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Collisions of droplets on spherical particles
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Head-on collisions between droplets and spherical particles are examined for water droplets in the
diameter range between 170 um and 280 um and spherical particles in the diameter range between
500 pum and 2000 pm. The droplet velocities range between 6 m/s and 11 m/s, while the spheri-
cal particles are fixed in space. The Weber and Ohnesorge numbers and ratio of droplet to particle
diameter were between 92 < We < 1015, 0.0070 < Oh < 0.0089, and 0.09 < Q < (.55, respec-
tively. The droplet-particle collisions are first quantified in terms of the outcome. In addition to
the conventional deposition and splashing regimes, a regime is observed in the intermediate region,
where the droplet forms a stable crown, which does not breakup but propagates along the particle
surface and passes around the particle. This regime is prevalent when the droplets collide on small
particles. The characteristics of the collision at the onset of rim instability are also described in
terms of the location of the film on the particle surface and the orientation and length of the ejected
crown. Proper orthogonal decomposition identified that the first 2 modes are enough to capture the
overall morphology of the crown at the splashing threshold. © 2017 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

® CrossMark
¢

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5005124

NOMENCLATURE

D = Droplet diameter

Doy = Particle diameter

h = Crown height (base to tip)

Oh = Ohnesorge number

Re = Reynolds number, based on D

] = Arc of film spread on the particle surface

U = Droplet velocity
We = Weber number, based on D

Q = Droplet to particle diameter ratio

¢ = Angle between the vertical direction and the crown
base

u = Liquid viscosity

6 = Ejection angle between the crown and the horizontal
direction

p = Liquid density

o = Surface tension

C = Deflection angle between the crown and the normal

direction to the particle surface

l. INTRODUCTION

The spray drying process is widely used to convert lig-
uid slurry to dry particles for the manufacture of a range of
products, including foodstuffs, like instant coffee and pow-
dered milk, household detergents, pharmaceuticals, or carbide
particles for the manufacture of cutting tools (Masters, 1991).
The process is energy intensive. Only in the UK it was esti-
mated that around 1986 about 500 000 ton of coal equivalent
were consumed every year for spray drying (Mercer, 1986). It
was also estimated that on average around 29% of the energy
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supplied to spray dryers was wasted (Baker and McKenzie,
2005). Additional reduction in efficiency comes from the pro-
duction of powder that falls outside the desired size range and
needs to be recycled.

During spray drying liquid droplets and dried or semi-
dried particles collide with each other. It is also possible that
the droplets or particles collide with particles deposited on the
wall of the spray dryer. In such cases, there is a possibility of
merging, splashing, or ripping of the deposited particle from
the wall. Depending on the spray dryer operation, for example,
in a swirling flow configuration, the rate of collisions can be
significant (Huntington, 2004). This can alter the final powder
size and, as a result, the process can become less efficient since
the probability of powder particles that fall outside the desired
size range increases.

In the case of collisions between droplets, the interface is
fluid, curved, and of finite spatial extent. The outcomes of such
collisions have been classified by many authors in various cat-
egories (Brenn and Frohn, 1989; Orme, 1997; and Qian and
Law, 1997). During coalescence, Fig. 1(a), the two droplets
merge to form a larger droplet. During bouncing, Fig. 1(b), the
two droplets that collide separate without merging and main-
tain their initial diameters. In reflexive separation, Fig. 1(c),
two droplets collide head on or nearly head on. During the
collision, they form a disc on the plane of impact. As the disc
retracts quickly, it forms an elongating cylinder from which
two drops are ejected in the direction of the original droplet
directions. Smaller droplets are formed along the length of
a filament that disintegrates during separation. In stretching
separation, Fig. 1(d), there is an off-axis collision of the two
droplets, which initially merge to form an elongated liquid
lump. The momentum of the initial droplets is not dissipated
during impact and two smaller droplets are released from the

© Author(s) 2017
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lump in the direction of the initial droplets. A filament that is
formed as they separate produces smaller satellite droplets as
it breaks up. In cases where the ratio of the droplet diameters
is over 4, it is possible that the small droplet penetrates the
larger droplet and a jet is formed at the opposite side of the
larger droplet (Podvysotsky and Shraiber, 1984).

On the other hand, collisions of droplets with particles
are not well understood. Much work has been conducted on
collisions with flat surfaces (Chandra and Avedisian, 1991;
Mundo et al., 1995; Cossali et al., 1997; Roisman et al., 2006;
and Yarin, 2006). In this case, the impact interface is rigid but
flat and for all practical purposes can be considered to have
infinite extent. The collision outcomes have been systemat-
ically classified for both dry and wet surfaces. For dry sur-
faces (Rioboo et al., 2001; 2002), in prompt splash, Fig. 2(a),
the droplet expands radially along the surface in a thin film
with the leading edge disintegrating. In crown splash, Fig. 2(b),
a crown is formed with a thick rim that breaks up as cusps
are formed. If the droplet does not break up as it collides,
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FIG. 1. Regimes of droplet-droplet collision: (a) coales-
cence, (b) bouncing, (c) reflexive separation, (d) stretch-
ing separation, and (e) penetration.

cohesion forces dominate, which tends to restore the origi-
nal spherical shape as the deformed liquid retracts. During
this phase, receding breakup can occur, Fig. 2(c). If the lig-
uid fully contracts without breaking up, all of the liquid can
rebound as a single droplet, Fig. 2(d), or a fraction partially
as a smaller droplet with the remaining fraction of the lig-
uid staying attached on the surface, Fig. 2(e). Another pos-
sibility is that the droplet will simply deposit on the surface
without either breaking or rebounding, Fig. 2(f). If the flat sur-
face is wet, the film presence interferes with the evolution of
the phenomenon (Cossali et al., 1997; Wang and Chen, 2000;
Rioboo et al., 2003; Yarin, 2006; and Liang and Mudawar,
2016). The impingement outcomes in this case can be rebound-
ing, deposition, prompt splash, and crown splash, which are
similar to those described for impact on dry surfaces. However,
the details of the development and the mechanisms involved can
be significantly different than for impingement on dry surfaces.

When droplets collide with solid particles, the impact sur-
face is rigid, curved, and of finite extent. While this case is

c) | ][ v ]|

FIG. 2. Regimes of droplet impingement on wall. (a)
Prompt splash, (b) crown splash, (c) receding breakup,
(d) rebound, (e) partial rebound, and (f) deposition.
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somehow between the cases of collisions between droplets
and collisions of droplets on flat surfaces, it is not possible to
infer the outcomes in this case directly from interpolation. A
limited number of investigations exist on this topic.

In the experimental work of Hardalupas et al., 1999 the
threshold between splashing and deposition was investigated
for droplets in the 160-230 um diameter range and solid
spheres in the 0.8—1.3 mm diameter range. The authors sug-
gest that the splashing threshold is affected by the curvature of
the solid particle and proposed a modification of the splash-
ing threshold for collisions of droplets on flat surfaces, which
accounts for the curvature of the solid particle.

Bakshi et al. (2007) investigated the deposition of a lig-
uid droplet on a particle, for droplets in the 2.4-2.6 mm range
and spherical particles between 3.2 mm and 15 mm for 3 dif-
ferent kinds of liquids. The Weber number of their study did
not exceed 300. They analysed the temporal and spatial devel-
opment of the film both experimentally and analytically and
classified the development in 3 distinct phases: the initial drop
deformation phase, during which the droplet shape remains
unaffected by contact with the particle, the inertia dominated
phase, for which the viscous forces have little influence, and
the viscosity dominated phase, during which the development
is governed by the balance of the viscous and gravity forces.

Liang er al. (2014) investigated experimentally the
impingement of droplets with a diameter of about 1.8 mm
on solid spheres with a diameter range of 4 mm-20 mm.
They found that the splashing threshold is influenced by the
solid sphere-drop diameter ratio. The ratio of the area covered
by the liquid film was shown to increase by decreasing the
droplet/particle curvature ratio, while the Weber number was
found to have only a minor effect.

Pawar et al. (2016) considered the collisions of droplets
with a diameter of 2.9 mm with particles with diameters of
2.5 mm or 4.0 mm, respectively, in the Weber number range
between 0.34 and 52. The collision outcomes were classified as
either agglomeration, where the whole particle being engulfed
by the droplet, or stretching separation, where only part of
the liquid droplet attaches to the particle after the collision.
Formation of satellite droplets was also reported. The colli-
sion outcomes were mapped in terms of the Weber number
and the impact parameter, which is defined at the moment of
impact as the ratio of the distance between the centres of the
two droplets projected on the normal of the relative velocity
vector to the distance between the centres of the droplets. The
impact parameter obtains the value of O for head-on collisions
and 1 for grazing collisions. The transition boundary between
agglomeration and stretching separation was found to scale
inversely with the Weber number.

The interaction of two simultaneous collisions of a 225 ym
diameter monosized droplet streams on a 1.3 mm diameter
spherical particle was examined by Barnes ef al. (1999). A
hump of liquid was generated between the two impacting
droplets due to the interference of the individual crowns of the
two droplets. The droplets generated from the hump break-
down were found to be considerably slower than the droplets
produced by the crown breakdown.

Here a new investigation is conducted, which consid-
ers collisions of droplets on spherical particles for droplet
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diameters in the range of 170 ym-280 um, particle diame-
ters in the range of 0.5-2.0 mm, and collision velocities in the
range of 6 m/s—11 m/s. The size and velocity of the droplets are
similar to the droplet size produced by atomisers in spray dry-
ers, while the size of the particles is characteristic of detergent
particle formulations.

The aim is to extend the limited research, reported in the
literature, on droplet-particle collisions, identify the resulting
regimes of such collisions, determine their boundaries, and
find suitable parameters to describe the outcomes. Addition-
ally, the development of the crown that is produced during the
droplet-particle collision is analysed and information related
to the initiation of breakup of the crown is obtained, which can
be useful for the control of the agglomeration and growth of
particles and the development of numerical models and control
of coating industrial processes.

This paper is structured in the following order. The exper-
imental arrangement is presented in Sec. II. The results are
presented and discussed in Sec. I1I, which comprises 4 subsec-
tions focusing on collision outcomes, the splashing threshold,
the characteristics of the crown at the onset of rim instabil-
ity, and the overall morphology of the crown at the splashing
threshold. This paper closes with a summary of the main
conclusions.

Il. EXPERIMENTAL ARRANGEMENT AND METHODS

Monosized droplets were generated by an in-house built
ultrasonic droplet generator. In this approach, a laminar liquid
jet is generated by injecting the working liquid through an
orifice with an exit diameter of the order of 100 um at the
end of a straight channel. The channel is subject to vibrations
from a piezoelectric element attached on the wall along its
length; as a consequence, the liquid jet is stimulated by the
pulsation frequency and breaks up in a stream of regular size
droplets (Schneider and Hendricks, 1964; Schneider et al.,
1965; and Brenn et al., 1996). The design used here has been
used in a number of previous investigations (Barnes et al.,
1999; Hardalupas et al., 1999; and Pergamalis, 2002).

The liquid was supplied to the droplet generator from
a pressurized kettle (Alloy Products Corporation). This
approach has the advantage that there are no pump-induced
vibrations, which interfere with the induced vibrations of the
piezoelectric element. The liquid was passed through a 0.5 ym
in-line filter to guarantee that the droplets were free from impu-
rities and was delivered to the droplet generator through a
stainless steel tube (with the exemption of a small final length
which was necessarily a flexible hose) for fast response when
adjusting the liquid flowrate. The diameter of the orifice at
the exit of the mono-dispersed droplet generator was 100 um.
The resulting diameter of the generated water droplets was
between 170 um and 280 um, depending of the injection pres-
sure and the oscillation frequency of the piezoelectric element

according to
/-
60\"3
D=|—=| , 1
%) “
where Q is the liquid flowrate and f is the excitation fre-
quency. The droplet generator was operated at 10000 Hz,
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TABLE 1. Physical properties of the droplets (20 °C).

p (kg/m?) 998
o (N/m) 0.073
u (Pas) 1.0x 1073

15000 Hz, and 20000 Hz to produce the droplets of this
investigation. The separation between successive droplets
was at minimum 2 droplet diameters and could exceed 5
droplet diameters, depending on the droplet velocity. There-
fore, no significant interaction between successive droplets is
expected.

The working liquid in this investigation was distilled
water. This ensured that its physical properties did not change
throughout the duration of the measurement campaign. In addi-
tion, the absence of minerals in distilled water was essential in
preventing the build-up of deposits on the surface of the spher-
ical particle target. A summary of the physical properties of
distilled water is given in Table 1.

The spherical particles were made of glass and supported
on steel rods. The contact angle between distilled water and
glass was measured between 59° and 67°. This is somewhat
lower than the 70°-80° range for water on glass contact angle
reported by Pawar ef al. (2016). Three particle diameters, Dy,
were considered, namely, 500 gm, 1000 um, and 2000 pm,
making the particle greater than the diameter of the colliding
droplet. In this approach, collisions result in droplet spreading
on the particle surface. The opposite would result in the par-
ticle penetrating the droplet, which is not the case here. The
maximum diameter tolerance was better than 3 um, and the
sphericity of the particle target was within 1 ym according to
the manufacturer. The surface roughness of the particles was
measured by a Wyko Veeco NT9100 optical profiling system
with vertical resolution better than 0.1 nm and was found to be
about 35 nm. By using smooth particles, the influence of the
surface roughness is low, thus reducing the complexity of the
interpretation of the measurements. Also, since research of
droplet-particle collisions is generally limited to smooth parti-
cles, comparison of the results obtained here with the results of
previous investigations [for example, Liang ef al. (2014) con-
sidered particles with surface roughness less than 50 nm] is
made possible. Finally, even for investigations with ultimate
interest in spray drying applications, smooth glass particles
have also been used in the past (Pawar et al., 2016).

Imaging was accomplished by a CCD camera (model
PCO Sensicam QE). The camera sensor resolution is 1376
x 1040 pixels. The camera was fitted with a long distance
microscope (Questar QM-1) to obtain high resolution images
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FIG. 3. Sketch of the experimental arrangement of the droplet-particle
collision geometry and the imaging system.

of the impingement process. The magnification of the imaging
system was about 2.5 um/px, which provides sufficient reso-
lution to record the outcomes of the collisions of the droplets
on the particle (Fig. 3). The frame rate time required to tempo-
rally resolve the particle-droplet collisions, even at a modest
resolution of 10 frames/collision at 10 kHz droplet genera-
tion, is 100 kHz. The required frame rate can be as high as
400 kHz for a temporal resolution of 20 frames/collision and
a droplet generation frequency of 20 kHz. Such frame rates
are beyond the capabilities of current high speed cameras
at full resolution. For this reason, a phase shift was intro-
duced between successive acquired images. This resulted
in a considerable number of droplet-particle collisions tak-
ing place between successive frames. As it can be observed
in the example of Fig. 4, the process was very repeatable
and the full evolution of the droplet-particle collisions was
captured.

Due to the fast evolution and the high magnification of
the droplet-particle collision process, low shuttering time is
critical to avoid motion blur. For this reason, back illumination
was provided by an Nd-YAG laser exciting a Rhodamine WT
dye solution in a cuvette (fluorescence lifetime of a few ns). In
this way, exposure was effectively a few ns and the maximum
displacement of all the liquid in the image was below a pixel.
Therefore, no motion blur was observed in the tested flow
conditions.

Two non-dimensional numbers are typically used to
describe droplet impingement: the Weber number and the

FIG. 4. Example of the repeatability of droplet-particle
collisions. At least 1000 droplet impacts on the particle
have taken place between successive images. The exam-
ple shownis for Dy = 1000 um, D ~ 196 um, U=12.1 m/s,
Q =0.20, We =391, and Oh = 0.0084.
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Ohnesorge number. The Weber number is defined as

U’D
we =2 , ()

(o

where p is the liquid density, D is the droplet diameter, U is the
droplet velocity before collision, and o is the surface tension
at the gas/liquid interface. The Weber number expresses the
ratio of the inertial forces to the surface tension forces of the
droplet. Here, the Weber number spanned between 92 < We
< 1015, making inertial effects more significant than surface
tension effects.
The Ohnesorge number is defined as

3

where p is the droplet viscosity. The Ohnesorge number
expresses the ratio of the viscous forces to the surface ten-
sion and inertial forces on the droplets and does not depend on
the flow velocity. The Ohnesorge number was between 0.0070
< Oh < 0.089, making surface tension effects greater than
viscous effects.

The Reynolds number, which is the ratio of the inertial to
viscous forces,

V We D
Re= - POU 4
Oh u

can also be used. The range of Re was between 1100 < Re
< 4550. However, since the Reynolds number is a function of
We and Oh, it does not provide any additional information on
the description of the collision induced liquid flow.

An additional parameter is required to describe collisions
of spherical surfaces. This is the droplet to particle diameter
ratio

D

Q= Dy’ &)
where Dy is the target particle diameter. The droplet to particle
diameter ratio was in the range of 0.09 < Q < 0.55. For the
smaller Q, the particle approaches a flat surface in comparison
to the droplet, while, for the larger Q, the particle curvature
is significant. Q becomes O for the limiting case of droplet
collision on a flat surface. The ranges of Q for each of the

TABLE II. Range of droplet diameter ratio, Q, for each particle diameter.

Do (um) Q

500 0.36-0.55
1000 0.17-0.28
2000 0.09-0.14

TABLE III. Summary of the parameters of the current study.

U (m/s) 6-11

D (um) 170-280

Do (um) 500, 1000, and 2000
We 92 < We < 1015
Re 1100 < Re < 4550
Oh 0.0070 < Oh < 0.0089
Q 0.09 < Q< 0.55

Phys. Fluids 29, 103305 (2017)

three considered target particle sizes are not overlapping and
are shown in Table II.

The full summary of the range of the study parameters is
shown in Table III.

lll. RESULTS AND DISCUSSION
A. Collision outcomes

The outcomes of the droplet-particle collisions are pre-
sented next. The observations of the flow development can be
made free from any outside interference as long as the dis-
placed liquid droplet remains mostly above the top half of the
target particle. In locations below the target particle meridian,
the particle support column or the liquid that is accumulating
under the particle may start to interfere with the evolution of
the collision.

The outcomes of the collisions can be classified into three
categories, examples of which are shown in Figs. 5-7 for a
particle of 500 ym diameter and droplets with diameter around
250 pm colliding with velocities from 6 m/s to 15 m/s. The
location of the droplet is described by the polar angle ¢, defined
as the angle at the particle centre between the vertical and the
base of the crown on the particle surface.

In the first type of collision [Fig. 5(a)], the droplet interacts
with the spherical particle without any of its liquid detaching.
There are three stages in the evolution of the collision. Dur-
ing the first stage, Fig. 5(a), contact between the droplet and
the particle surface is established. Around the contact line, a
disc from the droplet liquid is ejected. The disc expands radi-
ally outwards along the plane of impact. At the next stage,
Fig. 5(b), the disc expands farther out covering the particle
surface with a liquid film. The film front does not grow fast
enough to attain any significant height above the surface of the
particle. Due to the thickness of the film and the small height
of the film front, the liquid film is stable and does not form a
rim that can become unstable and break up. At the third stage,
Fig. 5(c), the droplet has completely collapsed on the particle.
All of the ejected liquid from the point of impact has also col-
lapsed at this stage since it did not propagate fast enough to
extend past the particle diameter. A liquid film is formed on
the particle surface.

The second type of impact is shown in Fig. 6, which can be
described as a crown type. In this case, a crown is formed which
expands faster than it collapses on the particle surface. The
process begins in the same way as the deposition of the droplet.
During the initial contact between the droplet and the particle,
a disc of liquid is ejected radially from the contact line [Fig.
6(a)]. Unlike the deposition case where the developing disc is
thick and slow, in this case, the disc is thin and expands fast. As
it expands outwards, it forms a crown. This can be observed by
comparing Figs. 5(b) and 6(b). The shape of the droplet also
changes and it can be seen that, by this stage, it has deformed
considerably and has spread along the particle surface. The
rate at which the crown grows is not fast enough to destabilise
the rim. Therefore, no secondary droplets are produced from
the droplet-particle collision due to splashing. However, as the
spherical particle has a limited extent, the crown can grow to
a diameter that is greater than the diameter of the particle. If
this occurs before the crown rim reaches the particle equator,
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the rim extends beyond the particle periphery and engulfs the
particle rather than deposing on it. While the particle support
post interferes with the evolution of the liquid flow at the base
of the particle, it is reasonable to expect that, if the particle
is dispersing freely in a flow, the liquid crown would form a
jet downstream of the particle and droplets would pinch off.
This type of small droplet formation cannot be expected from
observations of collisions of droplets on flat surfaces.

The third type of droplet-particle collision is shown in
Fig. 7. In this case, the initial impact is similar to the previous
two. However, the ejected liquid expands radially much faster
than the previous cases [Figs. 5(a) and 6(a)] and grows to a
greater diameter, Fig. 7(a). This is attested by the expansion
of the crown rim to almost the diameter of the solid particle
in the case of the splashing collision, while, for the deposition
and overpass, the expansion is less than about half a particle
diameter, when the advancement of the crown base on the par-
ticle surface is the same at a polar angle of about ¢ = 22°-24°
in all cases. A crown is formed as the disc expands, with the
rim being higher than the expanding film front, Fig. 7(b). The
rate at which the crown expands radially is sufficiently fast to
initiate instabilities on the rim. As a result of the instabilities,
cusps are formed from which droplets are ejected [Fig. 7(c)],
as described for droplet collisions on flat surfaces (Yarin and
Weiss, 1995). However, there are differences between the two
cases. For a collision of a droplet on a flat surface, the lig-
uid of the droplet is always ejected upwards, in the opposite
direction of the droplet motion, as the flat surface prevents any
other direction. The droplets that pinch off from the crown
rim also fly out in the opposite direction of the original droplet
motion. The situation changes in the case of the collision of the

e
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FIG. 5. Stages of impingement leading to deposition.
(a) Initial contact at ¢ = 22°. (b) Lamella growth at
¢ =26°. (c) Collapse at ¢ = 44°. The example shown
is for Dg =500 um, D ~ 210 um, U = 6.1 m/s, Q = 0.42,
We =107, and Oh = 0.0081.

FIG. 6. Stages of impingement leading to overpass.
(a) Initial contact at ¢ = 23°. (b) The lamella growth at
¢ =52°. (c) Lamella projects beyond particle equatorial
plane at ¢ = 102°. The example shown is for Dy =500 pm,
D ~ 243 um, U = 9.9 m/s, Q = 0.49, We = 328, and
Oh =0.0075.

FIG. 7. Stages of impingement leading to splashing.
(a) Initial contact at ¢ = 24°. (b) The lamella growth
at ¢ =51°. (c) Lamella breakup at ¢ = 94°. The example
shown is for Dy = 500 um, D ~ 268 um, U = 15 m/s,
Q =0.54, We = 830, and Oh = 0.0072.

droplet with a spherical particle. In this case, the resistance of
the particle surface to the droplet motion weakens as droplet to
particle diameter ratio Q increases since a greater proportion
of the droplet is connected to the particle at an oblique angle.
When the film front reaches the particle equator, the particle
surface resistance to vertical motion due to impact diminishes.
In that region, the direction of the front droplet liquid on the
particle surface can have a component in the downward direc-
tion. This is demonstrated in Fig. 8, where the film ejection
is seen to occur in a downward direction (the same as the
droplet motion direction). This results in the development of a
“U” shaped crown around the particle perimeter. This crown
shape cannot be formed when droplets collide on flat surfaces.
Despite its bent shape, the crown is stable at this stage and
does not disintegrate soon after it is formed but continues to
propagate along the particle surface even past the equator.

B. Mapping of the droplet-particle collision regimes

The droplet-particle collision regimes are summarized in
Fig. 9 in terms of We and Oh. The splashing threshold is shown
with a dashed line, and in general splashing occurs for We
above 400. Deposition and droplet overpass occur at lower We.
The influence of Oh is generally small. This is quite plausible
since the magnitude of Oh is two orders of magnitude lower
than unity and the viscous effects are outweighed by inertia
and surface tension, which are captured well in We. Neverthe-
less, since the magnitude of Oh does not change by more than
30% in this investigation, its influence cannot be completely
disregarded especially if more viscous droplets are considered
and the value of Oh approaches unity.
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FIG. 8. Detail of the liquid film ejecting from the particle surface in Fig. 7(c).
The satellite droplets formed can be observed. The dotted line highlights the
curvature of the crown. The example shown is for Dy = 500 um, D ~ 268 um,
U =15 m/s, Q=0.54, We = 830, and Oh = 0.0072.

The distinction between deposition (example of Fig. 5)
and droplet overpass (example of Fig. 6) regimes is not imme-
diately apparent in the Oh-We map because there is overlap-
ping in the ranges of the two. The confusion can be alleviated
by taking into account the particle diameter. Deposition always
happens for the lowest values of We, but, as We increases above
about 200, the collisions of the droplets with the 500 ym par-
ticle result in overpass. This is not the case for particles with
diameters of 1000 ym and 2000 um and the outcome of the
collision remains in the deposition regime, until We becomes
sufficiently large for splashing to occur. This can be under-
stood by considering the droplet/particle ratio, Q, which is too
low for the larger particles, and the lateral expansion of the
crown is not sufficient for the crown rim to clear the particle
diameter before it collides on the particle surface.

The value of 400 for the Weber number found here
for transition to splashing is in agreement with the findings
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FIG. 9. Deposition (Dep), overpass (Ovr), and splash (Spl) regimes of droplet
collision with spherical particles, examples shown in Figs. 5-7, respectively, in
the domain of Oh-We. Splashing threshold, shown with a dashed line, appears
at about We = 400.
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of Wal er al. (2006), who reported a threshold of approxi-
mately VWe > 20 for droplet impact on flat surfaces covered
with a thin liquid film, and those of Cossali er al. (1997),
who also reported a critical We of about 400 for Oh around
0.01. It is interesting to note that while the development
of the droplet collision can be different depending on the
diameter of the particle, it does not appear to influence the
splashing threshold considerably. This is possibly because
the splashing is dependent on the kinematic discontinuity of
the expanding liquid film front on the particle surface. The
size of the discontinuity is small compared to the diameter
of the particle, and therefore in the locus of the discontinu-
ity, the curvature of the particle does not change the process
significantly.

The splashing threshold has been the focus of many inves-
tigations, and various splashing criteria have been suggested
for droplet collisions on solid surfaces taking into account dif-
ferent descriptions of the flow. The most relevant ones of those
to the current investigation are examined here.

For collisions of droplets on dry flat surfaces, Mundo
et al. (1995) proposed a splashing threshold based on
parameter K,

K = Oh Re/A, (6)

They proposed that splashing occurs for K greater than a
critical value which depends on the surface characteristics.
Hardalupas et al. (1999) extended this criterion to consider
head-on collisions of droplets on dry spherical particles, and
the definition of parameter K of Eq. (6) was modified to

K = g (6%) Oh Re/A, )

with g(8") being a parabolic function of the spherical par-
ticle curvature 8". The threshold value of K in the work of
Hardalupas et al. (1999) was found in the region of 50 < K
< 90. The lower values were reported for increased particle
curvature, meaning that decreasing particle diameter promotes
splashing at a lower Re and Oh.

A comparison of threshold of the above criterion with the
results of this investigation is shown in Fig. 10. The trend of the
splashing threshold is qualitatively similar in both investiga-
tions. However, in all cases, splashing is predicted for droplet
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FIG. 10. Deposition (Dep), overpass (Ovr), and splash (Spl) regimes of
droplet collision with spherical particles, examples shown in Figs. 5-7, respec-
tively, in the domain of Re-Oh. The threshold estimated by Hardalupas et al.
(1999) is shown for comparison.
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collisions with dry particles at a lower Re than those found
here. Even a collision of a drop with a flat dry surface is pre-
dicted to occur at a lower Re. In the case of droplet collision
with a flat dry surface, it has been shown that increasing sur-
face roughness reduces K considerably (Cossali et al., 1997).
The presence of the liquid film on the wall here appears to
delay the shift of the splashing mechanism and the lessen-
ing of the interaction of the ejected film with the surface
roughness.

In an experimental investigation by Yarin and Weiss
(1995), the obtained splashing threshold for a series of droplets
impacting at a frequency f on a wet, albeit flat surface, is given
as a critical velocity Uy,

2,3 1/ 8
,Ul; 3f ) _ ®

This threshold is independent of the droplet diameter and
depends on the physical properties of the droplet and the colli-
sion frequency. It was suggested that the lack of influence of the
droplet size is because the crown originates from the expand-
ing liquid lamella on the flat surface after the droplet had fully
collapsed, and therefore the original diameter of droplet is not
relevant. According to the above criterion, the critical velocity
of Eq. (8) is 9.6 m/s, 11.1 m/s, and 12.4 m/s, respectively, for
the three droplet impact frequencies of 10 000 Hz, 15 000 Hz,
and 20000 Hz used here. A comparison of the two trends is
presented in Fig. 11 in the domain of f and U. While, in the
measurements presented here, the collision frequency does not
appear to have a measurable effect on the splashing threshold,
the criterion proposed by Yarin and Weiss (1995) appears to
be relevant for spherical surfaces since the splashing threshold
is found to be in the same region of U for both cases. The best
agreement is observed for the droplet collision frequency of
15000 Hz, where the threshold of Eq. (8) predicts exactly the
observations, while for the other tested frequencies, there is a
discrepancy of about 10%.

Finally, Liang et al. (2014) investigated the splashing
threshold of single droplet collisions on wet spheres for
Oh = 0.0026 and reported the splashing threshold as a crit-
ical Weber number. For Q > 0.224, the threshold value of

Ue = 18(
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FIG. 11. Deposition (Dep), overpass (Ovr), and splash (Spl) regimes of
droplet collision with spherical particles, examples shown in Figs. 5-7, respec-
tively, in the domain of f-U. The splashing threshold estimated by Yarin and
Weiss (1995) is shown for comparison.
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We was reported to be a linear function of Q with a critical
value of We increasing with Q, meaning that smaller targets
suppress splashing. For Q < 0.224, the critical threshold was
reported as a constant at about We = 124, meaning that, if
the droplet diameter becomes smaller than about a quarter of
the particle diameter, there is little difference in the collision
between a droplet and a flat surface. The current results, along
with the predictions of Liang et al. (2014), which were made
for the same range of Q as here, are shown in Fig. 12 in the
domain of Q and We. The predictions of Hardalupas et al.
(1999) are also included for comparison. In this investigation,
the splashing threshold was generally found to be around We
=400. When plotting the splashing threshold as a function of
Q, a small influence of Q is indicated for Q > 0.3 and a small
increase of the critical value of We can be observed, which is
not apparent in Fig. 9. Compared to the predictions made by
Liang et al. (2014), the present splashing threshold of We
is generally higher by at least a factor of two. However,
there is good qualitative agreement and the trend of splashing
threshold appears to be offset between the two investigations.
Differences in the absolute scales might be attributed to the
particulars of the experimental implementation, which may
not be completely apparent. Also differences in the absolute
scales between the two investigations may be a factor since
the spatial scales were about 10 times greater in the work of
Liang et al. (2014), while their collision velocities were about
3 times smaller. The predictions of Hardalupas et al. (1999)
on the other hand are in disagreement with the findings of
this investigation as far as the effect of Q is concerned, with
greater ) resulting in a reduction of the splashing threshold.
The difference in the trends is not immediately obvious since
the surface curvature effect on the splashing threshold does
not appear for the wetted surface until the surface curvature is
substantial, while, in the case of the dry surface, the surface
curvature has an immediate effect although this effect is more
profound for greater surface curvatures (Q2 > 0.2).

In the case of the droplet collision on the wet particle sur-
face, the mechanism for splashing is the kinematic discontinu-
ity. As long as the characteristics of the kinematic discontinuity
are not altered by the particle curvature, the splashing of the
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FIG. 12. Deposition (Dep), overpass (Ovr), and splash (Spl) regimes of
droplet collision with spherical particles, examples shown in Figs. 5-7, respec-
tively, in the domain of We-Q. The threshold is described by a polynomial
(Poly). The thresholds estimated by Liang et al. (2014) for wet impacts and
by Hardalupas et al. (1999) for dry impacts are shown for comparison.
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FIG. 13. Sketch defining the parameters used to characterise the crown.
Lengths are shown with solid lines and angles are shown with dotted lines.

crown will not be severely affected. This does not appear to
occur until Q ~ 0.5, when the particle curvature is consider-
able and the deflection of the droplet liquid from the original
direction is lower. Therefore, the acceleration of the film and
hence the film velocity on the surface are lower, making the
discontinuity less abrupt and splashing suppressed.

In the case of the dry particle, while the increasing curva-
ture will have the same effect on the film acceleration, the effect
of the perturbation due to surface roughness can be expected
to be greater. As the liquid film propagates on the curved dry
particle surface, it has momentum with a component that is nor-
mal to the surface and consequently a tendency to eject, which
becomes greater as the surface curvature increases. Therefore,
the surface roughness perturbations, which do not have a sig-
nificant effect on the kinematic discontinuity, will promote the
formation of a crown and splashing more so in the case of
greater surface curvature.

C. Onset of instability on the crown rim

The outcomes of the droplet collision on the target particle
have been described in Sec. III A and the splashing threshold
has been determined in Sec. III B. In this section, the initiation
of crown breakup is examined and the characteristics of the
liquid film on the particle surface and the crown are described
at the onset of the crown rim instability. Various parameters are
utilised, which are shown schematically in Fig. 13. The polar
angle ¢ is defined as the angle at the particle centre between
the vertical and the base of the crown on the particle surface.
A value of 0° denotes the north pole of the particle, while a
value of 90° denotes the particle equator. The polar angle also
describes the amount of coverage of the droplet by the film.
The crown angle 0 is the angle between the crown and the
horizontal direction. A positive 0 denotes ejection upwards and
anegative 6 denotes ejection downwards. The deflection angle
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FIG. 15. Polar angle ¢, defined in Fig. 10, at the onset of rim instability as a
function of droplet to particle diameter ratio.

C is defined between the crown and the normal to the particle
surface at the base of the crown. A positive angle denotes
that the crown is ejected in front of the surface normal and
a negative angle denotes that the crown is ejected behind the
surface normal. The arc of the liquid film from the north pole
of the particle to the ejection front on the droplet surface is
denoted as “s.” The height of the crown is denoted as “h.”

The focus is on the description of the crown at the splash-
ing threshold, when the crown rim becomes unstable. This
information is useful for the evaluation of numerical results
and analytical approaches on the instability on the expanding
crown. Also, these results can assist the optimisation of particle
coating in different industrial processes.

Some examples of the crown at the instance of the rim
destabilisation are shown in Fig. 14. In all cases (including
those not shown) by the time the instability has appeared on
the crown rim, the original droplet has collapsed on the par-
ticle. Therefore, no memory of the original droplet shape is
retained when the instability forms and it can be argued that
the splashing on the particle surface is due to the expansion
of the liquid film as it has been proposed by Yarin and Weiss
(1995) for splashing of droplets on flat surfaces.

The polar angle ¢ at the instance of the formation of the
crown instability is presented in Fig. 15. For impacts between
droplets and particles of comparative size (2 ~ 0.5), the crown
rim begins to destabilize after the liquid film front has been
deflected considerably from its original direction and is in the
vicinity of the particle equator. As Q2 decreases, the rim begins
to destabilize at progressively lower polar angles. For Q around
0.2, the instability initiates at ¢ ~ 60°, while, for QQ around 0.1,
which is the lowest considered here, the onset of rim instability
occurs at ¢ ~ 20°. A linear fit results in a correlation coeffi-
cient of 0.93, which suggests a linear relationship between Q
and ¢.

FIG. 14. Examples of initiation of crown rim instabil-
ity for (a) Dy = 500 um, D ~ 203 pum, U = 13.2 m/s,
Q=0.41, We =488, and Oh = 0.0082, (b) Dy = 1000 zem,
D ~ 196 um, U = 12.1 m/s, Q = 0.20, We = 391, and
Oh = 0.0084, (c) Dg = 2000 gm, D ~ 202 um,
U=122m/s, Q=0.10, We = 412, and Oh = 0.0083.
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FIG. 16. Length of the liquid film on the particle surface at the moment of the
onset of the rim instability as a function of droplet to particle diameter ratio.
Rim instability sets when the film has propagated 400 um-500 pum along the
particle surface.

The distance s, which the liquid film front has traversed on
the particle surface, is examined. In all cases, the rim instabil-
ity onset occurs when the liquid film front traversed a distance
of about 400 um < s < 500 um from the point of impact
(Fig. 16). Consequently, the droplet-particle diameter ratio
does not appear to influence the length of the liquid film onset
of instability. The length of the film, non-dimensionalised with
the diameter of the droplet, is also considered to point out any
trends that might depend on the droplet size. The normalised
distance that is traversed until the onset of instability is about
2-2.5 times the diameter of the droplet and is also irrespec-
tive of Q. It can, therefore, be claimed that the instability of
the crown rim occurs when the film has traversed a distance
of about 2 times the diameter of the droplet irrespectively of
the diameter of the particle. The mainly constant length of the
film may be explained by the largely constant velocity of the
droplet impact shown in Fig. 11, which is close to the veloc-
ities suggested by Yarin and Weiss (1995) at the splashing
threshold. As the droplets impinge with the same velocity, the
expansion of the film on the surface of the particle develops
similarly; therefore, the overall expansion of the film on the
particle surface is more or less the same regardless of the par-
ticle size. Following this argument, the effect that the change
of the particle diameter Dy has on the polar angle ¢ becomes
clear since ¢ is linearly proportional to Dg. Considering that,
at the splashing threshold, the range of the droplet diame-
ters is within 25% of their mean, the linear trend of the polar
angle ¢ with the droplet-particle diameter ratio Q can also be
explained.

Following the description of the behaviour of the liquid
film, the crown is examined next. The direction of the crown
ejection 0 is measured from the horizontal (Fig. 13). Therefore,
a value of 0° represents ejection along the horizontal direction
and a value of 90° represents ejection along the vertical direc-
tion. The ejection angle at the onset of instability is shown
in Fig. 17 as a function of Q. The droplet-particle diameter
ratio has a definite effect on the crown ejection angle with the
crown ejecting towards the horizontal direction for large Q
(small particles) and towards the vertical for small Q (large
particles). The trend can be approximated by a linear function.
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FIG. 17. Direction of the crown, defined by the angles 6 and C of Fig. 13, at
the onset of rim instability. For low particle-droplet ratio €, the crown is more
vertical (diamonds on the left axis) and ejects in front of the surface normal
(triangles on the right axis).

While the ejection angle 6 with respect to the horizon-
tal shows the absolute direction of the ejection of the crown
at the onset of rim instability, the deflection angle €, which is
related to the polar and crown angles by the relationship {=/2
— ¢ — 0, between the crown and the normal to the particle sur-
face demonstrates if the ejection is advanced or retarded to the
kinematic discontinuity. On the secondary axis of Fig. 17, the
deflection angle T is observed to occur after the kinematic dis-
continuity for large Q (negative C) and progressively becomes
slightly positive, as the particle surface becomes less curved
at small Q (positive ). To the best of the authors’ knowledge,
this effect has not been reported before. It shows that when
the droplet diameter approaches the diameter of the particle,
the propagation of the ejected crown is heavily affected by the
change in the direction of the film front and, therefore, the his-
tory of ejection. At the point of impact, the ejection is along the
horizontal as demonstrated in Figs. 5-8. Therefore, the deflec-
tion angle is 90° for all cases. However, as the liquid film front
propagates on the particle surface, the crown becomes retarded
with respect to the front, more so for greater values of Q. As
the instability sets at about the same distance s from the point
of impact, the film front at the onset of instability has advanced
by a greater amount for the larger Q2.

The analysis of the behaviour of the crown angle is com-
plex even for droplet collisions with flat surfaces and there is
no consensus on its modeling. The relationship proposed by
Fedorchenko and Wang (2004) relating the crown angle to the
non-dimensional film thickness was criticised by Yarin (2006).
The relationship proposed by Roisman and Tropea (2002) is
quite detailed but requires prior knowledge of the liquid film
and crown velocities and thicknesses and is therefore diffi-
cult to confirm even for droplet impingement on flat surfaces.
While the determination of the magnitude of the crown angle
is difficult for droplet impingement on a flat surface, it is pos-
sible to argue how the crown angle will develop on a curved
surface, as in the case of a particle, in relation to the crown
angle of a droplet impact on a flat surface. Let us assume that,
for a flat surface impact, the angle between the surface and
the crown is 0g. As the size and velocity of the droplets at
the splashing threshold were found in Sec. III B to be fairly
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constant, 0 would not change significantly between cases. The
corresponding deflection angle for the flat surface would be
Co = /2 — O9. As the spreading droplet film expands on the
particle surface, the direction of the surface normal changes
with ¢. If the crown was free to eject at the same direction Cg in
relation to the surface normal as before, the direction of ejec-
tion would be 6 = 7/2 — ¢ — Tp. This would make the crown
angle a linear function of the polar angle ¢, as is shown in
Fig. 17. However, C also changes with ¢. Because of the change
of the polar angle ¢ as the crown propagates, the ejected liquid
at the base of the crown will be ejected in a more forward direc-
tion in relation to the downstream liquid. Consequently, it will
be pulled back with respect to the surface normal, resulting in
a decrease of the deflection angle. This effect can be expected
to be proportional to the curvature of the particle and, there-
fore, the crown deflection angle € will decrease proportionally
to Q.

Finally, the crown height, at which the crown instability
initiates, is presented in Fig. 18. The range of values of h is
between 150 ym and 350 pm and its magnitude appears to have
a linear dependence on Q with higher values of h obtained for
larger Q. The dependence on € can be explained by consid-
ering the crown ejection, which occurs at increased ejection
angles 0. The original droplet velocity is downwards. A higher
ejection angle 6 means that the change in the momentum of the
droplet liquid and, therefore, the force acting upon it is greater
than the force acting on a laterally ejected jet. Consequently,
the resistance to the ejection of the crown is greater and the
outwards expansion of the crown is suppressed. Conversely,
for an increased value of Q, as the droplet size approaches
the particle size, ejection takes place at low 0 and the resis-
tance of the particle surface to the expansion of the crown is
reduced. Therefore in the latter case, the crown expands with
less resistance and obtains a greater height. The above is sup-
ported by the fairly good correlation (correlation coefficient
of 0.87) between the lengths of the arc from the base of the
crown to the horizontal from the north pole of the particle. This
shows that the length of the arc is proportional to the height
that is added to the crown due to the curvature of the particle
surface, which is constantly recessing. Therefore, the surface
curvature of the particle acts to stretch the crown, adding to its
total height.

400

)
g
¢

E - e

300 S

< 250 ML

Py ® e

< . »

_&0 200 ERE 3

[T} »

L 150 *

c

2 100

(]

S

O 50 L
0
0.00 0.10 0.20 0.30 0.40 0.50 0.60

Q

FIG. 18. Crown height measured from the sphere surface to the rim.
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The characteristics of the crown that were presented in
the preceding paragraphs are important for the accurate mod-
eling of the splashing process as it marks the formation of
the jets from which the fine droplets will be produced. It is
also important for the evaluation of numerical models, which
simulate the collision of droplets on particles, as it has been
stressed by Zhang et al., 2010 who demonstrated that simula-
tions must be coupled with experimental work to fine tune the
parameters of the simulation to obtain the correct prediction
of the wavelength on the crown rim.

In practical terms, the height of the crown at the onset of
instability demonstrates the distance from the droplet surface
from which the droplets will begin to form. Consequently,
if the crown height is higher, which occurs for higher Q, the
generated droplets will escape more easily from the vicinity of
the particle to form fine particles in a spray dryer installation.
When considering that, for higher €, the droplets are released
close to the equator of the solid particle, the chance to escape
collision with the target particle increases further. It can then
be claimed that, in spray dryers, the generation of fine particles
from droplet-particle collisions occurs mainly close to the top
of the dryer, where the particles have not had a change to
aggregate and grow in size and the droplet-particle diameter
ratio remains high.

The direction of the crown in relation to the target sur-
face is also important, as it is the direction at which the
jets will begin to emerge from the crown rim. This direc-
tion becomes progressively tangential to the horizontal as the
droplet-particle diameter ratio increases. This shows that the
interaction of the liquid droplet and the film on the parti-
cle surface changes with Q, and Q needs to be taken into
account in the analytical examination of the kinematic discon-
tinuity. While it can be suggested that the change of the angle
is only due to the curvature of the particle and the crown is
still ejected normal to the curved surface, the deflection from
the particle surface normal is more retarded as € increases,
and therefore the effect of the surface curvature should not be
ignored. In practical terms, the ejection angle will determine
the trajectory of the fine droplets. In the practical application,
a crown ejection angle sideways to the particle, as it occurs
for higher droplet-particle diameter ratios, increases the prob-
ability that the generated droplets after the droplet impact will
clear the target particle. This is the case for head-on colli-
sions, which are examined here. For oblique droplet-particle
collisions, which can also occur in a practical application, the
crown development will be affected and the probability of the
generated fine droplets clearing the particle will change. On
the side of the crown ejecting towards the particle, the prob-
ability of the fine droplets clearing the particle will decrease,
while on the side of the crown ejecting away from the parti-
cle, the probability will increase. The net effect will depend
on the collision angle and it is possible that more or less mate-
rial will be deposited on the particle surface. The exact details
of this process, however, cannot be determined by the current
investigation.

Finally, the length of the film on the particle surface can
be considered equivalent to the base diameter of the crown
during impact on flat surfaces. As it is described by the review
of Liang and Mudawar (2016), there is no complete consensus
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on the evolution of the crown base for collisions of droplets
on flat surfaces, but generally it grows as a function of time
with an exponent around 0.5 or less. In the present investiga-
tion, while the measurements were not time resolved due to
the small scales involved, it was found that the film length was
more or less invariant at the commencement of instability. As
such, it can be inferred that there may be a correlation between
the perturbation of the crown at its base due to the length
of the travelled distance and the commencement of instabil-
ity which may be taken into account when considering the
development of the Rayleigh Plateau instability, which is
considered the dominant instability mechanism (Liang and
Mudawar, 2016).

D. Proper orthogonal decomposition
of droplet-particle collisions

Further to the examination of particular characteristics
of the crown by a direct measurement on the images, the
sequences of the acquired images of each measurement at
the splashing threshold were analysed by means of Proper
Orthogonal Decomposition (POD). The POD method is a
statistical procedure that decomposes a set of multidimen-
sional datasets, in our case sets of images, and produces a
new basis for the description of the data. The POD method
when applied to multiphase flow images has been shown
to accurately identify flow structures better than the direct
observation of individual images (Arienti and Soteriou, 2009;
Charalampous and Hardalupas, 2014). The procedure of
analysing an image dataset with the POD method can be
summarised as follows:

1. Calculation of the mean image of the dataset.

2. Subtraction of the mean image from each individual
image to obtain the set of deviations from the mean.

3. Calculation of the covariance matrix of the deviation
dataset.

4. Calculation of the eigenvectors and eigenvalues of the
covariance matrix.

5. The eigenmodes of the covariance matrix are the POD
modes.

6. The eigenvalue that corresponds to each of the POD
modes is commonly referred to as the energy of that
mode.

7. The POD modes are ranked in the order of descending
eigenvalues.
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From the description of the procedure, it can be under-
stood that the POD modes are linearly uncorrelated and that
the first POD mode captures the largest amount of image
intensity variability, while each successive POD mode cap-
tures progressively lower image intensity variability. These
two properties make the use of the POD method attractive
as the information in each POD mode is unique and the
POD modes are ranked based on the amount of informa-
tion they capture. An example of POD analysis of an image
dataset is shown in Fig. 19. The first two rows show an
example of images from all the stages of droplet-particle col-
lision in the dataset. The bottom row shows the first POD
modes.

The POD modes are composed of patterns of alternating
red and green nodes in the image regions along the droplet
trajectory and in the image regions where the crown develops.
Each node identifies a region where there is coherent spatial
distribution of liquid. For example, the red nodes of the first
POD mode show the location of the droplet and the crown when
the droplet just impinges on the particle surface. This is very
similar to the first image sample in Fig. 19. The green nodes in
the same image identify the locations in the image where the
droplet and the crown appear when the progress of impinge-
ment is similar to the fourth image in Fig. 19. The green nodes
of the second POD mode show the location of the droplet and
the crown when the droplet is partially collapsed, which is sim-
ilar to the second image sample in Fig. 19. Higher-order POD
modes capture progressively fine details of the droplet-particle
impact. For example, the POD mode 3 in Fig. 19 shows arefine-
ment of the scales of the POD nodes to about half the scales of
modes 1 and 2, while mode 6 (fourth image in the bottom row
of Fig. 19) shows a finer refinement. The individually emerg-
ing droplets from the crown rim, as seen in the fourth image
of Fig. 19, are not captured by any of the first POD modes, as
they are minute compared to the scales that these POD modes
resolve. The particle itself does not appear directly but can be
clearly identified as the spherical black void within the nodes of
the POD modes. Therefore, for each measured image, the first
POD modes identify the structures in the images, which are
more prominent. While arguably some of the information that
can be obtained from the first POD modes may also be obtained
by the observation of individual images across the dataset, the
POD mode has the advantage that measurements, such as the
height of the crown, can be obtained directly from a single POD
mode.

FIG. 19. Example of the droplet impingement sequence
and the POD analysis for Dg = 1000 um, D ~ 196 pum,
U=12.1 m/s, Q=0.20, We = 391, and Oh = 0.0084. Top
row: the example of images from the dataset. Bottom
row: POD modes 1, 2, 3, and 6 showing progressively
finer details of the droplet-particle impingement process.
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FIG. 20. Distribution of the energy of the POD modes at the splashing thresh-
old. The first two modes contain most of the energy. The energy of subsequent
modes decreases quickly. The labels indicate the diameter of the target particle
and the frequency of the droplet impacts.

The importance of the first POD modes is also highlighted
by the fraction of the total POD mode energy captured by
them as can be seen in Fig. 20 by the distribution of the POD
mode energy of the flow conditions at the splashing thresh-
old. The first two modes, each contains between 15% and 24%
(35%—45% between them) of the total energy, while the energy
contained in subsequent modes decreases rapidly. For exam-
ple, mode 3 captures less than 10% of the total energy. As the
first modes also capture the largest scale phenomena, which
can be related to the development of the crown, the present
POD examination will focus on these two modes.

Examples of the first two POD modes for each particle
size class are presented in Fig. 21 for the corresponding flow
conditions of the examples shown in Fig. 14.

For droplet collision on small particles [example shown
for Q ~ 0.4, Fig. 21(a)], the distribution of the POD nodes
shows that the particle becomes completely engulfed by the
crown, which expands to a maximum at around the equator of
the particle and, from that point, it continues to flow down-
stream. For intermediate sized particles [example shown for Q
~0.2,Fig. 21(b)], the POD modes show that the crown initially

al) bl) cl)

1000pm

a2) b2) c2)
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expands laterally but then moves downwards until the crown
recedes and collapses at around the equator of the particle.
Finally, for droplet collision on large particles, the example
shown for Q ~ 0.1 [Fig. 21(c)], the crown collapses at the
particle surface.

The droplet-particle collision process is captured by the
first two POD nodes on the large scale in discrete stages, as
can be observed by the succession of the red and green nodes.
The POD node at the north pole of the particle captures the
locus of the droplet impact on the particle surface and defines
the region of crown development. The subsequent mode in all
cases shows the locus of the crown after the impact phase was
completed. Every successive mode shows the locus of subse-
quent non-overlapping regions of the crown. This description
of the splashing process by the POD modes can be advanta-
geous when modeling the splashing of a droplet, as it offers an
a priori template of the location of the liquid and the coarse
features of the splash over which a computational mesh can be
refined, while in the regions, where there is absence of droplet
or crown development, can be coarsely meshed. Considering
that the positively correlated regions account for only half
of the imaged domain, the calculation time could be reduced
significantly.

Some of the overall characteristics of the ejected liq-
uid from the droplet-particle collision can be determined by
analysing the single POD modes, instead of processing indi-
vidual images. The maximum height of the ejected liquid from
the particle top surface is examined here, as this property has
also been studied for collisions of droplets on flat surfaces
and comparison can be made. In the case of droplet collision
on small particles [example shown for Q ~ 0.4, Fig. 21(a)],
the crown rim rises minimally above the north pole of the
particle. For progressively increasing particle diameters, the
POD mode begins to expand in the vertical direction [example
shown for Q ~ 0.2, Fig. 21(b)], while for droplet impingement
on large particles [example shown for Q ~ 0.1, Fig. 21(c)], the
POD mode indicates significant height reflecting the crown
behaviour. Quantitatively, the crown height is presented in
Fig. 22. The relationship can be described by an exponen-
tial trend. The trend predicts that the maximum height of the

FIG. 21. POD modes 1 and 2 show-
ing the formation and the crown for (a)
Dy =500um,D~203 um,U=13.2m/s,
Q =0.41, We = 488, and Oh = 0.0082,
(b) Dp = 1000 gm, D ~ 196 pum,
U = 12.1 m/s, Q = 0.20, We = 391,
and Oh = 0.0084, (c) Dy = 2000 pm,
D ~ 202 pum, U = 12.2 m/s, Q = 0.10,
We =412, and Oh = 0.0083. The green
and red regions denote areas of alternat-
ing presence of liquid.
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FIG. 22. Height of the POD modes at the splashing threshold.

ejected liquid will be about 280 um when Q = 0 (flat surface).
The measurements of Cossali et al. (2004) determined that the
maximum height of the crown for collisions of droplets on
wet flat surfaces covered by a thin film and under the same
Weber number as here (We ~ 400) is about 35% greater than
the droplet diameter. Considering the size of the examined
droplets here, the prediction of Cossali e al. (2004) gives a
maximum height of about 300 um, which is within 10% to the
prediction of the POD analysis.

IV. CONCLUSIONS

An investigation was undertaken to examine the physics
of the droplet-particle collisions. The Weber, Ohnesorge, and
droplet-particle diameter ratio numbers of the flow were varied
within the ranges of 92 < We < 1015, 0.0070 < Oh < 0.0089,
and 0.09 < Q < 0.55. The investigation focused on the out-
comes of the collisions between liquid droplets and spherical
particles and on the description of the crown development at
the threshold of splashing. The findings are as follows:

1. Three outcomes of droplet-particle collisions are possi-
ble. Two of them are deposition and splashing, which
can also be observed when droplets collide with flat
surfaces. A third outcome, unique to droplet-particle
collisions, is the overpass type, where a stable crown
is formed that propagates around the particle and
clears the equatorial plane without breaking up. This
type of outcome was only observed when the droplet
diameter became comparable to the particle diameter,
Q>0.3.

2. Splashing of the droplet on the particle occurs for Weber
numbers in the region of We = 400. The Weber num-

ber is defined as We = ‘%21), where p is the liquid
density, D is the droplet diameter, U is the droplet
velocity before collision, and o is the surface tension
at the gas/liquid interface without much influence of
the particle size. This splashing threshold is in agree-
ment with previous investigations of droplet collisions
on flat surfaces (Cossali et al., 1997; Wal et al., 2006).
The agreement suggests that when the crown develops
on a particle surface, the mechanism of breakup remains

unchanged.
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3. High droplet-particle diameter ratios (2 > 0.3) were
found to only slightly suppress splashing by increasing
the critical value of We to about 450.

4. The splashing threshold proposed by Liang ez al. (2014)
for collisions of droplets on wet particles was in qual-
itative agreement with the current findings. However,
the critical values of We found here are over two times
greater than those reported by Liang ef al. (2014).

5. The splashing threshold proposed by Hardalupas et al.
(1999) for collisions of droplets on dry particles was
in disagreement with the findings of this investigation
since it suggests that increasing ) promotes splashing.

6. At the splashing threshold, the instability at the crown
rim was found to initiate when the film front travelled
a distance of about 400 um-500 pm independently
of particle size. This is equivalent to about 2 droplet
diameters.

7. At the splashing threshold, the direction of the crown
ejection angle is significantly affected by the droplet-
particle diameter ratio Q and it can be described by a
linear function of Q. For low Q, ejection is towards
the vertical and, as Q increases, the ejection direction
changes towards the horizontal.

8. At the splashing threshold, the height of the crown at
the onset of instability was found to be in the range of
150 um-350 pm. It depends on Q with greater crown
heights obtained for larger Q as the greater extent of the
droplet crown is free to expand in the lateral direction.

9. Proper orthogonal decomposition analysis of the
datasets at the threshold of splashing showed that
the large scale characteristics of the development of
the droplet-particle collision and the ejected liquid can
be captured by the first two POD modes. This may assist
the development of simplified computational models for
droplet-particle collisions.

10. The maximum height of the ejected liquid above the
particle is found from the POD modes to be in the
range of 0 um to 120 um and an exponential function of
Q. The proposed function agrees within 10% with the
maximum reported height for droplet collisions on flat
surfaces by Cossali et al. (2004).
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