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Active control of oscillatory thermocapillary convection
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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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[. INTRODUCTION Preisseret al. [7] showed that the azimuthal wave number
and frequency are determined by the aspect ratio of the lig-
In the production of single crystals, the containerless prouid zone.
cessing has advantages in order to increase the purity of the Kamotaniet al. [8] first demonstrated the thermocapillary
crystal. In the float-zone method, where a raw material rod i®scillation in a cylindrical container of the annular type for
slowly pulled through a ring heater, the small zone near thdiigh Pr. A three-dimension&Bd) oscillatory flow with a pe-
heater is molten and resolidified as a single crystal. Thigiodic surface temperature pattern was obtained. Comparing
system has been proposed for space processing, since tiee data in normal gravity with data obtained in microgravity
flow in the melt is influenced by gravitational convection. where the container size was varied, the upper limit of the
Experiments in microgravity conditions revealed that evencontainer size below which Marangoni convection dominates
with the absence of buoyancy, thermocapillary convectiorover buoyancy convection was identifig@] 10].
could be significant. Furthermore, the time-dependent oscil- The onset of oscillatory thermocapillary flow was studied
latory state of the thermocapillary convection was found tonumerically by a linear stability theory by Neitzet al.[11]
cause detrimental striations in the chemical composition oind Kuhimann and Rathl2]. Kazarinoff and Wilkowski
the finished crystal. [13,14 made numerical simulations of 2D axially symmetric
Thermocapillary convection is a fluid motion driven by full float zone. Rupp etal. [15] presented a three-
the variation of surface tension with temperature. The basidimensional simulation of a half zone with an aspect ratio of
mechanism can be understood by considering a horizonté.6 and foundm=2 to be the most dangerous mode. The
force balance over a small piece of the interface. The differmechanism for the onset of oscillatory flow in a half zone for
ence in surface tension can be balanced only by the viscows low Prandtl number liquid was identified by Levenstam
shear stress, which implies that the fluid is set into motionand Amberg 16] as a purely hydrodynamic instability, very
The strength of the driving force of the convection is com-similar to the instability of a ring. Wanschuret al. [17]
monly characterized by Marangoni numb@fa), the ratio  made similar interpretations of the linear stability for a high
between convection and thermal diffusion. It is well known Prandtl number liquid.
that the flow experiences a transition from two-dimensional Based on these fundamental studies, the present work fo-
steady flow to three-dimensional time-dependent flow at a&uses on active control of the oscillatory thermocapillary
well defined critical Marangoni number. convection. There are only a few reported works of active
Industrial need has motivated a number of studies taontrol of thermocapillary convection. An attempt to stabi-
clarify the onset mechanism of the instability. A convectivelize the thermocapillary wave instability in an experiment on
instability, named hydrothermal-wave instability, was theo-a plane fluid layer has been made by Betal. [18]. The
retically identified on shallow plane fluid layers by Smith temperature signal sensed by a thermocouple near the cold
and Davig 1]. A temperature disturbance wave was found toend of the layer was fed forward to control a laser that heated
propagate in a direction that is dependent on the Prandthe fluid surface along a line.

number of the liquid. Later, for a high Prandtl numkér) For an axisymmetric base state, Petretval. [19] at-
fluid, this was experimentally demonstrated by Riley andtempted to stabilize oscillations in a half zone, by applying a
Neitzel [2]. nonlinear control algorithm using local temperature measure-

Many experimental studies have been done on the halfment close to the free surface and heating a thermoelectric
zone model, where a liquid drop is held between two coaxiaklement placed at a location diametrically opposite the mea-
rods that are maintained at different temperatures to impossurement. A successful control was reported for Ma
axial temperature gradients on the free surf®]. The =17 750, but the control scheme failed for ¥a9 000 be-
oscillatory thermocapillary flow was detected first by cause of the strong nonlinearity of the dynamics. The oscil-
Schwabe and Scharmaf8] and Chun and Wue$6]. Later, lations could be suppressed at the sensor, however infrared
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The aim of this work is to control the oscillatory ther- \ L1 Teslon betton
mocapillary flow by using a temperature sensor and a wire
heater in the related cylindrical geometry. The control was €opper cylinder
realized by locally heating the surface at a single position
using the local temperature signal at different position fed —e <—— thermistor
back through a simple algorithm.

FIG. 1. Geometry.

1
cm

Il EXPERIMENT FIG. 2. Experimental setup.

A generic flow of a character similar to that found for
instance in the float-zone method is studi8ll As shown in ~ cylinder above the surface were coated with Fluofam
Fig. 1, the system is an open cylindrical container filled withScotchguarfl This inhibits the liquid from wetting the lips,
liquid to have a flat-free upper surface. A heated pipe with ghus the contact lines can be pinned. A temperature gradient
prescribed temperature is located on the axis of the containdp imposed along the free surface by circulating warm water
The outer cylindrical wall is maintained at a lower tempera-through the pipe heater and cold water through the copper
ture. Thermocapillary convection is thus driven by imposingcylinder. The aspect ratio of the test sectiBn, defined as
a radial temperature gradient on the flat-free surface. Théhe ratio between the height of fluld and the radius of the
bottom temperature condition is adiabatic. The major advancell R, is kept at 1 throughout the experiments. The ratio of
tage of this geometry is that having the free surface perperfliameter of the heated pif&, to Ris Ry;=0.21. To keep the
dicular to gravity, it can be kept flat, thus better quantitativevolume and the free surface shape constant, the evaporation
analysis can be achieved. This system is also an attractivéf the liquid is compensated by connecting a relatively large
Object for control since its closed geometry makes feedbacﬁontainer filled with the same liquid to the bottom of the cell

control possible. through a very thin hole.
The Marangoni number is defined as Many reported experimental works to determine the onset
of the instability have encountered difficulties in the quanti-
Ma= YATR (1) tative accuracy of measuring the amplitude of the oscilla-
pa tions. The temperature oscillation is commonly measured by

contact-less techniques such as thermographs or placing ther-
mocouples close to the free surface of the liquid. An alterna-
tive way is to dip the thermocouples into the liquid, which

AT=T,—T,, 2

wherey, @, andu are the surface tension coefficient, ther- ; )
mal diffusivity, and dynamic viscosity, respectively, and ~ M&Y contaminate the flow field because thermocouples are

T, are the temperatures of the hot and cold walls. The temr_art]her tlre]lrge etspe_mally Jor the groltllr:d-:oilstﬁd tﬁxperlmen_'fs
perature is nondimensionalized as where the system is made very small to let the thermocapil-

lary force dominate over buoyancy force. Either way, the

T-T¢ guantitative temperature measurement is difficult, especially
o= AT 3 for the small temperature fluctuations close to criticality that
is essential to determine the critical Marangoni number.
throughout the analysis. In the present work, the local temperatures at two posi-

The experimental apparatus is shown in Fig. 2. The testions are simultaneously measured by installing two cali-
cell consists of a copper cylinder with an inner radiRs brated cold-wire sensors with diametdr=2.5 um and
=3 mm, a thin coaxial pipe heater, and an insulated bottontengthl =0.3 mm through the free surface. The sensor has a
made of Teflon. The cell diameter is small enough to haveshape of U, where the curved bottom is made of a platinum
the thermocapillary force dominate the buoyancy fdit@.  wire. When the sensor is installed through the surface, the tip
The cell is filled with 1cS silicone oil with a Prandtl number of the sensor reaches as far as 10fn from the surface. The
around 14. In order to obtain a flat-free surface, the heatgprinciple is to have a constant current pass through the plati-
pipe was machined to have a smaller diameter above theum wire and detect the resistance that is proportional to the
surface. Then the parts of the pipe heater and the coppeésmperature. The amount of imposed current is limited so
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28.5 original uncontrolled state. Also the mean temperature has
the original value after control is turned off, indicating that
—28.31 the heat delivered to the fluid during control is sufficiently
;-:) small not to alter the base state appreciably. The ratio of

28.1 imposed heater voltage to voltage output from sensor 1, the
feedback amplification, is set manually. For each Ma, the
feedback amplification is varied to find its optimal value,
time[sec] where the most successful control is achieved. The perfor-
mance of the control scheme is characterized by means of the
FIG. 3. Temperature signals from two sensors placed with 60%atio of the amplitude of oscillation with control to the one

difference in the azimuthal direction. Solid line, sensor 1; dashedyithout. The amplitudes of the oscillations are obtained as
line, sensor 2.

27.9

0:2\/§0rm51 (4)
that the heating power of the sensor does not excegdAlL
Since the wire is very thin, it can be installed through thewhereé,,,s is the root mean square value @f 6, is com-
free surface without causing any appreciable deformation. puted by taking the square root of the integration of the
The control heater is made in the same manner as for theower spectrum density for more than 20 periods of the os-
sensor except for a few differences. In order to achieve theillation.
necessary power output, the heater is made slightly longer For the presented parameter range, we observed traveling
(I1=0.5 mm,d=2.5 um) with 10% rhodium-platinum wire waves as shown in Fig. 4, even though there remains an
that has more resistance per unit area than pure platinumncertainty of judgment specially close to the criticality. In
Then the heater is placed above the surface within a distant¢be case of a traveling wave, the signal measured at a fixed
less than 100xm. The power output from the heater is ob- r,¢ will have a well defined amplitude, independent ¢f
tained by measuring current and voltage over the heater. As for ther dependency of the oscillation amplitude, Laval-
Sensor 1 and sensor 2 were positionedsat0° and ¢ ley et al.[21,22 performed a 3D numerical simulation in the
= —60°, respectively. The radial position wassR,+(R  same system as the present experiment and showed surface
—R;,)/2 for both sensors. In the annular configurati®,  isotherms indicating that the amplitude of the oscillation has
and R, determine the azimuthal wave number of the ther-a broad maximum around the center between the hot pipe
mocapillary oscillation. For this particular geometrg{  and the cold wall. Then, in this regime, the precise radial
=1, Ry=0.21), examining the phase shift between the tem{positions of the sensors and the heater are not crucial for the
perature signals from the sensors 60° apart in azimuthal dicontrol scheme to function. Hence, the radial locations of the
rection to be out of phase, the oscillation has been found téensors and the heater were decided to be in the center of the
have the azimuthal wave number ofFg. 3). This has been gap also for the sake of experimental convenience.
confirmed by the flow visualizatiofFig. 4). The flow was Sensor 2 is kept atr (¢) =[ R,+ (R—Ry)/2,120° during
seeded with flakefirodin 120 Pearl Lustreand illuminated the control to observe the azimuthal wave number. This also
from above. The white part is where the seeded flakes, lyingives a good insight into how the control influences the
parallel to the surface, reflected the illumination the mostwhole temperature field.
The deformation of the vortex ring was observed to have a

triangular shape, which confirms that the azimuthal wave Il. RESULTS
number was 3. Hence, placing the heater 120° away in the _ _ _
azimuthal direction from sensor 1,r,@)=[R,+(R The control scheme is applied to flows for varioas

—Ry)/2,120, temperature oscillations at the positions =(Ma—Ma)/Ma.,, where Mg, is the critical Marangoni
would be in phase. A simple cancellation scheme is themumber. Determination of the critical Marangoni number is
realized by app|y|ng a V0|tage proportiona] to the invertedbased on bifurcation anaIySiS, which suggests that the nondi-
temperature fluctuation at sensor 1 to the heater. Thus tH&ensionalized amplitude of the oscillation should be propor-
heater delivers heat locally when the oscillation has a coldional to the square root of for a supercritical Hopf bifur-
spot at the heater location. The minimum heater outpugation[20]. A square root curve is fit to the experimental
power is set to O to avoid affecting the base flow by raisingdata, giving the points close to the bifurcation a large weight.
the mean temperature. It was made sure that when the cohhe curve is extrapolated down ¢e=0 to find Ma, as 3201.
trol is turned off, the temperature oscillation goes back to thén Fig. 5, 6, which is the amplitude? of the uncontrolled
oscillation is plotted for a range of with the bifurcation
curve. The bifurcation curve fits the experimental points well
in the weakly nonlinear regimee&1), which assures the
reliability of the performed temperature measuring tech-
nique. The points fall below the curve as the nonlinearity
becomes strongdre~O(1)].

In Fig. 6, the time history of the temperature signal at

FIG. 4. Flow visualization of the horizontal section sensor 1 position and the corresponding heater output power
(e,Ma,Ma,,) =(0.6,5040,3150]21,22. is shown fore=0.11. When the control is turned on, the
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FIG. 5. Bifurcation analysis of the uncontrolled signal at sensor time[sec]
1. (r,¢)=[Ry+(R—R})/2,0°]. 8,: The amplituded of the oscil-

) ; FIG. 7. (a) Time history of the temperature signal obtained from
lation without control,e=(Ma—Ma.,)/Ma, .

sensor 1.(b) Simultaneously measured heater output poweer,
=0.69.
amplitude of the temperature oscillation is quickly sup-

pressed to 10—20 %. The initial transient has a duration of &eater output power. This implies the existence of two waves
few seconds. Once the periodic signal is stabilized, the heatevith slightly different frequency being superimposed. An at-
power drops down to less than 10% of its initial value. Re-tempt to damp the envelope by raising the feedback amplifi-
moving the control, the system goes back to the uncontrolledation merely resulted in an amplification of the fluctuation.
state over a period of about 30 s. This control can be mainwhen the control is removed, the envelope disappears and
tained for infinite time, and is quantitatively repeatable. the amplitude increases to its original value in about 10 s.
Figure 7 is plotted in the same manner as Fig. 6 dor The power spectra for the signals in Figs.6<0.11) and
=0.69, a parameter in the strongly nonlinear regime. Apply-7 (e=0.69) are shown in Figs. 8 and 9, respectively. The
ing the control, the amplitude of the oscillation is reduceddashed curves show the spectra with control, solid curves
significantly in a few seconds. However, the reduction of theshow the ones without control. Taking the energy around the
amplitude is much less than for the weakly nonlinear casepeaks into account, the first harmonics are amplified while
€=0.11. The controlled signal has an envelope, a low frethe others are damped in both figures. Especially when the
guency (-0.05 Hz) modulation of the oscillation ampli- nonlinearity of the uncontrolled oscillation is strong (
tude. A corresponding periodic increase is observed in the=0.69), the energy around the first harmonic is comparable
to the one around the fundamental frequency. The nature of
(@ the control scheme suggests that the control should be able to

. - - . ' ' ' damp any overtones to some extent as long as they originate
0.39r J
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FIG. 6. (a) Time history of the temperature signal obtained from 0 05 ! Frequ;,}iy (Hz) 2 25 8
sensor 1.6=(T—T.)/AT, whereT, local temperatureT., cold
wall temperatureAT, imposed temperature differendd) Simul- FIG. 8. The power spectrum density for the temperature signal
taneously measured heater output power0.11. without control(solid line) and with control(dashed ling e=0.11.
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FIG. 9. The power spectrum density for the temperature signal

without control(solid line) and with control(dashed ling e=0.69. FIG. 11. The analysis of optimal amplification for a rangeeof

f ilati h in oh 1 and the h modulation observed in the controlled signal fe+0.69,
rom oscillations that are in phase at sensor 1 and the heatqfo o are two frequency components lying close to each other

In this regard, the energy around the. f‘r$t harmonic is.n,mihat is forming a flat peak around the base frequency. The
purely detected from the mode-3 oscillation. It must Origi- jitference between the two edges correspond to the fre-
nate from the oscillation, which has a spatial structure that iﬁuency(o 05 H2 of the modulation. The experiments carried
amplified by the control scheme. . out in the same set up by Lavalley al.[21,22] suggests that

A better VIEW 1S 'obtalned from thg wavelet analy5|§ forthe origin of the new frequency component be mode 2. They
€=0.69 shown in Fig. 10. For each time step, the amplitud ave shown that a slight change Ry, from 0.21 to 0.16
is normalized with its maximum value so that the change of., .sas the transition in mode number from 3 to 2. This im-
the dominant frequency component over time can be exa Slies that, for the given geometryR(=1Ry=0 21') the
ined. Itis shown that the fundamental frequency is. d.omina?.]‘Eotential f,or both modes to dominate the ,flow is com’parable.
at the peaks of the envelope while the first harmonic is dom'Therefore when the mode-3 oscillation is suppressed, the

nant at the nodes. This means that the first harmonic remains,, ; dangerous mode, mode 2, may appear. The frequency of
uncontrolled while the fundamental frequency is successfullxnode 2 was identified,by Laval]eyt al.[21 22',{0 be around

reduced.
. 1 Hz that corresponds to the frequency of the newly emerged
In both the high and the low cases, the power spectrum moge. P quency Wy g

genshity of the lfundar;:ental frequencyq. Hz) is de(;:r?asedh For eache, the optimal feedback amplification is obtained
y the control. Furthermore, as it was expected from t %y gradually increasing the gain,

(@) U
0.29 T T T T T T T G: the—ater, (5)
sensorl
0.28f: . _ . _
whereUpeater iS the imposed heater voltage addepsor 1 iS
©0.27f the output voltage from sensor 1. Optimal ga@oftima) iS
0.261 i defined to give minimumy, where
02% 5 10 15 20 25 30 35 40 y= M‘ (6)
to
3
§25 BeontrollediS 0 calculated from the controlled oscillation. The
> scheme gradually loses the control@exceed<G,ptimar- A
5150 gain factore is introduced as scaling @ as
z 1P
f__’ 0.5 o= G 60 . (7)

> tim2e0[s] 25 30 3 40 |n Fig. 11 y is plotted against, where the points in the

weakly and strongly nonlinear regimes are described with a
FIG. 10. (8 Focused view of the temperature signal fer ~ solid line and dotted line, respectively.
=0.69 [Fig. (7a)]. (b) Contour line representation of the wavelet  In the strongly nonlinear regime, the lines collapse onto
analysis. Data were scaled with their maximum in each time step.each other. In this regime, th@ necessary for the control to
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0.7 . ' y ' starts to fall below the bifurcation curve due to the strong
* ok o sensor1 nonlinearity. In the strongly nonlinear regime, the amplitude
0.6k * *  sensor2| ratio is almost constant and below 35%.
* Data from sensor 2starg give some hints to grasp how
05k _ the control influences the whole flow field. Note that sensor 2
* * was located 60° away from sensor 1 in the azimuthal direc-
S04 o, * | tion, with the same radial position. Even though it is not as
E™ * much as at the sensor 1 location, the control achieves sup-
s ° o o o o . ° pression of the oscillation in sensor 2 location for the range
=03y o 1 of e. Especially for the smallest=0.05, considerable sup-
* o pression of the oscillatiofty(Gptima) = 0.25] was obtained.
0.2¢ ] In the regime with weak nonlinearity, the trend of
o Y(Goptima) COrrelates with those of Sensorl to increase lin-
0.1} § early withe. y(Ggpiima) increases until it reaches its peak at
o € 0.2~0.3, where the least suppression is obtained. As the
0 . . . . nonlinearity becomes strongey(Gypiima) decreases, which
0 0.2 0.4 . 06 0.8 1 implies that the influence of the control becomes more
global.

FIG. 12. Performance of the control over a range: o€, over-
critical parametery(Ggpiima), ratio of Fourier amplitude with con-

trol to amplitude without control whe=Gopiima- Circles, sen- Active control was applied to oscillatory thermocapillary
sor 1 signal; stars, sensor 2 signal. flow in an annular configuration. Significant attenuation of
the oscillation was achieved in a range of supercritical Ma-
achieve a certain value of decreases with increasirrgand  rangoni numbers, with the best performance in the weakly
is in inverse proportion t@,. Note thatd, shows a nontrivial nonlinear regime. There, the suppression ratio of the local
increase in the strongly nonlinear regirfiég. 5). « is equal  oscillation amplitudes, increase as increases, while in the

to GTo/AT, whereT, is the amplitude of uncontrolled tem- strongly nonlinear regimey is almost constant. The reliable
perature oscillation computed from its rms value. This mean{€Mperature measuring technique enabled us to analyze the

L N - effect of the control method quantitatively. In the strongly
that the necessary initial heater outp@To) divided by the  qqjinear regime, a scaling of the feedback amplification was

imposed temperature difference to achieve certain value of jjentified from which we could calculate the optimal gain.
is independent o in this regime. Furthermore, the universal \jeasuring the temperature oscillation at two positions simul-

value of the optimale is identified asa=0.04. Hence, taneously gives us good insight in how the control influences
knowing the nondimensionalized amplitude of the unconthe whole temperature field on the free surface.

IV. CONCLUSIONS

trolled temperature signal, the optimal value Gfcan be In the work by Petrowet al.[19] of nonlinear control in a
estimated. This allows the control scheme to be fully autodifferent geometry, the local oscillation could be almost
matic in case of higle. completely suppressed for a fixeer 0.27. The advantage of

The curves in the weakly nonlinear regime show differentthe present method lies in its robustness where the control
characteristics compared to the ones in the strongly nonlineaould be carried out in a wide range e{0.05<e<0.89)
regime. In contrast to the strongly nonlinear regime, whereeven though Petroet al. have achieved lower controlled
the suppression rate suddenly drops to the minimum value amplitude. Also the simplicity of the method allowed us to
with increasinge, y drops rather slowly in the weakly non- tackle the object without constructing the reference data be-
linear regime. This results in values of optimalthat are  fore hand.e=0.35, where the characteristic of the controlled

higher than the ones in the strongly nonlinear regime. signal changed, corresponds to=0.36(Ma=19000) re-
Figure 12 shows the performance of the control schemgorted by Petrowet al. to be the limit above which the non-
for various €. ¥(Goptima) IS the value ofy when G linear control scheme fails because of strong nonlinearity of

=Goptimal- Observing the data from Sensofdircles, the — dynamics.

control scheme shows excellent performance for the smallest

€=0.05. Increasing, y(Ggptima) increases proportional to ACKNOWLEDGMENT
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