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Abstract

Computational fluid dynamics (CFD) simulations containing freely moving bodies are still a
challenging topic. More so, if the bodies are large enough to affect the fluid flow and distributed
densely enough to come in contact both with the boundaries of the computational domain and
with each other. In this work, we concentrate on the topic of simulation of (i) irregular bodies
with flow-induced movement and contact with computational domain boundaries taken into
account, and (ii) bodies entrained by the fluid and coming in contact not only with the domain
boundaries but also with each other. The developed modeling approach is based on the hybrid
fictitious domain-immersed boundary method extended by the discrete element method. The
present contribution is focused on presentation of simulation principles and results of initial
benchmark cases.
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1 Introduction

The main motivation behind the development of the presented code is an attempt to simulate
the catalytic material deposition in a complex domain of porous walls of automotive catalytic
filters. The catalytic filters are a combination of a standard automotive catalyst with a particulate
filter (PF) achieved by a direct deposition of the catalyst in PF. The catalyst is deposited inside
the particulate filter in a form of a water-based slurry comprising solid bodies of size in range of
5−25µm. The macro-scopic channels of porous PF walls have a diameter of order of 30µm and the
solid particles are densely distributed in the slurry. Hence, to describe the catalyst deposition, it is
necessary to simulate the slurry as a four-way coupled particle-laden flow, i.e. with fluid-particle,
particle-fluid, particle-particle and particle-wall interactions taken into account. Such simulations
require modeling of potentially irregular solid bodies with full six degrees of freedom for movement.

Nevertheless, particle-laden and particulate flows are part of many other processes in phar-
maceutical and chemical industries. Consequently, numerous methods have been developed to
describe such flows by numerical computation. If interactions between the solid and fluid phases
need to be resolved but the local behavior of individual particles can be neglected, it is possible to
use a two-fluid model with the solid phase represented as a continuum [3]. On the other hand, if
the particle-fluid coupling can be neglected but the behavior of individual particles is taken into
account, it is profitable to use a discrete approach such as the discrete element method (DEM) [6].
Finally, if both the particle-fluid coupling and local interactions between particles are of impor-
tance, it is necessary to couple the continuum (Eulerian, CFD) and discrete (Lagrangian, DEM)
approaches.

The complexity of Eulerian-Lagrangian coupling for simulations of particle-laden flows increases
significantly with the increase of the particles size relative to the size of a single domain discretiza-
tion element, e.g. a finite volume cell. If the particles are smaller than individual discretization
elements, they may be included inside the flow domain via a volume fraction of particles in each dis-
cretization element similarly to the volume-of-fluid methods [5]. Thus, the exact particle position
and orientation is known to the Lagrangian solver (DEM) but it is only approximate with respect
to the Eulerian solver (CFD). Furthermore, if the volume fraction of solid phase in a discretization
element reaches one, this approach becomes numerically unstable.
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To compute the Eulerian-Lagrangian coupling for solid particles that are highly irregular and/or
span over several domain discretization elements, it is necessary to fully resolve the inclusion of
the the solid bodies into the Eulerian computational domain. Such inclusion may be performed
via fictitious domain (FD) or immersed boundary (IB) methods [4, 14].

In this work, we present a new hybrid approach solver to simulate fully coupled particle-laden
flows with individual particles spanning multiple domain discretization elements. The solid bodies
are included into the computational domain via a hybrid FD-IB (HFDIB) method built based on
previous works by Patankar et al. [12], Blais et al. [2] and Municchi and Radl [9, 10]. In particular,
the physical movement of fluid in the vicinity of the solid bodies is enforced via a direct forcing
term included in the momentum balance. The forcing term is designed to be directly incorporated
in the standard PISO-like CFD algorithms and the overall solution method remains semi-implicit.
Furthermore, similarly to Blais et al. [2] and Municchi and Radl [9, 10] our method is implemented
in OpenFOAM [11].

The movement of individual solids inside the computational domain is described via the dis-
crete element method (DEM) [6] with effects of environment computed from the outputs of HFDIB
and with contact modeled within the framework the soft DEM, i.e. allowing slight overlaps be-
tween different particles. The paper starts with a brief description of the fundamentals of the
used computational methods. Next, the behavior of the solver is shown on selected benchmark
simulations.

2 Computational methods

There are two main challenges connected to the implementation of a solver for four-way coupled
particle-laden flows. The first challenge consists of a definition of a method suitable for inclusion
of solid bodies into the computational domain. The second problem lies in description of motion
of the freely moving bodies inside the computational domain and in resolving potential body-body
and body-wall contacts.

2.1 Flow governing equations and inclusion of solid bodies

In case of bodies freely moving inside the computational domain, the computational cost of frequent
remeshing makes standard methods of computational fluid dynamics, in which the computational
mesh conforms to the shape and position of the solids, impractical. An alternative, viable especially
for low to moderate Reynolds numbers, is to include the solid bodies in the computational domain
virtually by modification of terms in the flow governing equations.

The methods of virtual inclusion of solid bodies into the computational domain via alternation
of the flow governing equations are collectively known as immersed boundary and fictitious domain
methods. This family of methods has been now extensively studied for several decades, see e.g.
[7] and references therein. Our implementation is strongly based on the works of Patankar et al.
[12], Blais et al. [2] and Municchi and Radl [9, 10] and it falls into the category of hybrid fictitious
domain-immersed boundary methods with a semi-implicit evaluation of a forcing term (HFDIB).

In particular, the considered flow governing equations correspond to the standard variant of
laminar Navier-Stokes equations for an incompressible Newtonian fluid with added forcing term s,

M(u) = −∇p̃+ g + s

∇ · u = 0
, M(u) =

∂u

∂t
+∇ · (u⊗ u)−∇ · (ν∇u) (1)

where u is the fluid velocity, ν kinematic viscosity, p̃ kinematic pressure and g the gravitational
acceleration.

The additional forcing term s in (1) is defined as

s = ceil (λ)s̃ , s̃ =M(uib) +∇p̃− g , λ =


0 in Ωf

1 in Ωib

λ̃ ∈ (0, 1) in Ωibfi

(2)

where λ is a color function defining the position of the solid bodies in the computational domain
Ω = Ωf ∪ Ωib ∪ Ωibfi and Ωf , Ωib and Ωibfi are the parts of Ω occupied by the fluid, solid and
fluid-solid interface, respectively.
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Figure 1: Principle of reconstruction of an arbitrary intensive tensorial quantity φ on the solid-fluid
interface. Ωf is in white, Ωfib in red and Ωibfi in red and green.

In the continuous setting, the velocity field uib from (2)2 is imposed by the immersed-body
motion and (2)2 enforces u = uib in Ωib ∪Ωibfi. However, in the discrete setting, the values of uib

in Ωibfi are reconstructed based on estimated position of the fluid-solid interface (fsi) and on the
fluid velocity in the vicinity of the immersed body. The principle of reconstruction of values of uib

(or any other intensive tensorial quantity) in Ωibfi is depicted in Fig. 1. The fsi position in the cell
P ∈ Ωh

ibfi is estimated based on the position of the cell center CP , value of λP and the vector ∇λP .
The direction vector of the line rP is obtained from ∇λP and δ ≈ cell size. The values of velocity
at rS, rP1

and rP2
are obtained by the closest-neighbor interpolation. The value of velocity at rC

is obtained from a polynomial of degree n ≤ 2, i.e. if there is enough data, n = 2 and

uib =
uP2
− 2uP1

+ uS

2δ2
d2

CS +
4uP1

− uP2
− 3uS

2δ
dCS + uS , (3)

where dCS is distance between the cell center and the particle surface. If the body is close to the
system boundary or to another immersed body, the points rP1

and rP2
may not belong to Ωf and

n < 2. In particular, if rP1
∈ Ωf and rP2

/∈ Ωf , first order approximation has to be used,

uib =
uP1
− uS

δ
dCS + uS . (4)

Finally, if rP1
, rP2

/∈ Ωf , only zero-order approximation of uib is available,

uib = λuS + (1− λ)uC . (5)

The discretized form of equations (1) with the forcing term (2) is solved via a standard PISO-
like loop. Note that because the forcing term is included in the momentum balance while the
primary variable is the pressure, the overall solution algorithm remains semi-implicit, i.e. implicit
for pressure with explicit updates of velocity and the sourcing term.

2.2 Bodies movement and contact resolution

While the bodies are included in the computational domain via the HFDIB method, it is necessary
to resolve the movements of the bodies and the potential body-body and body-wall contacts. This
has been achieved via the discrete element method (DEM) [6]. DEM is a finite difference numerical
method for prediction of the motion of individual and independently moving bodies. Currently,
DEM is widely used by the granular materials community to study dynamics of anisotropic, fric-
tional particle systems [15].

In DEM, the bodies are modeled within the Lagrangian framework and at any given time, each
body is described by its position and angular velocity. According to the Newtons second law of
motion, the position and rotation of an i-th body is

mi
d2xi

dt2
=

∑
j

fj,i , Ii
dωi

dt
=

∑
j

tj,i , (6)
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where mi stands for the mass of the i-th body and xi(t) for its position at time t. Furthermore,
ωi is the body angular velocity and Ii is the matrix of inertial moments. The sums

∑
j fj,i and∑

j tj,i on the right hand sides of equations (6) represent all the forces and torques acting on the
body i, respectively.

The translational and angular accelerations of a particle are based on momentum balances. In
the present work, the soft-particle DEM approach is used, i.e. the particles are allowed to slightly
overlap [6]. Several forces need to be evaluated upon particle-particle or particle-wall contact.
Because of the restrictions on the length of contribution, only the force computations will be
presented. For the description of the torques, the reader is referred to the relevant literature, e.g.
[6].

For the initial implementation, we considered only three major forces acting on the immersed
body, the drag force fd and normal and tangential contact forces, fn = Fnn, ft = Ftt, respectively.
The drag force is computed from the discretized version of the forcing term s in (2) as

fh
d = ρf

∑
cell∈Ωibfi

sh(cell)Volume(cell) , (7)

with ρf being the fluid density and the superscript h emphasizing that the relation (7) is defined
only in the discrete setting.

The contact is treated via a linear spring-dashpot model, which is based on the normal and
tangential contact forces. The normal contact force is evaluated based on the normal overlap as

Fn = −knδn + cn∆un, (8)

where kn stands for normal spring coefficient, δn is the normal overlap, cn denotes normal damping
coefficient and ∆un is the relative normal velocity of the particles in contact. The tangential
contact force can be written as

Ft = min{|kt

∫ t

tc,0

∆utdt+ ct∆ut|, µFn}, (9)

where kt stands for tangential spring coefficient, ct denotes tangential damping coefficient and
∆ut is the relative tangential velocity of the particles. The variable µ, coefficient of friction, is
introduced to fulfill the Coulomb friction criterion. This means that the tangential force is limited
by the Coulomb friction limit at which the bodies in contact begin to slide on each other.

The contact detection is closely connected to the actual implementation of the solver. In
our solver, each body is an separate object defined via a surface mesh independent of the actual
computational mesh. Furthermore, each body has an assigned linear and angular velocity and an
axis of rotation. At the beginning of each CFD time step, field λ defining the position of bodies
in the computational mesh is reconstructed from the positions of the surface meshes defining
individual bodies. In the cell P occupied by the body i, the value of λP defined by a surface mesh
ΩS

i is computed as

λP =
number of vertices of P inside ΩS

i

total number of vertices of P
. (10)

Upon this reconstruction, the body i is assigned a list of internal cells Li
in in which λ = 1 and a

list of surface cells Li
sf with λ ∈ (0, 1).

In this contribution, no body-body concact is presented. Therefore, we will not give details on
its detection. For the body-wall contact detection of a body i, we just go through the faces of cells
saved in Li

sf and if the tested face is a part of a wall-type boundary of the computational mesh,
the body is marked as in contact with a wall. Furthermore, similarly to the concept of neighbor
lists by Verlet [13], it is possible to keep track of an approximate distance of each particle to the
closest wall-type boundary and to save computing time during the wall-contact detection.

3 Results

In order to verify the suggested approach, we have designed several benchmark tests. First, we
validate the implementation of HFDIB by comparing the experimental data and results of HFDIB
and standard CFD simulation for the two-dimensional von Kármán vortex street at low Reynolds
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numbers. Next, the Eulerian-Lagrangian coupling is validated by comparing particle sedimentation
velocity simulated by HFDIB-DEM to available experimental data. The remaining two benchmarks
are showcase studies to illustrate the capabilities of the new HFDIB-DEM solver. In the first, we
present a flow-induced rotation of an impeller fixed at the center of the standard cavity benchmark
geometry. The second showcase and final benchmark consists of a simulation of the same setting
as the first showcase, but with a freely moving impeller.

3.1 Simulation of von Kármán vortex street

The HFDIB implementation was tested on the standard von Kármán vortex street. At the moment,
the code does not include any treatment of turbulence. Therefore, we concentrated on the range of
Reynolds numbers Re ∈ [100, 1000], for which we expect a laminar vortex street in the wake of a
cylinder. The Reynolds number is used as a characterization of the flow and the Strouhal number
is used for the characterization of the vortex street,

Re =
u0dc

ν
, Sr =

ndc

u0
, (11)

where u0 is the upstream velocity, dc stands for the cylinder diameter and n is the shedding
frequency. The results obtained by our HFDIB code were compared to the results of a standard
CFD simulation performed on a geometry-conforming mesh and to the experimental data published
in Anatol [1]. The comparison is depicted in Fig. 2.
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Figure 2: Comparison of results obtained by HFDIB and by a standard CFD solver with the
available experimental data for von Kármán vortex street. A qualitative view of the velocity field
for Re = 300 for HFDIB and a standard CFD solver is given in subfigures (A) and (B), respectively.

In the tested range of Reynolds numbers, all the simulation results correspond to the experi-
mental data. Furthermore, for Re / 300, the HFDIB results are almost identical to the standard
CFD. For higher Re, a slight discrepancy appears between the HFDIB and standard CFD. This is
due to the lower quality of the algebraically reconstructed fluid-solid interface in HFDIB compared
to the shape conforming mesh in standard CFD. Without further special treatment, the current
implementation of HFDIB can be used to accurately simulate flows with Re / 1000.

3.2 Particle sedimentation velocity

To validate the DEM part of the solver, we performed a simulation of a spherical particle settling
under the gravity in a water at rest. The particle sedimentation velocity was compared to exper-
imental results published by Mordant and Pinton [8]. The experimental results are available for
several types of spherical particles. For the purpose of this study a steel particle with the diameter
dp = 0.8 mm and a glass particle with dp = 0.5 mm were used. The results of the comparison are
given in Fig. 3.
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Figure 3: Comparison of simulation results with the available experimental data for settling of a
particle in a water. A qualitative view of the velocity magnitudes around the steel particle after
reaching its terminal velocity, i.e. at t = 250 ms) is given in subfigure (A).

The results shown in Fig. 3 are computed in a three-dimensional geometry. Also, for the steel
sphere, the Reynolds number defined via the sphere diameter and its final settling velocity is
approximately 250. The Reynolds number for the glass particle is lower. This falls inside the range
of Re, where HFDIB provides results of the same quality as standard CFD methods. The agreement
between experimental data and HFDIB-DEM results indicates a correctly implemented Eulerian-
Lagrangian coupling. Further testing is necessary to explain the slight discrepancy between the
experiment and simulation for the case of the glass particle.

3.3 Flow induced rotation of an impeller

The flow-induced rotation of an impeller was used as a benchmark case to evaluate the implemen-
tation of CFD-DEM coupling with respect to body rotations. As a basis for this benchmark, we
used the standard cavity test case as it comes with OpenFOAM installation [11]. However, in the
center of the cavity geometry, we placed a freely rotating impeller, see the images in Fig. 4. The
flow Reynolds number defined via the length of the cavity side and the velocity of the lid was 100.

In Fig. 4, we show evolution of the impeller angular velocity during the simulation. At the
time t = 0 s, both the fluid and the body were at rest. Then, the vortex around the impeller starts
to form and rotate with the body. During the vortex formation, the solid body rotates counter-
clockwise. However, as soon as the the clockwise-rotating vortex is formed, the body starts to
rotate accordingly to the vortex rotation, which is to be expected. After approximately 1 s of the
simulation time, the flow reaches a quasi-periodic state with the impeller angular velocity oscillating
accordingly to the orientation of the impeller blades with respect to the flow, see Fig. 4-(B) and
(C).

3.4 Movement of a loose impeller

In the final benchmark, we concentrated on a situation that is problematicly simulated with the
standard CFD methodology. The overall problem set up was the same as described in Sec. 3.3.
However, the impeller was fully coupled with the fluid, i.e. freely moving inside the computational
domain. The dependence of the body angular velocity on time is given Fig. 5. The curve has
several discontinuities caused by the rapid acceleration of the impeller rotation upon contact with
the moving cavity lid, see e.g. Fig. 5-(A)− and (A)+. No discontinuous decelerations were observed
because the body did not come in contact with the stationary cavity walls.
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Figure 4: Evolution of flow-induced impeller angular velocity. Qualitative views of the velocity
field at selected times are included in the figure. Note that at the beginning of the simulation,
i.e. before the time t(A), the body rotates in an opposite direction compared to the rest of the
simulation. However, in the implementation the rotation direction is determined by the direction
of the rotation axis and ωIB is always greater than or equal to zero.
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Figure 5: Evolution of flow-induced impeller angular velocity. Qualitative views of the velocity
field at selected times are included in the figure. Note that, similarly to the results shown in Fig. 4,
at the begining of the simulation the body rotates in an opposite direction compared to the rest
of the simulation.

4 Conclusion

We developed a new solver for modeling of fully coupled particle-laden flows. The newly developed
solver is based on a pairing of the HFDIB method for solution of flow in the presence of solid bodies
with DEM for simulation of solid bodies movements and body-body and body-wall contacts. The
new solver was validated on a simulation of the von Kármán vortex street and of settling of a
spherical particle. The validation studies showed good agreement with available experimental
data and, if applicable, also with results of standard CFD codes. Furthermore, two additional
benchmarks focused on simulation of cases that are problematic to solve with standard CFD
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methods were included to illustrate the numerical stability and applicability of the newly developed
solver.
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