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To cooperate with Chinese TG-2 space experiment project, the transition process from steady to regular oscillatory
flow, and finally to chaos is experimentally studied in buoyant-thermocapillary convection. The onset of oscillation
and further transitional convective behavior are detected by measuring the temperature in large-scale liquid bridge
of 2cSt silicone oil. To identify the various dynamical regimes, the Fourier transform and fractal theory are used
to reveal the frequency and amplitude characteristics of the flow motion. The experimental results indicate the
co-existence of quasi-periodic and the Feigenbaum bifurcation in chaos.
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Thermocapillary convection driven by the gradient
of surface tension has attracted increasing attention
owning to its general application in material science,[1]
chemical engineering, and space manufacturing,[2−6]
especially the containerless method of high-quality
crystal growth.[1,7] Far beyond the critical conditions, it has been pointed out that there are many
routes to chaos in thermocapillary convection, depending on the typical parameters, for instance, the
Prandtl number, initial disturbance and related geometric parameters.[1] As a paradigmatic example of
the nonlinear stability system, the problem of liquid
bridge (LB) has been researched numerically[7−9] and
experimentally in normal gravity[10] and microgravity
conditions.[11]
In some ground-based conclusions, the boundary
effect in the small-scale one (i.e., diameter is smaller
than 6 mm) is so obvious that the achievement is incapable of simulating industrial crystal growth effectively. Large-scale LB with large aspect ratio (𝐴r )
and volume ratio (𝑉r ) is difficult to establish owing
to gravity. In space, large-scale LB with 𝐴r > 1 and
𝑉r > 1 can be built due to the decline of gravity.[12]
Meanwhile, the thermal convection caused by surface
tension which has played a crucial role in space LB
experiment can greatly affect the quality of the crystal. Considering the high cost and few opportunities
of the space experiments, carrying out the research of
large-scale LB with small 𝐴r on the ground in advance
is particularly important.[13]
On account of its theoretical and application implications, most studies concentrated on the onset of
the oscillatory convection, which focus only on the beginning of the route to turbulence and are far from
the chaotic state. As a typical dissipative system,
when the applied temperature difference continuously
increases after the onset of oscillation, the flow may

eventually transit to chaos. In this period, the amplitudes of the fluctuation quantities become obviously
more nonlinear in their features, and numerous chaos
phenomena and related non-linear problems emerge,
which is also a very interesting topic in fluid mechanics.
However, due to the flow in LB being very complicated, until 1995, the route of the double-period
bifurcation to chaos in LB was confirmed by Hu et
al.[10,14] Furthermore, both space and ground experiments are limited to small scale, and the ST-89 have
found that the route to turbulent convection depends
complicatedly on the temperature difference and geometric parameters.[15] Therefore, the subject on transition to turbulence is still an open subject, and via
what route the flow transits to the chaotic state is an
interesting question.
In our experiment, the critical conditions have
been obtained and discussed by non-dimensional analysis. The route to chaotic convection is presented
and focused on the bifurcation characteristics during
the transition process. The bifurcation is obtained by
the real temporal-frequency analysis and the Fourier
transforms.
The LB of silicone oil is floated in the gap between
two coaxial rods with the diameter of 20 mm, separated by a distance 𝐻. To avoid undesired buoyancy
convection, the cooling rod is maintained at the ambient temperature by a semiconductor chilling plate.
In addition, the geometrical parameters, such as the
diameter 𝑑 of two rods, 𝐴r = 𝐻/𝑑, and 𝑉r = 𝑉 /𝑉0 ,
are important for the critical point and the transition
process. In this experiment, the LB with 𝐴r = 0.18
and 𝑉r = 0.85 is studied, where 𝑉r is the ratio of the
injection fluid volume 𝑉 to the volume of the gap 𝑉0
realized by injection.
Note that the flow field will lose its stability when
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the Marangoni number exceeds about 20000,[13,16] and
2cSt silicone oil (Shin-Etsu Chemical Co., Ltd, KF96 L) is selected as the working liquid to provide relatively large Marangoni number. Both rods are designed with a small edge to prevent liquid leakage. To
reveal various dynamic states, a temperature acquisition system including a computer, a Keithley 2812
digital multimeter, an Agilent 34970A digital multimeter, and T-type thermocouples are applied to measure temperature signals (shown in Fig. 1). The temperature resolution of the Keithley 2812 is 0.001∘C
and that of Agilent 34970A is 0.01∘C. Thermocouples
locating on the circumference (diameter is 15 mm) of
the lower rod are used to measure the inner temperature oscillation, and the sampling rate adopted in this
experiment is 10 Hz. The remaining two are used respectively to record the upper heated and lower cooled
rods temperature, then feed back to the control sys-

tem. The temperature difference controlled by PIDcontrollers (EUROTHERM 3504) with an accuracy
better than ±0.05∘C is applied between the rods made
of brass, and by the joint effects of gravity and surface
tension, thermal convection will be generated in the
liquid zone.
Upper heated rod
Thermocouples
Computer

Temperature controller

Temperature collection

Lower cooled rod

Fig. 1. Schematic diagram of the experimental configuration.
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Fig. 2. Temperature records and power spectra showing the sequence of instabilities leading to non-periodic flow.
The transition process consists of (1) Rg1: a periodic state with a single peak and its harmonics, 𝑀 𝑎 = 19652;
(2) Rg2: a quasi-periodic state with two incommensurate frequencies 𝑓1 and 𝑓2 and their linear combinations,
𝑀 𝑎 = 29479; (3) Rg3: a state coupled with quasi-periodic and double-period, 𝑀 𝑎 = 37340; (4) Rg4: a quasiperiodic state with three incommensurate frequencies 𝑓1 , 𝑓2 and 𝑓3 and their linear combinations, 𝑀 𝑎 = 48149; (5)
Rg5: a non-periodic state with relatively sharp peaks just above the onset of noise, 𝑀 𝑎 = 61317; and (6) Rg6: a
strongly non-periodic state with no sharp peaks showing the broadband noise far above its onset, 𝑀 𝑎 = 71143.
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The applied temperature difference ∆𝑇 between
the two ends increases slowly with a heating rate of
0.2∘C/min. When the oscillation emerges in the temperature field, the temperature difference between the
rods holds constant for 20 min before the next step. To
facilitate understanding, ∆𝑇 is non-dimensionalized
into the Marangoni number, which can be defined as
|Δ𝑇 𝐻
𝑀 𝑎 = |𝜎𝑇𝜌𝑣𝛼
, representing the strength of the surface tension flow. Figure 2 collects the temperature
records, corresponding power spectra and the Fourier
spectra under various temperature differences. The
increased temperature difference introduces the initial
perturbation to the flow field, resulting in the oscillating flow. Above the initial threshold, thermocapillary flow is firstly destabilized to oscillate periodically
with finite amplitude and period, which is confirmed
by the time history and its spectra with 𝑀 𝑎 = 19652
in Fig. 2(1). In addition to the fundamental frequency
𝑓1 = 0.401 Hz, there are also several harmonics at integral multiples of the fundamental one. However, with
further increasing ∆𝑇 , the nonuniformity of temperature gradient distribution on the free surface is increased, as a result, there is a great temperature gradient in the hot and cold side, and the middle temperature gradient becomes smaller. This change causes
the appearance of hot spots and cold spots in LB,
which aggravates the instability of the internal flow,
leading to the quasi-periodic oscillation in Fig. 2(2). A
second fundamental frequency 𝑓2 = 0.486 Hz emerges
in this regime, and the former one slightly increases to
𝑓1 = 0.527 Hz. These two frequencies are irreducible,
and all the other peaks can be expressed by the linear
combination of these two fundamentals.
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Fig. 3. Frequency ratio 𝑓1 /𝑓2 plotted as a function of
𝑀 𝑎. The ratio has a step indicating phase locking in the
range 35000 < 𝑀 𝑎 < 50000.

When the Marangoni number is 37340, the peakto-peak value of single-point temperature is further
improved, and the fundamental frequency continues
to increase to 0.549 Hz, and the latter one becomes
0.506 Hz. A large number of 𝑘𝑓1 /2 (𝑘 = 1, 2, 3,. . .)
appear in the field, indicating that the quasi-periodic
flow and the double periodic flow are coupled with
each other in the flow field. The power of 𝑓1 /2 is much
higher than the fundamental ones, and one period of

the temperature signal consists of two sub-periods.
Phase locking of the two frequencies occurs when 𝑀 𝑎
exceeds 35000. This can be regarded as a step of the
ratio 𝑓1 /𝑓2 , as shown in Fig. 3. The ratio decreases
smoothly until the step is reached, where the integer ratio 𝑓1 /𝑓2 = 1.080–1.082. No locking has been
observed at lower 𝑀 𝑎, representing that the nonlinear interaction between these oscillations is weak.[17]
However, it should be noted that the locking ratio cannot be exactly reproducible as the flow is sensitive to
the initial conditions.
A third fundamental frequency appears above this
phase locking, as can be seen in Fig. 2(4). In the power
spectrum, all the peaks no longer emerge in clusters
and can be expressed by the linear combination of
three incommensurate frequencies: 𝑓1 = 0.563 Hz,
𝑓2 = 0.520 Hz and 𝑓3 = 0.133 Hz. As the Marangoni
number is increased further to 61317, the peaks in the
power spectrum will become more, and the overlap of
these peaks will cause the appearance of some broadened peaks locally. Finally, the broadened peaks will
develop to a broadband, which reveals that the flow
becomes chaotic.
After the first threshold, the flow experiences the
periodic state, quasi-periodic coupled with doubleperiodic state, and finally chaos. During the chaotic
route, the flow experiences the quasi-periodic state
with three incommensurate frequencies, which is essential for the Ruelle–Takens–Newhouse (RTN) route.
However, different from the RTN route in our experiment, the oscillation is coupled with the doubleperiodic one, which is discovered for the first time in
the research of transition route to chaos. In addition,
rather than becoming chaotic state immediately, the
flow will gradually transit to chaos with the development of the signal broadband when the temperature
difference is increased further.
The fractal structure and character of the timedependent dynamics of the nonlinear dynamical system can be quantized by fractal number and the
Lyapunov exponent, respectively. Both of them will
change with the correlative parameters, characterizing quantitatively the evolution of transition process.
To distinguish deterministic chaos and random signal,
fractal correlation dimension 𝐷𝑚 in this study is produced by GP algorithm,[18]
1
𝑁 →∞ 𝑁 2

𝐶m (𝑟) = lim

𝑆(𝜏d ) =

𝑁
∑︁

𝜃(𝑟 − |𝜈𝑖 − 𝜈𝑗 |),

(1)

𝑖,𝑗=1,𝑖̸=𝑗

𝑁
𝑀
(︁ 1 ∑︁
|𝜈(𝑡 + 𝜏d )−𝜈(𝑡 + 𝜏d )| )︁
1 ∑︁
log
,
𝑁 𝑖=1
𝑀
|𝜈(𝑡) − 𝜈(𝑘𝑖 )|
(2)
𝑘𝑖 =1

where 𝜃 is the Heaviside function, and by calculating the increase of the averaged divergence rate of the
logarithmic distance 𝑆, we can evaluate the maximum
Lyapunov exponent.
The correlation dimension calculation and the
maximum Lyapunov exponent presented in Fig. 4 re-
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veal that the thermocapillary flow retain both the fractal structure and the sensitivity to initial conditions of
the attractor in the pseudo-phase space. With the increase of the Marangoni number, these two parameters
are correspondingly increased. The correlation dimensions increase with different Marangoni numbers, and
the mutation of correlation dimension appears when
the thermolcapillary convection transits from the stable state to the oscillatory state. Bifurcation of the
oscillatory state will lead to mutation of correlation
dimension.
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novel transition route that coupled with quasi-periodic
and double-periodic states is found. By analyzing
the Lyapunov exponent and correlation dimension, it
shows that the oscillatory convection becomes chaos
eventually, and the bifurcation causes the mutation of
these related parameters. These ground experimental
results can provide scientific reference and comparison
for the space experiment.
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Fig. 4. The relationship between 𝐷𝑚 , 𝜆1 and 𝑀 𝑎.

Similar to the experimental results of rectangular
liquid pool,[19] there is a mutation in this figure, as
shown by the dotted line. Including Rg3-5 in Fig. 2,
bifurcations arise frequently in this area. Since the
existence of these two parameters leads to important
signs to distinguish the chaotic state from the random
one, it can be proved that the thermocapillary flow
leads to chaos finally.
In conclusion, to cooperate with the TG-2 space
experiment, ground experimental study which mainly
concentrates upon the convection from steady to the
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