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Thermocapillary migration describes a phenomenon where a liquid droplet spreads from warm to cold
regions due to the interfacial tension gradients. Since the contact angle hysteresis effect is involved dur-
ing the migration process, we consider the hysteresis effect and rectify the theoretical model to predict
the migration velocity on solid surfaces. By conducting migration experiments on surfaces with different
magnitudes of the hysteresis effect, we verify the validity of the theoretical derivation. This study
advances the understanding of the interfacial phenomenon of thermocapillary migration, moreover,
offers an insight into the migration capacity of different materials and guides the design of key compo-
nents associated with the thermal gradients.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

The spreading of droplets due to unbalanced interfacial tension
forces constitutes an important surface phenomenon, in which
chemistry, physics and engineering intersect [1-6]. Typically, the
liquid/gas interface tension () is temperature (T) dependent, and
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decreases with the increasing of T [7]. When a droplet is placed
on a nonuniformly heated solid surface, a tangential force is gener-
ated as a consequence of variations in the interfacial tensions, pro-
pelling the droplet towards a colder portion [8-11]. This motion is
referred to as thermocapillary migration and has attracted consid-
erable attention in tribological systems where thermal gradients
are encountered. The thermal flow of lubricants can lead to starva-
tion in contact areas and cause potential lubrication failure [12].
In recent decades, abundant researches have been performed to
explore the nature of liquid droplets spreading on a solid surface. It
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was originally proposed by Greenspan [13], later specified by Bro-
chard [14] as well as by Ford and Nadim [15], and subsequently
validated by several contributions [16-18]| that the theoretical
model for the thermocapillary migration can be established based
on the derivation of the two main forces: the driving force due to
the unbalanced interfacial tensions in the vicinity of the three
phase contact line and the viscous resistance force. Note that the
driving force occurs in the vicinity of the three phase contact line
on both sides of a droplet according to Young’s equation [19]. It
indicates that the driving force is also firmly dependent on the con-
tact angle.

Naturally, most solids are rough and chemically heterogeneous
and associate with the pinning of the contact line on surface
defects. The wetting and dewetting processes for a liquid droplet
on a solid involve the contact angle hysteresis effect [20]. The hys-
teresis effect impacts the force balance in the vicinity of the three
phase contact line on both sides of a droplet [21]. Tadmor et al.
[22-24] noted that this effect introduces a lateral retention force
acting on the droplet, impeding its motion on a surface. With the
introduction of the hysteresis effect, Daniel and Chaudhury [25]
rectified the model for the droplet motion induced by vibrations.

Considering the migration procedure, the front edge of a droplet
creeps forward, while the rear edge shrinks. In other words, the
contact angle of the advancing edge increases while the angle of
the receding edge decreases. As a result, a lateral retention force
is encountered. This finding means that the driving force originat-
ing from the interface tension gradients must overcome this force
before the droplet can migrate. A review of the open literature
reveals that a theoretical model for taking the hysteresis effect into
the thermocapillary migration is currently lacking.

Hence, we theoretically deduce a model to evaluate the migra-
tion behavior by including the contact angle hysteresis effect. Since
the hysteresis effect varies widely on different material surfaces,
four types of materials are employed to characterize the magni-
tudes of the lateral retention force. Migration experiments of
paraffin oil droplets on these surfaces are conducted, and the valid-
ity of the theoretical derivation is verified. This study advances the
understanding of the interfacial phenomenon of thermocapillary
migration, and moreover, via the proposed analytical expressions,
migration capacity of different materials can be readily estimated.

2. Materials and methods

A common mineral oil (paraffin oil) is chosen as the tested lig-
uid in all of the experiments. This o0il’s primary physical parameters
are listed in Table 1. The contact angles on different surfaces are
measured via the sessile drop method. Firstly, by analyzing the
images of a 4 L sessile drop deposited on a solid surface, the equi-
librium contact angle () is obtained. Secondly, depositing a drop
of approximately 2 pL on a solid with the help of a syringe needle
while leaving the tip in the drop, then increasing the drop volume
manually while recording images at the same time, the advancing
contact angle (0,) can be evaluated. In contrast, reducing the drop
volume while recording images allows the receding contact angle
(0g) to be evaluated. All measurements are conducted at the ambi-
ent temperature of 20 °C and humidity of 40%.

Table 1

Physical parameters of paraffin oil at 40 °C.
Parameter Values
Kinematic viscosity, m?/s 5.36 x 1073
Density, kg/m? 889.02
Surface tension gradient coefficient, N/(m °C) 1.295 x 10~*

The migration experiments are carried out using the apparatus
as shown in Fig. la. Four different materials (polytetrafluo-
roethylene (PTFE), stainless steel (SUS 316), aluminum oxide and
silicon) are fabricated as the substrates with dimensions of 76
mm x 30 mm x 3 mm. The substrate is tightly attached to the
temperature controlled elements. Setting the cooling one (T¢) to
0 °C while the heating one (Ty,) to 120 or 150 °C generates different
thermal gradients on the surface. Fig. 1b shows the accurate tem-
perature distributions obtained by an infrared camera on these
four surfaces when T-=0°C and Ty, = 120 °C. Obvious differences
exist on the thermal gradients because the thermal conductivities
of these four materials are different. The measured values of the
thermal gradients are all shown in Table 2. Since the temperature
on the PTFE surface does not decrease linear along the length of the
substrate, the thermal gradient is not shown in this table.

The complete migration process is obtained by a digital video
camera. Fig. 1c presents a typical migration phenomenon on a
stainless surface. Via extracting the key frames, the droplet height
h and migration distance can be measured. In this study, the
dosage of paraffin oil for all migration tests is kept constant at 5
UL using a microliter syringe.

3. Results and discussion
3.1. Contact angle hysteresis effect and migration performance

Fig. 2a shows the critical equilibrium (0g), advancing (6,) and
receding (0g) contact angles and the calculated values of
(cos Og — cos 04) on different material surfaces. As shown in the his-
togram, on the aluminum oxide surface, the values of 6, 64 and 6g
are 8.3°, 14.3° and 2.1°, respectively, thus 0f is smaller than 0
while larger than 0,4. A similar relationship is obtained for the val-
ues of 0g, 04 and 0z on the other three material surfaces. It is noted
that the corresponding values of 0g, 04 and 0k on these four material
surfaces are, in ascending order, aluminum oxide, silicon, stainless
steel and PTFE. Moreover, the values of (cos 0z — cos 04) are calcu-
lated and shown in the point line, which are also, in ascending
order, aluminum oxide, silicon, stainless steel and PTFE, which is
in keeping with the trend of contact angles.

Fig. 2b presents the influence of the materials on the migration
velocities induced by the thermal gradients of Ty =120°C and
Tw=150°C. The mean migration velocity of 30 s is chosen as a
reference and shown in this figure. The migration experiments
are repeated three times, and the relative error of migration veloc-
ities is approximately 6%. It can been seen that a higher thermal
gradient yields a faster migration velocity. When Ty, = 150 °C, the
aluminum oxide surface yields a migration velocity of about 0.5
mmy/s, which is 122% higher than the 0.41 mm/s observed for the
silicon surface. The migration velocity on the stainless surface is
only approximate 0.32 mmy/s. The droplet barely moves on the
PTFE surface. It is interesting to observe that the trend of migration
velocities is opposite to that of (cos0r —cosf04) on these four
material surfaces which, in descending order, are aluminum oxide,
silicon, stainless steel and PTFE.

The experimental results exhibit that the contact angle hystere-
sis effect plays a significant role in the migration phenomenon, and
different migration velocities are obtained on surfaces with differ-
ent magnitudes of the hysteresis effect. Hence, a theoretical deriva-
tion is performed to underlying the mechanism.

3.2. Theoretical hypothesis

For the thermocapillary migration, Brochard [11] and our
previous studies [21] noted that the droplet can be regarded as a
thin film with curved rim. Referring to Fig. 3, we consider a two
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Fig. 1. (a) Schematic diagram of the migration apparatus. (b) Temperature distribution obtained on these four material surfaces when T¢ =0 °C and Ty, = 120 °C. (c) Typical

migration phenomenon on a stainless surface.

Table 2
Measured values of thermal gradients on different material surfaces.

Conditions Thermal gradient (°C/m)
Tc=0°C, Ty =120°C Stainless steel 2117

Silicon 1800

Aluminum oxide 1800
Tc=0°C, Ty =150 °C Stainless steel 2500

Silicon 2300

Aluminum oxide 2300

dimensional model of a droplet on an ideal surface exposed to a
constant thermal gradient. The contact angle hysteresis effect is
presented at the rim, where the advancing contact angle is slightly
larger than the receding contact angle. The footprint of the droplet
is specified at the positions of X; and X, in the side view. The h and
L are the droplet height and width. The 7, ys; and ys¢ are the lig-
uid/gas, solid/liquid and solid/gas interfacial tensions respectively
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15}
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Materials
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(1 refers to X; and 2 refers to X;). The 0, is the advancing contact
angle and 0 is the receding contact angle.

The quasisteady condition and lubrication approximation theo-
ries are always employed for the migration induced by interfacial
tension gradients [15,18,26-28]. In this instance, three forces exist
on a droplet: the viscous resistance force, the lateral retention force
and the unbalanced Young force, which are determined
sequentially.

Viscous resistance force. Since the migration progresses slowly
in x direction, the z component of the velocity field within the dro-
plet can be ignored. Let V, denote the x component of the velocity
and P denote the pressure. With the thin film lubrication approxi-
mation theory applied, the Navier-Stokes and continuity equations
decrease to

P _ 9’V
ox U oz

where u is the dynamic viscosity of the liquid.
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Fig. 2. (a) Critical equilibrium (0g), advancing (0,) and receding (0g) contact angles and the calculated values of (cos 0 — cos 04) on the different material surfaces. (b) The
average migration velocities on these surfaces induced by different thermal gradients of Ty, = 120 °C and Ty, = 150 °C.
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Fig. 3. Droplet on an ideal surface, with the advancing and receding contact angles being shown at the rim.

Assuming a reference coordinate system traveling with the dro-
plet, in this case, the droplet is static while the substrate moves
with a velocity of negative U. Therefore, the quasisteady state is
reached and the boundary conditions are

{‘;Z*=;;§,Z=h(><)

2
Vi=-U,z=0 @

The solution for the migration velocity V, can be derived

Vi(2z) = %[CTyTz + % . g—i (22 - 2zh) -U (3)
where Cr denotes the thermal gradient along the x direction on the
substrate surface and is obtained via the measured data, and yr
denotes the surface tension coefficient.

Since the rate of flow across the vertical section of a droplet is
zero, we can write

/h Vi(x,y,2)dz=0 (4)
0

Applying this condition to the velocity distribution equation
(Eq. (3)), the viscous stress (oy,) at the solid/liquid interface satis-
fying this constraint is given by

oVy
ze(z:O) = ,u 9z

Note that the constant component of the droplet’s height is con-
siderably larger than the varying component (the varying part at
the rim). Therefore, h can be treated as constant between the posi-
tions X; and X3, and one arrives at the following equation for the
viscous resistance force F,

_3u 1
) =Fu-gom )

X 3 1
F, = / Oratooydx = T’“UL — > 9rCrl (6)
X1

Lateral retention force. Following the equation derived by Dus-
san [29] using fluid mechanics considerations and proposed by
Tadmor [24,30], the lateral force can be simplified and employed
to describe the force acting on the droplet per unit length, F;

FH = '))(COS Or — cos OA) (7)

Note that lateral retention force F; is also related to the
liquid/gas interfacial tension y. Since the value of y decreases with
increasing temperature, this variation can be described as

0
Yx="Yo+ B_ZX =Y + Cryrx (8)

where g is the surface tension at a reference temperature, and ), is
the surface tension at the position x, where x scales at the front edge
of the droplet.

Unbalanced Young force. The interfacial tension forces balance
and contact angle at the triple line was defined by the Young rela-
tion [31]

Ysc = Vs + 7 €osOp 9)

where 0 is the equilibrium contact angle.
As shown in Fig. 3, the driving force (F;) acting on the droplet
induced by the unbalanced Young force, is

Fa= (Ysc1 = Vsi)x, — (Vsc1 — Vsu1dy, (10)
Combining Egs. 8-10, the driving force (F;) can be derived to
F4 = y;CrLcos 0g (11)

Forces balance. The forces acting on the droplet can be deduced
from the balance between driving and resistance forces, that is

Fe=F,+F (12)
Substituting Eqgs. 6, 7 and 11 into Eq. (12), one finds the follow-
ing explicit expression for the quasisteady migration velocity U

2cos g + 1)p;CrL — 2y,(cos Og — cos 04)

_(
U= 6 uL

h (13)

Moreover, to better describe the experimental situation, three
nondimensional parameters of the bond (Bo), capillary (Ca) and
Reynold’s (Re) numbers are employed and expressed as follows
[32]:

Gravity effects  pgR;
- Capillary effects - y

Intertial effects pURy
~ Viscous effects  u

Viscous effects  uU

= Tntertial effects — y

(14)

where R is the planar radius of the droplet.

For the paraffin oil used in this study, the corresponding initial
values of these nondimensional parameters under different ther-
mal gradients are calculated and shown in Table 3.

3.3. Theoretical validation

The calculated value of (cos0g —cos6,) on the PTFE surface
shown in Fig. 2a is significant higher than the value of the other
three surfaces. Based on Eq. (13), the initial migration velocity
can be calculated, which provides a negative value. This finding
means that the driving force cannot overcome the lateral retention
force (resistance force) to propel the droplet. The lateral retention
force is dominant for droplets on PTFE surfaces, and the slight
motion is from the thermal diffusion process. Therefore, in the fol-
lowing sections, migration velocities on the PTFE surfaces are not
calculated theoretically. To compare and analyze the experimental
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Table 3
Corresponding initial values of these inherent parameters, Bo, Re and Ca, of the
droplet under different thermal gradients.

Materials Thermal gradient (°C/m) Bo Re Ca
Stainless steel 2117 5.49 0.097 0.0045
2500 5.06 0.1 0.0065
Silicon 1800 4.66 0.11 0.0059
2300 441 0.15 0.011
Aluminum oxide 1800 4.69 0.13 0.0068
2300 8.28 0.43 0.013

and theoretical results, the immediate migration velocity per sec-
ond is used.

Fig. 4 shows the typical results of droplet migration on a
stainless steel surface induced by a thermal gradient of Ty =
120 °C. As the scatter diagram shows, the experimental immedi-
ate migration velocity is initially rapid, slows gradually, and
finally diminishes near zero. The solid line presents the theoret-
ical migration velocities with the consideration of the contact
angle hysteresis effect. Note that the predicted values coincide
with the experimental data well. When ignoring the hysteresis
effect, all of the results are slightly larger in magnitude, as shown
by the dotted line. This finding reveals that involving the contact
angle hysteresis effect in the theoretical derivation makes the
results more reasonable.

To further validate the theoretical description, detailed compar-
isons between the experimental and theoretical results under dif-
ferent experimental conditions are compared and exhibited in
Fig. 5. As the scatter graph in Fig. 5a presents, when Ty = 120 °C,
the initial experimental migration velocity on the stainless steel
surface is about 1.6 mmy/s, and it decreases quickly as the migra-
tion progresses. While for the theoretical velocity, as the line graph
presents, it is slightly different with the experimental velocity at
first, and in accordance with the experimental data as time elapses.
The predicted results of the migration velocities on the silicon and
aluminum oxide surfaces coincide with the experimental results
well. Nevertheless, a minute difference exists at the beginning,
which lasts for approximately 3.5 s.

When Ty, = 150 °C, as shown in Fig. 5b, generally, a higher ther-
mal gradient yields a faster migration velocity. The theoretical pre-
dictions are in accordance with the experimental results, both
decrease rapidly in the beginning and approach zero gradually. A
similar discrepancy exists at the beginning of the trail. As the ther-
mal gradient increases, the initial discrepancy takes approximately
7 s to disappear.
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Fig. 4. Typical result of droplet migration on a stainless steel surface induced by a
thermal gradient of Ty, = 120 °C.
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Fig. 5. Comparison between the experimental and theoretical migration results on
different material surfaces of stainless steel, silicon and aluminum oxide induced by
thermal gradients of (a) Tw =120 °C and (b) Ty, = 150 °C.

3.4. Further discussion

In the present 2D model, we established an appropriate force
balance at the advancing and receding edges of the droplet. Three
forces act on the droplet: the viscous resistance force, the lateral
retention force and the unbalanced Young force. Since the variable
component of h at the rim is much lower than the constant compo-
nent, we substitute a constant h into the derivation of the viscous
resistance force. As the migration progresses, the advancing edge
of the droplet wets forward, while the receding edge dewets.
Therefore, the contact angle hysteresis effect is inevitably involved.
Consequently, the lateral retention force always exists at the
curved part of the rim, inducing a resistance to the motion.
Although Tadmor's recent research [24] proposed the understand-
ing of this lateral retention force, we employ a simplified equation
(Eq. (7)) in the theoretical derivation [33,34], which makes the pre-
diction of the migration velocity relatively easy to realize. The the-
oretical results shown in Fig. 5 conform to the experimental data,
however, slight differences exist due to the factors described next.

First, the initial stage of the migration procedure is somewhat
complicated. As the droplet (5 plL) placed on the solid surface is
subject to a thermal gradient, it spreads to wet the surface rapidly,
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which means that the initial velocity is composed of two parts: the
wetting velocity and the migration velocity. In the current model,
we do not consider the wetting behavior. Moreover, the velocity
rapidly increases to its maximum quickly and slows down gradu-
ally, indicating that treating the acceleration and deceleration
phases as a quasisteady process in the calculation may cause
errors. That is the main reason differences exist at the beginning,
as the shaded rectangular area shown in Fig. 5. Serval numerical
studies have demonstrated that the velocities increase markedly
from zero to the local maximums within several seconds (<2 s in
Ref [35] and <3 s in Ref [36]). A higher initial temperature yields
a faster migration velocity, which means that the acceleration
phase will be longer. This finding explains why the shaded part
in Fig. 5b is larger than that in Fig. 5a (the initial temperature in
Fig. 5b is higher).

Second, the advancing and receding contact angles simultane-
ously decrease with the increasing temperature. This variation is
difficult to measure and is not taken into account in the theoretical
calculation. Third, there is a small amount of residual oil leaving
along its trajectory, and the migration velocity is affected since
the droplet volume decreases lightly. A 3D model can be employed
for more precise predictions at the expense of additional complica-
tions in the derivations and treatment.

The liquid viscosity is also an influencing factor since it
decreases with increasing temperature. From the thermography
shown in Fig. 1b, the thermal conductivities of these four materials
are different, indicating that in reality, the temperatures of dro-
plets on different materials are different. For the thermocapillary
migration of a droplet, the surface tension force is the dominant
driving force, so the temperature dependence of surface tension
is introduced. The paradox is that taking the temperature viscosity
effect into consideration will double the error, since the tempera-
ture of the droplet is assumed to be the same as the substrate.
Ignoring the temperature viscosity effect will also cause the theo-
retical result to not fit the experimental data well. That issue may
also be the original source of the errors.

Generally, the theoretical model presented in this study pro-
vides a relatively accurate prediction of the migration velocity
based on several assumptions and simplifications. The proposed
theoretical derivation is of potential importance in mechanical sys-
tems associated with thermal gradients, where liquid lubricants
are needed to wet the rubbing surfaces and, alternatively, restrain
at the contact area. Measuring the advancing and receding contact
angles may help to elucidate the migration capacity of different
materials and correspondingly design the key components.

4. Conclusions

By involving the contact angle hysteresis effect, the thermocap-
illary migration of liquid droplets is investigated experimentally
and theoretically in this study. Previous researches [13], [14],
[15], [18] revealed that the migration model can be specific by
the balance of the interfacial tension force originating from a
thermal gradient and viscous resistance force. Relevant studies
[22-24], [25] note that the contact angle hysteresis effect brings
in a lateral retention force that acts on the droplet impedes the
motion while on a surface. Hence, we further hypothesize that
the interfacial tension force can be balanced by the viscous resis-
tance and the lateral retention forces. By conducting migration
experiments on surfaces with different magnitudes of the hystere-
sis effect, the validity of the theoretical derivation is verified. This
study advances the understanding of the interface phenomenon of
droplets migration. More importantly, for mechanical systems
encountering thermal gradients, when liquid lubricants are needed
to wet the rubbing surface and alternatively, restrain the contact
area, the theoretical derivation can offer an insight into the

migration capacity of different materials and provide a guidance
to design the key components.
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