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In this work, the thermocapillary migration of liquid bridges and air bubbles between parallel plates is
studied. The factors influencing the thermocapillary migration are discussed, especially the magnitudes of
the thermal gradient, the liquid or gas volume and the tilt angle of the parallel plates against gravity. The
experimental trends are explained based on scaling models. It is found that a critical tilt angle exists at
which the thermocapillary migration of liquid bridges is suspended. A simple two-dimensional theoretical
model for the migration of liquid bridges is formulated. The model is able to predict the critical tilt angles
in an approximate manner. An application perspective of this work lies in tribological systems in which
liquid lubricant is replenished using applied thermal gradients.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Thermocapillary migration is a phenomenon caused by the
Marangoni effect in which a flow is created along an interface be-
tween two fluids due to interfacial tension gradient [1-6]. Since
the liquid/gas interfacial tension decreases with increasing tem-
perature, a thermal gradient leads to an interfacial tension gradi-
ent, actuating a locomotion from low to high tension regions. One
can utilize this thermal effect in different contexts, for example to
modify the wettability of surfaces [7], to improve heat exchange ef-
ficiency [8], or to induce directional transport [9]. In some specific
applications, for example, frictional heat at surfaces gliding past
each other can yield an unexpected migration of liquid lubricants,
resulting in boundary lubrication [10].

Over the past years, extensive research has been conducted on
the thermocapillary migration of liquid droplets [11-16]. Theoret-
ical models describing this phenomenon were originally proposed
by Greenspan [17], and further elaborated by Brochard [18], Ford
et al. [19] as well as Pratap et al. [20]. These models are based on
balancing the thermocapillary driving force and the internal vis-
cous resistance force acting on the droplet. Taking into account the
temperature dependence of viscosity [21], contact angle hystere-
sis [22], or contact line dynamics [23] improves the accuracy of
models. Experimentally, decorating solid surfaces with micro/nano
structures [24-28] or chemical coatings [29], designing new lubri-
cants [30], applying external electrical fields [31] or mechanical vi-
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bration [32] provide help in controlling the droplet motion. These
contributions have provided clear insights into the physical effects
and control schemes related to the thermocapillary migration of
liquid on free solid surfaces.

Here, free solid surfaces are referred to as solid surfaces de-
limiting a virtually infinitely extended domain. In reality, however,
thermocapillary migration often occurs between two solid surfaces.
Then, the sessile droplets on free solid surfaces transform into lig-
uid bridges. For droplets, interfacial forces just act in the vicinity
of the three-phase contact line on one solid surface, while for lig-
uid bridges, significant forces exist at both the lower and upper
surface. Recently, we preliminarily studied the migration of liquid
bridges between a sphere and a plate, casting a glimpse on the
migration phenomena at the interface [33]. Nevertheless, the fun-
damental understanding of the thermocapillary motion of liquid
bridges, as well as the related influencing factors and fluid dynamic
phenomena remains limited.

In fact, not only small-scale liquid bridges, but also larger-scale
ones exist between two solid surfaces. Moreover, air bubbles can
easily nucleate in the liquid between two solid surfaces, which
means that migration phenomena of liquid bridges and air bub-
bles between two surfaces can even occur simultaneously. Besides,
parallel plates are not always arranged horizontally in the mechan-
ical system, which means that gravity acts as an additional driving
force. All of the above-mentioned phenomena need to be under-
stood to guide the design of advanced lubrication systems.

Hence, in this work, the thermocapillary migration of liquid
bridges and air bubbles between parallel plates, i.e. in a Hele-Shaw
cell, is studied. Special attention is paid to the migration behavior
between tilted parallel plates, and critical tilt angles correspond-
ing to elimination of thermocapillary migration are investigated. A
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theoretical model is established to predict the thermocapillary mi-
gration and the critical tilt angle. In situ observation of thermally
driven flow is conducted to figure out the internal mechanism.

2. Materials and methods
2.1. Materials

Silicone oils are commonly used as lubricants, among others be-
cause they remain stable at comparatively high temperatures. Here,
a typical type of silicone oil with a viscosity of 100 mPa-s, as re-
ceived from a commercial supplier, was utilized in all experiments
(purity > 95%, Sinopec Yangzi Petrochemical Company, China). Its
physical properties are listed in Table 1. The surface tension of
silicone oil was measured via the Wilhelmy plate method, and
the temperature derivative of surface tension was calculated based
on surface-tension values at different temperatures (the measured
data are provided in Fig. S1). Apparent contact angles of silicone
oil on the stainless steel and quartz glass surfaces were measured
via the sessile drop method.

2.2. Methods

Fig. 1a shows the schematic of the experimental apparatus
designed for this study. The parallel plates are arranged on a
tiltable platform. For the sake of observation, the upper plate is
made of quartz glass, and the dimensions of the testing region
are 90 x 14 x 0.25 mm (length x width x height) with an
average surface roughness of ~5 nm. The lower plate is made
of stainless steel 316 with dimensions of 90 x 14 x 1.5 mm
(length x width x height) and an average surface roughness of
~50 nm. The gap between the upper and lower plate was fixed
to a constant value of 1.25 mm via two copper blocks.

Table 1
Physical properties of the used silicone oil at 298 K.
Parameter Symbol  Value
Dynamic viscosity n 100+5 mPa/s
Density P 963 kg/m?
Surface tension Yy 21+0.1 mN/m
Temperature derivative of surface tension yr 0.046+0.002 mN/(m K)
Thermal diffusivity k ~0.15 mm?/s
Contact angle on stainless steel O steel 10+£0.5°

Contact angle on quartz glass Oglass 13+0.5°
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Table 2

Experimental conditions.
Interface gap 1.25 mm
Ambient temperature 298 K

Thermal gradient
Liquid volume
Tilt angle

3, 4.3, 5,59 K/mm
20, 40 and 400 uL
1.2,2.2,24, 26, 2.8, 3.2°

Two ends of the lower plate were fixed on temperature-
controllable heating and cooling elements to generate a thermal
gradient along the solid surface. Two type-K thermocouples (ac-
curacy of £ 1.5 K), fixed right under the two ends of the lower
plate, were used to measure the temperature. The lower plate was
embedded in a ceramic chamber to avoid heat loss and leakage of
lubricants. After the imposed thermal gradient had stabilized, sili-
cone oil droplets were injected between the surfaces via a microsy-
ringe (diameter of needle: 0.4 mm, at room temperature) within a
short period of approximately 1 s. The migration processes of lig-
uid bridges from bird’s eye and side views were captured via a dig-
ital camera (Nikon D750, Japan) and a digital microscope (Keyence
VHX-600, Japan).

Fig. 1b shows a typical migration phenomenon of a liquid
bridge subjected to a thermal gradient of 3 K/mm. The two plates
were arranged horizontally and the volume of silicone oil was 20
uL. Under the effect of a thermal gradient, the liquid bridge mi-
grates from the hot to the cold side (bird’s eye view), and the ge-
ometrical shape of liquid bridge could be recorded from the side
view. The main experimental parameters are listed in Table 2.

3. Results and discussion
3.1. Migration of liquid bridges between horizontal parallel plates

Fig. 2a shows the migration phenomenon of liquid bridges with
volumes of 20 and 40 pL between horizontal parallel plates. Dif-
ferent thermal gradients of 3.0, 4.3 and 5.9 K/mm were tested
and frames of the dynamic process within a migration distance of
~16 mm were recorded, as shown in Fig. 2a. Detailed migration
process of the 40 uL liquid bridge can be seen in the Video S1
(in Supplementary material). Taking the advancing edge of a liquid
bridge as a reference, the migration distance was measured and is
shown in Fig. 2b as a function of time.

(a)
Upper Plate ’ Digital camer?

|\

L1y | m
AT IR
////////l////lm||||ll\

Rotating P2

(b) Bird’s eye view

Side view

— . 3 0
» Liquid bridge s

Hot Cold

Horizontal arrangement

Thermal gradient (7,): 3 Kimm
Lubricant: silicone oil, 100 mPa's, 20 pL

No-scale

Fig. 1. (a) Schematic of the experimental apparatus, (b) bird’s eye and side views of the migration process of a liquid bridge.
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Fig. 2. Migration of silicone oil bridges with different volumes between horizontal parallel plates under different thermal gradients: (a) optical images showing the bridges

at different instants in time and (b) measured migration distance versus elapsed time.

Generally, a higher thermal gradient yields a larger migration
velocity, as expected. Since liquid bridges were injected between
the plates at the room temperature, it takes a significant time for
the liquid to thermally equilibrate with the plates. The thermal
equilibration time scale can be estimated as 4h2/k in which 2h
and k denote the interface gap and thermal diffusivity, respectively.
Inserting numbers one obtains a thermal equilibration time scale
of 10 s.

Naturally, this estimate ignores effects due to the geometrical
shape of the liquid bridge. During this time, the driving force ex-
hibits strong variations in time. Owing to geometrical effects lig-
uid bridges of larger volume are expected to heat up faster, which
means that initially the thermocapillary driving force of larger
bridges is higher. This is the probable reason why initially the 40
pL liquid bridge is faster than the 20 pL liquid bridge (at 3 K/mm).
After this initial phase, however, the 20 pL liquid bridge exhibits
a faster migration speed than the 40 pL liquid bridge. To further
analyze this phenomenon, let us denote the diameter of a bridge’s
footprint at the solid surface D. A simple scaling analysis (assum-
ing a fixed temperature derivative of surface tension and a con-
stant temperature gradient) shows that the thermocapillary driving
force scales as D, while the viscous dissipation force scales as D?.
From this we expect that liquid bridges with larger volume have
a smaller migration velocity, which is what is found for the 20 puL
and the 40 pL bridge (at 3 K/mm) when disregarding the first 5 s
of the migration process.

Another observation that can be made in Fig. 2b is that the mi-
gration speed decreases as a function of time. This happens be-
cause the liquid viscosity increases with decreasing temperature.

Since the temperature of the liquid decreases with migration dis-
tance, the viscous resistance increases.

3.2. Migration of liquid bridges between tilted parallel plates

Fig. 3a shows the influence of the tilt angle on the migration of
a liquid bridge (40 L) subject to a thermal gradient of 4.3 K/mm.
Fig. 3b is a sketch showing the definition of the tilt angle. When
the tilt angle is 0°, the migration speed is fastest. As the tilt angle
increases, not all liquid bridges migrate as far as 16 mm, hence,
the migration distance within the first 30 s is displayed for com-
parison, as well as the average migration velocity. Note that the
migration distance decreases rapidly with increasing tilt angle, and
motion is completely suspended when the tilt angle increases to
2.8°. When further increasing the tilt angle, liquid bridges would
move in the opposite direction.

Then, experiments were conducted to determine the critical tilt
angle at which migration is suspended. As shown in Fig. 3c, a
larger critical tilt angle is needed to keep a liquid bridge suspended
under a higher thermal gradient. It is interesting to see that lig-
uid bridges with a smaller volume have a larger critical tilt an-
gle. Under a thermal gradient of 3.0 K/mm, the critical tilt angle
of a liquid bridge with a volume of 20 uL was 1.8°, which is 50%
higher than that (1.2°) of a 40 uL liquid bridge. This is because the
thermocapillary force is a surface force, scaling with D, while the
gravitational force is a volume force, scaling with D2. When further
increasing the volume to 400 uL, liquid completely spread in the
width direction of the channel. It is confirmed that a critical tilt
angle also exists for these liquid bridges with a large volume, and
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Fig. 3. (a) Effect of tilt angle on the migration of a liquid bridge (40 uL) subject to a thermal gradient of 4.3 K/mm. (b) Schematic showing the definition of the tilt angle.

(c) Critical tilt angles for different thermal gradients and liquid volumes.

the values (navy blue histogram) are smaller than those of a 40 uL
liquid bridge.

To rationalize these results, a theoretical model was developed
(see Section 3.4). The model provides a simple framework to un-
derstand some of the key features of the thermocapillary migration
of liquid bridges. The predictions of this model will be compared
with the experimental data for the tilt angle.

3.3. Migration of air bubbles

Following the results presented in Fig. 3c, it is known that in-
creasing the volume of the liquid bridge from 20 uL to 400 uL
yields a corresponding decrease of the critical tilt angle. When the
volume of a liquid bridge further increases to approximately 1 mL
(not yet completely filling the space between the parallel plates),
one can hardly observe any liquid flow even when the parallel
plates are arranged horizontally. However, it was noticed that air
bubbles having nucleated in the liquid lubricant migrate in the op-
posite direction (compared to liquid bridges), that is, from the cold
to the hot end.

To confirm this result, the space between the plates was com-
pletely filled with liquid, and then an air bubble with a specific
volume was injected between the surfaces via a microsyringe (di-
ameter of needle: 0.4 mm, at room temperature) within a short
period of approximately 1 s. Fig. 4b shows the migration behavior
of air bubbles with different volumes of 20, 40 and 60 L under
a thermal gradient of 4.3 K/mm between horizontal parallel plates.
The detailed migration process of the 40 uL air bubble can be seen
in the Video S2 (in Supplementary material). The air bubbles al-
ways migrate from the cold to the hot end. To analyze the results
regarding the bubble migration, we disregard the first few seconds
of the migration process, as in the case of liquid bridges. It can be
seen that bubbles of smaller volume migrate faster, which becomes
most obvious by comparing the data for 20 pL and 60 pL bubbles.

Once an air bubble is injected into a liquid film, a surface ten-
sion gradient is generated, yielding a liquid flow from the hot re-
gion (low surface tension) to the cold region (high surface ten-
sion). This results in a motion of the bubble relative to the lig-
uid, towards the hot side. The fundamental mechanism underlying
the thermocapillary migration of air bubbles has already been re-
ported, albeit for bubbles submerged in a pool of water under the
influence of buoyancy [34-36]. Here it is demonstrated that the
same mechanism also sets air bubbles sandwiched between two

flat plates in motion. One thing in common between air bubbles
and liquid bridges is that the thermocapillary driving force scales
as D. The viscous force, however, is more difficult to analyze than
in the case of liquid bridges, since viscous dissipation mainly oc-
curs exterior to the bubble. In a recent paper, the viscous dissipa-
tion around a gas bubble rising between parallel plates was ana-
lyzed [37]. It was found that the viscous force scales as D?. There-
fore, equating the viscous force with the thermocapillary driving
force results in an increasing importance of viscous dissipation as
the bubble volume increases and the prediction that larger bubbles
should migrate more slowly than smaller ones, in agreement with
what is shown in Fig. 4b.

3.4. Mechanism of thermocapillary migration of liquid bridges

3.4.1. Theoretical model

In the following, a theoretical model is formulated to capture
the key features of thermocapillary migration of liquid bridges. Be-
fore that, relevant dimensionless numbers are evaluated to check
the validity of the assumptions underlying the model. For the lig-
uid bridges investigated in this study, the mean orders of magni-

tudes of Reynolds number ( pUb ~10-2) and Weber number (pli,ﬁ,

T
~10~4) are rather low (where p is the mass density, U the veloc-
ity, D the footprint of the liquid bridge, i the dynamic viscosity,
and y the surface tension), so it is reasonable to neglect all effects
related to inertia. A laminar flow field can be assumed at such low
Reynolds numbers, where the viscous forces are dominant. More-
over, it is assumed that the shape of the liquid bridge is the same
as in the static case without gravitation. As far as the influence of
viscous stresses is concerned, this assumption is justified by the
mean magnitude of the capillary number ("7[’, ~10-3). The influ-
ence of gravitation cannot be argued away that easily, since the
Bond number (”%,—Dz, ~10) is not small. In the model it is assumed
that the liquid surfaces on both sides of the bridge are circular arcs.
To check the validity of this assumption, we have compared the
liquid surface shapes obtained from side-view images with circular
arcs (see Fig. S2). The comparison shows that, taking into account
our requirements concerning the accuracy of the model, circular
arcs represent the liquid surface with reasonable accuracy.

The Young-Laplace equation describes the capillary pressure
difference sustained across the interface between two fluids due
to interfacial tension. As shown in Fig. 5, taking the cross sec-



Q. Dai, S. Chen, W. Huang et al.

International Journal of Heat and Mass Transfer 182 (2022) 121962

(a) Bird’s eye view Side view

mms Hot === Cold 7= 4.3 K/mm, Tilt angle: 0°

((<) 200 L R B
16;— =
8L N

E |

E.f ]

[0}

8 f

et

S

z, —=— V=201 ]

2F —o— V=40 L

.% : —A— V=60 uL

o1k 3

=

T,=4.3 KImm
0.5 £ ]
Tilt angle: 0°
L 1 " 1 L 1 n 1 L L L
0'250 10 20 30 40 50 60 70
Time (s)

Fig. 4. Migration of air bubbles with different volumes between horizontal parallel plates completely filled with liquid under a thermal gradient of 4.3 K/mm: (a) bird’s eye
and side views of the migration process, and (b) measured migration distance versus elapsed time.

. -~
Thermal grad\ent, i

Fig. 5. Schematic of a liquid bridge between tilted parallel plates.

tion through the center of the liquid bridge as a reference, a two-
dimensional model is established. It is assumed that the menisci at
the left and right sides are circular arcs. The pressure drop P across
the liquid surface can be written as:

y ycosf
== (1)
where h is half the height of the liquid bridge, and 6 is the appar-
ent contact angle.

The surface tension of liquid varies as a function of tempera-

ture, and the variation can be approximated as:

d
V=V0+8—J;X = Yo+ Tayrx, (2)

where yy is the surface tension of the liquid at a reference temper-
ature, yr is the temperature derivative of the surface tension, and
Tx is the thermal gradient along the solid surfaces.

Notably, this model for the surface tension variation assumes
that the liquid surface is thermally equilibrated with the solid sur-
faces, which will not be the case during the first moments after the
liquid has been injected between the plates. Thus, the curved in-
terface induced pressure difference APpgpjqce between the cold and
the hot side of a liquid bridge can be written as:
y1€osf  yycos60  TpryrD

R~ h _ h ¢
where D is the diameter of the liquid bridge’s footprint at the solid
surface. Strictly, it is an approximation to use the same contact an-
gle 6 at both sides of the liquid bridge. Contact-angle hysteresis

APLaplace =P -B= 0s 97 (3)

results in different contact angles at the two sides. However, in the
scenario studied in this paper, there are small differences between
the advancing and the receding contact angle (the measured re-
sults are provided in Fig. S3). Therefore, the apparent contact angle
is used for the theoretical model.

Since the thermocapillary motion of liquid bridges is relatively
slow, the corresponding flow can be regarded as laminar. With the
additional simplifying assumption that end effects (close to the lig-
uid surfaces) are negligible, only the x-component of the flow ve-
locity needs to be considered, and the momentum equation sim-
plifies to:

32u_18P_1AP 4)
9y udx u D’

where u is the velocity component in x-direction, andAPis the
pressure difference between the cold and the hot side.

Assuming the no-slip boundary condition at the surfaces of the
plates, the boundary condition in the lab frame can be written as:

u|Y=ih = 0 (5)
Integrating Eq. (4) with the boundary condition (Eq. (5), the ve-
locity field is obtained as:

4= 2up(" ) ©)

The average migration velocity of a liquid bridge is obtained as:
h2

1 h
UAverage = ﬁ ‘/41 Udy=3,lL_DAP (7)

If the parallel plates are tilted (angle of ¢ in Fig. 5), gravity
influences the motion of a liquid bridge. The hydrostatic pressure
due to the gravitational force is given by:
pVgsing

2hD
where V is the volume of the liquid bridge.

During steady-state motion of a liquid bridge, the net external
pressure balances the dynamic pressure, that is:

AP:APLaplace - APg'ravity (9)

Substituting Egs. (3), (8) and (9) into Eq. (7), and rearranging
gives:

(8)

AP, gravity =

h
UAverage = m |:TAVT cosf — (10)

pVgsing
2D?
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3.4.2. Validation

Fig. 6 shows a comparison between experimental (symbols) and
theoretical (lines) results related to the migration of liquid bridges
with volumes of 20 and 40 uL and thermal gradients of 3.0, 4.3
and 5.9 K/mm. As the line diagrams show, the theoretical migra-
tion velocity decreases with the tilt angle. As suggested by the
scaling arguments presented above, a liquid bridge with a larger
volume has a smaller migration velocity. The theoretical critical tilt
angles are the points where the curves intersect the x-axis. It can
be seen that the theoretical model approximately predicts the crit-
ical tilt angles. Given the simplicity of the model, the agreement
between the theoretical and the experimental data can be consid-
ered reasonably good. Increasing the tilt angle beyond its critical
value would yield a negative migration velocity, which means that
liquid bridges would slide down against the thermal gradient.

Note that for the silicone oil used in this study, the varia-
tion of viscosity and surface tension with respect to the temper-
ature can be approximated by u(T) = e~ %018T-T) andy (T) =
Y0—0.046(T-Ty), respectively (where g and w(T) represent the
viscosity at the reference temperature T, (298 K) and T, respec-
tively; and y, and y(T) represent the surface tension at the refer-
ence temperature Ty (298 K) and temperature T, respectively). In-
deed, we treat the temperature dependencies of the viscosity and
of the surface tension on a different footing. The reason is that
without any temperature dependence of the surface tension, there
would be no driving force, and the model would become meaning-
less. Compared to that, in the framework of the minimal model we
intended to build, the temperature dependence of the viscosity is
not a central aspect.

International Journal of Heat and Mass Transfer 182 (2022) 121962

Fundamentally, it is the thermal gradient induced surface ten-
sion gradient that yields the migration of a liquid bridge from the
hot to the cold side. For the liquid bridges under consideration,
the ratio between the heat conduction time scale (4h%/k) and the
advection time scale (D/U) is approximately 1. This means that
based on this simple estimate and for the set of parameters un-
derlying our work, it is questionable if the thermal equilibration is
fast enough to justify the assumption that the temperatures of the
liquid surfaces at the two ends of a bridge are given by the cor-
responding temperatures of the plates. It needs to be taken into
account, however, that the heat conduction time scale only repre-
sents an upper limit to the thermal equilibration time scale, since
convective transport of heat due to the recirculation zones inside
a liquid bridge reduces the thermal equilibration time scale. In any
case, the comparatively long thermal equilibration time scale is the
fundamental reason why we do not report the results of the model
for the trajectories of liquid bridges, even if the theoretical migra-
tion velocities roughly agree with the corresponding experimen-
tal values. Still, this model is fundamentally useful, among oth-
ers since the thermal equilibration time scale scales as h2, which
means that it could well be applied to compute trajectories of lig-
uid bridges in narrower gaps.

3.5. Outlook

Overall, rational utilization of external thermal gradients can
control the thermocapillary migration of liquid bridges or air bub-
bles between parallel plates effectively. In practical engineering ap-
plications, the leakage of liquid lubricants is widely encountered in
mechanical seals operating under extreme conditions, in which lig-
uid lubricants are depleted either due to the high pressure differ-
ence or the fast rotational speed. Taking advancing of the thermo-
capillary effect, one can continuously collect the lost liquid, trans-
port it to the designated area, and eventually maintain the liquid
between the two surfaces. Fig. 7 shows a preliminary design con-
cept to manipulate the leaked liquid between parallel surfaces via
an external thermal gradient. Parallel plates are constructed with
an upper plate that is a quartz glass wafer and a lower plate of
stainless steel 316. The interface gap is 1.25 mm and the radial
thermal gradient is 5 K/mm (more detailed information about this
experimental apparatus is provided in Fig. S4). When randomly in-
jecting liquid bridges at the outer boundary, they all migrate to the
center, as expected. This preliminary experiment demonstrates the
feasibility of the design principle based on thermocapillary migra-
tion.

4. Conclusions

In conclusion, liquid bridges and air bubbles migrate between
parallel plates when exposed to a thermal gradient. The migra-
tion velocity increases with increasing thermal gradient. When the
plates are arranged horizontally, a smaller volume of bridges of
bubbles yields a higher migration velocity. When tilting the plates,
the thermocapillary migration of liquid bridges is suspended when

Fig. 7. Manipulating liquid bridges between parallel surfaces via an external thermal gradient.
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a critical tilt angle is reached. The critical tilt angle decreases with
increasing liquid volume. An explanation for these observations
was provided based on scaling relationships for the thermocapil-
lary force, the gravity-induced force and the viscous force. A simple
two-dimensional theoretical model was developed that describes
the thermocapillary migration of liquid bridges. The model is able
to predict the critical tilt angles with decent accuracy. Based on the
observed effects, a design principle for the replenishment of liquid
in tribological systems is proposed.
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