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Hydrodynamics of collision interactions between a particle and gas-liquid interface such as droplet/film is of keen inter-
est in many engineering applications. The collision interaction between a suspended liquid (water) film of thickness
3.41 6 0.04 mm and an impacting hydrophilic particle (glass ballotini) of different diameters (1.1–3.0 mm) in low parti-
cle impact Weber number (We 5 qlv

2
pdp=r) range (1.4–33) is reported. Two distinct outcomes were observed—particle

retention in the film at lower Weber number and complete penetration of the film toward higher Weber number cases. A
collision parameter was defined based on energy balance approach to demarcate these two interaction regimes which
agreed reasonably well with the experimental outcomes. It was shown that the liquid ligament forming in the complete
penetration cases breaks up purely by “dripping/end pinch-off” mechanism and not due to capillary wave instability.
An analytical model based on energy balance approach was proposed to determine the liquid mass entrainment associ-
ated with the ligament which compared well with the experimental measurements. A good correlation between the %film
mass entrained and the particle Bond number (Bo 5 qlgd2

p=r) was obtained which indicated a dependency of Bo1.72.
Computationally, a three-dimensional CFD model was developed to simulate these interactions using different contact
angle boundary conditions which in general showed reasonable agreement with experiment but also indicated deficiency
of a constant contact angle value to depict the interaction physics in entirety. The computed force profiles from compu-
tational fluid dynamics (CFD) model suggest dominance of the pressure force over the viscous force almost by an order
of magnitude in all the Weber number cases studied. VC 2015 American Institute of Chemical Engineers AIChE J, 62:

295–314, 2016
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Introduction

In-depth understanding of collision interaction of particles

with gas-liquid interface is the key to successful design and opti-

mization of many process engineering applications. Some of

these applications include but not limited to coating of particles;

scrubbing of dust-laden off gases; mixing of feed droplets and

catalyst particles in the vaporization zone of fluidized catalytic

cracking reactors;1–3 fluid coking of bitumen, spray drying,4 fab-

rication of ceramic reinforced metal composites,5 recovery of

valuable minerals by film flotation process,6 and many more.
In all of these interactions involving multiple interfaces,

two distinct geometry of gas-liquid interface can be identi-

fied—planar interface and curved interface. Depending on the

geometry of interface and impacting particle, different interac-

tion outcomes are observed. A significant number of studies

are available on the interactions of cylindrical7 and spheri-

cal8–10 objects on a large planar interface reporting phenom-

ena like floating, sinking, and rebounding. These studies

focused on explaining the load carrying capacity of liquid

under different combinations of solid surface hydrophobicity

and physical properties of liquid citing relevance to biological

instances like insects walking on water.8 Among other applica-

tions, recovery of valuable mineral particles from gangue

materials is also reported utilizing the suitable interactions of

hydrophilic particles with planar gas-liquid interface in film

floatation process.6

However, relatively fewer studies are indeed reported on

interaction of a particle with a curved interface, that is, droplet

which include applications like feed droplet vaporization in

contact with hot catalyst particles in fluid catalytic cracking

(FCC) unit,1–3 interactions of fine particles from recycled

exhaust stream with feed droplets in spray drying system,4 and
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penetration behavior of ceramic particulates into molten alu-
minum droplet in light weight metal matrix fabrication
system.5

Although many complex collision interactions are possible
between a pair of particle and droplet, the three most general

interaction types based on the size ratio could be summarized
as follow: (A) a small droplet and larger particle; (B) a pair of

droplet-particle of nearly unity size ratio; and (C) a small par-

ticle and larger droplet.
For interaction type A, largely three different outcome modes

can be observed: (1) sticking or deposition of droplet on parti-

cle, (2) rebound of droplet from particle surface, and (3) splash-
ing (disintegration) of droplet after impact. Central to such

dynamics is the interplay between inertia, surface tension force,
and viscous force which are quantified using dimensionless

groups such as Weber number (We 5 qlv
2d/rlg) Reynolds num-

ber (Re 5 dvql/ll), Ohnesorge number (Oh 5 ll/�qlrlgd), and

Capillary number (Ca 5 llv/rlg)
1,2,10 where d is droplet diame-

ter, v is relative velocity between interacting droplet and parti-

cle, and ql, ll, and rlg are liquid density, viscosity, and surface
tension, respectively. At lower Weber number, surface tension

force dominates over inertia which results in deposition of drop-
let on particle surface. When the particle surface is hydrophobic

(low energy surface), such interactions result in rebound of the
impacting droplet due to restoring surface tension force. In rela-

tively higher inertia impact, resistance due to both surface ten-
sion and viscous force is surpassed yielding into disintegration

of the droplet into many secondary droplets.
In Type B interaction, three distinct outcome modes are

reported as a function of collision angle (impact parameter)
and Weber number. In a recent study, various types of possible

outcomes from Type B interactions between a pair of droplet
and particle of the order of unity size ratio were demonstrated

using Lattice-Boltzmann simulation method.11 In the increas-
ing order of Weber number, the outcomes in this particular

case can be summarized as: (1) deposition or coalescence
(droplet spreads over particle as a thin film), (2) ripping and

coating (some part of droplet remains deposited on particle
while the other part forms a secondary droplet), and (3) skirt

scattering (a conical/skirt type ligament forms which subse-
quently breaks into many secondary droplets).

Type C interaction, on the other hand, remains much less

investigated and from the very few experimental studies avail-
able,3,12 the following four different outcome modes are

known: (1) particle rebounds off the interface, (2) partial pene-
tration of particle at gas-liquid interface with oscillatory

motion, (3) capture/retention (complete penetration of particle

at gas-liquid interface but no exit from the liquid-gas side
interface), and (4) complete penetration of particle through

both interfaces (gas-liquid and liquid-gas).
The first three modes in Type C interactions invariably occur

in the low Weber number regime while the fourth mode specifi-

cally occurs in the high Weber number regime. In mode (1),
rebound event is usually observed when a superhydrophobic

particle (contact angle >1508) impacts on a low viscous liquid
with density higher than the particle. This is due to the fact that

component of the capillary force arising due to deformation of
the interface works in the opposite direction of particle motion

and can balance the inertia of the impacting particle. This phe-
nomenon leads to floating of solid objects denser than water.

Vella et al.,8 showed that maximum density of an impacting
particle increases with increase in the contact angle, that is,

hydrophobicity of the particle surface. In a later work, Lee and

Kim10 experimentally showed that superhydrophobic particles
(radius: 0.67–1 mm) of different density ratio (particle density/

water density: 0.88–2.48) during impact on an air-water inter-
face at different impact velocity can exhibit distinct impact
behavior, that is, damped oscillation (impact velocity: 1.23 m/

s), complete bouncing-off (impact velocity: 1.84 m/s), and sink-
ing through interface (impact velocity: 1.93 m/s). They, how-

ever, reported that this rebounding behavior disappears as the
viscosity of the liquid phase is gradually increased.

Modes (2) and (3) represent the outcome of particle capture/
retention, whereby particle inertia is completely dissipated to

overcome the various resistive forces experienced in the drop-
let body. Due to formation and subsequent breakup of the con-

cave gas cavity in mode (3), a bubble may get entrained along
with particle. Mode (4) refers to outcome of complete penetra-
tion where particle has sufficient inertia to overcome all the

resistances in droplet. Similar to mode (3), mode (4) may also
exhibit entrainment of a bubble attached to particle surface.

Also, when the impact inertia of particle is very high and drop-
let is less viscous, the primary target droplet may be com-
pletely disintegrated into multiple secondary droplets upon

impact.12 Another interesting characteristic observed in inter-
action mode (4), is the entrainment of liquid mass being

attached to impacting particle surface.11,12

Quantification of the entrained liquid mass is often impor-
tant for collision-induced heat and mass transport processes.
Dubrovsky et al.12 quantified the entrained liquid mass in their

study empirically by correlating it with the dimensionless
numbers without actually addressing the mechanism of this

physical process. Using Lattice Boltzmann method (LBM)
simulation technique, Gac and Gradon11 demonstrated such
attachment behavior of liquid mass to particle surface during

high relative velocity interaction cases, however, the entrained
mass was not quantified.

We have previously investigated interaction of a small par-

ticle with a larger stationary droplet supported on a solid sur-
face using high speed imaging and three-dimensional (3-D)
CFD modeling.3 While the earlier studied system was useful

for observing/quantifying the interactions modes (2) and (3)
described earlier, it could not be used to study interaction

mode (4) where complete penetration of the colliding particle
through the droplet is expected. To explore mode (4) interac-
tion, ideally the system should comprise a freely moving parti-

cle and a droplet in a controlled interaction environment.
Presumably, however quantifying particle trajectory inside the
droplet experimentally in this case would be very challenging.

Consequently in this study, the moving droplet was replaced
by a fixed horizontally suspended liquid film of dimensions

comparable to the impacting particle in a capillary tube. The
system was considered ideal to observe the interaction behav-
ior of a vertically impacting solid particle with the suspended

film mimicking a stationary droplet with both interfaces (gas-
liquid and liquid-gas) available for interaction.

Specifically, the present system was investigated to: (1)

experimentally determine the different interaction outcomes at
varying Weber numbers and also determine particle trajectory
in the film, (2) quantify a collision parameter to predict the

interaction outcomes based on an energy balance approach,
(3) suggest a mechanism for liquid entrainment with particle

during complete penetration, (4) quantity the liquid mass
entrainment with particle based on the energy balance
approach developed in (2) and (5) simulate experimentally

observed interaction outcomes and particle trajectory in the
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film using a 3-D CFD model developed based on multiphase

volume of fluid (VOF) method combined with the dynamic

meshing algorithm and quantify contribution of the associated

forces during collision.
The rest of the article is organized as follows: first the experi-

mental work and quantification of experimental data using

image processing technique are discussed; then a model based

on energy balance approach is introduced to quantify interac-

tions outcomes and liquid mass entrainment with particle; next

the CFD modeling methodology in presented followed by

results and discussions and summary of findings at the end.

Experimental

Methodology

An experimental apparatus was designed to perform con-

trolled experiments to study particle-film collision interactions

(Figure 1). Glass ballotini particles (Potter Mix, Australia) of

different sizes in the range of 1.1–3.0 mm were used. A liquid

film of pure water (RO filtered) was formed manually inside a

transparent polypropylene capillary tube (d) of inner diameter

4.61 mm using a 1-mL syringe. The tube was thoroughly

cleaned with soap solution and acetone to remove any dirt and

dried every time using compressed air before forming the film.

To determine the film mass, the capillary tube was weighed

before and after film formation. The measured film mass was

ensured to remain within a narrow band of deviation from a

mean value after several repeated measurements leading to a

consistent film thickness of 3.41 6 0.04 mm where “6” indi-

cates one standard error. As capillary force alone was not suf-

ficient by itself to support the liquid film of such mass, gradual

descent of the film down the tube was prevented by applying

an upward pressure using a tightly sealed piston at the bottom

of capillary tube. The tube assembly was mounted on an X-Y

optical traverse with micrometric precision.

A particle release mechanism (h) capable of sliding both in
horizontal and vertical directions with millimetric precision
was used to hold the particle at the tip of a stainless steel capil-
lary nozzle (ID 0.0300) by vacuum. A vacuum pump (j) was
connected to the nozzle via a solenoid valve (i). The particle
release process was triggered by breaking the vacuum pull
when the solenoid valve was turned off.

To ensure that particle fall was consistent, a separate experi-
ment was carried out by dropping the particle several times
from the same position. A normal distribution of particle cent-
roid was obtained with insignificant standard deviation in par-
ticle velocity in downward direction which confirmed the
consistency of particle trajectory. A low power (<5 mW) laser
source (k) was aligned in parallel with the particle release noz-
zle. This arrangement assisted in alignment of particle release
nozzle with capillary tube below by ensuring that laser beam
always pointed toward the center of the capillary tube before
the particle was dropped.

The impact velocity of the particle was varied in the experi-
ment by changing the position of the particle release nozzle in
the vertical direction. In those cases where the particle com-
pletely penetrated the liquid film and settled at bottom of the
tube, the remaining film above was carefully absorbed in a cot-
ton wick. Mass of liquid adhered to the particle surface was
then determined by measuring mass difference of the capillary
tube before and after collision using a precision weighing bal-
ance where the particle mass was known by prior measure-
ment. Each experiment for each size range of particle was
repeated at least five times for five different impact velocities.

Contact angles of the capillary tube and the glass particles
were measured in separate experiments. For the capillary tube,
static contact angle,ht was measured by Jurin’s principle by
measuring the liquid height depression, ht from the images

from the well-known expression ht5
4rlgcosht

ql2qgð Þgdt
where ql, qg is

liquid and gas density, rlg is surface tension, g is gravitational
constant, and dt is insider diameter of the capillary tube.

To measure contact angles on the glass particle, a thoroughly
cleaned 5-mm diameter particle attached to a glass slide was
used. Static contact angle was measured by depositing a single
drop of RO water axisymmetrically using a precision syringe
pump on the particle. To determine the advancing and receding
contact angles, the principle of inclined/tilted plane was fol-
lowed. Using a precision syringe pump, liquid was continually
injected at a rate of 5 lL/min to a sessile droplet placed symmet-
rically on the top of the particle until the droplet grow big enough
to commence rolling over the particle surface. The advancing
contact angle was measured at the moving front of the droplet
and the receding contact angle was measured at the trailing end.
The experiments were performed at least five times and a range
of advancing and receding contact angles were obtained. All the
measured contact angles are provided in Table 1.

A backlighting imaging technique was used obtain good con-
trast images in shadowgraphy mode by placing a diffuser screen
in front of a halogen light source (12 V, 50 W). The interaction
dynamics of particle with film was captured by a high speed
complementary metal oxide semiconductor (CMOS) sensor
camera (Phantom v311, Vision Research) at 1953 frame per
second and 35 ms exposure time in a field of view of 512 3 800
pixels yielding a resolution of 24.5 lm/pixel.

Image processing

Image processing was carried out to determine particle posi-
tions from the images taken at different time instances. The

Figure 1. Schematic of experimental setup—(a) X-Y
optical traverse with height elevation jack,
(b) high speed CCD camera, (c) computer,
(d) capillary tube holding the liquid film with
a piston at bottom, (e) particle release noz-
zle, (f) diffuser screen, (g) light source, (h)
particle release nozzle position varying
mechanism, (i) solenoid valve, (j) vacuum
pump, and (k) laser source for alignment
purpose.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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particle boundary was tracked based on the difference in pixel
intensity relative to the background. Due to some inconsis-
tency in pixel intensity in captured images, first the pixel
counts over the grayscale values (0–256) were made uniform
by manipulating the image histogram. Figure 2 presents the
distribution of pixel counts in the image over the entire gray-
scale range before and after the image processing. It can be
seen that pixel counts becomes more uniform after image
processing. Next, the sharpness of the images was improved
and edges/boundaries were determined. A circle was then fit-
ted (Figure 2) to the marked boundary based on the pixel
intensity difference on the boundary and background using an
appropriate range of search radius. Data of equivalent spheri-
cal radius and centroids were then obtained which were used
in the all subsequent calculations related to particle motion.

A similar boundary profile marking technique was applied
to determine the contact angle on particle surface. To do this,
first the center point of the particle was found out by fitting a
circle to the marked particle boundary. The intersection points
of the drop interface on the particle surface were then deter-

mined and connected to center point. Tangents were then

drawn to at the intersection points to determine the contact

angle. All particle image processing was performed using both

an in-house MATLAB (ver: R2012b) code and Image J (NIH)

software.

Mathematical Modeling

In this section, a modeling approach is presented based on

energy balance of the particle-film system to define a collision

parameter for predicting two major collision outcomes—reten-

tion/capture and complete penetration. Also, the energy bal-

ance approach is used to quantify liquid mass entrainment

with particle during complete penetration.

Energy balance of particle-film system

Figure 3a illustrates the initial energy of the particle-film

system at t 5 t0 when a particle of diameter dp and density qp

is just about to touch the film interface (position A), and final

energy of the system at t 5 tf when particle possesses enough

energy to entrain a liquid mass enclosed in a conical-shaped

liquid ligament (position B). It was assumed that the system

comprising particle, film, and gas above and below film inter-

face behaves adiabatically (all heat energy terms being zero).

Therefore, change in energy of the system before and after

particle impact could be expressed following the first law of

thermodynamics as

DEAB 5 2W (1)

where DEAB is the energy change of the system between posi-

tions (A) and (B) and W represent all the works terms. The

negative sign in the work term in Eq. 1 indicates that work

done by the system is due to the loss of kinetic energy of the

particle.
The energy change of the system comprises change in the

energy of particle (DEp), change in the energy of film (DEf),

and change in the energy of surrounding gas (DEg) above and

below film interface which can be expressed as

DEAB5DEp1DEf1DEg (2)

The particle was released from rest at a certain height from

the top gas-liquid interface (not shown) so that when it reaches

position (A) at the top interface, potential energy is converted

to the kinetic energy. In the complete penetration case, at posi-

tion (B), particle attaches itself to some entrained mass of liq-

uid and still possesses some residual kinetic energy. Also, the

surface energy of the particle changes as the particle descends

into the liquid phase (solid-liquid interface) from the gas phase

(solid-gas interface) above. Change in the particle surface

Table 1. Contact Angle Values for Air/Water/Glass Particle System and Air/Water/Polypropylene Capillary Tube System

Measured at Thermodynamic Equilibrium
Measured at

Unsteady State

System/Cases

Advancing
Contact

Angle (Static)

Receding
Contact

Angle (Static)

Static
Contact
Angle

Advancing
Contact Angle

(Dynamic) (Eq. 10b)
Advancing Contact
Angle (Dynamic)

Air/water/glass
particle

56–758 22–438 47–588 – –

Air/water/PP tube 105 6 28 –
We-1.4 878

We-11.7 988 110 6 108

We-22.5 1028 110 6 108

Figure 2. Image processing showing pixel intensity dis-
tribution of raw image before and after image
processing.

Uniform pixel intensity distribution is obtained after

processing. The particle boundary is marked and a circle

is fitted to compute centroid and diameter. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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energy, kinetic energy, and potential energy at positions (A)
and (B) therefore can be expressed as

DEp5 SpA1
1

2

pd3
pqp

6

 !
v2

pA1
pd3

pqp

6

 !
ghpA

" #
A

2

SpB1
1

2

pd3
pqp

6
1ml

 !
v2

plB1
pd3

pqp

6
1ml

 !
ghpB

" #
B

(3)

where SpA and SpB are particle surface energy at positions A
and B, ml is liquid mass, vpA is particle velocity at position A,
vplB is combined particle-ligament velocity at position B, and
hpA, hpB are heights of particle center of gravity from datum
level (z 5 0) before and after impact, respectively. Referring
to Figure 3a, height hpA was obtained by adding the film thick-
ness (lf) and distance of bottom film interface (ll) from datum
level (z 5 0) and hpB was obtained by subtracting length of liq-
uid ligament (hl) and particle radius (dp/2) from ll.

The solid-gas interfacial energy of the particle surface (SpA)
before impact (at position A) can be expressed as

SpA5 pd2
prsg (4a)

where rsg is the solid-gas surface tension of glass particle.

Following the penetration of the film at position B where
the particle is covered by a thin liquid layer, the liquid-solid
surface energy can be given as

SpB5 pd2
prsl; (4b)

While it is indeed difficult to obtain the interfacial energy
individually from Eqs. 4a and 4b, their difference could be
readily determined from the well-known Young equation if
the static contact angle data on the solid surface is available.
Using this equilibrium relationship: rsg2rsl5 rlgcoshs, the
difference in surface energy due to wetting can be expressed
as

SpA2SpB5 pd2
prlgcoshs (4c)

where rlg is liquid-gas surface tension and hs is the static con-
tact angle of liquid on solid surface.

Due to curved nature of film interface in the capillary tube,
the vertical capillary force components at top and bottom
interface cancel each other and the film descends downward
by its own gravity force. To make the film stationary, an
upward positive pressure was applied (�30 Pa) just enough to
support the film weight which nullifies the effect of gravity.
The only potential energy the film has therefore is surface
energy stored at the interfaces. Evaporation from liquid inter-
faces was neglected to keep validity of the adiabatic assump-
tion. Although some motion is imparted into the film by the
impinging particle, its displacement was not found to be sig-
nificant in the experiment. This was confirmed by analyzing
the images before and after the particle impact where the dis-
placement of both top and bottom interface of the film was
found to be less than 0.4 mm. For this reason, any variation in
the contact angle of water on the capillary tube was not
included in the analysis on purpose to keep it simple. After
impact, a nearly conical-shaped ligament of length hl is cre-
ated at the expense of particle kinetic energy at position (B).
Accounting for this new surface area, change in entire film
energy therefore could be given as

DEf5 SfArlgcosht2 SfBrlgcosht1Sligrlg

� �� �
(4d)

where SfA and SfB are surface area of film at positions A and
B, ht is the static contact angle of water on the capillary tube
wall, and Slig is surface area of the ligament at position B.

The measured static contact angle of water on the capillary
tube, ht was obtained as 105 6 28 (Table 1).

Before impact, particle imparts some motion to the sur-
rounding gas which increases kinetic energy of gas and after
impact at position (A), the top wavy interface also passes on
some kinetic energy to the surrounding gas. During impact,
complex interface undulations occur which leads to change in
the system volume and corresponding change in the gas pres-
sure. These effects, however, were difficult to quantify in the
present modeling framework and subsequently neglected in
the gas-phase energy balance which led to

DEg50 (5)

It will be shown later in the analysis of forces using CFD
model that static pressure magnitude at the instance of liga-
ment breakup (position B) remains almost unaltered which
justifies this assumption.

Now, incorporating all the energy change terms from Eqs.
3–5 into Eq. 1, the complete energy balance of the system
could be obtained as

Figure 3. Schematic of (a) particle-film system before
impact (t 5 t0) and after impact (t 5 tf) and (b)
top interface depression during penetration
event and associated forces in the liquid film
opposing particle motion.
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Work terms (W)

During penetration of the film, particle spends its kinetic

energy by performing work against various opposing forces

such as buoyancy, drag, and capillary force. A detailed sche-

matic of the particle-film interaction process3,6,13 at the top

interface indicating the geometry and forces is shown in Figure

3b. The interface deforms as the particle moves downward and

a three phase contact line (TPCL) of radius, rtpcl, forms on the

particle surface. The interface inclination angle during deforma-

tion is denoted by b while the submergence of the particle is

denoted by the penetration angle, a, which varies from 0 to

1808 denoting zero to complete penetration. Contact angle, h is

obtained by drawing two tangents at the interface and at point

of contact on particle surface, respectively. Note that the pene-

tration angle, a, from geometric consideration, can also be

obtained by subtracting b from h. The different work terms are

described below.

Buoyancy

While traveling through the film, particle experiences an

upward buoyancy force due to hydrostatic pressure difference

at its bottom and top surface. Energy spent to overcome the

resistance of the buoyancy can be obtained by integrating the

buoyancy force over the film thickness, lf as

Eb5

ðlf
0

pd3
pqlg

6
dy (7)

Fluid drag

Using the usual definition of drag force, energy spent by

particle to overcome drag force across the film thickness, lf
can be calculated as

Ed5

ðlf
0

Cd

pd2
p

4

 !
qlv

2
pA

2

 !
dy (8)

where the below expressions of drag coefficient, Cd, were used

for a particle immersing in liquid as suggested by Wu et al.5:
For 0<Re� 1, Cd 5 24/Re
For 1<Re� 400, Cd 5 24/Re0.646

For 400<Re� 3 3 105, Cd 5 0.5.

Capillary effect

At the state of partial submergence into interface, a TPCL

forms on the particle surface. From Figure 3b, it can be

noticed that surface tension force, Fs acts in the tangential

direction along the curved interface and vertical component of

Fs working on TPCL inhibits the downward motion of parti-

cle. For a three-phase system, this force is known as capillary

force, Fc which remains active as long as the interface is

attached to solid surface and becomes zero when the particle

is completely immersed into the film (zero TPCL radius). The

capillary force resists motion of particle as it passes through

interfaces. From Figure 3b, it can be seen that the radius of
TPCL can be given by rtpcl 5 rpsin(a). Considering the vertical
component of surface tension force, Fs on the TPCL, the capil-
lary force can be expressed as3,4,13

Fc52prprlg sin a sinb52prprlgsin a sinðh2aÞ (9)

The interface penetration process involves dynamic change
of contact angle subtended at the particle surface. It is noted
that during penetration of the top interface of the film, a gas
cavity forms over the submerging particle which is stretched
as the particle descends further into the liquid eventually lead-
ing to snapping of the cavity at the narrowing necking point.
An advancing contact angle is exhibited at this state, however,
during penetration of the bottom interface, specifically in the
higher Weber number cases; a receding contact angle is exhib-
ited on the particle surface. The required energy, Ec,tf to over-
come the capillary force at the top interface can be derived by
replacing h with advancing contact angle, ha in Eq. 9 followed
by differentiating the expression of Fc and then performing
integration within the limit of penetration angle, a varying
from 0 to p/2 as follows

Ec;tf52rp

ð
dFc5 2rp

ðp=2

0

2prprlgsinðha22aÞda54pr2
prlgcoshap=2:

(10a)

In determining the work term from Eq. 10a, integration limit
was set to p/2 to account for the maximum capillary work not-
ing the fact that the capillary force expression given in Eq. (9)
has maxima or minima at penetration angle a5/2 for a given
contact angle, h. The capillary force thus obtained was consid-
ered to be active over the entire submergence distance (particle
diameter, dp) to yield the maximum work done. The actual
energy spent against the capillary force in the entire duration of

submergence however can be determined as
Ðp
0

Fcdx5 4
3
pr2

prlg

cos h by setting the differential submergence distance, dx 5 rp

sin a da which can be readily shown from Fig. 3. Determining
an appropriate value for the dynamic contact angle in Eq. 10a
is a challenging problem which depends on number of parame-
ters such as roughness and chemical homogeneity of the solid
surface and most importantly TPCL velocity. Formulation of
the dynamic contact angle as a function of contact line veloc-
ity is a well-known complex problem due to the apparently
“no-slip” condition on the solid surface. This problem has
attracted considerable research attention and in general is
resolved by considering molecular-hydrodynamic nature of
the contact angle which allows contact line “slip” on the solid
surface only in the molecular regime.6,14 In this study, the
dynamic advancing contact angle, ha in Eq. 10a was computed
using the molecular-hydrodynamic model suggested by Petrov
and Petrov14 as follows

ha5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos21 coshs2

2kT

rlgk
2

 !
sinh21 vtpcl

2Kwk

� �" #( )3

19Caln
Lcap

Ls

� �
3

vuut
(10b)

where hs is the static contact angle, k is Boltzmann constant, T
is temperature, Kw is a quasi-equilibrium rate constant of
adsorption, k is distance between the two adjacent adsorption
sites on solid surface, vtpcl is the TPCL velocity, Ca is capil-

lary number, capillary length is given as Lcap5

ffiffiffiffiffiffi
2rlg

qlg

q
and Ls is
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slip length where the usual no-slip boundary condition of clas-

sical continuum mechanics does not hold true.
For simplification purpose, the contact line velocity, vtpcl in

Eq. 10b was approximated by the impact velocity of the parti-

cle, vpA at position A. The molecular parameters Kw, k, and Ls

are indeed fitting parameters which need to be obtained exper-

imentally. The values used here were Kw 5 106 s21, k 5 1029

m, Ls 5 24.8 3 1029 m obtained for air, water, and glass parti-

cle system from the work of Liu et al.6 which are applicable to

the system studied in this work.
At the bottom interface, the energy requirement, Ec,bf to

overcome the capillary force can be obtained by replacing h
with the receding contact angle, hr in Eq. 9 similar to the deri-

vation of energy requirement at top interface to yield

Ec;tf52rp

ð
dFc5 2rp

ðp=2

0

2prprlgsinðhr22aÞda54pr2
prlgcoshr

(11)

Equation 10b can also be used to compute hr if the appro-

priate molecular parameters for the receding case are known

experimentally. In absence of any such reported parameters

on the present system, experimentally measured hr was used

instead to compute the energy term from Eq. 11. It should

be noted that measurement of hr was performed on a dry

surface which would be different on prewetted surface (par-

ticle is wetted when it emerges from the bottom interface)

in a stricter sense due to presence of a precursor thin liquid

film. However, measured hr on dry particle surface (228)

was close to the approximately measured receding contact

angle (�188) exhibited on the particle surface during liga-

ment breakup. These two measurements were close and con-

sidering some obvious uncertainty associated with the

contact angle measurement, such small deviation is not

expected to have any significant impact on the correspond-

ing model predictions.
During penetration of the top interface, a gas cavity

forms which leads to increase in gas-liquid interface area

at the expense of impact kinetic energy of particle. It was

previously noted by Ozawa and Mori15 that inclusion of

this cavity formation is essential in computing the surface

tension effect which otherwise significantly undermines its

contribution. Recognizing the complexities associated with

the cavity formation process, in their work this effect was

only accounted by an empirical multiplier in the expression

of surface tension force. We here present a theoretical

approach to compute this additional surface energy require-

ment in forming the gas cavity. Knowing the surface area

of the gas cavity, associated surface energy can be calcu-

lated as

Ecavity5Scavityrlg (12)

Determination of the surface area in Eq. 12 requires

knowledge of the interface shape. The cavity formation

process during penetration is a complex transient event

which leads to dynamic depression of the interface. In the

steady-state case, an estimation of this interface depression

is possible through numerical solution of the Young–Lap-

lace equation which equates the Laplace pressure due to

interface curvature to the hydrostatic pressure arising from

interface depression. The differential form of this equa-

tion13 can be written as

d2y
dx2

11
dy
dx

� �2
h i3=2

1

dy
dx

x 11
dy
dx

� �2
h i1=2

2y50 (13a)

where nondimensional spatial co-ordinates are given as y 5 H/

Lcap and x 5 r/Lcap, and H is the interface depression height.
The solution of Eq. 13a defines the interface shape at steady

state. A specific solution of Eq. 13a could indeed to shown to

result in a catenary profile which upon rotation around an axis

of symmetry yields a minimal energy surface called catenoid

often used to define shape of interfaces like capillary bridge

and soap film.16 A complete catenoid geometry can be defined

by a radius, rcav,t of two end rings of equal area, and a smaller

ring at the center of radius rcav,c (please refer to Figure A1 in

Appendix). On this basis, the shape of the catenary relating

these two radii and height of interface depression, H can be

described as follows

rcav;t5rcav;c cosh
H

2rcav;c

� �
(13b)

As at steady state, particle is attached at the central ring,

it could be readily shown that rcav,c can be substituted by

the radius of TPCL, rtpcl,t. Computation of rcav,t, therefore,

requires determining parameter H, the only unknown variable

which can be computed from the Young–Laplace equation

(Eq. 13a). There are reported algebraic expressions13 which

are obtained by fitting the solution of Eq. 13a and can be used

to determine an approximate yet accurate enough estimation

of H instead of solving it directly by numerical integration.

Based on the capillary length (Lcap) of the system in the range

of 0.2� rtpcl,t/Lcap� 2.0 where rtpcl,t represents the radius of

the TPCL at top interface, for all penetration angle b, H can be

approximated by the following expression13

H5Lcapa sinðcbÞ (13c)

where the fitting parameters a and c in Eq. 13c are given as

a5
2:186

110:649
Lcap

rtpcl;t

	 
 (13d)

c50:510:332 2
2:122rtpcl;t

Lcap

� �
: (13e)

Angle b was derived corresponding to the maximum capil-

lary force obtained by differentiating Eq. 9 with respect to b
and equating it to zero. This leads to an interesting relation of

a 5 b 5 h/2 and rcav,c 5 rtpcl,t 5 rpsin(h/2).
All parameters now being defined, the surface area of the

catenoid can be given as16

Scavity5pr2
cav;c cosh21 rcav;t

rcav;c

� �
1

1

2
sinh 2cosh21 rcav;t

rcav;c

� �� �� �
(13f)

The surface area computed from Eq. 13f is half of the actual

catenoid considering the shape has a mirror image around the

center plane, that is, the TPCL. The complete derivation of

Eq. 13f is provided in Appendix. The total contributions due

to the surface tension force finally can be determined by sum-

ming up the energy expressions from Eqs. 10a, 11, and 12.

Particle-liquid film interaction outcomes

Intuitively, it could be readily realized that particle-film

interactions would depend on the relative magnitude of the
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particle kinetic energy and the different work terms described

earlier. Now, defining a collision parameter, C as the ratio of

energy loss due to work terms described in Eqs. 7, 8, 10a, 11,

and 12 to the available impact kinetic energy of the particle as

C5
Eb1Ed1Ec

1
2

pd3
pqp

6

	 

v2

pA

(14)

and following further algebraic manipulations, C could be

expressed as a function of dimensionless terms as

C5
2Sr1

qrFr2
1

1:5CdSr1

qr

1
12 cosha1coshr1Sr3ð Þ

Weqr

(15)

where Sr1 5 lf/dp (ratio of film thickness to particle diameter),

Sr3 5 Scav/pd2
p (surface area ratio of gas cavity to particle),

qr 5 qr/qf (density ratio of particle to film), Weber number

(We) 5 qlv
2
pdp/r, Reynolds number (Re) 5 qlvpdp/ll, and

Froude number (Fr) 5 vp/�(gdp).
The magnitude of collision parameter, C determines the

particle-liquid film collision outcomes. If C> 1, the resistance

to film penetration is relatively high and particle is captured/

retained in the film. Conversely, when C< 1, the impact iner-

tia of particle overcomes all resistances in the film and results

in complete penetration.

Liquid mass entrainment with particle

A collision parameter was defined in Eq. 15 which simply

indicates that a collision interaction may result in a complete

penetration outcome only when the available energy of the

particle is higher than the energy spent to overcome the resis-

tive forces in the film. In this section, a model is proposed

based on the previously developed energy balance approach to

quantify liquid mass entrainment with particle during the com-

plete penetration outcome.
Referring to system energy balance in Eq. 6, all the work

terms (W) being defined earlier in Eqs. 7, 8, 10a, 11, and 12, it

could be realized that the equation contains two major

unknowns—particle-ligament velocity VplB and entrained liq-

uid mass ml. If interfacial area of film is assumed to remain

unchanged before and after particle impact, that is, SfA 5 SfB,

neglecting the some dissimilarity in the curved interface shape

at top and bottom interface, Eq. 6 can be rewritten as

pd2
prlgcoshs1

1

2

pd3
pqp

6

 !
v2

pA1
pd3

pqp

6

 !
gh1

" #
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2

1

2

pd3
pqp

6
1ml

 !
v2

plB1
pd3

pqp

6
1ml

 !
gh21Sligr

" #
B

52W

(16)

Solution of Eq. 16 also needs knowledge of ligament sur-

face area Sl which requires a geometry to be defined. Figure 4

presents an experimentally obtained image of the liquid liga-

ment connected to particle just before breakup (left). The

shape of ligament could be defined approximately by a comi-

cal geometry which is shown in the schematic (right). Assign-

ing an arbitrary angle w to denote the position of TPCL at

bottom interface where the ligament adheres to the particle

surface, the new surface area, Sl in form a cone of height, hl

and base radius equal to rtpcl,b can be calculated as

Sl5prtpcl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2

l 1rtpcl;b
2

q� �
(17)

Determining Sl requires computation of hl which presumably

is a function of residual particle inertia and rtpcl,b. Knowing the

particle-ligament velocity, vplB and distance traveled at this

speed within the time duration in which the ligament forms and

breaks, the ligament height, hl can be computed. A characteris-

tic time scale17 often applied to estimate the liquid jet/ligament

breakup time, tlb considering the effect of two major competing

forces—inertia and surface tension is given as

tlb �

ffiffiffiffiffiffiffiffiffiffi
qlr

3
lig

r

s
(18)

where rlig is ligament radius.
However, unlike a typical uniform cylindrical jet which

has a characteristic length scale represented by the nozzle

radius, the closest length scale in particle-induced liquid liga-

ment formation can be considered as the TPCL radius, rtpcl,b

which again actually changes in time. Also, the driving force

in formation of ligament, the particle inertia, decreases in

time due to work done against the resistive effects in film

which again is contrary to a typical cylindrical jet breakup

case where nozzle velocity remains unaltered at the tip. In

view of the above, rtpcl,b was used as a suitable length scale

and a proportionality constant, K was introduced in Eq. 18 as

a multiplier to account for any uncertainty in determining the

ligament radius. Ligament breakup time tlb was therefore

obtained as

tlb5K

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qlr

3
tpcl;b

r

s
(19)

From geometric consideration in Figure 4, rtpcl;b5rpsin w
where the polar angle, w can be obtained as w50:5ðp2uÞ2hr

if both cone angle, u and receding contact angle hr are known

a priori. In case of breakup of axisymmetric near inviscid fluid

ligament at dripping state, it has previously been shown

numerically that cone angle, u during pinch-off acquires a

unique value of 18.18.18 This finding was later corroborated by

Castrejon-Pita et al.19 experimentally using high speed imag-

ing of the dripping behavior of water and ethanol droplets

where this cone angle found to vary consistently within

17.9 6 0.28. Noting the similarity between the droplet dripping

Figure 4. Experimentally observed liquid ligament
shape attached to particle surface (left) and
equivalent conical shape volume of the liga-
ment used in the model (right).

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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process and the particle-induced ligament breakup studied
here, a value of u 5 188 was used in Eq. 19. The receding
angle, hr was experimentally measured and a value of 228 was
used for computation purpose (see Table 1). With all parame-
ters being known, ligament height, hl from Eq. 19 was deter-
mined as

hl5vplBtlb (20)

The geometry of the conical-shaped ligament surface area,
Sl now being defined; entrained liquid mass ml could be calcu-
lated if it is assumed that no secondary droplet is formed after
breakup which may or may not attach to particle. With this
assumption, ml was determined from the geometry of conical
ligament shown in Figure 4 as

ml5
pr2

tpcl;bhl

3
2

pd3
p

24
223cosw1cos3w
� �" #

ql (21)

where the first and second term of the right-hand side of Eq.
21 represents the cone volume and spherical cap volume of
particle inside the ligament, respectively.

It would now appear that both parameters Sl in Eq. 17 and
ml in Eq. 21 require only one unknown variable, that is,
particle-ligament velocity, vplB to compute the entrained liquid
mass, ml if the proportionality constant K in Eq. 19 is known
beforehand. Also, the work term due to fluid drag (Eq. 8)
requires an average velocity at positions A and B defined as
(vpA 1 vplB)/2 which involves the unknown parameter vplB.
Both vplB and K were obtained iteratively by solving Eq. 16
using a Newton–Raphson algorithm suitable for solution of
nonlinear algebraic equations. In the solution procedure, at
first guess values for both the parameters were used. For a
fixed value of K, vplB was solved iteratively satisfying the
energy balance in Eq. 16 by setting the residual error value to
a convergence limit of 1026. Proportionality constant K was
used as a fitting parameter which was obtained after several
iterations by minimizing the sum of square errors between the
experimental measurements and the model predictions of ml.

CFD Modeling

To simulate the interactions phenomena, a two-phase 3-D
incompressible CFD model using interface capturing VOF
approach was utilized in the finite volume method-based com-
mercial CFD solver ANSYS Fluent (ver. 14.5) coupled with
dynamic meshing algorithm to simulate the particle motion.3

The computational geometry and boundary conditions used in
the CFD model are presented in Figure 5. The developed CFD
model in Cartesian coordinates comprising continuity,
momentum, and volume fraction equations was solved as
follows20

@qmix

@t
1r: qmix~vð Þ50 (22)

@ qmix~vð Þ
@t

1r: qmix~v~vð Þ52rP1r: lmix r~v1r~vð ÞT
h i

1qmix~g1~Fs

(23)

The VOF method includes a single momentum equation for
both phases and uses volume fraction averaged transport prop-
erties. The mixture density, qmix, and viscosity, lmix, were cal-
culated based on the individual phase volume fractions, a as

qmix5alql1qg 12alð Þ (24)

lmix5alll1lg 12alð Þ (25)

where q and l refer to phase density and viscosity and sub-
script l and g refer to liquid and gas phase, respectively.

The volume fraction of the dispersed phase (which is liquid
here) used in Eqs. 24 and 25 was determined by solving the
following advection equation

@alql

@t
1~v:r alqlð Þ50 (26)

while the phase fraction of the continuous phase (gas) was cal-
culated using the following conservation equation

X2

i51

ai51:0 (27)

The momentum equation, in addition to pressure, gravity,
and viscous stress, included a density averaged surface force
term, Fs where

Fs5
rlgqmixjral

0:5ðql1qgÞ
(28)

It can be noted that surface tension force is a line force, in
principle, however, in the present CFD solver framework a
body force (volumetric) form of this source term was used to
keep parity with the unit of other terms in Eq. 23.

The local curvature of gas-liquid interface j used in Eq. 28
was computed as divergence of the unit normal vector
obtained from the surface normal vector on the interface as
follows

j5
1

jnj
n

jnj :r
� �

jnj2 r: nð Þ
� �

(29)

The surface normal vector, n in the VOF approach can be
written as gradient of phase volume fraction at the interface

Figure 5. Computational domain showing the geome-
try, mesh, and boundary conditions used in
the 3-D CFD model.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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noting the fact that gradient vector of a surface is orthogonal
to the tangent at any point on the surface. On liquid side of the
interface, this was written as

n5ral: (30)

A solid surface can exhibit either wetting or nonwetting
behavior depending on the solid surface energy. When surface
energy is high, the adhesion force between solid and liquid is
quite significant which leads to complete wetting of the sur-
face. On the contrary, less surface energy results into lower
adhesion force which leads to partial wetting or complete dew-
etting of the surface. This adhesion characteristic at wall was
modeled using a contact angle boundary condition. At wall,
two unit vectors were considered which are oriented to normal
and tangential direction, respectively. The unit vector in nor-
mal direction, n̂w points to fluid while the unit vector in tan-
gential direction, t̂w indicates wall. Unit normal n̂ was
expressed as a function of contact angle, h (defined as the
angle between the tangent vector at wall and tangent vector at
the interface—see Figure 3b) as follows

n5n̂w cos h1t̂w sin h (31)

In a dynamic scenario where TPCL forms on the solid sur-
face, modeling of contact angle boundary condition is known
to be a complex problem due to the fact that contact angle
changes dynamically with the contact line velocity. A rigorous
mathematical treatment of the moving contact angle problem
was reported by Shikhmurzaev21 based on his earlier work22

which specifically focused on obtaining a generalized expres-
sion of the dynamic contact angle as a function of contact line
velocity. Three flow regions were considered—first, a narrow
inner region near the contact line (Ca� 1) where the viscous
stresses are comparable to surface tension gradients, second,
an intermediate region having dimension of apparent slip
length where surface tension gradient occurs and finally an
outer region comprising bulk fluid where the surface tension
gradient disappears. In his analysis, the unbound shear stress
problem at the contact line was resolved using an appropriate
slip boundary condition. The contact line motion was attrib-
uted to the surface tension gradient between the contact line
region and the bulk liquid which was explained by a surface
equation of state. The macroscopic dynamic contact angle was
related to the contact line velocity and few other empirical sur-
face parameters. Implementation of this complex model in the
present CFD modeling framework was beyond the scope of
this study, however, a set of simulations were performed using
the experimentally measured values of constant advancing,
static, and receding contact angle to demonstrate the sensitiv-
ity of this critical boundary condition on correct representation
of overall physics of the problem.

A 3-D cylindrical geometry [ID: 4.61 mm 3 12 mm (H)]
with unstructured grid containing 320,256 tetrahedral cells
was used in the simulation. For modeling wall adhesion, the
contact angles values reported in Table 1 for water on glass
particle surface and on capillary tube surface were applied. On
both particle and capillary tube wall, a no-slip boundary condi-
tion was specified. Pressure outlet boundary condition (zero
gauge pressure) was used at the top face of the capillary tube
while a wall boundary condition (BC) was used at tube
bottom.

A second-order upwind scheme was used for discretization
of the momentum equation while the volume fraction parame-
ter and pressure were discretized using Geo-Reconstruct and

Presto scheme, respectively. Pressure-velocity coupling was

obtained by PISO scheme. A residual of 1024 was set for con-

vergence of continuity, momentum, and volume fraction equa-

tions. To initialize the simulation, a liquid film was introduced

by patching liquid volume fraction equal to one. The thickness

of the liquid film used in the simulation was the average film

thickness obtained from experimental measurement mentioned

before. All simulations were performed using a time step size

of 1026 s with 50–100 iterations ensuring convergence per

time step.
To model the solid particle motion, a dynamic meshing

technique was used involving smoothing and remeshing

scheme on the adjacent cells of particle boundary. The

smoothing scheme involved stretching of cells adjacent to the

moving surface using a spring constant based on Hooke’s law.

A spring constant of 0.5 was used in the present model. When

cell motion is large, cells around the moving wall deform

heavily and become highly skewed. To avoid simulation fail-

ure, these cells requires remeshing. For computational effi-

ciency, only the cells which exceeded a specified skewness of

0.7 and a predefined range of cell size (min. to max.) were

remeshed. The particle was considered to be a rigid body and

its motion was obtained by implementing a user defined func-

tion based on a six degree of freedom solver embedded in Flu-

ent. Due to low impact Weber number and very insignificant

visible rotation in the experiment, the rotational motion of the

particle was not simulated in the present work.

Results and Discussions

Particle-film collision outcomes

In the experiment, interaction between particle and the film

was studied in the particle Weber number range of 1.3–33.

Depending on the impact Weber number, three distinct inter-

action types were observed—particle retention at top interface,

particle penetration through top interface but retention at bot-

tom interface, and complete penetration through both interfa-

ces. Experimental observations and CFD model predictions at

different time instances are presented in Figures 6a–c.
Figure 6a presents a low Weber number case (We 5 1.4) of

particle-film interaction. Here, as the particle slowly descends,

the TPCL rises over the particle surface and when particle

kinetic energy is completely dissipated to overcome the resis-

tive forces (capillary, buoyancy, and viscous force) in the film,

particle gradually comes to a steady partial submergence state

with decaying amplitude of oscillation at the interface. The

iso-surface contours of the interface colored by the volume

fraction of liquid-film) obtained from by the CFD model are

also presented at the same time instances. Among all the con-

tact angles BCs used, the static contact angle BC was found to

be most suitable to simulate this low Weber number case

(CFD model predictions with advancing and receding contact

BC not shown here). This can be explained by the gradually

decaying motion of the particle at interface which leads to

nearly zero TPCL motion (Ca � 0) and consequently the

dynamic contact angle settles around a static contact angle

value. This can also be shown using Eq. 10b which yields a

static contact angle when the contact line velocity containing

terms in the expression are set to zero. The model predicted

partial submergence behavior of the particle at the top inter-

face compares well with the experimental observation (see the

Supporting Information video file titled capture case top inter-
face online).
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At an intermediate Weber number (We 5 11.7), the particle
penetrates through the top interface while attaining a partial
penetration through the bottom interface (Figure 6b). A gas
cavity can be seen forming at the top interface (t 5 4.5 ms)
which eventually snaps off as the radius of TPCL gradually
diminishes to zero with increasing penetration depth. Being

located just above the bottom interface at t 5 4.5 ms, it
requires almost same time (4.5 ms) for the particle just to pen-
etrate through the bottom interface (t 5 9.0 ms) due to signifi-
cant loss of kinetic energy against the opposing forces inside
the film. CFD model with the contact angle BC of hadv 5 1108

predicts formation of this gas cavity which evidently is in

Figure 6. Comparison of experimental observations and CFD modeling predictions of particle-liquid film interac-
tions behavior (dp 5 2.05 mm) at (a) We-1.4: particle retention at top interface; - experiment (top row)
CFD model with static contact angle BC, hs 5 518 captures the partial submergence behavior of particle
behavior well (bottom row), (b) We-11.7: particle retention at bottom interface—experiment (top row);
CFD model with advancing contact angle BC, ha 5 1108 captures the gas cavity formation at top interface
reasonably well but predicts early nonphysical detachment at bottom interface (middle row); CFD model
with receding contact angle BC, hr 5 228 does not predict the gas-cavity formation at top interface but
reasonably predicts deformation behavior at bottom interface (bottom row), and (c) We 5 22.5: complete
penetration of both interfaces—experiment (top row); CFD model with advancing contact angle BC,
ha 5 1108 predicts interaction dynamics well at top interface (middle row); and CFD model with receding
contact angle BC, hr 5 228 provides good agreement at bottom interface (bottom row).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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good agreement with the experiment. TPCL velocity here is
significant (0<Ca< 1) due to higher impact velocity of parti-
cle which leads to occurrence of a larger dynamic advancing

contact angle on particle surface. Also, important here to
notice the swelling of the top interface (t 5 9.0 ms) which is
caused by an upward motion of the liquid in the film center

leading to formation of a mild jet just after occurrence of the
cavity snap-off event. Such swelling at top interface was also
visualized in the experiment. The other simulations using

static and receding contact angle BCs (not shown) do not pre-
dict this gas cavity formation process and emphasizes the fact
that adequate treatment of the contact angle is indeed required

to capture the correct flow dynamics. At the bottom film inter-
face, further motion of the particle is prohibited by the capil-
lary force (t 5 15.5 ms) which pulls back the particle in the

upward direction causing a rebound at the bottom interface.
The particle then gradually settles down at the bottom inter-
face after few oscillations with decaying amplitude (see the
Supporting Information video file titled capture case bottom
interface online). At this later stage of particle-film interac-
tions, it could, however, be noticed that once the gas-cavity
snaps off, the advancing contact angle boundary condition of

the CFD model no longer suffices which incorrectly manifests
itself in an early detachment process of particle from the liquid
ligament at t �11 ms as opposed to experimental observation

which indicates particle is attached to bottom interface even at
t 5 15.5 ms. This anomaly, however, is resolved when a reced-
ing contact angle BC is used which presents the dynamics at

the bottom interface in a better physically plausible manner.
At higher Weber number cases (e.g., We 5 22.5), the parti-

cle has sufficient kinetic energy to overcome all the resistive
forces and penetrates through the film completely (Figure 6c).

During penetration of the top interface when gas cavity collap-
ses, a bubble was observed to attach to the particle surface
consistently (t 5 16.5 ms). This bubble entrainment phenom-

enon was also noted by Dubrovsky et al.12 in context of
droplet-particle collision process at higher impact velocities.
The bubble entrapment phenomenon is known to occur due to

certain instability arising out of deformation of interface at the
TPCL area.22,23 In the complete penetration case, a liquid liga-
ment forms which keeps the particle attached to the bottom
interface. The ligament finally breaks off leading to some liq-

uid mass entrainment with the particle forming at least one
trailing secondary droplet (see the Supporting Information
video file titled complete penetration case online). The CFD

model presents two limiting cases using advancing (ha 5 1108)
and receding (hr 5 228) contact angle BC. Similar to
We 5 11.7 case, the dynamics at top interface involving the

gas-cavity (interface depression) is captured well with the use
of advancing contact angle BC. At the bottom interface,
although the formation of the ligament is better represented

with receding contact angle compared to advancing contact
angle BC, the final ligament breakup could not be captured
which occurred sometime later (>19.5 ms, not shown). This

can be again attributed to the inadequate resolution of the liga-
ment interface because of unstructured dynamic mesh which
undergoes significant deformation during simulation. It should
be noted that due to early detachment (t � 11.0 ms) of the par-

ticle from the connecting ligament in the advancing contact
angle BC scenario, no simulation snapshot is available for
time instance at t 5 16.5 ms for comparison.

The contact angle BC sensitivity analysis shows that a sin-

gle contact angle BC does not suffice to present the complete

dynamics of particle-film interactions and indeed requires
implementation of a rigorous dynamic contact angle BC in the

CFD model. The perceivable problem with the implementa-
tion of molecular-hydrodynamic type contact angle models

(Eq. 10b) reported in the literature is with the fitting parame-

ters such as molecular slip length and liquid adsorption rate
constant which need to be obtained experimentally for a spe-

cific system.6,14 Given the dimension of molecular slip length
scale which is in the order of few nanometers, understandably

it would be computationally very expensive to resolve the slip
region close to TPCL.23

On the other aspect, we noted that few previous studies

focused on implementing dynamic contact angle model in
CFD code to simulate phenomena like drop spreading and

recoiling on solid surface.23,24 These studies used dynamic
contact angle model based on contact line velocity and deter-

mined the advancing and receding contact angle BC based on

the sign change in the contact line velocity using axisymmetric
geometry. It is worthwhile to mention that Sikalo et al.23

reported good agreement of their CFD model predictions with
the experimental measurements without specifically address-

ing the molecular nature of the contact angle. They reasoned
this to the inertial nature of the contact line motion (Ca> 0)

which is possible to capture solely by an appropriate macro-
scopic dynamic contact angle boundary condition. The pres-

ently investigated scenario is arguably has more complexities
where no velocity reversal (sign change) occurs in the com-

plete penetration case making it even more difficult to imple-

ment any previously reported dynamic contact angle modeling
methodology and requires further research by its own merit.

Particle motion inside film

It is of interest to look into the particle motion profile during
these interactions which brings the perspective of different

resistive forces responsible for inhibition of particle motion.
Figures 7a–c compares the experimentally obtained particle

velocity profiles with the CFD model predictions with differ-
ent contact angle BCs obtained in the low to high Weber num-

ber cases corresponding to the visuals presented in Figures
6a–c.

Figure 7a presents the dynamics at We 5 1.4 until 7 ms only
where the particle has not come to a completely stationary

state yet. The velocity gradually decreases as kinetic energy is
spent to overcome counteraction of the resistive forces. It can

be seen that CFD model predictions using advancing contact
angle BC indicate a reasonable agreement with experimental

measurements in the early stage of interactions, however, it
does not show the trend of particle gradually coming to a

motionless state in later stages which is actually better pre-
dicted by the static contact angle BC. This could be explained

by presence of nonzero TPCL velocity in the early stage of

interactions which results in a contact angle value higher than
static contact angle, however, toward the end of the interac-

tion, the state of nearly zero TPCL velocity leads to a static
contact angle value on particle surface. Receding contact angle

BC, on the other hand, predicts an early zero motion state due
to higher wetting characteristic which leads to faster submer-

gence followed by a slightly upward movement.
In Figure 7b, dynamics at intermediate Weber number

(We 5 11.7) was presented where the particle can be seen

rebounding from bottom interface after impact at �18 ms due
to opposing capillary force. Both static and receding contact

angle BC scenarios indicate this rebound behavior but predict
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the reversal of particle velocity somewhat earlier at �12 and
13 ms, respectively. The advancing contact angle BC, how-
ever, could not represent this dynamics and rather indicates a
nonphysical outcome of early detachment of particle from lig-
ament (t � 11 ms). This is again due to inability to represent
the true fact that at bottom interface a more receding type con-
tact angle is exhibited during stretching of the bottom menis-
cus, which significantly alters magnitude of the opposing
capillary force. Conversely, early prediction of the rebound by
the other two BCs can be attributed to inability to capture the

gas cavity formation at top interface which affects the penetra-

tion process.
Figure 7c presents the particle motion profile in the higher

Weber number case (We 5 22.5). Particle here penetrates the

bottom interface at �9 ms and then pulls down the bottom

meniscus to form a conical-shaped ligament which breaks up

at �17 ms (Figure 6c). Interestingly in this duration, the parti-

cle velocity remains almost constant as the ligament keeps

expanding at a constant velocity till the breakup occurs. Con-

sidering contribution of inertia and surface tension force alone,

a velocity scale for the ligament can be established as

vlig �
ffiffiffiffiffiffiffiffiffiffi
r

qligrlig

q
. Effect of viscosity in this formulation can be

ignored given the low range of Ohnesorge numbers

(Oh 5 �We/Re): 0.0022–0.0034 used in the present study. This

scaling indeed yields a lower velocity, for instance in We-22.5

case, it gives a velocity of �0.26 m/s which is less than the

experimentally obtained particle-ligament system velocity

�0.4 m/s. The deviation can be reasoned to few different fac-

tors such as uncertainties in particle inertia due to particle

shape irregularities, difficulty in defining the ligament radius

due to its conical shape and slip between particle velocity and

TPCL velocity which remains unaccounted in the present

analysis.
The CFD model predictions of particle velocity within the

film specifically using static and receding contact angle BC

agree well with the experimental measurements up to t � 9

ms. Some deviations in the CFD model predictions afterward

are quite apparent for all contact angle boundary conditions.

In contrast to experiments, these deviations include early

detachment of particle from ligament (t � 11 ms) for advanc-

ing contact angle BC, continual decreasing velocity profile for

receding contact angle BC and lastly a relatively flatter veloc-

ity profile for static contact angle BC scenario. Furthermore,

the conical shape of the ligament as observed in the experi-

ment was not predicted by the CFD model, which can be

attributed to inadequate resolution of the interface due to use

of unstructured mesh. Admittedly, the use of unstructured

mesh is a big impediment for VOF simulation which ideally

requires fine structured mesh for accurate construction of

interface. This was indeed a limitation in the present CFD

model due to inclusion of dynamic meshing technique for par-

ticle motion which essentially requires unstructured mesh for

large rigid body motion.3 Alternative approach to simulate

such complex physics could be use of coupled VOF method

for treatment of free surface flow and Immersed Boundary

(IB) method for simulating particle motion to prevent mesh

deformation. Although studies in this area involving use of

such coupled numerical approach are actually very limited,

one such work by Deen et al.25 demonstrates simulation of a

single particle sinking through a single flat liquid interface.

The simulation shows formation and breakup of gas cavity as

the particle descends through interface similar to results

obtained in this study, however, the gas cavity shape was

much narrow compared to our experimental visualizations

which possibly could be attributed to the different physical

properties of the liquid used in their work (100 times higher

viscosity and 1.38 times higher surface tension value com-

pared to this study). It is not although clear how the adhesion

behavior at the particle surface was treated as there was no

mention of contact angle in their model. Also, no experimental

validation of this simulation was presented which could sub-

stantiate the model predictions.

Figure 7. Comparison of experimentally found particle
velocity profile and CFD model predictions
during particle-liquid film interactions (dp 5
2.05 mm) at (a) We 5 1.4, (b) We 5 11.7, and
(c) We 5 22.5.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Regime boundary demarcation by collision

parameter (C)

The collision parameter, C defined by Eq. 15 was used to

obtain a regime boundary for the observed particle-film inter-

actions. Table 2 lists the experimental observations of interac-

tions outcome for different particle diameters and impact

velocities. In all the cases, velocity containing terms in Eq. 15

were computed based on the particle velocity at position (A)

to determine value of C. The collision parameter, C deter-

mines the collision outcomes by indicating C> 1 for the cap-

ture/retention case and C< 1 for the complete penetration case

which agreed well with most of the experimental observations

listed in Table 2. There were few exceptions to this criterion

where particles were found to undergo a complete penetration

at C values slightly greater than 1.0. The anomaly can be

explained by some irregularity in shape of particles and parti-

cle orientation during impact which may affect all the force

magnitudes which are computed based on the assumption of a

perfect spherical body. Additionally, the various approxima-

tions used in the model such as constant magnitude of advanc-

ing/receding contact angle and interface inclination angle,

quantification of surface energy for gas-cavity formation under

a steady-state assumption and value of drag coefficient for the

submerged particle essentially lead to some uncertainties in

the computed force magnitudes. Generally speaking, this crite-

rion in principle holds good elsewhere where the particle

kinetic energy is too low or too high compared to overall film

resistance. However, when these two competing parameters

are comparable in magnitudes, that is, their ratio is close to 1.0

near the regime transition, any uncertainty in the force compu-

tation here would lead to a different outcome. This is evident

from Table 2 where values less than 1.0 to slightly higher than

1.0 (maximum is 1.4) led to the outcome of particle penetra-

tion but values over it consistently predicted particle retention.
Figure 8 presents the trend of collision parameter, C com-

puted from Eq. 15 against Weber number for minimum parti-

cle size (red solid line) and maximum particle size (black

dashed line) used in experiment represented by parameter, Sr2.

C values calculated based on the operating conditions used in

experiments were also plotted (green filled squares). All the

experimental points can be seen falling between the predic-

tions for maximum and minimum values of the Sr2 given as

ratio of film diameter to particle diameter (df/dp) parameter. A

good power law dependency of collision parameter C on

Weber number (R2 5 0.9657) fitted through the experimental

points was obtained. The trend indicates parameter C inversely

varies with the particle Weber number exponent value of

�0.82. The correlation actually further simplifies the expres-

sion of C from Eq. 15 being dependent on just a single param-

eter, that is, particle Weber number. A theoretical prediction

of critical Weber number for film penetration was obtained by

intersecting an iso-C line (C 5 1.0) with the model predicted

trend lines for minimum and maximum value of Sr2 parameter.

The intersection yields a critical Weber number range between

5.8 and 270 for minimum and maximum Sr2, respectively. It

can be noted that this critical Weber number for film penetra-

tion increases as Sr2 parameter decreases, that is, particle

diameter is reduced which also supports the intuitive logic that

smaller particle would require higher impact velocity for pene-

trating the film of same thickness. In experiment, minimum

Weber number for penetration was 16.75 (Table 2) which falls

within this theoretically predicted range.

Ligament breakup

One of the interesting aspects of particle-film collision is

liquid mass entrainment with particle during complete penetra-

tion. The phenomenon is of particular interest to quantify dis-

tribution of atomized liquid droplets among the solid particles

Table 2. Comparison of Particle-Film Interaction Predicted

by Collision Parameter (C) and the Experimental Outcomes

Particle
Diameter
(dp) (m)

Impact
Velocity
(vp) (m/s)

Weber
Number

(We)

Collision
Parameter

(C)

Interaction
Outcome

(Exp.)

0.00215 0.217 1.38 9.75 Retention
0.00199 0.500 6.84 2.12 Retention
0.00201 0.651 11.65 1.45 Retention
0.00201 0.780 16.75 1.16 Penetration
0.00199 0.907 22.49 1.00 Penetration
0.00183 0.281 1.98 6.87 Retention
0.00164 0.452 4.60 3.32 Retention
0.00187 0.658 11.11 1.64 Retention
0.00180 0.931 21.38 1.12 Penetration
0.00174 0.951 21.59 1.13 Retention
0.00152 0.263 1.44 10.29 Retention
0.00155 0.561 6.71 2.60 Retention
0.00149 0.650 8.63 2.22 Retention
0.00159 0.838 15.29 1.54 Retention
0.00167 1.024 23.95 1.22 Penetration
0.00136 0.268 1.34 11.69 Retention
0.00135 0.583 6.30 2.94 Retention
0.00129 0.638 7.17 2.78 Retention
0.00141 0.844 13.78 1.75 Retention
0.00146 1.013 20.55 1.40 Penetration
0.00122 0.324 1.76 9.62 Retention
0.00134 0.422 3.27 5.28 Retention
0.00124 0.757 9.77 2.39 Retention
0.00125 0.985 16.58 1.79 Retention
0.00122 0.964 15.61 1.80 Retention
0.00237 0.915 27.23 0.76 Penetration
0.00247 0.914 28.25 0.72 Penetration
0.00223 0.917 25.65 0.82 Penetration
0.00208 0.918 24.05 0.88 Penetration
0.00183 0.921 21.24 1.04 Penetration
0.00291 0.909 32.94 0.60 Penetration
0.00257 0.913 29.32 0.69 Penetration
0.00280 0.910 31.79 0.62 Penetration
0.00270 0.912 30.71 0.65 Penetration

Figure 8. Collision parameter C predicted by the model
for minimum and maximum Sr2 parameter.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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in a gas-solid fluidized bed often involving collision-induced

heat and mass-transfer process.26

Figure 9 presents a time sequence of high speed visualiza-

tions indicating formation of a liquid ligament-induced by par-

ticle inertia at the bottom film interface. During penetration of

the bottom interface, a TPCL forms around the particle sur-

face. As the particle further descends, TPCL moves in oppo-

site direction resulting in formation of a conical-shaped liquid

ligament connected to the falling particle. Due to the adhesion

force between particle surface and liquid, the TPCL eventually

stops moving further upward and a necking point is formed on

the ligament close to bottom interface. The ligament can be

seen gradually elongating and narrowing down in the radial

direction at the necking position (t 5 4–7 ms) due to the con-

tinuous downward motion of the particle. The ligament breaks

up at t 5 7 ms and following this, it can be noticed that liga-

ment rapidly relaxes (t 5 8 ms) due to surface tension force

forming a small secondary droplet trailing behind (t 5 9 ms).

A bubble entrapment can also be noticed in the liquid cone

resulting from snapping of the gas cavity at top interface.
The ligament breakup process in context of droplet-particle

collision bears similarity with the cylindrical liquid jet

breakup which results from the competitive interplay between

flow instabilities due to shear (Kelvin–Helmholtz instability)

or surface tension (Rayleigh instability) and stabilizing effect

from viscosity.27 Investigation of these critical parameters

governing droplet generation resulting from liquid jet breakup

is a mature field of two phase fluid dynamics research and sev-

eral excellent studies are available.17,27–29 On contrary, few

studies are actually available on particle-induced ligament

breakup during droplet-particle collision. Dubrovsky et al.12

reported formation of liquid ligament during complete pene-

tration type interaction between droplet and particle which fur-

ther break into multiple smaller secondary droplets. The liquid

carryover with particle was quantified empirically in terms of

dimensionless numbers in their study, however, no physical

mechanism for ligament breakup was proposed.
Hoeve et al.17 identified three major mechanisms of droplet

formation from liquid jet breakup namely dripping, jetting,

and wind-induced on a regime map using orifice radius and jet

velocity as coordinates. The dripping mechanism occurs at

low flow rate (Welig< 4) while jetting mechanism is dominant

at higher flow rate (Welig> 4) where Welig is the Weber num-

ber based on ligament radius. The jetting mechanism for

breakup also known as Rayleigh breakup, involves presence

of capillary waves on ligament interface which are enhanced

by the external mechanical or thermal disturbances. Some of

the disturbances are favored by surface tension force which

grows in magnitude comparable to the ligament circumference

finally resulting into end pinch-off of the ligament to produce

droplets. The third mechanism—wind-induced droplet genera-

tion involves external shearing action from a co/cross flowing

gas stream on the ligament interface which disintegrates the

jet to create droplets. As in the present study ligament breakup

occurred in a quiescent environment, this mechanism for

obvious reason was deemed to be not valid and therefore

excluded from the further discussions on seeking a suitable

mechanism for the particle induced ligament breakup.
In the higher Weber number case (We-22.5) using a liga-

ment velocity �0.4 m/s (Figure 7c) and considering particle

radius rp as the ligament length scale, a Welig of 2.3 was

obtained which confirms that ligament breakup occurred

Figure 9. Formation and detachment of liquid ligament from the bottom film interface behind the moving particle
by end pinching mechanism at different time interval (dp 5 2.05, We 5 22.5).

Capillary waves visible only after the ligament pinches off from the bottom interface leading to formation of at least one secondary

droplet.
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within the limit of dripping mechanism as previously sug-

gested by Hoeve et al.17 This is further substantiated by the
fact that no capillary wave was observed on the ligament inter-

face during breakup (Figures 4 and 9). In a related work of

Dubrovsky et al.,12 complete droplet penetration behavior by
particle (droplet-particle size ratio> 1) was studied at rela-

tively higher impact velocity characterized by the Reynolds
number range from 9.51 to 6681 and Weber number range

from 252 to 13,012 based on the impacting droplet diameter

and relative velocity between droplet-particle pair. It would be
noteworthy to mention that of the few interaction images of

complete penetration scenario available from their work; also

any presence of capillary wave on the ligament interface was
not observed even at such high impact Weber number.

Absence of capillary wave in ligament breakup process dur-

ing elongation of viscous droplet in four-roll mill under vary-

ing shear rate was also noted by Stone et al.27 In their
experiments, droplet was elongated into a ligament of certain

aspect ratio under the applied shear rate. After a specific ratio
was reached, shearing was discontinued and droplet was allowed

to relax. Depending on the viscosity ratio and degree of elonga-

tion, either ligament breakup occurred or droplet returned to its
initial spherical shape. When ligament breakup occurred, it was

found that the ligament was independently produced only

through pinching of the ligament ends connected to bulbous
parts of the droplet. Even when elongation ratio was large

enough so that length of the ligament was several times larger
than its circumference, a critical requirement to be met for capil-

lary wave growth to occur, no capillary instability was observed

on the ligament interface. It was reasoned that “end-pinching”
mechanism occurs at a time scale which is much shorter than

the time required by very small capillary perturbation to grow

up to finite amplitude. However, once the ligament breakup is

initiated by the “end-pinching” mechanism, which ensures that a
significant perturbation now exists in the ligament, surface ten-

sion can amplify it resulting into appearance of capillary wave

instability in the remaining ligament before finally breaking it

down into number of smaller secondary droplets.
In this study, small capillary waves were also observed on

the cylindrical strand of the ligament part just after breakup

(Figures 4 and 9) which led to formation of at least one second-

ary droplet. On the basis of present experimental observations

and previously reported analysis, it can be therefore concluded
that capillary instability is unlikely to cause the particle-induced

ligament breakup and “dripping” or “end-pinching” is a rather

plausible mechanism to explain the phenomenon. Figure 10

explains the ligament breakup process through this “end-
pinching” mechanism. When a minimum neck diameter is

reached in the ligament, Laplace pressure at this point increases

due to reduction in local curvature of the neck. A nonuniform

capillary pressure field propagates along the length of the liga-
ment which subsequently creates a local flow reversal inside the

ligament. This flow retracts the ligament in the reverse direction

of the particle motion which eventually leads to pinch-off of the

ligament by the action of surface tension force in attempt to mini-
mize the ligament surface energy. We also note a similarity

between this end-pinching phenomenon and the dripping mecha-

nism for droplet breakup in microfluidics applications which

occur due to interplay of three different forces—surface tension
force, shear stress force, and the tip resistance force.30,31 In a T

type microchannel, Yang et al.31 demonstrated three different

droplet breakup mechanisms namely squeezing, dripping, and jet-

ting using LBM simulations in the Capillary number range of
0.002–0.056. The important feature of the dripping mechanism is

that droplet begins to necking with time and never touches the

top wall of the microchannel until the neck snaps off. It was rea-

soned that the neck thinning step is induced by the shear stress of
the continuous phase and also the pressure difference between the

upstream and downstream sides of the droplet. We note the fact

that transition from squeezing to dripping regime in their study

was reported to occur when the Capillary number was increased
to 0.01 which was also the observed threshold of capillary

Figure 10. Schematic of (a) formation of ligament and
(b) breakup of ligament by end-pinching
mechanism during complete penetration of
liquid film.

Figure 11. Comparison of liquid mass entrainment (%
of film mass) predicted by the model with
the experimental measurements.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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number in the present study above which the complete penetra-

tion involving ligament formation was always observed to occur.

Liquid mass entrainment

A certain liquid entrainment with particle was consistently

observed at higher Weber number cases after ligament
breakup. Experimentally measured % film mass entrainment

(blue diamonds) is compared with energy balanced-based

model prediction (red filled squares) in Figure 11. Model pre-

dicted liquid entrainment was found to vary from 3.1 to 15%
of the liquid film mass which agreed reasonably well with the

experimental measurement of 4.6–15% over the range of

Bond number reported in Figure 11. An increasing trend of
liquid mass entrainment can be noticed as particle diameter

(Bond number) is increased. Intuitively, for a hydrophilic par-

ticle (contact angle <908), more liquid adherence would be
expected as the particle surface area increases which is con-

firmed by the model prediction. A good correlation between

the %film mass entrainment and corresponding particle Bond

number (R2 5 0.95) was obtained which indicated a depend-
ency of Bo1.72. A value of 1.9 was obtained for multiplier K to

compute the ligament breakup time (Eq. 19) by minimizing

the sum of square errors between the model predictions and
experimental data. The model predicted ligament breakup

times were in the range of 6.1–12.3 ms over the Bond number

range indicated in Figure 11 which agreed well with the exper-
imentally observed average ligament breakup time of �7.9

ms. The model predicts 58–75% loss of initial particle kinetic

energy corresponding to Bond numbers in Figure 11 which is

spent toward this liquid mass entrainment.
It would be worthwhile to mention that in the proposed

model of liquid entrainment (Eq. 21), the two unknown param-

eters—TPCL position and particle-ligament velocity, vpl were

simplified into a single parameter—particle-ligament velocity
under the assumption of a no slip condition on particle surface

and a constant cone angle during ligament breakup process.

Recognizably, any discrepancy on the model outcome would

result from this assumption of stationary contact line and addi-
tionally from the consideration of conical geometry of the lig-

ament which actually takes shape of a cylindrical strand

connected to a smaller cone at the time of detachment (Figure
9). Nonetheless, acknowledging the complexities involved in

the ligament breakup process, this simplified model can be

considered useful to have a theoretical estimation of the liquid
mass entrainment and can be utilized for droplet-particle colli-

sion case with certain modifications.

Forces on particle

It is also interesting to understand the effect of various
forces that govern the interaction outcomes. In CFD modeling,

the contributions of all forces were lumped into pressure force

(sum of static and dynamic pressure integrated over particle
surface) and viscous force (shear stress integrated over particle

surface). The viscous force arises primarily due to the liquid

motion in the film imparted by particle during impact. Pressure

force, on the other hand, comprises a static component due to
hydrostatic heads of fluids and a dynamic component due to

motion of liquid around the particle surface. These forces are

presented in Figures 12a–f for three representative Weber
number cases with different contact angle BCs.

In low Weber number case (We 5 1.4, Figures 12a, b), vis-

cous force acting on particle could be seen lower by an order

of magnitude than the corresponding pressure force. Of all the

BCs shown, magnitude of the forces computed by receding
contact angle BC is found to be generally higher followed by
static contact angle and advancing contact angle BC in the
decreasing order. This trend can be attributed to the higher
wetting characteristic at lower contact angle value which
results in quicker submergence of the particle indicating a dis-
tinct peak in the force profile.

As Weber number is increased (We 5 11.7, Figures 12c,
d), clearly two distinct peaks in the force profiles could be
noticed which correspond to resistance associated with pene-
tration of the top and bottom interface, respectively. While
the first peak invariably occurs due to receding contact angle
BC leading to complete wetting, the second peak appears
due to non-physical stretching of interface resulted from the
use of advancing contact angle BC.

The dominance of pressure force over viscous force and the
presence of peaks in force profile are also noticeable in the
higher Weber number case (We 5 22.5, Figures 12e, f). How-
ever, in later stages of interactions, the force magnitude pre-
dicted by the advancing contact angle BC indicates a steady
decline which can be attributed to the early detachment of the
particle from the connecting ligament. The force profiles for
both static and receding contact angle BC indicate a rather flat
trend implying stretching of the ligament attached to the parti-
cle which in contrast to the experimental observations does
not lead to an expected breakup.

It is obvious that due to momentum transfer from particle to
film, the gas pressure in the system especially in the confined
space below bottom interface (Figure 3a, position B) would
essentially change. However, in the proposed energy balance
model for complete penetration case, any energy change asso-
ciated with gas phase was ignored. Figures 13a–c presents
temporal change of static pressure on bottom wall of capillary
tube predicted by the CFD model with three different contact
angle BCs for the three Weber number cases. In general, it
could be noticed that as particle Weber number increases, fluc-
tuation of static pressure on the base surface increases as well
(peak fluctuating pressure is <100 Pa in We-1.4 case and
�250 Pa in We-22.5 case). These pressure fluctuations are
indeed more when particle passes through the film leading to
significant interface deformation. Noticeably, the magnitude
of fluctuations increases in all the cases particularly when the
advancing contact angle BC is applied which could be
explained by more distortion of the interface involving forma-
tion and breakup of the gas-cavity and associated interface
shape change afterward. Toward the end of the interaction
dynamics in almost all the cases and specifically in We-22.5
case where complete film penetration occurs, static pressure
could be seen reaching the same initial magnitude of � 30 Pa.
The CFD model prediction therefore justifies the assumption
of neglecting any gas-phase energy change in the energy bal-
ance model.

Conclusions

In the present work, particle interactions with a suspended
stationary liquid film were studied at different impact veloc-
ities both experimentally and numerically. In accord to the
stated aims of this study, the conclusions are summarized
below.

Broadly two different types of particle-film interactions
were observed namely retention/capture and complete penetra-
tion. These interactions outcomes were simulated by a VOF-
based 3-D CFD model by performing a sensitivity analysis

AIChE Journal January 2016 Vol. 62, No. 1 Published on behalf of the AIChE DOI 10.1002/aic 311



involving advancing, static and receding contact angle bound-

ary conditions. The advancing contact angle BC reasonably

captured the gas cavity formation at the top interface at interme-

diate (We 5 11.7) to higher Weber number cases (We 5 22.5)

which could not be obtained when the static and receding angle

BC were used. On the contrary, at the bottom interface, static

and receding contact angle BC gave plausible predictions of lig-

ament shape and particle velocity compared to the advancing

contact angle BC scenario.
Although, in general the CFD model with some specific

boundary conditions predicted the particle motion well espe-

cially within the film, few discrepancies were observed com-

pared to experiments which can be attributed to the following

reasons: (1) small nonsphericity of the particles used in the

experiments contrary to perfect spherical shape assumed in the

CFD model, (2) orientation, that is, flat face or sharp face of

the particle pointing to film interface during impact, and (3)

lack of a sound physical submodel in the CFD model that can

account for contact angle variations during the entire interac-

tion process.
An energy balance model was proposed to determine the

fate of particle-film interactions introducing a collision

Figure 12. Comparison of pressure and viscous force magnitudes predicted by the CFD model (dp 5 2.05 mm) with
advancing, ha; static, hs; and receding, hr contact angle boundary conditions showing (a) pressure force
at We 5 1.4, (b) viscous force at We 5 1.4, (c) pressure force at We 5 11.7, (d) viscous force at We 5 11.7,
(e) pressure force at We 5 22.5, and (f) viscous force at We 5 22.5 case.

In all these cases, pressure force remains higher than viscous force almost by an order of magnitude. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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parameter (C) which indicates particle retention at C> 1 and
penetration at C< 1. The parameter was found to predict
experimental outcomes quite reasonably excepting few cases
near the transition point which could be attributed to the rea-

sons stated earlier. The fitted trend of the collision parameter

indicates a strong inverse relationship with the particle Weber

number.
At complete penetration, a liquid ligament was observed to

form which kept the particle connected to the bottom film

interface. The breakup of this ligament was observed to occur

at Welig< 4 without any visible capillary waves on the liga-

ment interface. Present observations and previously reported

analysis suggest that particle-induced ligament breakup occurs

only through “dripping” or “end pinch-off” mechanism. A the-

oretical model based on the energy balance approach was sug-

gested to predict the liquid mass entrainment with particle in

the complete penetration case which agreed reasonably well

with the experimental measurements (model predicted liquid

entrainment: 3.1–14% of film mass against experimental

measurements: 4.6–15% of film mass). Also, the attached liq-

uid mass was observed to increase with particle diameter and

showed a good correlation with Bond number as Bo1.72.
The role of different forces in the particle-film interactions

was analyzed using the CFD model which indicates that pres-

sure force always remains higher than the viscous force almost

by an order of magnitude. Presence of peaks in the force pro-

files relates to higher resistance encountered at the interface.

Noticeably, use of receding contact angle BC leads to higher

force magnitude due to higher wetting behavior while the use

of advancing contact angle leads to a lower magnitude of force

due to the dewetting behavior.
Further effort in this area is indeed required to implement a

robust physical model for contact angle variation such as the

one suggested by Shikhmurzaev21,22 utilizing coupled VOF

and IB approach to successfully model such complex interfa-

cial interaction phenomena.
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Appendix
Figure A1 presents the interface profile of the gas cavity

which can be defined by a catenary curve

rðyÞ5rcav;c cosh
y

rcav;c

� �
(A1)

The catenoid is produced by rotating the catenary curve

around the axis of symmetry (y) where rcav,t is radius of top

ring, rcav,c is radius of central ring and H is height of interface

depression. rcav,c can be substituted by radius of three phase

contact perimeter rtpcl as rtpcl 5 rpsina.

The interface depression height H (5 h/2) can be related to

radius of center ring, rcav,c and radius of top ring rcav,t using Eq.

A1 noting that at y 5 h/2, r 5 rcav,t,

rcav;t5rcav;ccosh
h

2rcav;c

� �
(A2)

The surface area of gas cavity is half of surface area of the

complete catenoid and is derived as follows

Scavity5
1

2
2p
ðh=2

0

rðyÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
11

drðyÞ
dy

� �2
s

dy

2
64

3
75: (A3)

Equation A3 can be simplified with help of Eq. A2 to obtain

final expression of the cavity surface area as

Scavity5p
ðh=2

0

rcav;ccosh
y

rcav;c

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
11sinh2 y

rcav;c

� �s
dy

5
prcav;c

2

ðh=2

0

11cosh
2y

rcav;c

� �
dy

5 pr2
cav;c cosh21 rcav;t

rcav;c

� �
1

1

2
sinh 2cosh21 rcav;t

rcav;c

� �� �� �
:

(A4)
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Figure A1. Schematic of the interface profile described
by a catenoid geometry.
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