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ABSTRACT 

The transition process from steady to turbulent convection via subharmonic bifurcation 
in thermocapillary convection of half floating zone was studied by numerical simulation 

and experimental test. Both approaches gave structure of period doubling bifurcations 

in the present paper, and the Feigenbaum universal law was checked for the system of 

thermocapillary convection. 

INTRODUCTION 

Thermocapillary convection is a typical subject of microgravity fluid dynamics, and sup 
ports also a new sort of dissipative system similar to Benard convection. The transition 

process such as the chaotic behavior has been studied extensively for Benard convection, 

there are many routes to the turbulent convection depending on the typical parameters 

snch as Bayleigh number, Pmndtl number and geometrical aspect. The transition process 

for thermocapillary convection will be discussed in the present paper. 

Most research works of floating zone convection were concentrated on the transition from 

steady flow to oscillatory convection, especially the onset of oscillation in the experiments 

/l-8/ and the instability analyses in theory /9-13/, these studies concerned only the 
starting period of a complete route to turbulence. Kazarinoff and Wilkowski analyzed 

numerically the chaotic feature of ax&symmetric floating zone /13/, and Tang and Hn 
discussed numerically the instability for asymmetric model of half floating zone /14/. On 

the one hand the route to turbulent convection of the new sort of dissipative system is 
attractive from the view point of non-linear science, and on the other hand, it may be 
also interesting from the view point of application of space materials science. 

NUMERICAL SIMULATION 

The unsteady and two-dimensional model of half floating zone /15/ was applied to study 

the transition from steady to turbulent convection. The liquid bridge with D, in width 
and infinite extension suspended between two planes. The Pmndtl number (Pr) of model- 
ing medium is 105.6. There is an applied temperature difference AT between two planes 

with the upper plane heated. The transition process could be completed by numerical test 
and experiments for asymmetric model during increasing applied temperature difference. 
The temperature intenal in calculation should be small enough to describe accurately 

the onset of subharmonic oscillation, which is very sensitive to the increasing rate of 

temperature. 

The geometrical parameters such as D,, geometrical aspect A = L/Do and volume ratio 
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of liquid bridge, or width ratio D,/D o, are important for the onset of oscillation and 
the transition process /lS, 17/, where L and i) m are, respectively, the height and the 
minimum width of the liquid bridge, and in the present paper A = 1.0, D,/D, = 0.9 
and D o = 4mm. The critical applied temperature difference, corresponding to the onset 

of oscillation, is (AZ’), = 4OOC. The ratio of temperature difference R = AT/(AZ’), 
is introduced, and R = 1 associates to the onset of oscillation. Bifurcation may appear 
when the ratio R is increased. 

Fig.1 The temperature profiles 

Typical pro&s of temperature oscil- 
lations and the associated spectrums 
of Fourier transforms at a point of free 
surface near the lower plane are given, 
respectively, in Figs. 1 and 2. The 
chaotic feature could be seen also in 
plane ( T, dT/dt ) as shown in Fig. 
3. The transition from onset of oscil- 
lation to turbulence is clear. There are 
three typical R ranges of the transition 

process: 
1. the transition of periodic subhar- 

monic bifurcations with locking fre- 

quency at 1/2n of basic frcqucncy 
(n 5 4) in the range 1 < R < 1.49; 

2. the transition of biircation with 
locking frequency at l/m of basic fre- 
quency (m = 18, 24,...) in range 

1.49 < R < 2.25; 
3. the region of random spectrum 

appeared in the range of larger R, for 
example, R > 2.25. 

Fig.2 The spectrum 
profile associated by Fourier 

transfer with the cases of Fig. 1 

Fig. 3 The trajectories of tcmpera- 
ture distribution in plane (T,dT/dt) 
for cases associated to Fig. 1. 



From Swady to Oscillatay Coav~tion 

EXPERIMENT AND TEE RESULTS 

In the experiment of the half floating zone the applied temperature difference for bifnr- 
cation behavior should be more higher than the critical temperature value at the onset 
of oscillation. The liquid bridge with several millimetem in diameter is diilicult to be 
persisted for the case of a fat liquid bridge and higher applied temperature difference. 
Therefore, it is difficult to complete experimentally a whole route of transition, but the 
transition from onset of oscillation to bifurcation behavior may be possible under suitable 
condition. 

In the present experiment, the liquid bridge with A = l/do = 0.95,d, = 3mm and 

&/d, = 0.7 is adopted, where 1, d, and do are, respectively, the height, the minimum 
or msximum diameter of the liquid bridge, and the diameter of rod. The liquid bridge is 
consisted of 10 cst silicon oil with Prandtl number Pt = 106, and the case of upper rod 

heated is analyzed. The evolution of 
temperature, flow pattern and free 
surface may be measured, respectiw$, 
by the inserted thermocouple, the tra- 
cer particle trajectory, and the optical 
method of grid mask /8/. 

A thermocouple of 0.03mm in diame- 
ter was inserted through the free 
surface into the liquid bridge at the 
position l.lmm in radius and O.4mm 
below the upper rod. A harmonic 
oscillation with basic frequency fc = 
1.1 Hz is given by the spectrum anal- 
yses of Fourier transformation at the 
applied temperature difference (AZ’), 
= 29.3OC. The fractal frequencies are 
locked at l/4 and 314 of the basic fre- 
quency at AT = 81.8’C, and the in- 
tegral fractals of n/4 (n = 1, 2, 3 ) at 
a bit higher applied temperature dif- 
ference 83.4’C as shown in Fig. 4 . 

The typical modes of temperature pro- 
file were given in the left and the as- 
sociated spectrum distributions in the 
right of Fig. 4 . The liquid bridge 
was broken for more higher value of 
AT. The experiment for other typi- 
cal parameters shows that the bifurca- 
tion feature is sensitive to the geomet- 
rical parameters such as A, d,,,/do , 
and there are different bifurcation fea- 
tures for different geometrical param- 
eter range. 

Fig. 4 Experimental result of temper- 
ature profile inside liquid bridge (left) 
and the spectrum distribution (right) 
for typical cases: (a) critical oseilla- 
tion, AT = 23’C, (b) harmonic mode, 
AT = 51.7°C, (c) part subharmonic 
mode, AT = 81.8’C, (d) whole quar- 
ters subharmonic mode, AT = 83.4*C 
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AND CONCLUSION 

The numerical simulation gave a route of transition to turbulent convection via the snb- 

harmonic bifurcations for certain conditions in the present paper. The applied tempera- 
ture differences at the onset of subharmonic bifurcations gave the ratio 

s4 = *T&/8) - *T(fb/4) 
*T&/16) - AhT(fb/8) = 4’8537 

where fa is the basic frequency, and AT(fb/2n) means the value of AT at the onset of 

2” th subharmonic bifurcation. The ratio 64 given by the numerical test is quite close to 

the value of universal constant b = 4.6642 given by Feigenbaum’s general theory /17/. 

The periodic subharmonic biiurcations were obtained from experiment of osciHatory ther_ 

mocapillary convection with applied temperature difference more higher than the critical 

value . However, the completed transition process cannot be given by the present exper- 

iment due to the broken of liquid bridge in higher temperature difference. Both results 
of numerical test and experimental test are similar. 

Main interesting on thermocapillary convection are confined in the process of onset of os- 
cillation in the present time. The purpose of the present paper is to extend the interesting 

to cover the complete transition process. The onset of oscillation in thermocapilIary con- 

vection depends on many critical parameters, and the route to turbulent convection does 

also true. In the present paper, a special route to turbulence was discussed under certain 

conditions, however, there will be many routes to turbulent thermocapillary convection 

depending on detailed conditions. There need many studies to be completed in the future. 
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