comparing Fig. 7 with the spectru
shown by Petrovet al.10 for similar e, nonlinearity of the
oscillation without control appears to be weaker for the ha
zone model. This implies a possibility that this proportion
control might work even better on the half-zone model.

D. Harmonic frequency

The energy growth in harmonic components was exa
ined to seek for the correlation with the performance of co
trol. Figure 11 shows the ratio of energy contained arou
the first harmonic frequency (Ehf) and the base frequenc
(Ebf) of the oscillations without~circles! and with control
~stars!. Without control, Ehf /Ebf shows a simple increas
proportional toe. No distinct change in growth ate50.22
was observed which might have caused the change in t
of control performance as we saw in Fig. 10. On the ot
hand, the data from controlled signals show a rapid incre

g

FIG. 10. Performance of the control over a range ofe. Circles, g(Gopt)
computed from the amplitudes based on the base frequency. S
g rms(Gopt) computed from the amplitudes including harmonics:df590°.
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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of (Ehf)/(Ebf) as e crosses 0.22. In the strongly nonline
regime, the energy around the first harmonic frequencyEhf is
not suppressed, but it is rather amplified. This goes aga
the characteristic of this control method where any wa
that are in phase at positions with distance of 120° should
suppressed to some extent. Although it is not clear yet w
wave number the newly appearing mode has, it seems th
has a structure that its frequency component whose
quency is similar to the first harmonic of the fundamen
frequency of mode 3 is amplified by the control with th
present configuration of sensor/heaters.

E. Optimal gain

The optimal gain shows different characteristic in tw
regimes with weak and strong nonlinearity. As shown in F
12, in the weakly nonlinear regime the optimal gain d
creases with increasinge. On the other hand, in the strong
nonlinear regime, the optimal gain remains constant. For
weakly nonlinear regime, scaling the optimal gain by mu
plying it with the nondimensionalized amplitude of oscill

FIG. 11. The ratio of the energy around the first harmonicEhf frequency to
that around the base frequencyEbf for various values ofe.

FIG. 12. Optimal gain for various values ofe.
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tion without control, the values fall within a range of 0.04
0.06. This way, for both weakly and strongly nonline
regimes, the value ofGopt can be estimated from the resi
tance of the heater wire and the amplitude of the oscillat
without control. This allows us to have the control meth
that is fully automatic.

F. Optimal d f

The influence of the relative position of two senso
heater pairs on the performance of the control was analy
Figure 13 showsg for different values ofdf in two regimes
with weak and strong nonlinearity. Sufficient suppress
was obtained for alldf examined except fordf560°. In
this case, the control cannot capture the oscillation, since
positioning allows the wave to have nodes of the oscillat
at both two sensor/heater pairs. No data are presented,
A1 andA2 cannot be computed whendf560°. For a range
of e, the best control was achieved whendf590°, and the
rest performed to give similar values ofg(Gopt). At this
stage, it is not clear if preferred spacing concerns the fun
mental mode or the additional mode as well.

IV. CONCLUSION

Active control of oscillatory thermocapillary convectio
was carried out in an annular type geometry. Two sens
heater pairs were installed to obtain a global stabilization
the oscillation. Significant attenuation of the oscillation w
achieved in a range ofe, with the best performance whe
e>0.12. In this regime, the oscillation is suppressed down
the level of the noise of the experiment. As the nonlinear
becomes stronger,g(Gopt) increases untile50.22 above
which g(Gopt) saturates and remains constant. The quant
tive analysis was made possible by the reliable tempera
measuring method which was confirmed by doing a bifur
tion analysis on uncontrolled data. In the case of a stro
nonlinear regime, the optimal gain remains constant, while
the weak nonlinear regime, multiplication of the optimal ga
and the nondimensionalized temperature amplitude with
control gives values in a small range~0.04–0.06!. This en-

FIG. 13. Influence ofdf on performance of control.
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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ables the control method to be fully automatic. The relat
angle of two sensor/heater pairs were varied. Suppres
was obtained in all the tested angles. The best relative p
tion of two sensor/heater pairs was identified to bedf
590°.
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