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ABSTRACT
The study investigates numerically the motion of droplets on a surface with a micro
cavity using the Volume of Fluid (VOF) technique. The simulation is a precursor to
droplet motion on super-hydrophobic surfaces which is the focus of surface engineering
in recent times. The advancing and receding contact angles are tracked as a droplet
moves on a single cavity which can be seen as the space between two posts of a typical
engineered super-hydrophobic surface. Stick-slip-jump behavior can be seen during the
advancing motion of the drop and the reverse is seen during the receding motion. The
contact angle evolution is studied for three different post geometries and it is concluded
that wider post spacing leads to smaller dynamic contact angles. This study is important
from the point of prediction of dynamic contact angles computationally on super-
hydrophobic surfaces.

Keywords: Super-hydrophobic surface, dynamic contact angle, droplet motion, VOF
method

1. INTRODUCTION
Super-hydrophobic surfaces are surfaces with contact angle (between the drop and the surface) greater
than 150°. Such surfaces are also called non-wettable surfaces. Research in super-hydrophobic effect is
inspired by the so called “Lotus Effect”. The lotus leaf exhibits such super-hydrophobicity due to the
presence of posts of the order of a few microns on its surface. The phenomenon was first studied by
Johnson and Dettre in 1964 [1] using rough hydrophobic surfaces made of glass beads coated with
paraffin or PTFE polymer. Super-hydrophobic surfaces also exhibit what is called the self cleaning
property [1]. Due to this property, such surfaces have importantreal life applications. They are used as
lacquers for vehicles, water-proof clothes and textiles, windshields and window glasses, etc. [2, 3].

Understanding drop dynamics on super-hydrophobic surfaces is important from the applications
standpoint of these surfaces. Droplets tend to minimize their surface energy and thus the surface area
and try to achieve a spherical shape. On contact with a surface, adhesion forces try to disrupt this and
result in spreading of the droplet on the surface. Complete or incomplete wetting may occur depending
on the nature of the surface and the surface tension of the droplet. In order to minimize the adhesion
forces and introduce super-hydrophobicity, surfaces have to be engineered in such a way that they have
a low surface energy. This low surface energy can be achieved through a variety of ways like micro-
texturing the surface, water repellent coatings, nano-wires, etc. [4–7].

The hydrophobicity of a surface is determined by the contact angle. Surfaces with a contact angle
less than 90° are referred to as hydrophilic and those with an angle greater than 90° as hydrophobic.
Some surfaces show contact angles up to 150° and are called super-hydrophobic surfaces. Thus, higher
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contact angles are preferred for water repellency and self-cleaning properties. Droplets on a super-
hydrophobic surface can be in two states, the Cassie state or suspended state, where the drop sits on top
of the posts with pockets of air beneath it, or Wenzel state or collapsed state, where the drop fills the
gaps between the posts. Several authors have calculated the free energies of the Cassie and Wenzel
states using approximations based on the Cassie-Baxter and Wenzel laws [8, 9] respectively. Both states
can be thermodynamically stable and which state a drop exists in depends on the initial conditions and
the nature of the droplet and the surface. The suspended drop is often observed as a meta-stable state
as it has to cross a free energy barrier to fill the grooves. However the kinetics of the transition to the
collapsed phase is not understood and it is hard to probe experimentally. The reason why this appeals
to microchannels researchers is that a water drop on a hydrophobic surface rolls off much easily (or at
a much lower surface gradient) as compared to hydrophilic surfaces. This is because the decreased
surface area in contact reduces friction. Applied to microchannels, this would result in lower pressure
drop across the channel reducing one major drawback of these channels for practical application.

When a drop is in motion (moving contact line), the contact angle of the drop deviates from its
equilibrium value depending on various factors like surface topology, velocity of drop, etc. This
deviated contact angle, while the drop is in motion, is called dynamic contact angle. The drop assumes
a distorted shape and the front part of the drop has a contact angle higher than the equilibrium contact
angle while the receding part has a lower one. These two are referred to as advancing and receding
contact angles respectively. The advancing contact angle is defined as the maximum angle attained by
a drop when liquid is added to it, provided the contact line is fixed. Similarly, the receding contact angle
is defined as the minimum angle attained by the drop when liquid is removed from it, provided the
contact line is fixed. The difference between the advancing and the receding angle is referred to as the
Contact Angle Hysteresis (CAH). The contact angle of a drop lies within these extreme values, when
the contact line is fixed. In actuality, it is found experimentally that once the contact line starts to move,
the contact angle will deviate from the equilibrium values. It is found that this deviation from the
equilibrium value is dependent on the velocity of the drop. 

A large number of studies on super-hydrophobic surfaces have come out for both static and dynamic
conditions which are primarily experimental in nature [10–14]. Although they brought out valuable
information, they are seriously limited by experimental hardware, particularly for droplet dynamics.
Thus, a need for developing proper strategy for numerical simulation of flow on super hydrophobic
surfaces has been strongly felt.

The earliest numerical simulations of superhydrophobic behavior were performed on a single
droplet of fluid perched atop a series of rectangular posts. Dupuis and Yeomans (2005) [15] presented
a free energy lattice Boltzmann solution of the spreading of droplets on topologically patterned
substrates. Dupuis and Yeomans (2006) [16] also presented a lattice Boltzmann solution to the
equations of motion describing the movement of droplets on topologically patterned substrates. It was
done to model superhydrophobic behavior on surfaces covered by an array of micron-scale posts. It was
found that the posts resulted in a substantial increase in contact angle, from 110° to 156°. Similarly,
Zhang et al. [17] investigated the contact line motion of a droplet on a super-hydrophobic surface using
the Lattice Boltzmann technique and predicted what is called the stick-slip-jump motion on a super-
hydrophobic surface. Although, there has been significant amount of study on the drop motion on
super-hydrophobic surfaces using the Lattice Boltzmann technique, it goes without saying that such
stochastic computational techniques are computationally intensive and expensive. It is difficult to use
such techniques for larger and complex computational domains. On the other hand rapidly developing
interface tracking techniques such as the Volume of Fluid (VOF) method offers an excellent alternative
to this which is computationally efficient and inexpensive. However, challenges such as incorporating
surface tension effectively to the continuum formulation, grid resolution near boundary and temporal
resolution for capture of hysteresis are formidable for which such approaches has been lacking in
literature. The current study tries to bridge this gap and aims at presenting a strategy for predicting the
advancing and receding contact angles as well as the stick-slip-jump phenomenon on a super-
hydrophobic surface modeled by a single micro cavity. 
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2. MATHEMATICAL MODEL
The contact angle is tracked as a droplet moves over a super-hydrophobic 2-D surface. The surface is
characterized by the presence of a single micro-post with width of the order of 25 to 75 µm (Fig 1). The
height of the micro-post is fixed at 50 µm. The domain is a rectangular geometry with dimensions
1 mm × 2 mm. The drop diameter is 0.5 mm. The phenomenon of advancing and receding angles is
studied. 

2.1. Model for interface tracking
The volume of fluid model tracks the content of each phase in each cell by using the volume fraction,
defined as the ratio of volume of one phase to the total volume of the cell.

The addition of all the phase content variables is equal to one in order to ensure mass conservation.

The addition of a phase volume fraction variable requires the solution of a saturation transport
equation in addition to the set of fluid dynamics equations:
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Figure 1. Sketch of the problem considered.



The equation is discretized using an explicit Euler scheme. The volume fraction at the current time
step is calculated explicitly using the data from the previous time step, making the method non-
iterative.

To determine the fluid properties of each cell, the properties are averaged for the various phase
components. This average is achieved with a weighted average using the phase composition variable.

where B is a fluid property such as density or viscosity. This provides the entire set of fluid properties
in any given cell, based on the phases that are present in that cell. These averaged properties are used
in a single momentum equation in order to solve the flow velocity field.

The interface in the VOF method is reconstructed based upon the volume fraction of the phases in
surrounding cells. The method of reconstruction is a piecewise linear interpolation (PLIC) of the phase
boundaries. This is accomplished by creating a planar face (or a line in 2-D simulations) within each
cell, allowing for easy calculation of interfacial flow.

2.2. Modeling of surface tension
Surface tension is modeled using the continuum surface force model (Brackbill et al. [18]), which is
based on a pressure jump across the interface boundary.

With R1 and R2 the curvature of the interface along the orthogonal slice planes with the intersection
of the two planes along the normal of the interface. In this method the surface force due to interfacial
tension is converted to a volume force over a thin layer around the interface. The curvature formulation
is done using the phase composition gradients. The surface normal is calculated from the secondary
phase composition gradient.

The curvature of the interface is given by the divergence of the interface unit normal. 
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This curvature is used to integrate the surface tension force into the numerical framework. The
surface tension force term is added to the secondary phase momentum equation only, in the following
form.

2.3. Numerical technique and grid independence
A commercial CFD software FLUENT is used to track the interphase of the droplet and apply the above
mathematical formulations. Finite volume method is implemented to discretize the governing
equations. Pressure is discretized using the pressure staggering method (often abbreviated as PRESTO)
and pressure and velocity are decoupled using the SIMPLE (Semi-Implicit Method for Pressure Linked
Equations) algorithm. A convergence criterion of 10−5 is set for all the equations like continuity,
momentum, etc. 

The simulation cell is shown in figure 1 with a drop of 0.5 mm diameter placed on a wall with a
single post. No slip boundary condition is applied at the walls where the drop is in contact. A
horizontal acceleration is applied to the drop to enable its X direction motion. Outflow boundary
conditions were fixed at the remaining three boundaries of the simulation cell as against pressure
outlet boundary condition (Fig 2). This was because the outflow boundary condition provided the
most realistic solution of air recirculation around the drop during its motion. A contact angle of 120°
was set between the drop and the wall when the drop was completely in contact with the bottom
surface. The contact angle evolution as the drop slides over the column of air trapped is obtained
from the solution. 

Figure 2 shows the grid used for the simulation cell along with the appropriate boundary conditions
used. This particular grid is of size 5 µm.

Grid Independence study is performed to ensure that the properties of the grid do not affect the final
solution. This is typically done by obtaining a solution for four different grid sizes and comparing the
difference in the solution. Table 1 shows the evolution of the advancing contact angle with time for four
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Figure 2. Simulation cell with boundary conditions and grid formulation.
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Table 1. Contact angle variation for four grid sizes.

10 microns 5 microns 2.5 microns 2 microns
Contact Contact Contact Contact

Time (s) angle (o) Time (s) angle (o) Time (s) angle (o) Time (s) angle (o)
1.54 124 1.75 136 1.87 138 1.96 139
1.69 133 2.21 147 2.34 152 2.44 152
1.86 141 2.64 155 2.75 157 2.84 157
2.07 145 3.02 159 3.12 159 3.22 160
2.28 148 3.34 164 3.46 163 3.55 164
2.49 151 3.71 165 3.79 167 3.88 168
2.69 154 4.04 169 4.08 171 4.17 171
2.88 157 4.33 173 4.34 175 4.44 176

Table 2. Advancing contact angle as a function of time for three different post geometries.

25 µm 50 µm 75 µm
Time (s) Contact Time (s) Contact Time (s) Contact 
(× 10–4) angle (o) (× 10–4) angle (o) (× 10–4) angle (o)
1.55 126 1.87 138 1.55 139
1.74 142 2.34 152 2.10 140
2.11 153 2.75 157 2.70 152
2.73 163 3.46 163 3.27 158
3.27 165 3.79 167 3.77 166
4.18 177 4.08 171 4.19 172
4.72 179 4.60 179 4.95 180
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Figure 3. Plot of Contact angle variation vs time for four different grid sizes.



different grid sizes – 2, 2.5, 5 and 10 microns. It can be seen from Fig 3 that a 2 micron grid size and
2.5 micron grid size have similar contact angle characteristics and hence all the simulations are
performed with 2.5 micron grid spacing. 

3. RESULTS AND DISCUSSION
The above algorithm is used to simulate the movement of the droplet over the chosen geometry. Snapshots
of the advancing liquid – vapor interface during the period are provided in Fig 4 (a-g). It can be seen that,
because of the hydrophobic nature of the surface, the Laplace pressure prevents the liquid from
penetrating into the gaps, and vapor is trapped. This is the most important character of super-hydrophobic
surfaces and this simulation captured it well. The other aspect of flow of droplet over superhydrophobic
surface is the pinning of the contact line at the leading edge of the droplet. The consequence of this is
the gradual increase or decrease of the contact angle as the drop advances over the air gap. The figure
clearly demonstrates that this feature of the droplet motion is perfectly captured by the present
simulation. These results also highlight the super-hydrophobic characteristic of trapped air in the micro-
void. The receding phase of the drop is a reverse of the advancing phase. This phenomenon can be called
jump-stick-slip behavior. The figure highlights this behavior as the drop initially jumps to the right post
and then pins to the right until it attains the receding contact angle followed by slipping over the surface.
The phenomenon of stick-jump-slip is captured accurately during the advancing phase of the droplet.

Here, the advancing and receding contact angle evolution has been numerically predicted through
the VOF model. Fig 4 highlights that as the pinning takes place at the left side of the post and the
contact angle increases until the drop touches the right side of the post, the subsequent motion of the
trailing edge of the droplet is also replicated accurately. The most challenging of them is the simulation
of the trailing edge to bring its jump over the cavity and the present simulation performs that perfectly.
In this case, the drop “jumps” across the micro-post and gets pinned to the right side of the post.
Thereafter, the contact angle changes to the dynamic receding value and the drop continues moving. 

Fig 5 shows the evolution of the liquid-air interface as predicted by Zhang et al. [17] using the
Lattice Boltzmann Technique (LBM). The VOF simulations show similar trends compared to the LBM
approach. However, Zhang et al. [17] showed the evolution of contact angle on a super-hydrophobic
surface using the computationally intensive Lattice Boltzmann Technique. Whereas, in this, study we
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Figure 4. Droplet pinning on edge of the micro-post. Figure to the left (i) shows the evolution of
the advancing contact angle and figure to the right (ii) shows the receding contact angle. The
direction of motion of the drop is towards the right (positive x-axis). 



predict the evolution using the VOF method using computational technique of continuum fluid
mechanics of much simpler effort. 

Three different post geometries were considered for parametric study. Post widths of 25 µm, 50 µm
and 75 µm with a contact post height of 50 µm were studied and the contact angle evolution with time
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(c) t = 240000, θ = 145.9°

(a) t = 221400, θ = 132.6° (b) t = 230000, θ = 139.8°
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interface

Figure 5. Droplet pinning as predicted by Zhang et al. (2006).
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Figure 6. Plot of contact angle vs time for three post geometries.



for these post geometries is shown in figure 5. Like Fig 4 these simulations also highlight the advancing
and receding contact angle evolution with time for a drop moving over a single hydrophobic post. The
parametric study performed indicates the dependence of contact angle on the post geometry. From figure 6,
it can be seen that a wider post results in a smaller dynamic contact angle and hence, increased drag. 

4. CONCLUSIONS
There is widespread confusion whether conventional fluid dynamic techniques can be used to accurately
capture the microscale flow problems. The situation is even more complex when at such scale multiple
phases are involved. Distinctive features such as dynamic contact angle and its hysteresis, contact line
movement and pinning, stick-jump-slip phenomenon have been addressed with non continuum approach
like Lattice-Boltzmann technique. This study shows that the classical continuum approach with interface
tracking algorithm such as Volume of Fluid method can be used to accurately predict the characteristics of
drop motion over super-hydrophobic surfaces. The pinning of contact line, variation of local contact angle
and stick-jump-slip behavior during the advancing and the receding phases were captured accurately using
this model. Understanding the dynamic wetting behavior is important while designing super-hydrophobic
surfaces. It has to be noted that super-hydrophobic surfaces must not be designed based on static contact
angles alone and the dynamic behavior also has to be taken into account especially in applications which
involve droplet sliding. In such design, the present simple method can play a significant role.
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