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Thermocapillary Effect of a Liquid Plug in Transient Temperature Fields
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In this paper we present the theoretical and experimental results of thermocapillary effects of liquid plugs in a long capillary,
which is exposed to a transient temperature gradient. A one-dimensional analytical model is formulated for the dynamic
behavior of a liquid droplet, which is driven by the thermocapillary effect under a transient temperature field. The
thermocapillary actuation concept can be used for liquid transport in microfluidics. In microfluidic applications, the
temperature field is often induced by the activation of integrated heaters. The generated temperature field and temperature
gradient drive a liquid droplet according to the temperature-dependent surface tension. In the initial stage, the transient
temperature gradient spreads in the capillary wall much slower than the droplet itself, and thus leads to an interesting behavior
of droplet motion as described in this paper. Experiments were carried out for liquid droplets with different viscosities in long
glass capillaries with different radii. The capillaries are exposed to a resistive heater at one of its ends. The analytically

predicted behavior of the droplet motion agrees qualitatively well with the measurement.
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1. Introduction

Recently, microfluidics has been emerging as a key
technology for biochemical analysis. Typical microfluidic
applications utilize microdevices for liquid transport, mix-
ing, separation, and chemical analysis. From many existing
concepts, manipulation of microdroplets promises a huge
potential in microfluidics. Pollack et al. proposed a droplet
transport concept based on electrowetting, where surface
tension is controlled by applied voltages.” Another way of
manipulating surface tension is utilizing the effect of
thermocapillary. The temperature dependency of surface
tension of a liquid/gas/solid system causes this effect.
The viscosity and surface tension of a liquid decrease
with increasing temperature. A gas bubble moves against
the temperature gradient toward a higher temperature
[Fig. 1(a)]. A liquid plug moves along the temperature
gradient toward a lower temperature [Fig. 1(b)]. These
phenomena are also called Marangoni effects. In practical
applications, the temperature gradient can be generated
using integrated heaters.

The motion of a droplet on a flat surface was previously
investigated.” Recently, this actuation concept found re-
newed interests from the microfluidics community.>® In
these studies the dynamic behaviors of a droplet in a
temperature field, such as the characteristics of droplet
velocity versus its position, were examined. In addition to
the simulation studies carried out by Darhuber et al. and
Tseng et al., no analytical theory was established for the
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Fig. 1. Movement of a gas bubble (a) and a liquid plug (b) under the
thermocapillary effect.
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dynamic behavior of these droplets.>* In the past, a theory
was reported for droplet motion caused by electrowetting.®
Heat transfer inside a thermocapillary droplet was studied by
Sammarco and Burns.” Yarin er al.” reported a complex
analytical model for the motion of droplets surrounding a
thin fiber with a temperature gradient and a temperature
jump as the initial conditions. However, to the best knowl-
edge of the authors, no study was carried out on the dynamic
behavior of a liquid plug inside a capillary under a transient
temperature field. In this paper, we consider the one-
dimensional model of a small liquid droplet in a cylindrical
capillary. The model consists of two governing equations
describing the spreading of thermal field in the capillary and
the motion of the liquid plug.

2. Theory

2.1 Transient temperature distribution in the capillary

At a relatively low heater temperature, heat radiation can
be neglected. The energy equation for heat transport in the
capillary wall can be formulated using heat conduction and
free convection as

T *T  2h
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where T is the temperature difference compared to the
ambient temperature, R, is the outer diameter of the
capillary, o, p, and ¢ are the thermal diffusivity, density
and specific heat capacity of the capillary material, respec-
tively. The initial and boundary conditions of eq. (1) are
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where L., ¢, and k are the length of the capillary and the
heat flux and heat conductivity of capillary material,
respectively. By introducing the dimensionless variables
T* = T/(¢'Lc/k), x* = x/Le, t* = t/(L2a) and
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where h = 0.631k,/(2R,) is the heat transfer coefficient on
the outer capillary surface,” k, the thermal conductivity of
the capillary material, and k,, the thermal conductivity of air,
the dimensionless energy equation is expressed as:

or r T o7 3
o ox*?
with the following dimensionless boundary conditions
Ff=0: T"(x) =0
dT*
*>0: X =0, dx*:—l 4)
=1, T*=0,

The solutions of the dimensionless temperature and temper-
ature gradient are
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Figure 2 depicts the typical dimensionless temperature and
temperature gradient along the capillary.
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2.2 Dynamic behavior of a liquid plug in a horizontal
cylindrical capillary
Figure 1(b) shows the model of a liquid plug in a
cylindrical capillary. The surface tension is a function of
temperature, which in turn is a function of position x if a
weak thermal interaction between the plug and the capillary
can be assumed

01g(T) = fIT(x)] = g(x) = 015(x) ®)
The simplest model for the friction between the liquid plug
and the capillary wall is the Hagen-Poiseuille model:
dp 8w dx
dr R dt’
where R is the radius of the plug and u is the dynamic

viscosity of the liquid. The force equilibrium of the liquid
plug can be expressed as
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Fig. 2. Dimensionless analytical solution of (a) transient temperature

distribution and (b) transient distribution of the temperature gradient
along the capillary.

where L, 6, und 6, are the length and contact angles at the
receding and advancing ends of the liquid plug, respectively.
By introducing the velocity u = dx/dt, rearranging (10) and
introducing the kinetic viscosity v = u/p, the governing
equation for the liquid plug is

W (32t 2 (o + Dcos
— — S cos 6,
ar O \R)" T pRL'TEY (1)

— ojg(x) cos 6] = 0.

The three terms on the left-hand side of the above equation
represent the acceleration, the friction and the surface
tension, respectively. For a small temperature range, the
surface tension can be assumed as a linear function of
temperature:

015(T) = o150 — Y(T — Tp), (12)
where o1y is the surface tension at the reference temperature
Ty. The temperature coefficient y can be determined from
the temperature function of the surface tension values.

The solution for the velocity u is:

—Bl A 13
u =1 = exp(-AD). (13)

with:
8v

AZE,

B = % [—01g(x) cos O, — 015(x + L) cos 0, ],
The time, position, and velocity can be nondimensionalized
according to the previous section using * = t/(L?/a), x* =
x/Le and u* = u/(L./@), respectively. The reference velocity
uy = L./« can be considered as the diffusion speed of the
temperature. Assuming the same contact angle at the
receding and advancing ends 6 and a short liquid plug
L < L., the dimensionless form of (11) is
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The temperature gradient d7%/dx* is obtained using
eq. (6). The solution for the dimensionless velocity u* is

*

B
ut = yr [1 —exp(—A*r*)] (15)
with
. 8 v . 2 L¢q dr*
A" = -, B =— y cos(0) —,
R*2 o R* pka? dx*

where R* = R/L. is the dimensionless capillary radius.
Based on eq. (15), the dynamic behavior of the liquid plug
can be divided into two periods: the acceleration period and
the stabilizing period. The acceleration period is determined
by A*, while the stabilizing period is determined by B*. A
less viscous plug will accelerate faster and reach a higher
velocity initially. Since the liquid plug initially moves faster
than the thermal diffusion, which is represented by Lc/«, the
velocity then decreases due to the lower temperature
gradient.

3. Experiments

3.1 Experimental setup

A measurement system was established for the observa-
tion of the dynamic behaviors of silicone oil plugs in a
cylindrical capillary. The capillaries (Sigma-Aldrich) are
made of glass and 14cm long. Using a capillary wall
thickness of 200um, different inner radii of 1.26 mm,
1.55mm, and 1.78 mm can be selected. One end of the
capillaries is heated using a resistive wire. The resistive wire
is made of nickel/chromium alloy (Ni80Cr20) (Goodfel-
low), which has a diameter of 125 um. The wire is insulated
using a 8-pum-thick polyimide layer. The heater consists of
eight turns and is about 3mm long. The capillary is
suspended in a frame made of acrilic glass. The distance
between the heater and the fixed end is L. = 10cm. The
motion of the plugs is captured using a digital CCD camera.
The frame rate of the camera can be selected to suit the
droplet speed. The image capturing process and the
activation of the heater are synchronized using an external
switch. The actual experimental setup is shown in Fig. 3.

Silicone oils, PDMS (polydimenthylsiloxane, Sigma-
Aldrich), were used as test liquids, which have different
viscosities but almost the same surface tension. Three
different oils, —Si(CH3),0— (v = 10cSt, p = 930kg/m?), —
C;HgOSi— (v = 100cSt, p = 960kg/m?) and —Si(CH;3),0-
(v =1000cSt, p = 970kg/m?), were used. The position of
the droplet was evaluated frame by frame using a custom-
ized program written in MATLAB. The typical images of
the captured frames are shown in Fig. 4.

3.2 Experimental results and discussion

According to the actual experiments, an initial plug
position of xj = 0.005 was used in the analytical results
discussed in this section. The measured contact angle of 25°
was also used in the analytical model. The results of the plug
position versus time are depicted in Fig. 5. Figure 5(a)
shows the theoretical position of liquid plugs at the same
heat rate ¢’ but with different viscosities of 10cSt, 100 cSt,
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Trigger signal input'

Vieater Control computer

Fig. 3. Experimental setup for characterization of the dynamic behavior
of a liquid plug in a capillary under a transient temperature field.

Heater Silicone oil 10¢St

Fig. 4. Images of the captured frames after switching on the heater: (a)
t=0s,(b)t=2s,and (c) t =4s.

and 1000 cSt. The only fitting parameter is the heat rate ¢'.
For the theoretical results, the properties of the glass
capillary are assumed as p = 2500kg/m?, ¢ = 750J/m?,
and k = 1.4 W/mK, while the thermal conductivity of air is
assumed as k = 0.0261 W/mK. The dynamic behavior of the
plugs can be seen clearly in Fig. 6, which depicts the
theoretical and experimental results of velocities versus
positions. The measured velocities were evaluated based on
the original data of the position-versus-time measurement
depicted in Fig. 5(b).

The two periods of the initial behavior can be observed
clearly in Fig. 6. After an acceleration period, the liquid plug
decelerates due to the lower temperature gradient. The
acceleration period is determined by A* in eq. (15) or the
ratio v/« between the kinematic viscosity (momentum
diffusivity) of the liquid and the thermal diffusivity of the
capillary material. The stabilizing period is determined by
B* or the heat transfer in the capillary wall as modeled in
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Fig. 5. Position of liquid plugs with different viscosities after switching
on the heater (r* > 0): (a) theoretical results, and (b) experimental results.
The data points are measured results. The lines are fitting functions based
on the presented analytical model (initial position: xo = 0.5 mm; proper-
ties of the glass capillary: p =2500kg/m>, ¢ =750J/m>, and k =
1.4W/mK; property of air: k= 0.0261 W/mK). The only fitting
parameter is the heat flux ¢ = 909.5 W/m?, which was chosen for the
droplet with a viscosity of 10cSt. The same heat flux is applied to
droplets with viscosities of 100cSt and 1000 cSt.
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Fig. 6. Velocity of liquid plugs with different viscosities at different
positions: (a) theoretical results, and (b) experimental results (the same
conditions as those in Fig. 5 apply).

eq. (3). A less viscous drop accelerates faster and reaches a
higher velocity initially. The velocity then decreases and
approaches the steady state condition.

A smaller capillary radius R* leads to a higher B* in
eq. (15), and thus a higher velocity. Although v/« in A* and
R* in B* have the same order of influence on the velocity, the
difference caused by v/« can be observed clearly because of
the 2 and 3 orders of the difference in viscosity. In the case
of the capillaries used in our experiments, radii have the
same size order, thus the difference caused by the capillary
radius is not apparent in Figs. 7 and 8.

4. Conclusions

We have reported a simple analytical model for the
transient behavior of a liquid plug in a cylindrical capillary,
which is subjected to a transient temperature field. The
initial condition of the temperature field exists in many
practical microfluidic devices for the manipulation of

23

Fig. 7. Position of liquid plugs with different capillary radii after
switching on the heater (> 0): (a) theoretical results, and (b)
experimental results (the same conditions as those in Fig. 5 apply).
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Fig. 8. Velocity of liquid plugs with different capillary radii at different
positions: (a) theoretical results, and (b) experimental results (the same
conditions of Fig. 5 apply).

droplets using thermocapillary effects. A liquid plug in a
capillary first accelerates to a maximum velocity under the
influence of the temperature gradient near a heater after
switching it on. Because the thermal diffusivity is lower than
the initial velocity of the plug, the plug moves out of the
high-gradient region and decelerates. The predicted behavior
agrees qualitatively well with the measured results. The
model can be further improved using the lubrication theory
for the friction term in eq. (9) and a temperature-dependent
viscosity. This model can serve as a tool for designing
microheaters and heating sequences for microfluidic actua-
tion by the modulation of surface tension.”
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