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Numerical simulation of the head-on collision of binary equal-sized seawater droplets was
conducted by volume of fluid method for tracking the interface and an adaptive mesh for
improving the calculation efficiency. In order to reveal the mechanism and the influence
factors of seawater droplets in Impinging Seawater Shower Cooling Tower (ISSCT.), veracity
of the numerical models was firstly validated with the experimental results of Qian. These
outcomes were in good agreement with the experiments. The binary collisions of equal-sized
droplets were investigated at various Weber numbers and impact parameters at room
temperature and pressure conditions. The Weber number ranged from 0.5 to 200 and the impact
parameters ranged from 0 to 1, which covered three different types of outcomes: coalescence,
head-on separation and off -centre separation. The results show that the critical Weber number
of head-on collisions between coalescence and reflexive separation is 22. The We-x schematic

of various collision regimes of seawater droplets is obtained.

1. INTRODUCTION

ISSCT is widely used in the industrial and agricultural
production due to small resistances, low maintenance costs
and remarkable cooling effects, especially in thermal systems
such as heat-engine plants. In the working process, the hot
seawater is cooled by heat exchange with the circulatory in the
tower, and then falls into the collecting basin [1]. The change
of droplet size distribution will affect the performance of
cooling tower. Therefore, the investigation of numerical
simulation of droplet collision is providing a theoretical basis
for the application of the ISSCT. The collision in the tower is
a complicated multi-parameter two-phase flow problem. At
present, lots of experiments and numerical simulation
investigations of droplet collision have been carried out by
domestic and oversea scholars (At present, some scholars have
conducted a lot of experiments and numerical simulation
studies on droplet collision). O’Rourke et al. [2] set up a
statistical model of droplet collision based on the experimental
results. Ashgriz and Poo [3] further improved the division of
the collision outcomes region of droplet collision by
experiments and it has been still used today. Numerical
simulation has the advantage of capturing more details and
analyzing the internal mechanism compared with
experimentation. Nikolopoulos et al. [4-5] simulated the head-
on and off-centre collision of droplets by using adaptive mesh
method and the result is similar to the experimental study by
Qian and Law [6]. At present, most of the experimental and
numerical investigations of droplet collision are both focused
on hydrocarbon droplets [7-12], and there are still large gaps
in concrete study of seawater droplets collision. In the present
investigation, the feasibility and accuracy of numerical
simulation are verified. Numerical simulation of head-on and
off-centre binary collision between equal-sized seawater
droplets is conducted using the Fluent. The mechanism and
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various collision regimes of seawater droplets are discussed,
and the collision models of seawater droplets are presented.

2. DROPLET COLLISION MECHANISM

The phenomenon of binary droplet collision can be
described based on liquid droplet density, viscosity, surface
tension and other properties. By dimensional analysis, the
above parameters can be grouped into four dimensionless
numbers. They are Weber number (We), Reynolds number
(Re), non-dimensional impact parameter(x) and drop diameter
ratio (A), which are defined as follows (1)-(4):

We = puin’ (1)
Re=%[’° 2)
x:% 3)
A= @)

where p is droplet density; Dy is droplet diameter; uo is droplet
velocity; the relative droplet velocity u,=2uy; o is the surface
tension coefficient of droplet; p is viscosity; DS and DL
respectively represent the diameter of small droplets and large
droplets. In this paper, the droplet size is the same and drop
diameter ratio is 1. X is defined as the distance from the centre
of one droplet to the relative velocity vector placed on the



centre of the other droplet, which is shown in Figure 1.

In a more detailed experiment, Qian and Law [6] used a
series of time-resolved photo images to map all collision states
to determine the factors of different results. Five distinct
regimes of collision outcomes were concluded, namely 1)
coalescence after minor deformation; I1) bouncing; 1)
coalescence after substantial deformation; I1V) Reflexive
separation; V) Stretching separation.

Figure 1. Schematic of the droplet collision

The schematic of collision regimes with various Weber
numbers and impact parameters is presented. The gas between
droplets must be compressed to such an extent that the droplets
gap is reduced to a dimension comparable to that of the
intermolecular force in order for the droplets to coalesce.
When two droplets are approaching each other at a very slow
rate, the pressure between the two drops increases. The gas
hasn’t expelled before the droplets come into contact, and the
droplets will coalesce under Van der Waals force. When the
two drops come very close, the pressure between the gases is
going to increase, these gases will form a gas film to stop the
droplets from moving closer together. If the two droplets are
not in contact until the relative rate is zero, the two droplets
bounce off each other. When the rate of droplet continues to
increase, the gas film between droplets is not enough to
prevent the droplets from contacting directly. Because of
viscous dissipation and surface tension, the droplet rate
decreases, and the internal flow does not have enough kinetic
energy to separate the two drops, causing the droplets to bond.
With the larger of Weber number, the combined droplets still
have enough kinetic energy to break the combined large
droplets, leading to separation and the simultaneous formation
of a tiny satellite droplet. According the relative position of
two droplets contact, the separation is divided into reflexive
separation and stretching separation.

3. CONTROL EQUATIONS AND COMPUTATIONAL
MODELS

The crux to the numerical simulation of droplets collision is
to capture gas-liquid interface. The numerical simulation
method is divided into grid method and particle method. VOF
method [13-14] formulates interface by defining the volume
fraction of each phase in the grid. It is a surface tracking
method under a fixed Euler grid, which can be used to solve
steady or unsteady interface. Fluids are simulated by solving
momentum equations and by tracking the volume fraction of
each fluid through the calculation domain. It has the
advantages of good conservation and high simulation
accuracy. Therefore, VOF method is used to track the gas-
liquid interface of droplet collision in this paper. The fluid
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volume function o is defined as the volume fraction of the first
phase accounted in the computational grid.

1, inside liquid phase
a4 0, inside gas phase
0 < a <1, inside the transitional area between the two phase

()

The value of density p and viscosity p are calculated using
linear interpolation between the values of the two phases
weighted with the volume fraction a:

pla)=ap +(1-a)p, (6)

u(a)=opy +(1-a) u, ()

where the subscript | and g represent the liquid phase and the
gas phase, respectively. The transport equation for the volume
function is

oo

§+V'(Ua’):0 (8)

It is necessary to consider the liquid viscous and surface
tension of the seawater droplets collision in ISSCT, and the
flow is incompressible flow. Energy equation is not solved
since heat transfer is not considered. Continuous equation is as
follows:
V-u=0 ©)

The momentum equation expressing both phases is written
in the form:

ou
—+u-Vu
p(at j

where u is the velocity vector; p is the pressure; p is dynamic
viscosity; p is the density; D is the stress tensor. The
expression is Dij=(0ui/0xj+0uj/0xi)/2 and Fs is the volume
force caused by surface tension. The continuous surface
tension CSF model proposed by Brackbill [15] is chosen and
the expression is Fs=okn, where o is coefficient of surface
tension; x is the curvature of the gas-liquid interface; n is
interface unit normal vector. Three-dimensional problem can
be simplified as a two-dimensional problem due to the
symmetry of the calculation model, and the axisymmetric
model can be used to calculate. The adaptive mesh method is
used to encrypt the region with obvious gradient change at the
interface of two phases (Due to the symmetry of the
calculation model, the three-dimensional problem can be
simplified into a two-dimensional one. The axisymmetric
model is used for calculation, and the region with obvious
gradient change of the two-phase interface is encrypted with
the adaptive grid method). The computing domain increases
with the droplet velocity. The size range is 3 D0x1.5 D0 to 12
D0>6 DO, and the distance between droplets is 0.5 DO. The
bottom boundary is the axisymmetric boundary and the other
boundaries are wall boundary. The PISO pressure-velocity
coupling algorithm and PRESTO pressure interpolation
format are simulated.

~Vp+V-(2uD)+F, (10)



4. NUMERICAL METHOD VALIDATION

In order to investigate the grid dependency of the results,
the droplets collision with minimum grid size of D0/200,
D0/300 and DO0/400 is simulated. The numerical results
indicate that the hydrodynamic behavior of the impacting
droplets does not change when the minimum grid size is
D0/200. And then the tetradecane droplet collisions
experiment conducted by Qian and Law is simulated, and the
calculation conditions are in accordance with the experimental
conditions, We=32.8, Re=210.8, D0=318pum.

Figure 2 shows the comparison between the numerical
simulation and experiment, the deformations of the droplet are
basically agreed. Therefore, VOF model can be used to
simulate the collision process of binary droplet.

(a) Simulation results
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(b) Experimental results

Figure 2. Comparison between numerical simulation and
experimental results from Qian

5. RESULTS AND DISCUSSES
5.1 Physical properties of seawater droplets

Seawater is a mixture of dissolved inorganic salts, organics,
gases and a large amount of suspended substances. The
concentration of seawater is about 35%.. Seawater droplet
diameter is generally between hundreds of microns and
hundreds of millimeters in ISSCT. In the present investigation,
seawater droplets with a diameter of 200pm are chosen for the
computation. Table 1 shows the properties of seawater droplet
and medium gas, which are measured at ambient temperature
and pressure. Empirical relations refer to [16-19].

The head-on and off-centre binary collisions of equal-sized
droplets are simulated at various Weber numbers. The Weber
number is transformed by changing the relative droplet
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velocity. The initial velocities of the two droplets are the same
but in opposite directions. The parameters of the droplet
collision are We=0.5~100, ur=0.42~8.44m/s, D0O=200pum.

Table 1. Physical properties of seawater droplets and air

Density  Viscosity .
(ke/m°) (Pa's) Surface tension (N/m)
seawater  1021.53  0.963 X107
air 1225 1.834X10° 0.07281

5.2 Head-on collision of seawater droplets

Figure 3 shows the head-on collision of the seawater
droplets at various Weber numbers.

The head-on collision of the seawater droplets is shown in
Figure 3. In Figure 3(a), when two droplets are approaching
each other at a very slow rate, the kinetic energy of the droplet
is larger than gas pressure in the gap. Two droplets begin to
coalesce at the edge of the contact, forming a stretched
cylinder. The gas between two droplets trapped by the droplets
is absorbed into the large droplet, forming a small bubble, as
shown at 0.20ms in Figure 3(a). At 0.36ms, the surface energy
reaches the maximum while the Kinetic is in its minimum.
Then, the liquid drop change from radial motion to axial
motion, and the kinetic energy increase. However, the kinetic
energy of the internal flow is insufficient to overcome the
surface tension, and the fracture is connected to the neck. After
several axial and radial vibrations, a stable large liquid drop is
formed. Itis shown in Figure 3(b), as Weber number increases,
the coalescence time of droplets is significantly advanced. The
larger kinetic energy leads to greater droplet deformation, and
the oscillation period of the coalesced droplet becomes longer
until a spherical droplet is formed. The onset of reflexive
separation is at We=22, as shown in Figure 3(c). The bubble
is squeezed out due to the extreme deformation in radial
direction.

Figure 3(d) shows a typical reflexive separation result at
We=23. The deformation before droplet separation is very
similar to the deformation process of Figure 3(c), but the radial
deformation is much greater. The droplet internal fluid
converges to the edge and the center is stretched thin. Then,
the droplet motions in axial. The droplet has enough Kinetic
energy to overcome surface tension force, leading to
separation. With the increase of Weber number, the two ends
of the droplets separate and the simultaneous formation of a
tiny satellite droplet is shown in Figure 3(e). This pinching
action can also be seen clearly in Figure 3(f), in which a larger
satellite droplet is formed as the connecting neck is pinched
off. The satellite droplet is roughly in the same diameter as its
two ends (This compression is also clearly seen in figure 3(f),
where large satellite droplets are formed as a result of the
extrusion of the neck and the diameter of the satellite drops is
approximately the same as that at both ends).

With further increasing Weber number, the droplet
separation time is gradually shortened, and the number of
satellite droplets is increasing. There are three, five and seven
droplets formed respectively in Figure 3(g)-(i). The two ends
of the droplet gradually break off and then the newly formed
ends are pinched off, forming new droplets. The mechanism
of separation is the end-pinching mechanism, rather than the
capillary instability mechanism, which agrees well with the
results of literature [19].



(e) We=50 (f) We=80

(h) We=150

(i) We=200

Figure 3. Numerical simulation of head-on collisions of seawater droplets at various Weber numbers

5.3 Off-centre collision of seawater droplets

In order to summarize the We-x schematic of various
collision regimes of seawater droplets, the numerical
simulation of the droplets off-centre collision is conducted at
various X. The collision results at We=50 are shown in Figure
4.

Figure 4(a) shows the reflexive separation case at x=0.1.
The droplet reaches the maximum radial deformation in
0.12ms and then begins to contract in radial direction. The
droplet is separated at 0.45ms. The gap between the two drops
is longer than the gap of head-on collision in the same We due
to the rotation motion (Because of the rotational motion, the
gap between the two droplets is longer than that of an
oncoming collision). By comparing 0.13ms and 0.23ms in
Figure 4(b), it can be seen clearly that the droplets rotation
angle increases with the larger x. The collision outcomes
shown in Figure 4(c) and (d) are stretching separation. With
the increase of X, the rotation period of droplets becomes
significantly longer. The connecting neck is getting thinner
and thinner and breaking into satellite droplets under the force
of centrifugation and inertia, at x=0.3.
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Figure 4. Numerical simulation of seawater droplets
collision at various impact parameters



In Figure 4(d), the non-overlapping droplets at both ends
continue to move in the opposite direction, and the centrifugal
force is more important than the inertial force. Due to the high
influence parameters, the deformation of droplets is small and
the rotation amplitude increases significantly. The connecting
neck is broken and two equal-size parent droplets are formed
[20-21].

5.4 Regime schematic of numerical results for collision of
seawater droplets

According to the numerical simulation of the seawater
droplets collision, the We ranges from 0.5 to 200 and x ranges
from 0 to 1. The schematic of various collision regimes of
equal-sized seawater droplets is obtained, as shown in Figure
5, and three different outcomes are obtained, namely
coalescence, reflexive separation and stretching separation
(Figure 5 shows the schematic diagram of different collision
mechanisms of seawater droplet at the same scale, and three
different results are obtained: polymerization, self-reverse
separation and tensile separation).
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Figure 5. Schematic of various collision regimes of seawater
droplets

6. CONCLUSION

In the present paper, detailed comparison with time-
resolved image from Qian and Law is used to validate the
numerical model. And then, numerical simulations of binary
collision between equal-sized seawater droplets are conducted
at various Weber numbers and impact parameters. The We-x
schematic of various collision outcomes of seawater droplets
is obtained. The conclusions are as follows:

(1) Numerical simulation of the head-on collision of
tetradecane droplets in the nitrogen environment is
conducted. Validate VOF method can be used to track the
interface.

(2) Numerical simulation of the head-on collision of seawater

droplets is conducted at various Weber numbers. The

critical Weber number of head-on collisions between

coalescence and reflexive separation is 22.

Reflexive separation at Weber number is less than 200. As

Weber number increases, the number of satellite droplets

increases, and the mechanism of reflexive separation is

called the end-pinching mechanism.

The seawater droplets coalescence and reflexive

separation mechanism between head-on collision and off-

€)

4)
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centre collision are the same, but the critical Weber
number between coalescence and reflexive increases due
to rotation motion.
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