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ABSTRACT

The oblique collision of two unequal-sized liquid droplets in a gaseous environment is investigated numerically. It is found that the asymme-
try in the flow field arising due to unequal-sized droplets and oblique collision greatly alters the collision outcomes observed in the case of
the head-on collision of identical droplets. Our results reveal that permanent coalescence occurs at intermediate collision angles, but head-on
and large-angle collisions result in reflexive separation and stretching separation, respectively. Moreover, we found that the end-pinching
mechanism is operational in the case of head-on collision, and the capillary wave instability is responsible for the ligament breakup for large
collision angles. It is also observed that the droplets coalesce permanently for low velocity ratios and high radius ratios, but for high velocity
ratios and low radius ratios, the droplets coalesce temporarily and then split again. By conducting a large number of numerical simulations,
the collision outcomes and the boundary separating them are plotted on R, — We and 0 — We planes, where We, R,, and 0 represent the
Weber number, radius ratio of droplets, and collision angle, respectively.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0038734

I. INTRODUCTION

The phenomenon of the collision of liquid droplets has been
extensively investigated because of its relevance in many industrial
applications,"” such as nuclear fusion, sprays, ink-jet printing, and
internal combustion processes, and also in meteorological applica-
tions, such as the formation of raindrops."’7 Several researchers
have also investigated the coalescence dynamics of a liquid droplet
on a flat liquid pool (see, e.g., Refs. 8-14). Different collision out-
comes have been observed when two equal-sized droplets undergo
collision depending on the Weber number.’ During the collision of
two droplets, high pressure develops in the gap, causing the drop-
lets to flatten, and the thin film of the surrounding fluid squeezes
out. The droplets undergo coalescence if the gap between them
reduces to a dimension comparable to that of molecular interac-
tion, usually on the order of 10% A; otherwise, they exhibit bounc-
ing behavior.'” Whereas coalescence of a droplet on a flat liquid
surface produces a satellite droplet (which eventually merges in
the liquid pool via the well-known coalescence cascading process),
the collision of two equal-sized droplets does not exhibit such
behavior.'°

It was believed that the collision outcomes depend primarily on
the Weber number, but Qian and Law'” demonstrated experimentally

that the properties of the surrounding medium and the viscosity of the
liquid also play an important role. Eggers et al.'® also theoretically
showed that the coalescence process is significantly influenced by the
viscosity of the surrounding fluid. By considering both head-on and
oblique collisions of identical water and hydrocarbon droplets at dif-
ferent surrounding pressures, Qian and Law'’ reported five distinct
outcomes, namely, (i) coalescence after minor deformation, (ii) bounc-
ing, (iii) coalescence after substantial deformation, (iv) coalescence
followed by separation for near head-on collisions, and (v) coalescence
followed by separation for off-center/oblique collisions. However, two
equal-sized water droplets in air at 1 atm only exhibit coalescence after

2y

minor deformation (outcome “1”) and coalescence followed by separa-
tion (outcomes “iv” and “v”). The transition between the coalescence
and separation regimes has also been identified. Subsequently, for a
wide range of Weber numbers, Pan et al."’ studied the head-on colli-
sion of two identical droplets experimentally and numerically. The
experiments were conducted using a time-resolved microphotographic
technique similar to that of Qian and Law,'” and the numerical simu-
lations were performed using a front tracking method.”’ They showed
that the merging instant can be evaluated computationally by the use
of an augmented van der Waals force and the associated Hamaker
constant extracted empirically from experimental observations in both
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soft and hard collisions, which correspond to the droplets undergoing
collision with minor and significant deformations, respectively. Nobari
et al”" also studied the head-on collision of equal-sized droplets using
a front tracking/finite difference technique and identified the bound-
aries between coalescing and separating collisions on the Reynolds
number and Weber number plane.

All of the studies discussed above considered the collision of
equal-sized droplets. The collision dynamics of unequal-sized drop-
lets have been attracting increasing attention (see, e.g., Refs. 16 and
22). Zhang et al.'® studied experimentally the coalescence dynamics
of a small droplet falling on a larger droplet and found that the for-
mation of satellite droplet occurs when the diameter ratio is greater
than 1.55, which increases with increasing the Ohnesorge number
(Oh = 1;/\/pi0R;), where g is the dynamic viscosity of the liquid
and R, is the radius of the small droplet). Kumar et al.”’ investi-
gated experimentally the coalescence dynamics of a freely falling
ethanol droplet on a sessile droplet of the same fluid using a high-
speed imaging system. They showed regime maps in terms of the
partial coalescence and spreading behaviors on the plane of the
Weber number and the volume ratio of the sessile and the impact-
ing droplets. The critical value of the size ratio of the droplets for
the formation of a satellite droplet was found to be consistent with
that of Zhang et al.'® Nikolopoulos et al.”* focused on the splashing
regime by impacting a droplet from a height. Tang et al.”” investi-
gated theoretically and experimentally the dynamics of the head-on
collision of unequal-sized hydrocarbon and water droplets, and
identified the regions associated with bouncing, permanent coales-
cence, and separation after coalescence in the parameter space of
the size ratio and the collision Weber number. Deka et al.”” studied
numerically the head-on collision of unequal-sized droplets and
reported that the collision leads to partial coalescence of very small
daughter droplets even for a diameter ratio equal to 1.2. Cong
et al.™ investigated the collision dynamics of unequal-sized drop-
lets at high Weber numbers. By conducting axisymmetric simula-
tions, Goyal et al.”” also investigated the head-on collision of two
unequal-sized droplets.

As the above brief review shows, apart from the experimental
study of Qian and Law,'” who studied the collision of two equal-
sized droplets, the work carried out on this subject has so far been
for a head-on configuration. Oblique collision is expected to alter
the flow field inside and outside the droplets, which can in turn
influence the collision outcomes.'” Since the flow field for small
droplets undergoing collision is difficult to obtain experimentally, it
is necessary to study the collision dynamics of two unequal-sized
droplets by performing numerical simulations, which is the focus of
this work. We used a coupled-level-set-volume-of-fluid (CLSVOF)
approach to study the dynamics of two unequal-sized droplets,
approaching at an angle with different velocities. The numerical
solver was validated against previous experimental and numerical
results for the head-on collision of two identical droplets. A para-
metric study was conducted by varying the collision angle (),
radius ratio (R,), and velocity ratio (V,), and the results were
analyzed in terms of the velocity field. The remainder of the paper
is organized as follows: In Sec. I, the problem is formulated, and
the grid convergence test and validation of the solver are con-
ducted. The results are discussed in Sec. III, and concluding
remarks are given in Sec. [V.

7
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Il. FORMULATION

The collision dynamics of two unequal-sized initially spherical
droplets of radii R, and R, approaching with velocities V; and V, and
undergoing oblique collision is investigated numerically in the frame-
work of the coupled-level-set-volume-of-fluid (CLSVOF) approach.
The oblique collision angle (i.e., the angle created by the collision
direction and the line joining the initial centers of the droplets) is 0,
such that 0 = 0 represents the limiting case of the head-on collision. A
schematic diagram showing the initial configuration of the droplets is
presented in Fig. 1. A two-dimensional coordinate system (x, y) is
used to model the flow dynamics. The initial separation distance
between the center of the droplets is § = 2.5R;, where R; is the radius
of the bigger droplet, such that ff cos (6) and fsin () are the projec-
tions of the separation distance along the x— and y— axes, respec-
tively. The initial center clearance between droplets, h, is f — R; —R,.
The dynamic viscosity and density of the liquid droplets and sur-
rounding gaseous medium are (g, p;) and (g, p, ), respectively, and
o represents the interfacial tension of the fluid pairs. The droplets were
liquid tetradecane and the surrounding medium was considered to be
either air or nitrogen gas in the various cases examined in this study.
The fluids were assumed to be Newtonian and incompressible. The
properties of the fluids are given in Table I. These fluids were chosen
to facilitate the comparison with an earlier experimental study."
The size of the computational domain was considered to be large
enough that the boundary had a negligible effect on the collision
phenomenon.

A. Governing equations

The collision dynamics of two unequal-sized droplets are governed
by the continuity and Navier-Stokes equations, which are given by

V-V =0, (1
o) G+ 7-97] = w27 o) (97 4 57)]
+ ax(P)nd. (), (2)

where V is the velocity field, wherein u and v represent the component
of velocity in the x and y directions, respectively; p(¢) is the density;

7. Droplet 2

X

pod

=
gursg

[Bcosf

Droplet 1

FIG. 1. Schematic diagram showing two droplets of radii Ry and R, colliding with
velocities V4 and V; at an oblique angle 0. y is the projection distance and =
2.5R, is the initial separation distance between the droplets, where R, is radius of
the bigger droplet. The density and dynamic viscosity of the droplets and the sur-
rounding medium are py, g4 and pg, fig, respectively.
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TABLE |I. Fluid properties of the liquid and gaseous phases considered at 1 atm and
25°C. The values of the surface tension of tetradecane with respect to air and nitro-
gen gas are 0.027 N/m and 0.026 N/m, respectively.

Fluids Density (kg/m”) Viscosity (Pas)
Tetradecane (droplets) 758 2.128 x 1073
Air (surrounding) 1.225 1.78 x 107>
Nitrogen (surrounding) 1.138 1.787 x 107°

n(=Ve¢/|Ve) is the outward pointing unit normal vector at the
interface; k(= —V - 1) is the mean curvature of the interface; ¢ rep-
resents the level-set function; o.(¢) is a Dirac delta distribution
function; and ¢ denotes time. The surface tension force is included
as a body force term in Eq. (2) by using the continuum surface force
(CSF) model.”® In present study, we considered small droplets
(radius 100 4 m-240pu m), so the Bond number pgg(ZRl)z/
6 < 107 Therefore, the effect of gravity force is neglected in the
present study.

The interfacial dynamics are modeled using the level-set function
(¢) and the volume fraction of the liquid phase (F) by solving the fol-
lowing advection equations:

0 -
E+V'V¢—0, 3)
OF -

E‘FV'VFfO, (4)

where F= 0 for the gaseous phase and F = 1 for the liquid phase. For a
cell containing both the liquid and gaseous phases, the value of F lies
between 0 and 1. Similarly, the values of the level-set function (¢) for
the gaseous and liquid phases are € and —e¢, respectively, and 0 at the
interface separating the fluids. Here, € is the numerical thickness of the
interface. In the present study, we used € = 1.5A, where A is the grid
size.

The density and dynamic viscosity of both the phases are mod-
eled using a Heaviside function, H(¢), as

p(¢) = piHc(d) + po(1 — He()), (5)
ﬂ(¢) = :uZHe((p) + :ug(l - He(¢))7 (6)
where the Heaviside function H(¢) is given by
1 ) if ¢ > €
1 ¢ 1] (7 .
H, = -+ —+— —_— < 7
(¢) 2+2€+2n{sm(6)}, if |p|<e (7)
0, if ¢ < —e
The regularized Dirac delta distribution function, d.(¢), is given by
1 1 020 .
. — 4+ —cos| — <
0c(d) = 26+2€COS< € ) 19l e 8)
0, otherwise,

which is used to model the surface tension force term that acts only in
the interfacial layer, i.e., with || < e.

scitation.org/journal/phf

B. Numerical method and boundary conditions

A coupled-level-set-volume-of-fluid (CLSVOF) method™ based
on a staggered grid formulation is used. The advantage of this method
is that it improves the conservation mass while maintaining a sharp
interface. The numerical method used in this work is the same as that
used in our previous studies on the coalescence of multiple drops
impacting on the free surface of a liquid pool” and coalescence of
unequal-sized droplets resting on each other.”” However, for the sake
of completeness, below we briefly discuss the numerical method used
in this study. The computational domain (Fig. 1) is discretized using a
uniform grid size (A) in the x and y directions. The marker and cell
(MAC) algorithm is employed to solve the single set of governing
equations, describing both phases in a staggered grid arrangement,”’
such that the vector quantities (e.g, the velocity) are defined at the
center of the cell faces normal to them, and the scalar variables (e.g.,
the pressure, volume fraction and level set function) are defined at the
cell centers. A finite-difference method is used to discretize the govern-
ing equations [Egs. (1)-(4)]. The convective terms in Egs. (2) and (3)
are discretized using the higher-order essentially non-oscillatory
(ENO) scheme,”"*” and the remaining space derivatives are discretized
using a central difference scheme. The second-order conservative
operator split advection scheme™ is used for discretization of conser-
vative form of the volume fraction advection equation [Eq. (4)], and
the conservation of F is maintained by employing an implicit scheme
in the first sweeping direction and an explicit scheme in the second
sweeping direction. The discretized form of the momentum equations
[Eq. (2)] is solved explicitly for the known volume fraction field F,, and
the level set function ¢,,, where 7 is the time iteration level. This step
gives the provisional velocity field (non-divergence free) at a time iter-
ation level n. The compliance of the continuity equation is achieved by
solving the corresponding pressure correction equation using the
Hypre-multigrid solver. After achieving a divergence-free velocity
field, the converged solution is obtained at the next time level (n + 1).
Then, using the updated velocity field, the advection equations of the
volume fraction and the level set function are solved to obtain the new
volume fraction field F, ) and the level set function ¢, ). At each
time step after finding the updated volume fraction F(, ;) and level set
function ¢, ), the level set function is reinitialized to the exact signed
normal distance from the reconstructed interface by coupling the level
set function with the volume fraction.” *® In this work, the time-
stepping procedure is based on an explicit method to maintain the sta-
bility of the solution. During the computations, the time step is chosen
to satisfy the Courant-Friedrichs-Lewy (CFL), capillary, and viscous
time conditions. The Neumann boundary conditions are used for all
the boundaries of the computational domain.

It should be noted that the numerical model is based on contin-
uum mechanics, whereas interfacial dynamics would necessarily incor-
porate intermolecular forces and rarified flow during the coalescence
event. The minimum grid size used in the simulation is around 2 um,
which is too large to capture a real gas film, which is on the order of
10%A. Asin practice, it is not possible to resolve the real film thickness;
in the continuum mechanics framework, this can be handled by speci-
fying the instant of rupture/rebound of colliding interfaces as an input
to the computational model.” In describing the results presented in
this study, we not only provide the actual dimensional parameters
used, but also give the values of the associated dimensionless numbers,
namely, the Reynolds number (Re(=2p,ViR,/py)), the Weber
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FIG. 2. Grid convergence test performed using A = 4.65, 3.50, and 2.80 um for the collision of two tetradecane droplets in air. Temporal evolution of (a) the deformation and
coalescence dynamics of the droplets [time in milliseconds (ms) is written at the top right corner of each panel] and (b) normalized center-clearance between droplets, h/hq.
The rest of the dimensional parameters are 0 = 0°, Ry = R, = 167.6 um, V4 = V, = 0.496 m/s. The corresponding dimensionless numbers are We =2.32, Re = 59.23,
V,=1, and R,= 1. The insets in (b) represent the magnified views for 0 <t < 0.3msand 0.7 <t < 1 ms.

number (We(= 2p,VZR, /c)), the velocity ratio (V,(= V,/ V1)), the
radius ratio (R.(=Ry/Ri)), the density ratio (p,(= py/py)), the
viscosity ratio (w.(= g/4y)), and the dimensionless time ¢
= t(V1/2R;). In the present study, in order to vary the velocity and
radius ratios, we have fixed the velocity and radius of droplet 1 and
varied the radius and velocity of droplet 2.

C. Validation

To validate the current numerical solver, we have conducted a
grid convergence test and compared the results obtained using the cur-
rent solver with the experimental results of Pan et al.'” In Figs. 2(a)
and 2(b), we investigate the effect of varying the grid size, A, on the
temporal evolution of the coalescence dynamics and temporal varia-
tion of the normalized center-clearance distance between the droplets,
h/hy, respectively. The parameters considered to generate these plots
are 0 =0°, Ry = R, = 167.6 um, and V; = V, = 0.496 m/s, which
represent the head-on collision and subsequent bouncing of two
equal-sized tetradecane droplets approaching at the same velocity in
air (for We = 2.32, Re=59.23). The results in Fig. 2(a) reveal that the
droplets exhibit qualitatively identical shape deformation for different
grids. Figure 2(b) also shows that good quantitative agreement is
achieved in the temporal variations of the normalized center clearance
between droplets (h/hg) obtained using different grid sizes. However,
it can be seen in Fig. 2(b) that after bouncing (> 0.9), the coarsest
grid 4.65 um (A = R, /36) deviates slightly from the results obtained
using the finer grid sizes (namely, 3.50 um (A = R, /48) and 2.80 um
(A =R,/60)). However, the results obtained using 3.50 um
(A =R;/48) and 2.80 um (A = R;/60) are quite close. In view of
this, we adopt a grid size of 3.50 um (A = R,/48) to generate the
remainder of the results presented in this study.

Figure 3 shows the comparison of the normalized kinetic energy
(Ex/Eko) and surface energy (E;/Ey) obtained from the present
simulation and the numerical simulation by Pan et al.”” Here, Ej
= %Zf\il Fip/(u? + v} )ver and E; = 0 A;, wherein vy is the
volume of the computational cell, F; is the volume fraction, and u;
and v; are the velocity components, N represents the number of

computational cells, and ) A, represents the summation of surface
area of all the interfacial cells. Exy and Ey, are the initial values of Ej
and E,. A front tracking method in an axisymmetric domain was used
by Pan et al."” in their numerical simulations. It can be seen in Fig. 3
that the comparison is indeed satisfactory. Next, in Figs. 4 and 5, we
present the dynamics of two equal-sized tetradecane droplets in air
undergoing head-on collision and compare them with the numerical
and experimental results of Pan et al.'” Figures 4 and 5 depict bounc-
ing and coalescence behaviors, respectively. It can be seen that the
droplets undergo significant shape deformation. These types of colli-
sion were termed hard collision by Pan et al.'” We also compared the
bouncing and coalescence behaviors of droplets with slight deforma-
tion (not shown), which were termed soft collisions by Pan et al”’
They also found that for soft and hard collisions the transition from
coalescence and bouncing behaviors occurs at We = 0.565 and 3.075,
respectively. It can be observed in Figs. 4 and 5 that the present
numerical solver accurately predicts the shape deformation during the

1.2 T i 1
H Surface energy
2

s0

o
o

E/E
o
[®)}

E/E,,
N
~

e
o

1
0 0.2 0.4 0.6 0.8 1 1.2
t (ms)

FIG. 3. Comparison of the normalized droplet kinetic energy (Ex/Exo) and surface
energy (Es/Es) obtained from the Present numerical simulation (solid line) and the
numerical simulation by Pan et al.' (dashed line). The parameters are the same
as those used to generate Fig. 2.
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FIG. 4. Temporal evolution of two tetradecane droplets in air for 6 = 0°, Ry = R,
= 167.6 um, V4 =V, = 0.496 m/s. The corresponding dimensionless numbers
are We=2.32, Re=59.23, V,.=1, and R,= 1. Results obtained from (a) the pre-
sent numerical simulation, (b) numerical simulation by Pan et al.,'” and (b) experi-
mental results of Pan et al."* Here, the droplets undergo bouncing after significant
deformation (hard collision).

bouncing and coalescence of droplets. We also found that the rupture
and rebound times for bouncing and coalescing droplets are in good
agreement with those reported by Pan et al."”’

I1l. RESULTS AND DISCUSSION

In this section, we discuss our numerical results. Particular atten-
tion is given to the effect of varying the collision angle (0), velocity
ratio (V,) and radius ratio (R,) on the collision dynamics of two drop-
lets since the head-on collision and identical droplets have been well
studied. We identified different collision outcomes for two identical
and unequal-sized hydrocarbon droplets undergoing oblique collision
by performing a large number of numerical simulations and con-
trasted the results with the dynamics observed in the case of head-on
collision. As discussed in Sec. I, when two droplets collide in a head-
on configuration, mainly three collision outcomes are observed,
depending on the impact velocity and fluid properties of the droplets
and the surrounding environment, namely, coalescence, bouncing,
and separation.'””" In the case of collisions resulting in coalescence,
the surrounding fluid separating the droplets is squeezed out quickly

scitation.org/journal/phf
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FIG. 5. Temporal evolution of two tetradecane droplets in air for 0 = 0°, Ry = R,
=169.7 um, V4 =V, = 0.596 m/s. The corresponding dimensionless numbers
are We=3.4, Re=72.1, V,=1, and R, = 1. Results obtained from (a) the present
numerical simulation, (b) numerical simulation by Pan et al.,'® and (b) experimental
results of Pan et al."® Here, the droplets undergo bouncing after significant defor-
mation (hard collision).

and the droplets coalesce permanently. The merged mass undergoes
shape deformation and oscillations due to the competition between
the kinetic energy and surface energy. As time progresses, these oscilla-
tions become damped as the kinetic energy associated with fluid
motion in the droplet dissipates due to viscous dissipation, and even-
tually the merged fluid mass acquires a spherical shape. In the case of
bouncing, the fluid layer becomes trapped between the droplets, which
prevents the droplets from coalescing. The droplets continue to
deform until the internal kinetic energy reaches a minimum and high
pressure develops in the region separating the droplets. At this stage,
the flow within the droplet redirects sharply in the directions opposite
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to the impinging directions and the droplets gradually start to gain
kinetic energy, and as a result the gap between them widens and finally
they regain their spherical shapes due to surface tension. The rebound-
ing velocities, however, are smaller than the impacting velocities of the
droplets because some amount of energy is lost via the viscous dissipa-
tion. In the case of separation, the droplets coalesce temporarily and
then split again.
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In Fig. 6, we investigate the effect of varying the collision angle
(0) on the collision dynamics of two equal-sized tetradecane droplets
of radii Ry =R, =100 um, impacting at the same velocities, V;
= V, = 1.656 m/s in a nitrogen environment at 1 atm. The values of
the corresponding dimensionless numbers are We =16, Re=118.01,
V,=1and R, = 1. The temporal evolutions of the droplets for § = 0°
(head-on collision), 6 = 10.37°, and 6 = 28.68° are presented in
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Figs. 6(a)-6(c), respectively. The corresponding flow fields for 0 = 0°
(head-on collision), 6 = 10.37°, and 6 = 28.68° are depicted in
Figs. 7(a-1)-7(a-iii), respectively.

In Fig. 6(a), it can be seen that just after the collision the droplets
exhibit an expansion, resulting in an elongated disk-shaped droplet
(perpendicular to the impacting direction). At this stage, the surround-
ing gas moves inwards into the rim part of the disk shape [see
t=0.223ms in Fig. 7(a-1)]. The inward flow pushing the liquid into
the rim part of the disk is prevented by the change in the surface cur-
vature that creates a difference in pressure between the fluid at the rim
and the central portion of the droplet’ [see, Fig. 7(b)]. The deformed
droplet at t=0.223 ms possesses extra residual surface energy com-
pared with the total surface energy of both parent droplets. This is
because the kinetic energy associated with internal fluid motion in the
combined droplet mass is converted into surface energy during defor-
mation, and some of it is also dissipated due to viscosity (viscous dissi-
pation). The decrease in the kinetic energy of flow and the reflexive
action by the liquid surface due to the surface tension tries to bring the
droplet to a spherical shape, but inertia elongates it in the direction of
impact (t=0.365ms) to form a stretched liquid cylinder at
t=0.514 ms. The flow field at t=0.365ms [Fig. 7(a-1)] clearly shows
four symmetrical recirculating regions in surrounding gas and the
internal flow is directed toward the center of the droplet [Fig. 7(a-i)].
At t=0.514ms, the fluid at the rounded ends of the liquid cylinder
possesses a higher internal pressure than the remainder of the cylinder
owing to its larger curvature as compared with the midsection of the
cylinder, which in turn creates a local flow that pulls the ends toward
the center. Subsequently, the liquid cylinder evolves into a dumbbell
shape because of the outwardly directed internal motion
(t=10.843 ms). If the kinetic energy associated with the internal fluid
motion within the bulbous ends is not sufficient to split the droplet
mass apart, then surface tension will pull back the ends of the
dumbbell-shaped droplet. However, if the outwardly directed motion
is sufficiently large, then the end droplets will detach from the liga-
ment and the remaining fluid in the ligament contracts to form satel-
lite droplets, as can be seen at t=1.192ms in Fig. 6(a). This collision
outcome is termed “reflexive separation” in the present study.

This outcome in the case of a head-on collision is expected to be
influenced by the collision angle of the droplets. In addition to the
development of an asymmetric flow field, increasing the collision angle
decreases the region of interaction of the droplet, which in turn
decreases the collision energy responsible for the reflexive action. It
can be seen in Fig. 6(b) that for 6 = 10.37° the droplets coalesce after
the collision and stretch in a direction inclined to the direction of
impact. The resulting flow field is asymmetric with the recirculating
regions appearing at the opposite sides of the ligament of the com-
bined mass [t=0.751ms in Fig. 7(a-ii)]. Then, owing to the surface
tension, the droplet contracts (= 1.125 ms) and then the inertia elon-
gates it in the direction diagonally opposite to that of the initial stretch-
ing (t=1.246 ms). Due to the competition between the kinetic energy
and surface energy, the droplet evolves into a tilted dumbbell-shaped
droplet (t=1.597 ms). In this case, as the internal kinetic energy asso-
ciated with fluid flow is insufficient to overcome the surface tension,
the bulbous ends are pulled back, resulting in permanent coalescence.
The droplet continues to exhibit shape oscillations (elongation and
contraction) until the internal kinetic energy, which is responsible for
these oscillations, completely dissipates in the form of viscous
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dissipation. Ashgriz and Poo’ found that for a low-viscosity liquid
(e.g., water), permanent coalescence occurs when the effective kinetic
energy is less than 75% of the surface energy; otherwise, it undergoes
reflexive separation.

Increasing the collision angle further [Fig. 6(c) for 0 = 28.68°]
decreases the interaction region significantly, and the major part of the
mass associated with each droplet tends to move in the same impact-
ing direction even after coalescing. Owing to the resulting shear, a
dumbbell-shaped droplet with a thin ligament is formed at
t=10.510ms. It can be seen in Fig. 7(a-iii) that, relative to 6 = 10.37°,
the recirculating regions are closer to the fluid mass [also, see vorticity
contours in Fig. 7(c)]. As in this case, the internal kinetic energy is able
to overcome the effect of surface tension forces that try to contain the
droplet as a single mass; the heavier masses at the two ends of the liga-
ment are detached. From pressure field [Fig. 7(b)], we observe that the
pressure field within the detached ligament is non-uniform. The cur-
vature at neck connecting the ligament and bulbous ends causes the
pressure in the ligament to be higher than that of the ambient due to
the surface tension. Subsequently, the ligament also fragments into sat-
ellite droplets, as can be seen at t=0.773 ms in Fig. 6(c). This collision
outcome is termed “stretching separation” in the present study. We
may, therefore, infer that increasing the collision angle for a fixed set
of other parameters has a non-monotonic effect on the collision out-
come, with the head-on collision and large collision angles resulting in
separation, whereas permanent coalescence occurs at intermediate col-
lision angles. We will come back to this point again later.

The fragmentation of the ligament and the detachment of satellite
droplets occur via two mechanisms, namely, the end-pinching mecha-
nism and capillary wave instability,”** which are operational in the
cases of short and long ligaments, respectively. It can be seen that the
breakup observed in the case of head-on collision [Fig. 6(a)] is due
to the end-pinching mechanism, but the breakup for 0 = 28.68°
[Fig. 6(c)] is due to the capillary wave instability.

Next, in Fig. 8, we investigate the effect of velocity ratio, V, on the
collision dynamics of two identical tetradecane droplets of size R,
= R, = 168 um undergoing oblique collision with 6 = 6.43° in nitro-
gen at 1 atm. The velocity of droplet 1 is fixed at 1.252 m/s and velocity
of droplet 2 is varied to obtain V, = 0.8, 1.15, and 1.2. The temporal
evolutions of the velocity, pressure, and vorticity fields for V, = 0.8,
1.15, and 1.2 are presented in Figs. 9(a)-9(c), respectively. Here,
We=15.35, Re=149.6. It can be seen that the collision outcome
changes from permanent coalescence (for V, = 0.8 and 1.15) to
reflexive separation (for V, = 1.2) by increasing the velocity ratio
(V,). Increasing the impact velocity ratio between the droplets
increases the shear, which in turn increases stretching of the combined
liquid mass. Thus, it can be seen that the length of the filament with
two blobs of liquid at its ends (see, the second row in Fig. 8) increases
with increasing the velocity ratio. The associated flow fields have been
depicted in the first row of Fig. 9(a). Then the surface tension tries to
bring the droplet to a spherical shape, but the droplet gets elongated
due to the inertia and the internal kinetic energy. Subsequently, for
V., =1.2, the central part of the ligament becomes thinner
(t=3.398 ms) than that observed for low values of V,, and the droplets
breakup occurs due to capillary wave instability.

It can be seen in Figs. 9(a)-9(c) that the distributions of the flow,
pressure, and vorticity fields and the recirculation region change
according to the shape evolution of the droplet. Inspection of pressure
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distribution in Fig. 9(b) reveals that the pressure is maximum within
blobs as the fluid is pushed through the connecting neck [first row in
Fig. 9(b)] and after contraction, the central region of the contracted
droplet which is sandwiched between two end caps [second row in
Fig. 9(b)] has a pressure maximum and a low pressure at the con-
nected surface segments which in turn causes deformation of droplets
in a direction nearly perpendicular to the incoming flow from both
sides of the capped portion of the droplets. In the third row of Fig.
9(b), it can be seen that the pressure at curved ends of the deformed
droplet is high compared with the central portion. The droplets are
separated if the kinetic energy is sufficient enough to overcome surface
tension force, and subsequently, the bulbous ends of the deformed
droplet pinch off from the neck as shown in Fig. 8(c). If the kinetic
energy is insufficient to overcome the surface tension, the flow is sim-
ply directed toward the center of the drops [third row of Fig. 9(a) for
V, = 0.8 and 1.15] as a result of the pressure differential. From vortic-
ity contours in Fig. 9(c), it can be observed that the vorticity is higher

ARTICLE scitation.org/journal/phf

in the second row of Fig. 9(c) than the first and third rows of Fig. 9(c).
This indicates that the strength of vortices is minimum for a deformed
droplet due to its minimum internal kinetic energy as compared to a
contracted droplet of nearly spherical shape [second row of Fig. 9(c)].
It can also be seen that the sign of the vorticity is reversed after the
deformation and contraction processes.

Then, to investigate the effect of the radius ratio, R, the radius of
droplet 2 is varied while the radius of droplet 1 is fixed at Ry = 100
um. In this case, the head-on collision (0 = 0°) of two tetradecane
droplets with V; = V, = 1.604 m/s in nitrogen at 1 atm is simulated,
such that We=15 and Re=114.27. Figures 10(a)-10(c) show the
shape of the droplets before and after the collision for R, = 1.2, 1.6,
and 2.4, respectively. In the case of unequal-sized droplets, the capil-
lary pressure associated with the small droplet is higher than that for
the larger droplet, which influences the shape deformation of these
droplets before and after the collision. At early times, it can be
observed that the small droplet penetrates inside the larger droplet,

FIG. 12. Evolutions of the normalized sur-
face energy (Es/Es) and kinetic energy
(Ex/Exo) of droplets for different values of
the [(a) and (b)] collision angle (the
parameters are the same as Fig. 6), [(c)

S and (d)] velocity ratio (the parameters are
AN the same as Fig. 8), and [(e) and (f)]
’ radius ratio (the parameters are the same
as Fig. 10). The surface energy and

I I I | I I I I |
K . 3 K .

Gy kinetic energy are normalized by the initial
- surface and kinetic energy of the droplets.
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forming a mushroom-type shape (second row in Fig. 10). This creates
a wake region in the side of the small droplet, which increases with
increase in the radius ratio, R, [see the first row in Fig. 11(a)].
Subsequently, the combined mass of the droplets exhibits asymmetric-
shaped oscillations corroborated by the flow field (see Figs. 10 and 11).
It can be seen that whereas the droplets with R, = 1.2 and 1.6 for this
set of parameters undergo separation, and droplets with R, = 2.4
exhibit permanent coalescence. Hence, it can be inferred that an
increase in the radius ratio suppresses the separation outcome. Tang
et al.”” showed that in the case of two unequal-sized droplets undergo-
ing head-on collision, the suppression of the separation outcome is
due mainly to the increased viscous dissipation energy from the inter-
nal motion in the merged droplet before it starts stretching. Another
observation is that for R, = 1.2 a satellite droplet is formed in addition
to two primary droplets after breakup. This does not occur for the
intermediate value of R,. The formation of the satellite droplet when
R, = 1.2 is due to the capillary instability of the liquid bridge connect-
ing the two blobs of liquid mass, as shown in Fig. 10(a). For R, = 1.6
[Fig. 10(b)], the liquid bridge tends to stick to the larger droplet instead
of forming a satellite droplet. Hence, the collision process in the case
of unequal-sized droplets is significantly more complex than that for
the identical droplets undergoing head-on collision.

In Figs. 12(a)-12(f), we have shown the temporal evolution of
dimensionless surface (E;/Es) and kinetic energy (Ex/Exo) of the
droplets for different values of the angle [Figs. 12(a) and 12(b)], veloc-
ity ratio [Figs. 12(c) and 12(d)], and radius ratio [Figs. 12(e) and
12(f)]. The surface energy and kinetic energy are normalized by the
initial surface (Ey) and kinetic energy (Ejo) of binary droplet system.
It can be observed in Fig. 12 that during the initial deformation pro-
cess, while the surface energy increases, the kinetic energy of the sys-
tem decreases. The kinetic energy reaches a minimum value when the
combined droplet mass deforms to its maximum. During contraction
process as the deformed droplet contracts to retrieve its spherical
shape, we observe that the kinetic energy increases until it reaches a
certain maximum value, while the surface energy decreases to a mini-
mum value. The conversion of the kinetic energy into surface energy
and then surface energy into the kinetic energy continues during the

entire collision process. In the case of collision resulting in coalescence,
the competition between the surface energy and kinetic energy occurs
for a longer duration as compared to collisions, resulting in separation.
It can also be observed in Fig. 12 that the maximum (peak) value of
the kinetic energy decreases with time due to viscous dissipation. As
the combined droplet mass (in the case of coalescence) and the daugh-
ter droplets (in the case of separation) regain a spherical shape, the
kinetic and surface energies become constant. This observation
depicted in Fig. 12 is similar to that observed by Pan et al.'’ and Cong
etal”

Finally, the regime maps showing different collision outcomes for
two droplets impacting at the same velocities (V, = 1) are presented
in Figs. 13(a) and 13(b) on the R, — We plane (for head-on collision
and R; = 100 um) and the 6 — We plane (for R; = R, = 100 um). It
can be seen in Fig. 13(a) that in the case of a head-on collision, the
droplets undergo permanent coalescence for low Weber numbers, but
for high Weber numbers, the droplets display separation after tempo-
rary coalescence. The regime map on the 0 — We plane [Fig. 13(b)]
reveals that for low Weber numbers, an increase in 0 changes the colli-
sion outcome from permanent coalescence to stretching-separation.
On the other hand, for high values of the Weber number, an increase
in 0 changes the collision outcome from reflexive-separation to coales-
cence to stretching-separation. It can be seen that the region associated
with permanent coalescence shrinks as the Weber number is
increased. The collision outcomes for the range of parameters consid-
ered in the present study are found to be consistent with the observa-
tion from earlier experimental studies of Tang et al.”” for head-on
collision of unequal-sized droplets and Qian and law' for oblique col-
lision of identical droplets.

IV. CONCLUSIONS

We investigated numerically the oblique collision of two
unequal-sized liquid droplets in a gaseous environment in the frame-
work of the coupled-level-set-volume-of-fluid (CLSVOF) approach,
with particular attention to the study of the effect of the collision angle
(0), velocity ratio (V,), and radius ratio (R,) of the droplets. We vali-
dated our numerical solver against the previous experimental and
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numerical results associated with the head-on collision of two identical
droplets. The collision outcomes (coalescence, bouncing, and separa-
tion) were found to be greatly influenced by the collision angle, veloc-
ity ratio, and radius ratio of the droplets. We observed that increasing
the collision angle has a non-monotonic effect on the collision out-
come; while permanent coalescence occurs at intermediate collision
angles, head-on and large-angle collisions result in reflexive-separation
and stretching-separation, respectively. Moreover, the breakup mecha-
nisms of the ligament in head-on and large-angle collisions are also
different. The end-pinching mechanism is operational in the case of
the head-on collision, as also reported in previous studies.”””** On
the other hand, the capillary wave instability is found to be responsible
for the ligament breakup for large collision angles.

We found that for low velocity ratios, the droplets coalesce per-
manently, but for high velocity ratios, the combined liquid mass after
temporary coalescence undergoes stretching due to shear to form a
long ligament that subsequently breaks up. Increasing the radius ratio
was found to suppress the separation outcome due to the increase in
viscous dissipation, as also observed by Tang et al.”* Finally, by con-
ducting a large number of simulations, we presented the collision out-
comes and the boundary separating them on R, — We and 0 — We
planes.
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