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Drops placed on a horizontal flat surface can be made to move by applying a temperature gradient along the surface, so that one end of the surface is warmer than the other. A cross-sectional diagram of a drop resting on a solid surface on which a thermal gradient has been imposed is shown in Figure 1. Drops on a thermal gradient will typically move from the warm side to the cold side. This occurs because there are two forces pulling on each element along the surface of the drop. The forces originate from surface tension, and are represented by γcold and γwarm on Figure 1. The warmer tension (γwarm) is weaker than the cooler one (γcold) and this net imbalance exerts a force on the liquid near the surface. This is turn creates a flow just under the surface, which is represented by the loop with arrows in the figure. The flow near the solid surface is from left to right, and it exerts a force on the solid surface as shown in Figure 1 pointing to the right. By Newton’s third law, the solid in turn exerts a force on the drop pointing to the left in the figure; it is this force that causes the drop to move. 
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Thermal gradients have several potential uses. They can be used to move small amounts of liquid, without the need for channels or directly pumping the liquid. Possible applications include medical (a “laboratory on a chip”) or microgravity settings (since motion of small drops on the gradient is independent of gravity). There are also possibilities wherever only a small amount of liquid needs to be moved.

Experiments were conducted on drops moving on a solid surface under the action of thermal gradients by Brzoska et al. (1993) using poly[dimethylsiloxane] (PDMS) drops on a silanized silicon wafer. Brzoska et al. observed that large (radius of 8mm) drops appeared to deform, and a linear region appeared parallel to the thermal gradient on the sides of the drop. This study also found that there was a critical drop size, below which drops of a particular liquid will not move. In addition, the authors showed that the velocity of a drop decreased as its viscosity increased. Chen et al. (2005) conducted some experiments with straight chain alkanes, again using a silanized silicon wafer as the experimental surface. The authors fitted experimental data to a model. Chen et al. also found clear evidence of contact angle hysteresis. Hysteresis is the phenomenon wherein the advancing side of the drop will have a different contact angle with the surface than the receding side. In the case of motion along a thermal gradient, the advancing side of the drop is the front, and the back of the drop is the receding side. The effect of hysteresis is to prevent drops below a certain critical size from moving in a given temperature gradient. Hysteresis also reduces the speed of a drop. Both Brzoska et al. and Chen et al. showed that surface uniformity and cleanliness is quite important. Lastly, experiments were conducted by V. Pratap (a Masters of Science student at Clarkson University) on glass slides coated with PDMS. These PDMS-coated glass slides were placed on top of another ordinary glass slide that was in thermal contact with a steel block. Fluid from two separate baths was circulated in each of two chambers on opposite sides of the steel block, to independently heat one side and cool the other side of the block. Interior temperatures of the block were measured using thermocouples inserted from the underside of the block. Images of the drops were taken using an overhead CCD camera connected to a computer capable of capturing and recording images. V. Pratap acquired velocity data on decane, and then compared this data to predictions made from a model for thermocapillary motion. These experiments with decane indicated that velocity decreased as the drop moved along the gradient (as viscosity increased with decreasing temperature), and there was little deformation. V. Pratap also conducted a few experiments with hexadecane and squalane, and noticed some anomalies with the latter.
In the present study, experiments with squalane were conducted using the aforementioned PDMS-coated glass slides as substrates, using the same apparatus as V. Pratap. These surfaces were prepared by first thoroughly cleaning glass microscope slide covers and then spin coating the surfaces with poly[glycidyl methacrylate] (PGMA). After heating to cure the PGMA, the surfaces were rinsed, and then the PDMS was applied. The surfaces were then heated again, this time to cure the PDMS, and then they were rinsed of the excess PDMS and stored in centrifuge tubes until use. The drops were introduced on the surface using a microliter syringe. Images were typically taken at a frame rate of one image every ten seconds (0.10Hz). The positions of a particular drop were then extracted from the images taken as it moved along the surface using software capable of locating the edge of the drop. Velocities were acquired by fitting a small number of points with a straight line and taking the slope of this line. These images were also examined for shape deformation.
[image: image1]The drops of squalane on the thermal gradient did not behave like other liquids and in the manner expected. When placed on a gradient, drops of decane and hexadecane, once they have begun moving and reach their maximum velocity, began to slow as they traveled. Squalane drops, however, actually accelerate as they travel along the thermal gradient, which is counterintuitive. The reason why they do this is not known at this time, since they should slow down because the viscosity of the liquid increases as a drop moves into the colder region. Even more intriguing is the manner in which a drop of squalane will deform as it travels. The footprints of squalane drops on the thermal gradient are not circular, rather resembling an egg shape, as shown in Figure 2. A circle is overlaid on the image to give an idea of the level of distortion of the drop’s shape. A drop placed on the experimental surface when no thermal gradient was applied was found to be approximately circular. The distortion of the drop in the experiments was measured by finding the aspect ration of the drop, which is the ratio of the diameter of the drop parallel to the gradient (in Figure 2 that would be horizontally across the page) to the diameter of the drop perpendicular to the gradient (in the vertical direction in Figure 2). A perfect circle would have an aspect ration of 1; at this point in its motion, this drop has an aspect ratio of 1.12, meaning the drop is stretched along the direction of the gradient (apparent in Figure 2). This image was taken at the end of the drop’s motion, as it was just about to reach the edge of the experimental surface. It is important to note that the aspect ratio changes as the drop moves. The reason for this is not known at this time; it is speculated that the observed deformations arise both from the variation of contact angle with temperature, and the flow-induced shape distortion of the drop. There does appear to be a correlation between drop radius and aspect ratio. It appears that as the drop radius increases, the minimum aspect ratio also increases.
Further research into this area would be warranted, as the behavior of squalane on a PDMS-coated glass surface placed on a thermal gradient is atypical. It is difficult to say exactly what is causing this, which is the reason additional research is warranted. Additional experiments could be conducted over a wider range of conditions, and increase the breadth of the experimental data acquired. Understanding this phenomenon better could help to improve the abilities to model other liquids on a thermal gradient.
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Figure 1: A drop on a horizontal thermal gradient.
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Figure 2: A drop of squalane on the thermal gradient with a circle drawn as reference.
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