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Thermocapillary-driven convection around an air bubble immersed in a liquid matrix
under a heated wall is experimentally investigated under gravitational conditions. This
work explores the thermocapillary convective flow behavior under conditions beyond the
steady state towards turbulent flow. The phenomenon is basically studied through the
visualization of the fluid flow and its structure around the interface of an injected air
bubble subjected to an upward temperature gradient. The flow is qualitatively categorized
according to the transient behavior of the thermocapillary vortex boundary contour around
the bubble using the shadowgraph technique. The volatility of the low-viscosity silicone
oil as test fluid restricts the maximum flow temperature to 53 ◦C to avoid the formation of
disruptive vapor bubbles. However, the introduction of experiments under excess pressure
conditions facilitates studying the impact of higher flow driving temperature gradients
while greatly reducing the distortion effect. Both periodic and nonperiodic oscillations of
the liquid flow around the bubble have been observed. Also, symmetric and nonsymmetric
periodic fluid flow oscillations were recorded depending on different interfacial boundary
conditions due to the bubble volumes and the applied temperature gradient. These periodic
oscillations were distinguished from the nonperiodic ones through the behavior of the
thermocapillary vortex boundary contour. The values of the transitional Marangoni number
Mgtran, where the liquid flow evolves into a nonperiodic state, could be achieved at different
bubble aspect ratios rB/zB. Four different nonperiodic flow modes surrounding the bubble
periphery have been identified within the nonperiodic flow regime. Our study reveals, that
under appropriate conditions, a surface-tension-driven (thermocapillary) flow can become
turbulent.

DOI: 10.1103/PhysRevFluids.6.063601

I. INTRODUCTION

Temperature gradients in liquid-gas and immiscible liquid-liquid systems can evolve both free
and forced convection influencing heat and mass transfer processes within the system. Under
gravitational conditions, convective flow due to buoyancy is dominant as a result of density vari-
ations caused by temperature gradients. Moreover, a secondary convective flow can be observed
at the phase boundary (interface) between a liquid and a gas or two immiscible liquids. This
additional convective flow is a result of surface tension gradients at the phase boundary. The
variation of interfacial tension with temperature, ∂σ/∂T , caused by interfacial temperature gradients
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FIG. 1. Schematic of thermocapillary bubble convection under a heated wall.

|∂T/∂z| leads to a fluid flow towards regions of high surface tensions and low temperatures,
termed thermocapillary or Marangoni convection. The physical problem can be distinguished by
a dimensionless number which represents the relative importance of convective heat transport
induced by thermocapillary convection when compared to the molecular heat transfer, referred
to as the Marangoni number Mg. Since the early observations [1,2], Marangoni convection has
been considered to be a fundamental research topic in fluid mechanics. An instructive review of
contributions of early scientists to understand and study Marangoni convection can be found in [3].
Marangoni convection is widely considered to be more critical and important under microgravity
conditions, where it can dominate heat and mass transfer processes due to the vanishing influence of
buoyancy. Therefore, thermocapillary convection plays a fundamental role in material production
processes in space [4]. Moreover, one can purposefully apply temperature gradients to move and
eliminate bubbles or drops suspended in liquid materials [5,6], as well as in other applications like
manufacturing of single-walled carbon nanotubes [7], monocrystal production, and investigating
flame spread above liquid fuels [8], to mention only a few examples.

Different flow configurations are known in experimental studies of thermocapillary instabilities,
which are due to externally imposed temperature gradients normal or parallel to the interface or
the free surface of both simple and binary fluids [9,10]. An extensively used configuration to
study thermocapillary flow under gravitational conditions is the surface-tension-driven convection
around a gas bubble under a heated wall immersed in a liquid matrix subjected to an applied
upward temperature gradient as shown in Fig. 1. In the 1960s and 1970s a couple of experimental
and numerical studies dealing with this or similar flow configurations were conducted in order
to understand the influence of thermocapillary convection on boiling heat transfer [11–15]. At
relatively low-temperature gradients, a steady flow, characterized by an axisymmetric vortex, forms
close to the air bubble interface and is followed by a secondary vortex and then further weak vortices
below the bubble. The primary vortex was noticed to be smaller than the secondary one due to the
coupling effect of both buoyancy and thermocapillary flow as observed in [16], for example.

Also, a similar experiment under reduced gravity in a sounding rocket flight was conducted
in order to eliminate the gravitational influence on the surface-tension-driven flow [17]. Using
thermochromic liquid crystal microspheres one observed the steady thermocapillary temperature
and velocity field around the spherical bubble, which, due to the absence of gravity, did not show any
secondary vortices. Analog experiments were carried out using shadowgraphy under variable grav-
itational conditions using parabolic flights [18]. They revealed periodic oscillatory thermocapillary
flow behaviors at different gravity levels, where the frequency f of these oscillations was depending
considerably on the gravity magnitude. On earth, for a 0.6 mPa s dynamic viscosity silicone oil as
test liquid and a horizontal bubble diameter of about 8 mm, oscillatory movements of a frequency
of 0.24 Hz were recorded visualized by generated interference fringes at vertical temperature
gradients of more than 0.5 K/mm, [19]. These oscillations correspond to oscillatory instabilities
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of density and thus temperature fields. With increasing temperature gradients of more than 1 K/mm
(increasing Mg numbers), the oscillations were transmitted to a higher frequency mode of more
than 0.6 Hz. Continuing this comprehensive experimental study, the effect of bubble sizes on the
thermocapillary flow behavior was investigated [20]. Applying horizontal light sheet visualization,
an annular ring, characterized by transient periodic deformations in the azimuthal direction, was
noticed in the center of the secondary vortex below the bubble. The oscillations in the vertical
direction were found to be weaker than the azimuthal ones. The authors pointed out that the Mg
number, at which these oscillations changed from the periodic to a nonperiodic state, was different
when varying the bubble aspect ratio rB/zB. Using the shadowgraph technique, one found three
different periodic oscillation modes of the thermocapillary boundary contour around the injected
air bubble [21]. This optical contour is a result of the refractive index variation of silicone oil with
temperature and represents the boundary of the primary thermocapillary vortex. It was found that
the critical Mg number Mgc, required to drive the flow into an oscillatory state, increases at higher
bubble aspect ratios. In a similar experimental arrangement, transient temperature oscillations at a
specific location near the injected air bubble were recorded [22]. The authors ascribed the reason
of these oscillations to the subsequent reduction in the driving temperature gradient caused by the
induced thermocapillary flow and the enhancement of the thermocapillary flow again through heat
transfer by conduction leading to periodically oscillating flow. The oscillations changed from the
periodic to a nonperiodic state by increasing the Mg number. In 2007, researchers observed the
formation of small parasitic bubbles around the injected leading bubble at higher temperatures of
the upper plate which disturbed the flow visualization and thus the temperature field evaluation using
an interferometer [23]. According to the fact that the vaporization temperature of liquids increases
with pressure, the authors suggested conducting future experiments at higher pressure conditions.
This measure permits reaching higher temperatures and accordingly higher Mg numbers without
disturbing evaporation effects at the interface.

As described above, previous studies focused on recording the critical values of the Mg number
Mgc where the oscillatory flow starts, at different bubble diameters for different fluids. However, no
distinguished image of the nonperiodic oscillatory flow region at higher temperature gradients and
aspect ratios has been provided yet, a regime that remained to be characterized in detail. Therefore,
the intention of our study is to experimentally investigate the nonperiodic flow behavior beyond
Mgtran and to identify different modes the flow undergoes by increasing Mg until a developed
turbulent surface-tension-driven convection arises. Generally, the flow phenomenon can be cat-
egorized into laminar, periodic oscillatory, and nonperiodic oscillatory flow, which we detected
by the patterns of the tracer particle motion around the bubble using particle image velocimetry
(PIV), the visualization of the transient behavior of the thermocapillary vortex boundary contour
using the shadowgraph technique, and temperature fluctuation measurements at relevant flow field
locations using a resistance temperature detector (RTD). These class B pt 100 temperature sensors
provide a measuring tolerance of R0: ± 0.12 % according to DIN EN 60751, where the temperature
readings were recorded every 100 ms. Moreover, high-temperature gradient experiments were also
pursued under excess pressures �p using an appropriate pressure chamber. The implementation of
the mentioned experiments under excess pressure conditions formed a methodology that permitted
us to reach higher temperature gradients and thus Mg numbers.

II. DIMENSIONLESS NUMBERS AND CHARACTERISTIC PROPERTIES

The physical problem of the interaction between surface tension gradients and the induced
thermocapillary velocity field can be distinguished by a force balance analysis at the interface
between the liquid and gas in tangential and normal directions. The tangential force balance leads to
the formulation of a characteristic velocity U . Neglecting the thermal diffusivity α and the dynamic
viscosity η of the gas phase, U = l

ηl
|∂σ/∂T | |∂T/∂z| as a characteristic flow velocity has been used

in our definition of the Mg number [19]; see below.
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FIG. 2. Schematic of experimental setup with pressure chamber.

The flow can be characterised by the Mg number and the Prandtl number Pr, with Pr = νl
αl

,
where αl , νl , and ηl denote the thermal diffusivity, kinematic viscosity, and dynamic viscosity of the
liquid, respectively. The reference temperature for the temperature-dependent fluid properties was
the one measured at an adequate reference point located near the bubble periphery (r = 8.5 mm,
z = 2.0 mm). This is the position where we can approximately expect a mean stable reference
temperature near the bubble vicinity, where our flow phenomenon takes place. A closer position
of the reference temperature measurement to the bubble periphery could have influenced the heat
transfer within the bubble vicinity taking into consideration a maximum horizontal radius of the
injected air bubbles of 4.5 mm. The applied vertical temperature gradient |∂T/∂z| is estimated
through temperature sensors installed inside the test cell as shown in Sec. III. In the available
literature, authors used the same criteria, which allows us to compare our data with findings of
others. Eventually, Mg is defined in the following form: Mg = l2

ηl αl
|∂σ/∂T | |∂T/∂z|. In our study,

both the maximum horizontal bubble radius rB and its vertical expansion zB are used to define a
characteristic length l = (rB zB)

1
2 . For estimating Mg we used the measured undisturbed constant

temperature gradient |∂T/∂z| close to the heated wall. Thus, Mg = rBzB
ηl αl

|∂σ/∂T | |∂T/∂z|.
It should be noted that the bubble shape geometry is determined by its (air) volume and, due

to buoyancy, is flattening in earthbound experiments when increasing its size. Therefore, under
gravitational conditions no geometrical similarity is attainable when varying the bubble size.

III. EXPERIMENTAL SETUP AND METHODS

The heart of the experimental setup is the test cell shown in Fig. 2. It consists of a rectangular
cavity of 50 × 80 mm2 cross-sectional area and 15 mm height. Its top and bottom plates are made
of 1.5-cm-thick copper plates with blackened surfaces, and its side walls are made of a single
polycarbonate block, which allows one to carry out experiments at higher pressures and avoid
any sealing problems caused by adhesives between the sidewalls. With the help of four corner
screws, the upper and lower copper plates are tightly sealed to the glass walls by means of gaskets.
The two plates are maintained at two different uniform temperatures Tw and Tc, respectively, to
generate a vertical upward temperature gradient. The lower plate is cooled by means of a compact
low-temperature thermostat using an ethanol-water mixture. The upper plate is heated using an
electrical resistance heater. Six RTDs are inserted vertically at different distances from the upper
plate close to the center to measure |∂T/∂z| in the vicinity of the bubble. Regarding the applied
temperature gradient in the z direction, we are fully aware of the fact that this value is modulated
at the interface due to the different curvatures of the applied bubbles and the different flow states
as well. The question of the instant temperature distribution on the surface is extremely difficult
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to answer experimentally and could be a goal of numerical simulations which are not existing yet.
For injecting an air bubble, a 1 mm diameter through hole is situated in the middle of the upper
copper plate connected to a flexible plastic hose. The top plate contains two different through tubes
for pressure equalization. As already mentioned we reached higher temperature gradients and thus
Mg numbers without formation of disturbing liquid vapor bubbles by processing the experiments
inside a pressure chamber as suggested in Fig. 2. It is in brief a cubical cell of internal side length
37 cm with four mountable steel lids. The upper boundaries and sidewalls consist of different sealed
connection parts to access the utilities for heating and cooling the horizontal test cell plates, air valve
control, pressurized air supply, bubble injection, and temperature and pressure measurements. The
pressure chamber consists of two glass windows of optical quality for light accessibility of both the
laser beam and the camera.

Conceptually, the experiments were simple. However, the preparation and execution of each
experimental run proved to be relatively intricate. To carry out the trials the test cell was filled
with the transparent low-viscosity silicone oil (ν = 0.65 × 10−6 m2/s at T = 25 ◦C, Pr = 7.16) as
test liquid. Data for the values of ρl , αl , νl , ηl , and σ were provided by Wacker Silicones. This
test liquid was chosen for reaching high Mg values. Then, in the case of higher Mg numbers, the
pressure chamber was pressurized to increase its pressure by �p. After that, the temperature of the
upper plate was increased until reaching Tw. When reaching a stable steady temperature gradient
within the test liquid, the bubble was injected with an approximate air volume, and then, through
analysis of the bubble images, its aspect ratio measured during each different experiment. The aspect
ratio rB/zB measurement uncertainty was of the order of ±2%. Two different optical techniques
were used to give both qualitative and quantitative measurements of the fluid flow behavior. The
optical setup used for the shadowgraph visualization of the thermocapillary vortex boundary contour
formed around the injected air bubble is similar to the one used in [24] to prove that heat plumes
initiate turbulence within a thermal convection. Since shadowgraphy is based on the refractive index
contrast, it does not show directly the motions of the fluid but only those of “thermal objects” like
plumes or thermal vortices. Thus, a boundary contour shows up due to differences in the refractive
indices between the area of the disturbed temperature gradient near the bubble periphery because
of the induced thermocapillary convective flow and the area of undisturbed stable temperature
gradients relatively far from the flow area. The method consists of a collimated uniform light beam
traversing the test cell and the liquid. The refractively deflected light ray appears brighter than the
dark undeflected one on the camera sensor with spatial resolution of 1 mm = 82.7 pixel. More
details on the shadowgraph technique can be found, for example, in [25]. For applying the PIV
technique, the liquid inside the test cell was seeded with tracer particles made of small hollow glass
spheres of mean diameter dp of approximately 10 μm and density ρp of 1.1 g/l. To estimate that
the particles follow the main flow without excessive slip, the calculated particle settling velocity

U∞, given by U∞ = d2
p (ρp−ρl )

18 ηl
assuming that the Stokes law of drag is applicable, was estimated.

The valuations show that U∞ is less than 10% of the expected flow velocities of 0.1 mm/s in the
case of steady laminar thermocapillary convection and less than 1% of the expected flow velocities
of 0.1 cm/s in the case of nonperiodic thermocapillary convection. Moreover, we conducted some
preliminary experiments using different types of tracer particles and found that the finally selected
particles ensured a sufficient density matching. During the experiments no conspicuous rising or
sinking of the particles to the top or bottom of the test cell could be observed. The test liquid was
illuminated using a vertical laser light sheet of 3 mm thickness originating from a low-power laser
source of 300 mW passing through the midplane of the test cell where the bubble was injected
from the upper copper plate. The illuminated light sheet was shifted slightly behind the bubble
tip surface to avoid any disturbing light reflections at the lower periphery of the bubble. Tracer
images were then recorded using a CCD camera that was positioned perpendicular to the plane
of illumination as shown in Fig. 2. A long-distance microscope was attached to the camera to
provide adequate magnification and image resolution (1 mm = 316 pixel) within the available long
working distance. Then these images were evaluated using appropriate software to generate velocity
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vector field images. This software divides each recorded image into small interrogation areas. After
that, by cross-correlation between two corresponding interrogation areas in subsequent images,
a correlation map of tracer particle displacements was generated to gain a velocity vector flow
field image. In general, PIV measurements were performed at moderate temperature gradients (Mg
numbers) where the refractive index change is low and has no effect on the velocity measurements.
To study the transient behavior of the flow, successive recordings of the shadowgraph images,
PIV, and temperature measurements started just 30 s after injection of the air bubble to avoid any
mechanical instability effects of the injection during the measurements. The observation time during
the shadowgraphy measurements was approximately 90 s for each single experiment and began
when the mechanical disturbances from the bubble injection decayed. The oscillation frequency of
the periodic modes remained steady within this time. In the case of nonperiodic oscillations, we
could not observe any qualitative change. Therefore, we considered an observation time of 90 s as
sufficient. In total, we conducted about 800 experiments through the variation of both bubble aspect
ratio in a range of 1.2 to 2.4 and temperature gradients up to 6.5 K/mm, respectively, resulting
in a wide range of Mg numbers between approximately 10 000 and 140 000. We applied excess
pressures up to 1.5 bar allowing us to reach the desired temperature gradients suppressing disturbing
liquid evaporation. Only the most trustable measurements were then considered. For example, any
mechanical disturbance leading to undesired movements of the bubble was a reasonable cause to
discard this measurement. It should also be noted that the temperature, velocity, and shadowgraph
measurements were pursued during separate experiments but at the same corresponding boundary
conditions.

IV. RESULTS AND DISCUSSION

To start, different laminar flow vortex patterns around the injected air bubble at various boundary
conditions were observed, where stable axisymmetric vortices showed up at lower Mg numbers and
then, when increasing Mg, developed to form corresponding small vortices underneath the primary
vortex, which then tends to migrate closer to the bubble. At temperature gradients above approx-
imately 1 K/mm and different bubble diameters an onset of periodic oscillations was observed
through the shadowgraph images. The thermocapillary flow vortices seem to reduce the driving
temperature gradient, and then heat by conduction enhances the thermocapillary flow again leading
to flow oscillations. Figure 3 shows the transient positions of the thermocapillary vortex boundary
contour around the bubble visualized by shadowgraphy; �t denotes the duration of each sequence
displayed. Also, the transient velocity vector images, shown in Fig. 4, resulting from recordings of
tracer particles under the same conditions show that the movements of the primary vortex, which
does not disintegrate but changes its size, initiate these oscillations of the thermocapillary boundary
contour. These patterns are displayed to give an impression of the fundamental periodic oscillation
flow velocity fields. It should be noted, that due to light reflections on the bubble surface, which were
eliminated using an imaging postprocessing tool, velocity vectors on the bubble periphery could not
be generated. That justifies the lack of velocity vectors on the white zone around the bubble. The
patterns of this recirculation zone repeated themselves in a periodic manner. The frequency of the
boundary contour oscillations through shadowgraph images concurred well with the frequency of
the velocity vector field. An interesting control measurement showed that the transient values of
both the vertical velocity component at point A, located beneath the injected bubble (r = 1.6 mm,
z = 4.25 mm), and the temperature measurements at point B, located beneath the upper plate but
farther away from the bubble (r = 8.5 mm, z = 4.0 mm), displayed the same approximate frequency
of 0.8 Hz as shown in Fig. 5. The slight difference in the value of the frequency could be justified
as both PIV frequency and temperature measurement frequency were generated from two separate
experiments with equal boundary conditions as mentioned before. The temperature measurement
uncertainty was ± 0.01 K, which is around 10% of the displayed temperature fluctuations. The
built-in temperature sensors were positioned about 8.5 mm radially away from the center line to
enable experiments with larger bubbles. However, the PIV camera provided a smaller field of view
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FIG. 3. Periodic modes below Mgtran and transition to the first nonperiodic mode (phase A). (a) rB =
2.35 mm, zB = 2.2 mm, |∂T/∂z| = 2 K/mm, �p = 0 bar, Mg = 15 049, f = 0.25 Hz, and �t = 7 s. (b)
rB = 3 mm, zB = 2.4 mm, |∂T/∂z| = 1.6 K/mm, �p = 0 bar, Mg = 16 330, f = 0.28 Hz, and �t = 6.25 s.
(c) rB = 3.2 mm, zB = 2.45 mm, |∂T/∂z| = 2.33 K/mm, �p = 0 bar, Mg = 26 800, f = 0.8 Hz, and �t =
2.25 s. (d) rB = 4.44 mm, zB = 2.68 mm, |∂T/∂z| = 2.33 K/mm, �p = 0 bar, Mg = 40 700, and �t = 5 s
(phase A). Tp denotes the periodic time of oscillations.

of 5.6 × 6.8 mm2 beneath the upper plate for velocity measurements. That is why these velocity
and temperature control measurements were conducted at different points. In the case of dominant
periodic vertical oscillations, the flow field oscillations were homogeneous, such that both vertical
velocity and temperature oscillations displayed the same frequency at different points beneath the
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FIG. 4. PIV-measured velocity fields, rB = 3.2 mm, zB = 2.45 mm, |∂T/∂z| =2.33 K/mm, �p = 0 bar,
and Mg = 26 800.

bubble. The satisfying agreement between the integral results through shadowgraphy of Fig. 3(c)
and quantitative results through velocity and temperature measurements displayed in Figs. 4 and 5
manifested the applicability of shadowgraphy to analyze the behavior of fluid flow and temperature
fluctuations around the air bubble.

Different modes of boundary contour periodic oscillations were observed. Figures 3(a) and 3(b)
show both periodic symmetric and asymmetric oscillations in the transverse direction, which were
dominant compared to those in the vertical direction. At temperature gradients from 1 K/mm
to 2 K/mm, these modes of horizontal periodic oscillations and frequencies between 0.2 and
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FIG. 5. (a) Typical temperature fluctuations at reference point B. (b) Typical vertical velocity fluctuations
at reference point A (rB = 3.2 mm, zB = 2.45 mm, |∂T/∂z| = 2.33 K/mm, �p = 0 bar, Mg = 26 800, and
f ≈ 0.8 Hz).
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0.4 Hz were observed to be dominant. At a higher temperature gradient (Mg number) of about
2 K/mm, the vertical mode of periodic oscillations started to appear in the periodic oscillation
region before reaching the transitional border to the nonperiodic oscillation domain. The frequencies
of the vertical mode oscillations were found to be between 0.6 and 0.85 Hz being higher than
the frequency of the horizontal oscillations. Moreover, these relatively higher frequency vertical
periodic oscillations were dominant at temperature gradients above 2 K/mm regardless of the
bubble sizes. Generally, our results within the periodic oscillation regime regarding the values of
Mgtran for different bubble aspect ratios show satisfying agreement with previous results of [20]
as shown in Fig. 6 and later. Each data point of Fig. 6 and following represents a mean result of
five independent experiments on average with the same boundary conditions and a corresponding
error bar. Figure 3(d) displays that at the same applied temperature gradient but at larger bubbles
(higher Mg numbers), the behavior of the boundary contour oscillations changed to a nonperiodic
mode (termed phase A) where some extra downward peak expansions are observed in the transverse
direction. It was found that, at higher temperature gradients, these nonperiodic oscillations started
to appear at smaller bubbles rather than at lower temperature gradients.

At about Mg > 65 000 and bubble aspect ratios between 1.0 and 2.0, the fluid flow velocities near
the bubble periphery were measured. Due to relatively high velocities, higher frequency imaging
with shorter capturing time was needed to adjust the PIV measurements. High-frequency imaging
requires a more powerful light source particularly when using a long-distance microscope. However,
in our experiments the maximum imaging frequency was about 50 Hz, where the tracer particles
near the bubble interface displayed short lines instead of the default dot-shaped field. Therefore, the
velocities near the bubble periphery were calculated manually with the same criteria of the displaced
distance between two successive images. The corresponding velocity measurement uncertainty was
±5%. The maximum fluid flow velocity magnitude |Umax| was detected near the bubble interface
approximately 0.2 mm away from the bubble surface, where the fluid flow is initiated through the
surface tension gradient. This confirms again that thermocapillarity is the principal driver of the flow
and not buoyancy. Figure 7 shows the scaled thermocapillary flow driving velocity as a function of
the bubble aspect ratio and the applied temperature gradient. Higher velocities were observed at
larger bubbles at a given temperature gradient. The magnitude of the thermocapillary flow driving
velocity determines the behavior of the thermocapillary flow field. First, the fluid particles on the
bubble interface accelerate downwards because of the surface tension gradient. Then they decelerate
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FIG. 7. Variation of the maximum flow velocity at the bubble surface with bubble shape at different
temperature gradients. |U |max is scaled with the characteristic flow velocity U . Parameters in brackets are
Mg number values.

until they stop their motion at the pole of the bubble to reverse the movement upwards amplified
by buoyancy. It was found that, at higher temperature gradients (higher Mg numbers), where the
thermocapillary flow driving velocity is relatively high reaching a value of the order of 3 cm/s, the
fluid particles on the bubble interface decelerate faster to enable reversing their movements at the
end of the bubble interface. This sudden decrease in the velocities of the particles leads to flow
instabilities and thus fast movements and interactions between flow vortices causing eventually a
nonperiodic behavior of boundary contour oscillations as shown in Figs. 3(d) and 8, respectively.

At about Mg > 80 000 the phase boundary between the bubble and the liquid became unstable
due to vibrations of the bubble itself as its volume altered in a range of ±5%.

The shadowgraph images of Fig. 8 illuminate the typical thermocapillary flow behavior we
observed within the nonperiodic flow regime in some detail. Beyond the transitional Mg number, the
thermocapillary flow undergoes different phases of nonperiodicity till reaching a highly developed
turbulent state. Figure 8(a) shows a typical nonperiodic flow behavior at a Mg number just above
Mgtran, termed phase A, somewhat similar to the periodic oscillatory state in the vertical direction
[shown before in Fig. 3(a)] except that the interactions between the boundary contour itself and the
bubble interface formed a central peak at the boundary contour. When further increasing the Mg
number, the fluid flow around the air bubble, termed phase B, displays a sudden side deformation
leading to several simultaneous central peaks as shown in Fig. 8(b). These central peaks are modified
and accompanied by fast successive transversely generated side pulses at a further increase of the
Mg number as shown in Fig. 8(c), where both waves at the left and the right side are displayed.
We termed this phase of nonperiodic oscillations phase C. Eventually, the fluid flow around the
bubble undergoes phase D, which is characterized by a combination between fast side pulses in the
horizontal direction and strong central peaks in the vertical direction. This phase of a developed
turbulent thermocapillary flow is due to the formation of interacting oscillating vortices in both
vertical and horizontal planes and is shown in Fig. 8(d). The black structures, displayed on the left
in Figs. 8(a), 8(c), and 8(d), correspond to the installed temperature sensors and do not present any
thermocapillary flow structure.

In summary, both periodic and nonperiodic modes of oscillations (shown in Fig. 8) were
categorized by analyzing the generated image sequences of the shadowgraph measurements around
the gas bubble. The analysis and classification are based on how continuous the thermal contour
was, and therefore, the number of central peaks (N) were compared. Also, a criterion was how fast
these central peaks propagate circumferentially. All the periodic oscillation modes were categorized
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FIG. 8. Shadowgraph images of different modes of nonperiodic oscillations, (a) rB = 3.5 mm, zB =
2.5 mm, |∂T/∂z| = 2.33 K/mm, �p = 0 bar, Mg = 30 100, and �t = 2.5 s. (b) rB = 3.76 mm, zB = 2.53 mm,
|∂T/∂z| = 2.65 K/mm, �p = 0 bar, Mg = 36 385, and �t = 2.5 s. (c) rB = 3.84 mm, zB = 2.55 mm,
|∂T/∂z| = 4.27 K/mm, �p = 1.2 bar, and Mg = 69 500 (L: left side oscillations, �t = 0.85 s; R: right side
oscillations, �t = 0.85 s). (d) rB = 4.41 mm, zB = 2.68 mm, |∂T/∂z| = 4.96 K/mm, �p = 1.2 bar, Mg =
101 600, and �t = 0.5 s.

by a continuous state of the thermal contour, N = 0; however, they are distinguished through the
frequency of the oscillations. Phase A is categorized by only one central peak, N = 1. Phase B is
categorized by the formation of multiple central peaks within the same period length, 2 < N < 5.
Phase C and phase B exhibit the same behavior regarding the number of central peaks; however,
phase C shows remarkably faster side oscillations of an approximate mean oscillating frequency
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FIG. 9. Typical temperature fluctuation plots at the discrete point B for the different phases of the
nonperiodic mode, rB = 4.5 mm, zB = 2.7 mm, (a) Mg = 35 450, |∂T/∂z| = 1.96 K/mm, �p = 0 bar, and
f = 0.67 Hz. (b) Mg = 36 400, |∂T/∂z| = 2.04 K/mm, and �p = 0 bar. (c) Mg = 62 800, |∂T/∂z| = 3.23
K/mm, and �p = 1.5 bar. (d) Mg = 85 000, |∂T/∂z| = 4.15 K/mm, and �p = 1.5 bar. (e) Mg = 135 400,
|∂T/∂z| = 6.17 K/mm, and �p = 1.5 bar. (f) Mg = 139 400, |∂T/∂z| = 6.37 K/mm, �p = 1.5 bar. Note
different scalings of the temperature axis.

of up to 2 Hz. Phase D is considered as a more developed multicentral peak phase, where N � 6.
Moreover, its side oscillations showed higher local frequencies.

Figure 9 shows comparable temperature plots of different flow modes when increasing Mg. The
plot of Fig. 9(a) reveals a pure periodic fluid flow behavior within the periodic regime. After that, the
nonperiodicity starts to appear at slightly higher Mg. Further increase in the Mg number increases
the span of temperature variations �T as well as the disorder of temperature fluctuations.

In addition to that, using statistical methods, the data of the temperature fluctuation plots were
analyzed to provide a more quantitative characterization of the disorder of the identified convective
flow modes. The temperature field around the air bubble is affected by the thermocapillary fluid
flow and thus the flow velocities and their fluctuations. Hence, we quantify the intensity of the
fluctuations of the flow modes using the quantity T (fluid temperature). The mean temperature
value T is defined by

T = 1

n

n∑
i=1

Ti.

With

T ′
i = Ti − T
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FIG. 10. Mg, (rB/zB) map: summary of measurements and classification of flow modes.

and

T ′
rms =

√√√√1

n

n∑
i=1

(T ′
i )2,

the turbulence intensity I (magnitude of turbulence) is defined as

I = T ′
rms

T
× 100%,

where T denotes the average value of n discrete temperature measurements (Ti), T ′
i the discrete

temperature fluctuations, and T ′
rms the root-mean-square value of temperature fluctuations.

The temperature oscillations [Fig. 9(a)] show a maximum value T ′
max of about 0.04 K. That

reveals a periodic thermocapillary flow behavior, which is noticeable in the corresponding temper-
ature fluctuation plot. Figure 9(b) shows the start of the flows nonperiodicity, where the value of
T ′

max increases to 0.063 K leading to a turbulence intensity I of 0.084%. Further increasing the Mg
numbers leads to upgrading the nonperiodic phase of fluctuations to higher modes. The temperature
fluctuations of phase B [Fig. 9(c)] show a maximum value T ′

max of about 0.09 K and a I of 0.09%.
Furthermore, the temperature fluctuations of Fig. 9(d), which corresponds to phase C of nonperiodic
oscillations, show higher values of T ′

max and I of 0.18 K and 0.19%, respectively. Henceforth, the
values of T ′

max and I increase till reaching about 0.22 K and 0.32%, respectively; see temperature
fluctuation plots of Figs. 9(e) and 9(f), which reveal a noticeable turbulence intensity of a developed
turbulent thermocapillary flow.

The critical values of Mg numbers, needed to upgrade a nonperiodic phase of oscillation to the
next higher one, depend on the temperature gradient and the bubble aspect ratio, which determines
the shape (curvature) of the phase boundary (interface) between the two different phases (liquid and
gas).

Figure 10 displays a summary of our experimental results in form of a Mg, (rB/zB) map. All
experiments are comparable regarding the matrix liquid (silicone oil), dimension of the test cell,
and boundary conditions. We varied only temperature gradients and bubble sizes. Figure 10 also
indicates the boundary between periodic flow conditions and the nonperiodic ones. Moreover, it
provides guideline borders between the periodic and the nonperiodic flow mode regimes (phases
A–D). The measuring points were generated under variation of the bubble aspect ratio in a range
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TABLE I. Values of power-law constants of the phase-transient border lines.

i → j A n Symbol

Periodic → Phase A 16 677.37 1.193
Phase A → Phase B 22 956.79 1.075
Phase B → Phase C 35 800.66 1.23
Phase C → Phase D 48 451.04 1.31

of 1.2 to 2.4 and the temperature gradient |∂T/∂z| up to 6.5 K/mm (Mg between approximately
10 000 and 140 000).

As the measurement data of Fig. 10 suggest, a simple power law of the form Mgi→ j = A (rB/zB)n

can be derived within the range of the measurement data in order to express the phase transient
border lines in the form of empirical equations. Although the border lines of Fig. 10 look fairly
linear, there is a tendency that the linearity diminishes with increasing Mg levels. The values of the
corresponding constants A and n are given in Table I.

The trends of the power-law functions show that the first nonperiodic mode (phase A) takes place
in a relatively narrow band of Mg versus rB/zB. The sectors of phases B, C, and D are rather wide,
and their corresponding boundaries increase with increasing the exponent n, the value of which is
given in Table I. It should also be noted, that for physical reasons, these transient border lines have
to go through the origin of the plot Mg versus rB/zB (Fig. 10).

It is worth mentioning regarding the application of the presented power laws that if we used
different fluid systems, we might find different wetting characteristics of this gas/liquid/solid
system which would change the contact angle and with that the bubble shape and thus its aspect
ratio. This could of course lead to errors when applying our power-law constants to other liquid-gas
fluid systems. Another parameter influencing the bubble aspect ratio is the wetting characteristic
of the solid wall. However, these issues were not within the scope of our study and have to await
future investigations. Nevertheless, the trends we found in the thermocapillary flow behavior will
qualitatively apply also for other fluid systems and wetting characteristics of the solid surface.

V. SUMMARY AND CONCLUSIONS

We experimentally studied both the periodic and nonperiodic oscillatory flow of the thermocapil-
lary liquid convection around an air bubble under a heated wall under gravitational conditions, using
a low viscosity liquid as working fluid. Shadowgraph and PIV techniques were applied to visualize
the movement of the thermocapillary vortex boundary contour and characterize the flow behavior,
respectively. Moreover, local temperature measurements delivered typical temperature fluctuation
plots of the identified flow modes. We have been able to reach high Mg numbers by conducting the
experiments under excess pressure conditions. The study reveals the origin of the boundary contour
turbulent oscillations at high Mg numbers and shows how the fluid motion develops from a periodic
oscillatory state to a nonperiodic state depending on the Mg number and the bubble aspect ratio.
The PIV velocity vector field images show that the thermocapillary boundary contour oscillations
are a result of the flow vortex movements and the variation of its size. We have observed three
modes of periodic oscillations: (1) vertical oscillations, (2) transverse symmetric oscillations, and
(3) transverse asymmetric oscillations and have shown the vertical periodic oscillatory state through
both transient temperature and velocity measurements. Moreover, nonperiodic oscillations of the
boundary contour were achieved at higher Mg numbers. The transitional temperature gradients,
the Mgtran numbers, changed with the bubble aspect ratio. Our experiments reveal that in a large
range of bubble sizes, the nonperiodic oscillatory state of the fluid flow around the gas bubble
undergoes four different modes (A–D) depending on Mg and (rB/zB). The last one (phase D) is
a developed turbulent state starting at Mg numbers of 75 000 for the smallest bubble aspect ratio
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of rB/zB = 1.2 up to the maximum measured Mg number = 140 000 for a bubble aspect ratio
of rB/zB = 2.3. These different phases were distinguished through various modes of the boundary
contour fluctuations. In addition, thermocapillary flow driving velocities were measured at different
boundary conditions (bubble sizes) close to the bubble surface. The data clearly reveal that it is
the high magnitude of the interfacial velocity that initiates the interactions between thermocapillary
flow vortices leading finally to the nonperiodic boundary contour oscillations, and hence buoyancy
plays a secondary role in the described flow configuration. Eventually we could satisfactorily prove
turbulent thermocapillary flow.

Many questions remain. It would be interesting to look at smaller bubbles of aspect ratios
between 1 and 1.2, which become more spherical with decreasing size. This change of surface curva-
ture would markedly influence the flow and temperature field. However, corresponding experiments
within this aspect ratio range necessitate a completely newly reviewed measurement technique for
the need of far higher image resolutions. Also, continuing experiments under low-gravity conditions
would allow us to decouple buoyant convection from the surface-tension-driven one. We expect a far
wider flow field due to thermocapillary convection under weightless conditions, as already shown
for laminar convection at very low Mg numbers in a sounding rocket experiment [17]. Another
important question is how the instant surface temperature gradient at the bubble periphery develops
when increasing Mg. Experimentally, this information is extremely difficult to catch. Here numerical
simulations could give an answer. However, resolution of the remaining problems will have to await
further studies on the experimental as well as on the theoretical/numerical side.
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