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The present study investigates the 2D numerical analogies to the changes of
the droplet shapes during the freefall for a wide range of droplet sizes through the
stagnation air. The freefall velocity, shape change due to frictional force during free-fall
is studied for different considered cases.With the elapse of time, a droplet with a larger
initial diameter is changing its original shapemore compared to droplets with a smaller
diameter. In addition, the spreading of the droplet during the freefall seems more rapid
for the larger-diameter droplet. When a droplet with an initial diameter of 15mm starts
to fall with gravitational force, the diameter ratio is decreasing for droplets with higher
density and surface tension while droplets having lower density and surface tension
show a diameter ratio greater than one. The spreading and splashing of the droplet
on a solid surface and liquid storage at the time of impact are much influenced by
the freefall memories of the droplet during the freefall from a certain height. These
freefall memories are influenced by the fluid properties, drag force, and the freefall
height. However, these freefall memories eventually regulate the deformation of the
droplet during the freefall.

1. Introduction

Droplet motion and its dynamic behavior is a very interesting phenomenon
in different engineering applications. Droplet dynamics and its interaction with
surrounding fluids, changes of shapes during its free fall, and different fluid dy-
namics aspects are among the considerable issues to the researchers. The droplet
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impacts on dry and wet surfaces are also concerned issues in different industrial
applications like inkjet printing process [1–3], soil erosion [4–6], spray coating
[7, 8], spray cooling [9–11], pesticide spraying [12, 13], and fire suppression by
sprinkler system [14, 15], etc. However, most of the investigations on the droplet
impact are carried out with the simplified spherical shape of the droplet. Also, the
larger droplet is not in spherical shape at the time of impact when it is in free fall
with an elevated velocity for any particular industrial application.
The characteristics of the free fall droplet depend on various parameters like

droplet sizes, environmental conditions, fluid properties, etc. Initially, droplets tend
to be spherical due to surface tension.When a droplet is falling through stagnant air,
the frictional force is working against the gravitational force. Significant research
works are carried out in wind tunnels by the researchers [16, 17] and mathematical
models of the equilibrium shape of water droplets have been proposed by other
researchers [18, 19]. It has been found that the falling droplets of size smaller than
the capillary length (3 mm for water) remain quasi-spherical and droplets with
large diameter are stretched along the horizontal plane creating liquid “coins” and
get flattened until they burst during the freefall [20].
Clift et al. [21] stated that in the limit of large velocities, inertial friction could

exceed surface forces, which leads to the deformations of the fluid globules. Yao
and Schrock [22] experimentally studied droplet deformation and found that a non-
spherical shape is formed during freefall for a droplet diameter larger than 4 mm.
Horton et al. [23] reported that a droplet behaves like a rigid sphere during its free
fall when it does not circulate. Moreover, Magarvey and Taylor [24] considered
droplets ranging from 10 mm to 20 mm equivalent diameters to fall down of a
15 m stairwell for the observation of deformation and instability of large-sized
droplets. Also, Chowdhury et al. [25] concluded that the falling height values of
approximately 6 m and 12 m can be used as reference data to study droplet freefall.
However, Abdelouahab and Gatignol [26] stated that it takes forever for a droplet
to reach its terminal velocity, theoretically. Hence, it is necessary for the droplet
to travel an endless distance, therefore, they concluded that free-fall velocity just
reaches 95% of its terminal velocity. Boxel [27] reported that 5 m height is required
for a droplet of 10 mm diameter to obtain 90% of its terminal velocity and around
6 m height is required to obtain 95% of its terminal velocity. Hence, the required
height is in decreasing trend with the increment of droplet diameter. In addition,
the droplet shape is changed during the free fall and its horizontal axis is increased
with the elapse of time [18, 24, 28, 29]. Therefore, the axis ratio which is defined
as the ratio between the minor axis and the major axis of the droplets decreases
with the increase of free fall height.
According to Josserand and Thoroddsen [30], when a droplet hits on a solid

surface, from smooth spreading to splashing, jetting, and rebound phenomenon of
the droplet can be observed. Eggers et al. [31] mentioned that the kinetic energy of
a droplet is converted into surface energy and the viscosity of fluid comes into play
near the solid surface. In droplet physics, Weber number (We) and the Reynolds
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number (Re) mostly determine the dynamics of droplets upon impact. The relation
between kinetic and surface energy is measured by We. A droplet with a larger
We acquires a larger surface area due to maximum spread. Moreover, a higher
Re means the viscous effects are confined close to the solid surface. According
to Chandra and Avedisian [32], when a droplet hits on a solid surface, it can
splash, spread, and/or rebound. For higher impact energy as well as higher We, the
droplet may burst during deformation, whereas droplets with lower We may stick
to the surface and spread. Ultimately, it stays as a lens-shaped mass or rebound
from the surface. Moreover, Engel [33] found that spherical drop initially deforms
into a truncated sphere and later generates a circular shape. However, rebound
and bounce-off phenomena weren’t indicated in these experiments. Moreover, the
researchers are given much concern about Re, We, and Oh numbers for droplet
impact characteristics on solid surfaces. The non-dimensional numbers can be
described as below:
The Weber number (We) and Reynolds number (Re) are expressed as:

We =
𝜌𝑉2𝑑

𝜎
, (1)

Re =
𝜌𝑉𝑑

`
. (2)

Here, 𝜌 is density, 𝑉 is velocity, 𝑑 is diameter of the droplet, 𝜎 is surface tension,
and ` is dynamic viscosity.
The Ohnesorge number (Oh) is used to relate the viscous force with surface

tension force as well as it can be expressed as a function of We and Re:

Oh =
√
We
Re

. (3)

However, when a droplet starts to spread on a surface without splashing, it will
continue to spread until reaching the maximum radius. Depending on the surface
properties, the liquid will recede or stay close to this maximum spread [34]. For
a superhydrophobic surface, a partial or full rebound can be observed and even a
singular jet can be formed due to the retraction of the droplet [35–37]. According to
Clanet et al. [38], when a droplet largerthan capillary length begins to spread on the
surface to reach its maximal deformation, it looks like a puddle. A droplet smaller
than capillary length is unable to form a puddle because of the domination of surface
force over gravitational force, so the drop will remain closer to a spherical shape.
Researchers [39–41] observed that a droplet splashed if the We > 80 and

smaller droplets are generated from the primary droplet. Droplets with 30 < We <
80 never disintegrate until it (We) begins to rise from a hot surface. For smaller
We 6 30, the disintegration of the droplet was not observed. Another group of
researchers [42–45] concluded that normally droplets don’t splash on smooth, flat,
dry surfaces and splashing occurs only if the surface is rough (non-flat) or the
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droplet hits on a liquid or a shallow pool. However, Stow and Hadfield [46] stated
that splashing is possible on a smooth, dry surface if the droplet hits the surface
with an impact velocity higher than a threshold value. With the increase of impact
velocity, the droplet splashed and ejected into smaller pieces. Mundo et al. [47]
proposed a splashing parameter, 𝑘𝑡ℎ to characterize the threshold value of spreading
where the inertia, surface tension, and viscous stress incorporated in the form of
We, and Re as well, can be expressed by Eq. (4).

𝑘 th =We0.5 Re0.25 . (4)

For impacts at 𝑘 th > 57.7, a splash can be expected, according to Bussmann
et al. [48].
For droplets with a higher We, the surrounding air creates instability of the

spreading droplet which makes the droplet unsteady and asymmetric. Xu et al. [49]
suggested that this unsteady situation can be avoided by reducing the gas pressure
about a factor of 5 below the atmospheric pressure.
Creating the perfect shape of a droplet is one of the challenging tasks to perform

experimentally. According to Magarvey and Taylor [24], much difficulty came
across in the production of droplets sufficiently large to observe shape changes.
Different dropping techniques were used for the droplet formation, but producing a
complete spherical droplet is still a challenging task. An apparatus with significant
height is needed to conduct this type of experiment. Hence, computational fluid
dynamics can play a vital role to study droplet dynamics.
In the field of computational studies, axisymmetric deformation of liquid

droplets has been studied by [50–52]. Feng and Beard [52] showed the breakdown
for larger droplets both experimentally and theoretically with axisymmetric as-
sumption. Also, researchers [53, 54] demonstrated the breakup of liquid droplets
with a constant body force and impulsive acceleration in a computational way.
The unsteady Navier-Stokes equation for both the droplet and surrounding fluid is
solved by using a finite-difference/front tracking numerical technique. The breakup
process is controlled by the We, Re, Oh, and the Eötvös number, Eo.
The Eötvös number, (Eo) expressed below is used to compare the importance

of gravitational force and surface tension force for characterizing the shape of
bubbles or droplets moving through a surrounding fluid:

Eo =
Δ𝜌𝑔𝑑2

𝜎
. (5)

Here, Δ𝜌 is density difference of the two fluids, 𝑔 is gravitational acceleration.
To simulate multiphase phenomena including deformation and topological

change, interface tracking techniques are used because the interface evolves with
the mesh. The volume of fluid (VOF), Level-set, Phase-field, Lattice Boltzmann
methodologies are some from this category [55]. Sussman and Puckett [56] also
developed a hybrid Level-set-VOF method to take the advantage of both Level-set
and VOF methods together.
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In the VOF method, the interface is reconstructed using the stored volume
fraction data in each computation cell. VOFmethod has an excellent mass conserv-
ing property [57]. Also, topological changes during deformation or breakup are
implicit in the formulation and thus the VOFmethod is suitable to study the droplet
dynamics and breakup physics as well as it is relatively easy to use the VOFmethod
in parallel computation, because only the neighboring cells are needed to update the
volume fraction [55]. However, the work investigated the structural dynamics of the
liquid droplet breakup process by using the VOF interface capturing methodology.
Numbers of numerical studies could be found in literature and compared the

numerical studies on droplets in 2D, 2D axisymmetric, and 3D simulation with
reasonable agreement. For example, Shin and Juric [58] reported the droplet impact
on a solid surface in 2D, 2D axisymmetric, and 3D models and obtained results
that were in good agreement with numerical and experimental results. Similar
conclusions were drawn by García Pérez and Vakkilainen [59], Mezhericher et
al. [60] for 2D, 2D axisymmetric, and 3D models for CFD analysis. Similarly,
Afkhami and Bussmann [61] reported that droplet deformation in 2D simulation
results show a qualitatively similar trend with experimental results where the 2D
data are relatively under predicts the data and, on the other hand, experimental
results are qualitatively different from 3D simulations.
Usually, the 2D model nullifies the interaction of the viscous force inside

the droplet in the 𝑍 direction, hence, when it impacts on any surface, it shows
lower velocity and impact force compared to a 3Dmodel [62]. However, the overall
deformation trend is very well matched with the experimental and analytical results
in 2D simulation instead of the 3Dmodel which requires a very high computational
cost [62].
Therefore, themain focus of the present study is to investigate droplet dynamics

during free fall for larger droplets for different conditions using a computational
tool. The initial droplet diameter range is from 8 mm to 25 mm to study the
shape change of the water droplet during freefall. However, the initial diameter is
considered as 15 mm to investigate the shape change of droplets of different fluids
during freefall. The same initial diameter is also considered for studying the impact
phenomena of a particular fluid droplet on a solid surface and liquid storage or
pool after the freefall. Hence, inspired by Zheng et al. [62], the present simulation
studies have been done in 2D to reduce the computational cost significantly as well
as with a good understanding of the problem.

2. Models and methods

2.1. Physical model

The 2D computational domain considered in the present study is a rectan-
gular channel of 5 m height and 150 mm width where the circular droplet falls
due to gravity. ANSYS Fluent software is used to investigate the freefall droplet
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characteristics and its impact on the solid and liquid surface. In a very recent
research, Thalackottore Jose and Dunne [63] carried out numerical simulation in
ANSYS Fluent software in a 2D model to investigate the droplet impingement
on a flat surface rather than a 3D model and obtained a considerable conformity
with experimental results. It is reported by [62] that the overall deformation of the
droplet trend is matched very well with the experimental and analytical results in
2D simulation instead of the 3D model which requires a very high computational
cost. Therefore, the present numerical studies are carried out in 2D to reduce the
computational cost and time significantly.
According to Boxel [27], a minimum of 5 m height is required to attain 90%

of the terminal velocity of a droplet having 10 mm diameter. Therefore, in the
present study, 5 m height is considered to study the dynamics of droplets having
a diameter ranging from 8 mm to 25 mm. The computational domain with corre-
sponding dimensions and meshing of the domain are shown in Fig. 1a and Fig. 1b
respectively.

 
(a) Schematic diagram with dimensions

 
(b) Meshing of the domain

Fig. 1. The computational domain

2.2. Governing equations and boundary conditions

In developing the two-dimensional model, some assumptions are considered
for the simplification of the analysis. The model is a transient state, fluid properties
are constant (i.e., density, viscosity) and the flow is considered as incompressible
and laminar flow. The governing equations for mass conservation and momentum
conservation can be obtained from the following equations:
Continuity Equation:

𝜕𝑢

𝜕𝑥
+ 𝜕𝑣

𝜕𝑦
= 0. (6)
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Momentum Equations:

X-momentum:

𝜕 (𝜌𝑢)
𝜕𝑡

+ ∇
(
𝜌𝑢 ®𝑉

)
= −𝜕𝜌

𝜕𝑥
+ 𝜕𝜏𝑥𝑥

𝜕𝑥
+
𝜕𝜏𝑦𝑥

𝜕𝑦
+ 𝜌 𝑓𝑥 . (7)

Y-momentum:

𝜕 (𝜌𝑣)
𝜕𝑡

+ ∇
(
𝜌𝑣 ®𝑉

)
= −𝜕𝜌

𝜕𝑦
+
𝜕𝜏𝑥𝑦

𝜕𝑥
+
𝜕𝜏𝑦𝑦

𝜕𝑦
+ 𝜌 𝑓𝑦 . (8)

When an object is falling through the surrounding air, two external forces play
a major role in its dynamics. One is the gravitational force (𝑊) and the other force is
air resistance or the drag force (𝐷). The gravitational force,𝑊 , acting on a uniform
droplet can be found in Eq. (9):

𝑊 =
1
6
𝑔 𝜋𝑑3(𝜌𝑠 − 𝜌𝑎), (9)

where: 𝑔 is acceleration due to gravitational force, 𝑑 is diameter of the droplet, 𝜌𝑠
is density of the droplet, 𝜌𝑎 is density of the surrounding fluid (air).
The drag force (𝐷) depends on the drag co-efficient (𝐶𝐷), the falling velocity

(𝑉), and the surface area (𝑆). Equation (10) can be used to evaluate the drag force.

𝐷 =
1
2
𝜌𝑉2𝑆𝐶𝐷 (10)

The falling velocity (𝑉) of a falling body with gravity can be obtained from:

𝑉 = 𝑢 + 𝑔𝑡 , (11)

where, 𝑢 is initial velocity of the falling body, 𝑡 is falling time.
Falling time (𝑡) for a falling body from height (ℎ) can be obtained from:

𝑡 =

√︄
2ℎ
𝑔

. (12)

Water tends to be drawn into a spherical shape due to the surface tension effect.
All liquid droplets would be approximately spherical if only the surface tension
force is working on them. If the droplet size is smaller than the capillary length, then
surface tension dominates over the gravitational force. For a fluid-fluid interface,
the capillary length can be obtained from:

_𝑐 =

√︂
𝜎

Δ𝜌𝑔
, (13)
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where,𝜎 is surface tension of the fluid interface,Δ𝜌 is difference of density between
fluids. If the diameter is less than the capillary length, it will follow the Stokes’ law.
The surface tension in this model is used as a continuum surface force, which

is coupled with a momentum equation. ®𝐹𝑆𝐴, denoted below is a combination of
normal surface force and tangential surface force.

®𝐹𝑆𝐴 = ®𝐹𝑛
𝑆𝐴 + ®𝐹𝑡′

𝑆𝐴 . (14)

Here, ®𝐹𝑛
𝑆𝐴 is normal surface tension force, ®𝐹

𝑡
𝑆𝐴 is tangential surface tension

force. For surface tension force per unit interfacial area, the above equation changes
to Eq. (15).

®𝐹𝑆𝐴 = 𝜎^�̂� + ∇𝑠𝜎 . (15)

Here, ^ is interface curvature, ∇𝑠 is gradient operator tangent to the interface.
The initial velocity of the droplet is 0 m/s and the gravity is set to 9.81 m/s2.

The pressure is atmospheric pressure, which is 101325 Pa, and the temperature of
the model is 25◦C. The present study is considered for different fluid properties
mentioned in Table 1 to study the effect of droplet density and viscosity on droplet
dynamics.

Table 1. Properties of fluids

Fluid
Density,
(kg/m3)

Viscosity,
(kg/m s)

Surface tension
with air, (N/m)

Diesel 730 0.0024 0.02584
Water 998.2 0.001003 0.073
Glycerin 1260 0.799 0.064
Mercury 13530 0.001523 0.4855

2.3. Volume of fluid

For the simulation, theNavier-Stokes equations are coupledwith theVolume of
Fluid (VOF) which is used to follow a droplet during free fall. The method is based
on a concept of a scalar fraction function of liquid volume, which is represented
by the fraction of liquid volume in each cell. The volume fraction of each fluid is
tracked through every cell in the computational grid, while all fluids share a single
set of momentum equations [55, 57, 61].
The average value of 𝐶 in a cell would represent the fractional volume of the

cell occupied by fluid. When a cell has no traced fluid inside, the value of 𝐶 is zero
and when the cell is full, the value of 𝐶 is 1; and for fluid interface in the cell, the
value of 𝐶 is 0 < 𝐶 < 1.
The change of the 𝑤-th fluid in a system of 𝑛 fluids is governed by:

𝜕𝐶𝑤

𝜕𝑡
+ 𝑣 ∇𝐶𝑤 = 0, (16)
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with the following constraint
𝑛∑︁

𝑤=1
𝐶𝑤 = 1.

A pressure-based solver is used, in which velocity formulation is absolute. For
the multiphase model, the viscous model is used as a laminar in which the number
of Eulerian phases is 2, and the volume fraction formulation is implicit.

2.4. Numerical method

The discretization process is done with the finite volume method to solve the
partial differential equations i.e., Navier-Stokes equations where the computational
domain is discretized into a series of finite volumes or cells. Within the problem
domain, the physical parameters are represented as discrete nodes surrounded by
finite volumes. The volume integrals with a divergence term are substituted by sur-
face integrals using the divergence theorem. For phase interaction, the continuum
surface force model is used and the algorithm SIMPLE (semi-implicit method for
pressure-linked equations) is used for pressure-velocity coupling. The least squares
cell-basedmethod is considered to achieve sufficient accuracy and also to minimize
the computational time and in addition, the implicit body force treatment is also
applied to improve the solution convergence. Time step size is 0.0002 s and the
model runs for numbers of iterations till the convergence is achieved for at least
3 orders for all the converging parameters. The computational cost for performing
a single simulation case was approximately 2.5–3 hours on an 8.00 GB RAM,
Intel(R) Core(TM) i3-8100 CPU @3.60 GHz.

2.5. Mesh generation and grid independence test

Meshing is one of the important parts of simulation as the calculated result’s
accuracy significantly depends on meshing elements. For the present study, the
Quadrilateral Dominant method is used to mesh the entire domain (Fig. 1a). The
element order is linear and the element size is 0.00125 m. The maximum layers,
growth rate, and inflation are 0.272, 2, and 1.2 respectively. The meshing of the
domain is shown in Fig. 1b.
A grid independence test is also performed to reduce the influence of the

number of grid sizes on the computational results. During the test, a sequence of
coarse, medium, and fine meshes are generated to observe the effect on a specific
parameter such as the magnitude of velocity.
For the grid independence test, a droplet was set on this domain at 0.5 m height

from the surface. Velocity magnitude was calculated for six different element sizes
of the grid, as shown in Fig. 2, where 𝑠 is the element size of a single grid. Meshing
with grid size 𝑠 = 0.003 m is considered as coarse meshing while 𝑠 decreases up to
0.001 to check the effect of grid size. Therefore, six different (0.003 m, 0.002 m,
0.00175 m, 0.0015 m, 0.00125 m, and 0.001 m) mesh sizes were considered for
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the tests. From Fig. 2, it is shown that there are little fluctuations in the velocity
magnitude as time varies from 𝑡 = 0.2 s to 0.3 s. The maximum deviation of the
velocity is observed to be less than 4% due to the changing of grid sizes from
coarse to fine. Therefore, for the present study, 0.00125 m grid size is considered.
Hence, for this grid size, the total number of nodes is 484114 with the number of
elements is 479995.
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Fig. 2. Grid independence test

2.6. Validation

When a droplet is falling through stagnant air, its shape changes due to friction
with the surrounding fluid where shape changes are much influenced by the size of
the droplets. Fig. 3 shows the contour of water volume fraction of droplet for the
droplet sizes (8, 10, 15, 20, and 25 mm). It is clearly evident from the figure that
droplets are much stretched in the horizontal direction and it is much more for the
case of the larger droplets. It should be noted here that the liquid fraction shown in
Fig. 3 is just before the droplets breaking down to multiple droplets.
For the validation purpose, the axis ratios (droplet’s vertical to horizontal di-

mension) of different droplet diameters (8 mm to 25 mm) are plotted and compared
with the available literature [24] as shown in Fig. 4. The displayed axis ratio in Fig. 4
is calculated from the droplet shape just before it breaks into multiple droplets. As
it is expected, the droplets are stretching in the horizontal direction and the larger
droplets are much stretched as compared to smaller droplets, and the axis ratio
becomes smaller for the larger droplets. From Fig. 4, it is observed that the values
of the axis ratio computed in the present study follow a similar trend to the results
of earlier works.
The falling velocity of a water droplet with time for different diameters ranging

from 8 mm to 25 mm is calculated numerically and compared with the analytical
value by Eq. (11) is shown in Fig. 5a. The velocity of droplets, just before a droplet



Two-dimensional analogies to the deformation characteristics of a falling droplet and . . . 31

 
(a) 8 mm

 
(b) 10 mm

 
(c) 15 mm

 
(d) 20 mm

 
(e) 25 mm

Fig. 3. Surface plot of water volume fraction of droplets having various diameters
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Fig. 4. Axis ratio as a function of droplet diameter

breaks down into multiple droplets, for different droplet sizes is shown in Fig. 5b. It
could be stated that the larger droplets have higher velocities as compared with the
smaller droplets as the gravitational force is much higher than the drag forces at the
initial stages. However, as time goes on, the drag force is increased, therefore, the
increment of the velocities of the smaller droplets is gradually diminishing earlier.
On the other hand, drag forces make an unstable condition for the larger droplets
and result in changes of the shape of the droplets as the pressure at the upstream
position of the droplet becomes larger (stagnation point), allowing the fluid flow
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Fig. 5. Velocity of water droplets

in the peripheral direction (as evident in Fig. 3) and a droplet breaks into smaller
droplets.
As a droplet moves with a velocity relative to the ambient, it is acted upon

by aerodynamic drag force. The drag force, in turn, creates differential pressure
distribution around the droplet and causes it to deform. The other forces acting on
the droplet are the surface tension force and the skin friction force (internal and
external) due to the droplet and air viscosity. With the elapse of time, the droplet
starts to break after significant deformation. Therefore, it can be concluded that
the presented numerical results are quite comparable with the available literature
results as shown in Figs. 3–5.

3. Results and discussion

3.1. Effect of the initial diameter of a water droplet
on the droplet shape change

Shape changes of water droplets are calculated numerically for the droplet
diameters range of 8–25 mm. Droplet diameter larger than 5 mm is unstable, and
the droplet starts to break after a certain time of fall [20, 24]. Therefore, for droplet
diameter larger than 5 mm, the difference in shape change is evident because of its
instability. Due to free fall from an initial height with zero velocity, the change of
diameter is negligible for a certain initial period. At 𝑡 = 0 s, the droplet is circularly
shaped. When it starts to fall, the circle is turning into a flat shape and expands
in the horizontal direction at around 𝑡 = 0.3 s for all five different diameters of
droplets, as shown in Fig. 6. The larger the initial diameter of the droplet, the faster
the shape change takes place.
After that, the diameter in the horizontal axis increases as the droplet continues

to fall. Droplet size with larger diameter experiences more frictional resistance and
spreads in the horizontal direction more rapidly. The horizontal diameter is denoted
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(a) 8 mm (b) 10 mm (c) 15 mm (d) 20 mm (e) 25 mm

Fig. 6. Shape change of water droplet with various initial diameters (𝐷)

as 𝐷𝐻 and the initial diameter as 𝐷. The ratio of horizontal diameter to initial
diameter (𝐷𝐻/𝐷) and vertical diameter to initial diameter (𝐷𝑉 /𝐷) are plotted
with time as shown in Fig. 7.
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Fig. 7. The ratio of horizontal and vertical diameter to initial diameter as a function of time for
various diameters of droplets

From Fig. 7a, it is observed that a droplet having a higher initial diameter has a
steeper change in horizontal diameter with respect to time. It is quite interesting to
observe the shape changes in the horizontal direction for the droplet with a larger
diameter. Hence, the deformation in the vertical direction is more significant.
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However, the confidence interval, as shown in Fig. 7, reveals that the deformation
of the droplet is quite significant in both horizontal and vertical direction as time
goes on, the droplet stretching in one direction leads to squeezing in the other
direction. The 3D model and the experimental results might bring a better picture
regarding these deformations. However, for the larger-sized droplet, the surface area
in contact with the air increases more as the droplet falls through the air. Hence,
the upstream face of the droplet experiences higher pressure as compared to the
downstream region as it is falling down. Therefore, this relative higher pressure
overcomes the surface tension forces in the upstream portion of the droplet and
pushes the droplets to the downstream region through the edges as observed from
Fig. 6 where the larger droplet turns into a vortex-like shape during the free fall.

3.2. Effect of liquid properties on droplet’s shape

However, density is not the only factor to describe the falling dynamics, as
other fluid properties may contribute to the change of droplet shape during the free
fall. From Fig. 8, it is seen that the diesel droplet is spreading more compared to
other liquids. The probable reason may be that both the density and surface tension
of the diesel droplet is lower than that of the water droplet. Hence, for the same
time-lapsed, the droplet shape of diesel is changing more abruptly compared to the
water droplet. The surface tension of the glycerin droplet is slightly lower than the
water droplet, but glycerin has a higher density than water causing a bell-shaped
droplet with less horizontal spreading compared to both diesel and water droplets.
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Fig. 8. Time-lapsed droplet dynamics for various liquid droplets
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However, mercury has a very high density and surface tension compared to all
other considered fluids that deform the droplet almost vertically, whereas both
diesel droplet and water droplet are stretching almost horizontally. Hence, not only
droplet density but also the surface tension force is playing a very crucial role in
droplet deformation. It can be noted from the present analysis that, the higher the
density of the liquid droplet, the deformation of the droplet shifts more towards the
vertical direction i.e., along the flow direction.
The present study considers the horizontal diameter (𝐷𝐻 ) and vertical diameter

(𝐷𝑉 ) measurements to elucidate the droplet deformation pattern. Both 𝐷𝐻 and
𝐷𝑉 are equal when a droplet is at its initial position before free falling. However,
as soon as the droplet starts to fall, the diameters in both horizontal and vertical
directions are changing. As already depicted in Fig. 8, the diameter change in both
directions is not the same, therefore, to quantify the change, the ratio of horizontal
diameter to vertical diameter, 𝐷𝐻/𝐷𝑉 is defined as the diameter ratio. In Fig. 9,
the diameter ratio for different liquid droplets is shown up to the same time-lapsed.
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Fig. 9. For the same time-lapsed, diameter ratio of different droplets as a function of time

It is observed from Fig. 9 that the fluid with lower density starts to elongate
in the horizontal direction earlier. The glycerin droplet doesn’t elongate in the
horizontal direction as much as diesel and water droplets. It tends to be bell-
shaped later. On the other hand, the droplet of mercury shrinks in the horizontal
direction. Hence, for the heavier liquid (glycerin and mercury), the droplet ratio
(𝐷𝐻/𝐷𝑉 ) is found to be < 2 for the observed time-lapsed. However, for the
lighter fluid (Diesel and water), the diameter ratio suddenly changes at 𝑡 = 0.25 s,
increasing to a diameter ratio of 𝐷𝐻/𝐷𝑉 > 3 for the observed time-lapsed. It
indicates higher horizontal elongation of the corresponding droplets compared to
the vertical direction.
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3.3. Effect of droplet fall on a solid surface at various ℎ/𝐻

The present study investigates the droplet’s falling time to reach a defined solid
surface from different falling heights represented as ℎ. A droplet having an initial
diameter of 15 mm is placed at different falling heights. Later, falling height is
calculated for different ℎ/𝐻 ratios, where 𝐻 is the height when the droplet achieves
its maximum spread during free fall and ℎ is the variable falling height of the
droplet. Hence, the value of ℎ/𝐻 varies from 0.25 to 1.0. The numerical results
are compared with the analytical data obtained from Eq. (12) and the results are in
good agreement. From Fig. 10, it is observed that falling time is increasing with
the increase of falling height. As falling height increases, the frictional drag force
acting on the droplet increases enhancing the falling time.
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Fig. 10. Falling time to reach the surface as a function of falling height

From Fig. 11, the impact of a free fall droplet on a solid surface was observed
at different ℎ/𝐻 = 0.25, 0.5, 0.60, 0.75, and 1. The considered diameter of the
water droplet is 15 mm for all the cases to show the effect of ℎ/𝐻 only. In fact,
Fig. 11 shows some important insight into droplet dynamics especially when the
droplet is touching on the solid surface. Spreading and splashing are clearly visible
on the solid surface which is influenced by the falling height of the droplet. Other
parameters, such as droplet shape and the velocity of the droplet just before the
impact on the solid surface, may play a significant role in spreading and splashing
on the solid surface. However, to get a better insight, the We number and other
issues are needed to be considered.
According to Wachters et al. [39], a droplet with a We number higher than 80

will splash when it hits the surface. When ℎ/𝐻 = 0.25, the We number is higher
than 80 as well as the splashing parameter, 𝑘𝑡ℎ is also larger than 57.7. Hence, at
ℎ/𝐻 = 0.25, as soon as the droplet touched the surface, it turned into a truncated
sphere and started to splash. After the splash, there was no rebound or jetting but it
formed into a puddle structure at ℎ/𝐻 = 0.60, as shown in Fig. 11, stated by Clanet
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ℎ/𝐻 = 0.25 ℎ/𝐻 = 0.50 ℎ/𝐻 = 0.60 ℎ/𝐻 = 0.8 ℎ/𝐻 = 1

Fig. 11. Droplet falling on a solid surface

et al. [38]. The area of the puddle is increasing with the gradual increment of falling
height, as shown in Fig. 12. When a droplet impacts on a surface, the kinetic energy
changes into surface energy, and a droplet with a larger impact velocity overcomes
the viscous effect resulting in a splash with a larger area. This phenomenon is
observed until ℎ/𝐻 = 0.75. However, at ℎ/𝐻 = 0.75, the droplet crashes on the
surface and breaks into multiple secondary droplets. One of the major reasons for
secondary droplets creation is the impact and bounce off the surface. Moreover, at
ℎ/𝐻 = 1, multiple major secondary droplets have been created during the impact.
As the droplet has a higher We number, the droplet deforms during the free fall
and the impact area is larger than the initial area of the droplet. Liu [64] provided
a We−Oh map to measure the effect of the impact of a droplet on a solid surface
provided in Fig. 12a. The height ratio, ℎ/𝐻, ranging from 0.25 to 1 belongs to the
splashing zone in that map which is very similar to the present results. Moreover,
the splashing parameter, 𝑘𝑡ℎ calculated from Eq. (4) is shown in Fig. 12b.
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3.4. Effect of droplet properties for falling on a Liquid Storage

To illustrate this case, droplets having an initial diameter of 15 mm for three
different cases (liquids- water, glycerin, and mercury) were considered. The height
(50 mm) of the liquid storage is kept the same for all cases. For all the cases, the
droplet trajectories up to a time of 0.5 seconds are shown in Fig. 13, i.e., till the
impact on the liquid storages. However, after the impact of the liquid droplet to
the corresponding liquid storage, the scenario is quite different as droplets attain
different shapes for all cases before the impact. For the case of a water droplet in
Fig. 13a, it spreads much and the impact covers the larger surface of the liquid
storage, while in Fig. 13c, the mercury droplet shrank before impacting the liquid
storage. Moreover, at 𝑡 = 0.5 s, the momentum of the droplet during impact makes
a relatively higher disturbance in the liquid storage for the denser fluid (mercury)
as compared to lighter fluid (water), as shown in Fig. 13.
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Fig. 13. Time-lapsed images of a liquid droplet falling on a reservoir of the same liquid

FromFig. 13, it is clearly seen that the crater depth increases for the denser fluid
in the liquid storage (pool), however, the splashing in the liquid storage is much
influenced by the free-fall memory of the droplet and its shape before impact during
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the free fall. Hence, the droplet’s characteristics, which are regulated by density,
surface tension, height, and final shape of the droplet just before the impact, indicate
the deciding factors for splashing criteria into liquid storage or the liquid pool.

4. Conclusions and recommendations

4.1. Conclusions

Droplet characteristics have several difficulties to study experimentally as the
creation of different sized spherical droplets is challenging. Hence, a numerical
investigation is conducted to study the effect of droplet properties and size on
droplet deformation during freefall. The present simulations are carried out in a
2D model with a droplet size ranging from 8 mm to 25 mm. Even though it is
difficult to produce spherical droplets in the laboratory in different dimensions, the
present numerical studies are intended to investigate two-dimensional analogies
to the changes of the droplet shapes during the free fall with a wide range of
droplet sizes. The present simulation results are well validated with respect to the
experimental and 2D results available in the literature. In a freefall droplet, friction
with surrounding air plays a significant role in determining the droplet’s final
shape. When frictional force is greater than the surface tension force, the droplet
continuously deform and its shape is changing and the resulting diameter ratio is
not equal to 1. It is found that the droplet could be deformed horizontally up to 3
times of its original dimension before impacting on the solid surface. Hence, this
deformation is greatly influenced by the droplet size, density, and surface tension.
Moreover, the diameter ratio is increasing at a higher rate for a droplet with a
larger diameter and lower density compared to one that has a higher density. The
present study also indicates that the droplet spreading or splashing on the solid
surface or liquid storage is very much influenced by the falling height and the
attained shape of the droplet before the impact. Moreover, the deformed shape of
the droplet from its original spherical shape influences the spreading and splashing
phenomena during the impact time. To conclude, the deformation of the freefall
droplet is a continuous process and in addition, the spreading and splashing on a
surface are much influenced by the shape of the droplet at the time of impact where
the deformation of the droplet is significantly dependent on the density of the fluid
and the freefall height.

4.2. Recommendations

The numerical study of the droplet in 2D, 2D axisymmetric, and 3D on freefall
droplet may give a better understanding in terms of the droplet deformation dur-
ing its freefall. Moreover, the computational aspects of droplet deformation need
comprehensive investigation to have a clear picture of the droplet characteristics
during freefall and impact on solid or liquid surfaces.
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