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Abstract The numerical simulation has been carried
out to investigate the motion of a droplet initially near a
wall under gravity and confirm the existence of the wall
repulsive force on the droplet. The numerical model is
developed based on a mass conservation level set algo-
rithm to capture the surface deformation of the droplet.
The results show that the wall repulsive force on the
droplet initially near the wall plays an important role
in the droplet falling process, and the viscosity force
affects the oscillatory trajectory of the falling droplet.
In addition, the mutual repulsive effect between two
droplets is also studied by settling symmetrically two
droplets, and the oscillatory mechanism of droplet mo-
tion is discussed as well.

Keywords Droplet · Wall proximity · Wall repulsion ·
Deformation · Level set method

Introduction

Droplets formed in different devices are encountered
frequently in wide range applications and research
fields, such as foods, polymers, metallurgy, and at-
mosphere. Information about droplet deformation be-
havior can be critical to manipulate and control the
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relevant engineering processes where droplet deforma-
tion and breakup phenomena are involved. The droplet
deformation behavior is influenced mainly by stresses
acting on the droplet and by the material properties of
the droplet as well as surrounding continuous phase,
such as the viscosity of the droplet, the viscosity of
the surrounding fluid phase, and the surface tension.
The viscous force tends to deform the droplet, and the
surface tension force works to restore the shape of the
droplet. In addition, the apparatus itself may affect
the droplet deformation such as the effect of the wall
of the apparatus on the deformation of the droplet near
the wall, and this kind of effect is investigated in the
present work.

Many experimental works have been done, includ-
ing the pioneering work of Taylor (1932), to inves-
tigate the deformation and eventually the breakup
of droplets in diverse flow fields (Flumerfelt 1972;
Rallison 1984; Bentley and Leal 1986; Stone and Leal
1989; Milliken and Leal 1991; Varanasi et al. 1994).
Very recently, Gatne et al. (2009) investigated exper-
imentally the effect of surfactant molecular mass trans-
port on the normal impact and spreading of a droplet
of its aqueous solution on dry horizontal substrates.
They found that besides reagent bulk properties, dy-
namic surface tension, surface wettability, and droplet
Weber number govern the transient impact-spreading-
recoil phenomena. The role of dynamic surface ten-
sion is evident in comparisons of impact dynamics of
droplets of different surfactant solutions with identical
equilibrium surface tension and same Weber number.
On the other hand, many numerical efforts on this
subject have been conducted as well. Wilkes et al.
(1999) investigated the dynamics of formation of a drop
of a Newtonian liquid from a capillary tube into an
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ambient gas phase. Calculations have also been carried
out to determine the range of parameters over which
algorithms that treat the drop liquid as inviscid and the
flow inside it as irrotational can accurately predict the
dynamics of formation of drops of low viscosity liquids.
Wilkes and Basaran (2001) studied the dynamics of a
liquid drop which was supported on a solid rod that
was forced to undergo large-amplitude, time-periodic
oscillations along its axis using a computational ap-
proach based on the Galerkin/finite element method
and an adaptive mesh generation technique which en-
ables discretization of overturning interfaces and analy-
sis of drop breakup. They found that the forcing ampli-
tude and/or frequency can be chosen so as to prevent
the formation of long liquid necks, which typically fa-
vor the formation of satellite droplets after breakup.
Ni et al. (2006) presented a direct simulation of a
droplet falling in a different background liquid and a
variable time step method to improve conservation.
Liang and Chen (2009) investigated the deformation
dynamics of droplets under normal gravity and the
Marangoni migration of droplets under microgravity.

The works on droplet dynamics under microgravity
have also been done so far. Savino et al. (2001) studied
numerically and experimentally the Marangoni effects
responsible for a pushing force on a droplet interacting
with a solid wall in the presence of a temperature
gradient. Their results clarified questions of interest in
the field of material science, in particular, they might
provide some explanation for the minority phase sep-
aration observed during solidification processes under
microgravity conditions. Savino et al. (2003) carried
out an experimental and numerical analysis of the
behavior of drops in a liquid matrix, in presence of
temperature differences in preparation for a MAXUS
sounding rocket flight to study wetting and coalescence
prevention induced by thermal Marangoni effect. The
theoretical-numerical study of the problem has been
conducted with a thermo-fluidynamic model based on
the assumption of the existence of a fluid film between
the drop and the lower surface. Savino et al. (2004)
reported the preliminary results of the microgravity
experiment and a number of numerical simulations
aimed at explaining and correlating the experimen-
tal findings in a microgravity experiment on droplets,
wetting and coalescence prevention. The decreasing of
the film thickness, as expected, was detected when the
thermal gradient was reduced until wetting occurred at
a “critical” temperature difference. Detailed reviews on
numerical, experimental and modeling investigations
of the deformation and breakup of droplets in simple
and complex flow fields were given by Stone (1994),
Briscoe et al. (1999).

Despite the fact that a number of papers touched
upon droplet deformation, it is yet not fully known
the effect of the wall on the moving droplet near the
wall. In this paper, we will present such a study using a
mass conservation level set approach to investigate the
deformation and breakup of the droplet initially near a
wall under gravity.

Equations of Motion

In our investigation, an initially circular droplet with
radius R is centered at (a, b) and surrounded by the
gas phase under gravity in a rectangular container with
height Ly and width Lx as shown in Fig. 1. The equa-
tions of motion for an incompressible flow are given by
the following dimensionless Navier-Stokes equations,
which include gravitational as well as viscosity and
surface tension effects.

∇ · u = 0 (1)

ut + (u · ∇) u

= gu + 1

ρ

(
−∇ p + 1

Re
∇ · (2μD) + 1

We
κδ (d) n

)
(2)

where u = (u, v) is the fluid velocity, ρ = ρ(x, t) is the
fluid density, μ = μ(x, t) is the fluid viscosity, D is the
viscous stress tensor, κ is the curvature of the interface,
δ is the Dirac delta function, d is the normal distance
to the interface, n is the unit normal vector at the inter-
face, t is the time, p is the pressure, gu represents the
unit gravitational force. The dimensionless parameters
used are Reynolds number and Weber number defined

as Re = (L)3/2√gρl

μl
and We = (L)2gρl

σ
, respectively. Here

ρl and μl are the dimensional liquid density and vis-
cosity, respectively, σ is the surface tension, L is the
characteristic length, L = 2R, R is the initial radius of
the circular droplet, the characteristic velocity U∞ =√

2Rg, g is the gravitational acceleration, and the char-
acteristic time t = √

2R/g.

Fig. 1 The schematic
diagram of the droplet
motion model
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Numerical Method

Level Set Function and Its Formulation

The level set method was originally introduced by
Osher and Sethian (1988) to numerically predict the
moving interface �(t) between two fluids. Instead of ex-
plicitly tracking the interface, the level set method im-
plicitly captures the interface by introducing a smooth
signed distance from the interface in the entire com-
putational domain. The level set function φ(x, t) is
taken to be positive outside the interface, zero on the
interface and negative inside the surface. The interface
motion is predicted by solving the following convection
equation for the level set function of φ(x, t) given by,

φt + u · ∇φ = 0 (3)

The density ρ and viscosity μ in the flow field can then
be expressed as follows.

ρ (φ) = 1 +
(
ρg

/
ρl

− 1
)

Hα (φ) (4)

μ (φ) = 1 +
(
μg

/
μl

− 1
)

Hα (φ) (5)

Hα (φ)=
⎧⎨
⎩

0 φ < −α

(φ + α) / (2α) + sin (πφ/α) /2π |φ| ≤ α

1 φ > α

(6)

where subscripts g and l denote the gas and liquid
phases, respectively, and α is the prescribed thickness
of the interface, while we used α = 
x/2 in this work,
here 
x is the grid spacing. Sussman et al. (1994)
proposed an iterative procedure to reinitialize the level
set function after solving the convection equation for
the level set function.

φt = φ0√
φ2

0 + (
x)2
(1 − |∇φ|) (7)

φ (x, 0) = φ0 (x) (8)

where φ0(x) has the same zero level set as φ(x).
In fact, the numerical discretization of the level set

formulation does not guarantee the mass conservation.
To overcome this difficulty, a mass conserving proce-
dure must be carried out by solving the following area
compensation equation to a steady state,

∂φ

∂t
+

[
1 − A (t)

A0

]
F (κ) |∇φ| = 0 (9)

where A(t) is the liquid phase area at time t correspond-
ing to the level set function φ (t), A0 is the initial area of
the liquid phase for the initial condition, F(κ) is defined
as follow,

F (κ) = 1.0 + hκn (10)

The F(κ) is an area constraint function and can be
considered as a function of the local curvature, which
varies with h and n. The procedure converges much
faster when h = 0 and n = 0, which are used in the
present calculation. We stop the procedure when the
relative error between A(t) and A0 is less than 10−5.

Boundary, Initial and Numerical Conditions

In the gas-liquid system studied here, the initially sta-
tionary droplet and the background phase are consid-
ered with the initial condition

u (t = 0) = 0 (11)

The non-slip condition is used at the four wall bound-
aries of the closed channel

u = 0 (12)

The present strategy is further summarized below.
The level set formulation of Eulerian interface cap-
turing methods is applied to analyze the free surface
motion of the droplet. The Navier-Stokes equations
in primitive variable formulations are solved on a
staggered grid by the method of lines. The advection
terms are discretized by the quadratic upstream inter-
polation for convective kinematics (QUICK) method
(Leonard 1979) and the other terms by the central
finite difference method except for the body force, and
a second-order Adams-Bashforth method (Gear 1971)
is used as the time integration scheme. The Poisson
equations are solved by means of the successive over
relaxation (SOR) approach (Rigal 1987). The contin-
uum surface force (CSF) model (Brackbill et al. 1992)
is employed to treat the surface tension force at the
interface.

Results and Discussion

The code validation has been carried out by comparing
present results with those of van der Pijl et al. (2005) for
a droplet falling under gravity. The stationary droplet
in air is considered initially. The non-dimensional sizes
include: Lx = 6R, Ly = 9R, a = 3R, b = 6R, R = 0.5
and the dimensional size is Lx = 0.02 m. The gravity
is g = 9.8 m/s2, and the material constants include:
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Fig. 2 Interface positions for
the falling droplet at several
times (from left to right
t = 0.0 s, t = 0.02 s, t = 0.04 s,
t = 0.05 s, t = 0.06 s,
t = 0.065 s)

σ = 0.0728 kg/s2, ρl = 103 kg/m3, ρg = 1.226 kg/m3,
μl = 1.137 × 10−3 kg/ms, μg = 1.78 × 10−5 kg/ms, re-
spectively. The results from the present work are shown
in Fig. 2 showing the interface positions and shapes
at several times for the falling droplet, which compare
well with ones of van der Pijl et al. at every time
step (see Fig. 12 of van der Pijl et al. (2005)). Note
that all results presented in this paper are shown in
dimensionless forms except for the droplet falling times
shown in Fig. 2.

1. Single droplet motion

An initially stationary circular droplet of radius R is
released from a position at (1.5R, 16.5R) in a rectan-
gular channel with the width Lx and height Ly, and the
droplet is heavier than the surrounding fluid. The non-
dimensional sizes are: Lx = 9R, Ly = 18R, R = 0.5.
The simulation is conducted with a set of parameters,
Re = 100, We = 50, ρl/ρg = 1.25, μl/μg = 100. Once
the simulation starts, the droplet will fall down under
the effect of gravity. Figure 3a presents the droplet
surface profiles between t = 0.0 and t = 37.5 with time
interval 2.5, and the velocity field and droplet shape at
t = 37.5 is shown in Fig. 3b. The viscosity force tends
to deform the droplet, and the surface tension force
works to maintain the shape of the droplet when the
droplet moves down in a lighter fluid. The near wall

also has a wall repulsive effect on the moving droplet by
applying a repulsive force on the droplet, which tends
to deform the droplet as well and pushes the droplet
away from the wall. Under such complicated effects,
the droplet moves towards the center of the channel.
As the droplet deforms, the positions of its mass center
are changed consecutively, which results in a vibration
force. At the same time, the droplet falling movement
also induces a pressure different around the droplet. As
the droplet is away from the left wall, the wall repulsive
force decreases, while the pressure difference and the
vibration force push the droplet back to the left wall.
The process is repeated and the droplet undergoes an
oscillatory trajectory when it moves down under grav-
ity. Figure 3b clearly illustrates the oscillatory vortex
sheet in the velocity field for the falling movement of
the droplet near the wall, which confirms the oscillation
of the droplet movement as well. Figure 3c illustrates
the nearest and farthest distances between the droplet
and the left wall of the channel, which shows further the
oscillatory motion of the droplet.

Next, the effect of Re number on the droplet move-
ment is observed by setting different Re number.
Figure 4 illustrates the droplet surface profiles between
t = 0.0 and t = 60.0 with time interval 2.5 for the
case of Re = 10 and the other computational conditions
are kept the same with those in Fig. 3. As the Re

Fig. 3 A falling droplet
initially near the left wall at
(1.5R, 16.5R) for Re = 100,
We = 50, ρl /ρg = 1.25, μl /μg
= 100, R = 0.5. (a) Droplet
surface profiles, (b) velocity
field at t = 37.5, and (c) the
nearest and farthest distances
between the droplet and the
left wall of the channel
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number decreases, the inertia effect decreases and it
takes a longer time for the droplet to move down from
the initial position to the bottom of the channel. The
droplet undergoes a larger deformation owing to the
strong viscous damping in a long time falling movement
for the low Re number case of Re = 10, and the droplet
breaks up eventually as shown in Fig. 4b. Moreover,
the oscillatory frequency decreases remarkably as the
Re number is decreased. The density of the background
fluid is close to that of the droplet, thus the droplet falls
actually in a lighter liquid. Because the inertia force
of the droplet motion is small, once the droplet ap-
proaches the left wall enough, the wall repulsive force
increases so that it is larger enough than the pressure
difference and the vibration force, which can push the
droplet away from the wall. Therefore, the droplet falls
and splits into a main droplet and small ones without
any contact with the wall.

In order to study the effect of initial position of the
droplet on the droplet motion, the droplet is released
from a position of (4.5R, 16.5R), and the other com-
putational conditions are kept the same with those in
Fig. 4. The droplet surface profiles between t = 0.0 and
t = 80.0 with time interval 2.5 are shown in Fig. 5a, and
the velocity field and the droplet shapes at t = 80.0 are
shown in Fig. 5b. The droplet is located at the center
of the channel and falls straight along the centerline
without lateral motion since there is no wall repulsive
force acting on the droplet to produce appreciable
oscillation as found in Figs. 3 and 4 before the droplet
is broken. As the droplet deforms largely and breaks
into two small droplets, the pressure difference and the
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Fig. 4 A falling droplet initially near the left wall at (1.5R, 16.5R)
for Re = 10, We = 50, ρl/ρg = 1.25, μl /μg = 100, R = 0.5.
(a) Droplet surface profiles and (b) the velocity field at t = 60.0
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Fig. 5 A falling droplet initially in the central region at (4.5R,
16.5R) for Re = 10, We = 50, ρl /ρg = 1.25, μl /μg = 100, R = 0.5.
(a) Droplet surface profiles and (b) the velocity field at t = 80.0

vibration force push the two droplets to move towards
the left and right walls, respectively. When they are
near the left and right walls enough, the repulsive forces
from the two walls push them away from the two walls,
respectively.

The vertical side walls of the channel are regarded
as the regular walls, and the other kind of side walls
of the channel are regarded as the irregular walls. The
effect of the irregular wall on the droplet motion is
also checked. An initially stationary circular droplet of
radius R is released from a position at (6R, 16.5R) in an
irregular channel with inclined left and right walls un-
der gravity. The non-dimensional sizes are: Lx = 12R,
Ly = 18R, R = 0.5. The simulation is conducted with
a set of parameters, Re = 100, We = 50, ρl/ρg = 1.25,
μl/μg = 100. The droplet surface profiles between t =
0.0 and t = 37.5 with time interval 2.5 are shown in
Fig. 6a. When the droplet is released from the initial
position, it falls down due to the effect of gravity. At the
same time, the near distance between the droplet and
the right wall results in a repulsive force which pushes
the droplet away from the right wall. As the droplet ap-
proaches the left wall, the repulsive force coming from
the left wall keeps the droplet apart from the left wall.
Therefore, the droplet undergoes an oscillatory process
as it falls down. The oscillatory process can be found
from the oscillatory vortex sheet in the velocity field for
the falling movement of the droplet at t = 37.5 (Fig. 6b).
In Fig. 7, an initially stationary circular droplet of radius
R is released from a position (3R, 16.5R) in an irregular
channel with an oval left wall under gravity, and the
other computational conditions are kept the same with
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Fig. 6 A falling droplet initially near the right wall at (6R, 16.5R)

for Re = 100, We = 50, ρl /ρg = 1.25, μl /μg = 100, R = 0.5.
(a) Droplet surface profiles and (b) the velocity field at t = 37.5

those in Fig. 6. The droplet experiences an obvious os-
cillation in its falling process (Fig. 7a), and the droplet is
broken when it is pushed back to the left wall. The small
part of the broken droplet is well reserved as shown in
Fig. 7b, which shows that the mass conservation is well
done attributing to the area compensation in the level
set method.

2. Double droplet motion

Finally, the interaction between two droplets is also
investigated by settling two droplets symmetrically in
the computational regions with same initial horizontal
positions at (3R, 16.5R) and (6R, 16.5R), respectively.
The simulation is conducted with We = 25, and the
other computational conditions are kept the same with
those in Fig. 3. The shape development of the falling
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Fig. 7 A falling droplet initially near the left wall at (3R, 16.5R)

for Re = 100, We = 50, ρl/ρg = 1.25, μl /μg = 100, R = 0.5.
(a) Droplet surface profiles and (b) the velocity field at t = 37.5
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Fig. 8 Two falling droplets settling symmetrically with same
initial horizontal positions at (3R, 16.5R) and (6R, 16.5R), re-
spectively, for Re = 100, We = 25, ρl /ρg = 1.25, μl /μg = 100,
R = 0.5. (a) Droplet surface profiles and (b) the nearest and
farthest distances between the left droplet and the left wall of the
channel

droplet between t = 0.0 and t = 42.5 with time interval
2.5 is shown in Fig. 8a. Initially, the mutual repulsion
for the two droplets keeps them apart and forces them
to move towards the two side walls, respectively, and
then the two walls tend to push the two droplets to-
gether when the two droplets close to the two walls,
respectively. Therefore, the two droplets exhibit oscil-
latory motion as shown in Fig. 8a. The nearest and
farthest distances between the left droplet and the left
wall of the channel are shown in Fig. 8b. The nearest
and farthest distances vibrate in the form of sinusoidal
function, which confirms further the oscillatory motion
of the left droplet.

Conclusions

The wall effect on the falling droplet initially near the
wall under gravity is investigated numerically using
the mass conserving level set approach to study the
deformation mechanisms of the falling droplet. From
this work, the following conclusions can be drawn.

1. When the droplet initially near a wall moves down
in a lighter fluid, the near wall has a wall repulsive
effect on the droplet by applying a repulsive force
on the droplet, which tends to deform the droplet
and pushes the droplet away from the wall. As the
droplet deforms, the positions of its mass center
are changed consecutively, which results in a vi-
bration force. At the same time, the droplet falling
movement also induces a pressure different around
the droplet. As the droplet is away from the wall,
the wall repulsive force decreases and the pressure
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difference and the vibration force push the droplet
back to the wall. The process is repeated and the
droplet undergoes an oscillatory trajectory, and
the oscillatory vortex sheet of the droplet confirms
the oscillation of the droplet movement and the
existence of the wall repulsion effect.

2. For the low Re number case, the droplet undergoes
a larger deformation owing to the viscous damping
in a long falling time and breaks up eventually,
and the oscillatory frequency decreases remarkably
as the Re number is decreased. The small part of
the broken droplet is well reserved in the com-
putation for droplet breaking cases, which shows
that the mass conservation is well done attributing
to the area compensation in the level set method.
The results for the double droplet motion illustrate
the existence of the mutual repulsion between the
two droplets.
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