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1. Introduction

The importance of modeling liquid drops collisions (see figure 1) is due to the existence of
natural and engineering process where it is useful to understand the droplets dynamics in
specific phenomena. Examples of applications are the combustion of fuel sprays, spray
coating, emulsification, waste treatment and raindrop formation (Bozzano & Dente, 2010;
Bradley & Stow, 1978;Park & Blair, 1975; Rourke & Bracco, 1980; Shah et al., 1972).

In this study we apply the Smoothed Particle Hydrodynamics method (SPH) to simulate for
the first time the hydrodynamic collision of liquid drops on a vacuum environment in a
three-dimensional space. When two drops collide a circular flat film is formed, and for
sufficiently energetic collisions the evolution of the dynamics leads to a broken interface and
to a bigger drop as a result of coalescence. We have shown that the SPH method can be
useful to simulate in 3D this kind of process. As a result of the collision between the droplets
the formation of a circular flat film is observed and depending on the approach velocity
between the droplets different scenarios may arise: (i) if the film formed on the droplets
collision is stable, then flocks of attached drops can appear; (ii) if the attractive interaction
across the interfacial film is predominant, then the film is unstable and ruptures may occur
leading to the formation of a bigger drop (permanent coalescence); (iii) under certain
conditions the drops can rebound and the emulsion will be stable. Another possible scenario
when two drops collide in a vacuum environment is the fragmentation of the drops.

Many studies has been proposed for the numerical simulation of the coalescence and break
up of droplets (Azizi & Al Taweel, 2010; Cristini et al., 2001; Decent et al., 2006; Eggers et al.,
1999; Foote ,1974; Jia et al., 2006; Mashayek et al., 2003; Narsimhan, 2004; Nobari et al., 1996;
Pan & Suga, 2005; Roisman, 2004; Roisman et al., 2009; Sun et al., 2009; Xing et al., 2007;
Yoon et al., 2007). In these studies, the authors propose different methods to approach the
dynamics of liquid drops by a numerical integration of the Navier-Stokes equations. These
examine the motion of droplets and the dynamics that it follows in time and study the liquid
bridge that arises when two drops collide. The effects of parameters such as Reynolds
number, impact velocity, drop size ratio and internal circulation are investigated and
different regimes for droplets collisions are simulated. In some cases, those calculations
yield results corresponding to four regimes of binary collisions: bouncing, coalescence,
reflexive separation and stretching separation. These numerical simulations suggest that the
collisions that lead to rebound between the drops are governed by macroscopic dynamics.
In these simulations the mechanism of formation of satellite drops was also studied,
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confirming that the principal cause of the formation of satellite drops is the “end pinching”
while the capillary wave instabilities are the dominant feature in cases where a large value
of the parameter impact is employed.

Experimental studies on the coalescence process involving the production of satellite
droplets has been reported in the literature (Ashgriz & Givi, 1987, 1989; Brenn & Frohn,
1989; Brenn & Kolobaric, 2006; Zhang et al., 2009). These authors found out that when the
Weber number increases, the collision takes the form of a high-energy one and results of
different type may arise. In these references the results show that the collision of the
droplets can be bouncing, grazing and generating satellite drops. Based on data from
experiments on the formation and breaking up of ligaments, the process of satellite droplets
formation is modeled by these authors and the experiments are carried out using various
liquid streams. On the other hand, for Weber numbers corresponding to a high-energy
collision, permanent coalescence occurs and the bigger drop is deformed producing satellite
drops. Experimental studies on the binary collision of droplets for a wide range of Weber
numbers and impact parameters have been carried out and reported in the literature
(Ashgriz & Poo, 1990; Gotaas et al., 2007b; Menchaca-Rocha et al., 1997; Qian & Law, 1997).
These authors identified two types of collisions leading to drops separation, which can be
reflexive or stretching separation. It was found that the reflexive separation occurs for head-
on collisions, while stretching separation occurs for high values of the impact parameter.
Carrying out Experiments, the authors reported the transition between two types of
separation, and also collisions that lead to coalescence. In these references experimental
investigations of the transition between different regimes of collisions were reported. The
authors analyzed the results using photographic images, which showed the evolution of the
dynamics exhibited by the droplets. As a result of these experiments were proposed five
different regimes governing the collision between droplets: (i) coalescence after a small
deformation, (ii) bouncing, (iii) coalescence after substantial deformation, (iv) coalescence
followed by separation for head-on collisions, and (v) coalescence followed by separation
for off-center collisions.

Li (1994) and Chen (1985) studied the coalescence of two small bubbles or drops using a
model for the dynamics of the thinning film in which both, London-van der Waals and
electrostatic double layer forces, are taken into account. Li (1994) proposes a general
expression for the coalescence time in the absence of the electrostatic double layer forces.
The model proposed by Chen (1985), depending on the radius of the drops and the physical
properties of the fluids and surfaces, describes the film profile evolution and predicts the
film stability, time scale and film thickness.

The dynamics of collision between equal-sized liquid drops of organic substances has also
been reported in the literature (Ashgriz & Givi, 1987, 1989; Gotaas et al., 2007a; Jiang et al.,
1992; Podgorska, 2007). They reported the experimental results of the collision of water
and normal-alkane droplets in the radius range of 150 pm. These results showed that for
the studied range of Weber numbers, the behavior of hydrocarbon droplets is more
complex than the observed for water droplets. For water droplets head-on collisions,
permanent coalescence always result. Experimental studies on the different ways in which
may occur the coalescence of drops, have been performed by different authors (Gokhale et
al., 2004; Leal, 2004; Menchaca-Rocha et al., 2001, Mohamed-Kassim & Longmire, 2004;
Thoroddsen et al., 2007; Wang et al., 2009; Wu et al., 2004). In these studies are reported
the evolution in time of the surface shape as well as a broad view of the contact region
between the droplets.
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Tartakovsky & Meakin (2005) have shown that the artificial surface tension that emerge
from the standard formulation of the Smoothed Particle Hydrodynamics (SPH) method
(Gingold & Monaghan, 1977) could be eliminated by using SPH equations based on the
number density of particles instead of the density of particles in the fluid. The contribution
of Tartakovsky & Meakin (2005) could be very useful when modeling the hydrodynamic
interaction of drops in liquid emulsions. Combining these schemes with some continuous-
discrete hybrid approach (Cui et al., 2006; Koumoutsakos, 2005; Li et al., 1998; Nie et al,,
2004; O’Connell & Thompson, 1995) it could be constructed an interesting model to discuss
the collapse and disappearance of the interfacial film in emulsion media (Bibette et al., 1992;
Ivanov & Dimitrov, 1988; Ivanov & Kralchevsky, 1997; Kabalnov & Wennerstrom, 1996;
Sharma & Ruckenstein, 1987). Ivanov & Kralchevsky (1997) conducted a study on the
possible outcomes for the collision of liquid droplets in emulsions. According to this study,
when the collision between two drops occurs, an interfacial film of flat circular section is
formed, and coalescence or flocculation may arise (Ivanov & Kralchevsky, 1997). These
authors did not carry out the hydrodynamical modeling of collision between drops. Instead,
they discuss thermodynamics and hydrodynamics aspects of the problem and raise some
possible outcomes when two liquid droplets collide.

In this work we apply the SPH method to simulate for the first time in three-dimensional
space the hydrodynamic coalescence collision of liquid drops in a vacuum environment.
This method is employed in order to obtaining approximate numerical solutions of the
equations of fluid dynamics by replacing the fluid with a set of particles. These particles
may be interpreted as corresponding to interpolation points from which properties of the
fluid can be determined. Each SPH particle can be considered as a system of smaller
particles. The SPH method is particularly useful when the fluid motion produce big
deformations and a large velocity of the whole fluid.

All our calculations were performed defining inside the SPH code two drops composed by
4700 SPH particles, running on a Dell Work Station with 8 processors Intel Xeon of 3.33 Ghz
with 32.0 GB of RAM memory.

2. Smoothed particle hydrodynamics method

The SPH method was invented first and simultaneously by Lucy, (1977) and Gingold &
Monaghan (1977) to solve astrophysical problems. This method has been used to study a
range of astrophysical topics including formation of galaxies, formation of stars,
supernovas, stellar collisions, and so on. This method has the advantage that if you want to
model more than one material, the interface problems arising can be modeled easily, while
they are hard to model using other methods based on finite differences. An additional
advantage is that SPH method can be considered as a bridge between continuous and
fragmented material, which makes it one of the best method to study problems of
fragmentation in solids (Benz & Asphaug, 1994, 1995). Another feature that makes the SPH
method attractive is that it yields solutions depending on space and time, making it versatile
for treating a wide variety of problems in physics. Furthermore, given the similarity
between SPH and molecular dynamics, combination of these two methods can be used to
treat complex problems in systems that differ considerably in their length scales. The
easiness of the method to be adaptable and their Lagrangian character make of SPH one of
the most popular among existing numerical methods used for modeling fluids. On the other
hand, the SPH method can be used to describe the dynamics of deformable bodies (Desbrun
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& Gascuel, 1996). Currently there are several applications of SPH in different areas related to
fluid dynamics, such as: incompressible flows, elastic flows, multiphase flows, supersonic
flows, shock wave simulation, heat transfer, explosive phenomena, and so on (Liu & Liu,
2003; Monaghan, 1992). A major advantage of SPH is that their physical interpretation is
relatively simple.

In the SPH model, the fluid is represented by a discrete set of N particles. The position of the
ith particle is denoted by the vector r;, i=1,..., N. We start introducing the function Ay(r), that
is the smoothed representation of any arbitrary function A(r) (the function A(r) is any
physical quantity of the hydrodynamical model and Aq(r) is the smoothed version of this
quantity). The SPH scheme is based on the idea of a smoothed representation Aq(r) of the
continuous function A(r) that can be obtained from the convolution integral

A (r)= [A@" W (r—r',h)dr'. 1)

Here h is the smoothing length, and the smoothing function W satisfies the normalization
condition

[W(r—r'h)dr' =1. (2)

The integration is performed over the whole space. In the limit of h tending to zero, the
smoothing function W becomes a Dirac delta function, and the smoothed representation
Aq(r) tends to A(r).

In the SPH scheme, the properties associated with particle i, are calculated by
approximating the integral in eq. (1) by the sum

J
A (3)
=Sm ,—LW(r —r.,h).
S AP SME
J J

Here AVj is the fluid volume associated with particle j, and m; and p; are the mass and
density of the jth particle, respectively. In equation (3), A;is the value of a physical field A(r)
on the particle j, and the sum is performed over all particles. Furthermore, the gradient of A
is calculated using the expression

A .
J
J J
In the equation (3), pi/ mi can be replaced by the particle number density n;=p;/m;, so that

A
J
The particle number density can be calculated using the expression

n; =ZW(rl- -r
J

b ©
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The mass density is given by

o =ijW(ri -r
J

Joh). )

Similarly, the gradient can be calculated using the expression

A .
VA, =X—LV.Wa; -1,
n J
J

h). 8)

The SPH discretization reduces the Navier-Stokes equation to a system of ordinary
differential equations having the form of Newton's second law of motion for each particle.
This simplicity allows taking into account a variety of chemical effects with relatively little
effort in the development of computational codes. Also, since the number of particles
remains constant in the simulation and the interactions are symmetrical, the mass,
momentum and energy are conserved exactly, and the systems like dynamic boundaries and
interfaces can be modeled without too much difficulty. Hoover (1998), and Colagrossi &
Landrini (2003), used the SPH method to model immiscible flows and found that the
standard formulation of SPH proposed by Gingold & Monaghan (1977) creates an artificial
surface tension on the border between the two fluids. Colagrossi & Landrini (2003) put
forward an SPH formulation for the simulation of interfacial flows, that is, flow fields of
different fluids separated by interfaces. The scheme proposed for the simulation of
interfacial flows starts considering that the fluid field is represented by a collection of N
particles interacting with each other according to evolution equations of the general form

dp;
- PiEMy
J
M Lypag o
= .o f.
l bl
dt P J
B
dt L

The terms M;j and Fj arise from the mass and momentum conservation equations. In the
equations (9) appear the density p;, the velocity u; of the particles, and the force f; can be any
body force. When there are fluid regions with a sharp density gradient (interfaces), the SPH
standard formulations must be modified in order to be applied to treat such systems. This
difficulty can be circumvented using the following discrete approximations

"
div(u;)=X(u ;—u;)- VW .. —=,
A Jipy,
J J (10)
"j
VA, =X (A ~A,VW, —L.
Sl A A
J J

Here W is the Kernel or Smoothing Function and A can be any scalar field or continuous
function. The small difference between the equation (10) and the standard equation that uses
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m;/ p; instead m;/ p; is important for the treatment of the case of small density ratios. On the
other hand, it can be shown that the pressure gradient can be written as

J

The equation (11) is variationally consistent with eq. (10). In this scheme the terms M;; and F;
appearing in eq. (9) are given by the expressions

"

! (12)

"j
Fl] = (PJ' +Pi)Vle'p_-

J

Fig. 1. Definition of the problem: head-on coalescence collision in three dimensions between
two drops of equal size approaching with a velocity of collision V., and radius R in empty
space. Each drop is composed by 4700 SPH particles.

A density re-initialization is needed when each particle has a fixed mass, and when the
number of particles is constant the mass conservation is satisfied. Yet if one uses eq. (9) for
the density, the consistency between mass, density and occupied area is not satisfied. To
solve this problem, the density is periodically re-initialized applying the expression

pi=2m Wy (13)
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In this formulation special attention must be paid to the kernel. In fact depending on which
kernel is used, eq. (13) could introduce additional errors. For this reason a first-order
interpolation scheme is suitable to re-initialize the density field by using the equation

< > Sp W] MLS(x v, Z WMLS( ) (14)
J

Where I/V]MLS is the moving-least-square kernel.

The XSPH (Extended Smoothed Particle Hydrodynamics, which is a variant of the SPH
method for the modeling of free surface flows (Monaghan, 1994)) velocity correction Au; is
introduced to prevent particles inter-penetration (Colagrossi & Landrini, 2003), which takes
into account the velocity of the neighbor particles using a mean value of the velocity,
according to the equations

A, A =Sy W 15
<lll>—l/tl+ l/ti, Ml—E ﬁ_(u]_ul) ]l, ( )
J Yy

where p;; is the mean value of density between the ith and jth particle, and &' is the relative
change of an arbitrary quantity between simulations (Colagrossi & Landrini, 2003).
The velocity and acceleration fields are (Liu & Liu, 2003)

dr;
— V . ,
e !
=3 m, + VW,
da . J 2 2 Y
J=1 p; Pj
where o is the total stress tensor.
The internal energy evolution is given by the expression (Liu & Liu, 2003) :
dE; N . P ij
LA RPN (L A A SEOR ﬁj + 20 0B af (17)
At 2. VAN ,3 2p; &4

=1 \pi Pj

In the above equation p is the pressure, p is the dynamic viscosity and ¢ is the shear strain
rate.

In the present work, our calculations are performed in three dimensions and we use the
cubic B-spline kernel (Monaghan, 1985). We consider water drops, and the equation of state
that we use in the hydrodynamical code was a general Mie-Gruneisen form of equation of
state with different analytic forms for states of compression (p/po-1)>0 and tension (p/ po-
1)<0 (Liu & Liu, 2003). This equation has several parameters, namely the density p, the
reference density po, and the constants A;, A, Az, C; and C;. The pressure P is

2 3
p= AI{L—IJ+A2[L—IJ +A3[i—1J if (L—I}O (18)
£o Po Po Po

www.intechopen.com



92 Hydrodynamics — Optimizing Methods and Tools

and

P=C1£L—1}+C2[i—1} if [i—1J<o. (19)
Po 0 0

In all our calculations we use the following values for the constants: A;=2.20x10¢ kPa,
Ar=9.54x106 kPa, A3=1.46x107kPa, C;=2.20x10¢ kPa, C,=0.00 kPa, and py=1000.0 Kg/m3.

3. Coalescence, fragmentation and flocculation of liquid drops in three
dimensions

In order to model the collision of liquid drops several calculations were carried out. We
have varied the velocity of collision for modeling the permanent coalescence of droplets in
the three dimensional space (3D) in a vacuum environment using the SPH method. In order
to proceed we have defined drops with diameter of 30pm and 4700 SPH particles for each
drop with a collision velocity of 1.0 mm/ms.

In figure 2 is illustrated a sequence of times showing the evolution of the collision between
two drops (permanent coalescence) with Ve, = 1.0 mm/ms and We= 4.5. The evolution of
time is shown in milliseconds. It can be seen in this figure that at t=0.0009 ms a flat circular
section appears (Ivanov & Kralchevsky, 1997), which increases its diameter as dynamics
progresses. The appearance of this flat circular section has been reported for the case of
collision of drops in emulsion media (Ivanov & Kralchevsky, 1997), yet in this reference the
hydrodynamic modeling of the collision of liquid drops is not considered. In the dynamics
we observe that at t = 0.0053 ms a bridge structure between the two drops appears in the
region of contact (this bridge is the structure that joins the drops through their flat circular
interfaces placed in the center of the droplets coalescence), which disappears at a later time
due to the penetration of particles of one drop into the other. After that, a process of
coalescence occurs (see figure 2 at t=0.0069 ms) and a bigger drop is formed (see figure 2 at
t=0.0077ms).

Figure 3 shows the velocity vector field inside the droplets and in the region of contact
between them at t=0.004ms. Notice that inside the drops, the fluid tends to a velocity value
lower than the initial velocity of 1.00 mm/ms, while in the area of contact between the drops
we observe an increase in the fluid velocity to a value of 1.436 mm/ms. Once the
coalescence process occurs, the velocity of the fluid inside the drops tends to zero, i.e. the
largest drop size that is formed after some time tends to equilibrium. This can be seen in
figure 4 where it is illustrated the time evolution of the kinetic and internal energy of the
bigger drop. When two drops collide the possible results of the collision (coalescence,
flocculation or fragmentation of drops) depends only on the kinetic energy and the Weber
number (We) (Foote, 1974), which is given by

2
VZd
we=2r2 (20)

o

Here Vr is the difference between the velocities of the drops, d the diameter of the drop, and
o the surface tension.
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From the values of density, relative velocity, droplet diameter and surface tension we obtain
the Weber number. The Surface tension c is determined using the Laplace equation

[p(r =0)-p(r— oo)] = %. (21)

The first term p (r = 0) on the left side of the equation (21) is determined at the drop center
and the second term p (r — ) is taken as the vanishing pressure far away from the drop.
The calculations were made in a vacuum environment and only head-on collisions were
considered. The value of the pressure at the drop center is 1.78kPa and the Weber number
for the coalescence collision is We=4.5. Values of the Weber number in the range 1<We<19
have been chosen, which corresponds to the range reported by Ashgriz & Poo (1990) for
experimental head-on collisions and coalescence of water drops.

Velocity vectors (mm/ms)

Fig. 3. Velocity vector field for the collision between two drops at t=0.004 ms (permanent
coalescence process) with Vo1 = 1.0 mm/ms and We = 4.5. The time scale is given in
milliseconds.

The coalescence processes occurring in droplets collision at low Weber numbers illustrated
in the figures 1, 2 and 3 are governed by the competition between stretching and drop
drainage. This drainage occurs when the liquid flows from the high-pressure drop region
toward the point of contact to form a liquid bridge.

For larger values of We, the initially merged droplets would subsequently split apart, with
the simultaneous production of smaller satellite droplets. It can be observed in our
simulations (see figure 2) that the circular flat section disappears. Also, due to the effect of
the surface tension a structure having the form of bridge is observed at t=0.0053ms and the
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permanent coalescence occurs. The outcomes reported by Qian & Law (1997) are in good
agreement with our results. In our SPH calculation, the relative velocity is not enough to
produce fragmentation of the bigger drop and subsequently to produce small satellite
droplets. In this calculation, the coalescence is permanent and the bigger drop that is formed
reaches the equilibrium (see figure 4). On the other hand, the experiments of Qian & Law
(1997) do not have a sufficient resolution to show in detail the deformation of the drops just
before the formation of the bridge. However, the appearance of the flat circular section
shown in figure 2 is in good agreement with the experimental and theoretical outcomes
reported in the literature (Bibette et al., 1992; Ivanov & Dimitrov, 1988; Ivanov &
Kralchevsky, 1997; Kabalnov & Wennerstrom, 1996; Sharma & Ruckenstein, 1987).

_ -d
1.5x10 -

- —Int Energy

<[/ KinEneray
1.0x107 bt p—

(RT)

~ _6 ________________________________________________________________________________
5.0x10 -

0.00 i i i i i
0.00 0.02 0.04 0.06 0.08 0.10

Time (ms)

Fig. 4. Evolution of the Kinetic and Internal energy for the collision between two equal-sized
drops with Ve = 1.0 mm/ms and We = 4.5.

On the other hand, it is observed that if we choose a Weber number for the collision greater
than the range of values producing permanent coalescence, the phenomenon of
fragmentation arises, i.e. the regime 2 reported by Qian & Law (1997) occurs giving rise to
coalescence followed by separation into small satellite drops. The following calculations
were performed for droplets with 30pm of diameter, 4700 SPH particles for each drop, and a
collision velocity of 10.0 mm/ms (We=450) which is a characteristic velocity for the elements
of a liquid spray (Choo & Kang, 2003). In the first stage of the calculation at t=2.0x10-4ms the
collision of the two droplets is shown in figure 5. It can be seen the formation of a flat
circular section between the drops (Ivanov & Kralchevsky, 1997). This circular section
vanishes completely at t = 5.6 x10-4ms. At this time a portion of fluid appears to form a wave
front propagating in the plane x = 0.
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This wave front begins to form little satellite drops and increases its amplitude until
t=1.8x10ms. There is no substantial growth of these satellite drops and the structure tends
to a flatten form as the dynamic runs. Figure 6 shows the velocity vector field (seen from the
plane y = 0) after the fragmentation of the drops has taken place. As shown in figure 6, the
fluid velocity at the center of the structure is 8.7 mm/ms, which is less than the initial rate of
collision, while the fluid that is spread to the edges is accelerated reaching a speed of 15.0
mm/ms. A longer stretched ligament is produced and the amount of satellite droplets
increases with the evolution of dynamics. Figure 5 illustrates that a portion of the fluid
begins to separate, stretching away from the bigger drop, and a non-uniform pressure field
is created inside the ligament. This is related to the value in the velocity vector field
differences, and due to this pressure differential a flow parallel to the plane x=0 is produced.
The fragmentation phenomena and the subsequent formation of satellites drops may be
analyzed following the conjectures made by Qian & Law (1997).

Once the ligament begins to form (see figure 5), a flow is generated directed in the opposite
direction to the vector field shown in figure 6. This motion transform this portion of the
ligament in a bulbous due to the accumulation of mass in this volume, and this change in
geometry implies the appearance of a local minimum in the pressure field which is located
between the bulbous and its neighboring region.

As a result of this pressure difference a local flow is generated through the point of
minimum pressure that opposes to the flow that is coming from the bulbous. This fluid
motion causes a local reduction of mass and therefore the ligament between the bulbous and
the neighboring region starts to decrease its radius (at the point of minimal pressure).
Because of this local decrease of the ligament radius the pressure rises, which creates a flow
with the same direction of the flow that comes from the end of the bulbous and other flow in
the opposite direction from the point of local reduction of mass. Given these opposing flows
emerging from this point, the radius of the ligament decreases even more. Then the system
tends to relax this unstable situation reducing the radius of this region to zero, giving rise to
a division of the fluid and so producing a satellite drop (see figure 5). Subsequently, this
process is repeated in the other regions of the ligament, producing more satellites drops.
These shattering collisions occur only at high velocities making the surface tension forces of
secondary importance (the phenomenon is inertial dominated).

When the Weber number for the collision is decreased below the range corresponding to the
permanent coalescence regime, then flocculation occurs. These calculations were performed
for droplets with 30pm of diameter, 4700 SPH particles for each drop, and a collision
velocity of 0.2mm/ms (We=0.18). At the beginning of the calculation one observes at
t=0.29ms (see figure 7) that a flat circular section appears between the two droplets (Ivanov
& Kralchevsky, 1997), which has already increased in diameter at t=1.0ms. Then, there is a
stretching of the surface of the drop as can be seen at t=1.77ms. This stretch is deforming the
drops until t=3.76 ms, and after that the drop shape remains constant. The chosen collision
velocity cannot produce coalescence between the droplets. In fact no penetration was
observed through the plane x=0. In this case, only the drops stay together, interacting
through their surfaces, giving rise to flocs (Ivanov & Kralchevsky, 1997).

It has been reported that these flocs are formed in emulsions when the interfacial film
between drops is very stable or the drops approach each other with a very small kinetic
energy (Ivanov & Dimitrov, 1988; and Ivanov & Kralchevsky, 1997). In this case, the wave
front that appears in the plane x=0 of figure 5 was not observed. Figure 8 shows the velocity
vector field at t = 1.78ms. It can be seen in this figure that the value of the fluid velocity
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Fig. 5. Sequence of times showing the evolution of the collision between two drops with
Veor = 10.0 mm/ms and We = 450. This figure illustrates the formation of small satellite

droplets. The time scale is given in milliseconds.
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decreases from the border to the center of the drop. In this case, the velocity has decreased
below its initial value, which is 0.2mm/ms in all zones of the fluid. As is shown in figure 9,
after an elapsed time of 3.76ms, the fluid velocities decrease even more, reaching a value of
2.24x10-2 mm/ms in the zone of interaction between the two drops and 4.48x10-2 mm/ms
near the border.

Velocity vectors (mm/ms)

-3
t=1.2x10

Fig. 6. Velocity vector field showing the fragmentation of two colliding drops at
t=1.2x10ms (see from the plane z-x) with V.,=10.0 mm/ms and We = 450. The time
scale is given in milliseconds.
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Fig. 7. Sequence of times showing the evolution of the collision between two drops

illiseconds.

15 given 1n mi

(flocculation) with Ve, = 0.2 mm/ms and We = 0.18. The time scale
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Velocity vectors (x10 mm/ms)

3.1
2.1
.1
0.0

t=1.78

Fig. 8. Velocity vector field showing the flocculation of two liquid drops at t=1.78 ms with
Veol = 0.2mm/ms and We = 0.18. The time scale is given in milliseconds.
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Fig. 9. Velocity vector field showing the flocculation of two liquid drops at t=3.76 ms with
Veol = 0.2mm/ms and We = 0.18. The time scale is given in milliseconds.
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4. Conclusions

An adequate methodology using the SPH method in three-dimensional space was presented
for the calculation of hydrodynamic collisions of liquid drops in a vacuum environment.
Several features of binary collisions in three dimensions have been observed in our
calculations. As a result of the collision between droplets the formation of a circular flat film
was obtained for a range of values of the Weber number. We have found three possible
outcomes for the collision: permanent coalescence, fragmentation and flocculation of drops.
We have ascribed a range of Weber number values for the three possible outcomes of the
collisions.

Inside the drops, the fluid tends to a velocity value lower than the initial velocity of
collision, while in the area of contact between the drops, we observed an increase in the
fluid velocity. When the Weber number of the drops is larger than the range of values
corresponding to coalescence, a fragmentation phenomenon is observed. Otherwise, when
the Weber number is below this range, we obtained drop flocculation. In the case of drop
fragmentation, we have observed the formation of satellite droplets emerging from the
contact zone between the two drops. The mechanism of formation of these satellite droplets
has been discussed.

We can see in the velocity vector field that after the fragmentation of the drops has taken
place, the fluid velocity at the center of the structure is less than the initial rate of collision,
while the fluid that is spread to the edges is accelerated producing a long stretched ligament
and several satellite droplets. In the SPH dynamics that the drops follow when flocculation
occurs, we have obtained that the system tends to a state of equilibrium in which the kinetic
energy remains constant and the drops interact mainly through their deformed surfaces. On
the velocity vector fields can be seen that in this case the value of the fluid velocity decreases
from the border to the center of the drops. In all zones of the fluid the velocity has decreased
below its initial value. After an elapsed time the fluid velocities decrease even more in the
zone of interaction between the two drops near the border.
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