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ABSTRACT: Droplet formation and growth processes have numerous scientific and industrial 5 ‘
applications. Experimental and numerical studies on the formation, growth, and breaking of \_
droplet are carried out in present work. The numerical results are in good agreement with the
experiment. This work focused on the effect of different Weber numbers (We) on the droplet
breaking time. The results show when We < 0.0S, the length and volume of the droplet increase,
and the breaking time decreases rapidly. The resultant force acting on the main droplet suddenly
drops around the critical breaking time. The difference rate between the time t, (when the
resultant force is zero) and the breaking time #, is less than 8.49%. For the dimensional analysis
of the numerical results, a prediction formula of breaking time on the Weber number is modeled

as aWe® + ¢ for We < 0.5.

1. INTRODUCTION

Droplet formation is a quite common phenomenon in daily
life, scientific research, and industrial production, such as inkjet
printing, biomedicine, and petrochemical processing, and so
forth. It is a tough task to understand the dynamics process of
droplet formation through a capillary at a low Weber number
(We), especially to predict the breaking time of the droplet. A
vast amount of experimental and numerical investigations
about the kinematic parameters, including the number,
diameter and shape of the droplets, and dynamic factors,
including the liquid viscosity and flow rate in the droplet
formation, have been carried out in recent decades.

Nazari et al.' used a high-speed photographic system to
obtain images of droplet evolution and analyzed the different
droplet formation processes. The influence parameters of the
primary droplets and satellite droplets were studied by Wang,”
including liquid viscosity, flow rate, the ratio of capillary
internal and external diameter, surfactant, and other influence
factors. Liu et al.® carried out a detailed study on the shape
change of droplet flow, and quantitative analyses about the
necking process under different flow rates and tube diameters
were discussed. An experimental study of water droplet
formation was carried out by Brenner et al,* and they drew
a systematic conclusion on the formation process and dynamic
characteristics in the stages of water droplet before and after
breaking. The behavior of droplet in different forming stages
was studied by changing fluid parameters.”® Tang et al.”
studied the effect of liquid viscosity on droplet shape by
experiments. It is found that viscosity has a significant effect on
droplet shape and length. The micro thread is formed between
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the droplet and the remainder as the droplet to individual
droplet, which is more obvious at high viscosity. Dastyar et al.*
conducted experiments to understand the physical and
geometric parameters of droplet formation, and the effects of
the surfactant concentration on droplet elongation, minimum
neck thickness, formation time, and droplet volume were
revealed. The main stages of drop on demand (DOD) drop
formation, including injection and stretching of liquid, pinch-
off of liquid thread from the nozzle exit, droplet shrinkage,
breakup of liquid thread into primary droplet and satellites,
and recombination of primary droplet and satellites, are
analyzed based on the experimental results.” Zhang et al.'’
experimentally analyzed that when the flow rate was low
enough, the droplets were injected out of the nozzle in a
discrete and uniform manner.

Even though many experimental studies on droplet
formation have been carried out, the complete mechanism
under the process is still not well understood due to the
insufficiency of the experimental data. In the past decades,
computational fluid dynamics simulation has developed
vigorously, which has gradually become a powerful tool for
analyzing complex interphase coupling problem.'" The process
of liquid outflows through the capillary, which is governed by
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the Navier—Stokes equation, and forms a droplet that can be
considered as an axisymmetric flow; thus, a cylindrical
coordinate is usually adopted, and the three-dimensional
model can be simplified to a two-dimensional model in most
cases. From this fundamental assumption, many improvements
of the simulation method have been published. Ambravanes-
waran et al.'” proposed a two-dimensional finite element
method for obtaining droplet formation characteristics such as
droplet volume and total streamline length. Eggers et al." used
Taylor expansion to simplify the two-dimensional model to
obtain a one-dimensional finite element model. Subramani et
al.'* studied the relation between Weber number, Ohnesorge
number, gravity bond number, and flow state by combination
of the experiment, high-speed imaging, and computation, in
which the one-dimensional slender-jet equations are solved
numerically by finite element analysis. Xu et al.'” used
numerical simulation to both advance the mechanistic
understanding of interface pinch-oft in DOD droplet formation
and develop insights into the effects of the governing
dimensionless groups on the underlying dynamics. Some
scholars presented a complementary experimental and
computational investigation, such as the effect of viscosity
and flow rate on the dynamics of droplet formation in the
dripping mode.'*"**

In summary, a lot of studies have been carried out about the
droplet formation process based on experimental and
numerical methods. However, most of these studies focus on
the droplets themselves in the core flow range of the dripping
region and less on the interactions between the droplets and
the peripheral devices, which will rise to become the main issue
in some special applications, such as the inkjet printing
applications, desulfurization solidification in the petrochemical
industry, and accurate control of the droplet spreading onto a
basal plate. The interactions will be significantly influenced by
both the terminal axial velocity and the breaking time of the
droplet, especially at the flow conditions in the transition
region from dripping to jetting. In this work, we consciously
chosen parameters close to the critical flow value. In our
previously estimation study, the result flow pattern under the
transition condition is combined dripping and jetting, which is
a main drop followed by a jetting column. The work was
mainly emphasized on the analysis of the droplet breaking time
at low Weber numbers (but cover the whole dripping region)
through experiments and numerical simulations. Variation of
the geometric characteristics parameters, such as limiting
lengths of droplets and primary droplet volume, contact angle
(angle between the interface and the tip of a capillary wall),
and average droplet growth velocity were analyzed. Finally, the
flow Weber numbers are used to represent the breaking time
and droplet neck diameter as a function, respectively.

2. MATHEMATICAL FORMULATION AND
NUMERICAL ANALYSIS

2.1. Governing Equations. In this work, the flow is
assumed to be an incompressible glycerin and air two-phase
flow. The droplet formation is simulated by solving a set of
conservation equations, which are decided by the volume
fractions of all phases with different property p and p. The
equations are as follows:

Equation of continuity

Vr=0 (1)

Equation of motion

d(pv)

2

o + V-(pv ® v) VP + uV'v + pg+ F, 2)
where p is the liquid density, v is the velocity vector, P is the
pressure, 4 is the liquid dynamic viscosity, and F, is the surface
force.

During the droplet formation, the interface between glycerin
and air is captured and reconstructed by the volume of fluid
(VOF) method. A schematic of the droplet formation is shown
in Figure 1. Under the action of gravity, this study was
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Figure 1. Schematic of vertical capillary droplet formation at constant
flow.

simplified to a two-dimensional axisymmetric simulation via
FLUENT 18.0. Mainly focusing on the deformation process,
the meshes near the axis were refined, the simulation results
were compared with the experimental results, and a suitable set
of grids was finally selected for calculation. The boundary
conditions are velocity inlet and pressure outlet. To deal with
the velocity—pressure coupling, the PISO algorithm was used.
To capture the free interface, the geometric reconstruction
method based on piecewise—linear interface calculation was
adopted. Compared with other interface reconstruction
methods, this method is the most accurate and is more
suitable for this work. Laminar flow was used in the simulation
due to the small Reynolds number.**

For the gth phase, the control equation has the following
form

7]
E(aqpq) + V(@) =S, 3)

where a is the volume fraction of the g-phase, p, is the density

of the g-phase, v is the velocity vector of the g-phase, and S, is
the source phase, the value is 0.
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Figure 2. Schematic of the experimental setup.

Table 1. Physical Properties of Glycerol Solution

c p (g/cnn’) u (g/em 5)
50% glycerol 1.225 0.061

Weber number

0.0008—0.3211

o (N/m) v (m/s)
0.07 0.005-0.1

Because of axisymmetric, the droplet shape must obey the
following relation at the droplet tip

T-e,=0atr=0, z=L(t) on S(t) (4)

where ¢, is the unit vector in the z-direction and L(t) is the
instantaneous length of the droplet. The velocity decomposes
on the tip of the capillary

v, = 0, vy, = const (5)

where v, and v, are the radial and axial components of the
velocity, respectively. The initial condition is that the fluid is
static, and the pressure of the entire fluid is constant at t = 0.

v(0, r) =0, p(z, 0) = const (6)

2.2. Analysis of the Forces in the Forming Process.
The force analysis of the droplet in the formin§ process is quite
complicated. According to the literature,”*° there are four
main forces that affect the formation process. Wei and Ngan et
al”” made a detailed description about the four forces:
buoyancy (Fg), kinetic force (Fy), drag force (Fp), and surface
force (F,) opposite to the direction of motion. In this work,
the buoyancy force is negligible because of the relative low
density of air, but droplet gravity is taken into account.
Furthermore, both the Ohnesorge number (Oh = y/(pds)"/?)
and the Weber number(We = p1>d/c) are small, which means
that the magnitude of viscous force and the drag force are small
compared with the surface tension, so they can be ignored
either. The force equilibrium between gravity and surface force
is as follows

(FG)whole = (Fa)vertica] (7

~—

(FG)whole = deg! (Fo')vertical = ﬂdwettedo sin ¢ (8)

where p is the liquid density, Vg is the whole droplet volume, g
is the gravitational acceleration, d,..q is the wetted diameter of
the capillary, o is the surface tension, and @ is the contact angle
between the interface and the tip of the capillary wall. Due to
droplet shape and wall wettability, the contact angle varies
during the formin§ process rather than a fixed value, according
to Byakova et al.”

3. EXPERIMENTAL APPARATUS AND SIMULATION
VALIDATION

3.1. Experimental Apparatus. The formation process of
droplet flowing into air at a constant flow rate from the tip of a

vertical capillary was experimentally studied. As shown in
Figure 2, the experimental scheme is composed of a stainless-
steel capillary tube (outer diameter is 3 mm, and inner
diameter d = 2 mm), a peristaltic pump, a high-speed camera,
and other components. Stable and continuous flow is provided
by the peristaltic pump (BT100-1F), and the flow rate range is
0.2 to 500 mL/min. The bottom of the peristaltic pump is
involved in the treatment of anti-vibration to achieve a good
effect of anti-vibration. Several sets of experiments were carried
out, and it was found that the vibration had a little effect on the
experimental results. The droplet formation sequence images
are taken by a high-speed camera (PCO. dimax HD). It has an
advanced Complementary Metal-Oxide Semiconductor
(CMOS) sensor with a maximum resolution of 1920 X 1080
pixels. The highest recording rate used in this work is 2000 fps
to capture the droplet breakup, and the scale of the sequence
image was determined as 10.023 pixels/mm. The backlight is
powered by a 500 W bulb. The properties of glycerin solution
are shown in Table 1.

3.2. Simulation Validation. The geometry of the
numerical simulation is consistent with the experiment. After
the numerical simulation considering gravity and the surface
tension, the droplet shape and necking length were captured by
the geometric reconstruction method of VOF. As shown in
Figure 3, the results of the experiment and simulation both
show that the droplet formation process could be divided into
three stages: forming stage, necking stage, and breaking stage

SALEER LS

¢ d e f i
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ng stage

? E
1"ormingJ t
Figure 3. Comparison of the droplet formation process between
experiment and simulation.
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according to the appearance of the droplet necking. The length
of the glycerol droplet with a velocity of v = 0.005 m/s and the
mass fraction of 50% was compared between the experiment
and simulation, as shown in Figure 4. The results show a good
agreement with each other in every stage, and the simulation
method can be validated.

o0
T

—=m— simulation
—e— experiment

Length (mm)
N W N ~
T

w

0.5 1.0 1.5 2.0 2.5 3.0
Time (s)

Figure 4. Comparison of the droplet formation length between
experiment and simulation.

4. RESULTS AND DISCUSSION

Based on the numerical simulation, the axial velocity, the
internal pressure of the droplet when it is formed, and the
vortex outside the droplet were analyzed in the work. The
changes in the geometric parameters in the three stages of
droplet forming were drawn. According to the change in
droplet volume and the force analysis of the droplet in the
equilibrium state, the prediction function of the breaking time
and neck diameter of the droplet were obtained.

4.1. Flow Evolution during the Droplet Formation.
Figure 5 shows the velocity of the glycerol-air two-phase flow.

=2.404 s

=1.264 s =1.8s 1=2.684 s =2.724 s t=2.744 s

Figure S. Velocity evolutions of the two-phase flow.

It can be seen that the velocity of the droplet tip increases with
the growth of the droplet at 1.264 and 1.8 s. A clockwise vortex
in the droplet is formed at the edge of the interface. As a result,
the fluid at the centerline of the capillary outlet is pushed
toward the outside. When the velocity increases, the air vortex
outside the tip of the droplet also becomes larger. At 2.404 and
2.684 s, due to the increase in the volume of the droplet, the
vortex is progressively stretched into a slender thread under the

influence of gravity. At 2.724 s, due to the obvious necking
phenomenon and the increase in the volume of the droplet, the
much larger vortex appeared near the centerline of the droplet,
which will further reduce the diameter of the droplet neck. The
velocity near the contact point between the droplet and
capillary begins to point from the outside to the center. At
2.744 s, the droplet is about to breakup, and the vortex in the
droplet is dissipated due to the effect of viscosity. After the
droplet is broken, the velocity direction of each point in a
single droplet formed is the same, and the droplet falls down.

Figure 6 shows the variation of the axial velocity along the z-
direction at different times. As shown in Figure 6a, there is a
peak and a trough in the axial velocity, indicating that a vortex
is generated. Combined with the previous results in Figure S,
due to the slow flow rate, the liquid at the nozzle is squeezed
out, forming a vortex near the nozzle. As the liquid flows into
the droplet, the position of the vortex moves toward the
centerline. As the volume of the droplet increases, the increase
in gravity causes the vortex to become larger, and the neck
phenomenon occurs (as shown in Figure 6b). Due to the effect
of gravity, the vortex appears in the liquid below the necking
portion. At the breaking time 2.744 s, the axial velocity varies
sharply, and the relative velocity difference reaches the
maximum value, which will stretch and shrink the neck and
finally cause the droplet breakup.

Figure 7 shows how the internal pressure contours change
during the formation of droplets. It is evident from Figure 7a—
d that the pressure at the tip of the droplet is larger than that
near the nozzle outlet. At each time period, the pressure
gradually increases from the inlet to the tip of the droplet,
which is similar to the hydrostatic pressure distribution. It will
stretch the droplet and increase the droplet volume. However,
the liquid inside the droplet continues to flow through the
pressure gradient due to inertia and gravity. It can be seen from
Figure 7e that in the breaking stage, the neck becomes thinner
sharply, and the pressure increases significantly to 360 Pa,
which is significantly higher than the pressure near the top of
the droplet and the nozzle. At this time, due to the existence of
the pressure difference, the droplets below the necking tend to
move downward under the action of the pressure difference.
The conical part above the neck has a tendency to move
upward, resulting in a narrowing of the diameter at the neck
diameter. Finally, when the diameter of the necked portion
approaches zero, the tensile stress on the radial cross-section of
the droplet at the necked portion tends to infinity until the
droplet finally breaks.

The different processes of droplet formation are shown in
Figure 8. The contact angle is defined as the angle between the
surface tangent and the horizontal dashed line. It represents
the component of surface tension acting in the vertical
direction opposite to the direction of droplet separation.

The change of droplet geometric parameters when v = 0.005
m/s is shown in Figure 8. Three stages of droplet formation
were analyzed.

(1) Forming stage (0—0.46 s, as shown in Figure 9)

During this stage, the liquid flows out of the capillary, first
forming a meniscus shape, and suspending on the wall of the
capillary. The contact angle decreases sharply and reaches a
critical value, as shown in Figure 9. The wetted diameter
increases sharply and reaches a critical maximum (capillary
outer diameter). The interface of line 1, as shown in Figure 8,
is the situation when the liquid flows out from the inner wall of
the capillary. As the droplet grows slowly, the wetted diameter
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Outer diameter T
FMdiam;ﬂeI._.ﬂall | thickness i
N N g {100 _

E o
E 190 —
g 3
g . {80 B
Horizontal line 5 24 —O— wetted diameter s
B —A— contact angle 170 &
B b B 1 3
22
\ Current contact angle i
\ 2.0 140
L 1
\ g : : )

t/'s

Figure 9. Changes in wetted diameter and contact angle (v = 0.005

Liquid phase m/s).

3
when it reaches the outer edge of the capillary, as shown by
line 2 in Figure 8. When reaching the interface position of line
2, the droplet volume increases, and the wetted diameter
= reaches a fixed value.
Gas phase (2) Necking stage (0.46—2.5 s, as shown in Figure 9)
During this stage, due to the inward contraction of the
droplet, the shape of the droplet changes from a meniscus

Interface

Figure 8. Schematic diagram of the different processes of droplet

formation. shape to an hourglass shape. The droplet is spherical from neck

to its top, as shown by line 3 in Figure 8. The contact angle
of the tip capillary wall increases. Due to the limited thickness remains almost unchanged, and the wetting diameter remains
of the capillary wall, the expansion of the meniscus is ended at the constant value of the outer diameter of the capillary. As
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Figure 10. Static pressure on the axis at the time of fracture at different inflow velocities: (a) flow velocity is 0.005, 0.01, 0.02, and 0.04 m/s. (b)

Flow velocity is 0.05, 0.06, 0.08, and 0.1 m/s.

the droplet volume gradually increases, the gravity of the
droplet also increases.

(3) Breaking stage (2.5—2.744 s, as shown in Figure 9)

During this stage, there are significant changes in various
parameters. As shown in Figure 9, when the contact angle is
changed from 90 to 120°, the wetted diameter decreases. The
capillary liquid falls into the primary droplet, forming interface
lines 4 to 5, as shown in Figure 8. Gravity increases as the
volume of the droplet increases, causing the droplet to
breakup.

4.2. Effect of the Weber Number on the Droplet
Formation. In order to understand the mechanism dominat-
ing the droplet breaking time, the forming process of droplets
at different flow rates was numerically simulated, they were
0.005, 0.01, 0.02, 0.04, 0.05, 0.06, 0.08, and 0.1 m/s,
respectively.

Figure 10 shows the variation of axial pressure at the
breaking time with different inflow velocities. It can be seen
from Figure 10a that the necking portion of the droplet is
shorter at the flow rates of 0.005, 0.01, and 0.02 m/s, but the
pressure fluctuation is not obvious at this time, and the axial
pressure at the necking is the maximum value of 500 Pa. When
the flow velocity changes from 0.02 to 0.04 m/s, the static
pressure changes significantly. Because the necking portion of
the droplet becomes longer, the pressure on the necking
portion increases and fluctuates greatly, with a maximum of
2200 Pa. As shown in Figure 10b, the necking portion is longer
when the flow velocity is 0.05, 0.06, 0.08, and 0.1 m/s, the
pressure starts to increase from the beginning of the necking
portion, the pressure reaches the maximum at the end of the
necking portion, about 1800 Pa, and then, the pressure on the
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axis gradually decreases. Since the pressure at the neck is the
largest, a pressure difference is formed at both ends of the
necking portion, which makes the necking portion tend to
move relative to each other. The necking portion becomes
thinner and thinner, approaching zero, and the tensile stress on
the radial section tends to infinity, which exceeds the critical
tensile stress, so the droplet breaks.

As mentioned before, the Weber number (We = pv*d/o),
which represents the ratio of inertia force to surface force,
varies with the inlet flow rate. Figure 11 shows the breakup
time t, (s) of the droplet, the length of the droplet at breakup
L, (mm), and the breakup volume V; (107* m?) as a function
of the Weber number (We). It can be seen from the figure that

12
0F ¢ h
—— 1L
8 —— 7y
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£ 6
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4_
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Ol‘\l._-;l  —— T —.
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Figure 11. Breaking time, breaking length, and breaking volume at
different Weber numbers.
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when the Weber number is less than 0.05, the length and
volume of the droplet increase more obviously than that when
We > 0.0S. Similar results can also be found for breaking time,
which is when We < 0.05, the breaking time decreases rapidly
with the increase in the Weber number.

The resultant force acting on the droplet is calculated by
force analysis. It can be seen from Figure 12 that the resultant
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Figure 12. Resultant force during droplet formation at different flow
rates.

force on the droplets slowly decreases with time at the growing
and necking stage. Then, the resultant force suddenly drops,
combined with the results shown in Figure 11, which is very
close to the critical time for the droplet to breakup. As the
velocity at the capillary increases, the time when the resultant
force becomes zero is earlier. The slope of the resultant force
line is also larger after the droplet force is balanced.

Inspired by the idea that the time when the resultant force is
zero (t,) can be the indicator of droplet breaking time (t,), we
compared their value at different Weber numbers, which is
shown in Figure 13. It can be seen that the time ¢, is very close

1.2

=

0.8 ——1p

02}

0.00 0.05 0.10 0.15 020 025 030 035 040
We

Figure 13. Breaking time and zero resultant force time at different
Weber numbers.

to the breaking time at all flow rates. With the increase in
Weber numbers, the difference between the time when the
resultant force is zero and the breaking time increases slightly,
with the difference rate from 0.15 to 8.49%, so the relationship
between t;, and t,, can be approximately given as

ty &t ©)
4.3. Prediction of Droplet Neck Diameter. In order to

predict the breaking time more reasonably, the droplet neck
diameter was first investigated. The relationship between the
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Figure 14. Relationship between dimensionless neck diameter and
Weber number.

dimensionless neck diameter (d* = d,.,/d) and We is shown
in Figure 14. The fitting relationship between the two
dimensionless numbers is

d* = alWeb1 + ¢ (10)

where a; = —0.916, b, = —0.107, and ¢, = 2.115. Similarly, the
relationship between V, and V,, at zero resultant force time (£,)
is shown in Figure 15, where Vj is the whole droplet volume,

6x10° |

5x10°%

o 4x10%
=

—

QEMT

LI 4

s
210 — Fit Expression of V'

1x10%

1x10%  2x10®  3x10®  4x10®  5x10%  ex10®
Vd/m_3

Figure 15. Relationship between the whole droplet volume V and the
droplet volume below the neck V,, at zero resultant force time.

and V,, is the main droplet volume below the neck. It can be
seen from Figure 15 that there is a good linear relationship
between V; and V,, and the relation between the two variables
is V,, = b,V;, where b, = 0.914.

4.4, Prediction of Droplet Breaking Time. The surface
and gravity force dominate the droplet formation. The smaller
the neck diameter, the lower the surface force due to the
smaller perimeter, but the greater the Laplace pressure due to
the larger curvature. Gravity increases as the volume increases.
It can be seen from the fact that the droplet is not broken from
the nozzle but is broken from the neck when the necking
phenomenon occurs. Different with eqs 7 and 8, for the main
portion of the droplet underneath the neck, we have

FG = angi Fn‘ = ”dnecko- (11)
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where V, is the droplet volume below the neck and d, . is the
neck diameter. At the neck, the surface force is in the vertical
direction. Therefore, the resultant force is zero, which can
prove that the gravity Fg is equal to the surface force F,

FG = Fo’ (12)

”dneckg = ang (13)

Equation 13 shows that the breaking time £, is related with
the neck diameter d, .y, liquid density p, surface tension ¢, and
the droplet volume below the neck V,, which is based on
Figure 15, linearly related to the whole droplet volume V.
From the mass conservation principle, the whole droplet
volume Vjy is the time function of inlet velocity v and inner
diameter d. Thus, the functional relationship between all these
parameters is

tn =f(dneckl o,v,d, /)) (14)

After a dimensional analysis of these parameters in the
function, the following dimensionless relationship is obtained

tn _ 4 dneck
dv™! _fl[dvzp’ d ]
etlme ) =45 7)
t=d —,d |=f|—)4d
" (7Wef1 We 5 We (15)

where We is the Weber number and d*is the dimensionless
neck diameter. Based on the numerical results, we have got the
most possible form of the function on the right hand side of eq
1S, which could be the power function of the Weber number
and the dimensionless neck diameter d*. According to eq 10,
the breaking time can be written as

t

n

a,(We™-d*®) + ¢,
= az[We”’l-(alWeb1 + )™+, (16)

When the Weber number is small (i.e, We < 0.5 in present
work), we can only keep the lowest order of We. At last, the
droplet breaking time can be predicted with the Weber number
as

t,~t, = aWeh +c (17)
where a = 0.29, b = —0.2, and ¢ = —0.15.

5. CONCLUSIONS

(1) The evolution of the gas—liquid interface during the
formation process of the droplet was captured numeri-
cally and experimentally as the glycerol mass fraction is
50%, and both results are well in agreement with each
other.

(2) The droplet formation can be divided into three stages:
forming stage, necking stage, and breaking stage. As the
droplet growing, a clockwise vortex in the droplet is
formed. The increasing gravity causes the vortex to
become larger, and then, the neck phenomenon occurs.
At the breaking time, the relative velocity differences
stretch and shrink the neck and finally cause the
breakup.

(3) When We < 0.05, the length and volume of the droplet
increase, and the breaking time decreases rapidly. On the

other side, when We > 0.05, the flow rate has little effect
on droplet geometric parameters.

(4) The resultant force suddenly drops around the critical
time for the droplet to breakup. The difference rate
between the time t, (when the resultant force is zero)
and the breaking time #, increases from 0.1S5 to 8.49%;
therefore, the ¢, is approximately equal to t,.

(5) The approximate formula of droplet neck diameter is
determined, as shown in eq 10.

(6) After the force and dimensional analysis, combined with
the numerical results, the prediction formula of breaking
time on the Weber number is determined, as shown in
eq 17, for We < 0.5.
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