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ABSTRACT

Direct numerical simulations are performed to investigate the multiscale flow physics of binary droplet collision over a wide range of Weber
numbers and impact factors. All possible collision outcomes, including bouncing (both head-on and off-center), coalescence, reflexive sepa-
ration, and stretching separation, are considered. The theoretical formulation is based on a complete set of conservation equations for both
the liquid and gas phases. An improved volume-of-fluid technique, which is augmented by an adaptive mesh refinement algorithm, is used
to track the liquid/gas interface. Several local refinement criteria are validated and employed to improve the computational accuracy and
efficiency substantially. In particular, a thickness-based refinement technique is implemented for treating cases involving extremely thin gas
films between droplets. The smallest numerical grid is ~10 nm, which is on the order of 107> times the initial droplet diameter. A photoreal-
istic visualization technique is employed to gain direct insights into the detailed collision dynamics, including both the shape evolution and
mass relocation. The numerical framework allows us to systematically investigate the underlying mechanisms and processes, such as gas-film
drainage and energy and mass transfer, at scales sufficient to resolve the near-field dynamics during droplet collision. The nonmonotonic
transition of bouncing and merging outcomes for head-on collision is identified by varying the Weber number over two orders of magnitude.
A geometric relation defining the droplet interactions is developed. Analytical models are also established to predict the mass transfer between
colliding droplets.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0006695

I. INTRODUCTION Reynolds number Re = pU;D/u1, (3)
Droplet collision is a basic fluid dynamics phenomenon
observed in many natural and engineering environments, and it has Ohnesorge number  Oh = 1/\/pioD, 4)

been studied extensively over several decades. Much of the under-
lying physics of droplet collision, however, remain to be explored,
especially at a resolution sufficient to quantify the key mecha-
nisms and controlling parameters that dictate collision dynamics
and ensured mass transfer between droplets.

The present study addresses the collision of two equal-sized
droplets of the same liquid, as shown schematically in Fig. 1. The
droplets move toward one another in parallel with equal velocity, U.
The global process can be characterized by four parameters, which
are defined as follows:

where X is the distance between the centroids of the droplets in the
direction perpendicular to the moving direction, D is the droplet
diameter, p; is the liquid density, U, (equal to 2U) is the relative
velocity, o is the surface tension, and y is the liquid viscosity.

The outcomes of droplet collisions can be categorized into
four different types: bouncing, coalescence, separation, and shatter-
ing.' Bouncing occurs when the relative velocity of the two droplets
is not sufficiently high to overcome the resistance of the thin gas
film between the impact surfaces. The recovery of deformed shapes
causes a reverse motion to drive the droplets apart. Coalescence
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Impact factor B=X/D, (1) occurs when the two droplets contact and permanently merge into
a single droplet. Separation is a temporary coalescence followed by
Weber number We = pU;2D/o, (2) the formation of liquid ligaments, which eventually break into two
Phys. Fluids 32, 062103 (2020); doi: 10.1063/5.0006695 32, 062103-1
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FIG. 1. Schematic diagram of binary droplet collision.

or more droplets. Shattering occurs under high-speed conditions
when a thin liquid sheet is formed by the impact of the droplets.”’
Small droplets emerge from the sheet boundary during the devel-
opment and recovery of the thin sheet. Shattering is not considered
in the present study because it is dominated by a different control
mechanism.’

A brief survey of the existing literature is presented as a starting
point. Only the binary collision of equal-sized droplets of the same
fluid is considered here. The establishment of the regime diagram*
shown in Fig. 2 was of particular interest in early experimental inves-
tigations. Ashgriz and Poo' studied water droplet collision with the
Weber number We and impact factor B over the ranges of 1-100
and 0-1, respectively. The mass transfer process was visualized by
dyeing one droplet with a red colored medium. Both coalescence
and separation were observed. The separation was further classi-
fied as reflexive or stretching. Reflexive separation occurs under near
head-on conditions when the impact factor B s close to 0. The result-
ing droplet deformation gives rise to opposing internal flows that
elongate the combined droplet, and it eventually causes the droplet
to break apart. Stretching separation occurs under off-center con-
ditions. The inertia of the noninteracting mass stretches the com-
bined droplet until separation occurs. Ashgriz and Poo' developed
theoretical (phenomenological) models for predicting reflexive and
stretching separations; their results showed high consistency with
the experimental data. This theory was later used by Ko and Ryou”
and Munnannur and Reitz’ to develop droplet collision models
for spray simulations. Jiang et al.” experimentally studied the col-
lision of equal-sized water and normal-alkane droplets with radii
of ~150 ym. The dynamics of hydrocarbon droplets were found to
be significantly richer than those of water droplets in terms of col-
lision outcomes. Two additional regimes were observed, namely,
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FIG. 2. Regime diagram of tetradecane droplet collision in nitrogen at P = 1 atm in
the We-B coordinates. Symbols represent present simulation results: A, bounc-
ing; @, coalescence; m, reflexive separation; ¢, stretching separation. The solid
boundaries are adapted from Ref. 4 (Reproduced with permission from J. Qian
and C. K. Law, “Regimes of coalescence and separation in droplet collision,”
J. Fluid Mech. 331, 59 (1997). Copyright 1998 Cambridge University Press).

coalescence after minor deformation and bouncing. The outcome
of a head-on collision varies from coalescence to bouncing and re-
coalescence with increasing Weber numbers. The nonmonotonic
variation was not observed for water droplets. By varying the den-
sity of the ambient gas, through either the pressure or the molecular
weight of the gas, Qian and Law" confirmed that water droplet col-
lision does exhibit nonmonotonic behaviors. The gas density was
found to be a dominant parameter in the occurrence of coales-
cence upon collision. A phenomenological analysis was performed
based on the study of Jiang et al.” Criteria for coalescence and sep-
aration during head-on collisions were established by considering
the droplet kinetic energy (KE), surface energy (SE), and viscous
dissipation.

The effect of the fluid properties, especially the liquid viscosity,
on the droplet dynamics and the regime diagram has been studied
extensively. Qian and Law" investigated regime diagrams of differ-
ent liquid/gas systems experimentally using water and hydrocar-
bon droplets in air, nitrogen, helium, and ethylene. The pressure
ranged from 0.6 atm to 12 atm. The coalescence of hydrocarbon
droplets was found to be promoted in the presence of hydrocarbon
vapor in the environment. Willis and Orme” conducted an exper-
imental investigation of the binary droplet collision in a vacuum.
The aerodynamic effect that tends to disrupt the collision process
was eliminated. Dai and Schmidt’ performed numerical simulations
of head-on collisions using two equal-sized droplets with a three-
dimensional (3-D) finite-volume method using moving meshes. The
effect of the collision Reynolds number on the maximum defor-
mation amplitude was examined. The results were consistent with
the experimental observations by Willis and Orme.” The role of the
viscosity became statistically insignificant in determining the max-
imum droplet deformation at sufficiently high Reynolds numbers.
Gotaas et al."’ studied, both experimentally and numerically, the
influence of the viscosity on droplet collision under room condi-
tions. The viscosity varied from 0.9 mPa s to 48 mPa s, and the
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Weber numbers varied from 10 to 420. The boundary between coa-
lescence and stretching separation shifted in higher Weber numbers
with increasing viscosity. The absence of reflexive separation for
small droplets and the shift of the stretching separation boundary
were explained in terms of dissipation of collision kinetic energy in
the combined droplet.

Krishnan and Loth'' proposed empirical models for all the
regime boundaries using available experimental data. The models
account for the effects of ambient gas properties and include the
boundary between coalescence after minor deformation and bounc-
ing for the first time. However, it is notable that the database involves
significant experimental uncertainties due to difficulties in char-
acterizing the impact conditions and in controlling any precolli-
sion instabilities. Recently, Sommerfeld and Kuschel” performed an
extensive experimental study on the binary droplet collision of vari-
ous liquids over a wide range of viscosities, from 1 mPa s to 60 mPas.
They found that fluid viscosity plays an essential role in determining
the intersection of bouncing, stretching separation, and coalescence
in the regime diagram, as well as the transition from coalescence to
separation for head-on collision. The models of both Ashgriz and
Poo' and Jiang et al.” were employed to describe the boundaries
between coalescence and stretching and reflexive separations. The
lower boundary of bouncing can be reasonably described by the
model by Estrade et al."’ However, it requires further theoretical
analysis and improvement.'”

Theoretical studies were performed to understand the detailed
droplet dynamic and ambient flow evolution such as the forma-
tion and drainage of the gas film between droplets. Roisman'*
investigated the initial stage of droplet motion that was domi-
nated by the inertia force. The surface tension and viscous stress
were also taken into account to provide a complete description.
The work was further improved to yield more physically consis-
tent results.”” The dynamics of the lamella formed by droplet col-
lision were explored. Universal dimensionless distributions for the
lamellar thickness, velocity, and pressure were obtained. For low
and moderate Weber and Reynolds numbers, the evolution of the
lamella thickness appeared to be independent of the droplet vis-
cosity and surface tension. The results also indicated the mod-
eling limitation associated with the approximation of the lamella
by a disk and the use of the energy balance approach. Zhang
and Law'® performed a theoretical analysis on head-on binary
droplet collision in a gaseous environment with Weber numbers
over a range of O(1)-O(10). A large deformation of the droplets
and the gas-film drainage between the droplets were considered.
The predicted nonmonotonic coalescence-bouncing-coalescence
transition of hydrocarbon droplets at 1 atm showed good con-
sistency with the experimental observations. The occurrences of
bouncing for different liquids and ambient pressures were also
examined.

A numerical simulation provides information that is difficult
to measure and observe during experiments, especially for small-
scale dynamics such as the near-field interaction of droplets before
merging. Nobari et al.'” simulated the head-on collision of equal-
sized droplets using a front-tracking technique. When two droplets
collide, a thin layer forms between the droplet surfaces. It is then
artificially removed at a prescribed time to model the interfacial
rupture. If no rupture occurs, the droplets rebound. If the film
ruptures, the droplets coalesce, either permanently or temporarily,
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and then, in some cases, they split. Although the predicted bound-
ary between permanent and temporary coalescence was found to
be consistent with the experimental observations, the exact bound-
ary in the parameter space depended on the time of rupture.
Pan et al.'® investigated the head-on collision of binary droplets
using a front-tracking method. The instant at which the inter-
face between two impacting droplets ruptured was treated empiri-
cally as an input parameter. The energy budgets for bouncing and
coalescence were examined. Since a certain area of the interface
was artificially removed during droplet merging, the surface energy
decreased abruptly after the rupture, rendering the total energy (TE)
non-conserved.

In reality, droplets merge when they are brought together
within a distance at which the van der Waals force prevails. To
model this process from a multiscale point of view, Jiang and James'”
incorporated the van der Waals force into a volume-of-fluid (VOF)
method to simulate the head-on droplet collision. Two different
approaches were implemented. The first employed a body force that
was computed as the negative gradient of the van der Waals poten-
tial; the second employed the van der Waals force in terms of a
disjoining pressure in the film that was determined by the film thick-
ness. The van der Waals force calculated from the two methods
resulted in qualitatively similar effects on the coalescence. The dis-
joining pressure method was much less computationally intensive,
but relied on the assumption of a small interfacial slope. The van
der Waals force was overpredicted when the interface was convex
and underpredicted when the interface was concave. Yoon et al.”’
introduced the van der Waals force into a boundary integral for-
mulation using a disjoining pressure approximation. The dynamics
of the gas film were successfully simulated with a numerical reso-
lution of the film thickness of up to 0O(10™*) times the undeformed
droplet radius, for the capillary number range of 0(10™* to 10™*) and
viscosity ratio of 0(107! to 10). The results were qualitatively con-
sistent with the experimental data on head-on collision with higher
capillary numbers, but not with lower capillary numbers, where the
gas film remained relatively spherical during the collision. The dis-
joining pressure provided a good leading-order approximation for
relatively flat interfaces, but failed to capture the physics involved
during the final stage of the gas-film rupture. This approximation for
the van der Waals force is, thus, not sufficiently robust in predicting
droplet merging.

To treat microscale effects in a fixed numerical grid system,
subgrid models were recently developed for the gas-film evolution.
For example, Kwakkel et al.”' extended a multiple-marker coupled
level-set/VOF approach, along with the use of the gas-film drainage
model of Zhang and Law,'® to estimate the total film drainage
time prior to coalescence. The head-on collisions of two equal-sized
droplets were predicted for Weber numbers of 2.3, 9.33, 13.63, and
61.4, corresponding to four different collision regimes. A good con-
sistency with the experimental data was obtained. Rajkotwala et al.””
incorporated the same gas-film drainage model into an improved
local front-reconstruction framework. A qualitative match with the
experimental observations was achieved, but generating a quantita-
tively accurate prediction of the gas-film drainage time remained a
challenge.”” A different gas-film drainage model was proposed by
Mason et al.”’ based on a quasi-one-dimensional approach, which
was then integrated with a VOF code by prescribing the velocity and
thickness boundary conditions for the gas-film equation. Musehane
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et al.”* developed a more general gas-film model for droplet collision
over a broad range of conditions, and it was not restricted to head-
on collision of equal-sized droplets. The model was implemented in
a multiple-marker VOF framework to study the droplet dynamics.
This study led to the accurate prediction of interfacial deformation
during droplet collision and the subsequent dynamics. The calcu-
lated collision outcomes consistently showed good agreement with
the experimental data.”* The calculated minimum gas-film thick-
ness for the bouncing case also matched with that obtained from the
direct numerical simulation using a thickness-based adaptive mesh
refinement (AMR) '[echnique.:'5

In addition to droplet merging, coalescence and separation
have been studied extensively using various numerical methods. Ina-
muro et al.”® applied a lattice Boltzmann method to study binary
droplet collision with a liquid/gas density ratio of 50. The predicted
boundary between coalescence and separation was highly consistent
with the other theoretical results. The mixing of the two colliding
droplets was investigated by tracing the fluid particles in the droplets
at a Weber number of ~80. Maximum mixing occurred at an impact
factor of ~0.2 in the reflexive separation regime. Pan and Suga”’ sim-
ulated binary droplet collision in various regimes using a level-set
method. The results suggested that the bouncing mechanism was
governed by macroscopic dynamics, but coalescence after minor
deformation was related to microscopic dynamics. Sun et al.” stud-
ied binary droplet collision using a semi-implicit moving particle
method. The mass transfer was characterized by tracking the parti-
cles, and the source of newly formed satellite droplets was identified.
A mixing map in terms of droplet speed and impact number was
established for Weber numbers over a 0-5 range. The mixing effi-
ciency sharply decreased in the stretching separation regime in the
direction away from the coalescence boundary. Finotello et al.”’ used
a VOF method to study the effect of viscosity on the binary droplet
collision for a wide range of impact conditions. The Weber num-
ber varied between 20 and 100, the impact parameter was between
0 and 0.8, and the capillary number was between 0.1 and 1. Three
different collision outcomes (coalescence, stretching, and reflexive
separation) were examined. The bouncing regime, however, was not
considered. A phenomenological model was established to predict
both the onset of reflexive separation at B = 0 and the complete
boundary for B > 0.

Despite the substantial progress made to date on droplet col-
lisions, several fundamental issues remain to be addressed. First,
most existing studies employed assumptions or approximations with
considerable uncertainties or limitations, due to the wide variation
in length scales throughout the entire collision process. A unified
framework based on direct numerical simulation is greatly desired
to treat the multiscale physics of droplet collision with minimal
uncertainties. The length scales and associated processes of concern
range from macroscopic behaviors such as droplet deformation, the
characteristic scale of which is on the order of the initial droplet
diameter D, to microscopic behaviors such as gas-film drainage, for
which the characteristic scale is down to an order of 107> D. To this
end, an efficient adaptive mesh refinement (AMR) technique”™ is
required to render numerical calculations manageable without sacri-
ficing the spatiotemporal resolution. Second, the first-principle pre-
diction of the gas-film dynamics is needed, due to its importance
in dictating the near-field interaction between droplets. Further-
more, a mechanistic understanding of both the head-on and the
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off-center bouncing, as well as the associated gas-film evolution, is
yet to be improved. A particular area of interest is the nonmono-
tonic coalescence-bouncing-coalescence transition with increasing
Weber number. Third, the detailed flow and droplet evolution asso-
ciated with separation outcomes must be explored. The experi-
mental investigation of this phenomenon is formidable due to the
underlying small-scale dynamics.

Il. NUMERICAL METHODS
A. Conservation equations

The basis of the present study is the general numerical frame-
work of the Gerris flow solver (http://gfs.sf.net). The formulation
accommodates the conservation equations for an incompressible,
variable-density flow with surface tension,”’ which is written in the
following vector form:

p(Oiu+u-vVu) = -Vp+V - (2uD) + okdsn, (5)

V-u=0, (6)

where u = (u, v, w) is the velocity vector, p(x, t) is the fluid den-
sity, p(x, t) is the dynamic viscosity, and D is the deformation
tensor, which is defined as Dy = (0iuj + Oju;)/2. The Dirac delta
function Js expresses the fact that the surface tension, o, is concen-
trated on the interface. The radius for the curvature of the interface
is denoted by x, and n is the unit outward vector normal to the
interface.

The VOF function c(x, t) is introduced to trace the multifluid
interface. It is defined as the volume fraction of a given fluid in each
cell of the computational mesh. Thus, the density and viscosity can
be expressed as follows:

p(c) =cp1+(1-c)pa, @)

p(e) = cur+ (1= c)pa, (8)

where p1, p2 and y1, yz are the densities and viscosities of the first
and second fluids, respectively. According to the mass continuity,
the advection equation for the density takes the following form in
terms of volume fraction:

Orc+-(cu) = 0. 9)

A staggered temporal discretization of the volume frac-
tion/density and pressure leads to a scheme that is second-order
accurate in time.”’ A classical time-splitting projection method is
used, which requires the solving of a Poisson equation. To improve
the numerical efficiency and robustness, the discretized momentum
equation is reorganized to a Helmholtz-type equation that can be
solved using an improved multilevel Poisson solver. The resulting
Crank-Nicolson discretization of the viscous terms is second-order
accurate. Spatial discretization is achieved using graded octree par-
titioning in three dimensions. All the variables are collocated at
the center of each discretized cubic volume. Consistent with the
finite-volume formulation, the variables are interpreted as volume-
averaged values for each cell. A piecewise-linear geometric VOF
scheme generalized for quad/octree spatial discretization is used to
solve the advection equation for the volume fraction.”' The original
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continuum surface force (CSF) approach’ suffers from problematic
parasitic currents,”” and a combination of a balanced-force surface
tension discretization and a height-function curvature estimation”’
is used to circumvent these problems. The Courant number is set to
0.8 for all the simulations to ensure overall numerical stability.

The mass transfer between droplets is quantified by introduc-
ing a dye variable, in light of the experimental study by Ashgriz
and Poo." The dye variable is numerically nondiffusive, so the mass
transfer can be tracked during the droplet collision. The dye variable
is restricted in the liquid phase and cannot enter the gas phase. Its
initial value is set to be unity in one droplet and zero in the other.
To visualize the spatiotemporal evolution of the dye variable, a pho-
torealistic rendering of the numerical results is performed using the
POV-Ray software tool (http://www.povray.org/). Surface and vol-
ume rendering are implemented for the liquid/gas surface and the
dye media, respectively.

B. Adaptive mesh refinement

This numerical method can resolve spatiotemporal variations
in the flow field. The efficiency of a mesh adaptation can, thus, be
substantially enhanced, particularly when addressing the reconnec-
tion and separation of interfaces.”’ Using local mesh refinement or
coarsening in quad/octree discretization is also efficient, and it can
be performed at every time step if necessary, with minimal impact on
the overall performance. The interpolation of quantities on refined
or coarsened cells is relatively simple on a regular Cartesian mesh,
and it is performed conservatively for both momentum and the
volume fraction.”

In the present paper, three refinement criteria are applied to
regions of concern, namely, gradient-, phase-, and thickness-based
criteria.”””* A faithful simulation of the droplet collision requires
that the surface energy be adequately resolved. The gradient-based

()
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refinement for the volume fraction ensures appropriate resolution
along the interface. The kinetic energy in the liquid phase, which
is comparable to the surface energy during the droplet collision, is
also important. A fine mesh is required to avoid excessive numer-
ical dissipation of kinetic energy. According to the value of the
volume fraction for the liquid phase, the interior of the droplet is
refined to an acceptable level. A thin gas film forms between the
two droplets when they approach one another. The minimum thick-
ness of the gas film may be several orders of magnitude smaller
than the droplet diameter. It is computationally expensive to achieve
this resolution by refining meshes in the entire interfacial region;
it is also inconvenient if a manual adjustment of the mesh refine-
ment is required during the simulation. To circumvent this dif-
ficulty, the thickness-based refinement method developed in our
previous study” is implemented to ensure at least two grid cells
within the thickness in resolving the thin gas film between interact-
ing droplets. This approach significantly reduces the computational
cost of capturing the lubrication phenomenon in the gas film. This
method has been extensively validated”” and applied to simulations
of such complicated flow problems as impinging-jet atomization’
and éllroplet interaction in a microfluidic channel under an electric
field.

C. Computational setting

Two types of computational models are established. The
first is a three-dimensional (3-D) model for off-center collision
(B # 0). Two spherical tetradecane droplets in a nitrogen environ-
ment are considered under atmospheric conditions. The initial dis-
tance between the two droplet centers is set to 3D. The density ratio
is 666, and the viscosity ratio is 119. Outflow conditions are imposed
along the boundary of the computational domain (9D x 9D x 9D).
The second is an axisymmetric model simplified from the 3-D case

(d)

FIG. 3. Grid independence study (left: initial mesh for the droplet; right: instantaneous droplet configuration). The grid levels for the liquid phase and interface are: (a) 6 and
7,(b)7and 7, (c) 7 and 8, (d) 8 and 8, respectively. We = 61.4, Re = 296.5, B= 0.06, and D = 336 ym.
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for head-on collision (B = 0). The axisymmetric model assumes sym-
metry and considers only a quarter of the cross section of that of the
3-D model.

A grid independence study is for the 3-D model to ensure
acceptable grid resolution for numerical accuracy. A near head-on
collision resulting in reflexive separation with a satellite droplet for
We =61.4, Re =296.5, D = 336 ym, and B = 0.06 is selected from the
experiment of Qian and Law" as a benchmark case. Two refinement
criteria with different levels are tested, with phase-based refinement
for the liquid phase and gradient-based refinement along the inter-
face, with levels of L, and Lg, respectively. The background mesh is
fixed to level 4, with ~7 mesh cells per initial droplet diameter. Max-
imum refinement level 8 is a mesh with ~112 cells per initial droplet
diameter. Four simulations with different combinations of L, and
Lg are performed. Figure 3 shows the initial meshes and droplet
configurations at the same time for four different refinement levels.
Figure 3(a) shows that no satellite droplet forms under L, = 6 and
Lg =7. Figure 3(b) shows that when Ly, is increased to 7, the simula-
tion can resolve the formation of the satellite droplet, likely because
the numerical dissipation is lower inside the liquid phase than the
case in Fig. 3(a). An additional increase in the Lg to 8 leads to the
formation of a larger satellite droplet and a slightly larger distance
between the two major droplets [see Fig. 3(c)]. Finally, when the L,
reaches 8, a slightly larger distance between the major droplets is
observed, as shown in Fig. 3(d). Figure 4 compares the simulation
result with L, = 6 and L, = 7 against the experimental images. Since
the results in Figs. 3(c) and 3(d) are almost identical, the combina-
tion of L, =7 and Lg = 8 is selected as a baseline to ensure the numer-
ical accuracy. In most of the three-dimensional simulations, the
number of numerical cells with AMR is ~600 000, which amounts
to ~50000000 cells for a uniform mesh with the same interfacial
resolution.

When two droplets approach one another, a stagnation point
appears in the gas between the droplet surfaces. The resulting pres-
sure buildup in the gas deforms the interfaces and retards the motion
of the approaching surfaces, leading to the formation of a thin
gas film. Based on the Reynolds equation that governs the pres-
sure distribution in a thin film,” the pressure reaches its maxi-
mum at the center and minimum at the gas-film boundary. Hence,
the thickness of the gas film varies spatially along the radial direc-
tion. The thickness of the gas film also varies due to the motion
and deformation of the droplets. To understand the dynamics of
the gas film and its role in determining the collision outcome,
thickness-based criteria” are applied to the basic refinement set-
ting. Because the axisymmetric model includes only a quarter of
the cross section of the 3-D model, a distance-oriented, thickness-
based criterion” is imposed on the collision plane, which is the
axis of symmetry between the two droplets. This approach allows
us to use a grid resolution that is high enough to avoid unphysical
merging caused by the insufficient grid resolution for the bouncing
outcome.

Figure 5 shows the detailed grid at different magnification
levels at the moment of maximum deformation during a typical
head-on collision. A minimum of three grids are applied to the
gas film to simulate the flow dynamics accurately. The refinement
level increases automatically with a film thickness up to level 15
with a grid size of ~0(107°) times the undeformed droplet diam-
eter. Simulations with such a high resolution provide good insight
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FIG. 4. Temporal evolution of separation collision: (a) experimental images from
Ref. 4 (Reproduced with permission from J. Qian and C. K. Law, “Regimes of coa-
lescence and separation in droplet collision,” J. Fluid Mech. 331, 59 (1997). Copy-
right 1998 Cambridge University Press); (b) present simulation results. Tetrade-
cane droplets in nitrogen, We = 61.4, Re = 296.5, B = 0.06, D = 336 ym, and
U=2.48mls, at 1 atm.

into the underlying physics of the gas-film dynamics. Off-center
bouncmg is also considered; a topology-oriented, thickness-based
criterion™ is implemented in the 3-D model. Unlike the distance-
oriented criterion, the topology-oriented criterion can resolve any
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thin region under arbitrary conditions. This capability makes the
topology-oriented criterion ideal for addressing off-center bouncing
involving complicated shape variations and gas-film motions.

In the present paper, the Weber number We and impact
factor B cover ranges of 0-125 and 0-1, respectively, as shown
in the regime diagram in Fig. 2. Both surface rendering for the

at least 3~5 grids in gas film

liquid/gas surface and volume rendering for dye media are used to
provide photorealistic images of the shape evolution of the merged
droplets. Thus, the spatial evolution of the collided mass from each
of the droplets is visualized. Realistic data visualization will help
us to reveal the detailed dynamics of the flow evolution and mass
transfer.
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Ill. RESULTS AND DISCUSSION
A. Bouncing

As mentioned in the Introduction, it remains challenging to
introduce the molecular force into the continuum fluid dynamics
framework accurately. To focus on the effects of flow dynamics
inside the gas film during the transitions from the merging to the
bouncing mode, the molecular force is not considered here. Hence,
the distance for merging is determined by the minimum grid size.
This grid size can be estimated using experiments. In the present
paper, the interface around the thin gas film is extensively refined
to resolve the flow field inside the film with the implementation of
the distance-oriented refinement criterion.”” If necessary, the mini-
mum grid size can be minimized to less than the effective distance of
the van der Waals force, to numerically disable merging. In this way,
the effect of gas-film lubrication on the bouncing dynamics can be
investigated symmetrically over a wide range of We values.

1. Head-on bouncing (region II, B = 0)

Figure 6 shows rendered images of the head-on bouncing of
tetradecane droplets in nitrogen under p = 1 atm and We = 8.6. A

-
t1 ts

-
to te

-
t3 t7
. ta ts

FIG. 6. Head-on bouncing. Tetradecane droplets in nitrogen at 1 atm. We = 8.6,
Re =105.9, B=0, D =306 ym, U = 0.97 m/s. Reproduced with permission from
X. Chen and V. Yang, “Thickness-based adaptive mesh refinement methods for
multi-phase flow simulations with thin regions,” J. Comput. Phys. 269, 22 (2014).
Copyright 2014 Elsevier, Inc.
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flat gas film forms at #, to prevent the merging of the approach-
ing droplets. The diameter of the gas film continues to increase
through fs, while the liquid inertia flattens the spherical droplet.
Since droplets with spherical shapes have minimum surface energy,
the deformed droplets begin to recover their spherical shapes after
achieving maximum deformation at ¢s. The droplets indirectly inter-
act through the pressure accumulation in the gas film, which pro-
duces motions opposite to the initial motions of the droplets, thereby
separating the droplets from each other to complete the bouncing
process.

Figure 7 shows the shape evolution of the gas film at
We = 1.0. The coordinate system is stretched in the collision direc-
tion to enhance visualization. When the droplets approach one
another as shown in Fig. 7(a), the surface flattens and a dimple
pattern begins to form [Fig. 7(b)]. The thickness of the gas film
decreases when the droplet continues to flatten. As the droplets
continue their approach, the gas drainage process diminishes, with
a slow variation in the dimple curvature of the film thickness,
as shown in Figs. 7(d)-7(f). Following maximum deformation, a
reverse process takes place, and the droplets start to recover their
original configuration, as shown in Figs. 7(g)-7(1).

The time required for bouncing can be measured from the evo-
lution of the droplet interfaces. This method, however, more or less
arbitrarily determines the moments of the beginning and termina-
tion of the interaction. For consistency, bouncing time 7y, is defined
here by the period when the pressure in the center of the gas film is
higher than the ambient pressure. Figure 8(a) shows the relationship
between the droplet bouncing time 7, as normalized by the convec-
tive time 7. = D/U, and the square root of the Weber number. A
simple correlation is obtained as follows:

/7. = 0.82V/We (0.2 < We < 8.6). (10)

The above expression can be rearranged as follows:
7, = 0.82/pD3/0. (11)

It is interesting to note that the bouncing time is close to the natural
oscillation time of a spherical droplet as follows:

To = %‘ /pD? [0 ~ 0.79\/pD? /0. (12)

The same observation was made by Nobari et al.'” During 7y, the
two droplets oscillate near the collision plane. Droplet bouncing is,
thus, analogous to the oscillation of a droplet in partial contact with
a solid surface. Yamakita et al.”” showed that the oscillation period
decreased with the increasing contact area. In reality, bouncing is
caused by the formation of the gas film and the pressure buildup
between the approaching droplets. The gas film varies in shape dur-
ing bouncing; it is difficult to establish a theoretical model for the
equivalent contact area. Since the average contact area increases as
the Weber number increases, the bouncing time should decrease
accordingly. Figure 8(b) shows the relationship between the droplet
bouncing and the vibration time as a function of We. A correlation
is obtained as follows:

—0.35

/7o = 0.29We > +0.88. (13)

The two time scales become asymptotically equal for a large Weber
number.

Phys. Fluids 32, 062103 (2020); doi: 10.1063/5.0006695
Published under license by AIP Publishing

32, 062103-8

G0:/G:1Z ¥20z 1snbny 0g


https://scitation.org/journal/phf

Physics of Fluids ARTICLE

scitation.org/journal/phf

~
Y
N—

(b) (c)

208

N

(d) (e) (f)

S
o
—
—~~
=
~
~~
—
N

() (k) (D)

FIG. 7. Evolution of gas film during head-on bouncing. Tetradecane droplets in nitrogen at 1 atm. We = 1, Re = 36.1, B=0, D = 306 #m, U = 0.33 m/s. The coordinate system

in the collision direction is elongated uniformly to enhance visualization.

2. Off-center bouncing (region Il, B + 0)

For an off-center collision with B # 0, the interaction of the two
droplets involves not only the motion across their centers but also a
sliding motion. Figure 9 shows the situation when two equal-sized
droplets are brought into contact, with the relative velocity parallel
to the horizontal plane. The dashed line represents the impact plane,
which is the common tangent plane at the contact point of the two
spherical droplets. To facilitate analysis, the two droplets are rotated
so that the impact plane is parallel to the horizontal axis (Fig. 9,
right). The droplet velocity can be decomposed into two compo-
nents, U, and Up, which are normal and parallel to the impact plane,
respectively. The normal motion accounts for the interaction of the
droplets at the impact plane, whereas the parallel motion keeps the
droplets moving apart. This configuration will be used in the rest of
this paper to provide a convenient framework to study the collision
dynamics.

A 3-D simulation for off-center bouncing is performed for
We = 48.8 and B = 0.9. The topology-oriented AMR" is employed
to substantially reduce the computational cost. The resolution of
the gas film is improved to a resolution with a minimum grid size
of ~0.7 ym, ~O(107°) times the droplet diameter. Note that the
gas film was usually left out in previous numerical studies of oft-
center bouncing.” "’ For example, the approach of two VOF func-
tions was adopted to track the interface of each liquid droplet sep-
arately to always prompt droplet bouncing.” Figure 10 shows the
evolution of the collision dynamics with photorealistic rendering.
At t1, two droplets are brought together with a small gap between
them. A gas film forms in the interaction region where flow stag-
nation occurs. Positive pressure is established within the gas film
and prevents droplet merging. The two droplets eventually bounce
apart without ever coming into direct contact. The parallel com-
ponent of collision motion is a translation squeezing action that
results from the translation of inclined surfaces caused by normal
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We
(b)
motion. The local film may be squeezed by the sliding of the inclined
FIG. 8. (a) Bouncing time normalized by droplet convective time D/U; (b) bouncing surface.
time 75 normalized by natural oscillation time 7o. Figure 11 shows the detailed shape evolution of the gas film.

It rotates with respect to the collision center. The length of the
gas film increases from f; to f4 under the impact motion normal
to the contact surface and then decreases from t4 to to due to the
slip motion tangential to the contact surface. The thickness of the
gas film decreases from t; to ts, during which time the impact
motion continues to squeeze the gas out of the interaction zone. The
droplets move apart before the rupture of the gas film. Figure 12
shows the velocity and pressure distributions in the gas film at #4.
A low-velocity field is observed, and the pressure field is nearly uni-
form. The enlarged image near the collision center shows that the
two droplet surfaces move in parallel to the gas film, indicating a
lubrication effect.

3. Gas-film evolution

To understand the shape evolution of the gas film, the simula-
tion results for head-on bouncing are investigated in detail. When
two droplets approach each other, pressure builds up near the
stagnation (collision) point. The droplets then deform and form a

FIG. 9. Classical and transformed views of binary droplets at collision.
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dimple; the high-pressure gas film that forms between the droplets
prevents them from merging. The maximum film thickness, Acenter,
is located on the collision axis, and the minimum film thickness hmin
is at the rim of the dimple with a radius of 1y, as shown schematically
in Fig. 13. Figure 14 shows the evolution of the droplet surface near
the impact plane for We = 1.0. The time interval between consecu-
tive droplet surface contours is constant. The upper half of the figure
shows the droplet approach, and the lower half shows the bouncing
off situation.

Figure 15(a) shows the evolution of the gas-film thicknesses
Bmin and hcenter and rim radius ry,. All the quantities are normal-
ized by the initial droplet diameter and velocity U. Considering
Figs. 15(a) and 7 together, the gas-film topology can be understood

velocity

pressure

scitation.org/journal/phf

FIG. 11. Detailed shape evolution of gas
film during off-center bouncing.

in detail. When the two droplets approach each other, the interface
flattens and a dimple pattern with a radius of ry begins to form. A
positive pressure field is established in the gas film. Initially, Amin
and hicenter are equal because of the spherical shape of the droplets,
as shown in Fig. 15(a). Once the gas film forms, the decreases in
hmin and heenter are resisted by the gas-film lubrication. The change
in hcenter is slower than that in hnin due to the occurrence of stagna-
tion at the collision center. When the inertia of the droplet cannot
further drain the gas film, the droplet starts to recover its original
shape under the effect of the surface tension. The overall gas-film
thickness begins to increase as the droplets move apart. r decreases
under the recovery motion, along with a slightly increasing hcenter.
This increase is primarily attributed to the shrinkage of the dimple

FIG. 12. Pressure and velocity distribu-
tion near the gas film during off-center
bouncing.
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FIG. 13. Schematic diagram of droplet configuration and streamlines near the 6
impact plane at We = 1.
4
shape, which pushes the mass in the gas film near the rim radially
toward the collision center. However, hmi, continues to decrease .
for a while and then shows a rapid increase (a further decrease in NE 2
hmin may induce coalescence). Before the droplets bounce apart, E
a sudden decrease is observed for both hmin and hcenter, While 7
reaches zero quickly. Afterward, Aimin and Acenter coincide, indicat- 0
ing the disappearance of the dimple shape and the bouncing of the
droplets.
The gauge pressure on the impact point (0, 0) is registered to -2
help us }lnderstand the local §hape evolutlon., as shgwn in Fig. 15(b). 0.00 0.05 0.10 0.15 0.20 0.5
A positive pressure field begins to be established in the gas film, as /D
shown at ¢, indicating the formation of a dimple gas film. The over-
all pressure increases through ¢, and ¢3. The maximum pressure is (b)
reached in the collision center at ¢3. Afterward, a more uniform dis-
tribution along the impact plane is achieved across the dimple radius FIG. 15. (a) Evolution of geometric parameters of gas film, hmin, heenter, @nd r,
tetradecane droplet in nitrogen at p = 1 atm and We = 1; (b) pressure profiles at
the collision plane at We = 1.
0.3
02 at t4. The maximum deformation is achieved at a moment between
ty and ts. At ts, the recovered motion of the interface introduces
01l a radial flow motion toward the interior of the gas film to cause

| a negative gauge pressure near the rim of the gas film. It causes a
0.0 _al)EI‘O&C_hl _____________ further decrease in hmin at the commencement of the bouncing off
apart [see Fig. 15(a)]. Moreover, the radial shrinking motion of the dim-
ple induces compression in the gas film. A pressure peak inside the
gas film is observed near the rim at ts and ;. Thus, a sharper rim
occurs during bouncing off than during the approach of the droplets.
The negative pressure region moves to the collision center at to. The
i dimple shape changes and quickly becomes spherical, which causes
10-2 sudden decreases in Hmin and Fcenter- Then, the pressure distribution
z/D relaxes to the ambient value at t;.

Previous experiments’ showed that for the head-on collision
of tetradecane droplets in nitrogen at 1 atm, the collision outcome
changes from merging to bouncing as We increases to 1.88 and from

r/D

—0.1¢f

—0.2 }F

-0.3

10—3

FIG. 14. Evolution of droplet surface interface evolution. Tetradecane droplet in
nitrogen at p = 1 atm and at We = 1.
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bouncing to merging as We further increases to 10.3. To under-
stand this nonmonotonic variation in the merging and bouncing,
five head-on collisions at We = 0.2, 0.5, 1.0, 4.5, and 8.6 are simu-
lated using the topology-oriented AMR. Special attention is given to
the spatial resolution of the gas-film dynamics since this informa-
tion is difficult to estimate from experiments.” The interfacial region
near the gas film is refined to a grid size of ~0.015 ym, which is
much lower than the effective distance of the van der Waals forces.
Merging outcomes are, thus, avoided numerically for We = 0.2, 0.5,
and 1.0. In this way, the collision dynamics at the five different We
numbers can be systematically considered through comparisons.

The nonmonotonic variation in bouncing and coalescence
during the head-on collision (B = 0) with the increasing Weber
number was observed by Qian and Law.’ The full understand-
ing of this behavior requires systematic investigation into the gas-
film dynamics as a function of Weber number. Figure 16 shows
the time evolution of the pressure at the collision center over
We = 0.2-61.4. The pressure reaches its peak value when the dim-
ple is about to form between the droplet surfaces. Afterward, the
pressure decreases quickly with the deformation of the approaching
surfaces. For bouncing cases, constant pressure is observed for the
existing gas films. When normalized by pU,?, the constant pressures
for different Weber numbers collapse, suggesting that the pressure
buildup in the gas film is a function of Weber number. The resistance
of the gas film increases with the increasing Weber number.

Figure 17 shows the gas-film shapes at the occurrence of maxi-
mum deformation for various Weber numbers. The dimple radius
increases with the increasing Weber number. Different behaviors
in the minimum thickness are observed for We < 1 and We > 1.
When We < 1, the minimum film thickness increases as the Weber
number increases. The minimum film thickness decreases with the
increasing Weber number for We > 1. When We < 1, the surface
tension resists the droplet deformation caused by liquid inertia. The
increase in the difference between the maximum and minimum film
thicknesses is slower than the increase in the average film thickness.
Thus, the rim of the gas film moves away from the impact plane
and subsequently increases in the minimum film thickness. When

40 [

p/(pU?)

20 1

2.5 3.0 3.5 4.0 45 5.0
T/(D/U)

FIG. 16. Evolution of pressure at the collision center with different Weber numbers.
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FIG. 17. Gas film shapes at occurrence of maximum deformations for five Weber
numbers.

We > 1, the droplet inertia dominates the flow evolution, ensuing
droplet deformation. Although the gas film is harder to squeeze
out, the inertia of the droplets can still enlarge the dimple size
and decrease the minimum film thickness. Overall, the minimum
film thickness shows a nonmonotonic behavior with the increasing
Weber number. The associated collision outcomes exhibit the same
trend.

B. Coalescence and separation

Over forty 3-D simulations are performed under various Weber
numbers (30-120) and impact factors (0-0.75) to explore the droplet
interactions after droplet merging. The three different types of col-
lision outcomes shown in Fig. 2, coalescence after substantial defor-
mation, reflexive separation, and stretching separation, are studied
in detail. The results show good consistency with the regime diagram
obtained experimentally by Qian and Law.’

1. Coalescence (regime Ill)

Figure 18 shows the evolution of the gas film between the
droplets for head-on coalescence at We = 32.8. At t1, a gas film forms
at the center to prevent droplet merging. Because the droplets cannot
cross the collision plane, the liquid mass accumulates toward the gas
film. The interfaces start to ripple near the rim of the gas film. From
t, to t7, both hcenter and hmin decrease, whereas r, increases. The
maximum value of r, occurs at approximately ¢;. As hmin reaches
the minimum grid size at g, the interfaces merge and rupture the
gas film at the rim. The gas film is then isolated from the ambient
environment. Surface tension then drives the rim toward the center
of the gas film (see snapshots at ts and t9). In addition, the inter-
faces outside the gas film merge and expand in the radial direction.
The size of the rim increases between t9 and t;; due to the accu-
mulation of the trapped gas phase. The shrinkage motion forms an
elliptical gas bubble at ;5. The gas bubble eventually becomes spher-
ical under the effect of the surface tension. It is noted that the rupture
of the gas film may not be completely axisymmetric due to the flow
instability.
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FIG. 18. Evolution of gas film rupture under head-on collision. Tetradecane droplets in nitrogen at 1 atm. We = 32.8, Re = 206.8, B=0, D = 306 yum, U = 1.89 m/s.

Figure 19 shows a time sequence of rendered images for
an off-center collision resulting in coalescence with B = 0.2 and
We = 60. After merging at t,, the combined mass is pushed out-
ward laterally to form a liquid rim that spreads at the impact plane.
A small bubble is observed, resulting from the rupture of the gas film
between the droplets. The rim reaches its maximum size at ¢3. The
rim shape then shrinks under the surface tension force. Since the
cross section of the rim has an elliptical shape on the impact plane,
the minor axis recovers earlier than the major axis in the direction
of the Up. The shrinkage of the liquid rim in the direction of the
minor axis forms a flat shape at ¢,. Since parallel motion keeps its
original direction in an off-center collision, rotation occurs around
the collision center in the following sequence. The recovery of the
major axis of the liquid rim begins to squeeze the mass to the colli-
sion center at t5. The mass is pushed back to its original location. A
ligament with a maximum length in the direction of U, is obtained
at ts. Subsequently, the ligament is shortened under the surface ten-
sion effect, as shown from ¢; to ts. One single spherical droplet with

a mass equal to that of the two original droplets eventually forms.
The bubble inside the combined droplet is located near the impact
center.

2. Separations (regime IV and V)

Figure 20 shows a time sequence of rendered images for an off-
center collision resulting in reflexive separation with B = 0.06 and
We = 61.4. A major difference from the coalescence case shown
in Fig. 19 is the shrinkage of the liquid rim, which causes a strong
reflexive motion and the elongation of the combined droplet. The
ligament becomes long enough that the end-pinching mechanism"'
caused by the round ends causes it to break apart. A satellite droplet
forms between two large droplets. Figure 21 shows the evolution
of an off-center collision resulting in stretching separation, with
B = 0.49 and We = 65.1. The oscillation of the liquid ligament is
similar to the coalescence case in Fig. 19. However, the U, strongly
elongates the combined droplets in the parallel direction, eventually
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FIG. 19. Off-center coalescence. Tetradecane droplets in nitrogen at 1 atm,
We =60, Re =283.1,B=0.2, D = 336 um, U = 2.37 m/s.

causing droplet breakup. Multiple satellite droplets form between
the two large droplets. The sizes of the satellite droplets are usually
smaller than those in the reflexive separation case.

To further understand the underlying mechanism of the colli-
sion dynamics, the energy budgets for the two separation outcomes
are analyzed, along with a consideration of the shape and flow evo-
lution. The total energy (TE) of the system consists of kinetic energy
(KE), surface energy (SE), and cumulative viscous dissipation energy
(DE)." The KE is calculated using a volume-weighted sum of kinetic
energy over the liquid phase. The product of the surface tension and
surface area gives the SE. The DE is calculated by taking the time
integral of a volume-weighted sum of the viscous dissipation rate
(VDR) over the liquid phase. The VDR is given by a dissipation
function’” as shown below:

du\? ov\’ dw\? ov ou\
Sw ov\ [ou ow\? Su ov ow\’
RIS i M=+Z+225), (4
+(5y+6z) +(6z+8x)]+ (6x+6y+82) (14)
where y is the liquid viscosity, (4, v, w) and (x, y, z) are velocity com-

ponents and spatial coordinates, respectively, and A can be expressed
as —2/3u according to Stokes” hypothesis.
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FIG. 20. Reflexive separation. Tetradecane droplets in nitrogen at 1 atm,
We =61.4, Re =296.5, B=0.06, D = 336 yum, U = 2.48 m/s.

Figure 22 shows the energy budget for (a) reflexive separation
and (b) stretching separation. The TE of the system is well conserved.
Figure 23 shows the interfaces and velocity vectors on the cross sec-
tion corresponding to the energy budget for reflexive separation [see
Fig. 22(a)]. Before deformation, the surface and kinetic energies are
constant. At t = 0.4, the droplets start to deform and a gas film forms
between the droplets. The spherical surface is flattened around the
collision center; both SE and KE decrease slightly. At t = 0.5, the
VDR and DE increase rapidly as soon as the interfaces merge. As
the two droplets move closer, KE, SE, and VDR decrease, while DE
continues to increase. SE reaches a minimum at t = 0.6, the instant
when the gas film breaks into spherical bubbles. Afterward, KE is
transformed to SE under the effect of droplet inertia. SE reaches a
maximum at ¢ = 1.6, while KE continues to decrease until the gas
film reaches its thinnest at t = 1.7. When the surface tension in the
bounding rim withdraws the mass to the impact center, the SE is
transferred to KE and DE. Note that the velocity of the thin lig-
uid film is zero. Another peak of viscous dissipation appears when
the mass around the film joins at the collision center. The deforma-
tion of the rim causes inverse motions in the colliding mass of the
droplets. The second trough of SE takes place at t = 2.5 during the
recovery from the deformation. The KE reaches its second crest at
t = 2.6. The inverse motion elongates the combined droplet. More-
over, the KE continues to transfer to SE and DE. A second minimum
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FIG. 21. Stretching separation. Tetradecane droplets in nitrogen at 1 atm,
We =65.1, Re =320.3, B=0.49, D = 370 ym, U = 2.43 m/s.

KE is observed at approximately ¢ = 5.8 when the ligament breaks
near the round ends.

Figure 24 shows the evolution of the interface and velocity vec-
tors on the cross section for stretching separation. The correspond-
ing energy budget is given in Fig. 22(b). The energy variation and
flow development from the beginning of the deformation to the first
minimum SE are similar to their counterpart in reflexive separation.
The droplet begins to deform at t = 0.1. The VDR shows a peak at
t = 0.2. SE reaches a maximum at ¢t = 0.3. The first trough of KE is
also observed at ¢ = 1.0 when a thin gas film forms in the impact
plane. After reaching a crest value, the SE decreases due to the com-
bined effects of the reflexive motion resulting from the evolution of
the rim. The first crest of the KE is observed at t = 1.2. When all the
KE from the reflexive motion is transferred again to SE and DE, the
KE reaches a second trough with a flat shape at t = 1.5. Afterward,
the liquid ligament oscillates near the collision center. The stretching
motion continues to elongate the liquid ligament, transferring the
KE of the noninteracting mass to SE. The thin liquid ligament even-
tually breaks into two large droplets and a number of small satellite
droplets.

3. Interacting volume and surface

The existing models in the classic approach treat the interact-
ing region as an overlapping region, as in Ashgriz and Poo." Based
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FIG. 22. Energy budget for (a) reflexive separation and (b) stretching separation.

on the observed collision dynamics, however, the rotated view here
(Fig. 9, right) is used to develop a model that accounts for the actual
interaction of the droplets on the impact plane. When B = 0, the
entire mass of the two droplets interacts on the impact plane sym-
metrically. When B > 0, only a part of the droplet interacts. With the
decomposition of the collision motion, the volume of the interacting
portion can be calculated from the time integration of the interact-
ing area on the impact plane. Immediately before the two droplets
come into contact with each other, the interacting area is zero, as
shown in Fig. 9, right. Note that in practice, the two droplets meet
each other at a slightly deformed surface due to the cushion effect
of the gas film. Figure 25(a) schematically shows the interaction
of the droplets at a given moment. The colored regions in the top
schematic represent the mass that does not interact. The dashed line
represents the surface of the mass passing through the impact plane.
The bottom figure highlights the impact plane, with a colored inter-
action area that has a lens-like shape. Figure 25(b) shows that the
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FIG. 23. Evolution of droplet shape and velocity vectors during reflexive separa-
tion. Tetradecane droplets in nitrogen at 1 atm, We = 61.4, Re = 296.5, B = 0.06,
D =336 yum, U =2.48 m/s.

interaction finishes when the noninteracting portions of the two
droplets become tangential to each other.

According to the above geometric understanding of the droplet
interaction, the volume of the interacting region can then be
obtained by integrating the interacting area. Figure 25(c) highlights
the entire interacting region. The interacting portion of each droplet
can be divided into left and right parts along line CD, which rep-
resents the path of the collision center during the collision. For the
top droplet, the left part is a segment of a sphere, whereas the right
part has an irregular geometry. Although the shapes of the two parts
are different, however, their volumes are identical. Thus, the volume
of the interacting portion for each droplet can be expressed as two
times the segment volume. The ratio of the volume of the interact-
ing portion to the total volume of a single droplet can be derived as
follows:

_(+B)(1-B)’

: (15)
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FIG. 24. Evolution of shape and velocity vectors during stretching separation.
Tetradecane droplets in nitrogen at 1 atm. We = 65.1, Re = 320.3, B = 0.49,
D =370 ym, U =2.43 m/s.

The interacting surface area can be calculated by integrating the
boundary arc length of the interacting area. The surface area of the
interacting portion for each droplet can be expressed as the seg-
ment surface area with a height of (1 — B)R. The ratio of the inter-
acting surface area to that of a single droplet takes the following
form:

1-B

qs = 5 (16)

4. Mass transfer

Figures 20 and 21 show that the mass of the resulting droplets
is equal to the mass of the original droplets. The mass transfer ratio,
fa» can be defined as the ratio of foreign mass to the total mass of
a single droplet after the collision. Note that f, is different from
the mixing rate, which is the local concentration of one liquid in
the combined liquid. For a bouncing outcome, f, = 0 since there is
no contact between the two droplets. For a coalescence outcome,
fa = 0.5 because the resulting droplet consists of equal amounts
of original droplets. The rendered evolution of the two separation
types of droplet collision (see Figs. 20 and 21) shows that the for-
eign mass is only a small portion of the total mass. However, the
satellite droplets are composed of equal masses of the two parent
droplets because the interactions are symmetric. The mass trans-
fer ratio is obtained by applying volumetric integration to only the
large droplets after the collision. Figure 26 shows the calculated
mass transfer ratio in various regimes. The mass transfer ratio has
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a weak dependence on the Weber number, and it is approximately a
function of impact factor B.

Based on this analysis of collision dynamics and the model for
droplet interaction during the collision, a theoretical prediction of
the mass transfer ratio can be established. To obtain a universal
understanding of the mass transfer process, the case with a coales-
cence outcome (Fig. 19) is analyzed. Figure 27(a) shows the evo-
lution of the cross section from the initial droplet contact (¢;) to
the maximum deformation (¢4). Immediately upon contact at ¢;, the
normal motion drives the droplets to interact with each other. Since
the forces on the two sides are equal, the mass of the interacting por-
tion cannot pass the impact plane, and the interacting mass is split
from the centerline. The noninteracting mass continues to move in
the original direction and crosses the impact plane. At maximum
deformation (t4), all of the interacting mass is equally split from the
centerline and is located on its original side of the impact plane. The
noninteracting mass, however, has passed the impact plane and is
located on the other side. When the parallel motion is sufficiently

FIG. 25. Schematic diagrams for modeling of interacting
region. (a) the interaction of the droplets at a given moment;
(b) the end of droplet interaction; (c) the entire interacting
region.

strong to continue the elongation of the combined mass, stretch-
ing separation occurs and the combined droplet breaks up at the
collision center. If the formation of satellite droplets is neglected,
each of the resulting droplets consists of the noninteracting mass and
half of the interacting mass of the original droplet. However, if the
parallel motion is not sufficiently strong, the surface tension pulls
back the elongated mass and a reverse normal motion takes place
along the impact plane, as shown in Fig. 27(b). If the reverse nor-
mal motion is sufficiently strong, reflexive separation occurs and the
combined droplet breaks at the collision center. Each of the result-
ing droplets then consists of the interacting mass of the original
droplet.

Based on the geometric distribution of the interacting por-
tion in Fig. 25(c), the relocation of the mass during the collision is
obtained in Fig. 28. In stretching separation, the combined droplet
eventually breaks at point O. Four portions, a, B, ¢, and d, can be
divided by line CD, which is the path of O, as shown in Fig. 28(a).
One resulting droplet consists of a and B, while the other droplet
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FIG. 26. Contour of mass transfer ratio in the collision regime diagram. The solid
boundaries are adapted from Ref. 4 (Reproduced with permission from J. Qian
and C. K. Law, “Regimes of coalescence and separation in droplet collision,”
J. Fluid Mech. 331, 59 (1997). Copyright 1998 Cambridge University Press).

(a)

scitation.org/journal/phf

consists of ¢ and d. Since the volume of a and d is one half of the
interacting portion, the mass transfer ratio for stretching separation
can be expressed as follows:

(2+B)(1-B)*

4 (17)

fa=a/2=

During reflexive separation, after the interacting mass returns
to its original side, the combined droplet breaks at the impact
plane. The four portions e, f, g and, h can be divided by
the boundary of the impacted mass, as shown in Fig. 28(b). The
resulting droplets are composed of e and g and f and h. The
mass transfer ratio in the reflexive separation can be expressed as
follows:

_ 2
ﬂzl_qzw. (18)

Figure 29 shows good consistency between the numerically calcu-
lated and the theoretically predicted [Eq. (18)] mass transfer ratio
over an impact factor range of B = 0-1.0.

FIG. 27. Mass transfer during droplet
collision with off-center coalescence. (a)
The evolution of the cross-section from
the initial droplet contact to the maxi-
mum deformation; (b) the evolution of the
cross-section during recovery from the
maximum deformation.
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(b)

FIG. 28. Divided portions of separation outcome for prediction of mass transfer
ratio. (a) Stretching separation; (b) reflexive separation.
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FIG. 29. Calculated and predicted mass transfer ratios for reflexive and stretching
separations. A, w numerical calculation; — , — — theoretical prediction.
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IV. CONCLUSIONS

Binary droplet collision, which plays an important role in
dense spray dynamics, was studied systematically by means of direct
numerical simulations. The formulation is based on complete con-
servation equations in the continuum mechanics regime with min-
imal modeling uncertainties. A unified numerical framework that
combines an AMR algorithm and a VOF interface tracking tech-
nique was developed and implemented to treat the multiscale flow
physics of droplet collision. The smallest numerical grid is ~10 nm,
or on the order of 10™° times the initial droplet diameter, which is
sufficient to resolve the near-field droplet dynamics during the colli-
sion. A comprehensive parametric study was conducted in terms of
Weber number and impact factor to identify the regimes of bounc-
ing, coalescence, reflexive separation, and stretching separation. A
visualization technique using the ray-tracing methodology was also
developed to gain photorealistic insight into the detailed physics.
The nonmonotonic coalescence-bouncing-coalescence transition
of the head-on collision was explored. Cases with higher Weber
numbers were investigated by analyzing the overall energy budget
and the interfacial evolution. In addition, the mass transfer during
droplet collision was examined by using a dye as a passive scalar
in numerical simulations. Analytical models were developed to pre-
dict the interacting volume and surface area during the collision. The
mass transfer ratio after the collision was also analyzed to elucidate
the dominant physics. Good consistency with the numerical results
was obtained.
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