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Active control of oscillatory thermocapillary convection

Junichiro Shiomi, Gustav Amberg, and Henrik Alfredsson
Department of Mechanics, Royal Institute of Technology (KTH), S-100 44 Stockholm, Sweden

~Received 4 November 2000; published 30 August 2001!

Active control of oscillatory thermocapillary flow was applied in an open cylindrical container filled with
silicone oil. Thermocapillary convection was driven by imposing a radial temperature gradient on a flat free
surface. The control was realized by locally heating the surface at a single position using the local temperature
signal at a different position fed back through a simple algorithm. Significant attenuation of the oscillation was
achieved in a wide range of supercritical Marangoni numbers, with the best performance in the weakly
non-linear regime. Simultaneously measuring the temperature oscillation at two positions gives us a good
insight in how the control influences the whole temperature field on the free surface. Quantitative analysis was
done to characterize the optimal feedback amplification and the required power.
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I. INTRODUCTION

In the production of single crystals, the containerless p
cessing has advantages in order to increase the purity o
crystal. In the float-zone method, where a raw material ro
slowly pulled through a ring heater, the small zone near
heater is molten and resolidified as a single crystal. T
system has been proposed for space processing, sinc
flow in the melt is influenced by gravitational convectio
Experiments in microgravity conditions revealed that ev
with the absence of buoyancy, thermocapillary convect
could be significant. Furthermore, the time-dependent os
latory state of the thermocapillary convection was found
cause detrimental striations in the chemical composition
the finished crystal.

Thermocapillary convection is a fluid motion driven b
the variation of surface tension with temperature. The ba
mechanism can be understood by considering a horizo
force balance over a small piece of the interface. The dif
ence in surface tension can be balanced only by the visc
shear stress, which implies that the fluid is set into moti
The strength of the driving force of the convection is co
monly characterized by Marangoni number~Ma!, the ratio
between convection and thermal diffusion. It is well know
that the flow experiences a transition from two-dimensio
steady flow to three-dimensional time-dependent flow a
well defined critical Marangoni number.

Industrial need has motivated a number of studies
clarify the onset mechanism of the instability. A convecti
instability, named hydrothermal-wave instability, was the
retically identified on shallow plane fluid layers by Smi
and Davis@1#. A temperature disturbance wave was found
propagate in a direction that is dependent on the Pra
number of the liquid. Later, for a high Prandtl number~Pr!
fluid, this was experimentally demonstrated by Riley a
Neitzel @2#.

Many experimental studies have been done on the h
zone model, where a liquid drop is held between two coa
rods that are maintained at different temperatures to imp
axial temperature gradients on the free surface@4,5#. The
oscillatory thermocapillary flow was detected first b
Schwabe and Scharmann@3# and Chun and Wuest@6#. Later,
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Preisseret al. @7# showed that the azimuthal wave numb
and frequency are determined by the aspect ratio of the
uid zone.

Kamotaniet al. @8# first demonstrated the thermocapilla
oscillation in a cylindrical container of the annular type f
high Pr. A three-dimensional~3d! oscillatory flow with a pe-
riodic surface temperature pattern was obtained. Compa
the data in normal gravity with data 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@9,10#.

The onset of oscillatory thermocapillary flow was studi
numerically by a linear stability theory by Neitzelet al. @11#
and Kuhlmann and Rath@12#. Kazarinoff and Wilkowski
@13,14# made numerical simulations of 2D axially symmetr
full float zone. Rupp et al. @15# presented a three
dimensional simulation of a half zone with an aspect ratio
0.6 and foundm52 to be the most dangerous mode. T
mechanism for the onset of oscillatory flow in a half zone
a low Prandtl number liquid was identified by Levensta
and Amberg@16# as a purely hydrodynamic instability, ver
similar to the instability of a ring. Wanschuraet al. @17#
made similar interpretations of the linear stability for a hi
Prandtl number liquid.

Based on these fundamental studies, the present work
cuses on active control of the oscillatory thermocapilla
convection. There are only a few reported works of act
control of thermocapillary convection. An attempt to stab
lize the thermocapillary wave instability in an experiment
a plane fluid layer has been made by Benzet al. @18#. The
temperature signal sensed by a thermocouple near the
end of the layer was fed forward to control a laser that hea
the fluid surface along a line.

For an axisymmetric base state, Petrovet al. @19# at-
tempted to stabilize oscillations in a half zone, by applying
nonlinear control algorithm using local temperature measu
ment close to the free surface and heating a thermoele
element placed at a location diametrically opposite the m
surement. A successful control was reported for M
517 750, but the control scheme failed for Ma>19 000 be-
cause of the strong nonlinearity of the dynamics. The os
lations could be suppressed at the sensor, however infr
©2001 The American Physical Society05-1
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SHIOMI, AMBERG, AND ALFREDSSON PHYSICAL REVIEW E64 031205
visualization revealed the presence of standing waves
antinodes of the feedback element and the sensor.

The aim of this work is to control the oscillatory the
mocapillary flow by using a temperature sensor and a w
heater in the related cylindrical geometry. The control w
realized by locally heating the surface at a single posit
using the local temperature signal at different position
back through a simple algorithm.

II. EXPERIMENT

A generic flow of a character similar to that found f
instance in the float-zone method is studied@8#. As shown in
Fig. 1, the system is an open cylindrical container filled w
liquid to have a flat-free upper surface. A heated pipe wit
prescribed temperature is located on the axis of the conta
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.
bottom temperature condition is adiabatic. The major adv
tage of this geometry is that having the free surface perp
dicular to gravity, it can be kept flat, thus better quantitat
analysis can be achieved. This system is also an attrac
object for control since its closed geometry makes feedb
control possible.

The Marangoni number is defined as

Ma5
gDTR

ma
, ~1!

DT5Th2Tc , ~2!

whereg, a, andm are the surface tension coefficient, the
mal diffusivity, and dynamic viscosity, respectively.Th and
Tc are the temperatures of the hot and cold walls. The te
perature is nondimensionalized as

u5
T2Tc

DT
~3!

throughout the analysis.
The experimental apparatus is shown in Fig. 2. The

cell consists of a copper cylinder with an inner radiusR
53 mm, a thin coaxial pipe heater, and an insulated bot
made of Teflon. The cell diameter is small enough to ha
the thermocapillary force dominate the buoyancy force@10#.
The cell is filled with 1cS silicone oil with a Prandtl numb
around 14. In order to obtain a flat-free surface, the he
pipe was machined to have a smaller diameter above
surface. Then the parts of the pipe heater and the co

FIG. 1. Geometry.
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cylinder above the surface were coated with Fluorad~3M
Scotchguard!. This inhibits the liquid from wetting the lips
thus the contact lines can be pinned. A temperature grad
is imposed along the free surface by circulating warm wa
through the pipe heater and cold water through the cop
cylinder. The aspect ratio of the test sectionRA , defined as
the ratio between the height of fluidH and the radius of the
cell R, is kept at 1 throughout the experiments. The ratio
diameter of the heated pipeRh to R is RH50.21. To keep the
volume and the free surface shape constant, the evapor
of the liquid is compensated by connecting a relatively la
container filled with the same liquid to the bottom of the c
through a very thin hole.

Many reported experimental works to determine the on
of the instability have encountered difficulties in the quan
tative accuracy of measuring the amplitude of the osci
tions. The temperature oscillation is commonly measured
contact-less techniques such as thermographs or placing
mocouples close to the free surface of the liquid. An alter
tive way is to dip the thermocouples into the liquid, whic
may contaminate the flow field because thermocouples
rather large especially for the ground-based experime
where the system is made very small to let the thermoca
lary force dominate over buoyancy force. Either way, t
quantitative temperature measurement is difficult, especi
for the small temperature fluctuations close to criticality th
is essential to determine the critical Marangoni number.

In the present work, the local temperatures at two po
tions are simultaneously measured by installing two c
brated cold-wire sensors with diameterd52.5 mm and
lengthl 50.3 mm through the free surface. The sensor ha
shape of U, where the curved bottom is made of a platin
wire. When the sensor is installed through the surface, the
of the sensor reaches as far as 100mm from the surface. The
principle is to have a constant current pass through the p
num wire and detect the resistance that is proportional to
temperature. The amount of imposed current is limited

FIG. 2. Experimental setup.
5-2
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ACTIVE CONTROL OF OSCILLATORY . . . PHYSICAL REVIEW E64 031205
that the heating power of the sensor does not exceed 1mW.
Since the wire is very thin, it can be installed through t
free surface without causing any appreciable deformatio

The control heater is made in the same manner as for
sensor except for a few differences. In order to achieve
necessary power output, the heater is made slightly lon
( l 50.5 mm, d52.5 mm) with 10% rhodium-platinum wire
that has more resistance per unit area than pure platin
Then the heater is placed above the surface within a dista
less than 100mm. The power output from the heater is o
tained by measuring current and voltage over the heater

Sensor 1 and sensor 2 were positioned atf50° andf
5260°, respectively. The radial position wasr 5Rh1(R
2Rh)/2 for both sensors. In the annular configuration,RH
and RA determine the azimuthal wave number of the th
mocapillary oscillation. For this particular geometry (RA
51, RH50.21), examining the phase shift between the te
perature signals from the sensors 60° apart in azimutha
rection to be out of phase, the oscillation has been foun
have the azimuthal wave number of 3~Fig. 3!. This has been
confirmed by the flow visualization~Fig. 4!. The flow was
seeded with flakes~Irodin 120 Pearl Lustre! and illuminated
from above. The white part is where the seeded flakes, ly
parallel to the surface, reflected the illumination the mo
The deformation of the vortex ring was observed to hav
triangular shape, which confirms that the azimuthal wa
number was 3. Hence, placing the heater 120° away in
azimuthal direction from sensor 1, (r ,f)5@Rh1(R
2Rh)/2,120°#, temperature oscillations at the positio
would be in phase. A simple cancellation scheme is th
realized by applying a voltage proportional to the invert
temperature fluctuation at sensor 1 to the heater. Thus
heater delivers heat locally when the oscillation has a c
spot at the heater location. The minimum heater out
power is set to 0 to avoid affecting the base flow by rais
the mean temperature. It was made sure that when the
trol is turned off, the temperature oscillation goes back to

FIG. 3. Temperature signals from two sensors placed with
difference in the azimuthal direction. Solid line, sensor 1; das
line, sensor 2.

FIG. 4. Flow visualization of the horizontal sectio
(e,Ma,Macr)5(0.6,5040,3150)@21,22#.
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original uncontrolled state. Also the mean temperature
the original value after control is turned off, indicating th
the heat delivered to the fluid during control is sufficien
small not to alter the base state appreciably. The ratio
imposed heater voltage to voltage output from sensor 1,
feedback amplification, is set manually. For each Ma,
feedback amplification is varied to find its optimal valu
where the most successful control is achieved. The per
mance of the control scheme is characterized by means o
ratio of the amplitude of oscillation with control to the on
without. The amplitudes of the oscillations are obtained a

û52A2u rms , ~4!

whereu rms is the root mean square value ofu. u rms is com-
puted by taking the square root of the integration of t
power spectrum density for more than 20 periods of the
cillation.

For the presented parameter range, we observed trave
waves as shown in Fig. 4, even though there remains
uncertainty of judgment specially close to the criticality.
the case of a traveling wave, the signal measured at a fi
r ,f will have a well defined amplitude, independent off.
As for ther dependency of the oscillation amplitude, Lava
ley et al. @21,22# performed a 3D numerical simulation in th
same system as the present experiment and showed su
isotherms indicating that the amplitude of the oscillation h
a broad maximum around the center between the hot p
and the cold wall. Then, in this regime, the precise rad
positions of the sensors and the heater are not crucial for
control scheme to function. Hence, the radial locations of
sensors and the heater were decided to be in the center o
gap also for the sake of experimental convenience.

Sensor 2 is kept at (r ,f)5@Rh1(R2Rh)/2,120°# during
the control to observe the azimuthal wave number. This a
gives a good insight into how the control influences t
whole temperature field.

III. RESULTS

The control scheme is applied to flows for variouse
5(Ma2Macr)/Macr , where Macr is the critical Marangoni
number. Determination of the critical Marangoni number
based on bifurcation analysis, which suggests that the no
mensionalized amplitude of the oscillation should be prop
tional to the square root ofe for a supercritical Hopf bifur-
cation @20#. A square root curve is fit to the experiment
data, giving the points close to the bifurcation a large weig
The curve is extrapolated down toe50 to find Macr as 3201.
In Fig. 5, û0 which is the amplitudeû of the uncontrolled
oscillation is plotted for a range ofe with the bifurcation
curve. The bifurcation curve fits the experimental points w
in the weakly nonlinear regime (e!1), which assures the
reliability of the performed temperature measuring tec
nique. The points fall below the curve as the nonlinear
becomes stronger@e;O(1)#.

In Fig. 6, the time history of the temperature signal
sensor 1 position and the corresponding heater output po
is shown fore50.11. When the control is turned on, th

°
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SHIOMI, AMBERG, AND ALFREDSSON PHYSICAL REVIEW E64 031205
amplitude of the temperature oscillation is quickly su
pressed to 10–20 %. The initial transient has a duration
few seconds. Once the periodic signal is stabilized, the he
power drops down to less than 10% of its initial value. R
moving the control, the system goes back to the uncontro
state over a period of about 30 s. This control can be m
tained for infinite time, and is quantitatively repeatable.

Figure 7 is plotted in the same manner as Fig. 6 foe
50.69, a parameter in the strongly nonlinear regime. App
ing the control, the amplitude of the oscillation is reduc
significantly in a few seconds. However, the reduction of
amplitude is much less than for the weakly nonlinear ca
e50.11. The controlled signal has an envelope, a low f
quency (;0.05 Hz) modulation of the oscillation ampl
tude. A corresponding periodic increase is observed in

FIG. 5. Bifurcation analysis of the uncontrolled signal at sen

1. (r ,f)5@Rh1(R2Rh)/2,0°#. û0: The amplitudeû of the oscil-
lation without control,e5(Ma2Macr)/Macr .

FIG. 6. ~a! Time history of the temperature signal obtained fro
sensor 1.u5(T2Tc)/DT, where T, local temperature;Tc , cold
wall temperature;DT, imposed temperature difference.~b! Simul-
taneously measured heater output power,e50.11.
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heater output power. This implies the existence of two wa
with slightly different frequency being superimposed. An a
tempt to damp the envelope by raising the feedback amp
cation merely resulted in an amplification of the fluctuatio
When the control is removed, the envelope disappears
the amplitude increases to its original value in about 10

The power spectra for the signals in Figs. 6 (e50.11) and
7 (e50.69) are shown in Figs. 8 and 9, respectively. T
dashed curves show the spectra with control, solid cur
show the ones without control. Taking the energy around
peaks into account, the first harmonics are amplified wh
the others are damped in both figures. Especially when
nonlinearity of the uncontrolled oscillation is strong (e
50.69), the energy around the first harmonic is compara
to the one around the fundamental frequency. The natur
the control scheme suggests that the control should be ab
damp any overtones to some extent as long as they origi

r

FIG. 7. ~a! Time history of the temperature signal obtained fro
sensor 1.~b! Simultaneously measured heater output powere
50.69.

FIG. 8. The power spectrum density for the temperature sig
without control~solid line! and with control~dashed line!, e50.11.
5-4
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ACTIVE CONTROL OF OSCILLATORY . . . PHYSICAL REVIEW E64 031205
from oscillations that are in phase at sensor 1 and the he
In this regard, the energy around the first harmonic is
purely detected from the mode-3 oscillation. It must ori
nate from the oscillation, which has a spatial structure tha
amplified by the control scheme.

A better view is obtained from the wavelet analysis f
e50.69 shown in Fig. 10. For each time step, the amplitu
is normalized with its maximum value so that the change
the dominant frequency component over time can be ex
ined. It is shown that the fundamental frequency is domin
at the peaks of the envelope while the first harmonic is do
nant at the nodes. This means that the first harmonic rem
uncontrolled while the fundamental frequency is successf
reduced.

In both the high and the lowe cases, the power spectru
density of the fundamental frequency (;1 Hz) is decreased
by the control. Furthermore, as it was expected from

FIG. 9. The power spectrum density for the temperature sig
without control~solid line! and with control~dashed line!, e50.69.

FIG. 10. ~a! Focused view of the temperature signal fore
50.69 @Fig. ~7a!#. ~b! Contour line representation of the wavel
analysis. Data were scaled with their maximum in each time st
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modulation observed in the controlled signal fore50.69,
there are two frequency components lying close to each o
that is forming a flat peak around the base frequency. T
difference between the two edges correspond to the
quency~0.05 Hz! of the modulation. The experiments carrie
out in the same set up by Lavalleyet al. @21,22# suggests that
the origin of the new frequency component be mode 2. Th
have shown that a slight change inRH from 0.21 to 0.16
causes the transition in mode number from 3 to 2. This
plies that, for the given geometry (RA51,RH50.21), the
potential for both modes to dominate the flow is comparab
Therefore when the mode-3 oscillation is suppressed,
next dangerous mode, mode 2, may appear. The frequen
mode 2 was identified by Lavalleyet al. @21,22# to be around
1 Hz that corresponds to the frequency of the newly emer
mode.

For eache, the optimal feedback amplification is obtaine
by gradually increasing the gain,

G5
Uheater

Usensor 1
, ~5!

whereUheater is the imposed heater voltage andUsensor 1 is
the output voltage from sensor 1. Optimal gain (Goptimal) is
defined to give minimumg, where

g5
ûcontrolled

û0

. ~6!

ûcontrolled is û calculated from the controlled oscillation. Th
scheme gradually loses the control asG exceedsGoptimal . A
gain factora is introduced as scaling ofG as

a5Gû0 . ~7!

In Fig. 11 g is plotted againsta, where the points in the
weakly and strongly nonlinear regimes are described wit
solid line and dotted line, respectively.

In the strongly nonlinear regime, the lines collapse on
each other. In this regime, theG necessary for the control to

al

.

FIG. 11. The analysis of optimal amplification for a range ofe.
5-5
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SHIOMI, AMBERG, AND ALFREDSSON PHYSICAL REVIEW E64 031205
achieve a certain value ofg decreases with increasinge and
is in inverse proportion tou0. Note thatu0 shows a nontrivial
increase in the strongly nonlinear regime~Fig. 5!. a is equal
to GT̂0 /DT, whereT̂0 is the amplitude of uncontrolled tem
perature oscillation computed from its rms value. This me
that the necessary initial heater output (GT̂0) divided by the
imposed temperature difference to achieve certain valueg
is independent ofe in this regime. Furthermore, the univers
value of the optimala is identified asa50.04. Hence,
knowing the nondimensionalized amplitude of the unco
trolled temperature signal, the optimal value ofG can be
estimated. This allows the control scheme to be fully au
matic in case of highe.

The curves in the weakly nonlinear regime show differe
characteristics compared to the ones in the strongly nonlin
regime. In contrast to the strongly nonlinear regime, wh
the suppression rateg suddenly drops to the minimum valu
with increasinga, g drops rather slowly in the weakly non
linear regime. This results in values of optimala that are
higher than the ones in the strongly nonlinear regime.

Figure 12 shows the performance of the control sche
for various e. g(Goptimal) is the value of g when G
5Goptimal . Observing the data from Sensor1~circles!, the
control scheme shows excellent performance for the sma
e50.05. Increasinge, g(Goptimal) increases proportional to
e. The trend changes whene reaches around 0.35 that, a
shown in Fig. 5, corresponds to the value ofe where û0

FIG. 12. Performance of the control over a range ofe. e, over-
critical parameter;g(Goptimal), ratio of Fourier amplitude with con-
trol to amplitude without control whenG5Goptimal . Circles, sen-
sor 1 signal; stars, sensor 2 signal.
y
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starts to fall below the bifurcation curve due to the stro
nonlinearity. In the strongly nonlinear regime, the amplitu
ratio is almost constant and below 35%.

Data from sensor 2~stars! give some hints to grasp how
the control influences the whole flow field. Note that senso
was located 60° away from sensor 1 in the azimuthal dir
tion, with the same radial position. Even though it is not
much as at the sensor 1 location, the control achieves
pression of the oscillation in sensor 2 location for the ran
of e. Especially for the smalleste50.05, considerable sup
pression of the oscillation@g(Goptimal)50.25# was obtained.
In the regime with weak nonlinearity, the trend o
g(Goptimal) correlates with those of Sensor1 to increase l
early withe. g(Goptimal) increases until it reaches its peak
e 0.2;0.3, where the least suppression is obtained. As
nonlinearity becomes stronger,g(Goptimal) decreases, which
implies that the influence of the control becomes mo
global.

IV. CONCLUSIONS

Active control was applied to oscillatory thermocapilla
flow in an annular configuration. Significant attenuation
the oscillation was achieved in a range of supercritical M
rangoni numbers, with the best performance in the wea
nonlinear regime. There, the suppression ratio of the lo
oscillation amplitudesg, increase ase increases, while in the
strongly nonlinear regime,g is almost constant. The reliabl
temperature measuring technique enabled us to analyze
effect of the control method quantitatively. In the strong
nonlinear regime, a scaling of the feedback amplification w
identified from which we could calculate the optimal gai
Measuring the temperature oscillation at two positions sim
taneously gives us good insight in how the control influen
the whole temperature field on the free surface.

In the work by Petrovet al. @19# of nonlinear control in a
different geometry, the local oscillation could be almo
completely suppressed for a fixede50.27. The advantage o
the present method lies in its robustness where the con
could be carried out in a wide range ofe(0.05<e<0.89)
even though Petrovet al. have achieved lower controlle
amplitude. Also the simplicity of the method allowed us
tackle the object without constructing the reference data
fore hand.e50.35, where the characteristic of the controll
signal changed, corresponds toe50.36(Ma519 000) re-
ported by Petrovet al. to be the limit above which the non
linear control scheme fails because of strong nonlinearity
dynamics.
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