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Abstract. The present work shows the two-dimensional results of the numerical simulations of a free fall cylinder using 
the Immersed Boundary (IB) method (Peskin, 1977). In the IB method a Lagrangian grid is used to represent the 
immersed body and a Cartesian Eulerian grid represents the discretized domain. The force term added to the Navier 
Stokes is calculated with the Virtual Physical Model (VPM) (Lima e Silva, 2002), which is based on the solution of the 
movement equations over the Lagrangian grid. The great advantage of the IB method is the possibility of simulate 
moving or deformable bodies without the need of remesh the domain. The numerical results such as the terminal 
velocity and the forces acting over the cylinder are presented and compared with the analytical results. The 
comparison shows good agreement and results reproduces the expected physical behavior. 
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1. Introduction  
 

One of the first works about free fall of particles in Newtonian fluids was reported by Newton (1760). Since then the 
study of the movement of particles in Newtonians and non Newtonians fluids is being the focus of researches along the 
centuries. The knowledge of the interaction solid-fluid is of a great of importance for the understanding of the fluid 
dynamics. These interactions can influence the mean velocity, the aggregation rate, the density of the fluid, the 
lubricating effects of the fluid on the particles, the paths of the particles, therefore they are important for the 
understanding of the flow dynamics. The knowledge of the particle path is important for different industrial areas such 
as sedimentation, meteorology, aerospace engineering, biology, etc (Bönisch and Heuveline, 2004). The movement of 
suspended particles in a fluid is studied for example, in composed materials, ceramic, polymeric, flocculation processes, 
fluidization, sedimentation, dynamics of blood cells and other. 

In the last decades a great interest has been demonstrating in classifying and to quantifying different types of 
movements of free fall for different regimes. Maybe because of the lack of information in the literature that difficult  the 
knowledge of the interaction solid-fluid and of the fluid dynamics. The qualitative analysis of the occurrence of 
formation of vortexes and its influence in the movement of the body is still a subject discussing. For the quantitative 
analysis, the determination of the transition among different fall regimes for bodies with different geometries, is still 
also a challenge.  

The present work uses the Immersed Boundary (IB) method with the Virtual Physical Model (VPM) proposed by 
Lima e Silva et al. (2003). The base of this methodology consists of working with a Cartesian grid to represent the 
domain and a Lagrangian grid for the immersed particle. The force field models the presence of the immersed interface, 
guaranteeing the imposition of the desired boundary conditions on the particle surface. The VPM is a new alternative 
for the calculation of the force field added to the Navier-Stokes equations. It is worth to point out that this methodology, 
which allows simulating flows with particles of any geometric shape and also with moving particles. The simulations 
were carried out for a free fall cylindrical particle at different regimes. The results of terminal velocity and forces acting 
on the particle were obtained. The temporal vortex formation above the critical Reynolds number is presented. The 
numerical terminal velocity was compared with the analytic results. A summarized description of the mathematical 
formulation is shown in the next item and more details can be found in Lima e Silva, (2003). 
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2. Immsersed Boundary Method with Virtual Physical Model 
 
The Immersed Boundary method uses a Eulerian grid and a Lagrangian grid such as represented in Fig. 1. The 

meshes are geometrically independent and the force field calculated on the interface is responsible for the coupling and 
for the change of information among the grids.  

 

 

Lagrangian grid 

Eulerian grid 

Figure 1. Schematic view of the Eulerian and the Lagrangian grid. 
  
The Navier Stokes equations for a two-dimensional incompressible flow can be written as: 
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where if  is the Eulerian force calculated by: 
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x  and kx  are the Eulerian and the Lagrangian coordinate vectors, sΔ  is the distance between two Langragian points 
and ( )kD x x−  is the interpolation/distribution function with Gaussian properties given by:  
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were r represents ( ) /k ix x h−  or ( , h is the Eulerian mesh size and ) /k jy y h− ( ),i ix y  is the Eulerian coordinates 
vector, represented in Fig. 2. 
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Figure 2. Lagrangian force distribution for a Eulerian point.  

 
The Eulerian force f  is different from zero only on the interface and in its neighborhood.  
The VPM proposed by Lima e Silva et al. (2003) for the Lagragian force calculation is based on the solution of the 

moment equations over the volumes of fluid centered on the Lagrangian points. The Lagrangian force is obtained by: 
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The terms of Eq. (7) are named the acceleration force aF , the inertial force iF , the viscous force Fυ  and de 

pressure force pF . These terms are calculated on the Lagrangian grid points using the pressure and velocity fields from 
the Eulerian grid. The derivatives are calculated by the interpolation of the Eulerian variables on Lagrangian auxiliary 
points using the interpolation function given by Eqs. (4), (5) and (6). After this, a Lagrange polynomial is used for the 
derivatives calculation. 
 
3. Numerical Method 
 

For the numerical solution of the incompressible Navier-Stokes the non-interactive Fractional Step method (Kim 
and Moin, 1985) was used. The second order Finite difference method for staggered grids was applied for the spatial 
discretization and the explicit second order Runge-Kutta method for the temporal discretization. The linear system 
generated by the discretization of the Poisson equation for the correction pressure was solved by the Modified Strongly 
Implicit Procedure (MSI) (Schneider and Zedan, 1981).  
 
4. Forces acting on a free fall cylinder particle 
 

The free fall of a two-dimensional cylinder in an infinite medium can be characterized by the forces acting over its 
surface. At the beginning the fluid is in rest and the particle begins to move due to the resultant of the forces represented 
in Fig. 3. The particle moves in the descending direction if the force weight is larger than the sum of the drag and the 
buoyancy forces. 

The resultant force can be obtained by: 
 

R d b wF F F F= + −  (8) 
 

where dF  is the drag force , wF  is the weight force and bF  the buoyancy force. Appling the second Newton’s law: 
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where mp is the particle mass and  its acceleration. Equations (8) and (9) can be equaled: a
 

p d bm a F F F= + − w

 

 
 
 (10) 

ix

iy f F



Proceedings of COBEM 2005 18th International Congress of Mechanical Engineering 
Copyright © 2005 by ABCM November 6-11, 2005, Ouro Preto, MG 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Forces acting on a two-dimensional cylindrical particle.  

The buoyancy force, 
 

bF , can be written by: 

p

 

b fF gV= ρ  (11) 
 

wh e ρf is the fluid density, Vp is the particle volume and g the acceleration of gravity. The drag force is the component 

p

er
of the force acting parallel to the direction of the fluid movement, Fd. This force is the y component of the Lagrangian 
force obtained directly from the VPM. The weight force due to the gravity action is: 

 

w pF gV= ρ  (12) 
 

here ρp is the particle density. The particle acceleration can be written as: w
 

pdV
a

dt
=  (13) 

 
Substituting Eqs. (11), (12) and (13) in Eq. (10) the particle velocity (Vp) can be obtained. The discretized equation 

of the particle velocity depends on the previous time velocity and the drag, weight and buoyancy forces. It can be 
written as: 
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5. Results 

For the present simulations a non-uniform grid was used to discretize the domain represent in Fig. 4. The square 
regi

 

on, which involves the cylinder, has uniform mesh due to the force distribution process. The cylinder has diameter  
d = 0.01 m and is located at (0.15, 0.2). The Neumman boundary conditions for the velocity are used. At the inlet a 
prescribed uniform velocity profile was applied. The fluid properties are density equal to 1.0 Kg/m3 and viscosity equal 
to 1.0 x 10-4 Kg/(m.s). Instead of to displace the particle inside the domain the inlet velocity is changed in accordance 
with the dynamic model proposed by Eq. (14) obtained through the forces balance acting on a particle. This procedure 
only change the referential maintaining the flow dynamics as the same. 
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Figure 4. Illustration of the domain. 

5.1. Laminar Regime 

s simulation was carried out for a particle of density 3.0 Kg/m3 and viscosity 1.0 x 10-4 Kg/(m.s). The 
Lag

 

 
Thi
rangian grid has 320 points and the Eulerian grid 16920 points. At the beginning a uniform velocity profile of v = 

0.01 m/s which corresponds Re = 1. The Reynolds number at the end of the simulation is 41.131. Figure 5 shows sum 
of the buoyancy and drag forces compared with the weight force. It can be observed the good agreement when the 
particle velocity reaches terminal velocity.  
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Figure 5. Drag and buoyancy forces as a functi n of time compared with the weight force. 

The numerical terminal velocity obtained for the present simulation was of 0.4113 m/s. The time of 0.25221s 
correspo

o
 

nds the time which this terminal velocity was reached. Figure 6 compares the numerical terminal velocity with 
the analytical velocity. The difference between the values is of 0.63%. 
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Figure 6. Numerical terminal velocity compared with the analytical result.  
 

The analytical terminal velocity was calculated by integration using Runge-Kutta second order of analytical 
equation obtained through the forces balance acting on a cylindrical particle. The drag coefficient was calculated by 
correlation presented in Eq. (15). 
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4.2. Instable Regime 
 

For this simulation a particle of density 10.0 Kg/m3 and viscosity 1.0 x 10-4 Kg/(m.s). The domain of dimensions is 
the same of was used previously in Fig. 4. The boundary conditions are the same of the last simulated case.  

The initial Reynolds number is also equal to 1 and at the end of the simulation Re = 100. The terminal velocity for 
this case was 0.942 m/s for a time of 0.1524 s. The terminal Reynolds number for this simulation is higher than the 
critical Reynolds number (Rec ≅ 47).  

Figure 7 presents the temporal evolution of the forces and of the terminal velocity. The analytical velocity is also 
showed. The temporal development of the bubble of recirculation could be visualized through the streamlines in Fig. 8 
at the same instants (1), (2), (3), (4), (5) and (6) showed in Fig. 7. 
 

Time (s)

Fo
rc

e
(N

)

Ve
lo

ci
ty

(m
/s

)

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0

10

20

30

40

50

60

70

80

90

100

110

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Weight Force
Drag Force + Buoyancy
Particle Velocity
Particle Velocity (Analytical)

Vmáx

(1) (6)
Fmáx

REGIME IIREGIME I REGIME III

(3)(2) (4) (5)

 
Figure 7. Velocity and forces acting on the cylinder as a function of time.  
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The regime I (that involves points 1 and 2) can be named laminar regime because the recirculation bubble is 

symmetric to the y axis. At the point 2 the bubble reaches its maximum size and starts to oscillate the vortex shedding. 
At point 3 the bubble starts to prolong asymmetrically. The particle velocity is maximum at point 4 where the resultant 
force is zero and the acceleration is null. Regime II is characterized by asymmetry of the recirculation bubble and the 
beginning of the vortex shedding which are still prolonged. At point 5 the drag force increases due to the negative 
acceleration until point 6 where the resultant force is zero and the particle velocity is constant. At point 6 the terminal 
velocity was reached and the regime III has a constant mean frequency of vortex shedding. 

 

       
(a)            (b)          (c) 

       
(d)            (e)          (f) 

 
Figure 8. Temporal evolution recirculation bubble: point 1 (a), point 2 (b), point 3 (c), point 4 (d), point 5 (e) and 

point 6 (f) according to Fig. 7.  
 

Figure 9 shows the results obtained with the simulation for a cylinder of pρ  = 60 kg/m3. The domain, the initial and 
boundary conditions are the same as the previous cases. The terminal Reynolds number is 250. For these conditions the 
weight force is approximately six times higher than the last simulated case. Figure 10 presents the temporal evolution of 
the recirculation bubble at the time instants represented in Fig. 9. 
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Figure 9. Velocity and forces acting on the cylinder as a function of time. 
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For this simulation the regime I (point 1) is characterized by a symmetric recirculation bubble when the bubble size 
is maximum. At point 1 the Reynolds number is approximately 100 as the same final value from the last simulation. At 
point 2 the bubble is asymmetric and the vortex shedding starts. In this point the drag force and buoyancy presents the 
higher slope. The weight force is still higher than the sum of drag and buoyancy. In this case, the particle is six times 
heavier than the particle the last simulation. The regime II is characterized for a prolonged and asymmetric bubble. The 
particle velocity is maximum at point 3, which starts the regime III. In this regime the particle velocity is constant and 
the vortex shedding has a standard behavior. The difference between the values the numerical terminal velocity with the 
analytical velocity is 8.14%. 

 

             
(a)                (b)      (c) 

 
Figure 10. Temporal evolution of the recirculation bubble. Point 1 (a), point 2 (b) and point 3 (c) according to Fig. 9. 

 
5. Conclusions 

 
The simulation results of a free fall cylindrical particle were presented and compared with the analytical results. The 

comparison presented good agreement showing the capability to simulated moving single bodies. The temporal results 
provided different regimes of flows characterized by the vortex dynamic, the values of the forces and velocity provided 
a satisfactory and coherent behavior when compared a physical behavior expected. The next step of this work is a new 
implementation that will allow the movement of rotation and translation of the cylinder that characterize the fluid-
structure interaction. 
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