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Abstract
This work explores the phenomenon of a micro-liter droplet moving on a surface subjected to a temperature gradient by numerical simulations.  First principle equations similar to homogenous flow model used in two phase flow calculation in cooperation with Volume-of-Fluid (VOF) interface tracking methodology and Continuum Surface Force (CSF) model are employed. The computations are employed for an 1 (( droplet with 1.6 mm curvature radius and 45° contact angle on based surface under temperature gradient of 20°C/m.  The computational results illustrate that Marangonic effect drives the droplet moving toward cold region with the speed of 4 cm/s after droplet forms a shape with a blunt tail and a sharp nose.  This study suggests an option for energy conversion from thermal energy to kinetic energy by the use of surface tension force.

1. Introduction
Miniaturization of engineering system is an emphasis in the recent years, study of microscale phenomena and the transport of mass, energy, and/or charge is important in designing new devices.  As the system gets smaller, surface properties play more important roles.  Identifying micro/nano energy source, micro-scale energy conversion, as well as controlling small liquid droplet movement, etc. are of interest. This work proposes the conversion from thermal energy to kinetic energy of a tiny liquid droplet via the application of the temperature gradient on the base of the droplet.  Temperature heterogeneity inside the liquid droplet is constructed resulting from heat transport from the temperature heterogeneity on the based surface.  The surface tension caused by the Marangoni effect may lead to a tangential stress at the droplet interface and pushes the droplet from the warm region (low-surface tension) to the cold region (high-surface-tension).  There are various means to move the tiny droplet such as Marangoni effect [1], pressure difference applied across a droplet [1], electrostatic traveling wave [2], or asymmetrically structured surfaces [3].  Computational models for the possible mechanisms are always the fast way to obtain basic understanding and physics.  Furthermore, the droplet movement by Marangonic effect has been introduced and observed by Wasan et al [4] and Daniel et al [5]


In the present study, solving first principle equations is the key to simulate the movement and deforming process of the droplet numerically so that the unnecessary assumptions and simplifications can be eliminated.

2. Numerical Simulation Approach

Present study chooses Volume-of-Fluid (VOF) method [6,8] for two phase homogenous flow model [10] and the interface tracking technique in cooperation with CSF surface tension model [7].  Under the assumption of incompressibility, the volume fraction F obeys the continuity equation:
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where Um  is the velocity of the liquid-gas mixture.

The conservation equations of mass and momentum are the first principle equations to be solved, and they must be incorporated with PLIC-VOF Interface Tracking Methodology to capture the interface.  The equations can be expressed as follows: 

Continuity equation
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Momentum equation
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 in Eq.(4) is the volumetric surface tension force which can be calculated by CSF (Continuum Surface Force) model [9] as follows:
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 is the surface tension per unit interfacial area, 
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 is the surface data function, 
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 is the surface tension coefficient, 
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 is the unit normal vector estimated from volume fraction gradient 
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, is the important key for the accuracy of interface tracking algorithm..  The interface is determined employing PLIC-VOF Interface Tracking Methodology [2,3].  At any point, 
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(6)        
The least square gradient that minimize the sum of square Taylor serial expansion of volume fraction minus other neighborhood volume fraction, 
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, is applied to achieve second order accuracy of calculating
[image: image17.wmf]F

Ñ

 in space.  For a given constant c, the truncation volume that the fraction of cell volume truncated by interface can be derived from the interface equation Eq. (6) by a complicate geometric manipulation.  However, the constant c is approximated by equivalent the truncation volume to the volume fraction of the cell.  An iteration procedure of c is required for resolving the interface location that reconstructed the interface from the volume fraction of the cell.  Once the interface is depicted, the volume fluxes and the integrated of volume fraction in can be calculated with the time marching technique.  Recently, Wang et al [11] robust the PLIC-VOF method by separating the pressure gradient term for an interface cell into liquid and gas components so that the non-physical “parasitic current” can be eliminated
3. Results and Discussions
It is a 3-D simulation giving detailed, quantitative parameters; however, tremendous grid numbers are needed for accurate computations.  Two grid systems are employed to check the grid-independency and the reliability of the computational results for an 1 (( droplet with 1.6 mm curvature radius and 45° contact angle on based surface under temperature gradient of 20°C/m: (1) rectangular grid of 66(21(15 points (Fig.1), and (2) finer rectangular grid of 138(31(21 points (Fig.2).  Figure 3 plots the ratio of the droplet base diameter (D) during process and initial droplet base diameter (Do) as the heating process proceeds and the variation of D/Do shows that the droplet experiences “compression-relaxation” cycles at the first stage and roughly the same finalized size are obtained although the processes are different apparently in cycles.  Figure 4 displays the changing process of the droplet deformation and its movement using coarse grid.  The droplet stays the same position for 21.75 ms and performs “compression-relaxation” oscillation with 120 Hz before Marangoni effect dominating the droplet movement.  Marangoni effect drives the droplet moving peristaltic toward cold region with the speed of 4 cm/s after droplet forms a shape with a blunt tail and a sharp nose.  Other interesting observations other than droplet progression from computations include (1) the small amount of water content on the surface forms numerous disconnected droplets as observed in ref. [5], (2) a number of air vortices generated around the droplet and performs conjugated convective/conduction heat transfer (3) tension distribution in the entire flow domain, which directs the movement of the droplet.  Figure 5 illustrates the similar dynamic process using the finer grid although more cycles of “compression-relaxation” oscillations for a period of 30 ms are needed before the droplet becomes asymmetry and starts to move. 4.57 cm/sec of the droplet moving speed is obtained by using finer grid, which is slightly higher than the value obtained by using coarser grid.  Most important conclusion is that both computations reveal the same physics.

4. Conclusion
The computations suggest that the supplied thermal field with large temperature gradient can be employed as an energy source to move a nano-liter-scaled liquid droplet via Marangoni effect.  The efficiency of the energy conversion and the false numerical diffusion effect need to be further studied.
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Captions of Figures

Figure 1.  Computational Grid of 66x21x15

Figure 2.  Computational Grid of 138x31x21

Figure 3.  The Size Change of the Droplet during Heating Process

Figure 4.  Droplet Deformation and Movement Process as It Sits on a Surface with Temperature Gradient (Grid system of 66x21x15)

Figure 5.  Droplet Deformation and Movement Process as It Sits on a Surface with Temperature Gradient (Grid system of 138x31x21)
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Figure 3.

Numerical Simulation for Micro-Droplet Movement due to Marangoni Effect
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( a ) initial stationery state, t=0
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( b ) compression, t=2.75 ms
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( c ) spreading, t=9.25 ms
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( d ) compression, t=12.75 ms
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( e ) spreading, t=16.75 ms
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( f ) asymmetry observed, t=21.75 ms
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( g ) droplet moving, t=23.25 ms
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( h ) t=24.75 ms
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( i ) t=30 ms
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( j ) t=32.5 ms
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( a ) initial stationery state, t=0 ms
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( b ) compression, t=2.5 ms
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( c ) spreading, t=5 ms
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( d ) compression, t=10 ms
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( e ) spreading, t=15 ms
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( f ) compression, t=20 ms
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( g ) asymmetry observed, t=25 ms

[image: image34.png]



( h ) droplet moving, t=30 ms
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( i ) t=35 ms
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( j ) t=40 ms
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( k ) t=45 ms
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( l ) t=50 ms
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( m ) t=55 ms
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( n ) t=60 ms
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