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Abstract The coupling mechanisms and flow charac-
teristics of thermocapillary convection in a thin liquid
layer with evaporating interface were studied. The pla-
nar liquid layer, with the upper surface open to air, was
imposed externally horizontal temperature differences.
The measured average evaporating rates and interfacial
temperature profiles indicated the relative importance
of evaporation effect and thermocapillary convection
under different temperature gradients. A temperature
jump was found at the interface, which was thought
to be related to the influence of evaporation effect.
All above mentioned results were repeated in a rarely
evaporating liquid to compare the influence of evapo-
ration effect.
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Introduction

Thermocapillary convection is driven by surface ten-
sion gradient induced by the temperature variations
along the free interface. The study of thermocapillary
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convection was firstly performed in the area of crystal
growth (Schwabe et al. 1978; Gatos 1982), which was
also the most mentioned application of thermocapillary
convection in the past decades. Many works have been
done to understand the instability of thermocapillary
convection and explore the technologies of manufac-
turing less flawed crystals. Actually, there are many
physical fundamental problems and industrial applica-
tions, in which the thermocapillary convection plays an
important even a dominant role. The applied aspects
include thin-film coating, laser welding and heat-energy
engineering. Smith and Davis (1983a, b) analyzed linear
stability of a liquid layer subjected to a horizontal
temperature gradient to identify the instability mecha-
nisms of thermocapillary convection. They found two
different models of instabilities, hydrothermal wave
and surface wave. Subsequently, many scientists have
done a series of works to testify and widen the theory
of Smith and Davis. Taking many other parameters into
account, such as buoyancy convection, Plandtl number
and aspect ratios of the test cell, these works have
explained the transition of thermocapillary flow from
stationary flow to hydrothermal wave and the instabil-
ity of temperature oscillations (Villers and Platten 1992;
Gillon and Homsy 1996; Mercier and Normand 1996;
Riley and Neitzel 1998; Burguete et al. 2001). Nev-
ertheless, additional mechanisms have been revealed
by the use of new numerical ideas and experimental
methods.

The thermocapillary convection was thought to be
involved into the heat transfer in the liquid layer, in
which the physical mechanisms were very complex.
With the development of the research, many other
effects were shown to be coupled with thermocapillary
convection. Among these studies, a typical and com-
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plicated study was the thermocapillary convection cou-
pling with the evaporation effect in a thin evaporating
liquid layer.

The study of evaporation has attracted more and
more scientific interests because of its great applica-
tions in industry engineering, such as nuclear reac-
tor, thin-film evaporators and heat pipe in space. In
above mentioned literatures, the researchers usually
used rarely evaporating fluids to avoid the additional
influence of evaporation effect. Even if the liquids
evaporated at atmosphere, these researchers always
covered their test cells to suppress the evaporation
effect and performed the measurements in a simple but
well-controlled conditions.

Recently, a new work has found that the evapora-
tion effect could influence the instability of Marangoni-
Bénard convection (Chai and Zhang 1998), which was
induced by the vertical temperature gradients across
the liquid layer. A new two-side physical model (Liu
and Liu 2005, 2006) was carried out to explain the ex-
perimental phenomena. As regards the thermocapillary
convection in a evaporating liquid layer, the researches
were started just recently. During evaporation, the heat
and mass are taken out of the liquid-vapor interface.
The evaporation effect would influence the interfacial
temperature and temperature gradients, which influ-
ence the thermocapillary convection.

In most of previous works, people usually treated the
liquid-vapor interface as thermal equilibrium, i.e. the
temperatures are continuous at the interface. However,
a recent research found a temperature discontinuity
at the liquid-vapor interface. Ward and Duan (2004)
have found a temperature discontinuity as big as 8°C
at the interface of evaporating water. They thought
the evaporation effect generated the non-equilibrium.
However, they only performed the experiments by use
of water at 4°C. It is not certain if the temperature
discontinuity could be investigated in other liquids and
other experimental conditions.

The combined mechanisms of evaporation effect and
thermocapillary convection are complex and need to be
understood. In this paper, we will present the experi-
mental results concerning the coupling of evaporation
effect and thermocapillary convection in a thin evap-
orating liquid layer. The numerical simulation of this
similar physical model and the problem has been done
in parallel (Ji and Liu 2008).

In the following, we will first specify the details
of the experimental apparatus and the measurement
techniques in “Experimental Setup and Measurement
Techniques”. In “Results and Discussion”, we will
present and discuss our experimental results, including
the interfacial temperature profiles, average evaporat-
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ing rates and temperature jump at the interface. Finally,
conclusions are stated in “Conclusion”.

Experimental Setup and Measurement Techniques

The overall schematic setup of the experimental appa-
ratus is shown in Fig. 1. The experiments were carried
out in a rectangular cavity, of which the length and the
width are 80 mm and 40 mm, respectively. The two
longer sidewalls of the cavity, which are placed at oppo-
site directions, are made of aluminum for temperature
control. The thermal conductivity of the aluminum is
three orders of magnitude better than that of liquids
used in the experiments. This could ensure that the
temperatures of the sidewalls are uniform. The shorter
sidewalls, which are placed perpendicularly to the alu-
minum walls, are made of optics glass for observations.
The bottom of the cavity is an optics glass to play the
role of insulation and permitting light through. The top
of the cavity is open to air to ensure that the liquid
would evaporate freely.

A silicone oil with kinematic viscosity of 0.65 cSt,
Plandt]l number of 10 is put into the experimental cav-
ity. The liquid is resistant to the surface contamination
and transparent to visible light for optical observa-
tion. Most importantly, the liquid has a relatively high
saturated vapor pressure, which means that it evapo-
rates under atmosphere condition. Other different flu-
ids which rarely evaporate at atmosphere (1.5 cSt and 5
cSt silicone oil) were used to study the influence of the
evaporation effect.

The horizontal temperature difference was achieved
through the temperature control of the two aluminum
sidewalls. Cool water with constant temperature flow-
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Fig. 1 Schematic drawing of the experimental apparatus
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ing out of a refrigerated circulator is circulated into the
left sidewall, and the accuracy of the temperature could
be 0.02°C. Meanwhile, the temperature of the other
sidewall is controlled by means of PID loops with an
accuracy of 0.05°C.

In order to measure the interfacial temperature pro-
files accurately, a thermocouple with a diameter of
50 pm is used, which is small enough to avoid distur-
bance to the inner flow. The thermocouple could be
moved at different directions with the help of a 3-axis
translation stage. The temperature data are acquired
by a data acquisition system. The two devices could be
programmed and controlled by a computer to obtain
the temperature data at different spatial and temporal
intervals.

During evaporation, the position of the interface will
decrease with time. A laser co-focal displacement meter
is introduced to track the liquid—vapor interface with an
accuracy of 0.3 um. Under a hypothesis of steady flows
in the liquid layer, we could consider that the change
of the interface height with time reflects the average
evaporating rate.

Results and Discussion

The physics of evaporation is complicated. Making
use of the above experimental apparatus and mea-
surements techniques, several experiments have been
carried out to study the coupling mechanisms of evap-
oration effect and thermocapillary convection. There
are many parameters to influence the evaporation and
thermocapillary flow. In this paper, we only took the
imposed horizontal temperature difference into ac-
count to simplify the physical problem. By altering the
temperature gradients, interfacial temperature profiles,
average evaporating rates and interfacial temperature
discontinuity were measured to analyze the physical
mechanisms.

As we know, there is always buoyancy effect in the
ground experiments. And usually, Rayleigh convection
and thermocapillary convection exist together in the
liquid layer. Based on the definition of Bond number,
the depth of the liquid layer should be set as thin as
possible to suppress the buoyancy effect. In our experi-
ments, the depths of the liquid layers were always kept
smaller than 2.0 mm. The curving meniscuses at both
sidewalls introduce new problems to analyze the evap-
orating mechanisms, which are bout 5.0mm in length at
each side. In addition, the return flow is another factor
to influence the experimental results, and it will disturb
the flow fields and thermal fields close to the sidewalls.
Therefore, we only chose the middle plane area of the

liquid layer ranging from x = 10 mm to x = 30 mm to
perform measurements.

Interfacial Temperature Profiles

The interfacial temperature profiles could directly
reflect the influence of evaporation effect and ther-
mocapillary convection. Figure 2 shows the interfacial
temperature profiles of the evaporating interface for
0.65 cSt silicone oil, and the depth of the liquid layer
is 2.0 mm.

As shown in Fig. 2, the local temperature profiles
(solid lines) are approximately linear. And the overall
imposed temperature gradients (dash lines) are always
greater than the local temperature gradients at the
middle of the liquid layer. The difference of the two
gradients will be increasing as the imposed temperature
differences growing. Actually, the difference results
from the co-operation of the evaporation and thermo-
capillary convection. As we know, evaporation effect
takes heat energy from the liquid-vapor interface to
the ambient air and reduces the interfacial tempera-
tures. While for thermocapillary convection, there is
no threshold to start. In other words, there will be
an immediate convective flow from the hot wall to
the cold wall of the cavity as soon as the temperature
gradient along the interface is created. This flow will
bring the heat energy from the hot side to the cold
side. When the temperature difference is small (lower
than 2°C), the evaporation effect is relatively stronger
than thermocapillary convection, and thermocapillary
flow could not supply the heat loss taken by evapora-
tion. As a result, the all five interfacial temperatures
are smaller than the imposed temperatures. When the
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Fig. 2 The interfacial temperature profiles in 0.65 cSt silicone oil
at different temperature differences (Dash line: external imposed
temperature gradients)
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Fig. 3 The interfacial temperature profiles of 0.65 cSt and 5 ¢St
silicone oil at different temperature differences (Solid line: 0.65
cSt Dash line: 5 cSt)

imposed temperature difference increases larger than
4°C, the strengthened thermocapillary convection will
bring more heat energy from the hot wall to the cold
wall, which increases the temperatures closed to the
cold wall. In the Meanwhile, the rising temperature will
also enhance evaporation effect to take more heat from
the hot side of the layer to reduce the temperature.
Eventually, the interaction of the evaporation effect
and thermocapillary convection makes the interfacial
temperature profiles smooth along the interface.

A repeated experiment of 5 cSt silicone oil was
performed at same conditions to verify the role of
the evaporation effect. Figure 3 shows the interfacial
temperature profiles of 0.65 cSt and 5 cSt silicone oil un-
der same temperature differences. When temperature
difference is low (2°C), the two profiles have approxi-
mately the same slope. At this condition, thermocapil-
lary convection is relatively weak, evaporation plays a
main role to decide the temperature along the interface.
As the temperature difference growing, the liquid close
to the hot wall in 0.65 cSt evaporates more to reduce the
interfacial temperature. In the meantime, more heat
is brought to the cold side than that in 5 cSt because
of the lower flow velocity in 5 c¢St. The coupling of
thermocapillary convection and the evaporation makes
the slope of temperature profile in 0.65 cSt smaller than
that in 5 ¢St silicone oil.

Average Evaporating Rates

As mentioned above, the change of the interface height
with time reflects the average evaporating rate when
the inner flow in the liquid layer is steady. We measured
the variation of the interface height at one surface posi-
tion during evaporation process when the temperature
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Fig. 4 Variation of the interface height during evaporation
process

difference was relatively large, as shown in Fig. 4. It
could be seen that the height of interface decreased
linearly during the measuring period of 2 min, and
the fluctuation of the interface in magnitude is much
smaller than the decrease of the interface height by
evaporation. Therefore, it is reasonable and feasible to
use the height change to reflect the average evaporating
rate in our experiment.

Under the hypothesis of steady flow in the liquid
layer, we found that there are some differences of the
average evaporating rate at different positions of the
liquid layer. Figure 5 presents the average evaporat-
ing rates at different horizontal positions. When the
temperature difference is small (lower than 6°C), the
average evaporating rate grows approximately linear
from the cold side to the hot side, of which we think
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Fig.5 Average evaporating rates at different positions for differ-
ent temperature gradients
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owing to the interfacial temperature increasing from
the cold wall to the hot wall. While when the temper-
ature difference increases to larger than 10°C, a maxi-
mum average evaporating rate was found in the middle
of the interface. Actually, there is always unavoidable
buoyancy convection in the ground experiments. The
thermocapillary convection decides the average evap-
orating rates along the interface when the tempera-
ture difference is low. While at higher temperature
difference, there will be three main effects to influence
the average evaporating rates. Firstly, more heat is
transported by thermocapillary convection from the hot
wall, which accelerates the average evaporating rate.
Secondly, according to the results of flow visualization
(Zhu and Liu in press), the place with maximum evap-
orating rate usually has a biggest flow velocity, which
means more heat is transported to this place to increase
evaporation. Actually, the coupling of thermocapillary
convection and evaporation could be reflected from
Fig. 3. Although more heat is transported to here, high-
est evaporating rate will decrease more temperature to
make the temperature profile linear. The last effect is
the buoyancy convection in upper air. It will influence
the concentration gradient of the oil gas, which also
influence the average evaporating rate. Anyhow, the
co-action mechanisms of the above three effects are
very complicated, which need more work to be well
understood.

Temperature Jump at the Interface
The temperature profiles at the vertical direction near

the interface were measured by a 50 um thermocouple.
A 3-axis motorized translation stage was used to deter-
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Fig. 6 Temperature discontinuity of 0.65 cSt and 1.5 ¢St silicone
oil close to the interface when the temperature difference is 8°C

mine the vertical positions of the thermocouple with an
accuracy of 1 um. Near the interface, the distance be-
tween two measurements in the vertical direction was
50 pm. Figure 6 shows the temperature discontinuity of
0.65 cSt and 1.5 cSt silicone oil near the interface when
the temperature difference is 8°C.

It could be seen that there are temperature jumps in
both 0.65 ¢St and 1.5 cSt interface, and the temperature
discontinuity in 1.5 ¢St is larger than that in 0.65 cSt.
In liquid phase near the interface, the thermocapillary
convection is strong enough to bring heat energy to
increase the interfacial temperature in both two liquids.
On the other hand, the evaporation effect in 0.65 cSt
reduces the interfacial temperature. While in vapor
phase near the interface, the relatively stronger thermo-
capillary convection in 0.65 ¢St drives more heat from
the heat wall in the vapor. In other words, the stronger
thermocapillary convection in 0.65 cSt increases the
vapor temperature, and the stronger evaporation effect
in 0.65 cSt decreases the liquid temperature. As a result,
the coupling of thermocapillary convection and evap-
oration effect decreases the temperature discontinuity
in 0.65 cSt. Note that our results are different from
Ward’s results in temperature scales and temperature
gradients(Ward and Duan 2004). It is mainly because
of differences in experimental conditions and the low
evaporating rates in our experiments.

Conclusion

The coupling of evaporation effect and thermocapillary
convection is experimentally investigated in a thin 0.65
cSt liquid layer with the interface open to air. The
interfacial temperature profiles, average evaporating
rates and the temperature discontinuity were measured
to analyze the physical mechanisms.

The mismatch of the local interfacial temperature
profiles and the imposed temperature gradients reflects
the co-operation of evaporation effect and thermo-
capillary convection. The evaporation effect and the
thermocapillary convection play a more important role
at low and large temperature difference, respectively.
Comparing repeated results in 5 ¢St, evaporation effect
is found to influence the interfacial temperature evi-
dently.

Under the hypothesis of steady flow in the liquid
layer, the average evaporating rate exhibits depen-
dence on the measuring position and temperature gra-
dient, which we think is partly due to the influence of
buoyancy effect.

A temperature discontinuity was found in both
two liquids with different evaporating rates. Coupling
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of thermocapillary convection and evaporation effect
could change the temperature discontinuity obviously.
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