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ABSTRACT

In this paper interparticle potential model of the lattice Boltzmann method (LBM) is used to smulate the
deformation and breakup of a falling droplet under the gravity force. First, thismodel is applied to ensure
that the surface tension effect is properly implemented in this model. Two tests have been considered.
First, it has been checked an initial square drop in a 2D domain can freely deform to a circular drop and
secondly the coalescence of two static drops that merge to become a single circular drop is smulated. In
order to further verify the model, Laplace law for static drops is performed. In the next step, wall effects
on the droplet shape and its average velocity have been studied. It is seen that the average velocity of
droplet at different times is independent of wall effects when the ratio of the width of the channel to
droplet diameter (W/D) is more than 6. In the final section of the paper, deformation and breakup of a
falling droplet for some range of Eotvos and Ohnesorge numbers are investigated. It is seen that at very
low Eotvos numbers, where the surface tension force is dominant, the droplet deforms dowly and reaches
a steady state without breakup. At higher Eotvos numbers gravitationa force overcome the surface tension
force and the droplet deforms mare. For breakup modes at the small Ohnesorge number, if Eotvos number
be increased to an intermediate value, the droplet deforms more than from a state of low Eotvos number
value and eventually formsa backward-facing bag. Finally, for high Eotvos numbers, fragments of droplet
are sheared from the edges and the shear breakup mechanism is seen. On the other hand, the stabilizing
effect of the Ohnesorge number, (the ratio of viscous stresses and surface tension) is shown. At higher
Ohnesorge number, the simulations show that the main effect of increasing Ohnesorge number isto move
the boundary between the different breakup modes to higher Eotvos number.

doi: 10.5829/idosi.ije.2013.26.07a.13

1. INTRODUCTION

Ohnesorge, Archimedes, and Eotvos numbers. All
simulations were performed in 2D or axi-symmetric

Deformation and breakup of a single droplet falling
under gravitational forces is a crucial subject. The
breakup mechanism of liquid droplets can be found in
many indugtrial appliances such as fud injectors, paint
sprays, and ink - jet printers as well as in natural
phenomena like raindrops, and is of great importance to
applications such as mixing in multiphase systems,
deformation of biological cels, blending of molten
polymers, and, etc. There is a large body of work
dealing with this subject under the general heading of
two phase flows. Here, deformation and fragmentation
of asingle droplet falling under gravitationa forcesis of
interest. Fakhri and Rahimian [1, 2] presented numerical
simulations of descending droplets for a variety of
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domains. Magarvey and Taylor [3] investigated the
breakup of large falling drops in stagnant ar by
producing unstable droplets greater than about 7 mm in
diameter. They observed that for the larger parent drop
breakup is most likely to happen and the number of
fragments tends to increase. Kojima et a. [4] studied
deformation and breakup of a liquid droplet under
gravity in another miscible fluid at low drop Reynolds
numbers for low density and viscosity ratios. Ni et a.
[5] investigated deformation and breakup of a falling
droplet in a 2D channd with densty ratios of 1.05 and
1.125. They solved the Navier—Stokes equations (NSE)
using a projection method together with a level set
technique. They also examined wall effects on the
motion and the breakup of the drop. Feng [6] studied the
steady state flow f deformable and outside of a
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deformable liquid drop falling at its termina velocity
using a Gaerkin finite dement method. Han and
Tryggvason [7] studied the unsteady motion of falling
liquid drops for different fluid-fluid combinations,
using a finite difference front tracking method. Results
are classified for two density ratios, 1.5 and 10, and
different Eotvos and Ohnesorge numbers. Jalaa and
Mehravaran [8] using the direct numerica smulation,
studied the deformation, disintegration and dispersion of
fragments of a single falling dropl et.

Recently, the lattice Boltzmann method (LBM) has
been developed from the lattice-gas automata [9, 10].
The LBM has emerged as an aternative method for
conventional computational schemes. Unlike
conventional numericall methods based on the
discretization of macroscopic continuum equations, the
LBM is based on microscopic models and mesoscopic
kinetic equation. The LBM recovers the Navier-Stokes
equations in the incompressible flow limit. This model
is a power full method for simulation of single phase
flows, such as disperson and deposition of micro
particles [11], nanofluid [12], nano-particles [13],
porous media[14] and etc.

The LBM is a promising technique in modelling
multiphase flow problems, particularly for flows with
complex topological changes of the interface or in
complex geometries. In recent years, it has been
exposed to the attention of researchers due to the lower
run-time compared with other CFD methods, simplicity
of applying the multiphase flow equations in the LBM
algorithm, and capability of LBM in solving unsteady
problems. A number of models have been devel oped to
model multiphase flows in LBM.. The color function
model Proposed by Gunstensen et al. [15] is the first
multiphase model in LBM. Two components are used in
this model to represent two types of fluids. The red and
blue particle distributions each follow its own LB
equation. The collision term in the equation includes
both the sdlf-interactions. of particles of the same type,
and the cross interactions of - particles with different
colors. The latter oneis used to generate a surface
tension between the two phases, and is calculated using
the gradient of the color function.

In order to maintain phase segregation, the particle
density near the interface needs to be redistributed to
minimize mixing. The interparticle potential model
proposed by Shan and Chen [16] is the most widely
used multiphase LBM mode due to its simplicity and
versatility, and for this study due to smplicity of taking
place external force in the model because of existence
separate forces term, and capability of mode for
simulating flows at small Ohnesorge numbers (Oh<0.1).
An interaction force between the particles is introduced
to account for the molecular interactions in non-ideal
fluids. Consequently, the fluid spontaneously segregates
into dense and dilute phases under proper condition
according to the equation of state of the fluid. The

automatic phase separation is an attractive featurein this
model, sinceit does not require the interface-tracking or
interface-capturing step that is often necessary in other
models. The implementation of the mode is also
straight forward since the interaction force can be
smply caculated from the pair-wise interaction
potential. In recent years, many researches have been
conducted to discuss the properties and the
improvements of the interaction potential model (Shan,
[17]; Sbragaglia et dl., [18]). The free energy approach
proposed by Swift et a. [19] is based on the
thermodynamic equilibrium of fluid phases. The free
energy functional at a fixed temperature includes both
the bulk part and the interface part. The former
introduces equilibrium between two phases, while the
latter introduces surface tension. The modd is
incorporated into LBE by adding a tem to the
equilibrium distribution to ensure the correct stress
tensor condition. The free energy modd is also capable
for automatic phase separation, and it is easier to specify
density and surface tension values in the free energy
model than in the interaction potential model. However,
amajor criticism of the free energy modd is that it lacks
Galilean invariance, i.e. the physical properties in the
model are dependent upon the velocity. Proposed by He
et a. [20, 21], the mean-field theory treats the
interparticle  interaction using the mean-field
approximation. The mean-field theory model uses two
sets of particle distribution function (pdfs) to smulate
the hydrodynamic properties. The first set of pdf
describes pressure and velocity fidds, whereas the
second set tracks the dynamics of theinterface.

In this paper, the multiphase model proposed by
Shan and Chen (S-C modd) [16] is employed to
investigate the deformation and breakup of a droplet
faling due to the gravitational effects. There are many
studies which applied this modd in the two-phase flow
problems. However, in this study for the first time S-C
model has been used to simulate falling droplet in the
vertical channel and firgt time lattice Boltzmann method
is applied to investigate the deformation and breakup of
droplet under gravity at small Ohnesorge number
(Oh<0.1). In fact, this study demonstrated the ability of
S-C model in the LBM for simulated falling droplet at
small Ohnesorge numbers. In the previous studies of
falling droplet in 2D vertical channel by LBM, dynamic
behaviour of the droplet at small Ohnesorge number
(Oh<0.1) has not been studied. In this study, the side
wall effects have been studied on falling droplet in the
elongated vertical channel by LBM for thefirst time.

In the next sections of this paper, following subjects
are studied: In Section 2, the governing equations and
methodology of the S-C model of the lattice Boltzmann
method are given. In section 3, this model validation is
presented. Section 4 represents the numerical results of
deformation and breakup of a falling droplet. Finaly, a
summary of the results and conclusions are given.
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2. SHAN AND CHEN INTERPARTICLE POTENTIAL
LBE MODEL

2. 1. Description of the Model the Interparticle
potential model of the lattice Boltzmann method
proposed by Shan and Chen [16] is applied to study
droplet falling in the vertical channd under gravity
force. Shan and Doolen [22] have reviewed this
multiphase model and the details of the multiple
component LBE model with interparticle forces are
given. For a 2D vertica channd, smulations are
conducted on D2Q9 [23] lattice. The inteparticle
potential model can be applied to simulate a binary
mixture. In this case, each component ¢ (c = 1 or 2) has

its own distribution functions £ that are governed by
their own evolution eguations:

F7 (X 4GBt +8,)~ 7 (,1) == (£ (6, ) ~ £, (7 ug)) (1)
T

where, f°(xt) is the number density distribution of
component o with velocity ¢ at position x andtimet.
7° is the relaxation parameter of component ¢ and
fo(= isthe equilibrium distribution given by:

c.ll c.Uf ., LEF
f}T(EQ):Vﬂl i "eq i*"egy\2 _ "eq
; w,n{+ z +(—26§) ZCJ 2
Discrete lattice vel ocities in the above equation are
010-101-1-11
[Cl’CZ’Ca’c"’%’c‘i’c”%]{o 010 -111 <1 71} ©)
and weighting factorsare
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L =678
36

Relaxation parameter (1°) related to the kinematic
viscosity by:

77 = (¢” - 0551 (5)

where, v° is kinematic viscosity of component . st=1
and 2 _ g7 -1 are chosen, where ¢ is speed of sound in
s 3

Lattice scale. The number density and velocity of
component ¢ can be obtained by:

mr(xt)=2 f7(x.0

(0= Y617 (%0 ©
The mass density is
p° =nfir @)

where, nf isthe molecular mass of component .

In order to induct nonlocal interaction among particles,
Shan and Chen [16] defined an interaction potential
between components ¢ andc

V(x,X) = Gow ° (X)y 7 (X') (8
where, x' = x+cst isthe location of the neighbor sites,
wy° and y° denotes the interaction potential of
components ¢ and &, respectively. G is the
interaction grength between two components o and
G . For two immiscible fluids, when o and ¢ are
different (denoting two different phases), G _ is
positive, resulting in repulson forces between the
particles of the two phases. When o and & are the
same, Equation (8) presents the interaction between the
particles of one phase, which implies that the nature of
the force is attractive and therefore G should have a
negative value. The magnitude of s_ controls the
surface tension. For nearest neighbor interactions, G _
is defined as:

6 (x X,):{O |x-x|>|co ©
oo G,, |x-X|=lcsd

The interaction strength parameters Gi; and Gy
describe the interaction within each individua
component. The origina form of the interaction
potential introduced by Shan and Chen [16, 24] is
widely used and is given asfollows:

w(p)—Po(l—eXp[;—pD (10

In Equation (10), p, was st equal to 1. While
component 2 is assumed to be ideal gas so that G,,=0
and y(p) =p [24-26], the interaction between the two

components and the immiscibility of the mixture are
described by Gy,.

In the multicomponent model proposed by Martys
and Chen [27], the macroscopic vel ocity (u;) is given

by

O'FO'
ug, = u'+ = (12)

p

where, U’ is a veocity common to the various
components defined as

) Z p°u It°
U — o
ZUPO‘ /To‘
and F°isthetotal interaction force on fluid component
o including fluid-fluid interaction (fF¢) fluid-solid
interaction (F7) and gravity force (F7), i.e.:

(12

F*=F/+FJ+F] (13)
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Given the form of potentia in Equation (8), the rate of
net momentum change induced at each site due to the
interaction issimply given asin [16]:

F° :%zfvv (X X) =y (X)D.G,. > W’ (x + ¢ 5t)c, (14)
In case of the fluid-solid wall interaction, separate
forces should be calculated for each phase to account
for the fluid-solid forces. T,he source term has the same
formulation for both single component multiphase [28]
and multicomponent multiphase flows [27], namely:

F? = —(//U(X)Z GosW S(x+¢o,)¢ (15

where, G, isthe adsorption coefficient for phase o, and
w is the weighting factor as Equation (4) for the D2Q9
lattice, Sis a switch, which takes on the value 1 when
thelatticenode at x+ ¢5t isasolid node, otherwiseit is
zero, for the present study, the solid nodes are not
moving and therefore S is not a function of time.
Interaction of the solid and fluid nodes determines the
contact angle of the liquid and solid surface, the
adsorption coefficient, G, determines the magnitude
and type of the interaction force. Based on the
magnitude of the adsorption coefficient, three different
types of surface can be specified, namely: hydrophobic
(non wetting), neutra, and hydrophilic (wetting)
surfaces [27, 29].

Finally, the macroscopic densities and velocity are
calculated from the distribution functions:

p(x,t)=23m" 3 17 (x.t)

) . T oo (16)
p(x,HU (X, )= m > ¢ f, (x,t)+EZF (x,1)
and function of total pressure are obtained [30,31].
RT \
P(x,t)y=RTY 1’ +7Z G,y w a7

2. 2. Gravity Force Faling of a droplet is the result
of gravity force and density difference between two
fluids (components or phases). Figure 1 shows the
schematic of gravity and buoyancy effects on droplet
suspended in the other fluid. In order to consider the
buoyant effect associated with density difference
between two fluids, an effective buoyant force, (Fo)
was introduced. It is defined by [26]

FB,G = pv X gapp//’ed (18)

In fact, because of the density difference between the
phases, the buoyancy and gravity Consequence is
defined as:

Fnet,g = geﬁApeﬁ = geff(pH 7PL) (19)

Equating Equations (18) and (19) yields to:

3

Buoyancy

Light Fluid (L)

Figure 1. Representation of -the buoyancy force versus the
weight force. p,, isthe heavier fluid density (droplet fluid in

this study), and p, the lighter fluid density (surrounding fluid
in this sudy).

_ 9ert (P — PL)
gapplied - P—

(20)
where, py is the heavier fluid density and p, is the
lighter fluid density, and p,-y is the dendty of the
droplet ‘as actually used in the simulation. The Gapied
represents the gravitational acceleration actually used in
the simulation and applied to component & only. Thus,
Apess and gerare the Effective physical density difference
and gravitational acceleration quantities. While the p,-4
and Gupies &€ SMply simulation surrogates that yield
the same buoyancy effect. This approach of placing the
buoyant effects into a body force greatly expands the
range of effective density difference between droplet
and surrounding fluid that can be readily simulated with
the S-C moddl.

3. NUMERICAL VALIDATION

3. 1. Relaxation of Liquid Drops To ensurethat the
surface tengon effect is properly implemented in this
model, two test cases is considered. Fird, it has been
checked an initial squaredrop in a2D domain can freely
deform to a circular drop (see Figure 2) and secondly
the coalescence of two static drops that merge to
become a single circular drop is simulated (see Figure
3). In the first test, physical setup isa square drop with a
length of 40 lattice units which is placed in the middle
of the computational domain with 100x100 | attice units.
In the second test, physical setup is two circular drops
with Radius 15 lattice units which is placed in the
computational domain with.160x160 lattice units and in
both of them periodic boundary conditions are applied
in al directions. In al dmulations for this paper,
pL==0.25, py=q = 1 (‘C’ denctes the continuous or
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surrounding fluid and ‘d” denotes droplet fluid). Thus,
the density ratio (pd/pc ) is 4. For both fluids the
kinematic viscosity is 0.1667.
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Both cases show deformation to the final circular
drop, indicating that the surface tension effect is
correctly implemented.

T=0

T=80

T=160

T=240

T=320

Figure 2. Free deformation of a static drop from square shape to a circular shape at different lattice time steps (iterations of LBM).

T=400

T=1200

T=4000

OO

O

O

T=0

T=400

T=800

T=1200

T=1600

Figure 3. Coalescence of two identica circular drops and free deformation to a circular shape at different lattice time steps (iterations

of LBM).

T=2000

T=4000

T=8000
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3. 2. Laplace law To further validate the code, the
static drop test is performed. The interfacial tension was
evaluated based on Laplace’s equation given by the
following expression [32]:
o

AP=P,=PFu=" (21)
where, Ristheradius of the drop at equilibrium and cis
the surface tenson coefficient, and AP is the pressure
difference between the inside and the outside of the
drop. In order to verify the Laplace law, initially static
drops with different radii are generated inside the
computational domain with 100x100 lattice units. The
domain boundary used periodic boundary conditions.
The pressure difference was calculated using equation
of state in Equation (17). The predicted values of the
pressure difference are plotted against 1/ in Figure 4.

Figure 4 presents the pressure difference between the
inside and the outside of a series of drops of different
sizes as a function of the inverse drop radius. It can be
seen that the Laplace’s law is satisfied, because the
linear fit of the points on the plot is in very good
agreement with points. The linear relationship between
AP and the inverse of the drop radius confirms a
congtant value of the surface tension. The dope of the
linear line is 0.063 representing the coefficient of
surface tension between two fluids for this study. Figure
5 shows the dendty profile along the centerline of a
static drop, as indicated the density ratio, p, /p, =4 and

R=25 |attice units.

4. RESULTS

In this section, the main objective of the paper is delved,
i.e. simulation and discussion of the falling droplet
under gravitational effects. For. al subsequent
simulations, bounce-back boundary condition (BC) is
applied at the side walls.and periodic BC is used at the
up and down boundaries [33].

0.008

0.006 |-

% 0.004f-

0.002 |-

1 1 1 1 1 1
0.02 0.04 0.06 0.08 0.1 0.12 0.14

UR
Figure 4. Verification of Laplace law. Pressure difference
between the inside and the outside of a series of drops as a
function of inverse drop radius with linear fit of the points.
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Figure 5. Density profile a ong the centerline of the drop. The
heavier Liquid (drop fluid) is surrounded by the light fluid.

4. 1. Non-dimensional Numbers In the case of a
falling droplet in a motionless media, the acceleration
due to. gravity,” surface tension between the fluids,
viscosity of fluids, initial diameter of the droplet and
density of fluids are the main parameters. Considering
these parameters, different non-dimensional groups
governing the behavior of the droplet are proposed by
researchers. A ligt of important dimensionless numbers
for this study is as follows:

o= 9(ps - p.) D?
c

_ Ha
(pdDO')l/z

(based on droplet properties)

Eotvos number : E

Ohnesorge number: Oh =

u
Ohi e number: Oh = ———
nesorg Do)
(based on continuous fluid properties)
T
1
(D/g)?

Reynods number : Re= VaeD (22)

Dimensionless time: t =

Vv
(based on droplet propertieg)

2,4
( Morton number): Mo = Mg)p“v“
o

where, g isthe gravitational acceleration, D istheinitial
diameter of the drop, py and Ly are density and viscosity
of the drop, p. and L. are density and viscosity of the
continuous phase, respectively, and Vv and v_. ae

kinematic viscosities of droplet and surrounding fluid,
respectively, T is the lattice time step (iterations of
LBM) and V. is the average velocity of droplet at any
time. Since the Ohnesorge numbers are interdependent,
in this paper results are presented based on Ohy and
consequently obtained Oh, .Hence, The Oh. will be
changed by changing the Oh.


www.SID.ir

787 S. E. Mousavi Tilehboni et al. / IJE TRANSACTIONS A: Basics Vol. 26, No. 7, (July 2013) 781-794

4. 2. Correlation with Other Works  Annaland et
al. [34] studied the dynamic behavior of co-axial two
initially spherical bubbles using the volume of fluid
(VOF) method. In this section, before the study of
falling droplet in the vertical channd, rising of two co
axial bubbles with initially circular shape has been
shown. Simulations are performed for Eo =16 and
Mo=2x10". Figure 6 compares the results of this study
with those obtained by Annaland et . [34]. As in the
case of co-axial bubbles, the leading bubble seems to
fredly risein the surrounding liquid. The trailing bubble
is affected by the leading bubble, and experiences more
deformation when it enters the wake region behind the
leading bubble. The difference between the two
methods might be the result of the dimensions of the
system and the difference in the density and viscosity
ratios. Despite this difference in shape deformation,
simulations of this study for bubbles shape are
qualitatively agree well with the result of Annaland et
a. [34] (Figure 6).

N a
D M
a
t'=2 t'=3 t'=4
@
- r -y
PN
o &
(b)

Figure 6. Snapshots at different times of Rising two co-axia
bubblesin the vertical channdl. (a) present study (b) Annaland
et a. [34] using VOF method. (Eo=16, M0=2x10)
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Figure 7. Snapshots of deformation of a falling droplet in domai ns*with different ratios of W/D, (the first shape in each frame
corresponds to t'=0, for all cases At'=1 and the last shape is plotted at t"=21,Eo=5,0h4=0.105 and Oh.=0.053,(a) W/D=2, (b) W/D=3,

() W/D=4, (d) W/D=5, () W/D=6, (f) W/D=7, (g) W/D=8
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Figure 8. Wall effects on average velocity and Reynolds number, (a) Average velocity of droplet (b) Reynolds number of droplet,
versus dimension-less time for domains with different ratios of W/D, for al cases Eo=5,0h;=0.105 and Oh.=0.053

TABLE 1. Terminal average velocity and Reynolds number of droplet for different ratios as W/D.

w

— 2 3 4 5 6 7 8

D

Vave 0.08308 0.118969 0.129680 0.132805 0.133381 0.133665 0.134284
Re, 19.9359 285471 31.1170 31.8670 32.0052 32.0734 32.2218

4. 3. Wall Effects on Shape and Velocity of Droplet
on the Falling  Inadomain with side walls, droplet
shape and falling velocity are affected by the walls of
the domain. The magnitude of these effects depends on
the ratio of the droplet diameter (D) to the width of the
domain (W). In order to quantify the wall effects, an
ellipsoidal regime of droplet where, Eo = 5 and Oh, =
0.105 is considered for thisinvestigation, various ratios
for width of the domain to the droplet diameter (W/D)
are chosen. Figure 7 displays the effect of these ratios
on droplet shape and Figure 8 Shows these effects on
the average falling velocity and Reynolds number of the
droplet at different times. As shown in Figure 8, as the
ratio of W/D increase, the wall effect on the droplet
behavior becomes less significant. According to Table
1, for ratio of W/D=6 and 7, difference between
terminal Reynolds number islessthan 0.3 %. Thus, it is
can be assumed that average velocity of droplet at
different times is independent of wall effects when the
ratio of W/D is more than 6. Figure 9 shows terminal
Reynolds number versus W/D where 6<W/D,
approximately desire to a constant value. Accordingly to
al next simulationsin this paper, W/D=6. is chosen.

4. 4. Effect of Eo at Small Oh in the Falling Droplet

When Ohnesorge number is small and surfacetension is
much more important than viscous stresses, Ohnesorge
number has little influence on the breakup and Eotvos
number is the main controlling parameter. Here, results
are present for different Eotvos numbers While the
Ohnesorge number is small (Oh<1). When a droplet is
set into motion by a constant body force (gravity), the
hydrodynamics pressure is higher at the poles and lower
at the equator and the droplet deforms into an oblate
ellipsoid. This deformation is opposed by the surface
tension. Depending on the reative strength of the
pressure forces and the surface tension, measured by
Eotvos number, different breakup modes are observed.
Based on these results, the evolution of droplets with
pa/p=4 a a small Ohnesorge number can be classified
into four kinds in order of increasing Eotvos number:
steady deformation, formation of a backward-facing bag
and then breskup, oscillating indented droplet, and
shearing of afilm from the edge of the droplet and thus
breakup. In Figure 10, the evolution of a droplet with a
density ratio pg/p=4, is shown for different Eotvos
numbers. Values of Ohnesorge numbers, Ohy = 0.074
and Oh, = 0.037 are chosen, so that viscous stresses are
low compared to surface tension. It is evident from
Figure 10 that droplets breaking up in the backward-
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facing mode travel a much longer digance than those
breaking up in the shear breakup mode.

In addition, note that for the same breakup mode, the
rate of droplet deformation increases as Eotvos number
increases. When Eotvos number is very low, the dropl et
deforms into an oblate elipsoid and moves with a
steady state shape as shown in Figure 10a for Eo=2.
When Eotvos number is increased to 6 in Figure 10b,
the droplet deformation is more pronounced. Initialy,
the droplet assumes a shape similar to that shown in
Figure 10a, but then the back of the droplet becomes
increasingly more convex and eventually the droplet
deforms into a thin disk-like shape that moves at a
nearly steady state. When Eotvos number isincreased to
12 in Figure 10c, the droplet deforms more and
eventually forms a backward-facing bag. Where Eotvos
number is 24 (Figure 10d), the droplet moves with an
essentially steady convex shape, showing no sign of bag
formation.

At Eo = 48 in Figure 10e and 11, initial stages of
deformation are similar to the previous cases, but at
find stages the droplet becomes dender at the poles.
Ultimately, fine fragments of droplet are sheared from
the edges and it can be seen the shear breskup
mechanism. The type of breakup in Figure 10f and 12 at
Eo = 72 is the same as previous case with Eo = 48.
However, the rate of deformation of the droplet is
increased and the breakup happens earlier. This
behavior of the droplet is expected, because at higher

Eotvos numbers surface tension force is smaller and
gravitational forces are dominant, and results in high
deformation of the droplet and eventually breakup.
Figures 11 and 12 show different shapes of the droplet
at four selected times on the Ohy =.074, for Figure 11
and 12 the Eo = 48 and 72, respectively.

35
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O

@
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(d) Eo=24 () Eo=48 (f) Eo=72

Figure 10. Snapshots of deformation of afalling droplet at a fixed Ohnesorge number equd to 0.074 and 0.037 for droplet fluid and
surrounding fluid, respectively (the first shape in each frame correspondsto + =0 and for al cases except for the case (f) (At" =1 ).

final dimensionlesstimefor al casesare: (a) £, =9, (b) £, =125 ()¢, =9, (d) {;, =12, (e f, =12, (f) A =2, {, =8.

t'=3 t'=5 t'=7 t'=9
Figure 11. Different shapes for the droplet in Figure 9e, Eo = 48, Ohy =.074, Oh, = 0.037. The results are shown for four selected
times.

7

\\_,—

t'=3 t'=5 t'=7 t'=9
Figure 12. Different shapes for the droplet in Figure 9f, Eo = 72, Ohy =.074, Oh, =0.037. The results are shown for four selected
times
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Figure 13. Snapshots of deformation of a falling droplet a a fixed Eotvos number (Eo = 12). (the first shape in each frame
corresponds to t'=0 and for al cases At =1) (@) Ohy=0.074, Oh=0.037, f,=9. (b) Ohg= 0.105 Oh=0.053, f, =13. (C)

Ohy=0.15,0h=0.074, ¢, =9
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Figure 14. Different shapes for the droplet in Figure 12a, Eo = 12, Ohy =.074, Oh. =0.037. The results are shown for four selected

times.

4. 4. Effect of Ohnesorge Number To study the
effect of Ohnesorge number, Eotvos number which is
held fix at 12 and Ohy is varied from 0.074 to 0.105 by
changing droplet diameter (so the width of channd is
increased), following that, Oh. will also change. Figure
13 illustrates the effect of the Ohnesorge number (the
non-dimensional viscosity) for droplets with a finite
density ratio. As shown in Figure 13a (the same Figure
10c), for lowest Ohnesorge number (Ohy=0.074) when
Eotvos number is 12, the droplet deforms and
eventualy forms a backward-facing bag and finally
breakup. Theinitial deformation of al three dropletsin
Figure 13 is similar, the other two droplets in Figure

13b and 13c reach a steady state shape, of those, the less
viscous droplet (see Figure 13b) isflatter. In Figures 14,
15 and 16, the droplets are shown at several times in
separate frames. Here, Ohy is equal to 0.074, 0.105 and
0.15, respectively, and for all cases Eotvos number is
12. These Figures show, as Ohnesorge number dightly
increases, it can be seen that the rate of deformation is
decreased and the droplet exhibits more resistance to the
gravitational forces. It can be seen that (see Figure 13a-
c) the rate of deformation of the droplet is further
reduced and the droplet tends to maintain its original
shape.
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Figure 15. Different shapes for the droplet in Figure 12b, Eo = 12, Ohy =0.105, Oh, =0.053. The results are shown for four selected times.

() @ < o

t'=3 t'=6 t'=9 t'=11

Figure 16. Different shapes for the droplet in Figure 12c, Eo = 12, Ohy =.15, Oh, =0.074. The results are shown for four sel ected times.

|
(3 (b) ()
Figure 17. Streamlines around the falling droplet at three different Eotvos numbers. For all cases Oh = 0.15 and t'=10. (a) Eo=2, (b)

Eo=6, (c) Eo=24.

(@ ) (b)
Figure 18. Streamlines around the falling droplet a two different Ohnesorge numbers. For both two cases Eo=2 and t'=6. (a)

0Oh=0.074, (b) Oh=0.15.
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In other words, the degree of deformation of the droplet
is smaller a higher Ohnesorge numbers. At higher
Ohnesorge numbers, the droplet is more viscous and the
viscous forces hinder the intense deformation of the
droplet. Based on the results shown in Figures 13-16, it
isclear that increasing both Ohy and Oh, simultaneously
results in a trandlation of the boundaries between the
breakup modes to higher Eotvos number.

4. 5. Streamlines  Finally, attractive wake flow and
circulations insde and above of the falling droplet are
shown in Figure 17. It can be seen that with the
increasing Eotvos number, surface tension effect and
subsequently the viscous damping are decrease. Thus,
vortex ring becomes more complex. As shown in Figure
17a-c, the increasing effect of the Eotvos number
reduces the stability of the vortex and circulationsin the
wake flow. It is observed in Figurel7a that the vortices
are created indde the droplet, and as shown in Figure
17b with increasng Eotvos number, vortices also
created insde the flow fidd and above the droplet.
Furthermore, figure 17c shows that for highest Eotvos
number (Eo = 24), vortices created inside the flow field
becomes larger. The external flow field is not also
laminar compared with lower Eotvos numbers.

As shown in Figure 18, the effect of increasing
Ohnesorge number at fixed Eotvos number on the
circulations is same as decreasing Eotvos number at
fixed Ohnesorge number.

5. CONCLUTION

In this study, the deformation and breskup of a 2D
faling droplet, accelerated by gravity force have been
studied by lattice Boltzmann method. In addition, for
some range of Eotvos and Ohnesorge numbers which
were simulated for low Ohnesorge numbers (Oh<0.1),
the Eotvos number is the main controlling parameters.
At very low Eotvos numbers; the droplet deforms, but
does not breakup. For Eotvos number around 12, the
droplet breaks up by the formation of a backward facing
bag. For Eotvos number around 24, the drop moves with
an essentially steady convex shape, showing no sign of
bag formation, and for high Eotvos numbers (Eo>45 in
this paper) shear breakup mode is observed. As Oh is
increased, the effect of the viscosity reduces the rate of
deformation. The simulations show that the main effect
of increasing Ohnesorge number is to move the
boundary between the different breakup modes to
higher Eotvos number.
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