Behavior of Drops Undergoing Thermocapillary Motion on a Solid Horizontal Surface

Christopher Gilbert

Department of Chemical & Biomolecular Engineering

Clarkson University

The motion of drops on solid surfaces is commonplace and easily visible in the everyday world. A drop running down a window after a rainstorm is an example. Normally gravity plays a role in the motion of drops (pulling the drop down the vertical window plane, for example). However, if the surface on which the drop rests is horizontal, then gravitational forces will not cause the drop to move in any one direction preferentially. There are several practical applications where a drop would need to be propelled across a horizontal surface. An example of these applications is a microchip laboratory. These “labs on a chip” can perform many chemical processes, such as mixing, separations, and reactions at an exceedingly small scale (Chow, 2002; Stone and Kim, 2001). These microchip laboratories could be used in the pharmaceutical, aerospace, automotive, and biomedical industries.
A thermal gradient can move drops across a horizontal surface with other applications besides just the microchip laboratory. This method of moving drops involves creating a temperature difference along the length of the surface, potentially eliminating the need for pumps to move small drops on flat surfaces. A thermal gradient would be useful in a situation where the vibrations associated with a pump need to be minimized. In addition to the lab on a chip application, since the motion of the drops is not directly dependent on gravity, a thermal gradient can propel these drops in a microgravity environment. This could be useful for heat transfer in a microgravity environment, where a thermal gradient could remove condensate from a surface, regardless of orientation, improving heat transfer coefficients.
A drop of fluid resting on a surface will typically move from the warm side to the cold side when a thermal gradient is applied to that surface. This phenomenon is known as thermocapillary motion, and arises from the dependence of surface tension (γ) on temperature. Surface tension is the property of liquids that causes a liquid drop to assume the shape with the smallest surface area per unit volume. In the absence of any outside forces, a freely floating drop of liquid would assume the shape of a sphere, since this shape has the smallest surface area for a given volume. Surface tension decreases as temperature increases; this creates an imbalance between the forces pulling at each area element along the surface of the drop (Figure 1). This imbalance between forces causes a flow just beneath the surface of the drop. The liquid circulates throughout the drop, including the bottom of the drop where it is adjacent to the solid surface. Here the liquid pushes against the surface, in the direction of cold to warm. Because the solid surface is fixed in position and because it pushes back (due to Newton’s Third Law), the drop moves towards the cold side of the surface. In theory, the farther the drop moves toward the cold side, the slower it should move, since its viscosity increases as the temperature decreases. Also, the steeper the thermal gradient, the greater the velocity of the [image: image1.wmf]Time (sec)
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drop should be. 
Previous experimentation has been performed with drops placed on a thermal gradient. Bouasse (1924) conducted some of the first experiments using the idea that drops move from warm to cold regions on a surface. This author placed a drop on an inclined wire, and then heated the bottom end of the wire. The drop was observed to move up the wire. Brzoska et al. (1993) used poly[dimethylsiloxane] (PDMS) drops on a silanized silicon wafer and conducted the first detailed experimental investigation of drops moving on a solid surface under the action of thermal gradients. They observed that drops with an approximate footprint radius of 8mm appeared to deform, elongating in the direction parallel to the thermal gradient. These authors also found that, for a give thermal gradient, there was a critical drop size, [image: image2.wmf]Time (sec)
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below which drops of a particular liquid would not move. In addition, the authors showed that the velocity of a drop decreased as its viscosity increased. Pratap et al. (2008) observed the motion of decane drops on a PDMS coated glass cover slide subjected to a thermal gradient. These authors captured images of the drops as they moved, which allowed them to determine the velocity of a given drop as a function of position along the solid surface. They found that decane drops also decelerated as they moved from the warm end to the cold end of the surface to which the thermal gradient was applied. In addition, the aspect ratio, defined as the ratio of the diameters of the drop parallel and perpendicular to the thermal gradient (Figure 2), was investigated. For drops of decane, the aspect ratio was found to decrease from unity by about 10% with increasing capillary number (a dimensionless derived quantity: velocity multiplied by viscosity divided by surface tension). Pratap (2007) also observed the behavior of decane, hexadecane, and squalane drops moving on a thermal gradient. Drops of hexadecane exhibited behavior similar to that of the decane drops, except that Pratap (2007) observed that the aspect ratio remained relatively constant and close to unity as the capillary number varied. Hexadecane drops also moved slower than decane drops of equivalent size. Pratap (2007) also compared the observed drop velocities with those predicted from a theoretical model. However, this model did not adequately predict the motion of the hexadecane & squalane drops.
The data contained in Pratap (2007) on hexadecane were limited to thermal gradients of 1.02K/mm to 2.78K/mm. In the present work, the motion of hexadecane drops on PDMS-coated glass slides similar to those used by Pratap (2007) is being studied, except that the surfaces used in the present study do not have the poly[glycidyl methacrylate] (PGMA) anchoring layer for the PDMS polymer, which was the case in the study of Pratap (2007). In addition, a second objective of the present study is to extend the observations to larger temperature gradients than those achieved in Pratap (2007). This was accomplished by applying temperature differences similar to those used by Pratap (2007) over shorter distances in a newly designed and built experimental stage. These data are still in the process of being gathered, making it difficult to draw any conclusions from them at this point. However, the data will eventually be examined to see if there are clear correlations among the position of a drop, its velocity, or its aspect ratio. A representative position versus time plot is shown in Figure 3. In addition, the data that are gathered will be compared to prediction from a model developed by Pratap et al. (2008). Any correlations or lack thereof will be analyzed and discussed.
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Figure 1: A cross-sectional view of a drop on a horizontal thermal gradient.
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Figure 2: The aspect ratio of a drop (AB/CD).
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Figure 3: Position vs. Time plot for a hexadecane drop moving on a thermal gradient. The zero position is arbitrary and may be set at any convenient point.
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