
한국전산유체공학회제 5 발표장340

Korea-Japan CFD Workshop Ⅱ

1. INTRODUCTION 
 

The volume-of-fluid (VOF) method where the interface is 
tracked by the VOF function representing the volume fraction 
of a particular phase in each cell, has been widely used for 
computing two-phase flows with topologically complex 
interfaces. While discretizing the advection equation of the 
volume fraction, whose spatial derivatives are not continuous, 
the VOF method requires a special calculation procedure 
based on the interface configurations which are determined (or 
reconstructed) from the VOF function. The method has been 
improved employing a piecewise linear interface calculation 
(PLIC) method, in which the advected fractional volume is 
evaluated geometrically from the reconstructed interface. 
Generally, the PLIC VOF method preserves volume 
conservation very well, but its implementation for two-phase 
flows in irregular geometries requires very complicated 
geometric calculations for the interface reconstruction, and the 
discretization of the interface curvature is not straightforward. 
As another Eulerian method, a level-set (LS) method was 
developed by Sussman et al. [1] for incompressible two-phase 
flows with large density ratios. In the method, the interface is 
tracked by the LS function defined as a signed distance from 
the interface. As a smooth and continuous function, the LS 
function can calculate the interface curvature accurately.  

The LS formulation is extended to simulate a inkjet process, 
in which liquid is ejected through a micro nozzle by a pressure 
pulse that results from the movement of a piezoelectric 
element. Inkjet printing technology has recently received 
increasing attention in various patterning processes such as 
required in manufacturing color filters of LCD, DNA micro 
array, organic TFT devices, light-emitting diodes, and 
micro-lens. Significant efforts have been made to develop a 
numerical method for analysis of the inkjet process which can 
be used to find the optimal design parameters in various inkjet 
applications. The VOF method has been widely used for 
computing the retraction and ejection of liquid jet through a 
nozzle[2-3]. The method has been improved by employing a 
geometric calculation procedure known as a PLIC algorithm. 
However, it is not simple to implement the geometric 
condition for a contact angle, which is formed at the 
liquid-gas-solid contact line. The implementation is much 
more complicated for a real surface with contact angle 
hysteresis where the contact angle varies dynamically between 
advancing and receding contact angles. Also, the PLIC VOF 
method is not straightforward to implement for multiphase 
flows including an immersed solid surface with contact angle 
hysteresis because it requires quite complicated geometric 
calculations to reconstruct the interface configuration 
satisfying the contact angle condition as well as the volume 
fraction in an irregular fluid region. Very recently, Yu et al.[4] 

have developed the LS method for simulation of droplet 
ejection in inkjet printing. Since the LS function is smooth and 
continuous, the interface determination is much simpler than 
in the VOF method requiring geometric calculations. Yu et al. 
included a dynamic contact angle model in the LS formulation. 
In their computation, however, the nozzle shape was relatively 
simple so that the contact angle condition could be applied 
without systematic implementation procedures.  

In this study, we propose the LS method which can treat the 
contact angle condition at an immersed solid surface for 
computation of droplet ejection and droplet deposition on the 
pre-patterned micro-structure in inkjet printing process. Also, 
the LS method is further extended for two-phase flows on 
non-orthogonal grids. The method is applied to simulation of 
drop collision and drop impact on a liquid film or pool. 
 

2. NUMERICAL FORMULATION 
 
2.1 Governing equations 

The interface separating the two phases is tracked by a LS 
function, φ , which is defined as a signed distance from the 
interface. The negative sign is chosen for the gas phase and 
the positive sign for the liquid phase. The continuity and 
momentum equations for the gas-liquid region are written as 
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uρ p μ u f
t

∂
= −∇ +∇ ⋅ ∇ +

∂

r rr
 (2) 

 
where, 
 

( Tf u u g H uφρ ρ σκ μ= − ⋅∇ + − ∇ +∇ ⋅ ∇ )
r r rv v

 
0 if  0
1 if  0

Hφ φ

φ

= ≤

= >  
1 ; 1g l g lρ ρ ( H ) ρ H μ μ ( H ) μ Hφ φ φ φ= − + = − +

 
( / | |)κ φ φ= ∇ ⋅ ∇ ∇  

 
In the LS formulation, the interface is described as 0φ = . 

The zero level set of φ  is advanced by the fluid velocity 
while solving the equation  
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t
φ φ∂
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∂
v  (3) 

 
The LS function is reinitialized to a distance function 

( 1φ∇ = ) from the interface by obtaining a steady-state  
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Fig. 1 Definitions of level-set functions (φ ,ψ ) and contact 

angle (ϕ ). 
 
solution of the equation 
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Here, h  is a grid spacing and S is smoothed sign function. 
 
2.2 Modification for immersed solid surfaces 

To treat the immersed solid surfaces, we introduce another 
level set function, ψ , which is defined as a signed distance 
from the fluid-solid interface. The negative sign is chosen for 
the solid region and the positive sign for the fluid region. 
Assuming that the solid is stationary, the continuity and 
momentum equations for 1Hψ =  described previously can 
be extended for two-fluid flows with immersed solid surfaces  
as 
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r
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where eμ  is an effective viscosity defined as / Hψμ . The 
effective viscosity formulation helps to get a correct viscous 
stress near the immersed solid boundary.  

To implement the contact angle condition at the 
liquid-gas-solid contact line, the LS advection equation is 
modified as 
 

0 if 0u
t
φ φ ψ∂
+ ⋅∇ = >

∂
v           (8) 

cos if 0sn φ ϕ ψ⋅∇ = =           (9) 
 
The unit normal vector sn  pointing into the solid region and 
the contact angle ϕ  is defined as shown in Fig. 1. In Eq. (9) 
the contact angle condition defined at the liquid-gas-solid 
contact line is extended into the entire solid region in which 
the level-set function for liquid-gas phases is not well defined; 
otherwise the zero level set of φ  will have a steep variation 
near the fluid-solid interface. For numerical implementation, 
Eq. (9) is replaced by the iterative equation 
 

cos snφ ϕ φ
τ
∂

= − ⋅∇
∂
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Fig. 2 Control volume 
 

 
Fig. 3 Schematic for 2-D discretization of | |φ∇  

 
2.3 Extension for non-orthogonal grid 

The LS formulation is further extended for drop motion on 
non-orthogonal grid. The continuity and momentum equations 
are solved by following the calculation procedure proposed by 
Peric[5] for single-phase flows in general coordinates. 
Cartesian velocity components are used as dependent variables 
in the momentum equations, which results in much simpler 
equations than covariant or contravariant velocity components. 
Also, we adopt a non-staggered grid system in which all the 
flow properties are defined at cell centers. A pressure-velocity 
decoupling problem, which possibly happens using the 
non-staggered grid system without special care, is resolved by 
an interpolation technique for appropriate valuation of the 
pressure gradients at cell faces while discretizing the 
continuity equation. Since the discretization and solution 
procedures for the continuity and momentum equations are 
described in detail by the references, we focus only on the 
discretization of the LS equations.  

The LS advection Eq. (3) is discretized for grid point P 
shown in Fig. 2 as 
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      (11) 

 
Here F’s are the volumetric flow rates through the faces of the 
control volume, and φ ’s at the cell faces are evaluated by 
using a second-order essentially non-oscillatory (ENO) 
scheme. 

The LS reinitialization Eq. (4) is discretized to reconstruct 
the LS function to a signed distance function by upwinding 
away from the interface. | |φ∇  can be easily formulated if 
employing only a coordinate transformation technique as 
applied to the continuity and momentum equations, but the 
formulation without geometric constraints caused by the 
non-orthogonality of grids produces additional errors. In this 
article, we present a calculation procedure for | |φ∇ with the 
geometric constraints. If rotating each computational cell so 
that | | | |ξ ηφ φ≥ , we can consider the case depicted in Fig. 3. 
The calculation procedure for | |φ∇  is summarized as 
follows: 

1. If | | 0ξφ = , | | 0φ∇ = . This means the LS function 
should not be reinitialized by using the points further away 
from the interface. 
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Fig. 4 Temporal variation of imposed inflow pressure. 

 

 
 

Fig. 5 Droplet motion in an inkjet process. 
 
2. If | | 0ξφ >  and | | 0ηφ = , | | | |ξφ φ∇ = .  

3. If | | 0ηφ > , min| | | | /PNd dηφ φ∇ = . 
Here mind  is the shortest distance between point P and line 
segment AN as shown in Fig. 3, and point A is determined 
from the interpolation  | | / | |AP NPd d η ξφ φ= . Introducing a 
parameter s, the distance between point P and line segment 
AN is expressed as   
 

( ) | ( ) |AP NP APQ s d s d d= + −
v v v

 (12) 
2 2 1/ 2

2 1( ) ( 2 )APQ s a s a s d= + +  (13) 
 
where Q has a minimum value when 1 2/os a a= − . It is noted 
that 1/ 2os <  since | | | |ξ ηφ φ≥ . If 0os < , which doest not 
occur when using orthogonal grids, the projection of point P 
onto the line can lie off the segment AN and then min (0)d Q= . 
Considering the geometric constraint caused by the 
non-orthogonality of grids, the shortest distance is expressed 
as min [max( ,0)]od Q s= . This calculation procedure for 
| |φ∇  can be extended for three-dimensional case.  
 

3. RESULT AND DISCUSSION 
 
3.1 Drop motion in inkjet 

The computations are performed for a piezoelectric inkjet, 
which is described in axisymmetric coordinates. Based on 

 
(a) 

 
(b) 

Fig. 6 An inkjet process with double pressure pulse: (a) the 
imposed inflow pressure and (b) the computed droplet 
motion. 

 
the work of Yu et al.[4], we use a nozzle diameter of 25 mμ , 
the advancing contact angles of aϕ =70o, receding contact 
angles of rϕ =20o and the ink properties. Fig. 4 depicts the 
pressure pulse imposed at the nozzle bottom. 

Fig. 5 shows the droplet motion and the associated velocity 
field in a piezoelectric inkjet process. During the early period, 
the liquid is retracted into the nozzle by a negative pressure 
pulse. Thereafter, while the pressure forcing is positive, the 
liquid is ejected through a nozzle and forms an elongated 
column. It is seen at t = 15 sμ  that the liquid inside the 
nozzle is pulled back by the second negative pressure pulse 
while the ejected liquid column is moving forward. As the 
liquid column becomes thinner at the nozzle exit, it pinches 
off near t = 20 sμ . Thereafter the liquid column breaks into 
one primary droplet and then multiple satellite droplets. The 
volumes of the primary droplet and the multiple satellite 
droplets are 8.24pl and 3.08pl, respectively. The remaining 
liquid inside the nozzle forms a concave meniscus, which 
derives the liquid to be refilled into the nozzle, as shown 
during the period of 25 s t 50 sμ μ≤ ≤ . The droplet ejection 
pattern is comparable to the numerical results and 
experimental imgaes reported in the literature Yu et al.[4]. 

In a piezoelectric inkjet process, the formation of satellite 
droplets is undesirable in high quality printing. As one of the 
methods to reduce the volume of satellite droplets, a 
double-peak type of pressure pulse has recently been proposed 
in the literature [6]. Its feasibility is tested through the 
numerical simulation with the pressure pulse modified as in 
Fig. 6(a). A short pressure pulse is added to the original 
pressure pulse. Figure 14b shows the computed droplet motion. 
A short positive and negative pressure pulse is added at 
t=15 sμ , when the ejected liquid column starts to pinch off at 
the nozzle exit. The additional pressure pulse pushes out and 
pulls back the liquid column. This causes the pinch-off 
location of liquid column to shift toward the head of the  
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(a) 

 
(b) 

 
(c) 

Fig. 7 Effect of receding contact angle on droplet ejection at 
aϕ =150o: (a) rϕ = 30o, (b) rϕ = 90o, and (c) rϕ = 150o. 

 
column. In other words, the pinched-off liquid column 
becomes shorter due to the additional pressure pulse. As a 
result, the volume of satellite droplets is reduced by up to 32% 
without losing the speed of the primary droplet. 

Fig. 7 presents the effect of receding contact angle on the 
droplet ejection pattern while keeping aϕ =150o. It is seen at 
t=5 sμ that as the receding contact angle increases, the 
liquid-gas-solid contact point is more easily retracted into the 
nozzle by a negative pressure pulse. The liquid-gas interface is 
deformed to satisfy the contact angle condition at the nozzle 
wall. The difference in interface deformation is somewhat 
reduced during the liquid ejection period when the imposed 
positive pressure force is dominant over the surface tension 
force. However, while the liquid is retracted again into the 
nozzle by the second negative pressure pulse and the ejected 
liquid column pinches off for t>15 sμ , the effect of receding 
contact angle on the interfacial motion is pronounced inside 
the nozzle. For 90o

aϕ ≥ , the interface does not form a 
concave meniscus and thus the liquid refill process is not 
observed in the nozzle. This demonstrates that in designing an 
inkjet printhead, it is desirable to keep the receding contact 
angle smaller than 90o. The effect of advancing contact angle 
on the droplet motion at rϕ =30o is plotted in Fig. 8. It is 
observed that the variation of advancing contact angle has 
little influence on the whole droplet ejection process. However, 
for 30 s t 50 sμ μ≤ ≤ , the ink refill rate decreases slightly as 
the advancing contact angle increases. This is caused by the 
fact that the axial component of surface tension force, which 
pulls up the interface, decreases with the advancing contact 
angle. 

 
3.2 Drop motion in film patterning 

For high resolution patterning, it is very important to 
accurately place a droplet to the target position. However, the  

 
(a) 

 
(b) 

 
(c) 

Fig. 8 Effect of receding contact angle on droplet ejection at 
rϕ = 30o: (a) aϕ = 30o, (b) aϕ = 90o, and (c) aϕ = 150o. 

 

      
(a) 

 
(b) 

Fig. 9 Schematic diagram of inkjet patterning process: (a) 
droplet placement error and (b) undesired droplet 
deposition. 

 
inkjet process possibly has some undesired patterning errors 
caused by the inaccuracy in nozzle position and ejecting angle, 
as shown in Fig. 9. One of the efficient techniques to 
overcome the patterning error is to use the multiphase 
characteristics between the liquid-gas-solid phases. An 
example is to self-align a droplet on the combination of 
hydrophilic substrate and hydrophobic micro-structure by 
controlling the surface energy at the contact of three phases 
[7]. 

In this study, we performed a numerical simulation of 
micro droplet deposition on the pre-patterned micro-structure. 
Fig. 10 shows the numerical results of droplet deposition 
pattern with droplet placement error. In the computation, the 
droplet has a diameter of 35 mμ , the hole has a width of 
50 mμ and a depth of 10 mμ . The impact velocity of droplet is  
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(a) 

 

 
(b) 

Fig. 10 Effect of contact angle of cavity wall on droplet 
motion with droplet placement error: (a) structureϕ =30o, 

substrateϕ =30o and (b) structureϕ =30o, substrateϕ =120o. 
 

 
Fig. 11 Droplet motion on an inclined wall under no gravity 

condition: (a) an initial interface on non-orthogonal 
meshes and (b) the steady droplet shapes at 

30o
r aϕ ϕ= =  and 90o

r aϕ ϕ= =  
 

8m/s and the substrate has a contact angle of 30 o. In the case 
of structureϕ =30o, the droplet spreads on both of the 
micro-structure and substrate and some portion of ink is left 
on microstructure. In contrast, when the contact angle of 
micro-structure is increased to 120o, most of droplet is 
observed to fill the hole. The numerical simulation of a 
patterning process using microdroplet ejection demonstrates 
that the multiphase characteristics between the liquid-gas solid 
phases can be used to overcome the patterning error. 

 
3.3 Drop motion on an inclined wall 

To validate the LS formulation on non-orthogonal grid, the 
drop motion on an inclined wall was also analyzed. The 
computational grids and initial conditions for a drop motion on 
the inclined wall are shown in Fig. 11(a). All boundaries of the 
domain are specified by the no-slip and contact angle 
condition. A semicircular drop is initially placed on the left 
side wall with no gravity force. And the non-dimensional 
p a r a m e t e r s  a r e  / 1000l gρ ρ = ,  / 100l gμ μ = ,  R e 

(= /l lUDρ μ )=44.7 and We(= 2 /lU Dρ σ )=1. From this 
simulation, Fig. 11(b) shows the numerical results with the 
contact angle of 30a rϕ ϕ= = °  and 90a rϕ ϕ= = ° . The 
steady-state drop shape is formed by the shape of a straight 
line or a truncated circle that satisfied a specified contact angle. 
And the numerical results at the steady state have no 
differences with the exact solution. Also, the drop motions 
with gravity force are shown in Fig. 12. In these cases, the 
gravitational force is dominant over the surface tension force 
holding the drop on the left side wall and hence the drop slides  

 
(a) 

 
(b) 

Fig 12. Droplet motion on an inclined wall for (a) 
90o

r aϕ ϕ= = and Fr=1 and (b) 90o
aϕ = , 30o

rϕ =  
and Fr=0.5 

 

 
Fig. 13 Schematic of binary drop collision 

 
down an inclined wall. Then, the drop behavior is determined 
by the contact angle condition. 
 
3.4 Binary drop collision 

In this study, the binary drop collision was numerically 
simulated by using LS method. When the drop collision 
occurs, the interactions of drops are influenced by the drop 
property, drop velocity, drop-size and impact parameter. 
These parameters can be summarized by the non-dimensional 
parameter; Weber number, Ohnesorge number, drop-size ratio 
( /s bD DΔ = ) and non-dimensional impact parameter 

( ( )2 / b sx X D D= + ). By the effects of these parameters, the 
collision processes are generated with the complicated 
phenomena. The drop collision can be classified into four 
interactions such as the bouncing, coalescence, reflexive 
separation and stretching separation. The bouncing regime is 
observed in the hydrocarbon drop collision. When the 
bouncing occurs, the gas layer around the drop disturbed the 
coalescence of two drops. However, this phenomenon cannot 
be shown in case of water drop coalescence. In this study, the 
simulations on the regimes of the coalescence, reflexive 
separation and stretching separation were performed. 

Fig. 13 shows the schematic of binary drop collision. The 
simulations on the drop collision were analyzed with two 
different conditions of head-on and off-center collision. 2D 
axisymmetric simulation on head-on collisions and 3D 
simulation on off-center collision were performed. From these 
simulations, the behavior of drops and formation of satellite 
drop were obtained. Fig. 14 shows the results of the head-on 
collision with various conditions. As Weber number increases, 
the reflexive energy increases. Therefore, the reflexive 
separation occurs easily with high Weber number. And the 
size of satellite drop increases. Then, the secondary satellite  
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(a) We=23 and Δ =1.0 

 
(b) We=40 and Δ =1.0 

 
(c) We=56 and Δ =0.5 

 
Fig. 14 Drop behavior of head-on collision 

 

 
(a) We=83, Δ =1.0 and x=0.34 

 
(b) We=83, Δ =1.0 and x=0.43 

 
Fig. 15 Drop behavior of off-center collision 

 

 
(a) 

 
(b) 

Fig. 16 Comparison of numerical results with experimental 
and theoretical results: (a) Interaction regimes of 
drop collision and (b) Number of satellite drop. 

 
drops may be separated from the bigger satellite drop. Fig. 15 
shows the results of the off-center collision with various 
conditions. In the low impact parameter, the reflexive 
separation is generated like in Fig. 14. As the impact 
parameter increases, the stretching energy becomes bigger. 
When the stretching energy is similar to the reflexive energy,  

 

 
Fig. 17 Schematic of the drop impact on liquid film 

 

 
Fig. 18 Drop splashing and spreading (We=297,δ =0.29) 
 

 
(a) 

 
(b) 

Fig. 19 Characteristics of the crown with various film 
thickness (We=297): (a) Crown heights and (b) 
Crown diameters. 

 
the coalescence of two drops occurs. And then, the stretching 
separation is generated in the high impact parameter. From 
these results, the characteristics of drop collision compared 
with the experimental data[8] and theoretical results[9] like in 
Fig. 16. The interaction regimes of drop collision with various 
Weber number and impact parameters are shown in Fig. 16(a) 
and the numbers of satellite drops with various impact 
parameters are shown in Fig. 16(b). These numerical results 
have a good agreement with the previous correlations. 

 
3.4 Drop impact on a liquid film 

When the drop impacts on the surface, the phenomenon of 
drop impact is determined by the property of the surface such 
as a dry and wetted surface and liquid pool. In this chapter, the 
drop impact on the liquid film was numerically analyzed. The 
phenomenon of drop impact on liquid film depends on the 
drop property, impact velocity, drop size and liquid film 
thickness. These parameters can be summarized by the two 
main non-dimensional parameter; Weber number and non- 
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Fig. 20 Bubble entrapment (Fr=200, We=138, H=4D) 

 
dimensional film thickness ( 0/h Dδ = ). By the effects of 
these parameters, the splashing and the crown formation and 
propagation are generated. In this study, 2D axisymmetric 
simulations of the drop splashing and spreading due to the 
water drop impact on liquid film were analyzed with Weber 
number of 297. 

Fig. 17 shows the schematic of the drop impact on liquid 
film. A spherical drop with velocity U impacts on the liquid 
film with thickness h. Since the kinetic energy of the 
impacting drop is reflected by the static liquid film, the crown 
forms in the contact area between drop and liquid film. After a 
drop impacts on liquid film, the drop splashing and spreading 
are generated like Fig. 18. The crown height grows up and the 
secondary drop may be generated by the flow instability. After 
crown height reaches maximum value, the crown height is 
decreased by the gravity. Fig. 19(a) shows the evolution of the 
crown height with various film thicknesses. This numerical 
result of crown height has a good agreement with the 
experimental results of Cossali et al.[10]. After a drop impacts 
on the liquid film, the crown spreads outward. Fig. 19(b) 
shows the evolution of the crown diameter defined by the 
outer diameter of the neck below the crown rim. These 
numerical results compared with previous empirical 
correlation[10,11]. The correlation of Yarin and Weiss[11] 
underestimates the crown diameter than Cossali et al.[10] 
because Yarin and Weiss[11] do not consider film thickness. 
The numerical results of the present study corresponded with 
Cossali et al.[10] 

 
3.5 Drop impact on a liquid pool 

In this study, the formation of bubble due to initial drop 
impact was numerically analyzed. When a spherical drop 
impacts on the liquid pool, the bubble can be generated by 
cavity collapse. This drop entrapment is influenced by the 
drop property, impact velocity and gravity force. These 
parameters can be summarized by two non-dimensional 
parameter; Weber number and Froude number( 2 /Fr U gD= ). 
In the present study, 2D axisymmetric simulation for a bubble 
entrapment was performed with Froude number of 200 and 
Weber number of 138. Fig. 20 shows the numerical results for 
a bubble entrapment. After the drop impact on liquid pool, the 
cavity grows up in lower and outer direction. By the formation 
of cavity, the imbalance between the gravity and the surface 
tension were generated. As time elapses, the interface 
becomes stationary. Then, the impact velocity and gravity 
have an effect on the tendency of cavity collapse. Especially, 
the behavior of surface at the center of cavity determines the 
formation of bubble. In this case, the bubble was entrapped at 
the center of cavity. 

 
 

6. CONCLUSIONS 
 

A new level set formulation was developed for computing 
for simulation of various drop motions on orthogonal and 
non-orthogonal grids. An efficient formulation for contact 
angle modeling was incorporated into the level set method to 
account for the change between advancing and receding 
contact angles an immersed solid surface. The method was 
tested through the computations of droplet ejection and 
deposition in inkjet patterning process. From the numerical 
results, the method was proven to be applicable to investigate 
the effects of dynamic contact angle and pressure pulse type 
on the performance of an inkjet process and the multiphase 
characteristics between the liquid-gas solid phases can be used 
to overcome the patterning error. Furthermore the drop-drop 
and drop-pool collisions were numerically investigated. From 
the simulation of the binary drop collision, the behavior of 
drop and formation of satellite drop were successfully 
predicted. Also, the crown formation was predicted on the 
liquid film and bubble entrapment on liquid pool. These 
numerical results showed a good agreement with the 
theoretical and available experimental data. 

 
REFERENCES 

 
[1] 1994, Sussman, M., Smereka, P. and Osher, S., “A Level 

Set Approach for Computing Solutions to 
Incompressible Two-Phase Flow,” J. Comput. Phys., 
Vol.114, pp.146-159. 

[2] 2004, Wu, H.C., Hwang, W.S. and Lin, H.J. 
“Development of a Three-Dimensional Simulation 
System for Micro-Inkjet and Its Experimental 
Verification,” Mat. Sci. Eng. A, Vol.220, pp.268-278. 

[3] 2006. Yang, A.S. and Tsai, W.M., “Ejection Process 
Simulation for a Piezoelectric Microdroplet Generator,” 
J. Fluid Eng., Vol.128, pp.1144-1152. 

[4] 2005, Yu, J.D., Sakai, S. and Sethian, J., “A Coupled 
Quadrilateral Grid Level Set Projection Method Applied 
to Ink Jet Simulation,” J. Compt. Phys., Vol.206, 
pp.227-251. 

[5] 1985, Peric, M., A Finite Volume Method for the 
Prediction of Three-Dimensional Fluid Flow in Complex 
Ducts, Ph.D. thesis, University of London. 

[6] 2006, Dong, H. and Carr, W.W., “An Experimental Study 
of Drop-on-Demand Drop Formation,” Phys. Fluids, 
Vol.18, p.072102. 

[7] 2004, Yu, C., Lin, M., Hu, Y., Fu, T. and Chou, H., 
"Self-Alignment Optical Detection System for Droplet 
Based Biochemical Reactions," Proceeding of IEEE 
Sensors 2004 Conference, Vienna, Austria, 
pp.1206-1209. 

[8] 1990, Ashgriz, N. and Poo, J., “Coalescence and 
Separation in Binary Collisions of Liquid Drops.” J. 
Fluid Mech., Vol.221, pp.183-204. 

[9] 2005, Ko. G. and Ryou, H. “Modeling of Droplet 
Collision-induced Breakup Process.” Int. J. Multiphase 
Flow, Vol.31, pp.723-738. 

[10] 2004, Cossali, G., Marengo, M., Coghe, A. and Zhdanov, 
S., “The role of time in single drop splash on thin film,” 
Exp. Fluids, Vol 36, pp.888-900. 

[11] 1995, Yarin, A. and Weiss, D., “Impact of Drops on Solid 
Surfaces: Self-similar Capillary Waves, and Splashing as 
a New Type of Kinematic Discontinuity,” J. Fluid Mech., 
Vol.283, pp.141-173. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


