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The dependency of the critical Marangoni number on the geometrical aspect ratio of the floating half zone is essential to pre-
dict the onset of oscillatory thermocapillary convection. The experimental studies in the microgravity conditions on floating 
half zones of several centimeters in diameter have predicted that the critical Marangoni number increases with the increasing 
aspect ratio, and the terrestrial experimental studies have predicted the contradictory conclusion for floating half zones of sev-
eral millimeters in diameter. In the present work, terrestrial experimental studies were conducted on the floating half zones of 5 
Centistokes (cSt) silicon oil and 10 cSt silicon oil. The experimental results show that the critical Marangoni number generally 
increases with the increasing aspect ratio of the floating half zone and then decreases. Moreover, a further increase of the criti-
cal Marangoni number with the increasing aspect ratio occurs for the slender floating half zones. 

thermocapillary convection, flow instability, aspect ratio 
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1  Introduction 

In fluid systems with interface involved in the manned 
space activities, capillary effects play a dominant role in 
comparison with gravity effects. Among them, the thermo-
capillary convection driven by the surface-tension gradient 
along the interface becomes one of the fundamental subjects 
in the microgravity fluid physics and the space fluid/heat 
management [1]. A floating half zone consisting of a liquid 
column confined between differentially heated solid rods 
(see Figure 1) was initially introduced to mimic half of the 
floating zone technique for the interests of space materials 
science, and it has become one of the typical models for the 
investigation of the principles of thermocapillary convection. 
Originated by Chun and Wuest [2] and Schwabe et al. [3] 

respectively, extensive studies have shown that with the 
increasing applied temperature difference between the sup-
porting rods, the thermocapillary convection transfers from 
the axisymmetric stationary convection to the oscillatory 
convection in the floating half zone of large Prandtl number 
( 1Pr  ). The dependency of the critical Marangoni num-
ber indicating the onset of oscillatory convection on the 
aspect ratio of the floating half zone is one of the funda-
mental critical parameters involved in the bifurcation proc-
ess [1]. The Marangoni number is defined as Ma=Ul/ 

where TU T    is the typical thermocapillary ve-

locity, T   the surface-tension gradient depending on the 

temperature, T the typical temperature difference,  the 
viscosity,  the thermal diffusivity of the fluid and l the 
height of the floating half zone. Due to the scarce space 
experiment opportunities, most of the experimental studies 
available were conducted terrestrially. The relative impor-
tance of the gravity effects to the capillary effects is scaled 
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by the static Bond number (B0=gl2/) or the dynamic Bond 

number ( 2
d TB g l    ), where  is the fluid density, g 

the earth gravity level,  the thermal expansion coefficient 
and σ the surface-tension. Therefore, the geometrical scale 
of the floating half zone in the terrestrial conditions was 
reduced to several millimeters in diameter to make the cap-
illary effects dominant. Among them, Velten et al. [4] pre-
dicted that the critical Marangoni number decreases with the 
increasing aspect ratio of the floating half zone (A=l/d0 
where d0 is the radius of the floating half zone). The ten-
dency contradicts the experimental predictions on the float-
ing half zones of several centimeters in diameter in the mi-
crogravity conditions (see Table I. in ref. [5]) where the 
critical Marangoni number increases with the increasing 
aspect ratio of the floating half zone. 

On the other hand, theoretical studies in the early period 
on the onset of oscillatory thermocapillary convection were 
limited to a cylindrical floating half zone model. The terres-
trial experiments did not investigate the effect of the volume 
of floating half zone either. In practice, a cylindrical float-
ing half zone can be assumed only in the microgravity con-
ditions, and the configuration of floating half zone in the 
terrestrial conditions should be similar to part of a calabash 
due to the Earth’s gravity. Recent experimental and theo-
retical studies have shown that the volume of the floating 
half zone is another sensitive geometrical parameter in-
volved in the bifurcation process [6–8]. For example, the 
marginal stability boundary for the oscillatory thermocapil-
lary convection consists of two branches with the increasing 
volume of the floating half zone with a fixed diameter and 
an aspect ratio. In practice, a parameter noted as volume 
ratio (V/V0), i.e., the ratio of the volume of a floating half 
zone to that of a cylindrical one with the same height and 
diameter, is usually adopted to represent the effect of the 
volume. 

The present paper experimentally studied the aspect-ratio 
dependent critical Marangoni numbers of the thermocapil-
lary convection in the floating half zones of 5 Centistokes 
(cSt) silicon oil and 10 cSt silicon oil respectively with dif-
ferent volume ratios.  

 

Figure 1  The schematic diagram of experimental facility. 

2  Experimental facility 

As shown in Figure 2, a floating half zone formed between 
two co-axial rods of the same diameter (d0). A temperature 
difference (T) was gradually applied at a certain heating 
rate (0.3 K min1) between the supporting rods, and the up-
per rod was always kept at the higher temperature. Two 
PID-controllers (EUROTHERM 903P controller) were used 
to control the heating rate that enabled the applied tempera-
ture difference measured by two thermocouples of T-type 
(see Figure 1) to have an accuracy better than 0.05 K. A 
thermocouple of the K-type (0.02 mm in diameter) was in-
serted into the liquid column at 0.8l above the lower rod and 
right beneath the free surface, and the corresponding local 
temperature change was registered by a KEITHELY 2182 
with a resolution of 0.001 K. Another two thermocouples of 
the T-type were attached to the rods in the vicinity of the 
rod/liquid interface, and the corresponding temperature sig-
nals were registered by a multi-meter KEITHELY 2000 
with a resolution of 0.01 K. Time series of the temperature 
signals are transformed in the frequency domain by Fast- 
Fourier-Transformation (FFT) in real time. The temperature 
signals and the corresponding spectra could be observed  

 

Figure 2  The critical Marangoni number depending on (a) the aspect 
ratio and (b) the dynamic Bond number in the floating half zone of 10 cSt 
silicon oil with V/V0=1.0. 
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through the computer monitor both online and offline. The 
experiment process is also controlled by the same PC-sup-                                        
ported data acquisition system. The onset of oscillatory 
thermocapillary convection is detected through the tem-
perature evolution obtained by the KEITHELY 2182. With 
the increasingly applied temperature difference, the tem-
perature signals can be observed to transfer from an ap-
proximately steady state into an oscillatory state. The ap-
plied temperature difference at the transition moment is 
adopted as the critical temperature difference (Tc). For 
each floating half zone with a fixed diameter, the aspect 
ratio is varied through adjusting the height of floating half 
zone. On the other hand, the volume of the floating half 
zone can be obtained through a measurement system con-
sisting of a CCD camera and a PC with an image-acquiring 
card. The boundaries of the floating half zone are defined 
by processing its images, and then the volume of floating 
half zone can be calculated and the injection of the silicon 
oil before the onset of the oscillatory convection allows the 
compensation of the volume change due to the thermal ex-
pansion and evaporation. The uncertainty in the determina-
tion of the critical Marangoni number in the present study is 
±(0.01Mac+(2/Tc)Mac) where the former is from the 
measurement of the geometry of the floating half zone and 
the latter is from the measurement of the critical tempera-
ture difference. The measurement of the critical Marangoni 
number for the same parameters was repeated several times 
and the averaged value is finally adopted. 

In the present experimental study, the floating half zones 
of 5 cSt silicon oil (Pr=/=74) and 10 cSt silicon oil (Pr 
=106) were studied, and the typical volume ratios of V/V0= 
1.0 and V/V0=0.7 were adopted. 

3  Experimental results and discussion 

Figure 2 shows the experimentally determined marginal 
stability boundary for the floating half zone of 5 cSt silicon 
oil (Pr = 74) with d0=3 mm and V/V0=1.0. In the range of 

0.58A  , the critical Marangoni number increases with the 
increasing aspect ratio. In the range of 0.58 0.74A  , the 
critical Marangoni number is nearly constant in considera-
tion of the critical Marangoni number uncertainty ±892 for 
the case of A=0.65. This phenomenon is different from the 
experimentally predicted decreasing tendency in [4]. The 
critical Marangoni number then sharply increases in the 
range of 0.74 0.90A   which qualitatively agrees with 
the experimental predictions on the floating half zone of 
several centimeters in diameter (see Table I. in ref. [5]). The 
similar tendency in the range of 0.58 0.90A   was also 
experimentally observed in [9–11]. The increasing steep-
ness of the profile may be due to the increasing role of the 
buoyancy convection in the floating half zone which stabi-
lizes the thermocapillary convection. Furthermore, in the 

range of 0.90 1.15A   ( 1dB  ) the critical Marangoni 

number appreciably decreases. For the decreasing trend we 
speculate that with the increasing free-surface deformation 
at the large dynamic Bond number, the decreasing effective 
aspect ratio results in the preferential oscillation mode 
change of the thermocapillary convection. However, further 
investigations require detailed velocity information which is 
limited in the present experimental study. 

Figure 3 shows the experimentally determined critical 
Marangoni number for the floating half zone of 10 cSt sili-
con oil (Pr=106) with V/V0=1.0. The general tendency of 
the marginal stability boundary for the case of d0=3 mm is 
similar to the case of 5 cSt silicon oil. The effect of the di-
ameter of the floating half zone is also investigated (see 
Figure 3). The general tendency of the marginal stability 
boundaries for the floating half zones of d0=4–6 mm is 
similar to the case of d0=3 mm except that the critical Ma-
rangoni number approximately increases continuously with 
the increasing aspect ratio. Note that in the narrow range of 
0.80<A<0.87 in the case of d0=4 mm, 0.72<A<0.78 in the 
case of d0=5 mm and 0.55<A<0.68 in the case of d0=6 mm  

 
Figure 3  The critical Marangoni number depending on (a) the aspect 
ratio and (b) the dynamic Bond number in the floating half zone of 10 cSt 
silicon oil with V/V0=0.7. 
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respectively, the experimental data are unavailable due to 
the breakage of the floating half zone. However, it still can 
be seen that for the floating half zones of different diameters, 
the transition between the increasing branch and the de-
creasing branch occurs in the approximately same range of 
1.48<Bd <2.13 where the buoyancy effects, related to the 
thermocapillary effects in the floating half zone, including 
the buoyancy convection and the free-surface deformation 
become important. 

The experimental studies were also conducted on the 
floating half zones of 10 cSt silicon oil (Pr=106) with V/V0= 
0.7. Figure 4 shows the corresponding aspect-ratio depend-
ent marginal instability boundaries. Similar to the case of 10 
cSt silicon oil with V/V0=1.0, the critical Marangoni number 
increases with the increasing aspect ratio and then decreases. 
However, the transition between the increasing branch and 
the decreasing branch occurs in the range of Bd<1, which 
probably excludes the possibility of the preferential oscilla-              
tion mode change of the thermocapillary convection as our  

 

Figure 4  The critical Marangoni number depending on (a) the aspect 
ratio and (b) the dynamic Bond number in the floating half zone of 5 cSt 
silicon oil with V/V0=1.0. 

interpretation of the transition. It is also noted that the de-
creasing branch is followed by a further increase branch 
with the increasing aspect ratio, e.g., A>0.85 in the case of 
d0=3 mm. However, the present experimental study pro-
vides no clue as to the general trend of the marginal stability 
boundary for the slender floating half zones of V/V0=0.7, 
which requires further delicate experimental studies for the 
velocity information and numerical studies as well. 

4  Summary 

In the present paper, the dependency of the marginal insta-
bility boundary on the aspect ratio of floating half zones 
was studied experimentally and terrestrially. For the floating 
half zones of 5 cSt silicon oil and 10 cSt silicon oil with 
V/V0=1.0, the experimental results show that the critical 
Marangoni number generally increases with the increasing 
aspect ratio of the floating half zone and then decreases. 
The transition is probably due to the increasing buoyancy 
effects including the buoyancy convection and the 
free-surface deformation with the increasing aspect ratio or 
the dynamic Bond number. On the other hand, Moreover, 
for the floating half zones of 10 cSt silicon oil with V/V0= 
0.7, a further increase of the critical Marangoni number 
with the increasing aspect ratio occurs, which requires fur-
ther investigations.  

This work was supported by the National Natural Science Foundation of 
China (Grant No. 11032011) and Knowledge Innovation Project of the 
Chinese Academy of Sciences (Grant No. KJCX2-YW-L08). 

1 Hu W R, Tang Z M, Li K. Thermocapillary flow in floating zones. 
Appl Mech Rev, 2008, 61: 010803  

2 Chun C H, Wuest W. A micro-gravity simulation of the Marangoni 
convection. Acta Astronaut, 1978, 5: 681–686 

3 Schwabe D, Scharmann A, Preisser F, et al. Experiments on surface 
tension driven flow in floating zone melting. J Cryst Growth, 1978, 
43: 305–312 

4 Velten R, Schwabe D, Scharmann A. The periodic instability of ther-
mocapillary convection in cylindrical liquid bridges. Phys Fluids A, 
1991, 3: 267–279 

5 Carotenuto L, Castagnolo D, Albanese C, et al. Instability of thermo-
capillary convection in liquid bridges. Phys Fluids, 1998, 10: 
555–565 

6 Hu W R, Shu J Z, Zhou R, et al. Influence of liquid bridge volume on 
the onset of oscillation in floating zone convection I. Exp J Cryst 
Growth, 1994, 142: 379–384 

7 Tang Z M, Hu W R. Influence of liquid bridge volume on the onset 
of oscillation of floating zone convection II. Numerical simulation. J 
Cryst Growth, 1994, 142: 385–391 

8 Tang Z M, Hu W R. Influence of liquid bridge volume on the onset 
of oscillation in floating zone convection III. Three-dimensional 
model. J Cryst Growth, 1999, 207: 239–246 

9 Preisser F, Schwabe D, Scharmann A. Steady and oscillatory ther-
mocapillary convection in liquid columns with free cylindrical sur-
face. J Fluid Mech, 1983, 126: 545–567 

10 Kamotani Y, Ostrach S, Vargas M. Oscillatory thermocapillary con-
vection in a simulated floating-zone configuration, half-zone liquid 
bridge. J Cryst Growth, 1984, 66: 83–90 

11 Ueno I, Tanaka S, Kawamura H. Oscillatory and chaotic thermo-
capillary convection in a half-zone liquid bridge. Phys Fluids, 2003, 
15: 408–416 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


