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Abstract: This research validates the computational results regarding the effects of viscosity, the flow rate on
the dynamics of drop formation in the continuous jetting mode with the experimental results available in the
literature. In this research, volume of fluid method 1s used for tracking the droplet during detachment process.
Various stages of drop formation including ejection and neck development of liquid thread and its breakoff into
primary drops are studied. The deviation of pressure 18 also analyzed. The variation of the smallest width of
thread and thread length is also studied for various time periods. Tt is also observed that the size of the primary
drop increases slightly with the increase in surface tension and decreasing viscosity whereas while the effect
of density on the size of the primary drop is negligible. Furthermore, mathematical models using power law,
allometric curve and exponential decay function were also constructed. The coefficient of determination also
achieved the lgher values (0.97-0.99). Drop formation process 1s widely used in IC engines for atomization
purposes in the paint industry and especially in the medical field for determining certain diseases.
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INTRODUCTION

Due to various applications (Basaran, 2002),
dynamics of drop formation becomes a topic of interest
for research. Tt is widely used in the extraction process,
inkjet printing, spray cooling, etc. In today’s life, there are
a number of methods (Eggers, 1997, Bhat, 2008) available
for producing a drop from a nozzle or capillary tube’s
orifice. These are dripping, jetting (or continuous jetting),
drop on demand and drop layering. Dripping and jetting
completely depends on the flow rates. Dripping happens
for low flow rate under the gravity force. The brealcoff time
taken in this case is more as compared to the jetting mode.
Continuous jetting mode occurs when there 1s an increase
mn the liquid flow rate. This type of drop formation along
with some control system is widely used in current
printing industry. In the Drop on Demand (DoD), ejection
of the drop occurs as per requirement. Inkjet printing
process mainly works on DoD methed (Doring, 1982).
Other than mlget printing DoD process 1s being used more
and more in several emerging applications such as the
formation of three-dimensional biological structures
(Calvert, 2007) that are useful in the study of artificial
organs and fabrication of polymer transistors
(Sirringhaus et al., 2000) and solar cells (Rembe et al,
1996, 1999),

Dynamic of drop formation depends on various
factors like the viscosity of the liquid, swface tension
between the liquid and atmospheric medium, density of
the liquid, flow rate of the liquid in the capillary tube, etc.

Savart (1833) experimentally observed the drop
formation phenomencn when a stream of water flowed
through a nozzle as shown m Fig. 1. Small drops in
between the two bigger drops named as “Satellite drop’.
He stated from his experimental study that drop formation
did not depend on gravity. However, he did not
understand the surface tension effects on the drop
dynamic which was later observed by Rayleigh (1878).
According to Rayleigh, drop formation occurs due to the
gravity forces. Different aspects of dripping, jetting, liquid
bridge and various stability factors that occur in the drop
formation were explained by Egger (1997).

Hauser et al. (1936) and Stone et al. (1986) pictured
the drop detachment process before, during and after the
breakup in their experiments. Tjalyadi et al. (1992)
investigated experimentally, the effect of interfacial
tension, viscosity ratio on the satellite drop formation.
Wehking (2014) experimentally revealed the effect of the
physical and geometric property of the system on the
drop dynamics process. Peregrine ef al. (1990) revealed
the sequences that occur during the breakup of the drop
in four stages, ie., necking, bifurcation, recoil and
secondary droplets.

Shi et al. (1994) show the effect of viscosity on the
thread length during the drop formation process which
was also investigated by Henderson et af. (1997). Zhang
(1998) focuses on determimng the effect of geometric
parameters, physical properties and swurface active
materials on the dynamics of drop formation for low flow
rate. They revealed that viscosity is the major stabilizing
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Fig. 1: Drop formation in savort’s experiments

force. Tirtaatmadja et al. (2006) investigates the effect of
molecular concentration on drop dynamic process and
reveals that the material concentration has direct impact
on the thread length means increased concentration
increases the thread length as well as breakoff time
period of the drop which was also studied by
Drumright-Clarke and Renardy (2004).

Zhang et al. (1995) observed that surface tension
forces the drop to be spherical. Surface tension is directly
proportional to the detachment length of the pendent
drop which was similar to the experimental study of Zhang
(1999) who revealed the variation of break-off time as a
function of swface tension. According to him, the
accumulation time is fast if the capillary ratio (€) is more.
With a high capillary ratio, necking and detachment
process keeps prolonged and deforms. For the stagnant
value of viscosity ratio and variable value of the capillary
ratio, breakoff length faintly depends on gravitational
bond number (B). Grubelnik and Marhl (2005)
experimentally revealed that the drop was formed near to
the nozzle for a large surface tension liquid.

Zhang et al. (1997) also studied the effect of
gravitational bond number on the drop formation. They
observed that the drop volume decrease with an increase
in the Gravitational bond number as per the relation v,=[3-
where, n=0.99 which is analogous to Middleman (1995)
and Zhang (1998). But for the higher value of gravitational
bond number, no satellite drop formed which 1s observed
by Zhang (1999).

Along with the impact of physical properties,
operating conditions also influence the dynamics of drop
formation. Zhang and Basaran (1995) observed that if we
decrease the thickness of the capillary tube, elongation of
the pendent drop increases while its volume decreases.
But 1f the ratio of inner radius and outer capillary radius
(R/R) 18 greater than 0.3, there 13 no impact of wall
thickness on the drop dynamics. Similarly, the relative
dimensionless drop elongation (LJd/R) rises as the
radius of the tube increases. Chang et al. (2012) works
experimentally on a silicone liquid says that drop’s thread
length decrease when we increase the capillary size. He
validates this with his analytical solution. Zhang (1999)
mvestigated the impact of wall thickness on drop
formation. He said that for satellite drop formation, the
value of wall thickness must be greater than 0.48.

Zhang et al. (1997) observed that for a fixed value of
A, P, & increase in the extemal flow decrease the

detachment volume which i1s similarly stated by

Grubelnik and Marhl (2003). The external flow leads to the
small-sized drops formation which was perceived by
Chift et al (1978) Zhang (1999) examined that if
Reynolds number increases then thread length along with
breakoff volume increases. Also, there is a transition
between dripping to jetting occurs at high Reynolds
number.

Beyond the experimental work, nowadays different
numerical methods are used to examine the drop formation
process. Dravid et al (2008) observed the process of
satellite drop formation and determine the conditions
which required m controlling the diameter of drops. The
Galerkin finite element approach is used to solve the
governing equation. Pan and Suga (2003) investigates the
pinch-off process of drop liquid mto another liquid in a
three-dimensional model. The level set method 1s used
for the tracking of the complete pinch-off process.
Renardy and Renardy (2002) develop an accurate
representation of the body forces generated through
surface tension and mnamed 1t as the Parabolic
Reconstruction of Surface Tension (PROST). The volume
of fluid method is used for the solution of Navier-Stokes
equation. Fawehinmi ef al. (20053) studies the effect of flow
rate and viscosity on the drop dynamic process through
experiments and CFD packages, i.e., CFX and FLOW 3-D.
Bishnoi et al. (201 6a, b) investigate the effects of variation
1n operating parameters as well as design parameters on
the satellite drop formation. The increase in both flow rate
and diameter of nozzle mlet size leads towards more
satellite droplet formation. Also, the impact of velocity
variation on the smaller sized nozzle 1s less as compared
to that of the large-sized nozzle.

The Volume of Fluid (VoF) is one of the commonly
used methods. It 15 a free surface modeling technique for
tracking and locating the free surface.

Current literature analyses the effect of wvarious
properties on the drop dynamic process. Available results
explain the brealcup process in a good manner but they
did not provide the mathematical relation between thread
length and various properties of the liqud at different
licuid’s concentration.

In this manuscript initially, the computational domain
1s verified with the literature results. Then, the variation of
thread length due to viscosity and surface tension 1s
demonstrated graphically and correlated through fitting
curves techniques are being developed.

MATERIALS AND METHODS
Modelling, meshing, processing and simulation every

task 13 done by using ANSYS fluent (14.0 Ver.). Inall the
cases, the models of the profile surface have been
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Fig. 2: Computational domain with different boundary
condition’s

generated, implicating the required boundary conditions.
Geometric model of cuboid representing the system (drop)
and the surrounding medium (atmospheric air) is modeled
and meshed with a size sufficiently small such that the
accuracy of the results obtained would be within the
desired limit. The size of the system considered is such
that accuracy of the result 1s not affected by it. After the
breakoff of the first drop from the capillary tube, the
residual liquid hanging from the tube takes the profile of
a section of a sphere. All analysis is performed after the
stability occurred.

Computational domain model with boundary conditions:
The domam consists of two regions: a glycermn-85%
chamber (capillary tube) and an air chamber with the
coordinate system as shown in Fig. 2. The inside surface
of the capillary is neutrally wettable while the surface
surrounding the capillary orifice is non-wettable. We
consider different compositions of glycerin as our base
fluid which 1s being incompressible and Newtoman fluid
as shown mn Table 1. Flow velocity profile at the mlet 1s
considered as fully developed. The outlet of the domain
15 considered as pressure outlet. To analyze the drop
formation process from the capillary tube into ambient air,
we use “Volume of Fluud Model, i.e., VOF Model in the
FLUENT Version 14.0.

At time zero, glycerin-85% fills the capillary tube,
while the rest of the domain is filled with the air. Both
fluids are assumed to be at rest. To initiate the ejection,
the glycerin-85% velocity at the inlet boundary suddenly
rises from 0-1 mL/min with fully developed profile and
drops forms according to a gravitational law. Gravity force

which acts towards Z-direction is also included in the
simulation. Due to the axial symmetry of the problem, a
two-dimensional geometry 1s used.

Mathematical modelling: For free surface flow, the
detachment process of a drop depends on a lot of factors
which include the velocity of drop liqud flow, the
viscosity of liquid phase (), the density of both phases
(p), the surface tension between liquid and air (0) and the
diameter of capillary tube.

in the mathematical
formulation and the solution process are the following
based on which the governing equations are written as:

The assumptions made

*  The flud flows are Lammar and Newtomnian

»  The model 13 axisymmetric

* The suwroundmng air
incompressible

»  The liquid properties are known and constant

»  The evaporation of the liquid is neglected

» At the inlet of the capillary tube, fluid flow is
assumed to be fully developed flow

¢+ The thickness of the
(Wilkes et al., 1999)

can be considered as

nozzle is neglected

With the above assumptions, the Navier-Stokes
equation i non-dimensional form for the transient motion
of the liquid 13 given as:

Vv =0 (1)

Re{aerV.VV] = V.IJ{G}]' (2)
ot Ca

T plt| VoH(W)' | (3)

The variable in Eq. 1, 1.e., A 1s the gradient operator;
v 18 the resultant velocity vector. Similarly, in Eq. 2, T 1s
the stress tensor; ] 18 the unit vector m the z-direction. In
Eq. 3, p represents the dimensionless pressure and T is the
identity tensor. Also during the non-dimensionalization
process, three dimensionless numbers are introduced in
Eq. 2:

¢ Reynolds number, Re = pUD/u
»  (ravitational bond mumber, G = pgR*/o
»  Capillary number, Ca = pU/o

The flow 1s considered as fully developed, so, its
velocity profile becomes:
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v, = QQZ{ [ ” 0<r<R (4)
R R
Where:

r = The radial coordinate of drop phase
v, = The flow velocity in the Z-direction

The maximum velocity of liquid phase flow for the
fully developed flow 1s given as:

. (3)
nR?

The tracking of the mterface between two phases
(1e., pth and qth) 13 completed by solving a mass
conservation equation for the volume fraction of one or
more phases. The equation is as following for gth fluid:

)} (6)

1

o ale0.)V-(a05,) =5, <37 (i,

Where:
= The mass transfer from phase pth to phase gth
» = The mass transfer from phase ¢th to phase pth

Generally, the source term, 8., on the right-hand side
1s zero. Only the volume fraction for the secondary phase
fluid is solved. And the volume fraction of the primary
phase fluid can be calculated by the following Eq. 7:

Yo, -1 (7)

The boundary conditions for the solution of Eq. 1
and 2 which are also shown n Fig. 2 stated as:

¢ Tnlet of the domain is velocity inlet

¢ Axis is considered as an axisymmetric axis

*  Free slip velocity condition near the wall because the
fluid near the wall 1s air

¢ Outlet of the computational domain is atmospheric
pressure outlet

Grid generation: Grid generation 1s quite important work
for the nmumerical analysis. The whole computational
domain is divided into several numbers of cells. The cell
arrangement in the nozzle within the domain is shown in
Fig. 3. It can be marked that the cell density 1s too dense
near the axisymmetric axis as compared to the remaining
domain because the detachment profile of drop formation
moves along the axis of the domain. Tt means a zone

Uniform Quadrilateral
Meshing

Symmetric Axis Dense Meshing

Fig. 3: Schematic diagram of grid generation in the
computational domain

nearby axisymmetric axis is the main area for the analysis.
The cells are quadrilateral in shape throughout the
domain. The development of the detachment profile of the
pendent drop occurs near the axisymmetric axis, so, the
smaller cells are placed near the axis.

Numerical solution procedure: Meshing plays an
important role in the numerical solutions obtained through
the computational methods. More 13 the number of cells;
the much accurate result can be obtained Geometric
models have meshed with a sufficiently small size such
that the accuracy of the results obtained would be within
the desired limit. The bounding surfaces of the system
have been defined by names and the top swrface has
been defined as open to atmosphere. An unsteady
pressure-based solver, using laminar flow model has been
adopted with gravity assigned acting towards Z
directions. A User-Defined Function (UDF) source code
for the fully developed flow was mvoked and interpreted
using the interpreter and was hooked to bhoundary
conditions. The zones representing the two phases were
marked and the material properties were assigned by
patching. The nature of the movement of the drop was
studied FLUENT Version 14.0 used a grid solver which
solves the Navier-Stokes equations in an iterative manner
by applying the above-mentioned boundary conditions.
Pressure Implicit with Splitting of Operators (PISO)
algorithm along with PREssure STaggering Option
(PRESTO) scheme 15 used for the discretization process.
Under-relaxation factor for pressure is 0.3 and that for
momentum 1s 0.7 were used for the convergence of all
variables. Tn general, regular quadrilateral cells were used
for the entire computational domain. The convergence of
the discretized equations was said to have been achieved
when the whole field residual for all the variables fell
below 107 for u, v.
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RESULT S AND DISCUSSION

Grid sensitivity test: A5 per the numerical solution
procedure, the meshing should be fine but it will increase
the titme period of the whole computational process. The
basic purpose of grid sensitivity test is to detertnine the
accuracy of the computational results for different
tneshing conditions. In VOF approach path profile of the
moeving drop is located. If meshing is poor, then the
location ofthe liquid drop 15 not so accurate as cormpared
to higher one. Inthis computational worle, 8,000, 30,000
and 50,000 cells grid sized meshing 15 analyzed. Figure 4
dernonstrates the meshing having 8,000 and 30,000
cells.

&5 shownin Fig, 4, the free surface of drop profile for
the dense mesh is better to locate as compared to the
lighter mesh size. For the further computation, 30,000 cells
meshing are considered better than 8,000 in tracing the
free surface and efficient than 50,000 cells in owerall
cormputational time.

Comparisonoefdrop detachmentp rofilewithexp erimental
result: Figure 5 shows the companson of different
sequences of drop formabion obtained from  the
experimental method (Willtes et o, 1999) and VOF
numerical method. The actual detachment time of the 85%
glycenn drop in the air 1s 5.07 sec (from imutial) and
2.29 sec (after previous drop’s detachment) wiuch is
within 3% error as cornpared with the Willees ez ad. (19997,
Furthermore, the above image proves that the VOF
method also provides the precise information regarding
the motion of drop during the detachment process.

Drop elongation and breakup: Onthevalid computational
domain, now, we screen out the wariations of the
dimensionless thread length at warious flow rates with
respect to the detachment time pericd, 1.6, t;-t as shown
inFig. 6.

When the flowrateincreases, the thread length of the
drop before the detachment increases whereas the
time period of the detachment decreases. The walue of
dimensionless drop elongation just before the detachment
15 roore with low fow rate as compared to higher owrate.
The reason behind this is that at high fow rate pendant
drop lost its equilibrinm prior to low flowrate. The liquid
flow rate also toughens the ocowrrence of drop
fabrication A similar development is also reported by
Zhang et ad. (1993).

Figwre 7 demonstrates the wariation of the
dimensionless minirmum radius of the thread a/R and the
dimensionless drop elongation L/R with comparative
detachment tirme (- t) for 85% glycerin developing out of

(@)

2000 mesh cells

30000 me gheells

2000 mesh cellz 30000 medh cells

Fig 4: Gnd sensitivity test: a) 1.50 secand b) 3.0 sec

.......... Experimental
CFD

2.28 sec

0.079 sec 1.16 sec 2.0 sec 2.27 sec

Fig 3 Companson of detachments profile of pendent
drop at warious time sequences for experimental
and cornputational methods

a capillary tube of R = 1.6 mum at © = | mL/min It proves
that the wiscosity plays a crucial role during the neclang,
and brealmp dynamics of forrming drops. Also, the thread
length ofthe brealcoff drop elongates and the wadth of the
liquid thread becomes constantly decreases as the time
period proceeds until it reaches brealkcoff.

Influence of viscosity on drop dynamics process: A5 per
Kumar and Kuloor (1970}, thereis a marginal variation of
viscosity on the wolume of the detached drop. Howeser,
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Fig. 6 Vanation of dimensionless thread length with detachment time period for different flow rate: a) 1 mL/min;

b) 2 mL/min; ¢} 3 mL/min and d) 4 mL/min
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Fig. 7. Variation of dimensionless thread length with
dimensionless minimum thread radius with
detachment time

it actively influences the drop formation process,
especially during necking and breakoff time period. The
impact of viscosity on the thread length for the different
composition of glycerine is plotted in Fig. &8 The viscosity
of the liqmd 13 an important parameter to curb the
mnterfacial undulations of the breakoff drop. It smoothens
the detachment profile of the drop at every stage before
breakoft.

129 & Experimental
-~ Present work
11 4 —¢— Power fitting curve
10
B
3
£
7-
6-
5 T T T T T T T T 1
10 20 30 44 50 60 70 80 90 100
Glycerine (%)

Fig. 8 Variation of thread length as a function of different
glycerin compositions

When we compare the spring balance system with the
drop dynamic system, then the viscosity of the liquid
used 1n the drop process plays the similar character as
dampig force plays i the spring balance system. The
increase in viscosity of the liquid will eliminate the
oscillation that occurs during drop formation process and
also mereases the breakoff period of the process.

Figure 8 shows the thread length’s dependency on
the percentage glycerine composition. The limit of
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Fig. 9: Variation of thread length as a function of surface
tension of glycerine

glycenine composition 1s varying from 0-100%. Thread
length is increasing exponentially with the mcreasing
percentage content of the glycerine. The percentage
content of the glycerine of thread length was manifested
n all the samples of glycerine. The percentage content of
the glycerine dependence upon the thread length 1s fitted
using Power model as shown in Eq. 8. Relation shown in
Eq. 8, exist only on the initial boundary conditions of the
system. The value of the coefficient of determination for
the fitted curve s 0.99984 which represent the best
regression curve for the data. The given Eq. 8 is valid for
Q =1 mL/min and the values of glycerine viscosity at
different compositions used in the computational analysis
that 1s shown in Fig. 8.

L, =5.43914+4.048e 7 x C}*¥ (8)

Where:
I, = Thread length (mm)
C; = Different percentage age glycerine composition

Influence of surface tension on drop dynamics process:
Figure ¢ shows the variation of surface tension by
keeping density and viscosity constant. The sequence
of the drop’s shown 13 1 m sec before the detachment
period.

Surface tension is the basic force due to which the
liquid drop adopts the spherical shape near the capillary
tip. The swface tension force plays a critical role in
manipulating the behavior of the detachment droplets.
The drop at the needle is gripped by the interfacial
tension force, due to which the time taken for the
equilibrium of forces 13 less for systems with lower
mterfacial tension. Surface tension shows the mutual
mteractions of the liquid volume. Higher the surface

5.6

th
'
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—8— Computational thread length
— Exponential decay function cutve

o
o
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i

e
i

4.6

T L} L] T T 1
0.0004 0.0006 0.0008 00010 00012 0.0014 0.0016

Density (g/em’)

Fig. 10: Variation of thread length as a function of density
of the glycerine

tension indicates the more cohesive power of the liquid.
Due to this reason with an increase of surface tension the
following happens:

¢ TIncrease in the size of the pendent drop
s Decrease in the thread length as shown in Fig. @
» Increase mn the breakup time of the pendent drop

To determine the relationship between thread length
and surface tension, the allometric curve is selected as the
best fit curve for the computational variation. The value
of the coefficient of determination 1s 0.9869 for the
regression. Equation 9 represents the relation between
thread length and different values of the glycerine’s
surface tension:

L =156263%c ®)

Where:
L; = Thread length (mm)
0, = Various surface tension values (N/mm?)

Influence of density on drop dynamics process: Figure 10
shows the variation of density on the detachment profile
of the pendent drop by keeping surface tension and
viscosity constant. Given variation shows that with a
decrease in the density of the pendent drop liquid, the
breakoftf volume of the drop increases. As we say that a
more dense body has more weight which means more
gravitational pull 13 exerted on the pendent drop. So, for
high-density value and due to more pulling force, the
pendent drop detaches earlier as compared to the other
ones. Also, the thread length of the lgh-density liquid
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. g

Fig. 11: Pressure contour of glycerin drop profile

pendent drop is small as well as the satellite drop
formation will not occur with the value of density being
high. Equation 10 shows the dependence curve of thread
length upon the density of the liquid. The cuwrve having
exponential decay function superlatively fits the
computational domain thread length curve as shown in
Fig. 10. The value of the coefficient of determination is
0.999886 which indicates a perfect fit of the exponential
decay function curve with the computational results.
Equation 10 is valid for Q = 1 mL/min and the values of
density used in the computational analysis that is shown
m Fig. 10:

L, =2.48446% 14479 (10)

5.2389¢%
&3

Where:
L, = Thread length (mm)
p; = The various density values (g/cm®)

Study of pressure contour profile: Figure 11 shows the
variation of pressure within the droplet region. The value
of pressure 18 more at the neck region as compared to the
other zones of the drop. The region behind this is that a
stagnation point is generated at the midpoint of necking
region. Now, the fhud 15 driving in the upstream and
downstream directions with respect to the stagnation
point. The fluid that is moving upstream blocks the inlet
flow of the liquid. Due to this high-pressure zone, the
further inflow of liquid in the drop is terminated.

CONCLUSION

To study the parametric effects on the dynamics of
drop formation, a computational domam is bemng
developed and verified it with the experimental model
available in the literature. As the best computational way

to study the free surface problems is volume of fluid
method, so 1s used for the numerical simulation to locate
the surface of drop during and after the breakoff process.
Viscosity plays an impactful role in stabilizing the drop
during the detachment process. Also, Viscosity directly
affects the breakoft thread length of the drop. For a low
value of viscosity, thread length variation is negligible
whereas for high viscosity Lquds, thread length varies
exponentially with viscosity. This increase in thread
length also increases the chances of satellite drop
formation. When the flow rate increases, dimensionless
thread length also increases while the detachment time
period decreases.

It is also revealed that the increase in density will
decrease the thread length as well as droplet volume. Tn a
similar way if we increase the surface tension, the brealup
volume of the droplet mcreases while the thread length of
the drop decreases because the cohesive force of the
liquid directly depends on the surface tension. If we
increase the surface tension, cohesive force between the
licuid molecules increases which increases the volume of
the droplet while its thread length variation is negligible
as compared to that of volume change. This analysis also
revealed that at the necking zone, the value of pressure is
being the maximum as compared to the other regions of
the drop detachment profile.

RECOMMENDATIONS

This investigation also proves that the CFD tools are
quite efficient, accurate for the free surface flow problems.
Furthermore, the above result proves that the VOF
method also provides the precise information regarding
the motion of drop during the detachment process.
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