Available online at www.sciencedirect.com

sc.ENcs@o.“w

International Journal of Heat and Mass Transfer 49 (2006) 366-376

International Journal of

I'IEAT and MASS
TRANSFER

ELSEVIER

www.elsevier.com/locate/ijhmt

Direct simulation of falling droplet in a closed channel

Ming-Jiu Ni **, Satoru Komori °, Neil B. Morley *

& Department of Mechanical and Aerospace Engineering, University of California at Los Angeles, Los Angeles,
CA 90095-1597, United States
® Department of Mechanical Engineering, Kyoto University, Kyoto 606-8501, Japan

Received 30 July 2004; received in revised form 25 March 2005
Available online 2 November 2005

Abstract

The direct simulation of a droplet falling in a different background liquid is presented. The complete Navier—Stokes
problem is solved using a projection method coupled with a level set method. A detailed analysis is given to show that
reinitialization procedure of level set method [M. Sussman, P. Smereka, S. Osher, Level set approach for computing
solutions to incompressible two-phase flow, Journal of Computational Physics 114 (1) (1994) 146-159] cannot preserve
the volume of a droplet. A variable time step method is presented to improve conservation. We study the effect of a wall
on the droplet motion by settling a single circular droplet through a quiescent fluid at different lateral positions between
parallel walls. The effect of inertial force on the deformation and oscillatory motion of a droplet is investigated by
changing the Reynolds numbers. The deformation mechanism is studied for different Weber numbers. In addition,
the interaction effect between droplets is studied by settling two and three droplets in the parallel channel. The Karman
vortex distribution is shown to explain the oscillatory mechanism of droplet motion.
© 2005 Published by Elsevier Ltd.
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1. Introduction number flows, fluid motion is governed by the Stokes

and continuity equations and the degree of droplet defor-

The study of droplet deformation and breakup is of
great importance to applications such as mixing in mul-
tiphase systems, blending of molten polymers, ink-jet
printers, deformation of biological cells, atmospheric
rain drop formation. Eggers [1] reviewed the theoretical
development of non-linear dynamics and breakup of
free-surface flows. Stone [2] summarized the capillary
instability of droplet deformation and breakup in viscous
flows at low Reynolds number. For the low Reynolds
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mation and characteristics of breakup are largely deter-
mined by the magnitude of interfacial tension stresses
relative to the magnitude of the flow-generated viscous
stresses. The viscosity ratio and capillary number are
two key dimensionless parameters for the low Reynolds
number flows. For small Reynolds numbers, weak effects
of inertia may be determined by perturbation of the
Stokes solution. Leal [3] has noted that the cumulative
effect of weak inertia can produce large effects that not
predictable by linear theory. Explicit analytical solutions
of fully non-linear problems of fluid-particle motions
have rarely been obtained. Feng et al. [4] investigated
the non-linear effects of fluid-particle motion by a finite
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element method. They stressed that the major difficulty
concerning the non-linear effects appear when (a) the
Reynolds number is large enough for inertia to be impor-
tant, (b) the fluid is non-Newtonian and the flow is inher-
ently non-linear and (c) the particle is deformable. In
their study, only the case of the rigid particle in Newto-
nian fluids was considered without particle deformation.
Mortazavi and Tryggvason [S5] conducted the study of
the motion of neutrally buoyant droplets in Poiseuille
flow. Francois and Shyy [6,7] did the calculations of drop
dynamics. The immersed boundary technique [6,8,9] is
used to treat moving two-fluid boundaries. Mashayek
et al. [10] studied the coalescence collision of two liquid
drops using a Galerkin finite element method in conjunc-
tion with the spine-flux method for surface tracking.

The purpose of this study is to numerically clarify the
effects of droplet deformation, breakup and inertia on
fluid motion. The unsteady incompressible Navier—
Stokes equations will be solved by a level set method.
In Section 2, we analyze the reinitialization procedure
for the level set method. A detailed analysis is given to
show that the original reinitialization cannot conserve
the mass. A variation time step method is presented to
overcome the problem. In Section 3, we validate the
computation method by calculating the broken dam
problem [11] and bubble rising driven by buoyancy
[12]. We then simulate the following flow situations in
which droplet-fluid, inter-droplet and droplet-wall inter-
action, and deformation and breakup of droplets are
fully manifested:

(1) The settling of a single circular droplet through
quiescent fluid between parallel walls. We study
the initial value problem in which a droplet begins
falling from rest and we look at time-dependent
solutions on the trajectories of the droplets. We
will try to understand the effects of wall repulsion,
inertia, and deformation on the droplet motion.

(i1) Interaction of two and three droplets in a channel.
We will give special attention to the pattern of
interactions among the droplets and walls.

The Karman vortex street is shown to explain the
oscillation mechanisms of droplet falling flows in a
channel.

2. Numerical algorithms

By employing a CSF (continuum surface force)
model [13,14] of the surface tension force for the level
set approach [15,16] the surface tension is reformulated
as a volume force Fgy = k(¢)d,(¢)V¢. The governing
equations of an incompressible interfacial flow can be
written as:

6ui
a0 (1)
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with dimensionless groups of the Reynolds, Froude and
Weber numbers as Re = p LU/, Fr = U*/gL, and We =
p1LU?/6 respectively. fi(= u/w,),p(= p/p,) are the
dimensionless ratios of the viscosity and density. For
simplicity, hereafter we denote u and p as p and p
respectively. To prevent numerical instability, it is neces-
sary to smooth the values of the density p and viscosity u
as:

() = 4y + (1 = 2,)H.(§) 3)
() = A+ (1 = L) H.(§) )

where 1, = po/p1, A= wo/. ¢ is a smooth level set
function, which is positive outside the interface, negative
inside the interface and zero at the interface. H(¢) is a
Heaviside function, d(¢) = 0H¢)/0¢ is a surface ten-
sion delta function and k(¢p) =V - (V@/|Ve|) is the
interface front curvature. The following equation will
evolve the zero level of ¢ = 0 exactly as the actual inter-
face moves:

The above equations are solved using a second-order
variable-density projection method [17]. For large time
computations, keeping the level set function as a dis-
tance function is advantageous to the computation of
the surface tension forces. Also keeping ¢ as a distance
function will ensure that the front has a finite thickness
for all time, and that values for p(¢) will not be greatly
distorted. Sussman et al. [16] presented a reinitialization
equation which can be reformulated as:

b +w- Vo = sign,(¢) (6)
D(%,0) = ¢o(%) ()

where  w = sign,(¢,)V/ [V, |V = \/¢; + &) + ¢2.
and sign, (@) = 2(H.(¢,) — 1/2) the sign function.

We know the total mass is conserved in time for an
incompressible flow. Theoretically, the solution ¢ of
Egs. (6) and (7) will have the same sign and the same
zero level set as ¢, which means the interface will not
move as time progressing for the solution of Egs. (6)
and (7). Away from the interface ¢ will converge to
|[Vé| = 1. Therefore it will converge to the actual dis-
tance. The unmoved interface with |V¢| =1 will ensure
the total mass and volume conservation. However, the
numerical discretization of the reinitialization equation
of the level set function will not preserve the property
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in general. In fact, the half-discretized form of Eq. (6)
can be written as

¢! = ¢" + Avosign, () (1 — [V¢"]) (8)

For the case of |V¢| > 1 near the interface, we find
from Eq. (8) that a big time step cannot ensure the dis-
cretized value of the level set function has the same sign
as the initial value. That means the large time step can-
not conserve the volume near the interface for the case
of |Vo| > 1.

Consider the case of ¢y > 0, sign,(¢o) =1, and sup-
pose the reinitialization process (8) can preserve the vol-
ume conservative, we should have ¢” > 0. Then from
Eq. (8), we have:

¢ = ¢" + Ang(1 — [V¢'|) ©)

If [V¢"| < 1, we have ¢""' = ¢" > 0 and the interface
does not move. However, if |V¢"|>1, we have
¢ = ¢" — Ato(|V@"| — 1), which will be less than 0
when Aty > ¢"/(|V¢"| — 1) and the interface moves
and the volume is not conserved. Similarly, for the case
of ¢o <0, sign(¢o) =—1, when |V¢”|>1 and Azy >
—¢"/(|V¢"| = 1), then ¢""' >0 and the interface may
be removed. In general, when |V¢"|>1 and Aty >
|¢"/(|V¢"| — 1), the interface will be most possible to
remove and the volume will not be conserved. We need
to stress that near the interface, both ¢y and ¢” are small
values and |¢"/(|V¢"| — 1)| is a small value too, so the
situation Aty > |¢"/(|V¢"| — 1)| is very possible to hap-
pen for the points near the interface, the interface moves
and the volume is not conserved. Also we cannot employ
a very small constant of Azt for the sake of saving com-
putational time.

To overcome this difficulty, the variable time-step
size method can be presented to conduct the solution
of Egs. (6) and (7). We have the following two methods
to get the variable time step; the first one is based on the
above analysis and we get the variable time step as:

At = min (Aro, %)

if sign(¢y) # 0 and |V¢"| > 1
At = Aty otherwise

(10)

And the second way to get the variable time step is
based on the criterion to preserve the total volume of
interface. As stressed in [18], we conserve the volume
of the domain by requiring that

aﬁmw=o (11)

Then, we have the variable time step method, which
is designed with time step as:

At = Atg(1 — Atp)
if sign(¢y) # 0 and |V¢"| > 1 (12)
At = Aty otherwise

with
) +a)(1 +a)(1+4d) [, d(d)sign(dy)a
sign(o)a [, [6(0)]*(1 +a)(1+a>)(1 +a)
(13)

Here a = |[V¢| — 1. To accelerate the convergence, a
two-stage Runge-Kutta technique with a larger time-
step size can be taken in solving the re-initialization
equation. The re-initialization procedure can be stopped
when the relative error between the total mass at the cur-
rent time and the initial mass is less than 10~®. Accord-
ing to our computation, the average mass error using the
variable time-step size method (12) and (13) was much
less than that using the original re-initialization tech-
nique with the constant time-step size. However by
employing the variable time step of (10) it is still possible
that the interface will move half or one cell size since a
positive level set function may be reduced to 0 and the
minus level set function maybe enlarged to zero for the
case of |V¢"| > 1. So we prefer to use the variable time
step formula (12) and (13), which can ensure the total
volume conservative. According to our computation,
the variable time-step size technique can get the same
good results as the technique developed in [18].

About the mass conservation of level set method, it is
necessary to give a brief introduction of CLSVOF
method [19] and particle level set method [20]. CLSVOF
method is a coupling method of VOF (volume-of-fluid)
and level set method, in which volume fraction is used
to reconstruct the interface to keep mass conservation
while the level set function is used to calculate the curva-
ture rate and surface tension. This method owns both of
the advantages of VOF, which can keep mass conserva-
tion, and level set, which can accurately calculate the
surface tension and normal direction of interface. How-
ever CLSVOF method also owns the disadvantages of
VOF method: the interface needs to be reconstructed.
This greatly limits the application of CLSVOF method
for complicated geometry. Particle level set method is
a coupling method of Lagrangian method and Eulerian
method, which merges the best aspects of Eulerian front-
capturing schemes and Lagrangian front-tracking meth-
ods for improved mass conservation in a fluid flow.
Massless marker particles were inserted to correct mass
loss in level set function by using the characteristic infor-
mation of the escaped massless marker. This method
maintains the nice geometric properties of level set
method along with the ease and simplicity of implemen-
tation. The particle level set method compares favorably
with volume of fluid methods in the conservation of mass
and purely Lagrangian schemes for interface resolution.
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However this method may cost more computational time
compared with level set method and even CLSVOF
method. For phase change with mass transfer across
interface, there exist problems in setting up the massless
marker particles for this particle level set method [21].

3. Simulation of drop falling flows

The dam break problem is calculated to further vali-
date the method employed in this paper. A 81 x 41 uni-
form Cartesian grid is used with an initial water column
height to width ratio of 2. pyater/Poack = 1000, twater/
lpack = 1000, and Re = 1000. At the outlet boundary,
the Neumann boundary condition is set for velocities.
At all other boundaries, slip wall boundary conditions
are applied for the velocities. The variable time step

25

369

method developed in Section 2 is employed to discretize
the reinitialization equation. Fig. la illustrates the free
surface profiles between time = 0.2 and time = 3.0 with
time interval 0.2. The water surface evolves in a smooth
shape and no oscillation occurs at the interface near the
solid wall. Fig. 1b illustrates the mass loss using variable
time step method. We can see that the total mass loss
using variable time step method is less than 0.3%, while
the original reinitialization procedure [16] can lose mass
up to a total 1.75%. Fig. 2a shows the history of the
water front marching along the ground surface (y = 0)
and Fig. 2b shows the transient height of the wetted wall
along the vertical surface (x = 0). Also the error bar in
Fig. 2a shows the interface height in this calculation.
The experimental results [11] are also shown in Fig. 2.
The numerical results match the experimental data well.
We also applied the developed method and code for the
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Fig. 1. (a) Zero level set contour from time = 0.2 to time = 3.0 with time interval 0.2 and (b) mass conservation history.
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Fig. 2. History of water front location on solid surfaces in the dam break. (a) Location of water front at y = 0 and (b) height of wetted

wall at x =0.

simulation of 3D bubble rising in a channel, for which
there exists experimental data. Fig. 3 shows the shapes
from experiment [12], and from the computation con-

Figure 3e of
Bhaga & Weber

Present

Fig. 3. Comparison of rising bubble shape with experiment at
Re=13.4, We =29.

ducted in this paper. They are very consistent, especially
the curvature. This numerical test further validates the
accuracy of the droplet falling calculation, which can
be used to illustrate the deformation mechanisms and
motion trajectory.

3.1. Droplet falling—to study mechanisms of motion
and deformation

Feng et al. [4] studied the particle-fluid motion.
According to their conclusions, a circular particle set-
tling in vertical channel experiences different regimes at
different Reynolds numbers, which is related to wake
structure behind the particle. For the small Reynolds
numbers, the particle drifts monotonically or with
damping oscillations to a steady equilibrium on the cen-
terline of the channel independent of the initial position
of the particle. At a critical Reynolds number, the steady
motion bifurcates into a oscillatory motion. When the
Reynolds number is larger than the critical Reynolds
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number, the periodic motion is unstable and gives way
to irregular motion.

However, in Feng et al. study, the deformation of
particles or droplets is not considered. We know defor-
mation has a large effect on the motion, according to
research results for low Reynolds number flow [22].
Since the computing the equilibrium position for the
droplet flow with deformation is expensive, here we
focus on the initial development of a droplet falling,
considering the effects of the droplet deformation, wall
repulsion and inertial force on the motion.

An initially stationary circular droplet of diameter
2R, was released from different lateral positions in a
rectangular channel with the width 9R, and depth
18Ry. The droplet was heavier than the fluid and started
to move down, driven by gravity. Defining the charac-
teristic velocity and length as U= (gRo)"?> and L =R,
respectively, we have dimensionless groups of Reynolds,
Froude and Weber numbers as Re = p, g%R?) Jm, Fr=1,
and We = p,gR%/c. The free-surface boundary condition
(u=0, d0v/0y = 0) was applied on the top and non-slip
velocity conditions were applied on other walls with
the initial condition uft=0)=0. 97 x 193 collocated
uniform meshes are employed for the computation. A
four-level multigrid technique was employed for the
solution of the pressure Poisson equation to enforce
the divergence-free velocity. For this computation, the
maximum residue of the velocity divergence in every
computational cell was kept below 107°.

The shape development of a droplet falling in a liquid
with a density ratio of 1, = p,/p;=1.125 is shown as a
set of superimposed calculations in Fig. 4b. Fig. 4 illus-
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trates that the droplet begins to fall down owing to
gravity force. The color contours show the pressure dis-
tribution with high pressure as red and low pressure as
blue. The pressure difference between the upper and
lower surfaces forms the vortex chain at the corner of
the upper surface, which induces the jet motion that
pushes water into the droplet from above. Due to the
effect of the jet, a velocity difference between the upper
and lower surfaces is formed, and so the upper surface
approaches the lower surface of the droplet. Due to
the higher pressure difference between the upper and
lower surfaces, which drives the lower surface up, the
droplet flattens as time progressing. Eventually when
the droplet is close to the bottom wall, the lower surface
pierces into the top flat surface and the droplet is
broken.

3.1.1. Effect of the wall on the motion

By settling droplets on different lateral positions in an
initially quiescent fluid, the computational trajectories
and velocity vectors results show the effects of the wall
on the motion as shown in Fig. 4. Due to the wall shear,
the droplet near the wall deforms and rotates (Fig. 4a).
Due to wall repulsion, the deformed droplet moves to
the centerline. When the droplet approaches the center-
line, the pressure difference and the rotation force on the
droplet will push the droplet back to the wall. When the
droplet is close to the wall, the wall repulsion and
the rotation force will drive the droplet to the centerline.
The cycle is repeated and the droplet with initial lateral
position near the wall has an oscillatory trajectory with
increasing amplitude as time progressing due to the
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Fig. 4. Effect of wall on a falling droplet for Re =100, We =50, 4, = 1.125, 4, = 50. Droplet falling (a) near the wall with initial
position (1.5,16.5) and (b) in the central region with initial position at (4.5,16.5).
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Fig. 5. Effect of viscous force on a falling droplet for We = 50, 4, =

(b) Re = 100.

increasing inertia. While the droplet with initial lateral
position on the centerline, which is shown in Fig. 4b,
falls straight along the centerline with no lateral motion
since the Reynolds number or the inertia is not big
enough to produce appreciable oscillation as found [4].
A vortex sheet is observed in the velocity vector of
Fig. 4a for the falling movement of the droplet near wall,
while only a vortex chain can be found in the velocity
vector of Fig. 4b for the droplet movement along the
centerline.

3.1.2. Effect of non-linear and viscous force on the
deformation and motion

To study the effect of inertia on the motion, we set-
tled two droplets near the wall with Reynolds numbers
10 and 100 respectively. For the low Reynolds number
case of Re =10 (Fig. 5a), the droplet initially moves to
the centerline due to the wall repulsion; however, we
cannot see the oscillatory trajectory due to the strong
viscous damping. Eventually the deformed droplet falls
down along a straight line near the centerline. For the
case of Re =100 (Fig. 5b), due to the large inertia, the
droplet oscillates between the wall and the centerline.
These oscillatory mechanisms have been described in
the above subsection. The velocity vectors in Fig. Sa
and b illustrate the effect of the inertia. The two vortices
are generated symmetrically on the both sides of the
deformed droplet for the low Reynolds number case of
Re =10 (Fig. 5a), while the non-symmetrical Karman
vortex sheet illustrates the oscillatory mechanisms for
high Reynolds number (Fig. 5b). Also for the low Rey-
nolds number case of Re = 10, due to the strong viscous
damping, the deformation of the droplet (Fig. 5a) is
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1.125, A, = 5.0 with initial position at (1.5,16.5). (a) Re = 10 and

weak since the jet induced by the pressure difference
between the top and bottom surfaces is weak. The drop-
let deformation for the large Reynolds number case of
Re =100 (Fig. 5b) is comparatively much larger.

3.1.3. Effect of surface tension on deformation
and motion

Fig. 6 shows the trajectories and shapes for a falling
droplet against the Weber numbers of 50 and 500. One
droplet was settled down with initial lateral position
on the centerline, while the other was settled down with
initial position near walls. The droplet on the centerline
will move down straight along the centerline as shown in
Fig. 6b. The deformation for the droplet with We = 500
is larger than that for We = 50. The droplet near the
wall oscillates due to the wall repulsion and inertia as
shown in Fig. 6a. However, it is also shown that a larger
deformation results in a larger oscillatory amplitude.

Fig. 7 shows the computational results for the small
Weber number cases of We = 5 and 50 with initial lateral
positions near the wall. For the case of We = 5 in Fig. 7a,
the deformation is very small due to the large surface ten-
sion. Although we can see in Fig. 7a that the droplet is
oscillating, the amplitude is very small, while the oscilla-
tory amplitude in Fig. 7b is very strong for the larger
deformed droplet for the case of We = 50. The velocity
vectors also show that a larger deformation causes a
stronger vortex and bigger oscillatory amplitude.

3.1.4. Effect of density ratio on the deformation
and motion

Since the droplet falling is driven by the gravity, the
density ratio will play a great role on the droplet motion
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Fig. 6. Effect of surface tension on a falling droplet for Re = 100, 4, = 1.125 and 2, = 50. Droplet falling (a) near the wall with initial
position (1.5,16.5) and (b) in the central region with initial position at (4.5,16.5).
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Fig. 7. Effect of surface tension on a falling droplet for Re = 100, 4, = 1.125 and 4, = 1.0125 with initial position at (1.5,16.5). (a) and

(b) We = 50.

in a liquid. Fig. 8 illustrates the effect of the density ratio
on the trajectory and shape of the droplet. From the
computation results, we can see that the deformation
for the high density ratio of 4, =1.125 is larger than
that for the case of low density ratio of 4, =1.05. For
the higher density ratio, the Bond number is higher
and the driven force is larger than that for the lower den-
sity ratio. The larger driven force will induce a stronger
jet above the top surface of the droplet, which will pro-
duce larger deformation for the higher density ratio.

Also, the falling speed of the droplet with high-density
ratio is larger than the droplet with low density ratio.
The inertial effect on the droplet motion of the high den-
sity ratio is stronger.

For the droplets near the wall as shown in Fig. 8a,
the oscillatory amplitude for 2, =1.05 is smaller than
for 2,=1.125 since the deformation and inertia for
the case of low density ratio is weaker. The effects of
deformation and inertia have been discussed in the
above subsections.
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Fig. 8. Effect of density ratio on a falling droplet for Re = 100, We = 50, and /4, = 50. Droplet falling (a) near the wall with initial
position (1.5,16.5) and (b) in the central region with initial position at (4.5,16.5).

3.1.5. Effect of inter-droplet repulsion on multiple droplets

Fig. 9 illustrates the effect of the inter-droplet repul-
sion by settling two droplets symmetrically in the
computational regions with same initial horizontal posi-
tion. Fig. 9a and b show that the walls tend to push the
two droplets together, while their mutual repulsion
keeps them apart. Due to the large deformation and
high inertia (since the Reynolds number and Weber
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Fig. 9. Falling two-droplet flows for Re =100, We =50,
A, =1.125 and 7, = 50. Droplet falling (a) near the wall with
initial positions (1.5,16.5) and (7.5,16.5), (b) in the central
region with initial positions at (4.5,16.5), (3.0,16.5) and
(6.0,16.5).

0.00 — T T T
0.00 2.003.004.00 6.00 8.009.00

number are relatively large), the two droplets exhibit
oscillatory motion. It is expected that the two droplets
move down along a steady straight line apart from the
centerline when the Reynolds number is small enough.

Fig. 10 illustrates the effect of inter-droplet and wall
repulsion by settling three droplets from the same initial
horizontal line. For the low viscosity ratio (Fig. 10a), due
to the lower internal viscous damping force in the drop-
let, the deformation is large and eventually the three
droplets coalesce into one big droplet. The new big drop-
let will continue to move down and exhibit even larger
deformation since the Weber number has increased by
/3 times over that of the original small droplet.

For the lower Weber number case with a big viscosity
ratio (Fig. 10b), the deformation is smaller than in the
smaller viscosity ratio case (Fig. 10a). Fig. 10b and c also
illustrate the effect of surface tension on the deformation
and motion of the droplets in a fluid. For the larger
Weber number We =50 (Fig. 10c), due to the lower
surface tension, the droplets are greatly deformed.
Finally, the central one is broken up into two droplets.
The two droplets fall down with effects of wall repulsion
and inter-droplet repulsion. Due to the smaller area and
diameter of the new droplets, they deform less than the
original larger one. Also due to the repulsion of the
bottom wall, the two small droplets coalesce into the
other two bigger droplets.

3.1.6. Coalescence of two droplets

For the two droplets settling in the same horizontal
line, we cannot find the process of two droplets coalescing
(see Fig. 9a and b). However when the droplets are ini-
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Fig. 10. Falling three-droplet flows for Re =100 and 4, = 1.125. (a) We =5 and /, = 1.05. (b) We =5 and 4, = 50. (c) We = 50 and

Jp= 50.

tially settled at the centerline with one droplet above a
second one as shown in Fig. 11, the trailing droplet accel-
erates into the wake of the leading droplet (Fig. 11b) and
finally merges with it into a new droplet (Fig. 11c). The
new droplet has a larger size than the old one (with
Weber number /2 times large as the old one), and it
deforms more than the old one due to the reduced effect
of surface tension and viscosity (Fig. 11d). Fig. 11 illus-
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trates this processing of the deformation, coalescence
and larger deformation. The effects of Reynolds number,
internal circulation, drop size ratio and impact velocity
on the coalescence process has been investigated in detail
by Mashayek et al. [10]. They also measured the period of
oscillations for the combined drop and found that the
first oscillation period is always shorter than the second
period regardless of Reynolds number.

0.00
0.00 3.00 5.006.00 9.00 0.00 3.00 5.006.00 9.00

(c) (d)

Fig. 11. Falling two-droplet flows for Re = 100, We =5, 4, = 1.125 and 4, = 1.0125 with initial positions at (4.5,25.5) and (4.5,22.5).



376 M.-J. Ni et al. | International Journal of Heat and Mass Transfer 49 (2006) 366376

4. Conclusion

The main results on the effects of wall repulsion, inter-
droplet repulsion, inertia, and deformation on the
motions of falling droplets can be summarized as follows:

(1) The Karman vortex street shown in the computa-
tion can explain the oscillatory mechanisms of the
falling droplet motion in a lighter fluid. Due to the
wall shear, the droplet near the wall deforms and
moves towards the centerline of the channel.
When the inertia is strong, the pressure difference
and rotation force push a droplet near the center-
line back to the wall, and the wall repulsion and
the rotation force push the droplet near the wall
to the centerline again. The cycle is repeated if
the viscous damping is not large, and we can see
the oscillatory trajectory. Larger deformation
generates larger oscillatory amplitude. The con-
nection between Karman vortex and inertia, drop-
let deformation and wall repulsion is shown.

(2) For two or three droplets initially settled symmet-
rically at the same horizontal location, the compe-
tition between wall repulsion and inter-droplet
repulsion decides the direction of the droplet
movement to the wall or to the centerline. The
walls tend to push the droplets together and their
mutual repulsion keeps them apart. When drop-
lets are settled initially at the centerline with one
droplet above another one, the leading one forms
a low-pressure region after the droplet, which will
accelerate the trailing one. The trailing one with a
higher velocity finally coalesces with the leading
one to form a larger droplet.

This paper also gives an analysis that the reinitializa-
tion method [16] can lose the total mass during the reini-
tialization procedure. A variable time step method is
presented to improve the mass conservation of the level
set method.
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