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Abstract Despite many theoretical and experimental works
dealing with the impact of dense continuous liquid droplets
on a flat surface, the dynamics of the impact of hollow lig-
uid droplets is not well addressed. In an effort to understand
dynamics of the hollow droplet impingement, a numerical
study for the impact of a hollow droplet on a flat surface is
presented. The impingement model considers the transient
flow dynamics during impact and spreading of the droplet
using the volume of fluid surface tracking method (VOF)
coupled with the momentum transport model within a one-
domain continuum formulation. The model is used to sim-
ulate the hydrodynamic behaviour of the impact of glycerin
hollow droplet. It is found that the impact and spreading
of the hollow droplet on a flat surface is distinctly differ-
ent from the conventional dense droplet and has some new
hydrodynamic features. A phenomenon of formation of a
central counter jet of the liquid is predicted. With the help
of simulations the cause of this phenomenon is discussed.
Comparison of the predicted length of the central counter
jet and the velocity of the counter jet front shows good
agreements with the experimental data. The influence of the
droplet initial impact velocity and the hollow droplet shell
thickness on the impact behaviour is highlighted.
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Dy Initial droplet diameter, m
d Initial void diameter, m
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F Volume of fluid function

g Acceleration due to gravity vector, m/s>
Re Reynolds number (p DoUy/ 1)

T Temperature, K

t Time,s

Up Initial droplet velocity, m/s

i Continuum velocity vector, m/s

We Weber number (o DoU; /o)

Greek symbols

w  Dynamic viscosity, kg-m~!/s
o Density, kg/m?

o Droplet surface tension, N/m

Subscript
d Droplet
air Air

0 Initial

1 Introduction

The principle of droplet impingement on a solid surface
is relevant to many engineering applications (e.g., thermal
spray coating, spray forming, spray painting, spray cool-
ing of hot surfaces, ink-jet printing, solder deposition on
printed circuit boards, etc.). Significant effort is being de-
voted to the modelling and simulation of the droplet impact
process [1-5]. These modelling efforts are well reviewed by
Kamnis and Gu [2] and Chandra and Fauchais [4]. Mod-
elling droplet impact on surfaces has improved the under-
standing of droplet deformation and adhesion with the sur-
faces, for example in the thermal spray coating process
where molten droplet of melt powder particles are projected
towards the substrates to form protective coating on them.
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Validation of these models has substantiated their ability to
successfully predict the droplet spreading behaviour after
impact with the substrate [1, 2, 4] with the correct number of
fingers surrounding a three-dimensional splat [3]. These the-
oretical studies of droplet impingement [1-4], however, as-
sume that the droplet is continuous without any voids inside.
The impact of a hollow droplet onto the substrate and its
spreading behaviour can differ fundamentally from a dense
continuous droplet. New possibilities for thermal spraying
of functional coatings formed by deposition of hollow melt
droplets are discussed in the work by Solonenko et al. [6, 7].
In this connection, the investigation of the impact of a hol-
low melt droplet onto a solid substrate is of scientific and ap-
plied importance. To the best of authors’ knowledge, there is
only one experimental study where visualisation of the colli-
sion of a hollow liquid droplet of glycerin with a flat surface
is reported [8].

The hollow and porous particles of metals, alloys, ox-
ides, and other ceramics may be obtained by plasma pro-
cessing of various powder materials [6, 7]. The presence
of voids in the feedstock powders also have a great influ-
ence on the particle in-flight behaviours in the thermal spray
coating process such as, particle acceleration, melting, and
oxidation because a hollow particle is also lighter than a
dense one and this can affect the particle trajectory. Very
recently, computational results for porous and hollow pow-
der particles in-flight behaviour show that these particles are
accelerated to higher velocity with higher surface tempera-
tures than fully solid powders [9]. Air voids in the porous
and hollow powder particles form from spray dried agglom-
erates [6, 7, 9, 10]. These porous powder particles during
their in-flight motion in the thermal plasma jet form hollow
liquid droplets prior to their impact with the surface [7, 8].
The limited studies reported in this field [6, 7, 11] show that
coating using hollow melt droplets opens up new prospects
for the application of porous and hollow powders for mak-
ing thermal coatings with substantially improved character-
istics (e.g., adhesion, controlled porosity in the coating, and
coating structure). Controlling the coating porosity thermal
insulation properties of the coatings can be enhanced [12],
which will have potential applications in turbine blade, en-
gine component coatings. Despite many theoretical and ex-
perimental works dealing with the dense continuous liquid
droplets, the dynamics of the impingement of hollow droplet
is not well addressed, and hence the current understanding
of the behaviour of hollow particles in thermal spray is very
limited. A clear understanding of the impact dynamics of
hollow droplet on the surface of substrates is needed. The
understanding of the hydrodynamic behaviour of the hollow
droplet impact will be a starting step to systematically inves-
tigate the coating formed by hollow melt droplets.

The objective of this work is to investigate the impact and
spreading behaviour of a hollow droplet onto a flat surface
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using numerical model and simulations. In the model tran-
sient flow dynamics during impact and spreading are con-
sidered with the help of the volume of fluid surface track-
ing method (VOF) coupled with droplet momentum trans-
port within a one-domain continuum formulation. The fea-
tures of hollow droplet impact, including a phenomenon of
formation of a central counter jet of liquid, are discussed.
The length of the central counter jet and the velocity of the
counter jet front are compared with the experimental data.
The droplet impact behaviour for different droplet impact
velocities and hollow droplet shell thickness are also dis-
cussed.

2 Numerical simulations

We consider the problem corresponding to the benchmark
experiment for the impact of a hollow droplet of glycerin [8].
The experiment was designed such that the influence of heat
exchange and phase transitions is minimal, so that the main
attention is concentrated on the hydrodynamic features of
liquid spreading that is on the role of viscosity and surface
tension of the liquid [8]. Accordingly, in the present model
problem also we exclude heat transport and phase transitions
and focussed on the hydrodynamic behaviour. The condi-
tions were chosen similar to those in the experiment [8]
such as, Reynolds numbers (Re), Weber numbers (We), and
droplet shell thicknesses are typical of the conditions of
plasma spray coating deposition. In addition, the conditions
were selected to obey the relation We/Re = 10-100, which
implies that the viscosity effects predominate over the sur-
face tension during the spreading of the droplet [§]. Imme-
diately prior to droplet-surface collision, the droplet con-
sists of a liquid shell enclosing a gas (air) cavity. For this, a
molten glycerin hollow spherical droplet with an outer diam-
eter (Dg) 5.25 mm and void (of air) diameter (d) 4.389 mm
is considered to impinge with a velocity (Up) of 5.94 m/s
onto a flat surface. We refer to these impact conditions as
the baseline case. We have considered a two-dimensional
axisymmetric formulation and Fig. 1 shows the schematic of
the computational domain. The domain consists of 150,000
structured computational cells with a refined mesh near the
surface. Table 1 shows the material properties data used for
the current problem.

2.1 Governing transport equations
2.1.1 Free surface modelling

The VOF model is used to track the interface between the
droplet and the air considering these two as immersible
fluids by solving a single set of momentum equations.
This method tracks the volume fraction of each of the flu-
ids throughout the computational domain. Accordingly, the
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Fig.1 Schematic diagram of the axisymmetric computational domain

Table 1 Material properties data

Impinging droplet material

Gas phase (the void and the Air
droplet surrounding medium)

Glycerin

Density of the droplet 1261 kg/m?

Density (air) 1.225 kg/m3

Droplet surface tension 0.0634 N/m

Droplet viscosity 0.142 kg-m~!/s

Air viscosity 1.7894 x 107> kg-m~ /s
Contact angle 140°

Surface tension coefficient —0.00036 N-m~!/K

governing equations are being solved in both air and molten
droplet domains. The volume of fraction of fluid in a control
volume (F) has a range from zero to unity; the cells hav-
ing F values between zero and one (0 < F < 1) represent
the air- molten droplet interface, F = 0 indicates that the
cell contains only air, and F =1 corresponds to a cell full
of droplet material. The volume of fraction function F is ad-
vected using the continuum mixture velocity field # with the
following transport equation:

oF -

—+V-uF=0 (1)
ot

The interface treatment between the droplet phase and
air phase is accomplished via a geometric reconstruction

scheme detailed in [13].
2.1.2 Fluid flow modelling

In the current model, a continuum formulation with a one-
domain approach based on the classical mixture theory is
adopted [2]. The volume-fraction-averaged continuum den-
sity in each control volume can be calculated according to
the fraction of the droplet fluid (F).

p=Fpg+ (1 = F)pair @)

where the subscripts ‘d’ and ‘air’ are for the droplet and
the air phase, respectively. The density of air is assumed

to be constant in the current model. Other volume-fraction-
averaged properties are also defined in a similar manner.

p=Fua+ (1= F)tair 3

The volume-fraction-averaged material properties are then
used in the momentum transport equations. The momentum
conservation equation is coupled with the VOF model. As-
suming the flow to be Newtonian, incompressible, and lam-
inar, the governing equations for mass and momentum con-
servation can be written as follows.

0 -
Continuity: E('O) + V. (pu)=0 “4)

a . -
Momentum: 5(,014) + V- (puu)

=-Vp+V-[u(Vi+Vi')]

+ pg + Fuol ®)

The fluid surface tension force at the boundary between the
droplet and the surrounding gas is included as a body force,
Fyo1, in the momentum conservation equation [2], its value
appears as a source term on the right-hand-side of the mo-
mentum conservation equation (Eq. (5)). This term is calcu-
lated by the method of Brackbill et al. [14] using the fluid
densities at the interface and the droplet surface tension.

During the very initial time in the droplet impact on a
rigid surface, a hammer pressure is generated due to the
shock wave built up by the compression of droplet on the
surface [15]. Trapaga and Szekely [16] have shown that the
time scale of such compressible flow is at least an order
of magnitude smaller than the overall impact and spread-
ing process time typically found in a coating process. An
incompressible flow assumption should yield reasonable re-
sults if the objective, in general, is toward studying coating
formation by spreading of the droplet. Peak pressure (ham-
mer pressure) during the compression period at early times,
however, cannot be resolved [16]. The model has to include
compressibility consideration in order to capture the ham-
mer during droplet impact [17]. In this work, the model is
incompressible, and hence we do not capture the hammer
pressure in our simulations.

The initial conditions appropriate to the physical system
shown in Fig. 1 are: at t =0, F =1 in the droplet shell,
F =0 in the droplet void; droplet velocity Uy = 5.25 m/s,
T =Ty=325K; u=v=F =0, everywhere else in the
domain. It may be noted that the void in the hollow droplet
is of the same gas (i.e., air) which surrounds the droplet.
Boundary conditions for the problem considered are shown
in Fig. 1.
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3 Results and discussion
3.1 Impact process

The dynamic impact process of the hollow droplet on a flat
surface is shown in Fig. 2. During the very initial times
(0.05 ms, 0.075 ms) in the impact process when the droplet
touches the surface we noticed entrapment of an air bub-
ble. Such air bubble entrapment has also been studied ex-
perimentally and theoretically [18-20]. During the subse-
quent time in the impact process, the hollow droplet un-
dergo deformation of the droplet shell and the void within
the droplet (0.1 ms), stretching of the void cavity and thin-
ning of the droplet shell (0.5 ms) followed by rupture of
the shell (1.2 ms). At the first stage of the impact process,
the lower hemispherical shell comes into contact with the
substrate surface and progressively deforms. At the same
time, the upper hemispherical shell proceeds with the mo-
tion with initial velocity. At the second stage, stretching of
the void cavity and thinning of the droplet shell take place.
At the third stage, rupture occurs at the periphery of the
upper hemisphere. Between first and third stages a central
counter jet forms which moves upward (0.5 ms). The flow
of the droplet material in the centrally converging flow dur-
ing the formation of the counter jet mixes with the entrapped

Fig. 2 Sequences of the hollow
droplet impact on the surface.
Impact conditions: outer
diameter (Dg) 5.25 mm, void
diameter (d) 4.389 mm

(shell thickness = 0.4305 mm),
impact velocity (Up) of

air bubble, which formed during the very initial time in the
impact process, and subsequently replaces it. In this way,
the entrapped air bubble has no further effects on the droplet
impact dynamics. The counter jetting phenomenon captured
in our simulation is similar to that observed in the hollow
droplet impact experiment reported in [8]. To the best of au-
thors’ knowledge, the experiment devoted to visualisation
of the collision of a hollow liquid drop with a flat surface
is reported only in [8]. The axisymmetric spreading along
the surface takes place only in the initial period of time
(t < shell thickness/ Up). After this from the shell-surface
contact location, which is away from the centre, a part of
the liquid moves toward the centre generating a radial con-
verging liquid stream. This creates the central counter jet
(see Fig. 3). Liquid is continuously supplied to the counter
jet from the shell, and the thickness of the shell continuously
decreases which finally ruptures. Meanwhile, the radial con-
verging flow in the central counter jet that is directed along
the outer normal to the surface creates an upward movement
of the counter jet. In order to further understand the cause
of the formation of central counter jetting, the velocity and
the pressure distributions in the droplet are shown in Fig. 3.
We can see that during the impact process the flow from the
upper hemispherical shell follows the spreading path (see
Fig. 3a 0.3 ms). However, there is also a backward vortex

5.94 m/s. During the very initial 0.05 ms 0.075 ms
times (0.05 ms), entrapment of
an air bubble at the centre of the
impact point can be noticed

0.1 ms 0.5ms

- \
r/*\ —— ZL\W
1.0 ms 1.2ms
1.6 ms 2.7 ms 3.5ms
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Fig. 3 (a) Velocity and

(b) gauge pressure distribution
in the hollow droplet at different
time. The velocity vectors in
white colour are in the air
(surrounding and void cavity)
and in black colour are in the
droplet

\\\‘

Unax=3.2m/s

from the shell-surface contact location, which is away from
the centre, toward the centre of droplet. This backward flow
is caused by a pressure build up at that location (see Fig. 3b
at 0.3 ms). At subsequent time, the pressure build up loca-
tion shifts towards the centre of the droplet (see Fig. 3b at
1.2 ms and 1.6 ms) and the backward vortex, generated ear-
lier, creates an upward flow at the centre of the droplet.

3.2 Comparison with experiment

We observed earlier the formation of counter jetting during
the impact of hollow droplet on the flat surface. Figures 4a
and 4b show a comparison of the predicted droplet impact
behaviour with the experimental result [8]. As can be seen,
the predicted rupture of the droplet shell (1.0 ms) and the
phenomenon of the counter jetting are very similar to those
observed in the experiment. The length and mean thickness
of the counter jet are also in good qualitative agreement with
the experiment. The instantaneous length of the counter jet is
quantitatively compared with experimental values in Fig. 4c,
which shows that the predictions satisfactorily correspond to
the experimental data.

3.3 Comparison with continuous dense droplet impact

It may be noted that the impact behaviour of a dense droplet
is well studied, for example in [1-4]. The impact sequence

P (pa)

surrounding air

void cavity

droplet

1.6 ms

of a continuous dense droplet is shown in Fig. 5a. The dense
droplet is analogous to the hollow droplet, i.e., its mass is
same as that of the hollow droplet. Therefore, the dense
droplet will have the diameter of 0.746 - Dy for having the
same mass as that of the hollow droplet. The other impact
conditions are same as that of the hollow droplet impact.
After the impact, the dense droplet spreads radially along
the substrate surface. A detailed discussion of this typi-
cal spreading behaviour for a dense droplet can be found
in [1-4], and hence the discussion on this is not repeated
here. This result is presented here in order to highlight the
distinct feature of the hollow droplet impact. Comparing
Fig. 5a with Fig. 2, the distinct impact behaviour of the hol-
low droplet can be noticed, specifically, the absence of the
phenomenon of counter jetting during impact of the contin-
uous droplet. In Fig. 5b, we compare the droplet spreading
factor of the hollow droplet and an equivalent continuous
droplet. The spreading factor is defined as the ratio of the
instantaneous splat diameter to the initial droplet diameter.
We find that for the hollow droplet the spreading factor is
lower than the continuous droplet. Previously also, it was ex-
perimentally demonstrated that the dimensionless diameter
of the ZrO, splat, under otherwise equivalent conditions, is
significantly smaller for a hollow particle than for the dense
one [7]. In the case of hollow droplet, much of the droplet
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Fig. 4 Comparison of (a) the
experimental [8] and

(b) simulated hollow droplet
impact behaviour on the surface.
Impact conditions: outer
diameter (Dg) 5.25 mm, void
diameter (d) 4.389 mm

(shell thickness = 0.4305 mm),
impact velocity (Up) of

5.94 m/s. The comparison is
shown at the same scale;

(¢) time evolution of the counter
jet length
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material goes into the counter jet, which causes a relatively
slower spreading along the surface for the hollow droplet.

3.4 Influence of hollow droplet impact velocity

In order to study the influence of the droplet impact veloc-
ity on the impact behaviour, we performed simulations with
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two other impact velocities—one lower than the baseline
impact velocity (i.e., 3 m/s) and the other higher than the
baseline case (i.e., 20 m/s). The other impact conditions are
kept same as the baseline case. Figure 6 shows the sequences
of the droplet impact for these impact velocities. Comparing
Figs. 6 and 2, it can be noticed that for these higher and
lower impact velocities also the impact behaviour is quite
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Fig. 6 Snapshots of the hollow
droplet impact on the surface for
different impact velocities
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Fig. 7 (a) Time evolution of the counter jet length for different impact
velocities, (b) comparison of the experimental [8] and simulated aver-
age rising speed of the counter jet front for different impact velocities

similar to that observed in the baseline case, notably the for-
mation of counter jetting. However, the counter jet develops
earlier, having higher length and lower mean thickness, for
larger impact velocity. The mean thickness of the counter
jet is 2.05 mm, 1.52 mm, and 0.92 mm for impact veloc-
ity of 3 m/s, 5.94 m/s, and 20 m/s, respectively. The rupture
of the droplet shell is delayed when the impact velocity is
low. In our simulations, the droplet shell ruptures at 1.6 ms,
1.2 ms, and 0.3 ms for impact velocity of 3 m/s, 5.94 m/s,
and 20 m/s, respectively. Figure 7a shows the evolution of

the counter jet length for different impact velocities. As no-
ticed earlier, larger impact velocity causes earlier formation
and faster growth of the counter jet having higher length.
Figure 7b shows a comparison of the experimental and sim-
ulated results for the average upward rising speed of the
counter jet front for different impact velocities. In the exper-
iment, the mean speed of the counter jet is estimated from
the instantaneous images of the droplet impact. In simula-
tions it is estimated by averaging the different time velocity
in the droplet near the front of the counter jet. For exam-
ple, velocity field shown in Fig. 3a is used to estimate this.
This may lead to some under prediction of the mean speed
of the counter jet front, however, overall these predictions
agree reasonably well with the experimental data.

3.5 Influence of hollow droplet shell thickness

In the baseline case, the shell thickness was 0.4305 mm. In
order to study the sensitivity of the shell thickness, sim-
ulations with two other hollow droplet shell thickness of
0.75 mm and 1.0 mm are also performed. The other im-
pact conditions are kept same as the baseline case. Figure 8a
shows the sequences of the droplet impact for these cases.
Comparing Figs. 8a and 2, it can be noticed that for these
higher shell thickness also the impact behaviour is quite sim-
ilar to that observed in the baseline case, notably the for-
mation of counter jetting. The counter jet develops slightly
earlier in a thicker shell because of more liquid flow from
a thicker shell in the centrally converging flow, which was
earlier shown as the cause of the formation of the counter
jet. However, the rupture of the droplet shell occurs later in
a thicker shell due to its more strength. In our simulations,
the droplet shell ruptures at 1.2 ms, 1.3 ms, and 1.5 ms for
droplet shell thickness of 0.4305 mm, 0.75 mm, and 1.0 mm,
respectively. After rupture of the shell, growth of the counter
jet is for all cases are quite similar, with slightly slower
growth for a thicker shell (see Fig. 8b). The mean thickness
of the counter jet is found to be more in a thicker shell (see
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Fig. 8 (a) Snapshots of the
droplet impact on the surface
and (b) time evolution of the
counter jet length for different
shell thickness in the hollow

droplet 0 ms

Length of the counter jet (mm)

=3

Fig. 8a). The estimated mean thickness of the counter jet is
1.52 mm, 1.75 mm, and 1.95 mm for droplet shell thickness
of 0.4305 mm, 0.75 mm, and 1.0 mm, respectively. Because
of a thicker counter jet, its growth will be slower.

4 Conclusion

The results for impact of hollow droplet on a flat surface
clearly show that the impingement process of hollow droplet
has some new hydrodynamic features. The impact process
of the hollow droplet undergoes deformation of the droplet
and the void within the droplet, stretching of the void cavity
and thinning of the droplet shell followed by rupture of the
shell. A new phenomenon of central liquid counter jetting,
also reported experimentally, is well captured. According to
this, the liquid spreading is accompanied by the ejection of a
central counter jet. The predicted length and mean thickness
of the central counter jet, and the average rising speed of the
counter jet front agree well with the experimental data [8].
The rupture of the droplet shell is delayed when the impact
velocity is low. Larger impact velocity causes earlier forma-
tion and faster growth of the counter jet having higher length
and lower thickness. Thicker shell in the hollow droplet re-
sults in earlier start of the formation of the counter jet, which
subsequently has more thickness and lower length compared
to a thinner droplet shell. The systematic understanding of
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the hydrodynamic behaviour of the hollow droplet impact
developed in this work is a starting step to investigate the
coating formed by hollow melt droplets [6]. In this regard,
our future work will focus on including the solidification
phase transition.
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