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The effect of varying temperatures on the contact angle of a drop on a surface has not been studied in great depth. The research that has be done has mostly been as an indirect experiment as part of some other research inquiry, as in the case of de Ruiter et al. (1998). In this case, it was suggested that there was some dependence of contact angle on temperature, although the primary focus of the research was on dynamic (moving) contact lines rather than static (stationary) ones. This particular topic is of interest to assist with determining a mathematical model for drop motion on a thermal gradient, a research project being pursued by one of us (V.P.), for his Master of Science thesis.
Moving drops around on a surface can have several practical uses. Both chemical and thermal gradients can move drops, but the thermal gradient may prove to be more useful because it does not require any chemical modification to the surface before use. Gradients could have uses in medical analysis machines analyzing a small amount of liquid, removal of debris in an inkjet printer, or possibly in microgravity situations (Moumen 2006).
A drop of fluid resting on a surface will form a certain shape due to surface tension. Surface tension is a measure of the energy required to create a new surface at an interface between two liquids, a solid and a liquid, or a liquid and a gas. It is often represented by the Greek letter gamma, γ. Because of surface tension, a liquid assumes a shape with as little surface area as possible.
When a drop of liquid is placed on a surface, it will either spread or bead up until it reaches equilibrium. The angle that is formed between the edge of the drop and the surface is known as the contact angle, as shown below:





The contact angle, θ, is formed because there is a balancing of forces. There are three forces active at the point where the solid, liquid, and the gas meet. In this diagram it appears that the three phases and forces only meet at a point, but this contact occurs all around the edge of the base of the drop, and the locus of the contact points is called the contact line. One of these forces is caused by the surface tension between the solid and the gas, represented by γSG. This surface tension is usually the strongest of the three surface tensions in this case, and the force arising from it points to the right. The second of these forces points to the left, and is caused by the solid-liquid surface tension (represented by γSL). The third of the these forces, which contributes a component to balance the other two, is due to the surface tension between the liquid and gas phases. It is represented by γLG. The forces at the contact line of a static drop are in balance, and the equality can be expressed by the Young equation (developed by Thomas Young): 
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 (Moumen 2006).
Drops can be made to move along a solid surface by using a gradient of some type. On a wettability gradient, a drop of a hydrophilic (water-loving) substance will move from the hydrophobic (water-hating) end to the hydrophilic end, from increasing contact angle to decreasing contact angle. This is due to the fact that the total energy of the system is at a minimum when the drop is at the hydrophilic end of the gradient (Moumen 2006). On a thermal gradient, the drop will move from the warm side to the cool side. It does this because liquid-gas surface tension is affected by temperature. As temperature increases, surface tension decreases, and vice versa. On each area element at the liquid-gas interface, there are two forces pulling in opposite directions trying to reduce the surface area of the drop. Since surface tension decreases with increasing temperature, the tension pulling in the cold direction (γcold) is stronger than the one pulling in the warm direction (γwarm)). This results in a flow around the edge of the drop, as shown below. This flow pushes against the surface under the bottom of the drop and the reaction force from the surface pushes the drop along the thermal gradient. If temperature affects contact angles, then the two sides of the drop could have different contact angles. This could introduce an additional force on the drop. Therefore, it is important to know if different temperatures will lead to different contact angles.




Determining if there is a thermal effect on equilibrium contact angles cannot be done on a thermal gradient. This must be done on a separate experimental setup, which was assembled for this research project. This setup consists of a stage, primarily a hollow block that is connected to a temperature controlled bath. Therefore, the block can be maintained at any desired constant temperature within the operational range of the bath. The experiments are carried out on top of this block. The stage can be moved in any direction and can be imaged using overhead and side-view video cameras. The side-view camera is used in contact angle analysis, whereas the purpose of the top-view camera is to roughly estimate the size of the drop and ensure that it is nearly circular. Three thermocouples (temperature sensors that use thermal effects on voltage to obtain temperature) were inserted into the side of the block. The top of the block is backlit with fiber optic lighting, with a diffuser between the light source and the block. For the purpose of taking pictures with the top-view camera, a separate fiber optic light source lights the drops from above. The drops are introduced using a microliter syringe.

Once a drop is on the surface and all parameters are set, the image of the drop is captured by the side view camera. This image is then analyzed by edge detection software which detects the gradient between the light and dark sides of an edge. The profile that is generated is then fitted with a third degree polynomial, and the contact angle of the drop is obtained by evaluating the inverse tangent of the derivative of this polynomial at the coordinates of the contact line. As the number of points used for the evaluation is varied, gradually varying results for the contact angle are obtained. There will typically be a number of points where the angle plateaus and the variations are minimal for a short window. The value of the measured angle in this plateau is taken to be that of the contact angle. This is typically found around 130 points. This approach was developed by Bateni et al. (2003).
Once the data on a variety of liquids on different surfaces are analyzed, it is hoped that there will be a clear indication whether or not contact angles are significantly affected by temperature. This research and analysis will be of use in eventually modeling the movement of drops on a thermal gradient.
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