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In this study, a numerical algorithm is developed for simulating the interactions between a liquid and a
solid object in presence of a free-surface. The presented model is the fast-fictitious-domain method inte-
grated into the volume-of-fluid (VOF) technique used for tracking the free surface motion. First, the gov-
erning equations are solved everywhere in the computational domain including the solid object. Next, a
rigid body motion is projected onto the region occupied by the solid. The evaluation of the acting forces
on the solid object and the application of the no-slip boundary condition on the solid–liquid interface are
performed implicitly. In the model developed in this study, the no-slip condition is imposed by attribut-
ing a high viscosity to the solid region. The model is validated by a comparison of the simulation results
with those of the available experiments in the literature for a sphere during its entry into a liquid free
surface and for the free fall of one and two circular particles inside a liquid. For all cases considered,
the results are in good agreement with those of the experiments and other numerical studies.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The free surface deformation in presence of a moving solid ob-
ject has been studied experimentally and theoretically for more
than a century. However, this phenomenon is not well understood
due to complex effects of solid–liquid momentum, the cavity for-
mation behind the solid object and capillary effects at the contact
line between the surface of the solid and liquid. The interaction be-
tween a solid body and a liquid medium has a wide application in
many industries such as the water entry of a solid; and designing
ships, flying boats, seaplanes, etc.

Worthington (1908) was one of the first researchers who sys-
tematically studied vertical water entry of spherical objects. Many
later studies were performed to improve the knowledge regarding
the liquid–solid interaction. Gilbarg and Andersok (1948) dis-
cussed the influence of atmospheric pressure, solid velocity and
surface tension on the entry of spheres into water. They found that
any increase in atmospheric density and solid velocity can affect
the closure of the splash. The surface tension effect on the splash
closure becomes important in cases where the solid radius and
velocity, and the atmospheric density are small (Gilbarg and
Andersok, 1948). May (1951) discussed the effect of different sur-
face conditions of a sphere on the cavity formed during its water-
entry. In a later publication (May, 1952), he conducted many
experiments to discuss the effect of different parameters on the
cavity formation behind the object. Abelson (1970) conducted
ll rights reserved.
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experiments to study pressure drop behind a solid object moving
inside a liquid. Moghisi and Squire (1981) performed an experi-
mental investigation of the initial force of the impact on a sphere
striking a liquid surface. They modified a correlation presented
by Shiffmanm and Spencerd (1945) for the drag coefficient of a
sphere during its initial entry into a liquid. Kuwabara et al.
(1987) reported quantitative information about the liquid entry
of smooth spheres and cylinders.

The classical view of impacts on free surfaces relies solely on so-
lid and liquid inertia. From the recent experimental works that
investigated different aspects of the solid object impact into a free
surface, we can mention those performed by Lee et al. (1997),
Thoroddsen et al. (2004), Grumstrup et al. (2007) and Lee and
Kim (2007). In a strong contrast to the classical viewpoint, Duez
et al. (2007) showed that the wettability of the impacting solid,
highly affects the splashing characteristics. Motivated by Duez
et al. (2007), Aristoff et al. (Aristoff and Bush, 2009; Aristoff
et al., 2010) conducted experimental–theoretical studies for water
entry of hydrophobic spheres and vertical cylinders. They pre-
sented a regime diagram for hydrophobic spheres with the same
wetting properties based on nondimensional parameters affecting
the cavity formation behind the spheres. In addition, they devel-
oped a theoretical model for predicting important parameters
involving the depth and time of pinch-off, depth of sphere at the
pinch-off time and volume of the cavity behind the sphere.

Direct numerical simulations (DNS) of fluid–solid interaction
can provide more insight for this complicated phenomenon. There
are two general approaches used by researchers to overcome this
challenging field of study; approximate method simulations and
direct numerical simulations. Approximate methods available in
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the literature such as potential flow, Stokes flow and point-particle
approximation all simplify the computations by ignoring one or
more of the important effects like viscosity, wakes, and stagnation
and separation points. A complete review of the approximate
methods is presented by Esmaeeli and Tryggvason (1998) and Hu
(1996). However, in this study we focus on the direct numerical
simulation of fluid–solid interaction methods.

The first category of DNS methods introduced for simulating the
fluid–solid interaction is based on unstructured grids where solid
zones are not considered in the computational domain and the ob-
ject surface are treated as boundary conditions. As the solid body
moves inside the fluid the geometry of the fluid computational do-
main changes. Therefore, a re-meshing is inevitable in each time
step (Eulerian methods) or after a large distortion of the generated
grid (Lagrangian or Arbitrary Lagrangian–Eulerian methods). The
re-meshing is seen by most researchers as a process that should
be avoided. Many studies reported in the literature used this tech-
nique in simulating the fluid–solid interaction. Hu and Joseph
(1992) used an Eulerian method in which the computational
domain is re-meshed in each time step and the solution of the
previous time level is mapped onto the new mesh. Next, the
Navier–Stokes equations and the implicitly discretized Newton’s
equations for particle velocities are solved on the new mesh itera-
tively. He applied this method for sedimentation of one and two
cylinders in a 2D channel. Hu (1996) adopted an arbitrary Lagrang-
ian–Eulerian (ALE) technique to simulate the motion of the parti-
cles. He avoided a re-meshing in each time step, however, when
unacceptable element distortion was detected, a new grid was gen-
erated and the flow fields were projected from the old grid to the
new one. He applied this technique successfully for simulation of
2D solid–liquid mixture flows. Johnson and Tezduyar (1996) re-
ported the first 3D finite element computation of fluid–particle
interactions to simulate the movement of a number of spheres
ranging from two to five inside a liquid. As the number of spheres
increased, the mesh size and the frequency of re-meshing were
also increased. Using a stabilized space–time technique and a rede-
signed automatic mesh generation strategy Johnson and Tezduyar
(1997) substantially reduced the required memory and computa-
tional time for mesh generation and successfully simulated the
falling of more than one hundred spheres in a liquid-filled tube.
In other studies, they reported the first simulation of 1000 falling
spheres in a tube (Johnson and Tezduyar, 1999) and sedimentation
of 128 spheres in a spatially periodic flow (Johnson and Tezduyar,
2001). Tezduyar (2001) provided a detailed review of different fi-
nite element methods based on unstructured grids for flow prob-
lems with moving boundaries. He also introduced Mixed
Interface-Tracking/Interface-Capturing Technique (MITICT) where
the fluid–solid interfaces are represented with an interface-track-
ing (moving-grid) technique, and fluid–fluid interfaces (or free sur-
faces) with an interface-capturing (fixed-grid) technique. The
MITICT provides high-resolution fluid mechanics computations at
the boundary layer of the fluid–solid interfaces, and computations
free from mesh deformation at the fluid–fluid interfaces. The MIT-
ICT was successfully tested for simulation of an oscillating cylinder
(Akin et al., 2007) and a falling sphere (Cruchaga et al., 2007) in
presence of a free surface, using different combinations of inter-
face-tracking and interface-capturing techniques.

The second category of direct numerical simulations is based on
fictitious-domain method. The main advantage of this method is
that the fluid flow equations are enforced everywhere in the com-
putational domain including fluid and solid zones. This conceptual
framework leads to a simple geometry and time independent com-
putational domain which can be discretized by a structured and
fixed grid mesh. Eliminating the re-meshing requirement and
dropping the need for unstructured grids results in a considerable
reduction of the required time for computations especially when
dealing with a large number of solid objects. Numerical techniques
for simulating fluid–solid interactions using a fixed-grid discretiza-
tion scheme have been developed considerably over the past dec-
ade. Based on this methodology Glowinski et al. (1999) introduced
a new Lagrange-multiplier based fictitious-domain method for the
direct numerical simulation of fluid–solid interaction and used it
successfully for sedimentation, fluidization and many other appli-
cations (Glowinski et al., 1999, 2001; Glowinski, 2003). The meth-
od of Glowinski et al. (1999) motivated other researchers (Carlson
et al., 2004; Patankar, 2001; Patankar et al., 2000; Singh et al.,
2003) in fluid–solid interaction simulation to further modify his
method. Sharma and Patankar (2005) inspired by these works used
the fast computation technique of Patankar (2001) in a control vol-
ume context for the direct numerical simulation of rigid particulate
flows. In this method, the computational domain encompasses
both the fluid and solid, and governing equations are solved every-
where in the computational domain. The rigid body motion is then
obtained by integrations in the solid zones due to the fact that the
total linear and angular moment in each individual solid zone
should be conserved. This computationally fast and effective
framework for treating the motion of solid objects has been ap-
plied in many other investigations such as Apte et al. (2009), Apte
and Patankar (2008), Ardekani et al. (2008), Ardekani and Rangel
(2008), Coquerelle and Cottet (2008), Martin et al. (2009), Patankar
and Sharma (2005), Sharma et al. (2005) and Shirgaonkar et al.
(2009).

The fictitious-domain methods also have been used for direct
numerical simulation of water entry problems (Xiao, 1999; Hu
and Kashiwagi, 2004; Zhu, 2006). Lin (2007) presented a two
dimensional model based on cut-cell technique in a fixed grid sys-
tem integrated into the VOF method for tracking the free surface
motion. In this model, the solid object is assumed to have a pre-
scribed motion. The moving body problem is then recast into an
equivalent problem where the solid is held constant and the fluid
motion is superimposed with the same velocity of the solid in
the opposite direction. Besides this drawback, the Lin’s model
(Lin, 2007) relies on the fact that the gas phase is not considered,
rather a void region is assumed outside the liquid phase. Do-Quang
et al. (Do-Quang and Amberg, 2009, 2010) presented a numerical
study on the influence of solid surface wettability on the splash
of a solid sphere impacting a liquid free surface. In their studies,
the sphere is considered to be fixed and the computations are
made in the reference frame of the sphere. Next, the liquid inlet
velocity to the domain of computations is set equal to that of the
falling velocity of the solid in each time step. This treatment for
the sphere motion cannot be implemented for general motion of
the solid objects. Yang and Stern (2009) used a sharp interface im-
mersed-boundary formulation and a level-set/ghost-fluid method
for solid–liquid and liquid–gas interface treatments, respectively.
In immersed-boundary method of Yang and Stern (2009), the
forces acting on the flow field domain due to the solid object pres-
ence have to be evaluated explicitly in the governing equations.
These forces need to be applied to the nodes located on the vicinity
of the liquid–solid interface (also known as forcing points). In an-
other work (Yang and Balaras, 2006), they introduced further com-
plexities when solving for the moving object problems due to the
fact that the role of the forcing points near the interface changes
from one time step to the other.

In this study, a numerical method is presented which can sim-
ulate the water entry of solid objects. This method is capable of
handling unprescribed motion of the solids without solving any
additional equation in the computational domain. The method is
based on the fast-fictitious-domain method presented by Sharma
and Patankar (2005) in which the governing equations are solved
everywhere in the computational domain including the solid ob-
ject and the evaluation of the acting forces on the solid are
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performed implicitly. In their model (Sharma and Patankar, 2005),
an additional rigidity constraint had to be applied on the cells
occupied by the solid object; this was done to prevent a nonphys-
ical slip condition on the solid–liquid interface. In addition, they
merely used their model to simulate single phase fluid in the com-
putational domain where no interface was involved. In this study,
the no-slip condition on the solid–liquid interface is imposed using
a different scheme in which a high viscosity is attributed to the so-
lid objects; as a result, the additional rigidity constraint is not re-
quired in the solid zone. This method integrated into the VOF
technique is then used for tracking the free surface motion of the
entry of spheres through a liquid interface. The accuracy of the pre-
sented model is verified by several comparisons performed be-
tween the computational results with those of the experiments.
The model introduced in this study can easily be applied to other
fluid flow solvers dealing with the un-prescribed motion of solid
objects.

2. Numerical method

2.1. Fluid flow

The governing equations for fluid flow are the Navier–Stokes
equations in 2D/axisymmetric, Newtonian, incompressible and
laminar flow:
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For the discretization of the governing equations, a three-step

projection method is used in which the continuity and momentum
equations are solved in three fractional steps as follows. In the first
step, the convective and body force terms in the momentum equa-
tions are discretized using an explicit scheme. The viscosity and
pressure terms in this step are not considered. An intermediate
velocity field, V
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In this study, the no-slip condition on the solid–liquid interface
is imposed by attributing a high viscosity to the solid region. As a
result, the allowable time step for numerical simulation will de-
crease dramatically if the viscous term discretization is performed
using an explicit scheme. This fact is due to a linear stability time
step constraint for an explicit scheme (Harlow and Amsden, 1971).
Therefore, in the second step, an implicit discretization scheme is
used to model the viscous term of the momentum equation to ob-
tain the intermediate velocity from this step, V

!nþ2=3 as:

V
!nþ2=3 � V

!nþ1=3

dt
¼ 1

qn
r � l½ðrV

!nþ2=3Þ þ ðrV
!nþ2=3ÞT � ð5Þ

In this equation, the viscous term is discretized in the fractional
time step tn+2/3. This leads to an implicit treatment of the viscous
term which, in turn, allows using a large time step for simulation
of fluids with high viscosities. Eq. (5) is solved using a TDMA (Tri-
Diagonal Matrix Algorithm) method to obtain V

!nþ2=3.
In the final step, the second intermediate velocity is projected to

a divergence free velocity field as,
V
!nþ1 � V

!nþ2=3

dt
¼ � 1

qn
r � pnþ1 ð6Þ

The continuity equation is also satisfied for the velocity field at
the new time step:

r � V
!nþ1 ¼ 0 ð7Þ

Taking the divergence of Eq. (6) and substituting from Eq. (7) re-
sults in a pressure Poisson equation as:

r � 1
qn
rpnþ1

� �
¼ r � V

!nþ2=3

dt
ð8Þ

The obtained pressure field can then be used to find the final veloc-
ity field by applying Eq. (6). The resulting set of equations is sym-
metric and positive definite; a solution is obtained in each time
step using an Incomplete Cholesky–Conjugate Gradient (LDLT) sol-
ver (Kershaw, 1978).

The interface is advected using the VOF method by means of a
scalar field (f), the so-called liquid volume fraction, defined as:

f ¼
0 in gas
0 <;< 1 in liquid� gas interface
1 in liquid

8><>: ð9Þ

The discontinuity in f is a Lagrangian invariant, propagating
according to:

df
dt
¼ @f
@t
þ V
!�rf ¼ S ð10Þ

where S stands for the mass transfer term assumed zero in this
study. Eq. (10) is used to track the location of the interface and is
solved according to the Youngs PLIC algorithm (Youngs, 1984).

The general boundary condition that must be satisfied at a mov-
ing liquid/gas interface may be written as (Landau and Lifschitz,
1987):

ðpl � pg � rjÞni ¼ ðsl;ik � sg;ikÞnk þ
@r
@xi

ð11Þ

where pl and pg are the pressures on the liquid and gas sides of the
interface, respectively. ni is a component of the unit normal n̂ direc-
ted into the interface; r the surface tension; j the local total curva-
ture; and sl,ik and sg,ik are shear stresses in liquid and gas,
respectively. Assuming the surface tension to be constant and the
shear stresses to be zero (only for the purpose of the interface
boundary condition), the above general condition at the free surface
may be reduced to the Laplace equation:

pl � pg ¼ rj ð12Þ

Rather than imposing Eq. (12) as a boundary condition for the pres-
sure field, the Continuum Surface Force (CSF) model (Brackbill et al.,
1992) reformulates surface tension as a body force, F

!ST , in the
momentum equation. Based on this methodology, Aleinov and
Puckett (1995) suggested the following formulation of F

!ST

F
!ST ¼ rj

A
V

n̂ ð13Þ

where A is the surface area of the fluid contained within the cell and
V is the cell volume. In the above method, also adopted by Buss-
mann et al. (1999), the computed surface force per unit volume is

then smoothed ð eF!STÞ before being placed at the center of the cell.
j and n̂ are obtained in terms of function f as

j ¼ �r � n̂ ð14Þ

n̂ ¼ rf
jrf j ð15Þ
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The obtained surface force from the above method is finally intro-
duced to Eq. (4) as a body force to evaluate the surface tension ef-
fects on the fluid flow.

2.2. Solid object

In this study, the solid objects are modeled using the fast-ficti-
tious-domain method along with a specific model for the no-slip
condition on the solid–liquid interface in which a high viscosity is
attributed to the solid zone. In the first stage of a computation in
each time step, the governing equations of fluid motion are solved
everywhere in the computational domain including the solid zone
without any additional equation. Next, the rigid body motion can
be obtained by imposing an additional condition that the total lin-
ear and angular momentums in the solid body must be conserved in
each time step. This means that a velocity change based on the aver-
age values is imposed only within the solid object; the change,
however, is not projected into the fluid domain. Attributing an aver-
age velocity to the solid, leads to an unrealistic slip condition in the
solid–liquid interface (Sharma and Patankar, 2005). In this study,
therefore, we propose to correct the above drawback by attributing
a high viscosity to the solid. A summary of the computational pro-
cedure followed in each time step of simulation is given below:

(1) The solid object in the computational domain is identified
using a scalar parameter (/s) defined as:8

us ¼

0 out of solid
0 <;< 1 solid boundary
1 within solid

><>: ð16Þ
(2) The fluid flow equations are solved everywhere in the com-
putational domain including the solid zone as discussed
above to obtain Vn+1. In this step, the density and viscosity
in each cell is defined as

q ¼ fql þ ð1� f �usÞqg þusqs ð17Þ
l ¼ fll þ ð1� f �usÞlg þusls ð18Þ

where subscripts l, g and s refer to liquid, gas and solid,
respectively. The viscosity of the solid is set by a large magni-
tude in comparison with that of the liquid. This large magni-
tude of viscosity implicitly imposes the no-slip condition on
the solid–liquid interface. It will be shown later that for the
cases considered in this study, using a viscosity two orders
of magnitude larger than that of the fluid is large enough to
have an accurate solid body movement. It should be noted
that within the solid zone, the value of f is set to zero.
(3) The average translational and angular velocities are obtained
in the solid object zones based on the conservation of
momentum in the solid using following integrals:Z

Ms V
!

s ¼
Solid zone

qV
!

d8 ð19Þ
Z

Is~xs ¼

Solid zone

~r � qV
!

d8 ð20Þ

where Ms, Is, V
!

s and ~xs are the solid mass, moment of inertia,
translational velocity and angular velocity, respectively. "
and~r are the solid volume and position vector with respect
to the solid center of mass. The velocity in the solid zone is
next substituted by
V
!

Solid zone ¼ V
!

s þ ~xs �~r ð21Þ

When the velocity in the computational domain is updated,
the interface is advected using Eq. (10).
Sharma and Patankar (2005) mentioned that setting
Vnþ1 ¼ V

!
Solid zone in the solid zone results in a nonphysical slip con-

dition at the solid–liquid interface. In order to reduce this effect
they introduced an additional body force term into the momentum
equation (Eq. (2)) due to the rigidity constraint in the solid zone as

~f Rigidity Constraint ¼ �qs
V
!nþ1 � V

!
Solid zone

Dt

 !
ð22Þ

A detail implementation of this additional body force term can be
found in the work of Apte et al. (2009). In the present study, how-
ever, the no-slip condition on the solid–liquid interface is treated
differently. As discussed above, a relatively high viscosity is attrib-
uted to the solid zone which, in turn, results in V

!nþ1 � V
!

Solid zone and
eliminates the need for enforcing an additional force term to the so-
lid zone.

The method explained above implicitly considers the momen-
tum interaction between the two media of solid and fluid. As a re-
sult, there is no need to impose any acting force on the solid–liquid
interface. This is in contrast to the procedure applied in the im-
mersed boundary methods available in the literature (Yang and
Balaras, 2006; Yang and Stern, 2009).
3. Results and discussion

In this section, numerical results for a few test cases are pre-
sented. To validate the developed model, some cases are consid-
ered for which the experimental measurements and other
numerical results are available in the literature. These cases in-
clude the water entry of a solid sphere where an interface is in-
volved in the calculations, and the free fall of one and two
consecutive rigid circular objects in a container full of Newtonian
liquid. Numerical computations were performed on an Intel(R)
2.53 GHz CPU Vista desktop. Typical CPU times ranged from 1 to
3 days.
3.1. Water entry of a sphere

The presented model in this paper can simulate the solid–liquid
interaction cases in which a liquid free surface is also involved in
the computational domain. To demonstrate this, two cases of
water entry of a sphere for which the experimental results are
available in the literature are presented. Recent studies on solid li-
quid interaction in presence of a free surface with an unprescribed
motion of the solid have been conducted by Cruchaga et al. (2007),
Akin et al. (2007) and Yang and Stern (2009).

Aristoff et al. (2010) have conducted experiments for cases in
which the Weber number We ¼ qlV

2
s Rs=r� 1, ql/qg� 1 and the

cavitation number Ca ¼ ðp� pv Þ= 1=2qlV
2
s

� �
� 1, where Rs is the

sphere radius, r the surface tension, p the local water pressure
and pv represents the water vapor pressure. Under these condi-
tions, the surface tension effects are small, the ambient air density
does not affect the cavity formation, and no phase change would
occur during the experiments. The impact is then characterized
by the Froude number F ¼ V2

s =ðgRsÞ, the Reynolds number
Re = qlVsRs/ll, the solid–liquid density ratio qs/ql, and the static
contact angle hstatic. The two cases selected from Aristoff et al.
(2010) experiments for the validation of the numerical model have
following specifications:

� Sphere radius: 12.7 mm.
� Initial position of the sphere center: 12.7 mm above the

water surface.
� Impact velocity: Case 1, 2.40 m/s and Case 2, 2.17 m/s.
� Solid density: Case 1, 200 kg/m3 and Case 2, 860 kg/m3.
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Properties of water at the normal temperature are considered,
i.e. a density of 1000 kg/m3, surface tension of 0.0736 N/m, and
kinematic viscosity of 1.00 � 10�6 m2/s. A schematic of the prob-
lem and its initial condition considered for simulations are shown
in Fig. 1. The water is initially at rest with no movement. The prop-
er size of the domain of computation was determined based on a
numerical study where both the axial and radial dimensions were
increased until no significant changes were observed in the com-
putational results. For the Case 1, the computational domain was
50 and 80 mm in the radial and axial directions, respectively, and
the water depth was 50 mm. For the Case 2 with a higher solid
density, the sphere descends further in water and has more effect
on the free surface; therefore, the computational domain for this
case was larger with 100 mm in radial and 140 mm in axial direc-
tions. The water depth in this case was 110 mm. The discretization
of the domain was performed using a uniform mesh. The mesh size
can be characterized based on the sphere radius using a parameter
called CPR (number of cells per radius). A mesh refinement study
was performed in which the grid size was gradually reduced until
no significant changes were seen in the sphere depth and free sur-
face development. The results of this mesh study for the sphere
depth against time for a sample case (Case 2) are shown in Fig. 2.
From this study, a mesh size equal to a CPR = 50 was found to be
the optimum value.

Figs. 3 and 4 show the evolution of cavity formation and posi-
tion of the spheres obtained from the numerical model along with
experimental photographs (Aristoff et al., 2010) for the Case 1 and
Case 2, respectively. Numerical results are presented in both 3D
views and 2D cross sections. In the cross-sectional views, both
the free surface shape (right of each image) and velocity profiles
(left of each image) are shown in different locations of the spheres
to give a better insight of the air and water motion. A better display
of the numerical results especially for comparison with those of the
experiments can be obtained by 3D views of the phenomenon; this
is accomplished by rotating the 2D results about axial direction (y-
axis in Fig. 1) as seen in Fig. 3b. The sphere can be seen reflected in
the water surface. The ripples observed on the cavity walls are the
result of extracting the iso-surface of f = 0.5 from the numerical re-
sults. Figs. 3 and 4 also show the photographs of the phenomenon
taken by Aristoff et al. (2010) (Figs. 3c and 4c) at the same times
elapsed after the sphere center passes the free surface (this in-
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Fig. 1. Schematic of a sphere during its water entry, and the initial and boundary
conditions considered for the simulations.
stance was selected as t = 0 in the experiments and simulations).
Due to the high initial velocity of the sphere during the impact,
the amount of kinetic energy transferred to the water overcomes
the surface tension effects and the free surface is seen to breakup
at its crown. The breakup is seen as liquid rings in the 3D views
of the numerical results and satellite droplets in the photographs.

In Fig. 3, the direction of the sphere motion after an elapse of
nearly 54.9 ms has been reversed due to the effect of buoyancy
forces. The recoil of water through the apex of the sphere leads
to the formation of a small jet seen in both numerical predictions
and experimental photographs at t = 75.9 ms. When the density
of the sphere is increased (Case 2), a greater cavity is seen to be
formed at the trailing side of the falling sphere displayed in
Fig. 4. The figure shows that as the sphere descends, water is forced
radially outward creating a cavity in the trailing side of the sphere
(up to t = 42.7 ms). This cavity formation is resisted by hydrostatic
pressure which reverses the direction of the radial flow. The in-
ward motion of the cavity wall continues until the cavity is divided
into two separate parts called pinch-off (t = 62.2 ms). At the pinch-
off time, a high speed reverse flow of air can be seen. After this
time, the upper and lower cavities begin to collapse resulting in
vigorous vertical water jets in both directions. The lower jet hits
the apex of the sphere while the upper jet moves rapidly upward
to a location higher than the sphere initial location 6 ms after the
pinch-off time. The upper jet also known as Worthington jet can
be observed at an elapsed time of 68.7 ms in Fig. 4b. To obtain a
better insight of the complex fluid motion during the water entry,
the streamlines in the computational domain are shown in Fig. 4a
for the last two images at t = 62.2 and 68.7 ms. These figures show
that while the sphere is moving downward, the water is recoiling
and filling the upper cavity with an upward motion. This leads to
two distinctive flow patterns in the water domain. Recirculation
zones can be seen in the air above the water free surface.

As shown in Figs. 3 and 4, the numerical results are in good
agreement with the experimental photographs for the entire pro-
cess. The shape of the cavity and the recoil of water and jet forma-
tion are well predicted by the developed numerical model. In this
study, no special treatment is considered for the contact angle be-
tween the solid and liquid. Due to the surface tension effects, the
free surface tends to form a curvature in sharp edges. This effect
completely mimics the cases in which a hydrophobic sphere enters
through a liquid surface and can be seen clearly in Fig. 3a at



t=12.9ms

t=26.9ms

t=40.9ms

t=54.9ms

t=68.9ms

t=75.9ms

(a) (b) (c)

Fig. 3. The evolution of the falling of a sphere with a radius of 12.7 mm and a density of 200 kg/m3 into a water free surface from the present model for (a) cross sectional
images and (b) 3D views; and (c) experimental photographs (Reprinted with permission from Aristoff et al., 2010. Copyright 2010, American Institute of Physics).
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t=42.7 ms
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t=62.2 ms

t=68.7 ms
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Fig. 4. The evolution of the falling of a sphere with a radius of 12.7 mm and a density 860 kg/m3 into a water free surface from the present model for (a) cross sectional images
and (b) 3D views; and (c) experimental photographs (Reprinted with permission from Aristoff et al., 2010. Copyright 2010, American Institute of Physics).
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t = 54.9 ms where the water rim is moving towards the apex of the
sphere. It should be mentioned that in the experiment, depending
on the sphere surface conditions (hydrophobic or hydrophilic) dif-
ferent free surface deformations and cavity formations are ob-
served (Duclaux et al., 2007; Duez et al., 2007). The photographs
shown in Figs. 3c and 4c belong to hydrophobic spheres. Enforcing
a contact angle on the solid body can be accomplished using the
method already developed by Pasandideh-Fard et al. (2001).



I. Mirzaii, M. Passandideh-Fard / International Journal of Multiphase Flow 39 (2012) 216–226 223
As observed from Figs. 3 and 4, upon the entry of the spheres
into the water surface, they become covered by the liquid and
the contact line moves on the solid surface where a no-slip condi-
tion has been applied in the model. This apparent contradiction of
a contact line moving along a no-slip solid surface has been dis-
cussed in many studies reported in the literature. Analytical solu-
tions of the fluid flow equations yield a force singularity at a
contact line unless a slip condition is imposed near the line
(Dussan and Davis, 1974). The same is true for numerical models
which explicitly track the free surface; they also require that a slip
boundary condition be imposed on any contact line velocities (Fu-
kai et al., 1995). This problem, however, is not an issue for the free-
surface advection model used in this study because the model does
not explicitly track the free surface nor does it solve for contact line
velocities. Instead, since velocities are specified at the faces of a
computational cell (see Pasandideh-Fard and Roohi, 2008) the
nearest velocity to the contact line is specified one half cell height
above the solid surface. It is this nonzero velocity which is then
used to move fluid near the contact line at each timestep. More de-
tailed discussion of the advection model and its attributes near a
solid surface is given elsewhere (Bussmann et al., 1999;
Pasandideh-Fard and Roohi, 2008).

Fig. 5 shows the sphere depth versus time for the Case2 where
the theoretical and experimental results (Aristoff et al., 2010) are
denoted by square and circle symbols, respectively. The solid line
indicates the obtained numerical results for the same case. As ob-
served, the results of simulations agree well with those of the the-
ory and experiments. The small discrepancy seen between the
calculated and measured values may be attributed to the measured
impact velocity of sphere in the experiments. Aristoff et al. (2010)
reported an error of ±4% for the measured impact velocity (2.17 m/
s) in their experiments.

3.2. Free fall of a circular particle in a 2D container

A solid circular particle is allowed to fall under the effect of
gravity from the rest in a 2D container full of Newtonian liquid
where no interface is involved. The falling velocity of the particle
will reach a constant value (called terminal velocity) when the
drag forces are equal to the buoyant weight of the particle. The
geometry, initial conditions and properties of the liquid and the
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Fig. 5. Sphere depth vs. time for the impact sequences shown in Fig. 4 where the
impact velocity is 2.17 m/s. The square and circle symbols denote the theoretical
and experimental results reported by (Aristoff et al. (2010)), respectively; and the
solid line indicates the numerical result.
particle are considered to be the same as those used by Glowinski
(2003) and Blasco et al. (2009) in their numerical studies. The data
is summarized as:

� Particle diameter: 0.25.
� Particle elevation when released from the rest: 2.75.
� Liquid and solid densities: 1 and 1.25, respectively.
� Liquid dynamic viscosity: 0.1.

The computational domain considered in the simulation was
2.0 � 3.0. The discretization of the domain was accomplished using
a uniform mesh with an optimum CPR of 20. It should be men-
tioned that for the case of a sphere water entry (Section 3.1), where
the free surface deformations were also involved, a higher value of
CPR was required. This value was obtained from a mesh refinement
study where the grid size was decreased until no significant
changes were observed in the results. The same procedure is per-
formed for the computational time step after which a time step
of 0.001 s was found to be the optimum value. The gravity acceler-
ation in the computations is 980 (Blasco et al., 2009). Numerical re-
sults for the evolution of the falling velocity of the circular particle
from the present model are compared with those of Glowinski
(2003) and Blasco et al. (2009) in Fig. 6. The figure shows that
the falling velocity increases vs. time until it approaches asymptot-
ically to its terminal velocity. As mentioned before, the major
drawback of using the presented method in Section 2.2 without
attributing a high viscosity to the solid zone is related to the no-
slip condition at the liquid–solid interface. This point is clear from
Fig. 6 where the numerical results of the present model without
applying a high viscosity for the solid is also displayed. Attributing
a high viscosity to the solid particle zone guarantees the no-slip
condition at the solid–liquid interface. This increases the accuracy
of the results compared to those without applying a high viscosity
for the solid (see Fig. 6). Numerical results in this figure are
compared with the available results in the literature presented
by Glowinski (2003) and Blasco et al. (2009). From extensive
numerical simulations in this case, it was found that using a viscos-
ity for the solid zone, two orders of magnitude greater than that of
the fluid, will be high enough to have an accurate solid body move-
ment. Glowinski (2003) obtained a value of 5.526 using a CPR of 32
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Fig. 6. The results of the present model for the falling velocity of a circular particle
compared to those available in the literature (Blasco et al., 2009; Glowinski, 2003).
Attributing a high viscosity to the solid particle zone in the present model
guarantees the no-slip condition at the solid–liquid interface. This increases the
accuracy of the results compared to those without applying a high viscosity for the
solid.
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Fig. 7. Close view of the streamlines (left) and the velocity vectors (right) for a
circular particle with a diameter of 0.25 and density 1.25 falling inside a liquid
region with a density 1 at t = 0.28. The region of the liquid moved in the same
direction as of the solid extends from the particle center to a distance nearly the
same as of particle diameter in the lateral direction.
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and a time step of 7.54 � 10�4 s for the particle terminal velocity,
while the result of Blasco et al. (2009) was 5.550 using a CPR of
12.5 and a time step of 0.001 s. A close inspection of the numerical
t=0 t=0.14 

t=0.28 t=0.30 

Fig. 8. The evolution of the free fall of two consecutive p
results from the present model revealed an asymptote value of
5.479 for the terminal velocity of the particle which is in good
agreement with the value given by Glowinski (2003) (the error
being less than 0.85%). Without attributing a high viscosity to the
solid zone, the terminal velocity was 5.739 (3.85% error) for the
same test case using a similar mesh size and time step.

Fig. 7 shows a close view of the circular particle at t = 0.28
where it has nearly reached its terminal velocity. In this figure,
the streamlines (left) and the velocity vectors (right) are depicted
in order to provide a better insight of the motion. A recirculation
zone can be observed near the particle (left). The velocity vectors
demonstrate that the region of the liquid moved in the same direc-
tion as of the solid particle extends from the particle center to a
distance nearly the same as that of the particle diameter in the lat-
eral direction. It should be mentioned that the solid zone should
have a uniform velocity as seen in the figure.

3.3. Free fall of two consecutive circular particles in a 2D container

In this section, the fascinating phenomenon of two circular par-
ticles falling from the rest in the same path in a Newtonian liquid is
studied. The geometry, initial conditions and properties of the li-
quid and solid are selected the same as those of the reported values
for the same phenomenon by Glowinski (2003) and Glowinski
et al., 2001:

� Particles diameter: 0.25.
� Liquid and solid densities: 1 and 1.5, respectively.
t=0.18 t=0.24 

t=0.34 t=0.38 

articles of 0.25 in diameter within a viscous liquid.
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� Liquid dynamic viscosity: 0.01.
� The two particles are released consecutively from the rest at

elevations of 6.25 and 6.725.

The computational domain considered for this case was
2.0 � 7.0. The discretization of the domain was accomplished using
a uniform mesh using a CPR of 20. The computational time step
was 0.001. The gravity acceleration in the computations is 980.
The results of simulation for this case are shown in Fig. 8. As it is
known from the literature (Fortes et al., 1987) when two circular
particles are released consecutively from the rest in the same path,
the upper particle may draft into the wake of the lower one which
will result in the acceleration of the upper particle (t < 0.17 in
Fig. 8). This phenomenon, which occurs under a certain limit for
the initial distance between the two particles, causes the acceler-
ated particle to reach and touch the lower one; the first stages of
the particles’ contact are seen at t = 0.18 elapsed after the release
of the two particles in Fig. 8. The falling of the two particles in con-
tact while moving in the same path is very unstable. A slight flow
disturbance will induce an angular displacement that in turn leads
to an asymmetric wake which evidently gives rise to a strong
destabilizing couple moment (see Fig. 8 at t = 0.28). Therefore,
the two particles move apart from each other soon after their con-
tact as observed at t = 0.34 in Fig. 8. The contact and departure can
occur repeatedly during the falling of the two particles. It should be
mentioned that the direction of the couple moment set by the flow
instabilities may be changed with a slight difference in the input
data or even the numerical time step. This is because the fluid flow
before the contact of the two particles is completely symmetric.
The experiments and other numerical results on the same phe-
nomenon have revealed the same observations (Fortes et al.,
1987; Patankar and Sharma, 2005; Patankar et al., 2000; Singh
et al., 2003; Wan and Turek, 2006).

Numerical results for the evolution of the falling velocity of the
particles from the present model are compared with those of the
reported in the literature for the same conditions (Glowinski,
2003) in Fig. 9. In this figure, the variation of the falling velocity
vs. time for the upper and lower particles is shown by square
and circle symbols, respectively. As shown in the figure, between
t = 0.1 and t = 0.15, the upper particle is located in the drafting
wake of the lower one resulting in a higher velocity for the upper
particle. After a time elapse of nearly 0.17 from the start, the two
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Fig. 9. Comparison of the falling velocity of two consecutive particles of 0.25 in
diameter inside a viscous liquid with available results in the literature (Glowinski,
2003).
particles touch each other after which their velocities again be-
come different. A good comparison between the results of the pres-
ent model with those of Glowinski (2003) is seen in Fig. 9. The fluid
flow after the departure of the two particles from each other is
highly instable. Fig. 9, therefore, is limited to the initial stage of
the two particles motion, the drafting stage, and the time of their
contact.

The collision strategy applied in this study in order to prevent
any penetration or adhesion at the solid–solid or solid-wall bound-
aries is based on the method used by Sharma and Patankar (2005)
in which a thin liquid film is assumed to exist between the two
particles during their contact. Other collision strategies have also
been introduced and reported in the literature (Ardekani et al.,
2008; Ardekani and Rangel, 2008; Coquerelle and Cottet, 2008).
4. Conclusion

A fast-fictitious-domain method, integrated into the volume-of-
fluid (VOF) technique, was developed for a numerical simulation of
solid–liquid interaction in presence of a free surface. The governing
equations are first solved everywhere in the computational domain
including the solid object. A rigid body motion is next projected
onto the region occupied by the solid. The key feature of the
developed model in this study is that the no-slip condition on
the solid–liquid interface is imposed by attributing a high viscosity
to the solid. The developed model was successfully used for various
liquid–solid interaction scenarios.

First, two cases of a sphere water entry were considered.
Numerical results from the model for the water free surface defor-
mation and depth of the sphere were compared to those of the
experiments available in the literature. The accuracy of the pre-
sented model for treating the solid particles was then compared
to the numerical results reported in the literature for the free fall
of a circular particle. Assuming the solid as a fluid with a high vis-
cosity in the presented model resulted in an accurate application of
the no-slip condition on the solid–liquid interface. Finally, the free
fall of two consecutive circular particles was simulated where the
well-documented drafting, contacting and departure phenomena
were observed. The simulation results for the evolution of the fall-
ing velocity of the particles from the present model showed a good
agreement with those of the reported in the literature.
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