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This paper presents a computational fluid dynamics approach for micro droplet impacting on a flat dry surface. A

two-phase flow approach is employed using FLUENT VOF multiphase model to calculate the flow distributions upon

impact. The contact line velocity is tracked to calculate the dynamic contact angle through user defined function

program. The study showed that the treatment of contact line velocity is crucial for the accurate prediction of droplet

impacting on poor wettability surfaces. On the other hand, it has much less influence on the simulation of droplet

impacting on good wettability surfaces. Good fit between simulation results and experimental data is obtained using

this model.
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1. Introduction

The droplet impact problem has been studied for
more than a century, partly due to its relevance to var-
ious industrial processes such as spray cooling, spray
cleaning, ink jet technology, windshield films, aircraft
icing, electronic-component welding, or nebulizers for
medical use. The involvement of numerous physical
processes in an instationary problem also makes it an
attractive academic problem. The difficulties associ-
ated with the study of the fluid dynamics of droplet
impingement on a flat dry surface are the extreme de-
formation of the droplet within a very short time and
the presence of surface tension and wetting effects.!]

When an incident droplet impacts on a dry sur-
face, in general, two possible outcomes of the post-
impact process may occur. At low impact velocities,
the droplet may deposit on the surface in a liquid form;
or at faster impact velocities, the droplet may splash
and secondary droplets may form. In this paper, sit-
uations are considered in which no splashing occurs.
For these cases, a lamella is formed when the drop im-
pacts onto the solid surface, which spreads radially on
the surface until its spreading diameter reaches a max-
imum. During this stage, the form of the drop passes
from a sphere to a disc-like shape. Then, depending
on the wettability of the surface and the impact con-
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dition, the liquid recedes, stays at rest or continues to
spread further at a much retarded rate.

Theoretically, the droplet impingement predic-
tion is complicated in view of its unsteady character.
Several numerical solutions were developed based on
approximation.?=® The first numerical simulation of
the fluid dynamics of droplet impacting was reported
by Harlow and Shannon,[%! who neglected all surface
tension, viscous and wetting effects in their modelling.
Experimental observations have visualized the influ-
ence of the wettablity of the system to the spread-
ing progress.["® The contact line velocity and the dy-
namic contact angle are quite critical for prediction
of meniscus shape and maximum spreading diameter.
Unlike most numerical models, a computational fluid
dynamics simulation solution based on dynamic con-
tact angle tracing is employed in this paper. Reason-
able agreement between simulation results and exper-
imental results is found.

2. Droplet impact modelling

Most experimental studies of droplet impact and
spreading have been performed using a high-speed
camera. For micro-scaled droplet, it is difficult to ob-
serve the droplet impact progression experimentally.

An accurate numerical simulation approach can pro-
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vide a detailed insight to the droplet-impacting phe-
nomenon.

In this study, a two-phase flow approach is em-
ployed by using FLUENT VOF multiphase model,
with droplet as the liquid phase and surrounding air
as the gas phase. The model is a three dimensional
model which combines a fixed mesh discretization of
the Navier—Stokes equations with a piecewise linear
volume tracking algorithm to track the droplet free
surface. The flow field is computed as unsteady condi-
tion under incompressible and isothermal conditions.
The heat transfer and solidification are not consid-
ered. The liquid droplet is formed by patching the
liquid volume fraction with a specified diameter at a
specific height from the flat surface. The droplet ini-
tial velocity is also introduced through patching.

Two different wetting conditions are discussed
here: hydrophilic surface with a lower static contact
angle and a hydrophobic surface with a higher static
contact angle. While during spreading, the dynamic
contact angle must be considered. The contact angle
between the liquid and the flat surface needs to be
treated with care. Three important facts that should
be considered in the modelling of the wetting are the
following: (1) the value of the dynamic contact angle
depends on the velocity of the contact line; (2) the
advancing contact angle is larger than the receding
contact angle; (3) more than one values of the contact
angle are possible for a stationary contact line. In our
study, a dynamic contact angle approach is used to
set the contact angle at fluid advancing and receding
stages. This is achieved through a user defined func-
tion (UDF) program, which calculates the contact line
velocity using Blake’s model.l”!

According to this model, it supposes that for
the wetting line to advance across the solid sur-
face, molecules already adsorbed at localized sites on
the initial solid/fluid interface must be displaced by
molecules from the advancing fluid. Dynamic con-
tact angle # and contact line velocity v can be linked
through the expression below:

Y12(cos 80 — cos §) (1)
2nkT ’

v = 2k% Asinh

0

where k.,

is called equilibrium frequency of molecular
displacements, A is the average length of each molecu-

lar displacement, 12 is the liquid/gas interfacial ten-

sion, n is the number of adsorption sites per unit area,
k is the Boltzmann constant and 7T is the temperature.
Two simulation cases are performed based on the
data published in Ref.[10]. Detail conditions are listed
in Table 1. The dimensionless groups (Reynolds and
Weber numbers) listed in Table 1 are defined as fol-

lows: )
Ry = Y0D0 gy, POV 2)

vy o

where Vj is the initial velocity of droplet, Dy is the

diameter of droplet, v is the liquid kinematic viscos-
ity, p is the liquid density and o is the liquid surface
tension coefficient.

Table 1. Detail conditions for two simulation cases.

case 1 case 2
droplet diameter, Do /pum 85 66
initially velocity, Vo/(m/s) 5.1 11.4
static contact angle, /(°) 35 15
Re 434 752
We 30 118

A 45-degree section of a cylinder is used as the
computation domain. Figure 1 shows the configu-
ration of the computation domain. Liquid water is
used as the droplet material, and air is used as the
gas phase material. Figure 2 shows the computation
meshes used for the simulation. The number of com-
putation meshes ranges from 50,000 to 90,000. The
time step used in the computation is 0.05 us. The cal-
culation time ranges from 20 to 30 hours for each case

with 4 CPUs on a 64-bit Linux Cluster.
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Fig.1. Computation domain of simulation cases.
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Fig.2. Computation meshes.

3. Results and discussion

Liquid volume fraction contour plots and video
images captured during impact progress are compared
in frame-by-frame fashion. Results of case 1 are
showed in Fig.3. The frame time interval is 3 us. With
the implementation of the UDF program, the contour
plots of the droplet liquid volume fraction show that
the shape of the droplet spreading compares fairly well
with the video images. Recoil and oscillation are ob-
served due to the surface poor wettability. The liquid
spread ratio, which is defined as r = d/Dg (where d is
the liquid spread diameter and Dy is the droplet ini-
tial diameter) is used as the criteria when comparing
between numerical results and experimental images.
R square, coefficient of determination, is used to eval-
uate the goodness of curve fit. The R square of case
1 is 0.97 (Fig.3(b)) which indicates the good fitness
between simulation and experiment.

At the last stage of oscillation, the spread ratio
curve shows a little discrepancy which can be seen in
Fig.3(b). The spreading droplet is about to reach an
equilibrium contact angle and the contact line velocity
is relatively small. In the prediction of Blake’s model,
the contact line becomes pinned at the solid surface
at low rates of wetting. So the measured spread diam-
eter cannot reflect the contact angle vibration. That
is why discrepancy between numerical prediction and
experimental data occurs at the last stage of vibration.

The gas bubble seen at the centre of impinging
droplet on the video images is also reflected on the

simulation results (Fig.4). Air is trapped between the
droplet and flat surface due to poor wettability.
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Fig.3. Droplet impact on a higher contact angle surface.
Time interval between frames is 3 pus. Impacting condition:
droplet size 85 pum, initial velocity 5.1 m/s, static contact
angle 35°.
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(a) experimental image (b) simulation contour plot

Fig.4. Air bubble at the centre of the droplet upon im-
pact.



3188

Sun Zhen-Hai et al

Vol. 17

For low contact angle case 2, the simulation result
is also compared with experimental images (Fig.5).
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Fig.5. Droplet impact on lower contact angle surface.
Time interval between frames is 0.25 us. Impacting con-
dition: droplet size 66 um, initial velocity 11.4m/s, static
contact angle 15°.

No recoiling is observed during the whole computation
time due to good wettability. The R square is 0.99,

which indicates a perfect match between simulation
and experiment.

Due to its good wettability and higher impacting
velocity comparing with case 1, it shows less depen-
dence on the UDF program. The same fitness can be
achieved without the UDF program. That is to say,
the contact line velocity has much less influence on
contact angle when droplet impacts on a good wet-
tability surface. This keeps the same conclusion with
Podvysotskii and Shraiber (1993).01]

4. Summary

In this paper we presented a computational fluid
dynamics (CFD) simulation solution for droplet im-
pacting on a flat dry surface. The simulation model
does not consider heat transfer and solidification. It
accounts for the wetting effects. The contact line ve-
locity is tracked to calculate the dynamic contact an-
gle through UDF program based on the Blake’s model.
The study showed that the treatment of contact line
velocity is crucial for the accurate prediction of droplet
impacting on poor wettability surfaces. While on good
wettability surface, the contact angle changes less dur-
ing spreading. So the simulation prediction can be
more accurate. For both cases, the simulation model
predicts well the deformation of the impacting droplet,
not only in the spreading phase, but also during re-

coiling and oscillation.
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