
Vd. 40 No. 1 SCIENCE IN CHINA (Series E) Feb,~ary 1997 

Experimental study of thermocapillary convection 

on a liquid bridge consisting of fluid with low 

Prandtl number in a floating half-zone" 

S U N  Zhiwei  (~]q~lk~) ,  

(General Establishment of Space Science and Applications, Chinese Academy of Sciences, Beijing 100080, China) 

H A N  J inhu  ( i ~ _ ~ ) ,  

( Institute of Mechanics, Chine~ Academy of Sciences, Beijing 100080, China) 

D A I  Lerong  ( i ~  ~ ~ ) ,  

(Department of Chemistry, Peking University, l~ijing 100871, China) 

X I E  j i n g c h a n g  (~i~5~, ~ )  and  H U  W e n r u i  ( i ~ 5 ~ 2 ~ )  

(Institute of Mechanics, Chinese Academy of Sciences, Beijing 100080, China) 

Received July 18, 1996 

Almtruct A device of mercury liquid bridge of floating half-zone is designed to experimentally explore thermo- 
capillary convection and its instability of a low Prandtl number liquid. Noncontacted diagnostic techniques were devel- 
oped to monitor surface flow and surface deformation. The surface flow and the influence of a growing surface film (or 
skin) on the flow were observed. It is shown that the film is a key factor in changing the behavior associated with the 
thermocapiUary convection. The experiment indicates that the critical Marangoni number should be much higher than 
that expected by the numerical simulation. The condition and process of surface film growth are d i s c ~ .  The surface 
oscillation of the mercury bridge wrapped with "dirt-film" was observed, and the characteristics and the frequency as- 
sociated with this oscillation are given. 
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Marangoni  convect ion is dr iven by  non-un i fo rmi ty  of surface tension due to a t empe ra tu r e  (o r  

concentrat ion)  grad ien t  along the free surface of a l iquid.  T h e  liquid br idge  of the  f loat ing half 

zone is a typical  model  for s imula t ing  the surface tension dr iven  f low of crysta l  g r o w t h  processes 

per formed in a f loat ing zone conf igura t ion .  T h e  s t eady  and osc i l la tory  convect ion of mol t en  mate -  

rials dur ing the  mater ia l s  processing is considered one of the  main  causes for crysta l  defects  and in- 

homogenei t ies .  T h e  convect ion dr iven  by buoyancy  is inevi table  on  the  g round  bu t  is g rea t ly  re-  

duced in a mic rograv i ty  env i ronment .  The re fo re  space mate r i a l  science has  become a new research 

field. In  maerograv i ty  the  convect ion dr iven by  surface tens ion grad ien t ,  or  thermocapiUary  con- 

vection, becomes dominan t .  A grea t  number  of publ ica t ions  are devoted  to the  the rmocap i l l a ry  

convection and i ts  ins tabi l i ty  in the  past  two  decades.  However ,  most  exper imenta l  w o r k  on this  

area is l imi ted  to t r anspa ren t  l iquids wi th  P r a n d t l  ( P r )  number  a round  1 or  larger  [1-51 . On  the 

o ther  hand,  f rom the  view of appl icat ions ,  mel t s  of semiconductors ,  meta l s  or  al loys are  re la ted  to 

the behavior  of l iquids having low Prand t l  numbers .  ; l 'hese l iquids are basical ly opaque,  so the  ex- 
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perimental methods used for transparent media are inapplicable to these liquids. In addition, most 

of such media have a high melting point, large surface energy, strong absorption on the surface, 

and thus the surface is highly sensitive to impurities. Because of experimental difficulties, only a 

few on thermocapillary convection and its instability of low Pr liquid in literature are avail- 

able [6-t3J . Particularly, there has never been any report regarding the experiment on a liquid 

bridge in a floating half-zone of low Pr fluid. The present work is devoted to this blank area of ex- 

periment. 

1 Experiment set-up 

The liquid bridge consisting of highly purified mercury, in which the impurity-copper con- 

tent is less than 10 -6, was adopted as the experimental-medium, and the physical properties of 

mercury are listed in table 1. Since oxidation of the mercury surface in air and absorption of other 
gases to the surface will result in change in the surface tension [14' ls], the system of floating half- 

zone is sealed in a glass tube filled with highly pure N2 ( the impurities in it are less than 

0. 001% ). The mercury bridge is held by surface tension between two coaxial cylindrical copper 

(impurities Fe, Pb and Zn contents in copper material are less than 10-6% ) rods of do = 3 mm in 

diameter. To improve wettability of the rod material to mercury, the  end surfaces of the copper 

rods are treated with a special procedure. The upper rod is heated with temperature-controlled 

heater, and the lower end is cooled with ice-water during our experiment. To avoid disturbing the 

behavior of fluid in the liquid bridge, the temperatures at both ends are measured by copper-con- 

stantan thermocouples going through holes inside of copper rods. 

Table 1 Thermo-physical parameters of mercury at  20"C 

Parameter  Value 

Density p 

Surface tension a 

Heat capacity C o 

Thermal conductivity k 

Thermal diffusivity r 

Dynamical viscosity u 

Prandtl number Pr  

Expansion coefficient fl 

Ba/OT 

1.355  • 104 k g . m  3 

0 . 4 7 6 1  N ' m  - t  

138.94 J ' k g - l ' K  -1 

8 .32  J ' m - l . s - t . K  -1 

4 . 4 2  x 10 -6 m2.s  -1 

I .  14 • 10 -7 mZ's  - I  

0 .025  8 

0 . 1 8 2 •  10 -3 K -1 

0 . 1 9  x 1 0 - 3 N . r n  - 1 . K  -1 

The dynamic Bond number is defined as 

B d = p g / ~ h 2 / a ' T ,  

where p is the density of the liquid, g ,  the gravitational acceleration, h, the height of the liquid 

column, r ,  the expansion coefficient and a ' r  the gradient of surface tension with respect to the 

temperature. Ba indicates the importance of the buoyancy with respect to the gradient of surface 

tension. To reduce the influence of the gravity, h is controlled within 3 mm ( B a <  1 .14) .  

It is impossible to display an inside flow of an opaque mercury bridge with the visualization 

technique usually used for transparent media. We have adopted two techniques to detect a defor- 
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mation or oscillation of surface of the mercury bridge. ( 1 ) A laser beam is aimed at the surface of 

the mercury liquid bridge. The reflected light from the curved surface is projected onto a screen. 

The resultant enlarged interference images on the screen are monitored by a CCD camera and 

recorded by a video recorder in a real time mode. Then,  a variation of the interference patterns 

associated with the surface deformation will appear accordingly. In this way, even very small sur- 

face deformation can be identified. A typical sample of so-obtained interference pattern at one mo- 

ment is shown in fig. 1. (2) The mercury surface is illuminated with a laser beam from one side. 

A magnifying telescope is used to monitor the reflected light from the surface and thus the en- 

larged light scattering pattern is recorded by a CCD-recorder system. When surface deformation 

occurs, the corresponding pattern of the scattering light changes. Particularly, when the surface 

film exists, the pattern of the scattering light looks like a pattern of shining speckles (see fig. 2) .  

In order to obtain the frequency of the oscillatory convection, a photocell instrument was devel- 

Fig. 1. The interference pattern a~sociated with the free st*: 

face configuration. 

Fig. 2. The pattern of scattering speckles ot the mercury 

surface. 

Fig. 3. The curve of photocell output as,,w, eiated with free surface oscillation. 
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oped. The interference pattern varies after the onset of oscillation. In the present experiment, the 

variation of the interference par/ern was recorded on a video tape, and the photocell was aimed at 

one of the interference fringes and fixed in place to detect the variations in the brightness resulting 

in a variation of output of the photocell when the fringe was moving back and forth. From the os- 

cillation curve of the photocell output (see fig. 3 above) we can obtain the oscillation frequency. 

When a laser ray is cast on the surface 

of mercury, dust absorbed on the surface of 

the mercury (including the film growing on 

the surface) functions as tracers. These 

tracers shine brightly and shift with the liq- 

uid flow. A typical pattern of surface flow 

displayed by the tracers is shown in fig. 4. 

Mobility of the surface is related to whether 

or not the surface film exists, and is there- 

fore of great importance. When a certain 

temperature gradient along the surface re- 

Fig. 4. The surface flow dispIayed by "tracers". mains but no surface flow can be observed, 

it implies a film suppresses the flow; under a constant temperature gradient a transition from mo- 

bility to immobility indicates the process of film growth and the film covers the surface eventually. 

According to this phenomenon, we can judge when and under what condition the film grows. 

2 Characteristics of  the surface of  mercury liquid bridge 

I t  seems that  surface film generally exists in the liquid bridge in floating zone for low Pr liq- 

uid medium, especially when the experimental temperature is high. A discussion on the influence 

of growing film on surface flow of the liquid bridge is given in the present paper. When a temper- 

ature difference is applied to the liquid bridge, 1Y; or 2~C is enough to stimulate the surface flow. 

When the hot end temperature is 1 2 ~ ,  this surface mobility can last about 10 min and then grad- 

ually ceases. When mercury with a clean surface is used, at the beginning of the experiment the 

surface flow speeds up as the applied temperature difference rises,, then soon slows down, and 

eventually ceases entirely. At first only a little shining dust can be seen, and then some speckles 

appear, showing flakes of surface films join the flow. These flakes multiply, growing larger and 

larger, and the flow slows down and finally ceases. The higher the experimental temperature is, 

the shorter the mobility lasts. A high temperature accelerates the formation of surface film. There 

are two origins of the film: mercury reacts directly with oxygen, vapour, or absorbs gases and 

dust;  the copper rods dissolve in mercury and form a copper-mercury amalgam. To further under- 

stand the origin of the film, we used iron as the end-rod material ( the solubility of iron in mercury 

is 1 .9  • 10 19% in weight, 0 . 0 3 %  in weight for copper) and constructed a horizontal boat. In 

this case, even at a high experimental temperature the mercury surface still showed a rather good 

degree of mobility. Thus  we see that, the high solubility of copper in mercury and its enrichment 

on mercury surface is the main cause of the surface f i lm ' s  formation. The solubility of copper in 

mercury increases quickly with the increase in temperature ( 0 . 0 3 %  in weight at 18~C, 0 . 8 %  in 
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weight at 100*C ). At the beginning of an experiment,  there are fewer impurities on the mercury 

surface; larger temperature gradient along the surface leads to a higher Marangoni flow rate. 

Meanwhile, higher temperature results in more impurities on mercury surface and thus makes the 

Marangoni flow slow down and finally suppresses the flow. A semi-quantitative analysis with an 

atomic emission spectroscope on the mercury in our experiment further confirms the above judge- 

ment:  the copper content in used mercury is 50 times more than that before the experiment,  and 

contents of other impurities are beyond the measurement limit of the equipment. Furthermore,  

when the used mercury is collected from the part close to the surface, the content of copper is 

1 000 times more than that before the experiment.  Other impurities such as magnesium, lead 

(coming from rod material) also increase significantly after the experiment.  This is because mer-  

cury has very high surface energy, and most of the impurities mentioned above (forming mercury 

amalgam) are absorbed to the mercury surface. 

3 Thermocapillary convection and its instability 

The above analysis demonstrates that maintenance of the mercury sur face ' s  mobility during 

the experiment is a key factor in investigating the thermocapillary convection. In this case we 

need to minimize the effect of the surface film. However,  it is impossible to totally prevent mer- 

cury from forming amalgams. The only thing we can do is to choose lower experimental tempera- 

tures and to shorten the experimental duration. If the temperature of the hot end rod is lower 

than 15"(2, surface mobility can be maintained for at least five minutes. Therefore, under this 

condition it is possible to obtain some useful information about the thermocapillary convection and 

its instability [161 . A numerical simulation of liquid bridge in a floating half-zone with low Pr  liq- 

uids [17] indicates that the critical Reynolds number corresponding to a transition from steady flow 

to an unsteady one is 6 250. With the parameters used in our experiment it is equivalent to about 

3*(2 of a critical temperature.  To  further reduce the experimental temperature,  dry ice was used 

to cool the lower end rod and the temperature of the upper end rod was kept below 15"(2. Within 

the 5-min duration of the experiment,  the surface flow of mercury was maintained. However, 

there was no oscillation observed even with an applied temperature difference up to 15"(2. This 

fact implies that the critical temperature difference should not be lower than 15"12 which is many 

times higher than that estimated by the numerical simulation. 

An interesting phenomenon is that a surface oscillation without surface mobility under a high 

applied temperature difference (in this case the lower end rod was cooled by ice-water, not dry 

ice) was observed. Losing surface mobility means that the mercury surface is covered with dirt- 

film or skin. Therefore flow on the surface becomes impossible. With rising temperature,  from 

the interference image and the scattering speckle pattern, we were able to see discontinuous sur- 

face deformations. We guess that these are associated with ruptures of the film. A similar phe- 

nomenon that a "dirt-fi lm" suppressed the surface flow for transparent media with Pr  = 1 was also 

observed experimentally by Schwabe et a l .  [181 The oscillation phenomenon which we observed has 

the following features: (i) the oscillation seemed to occur locally, or at least centered on some part 

of the surface, not as a whole like a liquid bridge of silicon oil. It  looks like the oscillations come 

around the locations where the skin is broken during the onset of the process of oscillation. (ii) 

The periodicity of the oscillations seems not to be perfectly harmonic, probably because of the in- 
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fluence of pieces of the skin. In comparison with large Pr  liquids, the frequency of the oscillation 

is high, about 5 Hz. (iii) It needs to apply higher temperature difference between the two end 

rods to start a transition from steady to oscillatory state than that from oscillatory to steady one. 

This phenomenon happens to other media as well, but it is much more outstanding when a surface 

film exists. The  difference of these two critical temperature differences can he a few degrees [I2] . 

In fig. 3 the oscillation process of the surface is shown, obtained by the photocell measurement for 

brightness variation of interference fringes, which gives the voltage output varying with time. 

Note that a 50 Hz oscillation signal, which comes from the field frequency of a T V  screen, was 

superimposed on the signal corresponding to the surface oscillation. The experiment parameters 

are: h = l . 8  ram, d = 3 . 0  ram, V / V  o = 0 . 8 ,  ( A T ) c  = 18"12 (h  is the height of the liquid 

bridge; d is the diameter of the end copper rods; V0 is the volume of a cylinder with a height h 

and diameter d ; and V is the real volume of the liquid bridge; (AT)~ is the critical temperature 

difference corresponding to the transition from oscillatory state to steady state) .  To  calculate the 

Marangoni number we use the formula 

Ma = I a ' r  I ATh/p~'u,  

and the critical Marangoni number (Ma)c = 900. It is interesting that this value is close to the 

critical Marangoni number (1 200) obtained by Jurisch [9'1~ We imagine that the effect of the 

surface film might also have been involved in their full-zone liquid bridge experiment. On the oth- 

er hand, based on direct numerical simulation for a half-zone configuration of the low Pr  number 

fluid [tT/, Levenstan et al .  obtained the critical Reynolds number (Re)r to be 6 250 or (Ma)c = 

162 (Ma = Re x Pr, where Re is Reynolds number and Pr  is Prandtl number) .  In the case of h = 

2 mm, the critical temperature difference is only 2 . 7 6 ~ 3 " C .  

4 Discussion 

Jurisch et al .  [9,10] employed an electron beam equipment with a circular W-electron gun to 

heat the Mo and Nb rod at the center in a dynamical vacuum chamber to investigate the thermo- 

capillary convection and its instability of floating full-zone liquid bridge. Since there is no need to 

apply the temperature difference by using different materials (like copper rods in our experi- 

ment) ,  the possibility of reaction of different materials leading to surface film is eliminated and 

the dynamical vacuum can greatly reduce the interaction of the rod material with surrounding gas- 

es. They obtained the critical Marangoni number which is around 1 200, and the oscillation fre- 

quency which is 1 Hz. Recently Nakamura et al .  obtained the oscillation frequency of 0 .5  Hz for 

their silicon material [131 . However, their experiment cannot monitor the mobility of the surface, 

and cannot investigate the effect of variation of applied temperature difference on thermoeapillary 

convection either, therefore cannot determine the critical Marangoni number (Ma)c.  In Jurisch 's  

experiment, although the same material was used, impurities in the material may melt at high 

temperature and get enriched on the surface. And dynamical vacuum may confine new film 

growth but old skin of the material may still stay on the surface. Moreover, at high temperature, 

oxygen, nitrogen and hydrogen can react with Nb. All these possible impurities may melt at high 

temperature and affect the features of the surface such as the temperature coefficient of the surface 

tension. 
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The purpose of this work is to explore difficulties involved in experiment of floating half-zone 

liquid bridge consisting of low Pr media. Although the experimental medium is mercury, our 

finding may be of more general significance. For example, if the material of heating and cooling 

end rods is different from the material of the liquid bridge, one has to face a contradiction: a good 
wettability and the least mutual solubility of both materials (as metioned above, this solubility is 

an important reason to form the dirt-film). Jurisch et a l .  used the same material to bypass this 

problem. However the means of heating in their experiment may not be able to heat the material 

evenly. And more importantly, since the highest temperature is at the center of the liquid bridge, 

they think that in the upper half bridge convection is dominated b y  buoyancy and the convection 

of the lower part should be driven mainly by the surface tension gradient. However, it is hard to 
avoid mutual disturbance of the two parts. All these are potential factors which may lead to unre- 

liable results. We believe that to monitor the mobility of the surface of the liquid bridge consisting 

of a low Pr medium is an important measure. Due to a high surface energy for low Pr liquid the 
properties of its surface may by changed by pollutants which may result in poor replicability of the 

experiment. 

5 Conclusion 

In this work mercury was adopted as experimental medium due to its liquid state at room 

temperature and its chemical stability. To explore the behavior of thermocapillary convection of a 

small Pr liquid, bridge in floating half-zone, a simple experimental set-up is designed. To detect 

tiny deformation of the mercury surface, two diagnostic techniques were developed which are im- 
portant in finding out whether a dirt-film is on the surface. In contrast with a critical temperature 
3'C predicted by numerical simulation E17], under our experimental condition (there may be effect 

of the dirt-film or gases on the surface, but at least the mobility of the surface remains), it 

seemed that the possibility of such a small critical number for low Pr liquid is excluded and (AT)c 

should be at least higher than 15"C. In addition, a surface osciUation was observed for mercury 

liquid bridge wrapped with surface film though we could not confirm whether it really came from 
the thermocapillary origin. 
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