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INSTITUT FÜR INFORMATIK (MATHEMATISCHE MASCHINEN UND DATENVERARBEITUNG)

Lehrstuhl für Informatik 10 (Systemsimulation)

Simple Techniques to improve Fluid Structure Interaction Methods in
waLBerla
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J. Götz, K. Iglberger, C. Feichtinger, U. Rüde
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The lattice Boltzmann method in combination with the momentum exchange approach is
widely used by various groups to simulate particulate flows. However, most of these simulations
are limited by stability conditions and suffer from volume errors due to the voxel discretization
on the lattice. In this paper, different techniques to improve these simulations are discussed
and simulation results with and without these modifications are compared to each other.

1 Introduction
Particle laden flows are crucial for different physical and industrial processes, and a detailed understanding
of the transport processes is still ongoing research. In previous years, many numerical methods used to
simulate particulate flows have appeared in the literature, for example the method of Stokesian dynamics
[BB88], Euler–Lagrangian methods [HMSW98], distributed Lagrange multiplier methods [PJB+ 02] and
the family of discrete element methods [GKZ07, e.g.], just to mention a few ones. Approaches based
on the lattice Boltzmann method have been presented by Ladd [Lad94a, Lad94b], Aidun et al. [ALD98]
and Qi [Qi99]. Most of these methods do not attempt a fully resolved simulation of the fluid-structure
interaction between solid particles and fluid. Instead they use approximations to reduce the computational
complexity. Some of them can only be applied in special flow regimes (for example potential or Stokes
flow), or they are using approximations of particles as mass points.
In our approach we calculate the fluid flow using a single relaxation time lattice Boltzmann method
(see Section 2.1), while the motion of rigid objects and their interactions are evaluated by a physics
engine named pe (see Section 2.2). Note that with this approach, the objects are not treated as mere point
masses, but are fully resolved as geometric entities within the flow. Besides objects of spherical shape, this
approach also supports boxes, capsules and combinations of above. Both methods are two-way coupled
in order to simulate solid objects incorporated in the flow (see Section 2.3). The forces are evaluated
by the momentum exchange approach [YMLS03] and used by the physics engine for the movement of
the bodies, while the objects impose moving boundaries for the flow solver. However, this algorithm

encounters some drawbacks for the simulation of rigid bodies in a compressible fluid with external force
field including buoyant forces. E.g. the simulation accuracy suffers from discretization errors of the volume
depending on radius and position of the objects, and the simulations are limited by stability conditions
due to the external force field. For these reasons, extensions of the method, which can help to reduce the
disadvantages, are introduced in Section 3. Simulations with and without these extensions are compared
and discussed.

2 Numerical methods
In this section we present the numerical algorithms applied to simulate moving objects incorporated in the
fluid using an extended lattice Boltzmann solver for the fluid flow and a physics engine for the collision
and movement of the objects.

2.1 The lattice Boltzmann method
The lattice Boltzmann method (lbm) is an alternative to classical Navier–Stokes solvers for fluid flow and
works on an equidistant grid of cells, called lattice cells, which only interact with their direct neighbors. In
this study we use the common three dimensional D3Q19 model originally developed by Qian, d’Humières
and Lallemand [QDL92] with N = 19 particle distribution functions (pdfs) fα : Ω × T , where Ω ⊂ R3
and T ⊂ R are the physical and time domain, respectively, and the corresponding dimensionless discrete
velocity set {eα |α = 0, . . . , N − 1}. This model has been shown to be both stable and efficient [MSYL02].
For the work presented in this paper, we adopt a lattice Boltzmann Bhatnagar–Gross–Krook (lbgk)
collision scheme [BGK54, QDL92]
fα (xi + eα ∆t, t + ∆t) = fα (xi , t) −

1
[fα (xi , t) − fα(eq) (xi , t)] ,
τ

(1)

where xi is a cell in the discretized simulation domain, τ is the relaxation time, t is the current time step
(eq)
whereas t + ∆t is the next time step, and fα represents the equilibrium distribution function, which in
an incompressible lbgk scheme reads [HL97]



3
9
fα(eq) (xi , t) = wα ρ(xi , t) + ρ0 3eα · u(xi , t) + (eα · u(xi , t))2 − u(xi , t)2
,
2
2
and for the compressible scheme reads [HL97]



9
3
fα(eq) (xi , t) = wα ρ(xi , t) ρ0 + 3eα · u(xi , t) + (eα · u(xi , t))2 − u(xi , t)2
.
2
2
Here, we choose ρ0 = 1. The weighting

 1/3,
1/18,
wα =

1/36,

factors wα are defined for the D3Q19 discretization scheme as
eα
eα
eα

= (0, 0, 0)
= (±1, 0, 0), (0, ±1, 0), (0, 0, ±1)
= (±1, ±1, 0), (±1, 0, ±1), (0, ±1, ±1) .

The macroscopic fluid density ρ and the velocity u are calculated from the first two moments of the
distributions
X
ρ(xi , t) = ρ0 + δρ(xi , t) =
fα (xi , t) ,
(2)
α

u(xi , t)

=

1 X
eα fα (xi , t) .
ρ0 α

3

(3)

Equation (1) is separated into two steps, known as the collision step and the streaming step, respectively
1
f˜α (xi , t) = fα (xi , t) − [fα (xi , t) − fα(eq) (xi , t)] ,
τ

(4)

fα (xi + eα ∆t, t + ∆t) = f˜α (xi , t) ,

(5)

where f˜α denotes the post-collision state of the distribution function. While the collision step is a local
single time relaxation procedure towards equilibrium and is compute intensive, the streaming step advects
all pdfs besides f0 to their neighboring lattice site depending on the velocity, which is a memory intensive
operation.
There are different variants to include a body force in the lattice Boltzmann method [BG00]. The force
can be applied by a modified equilibrium distribution function, by altering the velocity in the equilibrium
distribution, or by an additional term in the Boltzmann equation. In this study we are using an additional
force term [Luo98]. The modified LBGK equation reads
fα (xi + eα ∆t, t + ∆t) = fα (xi , t) −

1
[fα (xi , t) − fα(eq) (xi , t)] + 3wα ρ [(eα − u) + 3(eα · u) eα ] · a ,
τ

(6)

where a is the acceleration.
As a first order no-slip boundary condition for arbitrary shaped domains, often a simple bounce-back
scheme is used, where distribution functions pointing to a neighboring wall cell are just reflected such that
both normal and tangential velocities vanish
fᾱ (xf , t) = f˜α (xf , t) ,

(7)

with ᾱ representing the index of the opposite direction of α, eᾱ = −eα , and xf explicitly denoting the
fluid cell.
More details on the lattice Boltzmann algorithm and its derivation are found in the book of Succi et al.
[Suc01] and in the paper by Chen et al. [CD98].

2.2 The rigid body physics engine pe
In order to model moving rigid objects, we use a rigid body physics engine, i.e. a rigid body dynamics
simulator. The term physics engine is commonly used in virtual reality, robotics and computer games
communities and describes a software framework that simulates the physics related to the movement and
interactions of rigid, perfectly undeformable objects (the rigidity assumption). In contrast to molecular
dynamics simulations, where only point masses are used, and repulsive potentials replace real collisions, the
rigid bodies used in this approach have a physical expansion, and both linear movements and rotations of
the arbitrarily formed objects are treated. Elastic and/or inelastic collisions between rigid objects occur if
the geometries of two objects touch each other and have to be handled to keep the objects from penetrating
each other. For this study, we use the pe, a large scale rigid body simulation framework with physically
accurate treatment of the moving objects using the fast frictional dynamics (FFD) algorithm [KEP05].
The decision to use this framework is easily justified by our requirement to allow arbitrarily shaped
objects (and not only spheres, which would be easy to handle) and the complex treatment of collisions
between these rigid objects in parallel. Most openly available physics engines are programmed for real
time simulations due to a focus on virtual reality environments or computer games [Mil07], which results
in the use of faster algorithms that unfortunately sometimes only crudely approximate the real physics.
Additionally, no other physics engine supports the distributed, parallel simulation of several million rigid
bodies. More details on the pe can be found in [IR09] and [IR10].

2.3 Coupling lattice Boltzmann to the physics engine
In order to simulate moving objects with the lbm, the basic algorithm for the fluid flow from Section 2.1
has to be extended and coupled to the physics engine described in Section 2.2. First, the objects are
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mapped to the lattice Boltzmann grid, which is shown in Figure 1. The domain boundary can e.g be set
up using noslip conditions for the walls and velocity or pressure cells for the in- and outlet. The cells
inside the objects are treated as acceleration boundaries and the remaining cells are fluid. The acceleration

Fluid Cell
Noslip Cell

Velocity/ Pressur

Acceleration Cell

(a) Initial setup: A spherical particle in a channel with inand outflow.

(b) The particle is mapped to the lattice Boltzmann
grid using acceleration boundary conditions and the
outer domain boundary is initialized with noslip and
velocity- or pressure cells.

Fluid Cell
Noslip Cell
Velocity/ Pressure Cell
Acceleration Cell

Figure 1: 2D mapping example.

boundary condition [YMLS03] is applied in each cell inside an object using
fᾱ (xf , t)

= f˜α (xf , t) + 6wα ρw eᾱ · uw ,

(8)

where ρw is the fluid density close to the wall, and the current velocity uw of each object cell corresponds
to the velocity of the object at the cell’s position (see Figure 2). Thus, rotational as well as translational
velocities of the objects are taken into account.
Furthermore, cell changes due to the movement of the objects must be modified, which is done by
adjusting the boundary conditions of the objects in each lbm time step. Here, two cases can occur (see
Figure 3): First, fluid cells xf can turn into obstacles, which is treated by the conversion of the cell to
an acceleration boundary condition. In the reverse case, the missing distribution functions have to be
(eq)
determined. This can e.g be done by setting the missing pdfs to equilibrium distributions fα (ρw , uw ).
For the velocity uw the following options exist:
• Using zero velocity
• Using the velocity in the former object cell
• Averaging uw from the neighboring cells
The density ρw can be determined by
• The density gradient in the external force field (in case of compressible simulations)
• A standard density ρ0
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PDF in direction α
PDF in direction α
Velocity of Boundary

Figure 2: Zoom into Figure 1(b) illustrating the acceleration boundary condition in one fluid cell. The domino
line indicates the discretized boundary, the light arrow indicates the velocity of the boundary. Dark
spheres are marked as “near boundary” cells in order to skip pure fluid cells in the boundary treatment.

• An averaged density of the surrounding fluid cells
The missing distributions can be calculated by any combination of uw and ρw . The influences, advantages
and disadvantages of the methods are discussed in an upcoming paper.

Cells with state change
from Fluid to Particle

Cells with state change
from Particle to Fluid

(a) Cell changes from fluid cells to obstacle
cells after movement of the object

(b) Cell changes from obstacle cells to fluid
cells after movement of the object.

Figure 3: Zoom into Figure 1(b) at time step t with cell changes due to movement of the obstacle. The dashed
lines indicate the position of the objects at time step t − 1.

To couple the lbm fluid flow simulation to the objects in the flow, the hydrodynamic forces from the
fluid to the objects need to be evaluated. One possible approach to calculate the forces in the lbm is the
momentum exchange method [YMLS03], resulting in the acting force F onto an object:
F =

19
XX
xb

h
i ∆x
eα 2f˜α (xf , t) + 6wα ρw eᾱ · uw
,
∆t
α=1

(9)

where xb are all obstacle cells of the object neighboring to at least one fluid cell. The complete procedure
is shown in Algorithm 1
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Algorithm 1 Coupled LBM-PE solver
1:
2:
3:
4:
5:
6:
7:
8:
9:
10:

for each body B do
Map B to lattice grid and reconstruct missing PDFs in case of cell changes
end for
for each lattice cell do
Apply boundary conditions and stream and collide PDFs
end for
for each surface cell do
Add forces from fluid to rigid objects
end for
Time step in the rigid body simulation

3 Extensions of the method
In this section we introduce extensions of the method from Section 2, which can reduce the numerical
errors or limitations of the method for simulation scenarios with objects incorporated in the flow with and
without gravity.

3.1 Volume Error Reduction
In the LBGK method a major error is introduced by discretizing the computational domain with voxels.
This can lead to large errors for the simulation results. E.g., when simulating a sphere of radius r = 5
lattice cells in the center of the simulation domain, the correct volume of the sphere is simply Vcorrect =
4 3
3 r π = 523, 599 unit cells. However, after mapping the sphere to the grid, 552 cells are marked as cells
inside the sphere, resulting in a relative error of more than 5%. In other words, in this scenario a sphere
of radius r = 5, 088 cells is simulated instead of one of the correct radius of 5. An example of the relative
volume error of a sphere depending on the radius is given in Figure 4(a), which shows a reduction of
the error for larger radii due to the more accurate discretization. Additionally, the simulated volume (or
corresponding radius) of the objects strongly depends on the objects’ position. Figure 4(b) depicts the
volume error of a sphere with radius 5 lattice cells depending on the position, which for simplicity is only
varried in one coordinate direction. The resulting pattern recurs after a change of one lattice cell, because
the mapping at position x and x + 1 is equivalent. Both problems, the volume error depending on the
30

2

Volume Error

Volume Error

20
10
0
-10

-2
-4
-6

-20
-30
2

0

4

6

8

-8
39

10

Radius

40

41

Position

(a) Relative volume error for a sphere at a cell center depending on the radius.

(b) Relative volume error for a sphere with radius 5 lattice
cells at different positions in z direction.

Figure 4: 2D mapping example.

radius, and the volume error depending on the position, result in an error of the forces excerted on the
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objects, but can be reduced by a simple technique. The force on the object depends on the object’s shape,
its volume and the flow conditions. The force on an object during an LBM step is thus calculated using
the discretized volume including discretization errors. However, the correct volume is known and can be
used to correct the force by simply applying
Fnew =

Vcorrect
F.
Vreal

(10)
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This means, we simulate an object of wrong volume, but always scale the resulting force to match an
object with correct volume. Since the pe uses the real radius and volume during calculation, the force
on the object and the motion of the object are treated in a more precise way. The velocities of a falling
sphere with the original formulation and the modified one is shown in Figure 5. The forces are depicted
in Figure 6. Note, that the graph from simulations including the modifications is much smoother than
the graph resulting by the original formulation. The peaks in Figure 5 result from volume errors due to
mapping at different positions. The modifications can reduce the effect of the volume error. However, the
velocity and the forces are still varying due to newly initialized cells during cell changes from object to
fluid cells. This effect can be further reduced by more advanced initializations of these cells.

10000

0

Time

(a) Terminal velocity without volume correction method.
The relative error of the terminal velocity is 5.54%.

2000
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8000

10000

Time

(b) Terminal velocity with volume correction method.
The relative error of the terminal velocity is 3.92%.

Figure 5: Terminal velocity of a sphere with density ρ = 2000kg/m3 in water with ρ = 1000kg/m3 . The analytic
value for the velocity is u = 0.00055555.

3.2 Incompressible Simulations Including Buoyant Forces
When simulating moving objects in a compressible fluid including buoyant forces, problems can occur
during setup and program run:
• Formation of shock-waves due to incorrect initialization of the fluid
• The simulation size in direction of the gravity field is limited
• Implementing periodic boundaries is difficult due to the density gradient
The initialization of the fluid grid including an external force field is crucial for the subsequent simulation.
Different variants were e.g. tested by Buick et al. [BG00], who showed a dependency of the induced
velocity on the initialization, which influences the object’s movement. When initializing the grid with a
constant density value of ρ = 1.0, the simulation needs several thousand time steps to converge towards
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(a) Force without volume correction method.

(b) Force with volume correction method.

Figure 6: Force on a sphere with density ρ = 2000kg/m3 in water with ρ = 1000kg/m3 . The analytic value for
the force is F = 0.04188666.

steady state, which could result in long run-times. Other variants for the initialization of the density field
and thus the pressure are:
P (z) = P0 + ρgz ,
P (z) = P0 e

gz
c2
s

,

(11)
(12)

where P0 is a standard pressure. Here, Equation 11 shows a smaller error than 12 and thus achieves faster
convergence towards static solution.
When simulating compressible fluids in presence of a body force, the compressibility constraint
=

gL
1
c2s

(13)

has to be satisfied, where L is the extent of the domain. This restricts the simulation variables significantly.
E.g. for earth gravity and τ = 1.0, a simulation of height 100 lattice cells with a cell size of ∆x = 2·10−5 m
results in  = 0.218. Simulating larger domain sizes is only possible when using a finer resolution, increasing
memory consumption and computing time.
Finally, when simulating falling objects in a tube, a simple variant to reduce memory consumption and
computational time is to simulate a smaller part of the tube and using periodic boundary conditions at
top and bottom. This is, however, hardly possible when simulating in a compressible fluid including an
external force field, since the pressure depends on the position of the particle.
These three points show the restrictions of the method, which can be overcome by a simple technique:
When only the motion of the objects in the flow is important and not the pressure gradient induced
by compressibility, one can simulate in an incompressible fluid and add the buoyant forces separately.
The buoyant forces can be calculated from the density of the fluid and the mass of the object [Luo09].
This simple assumption enables simulations of larger domains without the restriction given by Equation
13. Shock waves depending on the initialization are not introduced, since the fluid density is assumed
to be (nearly) constant. Additionally, this also enables periodic boundary conditions in a simpler way.
The periodic boundary conditions for the objects in waLBerla are achieved by just sending an updated
position to the connected process when an object is crossing the periodic wall. For a periodic boundary
in z-direction, this reads:
P ossend

=

P osoriginal + < 0, 0, domainSizeZ > f or crossing the bottom wall

(14)

P ossend

=

P osoriginal − < 0, 0, domainSizeZ > f or crossing the top wall

(15)
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These two techniques reduce the error for simulating objects in the flow and enable simulations of larger
sizes with less memory consumption in faster times. Second order boundary conditions (e.g. Bouzidi conditions [BFL01]) can further improve the accuracy of the algorithm. However, these boundary conditions
alone only result in small improvements of the calculated forces, since the forces are still evaluated using
an incorrect particle volume.
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(a) Velocity with volume correction method using incompressible treatment. The relative error of the terminal
velocity is 2.28%.

(b) Force with volume correction method using incompressible treatment.

Figure 7: Terminal velocity and force exerted on a sphere with density ρ = 2000kg/m3 in water with ρ =
1000kg/m3 . The analytic values for velocity and force are u = 0.00055555 and F = 0.04188666,
respectively.

4 Conclusion
In this paper we have introduced different techniques to improve particulate flow simulations using LBM
and the momentum exchange approach. A simple calculation and update of the forces can reduce the
effect of the spatial dicretization error significantly. A new method, which uses the incompressible LBM
model and a direct calculation of buoyant forces can be applied in a wider range of simulation parameters
without stability problems. Additionally, periodic boundary conditions can be implemented in a very
simple way.
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